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Preface

The discovery of high-temperature superconductors (HTS) exhibiting supercon-
ductivity above liquid nitrogen temperature has led to rapid growth in the devel-
opment of many special-purpose electronics devices that can be broadly grouped
under the umbrella term of “superconductor electronics.”

Superconductor electronics promises particular advantages over conven-
tional electronics: higher speed, less noise, lower power consumption, and much
higher upper-frequency limit. Such characteristics are advantageous in communi-
cation technology, high-precision and high-frequency electronics, magnetic field
measurement, superfast computers, etc. The potential of several superconductor
electronics devices has already been established using low-Tc conventional super-
conductors. The discovery of cuprate superconductors with higher transition tem-
perature and higher energy gap extends the capability of superconductor electron-
ics considerably. Rapid advancement in the synthesis of HTS thin films and artificial
grain boundary HTS Josephson junctions has elicited considerable interest in the de-
velopment of electronic devices found to be very promising for future applications,
such as superconducting quantum interference devices (SQUIDs) small microwave,
and digital devices. Some of the HTS devices are already on the market.

Advances in the physics and material aspects of HTS have been well docu-
mented in the form of books and monographs, serving as a starting block for gen-
eral readers and beginners. However, the literature was scattered. Thus, this book
is vital, bringing together contributions from leaders in different areas of research
and development in HTS electronics.

The contents are organized to be self-explanatory, comprehensive, and use-
ful to both general reader and specialist. In each chapter care has been taken to
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introduce basic terminology so that the readers in other fields interested in high-
temperature superconductor electronics will find no difficulty in reading it. Pro-
fessionals will find it an easily available collection of valuable and relevant infor-
mation. The chapters are sequentially organized for use as a text for the study of
high-Tc devices at the graduate and advanced undergraduate level.

Chapter 1 is an introduction to high-Tc superconductors, presenting the de-
velopments in the discovery of various HTS compounds, its structure, preparation,
various properties, and comparison to low-Tc superconductors. The developments
of various techniques for high-Tc thin-film fabrication are described in Chapter 2.
Readers interested in knowing the advancements in high-Tc film fabrication will
find it very interesting and informative.

Chapters 3 and 4 present fabrication details and characteristics of multilayer
edge junctions and step-edge junctions in high-Tc superconducting films.

It is not easy to prepare S/I/S Josephson junctions in high-Tc as it is usu-
ally done in low-Tc superconductors (LTS), due to the short coherence length of
HTS. Natural grain boundaries in high-Tc materials are found to behave as
Josephson junctions. Detailed studies of these grain boundaries have led to the
development of several techniques for realizing artificial grain boundaries and
junctions whose behavior is similar to that of Josephson junctions. Grain bound-
aries in HTS are of central importance in numerous applications, such as elec-
tronic circuits and sensors and SQUIDs. Also, for many experiments elucidating
the physics of high-Tc superconductivity, grain boundaries have been used with
outstanding success.

Chapter 5 discusses the progress in understanding the conduction noise in
high-Tc superconductors. Chapter 6 reviews noise mechanisms in HTS junctions,
experimental techniques, and quantitative data on the noise properties of a range
of junctions and devices.

Noise in electronic systems sets limits the sensitivity of devices. Supercon-
ducting devices offer levels of performance that are difficult or impossible to
achieve by conventional methods, but are also subject to limitations due to intrin-
sic noise. A full understanding of the noise mechanism remains one of the out-
standing tasks in the way of successful high-Tc applications. Intrinsic noise is in
orders of magnitude greater than the limits imposed by quantum mechanics, and
it becomes important to understand the mechanism that causes the excess noise.

In recent years, progress in the development of the high-Tc SQUID has been
remarkable. It is among the first HTS devices to reach the market. The field sen-
sitivity achieved in HTS SQUIDs is sufficiently high for several applications in-
cluding biomagnetism measurement, nondestructive evaluation, and geophysical
measurement. Progress in high-Tc rf-SQUIDs and SQUID magnetometer are pre-
sented in Chapters 7 and 8.

Chapter 9 presents an overview of progress in HTS digital circuits. Chapter
10 reviews the progress in the development of several HTS microwave devices
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such as filters, delay lines, low loss resonators, and antennas etc. Chapter 11 de-
scribes the principles and characteristics of high-Tc IR detectors.

HTS digital circuits are more suitable for use in single-flux quantum (SFQ)
circuits than in LTS ones, because HTS Josephson junctions are naturally over-
damped, which means that their I-V curves do not show hysteresis, and the junc-
tions in SFQ circuits must be overdamped junctions. The IcRn product of HTS
junctions can also be expected to be larger than that of LTS junctions because it
intrinsically depends on the gap voltage of the superconductor.

For a widespread application of HTS electronics, a package of high-Tc com-
ponents in closed-cycle cryocoolers is required. Chapter 12 presents advances in the
area of cryocoolers and high-Tc devices. In order to make this chapter more com-
prehensive for beginners, the principles and details of various closed-cycle methods
such as the Joule-Thomson, Brayton, Claude, Stirling, Gifford-McMahon, and
pulse tube cryocoolers along with their relative merits, are discussed. Finally, the
last Chapter 13 presents a summary of the status and future of HTS electronics.

This book would have never been possible without the support of all the
contributors. I am grateful to all of them for their contributions. In spite of their
own busy schedules and commitments, they spared the time to prepare an ex-
haustive and critical review. The idea of preparing a book on HTS electronics
came after a thought-provoking discussion with Prof. Allen M. Hermann. I am
grateful to him for the enthusiasm he created and for his support during the entire
course of preparation of the book. I am thankful to the publisher, Marcel Dekker,
Inc., for inviting me to edit this book, which indeed proved to be a very interest-
ing and rewarding experience. I am also thankful to my production editor, Brian
Black, for his editorial support.

I have greatly benefited from the experienced advice of Prof. S. Chandra on
several occasions and I am grateful to him for all the encouragement and support.
Encouragement and guidance received from Prof. S. K. Joshi, Dr. K. Lal, Dr.
Praveen Chaudhari, Prof. G. B. Donaldson, Prof. O. N. Srivastava, Prof. E. S. Ra-
jagopal, Prof. A. K. Raychaudhuri, and Dr. A. K. Gupta are gratefully acknowl-
edged. I am thankful to Dr. N. D. Kataria and Dr. Vijay Kumar for their help and
cooperation.

Concern and words of appreciation of Prof. O. P. Malviya have been a great
source of encouragement for me. Emotional support from my well-wishers par-
ticularly came from Priyadarshan Malviya, Pankaj Khare, and Alka Wadhwa. I
wish to express my gratitude to my wife, Sangeeta, for her untiring help, cooper-
ation, and patience, without which it would not have been possible to complete
this book. The smiling face and shining eyes of my little son, Siddharth have been
a great source of stress relief for me and always inspired me to devote more time
to completing the book.

Neeraj Khare
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Introduction to High-Temperature
Superconductors

Neeraj Khare

National Physical Laboratory, New Delhi, India

1.1 INTRODUCTION

The discovery of superconductivity in copper oxide perovskite (1) has opened a
new era of research in superconducting materials. This class of materials not only
show high-temperature superconductivity but also show properties that are differ-
ent from classical superconductors. This offers a great challenge to understanding
the basic phenomenon that causes superconductivity in these materials and to de-
veloping the appropriate preparation methods so that these can be exploited for a
wide range of applications. During the last one and half decades after the discov-
ery of high-Tc materials, several high-Tc superconductors have been discovered
which show superconductivity at temperatures higher than liquid-nitrogen tem-
perature (77 K). There has also been great progress in understanding the proper-
ties of these materials, developing different methods of preparation, and realizing
superconducting devices which use these superconductors.

This chapter will give a brief description of the historical developments in
raising the transition temperature (Tc) of the superconductors, preparation, and
structure of the material. Different properties of the high-Tc materials such as crit-
ical magnetic field, penetration depth, coherence length, critical current density,
weak link, and so forth are also discussed.
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1.2 RAISING THE TRANSITION TEMPERATURE

Superconductivity is the phenomenon in which a material loses its resistance on
cooling below the transition temperature (Tc). Superconductivity was first discov-
ered in mercury by Onnes (2) in 1911. The temperature at which mercury becomes
superconducting was found to be close to the boiling point of liquid helium (4.2
K). Subsequently, many metals, alloys, and intermetallic compounds were found
to exhibit superconductivity. The highest Tc known was limited to 23.2 K (3) in
the Nb3Ge alloy; however, in September 1986, Bednorz and Muller (1) discovered
superconductivity at 30 K in La–Ba–Cu–O. The phase responsible for supercon-
ductivity was identified to have nominal composition of La2�xBaxCuO4�y (x �
0.2). The discovery of high-temperature superconductivity in ceramic cuprate ox-
ides by Bednorz and Muller led to unprecedented effort to explore new supercon-
ducting oxide material with higher transition temperatures. The value of Tc in
La2�xBaxCuO4 was found to increase up to 57 K with the application of pressure
(4). This observation in La2�xBaxCuO4 material raised the hope of attaining even
higher transition temperatures in cuprate oxides. This, indeed, turned out to be true
when Chu and co-workers (5) reported a remarkably high superconductivity tran-
sition temperature (Tc) of 92 K on replacing La by Y in nominal composition
Y1.2Ba0.8CuO4�y. Later, different groups identified (6–8) that the superconduct-
ing phase responsible for 90 K has the composition YBa2Cu3O7�y.

The discovery of superconductivity above the boiling point of liquid nitro-
gen led to extensive search for new superconducting materials. Superconductivity
at transition temperatures of 105 K in the multiphase sample of the
Bi–Sr–Ca–Cu–O compound was reported by Maeda et al. (9) in 1988. The high-
est Tc of 110 K was obtained in the Bi–Sr–Ca–Cu–O compound having a compo-
sition Bi2Sr2Ca2Cu3O10 (10,11). Sheng and Hermann (12) substituted the non-
magnetic trivalent Tl for R in R-123, where R is a rare-earth element. By reducing
the reaction time to a few minutes for overcoming the high-volatility problem as-
sociated with Tl2O3, they detected superconductivity above 90 K in TlBa2Cu3Ox

samples in November 1987. By partially substituting Ca for Ba, they (13) discov-
ered a Tc � 120 K in the multiphase sample of Tl–Ba–Ca–Cu–O in February
1988. In September 1992, Putillin et al. (14) found that the HgBa2CuOx (Hg-1201)
compound with only one CuO2 layer showed a Tc of up to 94 K. It was, therefore,
rather natural to speculate that Tc can increase if more CuO2 layers are added in
the per unit formula to the compound. In April 1993, Schilling et al. (15) reported
the detection of superconductivity at temperatures up to 133 K in HgBa2

Ca2Cu3Ox. The transition temperature of HgBa2Ca2Cu3Ox was found to increase
to 153 K with the application of pressure (16).

Figure 1.1 depicts the evolution in the transition temperature of supercon-
ductors starting from the discovery of superconductivity in mercury. The slow but
steady progress to search for new superconductors with higher transition temper-
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atures continued for decades until superconductivity at 30 K in La–Ba–Cu–O ox-
ide was discovered in 1986. Soon after this, other cuprate oxides such as
Y–Ba–Cu–O, Bi–Sr–Ca–Cu–O, Tl–Ba–Ca–Cu–O with superconductivity above
the liquid-nitrogen temperature were discovered.

Table 1.1 gives a list of some of high-Tc superconductors with their respec-
tive transition temperature, crystal structure, number of Cu–O layers present in
unit cell, and lattice constants. Transition temperature has been found to increase
as the number of Cu–O layer increases to three in Bi–Sr–Ca–Cu–O,
Tl–Ba–Ca–Cu–O, and Hg–Ba–Ca–Cu–O compounds. In all of the cuprate super-
conductors described so far, the superconductivity is due to hole-charge carriers,
except for Nd2�xCexCuO4 (Tc � 20 K), which is an n-type superconductor (17).
The superconductor Ba0.6K0.4BiO3, which does not include Cu, was reported by
Cava et al. (18) in 1988 exhibiting Tc � 30 K. A homologous series of compounds
(Cu,Cr)Sr2Can�1CunOy [Cr12(n�1)n] has been synthesized under high pressure.

Introduction to High-Temperature Superconductors 3

FIGURE 1.1 The evolution of the transition temperature (Tc) subsequent to
the discovery of superconductivity.



In the Cr series, the value of n can be changed from 1 to 9, with a maximum Tc of
107 K at n � 3. The Pr(Ca)Ba2Cu3Oy compound has also been synthesized under
high pressure, showing a transition temperature of 97 K (19).

1.3 CRYSTAL STRUCTURE OF HIGH-Tc

SUPERCONDUCTORS

The structure of a high-Tc superconductor is closely related to perovskite struc-
ture. The unit cell of perovskite consists of two metal (A, B) atoms and three oxy-
gen atoms, with the general formula given as ABO3. The ideal perovskite struc-
ture is shown in Fig. 1.2a. Atom A, sitting at the body-centered site, is coordinated
by 12 oxygen atoms. Atom B occupies the corner site and the oxygen atom occu-
pies the edge-centered position.

4 Khare

TABLE 1.1 Transition Temperature (Tc), Crystal Structure and Lattice Constants of
Some High-Tc Superconductors

High-Tc superconductors
Tc Crystal

Formula Notation (K) na structure Lattice constants (Å)

La1.6Ba0.4CuO4 214 30 1 Tetragonal a � 3.79, c � 13.21
La2�xSrxCuO4 214 38 1 Tetragonal a � 3.78, c � 13.23
YBa2Cu3O7 123 92 2 Orthorhombic a � 3.82, b � 3.89,

c � 11.68
YBa2Cu4O8 124 80 2 Orthorhombic a � 3.84, b � 3.87,

c � 27.23
Y2Ba4Cu7O14 247 40 2 Orthorhombic a � 3.85, b � 3.87,

c � 50.2
Bi2Sr2CuO6 Bi-2201 20 1 Tetragonal a � 5.39, c � 24.6
Bi2Sr2CaCu2O8 Bi-2212 85 2 Tetragonal a � 5.39, c � 30.6
Bi2Sr2Ca2Cu3O10 Bi-2223 110 3 Tetragonal a � 5.39, c � 37.1
TlBa2CuO5 Tl-1201 25 1 Tetragonal a � 3.74, c � 9.00
TlBa2CaCu2O7 Tl-1212 90 2 Tetragonal a � 3.85, c � 12.74
TlBa2Ca2Cu3O9 Tl-1223 110 3 Tetragonal a � 3.85, c � 15.87
TlBa2Ca3Cu4O11 Tl-1234 122 4 Tetragonal a � 3.86, c � 19.01
Tl2Ba2CuO6 Tl-2201 80 1 Tetragonal a � 3.86, c � 23.22
Tl2Ba2CaCu2O8 Tl-2212 108 2 Tetragonal a � 3.86, c � 29.39
Tl2Ba2Ca2Cu3O10 Tl-2223 125 3 Tetragonal a � 3.85, c � 35.9
HgBa2CuO4 Hg-1201 94 1 Tetragonal a � 3.87, c � 9.51
HgBa2CaCu2O6 Hg-1212 128 2 Tetragonal a � 3.85, c � 12.66
HgBa2Ca2Cu3O8 Hg-1223 134 3 Tetragonal a � 3.85, c � 15.78
(Nd2�xCex) CuO4 T 30 1 Tetragonal a � 3.94, c � 12.07
(Nd, CeSr) CuO4 T* 30 1 Tetragonal a � 3.85, c � 12.48

an represents the number of Cu-O planes in the unit cell.



Figure 1.2b shows the unit cell of La2�xBaxCuO4, which has a tetragonal
symmetry and consists of perovskite layers separated by rock-salt-like layers made
of La (or Ba) and O atoms. This compound is often termed 214 because it has two
La, one Cu, and four O atoms. The 214 compound has only one CuO2 plane. Look-
ing at the exact center of Fig. 1.2b, the CuO2 plane appears as one copper atoms sur-
rounded by four oxygen atoms, with one LaO plane above the CuO2 plane and one
below it. The entire structure is layered. The LaO planes are said to be intercalated.
The CuO2 plane is termed the conduction plane, which is responsible for supercon-
ductivity. The intercalated LaO planes are called “charge-reservoir layers.” When
the intercalated plane contains mixed valence atoms, electrons are drawn away from
the copper oxide planes, leaving holes to form pairs needed for superconductivity.

The structure of YBa2Cu3O7 is shown in Fig. 1.2c. The unit cell of
YBa2Cu3O7 consists of three pseudocubic elementary perovskite unit cells (8).
Each perovskite unit cell contains a Y or Ba atom at the center: Ba in the bottom
unit cell, Y in the middle one, and Ba in the top unit cell. Thus, Y and Ba are
stacked in the sequence [Ba–Y–Ba] along the c-axis. All corner sites of the unit
cell are occupied by Cu, which has two different coordinations, Cu(1) and Cu(2),
with respect to oxygen. There are four possible crystallographic sites for oxygen:
O(1), O(2), O(3), and O(4). The coordination polyhedra of Y and Ba with respect
to oxygen are different. The tripling of the perovskite unit cell (ABO3) leads to
nine oxygen atoms, whereas YBa2Cu3O7 has seven oxygen atoms accommodat-
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FIGURE 1.2 Structure of (a) perovskite ABO3, (b) (La,Ba)2CuO4, and (c)
YBa2Cu3O7.



ing the deficiency of two oxygen atoms. Thus, the structure of the 90 K phase de-
viates from the ideal perovskite structure and, therefore, is referred to as an oxy-
gen-deficient perovskite structure. Oxygen atoms are missing from the Y plane
(i.e., z � 1/2 site); thus, Y is surrounded by 8 oxygen atoms instead of the 12 if it
had been in ideal perovskite structure. Oxygen atoms at the top and bottom planes
of the YBa2Cu3O7 unit cell are missing in the [100] direction, thus giving (Cu–O)
chains in the [010] direction. The Ba atom has a coordination number of 10 oxy-
gen atoms instead of 12 because of the absence of oxygen at the (1/2 0 z) site. The
structure has a stacking of different layers: (CuO)(BaO)(CuO2)(Y)(CuO2)(BaO)
(CuO). One of the key feature of the unit cell of YBa2Cu3O7�� (YBCO) is the
presence of two layers of CuO2. The role of the Y plane is to serve as a spacer be-
tween two CuO2 planes. In YBCO, the Cu–O chains are known to play an impor-
tant role for superconductivity. Tc maximizes near 92 K when � � 0.15 and the
structure is orthorhombic. Superconductivity disappears at � � 0.6, where the
structural transformation of YBCO occurs from orthorhombic to tetragonal.

The crystal structure of Bi-, Tl-, and Hg-based high-Tc superconductors are
very similar to each other. Like YBCO, the perovskite-type feature and the pres-
ence of CuO2 layers also exist in these superconductors. However, unlike YBCO,
Cu–O chains are not present in these superconductors. The YBCO superconduc-
tor has an orthorhombic structure, whereas the other high-Tc superconductors
have a tetragonal structure (see Table 1.1).

The Bi–Sr–Ca–Cu–O system has three superconducting phases forming a
homologous series as Bi2Sr2Can�1CunO4�2n�y (n � 1, 2, and 3). These three
phases are Bi-2201, Bi-2212, and Bi-2223, having transition temperatures of 20,
85, and 110 K, respectively (10,11). The structure of Bi-2201 together with Bi-
2212 and Bi-2223 is shown in Fig. 1.3. All three phases have a tetragonal struc-
ture which consists of two sheared crystallographic unit cells. The unit cell of
these phases has double Bi–O planes which are stacked with a shift of (1/2 1/2 z)
with respect to the origin. The stacking is such that the Bi atom of one plane sits
below the oxygen atom of the next consecutive plane. The Ca atom forms a layer
within the interior of the CuO2 layers in both Bi-2212 and Bi-2223; there is no Ca
layer in the Bi-2201 phase. The three phases differ with each other in the number
of CuO2 planes; Bi-2201, Bi-2212, and Bi-2223 phases have one, two, and three
CuO2 planes, respectively. The c axis of these phases increases with the number
of CuO2 planes. The lengths of the c axis are 24.6 Å, 30.6 Å, and 37.1 Å respec-
tively for the Bi-2201, Bi-2212, and Bi-2223 phases. The coordination of the Cu
atom is different in the three phases. The Cu atom forms an octahedral coordina-
tion with respect to oxygen atoms in the 2201 phase, whereas in 2212, the Cu atom
is surrounded by five oxygen atoms in a pyramidal arrangement. In the 2223 struc-
ture, Cu has two coordinations with respect to oxygen: one Cu atom is bonded
with four oxygen atoms in square planar configuration and another Cu atom is co-
ordinated with five oxygen atoms in a pyramidal arrangement.

6 Khare



Figure 1.4 shows the unit cells of two series of the Tl–Ba–Ca–Cu–O super-
conductor (20). The first series of the Tl-based superconductor containing one
Tl–O layer has the general formula TlBa2Can�1CunO2n�3, whereas the second se-
ries containing two Tl–O layers has a formula of Tl2Ba2Can�1CunO2n�4 with n �
1, 2, and 3. In the structure of Tl2Ba2CuO6, there is one CuO2 layer with the stack-
ing sequence (Tl–O) (Tl–O) (Ba–O) (Cu–O) (Ba–O) (Tl–O) (Tl–O). In
Tl2Ba2CaCu2O8, there are two Cu–O layers with a Ca layer in between. Similar to
the Tl2Ba2CuO6 structure, Tl–O layers are present outside the Ba–O layers. In
Tl2Ba2Ca2Cu3O10, there are three CuO2 layers enclosing Ca layers between each
of these. In Tl-based superconductors, Tc is found to increase with the increase in
CuO2 layers. However, the value of Tc decreases after four CuO2 layers in
TlBa2Can�1CunO2n�3, and in the Tl2Ba2Can�1CunO2n�4 compound, it decreases
after three CuO2 layers.

The crystal structure of HgBa2CuO4 (Hg-1201), HgBa2CaCu2O6 (Hg-
1212), and HgBa2Ca2Cu3O8 (Hg-1223) is similar to that of Tl-1201, Tl-1212, and
Tl-1223 (Fig. 1.4) with Hg in place of Tl (21). It is noteworthy that the Tc of the
Hg compound (Hg-1201) containing one CuO2 layer is much larger as compared
to the one-CuO2-layer compound of thallium (Tl-1201). In the Hg-based super-
conductor, Tc is also found to increase as the CuO2 layer increases. For Hg-1201,
Hg-1212, and Hg-1223, the values of Tc are 94, 128, and 134 K respectively, as
shown in Table 1.1. The observation that the Tc of Hg-1223 increases to 153 K un-
der high pressure (16) indicates that the Tc of this compound is very sensitive to
the structure of the compound.

Introduction to High-Temperature Superconductors 7

FIGURE 1.3 Unit cells of the Bi2Sr2Can�1 CunOx compound with n � 1, 2, and
3. (Adapted from Ref. 11.)



1.4 PREPARATION OF HIGH-Tc SUPERCONDUCTORS

High-Tc superconductors are prepared in the form of bulk, thick films, thin films,
single crystals, wires, and tapes. Fabrication in the form of wires and tapes are re-
quired for high-current applications. On the other hand, thick and thin films are
needed for electronic application. Strict control of the stoichiometry of the com-
position is very much required for preparing high-Tc superconductors with desir-
able characteristics. Even a small change in oxygen content or a small change in
cation doping level can transform the material from a superconductor to a low-car-
rier-density metal or even to an insulator. The following paragraphs give a brief
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FIGURE 1.4 Unit cells of the Tl1Ba2Can�1 CunO2n�3 compound containing one
Tl–O layer and the Tl2Ba2Can�1 CunO2n�4 compound containing two Tl–O lay-
ers for n � 1, 2, and 3. (Adapted from Ref. 20.)



description of high-Tc superconductors in the form of bulk and thick films. The
preparation of high-Tc thin films is given in more detail in the other chapters of
this book.

The simplest method for preparing high-Tc superconductors is a solid-state
thermochemical reaction involving mixing, calcination, and sintering. The appro-
priate amounts of precursor powders, usually oxides and carbonates, are mixed
thoroughly using a ball mill. Solution chemistry processes such as coprecipitation,
freeze-drying, and sol–gel methods are alternative ways for preparing a homoge-
nous mixture. These powders are calcined in the temperature range from 800°C to
950°C for several hours. The powders are cooled, reground, and calcined again.
This process is repeated several times to get homogenous material. The powders
are subsequently compacted to pellets and sintered. The sintering environment
such as temperature, annealing time, atmosphere, and cooling rate play a very
important role in getting good high-Tc superconducting materials. The
(La1�xBax)2CuO4�� high-Tc superconductor is prepared by heating a mixture of
La2O3, BaCO3, and CuO in a reduced oxygen atmosphere at 900°C. After re-
grinding and reheating the mixtures, the pellet is prepared and sintered at 925°C
for 24 h. The YBa2Cu3O7�� compound is prepared by calcination and sintering of
a homogenous mixture of Y2O3, BaCO3, and CuO in the appropriate atomic ratio.
Calcination is done at 900–950°C, whereas sintering is done at 950°C in an oxy-
gen atmosphere. The oxygen stoichiometry in this material is very crucial for ob-
taining a superconducting YBa2Cu3O7�� compound. At the time of sintering, the
semiconducting tetragonal YBa2Cu3O6 compound is formed, which, on slow
cooling in oxygen atmosphere, turns into superconducting YBa2Cu3O7��. The up-
take and loss of oxygen are reversible in YBa2Cu3O7��. A fully oxidized or-
thorhombic YBa2Cu3O7�� sample can be transformed into tetragonal YBa2Cu3O6

by heating in a vacuum at temperature above 700°C.
The preparation of Bi-, Tl-, and Hg-based high-Tc superconductors is

difficult compared to YBCO. Problems in these superconductors arise because
of the existence of three or more phases having a similar layered structure. Thus,
syntactic intergrowth and defects such as stacking faults occur during synthesis
and it becomes difficult to isolate a single superconducting phase. For
Bi–Sr–Ca–Cu–O, it is relatively simple to prepare the Bi-2212 (Tc � 85 K) phase,
whereas it is very difficult to prepare a single phase of Bi-2223 (Tc � 110 K). The
Bi-2212 phase appears only after few hours of sintering at 860–870°C, but the
larger fraction of the Bi-2223 phase is formed after a long reaction time of more
than a week at 870°C (11). Although the substitution of Pb in the Bi–Sr–Ca–Cu–O
compound has been found to promote the growth of the high-Tc phase (22), a long
sintering time is still required.

Toxicity and low vapor pressure of Hg–O and Tl–O make fabrication of Hg-
and Tl-based high-Tc superconductors much more difficult and one has to follow
special precautions and stringent control on the preparation atmosphere. The Tl-
based superconductor is prepared by thorough mixing of Tl2O3, BaO, CaO, and
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CuO in appropriate proportions and pressing the powders into a pellet. The pellet
is wrapped in a gold foil and fired at 880°C for 3h in a sealed quartz tube con-
taining 1 atm oxygen to reach superconductivity (20).

For the preparation of a Hg-based high-Tc superconductor (15), first a pre-
cursor material with the nominal composition Ba2CaCu2O5 is obtained from a ho-
mogenous mixture of the respective metal nitrates by sintering at 900°C in oxy-
gen. Dry boxes are used for grinding and mixing of the powders. After regrinding
and mixing with HgO powder, the pressed pellet is sealed in an evacuated quartz
tube. This tube is placed horizontally in a tight steel container and sintered at
800°C for a few hours.

Several techniques such as screen printing (23–27), spin-coating (28) and
spray pyrolysis (29–33) are used in preparing high-Tc thick films. For the screen
printing or spin-coating method, the first step is to prepare homogenous powders
of high-Tc materials; this is accomplished by solid-state reaction or by a chemical
route involving mixing, calcination, and sintering of appropriate powders in the
form of oxides or carbonates. After sintering the powders are sieved through a
screen woven from stainless steel or nylon wire. The diameter of the screen wire
and the size of the opening can vary depending on the process requirement. The
opening size is usually given in terms of a standard mesh number that varies from
100 to 400. The fine sieved powders are converted into thick paste by mixing with
an organic solvent such as propylene glycol, octyl alcohol, heptyl alcohol, tri-
ethanolamine, or cyclohexagonal. In the screen-printing technique, thick paste is
used for printing the substrate through the mesh screen and dried at an appropri-
ate temperature. In the spin-coating method, one drop of the paste is put on the
substrate and the substrate is spun to get a uniform coating of the material. The re-
sultant films are fired at a suitable annealing temperature. In general, single-crys-
tal and polycrystalline substrates of magnesium oxide (MgO), strontium titnate
(SrTiO3), lanthanum aluminate (LaAlO3), yattria-stabilized zirconia (YSZ), and
aluminum oxide (Al2O3) are used for the high-Tc thick-film preparation.

For YBCO thick films, the sintering temperature is kept between 940°C and
970°C followed by slow cooling in an oxygen atmosphere (23). In order to achieve
YBCO films with a larger grain size and higher current density, the firing temper-
ature is increased to 1000°C (24). Bi-2212 high-Tc films are prepared by firing the
films at 880–885°C. It has been found that partial melting and quenching of the Bi-
2212 films from 885°C to room temperature leads to a Tc as high as 96 K (25). For
high-Tc films with a Bi-2223 phase, the films are fired at �880°C for a few min-
utes and then annealed at 864°C for a duration of 70–80 h (26). The preparation of
Tl–Ba–Ca–Cu–O thick films requires a two-step process (27). In the first step, a
film of Ba–Ca–Cu–O is prepared, and in the second step, this precursor film is
heated in Tl2O3 vapor followed by slow cooling to room temperature.

Spray pyrolysis is another simple and inexpensive technique for preparing
high-Tc films (30–33). For YBCO film, an aqueous solution for the spray is pre-
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pared by dissolving Y(NO3)�6H2O, Ba(NO3), and Cu(NO3)�3H2O in triple-dis-
tilled water in a 1 : 2 : 3 stoichiometric ratio (29). The solution is sprayed on a sin-
gle-crystal YSZ or SrTiO3 substrate through a glass nozzle using oxygen for few
minutes and then slowly cooled to room temperature. The starting solution for de-
positing Bi-2212 film is prepared by mixing aqueous solution of Bi2O3, SrCO3,
CaCO3, and CuO in dilute nitric acid (30). A two-step process is used for prepar-
ing Tl- and Hg-based high-Tc films by the spray pyrolysis technique (31–33). The
first step involves preparation of Ba–Ca–Cu–O precursor films by spraying an
aqueous solution of Ba, Ca, and Cu nitrates on a single-crystal substrate. In the
second step, Tl or Hg is incorporated in the precursor films by annealing the film
in a controlled Tl–O or Hg–O vapor atmosphere.

Different techniques such as sputtering, evaporation, molecular beam epi-
taxy, laser ablation, chemical vapor deposition, and so forth have been used suc-
cessfully to prepare thin films of high-Tc superconductors. A detailed account of
these techniques is given in Chapter 2. Most of these techniques work in a vacuum
environment and the oxygen partial pressure near the substrate is controlled to ob-
tain a superconducting film. This can be done during the film deposition (in situ
process) or by postdeposition oxygen annealing. The substrate temperature during
the deposition is a crucial parameter that determines microstructural details such
as texture and the degree of epitaxy of the film. Substrate–film interaction such as
interdiffusion can affect the quality of the films. Thus, it is desirable to develop
processes that allow a low substrate temperature.

1.5 PROPERTIES OF HIGH-TEMPERATURE

SUPERCONDUCTORS

A superconducting state is defined by the transition temperature (Tc) at which ma-
terial exhibits zero resistance on cooling. Apart from the transition temperature,
other properties characterizing the high-Tc superconductors are critical magnetic
field, penetration depth, coherence length, critical current density and weak link,
energy gap, and so forth. A brief description of these is presented here.

1.5.1 Anisotropy

As described in Section 1.3, the crystal structure of high-Tc superconductors is
highly anisotropic. This feature has important implications for both physical and
mechanical properties. In high-Tc superconductors, electrical currents are carried
by holes induced in the oxygen sites of the CuO2 sheets. The electrical conduction
is highly anisotropic, with a much higher conductivity parallel to the CuO2 plane
than in the perpendicular direction. Other superconductivity properties such as co-
herence length (�), penetration depth (�), and energy gap (�) are also anisotropic.
The mechanical properties of high-Tc materials are also very anisotropic. For ex-
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ample, in YBCO, upon cooling, the lattice contracts far more along a-b planes
than along c axis. Torque magnetometry measurements have been made for sev-
eral high-Tc superconductors for studying anisotropy (34,35). For Tl-2212, an
anisotropy of �105 is found for the ratio of the mass along the c axis to that of a-
b plane. A similar large ratio is obtained for the Bi-2212 compound. In Y-123, the
value of this ratio is found to be �25, which is much smaller compared to Bi and
Tl compounds. The anisotropy factor of a high-Tc superconductor at the optimally
doped composition is related to the interlayer spacing between CuO2 layers in the
unit cell. It has been also noted that increasing carrier doping or substituting ions
on the blocking layer for certain other ions such as Pb in Bi-2212 reduces
anisotropy without changing the interlayer spacing significantly.

1.5.2 Critical Magnetic Field

The abrupt transition from the normal to superconducting state occurs at a bound-
ary defined not only by the transition temperature (Tc) but also by the magnetic
field strength. There is a critical value of magnetic field, Hc, above which the su-
perconductivity is destroyed. If a paramagnetic material is placed in a magnetic
field, then the magnetic lines of force penetrate through the material. However,
when the same material is made superconducting by cooling to a low temperature
below Tc, then the magnetic lines of force are completely expelled from the inte-
rior of the material. This effect is called the Meissner effect. Based on the Meiss-
ner effect, the superconducting materials are classified as type I and type II su-
perconductors. If there is a sharp transition from the superconducting state to the
normal state, then this type of material is called a type I superconductor. This kind
of behavior is shown, in general, by pure metals. In type II superconductors, there
are two values of the critical field: the lower critical field, Hc1, and the upper crit-
ical field, Hc2. For H 	 Hc1, the field is completely expelled from the supercon-
ductor. However, for H 
 Hc1, the magnetic field penetrates the material slowly
and continues up to Hc2, beyond which the material transforms completely from
the superconducting state to the normal state. The state between Hc1 and Hc2 is
called the vortex or mixed state. Figure 1.5a shows the H–T phase diagram for
conventional low-Tc superconductors. At low fields, there is Meissner state, and
at high fields, vortices enter the material and form a vortex lattice. Superconduc-
tivity is completely destroyed at Hc2, for which the density of vortices is such that
the normal cores fill the entire material. For low-Tc superconductors, this behav-
ior is exhibited, in general, by alloys and compounds. On the other hand, all high-
Tc superconductors behave as type II superconductors. For high-Tc superconduc-
tors, the value of Hc1(0) is low (�100 Oe), whereas the value of Hc2(0) is quite
high (about few hundred tesla). The value of the critical field is anisotropic
for these materials. For a YBCO single crystal, values of Hc1(0) in the direction
parallel to the c axis and in the a-b plane are estimated as 850 and 250 Oe,
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respectively (36), whereas the value of Hc2(0) is estimated to be 670 T and 120 T
in the a-b plane and along the c axis, respectively (37).

Cuprate high-Tc superconductors display a complex H–T phase diagram
(Fig. 1.5b) due to their high-Tc, short coherence length, layered structure and
anisotropy (38). Apart from Hc1 and Hc2, there are irreversibility (Hi) and melting
(Hm) lines. The melting line separates a vortex lattice and a vortex liquid state. The
irreversibility line occurs in the vicinity of the melting line. This line provides a
boundary between the reversible and irreversible magnetic behavior of a super-
conductor.

The structure of the vortex line in high-Tc superconductors is different from
the conventional type II superconductors. The individual two-dimensional “pan-
cake” vortices on neighboring layers couple to form three-dimensional vortex
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FIGURE 1.5 H–T phase diagram of (a) low-Tc type II superconductors and (b)
high-Tc superconductor.



lines. A weakness of attractive interaction between the “pancakes” from different
layers results in a strong reduction of the shear modulus of the vortex lattice along
the layers as well as a strong influence from thermal fluctuations. The phase dia-
gram of such flexible vortices in the presence of thermal fluctuations and pinning
is a topic of intense study. A better understanding of the dynamics of the vortices
will help to increase the transport critical current density in the material and also
to control the flux noise for electronic applications.

1.5.3 Penetration Depth

Below Hc1, the external magnetic field is excluded from the bulk of a supercon-
ducting material by a persistent supercurrent in the surface region, which induces
a field that exactly matches the applied field. The depth of this surface is called the
penetration depth (�) and the external field penetrates the superconductor in an
exponentially decreasing manner. To be more precise, penetration depth is the dis-
tance over which an applied magnetic field decays to 1/e of its value at the sur-
face. For an isotropic superconductor, the lower critical field (Hc1) is related to the
penetration depth by

Hc1 � �
�

�2
0

� (1)

where �0 is the flux quantum. The value of the penetration depth can be obtained
from magnetization of the thin superconducting crystal, muon spin rotation, ki-
netic inductance, or microwave measurements. Anisotropy in � can be estimated
from flux decoration and magnetic torque experiments. For high-Tc superconduc-
tors, the penetration depth along the c axis is different than that along the a-b
plane. For the YBCO single crystal, the value of �ab(T → 0) is obtained as 1400
Å (39). There has been much interest in studying the temperature dependence of
� because it is expected to provide information about the symmetry of the order
parameter of high-Tc superconductors. The two-fluid model describes the temper-
ature dependence as

�(T) � �(0)�1 � ��
T
T

c
��

4

�
�1/2

(2)

For a weak coupling BCS superconductor, the �� [��(T) � �(0)] varies expo-
nentially with temperature (40). If there are nodes in the energy gap, then �(T)
varies linearly with T (41). The results of the temperature dependence of � for
high-Tc superconductors are discussed in Section 1.5.8.

1.5.4 Coherence Length

One of the important parameters determining the performance of a superconduc-
tor is the coherence length (�). It is a measure of the correlation distance of the su-
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perconducting charge carriers. Coherence length represents the size of the Cooper
pair. In terms of the Fermi velocity (vF) and transition temperature Tc, coherence
length is given as

� � �
2

h
2

v
k

F

BTc
� (3)

where kB is the Boltzman constant and h is Planck’s constant. The higher value of
Tc in copper oxide superconductors is expected to lead to a low value for the co-
herence length. Direct measurement of the coherence length is difficult. However,
the value of the coherence length can be extracted from fluctuation contributions
to the specific heat, susceptibility, or conductivity. The value of the coherence
length can also be obtained via measurement of Hc2 using

Hc2 � �
2

�

�

0
2� (4)

The value of the coherence length is found to be highly anisotropic for high-Tc ma-
terials. The coherence length parallel to the c axis is typically 2–5 Å, and in the a-
b plane, the value is typically 10–30 Å. Thus, perpendicular to the a-b plane, the
superconducting wave function is essentially confined to the few adjacent unit
cells. In conventional low-Tc, type I superconductors, the coherence length is
1000 Å, which is several orders of magnitude larger than that in high-Tc super-
conductors. The low value of the coherence length in high-Tc superconductors
means that the coherence volume contains only a few Cooper pairs, implying that
the fluctuations may be much larger in the high-Tc superconductors than in the
conventional superconductors. The low values of the coherence length make these
materials very sensitive to the presence of local defects such as oxygen vacancies,
dislocations, and deviation from the stoichiometry.

1.5.5 Flux Quantization

In the classical low-Tc superconductors, magnetic flux (�) trapped in a closed su-
perconducting ring is always an integral multiple of a flux quantum, �0:

� � n�0 (5)

where n is an integer, �0 � h/2e � 2 � 10�7 G/cm2, h is Planck’s constant, and
e is the electronic charge; the factor 2 in the denominator shows that the super-
conducting ground state is composed of paired electrons.

Soon after the discovery of light-Tc superconductors, various experiments
were performed to find out if the superconducting state in high-Tc superconduc-
tors consisted of paired electrons or of something else. One way to find out is by
measuring a trapped flux in the high-Tc superconducting ring. Gough and co-
workers (42) performed an experiment to measure the flux through a sintered
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YBCO ring using a weakly coupled superconducting quantum interference device
(SQUID) magnetometer. A small source of noise was applied to induce flux
jumps. The quantized nature of the flux passing in and out of the ring was clearly
observed in the experiment, as shown in Figure 1.6. The value of flux quantum
was obtained as �0 � (0.97 � 0.04)h/2e. In another experiment, while studying
flux line arrangement in YBCO single crystals through the magnetic decoration
technique, Gammel et al. (43) found the value of flux quantum as h/2e, which is
similar to that obtained by Gough et al. (42). These observations of flux quantiza-
tion in high-Tc superconductor clearly indicate that the paired electrons are
responsible for the superconducting state.

1.5.6 Critical Current Density and Weak Links

Similar to the transition temperature (Tc) and the critical magnetic field (Hc), the
critical current density (Jc) is another important parameter which determines the
boundary between superconducting and normal states. Following the discovery of
high-Tc superconductors, it was found that the critical current density in bulk high-
Tc materials is remarkably small (�10–100 A/cm2) at 77 K and it is strongly de-
pendent on the preparation condition. Very soon, it was realized that natural grain
boundaries behaving as Josephson weak links (44–46) are responsible for the low
value of Jc in high-Tc superconductors. Weak links are essentially localized re-
gions in the superconductor where various superconducting properties are de-
graded. The role of weak links in Jc is quite different in high-Tc superconductors
as compared to low-Tc superconductors. In conventional low-Tc superconductors,
the defect such as grain boundaries increases the pinning and, therefore, enhances
the Jc. On the other hand, the grain-boundary weak links in polycrystalline high-
Tc superconductors limit the critical current density.

In epitaxial films, where grain boundaries are completely absent, the Jc

value is found to be as large as 106 A/cm2 at 77 K (47). The weak-link nature of
the grain boundaries was more clearly established by growing YBCO high-Tc epi-
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FIGURE 1.6 Flux jumps as a function of time when the YBCO ring at 4.2 K was
exposed to a local source of electromagnetic noise, causing the ring to jump
between quantized flux states. (Adapted from ref. 42.)



taxial films on a SrTiO3 bicrystal substrate (48). The bicrystal substrates are fab-
ricated by fusing two single-crystal substrates. When high-Tc film is grown epi-
taxially on the bicrystal substrate, a single grain boundary is realized. It has been
demonstrated that grain boundaries are, indeed, weak links, which are Josephson
coupled. It has also been found that the critical current across the grain boundary
is a function of misorientation angle between the two crystal (48). A 45° misori-
entation angle formed by rotation about the c axis can reduce the critical current
density by four orders of magnitude from that of the best films. The understand-
ing of the weak-link nature of grain boundary in high-Tc superconductors has ne-
cessitated the development of single-crystal film technology for electronics appli-
cation. Artificial weak links can be created in an epitaxial high-Tc film using
bicrystal substrate, edge junction, and so forth. The details of the fabrication and
properties of these artificially prepared weak links in high-Tc superconductors will
be dealt in more detail in other chapters of this volume.

The weak-link nature of the grain boundaries in high-Tc superconductors
makes processing of the wires more complicated. The grains have to be aligned
such that the c axis is parallel and the spread of nearest-neighbor orientation is
preferably less than 10° to obtain acceptably high current densities in finite mag-
netic fields. This has been accomplished by following special techniques in wire
preparation (49). For bulk applications where different topological shapes such as
rodes, sheets, blocks, and cylinders are required, the melt processing technique
(50) is used, which minimizes the effect of the weak link and results in samples
with high current densities.

1.5.7 Energy Gap

One of the important features of superconductivity is the existence of a gap in low-
energy excitation. In a superconductor, the external energy (E � 2�, where � is
the energy gap) has to be supplied for creating an electron–hole pair close to 
the Fermi surface. For a weakly coupled BCS superconductor, the energy gap � at
0 K is related to Tc by

�
2
k
�

BT
(0

c

)
� � 3.52 (6)

where kB is Boltzman constant.
Tunneling spectroscopy is a widely used technique to study the supercon-

ducting gap. Apart from this, there are many other measurements such as infrared
spectroscopy, photoelectron spectroscopy, inelastic light scattering, nuclear mag-
netic resonance (NMR), nuclear quadrople resonance (NQR), and so forth, which
also provide information on the magnitude and the temperature dependence of en-
ergy gap. Several approaches have been applied to perform tunneling measure-
ments in high-Tc superconductors, such as point-contact tunneling, break junction
tunneling, and planar junction tunneling.
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For high-Tc superconductors, a higher value of the energy gap-to-Tc ratio is
observed as compared to the weakly coupled BCS superconductor. Anisotropy in
the gap value along the c axis and in the a-b plane is also noticed. For YBCO, the
energy gap-to-Tc ratio [2�(0)/kBTc] has been found to be 3.5 for tunneling per-
pendicular to the Cu–O plane and a value of �6 has been found for tunneling in
the Cu–O plane (51). A similarly higher value of the energy gap-to-Tc ratio is
also observed for tunneling in the Cu–O plane in Bi–Sr–Ca–Cu–O (52–54),
Tl–Ba–Ca–Cu–O (55,56), and Hg–Ba–Ca–Cu–O (57) superconductors. How-
ever, Nd–Ce–Cu–O and Ba–K–Bi–O showed smaller values of this ratio (�3.9)
(58). Table 1.2 shows values of the energy gap-to-Tc ratio [2�(0)/kBTc] for some
of high-Tc superconductors. Angle-resolved photoelectron spectroscopy has been
used to investigate the energy gap in different k directions in Bi-2212, and an
anisotropy of the gap value in the a-b plane was noted (59), which indicates the
possibility of the existence of nodes in the energy gap. Low-temperature scanning
tunneling microscopy in Hg-1201 showed the presence of different gaps to dif-
ferent crystallographic faces, implying a non-BCS electron–electron pairing
mechanism (60).

Nuclear magnetic resonance and photoemission measurements in under-
doped high-Tc cuprates indicated the presence of a gap in the spin excitation spec-
trum. This pseudogap opening occurs below to a characteristic temperature T*,
well above the Tc. This spin gap is not found in optimally doped material. The ex-
istence of the spin gap in underdoped samples is found to be a fundamental fea-
ture of high-Tc superconductors, and two-dimensional charge dynamics, reduced
Drude spectral weight results from the spin gap (61). The existence of the pseu-
dogap also implies that there must be some developing electronic order. However,
the real importance of the existence of the pseudogap and its relation with super-
conducting gap has not yet properly understood.
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TABLE 1.2 Values of Energy Gap-to-Transition Temperature Ratio (2�/kBTc)
for Some High-Tc Superconductors

High-Tc superconductors Tc (K) � (mV) 2�/kBTc Ref.

YBa2Cu3O7�� 85 20 6 51
Bi2Sr2CaCu2O8�� 62 20 7.5 53
Bi1,7Pb0,3Sr2CaCu2Ox 96 26 6.3 54
Tl2Ba2CuO6 86 25 6.7 55
Tl2Ba2Ca2Cu3Ox 114 30 6.1 56
HgBa2Ca2Cu3O8�� 132 48 8.5 57
(Nd2�xCex)CuO4�y 22 3.7 3.9 58
Ba1�xKxBiO3 24.5 4.6 3.9 58



1.5.8 Symmetry of the Order Parameter

Flux quantization measurements (42) and observation of the ac–Josephson effect
(44,45,62) in high-Tc materials have established that the pairing is formed in the
condensed state of superconductors. However, the nature of the pairing still re-
mains to be understood. An important step toward understanding the coupling
mechanism is to know the symmetry of superconducting order parameter.

The order parameter of a superconductor is described by the wave function
of a Cooper pair. It is given as

�(r1 � r2) � ∑
k

g(k) exp[ik(r1 � r2)] (7)

where r1 and r2 are position coordinates of the two electrons and g(k) is the Fourier
transform of the pair amplitude and it is proportional to the energy gap �k.

Figure 1.7 shows the variation of the energy gap function corresponding to
isotropic s, anisotropic s, dx2�y2, and extended s-wave symmetry of the order pa-
rameter in the momentum space. The thick line represents the Fermi surface and
the thin line shows the variation of gap function. The distance from the Fermi sur-
face gives the amplitude: a positive value for a line lying outside the Fermi sur-
face and a negative value inside the Fermi surface. The zero crossing points are
called nodes. The gap surfaces are represented by the dashed line in Figure 1.7.
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FIGURE 1.7 Variation of gap function in the momentum space for isotropic s,
anisotropic s, dx2�y2, and extended s-wave symmetry of the order parameter.
The Fermi surface is represented by thick lines and the variation of the gap
function is shown by thin lines. The gap nodes surfaces are represented by
the dashed line.



For isotropic s-wave symmetry, �k is constant along all directions of k. In
the case of anisotropic s-wave symmetry, �k does not remain constant. For dx2�y2

symmetry, the gap function �k varies as kx2 � ky2 which passes through zero
along the |kx| � |ky| directions. The corresponding real-space-pair wave function
of the d wave has a x2 � y2 spatial symmetry with nodes and sign change upon ro-
tation of 90°. This symmetry function can also be written r2 cos 2�. In the case of
extended s-wave symmetry, the variation of gap function is expressed as �k

� [cos(kxa) � cos(kya)]. It is evident from Figure 1.7 that for extended s-wave
symmetry, the variation of gap function over a 2 rotation in the momentum space
exhibits eight nodes.

The order parameter has a magnitude and a phase. The magnitude of the or-
der parameter for isotropic s-wave symmetry remains constant, whereas for the
other three symmetries, it is different along different directions of k. The sign of
the phase of the order parameter for isotropic and anisotropic s waves remains
same, whereas for dx2�y2 symmetry and an extended s wave, the sign of the phase
changes. In the case of dx2�y2, the sign changes four times, whereas for the ex-
tended s wave, the sign changes eight times over a rotation of 2 in the momen-
tum space.

Knowledge about the underlying symmetry is important in finding out which
class of theory describes these materials. The BCS theory, which assumes phonon-
mediated coupling, favors an order parameter with isotropic s-wave symmetry. An-
other class of theory assumes that exchange of antiferromagnetic spin fluctuation
can provide a pairing mechanism leading to a pairing state with dx2�y2 symmetry
(63,64). Chakravarty et al. (65) proposed a theoretical model which assumes elec-
tron–phonon interaction as a dominant mechanism and the interlayer tunneling
leading to an anisotropic s-wave symmetry. Various other theoretical models argue
for generalized s-wave symmetry (66) or for order-parameter symmetry to be a
complex mixture of s and d waves (67) or a complex mixture of dx2�y2 and dxy (68).

Several experimental techniques (69,70) such as NMR studies, temperature
dependence of penetration depth, angle-resolved photoemission, Josephson junc-
tion, and SQUID studies have been carried out to understand the symmetry of the
order parameter in high-Tc superconductors. NMR studies in YBCO which mea-
sure the relaxation rates and Knight shift supports d-wave symmetry (64). A para-
magnetic effect (71) was observed in some Bi-2212 field-cooled samples which
was interpreted in terms of -junction and d-wave symmetry. For s-wave sym-
metry, the penetration depth is expected to vary exponentially with temperature,
whereas for d-wave symmetry, � varies linearly with temperature. Earlier mea-
surements of temperature dependence of � supported the s wave (39,72), whereas
several others found that �(T) is proportional to T (41) or T 2 (73). An angle-re-
solved photoemission experiment of a Bi-2212 single crystal indicated anisotropy
in superconducting gap in the a-b plane (59). The temperature dependence of the
penetration depth and angular-resolved photoemission studies showed anisotropy
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in the energy gap. However, the existence of nodes could not be established be-
cause the magnitude of the order parameter is measured in these experiments. In
order to find the existence of nodes, several phase-sensitive experiments based on
the Josephson junction and SQUID have been performed (55,74–88). Experi-
ments based on a specially designed tricrystal geometry have shown the existence
of nodes by demonstrating the observation of spontaneously generated �0/2 flux
(81–83). The results of a majority of these experiments supported d-wave sym-
metry; however, an unanimous view about the symmetry of the order parameter
has not yet been accepted.

The symmetry of the order parameter may have implications on the practical
applications of high-Tc superconductors. For example, the d-wave model predicts a
lower limit to the surface resistance and such a lower limit may constrain those ap-
plications seeking to maximize the Q of superconducting microwave circuits. Sim-
ilarly, the presence of nodes may constrain the design of Josephson junction devices.

1.6 CONCLUSION

During the last one and half decades after the discovery of the high-Tc supercon-
ductor, more than 100 high-Tc compounds have been made which exhibit super-
conductivity above 23 K. Several of theses have a Tc higher than the liquid-nitro-
gen temperature. The highest Tc of 133 K is observed in HgBa2Ca2Cu3Oy at
ambient pressure. The superconductivity in high-Tc cuprates is due to the presence
of CuO2 planes and the Tc of the material is found to depend on the number of
CuO2 planes in the unit cell. High-Tc superconductors are, in several ways, dif-
ferent from low-Tc superconductors such as short coherence length, large
anisotropy, grain-boundary weak links, and layered structure. A better under-
standing of the grain boundary has enabled one to improve the quality of high-Tc

films and superconducting wires and led to the development of artificial grain
boundaries for electronic applications. High-Tc superconductors are extreme type
II superconductors. More understanding of the flux dynamics is required, as these
material exhibit a complex H–T phase diagram.

Similar to low-Tc superconductors, superconductivity in high-Tc materials
is due to pairing of electrons, but the mechanism of pairing is still not clear. The
energy gap-to-Tc ratio in several high-Tc superconductors show a value larger than
the value predicted for weakly coupled BCS superconductors. Anisotropy in the
gap in the a-b plane is also noted. Several studies on the measurement of penetra-
tion depth, NMR, angle-resolved photoemission, Josephson junction, and SQUID
have been performed to explore the symmetry of the order parameter of high-Tc

superconductors. The majority of these studies revealed d-wave symmetry of the
order parameter. The observation of a spin gap in under doped high-Tc compounds
at temperature much above the Tc is very interesting; however, its relationship
with the superconducting energy gap needs to be understood.
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Epitaxial Growth of Superconducting Cuprate
Thin Films

David P. Norton

University of Florida, Gainesville, Florida, U.S.A.

2.1 INTRODUCTION

In 1986, Bednorz and Müller reported a superconducting transition temperature
greater than 30 K in a multicomponent oxide compound, namely La2�xBax-

CuO4�� (1). The discovery of other layered copper oxide materials with super-
conducting transition temperatures, Tc, exceeding the boiling point of liquid ni-
trogen (77 K) soon followed. Today, numerous high-temperature superconducting
(HTS) cuprate phases have been uncovered with transition temperatures as high
as 135 K. Many of these materials have been synthesized as epitaxial thin films.
A fundamental understanding of both the superconducting properties, as well as
the materials science of these complex oxide materials, is still emerging. Although
much is known about the synthesis and properties of HTS films, there remain 
significant challenges in this area, particularly in producing thin-film materials
suitable for HTS technologies. Potential applications involving HTS films include
high-frequency electronics for radio-frequency (RF) microwave communications,
superconducting quantum interference devices (SQUIDs) for the detection of
minute magnetic fields, and superconducting wires for energy-efficient delivery
and use of electrical energy. This chapter provides an overview of the science and
technology of HTS thin-film synthesis, focusing on the growth of epitaxial films.
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In order to address the materials-related issues most relevant for HTS
cuprate thin films, one must first discuss the generic structure for these materials.
The layered crystal structure inherent to the HTS compounds yields highly
anisotropic materials in terms of both the electronic properties and crystal-growth
characteristics. A comprehensive overview of the various multielement crystal
structures for HTS cuprates has been given elsewhere (2). A unit cell that is con-
ceptually applicable to all of the HTS cuprates can be constructed from two dis-
tinct chemical blocks, as illustrated in Figure 2.1. The first block consists of one
or more CuO2 planes. The common feature of all cuprate phases that exhibit high-
temperature superconductivity is the presence of two-dimensional CuO2 sheets
within their layered structure. Each Cu atom in the CuO2 layer is surrounded by
four O atoms in a square-planar configuration. For structures with more than one
CuO2 sheet per unit cell, the individual sheets are separated by a layer of divalent
alkaline earth or trivalent rare-earth atoms. The CuO2 sheets defines the a-b planes
in all of the HTS crystal structures with the c axis of the crystal structure perpen-
dicular to the sheets. The second block in the generic unit cell is referred to as the
charge reservoir and can be used to define specific homologous HTS families of
compounds. Within the HTS structure, this block appears to be largely responsi-
ble for providing charge carriers to the CuO2 planes. It also determines the degree
of anisotropy in the individual HTS compounds, as c-axis transport is primarily
determined by this layer. Within a homologous series, the specific phases are dis-
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FIGURE 2.1 Generic structure of the superconducting cuprates showing the
CuO2 planes separated by the charge-reservoir blocks. The schematic illus-
trates the specific case of the n�2 structures.



tinguished by the number, n, of CuO2 planes per unit cell. For most of the HTS
compounds, n � 3. The various HTS compounds can then be characterized by the
number of CuO2 planes contained in each unit cell and by the specific chemical
block that separates these CuO2 blocks and completes the structures.

The simplist HTS structure is the so-called “infinite-layer” (Ca,Sr)CuO2

material. This compound, illustrated schematically in Figure 2.2, consists of four-
fold coordinated CuO2 sheets separated by alkaline earth atoms. It is distinct from
the other HTS compounds in that it contains only CuO2–alkaline earth blocks with
no charge-reservoir layer. Hence, it is referred to as the “infinite-layer” (n � �)
compound. As described, this structure is insulating. Carries are introduced by re-
placing some of the alkaline earth atoms with trivalent earth ions. In contrast, con-
sider the (La,Sr)2CuO4 compound shown schematically in Figure 2.3. In this ma-
terial, each CuO2 plane is separated along the c axis by two (La,Sr)–O planes in a
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FIGURE 2.2 Schematic of the (Ca,Sr)CuO2 crystal structure.

FIGURE 2.3 Schematic drawing illustrating the crystal structure for the
La2CuO4 compounds.



rock salt structure. This particular compound is classified as a n � 1 structure, as
there is only one CuO2 plane in each unit cell. Other HTS structures include more
complex charge-reservoir layers. For example, in the T1Ba2Can�1CunOy homol-
ogous series, each unit cell contains a single T1–O layer sandwiched between two
Ba–O layers. This comprises the charge-reservoir chemical block. The CuO2

planes are adjacent to the Ba–O layers. For the n � 2 and 3 members of the series,
the multiple CuO2 planes are separated by Ca atoms. Other HTS compounds can
be similarly constructed.

Carrier doping plays a critical role in determining the superconducting prop-
erties in all of the HTS cuprates. The charge carriers are holes (p-type) in most
structures, with only two structure types supporting superconductivity with n-type
doping. The hole-doped superconductors are characterized by either fivefold or
sixfold coordinated bonding of the Cu atoms to oxygen. In this case, the additional
coordination is provided by apical oxygen atoms above and/or below the CuO2

planes. The electron-doped HTS compounds always contain only fourfold coor-
dinated bonding of the Cu to oxygen atoms. Carrier concentration is controlled ei-
ther by chemical substitution or changes in the oxygen stoichiometry. The trans-
port properties of the cuprates can be varied from metallic and superconducting to
insulating, with each compound possessing an optimum doping. For instance,
La2CuO4 is an insulator that is driven metallic and superconducting with the par-
tial substitution of a divalent alkaline earth (i.e., Sr) for trivalent La. Figure 2.4 il-
lustrates the transition-temperature dependence on doping for the n � 1 T1 com-
pound (3). In a similar manner, YBa2Cu3O7�� is a 90 K superconductor only when
the oxygen content is near 7 (� � 0). As oxygen is removed, Tc decreases, with
YBa2Cu3O6 displaying semiconducting behavior.
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FIGURE 2.4 Variation of Tc with carrier density for the Tl2Ba2CuO6 com-
pounds. The carrier density is adjusted by varying the oxygen content. (From
Ref. 3.)



The HTS cuprates possess other distinctive properties that contribute either
to the difficulties or advantages associated with these materials. The supercon-
ducting coherence length in HTS cuprates is anisotropic and quite small, with typ-
ical values on the order of the atomic spacing. This presents difficulties in the fab-
rication of junction devices. As with other oxide materials, the HTS cuprates are
brittle ceramics prone to fracture with applied stress. This introduces challenges
in developing a flexible conductor from HTS materials. Another issue involves
the ability of HTS materials to carry significant currents and remain supercon-
ducting in the presence of a magnetic field. As with any type II superconductor,
magnetic fields penetrate the HTS cuprates in the form of quantized magnetic
field lines. In the presence of an electrical current, microscopic defects are needed
to immobilize or “pin” these flux lines against energy-dissipative motion. For
some HTS materials, such as YBa2Cu3O7, strong magnetic flux pinning has been
demonstrated at 77 K (4). For other more anisotropic compounds, such as
Bi2Sr2Ca2Cu3O10, strong pinning has been realized only at much lower tempera-
tures. The ability to pin magnetic flux lines at temperatures near Tc varies signifi-
cantly among the HTS compounds and appears to correlate with the degree of
anisotropy in the material.

One detrimental aspect in HTS materials is the effect of grain boundaries on
transport. The density of current that can flow through the material is severely lim-
ited by the presence of grain boundaries in all of the HTS materials. This is par-
ticularly evident for boundaries with misorientation angles greater than 10°, as is
shown in Figure 2.5 (5). As a result, the capacity to carry superconducting current
in polycrystalline materials with large-angle grain boundaries is significantly less
than that for single-crystal-like material. Studies of transport through individual
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FIGURE 2.5 Relative drop in the grain boundary (Jc) as the misorientation an-
gle increases. (From Ref. 5.)



grain boundaries in HTS bicrystals showed that large-angle grain boundaries act
as weak links in the superconductor (5,6). This effect has proven fortuitous in the
fabrication of Josephson junction device structures. However, this profound in-
fluence of grain boundaries in the HTS materials makes it necessary to utilize epi-
taxial films on single-crystal substrates in order to realize optimal material prop-
erties and device performance. It also implies that HTS wires with very high
current-carrying capability will require fabrication techniques that result in highly
oriented material with virtually no high-angle grain boundaries. Thus, a signifi-
cant effort has been devoted to studying the epitaxial growth and properties of
HTS films.

2.2 TECHNIQUES FOR HTS FILM GROWTH

The unique promise held by HTS materials in many applications has driven sig-
nificant efforts in exploring their formation as thin films. The general require-
ments for the synthesis of HTS films with little or no impurity phase include strin-
gent control of the composition during the deposition process, because each
compound is a multication oxide with a rather complex crystal structure. Even
with the correct cation composition, the formation of a specific HTS oxide phase
requires an optimization of both the temperature and the partial pressure of the
chosen oxidizing species consistent with the thermodynamic phase stability of the
compound. Because the electronic properties of the superconducting cuprates
show a significant dependence on oxygen content, specific oxidation conditions
after film growth are generally required in order to achieve optimal doping for su-
perconductivity. Control of film surface morphology is a key issue for the syn-
thesis of multilayer device structures. This is particularly true for junction devices
due in large part to the short, anisotropic superconducting coherence lengths in
these materials. These collective requirements prove challenging for nearly all
techniques presently employed in thin-film processing.

Numerous film-growth techniques have been investigated for the epitaxial
growth of HTS films. These include in situ growth techniques, in which the cor-
rect crystallographic phase is formed as the material is being deposited, as well as
ex situ techniques, where a film that is either amorphous or an assemblage of poly-
crystalline phases is deposited and subsequently annealed to form the desired HTS
phase. For in situ growth, the kinetics of epitaxial film growth, along with the ther-
modynamic requirements for proper phase formation, typically require deposition
at elevated temperatures (650–800°C) in an oxidizing ambient. The ability to pro-
duce relatively smooth film surfaces and synthesize multilayer film structures are
obvious advantages with in situ film growth.

In situ film-growth techniques that have been successfully employed in the
synthesis of epitaxial HTS materials include physical deposition techniques, such
coevaporation (7,8), molecular beam epitaxy (9,10), pulsed laser deposition (11),
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and sputtering (12). With the physical deposition of HTS cuprates, the phase con-
stituents are delivered as a flux of individual atoms or simple oxide species.
Atomic-level control of the film-growth process is possible with most physical de-
position approaches, thus enabling the formation of novel multilayer structures
(13,14). Other techniques that have proven useful in obtaining epitaxial HTS films
are metalorganic chemical vapor deposition (15) and liquid-phase epitaxy (16).

2.2.1 Coevaporation and Molecular Beam Epitaxy

In the growth of HTS films by coevaporation or molecular beam epitaxy (MBE),
the flux is delivered by electron beam (e-beam) or thermal evaporation sources. A
separate source is required for each element due to differences in vapor pressures
for various elements or oxides. The flux from each source must be precisely con-
trolled to ensure proper stoichiometry of the film. In situ monitoring of the flux
from each source can be accomplished with the use of multiple crystal-quartz
monitors. Optical techniques have also been developed in which the optical ab-
sorption coefficient of each element is used to monitor the flux (17,18). Film 
deposition by evaporation typically takes place in a background pressure less than
10-4 torr. This is lower than what is thermodynamically required for the in situ
growth of HTS films; most of these compounds require molecular oxygen pres-
sures much higher. To overcome this limitation, highly oxidizing gases, such as
NO2 (19) or O3 (20), as well as atomic oxygen created by a plasma source (21),
can be utilized. Oxidation of the HTS films can also be enhanced by irradiating
the growing film with ultraviolet light (22). The ultraviolet (UV) photons produce
excited-state O and O2 species, thereby increasing the activity significantly. With
these highly oxidizing species, background pressures less than 10-4 torr can often
be maintained while growing epitaxial HTS films.

One approach developed to overcome this limitation to coevaporation with
molecular oxygen utilizes a molecular oxygen pocket that is maintained at a
higher pressure than that of the deposition chamber (7). The substrates are placed
on a rotating disk and alternate between a zone of the metal vapor and a pocket
into which oxygen is introduced. A partial pressure drop of 1:100 can be main-
tained between the oxygen pocket and vacuum chamber with the proper design of
the rotating disk and oxygen pocket.

Film growth by evaporation can occur by the simultaneous coevaporation of
all the components or by sequentially shuttering the delivery of each component.
The latter is often associated with molecular beam epitaxy. This technique offers
atomic-level control of the film-growth process and has proven useful in the for-
mation of novel multilayered structures (23–25). For some HTS compounds,
MBE can be used to tailor the formation of specific phases through layer-by-layer
growth of the various components of the layered HTS compounds. Molecular
beam epitaxy also permits the so-called “block-by-block” approach, illustrated in
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Figure 2.6, in which phase assemblage proceeds by a specific path in the phase di-
agram (25). This is useful in avoiding the nucleation of specific secondary phases.
The low background pressure used in MBE also allows for the in situ monitoring
of film growth with electron beam techniques, including reflection high-energy
electron diffraction (RHEED) (24). This technique is useful in characterizing the
crystallinity of the surface, as well as in monitoring the growth mode of epitaxial
films. This not only gives insight into how film growth proceeds, but also gives
unique opportunities to control film growth at the atomic level.

2.2.2 Pulsed-Laser Deposition

To a large extent, pulsed-laser deposition (PLD) was popularized as an oxide-
film-growth technique through its success in growing in situ epitaxial HTS films
(11). In this technique, shown schematically in Figure 2.7, a pulsed laser is fo-
cused onto a target of the material to be deposited. For a sufficiently high laser en-
ergy density, each laser pulse vaporizes or ablates a small amount of the material.
The ablated material is ejected from the target in a forward-directed plume. The
ablation plume provides the material flux for film growth. Pulsed-laser deposition
has several attractive features, including stoichiometric transfer of material from
the target, generation of energetic species, hyperthermal reaction between the ab-
lated cations and molecular oxygen in the ablation plasma, and compatibility with
background pressures ranging from ultrahigh vacuum (UHV) to 1 torr (26). Epi-
taxial oxide films can be deposited with PLD using single stoichiometric targets
of the material of interest or with multiple targets for each element. With PLD, the
thickness distribution is quite nonuniform due to the highly forward-directed na-
ture of the ablation plume. However, raster scanning of the ablation beam over the
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FIGURE 2.6 Phase diagram for the Dy–Ba–Cu–O system. The arrows indicate
specific progressions in phase formation. (From Ref. 25.)



target and/or rotating the substrate can produce uniform film coverage over large
areas. As with evaporation, the film-growth process can be controlled at the
atomic level using PLD. In addition, epitaxial growth with deposition rates on the
order of 100 Å/s have been demonstrated with this technique (27). One potential
drawback of PLD is the ejection of micron-size particles in the ablation process.
If these particles are deposited onto the substrate, they present obvious problems
in the formation of multilayer device structures. The use of highly dense ablation
targets tends to reduce particle formation but does not eliminate this problem com-
pletely. Several techniques have been developed to further reduce particle density.
Approaches that focus on preventing the particles from reaching the substrate sur-
face include velocity filters (28), off-axis laser deposition (29), and line-of-sight
shadow masks (30). For instance, the shadow mask technique involves placing a
shadow mask between the ablation target and the substrate. The mask effectively
blocks all of the particles from reaching the substrate, whereas only fractionally
attenuating the flux from the ablation plume. Unfortunately, the shadowing
method can adversely alter the composition of the deposit from the plume. An-
other interesting approach suggested for eliminated particles involves the use of
two laser beams focused on separate targets situated perpenducular to each other.
The two ablation plumes collide and form a new stream containing light plume
components and almost no droplets (31). Another issue with PLD is possible de-
fect creation due to bombardment of the growing film surface by energetic ions in
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the plume. Plume energies must be moderated by controlling laser energy density
and/or by using a background gas to thermalize the plume species.

As an electron-probe technique, RHEED has generally been restricted to in
situ monitoring of film growth under background gas pressures less than 10-4 torr.
This is unfortunate, as the most favorable film-growth conditions for many HTS
materials using PLD are at much higher oxygen pressures. Recently, a modified
RHEED system capable of operating under standard PLD film-growth conditions
(100–300 mtorr O2) has been demonstrated (32). In this system, illustrated in Fig-
ure 2.8, the electron beam entry and phosphor screen are placed in close proximity
to the substrate. Using this approach, RHEED intensity oscillations for conven-
tional PLD growth at oxygen pressures up to 300 mtorr have been observed (8).

2.2.3 Sputtering

Several sputtering techniques have been used in the growth of HTS films, includ-
ing on-axis dc magnetron sputtering (33), cylindrical magnetron sputtering (34),
ion beam sputtering (35), and off-axis sputtering (12). In sputter deposition, ener-
getic ions created in a plasma bombard a metal or oxide target surface. This pro-
cess ejects atoms from the target that subsequently deposit on a nearby substrate
surface. In an on-axis configuration, the substrate and target are facing one an-
other. Although this is the optimal geometry for the maximum deposition rate, the
on-axis configuration can result in film damage due to the bombardment of the
film surface with energetic species from the plasma. An alternative is the off-axis
approach, in which the substrate surface is oriented perpendicular to the surface of
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FIGURE 2.8 Schematic of a conventional pulsed-laser deposition system
equipped with a differentially pumped RHEED system. (From Ref. 32.)



the sputter target. This removes the film from the plasma region, eliminates sput-
ter damage, and, generally, results in better films. Unfortunately, the off-axis ap-
proach also significantly reduces the growth rate that can be achieved by sputter
deposition. One disadvantage with sputter deposition is that the stoichiometry of
a multicomponent film is not necessarily that of the target material due to differ-
ences in sputtering yields for different elements.

2.2.4 Metal–Organic Chemical Vapor Deposition

For large-scale production of thin films, metal–organic chemical vapor deposition
(MOCVD) is very attractive (15). It is routinely utilized in the electronics indus-
try and is quite amenable to large-area deposition with high throughput. It is in-
dependent of line-of-site deposition and can be used for in situ growth at oxygen
pressures near 1 atm. With MOCVD, the cations necessary for film growth are de-
livered as constituents of organometallic molecules. If the organometallic
molecules are sufficiently volatile, they can be delivered to the heated substrate
via a carrier gas. For nonvolatile precursors, the reactants are delivered as a con-
densed phase. The molecules thermally decompose at the heated substrate surface,
resulting in film growth. For oxide film growth, oxygen is included within the gas
flow. One key challenge in the synthesis of HTS films using MOCVD has been
the development and reproducible synthesis of volatile precursor molecules that
are stable in storage and transport and that decompose at elevated temperatures to
yield good films with no contamination from the organic ligand.

2.2.5 Liquid-Phase Epitaxy

One of the more recent developments in HTS film growth has been progress in the
use of liquid-phase epitaxy (LPE). In LPE, film growth occurs from a melt in con-
tact with a substrate surface. For many years, this technique has proven to be quite
useful in growing relatively thick semiconductor films with near-perfect crys-
tallinity. Superior crystallinity is possible with LPE, as film growth from the melt
takes place very near thermodynamic equilibrium. The structural and chemical
complexities of the HTS materials have made it difficult in determine conditions
for HTS film growth using LPE. Nevertheless, the epitaxial growth of HTS films
with near-single-crystal-like properties has been achieved using this technique
(16).

2.2.6 Ex Situ Postannealing

Despite success in growing epitaxial HTS films using in situ techniques, there are
limitations to these approaches. In situ growth requires significant and uniform
substrate heating in an oxygen ambient during film deposition. For most HTS
phases, the temperature range at a given oxygen pressure for achieving optimal
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film properties is rather narrow, on the order of 20–40°C. This proves challeng-
ing for large-area, double-sided, or continuous-length deposition of HTS films. In
contrast, ex situ processing requires no substrate heating during precursor deposi-
tion, greatly simplifying the film-growth apparatus. The precursor film can be de-
posited either by vacuum deposition or by wet-chemistry approaches. The desired
crystallographic phase is formed through bulk diffusion and solid-phase epitaxy
by annealing the “precursor” film at elevated temperatures. Annealing can also be
performed as a batch process of multiple substrates. In addition, HTS compounds
consisting of cations with high vapor pressures, such as Tl or Hg, are not easily
grown by in situ film-growth techniques. These compounds are typically synthe-
sized by ex situ annealing of precursor films, where substantial overpressure of the
volatile component can be easily achieved. However, the use of solid-phase 
epitaxy places severe restrictions on the fabrication of multilayered thin-film
structures.

2.3 SUBSTRATES FOR HTS FILMS

Multiple considerations are involved when evaluating the usefulness of a particu-
lar substrate for HTS film growth. A comprehensive review of substrate selection
for HTS film growth has been published elsewhere (36). Film/substrate lattice
match, thermal expansion match, and chemical compatibility are the most relevant
factors when the singular consideration is film properties. Because the HTS
cuprates are nearly tetragonal in their crystal structure, oxides with a square-pla-
nar surface orientation, such as the (001) face of cubic oxide crystal, are ideal for
c-axis-oriented HTS films. Typically, the in-plane lattice spacing of the HTS film
should closely match that of the substrate either aligned with or rotated 45° with
respect to the principle axes. Significant differences in the thermal expansion co-
efficient should be avoided, as this will lead to cracking of the film. Of course, any
chemical reaction between the substrate and film will likely inhibit good epitaxy
and may prevent the formation of the HTS phase. The substrate material should
also be stable against thermal cycling with no significant phase transitions.

A large array of oxide and nonoxide materials has been investigated as sin-
gle-crystal substrates for epitaxial growth of HTS films (36). In many cases, at-
tractive substrate materials can be prepared that possess smooth surfaces with only
unit-cell-high steps, as revealed by scanning force microscopy (37,38). The sub-
strates used for HTS film growth can generally be categorized into three distinct
groups. The first is the perovskite-related materials (39), such as SrTiO3, LaAlO3,
and NdGaO3. These material, illustrated in Figure 2.9, are cubic or pseudocubic
with lattices parameters very close to the a–b lattice spacing of the HTS cuprates.
Because the alkaline earth–CuO2 subunit block in the HTS materials can be
viewed as a defect perovskite structure, perovskite crystals are generally the most
chemically and structurally compatible substrates for growing high-quality epi-
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taxial HTS films. Recent developments in understanding the surfaces of per-
ovskites have enabled the reproducible termination of several perovskite crys-
talline surfaces with specific cation species (40,41). For example, a simple aque-
ous treatment, etch, and annealing procedure yields (001) SrTiO3 surfaces that are
singularly TiO2 terminiated. Figure 2.10 shows an atomic force microscopy
(AFM) image of an atomically flat (001) SrTiO3 surfaces that possesses (a) a sin-
gular TiO2 termination and (b) the corresponding AFM line scan. These capabili-
ties greatly enhance the ability to control phase nucleation and mulilayer structure
formation in HTS epitaxy.

Next are the nonperovskite oxides, such as MgO and Al2O3. Nonperovskite
oxides are of interest as HTS substrates if they possess advantageous physical
properties for specific applications. For instance, the electronic properties of the
substrate, including dielectric constant, conductivity, and loss tangent, are criti-
cally important for high-frequency applications of HTS films. MgO has a cubic
NaCl structure with a significant lattice mismatch with most HTS compounds.
Yet, its availability as an inexpensive substrate with a temperature-independent
dielectric constant, �, of 10 and a low dielectric tangent loss, tan �, of 10-5 at 77 K
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FIGURE 2.9 Crystal structure for SrTiO3.

FIGURE 2.10 Atomic force microscopy image of (a) a TiO2-terminated SrTiO3

surface and (b) the associated line scan. (From Ref. 40.)



and 10 GHz make MgO an attractive HTS substrate for microwave applications.
Al2O3 is also an attractive HTS substrate material for microwave applications de-
spite significant problems with chemical reactivity. Single-crystal yttria-stabilized
zirconia (YSZ) is attractive due to its low cost, mechanical strength, and chemical
stability. However, the lattice constant of this cubic fluorite structure provides a
relatively poor lattice match to the HTS films.

Third, one can consider nonoxide substrates that are of interest for specific
applications. This last group, which includes metals and semiconductors, presents
significant film-growth challenges due to chemical, thermal, and lattice-matching
incompatibilities. In these cases, the use of a chemically compatible oxide buffer
layer is necessary to achieve epitaxy.

2.4 EPITAXIAL GROWTH OF SPECIFIC HTS MATERIALS

2.4.1 YBa2Cu3O7

The epitaxial growth and characterization of YBa2Cu3O7 thin films has received
significantly more attention than any other HTS compound. Compared to the
other HTS materials, epitaxial YBa2Cu3O7 films are the easiest to synthesize and
achieve a Tc for the film that is near the bulk value. This is due, in part, to the rel-
ative stability of the YBa2Cu3O7 phase, as there are no n � 1 or n � 3 members
to compete with in phase formation. The structure of YBa2Cu3O7��, shown
schematically in Figure 2.11, can be derived by stacking three oxygen-deficient
perovskite unit cells (ACuOy) in the layered sequence BaO–CuO2–Y–CuO2–
BaO–CuO. YBa2Cu3O7 contains two CuO2 planes per unit cell separated by an Y
atom. CuO chains lie between the BaO layers. The oxygen content can be varied
from � � 0 to � � 1 through removal of oxygen from the CuO chain layer. Fully
oxygenated YBa2Cu3O7 is a hole-doped superconductor with Tc � 92 K. The
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crystal structure is orthorhombic with a � 3.82 Å, b � 3.88 Å, and c � 11.68 Å,
resulting in twinning for c-axis-oriented films. Microwave surface resistance
lower than 200 �� for 10 GHz at 77 K has been measured in epitaxial YBa2Cu3O7

films (42). A critical current density of �2–5 MA/cm2 at 77 K in a zero magnetic
field (H � 0) is typical for high-quality films. YBa2Cu3O7�� is less anisotropic
than other hole-doped HTS materials. This appears responsible for the strong
magnetic flux pinning observed in YBa2Cu3O7. The magnetic field dependence of
Jc is anisotropic, due to intrinsic pinning from the layered structure, with the Jc

highest for H parallel to the a-b planes. With few exceptions, near-
optimal flux pinning for H parallel to the c axis is also observed in epitaxial
YBa2Cu3O7 films due to a fortuitous array of growth defects. Recently, Dam et al.
made use of a sequential etching technique in an attempt to identify these defects
(43). They suggest that edge and screw dislocations, which can be mapped quan-
titatively by this technique, are the linear defects that provide the strong pinning
centers responsible for the high critical currents observed in these YBa2Cu3O7

films. These collective properties make YBa2Cu3O7 films quite attractive for
many applications.

The most successful ex situ synthesis route for the epitaxial growth of
YBa2Cu3O7 is the so-called BaF2 process (44–47). With this approach, a stoi-
chiometric precursor film of Y, Cu, and BaF2 is deposited at room temperature
with minimal oxygen background pressure on a lattice-matched oxide surface,
such as SrTiO3. Other substrate materials with a large lattice mismatch between
film and substrate results in YBa2Cu3O7 films with a large fraction of polycrys-
talline grains. BaF2 is used instead of Ba metal or BaO, as it is stable in air. An-
nealing the stoichiometric precursor film at a high temperature in oxygen and wa-
ter vapor results in the epitaxial growth of YBa2Cu3O7 by a solid-phase epitaxy
process. Water vapor is necessary for the decomposition of BaF2 and complete re-
moval of fluorine from the film during the high-temperature anneal. When an-
nealed at an oxygen pressure of 1 atm, the formation of c-axis-oriented
YBa2Cu3O7 films is limited to annealing temperatures T 
 830°C and film thick-
ness less than �0.4 �m (44). Lower annealing temperatures and/or thicker de-
posits result in significant a-axis-oriented nucleation. However, if the annealing
process is performed at lower oxygen partial pressures, c-axis-oriented
YBa2Cu3O7 film growth is maintained for significantly lower temperatures and
thick precursor film deposits (46). For instance, a thick Y–BaF2–Cu–O precursor
film processed in an oxygen partial pressure of 2.6 � 10-4 atm at 740°C yielded a
1-�m-thick c-axis-oriented epitaxial film with a Tc�90 K and Jc(77 K) � 1.9
MA/cm2 (45). It is interesting to note that the P(O2)–T conditions for ex situ syn-
thesis of YBa2Cu3O7 using the BaF2 process are consistent with the P(O2)–T
phase space described by Hammond et al. (48) for in situ films. In addition to pre-
cursor films deposited using evaporation, a related process involves the use of
meta-triflouroacetates as the precursor film (49). Conversion of this precursor pro-
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ceeds much the same as with the e-beam evaporated case, with Jc(77 K) 
 1
MA/cm2 reported for 1-�m-thick films deposited on LaAlO3

Films synthesized under the above-described conditions have high critical
current densities, indicating strong flux pinning due to the presence of mi-
crostructural defects. In contrast, films that are processed at very high tempera-
tures (�900°C) in 1 atm oxygen can exhibit cation alignment similar to that of sin-
gle crystals, with low defect densities and subsequent reduced flux pinning and
low critical current densities (44). The ability to produce YBa2Cu3O7 films with
low defect densities has not been demonstrated for in situ films obtained by vapor
deposition techniques.

Epitaxial c-axis-oriented YBa2Cu3O7 films with Tc 
 90 K and Jc(77 K)

 1 MA/cm2 can be routinely synthesized by a number of in situ physical and
chemical deposition techniques, including coevaporation (7,50), MBE (10), PLD
(51), sputtering (12), and MOCVD (15). A survey of the various growth condi-
tions for synthesizing epitaxial YBa2Cu3O7 films by different deposition tech-
niques was used by Hammond et al. (48) to develop a P(O2)–T “phase diagram,”
shown in Figure 2.12, for in situ epitaxial growth. For each technique, P(O2)–T
region can be defined for the optimized synthesis of high-quality YBa2Cu3O7

films. In most cases, these regions lie just above the YBa2Cu3O7 thermodynamic
stability line. In general, in situ YBa2Cu3O7�� films are oxygen deficient (� � 0)
at the growth temperatures and oxygen pressures typically used. This is consistent
with the bulk P(O2)–T phase diagram for YBa2Cu3O7�� (52) and with quenching
experiments involving thin films (53). Real-time measurements of the film resis-
tance at typical growth temperatures show that the oxidation of YBa2Cu3O7 films
is rapid when exposed to high oxygen pressures at elevated temperatures. In prac-
tice, the introduction of 300–760-torr oxygen during cooling of the film after
growth is sufficient to achieve fully oxidized YBa2Cu3O7 films.

High-quality YBa2Cu3O7 films have been obtained by MBE and coevapo-
ration using NO2 (19), O3 (20,50), or atomic oxygen (10,21,48). Molecular oxy-
gen is not effective at the pressures compatible with these techniques. Significant
control of the film growth process has been demonstrated with the formation of
superconducting YBa2Cu3O7 layers as thin as a single unit cell (50). Large-area
YBa2Cu3O7 films with excellent superconducting properties have also been real-
ized. For instance, double-sided YBa2Cu3O7 films on 4-in. LaAlO3 substrates
with a surface resistance, Rs, of 500 �� at 77 K and 10 GHz, Jc(77 K) 
 2
MA/cm2, and Tc 
 88 K over nearly the entire area have been grown by the reac-
tive thermal evaporation technique involving the rotating substrate and oxygen
pocket (7).

Both pulsed-laser deposition and sputtering have been used for single-
source deposition of high-quality YBa2Cu3O7 films. With both techniques, molec-
ular oxygen (O2) is used as the oxidizing gas during film growth. Large-area de-
position has also been realized for both PLD and sputtering through a combination
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of substrate and target rotation. Double-sided YBa2Cu3O7 films on 3-in.-diameter
sapphire wafers with Jc(77 K) 
 3 MA/cm2 has been demonstrated with PLD
(54). Using in situ off-axis magnetron sputtering, double-sided, 2-in.-diameter
YBa2Cu3O7 films on LaAlO3 substrates with Rs (77 K) 	 400 �� at 10 GHz have
also been reported (55). Thickness uniformity of �5% with Jc(77 K) 
 1 MA/cm2

and Tc 
 87 K has been demonstrated for YBa2Cu3O7 films over an 8-in.-diame-
ter area using off-axis sputtering (56). In addition, atomic-level control of the
growth process has been demonstrated with both techniques. Epitaxial
YBa2Cu3O7 films with a surface roughness less than one unit cell have also been
achieved by conventional magnetron sputtering with an oscillating substrate con-
figuration (57). Using PLD, YBa2Cu3O7/PrBa2Cu3O7 superlattice structures with
YBa2Cu3O7 layers as thin as one unit cell have been synthesized (58,59). In these
studies, the superconducting properties of single-unit-cell-thick YBa2Cu3O7 lay-
ers were examined.

Progress has been made in the development of better precursors for the de-
position of YBa2Cu3O7 by MOCVD. The properties of YBa2Cu3O7 films de-
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FIGURE 2.12 A P(O2)–T phase diagram showing regions in which epitaxial
YBa2Cu3O7 can be obtained. (From Ref. 48.)



posited by MOCVD are approaching that of films grown by physical deposition
techniques. For example, 3-in.-diameter double-sided YBa2Cu3O7 films on
LaAlO3 have been deposited by MOCVD with Tc � 87 K and a microwave sur-
face resistance as low as 260 �� at 10 GHz, 77 K (60). One interesting modifi-
cation for MOCVD of YBa2Cu3O7 films involves a photo-assisted technique
(61,62). In this approach, a tungsten halogen lamp is used to irradiate the substrate
surface with UV photons during growth, providing both substrate heating and
photostimulation of the chemical processes involved in the reaction. The growth
of high-quality YBa2Cu3O7 films with Jc(77 K) 
 1 MA/cm2 at remarkably high
growth rates (
800 nm/min) has been reported.

One of the more recent developments in YBa2Cu3O7 film growth has been
progress in the use of liquid-phase epitaxy (LPE). Recent results for YBa2Cu3O7

films grown by this technique show near-perfect crystallinity that is far superior
to that achieved with vapor deposition techniques. Although vapor-deposited HTS
films typically have screw dislocation densities of � 109/cm2 with unit-cell-step
distances of 30 nm, films grown by LPE have microspiral densities on the order
of 103/104/cm2 and interstep distances of up to 3 �m (63). However, substrate se-
lection for growth by LPE is more restrictive. In addition to requirements of small
lattice and thermal mismatch between the film and substrate, one must choose
substrates that can withstand the high-temperature solutions of YBa2Cu3O7 at
temperatures as high as 1000°C. The growth temperature for liquid-phase epitaxy
of YBa2Cu3O7 can be reduced by the addition of BaF2 to the growth flux, as seen
in Figure 2.13 (64). The temperature of YBCO formation can be reduced to
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FIGURE 2.13 Relations between growth temperature and deposited phases as
a function of fluoride concentration in liquid-phase epitaxy of YBa2Cu3O7.



920°C, thereby enabling the LPE on a wide range of substrates. A seed layer of
epitaxial YBa2Cu3O7, typically deposited by physical vapor deposition tech-
niques, remains an important determinant in the formation of films. In LPE, cation
stoichiometry must be precisely controlled. In addition to smoother surfaces, other
properties of LPE-grown YBa2Cu3O7 films differ from that of vapor-deposited
films. Oxidation of c-axis-oriented films progresses more slowly due to a lower
density of dislocations, grain boundaries, and other defects that would enhance
oxygen diffusion along the c axis. An absence of structural defects in highly per-
fect LPE-grown films results in weaker flux pinning, with typical Jc(77 K) values
of 5 � 102 to 104 A/cm2. Additional pinning can be introduced by growing on a
substrate possessing a large lattice mismatch, such as MgO (65). The defects in-
troduced by the lattice mismatch increase the pinning, with Jc(77 K) � 105 A/cm2

in zero field and increased pinning evident at high fields.

2.4.1.1 YBa2Cu3O7 Growth Mode and Microstructure

A microscopic understanding of the in situ epitaxial growth of YBa2Cu3O7 has
emerged through the use of various surface-sensitive probes, such as RHEED and
scanning force microscopy, in monitoring and characterizing the film surface both
during and after film growth. In general, epitaxial growth of thin films proceeds
within the context of three basic modes, as illustrated in Figure 2.14 (66): layer by
layer (Frank–van der Merwe), island formation (Volmer-Weber), and layer by
layer followed by island formation (Stranski–Krastanov). True layer-by-layer
growth is typically reserved for lattice-matched film/substrate systems in which
no stress is imposed on the nucleating film. Oscillations in the RHEED specular
intensity are a consequence of the nucleation of two-dimensional (2D) islands and
their cyclical growth into flat terraces during layer-by-layer growth or the initial
stages of Stranski–Krastanov growth. For film-growth experiments involving co-
evaporation (67) or PLD (68), strong RHEED intensity oscillations have been ob-
served during the initial nucleation of c-axis-oriented YBa2Cu3O7 on lattice-
matched substrates, as shown in Figure 2.15 (67). These studies suggest that the
minimum growth unit for YBa2Cu3O7 is the 11.7-Å unit cell, as this satisfies both
chemical composition and electrical neutrality considerations. Similar RHEED
studies on the growth of YBa2Cu3O7 on (100) MgO show no oscillations. This is
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FIGURE 2.14 Illustrations of the three basic modes observed in film growth.



consistent with a 3D island nucleation for a film/substrate system with significant
lattice mismatch.

Although RHEED oscillations suggest that layer-by-layer growth occurs
during initial nucleation, scanning probe microscopy studies show that
YBa2Cu3O7 grows by an anisotropic Stranski–Krastanov mode on substrates with
a low lattice mismatch. Scanning tunneling microscope (STM) images of
YBa2Cu3O7 films that are only a few unit cells thick show that the epitaxial
growth of YBa2Cu3O7 on SrTiO3 proceeds by a Stranski–Krastanov mechanism,
with a transition from layer-by-layer to island growth occurring at a film thickness
between 8 and 16 unit cells (69). Stranski–Krastanov growth of YBa2Cu3O7 is ob-
served on other lattice-matched substrates, including NdGaO3 (70). In contrast,
STM studies confirm that deposits of YBa2Cu3O7 on (100) MgO nucleate and
grow by a Volmer–Weber island mechanism due to the lattice mismatch between
the film and substrate.

Scanning tunneling microscopy images of the surface microstructure for
thicker c-axis-oriented YBa2Cu3O7 films grown on both (100)-oriented MgO and
SrTiO3 single crystals often show a predominance of growth spirals consisting of
atomically flat terraces with growth steps one unit cell high, as shown in Figure
2.16 (71–73). These growth spirals presumably originate from screw dislocations
in the film. Subsequent studies showed that the presence of a spiral-growth sur-
face microstructure is a function of film-growth conditions, substrate–film lattice
mismatch, and substrate miscut, although a terraced microstructure with unit-cell-
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FIGURE 2.15 RHEED oscillations observed in the initial growth of YBa2Cu3O7

on (001) SrTiO3. (From Ref. 67.)



high steps is a common feature for c-axis-oriented films (73). In some cases, high-
quality films with a surface morphology more reminiscent of 2D terrace growth is
observed, particularly for films deposited by laser ablation (74). It has been argued
that the non-steady-state growth conditions of pulsed-laser deposition can inhibit
the formation of spirals due to the absence of steady-state diffusion of adatoms to
the growing step edge. One consequence of this is that the density of spiral mor-
phological features does not necessarily correlate with the density of linear de-
fects, such as dislocations, in the film. This is important when attempting to iden-
tify potential magnetic flux pinning centers in these films.

In recent years, there has been significant progress in understanding the ini-
tial nucleation of YBa2Cu3O7 on single-crystal oxide surfaces, particularly for
growth on the (001) SrTiO3 surface. Studies have focused on the chemistry of
YBa2Cu3O7 formation on specific cation-terminated surfaces. Initial studies sug-
gested that YBa2Cu3O7 always nucleates as a complete unit cell. This conclusion
was based largely on AFM, STM, and RHEED studies of relatively thick
YBa2Cu3O7 films. In the scanning probe microscopy studies, step heights of pre-
cisely one YBa2Cu3O7 unit cell were generally observed. RHEED oscillations
also correlated with unit cell by unit-cell film growth. However, recent efforts in-
dicate that the nucleation of YBa2Cu3O7 may proceed by sub-unit cell formation
and that this process is highly dependent on substrate surface termination. The
most studied case is that for nucleation on a SrTiO3 (001) surface. SrTiO3 (001)
can be terminated either with the TiO2 or the SrO atomic plane. For SrO-termi-
nated surfaces, YBa2Cu3O7 can nucleate with a Cu–O plane at the interface. In
this case, the stacking sequence can be CuO–BaO–CuO–Y–CuO–BaO or
CuO–Y–CuO–Ba–CuO–BaO. In either sequence, this leaves the cuprate (001)
terminated with BaO, which is generally accepted to be the case, and incorporates
all of the available cations for unit-cell growth. However, for TiO2-terminated sur-
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FIGURE 2.16 Scanning tunneling microscopy image of a YBa2Cu3O7 film
grown by pulsed-laser deposition.



faces, this is not the case. The wettability of CuO on the TiO2 is very poor, lead-
ing to either the Y or BaO layer at the TiO2 interface. In this case, the possible
stacking sequences, such as BaO–CuO2–Y–CuO2–BaO, that yield a stable BaO
surface also yield excess Cu–O on the surface. Figure 2.17 shows an AFM image
of sub-unit-cell step heights for GdBa2Cu3O7 nucleating on a TiO2-terminated
surface (75). Several studies suggest that this results in the nucleation of sec-
ondary-phase Cu-rich precipitates on the growing surface. Elimination of precip-
itate formation is possible either by starting with a SrO termination or by supply-
ing a Cu-deficient flux during the first few monolayers of film growth.

Various defects have been observed in epitaxial films including twin bound-
aries, dislocations, and secondary phases. Some of these defects are observed in
the bulk of the film, such as the double CuO chain layers related to the YBa2Cu4O8

compound (76). Other secondary phases can appear as outgrowths on the film sur-
face such as those seen in Figure 2.18. These outgrowths take the form of Y2O3,
CuYO2, and CuO impurity phases, as well as a-axis-oriented YBa2Cu3O7 grains
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FIGURE 2.17 An AFM image of sub-unit-cell heights for GdBa2Cu3O7 nucleat-
ing on a TiO2-terminated SrTiO3 surface. (From Ref. 75.)



(77). In some cases, they can be evident as impurity peaks in the x-ray diffraction
patterns. Outgrowths formed on YBa2Cu3O7 films are sensitive to the deposition
conditions and surface terminations. They are obviously sensitive to the stoi-
chiometry, with a high probability of nucleating when the composition deviates
from the ideal YBa2Cu3O7.

2.4.1.2 Lattice Mismatch and Epitaxy

Numerous studies have focused on the growth of YBa2Cu3O7 on perovskites, with
c-axis-oriented epitaxial films obtained on many of them. In nearly all cases, ex-
cellent cube-on-cube epitaxy is achieved with good superconducting properties.
One of the better substrates for YBa2Cu3O7 growth in terms of lattice match is
NdGaO3, with a lattice mismatch of only 0.2% at a typical growth temperature of
700°C (78,79). Comparisons have been made between the structural properties of
ultrathin YBa2Cu3O7 films grown on (100) NdGaO3 and (100) SrTiO3. The x-ray-
diffraction rocking-curve width, which is a measure of crystalline perfection, was
measured as a function of thickness for epitaxial YBa2Cu3O7 deposited on these
two substrates. For YBa2Cu3O7 films grown on (100) SrTiO3, the rocking-curve
width increases by a factor of 3 when the YBa2Cu3O7 film thickness exceeds 15
nm. This width increase reflects stress relief in the epitaxial film due to the 2% lat-
tice mismatch. In contrast, films grown on NdGaO3 show no increase in rocking-
curve width with film thickness, resulting in a smoother morphology.

For microwave applications, a significant effort has focused on the growth
of YBa2Cu3O7 on MgO. The large 9% lattice mismatch between YBa2Cu3O7 and
MgO (a � 4.211 Å) leads to multiple in-plane orientations with either cube-on-
cube [100]film� [100]substrate or 45° rotated [110]film� [100]substrate film orientations
with respect to the substrate (80). These multiple in-plane orientations introduce
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FIGURE 2.18 Scanning electron micrograph of a YBa2Cu3O7 film showing sec-
ondary-phase outgrowths. Image size is ~ 2 �m � 2 �m. (From Ref. 77.)



large-angle grain boundaries and result in YBa2Cu3O7 films with poor supercon-
ducting properties. Better results have been obtained by annealing the MgO sub-
strate above 1000°C in an oxygen ambient to improve the crystallinity of the MgO
(100) surface. c-Axis-oriented YBa2Cu3O7 films with only one in-plane orienta-
tion and critical current densities greater than 1 MA/cm2 at 77 K have been ob-
tained on annealed MgO substrates (81). Excellent control of the in-plane texture
for YBa2Cu3O7 on (100) MgO can also be achieved with the use of a SrTiO3

buffer layer (82,83). It has been shown that a relatively thin (�25 nm) SrTiO3

buffer layer results in only one in-plane orientation. The SrTiO3 film grows with
the [100]STO � [100]MgO despite a large lattice mismatch. YBa2Cu3O7 films can be
reproducibly grown on SrTiO3- buffered MgO with Tc � 90 K and Jc(77 K) 
 106

A/cm2. The adverse effects of the high dielectric constant for SrTiO3 are minimal
when used as a buffer layer, because the microwave losses are proportional to the
volume of lossy material. A surface resistance of 260 �� at 77 K measured at 8.3
GHz has been reported for YBa2Cu3O7 on SrTiO3-buffered (100) MgO (84).

The chemical reactivity and large lattice mismatch of YBa2Cu3O7 with r-
plane sapphire requires the use of oxide buffer layers. Using pulsed-laser deposi-
tion, large-area YBa2Cu3O7 films with critical current densities as high as 5 � 106

A/cm2 at 77 K have been realized on 3-in.-diameter sapphire wafers with a CeO2

buffer layer (85). Microwave loss measurements on similarly prepared films on
CeO2-buffered sapphire yielded Rs(77 K) � 550 �� at 9.5 GHz (86). The differ-
ence in the thermal expansion coefficients of YBa2Cu3O7 and Al2O3 somewhat
limits the film thickness that can be achieved without the appearance of cracks.

The epitaxial growth of YBa2Cu3O7 on (100) YSZ has been extensively
studied. The lattice mismatch of this substrate with YBa2Cu3O7 results in multi-
ple in-plane orientation possibilities. At high growth temperatures of � 760°C, the
dominant in-plane orientation for c-axis-perpendicular YBa2Cu3O7 is [100]YBa2

Cu3O7 � [100]YSZ, whereas at low temperatures, it is [100]YBa2Cu3O7 �
[110]YBa2Cu3O7 (87). YSZ also supports a third in-plane YBa2Cu3O7 orientation
in which the YBa2Cu3O7 a axis makes a 9° angle with the YSZ �100� (88). In ad-
dition, an interfacial reaction of YBa2Cu3O7 with YSZ occurs to form BaZrO3. In
order to prevent multiple orientations, a thin CeO2 or Y2O3 layer on the (100) YSZ
substrate surface eliminates all but the [100]YBa2Cu3O7 � [110]YBa2Cu3O7 ori-
entation (89). Similar results have also been obtained with monolayers of CuO or
BaZrO3 (88).

The growth of epitaxial YBa2Cu3O7 on silicon presents the interesting pos-
sibility of integrating superconducting and semiconducting electronics. A buffer
layer is required due to chemical interactions. High critical current densities have
been obtained for structures employing an epitaxial YSZ buffer layer (90). For ex-
ample, critical current densities greater than 2 MA/cm2 at 77 K have been realized
for 50-nm-thick YBa2Cu3O7 films with a 50-nm-thick YSZ buffer layer. Super-
conducting films with high critical current densities have also been obtained with
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epitaxial MgO on Si(001) (91). A hydrogen termination of the Si surface is gen-
erally required in order to prevent oxidation of the Si prior to buffer-layer growth.
MgO buffers are more effective than YSZ in preventing subsequent oxidation of
the Si surface due to a smaller oxygen diffusion coefficient. In either case, the
strain induced due to the large difference between thermal expansion coefficients
of YBa2Cu3O7 and Si significantly limits the thickness of the YBa2Cu3O7 film.

The growth of epitaxial YBa2Cu3O7 on metal substrates with rolling-in-
duced biaxial texture, coupled with appropriate buffer-layer architectures, repre-
sents an interesting approach for producing long-length YBa2Cu3O7-based super-
conducting tapes with a high Jc (92). Biaxially textured (001) Ni tapes, formed by
recrystallization of cold-rolled pure Ni, have been used as the initial in-plane-
aligned substrate material for subsequent YBa2Cu3O7 film deposition. An epitax-
ial buffer layer is necessary in order to grow YBa2Cu3O7 due to reactions between
the superconductor and Ni. For example, the epitaxial growth of a (001)-oriented
CeO2/YSZ oxide buffer-layer architecture maintains the sharp crystallographic
cube texture of the metal substrate while providing a barrier to chemical interac-
tion of the Ni with the HTS film. Figure 2.19 shows the x-ray diffraction data for
a YBCO/YSZ/CeO2/Ni structure. Note that the epitaxial relationship is main-
tained throughout the structure. Figure 2.20 shows a cross-section transmission
electron microscopic (TEM) image of the CeO2/Ni interface revealing a NiO layer
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FIGURE 2.19 X-ray diffraction data for an epitaxial YBa2Cu3O7/YSZ/CeO2 mul-
tilayer on biaxially textured (001) Ni.



at the boundary. This layer presumably forms after the CeO2 is nucleated on the
(001) Ni surface. High-resolution TEM indicates that the NiO layer is epitaxial
with respect to the Ni substrate. The epitaxial buffer layers compensate for poor
lattice match and chemical incompatibility, although thermal expansion mismatch
remains an issue. Subsequent growth of YBa2Cu3O7 on this structure, referred to
as a rolling-assisted, biaxially textured substrate (RABiTS™), results in c-axis-
oriented in-plane-aligned films with superconducting critical current densities as
high as 1 MA/cm2 at 77 K. Figure 2.21 shows a cross-section TEM image of a
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FIGURE 2.20 Cross-section TEM image of an epitaxial CeO2/Ni structure,
showing a NiO layer at the interface.

FIGURE 2.21 Cross-section TEM image of a completed YBa2Cu3O7/YSZ/
CeO2/Ni structure, including a grain boundary.



grain boundary that extends through the Ni substrate into the oxide film. No NiO
is observed in the boundary. Figure 2.22 shows an electron backscattered pattern
of an epitaxial YSZ/CeO2 multilayer on a biaxially textured substrate. The color
shading is such that the grains with similar shading share a grain boundary with a
grain misorientation angle of less than (a) 1° or (b) 5°. Recently it has been shown
that buffer-layer architectures with single-buffer layers, such as YSZ, can be uti-
lized.

In addition to the RABiTS concept described, two additional approaches
have been identified whereby thick epitaxial YBa2Cu3O7 films, with the high de-
gree of in-plane and out-of-plane crystallographic texture necessary for achieving
high Jc, can be obtained on long-length substrates for deposited conductors. In one
case shown schematically in Figure 2.23, ion-beam-assisted deposition (IBAD) is
used to achieve in-plane alignment of oxide buffer layers on polycrystalline metal
tapes (93–95). In-plane texture on the order of 5°–10° can be realized with this
technique. A second approach, known as inclined substrate deposition, involves
directional impingement of the depositing flux on the substrate surface (96). Vary-
ing growth rates for different orientations of grains results in dominate crystal
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FIGURE 2.22 Electron backscattered pattern form a YSZ/CeO2 biaxially tex-
tured Ni structure. The different shading corresponds to grain-to-grain mis-
orientation of (a) 1° and (b) 5°.



growth by specific orientations. Epitaxial YBa2Cu3O7 films on these surfaces
yield critical current densities approaching 1 MA/cm2. The magnetic field depen-
dence of Jc for films on either IBAD or RABiTS substrates are quite similar to that
measured for the epitaxial YBa2Cu3O7 film on SrTiO3. In fact, the relative drop
of Jc with applied external magnetic field is less for the YBa2Cu3O7 film grown
on IBAD or RABiTS tapes than for the film on (001) SrTiO3, indicating the pres-
ence of additional flux pinning defects in the films. These pinning sites may be as-
sociated with growth-induced defect structures, low-angle grain-boundary pin-
ning, or both. The performance of the epitaxial YBa2Cu3O7 on either RABiTS or
IBAD substrates is far superior, in terms of Jc, to other superconducting wire tech-
nologies, both for zero-field and high-field applications. Thus, the use of IBAD or
RABiTS represents a possible means for producing long-length superconducting
tapes for high-current, high-field applications at 77 K, particularly if high values
of the “engineering” Jc, defined as the critical current per total conductor cross-
sectional area (including substrate thickness), can be realized with thinner sub-
strates and/or thicker YBa2Cu3O7 films.

2.4.1.3 a-Axis-Oriented Epitaxy

The layered crystal structure in the HTS materials results in a significant
anisotropy in the crystal growth rate. YBa2Cu3O7 grows faster along the a-b plane
than along the c axis. This anisotropic growth mechanism tends to favor epitaxial
films in which the c axis is perpendicular to the substrate surface. For many ap-
plications, this orientation is sufficient. However, for some proposed device struc-
tures, thin films with either the a or b axis perpendicular to the substrate surface
are preferred. For instance, a-axis-oriented YBa2Cu3O7 films are potentially use-
ful for sandwich-type junctions due to the longer coherence length along the a di-
rection. One technique that has proven successful is to nucleate a-axis-oriented
YBa2Cu3O7 films at a reduced temperature for subsequent growth of additional
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FIGURE 2.23 Schematic drawings for (a) ion-beam-assisted deposition and
(b) inclined substrate deposition approaches to achieving biaxially textured
films.

(a) (b)



a-axis-oriented material at elevated temperatures. Epitaxial YBa2Cu3O7 films
tend to grow a-axis oriented on (001) SrTiO3 at growth temperatures that are ap-
proximately 100°C below that which is optimal for the growth of c-axis-oriented
films with good superconducting properties. Figure 2.24 shows a cross-section
TEM image of an a-axis YBa2Cu3O7 film nucleated at low temperature and sub-
sequently grown at high temperatures (97). Despite having inferior superconduct-
ing properties, the initial a-axis-oriented YBa2Cu3O7 layer can serve as a template
for the subsequent growth of additional a-axis-oriented YBa2Cu3O7 at higher tem-
peratures, resulting in a-axis-oriented films having a Tc greater than 90 K (97–99).
Subsequent work has also shown that a template layer of PrBa2Cu3O7 grown un-
der similar conditions is also quite effective at nucleating a-axis-oriented
YBa2Cu3O7 films (100).

One limitation with a-axis-oriented epitaxial films grown as described
above is that the orientation of the in-plane c axis is not uniquely determined. For
a-axis-oriented YBa2Cu3O7 films on cubic substrates, the c axis of individual
grains have an equal probability of aligning with the substrate [100] or [010] axes,
resulting in grain boundaries in which the a-b planes meet at 90°. This is seen in
the plan-view TEM image of an a-axis film on SrTiO3 (Fig. 2.25) (101,102). The
grain boundaries significantly degrade the transport properties of the films. One
solution is to use a noncubic single-crystal substrate, such as orthorhombic
NdGaO3 (a � 5.431 Å, b � 5.499 Å, c � 7.710 Å) or tetragonal LaSrGaO4 (a �
3.843 Å, c � 12.681 Å), to break the in-plane fourfold symmetry and enable an
unambiguous selection for the c-axis direction in the YBa2Cu3O7 film (103,104).
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FIGURE 2.24 Cross-section TEM image of an a-axis-oriented YBa2Cu3O7 film
nucleated at low temperature and grown at high temperature. (From Ref. 97.)



Using (100) LaSrGaO4, in-plane alignment of a-axis films with Jc(77 K) 
 105

A/cm2 have been reported (102).

2.4.2 NdBa2Cu3O7

Of the REBa2Cu3O7 materials, the most studied, other than YBa2Cu3O7, is the
NdBa2Cu3O7 system. NdBa2Cu3O7 films possessing high crystallinity, surface
stability, and relatively high Tc have been realized using several techniques, in-
cluding pulsed-laser deposition and sputtering (104,105). However, control of the
film properties is more difficult due to the possible antisite substitution of Nd for
Ba. For NdBa2Cu3O7 thin films produced by off-axis dc magnetron sputtering, the
superconducting properties of the films was strongly dependent on target compo-
sition, substrate temperature, and oxygen partial pressure (105). As with many
other rare-earth-based superconductors, NdBa2Cu3Oy (NdBCO) is known to form
a solid solution in which Nd3+ ions can substitute for Ba2+ ions because of their
comparable radii, leading to the actual composition Nd1�xBa2�xCu3Oy. The
amount of Nd defects on the Ba sites (indicated by x) has a strong influence on the
electronic properties of the material, and even in small amounts it significantly
suppresses superconductivity in both bulk and thin films. Recent studies con-
ducted on melt-textured and single-crystal materials obtained by different bulk
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FIGURE 2.25 Plan-view TEM image of a-axis-oriented YBa2Cu3O7, showing
the 90° grain boundaries.



synthesis techniques have demonstrated that the degree of Nd-for-Ba substitution
is highly sensitive to processing conditions. In particular, bulk samples with nom-
inal stoichiometric composition (x � 0.0) and Tc of 96 K are obtained by synthe-
sis in a reduced oxygen atmosphere, with P(O2) ranging between 0.01 and 0.001
atm. These results suggest that the thermodynamic stability curve of NdBCO in
the P(O2)–T phase space is shifted toward reduced oxygen pressure values rela-
tive to the YBa2Cu3O7�� curve. Consequently, deposition conditions appropriate
for the growth of NdBCO films by the in situ technique differ significantly from
those successfully used for YBCO.

A systematic study of the growth of NdBCO films was performed, focusing
on the correlation of Tc, Jc, and �(T) with the temperature and oxygen partial pres-
sure used during deposition for thin films grown by PLD (105,106). As a result,
the line in the 1/T-log[P(O2)] plane was determined for optimal NdBCO thin-film
synthesis. The NdBCO films were deposited on LaAlO3 substrates by ablation of
a stoichiometric target. The results show that the best NdBCO films are obtained
at oxygen pressures in the range 0.2–1.2 m torr, depending on the substrate tem-
perature. This is more than two orders of magnitude lower than the correspondent
oxygen pressure appropriate for YBCO film growth. A plot of the optimal condi-
tions [Ts, P(O2)] in the log[P(O2)]-1/T phase space originates a line almost paral-
lel to the corresponding Hammond and Bormann line for YBCO films, but shifted
with respect to this by about two orders of magnitude, as shown in Figure 2.26. In
the same diagram, we show the melting line for stoichiometric bulk Nd1Ba2Cu3Oy

(x � 0). For comparison, we also show the melting line, the decomposition line,
and the Hammond and Bormann line for YBCO. The latter refers to the
CuO–Cu2O–O2 equilibrium and provides experimental conditions for optimal in
situ YBCO film synthesis.

Additional work on deposition of NdBCO by pulsed-laser deposition
showed that the use of single-crystal NdBa2Cu3O7 as an ablation target is effec-
tive in producing superconducting films with enhanced smoothness as seen in 
Figure 2.27 (107). Particle density decreased by a factor of 10,000. Nd1�x

Ba2�xCu3O7�y thin films have also been grown by metal–organic chemical vapor
deposition (108). At oxygen partial pressures between 0.65 and 0.85 torr, better
film properties are obtained for nonstoichiometric compositions. However, for an
oxygen partial pressure of 0.01 torr, high-quality films were obtained with stoi-
chiometric compositions. This dependence on oxygen pressure is related to the
tendency for Nd–Ba substitution in this system. Even for the better films, Tc was
only 50 K.

2.4.3 Tl2Ba2Can�1CunO2n�4 and TlBa2Can�1CunO2n�3

The synthesis of Tl-based HTS thin films has attracted significant interest due in
large part to the high superconducting transition temperatures (� 125 K) that have
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been achieved for these materials. Most of the application interest for epitaxial Tl-
based HTS oxide films is in passive microwave devices. Within the HTS materi-
als, the lowest measured values of surface resistance at high frequencies (10 GHz)
have been for Tl-based films (109). The two related Tl-based cuprate series,
Tl2Ba2Can�1CunO2n�4 and TlBa2Can�1CunO2n�3, are shown schematically in
Figure 2.28 (110). Most thallium-based HTS materials possess a tetragonal crystal
structure and can be simply described as consisting of alternating single or double
Tl–O layers and the perovskitelike Ba2Can�1CunO2n�1 layers. An exception to this
is the Tl2Ba2CuO6 compound, which exhibits orthorhombic and monoclinic sym-
metry. The unit cell for Tl2Ba2Can�1CunO2n �4 contains a double Tl–O layer that
is sandwiched between two Ba–O layers. The CuO2 sheets are adjacent to the Ba–O
layers. Bulk samples have been synthesized with n � 1–5, although thin-film work
has been limited to n � 3. Extremely low surface resistance has been measured 
in these materials with Rs � 0.024 m�-cm at 5 K and 10 GHz for both
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FIGURE 2.26 The P(O2)–T phase diagram for NdBa2Cu3O7 thin-film synthesis.
(From Ref. 105.)
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FIGURE 2.27 Scanning electron micrographs of NdBa2Cu3O7 films grown by
pulsed-laser deposition using (a) a ceramic and (b) a single-crystal ablation
target.

FIGURE 2.28 Schematic drawing of the (a) Tl2Ba2Can�1CunO2n�4 and (b)
TlBa2Can�1 CunO2n�3 series of compounds.

(a)

(a)

(b)



Tl2Ba2CaCu2O8 and Tl2Ba2Ca2Cu3O10 films (111). The second series,
TlBa2Can�1CunO2n �3, differs in that each unit cell contains only a single Tl–O
layer. These materials exhibit much stronger magnetic flux pinning than the dou-
ble Tl–O layer compounds, presumably due to the reduced anisotropy when com-
pared to Tl2Ba2Can�1CunO2n�4. When optimally doped, the Tl-based HTS mate-
rials exhibit high superconducting transition temperatures. For optimally doped
Tl2Ba2Can�1CunO2n0�4, Tc � 90, 110, and 125 K for n � 1, 2, and 3, respectively.
For TlBa2Can�1CunO2n�3, Tc � 44, 105, and 124 K, respectively. Optimal dop-
ing and/or enhanced phase stability is achieved through control of the oxygen 
content and by chemical substitution, including rare-earth doping on the Ca site,
Pb or Bi doping on the Tl site, or Sr doping on the Ba site.

The growth of epitaxial Tl-based HTS thin films is quite challenging due to
the complex phase relationships of these materials and the high volatility of Tl ox-
ides. The fabrication of thin films of the Tl-based HTS compounds involves a pre-
carious balance between the high temperatures required to form the superconduct-
ing phases and the high volatility of Tl at these temperatures. The partial pressures
of both oxygen and thallous oxide play key roles. Most TBCCO film synthesis ap-
proaches are based on a two-step process involving the deposition of the amorphous
precursor, followed by ex situ annealing in the presence of thallous oxide vapor to
form the desired crystalline phase. Initial efforts involving bulk materials suggested
that the formation of Tl-Ba-Ca-Cu-O(TBCCO) compounds proceeds by the fol-
lowing sequences: Tl(2201)–Tl(2212)–Tl(2223)–Tl(1223)–Tl(1234)–Tl(1245) or
Tl(2201)–Tl(2212)–Tl(2223)–Tl(1212). The toxicity of Tl oxide adds to the diffi-
culty in synthesizing thin films. Substrates with attractive microwave properties
have received the majority of the attention. For optimal film properties, the sub-
strate of choice is usually LaAlO3 due to a low lattice mismatch. MgO and Al2O3

have also been considered with some success (112,113). Due to the volatility of
thallium oxide, most of the effort to grow epitaxial Tl-based HTS film has focused
on ex situ annealing of precursor films. The precursor films can be deposited by a
number of techniques, including laser ablation (114), thermal and electron beam
evaporation (115), chemical vapor deposition (116), and sputtering (109). Epitax-
ial films of the various Tl-based HTS phases have been obtained both with and
without Tl in the precursor films. Thallination and phase formation then takes place
upon annealing in a furnace. Typically, the precursor film is placed in a closed cru-
cible along with a bulk powder or pellet that has a composition similar to that of the
desired phase (109). The bulk powder or pellet serves as the Tl source. For inde-
pendent control of the sample annealing temperature, Tl-oxide partial pressure, and
oxygen partial pressure, a two-zone furnace can be used in which the precursor film
is placed in the high-temperature zone and thallium oxide in the low-temperature
zone.

For Tl2Ba2Can�1CunO2n�4, most of the effort in growing epitaxial films has
focused on the Tl2Ba2CaCu2O8 (n � 2) phase due to its relatively high supercon-
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ducting transition temperature and superior phase stability when compared to
Tl2Ba2Ca2Cu3O10. By postannealing sputter-deposited precursor films in the pres-
ence of Tl2Ba2Ca2Cu3O10 and Tl2O3 powder, epitaxial films of Tl2Ba2CaCu2O8

films have been grown on LaAlO3 with Tc � 108 K and Rs(77 K) � 130 �� mea-
sured at 10 GHz (109). Epitaxial growth of Tl2Ba2CaCu2O8 has also been
achieved on both MgO and Al2O3, although the properties of the films are gener-
ally inferior to that obtained on LaAlO3. Although physical deposition techniques
are more commonly used to deposit the precursor film, MOCVD has also been uti-
lized to deposit precursor BaCaCuO(F) films for subsequent annealing in the pres-
ence of Tl2O vapor (116). Tl2Ba2CaCu2O8 films have been obtained with Ba-
CaCuO(F) precursors with Tc � 105 K, Jc(77 K) � 1.2 � 105 A/cm2, and a surface
resistance of 400 �� at 10 GHz and 5 K.

Formation of the Tl2Ba2Ca2Cu3O10 (n � 3) phase is more challenging, re-
quiring careful control of precursor stoichiometry and complex optimization of
the annealing conditions (117). Phase evolution is rather complex and dependent
on both thermodynamic and kinetic considerations. Some evidence suggests that
the formation of the n � 3 member proceeds as the initial nucleation of the n � 2
members, followed by conversion to the higher-n phase (118). Although Tl(2212)
can be formed by solid-state diffusion, evidence suggests that a liquid phase is re-
quired in order to transform Tl(2212) into Tl(2223). The partial pressure of Tl2O
is a key factor in the formation of specific phases. Epitaxial films of the
Tl2Ba2Ca2Cu3O10 compound that are nearly single phase have been synthesized
on single-crystal (100) LaAlO3 by annealing sputter-deposited BaCaCuO precur-
sor films in the presence of Tl–Ba–Ca–Cu–O and Tl2O powders (117). Films with
Tc � 120 K and surface resistances measured at 10 GHz of 24 �� at 4.2 K, 180
�� at 77 K, and 360 �� at 100 K have been obtained. Several studies suggest that
reducing the oxygen pressure promotes the formation of Tl(2223) at reduced tem-
peratures. Because reducing the oxygen partial pressure promotes melting, a re-
duction in annealing temperature is apparently the result of a decrease in the tem-
perature required to produce the liquid phase required for Tl(2223) formation.

Interest in the single Tl–O series, TlBa2Can�1CunO2n�3, primarily stems
from the high-Tc and superior flux pinning properties when compared to
Tl2Ba2Can�1CunO2n�4. Epitaxial films of the single Tl–O layer TlBa2Can�1

CunO2n�3 compounds can be synthesized by ex situ annealing of precursor films.
The formation of the single versus the double Tl–O layer compounds is controlled
to a large extent by the amount of Tl in the accompanying pellet or powder during
annealing of the precursor. Using the ex situ precursor approach, TlBa2CaCu2O7

thin films have been obtained with Tc � 90 K and Jc(77 K) � 2 � 105 A/cm2

(119). Related materials to the TlBa2Can�1CunO2n�3 system include the fractional
cation substitution of Pb or Bi on the Tl site, and Sr on the Ba. The addition of Sr
to the TBCCO compounds tends to stabilize the single Tl–O layered phases. It is
interesting to note that (Tl,Pb)Sr2CaCu2O7 and TlBa2CaCu2O7 films show signif-
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icantly different dependence on subsequent oxygen annealing. Whereas the su-
perconducting transition temperature of TlBa2CaCu2O7 changes when annealed
in different oxygen pressures, the transition temperature of (Tl,Pb)Sr2CaCu2O7

shows little change when annealed at 700°C in oxygen pressures ranging form
10�4 to 1 atm of oxygen (120,121). This apparent stability achieved with Pb dop-
ing may prove advantageous in device applications.

Some of the best results for the single Tl–O layer series of compounds have
been realized for ex situ processed (Tl,Bi)Sr1.6Ba0.4Ca2Cu3O9�d films in which
the precursor film includes Tl. Precursor TlxBiySr1.6Ba0.4Ca2Cu3Oz films were de-
posited on (100) LaAlO3 by single-target laser ablation and were sandwiched 
between two (Tl,Bi)Sr1.6Ba0.4Ca2Cu3O9�d pellets during the subsequent anneal 
to produce the superconducting n � 3 phase (122). The (Tl,Bi)Sr1.6

Ba0.4Ca2Cu3O9�d epitaxial films exhibit a Tc as high as 111 K and a critical cur-
rent density of 2 MA/cm2 at 77 K. Epitaxial superconducting Tl0.5Pb0.5Sr1.6

Ba0.4Ca2Cu3O9 films have been synthesized by thermal spray followed by postan-
nealing (123). This simple, low-cost process is performed by spraying a stoichio-
metric solution containing Tl, Pb, Ba, Sr, Ca, and Cu nitrates on substrates heated
to 300–400°C. The precursor films are annealed in a sealed silver containment
with unfired pellets of the same stoichiometry. Epitaxial films have been realized
on LaAlO3 with Tc � 106–109 K and Jc(77 K) � 1.1 MA/cm2. Another interest-
ing phase is the TlCu-1234 material, in which single-phase films have been pre-
pared by solid-phase epitaxy (124). Films on SrTiO3 show a Tc � 113 K, with Jc

(77 K) � 1 MA/cm2. The deposition of precursor films for Tl-based HTS epitaxy
has also been achieved via electrodeposition (125). Nitrates have been used as the
cation source materials. With this approach, (Tl,Bi)0.9Sr1.6Ba0.4Ca2Cu3Ag 0.2Ox

films have been obtained with Jc (77 K) � 3 � 105 A/cm2.
Unlike the double Tl–O members, the single Tl–O layer HTS compounds

have been successfully grown by in situ techniques. Formation of the supercon-
ducting phase during the film deposition process is achieved by introducing a sep-
arate thallium oxide source during high-temperature film deposition. The proper-
ties of in situ Tl-based HTS films are not yet as good as those synthesized by ex
situ postannealing. Typically, the best in situ films have been obtained with a par-
tial substitution of Pb for Tl, Sr for Ba, and Y-doping on the Ca site. Epitaxial
(Tl,Pb)Sr2CuO5 (n � 1) films have been grown in situ by sputtering in a thallium
oxide ambient. Note that stoichiometric films of the n � 1 compounds TlBa2CuO5

and (Tl,Pb)Sr2CuO5 are overdoped and are not superconductors. The formal va-
lence of copper must be reduced in order to realize superconductivity. This can be
accomplished either by removal of oxygen or by substitution of a trivalent cation
on the divalent Sr or Ba site. Superconducting transition temperatures as high as
44 K have been realized. Epitaxial TlBa2CaCu2O7 (n � 2) thin films have been
grown on LaAlO3 and NdGaO3 substrates by in situ off-axis magnetron sputter-
ing in the presence of Tl2O vapor (126). Although the Tc is relatively low in the
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as-grown epitaxial films, subsequent annealing in O2 and Tl2O vapor at 800°C
produces a Tc � 97 K with little degradation of film morphology. (Tl,Pb)Sr2

Ca1�xYxCu2O7 thin films have also been grown in situ using off-axis magnetron
sputtering in the presence of thallium oxide vapor (127). Film grown on LaAlO3

and subjected to an in situ heat treatment exhibit Tc as high as 93 K for x � 0.2.
Some success has been realized in the in situ epitaxial growth of

TlBa2Ca2Cu3O9 (n � 3) films (128). Laser ablation was used to deliver the
Ba–Ca–Cu–O flux, whereas a thermal source provides the thallium oxide vapor.
Smooth, epitaxial TlBa2Ca2Cu3O9 films were obtained on LaAlO3 substrates with
a superconducting transition temperatures near 100 K.

2.4.4 HgBa2Can�1CunO2n�2��

The mercury-based cuprates currently possess the highest superconducting tran-
sition temperature, with Tc � 135 K, making these compounds obviously at-
tractive for device applications. The HgBa2Can�1CunO2n�2�� series is analo-
gous to the TlBa2Can�1CunO2n�3 compounds with Hg replacing the single Tl–O
layer. This series extends to n � 4, with the n � 3 member possessing the high-
est Tc. Efforts to synthesize epitaxial films have focused on the
HgBa2CaCu2O6�� (n � 2) and HgBa2Ca2Cu3O8�� (n � 3) phases (129–133).
Difficulties arise in the synthesis of these materials due in part to the high
volatility of Hg-based compounds, requiring significant effort in maintaining the
Hg content during film processing. The toxic nature of the mercury oxides is
also an issue that must be considered.

Success in obtaining epitaxial films of these two compounds has been lim-
ited to ex situ annealing of precursor films in a Hg atmosphere. As with the Tl-
based cuprates, the ex situ synthesis of Hg-based HTS films can be accomplished
both with or without Hg in the precursor. In one approach, a layer-by-layer mix-
ing of HgO and Ba2CaCu2Ox layers is realized by sequentially depositing the pre-
cursor film from two laser ablation targets (105). A cap layer was found to be use-
ful in protecting the delicate precursor from adverse reaction with the ambient and
in retaining the Hg in the film during the postannealing procedure. The precursor
film is subsequently annealed in an evacuated quartz tube in the presence of bulk
Hg-cuprate and Ba2CaCu2Ox. Using this approach, epitaxial HgBa2CaCu2O6�d

films have been grown on (100) SrTiO3 with Tc � 124 K and Jc(5 K) � 107

A/cm2, as shown in Figure 2.29 (129–132). Epitaxial HgBa2CaCu2O6�d and
HgBa2Ca2Cu3O8�d films have also been obtained with Hg-free precursor films
that are postannealed in the presence of Hg vapor (132,133). Using Hg-free pre-
cursors, HgBa2Ca2Cu3O8�d films have been grown on (100) LaAlO3 with
Tc � 128 K and Jc(77 K) � 1.4 � 106 A/cm2. Some improvement in film proper-
ties has been observed when the temperature ramp for the annealing step is rapid,
presumably by reducing film–substrate interactions and minimizing the formation
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of CaHgO2 as an impurity phase (134). The deposition of precursor films by non-
vacuum techniques has also been investigated for Hg-based HTS cuprate films.
Using spray pyrolysis, 1–2-�m-thick epitaxial HgBa2Ca2Cu3Oy films with Tc �
130 K and moderately high Jc have been grown on (100) SrTiO3 substrates (135).
Although the film surface morphology may not be suitable for multilayer device
structures, the use of spray pyrolysis for epitaxial film growth is potentially use-
ful for deposited HTS conductors. Re-doped Hg-1223 films have been synthe-
sized by the two-step process of depositing a precursor and annealing a mercury
vapor atmosphere (136). The precursor is a HgO/RexBa2Ca2Cu3Oy multilayer
capped with a HgO protective layer. Re-doped Hg-1223 films exhibit a Tc(R � 0)
as high as 127.5 K with Jc (77 K) � 1.5 � 106 A/cm2, as seen in Figure 2.30. In
addition, the Re doping increases the irreversibility field above 77 K due to en-
hanced coupling along the c axis.

Epitaxy of the Hg-based materials is difficult due to the volatile nature of
Hg. Recently, a different approach involving cation exchange has been adopted to
achieve epitaxial Hg-1212 (137). First, epitaxial Tl-1212 films are obtained and
use as the precursor. Second, the Tl-1212 film is annealed in an evacuated quartz
tube with Hg–Ba–Ca–Cu–O pellets. A gas/solid reaction leads to an exchange of
the Tl with Hg, leading to Hg-1212 films possessing Tc � 120–124 K and Jc � 3.2
� 106 A/cm2. The transport properties of these films are shown in Figure 2.31.

The in situ growth of Hg-based cuprate films is seriously hampered by the
high vapor pressure of mercury. The only report of limited success is for the in situ
sputter deposition of HgBa2CuO4 (n � 1) films (138). To prevent the loss of Hg
from the film, the growth temperature was limited to 550°C. The result was an epi-
taxial film with the HgBa2CuO4 structure and a Tc � 40 K.
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FIGURE 2.29 Resistivity and Jc for HgBa2CaCu2O6 grown on (001) SrTiO3.
(From Ref. 132.)



2.4.5 Bi2Sr2Can�1CunOx

The Bi2Sr2Can�1CunO2n�4 system is represented by three related phases with
n � 1, 2, or 3 in which each member contains n copper oxide planes per unit cell.
The crystal structure of these materials is slightly orthorhombic due to an incom-
mensurate modulation along the b direction. As with the other homologous HTS
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FIGURE 2.30 Jyc(T) behavior for Re-doped Hg-1223 films. (From Ref. 136.)

FIGURE 2.31 Jc behavior for HgBa2CaCu2Ox films synthesized by cation ex-
change. (From Ref. 137.)



series, the value of Tc increases as n increases, with Tc � 25, 90, and 110 K for the
n � 1, 2, and 3 phases, respectively. In all of the Bi-based HTS cuprates, carrier
concentration and oxygen content are critical in optimizing Tc. For instance, bulk
studies show that fully oxidized Bi2Sr2CuO6 (n � 1) is overdoped, with the max-
imum Tc realized through a combination of trivalent doping on the Sr site and an-
nealing in a reduced atmosphere (139). These materials are more anisotropic than
YBa2Cu3O7 in terms of their electronic and growth properties. This anisotropy
leads to reduced flux pinning relative to YBa2Cu3O7 that is particularly evident
for T 
 40 K. Most of the application interest in Bi2Sr2Can�1CunO2n�4 films is di-
rected toward junction devices.

In situ Bi2Sr2Can�1CunO2n�4 films have been synthesized by a number of
techniques, including pulsed-laser deposition (140), sputtering (141), molecular
beam epitaxy (9), and metal–organic chemical vapor deposition (142). In general,
epitaxial Bi2Sr2Can�1CunO2n�4 films with good superconducting properties are
more difficult to obtain than for YBa2Cu3O7. The formation of a specific phase is
highly sensitive to the growth conditions, including temperature, oxygen pressure,
composition, and growth rate (140). Interest in the epitaxial growth of the n � 1
member has been limited due to its relatively low Tc, although some effort has been
made. For example, the epitaxial growth of Bi2Sr2�xLaxCuO6�d has been studied
using RF-magnetron sputtering (143). The highest value for Tc was 29 K. A signif-
icant effort has focused on the in situ growth of Bi2Sr2CaCu2O8 (n � 2) films. For
instance, single-target PLD has been used to grow epitaxial films on (100) MgO with
Tc � 71 K and Jc(4.2 K) � 5 � 106 A/cm2 (140). The observation that both
Bi2Sr2CuO6 and Bi2Sr2CaCu2O8 films could be grown from a nominally
Bi2Sr2CaCu2O8 target simply by changing the growth temperature by 60°C illus-
trates the sensitivity of phase formation in the Bi2Sr2Can�1CunO2n�4 system to
growth conditions. In general, it is difficult to synthesize phase-pure Bi2Sr2CaCu2O8

(n � 2) films in situ with Tc near the optimal of � 90 K as reported in the bulk, as
the oxygen content is difficult to optimize and intergrowths of the n � 1 and n � 3
members are difficult to avoid. By carefully controlling the oxidation conditions, dc
sputtering has been used to obtain Bi2Sr2CaCu2O8 films with Tc � 88 K (141).

As with many of the HTS compounds, the Bi2Sr2Can�1CunO2n�4 unit cell
can be viewed as a layered stack of well-defined chemical units. For instance, the
structure of Bi2Sr2Can�1CunO2n�4 can be derived from a layering sequence of the
n � 1 Bi2Sr2CuO6 member with n � 1 layers of CaCuO2. As such, these com-
pounds are highly amenable to formation through layer-by-layer growth schemes
at the atomic level. Layer-by-layer growth schemes using molecular beam epitaxy
have proven most effective in controlling the in situ formation of Bi2Sr2Can�1

CunO2n�4 epitaxial films of a desired phase (9,14,144,145). With RHEED to mon-
itor the film growth process in situ, it is possible to control the chemical reactions
and layer formation in an atomic layer-by-layer approach to form not only the n
� 1–3 phases, but also metastable phases for which n � 4 (14,145). Figure 2.32
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shows a cross-section TEM image of a structure grown by MBE in which an n � 8
layer is sandwiched in an n � 2 matrix. Using the layer-by-layer approach, epi-
taxial Bi2Sr2CaCu2O8 films with Tc � 81 K have been realized by MBE (9).

With a superconducting transition temperature of 110 K, the synthesis of
epitaxial Bi2Sr2Ca2Cu3O10 has been the focus of numerous studies. Early efforts
to grow Bi2Sr2Ca3Cu3Ox films focused on postannealing at high temperatures to
improve crystallinity and phase formation (146). As with bulk samples, the syn-
thesis of the n � 3 phase is enhanced by the addition of Pb either homogeneously
in the precursor or as multilayered Bi2Sr2Ca2Cu3Ox/PbO structures. Even then,
phase-pure samples are difficult to realize and require detailed control of the an-
nealing conditions. Recently, Bi2Sr2Ca3Cu3Ox films with Tc � 100 K have been
grown using in situ growth techniques. High-quality Bi2Sr2Ca3Cu3Ox films with
Tc � 97 K and Jc(77 K) � 3.8 � 105 A/cm2 have been grown in situ by MOCVD
(142). RF sputtering has also been used to obtain as-grown superconducting
Bi2Sr2Ca2Cu3O10 films with Tc � 102 K (147). In this case, the films were syn-
thesized by alternatively depositing Bi2Sr2CuO6 and CaCuO2 blocks.

Epitaxial Bi2Sr2Can�1CunO2n�4 films have been grown on a number of ox-
ide substrates, with most of the effort focusing on perovskites or MgO. AFM and
scanning electron microscopy (SEM) studies of Bi–Sr–Ca–Cu–O films grown on
various substrates reveal a two-dimensional growth mode for films on substrates
with a small (	1°) miscut and a step flow-growth mode for larger miscut angles
(148). One interesting case is the growth of untwinned Bi2Sr2CaCu2O8 films on
orthorhombic Nd : YAlO3 (149). Due to a rectangular symmetry in the crystal
structure of Nd : YAlO3, c-axis-oriented Bi2Sr2Can�1CunO2n�4 films grow un-
twinned with a uniquely defined in-plane b-axis direction. Similar results have
also been obtained for Bi2Sr2Can�1CunO2n�4 films grown on (100) SrTiO3 that
are miscut by �4° (9). In this case, the surface steps on the substrate sufficiently
break the symmetry of the surface, leading to complete in-plane alignment.

The highly anisotropic nature of the film-growth process for the
Bi2Sr2Can�1CunO2n�4 system is evidenced from detailed microstructural analysis
of epitaxial films. Cross-section TEM images reveal a strong tendency to grow lat-
erally as flat, uninterrupted planes. This is evident in the tendency for
Bi2Sr2Can�1CunO2n�4 films to grow over substrate surface defects instead of in-
corporating stacking faults at the substrate–film interface (150). Unfortunately,
this highly anisotropic growth nature of Bi2Sr2Can�1CunO2n�4 also leads to sig-
nificant meandering of grain boundaries for epitaxial films on bicrystalline sub-
strates (151).

2.4.6 La2�xSrxCuO4

La2�xSrxCuO4 has one of the simplest crystallographic structures of the HTS ma-
terials, with only a single copper-oxide plane per unit cell. The crystal structure of
La2�xSrxCuO4 is nearly tetragonal with a � 3.78 Å and c � 13.2 Å. Stoichiomet-

70 Norton



ric La2CuO4 is an insulator that can be hole doped with the substitution of a diva-
lent alkaline earth, such as Sr, for some of the La. Bulk samples of
La1.85Sr0.15CuOx are superconducting with Tc as high as 40 K. As with all of the
HTS materials, the superconducting transition temperature of La2�xSrxCuO4 is
very sensitive to oxygen content. With Tc substantially lower that that for many
other HTS phases, La2�xSrxCuO4 has drawn limited attention in terms of applica-
tions. As a HTS oxide possessing a single CuO2 layer per unit cell, La2�xSrxCuO4

provides an excellent opportunity to understand the role of interplane coupling in
achieving high values for Tc. For this reason, a significant effort has focused on
the epitaxial growth of La2�xSrxCuO4 films as a model HTS material.

Early work showed that La1.85Sr0.15CuOx, like YBa2Cu3O7, tends to grow
by a two-dimensional-like growth mode based on oscillations in the RHEED in-
tensity for films deposited on (001) SrTiO3 (67). It is generally difficult to syn-
thesize epitaxial La1.85Sr0.15CuO4 thin films with values of the Tc near that
achieved in bulk (152). La1.85Sr0.15CuO4 films grown in situ using molecular oxy-
gen typically have a maximum Tc of only 30 K, even after postannealing in 1 atm
oxygen. High-oxygen-pressure annealing (153) has proven useful in increasing
the Tc in epitaxial films to near the bulk value. Both the normal state and super-
conducting properties of La1.85Sr0.15CuO4 films were examined as a function of
lattice strain and oxygen content (154). Experiments with both single-layer and
multilayer La1.85Sr0.15CuO4-based structures indicate a profound dependence of
Tc on both film thickness and film/substrate lattice mismatch, suggesting that
strain has a significant influence on Tc (155,156). This is consistent with bulk
studies in which a large, positive pressure effect on Tc has been observed. Epitax-
ial La1.85Sr0.15CuO4 films, with an in-plane lattice parameter of a � 3.777 Å, are
in tension when grown on (100) SrTiO3 (a � 3.905 Å) and exhibit a suppressed
Tc. Films deposited on substrates with a much smaller lattice mismatch exhibit a
Tc close to that of bulk material. In fact, the epitaxial growth of La1.85Sr0.15CuO4

on (100) LaSrAlO4, with a lattice constant (a � 3.756 Å) that is slightly smaller
than the film, places the La1.85Sr0.15CuO4 film in the compression in-plane with
an expansion of the c axis (157). In this case, the pressure effect increases Tc to 44
K, which is higher than that observed in bulk samples.

Due to the relatively low value of Tc for this material, only a limited amount
of consideration has been given for device applications. Some of this effort has fo-
cused on investigating the properties of bicrystal grain boundaries based on
La1.85Sr0.15CuO4�� films (158). One intriguing aspect of this system is the ability
to induce metallic and superconducting behaviors in insulating La2CuO4 films by
ozone or electrochemical oxidation (159,160). Superconducting La2CuO4�d thin
films have been prepared simply by cooling in ozone gas, as seen in Figure 2.33.
Films with Tc (onset) � 52 K and Tc(R � 0) � 48 K were realized on LaSrAlO4

substrates. The transition temperature for films on LaSrAlO4 was higher that that
observed for films on SrTiO3, indicating, again, that strain caused by lattice mis-
match affects the Tc.
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2.4.7 (Nd,Ce)CuO4

Nd1.85Ce0.15CuO4�� differs from nearly all other HTS cuprates in that super-
conductivity is induced by electron doping. The crystal structure of
Nd1.85Ce0.15CuO4�� is related to (La,Sr)2CuO4 except that the Nd2O2 layer has a
fluorite structure instead of rock salt. As such, the placement of the oxygen atoms
in the Nd2O2 layer are well removed from the apical Cu positions, resulting in Cu
atoms that are only fourfold coordinated. With optimized Ce and O content, Tc is
as high as 24 K. Several subtleties remain to be resolved in this system, including
evidence that conduction may involve both holes and electron (161).

Epitaxial Nd1.85Ce0.15CuO4�� films have been obtained by in situ growth,
with most efforts focusing on pulsed-laser deposition. The synthesis of supercon-
ducting films requires precise control over stoichiometry, with a very narrow win-
dow of Ce composition required in order to obtain the maximum Tc. For this ma-
terial, optimal superconducting properties also require the removal of oxygen
from the crystal lattice of as-grown films typically by annealing in vacuum. The
is especially true for films prepared in an oxygen ambient. Unfortunately, the 
optimal oxygen content appears to be near the phase decomposition limit. For
films that are reduced by a vacuum anneal, this often results in a significant degra-
dation of the film surface. This is somewhat remedied by synthesizing the films at
an oxygen pressure just below the CuO/Cu2O phase stability line and cooling in
reduced oxygen partial pressure (162). However, the best results have been ob-
tained for Nd1.85Ce0.15CuO4�� films synthesized by PLD with N2O as the oxidant
during growth, as seen in Figure 2.34 (163). Epitaxial films that are grown in a N2O
background are superconducting as deposited, with only a short vacuum anneal
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FIGURE 2.33 Resistivity behavior for La2CuO4 films exposed to ozone. (From
Ref. 160.)



necessary to produce Tc � 20 K. As with (La,Sr)2CuO4, the Tc of relatively thin
(	 1000 Å) Nd1.85Ce0.15CuO4�� films is influenced by strain due to film/substrate
lattice mismatch.

Despite having a superconducting transition temperature of only 24 K, the
electron-doped superconductor Nd1.85Ce0.15CuO4�� may prove useful for device
applications. This HTS compound has the largest in-plane coherence length (�ab

� 80 Å) of the cuprates, which is potentially advantageous in junction device 
applications.

2.4.8 Oxycarbonate Cuprates

A limited amount of effort has focused on the growth of the oxycarbonate cuprates
(164–166). The structure of the Ba–Ca–Cu oxycarbonate superconductors
consists of CaCuO2 infinite-layer blocks separated by charge carrier blocks con-
taining CO3 groups, either sandwiched, alone, or in combination with CuOx

groups between the Ba layers. The compounds are given by the formula
(CxCu1�x)mBam�1Can�1CunO2n�m�2 with n � 1, 2, 3, 4, . . . . Epitaxial growth has
been achieved for a few of the oxycarbonate structures. The range of suitable
growth parameters for obtaining optimized film properties is limited. In general,
film growth proceeds in an atmosphere of a CO2/O2 mixture. Films typically pos-
sess intergrowths of the various phases. Films with Tc(onset) � 115 K and
Tc(R�0) � 78 K have been reported for films with the n�4 member as the ma-
jority phase. Epitaxial cuprate oxycarbonate, Sr2CuO2(CO3), has been synthe-
sized by metal–organic chemical vapor deposition. The conditions for growth are
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FIGURE 2.34 Resistivity behavior for Nd1.85Ce0.15CuO2 film grown in either
N2O or O2 ambient. (From Ref. 163.)



primarily determined by the SrCO3 decomposition line, as seen in Figure 2.35.
Doping is achieved via the partial substitution of BO3 for CO3. Superconducting
films with Tc(onset) � 34 K and Tc(R�0) � 20 K have been obtained.

2.4.9 “Infinite-Layer” (Ca,Sr)CuO2

The parent compound of the copper oxide superconductors, Ca1�xSrxCuO2, has a
relatively simple, layered structure consisting of CuO2 planes separated by planes
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FIGURE 2.35 Phase stability for oxycarbonate films. (From Ref 165.)

FIGURE 2.36 Resistivity for a Sr0.9Nd0.1CuO2 film deposited by pulsed-laser
deposition.



of alkaline earth elements (167). It has been shown that this material can be made
to superconduct by electron doping (trivalent substitution on the alkaline earth
site) (168,169). However, bulk synthesis of Ca1�xSrxCuO2 with the tetragonal, in-
finite-layer structure, in either the undoped insulating phase or the doped super-
conducting phase is difficult. At ambient pressure, only Ca1�xSrxCuO2 with x
� 0.14 can be synthesized in bulk, with other values of x possible only with high-
pressure and high-temperature bulk processing techniques. However, experiments
show that this metastable compound can be epitaxially stabilized at less than at-
mospheric pressure by utilizing thin-film-growth techniques (170–172). In partic-
ular, infinite-layer Ca1�xSrxCuO2 thin films with near-single-crystal-like charac-
ter have been grown by pulsed-laser deposition, using both codeposition and
layer-by-layer growth schemes target for the entire range of composition 0.15 � x
� 1.0. X-ray diffractometry indicates that these Ca1�xSrxCuO2 thin films are es-
sentially single crystals with extremely narrow diffraction peaks, complete in-
plane crystalline alignment with the (100) SrTiO3 substrate, and virtually no im-
purity phases present. Superconductivity is observed in Sr1�yNdyCuO2 films with
Tc(onset) � 28 K for y�0.10, as illustrated in Figure 2.36 (173). A Nd solubility
limit of y�0.10 is observed with the appearance of a new phase with c � 0.37 nm
for y
0.10. Superlattice structures, consisting of SrCuO2 and (Sr,Ca)CuO2 layers
in the tetragonal, “infinite-layer” crystal structure, have been grown by pulsed-
laser deposition (174). Superlattice chemical modulation is observed for struc-
tures with SrCuO2 and (Sr,Ca)CuO2 layers as thin as a single unit cell (�3.4 Å).
X-ray-diffraction (XRD) intensity oscillations due to the finite thickness of the
film shown in Figure 2.37 indicate that these films are extremely flat with a thick-
ness variation of only � 20 Å over a length scale of several thousand angstroms.
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FIGURE 2.37 X-ray-diffraction intensity oscillations for a SrCuO2 film indicat-
ing a thickness variation of only 2 nm.
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FIGURE 2.38 X-ray diffraction data for three artificially layered SrCuO2/
BaCuO2 superlattice structures.



These results show that unit-cell control of (Sr,Ca)CuO2 growth is possible using
conventional pulsed-laser deposition. Pulsed-laser deposition and epitaxial stabi-
lization have been effectively used to engineer artificially layered thin-film mate-
rials. Novel cuprate compounds have been synthesized using the constraint of epi-
taxy to stabilize (Ca,Sr)CuO2/(Ba,Ca,Sr)CuO2 superconducting superlattices in
the infinite-layer structure (175). Figure 2.38 shows the XRD data for three artifi-
cially layered structures. With the incorporation of BaCuO2 layers, superlattice
structures have been synthesized which superconduct at temperatures as high as
70 K, as seen in Figure 2.39. The dc transport measurements indicate that
(Ca,Sr)CuO2/BaCuO2 superlattices are two-dimensional superconductors with
the superconducting transition primarily associated with the BaCuO2 layers.

2.5 SUMMARY

Significant progress has been made in the development of HTS thin films and de-
vices. High-quality epitaxial films have been synthesized for many of the HTS
phases. Several techniques have proven very successful in obtaining epitaxial HTS
films, with an emerging understanding of how the growth of these complex oxide
materials proceeds. Despite the significant progress, significant issues remain un-
resolved. A detailed understanding of how various defect structures in the films af-
fect material properties is currently underdeveloped. The epitaxial growth of films
with fully optimized, bulklike properties has yet to be realized for many HTS ma-
terials. In addition, a viable approach for the reproducible fabrication of smooth
films suitable for multilayer device applications needs to be identified. Progress in
resolving these on other issues will define the future directions in HTS film re-
search, both in terms of fundamental understanding and technology development.
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FIGURE 2.39 Superconducting transitions for SrCuO2/BaCuO2 superlattice
structures.
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High-Temperature Superconducting
Multilayer Ramp-Edge Junctions

Q. X. Jia

Los Alamos National Laboratory, Los Alamos, New Mexico, U.S.A.

3.1 INTRODUCTION

There has recently been tremendous progress in the development of high-temper-
ature superconducting Josephson junctions and superconducting quantum inter-
ference devices (SQUIDs) fabricated from YBa2Cu3O7 (YBCO) thin films.
Josephson junctions have potential applications to high-speed low-power digital
logic, whereas SQUIDs are the most sensitive sensors to the magnetic field. A
Josephson junction is composed of two superconductors separated by a barrier.
Cooper pairs can tunnel or diffuse through the barrier and current flows through it
with no voltage appearing across the junction (1,2).

Josephson junctions and their related devices have been fabricated using
conventional low-temperature superconductors where the main building block of
the device is based on a configuration of superconductor/insulator/superconduc-
tor (SIS). In contrast to low-temperature superconducting junctions, many junc-
tion structures have been investigated for high-temperature superconductors in or-
der to fabricate reproducible and controllable junctions. Since the first report on
the fabrication of a natural grain-boundary Josephson junction using YBCO (3),
there have been many efforts in the fabrication of Josephson junctions and
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SQUIDs based on different device constructions. Bicrystal grain boundary (4),
biepitaxial grain boundary (5), step-edge grain boundary (6), step-edge supercon-
ductor/normal-metal/superconductor (SNS) (7), ramp-edge SNS (8), locally dam-
aged superconducting line by ion beams (9), and interface-engineered junctions
(10) are the most commonly investigated configurations.

The ramp-edge SNS is one of the very attractive device structures used to
fabricate high-temperature superconducting junctions because it provides many
advantages. Shown in Figure 3.1 is a generic structure of a ramp-edge SNS junc-
tion. The device is composed of top and bottom superconductor electrodes iso-
lated in the overlapping region by an insulating layer. The active area of the de-
vice is located on the ramp, where the N-layer is sandwiched between the top
and bottom superconductor electrodes. This ramp-edge SNS structure uses c-
axis-oriented superconducting films, where the Josephson current flows along
the a-b planes of the electrodes. The most important feature of this SNS scheme
compared to that of the grain boundary is that the device can be put anywhere
on a chip without affecting other devices. This feature allows flexibility in de-
vice design and substrate choice, which makes it possible to fabricate more com-
plicated circuitry. Because the junction performance depends on the N-layer
thickness and resistivity in the ideal case, one can control the physical proper-
ties of the N-layer to fabricate Josephson junctions for specific applications.
This chapter describes the processes and materials issues to fabricate ramp-edge
SNS junctions and SQUIDs. It also discusses the recent progress in the fabrica-
tion of high-temperature superconducting ramp-edge SNS junctions and
SQUIDs.
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FIGURE 3.1 Cross-sectional diagram of a ramp-edge superconductor/normal-
metal/superconductor (SNS) junction. The active area of the device is located
on the ramp, where the normal metal is sandwiched between the top and bot-
tom superconductor electrodes.



3.2 PROCESS AND FABRICATION OF MULTILAYER 

RAMP-EDGE SNS JUNCTIONS

To fabricate the multilayer ramp-edge SNS junction shown in Figure 3.1, one has
to go through several processing steps, such as multilayer thin-film deposition,
patterning, metallization, packaging, and so on. The most commonly used tech-
nique to deposit high-temperature superconducting electrodes and the normal-
metal layer is pulsed-laser deposition (PLD), although high-temperature super-
conducting thin films have been deposited by other techniques. The substrates
commonly used are highly polished single-crystal LaAlO3, MgO, NdGaO3, Sr-
TiO3, (LaAlO3)0.3–(Sr2AlTaO6)0.7, and yttria-stabilized zirconia (YSZ). The most
commonly used insulating materials to isolate the superconducting electrodes are
PrBa2Cu3O7 (PBCO), LaAlO3, NdGaO3, SrTiO3, MgO, and CeO2. The insulating
layer should be highly resistive at operating temperatures. It should also be ther-
mally stable at a deposition temperature as high as 800°C and not be poisonous to
superconductors or N-layer materials.

The following presents an example of processing steps in the fabrication of
a multilayer ramp-edge SNS junction by using YBCO as electrodes and PBCO as
the N layer. The bottom YBCO (250 � 20 nm) electrode and the insulating CeO2

layer (300 � 20 nm) are deposited first on the LaAlO3 substrate. The first pho-
tolithographic mask is used to define the location and geometry of the bottom
YBCO electrode. Ion milling with 200–250-eV Ar ions is used to etch the
CeO2/YBCO and to form the active ramp edge of the device. The angle between
the edge and the substrate surface is controlled in the range of 15° � 3° (11).

The N-layer PBCO and the top YBCO electrode are deposited after strip-
ping off the photoresist (PR) and cleaning the edge surface. The second mask is
used to define the geometry of the active area of the device. Ion milling is used
again to remove unnecessary material and to expose the bottom YBCO for elec-
tric contact.

The third mask is a lift-off mask that is used to define the location and ge-
ometry of contact pads. The contact electrodes can be either Ag or Au. The fin-
ished chip is annealed at 400–500°C in oxygen for a desired period of time before
packaging for electrical measurements. In total, three masks and two ion-milling
steps are used to finish the device fabrication. Figure 3.2 shows the processing se-
quence to fabricate ramp-edge SNS junctions. Figure 3.3 shows a top view of a 
finished SNS junction near the active area of the device. Top and bottom YBCO
electrodes could be clearly distinguished from this photograph. The contrast of the
electrodes shown in Figure 3.3 is due to different surface finishes.

It is very important to have a shallow angle (	 30°) between the plane of the
exposed ramp edge and the substrate plane. This is essential because a high-qual-
ity epitaxial c-axis-oriented N layer cannot be grown on a steep edge. A shallow
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angle also makes it easier for the N layer to cover the ramp region with high uni-
formity and homogeneity. The degree of the angle can be controlled by baking the
PR before the first ion milling. For example, the angle between the substrate sur-
face and the edge is above 70° with no bake of PR before ion-milling, but around
15° with a bake of PR at 170°C for 1 min (11).

As an alternative to ion milling for the formation of the ramp edge, a mi-
croshadow mask can be used to form a very shallow angle and damage-free edge.
This can be done in a completely in situ process (12,13). The in situ growth and
the avoidance of any treatment of the interfaces result in junctions with a high IcRn

product and in the possibility of using a rather thick N-layer barrier.
The ion-milling energy and the beam orientation have been found to be cru-

cial to success in the fabrication of high-performance junctions. A series of sam-
ples have been fabricated by varying the ion-milling energy (200, 300, 600, and
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FIGURE 3.2 Processing sequences in the fabrication of high-temperature su-
perconductor multilayer ramp-edge SNS Josephson junctions, where PR rep-
resents photoresist.



900 eV) while fixing the orientation of the ion beam at 60° from normal into the
edge of the PR. The experimental results have shown that the higher ion beam en-
ergies lead to less control of the device performance. The device yields are also
lower when using a high ion-milling energy (14). It has been reported that the de-
position of PBCO on an ion beam (with energy of 600 eV) etched and annealed
YBCO surface produces an additional layer of cubic and cation-disordered YBCO
or PBCO in a few nanometers thickness. The annealing treatment of the damaged
surface at 800°C in oxygen atmosphere does not restore the perfect lattice struc-
ture of the film (15). However, it should be noted that the degree of the damage to
the crystal structure and of the suppression of superconducting properties of
YBCO due to ion irradiation depends on the energy and fluence of the ions used
(16). In general, ion beam energy of around 250 eV or lower should be used in or-
der to minimize the surface damage. Substrate cooling during ion milling is also
important to preserve electrical properties of superconductor electrodes and the
mechanical properties of the PR. Cooling the substrate stage with chilled water
should be sufficient. Liquid nitrogen has also been used to cool the substrate stage
during ion milling (17).

Ion-milling damage to the ramp edge can be partially removed by
Br–ethanol etching after the ion-milling process (18). It has shown that the inter-
faces produced involving Br–ethanol etching are essentially of the same structural
quality as those produced by the microshadow mask technique, which leads to
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FIGURE 3.3 Top view of a finished SNS junction, where the ramp-edge and
top/bottom superconductor electrodes are clearly evident.



abrupt and coherent interfaces (15). However, it should be noted that the angle of
the edge could be significantly increased by increasing the time of the chemical
etching or in combination with ion beam etching (19). In addition, for using low
ion-milling energy, annealing the sample in oxygen can be also performed prior
to the N-layer deposition to reduce the surface damage.

3.3 SUPERCONDUCTING ELECTRODES FOR MULTILAYER

RAMP-EDGE SNS JUNCTIONS

High-quality epitaxial superconducting electrodes are essential for high-perfor-
mance devices because these films show less critical current fluctuation and vor-
tex hopping. For ramp-edge SNS junctions, the superconducting electrode needs
to be oriented with the c axis normal to the substrate surface. The typical thickness
of the superconductor electrode is in the range 200–300 nm. The general require-
ments of physical and superconducting properties of the electrodes are as follows:
The orientation mosaic from both the out of plane and in plane should be as small
as possible; the surface should be as smooth as possible; and the zero-resistance
temperature and the critical current density at 77 K should be as high as possible.

The bottom superconducting electrode plays an important role in determin-
ing the properties of the ramp-edge SNS junctions. Thus far in high-temperature
superconductor ramp-edge SNS junction development, YBCO is the most widely
investigated electrode material. Recently, DyBa2Cu3O7 (20), GdBa2Cu3O7 (21),
Ag-doped YBCO (22), Y1�xCaxBa2�yLayCu3O7 (23), YBa1.95La0.05Cu3O7 (24),
and NdBa2Cu3O7 (25) have been investigated as superconductor electrodes. It has
been shown that both the base-electrode material and deposition technique can
have a strong effect on SNS device resistance (25).

The choice of GdBa2Cu3O7 instead of YBCO as the superconductor elec-
trode is mainly due to the close lattice match (either a and b or c) between
GdBa2Cu3O7 and Pr-doped YBCO (21). The GdBa2Cu3O7 also tends to give a
higher zero-resistance temperature than YBCO. Ag-doped YBCO is used as elec-
trodes because it provides superior environmental stability compared to pure
YBCO (26). Ramp-edge SNS junctions fabricated from Ag-doped YBCO super-
conducting electrodes exhibit little sign of degradation in air (27). Importantly, the
controllability and reproducibility of the processing is improved substantially
when using Ag-doped YBCO for the electrode (28).

The high corrosion resistance of Y1�xCaxBa2�yLayCu3O7 makes it attrac-
tive as an electrode in ramp-edge SNS junctions. It has been found that a cosub-
stitution of Ca2+ for Y3+ and La3+ for Ba2+ in Y1�xCaxBa2�yLayCu3O7 can com-
pensate the Cu valence and maintain the transition temperature above 80 K. For
this system, an orthorhombic to tetragonal transition is found to occur at y � 0.4
(29). Experimental results have shown that Y0.6Ca0.4Ba1.6La0.4Cu3O7 possesses
high corrosion resistance in water as well as enhanced processability (30).

YBa2�xLaxCu3O7 with x � 0.025–0.05 is chosen as the electrode because a
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small amount of La doping can help suppress a-axis grain formation (24). The use
of NdBa2Cu3O7 is probably due to the fact that the newly optimized NdBa2Cu3O7

films are superior to YBCO thin films, with respect the transition temperature,
crystallinity, surface stability and smoothness, and oxygenation properties (31).

3.4 NORMAL-METAL BARRIERS FOR MULTILAYER 

RAMP-EDGE SNS JUNCTIONS

Many N-layer materials have been investigated to fabricate ramp-edge SNS junc-
tions. Conductive oxides and doped YBCO are the main choice for N-layer mate-
rials because of their favorable electrical and structural properties. The thickness
of the N layer depends on the material used and the requirements of the specific
designs. It is necessary to consider the following factors when choosing N-layer
material. It should be lattice and thermal expansion matched with the supercon-
ductor electrode; there should be negligible chemical reactions with the electrode;
the growth conditions should be compatible with the stability of the superconduc-
tor electrode; and the thin N layer should be smooth and pinhole free. The electri-
cal properties of the N-layer material should also be considered in order to tune
the device performance for specific applications. Table 1 outlines the N-layer ma-
terials reported in the literature for the fabrication of ramp-edge SNS junctions
(32–46). For completeness, Table 3.1 also outlines the superconductor electrodes
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TABLE 3.1 Different N-Layer Materials Used in Edge-Geometry SNS Junctions

Electrodes N-Layer barrier material Ref.

YBCO PrBa2Cu3O7 � � 8,19,32,33
Ag-doped YBCO 22

YBCO Y0.3Pr0.7Ba2Cu3O7 � � 34
YBCO Y0.6Pr0.4Ba2Cu3O7 � � 35

GdBa2Cu3O7 21
YBCO Nb: SrTiO 36
YBCO YBa2Cu3Ox 14,37
YBCO CaRuO3, SrRuO3 38, 39
YBCO Y0.7Ca0.3Ba2Cu3O7 � � 11,40
YBCO YBa2Cu2.79Co0.21O7 � � 40, 41

YBa1.95La0.05Cu3O7 24
YBCO LaO.5Sr0.5CoO3, La1.4Sr0.6CuO4 40
YBCO PrBa2Cu3 � xGaxO7 (x � 0.15, 0.3) 42

DyBa2Cu3O7 (x � 0.1, 0.4) 20
YBCO Y1 � xPrxBa2Cu3O7 (radient) 43
YBCO NdBa2Cu3O7 � x 44
YBCO Ga-doped YBCO 45
YBCO Indium–tin–oxide 46



used to fabricate these devices. Currently, the most commonly used N-layer ma-
terials for ramp-edge SNS junctions are Co-doped YBCO and PBCO.

It should be noted that the N layer may not always determine the junction
properties in ramp-edge SNS configuration due to the interface and the inhomo-
geneity of the N layer. Depending on the N-layer materials and fabrication pro-
cesses, the resistance of junctions can be controlled by the interface instead of
the N-layer barrier. For example, the majority of the junction resistance comes
from the interface between YBCO and the barrier with conductive oxides such
as CaRuO3 and SrRuO3 as N-layer material. It is speculated that the stress due
to the thermal expansion mismatch between YBCO and CaRuO3 may give rise
to oxygen disorder in the vicinity of the interface and thereby increase the in-
terface resistance (40). Resistance of junctions can be only determined by the
physical properties of the N layer if the interface resistance is negligibly small
compared with the N-layer resistance. For example, the use of Co-doped YBCO
as a barrier for ramp-edge SNS junctions seems quite promising based on the
published results. No significant interface resistance between YBCO and the
barrier has been observed (40). In this case, the temperature dependence of the
critical current of the junction can be well described by the conventional prox-
imity effect (47). It should be noted also that the inhomogeneity of the N layer
can lead to pinholes or microshorts in the barrier. The rough ramp-edge mor-
phology of YBCO may even induce the nucleation of secondary phases which
have completely different electrical characteristics, thus changing the behavior
of the junctions (48). In this case, the junction current and resistance may not be
controlled by the N-layer thickness. Therefore, it is important to carefully con-
trol the morphology of ramp-edge.

3.5 OTHER MULTILAYER RAMP-EDGE JUNCTIONS

Recently, interface-engineered ramp-edge Josephson junctions have been fabri-
cated by modification of the edge surface prior to counterelectrode deposition.
These devices appear to be uniform and reproducible. A detailed description of the
processing procedures can be found in Ref. 10. It is well known that the crystal
structure and chemical composition strongly influence electrical properties of
YBCO materials. The idea in this scheme is to create a few-nanometer-thick sur-
face layer of YBCO on the junction edge by altering the structure or chemistry of
the existing YBCO to form an effective barrier.

It should be noted that the nature of the barrier based on this technique is
still unclear. It is speculated that the barrier material created in this way is near
some sort of metal–insulator transition. It is also argued that a normal conducting
barrier is formed by the depression in the transition temperature of the YBCO due
to the induced particle damage from this process (49).
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3.6 CHARACTERISTICS OF MULTILAYER RAMP-EDGE SNS

JUNCTIONS

The current–voltage (I–V ) characteristic of an ideal superconductor/insulator/su-
perconductor Josephson junction is described by a resistively and capacitively
shunted junction model for which the device shows a hysteretic I–V curve. For the
high-temperature superconducting ramp-edge SNS junction, on the other hand,
the capacitance of the device is negligibly small. In this case, the I–V characteris-
tic can be described by a resistively shunted junction (RSJ) model:

V � IcRn ���
I
I
c
��

2
� 1�

1/2
for I 
 Ic (1)

where the device shows a nonhysteretic I–V curve as shown in Figure 3.4. In Eq.
(1), the Ic is the critical current of the junction and the Rn is the junction resistance
determined from the slope of the dashed line shown in Figure 3.4.
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FIGURE 3.4 Current versus voltage characteristic of a ramp-edge SNS junc-
tion. The current versus voltage characteristic can be described by a RSJ
model. The dashed line in the figure is used to determine the junction resis-
tance.



For an ideal SNS junction, the conventional theory of the proximity effect
should apply. The proximity theory predicts that

Ic � Ic0 exp ��
�

�

L

n

n
�� (2)

where �n is the coherence length of the normal-metal barrier and Ln is the effec-
tive barrier thickness (Ln 

 �n). Ic0 is somewhat temperature and superconduct-
ing electrode dependent. The coherence length in the N layer is given by

� � (3)

where �nc � h-vF/2KT and �nd � (�ncl/3)1/2 are the clean-limit (l 

 �n) and dirt-
limit (l 		 �n) coherence lengths in the N layer. Here, h- is h/2, vF is the Fermi
velocity in the material, and l is the carrier mean free path. An excellent review ar-
ticle on the theoretical understanding of SNS junctions is Ref. 50. It should be
noted that the effective N-layer thickness Ln is proportional to the N-layer thick-
ness (t) with the relationship t/sin �, where � is the angle between the substrate sur-
face and the ramp edge. In a very shallow-angle ramp-edge junction, the Ln can be
much larger than t.

The presence of well-defined Shapiro steps in the I–V curve under mi-
crowave irradiation is widely used as a verification of the Josephson effect. The
ramp-edge SNS junctions fabricated using variety of N-layer materials and high-
temperature superconducting electrodes also show clear Shapiro steps under mi-
crowave irradiation with frequencies in the gigahertz range. Figure 5 shows a typ-
ical I–V curve under microwave irradiation for a ramp-edge SNS junction
fabricated using Ag-doped YBCO as the electrode and PBCO as an N-layer bar-
rier (51). The measured voltage step height agrees well with the theoretical calcu-
lation based on the Josephson relation of Vn � nhƒ/2e (n � �1, �2, . . .), where
ƒ is the frequency of the applied microwaves and the other symbols have their
usual meaning.

The actual device performance, on the other hand, is affected by many fac-
tors. The interface between S/N or N/S has been recognized as the most important
controlling factor in determining the performance of SNS junctions (40). The dif-
ficulty in controlling the interface comes from several intrinsic and extrinsic
sources. The interface between S/N or N/S can be degraded due to the anisotropic
nature of high-temperature superconductor materials, mismatch in the lattice and
thermal expansion coefficient between the superconductor and N-layer, chemical
incompatibility between the superconductor electrode and N-layer, growth of the
multilayer thin film on a ramp edge instead of on a flat surface, damage to the su-
perconductor bottom electrode from the ion beam used to pattern the film, or the
unavoidable grain-boundaries intrinsic to the oxides.

1
�
�2
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1
�
�2
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1
�
�2

n
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3.7 APPLICATIONS OF MULTILAYER RAMP-EDGE SNS

JUNCTIONS AND SQUIDS

One of the very attractive applications of Josephson junctions is in single-flux-
quantum (SFQ) digital circuit which can perform logic operation at extremely
high speed while dissipating very low power. Ramp-edge SNS configuration is
the most studied structure for this purpose due to its many advantages mentioned
in Section 5.1. However, the simple SNS configuration shown in Figure 1 has lim-
itations in high-speed operation due to the parasitic inductance and capacitance.
To keep the circuit inductance small, a superconducting ground plane is neces-
sary. Recently, multilayer high-temperature superconducting ramp-edge SNS
junctions integrated with superconducting ground plane have been demonstrated
(52,53). Figure 6 shows the schematic cross section of a YBCO/Co-doped
YBCO/YBCO SNS ramp-edge junction integrated with an epitaxial YBCO
ground plane. The multilayer structure includes six epitaxial layers and contact
vias to the ground plane and base electrode. I–V data at 65 K for a chip with junc-
tion parameters suitable for SFQ logic are shown in Figure 7. These nineteen 4-
�m-wide junctions with a 5-nm Co-doped YBCO barrier exhibit an average re-
sistance of 0.97 � (1 � � � 6%). The average Ic is 327 �A (1 � � � 13%) and
the average IcRn product is 315 �V (1 � � � 9%) (25).

Ramp-edge SNS junction is also a very promising technology for the fabri-
cation of SQUIDs (22,27,28,32,43,54,55). This technology provides an alterna-
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FIGURE 3.5 Current versus voltage characteristic of a ramp-edge SNS junc-
tion under microwave irradiation. (From Ref. 51.)



tive to bicrystals in terms of substrate cost, flexibility, stability, and integration.
Most significant external magnetic fields up to about 1 G do not influence the
noise of the SQUIDs. Faley et al. speculated that the junctions are intrinsically
shielded from external magnetic fields by the Meissner effect in the top electrode
(55,56).

The SQUID based on ramp-edge SNS junction shows well-defined voltage
modulation which is as good as that exhibited by the SQUIDs fabricated by any
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FIGURE 3.6 Schematic cross section of an YBCO/Co-doped YBCO/YBCO
ramp-edge SNS junction integrated with an epitaxial YBCO ground plane.
(From Ref. 52.)

FIGURE 3.7 Current versus voltage characteristics at 65 K for nineteen 4-�m-
wide junctions on a single chip. (From Ref. 25.)



other technologies. Figure 3.8 shows the voltage modulation versus magnetic flux
(�) with different bias currents at 75 K from a SQUID fabricated using Ag-doped
YBCO as the electrode and PBCO as a N-layer barrier (22). The curves are per-
fectly periodic and show no hysteresis while sweeping � back and forth. Bare
SQUIDs with a flux noise of 5 � 10-6�0 Hz�1/2 (�0 � 2.07 � 10�15 Wb) at 1
kHz and liquid-nitrogen temperature have been demonstrated using ramp-edge
SNS device geometry (55–57). Recently, directly coupled SQUID magnetometers
based on a ramp-edge SNS technology have been successfully demonstrated also
(28).

With the low-noise magnetometers based on ramp-edge SNS junctions, mo-
bile applications of SQUID magnetometry become possible. One example is the
demonstration of using an integrated YBCO magnetometer mounted in a hand-
held cryostat with a content of 100 cm3 of liquid nitrogen for biomagnetic mea-
surements such as for recording human heart traces (58). In another case, directly
coupled SQUID magnetometers based on ramp-edge SNS junctions have been
used as a receiver for low-frequency radio waves (59). The primary application of
such a receiver is to communicate in underground areas where the overburden re-
sults in significant losses at the usual radio frequencies. The most significant ad-
vantage of SQUIDs for this application is that they allow the compact construc-
tion of three-axis receivers that are necessary to overcome a dominant source of
vibrational or motional noise.
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FIGURE 3.8 Voltage modulation versus magnetic flux (�) characteristic of a
dc SQUID operated at 75 K with different bias currents. (From Ref. 22.)
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4.1 INTRODUCTION

In the framework of high-critical-temperature Josephson Junctions (HTS-JJs) the
development of grain-boundary (GB) junctions has represented an important in-
novation. The structures involving “extrinsic” interfaces are well established for
metallic low-temperature superconductors. A similar approach in HTS multilayer
technology remains very difficult for both physical (the short coherence length) as
well as chemical (surface instability) reasons, although significant progress has re-
cently been achieved in the fabrication of the ramp-type multilayer JJs. These dif-
ficulties have motivated the fabrication methods of HTS-JJs to deeper exploit the
unique combination of structure and properties of the high-critical-temperature
superconductors. Soon after the discovery of the HTS superconductors, it was re-
alized that at least some of the grain boundaries in a polycrystalline material be-
have as weak links for the superconducting current. The IBM group (1) first man-
aged to separate a single grain boundary and proved that it worked as a Josephson
junction. Later, the same group found a method to artificially create individual
grain boundaries in otherwise single-crystalline thin films—the bicrystal technol-
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ogy (2). The intrinsic Josephson effect in the c-axis direction (3) or the use of a
controlled nucleation of grains with different crystallographic orientation [the
biepitaxial technique (4)] are other examples of valid alternative methods to real-
ize Josephson structures. In these methods, “intrinsic” interfaces and/or barrier
layers determine the Josephson junction properties. The fabrication of devices,
which are useful in complex circuits, requires, however, the optimization and a
precise control of these intrinsic interfaces/barriers.

Among the possibilities for producing grain-boundary junctions, step-edge
junctions (SEJs) represent a step up in technological complexity, compared to
bicrystal junctions, but, at the same time, bring the topological freedom necessary
for the design and the integration on small and large scales. The idea and the first
demonstration are due to Daly et al. (5). SEJs are obtained by the epitaxial growth
of a high-Tc (transition temperature) film on a step etched in a substrate prior to
the film deposition. The preparation of well-defined microstructurally repro-
ducible steps is the key point in the step-edge junction technology.

The step pattern is defined by either photolithography or electron beam 
(e-beam) lithography. The step is then produced in the substrate by ion milling.
Because etching rates of the common substrate materials are slow and ion etching
is very directional, the microstructure of the step depends greatly on the mask
properties and especially on its profile. Reflown photoresist masks are commonly
used to produce shallow steps. Hard materials, such as carbon (diamondlike or
amorphous) and chromium, often in combination with e-beam lithography are
used to produce straight steep steps. The step angle and morphology directly af-
fect the film growth on the substrate and the structural and transport properties of
the GBs that are subsequently formed.

In this chapter, we will give an overview of the current state of art of
YBa2Cu3O7�� (YBCO) step-edge Josephson junctions. First, we will make some
general remarks about YBCO growth on differently oriented substrates. It will be
followed by a detailed description of the structural properties of the GBs, obtained
on the most commonly substrates used for HTS film growth, in correlation with
the step-edge profile. A description of the principal fabrication techniques used to
form a step in a substrate will then be given. The transport properties of the GBs
will be widely discussed in the framework of the well-established theory of the
Josephson effect and of the up-to-date understanding of the HTS phenomenology.
Then, we will characterize the dc superconducting quantum interference devices
(SQUIDs), which represent the most successful application of the SEJs. Through-
out the chapter, the performances of the SEJs will be also discussed in compari-
son with other HTS Josephson junction technologies.

4.2 YBCO GROWTH ON EXACT AND VICINAL CUT

(100)/(110) SUBSTRATES

In this section, we will briefly summarize some aspects of YBCO growth on dif-
ferently oriented substrates. What is discussed in Sections 4.2.1 and 4.2.2 is meant
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to give a general understanding of the mechanisms which lead to the nucleation of
grain boundaries on stepped substrates. A direct correlation between the YBCO
growth habits and the microstructure observed is, in fact, needed to clarify the
technological key points necessary for the development of reproducible engi-
neered grain-boundary Josephson devices.

4.2.1 General Remarks About YBCO Growth on Exact

Substrates

For a good epitaxial growth of HTS superconductors, the choice of the substrate
is quite crucial, as it must be compatible with the superconductor material both
structurally and chemically. The types of substrate most commonly used for
YBCO growth, are perovskites, such as LaA1O3, SrTiO3, and NdGaO3, but also
ZrO2, MgO, and sapphire buffered with thin films of CeO or MgO. In Table 4.1,
the values of the lattice parameters for these compounds and for the YBCO are
summarized.

On perovskite substrates, the similarity of the crystal structure and the low
lattice mismatch allow epitaxial growth of the YBCO, leading to films with ex-
cellent superconducting properties. The crystal cut of the substrate affects the ori-
entation of the films. For example, on (100) SrTiO3 and LaA1O3, depending on
the deposition conditions, (100) or (001) YBCO orientation is achieved; (110) or
(103) growth is, instead, obtained on (110)-oriented perovskites. As a general rule,
low substrate temperature, high oxygen pressure, and high deposition rates during
film deposition favor in-plane alignment of the YBCO c axis (6–8). Opposite con-
ditions are required for optimal growth of (001) and (103) YBCO.

On (110) perovskite surfaces, the fourfold rotational symmetry inherent to
the (001) surface is broken. In other words, two orthogonal in-plane directions
(e.g., the [100] and [11̄0]) are no longer equivalent. For a (110) growth, the lattice
matching is obtained by aligning the c axis and the [11̄0] YBCO directions 
respectively with the [001] and [11̄0] in-plane directions of the substrate
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TABLE 4.1 Lattice Parameters for the YBCO and
for Some Compounds

Material Lattice parameter (nm)

YBCO a � 0.382, b � 0.389, c � 0.1169
LaAlO3 0.379
SrTiO3 0.391
NdGaO3 0.386
MgO 4.21
Al2O3 a � b � 0.476, c � 0.13



([001]YBCO � [001]sub and [11̄0]YBCO � [11̄0]sub). The a and b YBCO axes will
therefore be out of the plane of the substrate, forming an angle of approximately
45° with respect to the normal n to the substrate surface (see Fig. 4.1a). For a (103)
growth (Fig. 4.1b), the b axis and the [103̄]. YBCO direction are aligned respec-
tively with the [001] and [11̄0], directions of the substrate. In this case, the c and
a YBCO axes are out of the substrate plane at an angle of about 45° with respect
to n. Owing to the twofold axial symmetry of the substrate surface, a (1̄03) YBCO
growth is also possible (see Fig. 5.1b). The (103) and (1̄03) domains differ by a
90° rotation around the b axis (i.e., the a and c axes are exchanged). The coales-
cence and growth of {103} nuclei leads to the formation of triangular grains de-
limited by the a-b plane at 45° with the substrate normal. This can be interpreted
in the following way (9).

Figure 4.2a shows the presence of both the (103) and (1̄03) domains. They
terminate on one side by a basal plane face, which is smooth but slow growing due
to the layer-by-layer growth mode of the YBCO and the lack of favorable sites for
the nucleation of new layers. The other side, which is very rough, should grow rel-
atively fast due to the abundance of steps and kinks provided by the grain mor-
phology. On the basis of this hypothesis, the (103) face expands faster on the left
(L) side of one grain than it does on the (1̄03) face on the right (R) side of another
grain (see Fig. 4.2a). At the meeting point, they form symmetrical 90° tilt grain
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FIGURE 4.1 Sketch of the possible epitaxial relations between the YBCO cell
and a (110) SrTiO3 substrate: (a) (110) YBCO growth; (b) (103) YBCO growth.
The two domains (103) and (1	03) are tilted 90° with respect to each other.

(a)

(b)



boundaries (SGB) (Fig. 4.2b). If the two meeting grains have roughly the same
height, they will form a triangular grain, with both sides terminating by basal
plane face. In the following stages of the film growth, the triangular grain may be
covered and embedded by larger nuclei expanding either in the [11̄0] or in the
[1̄10] direction. This leads to the formation of 90° tilt boundaries of the basal-
plane-faced (BPF) type (see Fig. 4.2c). These features account for the character-
istic morphology of (103) YBCO films (10) determined by the formation of in-
trinsic grain boundaries.

On poorly matched substrates such as the MgO for example, the growth
habits of the YBCO are quite different. On (100) and (110) substrates, the growth
is almost c axis in a wide range of values of deposition parameters. Few reports on
a-axis growth on MgO are present in the literature (11). Moreover, a (103) orien-
tation has only been obtained on SrTiO3-buffered (110) MgO (12). This behavior
is a consequence of the large mismatch between the lattice parameters of the
YBCO and the MgO. The substrate lattice cannot be a template for the growth, so
the orientation which minimizes the free energy at the interface with the MgO is
dominant.
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FIGURE 4.2 Schematic representation of the nucleation and domain coales-
cence of a (103) YBCO thin film: (a) (103) and (1	03) nuclei characterized by a
rough side and a side bound by a basal plane (BPF). The coalescence of
grains leads to the formation of a (b) 90° symmetric intrinsic GB or a (c) basal-
plane-faced intrinsic GB.



4.2.2 YBCO Growth on Vicinal Cut Substrates

On perovskite (100) substrates, the alignment between the YBCO lattice parame-
ters and the crystallographic axis of the substrate is kept, even when the in-plane
symmetry of the surface substrate is broken by the introduction of a vicinal cut
(13). Figure 4.3a shows the YBCO growth on a perovskite substrate with a small
vicinal angle � in the (100) [or (010)] direction. On the atomic scale, the substrate
surface is not flat. The ratio between the height h and the width w of the steps is
defined by the angle � (tg � � h/w). It is clear that the normal n to the horizontal
surface of the atomically defined steps is still the (001) crystallographic direction
of the substrate, whereas the normal n� to the macroscopic substrate surface is ro-
tated by an angle � with respect to n. The growth mode, characterized by the c axis
of the YBCO parallel to the direction locally defined by n is energetically favor-
able because of the small mismatch between the lattice parameters of the YBCO
and that of the substrate. On poorly matched substrates such as the MgO, the
YBCO will, instead, preferably grow, aligning the c direction with the normal n�
to the macroscopic substrate surface (14) (see Fig. 4.3b).

From a microscopic point of view, the presence of a step with an angle �
and with the edges aligned with one of the two in-plane directions is equivalent to
the introduction of a (001) surface, in the substrate, with a vicinal cut �. For small
values of �, in a perovskite substrate, the direction of the YBCO c axis on the step
surface will therefore remain parallel to the c-axis orientation on the top and the
bottom flat parts of the step (see Fig. 4.3a). At this point, a question naturally
arises: What is the maximum value of � compatible with this kind of growth? Or
alternatively, what is the minimum value of � which allows rotation of the YBCO
c axis on the step surface and the formation of GBs at the edges of the step? For �
approaching 45°, the step surface will have twofold symmetry. On such a kind of
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FIGURE 4.3 YBCO growth on a vicinal cut (a) and perovskite substrate (b) on
a MgO substrate.



surface, as discussed in the previous paragraph, depending on the growth condi-
tions, two different orientations are possible: the (110) and the (103). From these
considerations, we can, therefore, guess that at the temperatures typical for a c-
axis growth on a (001) substrates (T � 730–800°C), on steps with � � 45°, we
will have a c-axis growth on the upper and bottom flat parts and a preferential
(103) growth on the step surfaces. For a step angle � 
 45°, we would expect a
situation similar to that illustrated in Figure 4.4 with two 90° tilt symmetric grain
boundaries at the defined edges of the step and a combination of 90° symmetric
and basal-plane-faced tilt GBs on the step surface. A more detailed correlation
among the morphology of the step, the step angle, and the exact structural prop-
erties of the GBs will be discussed in the following sections.

4.2.2.1 Do These Grain Boundaries Behave as Weak Links?

Electrical measurements performed on steps with different angles fabricated on a
SrTiO3 substrate give some indications about the transport properties of the
YBCO film grown on the step. Figure 4.5 shows the dependence of the critical
current density Jcm of a microbridge across the step, normalized by Jcs of a
stripline defined on the flat part of the substrate, as a function of the step angle
(15). In this case, the thickness of the YBCO film is less than the step height. It is
clear that, up to an angle of 10°, no evident degradation of the superconducting
properties is observed. In the range of values 10° 	 � 	 40°, Jcm is reduced by al-
most one order of magnitude compared to Jcs. This reduction is related both to the
presence of defects between c-axis grains nucleated on two adjacent microscopic
steps (16) (like antiphase boundaries) and to the strong out-of-plane anisotropy of
the YBCO superconductor. Indeed, the current flows partially along the c-axis di-
rection throughout the step, where the critical current density is almost one order
of magnitude lower than the corresponding value in the a-b plane. For � � 65°,
Jcm is reduced by two orders of magnitude compared with Jcs and this is a sign for
a weak-link-like behavior (17).
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FIGURE 4.4 Grain-boundary formation on a step with � approaching 45°.



On poorly matched substrates, such as MgO, the situation is quite different.
As discussed earlier, the YBCO c axis on the step should be aligned with the nor-
mal n of the macroscopic surface. In this case, the step angle � determines the mis-
alignment between the c axes on the flat substrate and on the step surface. If the
step edges are well defined (not rounded), even a small step angle may, therefore,
introduce [100]/[010] tilt grain boundaries into the structure. These kinds of GBs
have been extensively explored by Dimos et al. (18) using bicrystal junctions.
From their transport measurements, also in the presence of an external magnetic
field, there is clear evidence that [100]/[010] tilt GBs, with an angle as small as
10°, act as Josephson weak links. An interesting features of SEJs on MgO sub-
strates is, therefore, represented by the possibility to explore [100]/[010] tilt GBs
in a wide angular range.

4.3 MICROSTRUCTURE OF EPITAXIAL YBCO FILMS ON

STEP-EDGE PEROVSKITE SUBSTRATES

The description of the step surface in terms of atomically defined steps has given
a qualitative understanding about the possibility of forming GBs during the
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FIGURE 4.5 Critical current density Jcs across the step normalized to the Jcm

of a stipline, as a function of the step angle � for two different temperatures.
(After Ref. 15.)



YBCO deposition. In order to study the microstructure of YBCO films across a
step, structural investigation on the atomic scale is required. In what follows, a de-
scription of the GBs structure is given on the basis of high-resolution transmission
electron microscopy (HRTEM) analysis performed on samples fabricated by
pulsed laser deposition.

The microstructure of the YBCO film is found to vary with the steepness of
the step characterized by the angle �. Figure 4.6 shows the YBCO growth on two
different steps fabricated in SrTiO3 substrates (19). No grain boundaries are ob-
served for a mild slope, � � 40° (Fig. 4.6a). The c axis does not change the ori-
entation across the step, remaining perpendicular to the substrate surface. When �
is about 45° (Fig. 4.6b) the microstructure is just like that observed in a (103)
growth on a (110) surface (for comparison, see Fig. 4.2c). Multiple GBs consist-
ing of a complex combination of 90° symmetric and basal-plane-faced (BPF) GBs
are formed along the step and at the edges. This behavior is, therefore, in agree-
ment with the arguments presented in the previous section for YBCO growth on
well-matched substrates.

Figure 4.7 shows the YBCO film growth on a step with � � 58° in SrTiO3

(19). Two similar GBs can be clearly distinguished. They are almost of the sym-
metrical type, although the presence of small facets and misfit dislocations is also
observed. This is typical for symmetric grain boundaries (20). They are located
near the top and the bottom edges of the step. A combination of symmetrical GBs
and BPF grain boundaries are also visible near the interface between the film and
the step surface.

When the thickness of the film on the step exceeds 30 nm, these domains are
shunted by a larger unidirectional domain. This behavior may be interpreted by
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FIGURE 4.6 High-resolution TEM pictures showing the microstructure of the
YBCO film (a) on a 38° step and (b) on a 45° step for ratios t/h � 1/3 and 1 re-
spectively between the film thickness and the step height. (After Ref. 19.)

(a) (b)



considering the surface of a step with an angle � exceeding 45° as the surface of
the (110) substrate with a vicinal angle � � � � 45° in the [11̄0] direction. 
On such a kind of surface, one of the two growth modes (103) or (1̄03) can be se-
lected (12). In this way, the (103) YBCO film presents a single domain. At the
early stage of growth, however, local variations of the step angle may induce nu-
cleation of both domains. By increasing the film thickness on the step, the trian-
gular grain formed by the coalescence of (103) and (1̄03) domains are covered 
and embedded by larger nuclei of the dominant orientation (see Fig. 4.2 for com-
parison).

The YBCO microstructure substantially changes as the angle � is increased.
Figure 4.8 shows a low-resolution TEM image of a YBCO grown on a steep step
(� � 80°) in a LaAlO3 substrate (21). Two well-defined 90° GBs separate the
YBCO c-axis film on the substrate from the film grown on the step, which, in this
case, presents a single domain. The film on the step flank is then often referred to
as the YBCO a axis. From Figure 4.8, it is evident that the upper YBCO c axis has
overgrown the film on the step. Furthermore, in contrast with shallow steps, the
following is found:

1. The a-b plane termination on the step are not exposed to the environ-
ment (see for comparison, Fig. 4.7).

2. The a-axis YBCO film thickness is much reduced compared with the c-
axis component on the top and bottom parts of the step (about one-third
of the nominal YBCO film thickness).

3. The top and bottom grain boundaries are very dissimilar.
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FIGURE 4.7 Lattice image of the YBCO film grown on a 58° step. Open arrows
indicate the two grain boundaries, and the triangles point to the 90° domains
at the interface with the step surface. (After Ref. 19.)



In Figure 4.9 is shown the microstructure of the top GB, for two steps ob-
tained with different fabrication procedures. In Figure 4.9a, the step has been ob-
tained using an amorphous carbon mask and e-beam lithography. In Figure 4.9b,
a Nb mask and ordinary photolithography have been used to pattern the geometry
of the step. In both cases, the YBCO presents a single domain on the step flank.
The microstructure shown is typical for the data presented in the literature. From
Figure 4.9a (22), it is evident that the boundary plane varies with the distance from
the substrate. Two parts can be distinguished. A BPF-type grain boundary starts
at the interface between the film and the substrate, extended by 10–20 nm. The
boundary plane deviates toward an angle of almost 45° with respect to the sub-
strate normal as the thickness is increased. The grain boundary, which nucleates
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FIGURE 4.8 YBCO microstructure across a steep LaAlO3 step. Arrows indicate
the two grain boundaries. The film thickness reduction on the step flank is ev-
ident. (After Ref. 21.)

FIGURE 4.9 Microstructure of the grain-boundary nucleate at the top edge of
a LaAlO3 substrate. (a) from Ref. 22; (b) from Ref. 21.)



on top of the BPF part, consists of a random alternating sequence of segments of
(100)(001) or (010)(001) boundaries (still of the BPF type) and segments of
(013)(013) or (103)(103) boundaries [of the symmetrical(s) type]. The length of
each facet does not exceed a few unit cells. In Figure 4.9b, the top GB consists, in-
stead, essentially of symmetric segments. The general trend, however, is that the
top GB is a combination of BPF and S facets, the detailed geometry of which is
influenced by the thin-film evolution during the growth.

The growth dynamics is determined by many factors. Both the anisotropy of
the YBCO growth rate, which is intrinsically higher in the a-b plane than in the c-
axis direction, and the growth conditions (i.e., the deposition method, tempera-
ture, pressure, substrate, etc.), can affect the grain-boundary structure at different
stages of the growth evolution. A possible explanation for the BPF grain-bound-
ary presence at the interface between the substrate and the film (see Fig. 4.9a) is,
in fact, that the c-axis film nucleates prior to the a-axis part and does not expand
beyond the step corner, because of the presence of a ledge barrier. The a-axis-ori-
ented particle nucleated on the step, however, quickly expands vertically, reach-
ing the top corner and the upper part of the c-axis film with the subsequent for-
mation of a BPF grain boundary. Moreover, the presence of 90° facets of the
grain-boundary plane of Figure 4.9a can be explained in a similar way.

The late nucleation of a-axis grain may also be related to the high direc-
tionality of the plasma plume in the plasma laser deposition (PLD). The growth
rate turns out to be dependent on the incident angle of the plume with the substrate
surface, resulting in thicker films on surfaces normal to the plume axis. Under
usual deposition conditions, the plume is perpendicular to the substrate, so the nu-
cleation probability on the step is reduced. This can also justify the presence of the
overgrowth of the c-axis orientation with respect to the a-axis part in Figure 4.8.

Figure 4.10 shows the HRTEM image of a typical bottom grain boundary.
It is quite irregular and has the tendency to become vertical (i.e., to evolve into an
orientation parallel to the normal to the substrate). It consists mostly of BPF grain
boundaries with a small percentage of symmetric facets near the interface with the
step. This behavior is essentially a consequence of the higher growth rate in the a-
b plane compared with the c direction.

The step often meanders around the predefined line, and the nucleation rate
of the YBCO across the step is affected by the microscopic orientation of the me-
andering line. Depending on the technique used to define the step pattern, the me-
andering profile may present faceting. When this is the case, the facets are ran-
domly oriented and, in general, are not aligned with the (100) and (010) in-plane
orientations of the substrate.

Figure 4.11a schematically represents an intentionally wavy patterned step-
edge profile used by Gustafsson et al. (22,23,24) to simulate the step faceting.
They have studied the nucleation and growth of YBCO on wavy steps and com-
pared it with the corresponding growth on straight steps. In Figure 4.11b is shown
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FIGURE 4.10 High-temperature TEM image of the GB formed at the bottom
edge of a high-angle LaAlO3 step. (From Ref. 22.)

FIGURE 4.11 (a) Sketch of the wavy step-edge profile patterned in a LaAlO3

substrate. SEM micrograph after the deposition of (b) a 50-nm-thick YBCO
film and (c) a 200-nm-thick YBCO film. In (b), the open arrows indicate the a-
axis grains which nucleates at the apex of the step. (from Ref. 23.)



a scanning electron microscopy (SEM) picture of a thin YBCO film grown on a
wavy step with an average angle of 60°–65°. The film is c-axis oriented, except 
in the step region, where the YBCO grows a axis (referring to the usual ter-
minology). As it is clear from the picture, the nucleation of a-axis grains varies
along the step profile. They primarily nucleate at the apex and the bottom of the
step, where the deviations from the (100) and (010) in-plane directions of the sub-
strate are small. As the YBCO thickness is increased (Fig. 4.11c), the a-axis
grains, because of their typical elongated shape, become a support for the c-axis
film on the horizontal surface. In the step region next to the apex, the c-axis film
grows over the step until it meets the a-axis grains. This determines a strong vari-
ation of the original step profile, which now shows a flatter morphology (Fig.
4.11c). The above considerations are confirmed by the TEM analysis, which
shows a variable thickness of a-axis particles according to the position along the
wavy edge at which they nucleate. Grain boundaries similar to those shown in Fig-
ure 4.9a, but with a much more irregular microstructure, have been detected only
near the apex and the bottom of the wavy edges. CuO particles nucleate on the
flank surface in the vicinity of these regions, where the profile is no longer paral-
lel to the substrate (100) and (010) directions. In an extreme case, the combined
effect of poor matching between the YBCO lattice parameter and the wavy edge
of the step and the lower nucleation probability on the flank surface leads to the
absence of an YBCO film on this part of the step profile. In some of these regions,
as discussed earlier, the film continuity is established through the overgrowth of
the c-axis film at the edges which join the a-axis grains protruding from the apex
edge.

It is worth mentioning that the use of the sputtering technique (both on-axis
cylindrical magnetron and off-axis planar magnetron) to grow YBCO films on
stepped substrates gives rise to a significantly different film nucleation and growth
habits at the step region. This deposition technique has been very successfully em-
ployed for the growth of high-quality YBCO films on bare substrates and, in gen-
eral, for the multilayer technology. A comparative study on YBCO growth on
steep LaA1O3 steps using both laser ablation and the sputtering technique has
been made by Gustaffson et al. (25). Their results demonstrate that the sputtering
technique is hardly applicable for the SEJ technology. Compared to YBCO laser-
ablated films, no regular grain boundaries are observed at both edges of the step.
The boundary plane often deviates from a 45° orientation, evolving toward 90°
and leading to the formation of facets mostly of the basal-plane-faced type. More-
over, a significant amount of secondary phases frequently nucleate on top of the
first layers of YBCO, interrupting the growth evolution on the step region. As a
consequence, the effective grain-boundary area can be substantially reduced.
These features can be related to the lower deposition rate of sputtering compared
to the laser ablation technique as well as to the intrinsically different deposition
regime (diffusive in one case, mostly directional in the other).
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4.4 STEP-EDGE FABRICATION

Step-edge fabrication is a very tricky process, even though the degree of com-
plexity is not that high. All the research groups dealing with this technology have
in mind clearly that once the procedure has been established, it has to be strictly
respected in order to obtain reproducible results. Even very small variations in the
fabrication procedure, which at first glance may look insignificant, may cause
dramatic changes in the performances of the junctions. It is, therefore, senseless
to give a detailed recipe. Instead, we will address different aspects of the fabrica-
tion procedure which influence the final step profile at different stages of the
process.

The quality of the step edge is strongly affected by the profile of the pro-
tecting mask. The step pattern is usually defined by ion milling after either pho-
tolithography or electron beam lithography. Wet etching of the steps has also been
used especially for MgO substrates (26,27). However, this method is complicated
by selectiveness and anisotropy and has not become widespread. The resulting
step angle is determined by the ratio between the ion-milling rate of the substrate
and the protecting mask and by the edge angle of the mask itself. As a general rule
for fabricating a high-angle step, a hard protecting mask with sharp profiles is
needed. The harder the mask, however, the less crucial is the second requirement.
The ion-milling rates for a few practically important materials and substrates are
summarized in Table 4.2. For relatively soft masks, such as Nb or photoresist, a
steep angle step (� � 60°) can be obtained only by defining the mask edges close
to 90°.

An additional problem when using soft materials as masks for ion milling is
the formation of an amorphous layer of redeposited material near the upper edge
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TABLE 4.2 Ion-Etching Rates of
Various Materials for Argon Ions
of 500 eV with Normal Incidence
on the Substrate and Ion Current
Density of 1 mA/cm2

Etching rate
Material (nm/min)

LaAlO3 18
SrTiO3 17
MgO 19
Nb 40
Photoresist 50
S-1813
�-C 5



of the step. A much higher ion-milling rate of the protecting mask compared to the
substrate causes shrinking of the mask edges and the formation of a “bump” at the
top edge of the step. The growth of such layer, usually a few nanometers thick, can
be detected by SEM or atomic force microscopic (AFM) inspection of the sub-
strates. The material is usually redeposited in an amorphous form. The formation
of such a layer may strongly affect the uniformity of the grain boundary in the
film, and more in general, its nucleation. In some cases, it was observed that the
YBCO film deposited on the stepped substrate is not continuous, as the “bump”
inhibits the mobility of atoms in the vicinity of the top edge (28). This drawback
can be overcome by using a special ion-milling procedure as reported in Ref. 29.
The ion beam is to be parallel to the mask edge plane at an angle � � 45° with re-
spect to the normal to the substrate (instead of the usual condition where the ion-
milling plate rotates in order to obtain a better uniformity of the step). An alter-
nate milling at � � 45° can avoid the effect of redeposition. In this configuration,
the amorphous material etches faster than the substrate. The resulting steps show
a sharp and uniform profile.

The use of a hard mask automatically helps to avoid the problem of redepo-
sition. To suppress any redeposition whatsoever, we have been using etching at a
small, 4°–6°, angle to the substrate normal and rotation of the substrate holder.
High-quality steps in terms of uniformity and steep profile have been obtained by
Sun et al. (30) using diamondlike carbon. In this form, however, the carbon is dif-
ficult to deposit, so this technique is rather complicated to set up. Amorphous car-
bon (�-C), instead, can be easily deposited by using e-beam evaporation or, alter-
natively, a high-power plasma decomposition of methane. The ion-milling rate of
�-C is slightly higher than that of the diamondlike form. Very good results in
terms of a step-edge profile have been obtained by using an e-beam-defined �-C
mask (31). The use of e-beam lithography, in place of ordinary photolitography,
strongly improves the straightness of the step. In the previous section we have
shown that this point is rather crucial: the grain-boundary microstructure is
strongly affected by the meandering of the step edge.

Figure 4.12 schematically summarized the most important steps of the fab-
rication procedure used by the authors:

1. An �-C film, 100 nm thick, is deposited on the substrate by e-beam
evaporation and in situ covered by a 50-nm-thick Au film.

2. The step pattern is then defined by e-beam lithography.
3. The pattern is transferred from the resist to the gold:

(a) by ion milling and from the gold to the �-carbon
(b) by oxygen reactive ion etching (RIE) (low power)

4. The step pattern is then obtained by an ion-milling etching of the sam-
ple.

5. The residual �-C is removed by oxygen RIE.
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4.5 TRANSPORT PROPERTIES OF STEP-EDGE JUNCTIONS

4.5.1 Common Properties

Results of transport measurements performed on step-edge junctions are consis-
tent with a weak-link-like behavior of the grain boundaries. The majority of step-
edge junctions show the following common properties:

• Electromagnetically small junctions (32,33) (w/�j 	 4, where w is the
geometrical width and �j is the Josephson penetration depth) show a cur-
rent voltage (I–V) characteristic typical of a resistively and capacitively
shunted junction (RCSJ) model (34,35).

• As the ratio w/� is increasing, the I–V curves exhibit an increasing
amount of excess current, consistently with the transition to a long junc-
tion regime.

• The junctions are generally overdamped, corresponding to a value of the
McCumber parameter �c � 2Jc�N

2/�0 less than 1. At low temperatures,
however, some junctions are underdamped (�c 
 1) with a hysteretic
I–V characteristic.

• The critical parameters such as the critical current density Jc and the nor-
mal resistance per unit area �N show a larger spread than bicrystal junc-
tions. One can only roughly estimate Jc(4.2 K) � 104–105 A/cm2 and
Jc(77 K) � 103–104 A/cm2. The value of �N is of the order of 10-7–10-9

� � cm2 and is almost independent of the temperature.
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FIGURE 4.12 Schematic representation of the procedure used to fabricate a
step in a substrate using �-C mask and e-beam lithography.



• The characteristic voltage Vc � Jc�N lies in the range 1 mV 	 Vc(T �
4.2) 	 5 mV and Vc(T � 77) 	 0.5 mV and is much smaller than the gap
�/e.

• Vc generally scales with Jc

• The working temperature can be as high as 80 K. Low-Jc junctions (36)
(Jc less than 104 A/cm2 at T � 4.2K), however, do not usually work at
77 K.

• Jc is generally spatially inhomogeneous, as evidenced by complicated
magnetic fingerprints. The use of advanced technologies for the step def-
inition can, however, noticeably improve the uniformity of the junctions.

Most of the above-listed properties are in common with other kinds of HTS-JJs.
In particular, the scaling behavior of the IcRN product is also observed in bicrys-
tal (37) and biepitaxial (38) GB junctions. Furthermore, this scaling law has also
been found in ramp-edge and planar-type junction with artificial barriers (39).
This is in clear contrast with a low-Tc superconductor–insulator–superconductor
(S–I–S) Josephson junction, where Vc is independent of Jc and is almost equal to
�/e. It is likely, therefore, that the same physical mechanism is responsible for the
scaling behavior observed in different types of HTS-JJ. Different approaches have
been proposed to describe these particular features. Gross et al. (40,41) for exam-
ple, considered a tunneling-type transport through a large density of localized
states. The quasiparticle current is dominated by the resonant tunneling, whereas
for Cooper pairs, the transport only occurs through direct tunneling, because of the
strong on-site Coulomb repulsion. This model accounts for the Vc � (Jc)p with
p � 0.5 scaling and for the temperature-independent �N.

4.5.2 SEJs on Perovskite Substrates Depending on the

Step Profile

The I–V characteristics of step-edge junctions reflect the different microstructure
of the YBCO across the steps of different angles. The following behavior can be
observed:

1. On shallow steps, in the absence of GBs, the I–V curves are of the
flux–flow type up to Tc (42). The critical current density is an order of
magnitude less than in the absence of the step. It is not affected by a
weak, up to 50 G, magnetic field and no Shapiro steps are observed.

2. As the step angle approaches 45°, a multidomain microstructure with
several 90° a(b) axis tilted GBs result in I–V characteristics (See Fig.
4.13) with the RSJ shape at low bias currents. Multiple singularities or
“kinks” were observed at higher biases (42,43). The “kink” voltage po-
sitions can be shifted back and forth by applying a weak magnetic field.
This suggests that the features observed in the I–V curves correspond to
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the weak links connected in series with the weakest one, which defines
the critical current of the junction. This statement is further confirmed
by the fact that the RN value increases for biases above each “kink.”

3. On steps with steeper angles, the transport properties are determined by
only two effective GBs formed at the top and bottom edges of the step.
(a) For 50° 	 � 	 60°, the GBs are quite similar, almost of the sym-

metric type (Fig. 4.7). The presence of the second junction is sel-
dom detected in the I–V characteristic, due to the very close criti-
cal currents of the two GBs.

(b) At higher angles, the top and the bottom GBs are, instead, very
dissimilar. In this case, the I–V characteristics often show a rather
distinct “kink” at finite biases. This circumstance, however,
strongly depends on the microstructure of the two GBs; there are,
in fact, reports where no features related to the second junction
were detected (see Sec. 4.6).

4. On intentionally fabricated wavy steps, with an angle � � 65°, the I–V
characteristics of the junctions are no longer RSJ-like (44). The critical
current Ic shows a weak dependence on the magnetic field; its suppres-
sion is, in fact, less than 10%. This value does not improve by increas-
ing the temperature.

The transport properties of the junctions can be modified by varying the step
height h and the film thickness t. Referring to steep steps (� � 65°), the ratio t/h
is quite crucial. RSJ behavior is observed for t less than h. For t/h 
 1, both the
top and bottom GB can be shunted by YBCO overgrowth. This may happen, for
example, when the bottom GB nucleates not exactly at the edge, but somewhere
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FIGURE 4.13 I–V characteristic of a step-edge junction with a step angle ap-
proaching 45°. The arrows indicate the presence of weak links in series.



on the flank part of the step (see Fig. 4.10). In this case, a shorting path may be
created by the conjunction between the c-axis film overgrown on the top part of
the step (compare with Fig. 4.8) and the c-axis film grown on the lower flat part
of the step and extending up to the bottom GB. The Josephson behavior has been
observed for t/h in the range 0.4 	 t/h 	 0.9 (31,45). A much smaller value of the
t/h ratio may, however, result in a discontinuity of the YBCO film across the step
related to a much thinner YBCO film thickness on the flank part (about one-third
of the nominal film thickness). Therefore, it is possible to trim the values of Jc and
�N by decreasing the YBCO film thickness over a fixed step.

For less steep steps (� � 60°), an RSJ behavior has recently been observed
for t/h in the range 0.6–0.8 (46). In this interval, a constant value of Jc and a spe-
cific resistance �N linearly increasing by reducing t/h were observed. Moreover,
both Ic and RN scale with the junction width. For higher values (t/h 
 0.8), the
usual flux–flow-like I–V characteristics were measured.

The majority of devices employing the step-edge junctions have been real-
ized on steep steps. The different structure of the top and bottom GBs leads, in
fact, to quite different values of the two critical currents and deviations from the
RSJ behavior by the undesirable features (“kinks”) in the I–V characteristic appear
at the voltages much higher than the IcRn product of the junction (42,47). This
warrants a successful use of SEJs in applications such as SQUIDs. What, instead,
appears to be rather limiting for the development of devices involving a great
number of junctions [e.g., discrete flux flow devices, rapid single flux quantum
(RSFQ) logic] is the spread in the critical parameters. The best results (47,48), in
fact, address to values not better than 20–30%.

4.5.3 Josephson Phenomenology

Most of the phenomenology typical of the Josephson effect has been observed in
step-edge junctions. Here, we will illustrate this statement on an example of a low-
Jc junction at a step defined by e-beam lithography and ion etching through a car-
bon mask. The I–V characteristic in Figure 4.14 shows a clear hysteretic RSJ be-
havior, with the presence of a small amount of excess current. The magnetic field
dependence of the maximum Josephson current Ic is shown in Figure 4.15 for the
same junction. The diffraction pattern is quite regular, corresponding to an almost
uniform current density distribution inside the junction. Such a behavior, however,
is rarely observed in step-edge junctions. More in general, in fact, the SEJ shows
quite a irregular pattern compared with bicrystal junctions (49). This effect is re-
lated to the waviness of the meandering line which leads to different YBCO growth
along the step edge and to an intrinsic filamentary nature of SEJs. However, the use
of advanced technologies can improve the uniformity of the junctions.

Although the comprehensive theory describing superconductivity in
cuprates remains to be created, there is, by now, a growing number of experimen-

122 Lombardi and Tzalenchuk



tal facts, which point toward the dominant d-wave symmetry of the supercon-
ducting wave function (50). Therefore, it is important to analyze how this sym-
metry may influence the transport through the step-edge junctions.

It does have a serious impact on the (001) tilt grain-boundary junctions, such
as bicrystaline or biepitaxial. In particular, Hilgenkamp et al. (51) have shown that
the amount of  facets, with a negative critical current, increases by increasing the
misorientation angle ! of the bicrystal. This leads to an inhomogeneous spatial de-
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FIGURE 4.14 I–V characteristic (solid line) and differential resistance the bias
voltage (dotted line) for a 16-�m-wide SEJ at T � 4.2 K. (After Ref. 35.)

FIGURE 4.15 Magnetic field dependence of the critical current for the same
SEJ junction as in Figure 6.14 at T � 4.2 K. (After Ref. 35.)



pendence of Jc and, therefore, to deviations from a Fraunhofer-like Ic(B) depen-
dence. The effect become very prominent for ! � 45°. Indeed, for asymmetric 45°
(001) tilt boundaries, obtained both with the bicrystal (51) and biepitaxial tech-
nique (52), a non-Fraunhofer Ic(B) dependence is observed with symmetric max-
ima values corresponding to B�0. This peculiar behavior has been attributed to
the sequence of facets with 0 and  phase shift along the boundary line—the so-
called  loops. If the junctions in a  loop are identical (53) or if the inductance
of the  loop is sufficiently large (54), there might be a spontaneously generation
of unquantized magnetic flux. If magnetic flux occurs spontaneously in the
boundary, the current phase of the grain-boundary Josephson junction will also
deviate from an ideal sinusoidal behavior. This circumstance has been demon-
strated for asymmetric 45° (001) tilt bicrystal junctions (55). Moreover, the un-
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FIGURE 4.16 The d-wave component expected in 90° symmetric (S) grain
boundaries, compared with the one expected in asymmetric in plane 45°
(001) tilt bicrystal GB, with the intrinsic faceting taken into account. For step
junctions, the order-parameter orientation does not produce additional 
shift along the junction, in contrast with 45° (001) tilt bicrystal junctions.



quantized flux generation, also measured in 45° (001) tilt grain boundaries (56),
may lead to a noise increase in the junction, particularly low 1/ƒ noise. The situa-
tion is strikingly different in the case of 90° symmetric step-edge Josephson junc-
tions (SEJJs) illustrated in Figure 4.16. In the absence of a (001) tilt component
between the YBCO grains grown on the flat surface and grains on the step flank,
the Josephson tunneling across the junction cannot, of course, produce any  shift.
The maximum of the critical current Ic corresponds always to B � 0 and the cur-
rent–phase relation has the usual sinusoidal form [measured by Il’ichev et al.
(57)]. The absence of  loops also helps to avoid additional 1/ƒ noise.

4.5.4 Electrodynamics of the Step-Edge Junction

Various mechanisms have been proposed to account for the transport properties of
grain boundaries in high critical temperature superconductors. Among them, we
have the mechanism based on the structural properties of the grain boundaries and
the related bending of the electronic band structure and the mechanism based on
deviations of the ideal stoichiometry at the boundary interface—oxygen deficiency
or oxygen disorder—effects arising from the unconventional order-parameter sym-
metry and others based on a direct suppression of the pair potential at the interface
(58). Several of them may, however, contribute simultaneously. In this subsection,
we will address some aspects of the transport properties of step-edge junctions, re-
lated to the phenomenology of the Josephson effect, that require an insulating na-
ture of grain-boundary region with a nonvanishing junction capacitance.

In SEJs, in analogy with low-Tc Josephson tunnel junctions, Fiske and Eack
resonances have been observed. Figure 4.17a shows the I–V characteristic at dif-
ferent values of the external magnetic field (59), where the presence of two steps
at voltages V1 � 490 �V and V2 � 970 �V (�2V1) respectively is evident. In Fig-
ure 4.17b, the same curves are shown after the subtraction of the background cur-
rent V/Rn. The steps at voltages V1 and V2 do not move by changing the magnetic
field; moreover, the I–V characteristics after the quasiparticle current subtraction
show a Lorentzian-like shape, typical of a resonant mode. Therefore, these current
singularities have been interpreted as Fiske steps, due to the interaction between
the ac Josephson effect and the electromagnetic modes of the junction seen as a
resonant cavity. They, in fact, appear at voltages Vn � �0ƒn, where ƒn � nc/2w
are the frequencies of the normal modes of the cavity, c represents the phase ve-
locity of the electromagnetic wave in the cavity, and w is the width of the junction.
Figures 4.17c and 4.17d show the magnetic field dependence of the Josephson
current and of first Fiske step. The experimental data are reasonably well fitted by
the theoretical curves also presented for comparison. From the voltage position of
the Fiske steps, one can derive c and, further, the ratio t/"r using the expression

c � c0 
�td
�
"rd
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where t is the thickness of the dielectric barrier of the GB, "r is the relative di-
electric constant, c0 is the light velocity in vacuum, and d � 2�L, with �L being the
London penetration depth.

Typical values for c/c0 lie in the interval 0.03–0.05, in agreement with data
reported for bicrystal junctions (60) and depend on the junction width. The corre-
sponding values of the capacitance per unit area derived from the expression C �
"0"r/t are in the range 10–30 fF/�m2.

In very long step-edge Josephson junctions (w 

 �j, �j being the Joseph-
son penetration depth), another type of singularity, referred to as the Eck step, has
been observed in the I–V curve. In the presence of an external magnetic field,
when a voltage V is applied to the junction (ac Josephson effect), the Josephson
current density is spatially and temporally modulated. When the phase velocity as-
sociated with the Josephson current density distribution matches the phase veloc-
ity of the electromagnetic field in the junction, a current step, with a resonant
shape, appears in the I–V characteristic (61). The voltage position of the step de-
pends linearly on the magnetic field according to the relation V � dcFB, where the
flux focusing coefficient F has been also considered (62).
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FIGURE 4.17 I–V curve of a 32-�m-wide SEJ at T � 4.2 K at different values of
the applied magnetic field B. In (a), the largest value of the Josephson current
corresponds to the lowest B. In (b), the quasiparticle background current has
been subtracted. The arrows indicate the Fiske step position. The magnetic
field dependence of the critical current Ic for a SEJ 16 �m wide is illustrated
in (c), whereas that of the additional dc current Ii due to the Fiske resonance
is illustrated in (d). In (c) and (d), the theoretical dependence is also reported
for comparison. (After Ref. 59.)



Figure 4.18 shows the I–V characteristic of a long SEJ (w/�j � 13 at 4.2 K)
at different values of the magnetic field B. A field-dependent resonantlike current
step is evident in the I–V characteristic. The structure is made more prominent by
subtracting the background current (Fig. 4.18b). Moreover, the step voltage Vm in-
creases linearly by increasing the external magnetic field. By calculating F from
the Ic versus B dependence (F � W�0/�B, where �B is the experimental period-
icity of the magnetic pattern) from the linear fit of Vm(B), one can estimate the
light velocity c in the junction and, from it, all related junction characteristic pa-
rameters. For this particular junction, the values of C derived by the detection of
an Eck step are very close to those obtained by the Fiske steps position (calculated
in the previous paragraph).

We now discuss a recent observation of the so-called displaced linear slope
(DLS)—a phenomenon quite rarely detected and not fully understood even in low
vertical temperature junctions. In the I–V curve, one of the authors has observed
the appearance of linear branches (63) under quasiparticle injection in YBCO
electrodes. The first observations of such phenomenon are related to the early
studies on the extended Josephon junction when the linear branches were called
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FIGURE 4.18 I–V curve of a 60-�m-wide SEJ with nonuniform bias at different
values of the external magnetic field B1 � 0.12 G, B2 � 0.24 G, B3 � 0.37 G. (b)
The normal background current has been subtracted. T � 4.2 K. (After Ref.
35.)



displaced linear slope (DLS). The explanation of such features has been given in
terms of flux–flow in the sine–Gordon Hamiltonian (64,65). Within the HTS fam-
ily of Josephson junctions (JJs) the DLS has been observed also in Bi2Sr2CaCu2Oy

mesas (66,67) consisting of intrinsic (naturally stacked) Josephson junctions. The
observation of DLS in a single step-edge YBCO junction therefore represents an
important issue to clarify some aspects of fluxon dynamics. The layout of the in-
vestigated sample is sketched in Figure 4.19.

The structure consists of a step-edge junction and a control line made up by
two Au/YBCO junctions situated at the sides of the SEJ. The injection (or control)
current Icr flows across the series of two Au/YBCO interfaces and across the
YBCO film, in the region next to the grain boundary. The device can, therefore,
operate in a four-terminal configuration. Figure 4.20 shows the dependence of Ic

on Icr at T � 4.2 K. Ic decreases monotonically by increasing Icr, differently than
the dependence on the external magnetic field, which, instead, is Fraunhofer-like
(63).

The dependence of Ic on Icr can, therefore, be attributed to the combined ac-
tion of the magnetic field and nonequilibrium. Due to the misalignment of the con-
trol line related to the lithographic process and also to the intrinsic nonplanar ge-
ometry of the step-edge junctions, the injection current density is not symmetric
with respect to the grain boundary. Then, the current Icr generates a nonvanishing
magnetic field in the junction plane. Moreover, Icr induces local nonequilibrium
in the YBCO electrodes due to quasiparticle injection through the Au/YBCO in-
terfaces (68).

For values of Icr larger than about 3 mA at 4.2 K, the I–V characteristic
clearly exhibits a DLS, as shown in Figure 4.21. The inset shows the same struc-
tures after subtracting the background current I � V/RN. The shape is very differ-

128 Lombardi and Tzalenchuk

FIGURE 4.19 Schematic representation of the device. W � W� defines the in-
jection area.
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FIGURE 4.20 Dependence of the maximum Josephson current on the control
current Icr at T � 4.2 K for a SEJ with L/�j � 4, L being the width of the junc-
tion.

FIGURE 4.21 I–V characteristic (L/�j � 4) at T � 4.2 K at different values of the
control current Icr. The inset shows the same curves after subtracting the nor-
mal current V/RN.



ent from that exhibited by resonant structures like the Fiske and Eck steps (com-
pare Figs. 4.17 and 4.18) and cannot be fitted by a Lorentzian.

Let us define VM as the voltage at which the current has increased to 50% of
the total current step IM. At a given value of Icr, a single step appears in one branch
of the I–V characteristic (i.e., at VM 
 0). Then, a symmetrical structure is ob-
served on the opposite branch (i.e., at VM 	 0) by reversing the direction of Icr.
The observation of this strong asymmetry in the I–V characteristic leads one to
conclude that the linear branch is originated by the motion of flux quanta. The di-
rection of the motion is selected by the most favorable combination of the Lorentz
forces generated by injection and bias current.

The described features and the independence of the dynamical resistance of
DLS of Figure 4.21 on the value of the control current indicate that one is dealing
with a classical manifestation of the phenomenon of flux–flow. A relevant pa-
rameter is, in this context, the damping coefficient �:

� � �
Ic

1
RN
� ��J2c



�

C
0

��1/2

(here, Jc is the critical current density, �0 is the flux quantum, and C is the intrin-
sic capacitance of the junction per unit area). Estimating the McCumber parame-
ter �c from the hysteresis of the I–V characteristic and using the relation � �
(1/�c)1/2, we get � � 0.7. Typical values of � for experiments on the DLS in low
vertical temperature junctions (69,70) are of the order of 0.1 or less. Higher val-
ues are nevertheless possible, especially for moderate values of the ratio L/�j, as
in pioneering investigations of DLS (71) for which � � 0.5 was determined.

It is worth noting that in this experiment the application of the external mag-
netic field did not produce any DLS, but only resonant structures like Fiske steps.
In the device considered, the effect of the control current is twofold. The Cooper
pair-breaking (due to nonequilibrium) locally reduces the capability of the junc-
tion to screen the magnetic field, so that fluxons are more easily injected in the
junction. Moreover, they experience a stronger Lorentz force due to the combined
action of the field of bias and control current, which leads to DLS.

The above physical phenomenon offers wide and stable margins for possi-
ble applications in the field of the generation of electromagnetic radiation. This ar-
gument is confirmed by the dependence of VM on the injection current Icr. As al-
ready observed for the DLS (69), VM increases proportionally to Icr, with minor
deviations at low VM values; the 2-mV tunability range of VM leads to a bandwidth
of �500 GHz around 1 THz. The available dc power of the oscillations, when the
junction is dc biased on the DLS at a voltage, for example, V � 1.5 mV and a cur-
rent I � 0.3 mA, is P � 0.45 �W: Under conditions of perfect matching however,
the available power will not be more than half of this amount.

An estimate of the linewidth of the radiation emitted from the junction can
be made following classical dynamical resistance arguments (32). The expression
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for the linewidth of a Josephson oscillator at a temperature T is given by

�# �

where RD is the dynamical resistance at the bias point, RS is the static resistance
corresponding to the same bias point, and kB is the Boltzmann constant. For the
linear branch shown in Figure 4.21, we get �# � 170 MHz at T � 4.2 K, taking
RD � 2.7 � and RS � 7�.

The stability of the observed phenomenon over a wide frequency range and
the ease of its control makes these classes of device a potentially interesting com-
ponent for submillimeter-wave HTS electronics.

4.5.5 SEJs on MgO Substrate

In this subsection, we will briefly discuss some general properties of SEJs fabri-
cated on MgO substrates. Good junctions (72) and low-noise SQUIDs (73) have
been demonstrated. Applications have however been hindered by the lack of sys-
tematic and fundamental studies. The direct competitors, the SEJs fabricated on
perovskite substrates, appear technologically more reliable, as a clear correlation
between transport and structural properties of the GBs has been established.

As discussed in Section 4.2, the YBCO grows with the c axis aligned with
the normal to the macroscopic surface of the vicinal cut MgO substrates. Growth
of a YBCO film on a step with a moderate angle � is schematically shown in Fig-
ure 4.22. This growth leads to the formation of two grain boundaries of the [100]
or [010] tilt type, with an angle almost equal to the step slope. This has been con-
firmed by various TEM studies on samples with different step angles. For a shal-
low step (� � 20°), however, the slope generally changes smoothly at the lower
edge, and as a consequence, there is no GB formation at the bottom of the step

4kBT R2
D

��
�2

0 RS
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FIGURE 4.22 Typical YBCO growth on a step in a MgO substrate for a moder-
ate value of the angle �.



(74). For steeper steps instead, more complicated structures have been reported at
the bottom edge. In particular, the presence of an additional GB has been observed
(75,76), sometimes in correlation with a deep trench structure of the step itself.

The transport properties of step-edge junctions on MgO substrates are,
therefore, not characterized by 90° [100]-tilted GBs. Instead, it is possible to con-
tinuously modify the GB structure by changing the step angle in a rather wide
range. In analogy with bicrystal junctions, the Jc has a tendency to decrease as the
step angle increases (in the range 0°–45°) (77); however, the spread in data pre-
sented in the literature does not allow one to extract an analytical angular depen-
dence. An RSJ-like behavior has been observed in the range of values 0.3–1.1 of
the ratio t/h (77). This interval is wider than that for step-edge junctions on per-
ovskite substrates, probably because of the relatively low value of the MgO step
angle (generally less than 45°). In this case, the YBCO film thickness is not re-
duced on the step and no overgrowth is expected on the top flat part of the step.
Moreover, these circumstances also explain the independence of Jc on the ratio
t/h, once the value of the step height has been fixed (77).

Finally, in analogy with (100) c-axis tilt Josephson junctions obtained by a
biepitaxial technique (78), the dependence of the Josephson current on the mag-
netic field is Fraunhofer-like (72). Moreover, Fiske resonances have been ob-
served also in some junctions (79).

4.6 TRANSPORT PROPERTIES OF 90° [100] TILT GBS

Once a reliable technology for the substrate preparation is established, the step-
edge junctions have the layout flexibility necessary to develop a great variety of
devices based on the Josephson effect. The quality factor of the SEJ, defined by
the product Jc�N is, in fact, comparable with the best values obtained with bicrys-
tal junctions. What, instead, is rather crucial for applications is the large spread in
the critical parameters Jc and �N. The reason for the lack of reproducibility of the
transport properties is obviously related to the microstructure of the YBCO film
across the step. As widely discussed previously, the GB structure depends on the
step profile, the local presence of step defects, and the kind of substrate. On per-
ovskite substrates, step angles of the order of 60° are strictly required to obtain two
well-defined grain boundaries at the edges of the step. However, even when this
is the case, each GB is a complex combination of 90° a-(b)-axis tilted GBs of the
symmetrical and BPF tilted types, whose relative proportions are affected by fac-
tors not strictly controllable. As a direct consequence, it becomes difficult also to
distinguish which kind of GB is effectively responsible for the transport proper-
ties in SEJs or, alternatively, if it is the presence of defects in the grain-boundary
planes that is responsible for the Josephson behavior of step-edge junctions (42).
The weak-link properties of grain boundaries obtained by a 90° tilt of the YBCO
c axis are, in fact, still an open question. In (103) films, for example, microbridges
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patterned along the [11̄0] direction, where SGBs and BPF GBs are formed, do not
show any weak-link behavior.

A useful method recently developed by one of the authors and co-workers
(80) allows one to distinguish the superconducting transport properties of the two
GBs formed at the top and the bottom edges of the step. This is achieved by using
a tilted Ar ion-beam etching and the shadowing effect of the step in the process of
defining the electrodes and the microbridge (81). The fabrication procedure al-
lows one to study the transport properties of the isolated top GB and a compari-
son with the properties of the step-edge junction as a whole. Such an analysis is
important for a complete characterization of the junctions with which one is deal-
ing. At the same time, by studying SEJs with two very dissimilar GBs at the top
and the bottom edges of the step, it is possible to obtain more basic information
about the nature of transport in 90° [100] ([010]) tilt GBs.

Microbridges are defined by using an Ar-ion milling oriented at 60° with re-
spect to the substrate normal. The shadowing effect of the step allows one to ob-
tain a continuous YBCO stripe along the step which enables an electrical contact
to the middle and the bottom parts of the SEJ (see Fig. 4.23).

By a proper choice of contact pads, it is possible to perform four-point mea-
surements on the whole junction, the YBCO stripe, and the top GB. The devices
investigated were fabricated by an �-C mask patterned by e-beam lithography.
The critical temperature of the step-edge junction, Tc

SEJ, ranged between 70 and 80
K, whereas that of the thin stripes was between 60 and 85 K. For samples with 
T c

stripe, less than TSEJ, the pad’s configuration makes it possible to measure the
critical current of the bottom GB (I c

botGB) in the interval T c
stripe 	 T 	 Tc

SEJ. Re-
ferring to Figure 4.23, when the YBCO stripe is normal, I c

botGB is determined by
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FIGURE 4.23 A schematic view of a step-edge junction with the presence of a
YBCO stripe along the step. The voltage and current leads are also repre-
sented. The inset shows a micrograph of a 4-�m junction with contact pads.



sending current through the whole junction and measuring the voltage difference
between the pads V�

SEJ and V�
stripe or V�

stripe.
Typical current–voltage characteristics of the top GB is shown in Figure

4.24 at two temperatures: T � 4.2 K and at T � 77 K. They shows a shape typical
of the RSJ model, although an excess current is present.

Furthermore, there is no evidence of the presence of a second junction in se-
ries with the top GB. Within the measurement accuracy, in fact, the I–V charac-
teristic of the whole SEJ is identical to the that of the top GB. This has been veri-
fied for several junctions on different chips in the range of temperature between
4.2 K and the critical temperature Tc of the specific junction. After removal of the
YBCO stripes, by additional ion milling the I–V characteristics of the SEJs re-
mained unchanged. Therefore, these data allow one to correlate the transport prop-
erties of these SEJs with the occurrence of only one effective weak link, namely
the top GB. However, a clear understanding of the Josephson nature of the junc-
tions needs an atomic-level inspection of the microstructure of these specific GBs.
HRTEM analysis performed on the step-edge junctions showed that the GBs
formed at the top and at the bottom edges of the step were very dissimilar (see Fig.
4.25). The top GB (Fig. 4.25a) consists of two parts: a 10–20-nm-thick BPF GB
and an almost regular S GB of 130–140 nm on top of it. The bottom GB consists
(Fig. 4.25b), instead, essentially of a BPF GB. Comparing the different sizes of
BPF GBs in the top and bottom GBs, it is possible to attribute the Josephson cur-
rent to the S GB part and a shunting, more strongly coupled part to the BPF GB.
This would result in a weak-link behavior of the top GB and in a stronger super-
conductive link in the bottom part, as it, indeed, was confirmed by the transport
measurements.
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FIGURE 4.24 Typical I–V characteristics of the top GB of (a) an 8-�m-wide SEJ
at 4.2 K and (b) an 8-�m-wide SEJ at T � 77 K. The differential resistance ver-
sus voltage does not show any features at finite voltage in both cases.



Figure 4.26 shows a typical dependence of critical current of the top GB, 
I c

Top, as a function of the external magnetic field B at T � 77K. At this tempera-
ture, the junction is in the short limit w/�j � 2.

For most of the measured junctions, in the short limit, I c
Top oscillated with

the applied field, with a modulation depth ranging between 50% and 80%. In some
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FIGURE 4.25 Microstructure of the grain boundaries (a) at the top edge and
(b) at the bottom edge of a typical step used in this experiment. The geome-
try of the two GBs can vary from one sample to another. A general trend,
however, is that the top GB consists essentially of a symmetric GBs, whereas
in the bottom GB, the basal plane component is dominant.

FIGURE 4.26 Magnetic field dependence of the critical current Ic for the top GB
of an 8-�m-wide SEJ at 77 K.



cases, I c
Top could be completely suppressed by the external magnetic field. Refer-

ring to the microscopic structure of the top GB (Fig. 4.25), one can attribute the
maximum modulation depth of the I c

Top (B) pattern to the S GB and the nearly con-
stant background current to the BPF GB. From the data of Figure 4.26, both the S
GB and the BPF GB contribute approximately 50% each to I c

Top. With respect to
the different dimensions of the GBs, one can roughly calculate the critical current
density of the BPF GB and the S GB. They are summarized in Table 4.3.

Jc
S GB can vary from one device to another (typical variations are of the or-

der of 50%). The value of Jc is the lowest for the BPF-type GB. There is a direct
proportion between the percentage of the BPFGB detected by HRTEM in the top
GB and the total critical current of the latter. One can, therefore, argue that the ob-
served spread is related to the difference in the BPF GB percentage present in the
top grain boundary. Furthermore, at any temperature, it is likely to expect that the
Jc of the top and bottom GBs differ by at least one order of magnitude.

The critical current density of the top GB of a 8-�m-wide SEJ normalized
to the corresponding value at T � 10 K is shown as a function of normalized tem-
perature, T/Tc, in Figure 4.27. This dependence is typical of an (superconductor
normal metal superconductor) SNS structure (82). The ratio L/�N(Tc) � 4 between
the weak-link length L and the correlation length in the normal region �N at T �
Tc fits the experimental data reasonably well in the whole temperature range. Ex-
perimental data on BPF GB obtained by Lew et al. (83) are also shown for com-
parison. They found that the Ic(T) dependence of a pure BPF GB can be equally
well fitted by a flux creep model or a Josephson junction model. It is seen from
Figure 4.27 that within the scatter in the data, a pure BPF GB (open squares) per-
forms qualitatively in the same way as the top junction of our SEJ (solid circles).
This indicates that both the S GB and the BPF GB have the same critical current
versus temperature dependence.

Because of the high values of Jc
BPF GB, the presence of the bottom GB may

be detected by reducing the width of the junctions. In a recent work of Tzalenchuk
et al. (84), submicron SEJs have been fabricated with a procedure similar to those
considered in this section. They shows two GBs in series with an order of magni-
tude different Jc. In Figure 4.28, the I–V characteristic of a 0.4-�m-wide SEJ is re-
ported. The critical current of the first GB is very low (completely suppressed by
thermal fluctuation). In fact, the I–V characteristic presents only a nonlinearity
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TABLE 4.3 Estimated Value of the Critical Current for S and BPF
Grain Boundaries

Jc (A/cm2), T � 4.2 K Jc (A/cm2), T � 77 K

S GB 3 � 104 103

BPF GB 5 � 105 3 � 104
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FIGURE 4.27 The critical current Ic normalized to the corresponding value at
T � 10K (solid circle) of the top GB of a 4-�m-wide SEJ is shown as a function
of the normalized temperature T/Tc. For comparison, data derived from the
theory asterisk for the ratio L/� N (Tc) � 4 and data by Lew et al. (83) (square)
on pure BFP GB are shown.

FIGURE 4.28 I–V characteristic of a 0.4-�m-wide SEJ. The presence of a highly
hysteretic second junction in series is evident.



around zero voltage. For the second GB, Ic is much higher; the corresponding
value of critical current density is of the order of 105 A/cm2. Therefore, it is pos-
sible to correlate the low-Jc and high-Jc junctions respectively with the top and
bottom GBs. Moreover, by assuming that the bottom GB consists essentially of
the BPF component, the value Jc

BPF GB � 105 A/cm2 calculated from Figure 4.26
is only slightly reduced with respect to the value reported in Table 4.3. This may
be related to the submicron dimensions of the junction. The critical current of the
bottom GBs showed little dependence on the external magnetic fields up to 50 G.
Because of the small size of the junction, in fact, a much higher field (� 0.1 T)
might be required.

Other submicron SEJ junctions studied by the same authors revealed a num-
ber of interesting features which can be understood in terms of the evolution of
BPF GB formed at the top edge of the step. The R(T ) dependence was of the semi-
conductor type and the Tc was reduced compared to the plain microbridges of the
same width. Nevertheless, at 4.2 K, the critical current density of this type of junc-
tions was high, of the order of 5 � 105 A/cm2, with a weak dependence on the
magnetic field and the excess current comparable to the Josephson current (see
Fig. 4.29). Current steps were observed in the I–V curves in all magnetic fields up
to 5 T with the amplitude decreasing as the magnetic field increases. The voltage
positions of the steps roughly scaled with the critical current and all steps behave
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FIGURE 4.29 I–V characteristics at 4.2 K of a 0.8-�m-junction having both high
critical current and high excess current. The black plot is the I–V characteris-
tics at zero magnetic field; the gray plot is the same at 5 T.



in the same way as the magnetic field is varied. All these observations and com-
puter simulations rule out Fiske resonant modes, phase-slip process (32), and a
multiple Andreev reflection (85–87). A plausible explanation is that the steps
were due to intrinsic tunneling in between the YBCO layers, as is commonly ob-
served in BSCCO and TBCCO single-crystal stacks (88,89) and also in oxygen-
depleted YBCO (90). Remarkably, a similar behavior was also observed in
Tl2Ba2CaCu2O8 high-angle (� � 58°) step-edge Josephson junctions grown on
LaAlO3 substrates (91). In the latter system, the intrinsic Josephson effect is much
more pronounced as a consequence of a higher degree of anisotropy of the Tl-
2212 compound compared to YBa2Cu3Ox.

The junctions were rather unstable to repeated thermal cycling and eventu-
ally deteriorated to quasiparticle tunneling (Fig. 4.30). As a matter of fact, in a
number of experiments, the transition was observed in situ upon cooling and could
temporarily be reversed by reversing the temperature. The authors concluded that
the continuity of the junction was broken and a break-type junction was formed.
The I–V characteristics in the quasiparticle tunneling regime were fitted to a the-
oretical model developed by Dynes et al. (92). The model accounts for a broad-
ening of the characteristics by introducing a complex parameter �-i$ instead of �
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FIGURE 4.30 A 0.6-�m-wide tunnel junction measured at 4.2 K. The gray plot
shows the I–V characteristic and the dynamic conductance calculated from
the I–V curve. The black plots depict the best fit to the model of Dynes et al.
(92) with the following parameters: �1 � �2 � 21.2 meV, $ � 5.2 meV, G � 2.8
� 10-5 S.



into the BCS expression for the density of states. $ � h/% describes broadening
due to inelastic scattering of quasiparticles with a finite lifetime %. The fitting pa-
rameters were the gap �, broadening $, and conductance G. Note that the �1 � �2

value found from the fit is a factor of 2 smaller than the value obtained in the
break-junction experiments (93,94). This is in agreement with tunneling from a
axis to the c-axis direction compared to the in-plane tunneling in the break-junc-
tion experiments. The broadening appears to be rather big suggesting a high rate
of inelastic scattering of quasiparticles on the break-junction surface defects.

The data presented in this section give some indications about the different
nature of the transport in 90° [100] tilt grain boundaries. S GBs do act as a Joseph-
son weak link. The coupling in BPF GB appears to be stronger. This is in fairly good
agreement with the data reported in Ref. 83, where almost pure BPF GB, did not
show any weak-link behavior. Their junctions, in the presence of an external mag-
netic field, behaved in the same way as a-axis films, patterned in the [001] direction,
where BPF grain boundaries are formed because of the exchange between the b and
c axes (95). The critical current could, in fact, be noticeably suppressed only by a
magnetic field of the order of 1 T, even at a temperature close to the short-junction
regime. It is worth mentioning, however, that there are reports (96) in which a BPF
GB formed along the boundary between an a-axis-oriented YBCO grain and c-axis
YBCO grains showed a Josephson weak-link behavior. This further confirmed that
experiments are needed to obtain a clearer picture about the transport in 90° tilt GBs.

The weak-link behavior of symmetric grain boundaries do contrast with the
observations of many authors on (103) YBCO films (97). The absence of a
Josephson behavior of microbridges patterned along the [11̄0] direction represents
a controversial question. In some recent reports, it was argued that a helical cur-
rent flow through 90° [100] twist boundaries (98) can explain the transport in
(103) films. It is, in fact, well established that these GBs, present along the [100]
direction, are strongly coupled (99). Figure 4.31 shows schematically a-b plane
configurations for two joint (103) and (1̄03) grains.

The current flow in the [11̄0] direction would occur through a helical path
involving 90° twist boundaries. In this way, the current flow is always in the a-b
plane. Therefore, there is no direct involvement of 90° [100] tilt boundaries and
no weak-link-like behavior is expected.

This model would also provide an explanation for the anisotropy in the nor-
mal and superconducting states observed in (103) films. The a-b-plane current
paths for an average current flow in the [001] direction are simply longer and nar-
rower than for [001] transport. The corresponding value of the resistivity is ex-
pected to be higher. The transport along the substrate [001] direction occurs
throughout the volume of the film, whereas the current flow along the [11̄0] di-
rection is confined within a reduced area, defined by the mean distance between
twist boundaries in the [001] direction and the thickness of the film. This would
result in that Jc in the [11̄0] direction is reduced compared to the Jc�[001].
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4.7 SQUID DEVICES WITH STEP-EDGE JOSEPHSON

JUNCTIONS

A general discussion on the systems based on superconducting quantum interfer-
ence devices (SQUIDs) made of HTS materials can be found in Chapter 8. An-
other excellent review on SQUIDs was recently prepared by Koelle et al. (100). It
is probably fair to say that the majority of SQUIDs up to date have been made us-
ing either bicrystal or step-edge Josephson junctions. Here, we shall emphasize
only some junction-specific aspects of the step-edge SQUIDs in comparison to the
bicrystal ones.

1. Availability. A step-edge Josephson junction can be made on almost
any substrate, whereas the choice of bicrystals is limited and, in addi-
tion, they are rather expensive. The SEJJ SQUIDs were successfully
fabricated on MgO, SrTiO3, LaAlO3, and NdGaO3 substrates.

2. Design flexibility. As already mentioned in Section 4.1, integrated su-
perconducting circuits based on Josephson junctions demand elements
that can be placed rather freely on a chip. Sensitive SQUID magne-
tometers and gradiometers, in addition, require large-area antennas,
which should be able to withstand large induced currents. Weak links
in the antennas should be avoided, which unavoidably leads to a larger
linewidth in the case of bicrystals. Being an ideal model system, bicrys-
tal junctions obviously do not fit these criteria of flexibility, whereas the
SEJJs can be made locally anywhere on the chip in almost any shape.
Significantly, especially for submicron circuits, the superconducting
and contact layers can be easily aligned with respect to the step accord-
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FIGURE 4.31 Two tilted (103) and (1	03) grains of equal thickness are joined at
a junction (90° [100] twist) which lies in the X–Z plane. The electric field is ap-
plied in the X direction.



ing to the alignment marks produced in the substrate along with the
step. In contrast, alignment to the bicrystal grain boundary represents
problems and cannot reproducibly be made better than about 1 �m. For
example, Dörrer et al. (101) have investigated planar galvanometer
SQUID gradiometers with bicrystal and SE junctions. They have
shown that in gradiometers for operation in a highly disturbed environ-
ment, the use of SEJJ is advantageous compared to bicrystals. The par-
allel gradiometer structure leads to a large permanent current in the an-
tenna if the gradiometer is placed in a homogeneous field. In the case
of bicrystal substrates, this current is able to exceed the critical current
of the grain boundary through the antenna. For using this type of gra-
diometers in a real environment, a larger linewidth across the grain
boundary and/or a larger film thickness is necessary. In the case of step-
edge junctions, this problem does not exist. Reached gradient sensitiv-
ity values in the white-noise region are 0.46 pT/(cm/Hz1/2) in the case
of bicrystal junctions and 0.69 pT/(cm/Hz1/2) for step-edge junctions.

3. Reproducibility. Bicrystal junctions and SQUIDs are still unbeaten. De-
spite a significant progress in fabrication methods, the SEJJs still suffer
from a rather large spread in parameters. As already mentioned, a 30%
spread in the parameters of the junctions prepared on the same chip
have been reported (see also Ref. 102). Fortunately, it is less critical for
SQUIDs with only a few Josephson junctions than for more sophisti-
cated superconducting circuits (e.g., rapid single-flux quantum logics,
RSFQ).

4. Noise. In general, the noise levels of the step-edge SQUIDs are only
slightly above those for the bicrystal devices. Two types of low-fre-
quency noise are commonly observed in the step-edge SQUIDs: random
telegraph noise, giving a Lorentzian-type spectrum and the 1/ƒ noise.
The 1/ƒ noise is dominated by junction critical current fluctuations and
can be suppressed almost completely by current reverse biasing, whereas
the the Lorentzian part remains unaffected. Also, it was found out that
the 1/ƒ noise level is reproducible after repeated thermal cycling, but the
Lorentzian noise attains an arbitrary level independent of the cooling
field. The Lorentzian noise originates at least partly from a single long-
range hopping of a trapped Abrikosov flux vortex between two pinning
sites, and the 1/ƒ noise arises from many uncorrelated short-range tele-
graph noise processes (103). An additional source of the Lorentzian
noise was discovered in Ref. 104. The authors found out that, for their
junctions, the Lorentzian component of the noise oscillates in the mag-
netic field with the period corresponding to �0 in the junction. Each in-
dividual SEJ was treated as a multijunction interferometer which forms
a two-level fluctuator when the junction is placed inside a SQUID loop.
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5. Structure–properties relation. It was shown (102) that the SQUID pa-
rameters do not change in a wide range of step height-to-film thickness ra-
tios, 0.3 	 t/h 	 0.6. For smaller values of t/h, the amplitude of the volt-
age modulation V(�) decreases, whereas the critical current density jc and
characteristic voltage IcRn are not affected. The parameters Ic and Rn of
the SEJJ are connected through the relation IcRn ~ Ic

q or Ic ~ Rn
1/(q�1). Dill-

mann et al. (105) made use of the scaling law to tune the parameters of the
SQUIDs for optimum IcRn and �L � 2LIc/�0. This is done by trimming
the oxygen content in the junction by oxygenating/reducing annealing. A
significant improvement in the step microstructure and SQUID properties
has been made by Francke et al. (28). By using the alternating angle of ion
incidence during the ion milling, they managed to avoid redeposition of
the substrate material in the vicinity of the step. It resulted in a better yield
and excellent properties of the SQUIDs. For the t/h ratios increasing from
0.6 to 0.8, the critical current density was found constant at about 8 � 103

A/cm2, whereas the specific resistance decreased linearly from more than
20 � 10-9 � cm2 down to 5 � 10-9 � cm2, the former value being close
to the optimum found by Dillmann et al. (105).

6. Applications. Step-edge Josephson junction SQUIDs were successfully
used in systems for nondestructive evaluation (106–108), magnetocar-
diography (109–111), simple digital circuits (112,113), and scanning
SQUID microscopy (84,114). An important issue for most of the real-
life SQUID applications is the possibility of operating the system in the
unshielded environment. Apart from the design considerations and in-
troduction of strong pinning centers, the use of submicrometer-wide
junctions help to reduce the influence of the external field. Glyantsev et
al. (115) studied the stability of both dc and radio-frequency (rf)
SQUIDs to the external magnetic fields. In particular, they have fabri-
cated SEJJ-based devices with the junction width down to 0.3 �m.
They have shown that the transfer function of a washer-type SQUID
with the smallest junction width was not depressed by external mag-
netic fields up to 3 G. The same stability was demonstrated for direct-
coupled rf and dc SQUIDs with 1-�m-wide junctions.

Scanning SQUID magnetometry with high spatial resolution dictates a
compromise between the SQUID sensitivity and spatial resolution. The
resolution close to the size of the SQUID loop of 10 �m was achieved
in Ref. 84 using the 0.5-�m-wide step-edge Josephson junctions.

4.8 CONCLUSION

To conclude this chapter, we can say that the properties of step-edge Josephson
junctions are by now well understood and correlated to the YBCO growth modes
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and microstructure at the step region. The parameters of SQUIDs based on SEJJs
are not inferior to the bicrystal ones. In the majority of up-to-date real-life appli-
cations, however, the SEJJ SQUIDs have an advantage of flexibility and avail-
ability. Despite a significant progress in fabrication methods, the lack of repro-
ducibility still hinders their use in more complicated systems. It remains to be seen
if this can be improved.
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Conductance Noise in High-Temperature
Superconductors
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5.1 INTRODUCTION

High-Tc superconductor (HTS) materials have the potential to revolutionize low-
noise electronics, because superconductor electronics can be realized at relatively
high temperatures. These temperatures might soon be achievable by solid-state
cooling elements at the commercial level if both the HTS and the cooling element
development continues at the current level. However, it should be kept in mind
that this task might not compromise the requirements of low-noise. The real con-
dition of success of HTS materials will always be the potentially low level of
noise, because their high-speed semiconductor and nanoelectronics are strong
competitors at convenient working temperatures. Due to the different physics of
superconductors, their potentially achievable noise properties seem to be unbeat-
able. However, as far as HTS devices are concerned, although their noise proper-
ties are good, the same properties are achievable by semiconductor circuits also,
but the circuits need a carefully designed circuitry. Therefore, understanding the
source of noise and reducing the noise level in the HTS materials has a high pri-
ority in research.

Although the details of the mechanism of noise generation in HTS materi-
als is not fully understood, it has been proven that percolation effects are the key
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to understanding the characteristic behavior of the noise in the conductor–super-
conductor temperature regime. The percolation models are superior also in the
sense that they can predict the behavior of normalized noise in a very wide range,
with variations up to nine orders of magnitude. Such a success of a model to pre-
dict behavior can rarely be found in condensed matters physics.

In the present survey, we give a basic overview (based on Refs. 1–3) of low-
frequency (ƒ 	 105 Hz) conductance noise in the conductor–superconductor tran-
sition region of HTS materials. We are concerned only about the “essence,”
namely understanding the origin and mechanism of dominant and generally oc-
curring noise effects. For readers who are interested in learning more about the
base of other, more sample- and material-specific noise effects and their theories,
we recommend Refs. 1–3 and the references therein. The original concept has
been enriched by the inclusion of the biased percolation effect; see Section 5.4.4,
which explains the lack of (universal) scaling when the control parameter is not
the temperature but the current or magnetic field. Those who are interested in
learning some fundamental limits of the present approaches and some relevant un-
solved problems, we recommend Ref. 4. Since the publication of the percolation
picture (1–4), the field has become very active; however, up to now, no compara-
ble breakthrough has appeared. Some interesting experimental and theoretical ad-
ditions can be found in Refs. 5–18. It can also be of interest to review Refs. 19–27.
Noise results relevant for applications, such as bolometers, can be found in Refs.
28–33.

Finally, some concern to those readers who go beyond reading the present
chapter. As the aim of this chapter is to show a coherent, and reliable frame of
thinking which can be the base of further studies, I will not deal with and will
not take any responsibility for all the materials described in Refs. 5–33. More-
over, in certain cases, I have some strong reservations about the reliability of
some of the published data and theories, see the above relevant comments about
the number and nature of mistakes in this field. However, as the evolution of sci-
ence has been manifested by disputes, when some inspiring thoughts were pre-
sented in an article, I decided to include it even if I could not always fully trust
its content.

5.2 BASIC TERMS

Conductance noise in a normal conductor material (34) means a fluctuation of the
resistance which can be described as a stationary, random, stochastic process.
Conductance noise of a superconductor material, either in the conductor–super-
conductor transition temperature region or in the superconductor state, is a non-
trivial issue, as the material is non-Ohmic and the energy dissipation can contain
components due to vortex motion. Therefore, in order to avoid any misunder-
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standing, in this section, we clarify what we call conductance noise and relate the
defined quantities to well-known quantities of classical noise research.

For the measurement of the conductance noise of the superconducting ma-
terial, it is assumed that a four-terminal measurement method is used (see Fig. 5.1)
or an equivalent arrangement to avoid contact noise. Otherwise, contact noise
could dominate the noise due to the low resistivity of HTS samples when being
close to the superconducting state. For simplicity and due to the low resistivity,
here we neglect thermal noise, however, the thermal noise voltage of the voltage
contacts can be a problem. The measured resistance fluctuation is defined as

�R(t) � �
�U

I
(t)
� (1)

where �U(t) is the measured voltage noise and I is the dc current through the cur-
rent contacts. Therefore, the power density spectra of the resistance noise is re-
lated to the power density spectrum of �U(t) by

SR(ƒ) � �
SU

I2

(ƒ)
� (2)

Both the measured noise and the resistance R(T) of the sample strongly depend on
the temperature and the dependence varies between samples made by different
technologies or made of different materials. The normalized resistance noise spec-
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FIGURE 5.1 Four-terminal sample arrangement. The current is fed by a low-
noise current generator via contacts 1–3 (current contacts), and the voltage
and voltage noise are measured between 2–4 (voltage contacts), presumably
by a device which does not have dc input current. Thus the resistance fluctu-
ations of contacts 2 and 4 cannot be seen because of the lack of dc current,
and the resistance fluctuations of contacts 1 and 3 cannot be seen because of
the current generator driving.



trum is defined as

C(T ) � (3)

History has shown that to find a coherent, conclusive, and reproducible behavior
of the noise of various HTS samples and materials, the temperature has to be used
as a control parameter (hidden variable) and the C(T ) versus R(T) curve should be
analyzed. In this way, the various temperature dependencies are put out of the pic-
ture and the C[R(T)] or C(R) curve with a hidden temperature variable supplies in-
formation about the spatial distribution of the microscopic current density distri-
bution in the sample. This sort of plot made it possible to identify percolation in
HTS films already at an early stage of HTS technology in 1989 (35).

5.3 TEMPERATURE DEPENDENCE OF THE MEASURED

NOISE

5.3.1 General Temperature Dependence of the Normalized

Noise

We study the most characteristic temperature-dependent behavior of the noise at
a fixed frequency. According to thorough investigations, in a significant fraction
of samples two fundamental temperature regimes exist; see Figure 5.2.

SR(ƒ, T )
�

R2(T)
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FIGURE 5.2 Qualitative temperature dependence of the normalized noise and
the resistance. In the bulk regime, the normalized noise is not increasing, and
sometimes it is even decreasing with decreasing temperature. In the perco-
lation regime, the normalized noise is radically increased while the tempera-
ture is decreased.



5.3.1.1 “Bulk” Temperature Regime

At the high-temperature part of the conductorn–superconductor transition region,
when the resistance has significantly decreased (the onset of superconductivity
has started), C(R) can be constant, or sometimes even decreasing, with decreasing
R (i.e., with decreasing T). In this regime, the microscopic current density is spa-
tially homogeneous in the sample (as in a bulk conductor) or, at least, the distri-
bution is independent of the temperature. Note: Although a significant part of HTS
samples show this behavior especially materials of lower quality, the bulk regime
is often missing from the C(R) curve of the films (2).

5.3.1.2 “Percolation” Temperature Regime

C(R) increases many orders of magnitude with decreasing R (i.e., with decreasing
T). This regime is reported in almost all articles in the literature. In this regime,
the microscopic current density is spatially random in the sample and the distri-
bution randomly changes when the temperature is varied. The distribution of cur-
rent density has the properties (percolation) of conductor–superconductor random
composites.

5.3.2 Scaling of C with R

This is a very frequently occurring behavior (see Figs. 5.3–5.5) which can often
be quantitatively explained (1–4). When, at fixed dc measuring current, the nor-
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FIGURE 5.3 Scaling with universal exponents through nine orders of magni-
tudes of the normalized noise. The sample (4) is an Y-based HTS film, repre-
senting low-noise and good technology (laser ablation technique with in situ
annealing).



malized noise and the resistance R is controlled by varying the temperature, C can
be approximated as a power function of R(T ):

C & Rx (4)

where the exponent x can have various values in different temperature ranges and
in different samples. The occurring x values are usually close to the following val-
ues: �2.74, �1.54, �1, 0, and � 2. These values are predicted by a simple the-
ory (1). Note that the existence of relation (4) remains hidden if only the R(T) and
SR(T) curves are plotted.
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FIGURE 5.4 Universal scaling in Y-based superconductor films (1) represent-
ing an older technology (evaporation with ex situ annealing).

FIGURE 5.5 Universal scaling in a Y-based superconductor film (1,2) repre-
senting a middle-class technology (evaporation with in situ annealing).



5.4 SIMPLE THEORETICAL PICTURE

5.4.1 Framework of the Model: Two-Stage Transition

Picture

For simplicity, we call normal conducting charge carriers “electrons” and super-
conducting ones “Cooper pairs.” The model is based on a physical picture of the
conductor–superconductor transition (1), which is a slight modification of the two-
stage transition picture of HTS materials. In sufficiently homogeneous HTS mate-
rials, at the high-temperature part of the transition there are no superconducting
grains present yet. The conductance increases with decreasing temperature due to
the increasing number and lifetime of Cooper pairs. The current density distribu-
tion is homogeneous, so the name “bulk regime” is used here. In the low-temper-
ature part of the transition region, there are superconductor grains of random sizes
at random locations, because the Cooper pairs are very “fragile” due to their ex-
tremely short coherence length, which means that even an atomic scale disorder
can prohibit superconductivity in small subvolumes. That implies a random distri-
bution of current density and naturally leads to percolation effects in this regime.
The neighboring grains can form superconducting islands via Josephson coupling,
and the lower the temperature, the larger the mean linear size (percolation length)
of these islands. When the percolation length reaches the thickness of the film, a
three-dimensional (3D)/pro-dimensional (2D) crossover occurs. At the effective
Tc, where the macroscopic superconductivity sets in (then the system is at the “per-
colation threshold”), there is at least one large island between the electrodes.

Note: If the Tc in the microscopic subvolumes of the material is strongly
inhomogeneous (�Tc 
 �Ttr, where �Ttr is the width of the transition region in the
subvolumes and �Tc is the root mean square spatial fluctuation of Tc), the bulk
region does not exist. Percolation occurs in the whole transition region. This be-
havior can be observed at high-tech HTS materials with a very narrow transition
region.

5.4.2 Effects at the High-Temperature End of the Transition

Region (Bulk Region). Number of Fluctuations of

Electrons and Cooper Pairs. Mobility Fluctuations of

Electrons

In the present model, it is assumed that, in the bulk region, the noise basically orig-
inates from the electrons, as in normal conductors. The knowledge of low-fre-
quency noise in conductors (36) implies that the microscopic origin of the noise is
rather independent of the temperature in the few Kelvin range around 100 K,
which is the typical width and location of the conductor–superconductor transition
region. This condition makes the explanation of the generality of the scaling be-
havior easier.
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5.4.2.1 Number of Fluctuations of Electrons and Cooper
Pairs

It is assumed that the density n of free electrons fluctuates due to trapping. When
the proportion of the Cooper pairs is small, at a given temperature the density of
Cooper pairs is proportional to the density of electrons. In that way, the fluctua-
tion of the electron density causes a correlated fluctuation of the Cooper-pair den-
sity and the normalized fluctuations �n/n of electrons and Cooper pairs will be
equal. It can be easily shown (1) that this effect leads to a normalized conductance
noise which is independent of the temperature, no matter which class of carriers
dominates the dc current. Thus,

C(R) & R0 (5)

An example can be seen in Figure 5.4.

5.4.2.2 Mobility Fluctuations of Electrons

It is assumed that the mobility � of free electrons is the only fluctuating quantity.
As the mobility of electrons (unlike their density) is not coupled to the Cooper
pairs, the resulting system can be modeled as two parallel conductors: one of them
(the electronic) is noisy and its conductance is independent of the temperature,
whereas the other one (the Cooper pairs) is noise-free and strongly temperature
dependent. It can be easily shown (1) that this effect leads to a normalized con-
ductance noise which satisfies the following relation:

C(R) & R2 (6)

An example can be seen in Figure 5.5.

5.4.3 Effects in the Percolation Regime. Classical

Percolation Noise and p-Noise

Percolation effects in random resistor networks have been intensively studied dur-
ing the last two decades (see Ref. 3 and references therein). The study of HTS
noise enriched the field of percolation by the appearance of p-noise, which is a
new type of percolation noise (see Sec. 5.4.1.2).

5.4.3.1 Classical Percolation Noise

The relevant classical model is a random resistor network, where some resistors
at randomly located places are short-circuited. The resistors represent the 
normal conducting materials, whereas the short circuits represent the supercon-
ducting grains, so the lower the temperature, the larger the number of short cir-
cuits. The noise originates from the normal conducting material. The resistors
are noisy and their resistance fluctuations are uncorrelated and independent of 
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the temperature. In such a system the normalized noise satisfies the following 
relation:

C(R) & Rx (7)

with x close to �1 and its value depending on the geometrical dimension of the
sample. Examples are presented in Figure 5.4, at the low-resistance ends of the
curves.

5.4.3.2 Novel Percolation Noise Effect: p-Noise (1,2)

Assume that we have the same random resistor network as above, except that the
resistors are noise-free and some of the short circuits are “noisy”; that is, they ran-
domly switch “on” and “off” in time, controlled by independent random processes
w(t). These switching elements represent unstable superconductivity in grains or
intergrin junctions. Such switching may occur because of defect motion, electron
trapping, or flux motion at the unstable elements. The large number of switching
elements causes a fluctuation of the volume fraction of superconducting material,
which is called p in earlier works on percolation (0 	 p 	 1). We call this fluctu-
ation “p-noise.” In order to calculate the behavior of the resultant normalized
noise C, it is assumed that in a given temperature range, the number and dynam-
ics of switching elements do not change. For that temperature range, simple cal-
culations yield (1,2)

C(R) & Rx (7)

with x values given as �2.74 in three dimensions, �1.54 in two dimensions, and
0 in one dimension. Figures 5.3 and 5.5 are examples for the 2D and 3D behavior
and the 3D/2D dimensional crossover, respectively, described earlier. The differ-
ence between classical percolation noise exponents and p-noise exponents is re-
markable.

5.4.3.3 Summary of the General Model

Under the applied assumptions, the normalized noise can be approximated as C(R)
& Rx, where the x exponent can vary as the conditions determine (Fig. 5.6). Apart
from p-noise, the microscopic origin of the noise is the noise of the normal con-
ducting charge carriers. If the normal conductor phase is noise-free, then only p-
noise would exist in terms of this model.

Figures 5.7 and 5.8 show a rough prediction based on this simple theoreti-
cal picture. A number fluctuation �n of charge carriers and a p-noise �p are as-
sumed. For simplicity, these microscopic noise sources (�n and �p) are assumed
to have a constant strength in the whole temperature range. An exponentially de-
caying resistance R(T ) is assumed. The 3D/2D crossover of percolation is as-
sumed to be abrupt, which makes the relevant peak on the noise curve sharper than
real peaks of that kind.
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5.4.4 When the Temperature Is Kept Constant and the

Current or Magnetic Field Is Varied: Biased

Percolation

Until now, we assumed that the temperature was the control parameter which
causes the change of R and C. Another interesting questions is what happens when
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FIGURE 5.6 Summary of the power exponents by which the C(R) function can
most frequently be approximated.

FIGURE 5.7 Illustration of the scaling of normalized noise versus resistance
and the behavior of measured noise voltage in terms of the simple model.
The dashed hairline shows the change due to temperature fluctuations (not
inherent in the general model).
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FIGURE 5.8 A possible temperature-dependent behavior is shown, as an il-
lustration of the simple model. A number fluctuation �n of charge carriers
and a p-noise �p are assumed. For simplicity, these microscopic noise
sources (�n and �p) are assumed to have a constant strength in the whole
temperature range. An exponentially decaying resistance R(T ) is assumed for
the sake of simplicity. The 3D/2D crossover of percolation is assumed to be
abrupt, which makes the relevant peak on the noise curve sharper than real
peaks of that kind.

the temperature is kept constant and the current density or the magnetic field is the
control parameter (4); see Figure 5.9. Surprisingly, in these cases, scaling between
R and C often cannot be found or the scaling exponent is nonuniversal (i.e., sam-
ple and temperature dependent). This fact was a mystery until 1995, when inspired
by this problem, Kiss introduced the biased percolation concept, which, with other
co-workers, was later applied to explain degradation and abrupt failure of elec-
tronic devices (37,38).

The picture is very simple. Let us assume that in a superconductor with ho-
mogeneous current density, an isolated island of normal conducting phase sud-
denly occurs, due to the increase of external current. As the electrical field in the
superconductor is zero, no current will flow through this island. As a consequence,
the local current density around the island will increase. More precisely, the in-
crease will happen around the edge of the cross section perpendicular to the direc-
tion of the original current density, and to the contrary, a decrease is observed
around that region of the island surface, which is, at most, far from this edge (pro-
jection of the center of that cross section to the island surface). The situation is very
similar to the case of a real island surrounded by a laminar flow of water: The flow
around the corresponding edges of the island will be higher than without the island.



The increased local current density implies a higher probability of the oc-
currence of a superconductor–conductor transition at this edge. Therefore, this ef-
fect manifests itself by causing growth of the conductor island in a perpendicular
direction against the electrical field. These effects has been observed by computer
simulations (37,38) of vacancy generation due to high current density in metal
films and, recently, in real experiments on nanocrystalline gold films. The simu-
lation of percolation noise effects (37,38) shows that due to the strongly
anisotropic nature of biased percolation, the effects do not show universal scaling
exponents, and the scaling is only approximate or its existence is doubtful. As a
similar argumentation can be made for magnetic fields by invoking screening
effects, we can conclude that the nonuniversal behavior is a biased percolation 
effect.

5.5 ON NOISE DUE TO TEMPERATURE FLUCTUATIONS

The normalized temperature derivative

� � R�1(T) �
dR

d
(
T
T)
� (7a)

describes the strength of coupling of temperature variations to resistance varia-
tions and this is the relevant quantity to describe the behavior of the normalized
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FIGURE 5.9 Nonuniversal scaling (4) in the same sample as shown in Figure
5.3; when at fixed temperature, the control parameter is the current. Usually,
the scaling exponent depends on the temperature.



noise C(T ). In certain temperature regions, the � of HTSC materials can be orders
of magnitude greater than that of metals and semiconductors. As a consequence,
temperature noise caused by heating power fluctuations can significantly con-
tribute to the conductance noise (2,39–41). Heating power fluctuations naturally
occur due to the noise of the thermometer (especially silicon diode thermometers),
mechanical noise (helium-flow temperature regulators), or the noise of the tem-
perature control amplifiers which can originate from the method of regulation
(switching regulators). The frequency range of interest (1 Hz to 10 kHz) implies
that the very short-term stability is the crucial property.

For a good HTSC sample, to avoid this kind of artificial noise in the most
sensitive temperature region, the temperature noise typically has to be smaller
than 10�8 K/Hz�1/2. Such stability typically needs a stable ac bridge with a metal
wire thermometer, a tuned PID regulator, and a low-noise dc heater amplifier. A
large (several 100 s) thermal time constant of the sample holder is beneficial. An
example that this is shown on Figure 5.10.

For practical applications, the effect of temperature fluctuations can easily
be avoided by using the device at that temperature region where � is low. There is
one exception—the bolometer, which has to be used where � is large.
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FIGURE 5.10 An example in which, due to the careful temperature control de-
sign, the temperature fluctuations do not show up at any part of the conduc-
tor–superconductor transition regime. The sample is the same, which is
shown in Figures 5.3 and 5.4 (4). The noise voltage amplitude and the tem-
perature derivative of the resistance have opposite temperature dependence
in the whole regime.
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6.1 INTRODUCTION

6.1.1 Sources of Electronic Noise

Noise is an important problem in science and engineering because it degrades
the accuracy of any measurement and the quality of electronically processed sig-
nals. To understand and minimize these effects, one must measure this noise
simply and accurately. Perhaps the two most commonly encountered types of
noise are thermal noise and shot noise. Thermal noise arises from the random
velocity fluctuations of the charge carriers (electrons and/or holes) in a resistive
material. The mechanism is sometimes said to be Brownian motion of the
charge carriers due to the thermal energy in the material. Thermal noise is pre-
sent when the resistive element is in thermal equilibrium with its surroundings,
and it is often referred to as Johnson noise (or Nyquist noise) in recognition of
two early investigators of this phenomenon (1,2). Thermal noise is usually rep-
resented by the equation

Sv (ƒ) � 4kTR (V2/Hz) (1)

* Current affiliation: Centre for Basic Metrology, National Physical Laboratory, Teddington, England



where k is Boltzmann’s constant (1.38 � 10�23 J/K), R is the resistance of the con-
ductor, T is the absolute temperature, and Sv is the voltage noise power spectral
density.

Shot noise occurs when the current flows across a barrier. It was first dis-
cussed by Schottky (3). It is often found in solid-state devices when a current
passes a potential barrier such as the depletion layer of a p–n junction. The stream
of charge carriers fluctuates randomly about a mean level. The fluctuations (i.e.,
the shot noise) are due to the random, discrete nature of the tunneling process. The
shot noise has a constant spectral density of

Si(ƒ) � 2eIDC (A2/Hz) (2)

where e is the electronic charge (1.6 � 10�19 C) and IDC is the average current. In
both of the above cases, the noise spectral density is independent of frequency. In
many devices, however, there is additional noise which varies with frequency as 
| ƒ |��, where � usually lies between 0.8 and 1.2. This is commonly known as 1/ƒ
noise or flicker noise or excess noise. For homogeneous materials, the 1/ƒ noise
can be represented by the empirical formula (4)

� � (3)

where N	 is the total number of charge carriers in the specimen. I	 is the mean cur-
rent, and V	 is the mean voltage. �H is Hooge’s parameter (4) and is �2 � 10�3 in
metal film. The value of Hooge’s parameter varies very widely in semiconductor
and junction devices.

The fourth type of noise is sometimes found in transistors and other devices.
It is called burst noise or random telegraph noise. It consists typically of random
pulses of variable length and equal height. The above-described noise processes
are all intrinsic noise; that is, they are caused by processes inside the devices. Ex-
ternal noise due to interference from electrical or magnetic disturbances are a sep-
arate topic. Appropriate steps must be taken to eliminate external effects from the
measurements.

6.1.2 Noise in Superconducting Devices

It is logical to consider first the subject of noise in liquid-helium-temperature
Josephson junction and superconducting quantum interference devices (SQUIDs).
This work forms a foundation for later studies of high-temperature devices.

6.1.2.1 The Josephson Effects

The Josephson effects (5) are well known, and only those details necessary for an
understanding of the noise mechanisms (described below) will be included here.

�H
�
ƒN	

Sv(ƒ)
�
(V	)2

Si(ƒ)
�
(I	)2

166 Macfarlane et al.



When two superconducting electrodes are weakly linked (see Fig. 6.1a), each can
be described by a single quantum state. Let 'L and 'R be the macroscopic wave
function, where | ' |2 is the Cooper-pair density �. The phase ( of the wave func-
tion is constant over each electrode, but can change across the weak link. If the
phase remains between �/2, the current flow (�Ic) generates no voltage drop;
this is the dc Josephson effect with Ic (critical current).

If the current across the weak link exceeds Ic, then a voltage appears and the
phase ( slips at a rate that is proportional to the voltage:

� V (4)

or

ƒJ � �
2
h
e
� V

This is the ac Josephson effect; the frequency 2e/h � 484 THz/V.
The I–V characteristic for the RSJ (resistively shunted junction) model is

given by the equation in limit of low capacitance for I 
 Ic:

V � IcRn���
I
I
c
��

2
� 1�

1/2
(5)

where Ic is the critical current and Rn is the normal resistance of the junction at a
high-voltage bias (Fig. 6.1b). The critical voltage, Vc � IcRn, is a figure of merit
for the device.

The weak link which enables the Josephson effects to occur has been pro-
duced in several ways. Two of the more common types are the SNS (supercon-
ducting–normal–superconducting) (Fig. 6.2a), and the SIS (superconductor–insu-
lator–superconductor) tunnel junction (Fig. 6.2b). Typical features of the I–V
characteristics are indicated. The SNS and SIS types of structure have been real-
ized in high-temperature superconducting (HTS) materials, but not, so far, in the
tunnel barrier. The junctions commonly rely on grain boundaries which are
formed during growth of the YBCO film by suitable modification of the substrate
at predetermined positions. The grain boundary junction (GBJ) is considered to be
of the SNS type, with intrinsic normal conducting paths.

The unique features of the Josephson effects are well illustrated by the ap-
plication of a magnetic field to the junction. These phenomena have a strong bear-
ing on the noise properties of junctions and will be referred to again in Section
6.3.4). If a magnetic field is applied to the SIS structure (perpendicular to paper)
the value of Ic is modulated in the Fraunhofer diffraction pattern:

Ic(B) � Ic(0)� � (6)
sin [ (�B/�0)]
��

 (�B/�0)

2e
�
�

d(
�
dt
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where Ic(0) � J0WL (W � junction width, L � junction length, t � film thick-
ness), �B � BLt (magnetic flux applied), and �0 � 2 � 10�15 Wb (magnetic flux
quantum).

A uniform and small SIS junction, free of self-shielding effects (i.e., hav-
ing a width w 	 4�J, where �J is the Josephson penetration depth), exhibits a
Fraunhofer-like pattern for magnetic field dependence of the dc critical current,
Ic(B). Other striking effects are observed when high-frequency electromagnetic
fields are applied. The Josephson junction is a highly nonlinear device and ex-
ternal electromagnetic fields (frequency � ƒx) can “mix” with the internal
Josephson oscillation. Microwave irradiation induces a high-frequency current,
Irf, in the junction, producing interference with the Josephson oscillation. When
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(a)

(b)

FIGURE 6.1 (a) Schematic diagram of a Josephson junction. (b) Theoretical
noise-free resistively shunted junction (RSJ) current–voltage characteristic
and experimental points fitted to noise-rounded characteristic [Eq. (9)] with 
� � 120.



the internal frequency ƒJ is equal to an integral multiple of ƒx, zero-frequency
components appear as constant–voltage steps (Shapiro steps) in the I–V
curve (6):

Vn � n �
2
h
e
� ƒx (7)

This effect is now used in many countries to define the standard of voltage (e.g.
Refs. 7 and 8). A uniform and small SIS junction exhibits a predictable depen-
dence of Shapiro step heights �I(n) on the intensity of the applied radio-frequency
(rf) current Irf, where n is the step number. Measurements of Ic(B) and �I(n) ver-
sus Irf for the first few steps (n � 0, 1, 2) are unambiguous tests for Josephson
junction behavior and uniformity.

6.1.2.2 Thermal Noise

The effects of intrinsic thermal fluctuations on Josephson junction characteristics
were studied by Ambegaokar and Halperin (9). They considered the equations for
the resistively shunted junction (RSJ) (or a Josephson junction in parallel with a
large external resistance and capacitor) and added a term for thermal fluctuation:

�

C � I � Ic(T) sin ( � �
V
R

� � L	(t)
(8)

dV
�
dt

2eV
�

�
d(
�
dt
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FIGURE 6.2 Schematic and I–V characteristics of (a) SNS and (b) SIS tunnel
junctions.



where ( is the difference in the phases of the order parameter on opposite sides of
the junction, V is the potential difference, C is the capacitance of the junction,
Ic(T) is the maximum Josephson current at temperature T in the absence of noise,
R is the resistance of the junction, and L(t) is a fluctuation noise current.
They showed that the problem is entirely equivalent to the Brownian motion of a
particle of mass M in the potential U, where M � (�/2e)2C, U � �1/2�T(I0( �
cos (), � � �Ic(T)/eT, and I0 � I/Ic(T ). This analysis allowed them to simulate the
effect of thermal noise on the current and voltage characteristics.

Ambegaokar and Halperin (9) gave the following analytical expression for
the noise-rounded RSJ I–V curve:

# � 2(1 � x2)1/2 exp{��[(1 � x2)1/2 � x sin�1x]} sinh(�x) (9)

where x 		 1, � 
 1, # � V/IcRn, and x � I/Ic(T); Ic(T) is the maximum value of
critical current at temperature T and

� � (10)

The noise-rounded curve is fitted to experimental data in Figure 6.1b, for com-
parison with the RSJ noise-free characteristic.

An expression similar to Eq. (9) has been used (10–12) to describe noise
rounding of Shapiro steps. In this case, Ic(T) is replaced by Is(T), the maximum
step current amplitude. {Note that Likharev (12) and others used the symbol �,
which transforms to the Ambegaokar–Halperin form [Eq. (10)] by �  (2�)�1.}
Kautz et al. (10) have discussed and experimentally demonstrated the range of va-
lidity of Eq. (9) when applied to Shapiro steps.

The linewidth $ of the thermally broadened Josephson radiation is given by
(13)

$ �
(11)

⇒ $ � 40.64 MHz/� K for Rd � Rn

Here, T is the temperature, Rd is the dynamic resistance of the junction at the rel-
evant operating point, Rn is the normal tunneling resistance at I 

 Ic, �0 � 2.06
� 10�15 Wb, and k � 1.38 � 10�23 J/K. The above analysis is valid for white
thermal noise. Likharev (12) stated that the effect of low-frequency excess noise
on the linewidth of the Josephson oscillation can be described by the quantity $1,
which is obtained by integrating the voltage noise spectral density from a low-fre-
quency ƒ0 up to the characteristic frequency (ƒc � IcRn/�0) of the junction. In the
case of 1/ƒ noise, this can be evaluated for the nth step as

$1 � n��
4

h
e

���Sv (1Hz) 2 ln� ��
1/2

(12)
ƒc
�
ƒ0

4kTR2
d

�
Rn�2

0

hIc(T)
�
2ekT

170 Macfarlane et al.

2



where the lower limit of integration, arbitrarily taken here as 1 Hz, is set by the re-
sponse time (bandwidth) of the measurement system.

6.1.2.3 Voltage Spectral Density

Likharev and Semenov (14) have calculated the voltage noise spectral density of a
current-biased RSJ with zero capacitance when the current noise of the shunt is in the
classical limit �)J 		 kBT, where )J � 2eV/� is the Josephson (angular) frequency
at the average voltage V. The spectral density of the voltage noise is given by

Sv (0) � �1 � �
1
2

� � �
2

� (13)

Here, R and Rd are the normal tunneling resistance and the dynamic resistance, re-
spectively. The first term represents Nyquist noise in the dynamic resistance of the
junction. The second term is due to thermal noise at high-frequency “mixed
down” by the nonlinear junction to appear at the measurement frequency. It is as-
sumed that the I–V characteristic is close to the ideal RSJ characteristic [Eq. (5)].

Voss (15) made numerical calculations of the noise in the thermally rounded
regime with finite values of capacitance. In terms of a mechanical analog, he de-
scribed the motion of a particle moving between a series of wells separated by po-
tential barriers. Where the particle is overdamped (�c 		 1), thermal activation
produces jumps between wells. Each jump produces a voltage pulse. These pulses
produce a phase-slip shot noise Sv(ƒ) � 82r, where r is the average rate of the
jumps. This extended the work of Ambegaokar and Halperin (9) and calculated
the noise voltage as function of the bias voltage. It has to be noted that Voss did
not calculate noise curves for the condition 0.10 	 �c 	 1, which is the range of
interest for GBJs, because, in this range, the Josephson oscillation is highly non-
sinusoidal, making it difficult to analyze the solutions.

The existence of thermal noise has a useful application at low temperatures
in Josephson noise thermometry which can be used to set up an absolute scale of
temperature. In this application, Soulen and Giffard (16) carried out a very care-
ful measurement of the thermal noise in the junction and compared the result with
Eq. (13). Their principal aim was to develop an absolute noise thermometer based
on the linewidth of Josephson oscillation. Their measurement technique is shown
in Figure 6.3. A dc current I greater than the critical current of the Josephson junc-
tion J is applied to the junction and the resistor, R, in parallel, so that the junction
is held at a steady voltage V. By the ac Josephson effect, a radio-frequency oscil-
lation occurs in the junction with frequency ƒ � (2e/h)V. A stable external radio-
frequency (local oscillator) voltage Vrf is mixed with the Josephson frequency in
the junction. Thermal noise in the resistor causes random frequency modulation
of the signal. The signal frequency is measured by repetitive counting of the fre-
quency of the output V(t) over a fixed time interval %, and the result of many mea-
surements can be expressed as a mean frequency with variance

I0
�
I

4kBTR2
d

�
R
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ƒ � ��

1
%

����
2
h
e
��2

(2kTR) (14)

from which the temperature can be derived. Thermal noise in the junction has to
be considered and can be accurately calculated (16) using the Likharev–Semenov
equation [Eq. (13)]. This work was done at liquid-helium temperatures. Applica-
bility of the Likharev–Semenov equation to high-Tc Josephson junctions was
demonstrated by Hao et al. (6).

6.1.2.4 Quantum Noise

Koch et al. (17) extended the calculation of thermal noise in a Josephson junction
to the quantum limit �)J 

 kBT, where zero-point energy fluctuations in the
shunt become significant. The equation of motion for the junction is

( � ( � I0 sin ( � I � IN (15)

where ( is the phase difference across the junction and the noise current IN(t) has
a spectral density

St(v) � coth � � � � � �
1
2

�� (16)1
��
exp (hv/kBT) � 1

4hv
�

R
hv

�
2kBT

2hv
�

R

�
�
2eR

�c
�
2e
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FIGURE 6.3 Diagram of circuit used for Josephson linewidth noise thermom-
etry.



in the limit 0 	 �c  2I0R2C/�0 		 1 (�0  h/2e).
Equation (16) reduces to Eq. (13) in the limit �)J 		 kBT and in the extreme

quantum limit �)J 

 kBT. Equation (16) reduces to

� �
2
R
eV
� ��

I
I
0
��2

(17)

when the observed noise is generated solely by zero-point fluctuation in the shunt
resistor. The same authors (18) reported the experimental results of the quantum
noise in the RSJ, which were in good agreement with theoretical predictions.

6.1.2.5 1/ƒ Noise

The origin of 1/ƒ noise in Josephson junctions has been a topic of much recent re-
search. Clarke and Hawkins (19) suggested that the noise results from temperature
fluctuations in the shunted Josephson junctions. Koch (20) reported measure-
ments of the spatial correlation length of the fluctuations causing the 1/ƒ noise in
Josephson junctions. The measured length is less than about 1 �m, much smaller
than the prediction of the thermal fluctuation model. Koch proposed a model in
which the observed noise results from a thermal activation process with a range of
activation energies, similar to that introduced by Dutta and Horn for metal films
(21). In the process of tunneling through the barrier, an electron becomes trapped
on a defect in the barrier and is subsequently released. While the trap is occupied,
there is a local change in the height of the tunnel barrier and, hence, in the critical
current density of that region. As a result, the presence of a single trap causes the
critical current of the junction to switch randomly back and forth between values,
producing a random telegraph signal. If the mean time between pulses is %, the
spectral density of this process is a Lorentzian,

S(ƒ) & (18)

namely white at low frequencies and falling off as 1/ƒ2 at frequencies above
1/2%. In many cases, the trapping process is thermal activated and % is of the form

% � %0 exp � � (19)

where %0 is a constant and E is the barrier height.
In general, there may be several traps in the junction, each with its own char-

acteristic time %i. One can superimpose the trapping processes, assuming them to
be statistically independent, to obtain a spectral density where D(E) is the distri-
bution of activation energies. The term

S(ƒ) & � dE D(E)� � (20)
%0 exp (E/kBT)

���
1 � (2ƒ%0)2 exp (2E/kBT)

E
�
kBT

%
��
1 � (2ƒ%)2

Sv(0)
�

R2
d
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in square brackets is a strongly peaked function of E, centered at E
�  kBT

ln(1/2ƒ%0), with a width �kBT. Thus, at a given temperature, only traps with en-
ergies within a range kBT of E

�
contribute significantly to the noise. If one now as-

sumes that D(E) is broad with respect to kBT, one can take D(E) outside the inte-
gral and carry out the integral to obtain

S(ƒ, T) & D(E) (21)

In fact, one obtains a 1/ƒ-like spectrum from just a few traps.
The magnitude of the 1/ƒ noise in a low-temperature superconducting (LTS)

Josephson junction depends strongly on the quality of the junction as measured by
the current leakage at a voltage below (�1 � �2)/e where �1 and �2 are the energy
gaps of two superconductors. Traps in the barrier enable electrons to tunnel in this
voltage range, a process producing both leakage current and 1/ƒ noise.

Koch et al. (22) measured the spectral density of 1/ƒ voltage noise in a
current-biased resistively shunted Josephson tunnel junction and dc SQUIDs.
They found that the 1/ƒ voltage noise in low-Tc SQUIDs was not due to critical
current fluctuations, but apparently arose from an unidentified source of flux
noise. Clarke (23) proposed that this source was due to the motion of flux lines
trapped in the superconducting films. This mechanism manifests itself as a flux
noise; for all practical purposes, the noise source behaves as if an external flux
noise scales as V2

� and, in particular, vanishes at � � (n � 1/2) �0 when V� �
0. By contrast, critical current noise is still present when V� � 0, although its
magnitude does depend on the applied flux. It is now accepted that the level of
1/ƒ flux noise depends strongly on the microstructure and quality of the super-
conducting thin films.

6.2 EXPERIMENTAL MEASUREMENTS

6.2.1 Noise Measurement System

The measurement of intrinsic noise requires careful design of the measurement
system and attention must be paid to several key issues. An example of a system
successfully used over several years is described next.

It is known that thermal noise power in an ideal resistor at 77 K is given by
the Johnson–Nyquist equation [see Eq. (1)]. Thus, a superconducting tunnel junc-
tion having a typical normal resistance at 77 K of �1 � generates Nyquist noise
of only 0.021 nV/Hz1/2. The noise measurement system was required to measure
this fundamental thermal noise limit. It was also required to measure unknown
levels of noise due to flux motion, trapping of charge carriers, critical current fluc-
tuations and resistance fluctuations, and so forth, and their frequency dependence.

kBT
�

ƒ
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The noise performance of commercially available “low-noise” amplifiers
was not adequate for all of the above requirements. The system was therefore de-
signed to measure noise by three complementary techniques:

1. Very high-sensitivity (	0.04 nV/Hz1/2) in a restricted frequency band
around 60 kHz.

2. Moderate sensitivity (0.8 nV/Hz1/2) by spectrum analyzer or fast
Fourier transform, in a broad band, 0.01 Hz to 10 kHz.

3. Measurements in real time of junction voltage to record random tele-
graph signals and other slowly varying noise.

The same measurement system was also required to provide conventional data
such as junction current–voltage characteristics as a function of temperature and
magnetic field.

6.2.2 Low-Noise Techniques

To obtain reliable data on noise, sources of external interference must be removed
or minimized, and intrinsic system noise (e.g., in pre-amplifiers) must be mea-
sured.

6.2.2.1 Thermal emfs

For dc or low-frequency ac measurements, a major source of noise is thermal elec-
tromagnetic forces (emfs) due to temperature gradients or contacts between dis-
similar metals. These can be minimized by using the same metal (usually copper)
in continuous wires from the terminals of the sample device all the way to the
preamplifier input. This technique is used for the dc I–V curves and for the spec-
trum analyzer measurements of wide-band (1/ƒ) noise. The level of remaining
thermal emfs was found to be 	1 �V and was stable during measurements. High-
frequency measurements (�60 kHz) are practically unaffected by thermal emfs,
but they are usually limited by the levels of Johnson noise at the input to the
preamplifier.

6.2.2.2 Impedance Matching

By improving the impedance match between the sample (	10 �) and the pream-
plifier EG&G 5004 (�10 k�), the effective system base noise can be reduced by
one or two orders of magnitude. A toroidal transformer (1 : 5.5 turns ratio), to
which the junction is connected for noise measurement, operates at the sample
temperature (see Fig. 6.4). An additional toroidal transformer (1 : 5.5 ratio) at
room temperature further improves the impedance match to the preamplifier. The
low-temperature transformer was made by winding 0.2-mm-diameter copper wire
on a toroidal core of sintered iron powder. The primary and secondary turns were
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100 and 550, respectively. A capacitor selected for use at low-temperature was
connected in series with the primary, forming a tuned circuit with resonant fre-
quency about 60 kHz. This further enhanced the impedance match. A transformer
of turns ratio n increases the impedance by n2, so the overall impedance ratio from
the primary of the low-temperature transformer to the secondary of the room-tem-
perature transformer was nominally 1 : 1000. The calibration technique automat-
ically takes into account the actual transformer ratio.

6.2.2.3 Elimination of rf and Other Interferences

The probe assembly was enclosed in the metal cryostat which provided electro-
static screening. All leads outside the cryostat had coaxial screening, and they en-
tered the cryostat through three stages of low-pass R–C filters to keep out radio-
frequency interference. Magnetic shielding was provided by a high-permeability
mu-metal cylinder which was placed around the lower part of the cryostat tail. In-
terference at 50 Hz frequency due to ground-loop effects was reduced by con-
necting the cryostat and coaxial screens to ground at one point only. The dc po-
tential leads were isolated from the ground. The noise voltage signal leads at the
preamplifier input were isolated from the ground. Current leads had a common
ground return. This arrangement minimized ground-loop interference.

6.2.3 System Layout

The principal features of the noise measurement system will be separately de-
scribed in the following subsections.

6.2.3.1 Cryostat Probe

The superconducting devices were mounted together with a diode temperature
sensor on a copper plate at the lower end of the probe. Coaxial current leads en-
tered the probe body via three-stage low-pass filters to minimize rf interference.
The dc voltage leads passed through similar filters and terminated in copper screw
terminals to minimize thermal emfs. Noise measurement leads were connected to
the samples via capacitor and transformer coupling designed for operation in the
40–80-kHz band.

6.2.3.2 High-Sensitivity Components at Fixed Frequency

The electrical layout of the high-sensitivity measurement system at fixed band-
width is shown in Figure 6.4. The secondary of the low-temperature toroidal trans-
former is connected through the room-temperature input transformer to an EG&G
5004 preamplifier. The amplified noise signal is passed through a lock-in acting
as a band-pass amplifier to the noise detector, which squares and integrates the
noise waveform. A low-pass filter further reduces ac components. The dc output,
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which is proportional to the square of noise voltage, is finally measured by a dig-
ital voltmeter.

6.2.3.3 Broadband Components

The system also can be used with lesser sensitivity to measure the noise of
samples in a broad band (frequency between 0.01 Hz to 10 kHz). For these
measurements the output dc voltage leads from the sample were connected to a
custom-built dc amplifier (Fig. 6.4), which has a dc sensitivity of about 200 nV
with no significant shift of zero during short-term measurements. The HP 3561 A
Dynamic spectrum signal analyzer following the dc amplifier was used to
record the low-frequency components of the sample noise in the bandwidth below
1 kHz. The sensitivity is limited by the �1-nV/Hz1/2 white voltage noise of the
amplifier.
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6.2.3.4 Cryostat Design and Temperature Measurement

So that the electrical noise characteristics of the superconducting devices can be
studied over a wide range of temperature, a continuous-flow helium cryostat (Ox-
ford Instruments Type CF1200) is used. Liquid helium is drawn from a storage de-
war through a flexible transfer tube at a controllable rate. The helium flow rate is
normally in the range 0.5–1.0 L (liquid) per hour. The cryostat itself provides a
high degree of electrical shielding. Magnetic shielding is provided by an external
high-permeability can surrounding the cryostat tail.

Precise temperature control is achieved by means of a Lakeshore 330 tem-
perature controller. Diode temperature sensors A and B are located in the cryostat
base and on the sample stage, respectively. The sample temperature is controlled
to �0.01 K in the range 4–90 K, by means of feedback current to a heater located
in the cryostat base.

6.2.4 Method of Operation

The above-described system measures noise in three independent but comple-
mentary ways. High-sensitivity spot measurements of the voltage noise are made
at 60 kHz; broadband measurements of noise spectral density are made in the fre-
quency band 0.01 Hz to 10 kHz; and continuous voltage or noise measurements
are made in the time domain. Low-temperature transformers and tuned circuits
give improved matching of the low-impedance junction device to a low-noise
preamplifier. This technique enables a very low system noise to be achieved
within a defined frequency band. The system is calibrated with reference to the
Nyquist noise of wire-wound resistors, so that measured noise can be defined in
terms of absolute noise power spectral density. The resolution of the system is of
order 0.04 nV/Hz1/2 in the frequency band 40–80 kHz. In addition to the 60-kHz
spot measurement, broadband measurements of noise power spectral density are
recorded at frequencies between 0.01 Hz to 10 kHz by means of a HP 3561 Dy-
namic signal analyzer and custom-built preamplifier having a noise floor of 0.8
nV/Hz1/2. The noise voltage of a device is usually first recorded as a function of
bias current. In this way, bias conditions giving rise to high levels of excess noise
are quickly identified. The frequency dependence of the noise can then be
recorded at chosen, fixed values of bias current.

Coils attached to the sample stage allow the noise to be recorded while vary-
ing magnetic fields are applied to the sample. The sample temperature is recorded
and controlled with 0.01 K precision, so that repeated I–V and noise curves may
be rapidly obtained at different temperatures.

Devices are measured by a four-terminal method with computer control of
current supply, digital voltmeter, and data acquisition. A schematic diagram of the
experimental circuit is shown in figure 6.4. Noise curves are first recorded with
high-sensitivity (�0.04 nV/Hz1/2) by means of a tuned-transformer technique at a
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fixed frequency of 60 kHz. This technique enables quite subtle details of noise be-
havior to be monitored. The frequency spectrum of the noise (0.01 Hz to 10 kHz)
at chosen bias-current settings is then determined by a fast Fourier transform
method. Real-time recordings of the junction voltage are also made when large
low-frequency noise intensities (random telegraph signals) are present. Details of
the noise detection system have been given elsewhere (6).

6.2.5 Absolute Noise Calibration and Noise Models

A readily accessible reference standard is required against which noise data can
be compared in a reproducible way. In the first place, the measurement system is
calibrated using the Johnson noise generated by standard wire-wound resistors at
known temperatures. Then, each junction device itself provides a calculable
source of thermal noise based on Eq. (13).

The junction parameters R, Rd, and I0 as measured on the junction are in-
serted in Eq. (13) to calculate a curve of (Sv)L-S versus I at the relevant tempera-
ture, with which the actual measured noise data can be directly compared. If the
measured data exceed the calculated curve, then we define the difference as “ex-
cess noise.” Usually the excess noise will have a frequency dependence �1/ƒ,
whereas Eq. (13) is independent of frequency.

6.3 EXPERIMENTAL RESULTS AND DISCUSSION

6.3.1 Preparation and Properties of the Junctions

The preparation of typical bicrystal YBCO junctions is briefly outlined.
Y–Ba–Cu–O films are deposited by pulsed laser ablation on MgO bicrystal sub-
strates (24). Junctions are formed in microbridges 5 or 10 �m wide across the
grain boundary by conventional photolithography and ion beam etching. The sam-
ples are installed in a magnetically shielded and electrostatically screened contin-
uous-flow helium cryostat. Current and voltage leads into the cryostat are filtered
and it has been verified that external apparatus, such as computer monitors and
certain types of programmable current source, produces negligible levels of rf in-
terference at the junction. Sample temperature is stabilized to 0.01 K and junction
characteristics are recorded under computer control, as more fully described else-
where (6,25).

6.3.2 Excess Noise in the Josephson Junction

Excess noise is conventionally expressed in terms of critical current fluctuations

� � � � (Ši)1/2 (at I � Ic) (Hz�1/2) (22)
Sv

1/2

�
IcRd

�Ic
�
Ic
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and resistance fluctuations

� � � � (ŠR)1/2 (at I 

 Ic) (Hz�1/2) (23)

Miklich et al. (26) showed for biepitaxial junctions with RSJ characteristics that
the measured excess voltage noise power spectral density Sv(ƒ) could be expressed
as

Sv (ƒ) � Ši(ƒ)(V � IRd)2 � ŠR(ƒ)V2 � k(V � IRd)V ŠiR(ƒ) (24)

where

Ši(ƒ) � ���IIcc��2

ŠR(ƒ) � ���RRn

n
��2

ŠiR(ƒ) � ���IIcc�����RRn

n
��

The above normalized quantities by definition have units Hz�1 and

k � 2 �cos[��(t)]�

where k is a cross-correlation coefficient. It equals two times the time average of
the cosine of the phase difference of the Ic and Rn fluctuations. ŠiR(ƒ) is the cross-
spectral density of the fluctuations.

Ši(ƒ) and ŠR(ƒ) are first estimated from the experimental data at I � Ic and
I 

 Ic, respectively, and then adjusted slightly to obtain the best fit between the
calculated curve and the experimental points.

With SrTiO3 bicrystal junctions at ƒ � 100 Hz, Kawasaki et al. (27) found
that Sv(I � I0) is proportional to I0

2.6. The same authors found that, in many cases,
the ratio p � | �Ic/Ic |/| �Rn/Rn | was close to 2.5, in agreement with the “intrinsi-
cally shunted junction” model described by Gross and Mayer (28).

Typical results for a step-edge junction showing nearly ideal RSJ character-
istics are illustrated in Figures 6.5 and 6.6. The V–I curve is differentiated to yield
the calculated noise curve (a) from Eq. (13). The measured noise curve (e) at
higher bias currents has a linear current-dependent term which can be ascribed to
resistance fluctuations of amplitude �R/R � 1.1 � 10�7. Comparing the peak val-
ues of curves (b) and (e), the excess noise can be evaluated in terms of critical cur-
rent fluctuations as �Ic/Ic � (Sv

1/2IcRd) � 3.3 � 10�7 (Rd is the dynamic resistance
of the device at the operating current). The noise power is strongly affected by
magnetic fields, as shown in Figure 6.7. Following exposure to magnetic fields,
the curves often develop an asymmetry due to flux trapping. The broadband mea-

Sv
1/2

�
IbRn

�Rn
�
Rn
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surements of 1/ƒ noise are found to be consistent with the high-sensitivity spot
measurements at 60 kHz, as illustrated in Figure 6.8.

6.3.3 Possible Sources of Low-Frequency Noise

Gross and colleagues (28,29) proposed that the low-frequency noise is caused by
fluctuations in the tunneling currents due to the random trapping and subsequent
release of charge carriers at localized sites in the grain boundary. The spectral den-
sity of the noise, which is attributed to critical current fluctuations �Ic and resis-
tance fluctuations �R, often has a 1/ƒ frequency dependence. Comparisons be-
tween different junctions (critical current Ic, resistance R) and for varying
experimental conditions are facilitated by introducing the normalized spectral
densities, defined as SI � [�Ic/Ic]2 and SR � [�R/R]2, which are found to be inde-
pendent of temperature (30). Typically, the excess noise at frequency ƒ scales with
junction resistance R as SI � a2/ƒ, where a2 � 10�8R/�, and SR � 0.25SI, for tem-
peratures between 20 and 77 K. Other works (e.g., Refs. 29 and 31) have indicated
that where the junctions are “large” (i.e., wider than four times the Josephson pen-
etration depth), excess noise may be associated with the movement of Josephson
vortices across the junction. Although junctions frequently fall into this size
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FIGURE 6.5 Bias current dependence of junction voltage (solid line, right axis)
and voltage noise (experimental points, nV/Hz0.5) (left axis) for a step-edge
junction at T � 39.58 K.



regime at sufficiently low temperatures, their general noise behavior is consistent
with many of the expected properties of the trapping model.

6.3.4 Effect of a Magnetic Field on Junction Noise

The effect of an applied magnetic field on the noise in grain-boundary junctions
has been studied in a systematic way using the above-described techniques (32).
[Other works (29,30,33) using a SQUID as a noise detector, which is itself sensi-
tive to external fields, excluded the application of magnetic fields to the junction
under investigation.] It was found (6,25,32) that the absolute intensity of critical
current fluctuations is nearly independent of external magnetic field (Fig. 6.9), an
observation which has important consequences for the noise behavior of junctions
and SQUIDs in practical situations.

6.3.5 Noise Temperature of HTS Junctions

If the normal tunneling resistance of the junction is Rn, the noise temperature Tn is
defined as that temperature at which an ideal resistor R � Rn would produce the
same noise spectral density as the junction. The noise temperature of HTS junc-
tions has been studied at high-frequency by examination of the Josephson radia-
tion linewidth (34–38), by direct measurement of the power spectral density (39),
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FIGURE 6.6 Calculated (lines) and experimental measurements (points) of
voltage noise for a bicrystal junction (T � 55.95 K).



and by simulation of the rounding of the Shapiro steps under microwave irradia-
tion (10,40–42). In some cases, it was concluded that excess noise (i.e., noise in
excess of the expected Johnson–Nyquist level) was present. In other cases, the
noise temperature of the device was found to be close to its physical temperature;
that is, there was no significant level of excess noise. The former result was ob-
tained for step-edge grain-boundary junctions and bicrystal junctions, whereas the
latter situation was found for proximity-effect SNS junctions and bicrystal junc-
tions. It has been shown (38,42) that the high-frequency properties of a bicrystal
junction are likely to be affected by the presence of low-frequency (1/ƒ) fluctua-
tions of the junction critical current and/or resistance. In an experimental demon-
stration of Josephson heterodyne oscillation in a two-junction resistive HTS
SQUID (38), linewidth broadening was observed, which would be consistent with
noise temperatures approximately two to three times higher than the physical tem-
perature, as suggested by Koelle et al. (43) to explain excess noise in HTS dc
SQUIDs (see also in Sec 6.4).
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FIGURE 6.7 Dependence of voltage noise on bias current and temperature for
a step-edge junction.
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FIGURE 6.8 Combined noise data for a step-edge junction over 12 decades of
frequency. The broadband low-frequency measurements extrapolate consis-
tently to the 60-kHz high-resolution point, and the 72-GHz result (29,30) lies
on the Johnson noise floor of the junction.

FIGURE 6.9 Magnetic field dependence of normalised critical current fluctua-
tions: (a) MgO bicrystal junction; (b) MgO step-edge junction. Curves are cal-
culated values; points are experimental data.



6.3.6 Comparative Data for Various Junction Types

Because the measurement technique described in Section 6.2 allows repeatable
measurements to be rapidly carried out, it is possible to compile a set of representa-
tive data for a range of junction types (25). These results are presented in Table 6.1.

6.4 NOISE IN dc SQUIDs

In this final section, a concise overview of noise in HTS dc SQUIDs will be given.
An excellent and recent review article by Koelle et al. (43) provides a compre-
hensive state-of-the-art treatment of this topic.

6.4.1 Broadband “White” Noise

The dc SQUID consists essentially of two Josephson junctions connected in par-
allel in a superconducting loop of inductance L. The junctions are assumed to be
identical, having critical currents Ic, shunt capacitance C, and shunt resistance R.
As a first step toward estimating the theoretical noise performance of an “ideal”
dc SQUID, it was shown by Tesche and Clarke (44) that for �L � 1 (where �L �
2LIc/�0) the (white) flux noise spectral density S� is given by

S� � (25)

For a typical LTS SQUID, putting T � 4 K, L � 0.01 nH, Ic � 10 �A, and R � 1
�, this corresponds to

S� � 0.2��0 Hz�1/2 (26)

16kBTL2

�
IcR
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TABLE 6.1 Summary of Measured Noise Data at Indicated Frequencies for All
Junction Types Averaged over Temperatures in the Range 40–80 K

1 Hz 100 Hz 60 kHz 60 kHz 60 kHz
�Ic /Ic �Ic /Ic �Ic /Ic �Rn /Rn p � |�Ic /Ic|/

Junction type (�10�5 Hz�1/2) (�10�6 Hz�1/2) (�10�7 Hz�1/2) (�10�7 Hz�1/2) |�Rn/Rn|

MgO step 9.3 � 4.9 7.83 � 2.3 2.6 � 0.9 1.7 � 0.1 1.65 � 0.6
edge

MgO bicrystal 3.05 � 0.74 2.91 � 0.96 2.9 � 0.5 1.22 � 0.07 2.43 � 0.18
(� � 24*)

STO bicrystal 23 � 2.5 23.3 � 2.5 9.5 � 1.0 3.8 � 0.1 2.48 � 0.93
(� � 24*)

YSZ bicrystal 28 � 9 28 � 9 11.6 � 5.3 4.38 � 0.7 2.55 � 0.91
(� � 32*)

Biepitaxial 42 � 5 42 � 5 17 � 2 N/A N/A
(� � 45*)



On a straightforward scaling by temperature, an HTS SQUID of similar dimen-
sions and critical current to the LTS device mentioned earlier, when operating at
77 K, would be expected to have a white-noise floor �4.2��0 Hz�1/2. It is widely
found in practice, however, that HTS SQUID noise levels are at least a factor of 2
higher than the theoretical arguments would predict. In other words, the “noise
temperature” is twice the thermodynamic temperature (38,43). Other factors such
as flux movements and temperature fluctuations (see below) can contribute to
noise levels an order of magnitude greater than the ideal case.

There is a correlation between the flux-to-voltage transfer function �V/��
and the SQUID’s flux noise power density S�. A full theoretical treatment is pro-
vided, for example, in Ref. 43, but the general behavior can be represented by the
graphs (Fig. 6.10). The inductance of the device, which is determined largely by
the area and/or geometry of the SQUID loop, enters into the theory via the quan-
tity �L, as defined earlier. In practice, it is often more important to optimize the
field noise SB rather than the flux noise S�. It then becomes necessary to consider
the means whereby an external field B is coupled into the SQUID’s inductance.
Again, a full discussion of the evolving technology and theory is given in Ref. 43.
As an illustration of typical SQUID performance, a 20-pH SQUID with Ic � �50
�A and R � 3 � coupled to a 50-mm2 pickup loop would be expected to achieve
a white-field-noise floor of the order 50 fT/Hz1/2.
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FIGURE 6.10 Dependence of the SQUID transfer function and flux noise on �L.
(Adapted from Ref. 40.)



6.4.2 Low-Frequency (1/ƒ) Noise

Excess low-frequency noise in the junctions, as discussed in a previous section,
will inevitably contribute to the overall noise limitations of the SQUID. Fortu-
nately, as illustrated in Figure 6.11, techniques based on periodic switching of the
bias current can minimize these effects. Nevertheless, because the two junctions
are seldom identical, the bias-reversal method is unlikely to be 100% effective and
junction noise remains as an undesirable feature of most HTS dc SQUIDs in use
at the present time. Therefore, we make some straightforward estimates of the lim-
its to the SQUID sensitivity based on our previous discussion of junction noise.
As a basis for comparison with other work, the noise performance (without bias
reversal) that would be expected of a dc SQUID incorporating bicrystal junctions
on MgO is estimated. The critical current is assumed typically to be 100 �A and
the low-frequency SQUID noise is assumed predominantly due to junction noise,
for the purpose of this discussion. At T � 77 K, using the data in Table 6.1, the
normalized critical current fluctuations are of the order of magnitude 3 � 10�5,
corresponding to 3 nA/Hz1/2 at 1 Hz. With a typical SQUID loop inductance of 60
pH, this would be equivalent to a 1/ƒ flux noise at 1 Hz of 9.0 � 10�5�0 Hz�1/2,
a level which is commonly reported. Similar values found in “state-of-the-art” sin-
gle-layer YBCO SQUIDs have been effectively reduced by nearly two orders of
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FIGURE 6.11 Example of HTS dc SQUID flux noise versus frequency (A) with-
out and (B) with bias reversal.



magnitude with the use of bias-reversal techniques (40). (Although a treatment of
rf SQUIDs is outside the scope of this section, it is nevertheless interesting to note
that “intrinsic” bias reversal, inherent in the operation of the rf SQUID, has been
claimed to reduce the effects of low-frequency junction noise under certain con-
ditions.) A further observation on SQUID performance concerns the level of white
noise and the “1/ƒ knee” (25). It has been shown conclusively that excess intrin-
sic noise for all junction types tested continues to decrease as 1/ƒ all the way to 60
kHz and above (see, e.g., Fig. 6.8). By contrast, the noise in a dc SQUID under op-
timized bias-reversal conditions usually falls as 1/ƒ from dc to around 10–20 Hz
and is then “white” at higher frequencies. It is also reported that bias reversal is in-
effective in removing this higher-frequency noise floor (45). Therefore, it is prob-
able that in contrast to the low-frequency noise, the white-noise level in high-Tc

SQUIDs is caused not by critical current fluctuations in the junctions but, rather,
by magnetic flux noise due to movements of weakly trapped vortices in the
SQUID body. This source of noise is unrelated to the junction type, because it is
a property of the YBCO films rather than the junctions themselves. It is also dra-
matically worse after the SQUID has been exposed to background magnetic fields
of a few milliTeslas. Improvements have nevertheless been achieved by incorpo-
rating various ingeniously shaped slots or “flux dams” in the SQUID washer and
by reducing the width of strip-line leads. These measures are designed either to
confine the trapped flux to areas remote from the sensitive area of the SQUID or
to hinder the trapping of vortices in the first place. The use of very narrow
linewidths in the construction of the dc SQUID has been shown to improve its
noise performance, where operation in unshielded environments is required (46).
In this case, residual low-frequency noise was ascribed to the effects of tempera-
ture fluctuations which caused the effective inductance of the pickup loop to fluc-
tuate also. The best noise achieved for a SQUID which had been cooled in a static
field of 64 �T at 1 Hz was 65 fT/Hz1/2. This problem is a topic of intense research
in many laboratories. It will be solved only when the mechanisms of flux pene-
tration, trapping, and creep in thin-film structures have been more fully analyzed,
and control over the HTS thin-film materials both during fabrication and opera-
tion in harsh environments has been greatly improved.

6.5 CONCLUSIONS

The universal occurrence of noise in all electronic devices, including supercon-
ducting junctions, has been reviewed. Noise measurement techniques have been
illustrated with particular reference to a system that was developed in the authors’
laboratory. Measurements of excess noise in HTS Josephson junctions have been
described and selected results have been presented. Significant conclusions in-
clude the following:
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• The theory of Likharev and Semenov (14) successfully accounts for the
observed levels of thermal noise in high-Tc junctions and provides a use-
ful reference against which excess noise can be identified (6,25).

• For noise measurements at 60 kHz, where thermal noise is not negligible,
the method originated by Miklich et al. (26) for modeling the excess noise
in terms of critical current and resistance fluctuations must be modified to
include the Likharev–Semenov equation.

• The levels of normalized critical current and resistance fluctuations for all
types of junctions tested are nearly independent of temperature in the
range T � 30–80 K, with typical values | �Ic/Ic | � 1 � 10�5 Hz�1/2 and
| �Rn/Rn | � 4 � 10�6 Hz�1/2 at 100 Hz.

• In most cases, the frequency dependence of the excess noise power spec-
tral density follows the universal 1/ƒ law, with some exceptions which can
be understood as Lorentzian terms due to two-level or multilevel trapping
processes.

• The absolute intensity of critical current fluctuations | �Ic | is nearly inde-
pendent of the external magnetic field (32). It follows that when the dc crit-
ical current of a junction (or a SQUID) is partly suppressed by a magnetic
field in the range 0.1–1 mT, the relative level of current noise increases.

• The intrinsically shunted junction model (29,31) provides a clear physical
picture which describes very well the observed tunneling and noise be-
havior of the junctions.

• The overall general conclusion about the various grain-boundary-junction
types studied is that surprisingly similar levels of intrinsic fluctuations are
present in all of them.

• Remarkable progress has clearly been made in recent years in the noise
performance of high-Tc dc SQUIDs by technological strategies such as
bias reversal, flux dams, and reduced linewidths. Effective noise temper-
atures of HTS Josephson junction devices nevertheless still display excess
noise, such that, in many cases, their noise temperature is some two to
three times higher than the physical temperature. It now appears that sig-
nificant further reductions in noise levels will require a fundamental
breakthrough in the understanding of the penetration and movement of
magnetic flux into and through thin films of the HTS superconductors and
of properties of the grain boundary on a submicrometer scale.
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7

High-Temperature RF SQUIDS

V. I. Shnyrkov

Institute for Low Temperature Physics and Engineering, Academy
of Sciences, Kharkov, Ukraine

7.1 INTRODUCTION

Superconducting quantum interference devices (SQUIDs) are extraordinarily sen-
sitive detectors of magnetic flux variations. These devices have numerous appli-
cations as sensors in a wide range of experiments in the fields of physics, geology,
medicine, biology, and industry. The progress in technology and in understanding
the origin of the noise in low-transition-temperature (Tc) SQUIDs brought a dra-
matic improvement in the resolution of electrical and magnetic measurements.
Many rather new and nonstandard applications of SQUIDs have been reviewed in
detail; see reviews and contributions in Refs. 1 and 2.

The discovery of high-Tc oxide superconductors by Bednorz and Muller (3)
quickly made apparent that macroscopic quantum phenomena may be very useful
for a number of electronic applications. High-Tc materials have opened new pos-
sibilities by increasing the operating temperature of superconducting instruments
and sensors.

The High-Tc SQUID was the first superconducting electronic circuit em-
ploying Josephson junction cooled by liquid nitrogen. The development of super-
conducting magnetometers operating at 77 K holds promise of expanding the use-
ful range of application of these devices to include remote operation in the field
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and space, where the availability of liquid helium as a cryogen may be limited by
some factors (4). In addition, the wider range of operation temperature may per-
mit measurement on room-temperature samples such as living tissue (5), nonde-
structive material evaluation with Joule–Thomson cryocooler in industry (6), and
routine checks of moving samples with greater sensitivity (7), high-Tc SQUID
microscopy (8), and convenience due to nitrogen cooling.

However, oxide superconductors have introduced some completely new
problems. Because of the extremely short coherence length, a conventional
Josephson junction structure is not possible, and various inhomogeneities and
structural defects in these materials lead to the formation of parasitic weak links
between regions with well-developed superconductivity, lead to increased flux
creep, reduce the critical current of the junctions, and creates an excess high noise
level.

In practice, twin boundaries are essentially nonsuperconducting regions in
high-Tc materials and SQUIDs due to these can be observed. The values of zero-
temperature coherence length �(0) and lattice parameter c are very much different
from the conventional low-Tc superconductors. Such however, is not the case for
a usual superconductors:

� 102–103 (1)

This difference between a usual and high-Tc SQUIDs eliminate the main
physical and technology problems toward practical application of the new super-
conductors: anomalously large critical current anisotropy in single cyrstals and
epitaxy sensors at moderate magnetic fields, the existence of intragrain Josephson
junctions and randomness, frustration effects in presence of a magnetic field, 1/ƒ
noise, and so forth.

At 77 K, the Josephson coupling energy in high-Tc junctions may be of the
order of the thermal energy, and under this condition, thermally activated phase-
slippage processes result in an observable reduction of the high-Tc SQUIDs’ dy-
namic range and sensitivity. Except that there are specific for oxide superconduc-
tors phenomena, the ultimate sensitivity of both single- and double-junction
SQUIDs is limited by the characteristic frequency R/L of the interferometer. The
sensitivity of an optimized dc SQUID is limited primarily by two parameters de-
termined by the high-Tc technology process: loop inductance L and junction char-
acteristics. In the case of radio-frequency (RF) SQUIDs, the sensitivity is limited
by pump frequency and preamplifier noise. The requirements for fabrication tech-
nology are not as strict as for DC SQUIDs. However, in external magnetic fields
both dc and RF SQUIDs sensitivities are limited by the specific for oxide super-
conductors noise sources and make these SQUIDs competitive to each other.

Some difficulties in the technology of high-Tc SQUIDs have been overcome
and excellent sensitivity is achieved in practical devices with rf sensors (9) with

(�(0)/c)high � Tc
��

(�(0)/c)usual
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probably, exact condition on k2Q in quasi-nonhysteretic mode (10). For real-in-
strument applications, one can make a comparison of different SQUIDs parame-
ters: energy sensitivity, magnetic field sensitivity, bandwidth, slew rate, main
SQUID electronics structure, and so on. Deviation in these parameters of high-Tc

RF SQUIDs from the low-Tc RF SQUIDs are attributed to specific properties of
oxide superconductors and thermal fluctuations.

In this chapter, two different types of high-Tc RF SQUID fabricated from
both bulk ceramic and thin film are briefly reviewed. We focus on the most im-
portant results and on general problems in the design and fabrication of low-noise
high-Tc magnetometers based on RF SQUIDs. The single-junction interferometer
in the presence of large thermal fluctuations and the RF SQUIDs are discussed.
Flux-creep noise in high-Tc magnetometers and “Josephson fluctuators” are ana-
lyzed. Finally, the design and pilot applications of a high-Tc SQUID are discussed.

7.2 HIGH-Tc SINGLE-JUNCTION INTERFEROMETER IN THE

RSJ MODEL

When connecting two superconducting electrodes by a weak electric contact, the
macroscopic coherence of supercoducting state results in the following funda-
mental expression:

� V (2)

which relates a rate of the phase-difference change ( of wave functions in two
electrodes to the voltage across them. The quantity �0 � h/2e � 2.07 � 10�15 Wb
is the flux quantum, e is the electron charge, and h is Planck’s constant. The small
superconducting current I through a weak link depends only on the phase differ-
ence, and for the resistively shunted junction (RSJ) model, this relation is of the
form

T � Tc sin ( (3)

where Ic is the critical current of a high-Tc Josephson junction.
Three types of weak-link step-edge junctions (11,12), bicrystal junctions

(13,14), and grain-boundary junctions in bulk materials (15) are commonly used
to fabricate high-Tc RF SQUIDs. A considerable number of articles have been
published dealing with these types of weak link (16) and sometimes junctions
looked at as a complicated connection between chaotically located weak links
with random parameters. Perhaps a separate article is needed to review all of these
effects caused by the magnetic field and current flowing through complicated
junction. Regular high-Tc weak-link SQUIDs seem to be more promising both for
RF and dc SQUID applications in low and moderate magnetic fields. At present,
the bicrystal and step-edge structures seem to be the more promising, which can

2
�
�0

d(
�
dt
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be made with low intrinsic capacitance (C � 10 fF) and a high characterizing pa-
rameter Vc � IcR � 0.1–0.5 mV, with the current–phase relation close to RSJ
model (17,18), I � Ic sin (.

1. Step-edge junctions: Step-edge junctions are formed by depositing a
thin high-Tc epitaxial film on substrate that has a step etched into the
surface. The weak link is then formed as the single-layer film bridges
the two levels. The steps usually are formed by patterning and ion
milling the SrTiO3 substrate. There are significant advantages to step-
edge technology. A variety of large-area substrates can be employed in
the step-edge process (bicrystal technology is limited to a 10-mm Sr-
TiO3 substrate). The step-edge height is highly reproducible. However,
the junction parameters appear to depend greatly on film thickness, and
variations observed for step-edge technology are probably a result of
the film thickness and superconducting parameters variations, on the
“bottom” and on the “top” of the step.

2. Bicrystal junctions: Bicrystal junctions are fabricated on the substrate
that has a twin boundary formed by two single-crystal domains with
different crystal orientations. On SrTiO3 bicrystal substrates, a misori-
entation angle usually is an order 25°–37°. They are made by fusing two
separate single crystals and then dicing substrates from the single piece.
This results in a twin boundary down the center of the substrate. When
the superconductor film is epitaxially grown, a twin boundary forms in
the superconductor film at this interface.
More details of the fabrication and characterization of ramp edge and
step edge junction are given in Chapters 3 and 4.

3. Josephson’s junctions for bulk HTS SQUIDs are conventionally manu-
factured by means of local impact of a pulse laser. A sample specimen
is positioned into an optical cryostat, whereas, by nonstop monitoring
of volt–ampere characteristics, the amplitude of pulse irradiation has
been increased, up to an emerged required nonlinearity. Such sensors
are very inexpensive in manufacture and are relatively low cost (about
$30 each). However, said products are typical for having excessive 1/ƒ
noise in low-frequency area. A response of said SQUIDs can be im-
proved only due to quality of bulk materials and to the creation of 
superconductive input coils.

The investigated step-edge and bicrystal junctions routinely made by many
groups had a width of weak link ranging from 1 to 50 �m [W 

 �ab(0)] and with
a thickness of 0.1–0.3 �m. The scaling relation between IcR and Jc for both step-
edge and bicrystal junctions fabricated from YBaCuO and GdBaCuO and tested
at 77K is shown in Figure 1 (16). However, there is no technological process for
fabricating high-Tc Josephson junctions with reproducible characteristics. How-
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ever, high-quality tunnel junctions can be routinely fabricated for low-tempera-
ture superconductors.

In a RSJ model, the total current through the high-Tc Josephson junction can
be considered as a sum of the superconducting current, normal current, and bias
current (19,20):

I � Ic sin ( � �
V
R

� � C �
d
d
V
t
� (4)

Here R and C are the normal resistance and junction capacitance, respectively.
When the junction is incorporated in the superconducting ring (Fig. 7.2), the con-
stant voltage should occur across it, with only a time variation in the magnetic flux
� through the ring:

V � (5)d�
�
dt
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FIGURE 7.1 The scaling relation between IcRn and Jc for both (a) step-edge
and (b) bicrystal junctions fabricated from YBaCuO and GdBaCuO and tested
at 77K. (From Ref. 16.)

FIGURE 7.2 Superconducting quantum interferometer for rf SQUID with
Josephson junction in terms of the RSJ model.



Equating Eqs. (1) and (5) and integrating with respect to the time results in
an unambiguous relation between the contact-phase difference and total magnetic
flux � through the RF SQUID loop:

( � (6)

The total magnetic flux through the loop is equal to a difference between the ex-
ternal magnetic flux �e and self-inductance flux LI due to the SQUID circulating
current:

� � �e � LI (7)

where L is the SQUID loop inductance. Using Eqs. (4)–(6) yields for the current.

C � �
R
1

� � Ic sin �2 � � (8)

Equation (8) is equivalent to a classical equation for the motion of the particle with
the mass M � C(�0/2)2 in the one-dimensional potential field:

U(�, �e) � � cos � � (9)

The whole analysis of a single-junction high-Tc interferometer within the
framework of the RSJ model reduces essentially to a study of the particle motion in
a potential field, Eq. (9), depending on the mass of the particle, viscosity, rate of ex-
ternal force variation, and so forth. As mentioned earlier, the mass of the particle (the
high-Tc junction’s capacitance � 10 fF) is very low, and if an external flux varies
slowly in time [(1/�0) (d�/dt) 		 R/L], then in the low-fluctuation limit, it follows
an equation describing the stationary high-Tc RF SQUID’s state from Eq. (8):

( � ��sin ( � (e (10a)

or at high-excitation frequency ) � L/R:

q(̇ � � sin ( � ( � (e (10b)

Here, dimensionless variables have been used:

( � , (e � , � � , q � (11)

The quantity � is a fundamental RF SQUID parameter equal to the geomet-
rical loop inductance normalized by characteristic inductance of the Josephson
junction LJ � �0/2Ic. The values � and q determine the shape of the curves for
the stationary SQUID characteristic and potential energy and agree upon the clas-
sification for the modes of one-contact SQUID operation in a small fluctuation
limit (21).

)L
�
R

2LIc
�

�0

2�e
�

�0

2�
�
�0

2�
�
�0
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�
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(� � �e)2

��
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7.3 SMALL FLUCTUATION LIMIT FOR HIGH-Tc RF SQUIDs

Superconducting rings, coils, and transformers are essential elements of all high-
Tc superconducting magnetometer sensors. At 77 K, in a nonshielding environ-
ment there are some main sources of noise: Johnson noise generated by thermal
energy in the normal resistance and low-frequency noise generated by magnetic
flux instability (flux creep noise) and by bistable or multistable Josephson fluctu-
ators in SQUID body. The fact is that the excess-noise amplitude of high-Tc

SQUIDs decreases in a low external magnetic field and development of high-qual-
ity epitaxial film system brought a dramatic improvement in resolution. The im-
portant point about these SQUIDs is that they operate at 77 K in a small thermal
fluctuation limit.

When the Josephson junction with normal resistance R is incorporated in a
high-Tc superconducting ring, Johnson noise generated in R by thermal energy
kBT produces a flux fluctuation spectral density in the ring inductance L:

��2
n())� � L2 �I 2

n())� � (12)

and total flux noise in the classical limit is

��2
n� � �


2

� �R/L

0
� kBTL at �

R
L

� � � (13)

where kB is the Boltzman constant 1.38 � 10�23 J/K. The integration gives a re-
sult which also follows from the equipartition theorem for a system with one 
degree of freedom. The fluctuation spectrum of magnetic flux noise in any closed
conducting (superconducting) loop is calculated in the same way. An important
practical consideration for high-Tc SQUIDs applications is to estimate the magni-
tude of fluctuation that will be introduced by a normal-metal enclosure surround-
ing the sensor, either outside or inside the dewar.

From a practical point of view, it is important to choose different parame-
ters of a high-Tc Josephson junction, such as the critical current Ic, normal resis-
tance R, capacitance C, and the geometrical inductance L of a SQUID loop. The
capacitance is negligible for the high-Tc Josephson junction and the McCumber
parameter

�c � 	 1 (14)

for these SQUIDs. In order to observe the magnetic flux quantization in a SQUID
loop with inductance L, one needs that the uncertainity of the magnetic flux (13)
must be lower than fundamental quantity of the magnetic flux quantum defined by

��2
n� � kBTL 	 � �

2

(15)
�0
�

2

2CR2Ic
�

�0

kBTRL2 d)
��
R2 � )2L2

2kBTRL2 d)
��
(R2 � )2L2)
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The theoretical investigation of the RF SQUID interferometer in the pres-
ence of thermal fluctuations on the basis of a Fokker–Plank equation (22) has
shown that a low thermal fluctuation limit is required at 77 K:

L 		 LF � � �
2

� 10�10 H (16a)

In practice, SQUID’s inductance in this limit is defined by

L 	 (16b)

where L is the temperature-dependent fluctuation inductance. In order to deter-
mine the real size of the SQUID quantization loop for a thin-film high-Tc inter-
ferometer, one can use expressions for a circular-shaped form (Fig. 7.3a),

L � 2�0r r 		 w (17)

or rectangular-shaped form (Fig. 7.3b),

L � 1.25�0d d 		 w (18)

where �0 � 4 � 10-7 H/m, and the optimizing size of the loop for a low fluctu-
ation limit from Eqs. (16) and (18) is about 20 � 20 �m2! It is very difficult for
real technology because there are some “parasitic” inductances in SQUID topol-
ogy, and to provide for a good coupling with the signal source, complex multiloop
input circuits are required.

LF
�


1
�
kBT

�0
�
2
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FIGURE 7.3 Schematic view of the simple structures of high-Tc thin-film RF
SQUIDs, (a) circular, (b) rectangular.



The most widely used thin-film high-Tc RF SQUID is the washer type (23),
where the SQUID inductance is a square washer containing a slit. This configura-
tion allows one to simply design a good coupling; however, a relatively large in-
ductance (about 100–300 pH) is usually used for high-Tc RF SQUIDs.

In multiloop SQUIDs topology (21,24,25) offered some 20 years ago by
Zimmerman, the inductance is obtained from the parallel of many loops, can be
coupled to an external (input) coil, and can be reduced to a very low value (about
20–30 pH). This type high-Tc RF SQUIDs can be a good candidate on small fluc-
tuation limit.

For a bulk ceramic SQUID with simple cylindrical topology, one can use

L � dƒ��
h
d

�� (19)

where ƒ is a function of the height/diameter ratio for a bulk SQUID with a cylin-
derlike interferometer:

d/h 1.0 0.8 0.6 0.4 0.2 0.1 0.01

f 6.79 5.8 4.67 3.35 1.81 0.946 0.098

Parasitic inductance for bulk SQUIDs in practice is about 20–30 pH and
more. That is why it is really not possible to have bulk ceramic RF SQUIDs in a
low fluctuation limit.

The second effect in the high temperature is the rounding of the
voltage–current, and the signal characteristics can be characterized in the high-Tc

SQUIDs by a parameter

$ � (20)

An inspection of the RF SQUID characteristics (25,26) indicates that the ef-
fect of noise is small for $ 	 0.05. Therefore, one can use for noise-free dynamic
critical current of the high-Tc Josephson junction at 77K from

Ic � � 54 �A (21)

In the low fluctuation limit, the fundamental SQUID parameter in multiloop
topology (with low inductance, 20 pH 	 L 	 30 pH), the dimensionless induc-
tance � can be varied from 1 to 7. The dynamics and noise characteristics of the
single-junction SQUIDs depend fundamentally on whether � 	 1 (nonhysteretic
SQUID) or � 
 1 (hysteretic SQUID). In the small fluctuation limit, RF SQUIDs
have been studied intensively both theoretically and experimentally
(19–21,25–27) for low-Tc SQUIDs. For the best high-Tc SQUID in the small fluc-

2kBT
�
$ �0

2kBT
�
�0 Ic

�0
�
4
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tuation limit, all of this noise analysis predicted an intrinsic RF SQUID sensitiv-
ity limit with the same dependence of this noise upon SQUID ring parameters,
tank circuit, temperature, and preamplifier characteristics.

7.4 HIGH-Tc RF SQUIDs IN NONHYSTERETIC MODE

High-Tc RF SQUIDs (in the small fluctuation limit L 	 LF/, $ 	 0.05) analysis
is based on the results reported for low-Tc SQUIDs by many groups
(19–21,26–28). The subsequent analysis has shown that because of the low trans-
fer coefficients dV/d�e and d!/d�e, the intrinsic energy sensitivity of the nonhys-
teretic high-Tc RF SQUIDs should be defined by an amplifier noise and is always
worse than that of hysteretic one. For � 		 1, the transfer function “conversion ef-
ficiency” is approximately ()/k)(LT /L)1/2�/2, which is �/2 times lower than that of
the hysteretic high-Tc RF SQUID with q � )L/R 		 1. It is a good approximation
for the step-edge and bicrystal junctions parameters (R � 2–3 � and L � 30 pH)
up to )/2 � 1 GHz. Please note that LT is resonant contour inductance.

However, if the condition k2Q� 
 1, � 	 1 (here k is the coefficient of cou-
pling between the interferometer and resonant circuit and Q � )LT/RT the circuit
quality), is satisfied, then at some points of signal characteristics, the conversion
efficiency can be made extremely high, up to �1012 V/Wb. From this a possibil-
ity follows that there is a strong increase in the transfer coefficient at k2Q� 
 1,
assuming that the value’s sensitivity can be achieved, which are defined by reso-
nant circuit noise and pumping frequency ).

The oscillation equation for a resonant circuit (Fig. 7.4) is of the form

(̈T � Q�1(̇T � (1 � 2�0)(T � e cos % � k2� ï (22)

where (T(%) � 2MIT /�0 is the normalized interferometer flux induced by the
resonant circuit, e � 2MIT /�0 is the normalized pumping amplitude, �0 � ()
� )0)/)0 is the detuning of the generator frequency ), and )0 is the resonant cir-
cuit frequency. The induced interferometer current can be found from Eqs. (7) and
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FIGURE 7.4 A basic RF SQUID circuit including the input coil and signal de-
tection circuits.



(10b):

i(%) � �
I(
I
%

c

)
� � � �

q
�

� (̇� sin ( (23)

where differentiation with respect to dimensionless time % � )t is marked by a dot.
In practice, both damping and detuning are low: Q 

 1, �0 		 1, and k2

		 1; hence, the term k2� ï should be negligible, the resonant circuit oscillations
being of a quasiharmonic nature; that is,

(T (%) � a(%) cos[% � �(%)] (24)

where a(t) and !(t) are the slowly varying amplitude and phase of oscillations, re-
spectively. In this case, Eq. (22) reduces to two differential equations:

ȧ � �
2
a
Q
� � �

2
e

� sin � � k2��i sin �� (25a)

a�̇ � �0a � �
2
e

� cos � � k2��i cos �� (25b)

where � � % � ! and the brackets indicate the averaging over the RF oscillation
period. A system of Eq. (23) along with Eqs. (25a) and (25b) permits the analysis
of RF SQUID voltage–current, amplitude–frequency, and signal characteristics.

A system of reduced equations (25a), (25b) describing the stationary pro-
cesses occurring in the resonant circuit which is inductively coupled with an in-
terferometer at � 	 1 is assumed to be of the form

2�(a, (e) a � �e sin � (26a)

2�(a, (e) a � �e cos � (26b)

Here, the 2�(a, (e) and 2�(a, (e) functions are effective damping and de-
tuning, respectively, of the resonant-parametric circuit taking account of the in-
terferometer contribution. With a due account of the terms proportional to � and 1
� q2 � 1, these functions can be written as follows:

2�(a, (e) � Q�1 � k2q �1 � 2� cos (e � �2���� (27a)

2�(a, (e) � 2�0 � k2� � cos (e � ����� (27b)

where J1(a) is the Bessel function of the first kind.
Eliminating the oscillation phase ! from Eqs. (26a) and (26b) yields

e2 � a2 [(2�)2 � (2�)2] (28)

Substitution of effective values for damping and detuning into this equation
makes it possible to analyze SQUIDs characteristics numerically depending on

2J1(a)
�

a

2J1(a)
�

a

(T(%) � (e � (
��

l
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different system parameters; see Ref. 21. Because the increase in the transfer co-
efficient for the nonhysteretic mode with k2Q� 
 1 results from a variation in the
signal characteristics behavior over almost the same amplitude range, the �(e

spacing markedly decreases with a great slope of da/d(e. This decreasing of �(e

is proportional to an increase in da/d(e and, therefore, the increase in the slope
from 1010 to 1012 V/Wb changes the �(e range from �0/2 to 10-2�0. The same in-
crease in the transfer coefficient can be achieved in dc SQUIDs with a positive
feedback.

At k2Q� 
 1, the main feature of the nonhysteretic RF SQUIDs is the di-
vergence of the transfer coefficients by amplitude and phase:

+a � �+0 2�Q (29)

+a � �+0 �1 � k2Q� �
)
)

0J
�� (30)

where ��(a, (e) � �0 � k2�J1(a) cos (e is the effective detuning at small variations
of amplitude approaching those points at the voltage–current characteristics for
which the values in the denominators of Eqs. (29) and (30) go to zero. In this case,
the output fluctuations rise proportionally to +a,! and that is why the noise reduced
to the SQUID input remains finite and defines the intrinsic nonhysteretic SQUID
energy by a high-Tc RF loop and tank circuit noise. Detailed researches of the non-
hysteretic regime with k2Q� 
 1 (10), have shown that by greater values, up to
k2Q� 
 2, a portion of pumping energy, the RF power, has been transformed into
stochastic oscillations. Therefore, an increase of the k2Q� value is limited in the
nonhysteresis regime by the following condition:

1 	 k2Q� 	 2 (31)

7.5 HIGH-Tc RF SQUIDs IN HYSTERETIC MODE

Let us return to a basic circuit of the RF SQUID (Fig. 7.4). If the magnetic flux (T

generated in the interferometer by a resonant circuit is less than the critical value
(ec � � � /2, then according to Ohm’s law, the voltage VT should be related with
the generator current by the following expression:

VT � )LTQIRF � )LTIT (32)

With the appearance of hysteresis losses, a well-known system of steps is formed
at the I–V curves. The first step can be observed at (x 	 � � /2 in the low fluc-
tuation limit of the high-Tc RF SQUID. If an extra external field (x is applied to
the SQUID, the energy absorption can be initiated under a lower voltage across

(2k2Q�) J1(a) sin (e
���
(1 � k2Q�)/)0J)2 � (2Q)2���

(2k2Q�) J1(a) sin (e
���
(1 � k2Q�)/)0J)2 � (2Q)2���

204 Shnyrkov



the tank circuit; that is,

(T � (ec � (x � MIT � M (33)

Also, assuming linear coupling between the interferometer and resonant cir-
cuit, the magnetic flux-to-voltage transfer coefficient can be deduced from Eq.
(33):

+0 � +a � � � �
)
k
� 
� (34)

It should be emphasized that +0 in the hysteretic mode of RF SQUIDs is indepen-
dent on the superconducting materials, junction parameters, current–phase rela-
tion, small amplitude and frequency variations (due to the form of the step), and
so on. The high-Tc RF SQUID sensitivity is defined by the transfer coefficient
when the main source of noise is that of the transistor. This case is typical of the
most practical low-Tc SQUIDs, including commercial ones, because the transfer
coefficient � (3–5) � 1010 V/Wb for a 20–30-MHz excitation frequency:

" � "a � � �
2
1
L
� �

+

S
2�

A

ƒ
� � ��

)
k
��

2
(35)

A possibility of increasing +0 and, respectively, " (sensitivity) for high-Tc RF
SQUIDs in a low fluctuation limit by a reduction in L to LF/ � 30 pH, is restricted
by the intrinsic resonant circuit and interferometer noise, which are dependent on
the position in the I–V characteristic (step) [i.e., the probability of the “jumps”
(19,20,29,30). In this mode, the ( ((e) dependence is multivalid, which leads to
“jumps” of the phase ( (and, consequently, of the loop current) when the externally
applied flux approaches one of the threshold values (ec � l � /2. In the presence
of the external RF pumping flux applied by the tank circuit oscillations, the repeated
phase jumps lead to the appearance of the almost horizontal “plateau” regions at the
RF SQUID I–V curve. This is a plateau region, where the bias point should be lo-
cated for a proper SQUID operation. At the plateau, the maximum value of the ex-
ternal flux is slightly less than the threshold values (ec. In the presence of the junc-
tion intrinsic noise, the finite probability p exists for the phase ( to make a “jump”
during the (e(t) passage through the vicinity of its maximum value. In this model,
the consequent phase jumps are independent of each other. This is true only if the
change in oscillation due to a single jump (�4k2) is much less than the width of
the probability distribution, � �($/2)2/3, and the jumps can lead to the neighboring
stable state [2 

 l($/2)2/3]. Hence, all of the above results are valid at

k2 		 �($/2)2/3 		 2 (36)

The plateau slope cannot be assumed to be constant, as it has been in the
early publications. In fact, the slope strongly increases at the plateau edges and p

��x
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�
2L�ƒ
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�
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FIGURE 7.5 Current–voltage characteristics of high-Tc RF SQUID in the small
fluctuation limit and its first derivatives, dVT /dIRF(VT), for two values of exter-
nal flux: �0 and �0/2.

FIGURE 7.6 Signal characteristic VT(�e), transfer coefficient dVT/d�e, spectral
noise density Vn, and sensitivity " as a function of magnetic flux for the high-
Tc RF SQUIDs in the hysteretic mode for a small fluctuations limit.



varies linearly over the step length from 0 to 1. The density of the jumps proba-
bility � � �dp/du is proportional to the first derivative, dVT /dIRF(VT), with re-
spect to I–V characteristic, which can be measured directly. � � �dp/du has a
minimum at the optimum working point. Figure 7.5 shows I–V and dVT/dIRF(VT)
characteristics of RF SQUID for two values of the magnetic flux, in the small fluc-
tuation limit. Let us remember that a minimal value of interferometer’s own noise,
within these limits, is observed only in a single optimal state point and depends on
the Cp parameter that follows from theory (19,29) and experiments (1). The sig-
nal characteristics, transfer coefficients, spectral noise density, and sensitivity are
shown in Figure 7.6 as a function of external field for hysteretic mode operation
of RF SQUIDs. In other words, within small thermal fluctuations limit, an opti-
mization of RF high-Tc SQUIDs response and sensitivity does not differ from that
used in low-Tc SQUIDs. It is a worth mentioning that due to the L 	 LF(T) con-
dition, the transfer coefficient [Eq. (34)] becomes significantly greater.

7.6 SENSITIVITY OF HIGH-Tc RF SQUIDs

It would be of significant importance to estimate ultimate noise properties of two
types of high-Tc RF SQUID operating in nonhysteretic and hysteretic regime in
the small-signal mode operation, with nitrogen cooling. This will indicate limit of
the possible sensitivity of the high-Tc RF SQUIDs for the wide-band measure-
ments.

At first, one should avoid features in the ring and Josephson junction design
which increase excess noise. This noise contribution can be made small for mul-
tiloop epitaxial thin-film interferometers with a high-quality Josephson junction.
This is true; however, now it is possible only in very low external magnetic fields.

In the low fluctuation limit, sensitivity for the nonhysteretic high-Tc RF
SQUIDs can be estimated as follows (19):

" � �
�

k
)

B

0J
� �T � TT � �� (37)

This formula does not take into account the preamplifier noise, whose contribu-
tion becomes negligible for a large transfer coefficient. The signal characteris-
tics, transfer coefficients, spectral noise density, and sensitivity for RF SQUID
in the nonhysteretic mode are shown in Figure 7.7. The noise of the transistor
currents can be easily allowed in expression (37) by the increased noise tem-
perature of the resonant circuit TT. If all of the parameters a, �, (e and Q are
chosen to be near an optimum operating value, Eq. (37) can be greatly simpli-
fied as follows:

"V � �T � TT � (38)
)0J

�
k2Q�)

4kB
�
)0J�

(1 � k2Q�)/)0J)2 � (2�Q)2

���
(2�Q)2

)0J
�
k2Q�)

1
��
j2(a) sin2(e
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and for the best interferometer parameters � � 1, k2Q� � 2,

"V � 4kB � � � (39)

It is evident from this equation that the ultimate sensitivity for nonhysteretic
high-Tc RF SQUID is limited by the resonant circuit noise for excitation frequency
) 		 )0�J:

"V � (40)

At liquid-nitrogen temperature T � 80 K and multiloop design, � � 1, for
the realistic value Vc � Ic R � 90 �V (Ic � 30 �A, R � 3 �, )0J � 3 � 1011 s-1),
the energy sensitivity [Eq. (39)] is as low as "V � 10�30 J/Hz at ) � 2, 300 MHz,
and "V � 10�32 J/Hz at ) � )0J.

For hysteretic high-Tc RF SQUIDs in the small fluctuation limit, the mag-
netic flux-to-voltage transfer coefficient can be estimated for 20(L0)high Tc

� (L0)low Tc as:

(+0)high � Tc � �
)
k
� ��

L
L

T

0
��

1/2
� 4(+0)low Tc (41)

2kBTT
�

)

TT
�
2)

T
�
)0J
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FIGURE 7.7 Signal characteristic VT(�e), transfer coefficient dVT/d�e, spectral
noise density Vn, and sensitivity " as function of magnetic flux for nonhys-
teretic regime high-Tc RF SQUIDs in the small fluctuations limit with k2Ql 
 1.



It should be emphasized that the transfer coefficient for RF SQUIDs with �

 1 is independent of the superconducting interferometer feature and is the main
factor in the limitation of energy sensitivity in low-Tc RF SQUID due to the noise
temperature of preamplifier. For high-Tc RF SQUIDs in the small fluctuation
limit, +0 is four times larger and the resonant circuit and interferometer are main
sources of the noise.

The intrinsic interferometer and resonant circuit noise depends on the posi-
tion in the “step” of the RF voltage–current SQUID characteristic (19,27) (i.e., on
the probability p of the “jumps”) and is considered by the expression

"V � ��
$
2

��
2/3

�
k
)
B
�[p(1 � p)��

$
2

��
�1/3

T � TT] (42)

where T and TT are the contact and tank circuit temperatures, respectively, p varies
linearly over the step length from 0 to 1 for an operating point that corresponds to
p(1 � p) � 0.16. Q is the quality of the tank circuit, � is the density of the jump prob-
ability that is proportional to the first derivative dVT/dIRF(VT) with respect to the step
of the RF voltage–current characteristic (27). An uncertainty of the magnetic flux
values corresponding to the instant of decay (jump) seems to be a reason for uncer-
tainty of flux variations which gives to the intrinsic high-Tc SQUID loop noise.

In the small fluctuation limit, for the high-Tc RF SQUID sensitivity, the tank
circuit and preamplifier noise contribution is supposed to be independent of the
external flux. Its value is equal to " � 10–30 J/Hz for a broad band of frequencies
up to 100 kHz, with parameters L � 30 pH, dV/d�e � 5 � 1011 V/Wb, Ic � 50
�A, TT � T � 77 K, noise temperature amplifier Ta � 120 K, and pumping fre-
quency )/2 � 30 MHz. As the transfer coefficient of single-junction SQUID
tends to increase linearly (and intrinsic SQUID loop noise decrease) with a fre-
quency ), the sensitivity can be further improved by using the ultra high-fre-
quency (UHF) pumping, and a recent experiment (9) demonstrated achievement
of very high sensitivity of high-Tc UHF SQUIDs.

In practice, quite often, this limit (small fluctuations) is not attained for
high-Tc UHF and RF SQUIDs, because the intrinsic noise considerably exceeds
the classical prediction due to additional phenomena such as flux creep, inhomo-
geneities, and structural defects of oxide superconductor material. SQUID and
Josephson junction research has recently made a comeback, because of the im-
provement of its characteristics at nitrogen temperature. In Section 7.8, the noise
in high-Tc materials is discussed. In the following section, the performance of a
high-Tc RF SQUID in the presence of thermal fluctuations is discussed.

7.7 RF SQUIDS IN THE PRESENCE OF HIGH THERMAL

FLUCTUATIONS

Since the discovery of macroscopic quantum interference in high-Tc materials, al-
most all RF SQUIDs are operating in the presence of high thermal fluctuations
(22,31,32):

�($/2)2/3

�
2k2Q

�
�
�2
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$ � 0.5–2 and L � LF (43)

Generally speaking, at such values of parameters, the notion of “critical current” of
the Josephson junction becomes conditional both for dc and RF SQUIDs. In stricter
terms, at ultimate $ values, a junction critical current equals zero. However, non-
linear properties of the interferometer are still present. In the subsequent discussion,
we will use the term “critical current” to denote characteristics of nonlinearity.

It is very interesting, from a practical point of view, that suppression of the
transfer function generated by the thermal fluctuations is smaller for a high-Tc RF
SQUID than for the dc one. In addition, it is also found that the energy sensitivity
of dc SQUIDs degrades more rapidly with the increase of the noise parameter $.
On the other hand, for the RF SQUID, better 1/ƒ noise properties are observed for
the higher-noise parameter. Therefore, in the thermal limit, high-Tc RF SQUIDs
should have a better intrinsic 1/ƒ noise spectrum. These aspects are supported by
experiments and represent important advantage of high-Tc RF SQUIDs (31).

Probably, the first theoretical investigation of RF SQUIDs interferometer in
the presence of high thermal fluctuations traces back to the work of Khlus and Ku-
lik (22). In this publication, it has been shown, on the basis of a Fokker–Plank
equation, that thermal fluctuations result in the reduction of the critical currents
and, in practice, of the nonlinearity of the system:

I � Ic exp���
2
L
LF
�� (44)

in particular, for the screening current in the high-Tc SQUIDs and dimensionless 

inductance � will be rendered as �F � � exp���
L
L
F
��. With a due account of this

result, one can 

write Eqs. (27a) and (27b) for the effective damping and detuning of the resonant
circuit with high-Tc SQUID in the presence of high thermal fluctuations as

2�(a, (e) � Q�1 � k2q [1 � 2� exp���
2
L
LF
�� cos (e � � 2

F���] (45)

2�(a, (e) � 2�0 � k2� exp���
2
L
LF
��� cos (e � � F���� (46)

These simple formulas can be used for the first-hand determination of the high-Tc

SQUID parameters in the regime � 		 1 and L � LF. Similar to the case of the
small fluctuation limit, here also only the positions of the resonances and their
widths are necessary. However, expressions (45) and (46) are quite different; see
Eqs. (27a) and (27b). Recently (32), this approach was applied to the detailed
study of signal characteristics of high-Tc RF SQUIDs with � 	 1 and � 
 1 and
to the determination of SQUID parameters from voltage–frequency characteris-

2J1(a)
�

a

2J1(a)
�

a
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tics. For L 

 LF and $ 

 1, the averaged supercurrent of a high-Tc SQUID is
�Ic� � Ic exp(�L/LF) sin ( in accordance with the old theory (22). Moreover, in
this work and in some experiments (33) and the theory (29), it has been shown that
in the presence of high thermal fluctuations, L 

 LF and $ 

 1 can be consid-
ered from a unique standpoint, independently of the value of parameter �.
Roughly speaking, it is due to the above-mentioned reduction of the critical cur-
rent, which makes the characteristics of all RF SQUIDs “quasi-nonhysteretic.”

Some comments should be made here. Compared with the case of a small
fluctuation limit, the maximum of flux modulation (i.e., the difference in the RF
SQUID output voltage or phase) as a signal flux is changed from (2n � 1)�0/2 to
n�0, the transfer function decreases very quickly (� exp(�L/2LF). In this mode
(� 	 1, L � LF, $ � 1), high-Tc RF SQUID sensitivity is determined by the noise
temperature of the preamplifier (Tamp) and the pump frequency ):

" � (47)

where %opt � L/Ropt, with Ropt, the optimal input impedance of the preamplifier. In
contrast with small fluctuations, in this mode one has a higher intrinsic noise of
high-Tc RF SQUIDs; if the pump frequency is 30 MHz, � � 0.5, k � 0.1, and L/LF

� 1, then Tamp � 120 K, corresponding to the energy sensitivity "min � 2 � 10�27

J/Hz or �� � 5 � 10-3�0/Hz1/2. These drawbacks explain why inductive (� 	 1).
High-Tc SQUIDs in a high fluctuation limit are rarely used in practice and we need
high critical current in SQUIDs.

The screening current in the RF high-Tc SQUID inductance have been cal-
culated recently (31,32) for higher values of l � 3 and $ 
 0.3:

�i cos()t � !)� � exp���
2
L
LF
�� g�J1(a) cos (e � ��

ƒ
2

�� J1(2a) cos 2(e� (48)

where g and ƒ are coefficients that depend on both � and $:

g � exp � � and 0.1 	 ƒ 	 1 (49)

at $ � 0.5 and � � 2, the coefficient g is equal to 0.72. Then the transfer function
has the same Eq. (48) terms:

+T � +0k2�g exp���
2
L
LF
��[J1(a) sin (e � ƒJ1(2a) sin 2(e] (50)

Using a computer simulation method for dc SQUIDs, it has been found (34,35)
that the transfer function is proportional to

+dc � exp���
1.

2
7
L
5
F

L
�� (51)

�l/2
���
exp[3.5($ � 0.5)] � �

kBTamp
����
%opt{� 2[exp(�L/LF)]()/k)2/(LT/L)}
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and suppression of the transfer function of a dc SQUID with L 
 LF is stronger
than in the case of a high-Tc RF SQUID.

However, taking into account +dc � R/L and +RF � ()/k)(LT/L)1/2, the total
value of the transfer function and the optimal energy sensitivity can be higher for
dc SQUIDs. This formula does not take into account the 1/ƒ noise region. It should
be pointed out that for RF SQUIDs, 1/ƒ noise performance can be better due to the
noise parameter $; see, for example, Refs. 31, 34, and 35.

However, there is no difference between the two types of macroscopic
quantum device with dc or RF operation modes because, in practice, the main rea-
sons for the sensitivity for both systems are excess noises in high-Tc materials in
external magnetic fields.

7.8 EXCESS NOISE IN HIGH-Tc MATERIALS AND SQUIDs

A number of materials-related problems have hindered the development of a tech-
nology process for fabrication of high-Tc SQUID magnetometers (36). The first 1-
2-3 structure discovered, YBaCuO, is one of the most commonly used materials
for high-Tc electronics device fabrication. Depositing high-quality YBaCuO and
GdBaCuO thin films (16) forms the development of a reproducible process for
step-edge and bicrystal junctions. The critical currents displayed by the bicrystal
and step-edge junctions are typically �30–100 �A with the IcR product of
100–200 �V at 77K for both materials with a current density 5 � 105–106 A/cm2

(Fig.7. 1). The noise level of the devices (about 100 fT/Hz1/2) does not appear to
differ significantly between magnetometers fabricated from YBaCuO and
GdBaCuO with step-edge and bicrystal Josephson junctions. Also, it has been
noted that significant parts of these devices are generally noisier. The reason of the
higher noise level of the all types (dc and RF) of high-Tc SQUIDs may be discrete
or a large ensemble of Josephson fluctuators (JF) (37,38) and thermally activated
flux motion in oxide superconductors (39,40).

7.8.1 Flux Noise Generated by Josephson Fluctuators

The fluctuation phenomena in high-Tc materials result in much more pronounced
features than those observed in traditional low-Tc superconductors. The order-pa-
rameter depression is essential at temperatures close to Tc and it arises due to the
short coherence length in the oxide superconductors, which may be of the order of
interatomic distances in the direction transverse to the Cu–O layers. Various in-
homogeneities and structural and orientation defects in these materials lead to the
formation of weak links between regions with a high critical current density. The
power spectral density of the magnetic flux noise in a simple model of a multi-
contact weakly coupled system is called the “Josephson fluctuator” (JF), which re-
flects to some extent specific properties of real high-Tc superconductors.
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Due to higher operating temperature for the SQUIDs, thermal fluctuations
must be an important part of noise generation, which leads to breaking up phase
coherence in the system of Josephson junctions. In macroscopic Josephson fluc-
tuators which consist of superconducting loops closed by weak links, thermal
fluctuations initiate transitions between different metastable states of the system.
The existence of many metastable states in polycrystalline samples (high-Tc bulk
SQUIDs, shields, flux focusers, coils) investigated in the form of ensembles of in-
dependent fluctuators, produces low-frequency magnetic noise (37,38). In the
most advanced specimens of SQUIDs made from epitaxial films, the number of
such Josephson fluctuators is drastically reduced, and it is possible to observe new
phenomena induced by a few, or even a single, JFs (38).

In this subsection, we carry out a numerical and experimental analysis of the
dependence of the noise spectral density of the magnetic flux noise S�()) on the
temperature, magnetic field, and JF parameters. The results of experimental in-
vestigations of S�()) in high-Tc RF SQUIDs are discussed both in the limit of dis-
crete fluctuators (SQUIDs manufactured from high-quality epitaxial films) and in
the case of a large ensemble of statistically independent fluctuators (bulk ceramic
SQUIDs or thin films with a small critical current density Jc 	 3 � 105 A/cm2).

Under certain conditions, a system of superconducting regions connected by
Josephson or Josephson-like junctions can be regarded as a quasicontinuum and
can be described by certain effective parameters in analogy with type II super-
conductors (41,42). In the model of a quasiregular Josephson array of granules
forming a cubic lattice of period a, the penetration depth of the magnetic field de-
pends on the screening due to intergranular Josephson currents (43,44):

� � � �
1/2

(52)

Here, �0 is magnetic permeability of the vacuum, jc is the average transition
current density, and S is the effective area of penetration of the field into inter-
granular space per unit cell, with allowance for London penetration depth. The ef-
fective field penetration depth for a two-dimensional system modeling a poly-
crystalline high-Tc film of thickness d is

�eff � �
�
d

2

� (53)

and from Eqs. (52) and (53), we find

�
�

a
eff
� � (54)

where Ic � jcad is the transition current of a Josephson junction between adjacent
granules and L0 � �0S/a is the inductance of the elementary intergranular loop of
JF. This inductance, like the area S, depends on the temperature, increasing as the

�0
�
2L0Ic

a�0
�
2�0Sjc
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transition temperature Tc of the homogeneous high-Tc superconducting materials
is approached. If we consider the system to be close packed and disregard the size
of the nonsuperconducting regions at the grain boundaries, we find that the effec-
tive area of penetration of the magnetic field varies from S � a�L(T) for �L � d
		 a to S � a2 for �L(T) � (da)1/2.

The granular system can be regarded as a continuum under the condition �eff



 a (i.e., �0 		 2L0Ic. This condition is always satisfied sufficiently close to
the transition temperature. However, for a high intergranular transition current
density and with an increase in the period a (large size of polycrystalline high-Tc

materials), the depth �eff becomes of the order of the granule size and the system 
begins to exhibit a discrete character. In high-quality epitaxial high-Tc supercon-
ducting films, the dimensions of the grains at whose boundaries the Josephson
links form, can be quite large. It is therefore necessary to go to a discrete descrip-
tion of the system and to consider a Hamiltonian in which the energy of the
Josephson links depends on the phase difference (37,38,44):

H̃ � ∑
�i,j �

Eij(1 � cos ,ij) � EM (55)

where

,ij � (i � (j � � � �A dr (56)

is the gradient-invariant Josephson phase difference between adjacent crystalline
granules within which the phases of the order parameter are equal to (i and (j. The
integral of the vector potential of the magnetic field A is evaluated along a con-
tour situated in the region of the weak link; EM is the magnetic energy of the sys-
tem. The width of the Josephson junction is assumed to be smaller than or of the
same order as the penetration depth of the intergranular weak link �J, and the mag-
netic field obeys H 		 Hcj � �0/�0�J�L. The spatial variation of the phase dif-
ference along the intergranular boundary can be disregarded under these condi-
tions.

As mentioned earlier, the number of weak links in epitaxial high-Tc thin-
film SQUID sensors is not very large, and the small number of macroscopic
Josephson fluctuators determines their magnetic flux noise. The process of ther-
mally activated transitions in such fluctuators can be described quite accurately
in the approximation of two-level systems whose parameters depend on the ex-
ternal magnetic field. It is well known that the spectral density of the magnetic
flux fluctuations in this case is characterized by Lorentzian frequency depen-
dence:

S�()) � � � (57)%
��
1 � ()%)2

��2

�


2
�
�0
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where

�� � (58)

is proportional to the root mean square value of the flux fluctuations, and the char-
acteristic time % is equal to

% � �
)
1

0
� � � (59)

Here, �� is the normalized difference between the magnetic fluxes in the loop for
the two switching states. U0 is the height of the barrier that must be surmounted
upon exit from a higher-energy state. �U is the absolute value of the difference in
the energy of the states, and the frequency ) determines the relaxation rate of the
system to the state of a local energy minimum. All of these quantities are calcu-
lated for a given external magnetic flux from the equations describing the
metastable energy stages of the two-level system (37). The significant parameters
in this case are the dimensionless quantities characterizing the elementary JF:

�(T) � (60)

and

� (61)

where L is the loop inductance and Ic(T) is the transition current (all of the weak
links are assumed to be identical in this model).

For typical intergranular weak links in epitaxial high-Tc superconducting
films, one observes current–voltage characteristics corresponding to the resistive
Josephson junction model in the strong damping regime (19,45). In this case, )0

� L/R; that is, it is determined by the loop inductance L and the normal resistance
R of the junction that is typically )0 � 1010–1011 s-1.

The strong temperature dependence of the spectral density S()) near the
transition temperature is associated with the variation of the quantity �(T) in terms
of which the JF energy characteristics in relations (5)–(7) are expressed. In nu-
merical analysis we consider two cases corresponding to different forms of the
temperature dependence of Ic(T ). In the first case, Ic(T) is chosen in accordance
with the Ambegaokar–Baratov equation, which is valid for links of the SIS type
(45). For numerical calculations, a constant parameter �(0) � 2LIc(0)/�0 is
specified, and the temperature dependence �(T) is calculated on the assumption
that the superconducting gap �(T) has a Bardeen–Cooper–Schrieffer temperature
dependence. The second case is drawn on the results of measurements of the char-
acteristics of the intergranular weak links (46) in epitaxial films of YBaCuO,

�2
0

��
42kBTcL

EL
�
kBTc

2LIc
�

�0

exp(U0/kBT
��
1 � exp(��U/kBT

�2
0��

��
4 cosh2(�U/2kBT )
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which show that the transition current is proportional to (1 � T/Tc)2 at tempera-
tures close to Tc. Such dependence is inherent in weak links of the SNS type (47).
In our case, �(T ) is chosen in the form

�(T) � �1 �1 � �
T
T

c
��

2
(62)

where the constant �1 is used as an independent parameter in calculations and
whose value is chosen from experimental data (48) on the transition current. The
inductance L of the loop is estimated from its possible length range 10-1–10-2 cm,
which corresponds to inductance L � 10�10–10�11 H. At the transition tempera-
ture Tc � 90 K, the ratio EL/kBT lies in the interval 0.1–10 for weak links in epi-
taxial films. We will give only the results of a numerical calculation of the tem-
perature dependence of the spectral density of the flux fluctuations for a single JF
when the external magnetic flux is close to �0/2. Here, the form of the potential
energy of the system is such that the latter can be regarded as a two-level system
(elementary fluctuator).

Figures 7.8 and 7.9 show graphs of the calculated temperature dependence
of the spectral density of magnetic flux noise at a fixed observation frequency )
chosen equal to 10�11)0; that is, ƒ � 0.1–1 Hz, which corresponds to the fre-
quency at which excess magnetic noise is usually observed in high-Tc films and
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FIGURE 7.8 Spectral density of magnetic flux noise versus temperature for
three Josephson fluctuators at an observation frequency ) � 10�11)0, EL/kBTc

� 1, and �e � 0.5�0. The parameter of the family of curves is the normalized
current l (0) � 20, 50, 100 with Ambegaokar–Baratov temperature depen-
dence. (From Ref. 38.)



SQUIDs. The external magnetic flux through the loop is fixed at the value �0/2.
The noise intensity differs appreciably from zero in a narrow temperature interval.
As the transition current of the Josephson fluctuator decreases (i.e., as the param-
eters �(0) in Figure 7.8 and �1 in Figure 7.9 decrease), the S(T) peak shifts toward
lower temperatures and its width increases. The spectral density of the noise ac-
quires a narrow temperature peak as a result of strong exponential temperature de-
pendence of the quantity ��2 and the time in Eqs. (57) and (59). For a fixed in-
ductance, the variation of the coupling weak-link energy (i.e., the transition
current of Josephson fluctuators) shifts the noise peak on the temperature scale
and causes its amplitude to change slightly.

The temperature dependence of spectral power of the magnetic flux fluctu-
ations for various inductances of the Josephson fluctuator is shown in Figure 7.10,
where EL /kBT is varied for a temperature dependence of the transition current of
the form Eq. (62) and the L-independent parameter �1EI/kBT � �1 is fixed. Specif-
ically, �1 � �0Ic/2kBT is a parameter characterizing the influence of thermal
fluctuations on the form of I–V characteristics near the transition temperature
(46,47).

If the external magnetic flux differs from 0.5�0, the potential energy of the
Josephson fluctuator is asymmetric. The total noise intensity decreases as the dif-
ference in the energy of the stationary states increases. The suppression of the tem-
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FIGURE 7.9 Temperature dependence of spectral noise density at observation
frequency ) � 10�11)0 for four fluctuators whose transition currents depend
on the temperature in the form (1-T/Tc)2, EL/kBTc � 1, and �e � 0.5�0. The pa-
rameter of the curves is l1 � 100, 200, 500, 1000. (From Ref. 38.)



perature peak of S()) due to the increased asymmetry of the potential of the two-
level system is far more pronounced for peaks closer to the transition temperature
(i.e., for a high transition current) (Fig. 7.11).

Consequently, when several Josephson fluctuators appear in epitaxial high-
Tc superconducting films, RF and dc SQUIDs, input coils, flux focusers, bolome-
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FIGURE 7.10 Temperature dependence of the spectral noise density of
Josephson fluctuators at low frequencies ) � 10�11)0. The parameter of the
family is EL/kBTc � 1, 3, 5, 10 [i.e., the inductance (or dimensions) of the JF].
Here, �e � 0.5�0, l(T) � l1(1�T/Tc)2, and � � 2000. (From Ref. 38.)

FIGURE 7.11 Temperature dependence of the spectral noise density of
Josephson fluctuators at low frequencies ) � 10�11)0. The parameter of the
family of curves is the external magnetic flux �e/�0 � 0.5, 0.53, 0.56, 0.57, 0.6.
Parameters EL/kBTc � 1, l1 � 1000, and � � 5000 are fixed. (From Ref. 38.)



ters and SIS mixers, the spectral density of the magnetic flux noise will have a
nonmonotonic temperature dependence, which can be represented by the super-
position of the noise contributions from each of the Josephson fluctuators. The
maximum of the noise intensity will be spaced along the temperature scale in ac-
cordance with the scatter of the critical currents, sizes of the loop, and mutual in-
ductance between high-Tc SQUID and fluctuators. The intensity of the noise has
a sharp dependence on the external magnetic field with period �B � �0/Seff,
where Seff is the effective area of the JF with allowance for the amplification of the
magnetic flux by superconducting edges, the permeability of the medium, and so
forth.

The nature of the temperature and frequency dependence of the noise spec-
trum changes upon transition from SQUID sensors having a small number of
weak links (high-quality thin-film sensors) to systems having many junctions with
statistically distributed parameters (bulk SQUIDs). Averaging over the heights of
the energy barriers of the two-level systems (i.e., over the critical currents) yields
a frequency dependence of the 1/ƒ type. The spectral density S�()) as a function
of the temperature has a maximum near Tc, which is caused by the existence of the
above-mentioned peaks of the function S�(T ) for individual fluctuators with high
critical current densities (� 

 1). For bulk ceramic sensors, the noise spectral
density has a maximum shift toward lower temperature. As before, the main con-
tribution to the spectral power is from those Josephson fluctuators through which
the magnetic flux is close to a half-integral number of magnetic flux quantum.
However, the scatter of effective areas of the current loops causes the spectral den-
sity of the magnetic noise of the disordered system to have a weak dependence on
the external magnetic flux, in contrast to the strong quasiperiodic dependence as-
sociated with the individual JF.

From the experimental point of view, the magnetic fluctuations in high-Tc

materials can be measured by using an apparatus in which the receiving antenna
of a low-temperature SQUID is inductively coupled with the high-Tc sample
(36–40). Figure 7.12 shows typical low-noise spectra for bulk polycrystalline
YBaCuO sample with critical current density Jc(T � 77 K) � 300 A/cm2. Below
Tc and down to 8 K, the spectral noise density varies approximately as 1/ƒ in the
range 1–10 Hz. This is consistent with the predictions of the theory of the model
of an ensemble of independent fluctuators. Far from Tc (see the curve for T � 8
K), the values of S�()) at frequency of 1 Hz are only an order of magnitude lower
than that at T � 88.4 K, where this noise is a maximum. The fact that the excess
noise amplitude decreases slowly with decreasing temperature in the case of bulk
ceramic with Jc � 300 A/cm2 is attributed to large scatter in absolute values of the
transition currents of individual junctions. This noise arises from incoherent su-
perposition of many thermally activated jumps of the supercurrent and the inter-
nal magnetic flux due to Josephson fluctuators, in low external magnetic fields up
to 10�10 T.
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7.8.2 Flux Creep Noise in High-Tc Superconductors

The random telegraph fluctuations of the magnetic flux are also observed in high-
Tc films (39) which are being interpreted in terms of thermally activated jumps of
single Abrikosov vortices between two fixed pinning sites (this is another type of
elementary fluctuator). High-Tc oxide materials are type II superconductors with
a relatively small lower critical field Hc1. A thin-film high-Tc RF SQUID, the flux
focuser has a large demagnetizing factor for perpendicular fields, hence even
weak fields like the Earth’s cause Abrikosov flux vortices to penetrate the perime-
ter of the sensors. Abrikosov vortices also have other unwanted effects, including
drift in SQUIDs output due to flux creep and perhaps most importantly, in some
applications, an increase of flux and voltage hysteresis to field variations of the
order of the Earth’s magnetic field (44).

Magnetic relaxation effects arising from thermally activated flux motion
were known to occur in conventional superconductors, although on a much
smaller scale. Relaxation is assumed to take place via jumps of a flux line bound-
less from one pinning center to another. However, the assumption that the activa-
tion energy E(T) for flux motion is much larger than the thermal energy kBT is not
applicable to high-Tc SQUID material. On the basis of Monte Carlo simulations
(48), it is shown that, for not too long times, the relaxation of the magnetization in
high-Tc materials (SQUID output signal drift) is well described by

V(t, T ) � V0 �1 � ln �1 � �
%
t
��� (63)

kBT
�
E(T )

220 Shnyrkov

FIGURE 7.12 Spectral noise density of magnetic flux versus frequency for a
polycrystalline sample of YBaCuO ceramic at different temperatures T. The
external magnetic field is lower than 10�9 T. (From Ref. 38.)



even in the case where the activation energy E(T) is comparable to kBT. [� )
exp[E(T)/kBT]. Here, ) is essentially given by the attempt frequency for a flux line
to make a thermally activated jump from one pinning state to another. For a very
long time [i.e., V(t, T) 	 0.1V0] the drift of the output voltage (due to magnetiza-
tion drift) is shown to follow a simple exponential decay (48). It is evident that
twin-plane pinning might be important in YBaCuO as compared to BiSrCaCuO,
which does not have twin planes. Figure 7.13 shows the distribution function of
activation energies for thermally activated flux motion, probably the first obtained
(49) on YBaCuO superconductors used for high-Tc SQUIDs, shields, and flux fo-
cuser preparation. It is very interesting that a much narrower distribution was
found in BiSrCaCuO materials.

The adverse effects of Abrikosov vortex penetration in 77 K SQUIDs, in-
cluding excess low-frequency noise, hysteresis, and drift, are minimized when the
critical current Jc of the superconducting material is large. Qualitatively, this is to
be expected because Jc is a measure of both the material’s ability to resist vortex
penetration and the strength with which vortices, once present, are pinned. Be-
cause the largest current densities occur near the device edges, care must be taken
during processing to ensure that minimal degradation of film-edge, bulk-edge Jc

occurs during patterning of the sensors.

7.8.3 Processing of Bulk High-Tc Materials for RF SQUIDs

For most high-Tc thin-film SQUID applications, large critical current densities of
the order of 106–107 A/cm2 are required, often in the presence of magnetic fields.
Critical current density is not an intrinsic property of oxide superconductors and
is strongly dependent on its fabrication technology, processing conditions, mi-
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FIGURE 7.13 Distribution function of activation energy for thermally activated
flux motion on a single crystal of YBaCuO. A log-normal distribution is shown
as the dashed line. (From Ref. 48.)



crostructure, pinning centers, and so forth (50). The important point about bulk
high-Tc RF SQUIDs is that they operate well (with good sensitivity � 10�28 J/Hz)
in external magnetic field with a “small” critical current density of bulk material
(�103 A/cm2). In this case, penetration of the external magnetic field is described
by dx � dH/Jc. Therefore, when Jc is high, a large magnetic field in the interior
regions can be shielded by the bulk superconductor. This effect can be used for
magnetic shielding by oxide superconductor high-Tc electronics circuits. Bulk
high-Tc SQUIDs are low-cost, very simple to design, and can provide good sensi-
tivity in the Earth’s magnetic field. Up until now, the main differences in its char-
acteristics are results of bulk ceramic properties (Jc � 300–1000 A/cm2) and
weak-link parameters.

Various processes have been employed for the fabrication of bulk high-Tc

superconductors. Sintering is very commonly used in ceramic processing and has
many advantages in preparing ceramics in precise shapes needed for practical
high-Tc RF bulk SQUIDs, focusers, and shields (51). The compounds for bulk
SQUIDs can be produced by solid-state reactions at relatively low temperatures.
Furthermore, by controlling heat-treatment conditions, microstructure character-
istics such as grain size and critical current density can be controlled. By this
method, good Tc values can be easily achieved (for YBaCuO, Tc � 89–90 K).
However, Jc values at 77 K are very small in bulk sintered oxide superconductors
and limited by 1000 A/cm2 for commonly used bulk SQUID sensors. Several pa-
rameters such as density, oxygen content, cracks, homogeneity, and energy cou-
pling at grain boundaries are considered to be very important in determining Jc in
bulk sintered YBaCuO SQUIDs sensors. These parameters are strongly affected
by processing conditions, powders, and sintering technology.

The starting powders are prepared by various solution techniques (52). Den-
sification is possible without the help of liquid, if fine powders (	1 �m) with a uni-
form size distribution are used. After pressing under high pressure (preferably by
cold isostatic pressing), bulk ceramics can be sintered below 925°C, resulting in
highly dense samples without the intrusion of liquid. However, even in such sam-
ples, Jc values are low. This is partly due to the presence of a crack along the grain
boundaries. Oxide superconductors have an anisotropic crystal structure, and most
properties such as thermal expansion coefficients are also anisotropic. In sintered
samples of a bulk RF SQUID body where grain orientations are random, the stress
will be accumulated at grain boundaries during thermal cycles, leading to cracking
and low values of the critical current density (Jc max � 1000 A/cm2 at 77 K in zero
field) (see Fig. 7.14). The fact that the single crystals exhibit Jc values to two or-
ders of magnitude larger and excess low-frequency noise two orders of magnitude
lower than polycrystalline samples suggests that grain boundaries are the weak
links.

As mentioned earlier, the thermally activated transitions between
metastable states in macroscopic Josephson fluctuators and in a system of
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Abrikosov vortexes cause low-frequency excess noise in RF SQUIDs. Both phe-
nomena can induce the Lorentzian flux noise spectrum [see Eq. (57) for “tele-
graph” noise] in high-Tc materials, Josephson junctions, and RF SQUIDs. We find
that for both high-quality thin-film and bulk RF SQUIDs ()/2 � 24 MHz), sen-
sitivity at low frequencies is �B � 1.0 � 10�12 T/Hz1/2 at 1 Hz in the Earth’s mag-
netic field without additional noise-compensation electronics. For best bulk
SQUIDs, there are simple relations �B � 1/Jc in high-Tc material. It is an order of
magnitude larger than usually obtained for the best of these high-Tc sensors in zero
magnetic fields. In summary, for the reduction of low-frequency noise in high-Tc

RF SQUIDs, further improvements in the processing technology are required, es-
pecially with regard to the quality of the edge (thin-film sensors), Josephson junc-
tions, and quality (critical current density � 104 A/cm2) ceramic bulk materials
based on melt-textured technology or the technology UPtYBaO, which can be
formed within melt-textured YBaCuO by the addition of U (53).

7.9 HIGH-Tc SQUID APPLICATIONS

Currently, the sensitivity of high-Tc RF SQUIDs reaches 40 fT/Hz1/2 for several
samples (54–56). The parameter of noise (1/ƒ) begins for better samples with units
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FIGURE 7.14 Effect of sintering temperature on the bulk density and Jc of bulk
YBaCuO. Note that although the bulk density can be increased by increasing
the sintering temperature, Jc decreases on sintering above 950°C. This is
partly due to the presence of a crack along the grain boundaries. (From Ref.
51.)



of several hertz. It is obvious that such a sensitivity range is not sufficient for the
application in magneto-encephalographs. On the other hand, this value is quite
enough for measurements of magneto-cardiograms, myograms, iron overload in
human liver, and magnetized lung contaminants (57). It is also clear that employ-
ment of nitrogen-cooled SQUIDs for solving these tasks of biomagnetism would
greatly improve the cryogenic facility service at large hospitals and would give an
impetus to use such instruments at medical facilities in a wide area of medical ap-
plication (55,58–61).

Currently, a required sensitivity of 30–40 fT/Hz1/2 field strength is possessed
only by occasional RF SQUIDs samples, whereas the overwhelming majority of
researchers’ groups claim of attaining a range of 100 fT/Hz1/2 field strength. There
are no objective reasons to doubt that in several decades to come, the SQUIDs with
a sensitivity of 30 fT/Hz1/2 field strength will be manufactured for wide commer-
cial availability. This advantage would enable one to use the high-Tc SQUIDs to
win the medical-facilities market-segment worldwide (55). In the opinion of ex-
perts, neither data analysis nor modeling or signal processing are serious obstacles
to the wide application of SQUID technologies at hospitals. The point is that at a
regular hospital, everyday problems arise when it is necessary to employ liquid he-
lium as a cryocoolant. For this reason, replacement of liquid helium by liquid ni-
trogen (or a cryocooler) would make handling of these instruments a trivial pursuit.

Another decent area for high-Tc SQUIDs application is presumably geo-
physics (62). As a matter of fact, the above-mentioned sensitivity, as well as dy-
namic range and frequency band of the RF SQUIDs (being realized today), are
quite sufficient for implementing a great number of geophysical investigations. In
the RF SQUID, there still exist some underdeveloped 1/ƒ-noise-field problems for
frequencies lower than 1 Hz.

It is clear that substituting the liquid helium by liquid nitrogen would ensure
a dramatic economic gain from field practice in the realm of remote geology. Re-
cently, similar pioneering studies with high-Tc SQUID magnetometers have been
done by a researchers team from Ulich (63). All of these factors contribute to the
idea of high-Tc SQUID employment in the problems of paleo-magnetism mea-
surements in remote-territory geologic expeditions.

Prospects of high-Tc RF SQUID usage in nondestructive evaluation and
testing (NDE and NDT) methodologies for industrial objects (64) are very opti-
mistic. As publications show (65–68), most of the NDE and NDT technologies
(such as the search for metal cracks, chemical corrosion, magnetic impurities, or
occasional body cavities) are well applicable at field-strength sensitivity values in
the range 30–100 fT/Hz1/2. For such a field sensitivity range, the high-Tc RF
SQUIDs are quite competitive with rather expensive low-Tc SQUIDs.

It should be noted that there exists a specific field, such as magnetic mi-
croscopy imaging techniques, where high-Tc SQUIDs are, by far, more advanta-
geous, contrary to their low-Tc opponents, due to the fact that the former can be

224 Shnyrkov



physically positioned in closest vicinity to a sample surface. The matter is that a
source field decreases as 1/R3. Therefore, reducing a detector-to-object clearance
by three to four times would result in a signal-intensity gain by 1.5–2 orders of
magnitude. Technically speaking, the conventionally adopted 8–10-mm “gold
size” for helium dewar may be reduced to 2.5–3 mm for nitrogen cryostats.

A special focus should be concentrated on the creation of ultrasensitive elec-
tromagnetic metal detectors (69) based on high-Tc SQUIDs. These detector sys-
tems include active excitation coils of low-frequency magnetic field, whereby a
signal being induced in a sample object is measured by SQUID detector. It is note-
worthy that such radarlike systems (of 10�13 T/m /Hz1/2 sensitivity) ensure a de-
tection of metal objects even in conducting media, such as under sea level at
depths up to a dozen meters, whereby seawater conductivity is rated as much as 4
S/m. Undoubtedly, such a radar–SQUID trend will evolve using a low-Tc SQUID
also; however, high-Tc SQUIDs, in their turn, possess a definite relevant niche.

As a matter of fact, if a SQUID’s input circuit (i.e., antenna) is construed to
a phenomenon of stochastic resonance (70), the signal-to-noise ratio would be im-
proved by 20 to 30 times (71). Generally speaking, stochastic resonance effect-
based antenna inclusion in the above-mentioned input circuits can facilitate a fast
coming-to-market for active SQUID systems for biomagnetic application, such as
lung pollution tests, iron overload in liver, NDE and NDT, scanning microscopy,
electromagnetic metal detectors, and so forth.

7.10 CONCLUSIONS

In the recent decade, significant progress has been achieved in the field of response
and energy-sensitivity enhancement for high-Tc thin-film RF SQUIDs
(6,9,23,30,56,58,59,63,72–75). Figure 7.15 shows the spectral density characteris-
tic of the noise for high-Tc RF SQUIDs operating at two RF frequencies (76). By
increasing the pumping frequency to 360 MHz from 20 MHz, a considerable im-
provement has been found. For 360 MHz operating frequency, flux noise is � 5�
10-5 �0/Hz1/2 which corresponded to a field sensitivity of 6 � 10�14 T/Hz1/2. Fig-
ure 7.16 shows the frequency dependence of flux noise of RF and dc SQUIDs for
the L 
 LF limit (31). The parameters R and L are the same for both the SQUIDs.
It shows that there are no 1/ƒ noise at 1 Hz as predicted by theory (31) for RF
SQUID.

It has proven to be possible to obtain in this range of inductance (of large fluc-
tuations), practically the same energy sensitivity as that of best dc high-Tc SQUIDs
that operate within the L 	 LF regime. This has been possible to increase in the ex-
citation frequency (UHF high-Tc SQUIDs) and improvement of k2Q� (9,77).

The good results for dc and RF high-Tc SQUIDs have been obtained in the
application of �-metal shields in exterior fields which are by far lower compared
to magnetic field of the Earth. With an increased exterior magnetic field, a spec-
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FIGURE 7.15 Flux noise versus frequency for thin-film high-Tc RF SQUIDs
with two RF frequencies in a low magnetic field. (From Ref. 76.)

FIGURE 7.16 The energy sensitivity as a function of frequency. The parame-
ters R and L are identical for both RF and dc SQUIDs; L 
 LF. (From Ref. 31.)



tral density of noise at low frequencies is abruptly deteriorating (78) (see Fig.
7.17), which is also typical for high-Tc dc SQUIDs.

Progress in the bulk RF SQUIDs is considerably slow. Practically up to
date, there are no energy sensitivities better that those described in Refs. 74 and
75, as yet. However, the importance of sensitivity enhancement for bulk high-Tc

RF SQUIDs, for example, due to improved materials properties or an increased
merit factor or a resonance circuit, input coils, and so forth is emphasized by the
fact that the RF SQUIDs do not, practically, change the noise spectral density up
to � 1 Oe within exterior magnetic fields.

As a conclusion, we list several tasks, a resolution hereof is stimulated by
further progress of single-contact high-Tc SQUIDs, or, more accurately, due to
SQUID applications in NDE, biomagnetism, geomagnetism and some other tasks:

• The creation of Zimmerman multiloop RF interferometer with L 	 LF in-
ductance based on oxide materials of high (up to 104–105 A/cm2) critical
current density

• The creation of bulk-wire superconducting input (and output with im-
provement Q) circuits for magnetometers and gradiometers

• The creation of reproducible submicrometer high-Tc Josephson junctions
for thin-film Zimmerman multiloop SQUIDs as well as of input and out-
put thin-film-struture circuits (i.e., of completely integrated chips)

• The creation of input amplifiers for high-Tc RF SQUIDs based on
stochastic resonance phenomena

For the best operation of the high-Tc RF SQUIDs at nitrogen temperatures,
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FIGURE 7.17 1/ƒ flux noise and field resolution of a high-Tc RF washer-type
SQUID in external magnetic field. (From Ref. 78.)



one can use interferometers in the small fluctuation limit, which were described in
detail by Kurkijarvi–Webb and Danilov–Likharev (79,80) theory.
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8.1 INTRODUCTION

The superconducting quantum interference device (SQUID) is the most sensitive
detector of the magnetic flux. This feature makes the SQUID an attractive device
for a range of applications. The SQUIDs based on low-Tc superconductors have
shown unsurpassed sensitivity for the measurement of current, voltage, magnetic
field, and magnetic field gradient (1). Potentiality of the applications of these
SQUID magnetometers in measuring the biomagnetic field (2), nondestructive
testing (2), and geological prospecting (3) have been demonstrated much earlier.
In spite of the commercial availability of low-Tc SQUID for several years, the
SQUID-based applications did not gain widespread acceptability. This has been
mainly due to the inconvenience of its operation at liquid-helium temperature.

The feasibility of the fabrication of high-Tc SQUID operating at 77 K was
soon demonstrated after the discovery of high-Tc superconductors (HTS). Since
then, there has been continuous progress in this area (4–6). Several novel ap-
proaches have been conceived and applied for improving the performance of the
high-Tc SQUIDs. HTS SQUID magnetometers exhibiting magnetic field sensitiv-
ity � 10–50 fT/Hz1/2 in the white-noise region at 77K have been demonstrated
(5). Several companies have started commercializing high-Tc SQUIDs (7). HTS
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SQUID magnetometers and gradiometers have been successfully used in the de-
tection of biomagnetic signals from the heart and brain (8,9), nondestructive test-
ing of deep buried flaws in metallic specimens (10), geophysical applications (11),
and several other novel applications such as in biological immunoassays (12), sen-
tinels-lymph node biopsy (13), and so forth.

This chapter presents a review of the developments of high-Tc SQUID mag-
netometers and discusses their applications in different areas.

8.2 SUPERCONDUCTING QUANTUM

INTERFERENCE DEVICE

The SQUID is an ultrasensitive magnetic flux sensor that converts magnetic flux
into voltage. There are two types of SQUIDs: dc-SQUID and rf-SQUID (1). A dc-
SQUID consists of a superconducting loop interrupted by two Josephson junc-
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FIGURE 8.1 (a) Schematic of a dc-SQUID. Two Josephson junctions are
shown by � in the superconducting ring, (b) Variation of voltage of the dc-
SQUID with the applied flux (�) for a constant bias current, (c) Schematic of
an rf-SQUID and (d) variation of peak amplitude of Vrf with the applied flux
(�) for a fixed rf bias current.



tions, as shown in Figure 8.1a. The prefix dc implies that it is biased with a direct
current. Both Josephson junctions in the dc-SQUID have identical characteristics.
Critical current of the dc-SQUID is an oscillatory function of the applied flux with
a period of one flux quantum, �0. The value of one flux quantum, �0 (�h/2e), is
2 � 10�7 G/cm2. When the dc-SQUID is biased with a dc current IB � Ic, where
Ic is the critical current of the Josephson junction, the voltage across the SQUID
shows an oscillatory function of applied magnetic flux with the periodicity of �0

(Fig. 8.1b).
The rf-SQUID consists of one Josephson junction in the superconducting

ring as shown in Figure 8.1c. The rf-SQUID is biased with an rf current applied to
the SQUID through a inductively coupled tank circuit. Here also for an appropri-
ate biasing, the rf voltage across the SQUID oscillates as a function of magnetic
flux having a periodicity of �0 (Fig 8.1d).

8.2.1 Designing of SQUID

The performance of a SQUID depends on the characteristics of the Josephson
junction and inductance of the SQUID loop, LSQ. For the Josephson junction, im-
portant parameters are the critical current (Ic), the capacitance (C), and the shunt
resistance (R). Designing of a highly sensitive SQUID requires careful selection
of the appropriate values of LSQ, Ic, R, and C (14,15).

Noise due to thermal fluctuation puts an upper limit on the selection of the
value of LSQ. The thermal noise power in the SQUID is �

1
2

�kBT/Hz and the mean en-
ergy per Hertz in an inductor is �

1
2

�LSQIn
2; thus In

2 � kBT/LSQ. The corresponding
equivalent flux noise is

�2
n � L2

SQ In
2 � LSQ kBT (1)

where kB is the Boltzman constant and T is the operating temperature of the
SQUID. Due to this constraint of the thermal fluctuation noise, the SQUID effect
can be observed only if �n is less than �0/2, where �0 is the flux quantum. Thus,
the condition for observing the SQUID response is

LSQ 	 �
4
�

kB

2
0

T
� (2)

which imposes a condition that LSQ 	 1 nH for operating the SQUID at 77 K.
Similar to LSQ, the choice of the critical current (Ic) of the junction is also

very crucial. In order to observe the quantum interference effect, the junction 
coupling strength Ic�0/2 must be significantly greater than the thermal energy, 
the (kBT ).

For taking into account Josephson coupling strength and thermal energy, the
$ parameter for the SQUID is defined as

$ � �
2
I


c�

kB

0

T
� (3)
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For observing the SQUID effect, the value of the $ parameter should be 	1
(preferably � 0.1). This puts a condition that Ic � 10–50 �A for operating the
SQUID at 77 K.

Other important parameters for the SQUID design are

�c � �
2

�

IcR

0

2C
� (4)

and

�L � �
2L

�
SQ

0

Ic
� (5)

To ensure nonhysteretic characteristics of the junction, the McCumber parameter
�c 	1 and for the optimum SQUID performance �L � 1. For a optimum bias
current, the SQUID transfer function V� � �V/�� is given as

V� � �
L

R
SQ
� (6)

The value of spectral density of thermal noise (Sv) is

Sv(ƒ) � 16kBTR (7)

and the thermal flux noise density is given by

S� � �
(V

S

�

v

)2� (8)

S� � �
16kB

R
TL2

SQ
� (9)

Thus, for reducing the thermal flux noise, the value of R should be large and C
should be kept small to satisfy the condition for �c. Typically, �S	�	(ƒ	)	 is frequency
independent down to a frequency below which it scales approximately as 1/ƒ.

In order to compare different SQUIDs, a figure of merit (energy resolution
of the SQUID) is defined as

"(ƒ) � �
S
2

�

L
(

S

ƒ

Q

)
� (10)

Substitution of S� from Eq. (9) gives

"(ƒ) � �
8kBT

R
LSQ
� (11)

thus, one should reduce T and LSQ and increase R in order to improve the energy
resolution of the SQUID.
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8.2.2 SQUID Magnetometer

The dependence of SQUID voltage on the applied flux suggests that it can be used
as a flux meter. Figure 8.1b shows that the SQUID voltage varies periodically with
the applied flux. However, for several applications, one requires that the output of
the SQUID should vary linearly with the applied flux even when the flux is much
greater than �0. This linear response is obtained by means of a feedback circuit,
as shown in Figure 8.2. The dc-SQUID is biased with a constant current IB � Ic,
and an ac magnetic field (ƒac � 10–100 kHz) is applied to the SQUID with a peak-
to-peak amplitude � �0/2. The ac signal developed across the SQUID is detected
with a lock-in at the fundamental frequency. When the external field is equal to
exactly n�0/2, the signal from the SQUID is at twice the fundamental frequency
and the lock-in output is zero. For an external flux corresponding to (n � �

1
4

�)�0 and
(n � �

3
4

�)�0, the output from the lock-in is maximum and minimum, respectively.
Therefore, the lock-in output is also oscillatory and the period of the oscillation is
one flux quantum. To obtain a linear response to the external flux, the lock-in out-
put is amplified and is fed back to the SQUID through a feedback resistor and a
coil coupled to the SQUID. A flux change (��) produces a voltage across the
SQUID which is fed back through the coil coupled to the SQUID, thereby gener-
ating a flux (���) exactly equal but opposite to the applied flux. Thus, the
SQUID will experience no flux and it will always be “locked” at the minima of
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FIGURE 8.2 Arrangement for a feedback circuit to operate the dc-SQUID in
flux locked loop mode.



the V–� characteristics. Any increase in the applied flux increases the feedback
current linearly and the voltage across the feedback resistance is proportional to
the applied flux. In the flux-locked loop mode, one can detect flux much less than
�0 as well as flux corresponding to several �0’s with the same sensitivity.

The overall performance of the SQUID magnetometer is also determined by
the readout electronics. In recent years, there has been considerable advancement
in SQUID electronics (16–18). Direct-coupled SQUID electronics with large
bandwidth and high slew rate at a very low noise level have been developed.
These electronics have features like automatic bias voltage tuning, background
field cancellation, and bias reversal scheme.

The SQUID can also be used to measure the magnetic field in the digital
mode by counting the number of oscillations that occur when the field is applied.
The digital SQUID electronics uses the SQUID itself as an integral part of the ana-
log-to-digital conversion. Digital SQUID electronics have been developed to per-
form software gradiometry with SQUID magnetometers (19) for measurements in
an unshielded environment or in a moving platform.

8.2.2.1 Flux Transformer and Gradiometer

The magnetic field sensitivity of a SQUID depends on its effective area. The in-
trinsic magnetic field sensitivity of the SQUID is less due to its small geometric
area. Due to the design constraints, the area of the SQUID loop cannot be made
very large. For an applied field Ba, the flux coupled to the SQUID is �SQ � BaAS,
where AS is the area. Using a superconducting flux transformer, one can increase
the magnetic field sensitivity of the SQUID. The configuration of such a super-
conducting transformer is shown in Figure 8.3. It is a closed superconducting loop
consisting of a large pickup coil connected in series with a small area input coil that
is inductively coupled to the SQUID. When a magnetic field is applied to the pickup
coil, fluxoid quantization requires that the total flux in the superconducting loop
remain fixed in the multiples of flux quantum. As a result, a supercurrent is gener-
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FIGURE 8.3 Superconducting flux transformer inductively coupled to a
SQUID. Lp, Li, and LSQ are inductance of pickup loop, the input coil, and the
SQUID loop respectively, and Mi is the mutual inductance between the input
coil and the SQUID loop.



ated in the transformer with the appropriate direction and magnitude so as to
counter any change in the magnetic flux within the loop. As this supercurrent flows
through the input coil, it couples a magnetic field on the SQUID. The small loop
that couples flux to the SQUID is magnetically shielded from the external field.

For a field Ba applied to the pickup loop, flux quantization in the flux trans-
former requires that (15)

BaAp � (Lp � Li)I � 0 (12)

where Ap is the area of the pickup loop, Lp and Li are the inductance of pickup loop
and input coil of the transformer, respectively, and I is the supercurrent in the loop.
The flux coupled to the SQUID is

� � �
M
Lp

iA
�

pB
L

a

i
� (13)

where Mi is the mutual inductance between input coil and the SQUID inductance.
It is evident that flux coupled to the SQUID through the flux transformer is much
larger than the flux coupled to the SQUID without a transformer. For an efficient
flux transformer, inductance of the pickup loop, Lp, should be nearly equal to the
inductance of the input coil, Li.

An important extension of flux transformer is a gradiometer that is used to
measure the magnetic field gradient. Figure 8.4 shows schematic configurations

High-Tc SQUID Magnetometer 239

FIGURE 8.4 (a) Superconducting first-order gradiometer and (b) second-order
gradiometer.



of first–order and second–order gradiometers that enables one to measure minute
localized magnetic signals even in the presence of large uniform background mag-
netic field. In the first-order gradiometer, the two superconducting pickup loops
are wound in the opposite sense so that an uniform magnetic field produces no su-
percurrent in the flux transformer, whereas a gradient -Hz/-z generates a net su-
percurrent that is proportional to the difference in the flux threading the two loops.

In the second-order gradiometer, two first-derivative gradiometers are
wound end to end (Fig. 8.4b). This configuration measures the double derivative
-2Hz/-z2. In the design of the gradiometer, considerable care is taken to ensure
that the loops are of the same size and exactly parallel to each other. In the low-Tc

SQUID, a wire-wound gradiometer (20) or thin-film gradiometer (21) is used. For
the high-Tc superconductor, wires of adequate quality are still not available and,
thus, planar thin-film HTS flux transformers and gradiometers are used.

8.3 HIGH-TC JOSEPHSON JUNCTIONS AND SQUIDS

In the low-Tc SQUID, S-I-S (superconductor–insulator–superconductor) tunnel
junctions are usually used for the fabrication of the SQUID. In high-Tc supercon-
ductors, it is extremely difficult to prepare S-I-S-type tunnel junctions because of
the short coherence length along the c axis and various other novel approaches
have been followed. Figure 8.5 shows the schematics of some of the high-Tc junc-
tions that have been used in the fabrication of HTS SQUIDs.

Soon after the discovery of high-Tc superconductors, it was established that
natural grain boundaries (NGBs) in polycrystalline HTS samples behave as
Josephson junctions. Several groups have reported the fabrication of rf- and dc-
high Tc SQUIDs using NGB junctions (references cited in Ref. 6). The character-
istics of NGB junctions varies from one grain boundary to the other. It has been
possible to fabricate a NGB junction rf-SQUID with reasonable characteristics be-
cause only one junction is required for the rf-SQUID (22–25). However, fabrica-
tion of a NGB dc-SQUID has not been very reproducible (26). Moreover, it has
also been found that the trapping of flux in the body of the SQUID causes large
1/ƒ noise resulting into a poor sensitivity of the SQUID.

Soon it was realized that the flux noise in an in situ grown epitaxial HTS
film is much smaller as compared to the polycrystalline films (27) and many ef-
forts have been directed toward the fabrication of HTS Josephson junctions using
epitaxial films. Figure 8.5 shows the step-edge junction, the bicrystal junction, the
ramp-edge junction, and the biepitaxial junction that have been fabricated using
epitaxial films. The fabrication of the step-edge junction and the bicrystal junction
involves the preparation of single-layer HTS film, whereas for the biepitaxial
junction and the ramp-edge junction, deposition of multilayers of HTS films are
required. For the HTS bicrystal grain-boundary junction, the HTS film is epitaxi-
ally grown on a bicrystal substrate (28). The critical current density across the
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grain boundary depends on the misorientation angle of the grain boundary (29).
For the HTS step-edge junction, a sharp step is created on a single-crystal sub-
strate using lithography and the ion-beam-milling technique (30–32). The thick-
ness of the film is kept smaller than the step height. In the ramp-edge junction, first
a layer of HTS film is deposited on a substrate and the ramp edge is created using
lithography and an etching process. In the second step, a thin insulating layer and
HTS film are deposited on the ramp edge (33). For the biepitaxial junction, a seed
epitaxial layer of MgO is deposited on an r-plane sapphire and then an epitaxial
buffer layer of SrTiO3 is deposited. The SrTiO3 film grows on MgO and sapphire

High-Tc SQUID Magnetometer 241

FIGURE 8.5 Various types of the high-Tc Josephson junction: (a) natural grain
boundary, (b) bicrystal junction, (c) step-edge junction, (d) multilayer ramp-
edge junction, and (e) biepitaxial junction.



in two different orientations separated by a 45° grain boundary. The epitaxial
YBCO film deposited on the SrTiO3 film also has a 45° grain boundary (34,35).

In all of the above cases, a HTS junction exhibiting Josephson junction char-
acteristics can be fabricated by patterning a microbridge across the bicrystal grain
boundary, the biepitaxial boundary, a step edge, or a ramp edge. The characteris-
tics of these artificial HTS Josephson junctions fabricated using HTS epitaxial
films can be easily controlled and the reproducibility of the junction is very high.
Several groups have reported on the fabrication of high-Tc SQUIDs using these ar-
tificial junctions (references cited in Refs 5 and 6).

Figures 8.6a and 8.6b show the geometry of step-edge junction and bicrys-
tal junction dc-SQUIDs, respectively. Figure 8.6c shows typical voltage-flux
characteristics for the YBCO thin-film bicrystal junction dc-SQUID (36). The
SQUID characteristics depends on the geometry of the SQUID and characteristics
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FIGURE 8.6 (a) Step-edge junction high-Tc SQUID, (b) bicrystal junction high-
Tc SQUID, and (c) voltage-flux characteristics of YBCO bicrystal junction dc-
SQUID at different biasing current. (Adapted from Ref. 36).



of the junction. For designing the HTS SQUID, similar criteria as discussed in
Section 8.2.1 are used. For a HTS SQUID magnetometer, the SQUID needs to be
coupled with a flux transformer. Different types of configuration for HTS SQUID
magnetometers have been conceived and demonstrated in recent years. The fol-
lowing section presents detail accounts of these developments.

8.4 HIGH TC SQUID MAGNETOMETER

Several different approaches have been followed for improving the magnetic field
sensitivity of HTS SQUIDs. These are use of a large area of the SQUID washer,
a flux focuser, a single-layer flux transformer, and a flux transformer with multi-
turn input coil and by using a large-area shunt inductance parallel to the SQUID
inductance. These approaches can be broadly classified into three categories;

1. Single-layer SQUID magnetometer
2. Flip-chip SQUID magnetometer
3. Multilayer thin-film device on a single substrate

8.4.1 Single-layer SQUID Magnetometer

Single-layer HTS SQUID magnetometers have been fabricated using large washer
geometry or direct-coupled SQUID-type geometry. Figure 8.7 show schematic of
a large-area washer dc-SQUID and a direct-coupled dc-SQUID. It is relatively
simpler to fabricate these single-layer devices. In the large washer design, due to
flux focusing, the effective area of the SQUID increases. Zhang et al (37) used a
rf-SQUID with a large square washer to achieve a magnetic field sensitivity of
�170 fT/Hz1/2 at 1 Hz and 77 K.

In the direct-coupled high-Tc SQUID magnetometer, a large pickup loop is
connected in parallel with a small inductance of the bicrystal junction high-Tc

SQUID (Fig. 8.7b). In this geometry, the dynamics of the SQUID are controlled
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FIGURE 8.7 (a) Large washer type of geometry and (b) direct-coupled HTS
SQUID magnetometer.



by the SQUID inductance, whereas flux linking to the pickup loop induces a cur-
rent that couples flux to the SQUID. The effective area (Aeff) of a direct-coupled
SQUID magnetometer is given as (38).

Aeff � As � �Ap ��
L
L
S

p

Q
�� (14)

� �Ap ��
L
L
S

p

Q
�� (15)

where As and Ap are the effective area of the SQUID loop and pickup loop re-
spectively, Lp and LSQ are the inductance of the pickup loop and the SQUID loop,
respectively. � is the coupling constant, which is unity when the current in Lp pro-
duces a maximum possible flux in LSQ.

The first HTS direct-coupled SQUID magnetometer was reported in 1991
(39). The magnetometer was fabricated using Bi-Sr-Ca-Cu-O oxide film and
showed a magnetic field sensitivity of 1.5 pT/Hz1/2 above 20 Hz and 4.2 K. A con-
siderably improved direct-coupled HTS SQUID magnetometer have been re-
ported by several groups in later years (38,40–46). A magnetic field sensitivity of
32 fT/Hz1/2 at 2 Hz and 77 K was achieved for a device of 1 � 1 cm2 (46). For a
dc-SQUID device fabricated using YBCO film on a 2 � 2 cm2 SrTiO3 bicrystal
substrate, a field sensitivity of 10 fT/Hz1/2 above 10 kHz and to 26 fT/Hz1/2 at 1
Hz (38) was demonstrated.

8.4.2 Flip-Chip Magnetometer

In the flip-chip configuration, the SQUID is fabricated on one substrate and the
flux focuser or flux transformer is fabricated on another substrate. The flux fo-
cuser or flux transformer couples the flux to the SQUID through inductive cou-
pling, which is achieved by placing the SQUID on the top of the flux transformer,
as shown in Figure 8.8. The input coil of the transformer or the center of flux fo-
cuser is mechanically aligned to the SQUID loop. In the design of the thin-film
flux focuser shown in Figure 8.9a, the flux over a large area gets concentrated on
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FIGURE 8.8 Schematic of flip-chip high-Tc SQUID magnetometer.



the small hole at the center. Thus, a much larger flux is coupled to the SQUID,
leading to an enhancement in the magnetic field sensitivity of the SQUID. Several
groups have reported the enhancement of the magnetic field sensitivity of the
SQUID using the flux focuser (37,47–51). A magnetic field sensitivity of 30
fT/Hz1/2 in the white-noise region at 77 K has been achieved for a rf-SQUID with
a flux focuser of diameter 13.4 mm (47).

Figures 8.9b and 8.9c show schematics of a single-layer flux transformer
and multiturn input coil transformer. The first one is fabricated using a single layer
of high-Tc thin film, whereas fabrication of flux transformer with multiturn input
coil requires deposition of three or more layers.

When the planar flux transformer is coupled to a SQUID, the total magnetic
flux induced to the SQUID is given by (52)

�i � BaAsƒ � �
BaM

Lp

(A
�
p �

Li

Ai)
� (16)

where Ba is the applied field, ƒ is the flux focusing factor of the SQUID, Ap and
Lp are the area and inductance of the pickup loop, respectively, Ai and Li are the
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FIGURE 8.9 High-Tc thin film (a) flux focuser, (b) single-layer flux transformer,
and (c) flux transformer with multiturn input coil.



area and the inductance of the input loop, and M is the mutual inductance between
the input loop and the SQUID.

There are a few considerations for the design of a planar flux transformer,
such as (1) the pickup coil should have smallest possible inductance Lp for the
given area, (2) the input coil inductance, Li should be equal to the inductance of
the pickup coil, Lp, and (3) the input coil should have approximately the same size
and shape as that of the SQUID in order to efficiently couple the flux in the
SQUID.

Koelle et al. (41) fabricated a large single-layer flux transformer on a 50-
mm-diameter substrate, and by inductively coupling of this flux transformer with
a direct-coupled dc-SQUID, a magnetic field sensitivity of 39 fT/Hz1/2 at 1 Hz
and 77 K was achieved. Although it is simpler to fabricate single-layer flux trans-
former, but in this design, it is difficult to set Lp � Li. Thus, the flux transformer
is not very efficient.

In the multiturn flux transformer, it is possible to set Lp � LI by using a mul-
titurn input coil. Thus, the flux transfer is more efficient as compared to a single-
layer flux transformer. The construction of this transformer requires multilayer
deposition and patterning of three or more epitaxial layers (53–58). In this flux
transformer, a large-area pickup loop is in series with a small-area multiturn input
coil that is inductively coupled to the SQUID hole.

Several groups have reported fabrication of the HTS thin-film multilayer
flux transformer using SrTiO3 or PrBa2Cu3Ox as an insulator (53,55–58). Earlier
developed high-Tc multilayer flux transformers have been found to introduce ex-
cess low-frequency noise into the SQUID. The higher 1/ƒ noise in the multilayer
flux transformer is attributed to the motion of the flux vortices in the portion of
high-Tc film whose quality deteriorates in the fabrication of the patterned multi-
layer structure. Subsequent years of research and development in this area by fol-
lowing a more careful control of multilayer deposition conditions and patterning,
it has been possible to improve the characteristics of a multilayer flux transformer
(55,59–62). Dantsker et al (61) have shown that by inductively coupling a multi-
layer flux transformer (9 � 9-mm2 pickup loop, 16-turn input coil) to a bicrystal
junction dc-SQUID magnetometer in a flip-chip arrangement, a sensitivity of 27
fT/Hz1/2 at 1 Hz and 8.5 fT/Hz1/2 at 1 kHz for a 1 � 1-cm2 device has been
achieved at 77 K. Using a 30-mm-diameter LaAlO3 substrate for the flux trans-
former, Faley et al. (62) achieved a sensitivity of 5 fT/Hz1/2 at 1 kHz for the flip-
chip magnetometer.

The HTS single-layer direct-coupled and flip-chip SQUID magnetometer
show sufficiently high sensitivity, although at the expense of relatively large sub-
strate. Such a large-area magnetometer is acceptable for the measurement of a uni-
form magnetic field with a relatively small number of channels. However, for the
development of a multichannel HTS SQUID system, sensors of sufficiently
smaller area with the same high sensitivity are required.
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8.4.3 Monolithic Magnetometer

In order to achieve tighter coupling between the input coil of the flux transformer
and the SQUID washer, the transformer should be integrated monolithically with
the high-Tc SQUID on a single substrate. A monolithic integrated high-Tc dc-
SQUID magnetometer operating at 77 K was first reported by Lee et al. (56) us-
ing template biepitaxial grain-boundary junction. The device consisted of eight
epitaxial layers, including three superconducting layers and exhibited an en-
hancement of magnetic field response of the SQUID by a factor of 127 due to the
integrated flux transformer. Several groups have reported fabrication of integrated
SQUID magnetometers (8,63–67). HilgenKamp et al (63) reported a dc-SQUID
magnetometer consisting of a dc-SQUID integrated with a flux transformer on a
single bicrystal substrate. The magnetometer consisted of four layers including
two superconducting layers and was operated up to 73 K. A magnetic field sensi-
tivity of 490 fT/Hz1/2 was obtained at 1 Hz and 65 K. In another report, Dilorio et
al. (8) fabricated an integrated magnetometer using step-edge junction that
showed a magnetic field sensitivity of 280 fT/Hz1/2 at 1Hz and 77 K. Lee et al (66)
reported a magnetometer with a slotted washer for operating it in an unshielded
environment.

In another approach for increasing the sensitivity of a HTS SQUID magne-
tometer, a multiloop magnetometer or fractional-turn SQUID has been fabricated
in which the effective area of the SQUID is increased while keeping its inductance
low (65). In the multiloop SQUID magnetometer, N loops of the SQUID are con-
nected in parallel so that the total inductance of the SQUID reduces while keeping
the effective area constant (68). An integrated YBCO thin-film multiloop magne-
tometer has been fabricated using a YBCO/SrTiO3/YBCO multilayer deposited on
a SrTiO3 bicrystal substrate (65). The magnetometer has 16 parallel loops with an
outer diameter of 7 mm and showed a magnetic field noise of 37 fT/Hz1/2 at 1 Hz
and 18 fT/Hz1/2 at 1 kHz when it was operated with a bias reversal scheme at 77 K.
Scharnweber and Shilling (67) reported an integrated SQUID magnetometer in
which multiloop pickup coil is used for matching the inductance of the input and
the pickup loop of the flux transformer. A magnetic filed sensitivity of 100 fT/Hz1/2

at 1 Hz and 77 K was demonstrated for this configuration.

8.5 OPERATION OF HTS SQUID IN UNSHIELDED

ENVIRONMENT

For several applications, the SQUID needs to be operated in an unshielded or in
moderately shielded environment. In general, HTS SQUIDs are found to exhibit
a much enhanced value of low-frequency flux noise when operated in the presence
of magnetic field of few microtesla. This increase in low-frequency flux noise is
due to the thermally activated motion of flux vortices trapped in the supercon-
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ducting film forming the SQUID body (69). The presence of an ac magnetic field
in the unshielded environment also affects the performance of a SQUID (70). The
large current which is induced inductively in the device by the external ac field
can affect the critical current of the device and, thus, can cause severe deviation in
the electronic properties. Use of a �-metal shield or HTS cylinder covering the
HTS SQUID sensor has been found to reduce the unwanted electromagnetic in-
terference present in the unshielded environment.

Recently, there have been considerable efforts in improving the design of
the HTS SQUID for suppressing the increase of low-frequency noise when the
SQUID is cooled in a static magnetic field (71–85). The design of the HTS
SQUID is modified such that either the penetration of the vortex in the supercon-
ductor is avoided or the flux motion in the body of SQUID is hindered. In order to
prevent the vortex from entering the SQUID body, structures with a narrow-
linewidth superconducting film have been proposed (71). Estimation for the
threshold field of flux entry is given by

BT � (17)

where w is the linewidth of the film and �0 is the flux quantum.
For a cooled HTS magnetometer, a change in the magnetic field induces a

shielding current in the pickup loop. Movement of the magnetometer in a field
gradient or even tilting the magnetometer in a static magnetic field can induce
shielding currents. It has been proposed that the creation of flux dams in the
pickup coil can limit the shielding current (72,73). Several groups have fabricated
a HTS SQUID that has a structure with narrow-linewidth superconducting films
or flux dams and showed the improvement in the low-frequency noise character-
istics when the magnetometer is cooled in the presence of field of several mi-
croteslas (71–82).

Dantsker et al. (71) have shown that for a HTS SQUID in which arrays of
slots and holes are patterned in the washer of the HTS dc-SQUID, leaving super-
conducting films of a fine linewidth of 4 �m, there was virtually no increase of
1/ƒ noise on cooling the SQUID up to a field of � 100 �T. The configurations
such as narrowing of the pickup loop (74), fabrication of several narrow parallel
loops in place of a wide solid pickup loop (75,76,79), creation of slits with a sep-
aration of 5 �m in the pickup loop (78), or fabrication of slotted flux dams in a
bicrystal junction dc-SQUID (79,80), have been found to suppress the increase of
1/ƒ noise when the SQUID was cooled in a field of several microteslas.

Selders and Wordenweber (83,84) observed that simple arrangement of a
few antidots in a HTS rf-SQUID strongly reduced the flux noise arising due to
vortex motion. In another report, suppression of the critical current of a YBCO
step junction in a rf-SQUID due to the presence of an earth magnetic field is ob-
served and fabrication of junctions of width in the submicrometer range is sug-
gested for the operation of the SQUID in the earth magnetic field (85).

�0
�
4w2
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8.6 HIGH-TC SQUID GRADIOMETER

In the case of a low-Tc SQUID, a wire-wound gradiometer (20) or thin-film pla-
nar gradiometer (21) is used to measure the weak magnetic field from a localized
source even in the presence of large uniform background field in an unshielded en-
vironment. In high-Tc superconductors, wire is still not a viable option and only
the planar thin-film structure is used to fabricate the gradiometer. Three ap-
proaches have been used for fabricating the HTS SQUID gradiometer:

1. Single-layer direct-coupled SQUID gradiometer
2. Flip-chip gradiometer
3. Electronic gradiometer

Figures 8.10a and 8.10b show direct-coupled first-order and second-order
gradiometers, respectively, whereas Figure 8.10c shows a planar second-order
gradiometer inductively coupled to the HTS SQUID in the flip-chip mode.

8.6.1 Single-Layer Direct-Coupled SQUID Gradiometer

In the first-order single-layer direct-coupled gradiometer (Fig. 8.10a), two sym-
metric pickup loops are directly connected to the SQUID. This type of planar gra-
diometer has been prepared using a bicrystal junction or step-edge junction
SQUID (86–95). The gradient field resolution of such a device depends on the size
of the substrate on which HTS film and SQUID have been fabricated. For a 10 �
10-mm2 substrate, typically a baseline of 4.5 mm is achieved. Using a 30 � 10
mm2 substrate, a baseline could be increased to 13 mm (89,90) and a gradient field
resolution of 50 fT/cm Hz1/2 at 1 kHz was demonstrated.

In the single-layer gradiometer device, there is a considerable response from
the SQUID in the center of the structure, which can degrade the performance of
the gradiometer in an unshielded environment. In order to reduce the magneto-
metric response of the SQUID in the single-layer gradiometer, two approaches
have been proposed (93–95). In the first one, a gradiometric SQUID is fabricated
which has two identical loops connected in parallel across the HTS step junction
(93–94). In another approach, a two SQUID coupling scheme is used. The two
SQUIDs are operated simultaneously and their voltage outputs are linearly com-
bined, thus compensating the parasitic effective area (95).

The second-order direct-coupled SQUID gradiometer (Fig. 8.10b) has been
fabricated from a single layer of a high-Tc thin film and consists of three pickup
loops (96–97). The balancing condition for such a second-order gradiometer is
given as (96)
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where �L and �R are coupling coefficient of the left and the right loops, respec-
tively. Both the left and right loops have the same value of inductance L and ef-
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fective area A. The effective area and inductance of the center loop are Ac and Lc,
respectively. The symmetric design of the gradiometer ensures the balancing be-
tween the left and right loops, so �L ��R � �. Because �c � 2�, the balancing
condition is

�
A
Lc

c
� � �

A
L

� (19)

In this symmetric design, the flux coupled to the SQUID for a uniform field and
for the first-order gradient of the field is zero. However, in practice, because of the
coupling imbalance due to intrinsic inductance, the gradiometer is not fully bal-
anced. By optimizing the inductance of the pickup loop at the center, the off-bal-
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FIGURE 8.10 Schematic of (a) a single-layer HTS thin-film first-order dc-
SQUID gradiometer, (b) a single-layer HTS thin-film second-order dc-SQUID
gradiometer (left and right loops have the same inductance L and area A; the
inductance and area of the center loop are Lc and Ac, respectively), and (c) a
single-layer HTS thin-film second-order gradiometer inductively coupled to
the HTS dc-SQUID.



ancing factor in a uniform field of less than 7 � 10�4 has been achieved (97). This
type of planar second-order gradiometer is useful for nondestructive evaluation in
an unshielded environment.

The fabrication of single-layer direct-coupled gradiometer is relatively sim-
ple; however, this design has the disadvantage that the maximum baseline is lim-
ited by the size of the substrate on which SQUID gradiometer has been fabricated.
The design also has extra problem if bicrystal junction SQUID is used because the
pickup coil leads cross the bicrystal grain boundary.

8.6.2 Flip-Chip Gradiometer

In the flip-chip arrangement (Fig. 8.10c), the gradiometer is fabricated on one sub-
strate and it is inductively coupled to the HTS SQUID on another substrate
(62,98–101). The patterned side of the two chips are pressed together to couple the
SQUID loop and the flux transformer inductively. This design enables a larger
gradiometer baseline and a much higher gradient field resolution than the single-
layer chip direct-coupled gradiometers. Both first- and second-order gradiometers
with very high balance levels have been demonstrated using the flip-chip design.
An asymmetric planar gradiometer with a base line of 48 mm has been fabricated
that showed a balance with respect to a planar magnetic field of about 1 part in
3000 (99).

A planar second-order single-layer YBCO film gradiometer was fabricated
within an overall length of 80 mm and inductively coupled to a direct-coupled
SQUID magnetometer (100). The mutual inductance between the flux transformer
and the magnetometer is adjusted mechanically to reduce the response to a uni-
form magnetic field applied perpendicular to the plane of the gradiometer of about
50 ppm. Tien et al. (101) reported that in a flip-chip arrangement, coupling of a di-
rect-coupled SQUID gradiometer to a single-layer gradiometric antenna on a 50-
mm Si wafer, a gradient field sensitivity of 73 fT/cm Hz1/2 in the white-noise re-
gion at 77 K and 596 fT/cm Hz1/2 at 1 Hz can be achieved.

By controlling the design and preparation conditions, a HTS flip-chip gra-
diometer having a multilayer gradiometric flux antenna on a 40-mm-diameter
substrate, a gradient field sensitivity of 30 fT/cm Hz1/2 at 1 kHz was demonstrated
(62). Although a good gradient sensitivity has been achieved in the flip-chip gra-
diometer, the technique requires precise mechanical adjustment of the relative po-
sition of the two chips to attain a high balance level.

8.6.3 Electronic Gradiometer

The HTS electronic gradiometers have been fabricated using two or more HTS
magnetometers (49–51, 102–105). Figure 8.11 is the schematic of electronic gra-
diometer using two HTS rf-SQUIDs. The output of the two SQUIDs is electroni-
cally subtracted to get the -Bz/-z component. The high-Tc superconducting plates
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are used for tuning the common mode rejection. A field gradient sensitivity of 13
fT/cm Hz1/2 for a baseline of 7 cm has been achieved using the two HTS rf
SQUIDs (50). A first-order gradiometer using three HTS SQUIDs has also been
prepared in which the third magnetometer is used to cancel ambient background
noise for the other two magnetometers (51). Matlashov et al (105) reported fabri-
cation of an electronic gradiometer using a HTS SQUID magnetometer array in
which the baseline can be varied from 0.75 to 7.5 mm. One significant advantage
of the electronic gradiometer is the ability to build it with a large baseline and ca-
pable of measuring any of the gradient–tensor components, providing greater flex-
ibility than the direct coupled or flip-chip HTS gradiometer.

8.7 APPLICATIONS OF HTS SQUID MAGNETOMETER

8.7.1 Biomagnetic Measurements

Biomagnetism refers to the magnetism associated with biological processes aris-
ing from the flow of currents in neurons and muscle fibers. These biomagnetic
fields are similar in many respects to the magnetic field set up by a current in a
conducting wire, and the same principles of electromagnetism that hold for cur-
rents in conducting wires also apply on a much smaller scale to the currents gen-
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FIGURE 8.11 A HTS electronic gradiometer (two HTS rf-SQUIDs are used to
construct a first-order gradiometer).



erated by active neurons and muscle fibers. Figure 8.12 shows magnitudes of bio-
magnetic fields originating from electrically active tissues of different parts of the
body and magnetic fields from different sources in the environment such as the
Earth’s magnetic field, urban noise, and so forth. It is immediately obvious that
the environmental noise is many orders of magnitude higher than the biomagnetic
field. The challenge of the biomagnetic measurements is in achieving the instru-
mentation sensitivity enough to detect weak signals such as those generated by the
electrical activity of the heart or by neurons of the brain and simultaneously
screening out the interference from background magnetic noise.

The potentiality of SQUID in measuring these biomagnetic field has been
demonstrated earlier (2,106). Low-Tc SQUID-based multichannel SQUID sys-
tems are now commercially available for mapping the magnetic field of brain
(MEG). The noise levels of the SQUID sensor in these MEG systems are typically
	 10 fT (107). Magnetically shielded rooms are usually used for biomagnetic
measurements using SQUIDs. In these magnetically shielded rooms, several lay-
ers of high-permeability materials are combined to reach a shielding factor of up
to 10,000. The MEG field is in the range of 10 to 1000 fT. The magnetic field gen-
erated from the human heart is much larger than the magnetic field from the brain.
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Typical signal amplitude in magnetocardiography (MCG) is � 10 pT. However,
the physicians are more interested in the fine structure of the QRS-sequence where
the mean signal amplitude reduces to roughly 2 pT. For adequate current source
localization, the measurement bandwidth needs to be at least 1–100 Hz at a sig-
nal-to-noise ratio of 5. Recent clinical MCG investigations reveal several areas of
cardiology where MCG using a SQUID can play a significant role (108). One un-
doubted advantage of MCG over electrocardiography (ECG) is the application in
fetal cardiology. During the advanced stage of pregnancy, the strong attenuation
and distortion of an electrical signal within various tissue layers between the fe-
tus’ heart and the mother’s skin surface create problems in the use of the conven-
tional ECG method.

Several groups have reported the measurements of magnetic signals from
the human heart using a single SQUID sensor (8,37,54,64,109,110,114) and a
multichannel HTS SQUID probe (7,111–113) in a magnetically shielded environ-
ment. Schilling et al. (109) reported the development of a HTS magnetometer with
a hand-held cryostat for MCG measurement. However, the measurements have
been carried out inside the shielding room. The magnetically shielded rooms are
very expensive, and in order to make the SQUID system cost-effective for bio-
magnetic measurement, the HTS SQUID system should be portable and capable
of operation in an unshielded environment.

Measurements of MCG in an unshielded environment using electronic first-
order and second-order HTS rf-SQUID gradiometer are reported (49,50). In these
measurements, the MCG signal was recorded in a bandwidth of 30 Hz using a 
50-Hz digital notch filter. Yokosawa et al. (104) measured the MCG signal using
an axial high-Tc first-order gradiometer in a moderately shielded room with 50-,
100-, and 150-Hz notch filters and a 0.1–80-Hz bandpass filter. Zhang et al. (115)
described a second-order electronic gradiometer for recording of a MCG signal in
the bandwidth of 100Hz. Ter Brake et al. (116) fabricated a electronic second-or-
der gradiometer using three HTS SQUIDs for fetal magnetocardiography in the
bandwidth of 100 Hz. Bick et al. (117) have shown that by using noise-canceling
software techniques, the measurement bandwidth of electronic gradiometer can be
increased from 130 to 250 Hz without using any notch filters.

The HTS thin-film gradiometers have been fabricated for monitoring the
heart signal in an unshielded environment (91,118–120). Weidl et al. (118) have
used a direct-coupled dc-SQUID first-order gradiometer, whereas Kouznetsov et
al. (120) reported a thin-film second-order gradiometer for MCG measurement.
Figure 8.13a shows a magnetocardiogram as recorded in a magnetically shielded
room (8) and Figure 8.13b shows a magnetocardiogram recorded using a thin-film
second-order gradiometer in an unshielded environment (120). It is evident that
the HTS gradiometer eliminates background noise and the MCG data recorded in
an unshielded environment is comparable to the MCG data recorded using a
SQUID magnetometer in a magnetically shielded room.
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A handy eight-channel HTS system with encapsulated sensors have been
developed for applications where a small mobile cryostat in a moderately shielded
room is desired (9). The HTS SQUID sensors in this heart scanner has been de-
signed for operation in a static magnetic field upto 50 �T without any increase in
the low-frequency noise. Development of a HTS SQUID heart scanner cooled by
a small stirling cryocooler is reported for operation in standard clinical environ-
ment without magnetically shielded room (121). David et al. (122) reported fabri-
cation of a nine-channel high-Tc SQUID system for MCG measurement in an un-
shielded environment. In this multichannel SQUID magnetometer, a noise level
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FIGURE 8.13 (a) Magnetocardiogram using a high-Tc SQUID magnetometer
in a magnetically shielded room. The MCG data are averaged for 326 cardiac
beats. (Adapted from Ref. 8.) (b) Magnetocardiogram using a high-Tc thin film
second-order gradiometer in an unshielded environment. The MCG data are
averaged for 119 beats. (Adapted from Ref. 120.) (c) Evoked brain response to
auditory stimulus obtaining using a HTS magnetometer in a magnetically
shielded room. (Adapted from Ref. 8.)



of about 1 pT/Hz1/2 for each channel was achieved using an active noise-
compensation system.

Figure 8.13c shows the evoked brain response as recorded by a HTS mag-
netometer in a magnetically shielded room (8). There are some other reports also
on the measurements of evoked magnetic signals from the brain using high-Tc

SQUIDs (9,37,64). However, the sensitivity of the HTS SQUID still needs more
improvement for developing MEG systems to compete with the commercially
available low-Tc SQUID MEG systems.

8.7.2 Nondestructive Evaluation

Nondestructive evaluation (NDE) is the determination of defects in the specimen
without damaging it. In fact, the complete absence of contact is a desirable feature
of NDE. The eddy current technique is a simple and popular method for detecting
hidden defects in the metallic specimens. In this technique, the eddy current gen-
erated by the field of an ac excited coil is deviated by the presence of flaws in the
material. Conventionally, this distorted field is detected by a secondary coil. The
sensitivity of this technique reduces considerably at the low frequency. Thus, the
detection of deep buried flaws in the thick plate is not possible by this technique
because the skin depth requires use of a low-frequency excitation field to pene-
trate deep into the material. On the other hand, the SQUID is a very suitable sen-
sor for the detection of deep buried flaws in metallic plates due to its high sensi-
tivity even in the low-frequency range. The SQUID is also used for NDE studies
of ferromagnetic specimens. Low-Tc SQUIDs operating at 4.2 K have been used
for several NDE studies (2,123,124) and the results have been very promising.
The requirements for cooling and system development in the case of the low-Tc

SQUID is more stringent compared to the high-Tc SQUID; thus, there seems to be
great scope for high-Tc SQUID-based NDE applications.

In recent years, there have been considerable developments in using HTS
SQUIDs for NDE studies (125–152). SQUID-based NDE measurements can be
broadly classified into two categories: (1) observation under a direct-current (dc)
field and (2) observation under an alternating-current (ac) field. In the direct-
current technique, the specimen is exposed to a dc field and the SQUID is used to
detect magnetic flux leakage or a stray field due to remanant magnetization. In the
ac field technique, the ac field is applied to the specimen and the distribution of
the magnetic field due to the eddy current is measured by SQUID. Figure 8.14
shows the high-Tc SQUID setup (developed at National Physical Laboratory, New
Delhi, India) for the detection of flaws in metallic plates using an ac current tech-
nique. In this setup, the SQUID is inside a tail-type dewar at 77 K and remains sta-
tionary. The specimen is moved with the help of a computer controlled X–Y table.
An ac field (20–200 Hz) is applied through a coil mounted at the bottom of the tail
of the dewar. Normally, a circular coil or double-D-shaped coil is used for the ac
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field excitation. This field is applied to the specimen, which induces eddy current.
The lock-in technique is used to detect the signal from the sample at the eddy cur-
rent frequency. The presence of any defects in the plate distorts the eddy current
distribution, which is detected by the SQUID.

There are reports of the investigation of surface and subsurface defects in
aluminum plates (125–133), aircraft parts (134–138), the quality of copper, alu-
minum, and NbTi/Cu composite wire (139), stressed steel cylinders (140), and
mapping of an embedded iron rod in a concrete block (131). In other reports, the
multichannel system such as an array of eleven HTS SQUIDs has been employed
for investigating subsurface flaws in an aluminum plate (141) and a four-channel
ramp-edge junction dc-SQUID magnetometer for magnetic inspection of pre-
stressed concrete bridges (142).

Several of these measurements have been performed in an unshielded envi-
ronment. In these studies, either a SQUID magnetometer or a gradiometer is used.
The SQUID magnetometer is locally shielded with �-metal or a HTS cylinder
(130,143,144,147) to prevent the unwanted external magnetic interference.

In several practical applications, the specimen cannot be moved and the de-
tection system has to move for scanning the defect location. There are some re-
ports in which NDE measurement with a moving SQUID have been performed
(127,128,134,145). A portable cryostat has also been developed for the investiga-
tion of the fatigue crack detection on stationary samples with a moving SQUID
(145).
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FIGURE 8.14 High-Tc SQUID setup for NDE studies of defects in metallic
plates.



Considerable interests have been shown for the NDE of aircraft parts using
a HTS SQUID. In the body of the aircraft, flaws present in the layers of aluminum
around rivets need to be detected without the removal of the paint or disassembly
of the parts. Aircraft wheels are subjected to enormous stress and breaking-
generated heat during takeoff and landing. This may develop cracks that are not
visible from the outside. Eddy current techniques are normally used for detecting
these cracks, but due to poor sensitivity of the technique in the low-frequency re-
gion, only larger cracks can be detected. An ultrasonic technique can be employed
to detect smaller flaws. However, this technique is very tedious because gel or wa-
ter has to be used as a coupling medium for the ultrasonic wave into the wheel. A
HTS SQUID system with a Joule–Thomson cooler has been developed to detect
flaws in the thick aluminum aircraft structure and aircraft wheels (134–138). A
three-layer aluminum sample (62 mm thick) from a EADS airbus was measured
using a HTS rf-SQUID magnetometer (135). A defect lying at a depth to 40 mm
was detected successfully by employing low-frequency (10–40 Hz) ac excitation.
For aircraft wheel testing, the whole SQUID system was mounted on a robot and
integrated in an automated wheel testing system (Fig. 8.15). In this setup, while
the aircraft wheel is rotating, the SQUID mounted on the tip of Joule–Thomson
cooler is brought close to the wheel’s contour by the robot. Figure 8.16 shows the
result of the SQUID measurement for the testing of a Boeing 737 wheel. An inner
flaw penetrating even 10% of the wall thickness has also been detected success-
fully by scanning the outside surface of the rim (138).

A demonstration of capability of high-Tc SQUID NDE in the detection of
deep buried defects gives a very optimistic picture for the potentiality of this tech-
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FIGURE 8.15 A HTS SQUID system with a Joule–Thompson cooler mounted
on a robot for aircraft wheel testing. While the aircraft wheel is rotated, the
SQUID is brought closer to the wheel’s contour by the robot. (From Ref. 138,
© 2001 IEEE.)



nique. Several methods have been proposed for obtaining the exact depth infor-
mation about the subsurface flaws. These are measurements by changing the fre-
quency of the flowing current in the metal (146) or use of the dual-frequency eddy
current technique (128). Another method is the analysis of the amplitude and
phase of the signals (143,147–150) in which the amplitude of the signal is found
to correspond to the size of the flaw, whereas the phase is correlated to the depth
of the flaw. However, an accurate determination of depth and location of deep
buried flaw is still a challenging task for NDE studies.

8.7.3 HTS SQUID Microscope

A magnetic microscope is an instrument for imaging the spatial distribution of
magnetic flux in a sample on a microscopic scale. The SQUID is extremely sen-
sitive magnetic field sensor and can be of very small dimension. Thus, the
SQUID-based magnetic microscope can offer an unprecedented combination of
magnetic field sensitivity and the spatial resolution (153). There is another ad-
vantage of the SQUID microscope in that the data from a scanning SQUID are
highly quantitative and can be used for comparison with theoretical models.

A scanning SQUID microscope (SSM) consists of a SQUID and its elec-
tronics, X–Y positioning assembly, a cryogenic dewar, stepper motors for control-
ling the X–Y positioning stage, and a computer to control stepper motors and
record SQUID output. The sample positioning stage is made of nonmagnetic and
nonconducting material so that the movement of the position does not perturb the
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FIGURE 8.16 The NDE of Boeing 737 wheel using a HTS SQUID. The three
sawcuts with 30%, 20%, and 10% wall penetration are clearly visible along
with the signals from the seven keys. (From Ref. 138, © 2001 IEEE.)



magnetic field of the sample. The SQUID is operated in the flux locked loop mode
and its output is recorded in the computer as a function of sample position. Spa-
tial resolution of the SQUID microscope depends on the size of a SQUID ring and
the distance between the SQUID and the sample. If the SQUID is operated very
close to the sample, then the spatial resolution is limited by the size of the
SQUID’s hole. If the distance between the SQUID and the sample is more than
the hole of the SQUID, then the spatial resolution is not better than the distance
between the SQUID and the sample. Thus, for increasing the spatial resolution,
the SQUID should be designed to have a small hole and it should be very close to
the sample. For a SQUID microscope, the spatial resolution and sensitivity are op-
timized when the SQUID is separated from the sample by not exceeding its own
hole diameter.

Low-Tc SQUID-based magnetic microscopes have been demonstrated to
have a spatial resolution of � 4–10 �m (154–156). These microscopes have been
used in several basic and applied studies (155) such as in imaging of half-flux
quantum in a tricrystal superconducting ring of YBCO for determining the pair-
ing symmetry (157), magnetic vortices in superconducting networks and clusters
(156), moat-guarded superconducting electronic circuits (158), in the detection of
trapped flux quanta in superconducting film (159), and in the detection of vortex
motion in a high-Tc grain boundary (160).

Wellstood and co-workers (161–163) have pioneered the development of a
high-Tc scanning SQUID microscope. Later, several other groups have also re-
ported the fabrication of a high-Tc SSM (164–171). These microscopes can be
broadly classified into two categories. In the first one, the SQUID and the speci-
men both remain at 77 K (161,162,164), whereas in the second type of micro-
scope, the HTS SQUID remains at 77 K and the sample is kept at room tempera-
ture (165,167,171–177). For the SQUID and specimen at 77 K, a resolution of 15
�m has been demonstrated using a bicrystal junction dc-SQUID (178). Tza-
lenchuk et al. (168) have developed a variable sample temperature microscope
with a high-Tc step junction dc-SQUID in which both the sample and SQUID are
thermally linked to the cold bath and the sample temperature can be varied from
5 to 100 K. For the investigation of a room-temperature sample, HTS SQUID mi-
croscopes have been developed using thin sapphire and SixNy windows between
the SQUID at low temperature and the sample at room temperature (165,171). The
SQUID is mounted at the end of a sapphire point that is plugged into the end of a
cold finger. The sapphire point is maintained at 77 K by a direct contact with
liquid nitrogen. The distance between the sample and the SQUID can be as low as
15 �m in this arrangement (171). Neocera Inc. has developed a commercial ver-
sion (MAGNA-C1) of the HTS microscope for investigating a room-temperature
sample which can image current flow and make failure analysis in an integrated
circuit. Tanaka et al. (169) constructed a high-Tc SSM with a sample chamber iso-
lated by a shutter in which the sample can be investigated at room temperature and
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also at 77 K. Daibo et al. (170) reported the fabrication of a laser HTS SQUID mi-
croscope for photoinduced magnetic field imaging of a p-n junction at room tem-
perature. A spatial resolution of 20 �m has been achieved that mainly depends on
the spot size of the laser beam. In another novel design, a sharp soft magnetic nee-
dle is attached to a HTS SQUID for investigating a room-temperature sample
(173–175). The needle serves as a magnetic flux guide (MFG) through which a
magnetic field is transferred for a point at the sample to the SQUID. For such a
combined sensor design, the spatial resolution of the SSM can be greatly im-
proved because it is determined by the diameter of the needle tip and the distance
between the tip and the sample surface.

The high-Tc SQUID microscope has been used to image a static magnetic
field from domains in ferromagnetic samples, small currents in fine wires, and
trapped flux and diamagnetic susceptibility in a superconducting thin film
(161,166,167,169). There are other reports of imaging of the distribution of eddy
current at a frequency below about 1 MHz (162), a microwave source of frequency
up to 12.5 GHz at 77 K (178), and a microwave source at room temperature (176).
For an imaging microwave field at 77 K, a spatial resolution of 15 �m has been
achieved (178), whereas for the microwave source at room temperature, the
SQUID-to-sample separation was 80 �m (176). The high-Tc SQUID microscope
has also been used for different investigations of samples at room temperature,
such as to image defect present in Cu-clad Nb–Ti wire (177), magnetized ion par-
ticles (167), and in the detection of motion of magnetotactic bacteria (171).

8.7.4 Geophysical Applications

Sensitive magnetometers are required for several geophysical explorations. Con-
ventionally, a large induction coil, a flux gate magnetometer, proton magnetome-
ters, and optically pumped magnetometers are used for this purpose. During the
early 1980s, there was considerable interest in using a low-temperature SQUID
magnetometer for geophysical applications (3). The potentiality of the SQUID for
the studies related to electromagnetic survey, an airborne magnetic survey, rock
magnetism, paleomagnetism, tectonomagnetism, and mapping hydro fracture
have been demonstrated. However, these applications could not be adopted on a
widespread level due to the complexity of the system and the requirement of liq-
uid helium. With the development of a high-Tc SQUID with sufficiently high sen-
sitivity, the interest of using SQUIDs for the geophysical applications have been
rejuvenated. Several groups have used the HTS SQUID for ground-based and air-
borne geophysical transient electromagnetic (TEM) exploration (11,179–182).
Initially, a single HTS SQUID was used for this measurement. However, more re-
cently, three axes HTS magnetometer have been used (11,179).

The TEM exploration method is based on the measurement of the weak sec-
ondary magnetic field induced by eddy currents flowing in the ground after
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switching off the primary magnetic field of a large transmitter coil. The primary
magnetic field is generated by passing a square-wave current pulse through a large
transmitter coil that is situated on or above the surface of the Earth. The secondary
field is measured through a magnetometer during the time ranging from a few tens
of microseconds to a few seconds after the primary field pulse is switched off. The
magnetometer in such a system is exposed to a rather large primary field (�100
nT) and should be able to measure a small secondary field. For the adequate mea-
surement of a secondary field, the receiver magnetometer should have a slew rate

 1 ms, a dynamic range 
 120 dB, and a bandwidth �1 Hz–20 kHz. Conven-
tionally, an induction coil is used for measuring the secondary field. High-Tc

SQUIDs having a high sensitivity, and a wide dynamic range and bandwidth are
very suitable for measuring the weak secondary magnetic fields in TEM explo-
rations.

The advantage of the HTS SQUID over the induction coil has been demon-
strated specially for the late-time TEM measurements in terms of improved sig-
nal-to-noise ratio. A 64-times averaged SQUID signal yields a comparable result
to a 256-times averaged coil signal (179). Another advantage of the HTS SQUID
magnetometer over the induction coil method is the overall smaller size and
weight of the system. The SQUID output signal is directly proportional to the
magnetic field rather than its time derivative, as in the case of induction coil. Thus,
the depth investigation using the SQUID is independent of the overlying ground
conducting layer. The airborne TEM exploration studies using the HTS SQUID is
found to give better results compared to the induction coil system, but there is still
need for improving the system by increasing Q and reducing the noise due to the
motion of the system (11).

The HTS SQUID electronic gradiometers have been constructed for use in
mapping of the gradient of the Earth’s magnetic field in surface exploration and
archaeometry (183,184). A comparison of the results of a SQUID gradiometer and
a cesium vapor magnetometer showed that the SQUID system has superior noise
characteristics. It can measure the vector component directly and has lower power
consumption (184). The performance of the SQUID gradiometer system can be
further improved by reducing the enhanced noise of the system due to motion.

A prototype for three SQUID sensor gradiometers has been developed (185)
and used for magnetic anomaly detection of an underwater target in a mobile sur-
vey. The system noise was 0.8 pT/m-Hz1/2 at 1 Hz on stationary position, and
when the system is in motion, the sensitivity was 5 pT/m Hz1/2 at 1 Hz.

A HTS rf-SQUID-based spinning rock magnetometer has been developed
for measuring the intensity and direction of the remanant magnetization of rock
specimens collected in paleomagnetic surveys (186). Samples are rotated around
two orthogonal axes to facilitate the calculation of the three-component rem-
anance vectors with a minimum of operator intervention. Measurement of rem-
anance values ranging from 10 to 10�5 A/m with errors of 1 � 10�5 A/m has been
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achieved in a measurement span of 20 s. A portable high-Tc SQUID for the mea-
surement of remanant field of rock that can be operated for more than 17 hours for
one filling of liquid nitrogen is also reported (187).

A portable high-Tc SQUID system has been developed for measuring mag-
netic field changes in the ultralow-frequency band related with earthquakes (188).
The measurements were carried out at Mount Bandai, an active volcano and some
anomalous magnetic field changes were recorded before and after the volcanic
earthquake.

8.7.5 Other Applications

Recently high-Tc SQUIDs have been used in several novel applications such as in
biological immunoassays (189), the detection method for DNA molecules (190),
for sentinel–lymph node biopsy (13,191), and for the detection of a chemomag-
netic field (192). Apart from directly measuring the magnetic field and field gra-
dient, HTS SQUIDs have also been used in several other applications such as a pi-
covoltmeter (193–195), an amplifier (196–198) and an oscillator (199).

In the biological immunoassays (12,189), an antibody that is labeled with a
magnetic marker made of a �-Fe2O3 nanoparticle is used to detect an antigen such
as pathogenic bacteria, cancer cell, or environmental injuries. The binding reac-
tion between the antigens and its antibody can be measured with the magnetic
field from the marker. It has been demonstrated that the HTS SQUID system can
detect the antigen–antibody reaction 10 times more sensitive than the conven-
tional optical marker (189). By using a SQUID gradiometer and increasing the ap-
plied field or using the remanance of the marker, the SQUID system for im-
munoassays can be developed that is 100 times more sensitive compared to the
conventional optical system.

In solid-state combustion and the liquid–solid reaction, the moving reaction
zone, ion convection, and ion diffusion causes a macroscopic ionic current which
generates electric and magnetic fields. The HTS SQUID has been used for the de-
tection of these camomagnetic fields (192). Studies of the time series of these
chemomagnetic fields is expected to throw more light on the dynamics of the
chemical reaction.

Figure 8.17 is a schematic of a SQUID-based picovoltmeter. The basic com-
ponents of a picovoltmeter are the SQUID, the preamplifier, and current feedback.
The voltage from a source with resistance Rs is connected in series with a inductance
L and a known resistance R0. The SQUID is operated in flux locked loop mode. The
current generated by the voltage source through the input circuitry is cancelled by
the feedback current through R0. In this circuit, the SQUID output voltage is pro-
portional to the input voltage. A sensitivity of 2.3 pV/Hz1/2 at 1 Hz is demonstrated
for the HTS SQUID-based picovoltmeter (193). The HTS SQUID picovoltmeter
has been used as a preamplifier for a Rogowski-type current sensor (194).
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A HTS SQUID-based amplifier combined with a HTS bandpass filer is de-
veloped for use in a front end receiver subsystem for a mobile base station (196).
The combination of a HTS SQUID amplifier and a HTS bandpass filter reduces
the band noise and optimizes the amplifier performances. Discharge measurement
using a HTS SQUID-based amplifier is also demonstrated (197). A concept of a
rf amplifier based on a direct-coupled bicrystal junction dc-SQUID is proposed
(198) which can be a very promising device for a number of practical low-noise
applications where small size and extremely low-power dissipation are important
factors.

Hao et al. (199) reported fabrication of a tunable HTS rf Josephson effect
oscillator using a YBCO–Au–YBCO-resistive SQUID in which the frequency in
the range of 1–50 MHz can be very accurately controlled. In another report, ap-
plication of a HTS SQUID in ion beam measurement is demonstrated (200).

8.8 CONCLUSION

There has been considerable progress in the developments of high-Tc SQUID
magnetometers and gradiometers. As a result, SQUID magnetometers with a
magnetic field sensitivity of 10 fT/Hz1/2 or better have been achieved. The feasi-
bility of the applications of high-Tc SQUIDs in MCG measurement, NDE studies,
and geophysical measurements have been demonstrated. Multichannel HTS
SQUIDs systems have been developed for MCG measurement and NDE studies.
Recent use of HTS SQUIDs in biological immunoassay, sentinels–lymph node
biopsy, detection of DNA, and so forth shows its potentiality for providing unique
results in several other areas.

Using high-Tc SQUIDs in field applications poses many challenging prob-
lems. A practical SQUID-based system should be portable and requires its opera-
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tion in an unshielded environment. In several studies, the SQUID system needs to
be moved while recording the data. Efforts are in progress to develop a SQUID
system for such measurements. There have been some progress in the develop-
ment of a HTS SQUID system with a portable liquid-nitrogen dewar or HTS
SQUID system with cryocooler assembly and battery-powered electronics.

The design of a high-Tc SQUID sensor has been improved to prevent the en-
hancement of excess low-frequency noise when the SQUID is cooled in the pres-
ence of a static magnetic field. HTS gradiometers with different configurations
such as single-layer direct-coupled, flip-chip, and electronic gradiometers have
been developed for measurement in an unshielded environment.

The development of high-Tc SQUID microscope for the study of a room-
temperature samples with high spatial resolution has been a remarkable advance-
ment. Further development in the increase of spatial resolution and sensitivity of
a SQUID and cryocooler-based HTS SQUID microscope will open new areas of
application.
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High-Temperature Superconducting Digital
Circuits

Mutsuo Hidaka

NEC Corporation, Ibaraki, Japan

9.1 INTRODUCTION

Superconducting digital circuits have two advantages compared with their com-
petitive semiconductor circuits, such as Josephson junctions and superconducting
microstrip transmission lines. The Josephson junction can switch its zero-voltage
state to a finite-voltage one within a few picoseconds and power dissipation of the
switching is extremely low because the voltage state is less than a few millivolts.
The superconducting microstrip transmission line is able to transfer picosecond
waveforms over virtually any interchip distance with a speed approaching that of
light and low attenuation and dispersion. Superconducting microstrip lines can be
laid out densely because there is little cross-talk between them, and the junctions
can be impedance matched with the strip lines to ensure the ballistic transfer of the
generated waveforms along the lines.

There have been many efforts to develop circuits for exploring the advan-
tages of ultrahigh-speed processing system by superconducting digital circuits us-
ing metallic superconductor materials, such as Pb and Nb. Two examples of these
efforts are the IBM project (1969–1983) (1) and the Japanese MITI project
(1981–1991) (2). Successful demonstrations for the low-Tc superconductor (LTS)
circuits have been made, such as a 4-kbit RAM that has 42,000 junctions and op-
erates at 620 MHz (3) and a computer-communication-network logic circuit that
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has 4300 junctions and operates at 2 GHz (4). It has, nevertheless, become clear
that the first-generation superconducting digital circuits, so-called “latching
logic” circuits using the zero- and a finite-voltage states for logical “0” and “1”
states, cannot compete with high-speed semiconductor circuits after paying their
cooling penalty. The main drawback of the “latching logic” is that it is clocked by
large radio-frequency (RF) current from outside of the chip. The operation fre-
quency is restricted to a few gigahertz, because a large amount of current (e.g.,
several amperes) cannot be supplied at a higher-frequency.

Much attention has thus been directed to the single-flux-quantum (SFQ)
logic, which codes the binary information not by using the dc voltage, but by us-
ing single quanta of magnetic flux (�0 � h /2e � 2.07 � 10�15 Wb). Supercon-
ducting digital circuits using the SFQ logic were originally proposed by Nakajima
and Onodera in 1976 (5), and since 1985 have been dramatically improved by the
Moscow State University group, represented by Likharev and Semenov (6). Their
SFQ circuits, called rapid single-flux-quantum (RSFQ) circuits, have become the
most popular SFQ circuits and are expected to operate at a frequency greater than
100 GHz. Several high-speed RSFQ circuits based on tunnel-type LTS Josephson
junctions have been reported, and the highly important of these is an analog-to-
digital converter circuit, which was made by Semenov et al. and has thousands of
junctions and operates at frequency up to 11 GHz (7).

High-Tc superconducting (HTS) digital circuits are more suitable for use in
SFQ circuits than LTS ones, because HTS Josephson junctions are naturally over-
damped, which means that their I–V curves do not show hysteresis, and the junc-
tions in SFQ circuits must be overdamped junctions. The tunnel-type LTS Joseph-
son junctions, on the other hand, are underdamped ones and require some shunt
resistance between the two electrodes of each junction. This makes the character-
istic voltage (IcRn product) values lower, which results in lower operating speeds,
and also complicates the layout and the fabrication process. The IcRn product of
HTS junctions can also be expected to be larger than that of LTS junctions because
it intrinsically depends on the gap voltage of the superconductor. A number of
tests of the RSFQ circuits using HTS Josephson junctions have been reported, but
most of the circuits that have been reported are small-scale circuits because the
fabrication technology for HTS junctions is still in a primitive stage.

9.2 OPERATING PRINCIPLE OF SFQ DIGITAL CIRCUITS

Magnetic flux is quantized in a superconducting closed loop and the minimum
unit is a SFQ. Figure 9.1 shows the simplest loop for the SFQ circuit, which is a
superconducting closed loop including a Josephson junction. As magnetic-flux
crossing of superconducting lead is forbidden by the Meissner effect, the Joseph-
son junction plays the role of a “gate” for going in and out of the loop. When the
Josephson junction switches to a voltage state, magnetic flux goes in and out
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through the junction. If the product of the junction critical current Ic and loop in-
ductance L is �0 	 LIc 	 2�0, only a SFQ can exist in this loop after resetting the
junction to superconducting state and the SFQ makes a circulating current Icir in
the loop. Figure 9.2 shows another explanation of SFQ storage and release in the
superconducting loop. When a dc bias current Ib is supplied to a superconducting
loop including a Josephson junction, almost all of the current goes through the
junction because of inductance L in another branch (Fig. 9.2a). Here, Ib is smaller
than the critical current Ic of the junction. If a signal current Is is then supplied to
the junction and the sum of Ib and Is is larger than Ic, the junction switches to a
voltage state and Ib and Is flow through the inductance branch (Fig. 9.2b). After
resetting the junction to the superconducting state and Ib and Is turning off, the cur-
rent flowing through the inductance branch is preserved in the loop (Fig. 9.2c).
The preserved current Icir is �0 /L when the L and Ic values satisfy �0 	 LIc 	
2�0. The Icir preservation in the loop corresponds to SFQ going in the loop. The
Icir is released by supplying Is in the opposite direction. The currents Is and Icir are
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FIGURE 9.1 An explanation of a SFQ storage in a superconducting loop in-
cluding a Josephson junction.

FIGURE 9.2 The basic operations of a SFQ gate.



added because they flow in the same direction at the junction and their sum ex-
ceeds Ic (Fig. 9.2d). Then, the junction turns on and Icir dissipates at the junction
(Fig. 9.2e). This corresponds to a SFQ going out of the loop.

Figure 9.3 shows a series of SFQ circuits: a DC/SFQ converter, a Josephson
transmission line (JTL) and a SFQ/DC converter. The DC/SFQ converter, which
consists of junctions J1 and J2 and inductance L1, makes a SFQ pulse by a dc cur-
rent Iin input. If Iin increases beyond a threshold value, a SFQ pulse is generated
by J2 turning on and is transferred to the right direction in Figure 9.3. The
DC/SFQ converter resets to its initial state when Iin falls below a certain value.
The reset of the circuit is accompanied by the generation of a SFQ pulse across J2,
which does not propagate to the right. The JTL consists of three superconducting
loops including junctions J3–J5 and inductances L2–L4. Because the product of Ic

and L for each superconducting loop is less than �0 in the JTL, the SFQ pulse
propagates through the JTL without being stored in these loops. The SFQ/DC con-
verter contains a SFQ storage loop with J5, L5, and L6, in which the LIc product
is larger than �0, and a readout SQUID consisting of junctions J7 and J8 and a
voltage output terminal between them. The SFQ from the JTL is stored in this
loop, and the stored SFQ is converted to dc voltage by the readout SQUID.

Because this circuit is biased by dc current Ib shown in Figure 9.3, the rf bias
current indispensable to latching circuits for their reset operations is unnecessary
in SFQ circuits. This is the main reason that SFQ circuits are so much faster than
latching circuits. Any logic functions and memory operations can be implemented
using SFQ circuits by combining LIc 
 �0 loops and LIc 	 �0 loops. A detailed
explanation of the RSFQ circuits can be found in Ref. 6.

In the SFQ circuits, binary information is propagated as very short voltage
pulses instead of dc voltage in the superconducting latching circuits as well as in
all semiconductor circuits. The voltage pulse V(t) has a quantized area given by

� V(t) dt � �0  �
2
h
e
� � 2.07 mV � ps (1)
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FIGURE 9.3 A series of SFQ circuits: DC/SFQ, JTL, and SFQ/DC.



The switching speed % of the simple SFQ loops like those in Figures 9.1–9.3 is re-
stricted by the characteristic frequency of the ac Josephson effect. Using a critical
current of Josephson junction Ic and its normal resistance Rn, we can represent %
is as follows:

% � �
I
�

cR
0

n
� (2)

The Ic Rn product is one of the most important parameters for evaluating the
Josephson junctions used in SFQ circuits. If the IcRn product is 1 mV, which is a
reasonable value for HTS Josephson junctions, % can be as little as 2 ps.

The power consumption for one switching of a Josephson junction in a SFQ
gate is about Ic

2Rn% � Ic�0 and that required in switching at frequency ƒ is nIc�0ƒ
when the number of Josephson junctions in the gate is n. Using such typical values
as Ic � 0.4 mA and n � 4, we can estimate the power consumption of an HTS SFQ
circuit operating at 100 GHz to be 0.33 �W. On the other hand, the power con-
sumption of a complimentary-metal oxide semiconductor (C-MOS) gate with a 3-
V signal level and a 7-fF capacitance is 62 �W, even when its operation frequency
is only 1 GHz. Thus, the power consumption of the HTS SFQ gate is two orders of
magnitude smaller than that of the two orders of magnitude slower C-MOS gate.

9.3 BASIC ISSUES IN HTS SFQ CIRCUITS

9.3.1 Circuit Parameters

9.3.1.1 Josephson Junctions

Overdamped Josephson junctions, which have dc I–V curves with no hysteresis,
are used in SFQ circuits. Junction damping is represented by a McCumber–Stew-
art factor �c � (2/�0)IcR2

nC, where C is a junction capacitance (8,9). A Mc-
Cumber–Stewart factor for a junction whose dc I–V curve shows no hysteresis is
�c 	 1. The Nb/AlOx/Nb Josephson junction (10) used in LTS SFQ circuits is a
tunnel junction and its �c is much larger than 1. Therefore, the �c of the junction
has to be reduced by adding a shunt resistance across its tunnel barrier (6). The
shunt resistance used in so-called “NEC standard process” is 3–5 � (11). The
adding of the shunt resistance reduces the IcRn product at 4.2 K from 1.7 mV to
0.3 mV and lengthens the switching time from 1.2 ps to 6.7 ps. The �c of HTS
Josephson junctions, on the other hand, is less than 1 without additional shunt re-
sistance. This is because the HTS junctions are not tunnel junctions but are weak
links and, therefore, are characterized by smaller Rn values. The intrinsic IcRn

products of HTS Josephson junctions can be expected to be larger than that of LTS
junctions because of the larger energy gaps of HTS materials. The development of
superior-quality Josephson junctions with high IcRn products is one of the most
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important research issues related to HTS SFQ circuit applications. Ramp-edge
HTS junctions with using a Ga-doped PrBa2Cu3Ox barrier and having an IcRn

product of 8 mV at 4.2 K were reported by the Twente University group (12) and
ramp-edge HTS junctions using a Co-doped YBa2Cu3Ox, barrier and having a
IcRn product of 0.8 mV at 65 K were reported by the Northrop Grumman group
(13).

The relations between Ic spread in a chip and circuit integration level are dis-
cussed (14,15). To illustrate the effect of critical current spread on circuit yield,
we consider a one-junction gate with a designed critical current of Ic. We further
assume that the fabrication process will yield junctions whose distribution of crit-
ical currents is a Gaussian distribution with a standard deviation of �.

The probability of a given junction falling within the circuit margin � is
given by

P � 2 ����

�
exp ���

1
2

� ��x �

�

�
��2� dx (3)

The critical current of each junction in a circuit consisting of N such junctions
must be between Ic � � and Ic � �. The total circuit yield will be PN. Figure 9.4
shows the � values required in the production of circuits with a given junction
count (15). The smallest critical current spread achieved to date is 1� � 8% for
100 ramp-edge junctions by a modified interface barrier (16). As shown as Figure
9.4, this critical current spread corresponds to a yield of 50% for circuits with a
few hundred junctions.

1
�
�2		�	
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FIGURE 9.4 The spread � in junction critical currents required for the produc-
tion of circuits with a given junction count. (From Ref. 15.)



Spreads of Rn and IcRn product are less critical for circuit yields than the
spread of Ic. Moreover, the spreads of Rn and IcRn product are usually smaller than
the spread of Ic (17).

9.3.1.2 SFQ Loops

SFQ circuits contain two kinds of SFQ loops. One is a storage loop for which �0

	 �L � LIc 	 2�0. The other is a transfer loop for the JTL for which �L 	 �0.
These typical values are 1.5 �0 and 0.5 �0, respectively. Here, L is the inductance
of the SFQ loop and Ic is the critical current of a junction including the loop.

The inductance L of a superconducting microstrip line like that whose cross
section is shown in Figure 9.5 is given by

L � �
K
�

w
0
� �d � �L coth ��

�

tG
L
�� � �L coth ��

�

ts
L
��� l (4)

where w is the width of the line, l is the length of the line, �L is a superconducting
penetration depth of the ground plane and the line, tG and ts are the thicknesses of
the ground plane and the line, respectively, d is the thickness of the insulation
layer, �0 is the permeability of free space, and K is a fringing factor (1). Because
the �L of HTS materials is larger than that of LTS materials, the L per square (L�)
value for a HTS microstrip line is larger than that for a Nb microstrip line with the
same insulator thickness.

It is difficult to lay out a small L loop because of the large L� value. More-
over, as we will explain in detail in Section 9.3.2.1, Ic cannot be decreased too
much because of thermal noise. The difficulty of making smaller �L loops is one
of the most serious problems in HTS SFQ circuits.

9.3.1.3 Resistance

Three kinds of resistance are required in a HTS SFQ chip. Resistances of less than
a few ohms are placed in some SFQ gates. Some SFQ gates do not require these
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FIGURE 9.5 Cross section of a superconducting microstrip line over a super-
conducting ground plane.



small resistance, but some gates utilize the resistance for damping (6) and
Sigma–Delta modulators, which are used for main parts of a kind of analog-to-
digital converter, are indispensable to the resistance. Resistance used for dividing
bias current to each SFQ loop in parallel has a value of a few tens of ohms. This
resistance is required for preventing faulty operations caused by current reflected
from other switched junctions. The third kind of resistance is the matching resis-
tance in a high-speed I/O line. It is needed for impedance matching to a 50-� ex-
ternal signal line.

9.3.2 Factors Limiting HTS SFQ Circuit Operations

9.3.2.1 Thermal Noise

Unfortunately, digital circuits based on Nb need to be cooled to the temperature
of liquid helium. The use of HTS materials will reduce cooling costs as well as in-
crease the operating frequencies because of the higher IcRn products of HTS
Josephson junctions, but a higher operating temperature results in more thermal
noise. The energy barrier between two flux states in a SFQ gate is very low. A
rough estimation (18) shows that for typical critical currents of the order of 10�4

A, this energy barrier is the order of 10�19 J. Thus, some fluctuations, not ac-
counted for in the yield estimation described in the previous section, may increase
the spontaneous switching between the flux states. The probabilities of SFQ gates
errors caused by thermal noise have been investigated theoretically and experi-
mentally.

A balanced comparator using two junctions (Fig. 9.6) is the basic compo-
nent of RSFQ logic gates and the SFQ-counting analog-to-digital converter (6).
The State University of New York group (18–21) investigated the effects of ther-
mal noise on SFQ gates theoretically by analyzing the operations of the balanced
comparature. When an external driver gate sends a SFQ pulse to the balanced
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FIGURE 9.6 Equivalent circuit of a balanced comparator.



comparator, one of the junctions switches. Which junction switches is determined
by the additional current Ix fed into the central node of the device. J2 switches
when Ix 
 0, and J1 switches when Ix 	 0. However, the unavoidable fluctuations
create, a gray zone around Ix � 0, where each of the junctions has a probability 
0 	 P(Ix) 	 1 of being switched. The effective width �Ix of this gray zone, which
is defined as �Ix � (dp/dIx)�I | p�1/2, reduces the parameter margins of RSFQ
logic gates. Results of this theory are approximately as follows:

P(Ix) � 0.5 �1 � erf �1/2 �
Ix

�

�

Ix

It
��� (5)

where It � (2e/�)kBT � (0.042 �A) � T (K) and T is a temperature. In the ther-
mal fluctuation limit, �(.)c)1/2 		 kBT.

�Ix � (IcIt)1/2 ��32
)


c

.
��1/4

(6)

In the opposite, quantum limit, the rate dependence is different,

�Ix � ��8I
)
cI

c

Q.
��1/2

(7)

and the thermal current unit It is replaced by the quantum current unit IQ �
(2e/�)eIcRn.

Without considering the thermal and quantum fluctuations, the balanced
comparator operates normally with 0 	 Ix /Ic 	 1. The operation margin becomes
narrow as a result of the fluctuations. The deterministic operation margins shown
in Figure 9.4 have to be revised by taking into account these noises.

Satchell (22) and Jeffery et al. (23) simulated the bit error rate (BER) of var-
ious SFQ gates, and their results were in good agreement with the theoretical pre-
dictions. Satchell concluded that operation at temperatures above 40 K is possible
only for those circuits which have good noise tolerance, and Jeffrey concluded
that the toggle–flip-flop (T-FF) operating temperature should be below 40 K in or-
der to obtain bit error rates less than 10�6 at gigahertz speeds.

Oelze et al. studied the effect of thermal noise on a balanced comparator
made of bicrystal Josephson junctions experimentally (24), and the relation be-
tween bias current and the �Ix measured at 40 K is shown in Figure 9.7. The �Ix /Ic

ratios with various bias conditions were estimated from 6% to 17%. A static error
occurs when a SFQ loop loses a stored flux quantum because of thermal noise, and
the static error rate of a SFQ storage loop fabricated from HTS multiplayer bicrys-
tal Josephson junctions was measured by Chong et al. (25). A stack configuration
of two HTS dc SQUIDs was used in this experiment; one serving as a storage loop
for flux quanta and the other serving as a readout to detect the flux state of the stor-
age SQUID. The stable times measured for both the “�I” and “�I” SFQ in the
storage loop near the threshold bias current are shown in Figure 9.8. A decrease
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of about 6–7 �A of the bias current increased the stable time by one order of mag-
nitude.

Ruck et al. measured the dynamic error in a SFQ loop. This is a switching
failure of the comparator configuration: The wrong junction switches its phase in
response to an incoming SFQ pulse (26). These dynamic errors would be domi-
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FIGURE 9.7 Dependence of �Ix on bias current Ib. (From Ref. 24.)

FIGURE 9.8 Measured stable time for both the “�1” and “�1” states near the
threshold bias current. The solid lines show results of the model calculation.
(From Ref. 25.)



nant in practical RSFQ circuits. A balanced comparator consisting of focused-
electron-beam-irradiated junctions was used in this experiment. Figure 9.9 shows
the BER dependence on the applied reset current, which is the same as Ix. The tem-
perature in this experiment was 39 K and the incoming SFQ pulse frequency was
approximately 1 GHz. A BER of less than 10�11 was obtained, showing that SFQ
circuits can operate at 39 K. Their measurements also indicated, however, that a
significant reduction of the circuit parameter margins must be taken into account
when the operation temperature is above 4.2 K. They suggested that the operating
temperature of HTS SFQ circuits cannot be raised much above 40 K.

Maintaining constant noise margins at elevated temperatures would require
junction Ic values to increase in proportion to operating temperature and the cir-
cuit inductance values to decrease, keeping the �L constant. The long penetration
depth of HTS materials, however, makes such low-inductance values impractical.
Also, values of Ic are likely to be restricted to �0.4 mA. The circuits must either
be restricted to relatively low operating temperatures or operate with reduced
noise margins.

The maximum divided voltage Vd of a RSFQ T-FF determines the maxi-
mum operation frequency ƒmax of the TFF: ƒmax � Vd/�0. The IcRn product of
Josephson junctions in a T-FF and the Vd of that T-FF were compared and their
temperature dependence was examined by Saito et al. (27). The temperature de-
pendences of the IcRn product and Vd are shown in Figure 9.10. The Vd is clearly
smaller than the IcRn product, although their temperature dependences are quite
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FIGURE 9.9 Bit-error-rate dependence on the applied reset current. Open
squares are the measured points; solid squares the corresponding averages.
(From Ref. 26.)



similar. The maximum Vd at 15 K corresponds to a ƒmax of 155 GHz. An eval-
uated limit factor �, defined as ƒmax � �IcRn/�0, was 0.4 
 � 
 0.1 for 15 K
	 T 	27 K. Saito et al. assumed that thermal noise affects T-FF operation, and
so they included thermal noise in their circuit simulations. Circuit simulation re-
sults and experimental results agreed quite well. These results indicate that the
thermal noise affects T-FF logic operation and suppresses the maximum fre-
quency. They speculated that Josephson junctions for which the IcRn product is
greater than 1 mV are necessary if operation speeds over 100 GHz are to be ob-
tained at 30 K.

9.3.2.2 Parasitic Inductance

Parasitic inductance is unavoidable in practical layouts arranging Josephson junc-
tions and contacts in SFQ digital circuits. The line inductance in HTS circuits is
twice as large as that in LTS circuits. Moreover, smaller inductance elements are
used in HTS circuits for keeping the �L against larger Ic. The parasitic inductance
is, therefore, a more serious problem for HTS SFQ circuits than for LTS circuits.

Satchell (22) and Jeferry et al. (23) simulated the parasitic inductance influ-
ence to circuit yield as well as a thermal noise one. In Figure 9.11, the simulation
results by Jeferry in which yield results for an SFQ T-FF with various process
conditions and operation frequencies are described with (Fig. 9.11a) and without
(Fig. 9.11b) parasitic inductances. These results show quantitatively that parasitic
inductance can have a significant effect on the probability of obtaining HTS SFQ
circuit working at ultrahigh-speeds. Hidaka et al. estimated the parasitic induc-
tance of their sampler circuit experimentally (28). The parasitic inductance in a
SFQ loop was 2.4 pH, whereas the necessary loop inductance was 5.0 pH. This
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FIGURE 9.10 Temperature dependence of the IcRn product and maximum di-
vided voltage Vd. (From Ref. 27.)



parasitic inductance value is large enough to narrow the operating margin of the
sampler circuit.

9.3.3 Fabrication of SFQ Circuits

9.3.3.1 Materials

The superconductor that has been most widely used in HTS digital circuits is a
YBa2Cu3Ox (YBCO) thin film because of the reproducibility of Tc, robustness to
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FIGURE 9.11 Monte Carlo yield results for a T-FF (a) with and (b) without par-
asitic inductances. (From Ref. 23.)



water, and large critical current density. There are a number of suitable substrates
on which YBCO films can be grown: SrTiO3 (STO), MgO, LaAlO3, NdGaO3,
YSZ (yttria-stabilized zirconia), Sr2AlTaO6 (SAT), Sr2AlNbO6 (SAN), and
(La0.3Sr0.7)(Al0.65Ta0.35)Ox (LSAT). Among of them, STO has so far been the
most popular substrate material for SFQ digital circuits because its lattice constant
and thermal expansion coefficient are close to those of YBCO. The choice of the
superconductor and substrate restricts the choice of insulators. It is highly desir-
able that the insulator can be deposited using the same technique used to deposit
YBCO and at temperatures not significantly higher. The obvious choices for in-
sulators are the substrate materials. High-quality STO films can be grown at tem-
peratures similar to those used for depositing YBCO. Layers of MgO, LaAlO3,
NdGaO3, SAT, SAN, and LSAT can also be deposited at temperatures similar to
these used for depositing YBCO, and the resistivity of these materials is high
enough for digital circuit applications. In YBCO-based multilayer circuits, it is
necessary to diffuse oxygen through an epitaxial insulator film to fully reoxidized
one or more buried YBCO layers. Oxygen diffuses more easily through epitaxial
STO films than through films of other insulators (e.g., SAT and SAN) (29). The
main drawback with STO is its large dielectric constant, approximately 103 in
films at 77 K, which makes it unsuitable for high-frequency applications. CeO2 is
one of the candidate insulators for high-frequency HTS digital circuits because of
its relatively low dielectric constant and its high-permeability to oxygen.

Ruck et al. tested various materials in order to evaluate their suitability for
resistors in SFQ circuits like Ag/Au, Cr, Pd, and Pd/Au (30). Among of them,
Pd/Au had a much smaller temperature coefficient and higher resistance, espe-
cially at low-temperature, than Pd. The sheet resistance of 400-nm-thick Pd/Au
was about 0.6 � from 4.2 K to 77 K. They suggested that Pd/Au was the most suit-
able material for SFQ circuits. Forrester et al. used Au for resistors with Ti adhe-
sion layer in a Sigma–Delta modulator (31) and Mo film was used for a 1-�-per-
square resistor by Miller et al. (32). The contact resistance between these resistor
layers and a YBCO layer is undesirably large compared with their sheet resis-
tances, so it is important that ways to reduce the contact resistance be investigated.

The YBCO-based fabrication technologies available before 1993, including
materials, deposition techniques, and patterning techniques, were reviewed by
Wellstood et al. (33).

9.3.3.2 Josephson Junctions

Of the various types of Josephson junction developed so far, the ramp-edge-type
junctions (34), shown schematically in Figure 9.12a, seem to be the most promis-
ing for digital circuit applications because of their small dimensions, the potential
controllability of junction critical current and junction resistance values, and the
ease of superconducting wiring. Many materials have been tried as the artificial
barrier layer of the ramp-edge junctions, but only PrBa2Cu3Ox (PBCO), doped
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YBCO, and doped PBCO barriers achieved a usable level in small-scale circuits
including less than a few tens junctions. Satoh et al. developed an in situ edge
preparation process for the PBCO ramp-edge junctions and obtained a Ic spread of
1� � 10% for 12 junctions with an IcRn product of 2 mV at 4.2 K (35). Co-doped
YBCO acts as barrier at temperature above 50 K, and the 20 ramp-edge junctions
with the Co-doped barrier that were made by Mallison et al. had an IcRn product
of 0.3 mV at 50 K and showed an Ic spread of 12% (1�) (36). Another ramp-edge
junction with a Co-doped YBCO barrier, whose base electrode YBCO contains
5% La, exhibited IcRn products of 0.5–0.8 mV at 65 K with a 1� Ic spreads down
to 12%, was reported by Hunt et al. (13). It was found that by Ga doping, the Rn

was systematically increased while Ic remained constant. Vanhoven et al. found
that by Ga doping, the IcRn products were increased up to 8 mV at 4.2 K (12).

Interface-engineered ramp-edge junctions (IEJ) developed by Moeckly
et al. (37) attracted much attention because the reproducible fabrication process is
quite suitable for digital circuit applications. In this process, no barrier deposition
is carried out: The barrier is formed just by structural modification using ion bom-
bardment and vacuum annealing. Satoh et al. modified the process, in which the
edge of the base YBCO film was formed by normal ion milling and then the film
was heated to a deposition temperature for the counterelectrode in O2 without
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FIGURE 9.12 Schematic cross sections of HTS Josephson junctions: (a) ramp-
edge junction, (b) stacked junction, (c) c-axis microbridge junction, and (d)
step-edge grain-boundary junction.



being exposed to air. Their modified interfaced junctions (MIJ) also showed re-
producible Ic with a 1� spread in Ic of less than 8% for 100 junctions (16).

A drawback of using the ramp-edge junctions in SFQ circuits is that it would
be difficult reduce the loop inductance. One way to reduce the inductance of the
SFQ loop is by using a vertical structure. A vertical loop can be constructed by us-
ing stacked junctions (Fig. 9.12b) and c-axis microbridge (CAM) junctions (Fig.
9.12c). As the configuration of the stacked junction is the same as that of the
Nb/AlOx/Nb junctions used in LTS SFQ circuits, the development of stacked
junctions for HTS SFQ circuits had been expected from the first stage of HTS
junction development. The IcRn product and Ic spread of stacked junctions, how-
ever, had been too poor for these junctions to be used in SFQ circuits. Recently,
an overdamped stacked junction with an IcRn product of 2.1 mV and a 10% 1�
spread of Ic at 4.2 K was reported by Maruyama et al. (38). These characteristics
are similar to these of ramp-edge junctions and are promising with regard to SFQ
circuit applications.

A CAM is simply a short, columnlike superconducting structure without an
intentional barrier forming a weak-link connection between two YBCO layers.
This junction has an IcRn product as large as 1.2 mV at 60 K. However, because
the critical current of the conventional (2-�m-diameter) CAM technology are too
high, a CAM diameter of 0.5 �m is required for a target critical current of 0.5 mA
at 40–60 K (39). It seems that achieving good uniformity of Ic would be difficult
owing to its small area.

Step-edge-grain boundary (SEGB) junctions, which are formed by discon-
tinuities in crystal orientation where a HTS film covers a step in the substrate (Fig.
9.12d), are more easily integrated with multilayers than the ramp-edge junctions
(32,40). The disadvantages of the SEGB junctions, however, are that their Ic is
spread rather wide and their IcRn product is small. Focused-electron-beam-irradi-
ated (FEBI) junctions on a single YBCO layer are defined by irradiating the edges
with high electron doses, which renders them purely resistive. Thus, it was possi-
ble to accurately define different critical currents for the FEBI junctions (41). The
FEBI junctions are not suitable for use in large-scale circuits because too much ir-
radiation time is required for making each junction. Several HTS digital circuits
have been fabricated using grain-boundary junctions, which are made by deposit-
ing an epitaxial YBCO film on a bicrystal substrate (42), because they are easy to
make and have a relatively large IcRn product. The use of bicrystal grain-bound-
ary junctions is limited in small-scale circuits, because flexibility of their positions
is extremely restricted because they have to be arranged on a line.

9.3.3.3 Stacked Ground Plane

In order to implement high-performance HTS SFQ circuits, development a circuit
process which integrates reproducible Josephson junctions into epitaxial multi-
layers is important. In particular, a superconducting ground plane is required to
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keep circuit inductance low enough that a SFQ pulse can generate enough current
in a load inductor and the �L in a SFQ loop can be kept within a designed range.

Missert et al. were the first to report the fabrication of SEGB junctions over
a ground plane (43). This device operated as a SQUID only up to 20 K. The oper-
ation temperature of a SQUID that consisted of SEGB junctions with a 200-nm-
thick ground plane was increased to above 77 K by Forrester et al. (44). They mea-
sured the temperature dependence of L� and found it to be in good agreement with
the theory according to which the temperature dependence of the penetration
depth is represented, using the Corter–Casimir form, by �(t) � �0/[1 � (T/Tc)4]1/2,
where �0 is the penetration depth at T � 0.

Ramp-edge junctions with a 450-nm-thick stacked ground plane were first
made by Miura et al. (45). Although a SQUID using the junctions operated at tem-
peratures up to 50 K, the use of the thicker ground plane makes the surface of the
base electrode YBCO rougher, causing excess current in the ramp-edge junctions.
Hunt et al. (13) and Mallison et al. (36) fabricated YBCO/Co-doped
YBCO/YBCO junctions over a 200-nm-thick YBCO ground plane. Both layered
structures are the same except that Hunt et al. used La-doped YBCO for the base
electrode and Mallison et al. used SAN for the insulator. Hunt et al. reported an
L� of 1.0 pH and large IcRn products of 0.5–0.8 mV at 65 K. Mallison reported an
L� of 1.2 pH at 70 K. These measured inductances are low enough to begin high-
speed tests of small-scale circuits, but even lower inductances of L� � 0.8 pH,
were obtained by Ruck et al. (30) and Henrici et al. (46). As in the structure shown
in Figure 9.13, the base electrode YBCO in the structure of Ruck et al. acts as a
ground plane for the counterelectrode YBCO. Therefore, this structure requires no
additional ground plane. The same structure was used reported in Refs. 47 and 48.
CAM technology used by Henrici naturally results in a low inductance because of
the presence of a ground plane.
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FIGURE 9.13 Drawing of a dc SQUID in which the base electrode YBCO acts
as a ground plane for the counterelectrode YBCO. (From Ref. 30.)



The above-described ground planes are buried under the junctions, and the
thickness of the buried ground planes had to be kept below 200 nm because thicker
ground planes resulted in more surface roughness, which reduced junction qual-
ity. To overcome this drawback of the buried ground planes, Terai et al. (49) de-
veloped a multilayer structure, called a HUG (HTS circuit with an upper-layer
ground plane) structure, where the YBCO ground plane is located in the top layer,
as shown in Figure 9.14. The advantage of this is that higher-quality junctions can
be made directly on the smooth substrate than over a thick ground plane. More-
over, the upper ground plane can be made as thick as one wants. Each YBCO layer
of the HUG structure was verified to have current density close to that of an as-
grown YBCO film. The resistance of the trilayer across a 400-nm-thick STO film
was measured to be over 1 M� in a range from 4.2 K to 300 K over an area of 100
� 100 �m, which is sufficient for circuit operation. The high-temperature process
used in forming the ground plane does not affect the junction quality, such as the
IcRn product and excess current. At 30 K, experimentally estimated L� values
were around 1 pH with a 600-nm-thick ground plane, whereas the L� without a
ground plane was 2.8 pH. Figure 9.15 shows the temperature dependences of L�

in the HUG structure. The temperature dependences can be fitted by a strip-line
model. This model is slightly different from Corter–Casimir form, �(t) � �0/[1 �
(T/Tc)2]1/2.

9.4 IMPLEMENTED HTS DIGITAL CIRCUITS

Although the scale of HTS digital circuits has been restricted to less than 30 junc-
tions by the limitation of the available fabrication processes, many HTS digital
circuits have been implemented. Those reported to date are listed in Table 9.1. Cir-
cuits whose operation has not been reported are not included in the table.
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FIGURE 9.14 Schematic cross section of YBCO/PBCO/YBCO ramp-edge junc-
tion integrated with the upper ground plane “HUG structure.” (From Ref. 49.) 
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FIGURE 9.15 Temperature dependence of L� observed in a SQUID integrated
with an upper ground plane. (From Ref. 49.)

9.4.1 Elementary RSFQ Circuits

Several simple RSFQ circuits were fabricated and tested at low frequencies in or-
der to test the basic SFQ operations of flux storage and controlled flux motion and
so test the applicability of a specific fabrication process.

The first demonstrated operation of a HTS SFQ circuit was by Ivanov et al.
(50), who demonstrated the operation of a circuit consisting of a truncated re-
set–set (RS) flip-flop (FF) (without the buffer junctions in the reset channel) com-
plemented by the necessary input and output circuits, using grain-boundary junc-
tions in a YBCO thin film. The use of an LTS (lead-alloy) ground plane, though,
has limited the circuit operation to 4.2 K.

Forrester et al. reported the simple two-stage shift register with a magneti-
cally coupled READ SQUID, as shown in Figure 9.16a (51). This circuit was fab-
ricated by single-layer YBCO with five SEGB junctions. Figure 9.16b shows that
the shift resistor loaded and shifted SFQ data on command at 65 K. Note that there
was an error near 130 s, when the flux quantum shifted in the absence of a shift
command. Although the efficiency of the coupling between the READ SQUID
and the first DATA SQUID was only about 4%, both the storage of SFQ and their
motion in response to applied signals were demonstrated in a HTS circuit.

A series RSFQ gate that includes two DC/SFQ converters, two JTLs, a com-
plete RS-FF, and a SFQ/DC converter (readout SQUID), was implemented with



14 in-plane Josephson junctions formed by FEBI by Shokhor et al. (52). Low-fre-
quency testing has shown that this dc-current-biased circuit operates correctly and
reliably at 30 K, a few degrees below the effective critical temperature of the junc-
tions. A three-bit SFQ shift register consisting of a shift register, two DC/SFQ
converters, one readout SQUID serving as a SFQ/DC converter, and three JTLs
(Fig. 9.17) was developed by Oelze et al. (53). The circuit consists of 26 bicrystal
Josephson junctions, which is the largest number in any of the HTS circuits de-
veloped to date, and the correct operation of all circuit components has been con-
firmed by low-frequency testing at 50 K. Operating margins of the circuit were
�3% for a clock current and �5% for a bias current of the shift register. These
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TABLE 9.1 Implemented HTS Digital Circuits

Maximum
No. of operating

Kind of Kind of No. of HTS temperature
First author Organization Year gate JJ JJs layers (K)

Ivanov Chalmers 1994 RS-FF Bicrystal 1 4.2
Univ.

Forrester Westinghouse 1994 2-bit shift SEGB 5 1 65
resistor

Weigerink Twente Univ. 1995 QOS Ramp edge 2 2 4.2 (?)
Shokhor SUNY 1995 RS-FF FEBI 14 1 30
Kaplunenko Charmers 1995 Voltage Bicrystal 11 1 30

Univ. divider
Oelze KFA 1996 Comparator Bicrystal 8 1 50
McCambridge Northrop 1996 1-bit ADC SEGB 10 3 65

Grumman
Gerritsma Twente Univ. 1996 4-bit ADC Ramp edge 8 2 25
Umezawa TERATEC 1996 QOS SEGB 2 1 77
Oelze KFA 1997 3-bit shift Bicrystal 26 1 50

resistor
Hidaka NEC 1997 Sampler Ramp edge 5 3 50
Ruck KFA 1998 Ring FEBI 15 1 39

oscillator
Hirst DERA 1998 RS-FF CAM 16 2 45
Kim KIST 1998 RS-FF Bicrystal 4 1 71
Hashimoto Toshiba 1998 Voltage Ramp edge 9 3 12.5

divider
Sun TRW 1998 T-FF Ramp edge 14 3 65 (?)
Sonnenberg Twente Univ. 1999 Comparator Ramp edge 8 3 30
Forrester Northrop 1999 /–� Ramp edge 15 3 65

Grumman modulator
Ruck KFA 1999 /–� Bicrystal 10 2 33

modulator
Saito Hitachi 2000 Voltage Ramp edge 11 2 27

divider



narrow margins possibly resulted from a considerable spread of the critical cur-
rents of the Josephson junctions. Once the bias currents were fixed, no errors were
observed during a 2-h measurement period.

An RS-FF with 16 CAM junctions was made by Hirst et al. and operated at
45 K (39). Its design was similar to that reported previously by Shokhor et al. (52).
The CAM junctions have advantages that make them especially suitable for mak-
ing vertical SFQ loops with low inductance and reducing the parasitic inductance.
Kim et al. tested the operations of RS-FF with four bicrystal junctions at 71 K
(54). SFQ stored in the RS-FF was read out by using a magnetically coupled
SQUID.
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FIGURE 9.16 Schematic for (a) the two-stage shift register and (b) the shift
register loaded and shifted SFQ data on command at 65 K. Note the error near
130 s. (From Ref. 51.)



9.4.2 Balanced Comparator

A balanced comparator, in which two overdamped Josephson junctions are con-
nected in series, is not only one of the important elements of RSFQ circuits but is
also useful when one is investigating the switching probability of Josephson junc-
tions. Oelze et al. (24) and Ruck et al. (26) measured “smoothing parameters” of
switching the gray zone and BER using the comparator, respectively, described in
Section 9.3.2.1. Ruck’s comparator was a part of a ring oscillator including 15
FEBI junctions (Fig. 9.18). A SFQ can circulate in the ring oscillator and its cir-
culation frequency can be calculated, according to the ac Josephson relation, from
the voltage across the ring oscillator. A maximum stable circulation frequency of
6 GHz was obtained. This corresponds to a delay of 17 ps per junction.

Sonnenberg et al. tested a balanced comparator in a three-HTS-layer tech-
nology. Eight ramp-edge junctions and inductances were located on a buried
ground plane in order to reduce the inductance values (55). The correct operation
of the balanced comparator was confirmed by dc measurement of the switching
properties. The gray zone of switching was measured as a function of temperature
(4.2–30 K) and operation frequency (2.5–80 GHz). For each temperature, the gray
zone width has a minimum at low pulse rates of 10–15 �A, where the Ic of each
junction was around 100 �A. The width of the gray zone increased with increas-
ing pulse rate and increased more rapidly at 30 K than at 4.2 K.
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FIGURE 9.17 Equivalent circuit of a three-bit SFQ shift register. (From Ref. 53.)



9.4.3 Voltage Divider

Single elements of RSFQ logic circuits can be operated at frequencies up to the
characteristic Josephson frequency: ƒmax � IcRn/�0. Kapulnenko suggested that
the actual limit is 0.3ƒmax when many of these elements are connected together by
means of a JTL, and this makes it necessary to use Josephson junctions with
higher IcRn products (56). The high-frequency limitations of RSFQ elements may
be experimentally found by simple dc measurements using the Josephson relation
between the average voltage Vdc across the junction and the Josephson oscillation
frequency ƒ � �0

�1Vds. The T-FF passes every second fluxon from the input to its
output, so the output voltage Vout is one-half of Vin. A simple dc measurement of
Vin and Vout allows us to check the operation of the T-FF at high-frequency: When
the frequency limit is not exceeded, Vout will be equal to Vin/2.

Kaplunenko et al. were the first to test a voltage divider using HTS materi-
als (57). They used single-layer YBCO and a peculiar design. Small inductances
of the SFQ loop, of about 10 pH, are formed as narrow slits of 0.4 �m width that
are comparable to the London penetration depth � ~ 0.15 �m of the supercon-
ducting YBCO film. Two slits separated by a 0.8-�m bridge provide a strong cou-
pling between the two SFQ loops (58,59). The equivalent circuit and the layout of
the T-FF circuit, which included 11 bicrystal junctions, are shown in Figures 9.19a
and 9.19b. As shown in Figure 9.19c, proper operation was observed up to 0.82
mV at 4.4 K, giving Vout � Vin/2 within the experimental accuracy which corre-
sponds to a Josephson frequency of about 400 GHz.

A voltage divider using nine ramp-edge junctions with a stacked ground
plane was fabricated by Hashimoto et al. (60). At 12.5 K, the maximum voltage at
which Vout � Vin/2 was 0.4 mV. This value corresponds to �200 GHz. Saito et al.
fabricated a voltage divider utilizing 11 IEJ-type ramp-edge junctions and oper-
ated it at frequencies up to 155 GHz at 15 K and 19 GHz at 27 K (27).
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FIGURE 9.18 Equivalent scheme of a SFQ ring oscillator with a balanced com-
parator. (From Ref. 26.)
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FIGURE 9.19 (a) Equivalent circuit, (b) layout, and (c) measured input, Vin, and
output, Vout, voltages of a voltage divider based on submicron-slit induc-
tances. (From Ref. 57.)



9.4.4 Flush-Type Analog-to-Digital Converters

The periodic nature of a SQUID permits the construction of a flush-type n-bit ana-
log-to-digital (AD) converter with only n comparators, rather than the 2n � 1 sin-
gle-threshold comparators used in the semiconductor flush-type AD converter.
The circulating current in a SQUID loop is a periodic function of the flux applied
with a periodicity of �0. This forms the basis for 1 bit of an AD converter with ex-
tremely good differential and integral linearity. The dynamic range of such a con-
verter is limited only by how much magnetic flux can be applied to the SQUID
without suppressing the critical currents of the Josephson junctions in it. As pro-
posed by Ko, the amount of magnetic flux can be increased dramatically by using
a comparator based on a quasi-one-junction SQUID (QOS) (61).

Figure 9.20a shows the equivalent circuit of the basic QOS-based compara-
tor. As indicated in Figure 9.20b, the current through the digitizing junction J0 in
this circuit is a periodic function of the analog input current Ia. The critical current
of J0 has to be much smaller than that of the sampling junction Js if the influence
of Js on the behavior of the QOS is to be small. The �L of this loop must be less
than 1, because the periodic curve has to be a single value for all values of Ia. For
high-frequency operation, the value of �L should be less than 0.5. For a 4-bit AD
converter, the periodic curve should contain at least four full periods. When a sam-
pling pulse Ip is applied with a properly adjusted amplitude of Ip, the sampling
junction Js switches for 50% of the value of Ia. Each switching of the sampling
junction results in a voltage at the output node of the circuit, and this state is con-
sidered to be a logical “1.” When a sampling pulse Ip does not result in an output
voltage, the state is considered to be a logical “0.” Several LTS QOS comparators
have been reported (e.g., in Ref. 62).
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FIGURE 9.20 (a) Equivalent circuit of QOS-based periodic threshold compara-
tor and (b) the periodic dependence of the QOS current IJ0 on the analog in-
put current Ia. (From Ref. 48.)



A QOS implementation using HTS materials was first reported by
Wiegerink et al. (48). In their circuit, the two Josephson junctions in the QOS were
constructed at two parallel ramp edges, which allows realization of a very low
loop inductance. The operation of that comparator was demonstrated at slow sam-
pling speeds, although the suppression of the junction critical currents due to the
magnetic field associated with the input current Ia was clearly observed. The QOS
threshold had been improved by changing its layout and up to eight full periods
were observed without the suppression (63). At temperatures near 40 K, several
4-bit AD converter chips using the improved QOS were fully functional when op-
erating at a low-frequency (1 kHz).

Umezawa et al. also fabricated a 1-bit QOS with a superconducting pickup
loop using SEGB junctions and a basic AD conversion test showed that at 77 K,
it operated at a frequencies from 10 kHz to 1 MHz (64).

The balanced comparator described in Section 9.4.2 can also be used as a
comparator in a flush-type AD converter. Kidiyarova-Shevchenko et al. designed
such a converter using three-layer HTS tricrystal junctions and simulated its op-
eration (65).

9.4.5 Counting-Type AD Converters

Figure 9.21 shows a block diagram of a counting-type AD converter. The voltage
controlled oscillator (VCO) continuously follows the analog input, generating
pulses at a rate proportional to its voltage. The ac Josephson effect in a single junc-
tion affords a nearly perfect voltage-to-frequency converter, because the Joseph-
son relation gives ƒ � 2eV/h. When the “gate” is high, SFQ pulses are passed from
the VCO to the counter; when the “gate” is low, SFQ pulses are prevented from
passing to the counter. The total number of pulses passed in a fixed gate-open time
is proportional to the time average of the analog input over the gate-open time.
One critical advantage of this architecture for building an HTS AD converter is
the relatively low level of circuit complexity required. A complete 12-bit NbN AD
converter circuit using this architecture required only 52 Josephson junctions.

The SFQ counter shown in Figure 9.21 consists of a series of SFQ T-FFs.
McCambridge et al. (66) and Sun et al. (67), in a first-step toward building a
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FIGURE 9.21 Block diagram of a counting-type AD converter. (From Ref. 67.)



counting AD converter, fabricated and tested single T-FF with a DC/SFQ con-
verter, JTL, and a readout gate. McCambridge et al. used a three-layer YBCO
structure, in which 10 ramp-edge junctions with a Co-doped YBCO barrier on a
buried YBCO ground plane are utilized. Their circuit operated at 65 K and at low-
speeds. Sun’s circuit consisted of 14 ramp-edge junctions whose layered structure
was same as that of the junctions in a McCambridge circuit. The readout voltage
of Sun’s circuit was shown to approach 40% of the junction IcRn product, and at
65 K, it was as high as 0.1 mV.

9.4.6 Sigma–Delta AD Converters

The Sigma–Delta (Σ–�) architecture is the preferred archtecture for AD convert-
ers with a high dynamic range (68). This oversampling approach implemented by
semiconductor devices is used in audio applications where signals at kilohertz fre-
quencies are sampled at megahertz frequencies by a Σ–� modulator and the re-
sulting bit stream digitally filtered, to provide a resolution of 18–20 bits. The semi-
conductor Σ–� AD converter are is limited to megahertz sampling and digital
filtering. A superconductor Σ–� AD converter, however, can perform gigahertz
sampling and apply the advantages of digital filtering to megahertz-bandwidth
signals. Moreover, flux quantization in a superconducting loop provides a quan-
tum mechanically precise feedback mechanism unavailable with other technolo-
gies. Precision feedback is essential to the performance of Σ–� AD converters
(69,70).

Figure 9.22 shows the block diagram of a first-order Σ–� modulator. An in-
put signal is integrated and the result is sampled by a clocked comparator. The dig-
itized signal is subtracted from the input signal in a feedback loop. This type of
feedback causes the averaged output of the comparator to be exactly the input sig-
nal. The deviation of the quantized output of the comparator from the analog input
signal can be described as noise and is called quantization noise. The quantization
noise is shifted to higher frequencies. It is obvious that the signal-to-noise ratio can
be improved tremendously by filtering the frequencies above the signal bandwidth.

The integrator, comparator, and feedback loop of the first-order Σ–�
modulator is easily implemented by using Josephson junctions as shown in
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FIGURE 9.22 Block diagram of a first-order Σ–� modulator with a digital filter.
(From Ref. 71.)



Figure 9.22. Forrester et al. fabricated a simple HTS Σ–� modulator, with 15 Co-
doped YBCO barrier ramp-edge junctions, in an epitaxial multilayer process uti-
lizing 3 YBCO layers, 2 epitaxial insulators, and an integrated Au resistor (31).
They measured its performance at 35 K by inputting a 5.01-MHz signal and send-
ing the output bit stream to a spectrum analyzer that measured the relative ampli-
tude of the unwanted harmonics which determine the spur-free dynamic range
(SFDR). With a 27-GHz sampling rate, a SFDP of greater than 75 dB was mea-
sured. This value is comparable to that of an LTS modulator (70).

Another HTS Σ–� modulator was reported by Ruck et al. (71). The circuit
was fabricated on a STO bicrystal substrate. The YBCO/STO/YBCO trilayer was
fabricated by laser deposition. The bottom layer served as a superconducting
ground plane and the Josephson junctions were formed in the upper layer. Pd/Au
thin film was used for the integrator resistance. The circuit consists of a DC/SFQ
converter, a JTL, a comparator, a L/R integrator, and an output stage with 10 junc-
tions. The correct operation of the modulator was confirmed by dc measurements
at 34 K. The linearity of the modulator was studied by measuring the harmonic
distortions of a 19.5-kHz sine-wave input signal, and a minimum resolution of 5
bits could be estimated from the recorded spectrum. This accuracy was limited by
the noise of the preamplifier. The correct operation of the current feedback loop
was demonstrated by cutting the feedback inductance.

9.4.7 Sampler

All of the above-described circuits are elements for consisting of larger RSFQ cir-
cuits or complete AD converters, except a ring oscillator and voltage dividers,
which were implemented for investigating the operation frequency of SFQ cir-
cuits. These circuits themselves therefore cannot be put to practical uses. A sam-
pler reported by Hidaka et al. (72,73), however, can measure repeated unknown
electrical waveforms with high-resolutions by itself and can be used in practical
measurement systems. The sampler circuit consists of five ramp-edge junctions
with a stacked ground plane and is based on SFQ operations. The modified inter-
face junctions (37) and a top-layer ground plane (HUG structure) (49) were intro-
duced into the fabrication process.

Figure 9.23 shows the circuit design of the sampler circuit. A SFQ current
pulse Ip is generated by JJ1 and JJ2 the moment the trigger current Itr rises, and
this pulse travels to JJ3 where it combines with a signal current Is(t) and a feed-
back current Iƒ at a given moment determined by the Ip generation. When the sum
of the three currents exceeds a threshold value, the SFQ is stored in the supercon-
ducting loop that contains JJ3 and L3. Then, the stored SFQ induces an output
voltage at the readout SQUID, which consists of JJ4 and JJ5. At the end of
each sampling cycle, the stored SFQ in the loop is reset using negative reset
currents Ir.
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The value of Iƒmin(Is), which is defined as the minimum Iƒ required to store
an SFQ in this loop for an Is, can be determined by repeating the above operation
with various Iƒ values. Comparing Iƒmin(Is) with Iƒmin(0), which is the Iƒmin for Is

� 0, we can obtain the Is(t) value. The whole Is waveform is measured by detect-
ing the Is(t) values for various Ip generation times.

Figure 9.24 shows a sampler chip for high-time-resolution measurement.
The chip is relatively small (2.5 mm square) so that the high-speed current lines
on a STO substrate (which has a huge dielectric constant) are short. Cross-talk be-
tween current lines is kept low by the ground pads on both sides of the high-speed
current pads. The signal current Is measured by this sampler is generated by the
signal trigger current Istr input at an on-chip Josephson signal generator (JG) and
is propagated to the sampler through a 4-�m-wide, 400-�m-long YBCO line
without any matching resistance.

Figure 9.25 shows one of the results with a 1-ps delay time between every
sampling point. The dip structure around 160 ps in Figure 9.25a was remeasured
in detail and is shown in Figure 9.25b. In Figure 9.25b, the maximum time differ-
ential of the measured waveform was 12 �A/ps, which fell 60 �A with a 5-ps time
interval with a 2.5-�A current sensitivity.

The HTS sampler is able to measure current waveforms directly with 
picosecond and microampere resolutions. Semiconductor samplers and electro-
optic (E-O) samplers are well known for characterizing the temporal shape of high-
speed electrical signals. However, the semiconductor samplers measure voltage
and the E-O samplers observe electrical field. In order to measure current using
these samplers, the electrical impedance of the measured part has to be known. As
the operation frequency of semiconductor large-scale integrated circuits (LSIs) in-
creases toward the gigahertz frequency regime, the demand for current measure-
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FIGURE 9.23 Circuit diagram of the HTS sampler. (From Ref. 73.)



ments increases from the viewpoints of circuit design and electromagnetic com-
patibility (EMC) technology. However, because the impedance of a wiring in LSI
under test is generally unknown because of its complex layered structures and via
holes, current flowing through the wiring cannot be measured by using the semi-
conductor or E-O samplers. The HTS sampler is able to observe the current in the
LSI with high-resolution. We expect the HTS sampler to be very useful for study-
ing some transient phenomena, cross-talk, and EMC in high-speed LSI circuits.

9.4.8 Delay-Line Memory

Hattori et al. developed a HTS delay-line memory for asynchronous transfer mode
(ATM) switching systems (74). This memory itself is not a digital circuit, but it is
an interesting digital application of an HTS device. It is a hybrid device with high-
speed semiconductor switches.
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FIGURE 9.24 Optical close-up of the HTS sampler chip. The sampler circuit is
in the center and the Josephson signal generator is below the sampler. (From
Ref. 73.)



The rapid growth in telecommunication traffic has resulted in the need for
faster ATM switching systems. The upper limit of the system clock rate is cur-
rently determined by the maximum clock rate of conventional semiconductor
memory devices, such as the register files used in ATM cell buffer storage. This
is because the maximum clock rate of these register files is restricted by the prop-
agation delay between each register stage. Because a re-entrant superconducting
delay-line memory avoids this restriction using an analog delay given by the su-
perconducting delay line, this memory should be used in high-speed ATM cell
buffer storage.
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FIGURE 9.25 Signal current waveform measured by the HTS sampler: 
(a) waveform measured from 0 to 600 ps and (b) remeasured waveform be-
tween 130 ps and 200 ps. (From Ref. 73.)



The configuration of the superconducting reentrant delay-line memory is
illustrated in Figure 9.26. The memory has recirculation loop storage for a fixed-
length data packet and consists of a superconducting delay line and a semicon-
ductor 2 � 2 crossbar switch. This delay line gives input data a fixed delay that
corresponds to its line length. The crossbar switch enables cross or parallel con-
nection between two input ports and two output ports. The delay line feeds back
from an output port of the switch to its input port and forms a storage loop. This
loop has a duration that corresponds to a fixed data packet length. Because signals
in the delay line cannot be amplified and reshaped, the attenuation and distortion
in the delay line must be extremely low despite the high clock rate and long
delay. This is impossible for a planar transmission line made of normal metal,
because of its surface resistance. This is why the superconducting delay line is
used.

A YBCO coplanar delay line 10 �m wide and 37 cm long was fabricated.
This line had a delay of approximately 2.8 ns and was used, along with commer-
cially available semiconductor integrated circuits, to make a superconducting de-
lay-line memory. As shown in Figure 9.27, this memory operated as a 32-bit buffer
storage at a clock rate of 10 GHz at 46 K, which is several times faster than a semi-
conductor register file operates. This result shows that the superconducting delay-
line memory is a powerful candidate for high-speed ATM cell buffer storage.
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FIGURE 9.26 Configuration of the re-entrant superconducting delay-line
memory. This memory consists of a superconducting delay line and a 2 � 2
crossbar switch. (From Ref. 74.)
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10.1 INTRODUCTION

High-temperature superconductors have been used for microwave applications
since their discovery in 1986 and there has been a continuous progress in this area.
Several high-Tc superconductors based microwave devices such as resonators, fil-
ters, multiplexer, receivers, delay line, antenna, phase shifter, and so forth with su-
perior performances have been demonstrated (1–5). High-Tc microwave compo-
nents and subsystems are currently being commercialized by several companies.
The use of high-Tc superconductors in microwave passive devices has an advan-
tage over normal conductors such as copper and silver in terms of low insertion
loss and high gain due to their lower surface resistance. Also, because of lower
losses in superconductors, a reduction in size of the devices is an added advantage
in using high-Tc superconductors.

In recent years, high-Tc superconductor-based filters and subsystems have
been considered for application in mobile communication as well as for satellite
and some specific radio astronomy applications (3,5–12). The use of high-Tc fil-
ters in a cellular base station is being investigated for improved sensitivity. Nearly
1000 high-Tc filter subsystems have been deployed worldwide with millions of
hours of cumulative operations (3). Microwave technology based on high-Tc su-
perconductors offer the potential of considerable miniaturization of pay-load elec-
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tronic equipment in space systems, leading to an overall cost reduction and accel-
erating the development of small satellite systems (10).

This chapter reviews the progress in the development of various high-Tc su-
perconductor microwave passive devices such as resonators, filters, antenna, de-
lay lines, phase shifters, tunable devices, and microwave subsystems.

10.2 HIGH-Tc SUPERCONDUCTOR MATERIALS

Several high-Tc superconductors exhibiting superconductivity above the liquid-
nitrogen temperature (77 K) are listed in Chapter 1. Two high-Tc materials fre-
quently used for microwave applications are YBa2Cu3O7�� (YBCO) and
T12Ba2CaCu2O8 (TBCCO). The superconducting transition temperature (Tc) of
YBCO is 92 K and that of TBCCO is 108 K. YBCO has been used in the form of
epitaxial thin film as well as textured thick film, whereas TBCCO has been used
only in the form of thin film. Earlier high-Tc microwave devices such as cylindri-
cal cavities have been fabricated using YBCO in the form of bulk. YBCO films
are deposited on both sides of a suitable substrate in situ by the laser ablation tech-
nique or magnetron sputtering, whereas for TBCCO films, first the precursor ma-
terial is deposited on both sides of the substrate and then annealing is performed
for obtaining a superconducting thin film. In the range of operating temperatures
from 60 to 77 K that is practical for high-Tc microwave devices, high-quality
YBCO and TBCCO films exhibit similar properties inspite of the higher Tc of
TBCCO as compared to YBCO.

10.2.1 Substrates for High-Tc Microwave Devices

For high-Tc film microwave devices, the substrate should not only support growth
of good quality epitaxial high-Tc films but also its microwave properties such as
the dielectric constant (�r) and dielectric loss tangent (tan �) should be in a desired
range (13). For example, for a microwave circuit with a high-quality factor (Q),
tan � needs to be very small. The value of �r is related to the length of electro-
magnetic wave in the substrate material. Thus, for the operating frequency range
of 1–10 GHz, the substrates with �r �20–25 are suitable, whereas for the operat-
ing frequencies larger than 10 GHz, �r should be �10. It is an added advantage if
the dielectric constant is isotropic in the plane of the film and it has a low disper-
sion for wide-band devices. In addition to the above properties, the substrate
should be strong and capable of being thinned to a desired thickness, as required
by the application. Substrates such as SrTiO3 and ZrO2, which can support the
growth of very good quality high-Tc films, are not suitable for microwave appli-
cation due to their high value of loss tangent.

Table 10.1 gives a list of some of the substrates which have been used for
high-Tc microwave devices. LaAlO3 is found to be the first suitable substrate
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which has been used for high-Tc microwave devices (19). It is easily available in
a large size. Another substrate, MgO, shows isotropy of dielectric properties and
low microwave losses. The drawback of MgO is the lack of mechanical strength
and high hygroscopity. Apart from these, the MgO substrates are not available in
a large size. Sapphire, on the other hand, exhibits high mechanical strength, high
thermal conductivity, and low microwave losses and are also available in a large
size. However, for the growth of good quality high-Tc films, preparation of buffer
layer of MgO or CeO2 on a sapphire substrate is required (20,21).

10.3 COMPLEX CONDUCTIVITY AND 

SURFACE IMPEDANCE

In a superconductor, resistance is zero for direct current and the current flows
without any dissipation. However, for an alternating current, the superconductor
shows a resistance, although the value of the resistance is very small. A phe-
nomenological two-fluid model has been used to explain the general behavior of
superconductors at radio frequency (RF) and microwave frequency. The two-fluid
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TABLE 10.1 Substrates for High-Tc Superconductor Microwave Circuits

Lattice Melting Dielectric
Crystal constants point constant

Substrate structure (Å) (*C) (�r) tan � Ref.

MgO Cubic a � 4.21 2825 9.6–10 6.2 � 10�6 14, 15
[77 K, 10 GHz]

Sapphire Hexagonal a � 4.759 2049 9.4–11.6 1.5 � 10�8 14–16
c � 12.97 [77 K, 9 GHz]

LaAlO3 Rhombohedral a � 3.79 2100 24 7.6 � 10�6 13,15
� � 90*5� [77 K, 10 GHz]

YAlO3 Orthorhombic a � 3.66 1875 16 1.2 � 10�5 13,15
b � 3.77 [77 K, 10 GHz]
c � 3.69

GdAlO3 Orthorhombic a � 3.731 1940 19.5 	10�4 13
b � 3.724 [300 K, 40 GHz]

NdAlO3 Rhombohedral a � 3.750 2070 22.5 5 � 10�5 13
� � 90*22� [300 K, 40 GHz]

NdGaO3 Orthorhombic a � 5.43 1670 23 3.2 � 10�4 15
b � 5.50 [77 K, 10 GHz]
c � 7.70

SrLaGaO4 Tetragonal a � 3.84 — 22 1.5 � 10�5 15
c � 12.68 [77 K, 10 GHz]

SrLaAlO4 Tetragonal a � 3.77 1650 27 1 � 10�4 17
c � 12.5 [5 K, 8.5 GHz]

CaNdAlO4 Tetragonal a � 3.69 1820 20 10�3 18
c � 12.15 [100 K, 100 GHz]



model (22) treats the current carriers in the superconductors as being of two dis-
tinct types: a supercarrier fraction with density ns, which carries current without
any dissipation, and a normal fraction nn, which exhibit resistive scattering simi-
lar to the electrons in normal metals. Both ns and nn are strong functions of tem-
perature below the transition temperature, Tc. The conductivity � is complex and
given as (22)

� � �1 � j�2 (1)

with

�1 � �
nn

m
e2%
� (2)

�2 � j2 � �1 (3)

�L � � �
1/2

(4)

where m is the effective mass of the charge carriers, e is the charge of the carrier,
% is the scattering time for quasiparticle, �L is the London penetration depth, ) is
the angular frequency, and �0 is the vacuum permeability. The �1 and �2 are pro-
portional to the density of normal carriers and cooper pairs, respectively. The to-
tal carrier density, n � ns � nn, is related to the normal-state conductivity of the
material by

�n � �
ne

m

2%
� (5)

The temperature dependences of �1 and �2 are expressed as

�1 � �nt4 (6)

�2 � (7)

where t � T/Tc is the reduced temperature, �n is the normal conductivity just
above the transition temperature, and �L(0) is the London penetration depth at 0
K. The surface impedance, Zs, is defined as the ratio of the electromagnetic elec-
tric field (Ey) to the magnetic field (Hx) at the surface

Zs � �
H
Ey

x
� (8)

where the z axis has been chosen to be normal to the superconductor surface. The
formula for surface impedance of a good conductor is

Zs � ��
j)

�

�0
��

1/2
(9)

1 � t4

��
�0)�2

L(0)

m
�
�0nse2

1
�
)�0�2

L
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Using the two-fluid relation for the complex conductivity, the expression for sur-
face impedance of a superconductor may be written as

Zs � Rs � jXs (10)

where Rs and Xs are real and imaginary parts of the impedance, respectively:

Rs � (11)

Xs � )�0�L (12)

The surface resistance Rs for a superconductor is proportional to the square of the
frequency, whereas for a normal conductor, the surface resistance is proportional
to the square root of the frequency.

Both the resistive and reactive components of surface impedance of a su-
perconductor play an important role in determining the performance of filters, res-
onators, and other microwave devices. The surface resistance Rs determines the
quality factor Q of the resonator, whereas the reactive component Xs determine
the sensitivity to temperature variation of the wavelength of a transmission line
and the long-term stability of the device.

10.3.1 Measurement of Surface Resistance

The measurement of surface resistance of high-Tc superconductors is important in
order to determine the suitability for its application in microwave devices. Several
techniques have been employed for the measurement of surface resistance; these
are listed in Table 10.2. In the cavity resonating structure, the cylindrical cavity
structure is very popular for the surface resistance measurement due to its high Q
value and convenient shape. A cavity made totally out of a superconductor is ex-

�2
0)2�3

Lnne2%
��

2m
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TABLE 10.2 Techniques Used for the Measurement of Surface Resistance
of High-Tc Superconductors

Cavity resonant structure 1. Full cavity made of high-Tc

(for bulk, crystals, and films) superconductors
2. Cavity end-plate replacement
3. Cavity end-plate substitution
4. Cavity perturbation
5. Coaxial cavity

Dielectric resonator 1. Parallel-plate dielectric resonator
Patterned resonant structure 1. Microstrip line resonator

(for films) 2. Microstrip ring resonator
3. Stripline resonator
4. Coplanar line resonator



pected to provide a more precise measurement of surface resistance. Cylindrical
cavities totally made of YBCO high-Tc superconductors have been fabricated for
measuring surface resistance (23). Figure 10.1a is a schematic of a high-Tc cylin-
drical cavity. A value of surface resistance of 70 m� at 77 K was obtained for the
YBCO bulk superconductor using this type of resonator.

It is not always possible to make the entire cavity using high-Tc supercon-
ductor materials and several other techniques are used for surface resistance mea-
surement. In the cavity end replacement technique, cylindrical cavities made of
copper or niobium is used in which one end of the cavity is replaced by a high-Tc

sample (24). Figure 10.1b is a schematic of this arrangement. By measuring the Q
of an all-copper (or superconductor) cavity and then by measuring the Q of the
cavity with the end plate replaced by a high-Tc sample, one can estimate the value
of the surface resistance. At low frequency, the size of the cylindrical cavity in-
creases and it may not be convenient to prepare a large-size sample for the re-
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FIGURE 10.1 Schematic diagram of (a) a high-Tc cylindrical cavity resonator
(adapted from Ref. 23), (b) a copper cylindrical cavity with a high-Tc end plate
(adapted from Ref. 24), and (c) a high-Tc coaxial cavity resonator (adapted
from Ref. 28).



placement of the full end plate. In such a case, the cavity end-plate substitution
technique is preferred. This technique is also useful for a small-size sample even
at high-frequency measurements. In this technique, a small high-Tc sample is
placed in the center of the end plate, maintaining the circular symmetry of the cav-
ity. The cavity perturbation technique is used for measuring the surface resistance
of a smaller-size high-Tc samples, such as single-crystal or thin films (25–27). A
superconductor niobium high-Q cavity is used in this measurement. The sample is
mounted on a sapphire rod and placed in the cavity at a maximum magnetic field
location. During the measurement, the whole cavity remains at 4.2 K and the sam-
ple temperature can be varied. The sensitivity of the measurement is high due to
the high Q value of the superconductor cavity.

Figure 10.1c is a schematic of the coaxial cavity arrangement for surface re-
sistance measurement. Coaxial cavity method has been used for measuring the
surface resistance of a high-Tc wire and a rod-shaped bulk sample (28,29). Using
different TM (Transverse Magnetic) and TE (Transverse Electric) modes, it was
possible to estimate the directional dependence of the surface resistance (29,30).
A dielectric resonator technique is very popular for measuring the surface resis-
tance of high-Tc films (31–33). In the parallel-plate arrangement, a low-loss, high-
dielectric-constant crystal is sandwiched between the two high-Tc films. The high
dielectric constant of the crystal causes most of the electromagnetic energy to be
confined within the crystal. This technique provides a high sensitivity for surface
resistance measurement due to its very high Q value.

The surface resistance measurement of thin films by the cavity technique or
dielectric resonator technique gives a value averaged over the entire surface. For
the fabrication of thin-film microwave devices, different structures are patterned.
The surface resistance of the patterned thin films has been measured after fabri-
cating microstrip line, coplanar, or stripline structure (33–38).

Figure 10.2 shows variation of the surface resistance with the microwave
frequency for YBCO bulk, thick, and thin films (39). The variation of surface re-
sistance of copper is also shown in Fig. 10.2 for comparison. The surface resis-
tance of YBCO is lower than the surface resistance of copper for the frequency ƒ
� ƒ*, where ƒ* is the crossover frequency. The value of ƒ* is highest for the
YBCO thin film. The surface resistance of the YBCO thin film is minimum in
comparison to YBCO bulk and thick films.

Microwave measurements of high-Tc superconductors have been carried out
to understand the nature of the symmetry of the order parameter. Section 1.5.8 of
Chapter 1 gives a detailed account of these measurements. The presence of s- or
d-wave symmetry of the order parameter of a high-Tc superconductor will have af-
fect on the microwave characteristics. For d-wave symmetry, the ultimate achiev-
able value of Rs will be higher and this will affect the ultimate achievable Q and
frequency stability of the high-Tc superconductor resonator. The design of the fil-
ter will also be more complex due to the constraint of d-wave symmetry.
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10.4 RESONATORS

Resonators have been fabricated in a three-dimensional (3D) structure (cavity, di-
electric resonator) and in a planar structure. Resonators are specified by a funda-
mental characteristic, the quality factor, Q, which is defined as

Q � �
�

ƒ0

ƒ
� (13)

where ƒ0 is the resonance frequency and �ƒ is the 3-dB frequency bandwidth of
the resonator response.

Prior to the discovery of high-Tc superconductors, planar structure res-
onators based on conventional metals had limited use due to its low Q value. The
low value of the surface resistance of high-Tc superconductors has made it possi-
ble to realize high-Q planar resonators. Table 10.3 gives the characteristics of
some of the high-Tc resonators.

10.4.1 Cavity Resonators

Cavities with high Q are required for a number of applications such as elements of
filters or as frequency standards. The highest-Q resonators made with conventional
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FIGURE 10.2 Frequency dependence of the surface resistance of YBCO bulk,
thick film, thin film, and copper at 77 K. (Adapted from Ref. 39, © 1996 IEEE)
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TABLE 10.3 Characteristics of High-Tc Resonators

Resonator High-Tc

geometry superconductor Substrate Frequency Q Ref.

Cylindrical cavity YBCO bulk — 13 Ghz 1 � 104 23
[77 K]

YBCO thick film YSZ (poly 5.66 GHz 7.16 � 105 40
crystalline [77 K]

Coaxial cavity YBCO bulk — 6–12 GHz 103–104 30
Helical resonator YBCO bulk — 420 MHz 9 � 103 41

[77 K]
YBCO thick film Zirconia 250 MHz 7 � 102 41

[77 K]
YBCO bulk — 355 MHz 1.6 � 104 42

[77 K]
Dielectric resonator YBCO film LaAlO3 5.6 GHz 105–106 43

(LaAlO3) [63 K]
Dielectric resonator YBCO film YSZ (poly 10 GHz 1 � 105 44

(alumina) crystalline [77 K]
Dielectric resonator TBCCO film LaAlO3 5.55 GHz 3 � 106 45

(sapphire) [80 K]
Dielectric resonator YBCO film LaAlO3 6.3 GHz 1.2 � 104 46

(LaAlO3) (cylinder) [77 K]
Microstrip resonator YBCO film LaAlO3 5 GHz 1.37 � 104 47

[77 K]
TBCCO film LaAlO3 33 GHz 2.74 � 103 48

[77 K]
Microstrip resonator YBCO film MgO 5.7 GHz 1.1 � 105 49

(with Nb shield) [4.2 K]
Microstrip resonator YBCO film MgO/sapphire 10.2 GHz 2 � 103 50

[77 K]
YBCO film CeO2/sapphire 10.2 GHz 6 � 102 50

[77 K]
Microstrip disk TBCCO LaAlO3 4.7 GHz 3 � 104 51

resonator [60 K]
Coplanar resonator YBCO MgO 2.36 GHz 4.5 � 104 38

[12 K]
Ring resonator YBCO film LaAlO3 35 GHz 3.5 � 103 52

[20 K]
Stripline resonator YBCO film LaAlO3 1.5 GHz 2.5 � 104 53

[77 K]
“T” resonator YBCO film YSZ/silicon 3.8 GHz 2 � 104 54

[50 K]
Disk resonator TBCCO LaAlO3 1 GHz 5 � 105 55

[77 K]



metallic superconductors consist of bulk metallic cylindrical cavities. Similar types
of construction have been tried using bulk and thick film of high-Tc superconduc-
tors (23,39,40). For a YBCO thick-film cavity resonator operating at 5.66 GHz in
TE011 mode, the Q value of 715,688 at 77 K has been demonstrated (40). Measured
results of cavities operating at 10 and 7.5 GHz have also been reported (39). The
size of TE011 cavities will become too bulky if it is to be used at frequencies below
1 GHz. At lower frequencies, resonator structures such as coaxial cavity (28–30),
helical cavity (41,42) and split resonators (56) have been developed.

A coaxial cavity resonator consists of an outer copper tube and a supercon-
ductor wire at the center (Fig. 10.1c). The length of the cavity usually corresponds
to an integral number of half-wavelengths and this decides the frequency limit for
the operation. The coaxial cavity has been operated in the frequency range 1–20
GHz (28). The unloaded Q of the operating frequency range 6–12 GHz was found
to be 103–104 (30). Thick-film coaxial resonators have been found to have limited
use because of the requirement of coating all the surfaces of the cavity for achiev-
ing a reasonably high Q value. Figure 10.3 shows a helical cavity resonator con-
sisting of a helix-shaped superconducting wire placed inside a cylindrical cavity.
The length of the central cable is large in this case as compared to the coaxial cav-
ity resonator. Thus, it can be operated at a further lower frequency. A number of
high-Tc helical resonators have been built and tested (41,42). These have been
made from either thick-film or bulk polycrystalline material. A YBCO wire-based
helical resonator has been fabricated that showed a Q of 16,000 at 77 K and an op-
erating frequency of 355 MHz (42).

10.4.2 Dielectric–High-Tc Film Resonators

Figure 10.4a is a schematic of a parallel-plate dielectric resonator. It consists of a
low-loss dielectric cylinder with superconducting plates placed on the top and bot-
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FIGURE 10.3 Schematic diagram of a high-Tc helical resonator. (Adapted
from Ref. 41.)



tom. Sapphire, LaA1O3, and rutile exhibit sufficiently low loss and are usually
used for this type of resonator. The structure is held together with copper beryl-
lium springs and the microwave coupling is through the side walls, with a coaxial
cable having loop antenna termination. Figure 10.4b is a schematic of an open-
ended dielectric resonator. In this case, only one high-Tc superconducting plate is
used and the dielectric cylinder is placed on the superconducting plate. The walls
of the cavity is made of normal metal and are at sufficiently large distance from
the dielectric so as not to affect the fields appreciably. The open-ended cavity has
the advantage that only one superconducting film is required. The value of Q can
also be higher because there is no loss from the second film. However, there can
be problem of mechanical stability, and due to its large size, it would be inconve-
nient to use it in all of the applications. On the other hand, the parallel-plate res-
onator has a smaller size and it is much less susceptible to vibration noise because
of its more rigid construction.

High-Tc film dielectric resonators have been demonstrated to have very high
Q value at 77K (45,57,58). The values for unloaded Q of 3 � 106 at 80 K and 1.4
� 107 at 4.2 K and 5.55 GHz have been demonstrated using TBCCO films and a
sapphire resonator (45). For a YBCO film–LaA1O3 resonator, the values of Q
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FIGURE 10.4 Schematic diagram of (a) a parallel-plate dielectric resonator
and (b) a single-plate shielded dielectric resonator.



have been obtained as 4.5 � 105 and 1.3 � 105 at 10 K and 77 K, respectively, for
the operating frequency of 11.6 GHz (59). Changing the distance of the upper su-
perconducting plate from the dielectric cylinder can modify the resonance fre-
quency of the parallel-plate resonator (59). Characteristic of some other high-Tc

film, dielectric resonators (43–46) are described in Table 10.3. High-Tc film di-
electric resonators have been demonstrated to have potentiality for applications in
low-phase noise oscillators, in high-power filters, and for the frequency standard
(43,58,60).

10.4.3 Planar Resonators

Figure 10.5 is a schematic of the main geometries of planar waveguides: stripline,
microstrip, and coplanar. High-Tc superconducting planar resonators have been
fabricated utilizing any of these geometries. The advantage of using these planar
resonators over the three-dimensional cavity resonator is their smaller size and
their ability to integrate into conventional microwave circuitry.

Figure 10.6 is a schematic of microstrip, coplanar, ring, and stripline high-
Tc thin film resonators. In a microstrip resonator (Fig. 10.6a), a microstrip pattern
is created on one of the high-Tc film, whereas the high-Tc film on the other sub-
strate is used as a ground plane (47,48). A YBCO microstrip resonator operating
at 5 GHz has been fabricated using TBCCO film as a ground plane which showed
a Q value of 16,000 at 77 K (47). In the configuration of the microstrip resonator
shown in Fig. 10.6a, use of a separate film for the ground plane leads to problems
such as an air gap existing between the two substrates causing uncertainty of the
resonance frequency and the complex fringing effect. By depositing high-Tc films
on both sides of the substrate and then patterning a microstrip structure on the one
side, a more compact microstrip resonator can be fabricated, as shown in Fig.
10.6b. A value of the Q for the double-sided YBCO film microstrip resonator is
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FIGURE 10.5 Schematic of planar waveguide: (a) stripline; (b) microstrip; 
(c) coplanar structures.



found to be 2.6 � 104 at 77 K and 5.7 GHz (49). It has also been found that use of
a Nb superconducting shield enhanced Q to a further high value of 1.1 � 105 at
4.2 K. YBCO thin-film planar resonators on silicon and sapphire are also reported
using buffer layers (50,54).

A coplanar resonator (Fig. 10.6c) consists of two ground planes and a cen-
tral strip of superconductor deposited on the substrate (38). The central strip is an
open circuit at each end and forms a resonant section of the coplanar transmission
line. By depositing good quality YBCO film on the MgO substrate, a coplanar res-
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FIGURE 10.6 Schematic of (a) a planar high-Tc microstrip resonator with a
separate high-Tc film for the ground plane, (b) a microstrip resonator fabri-
cated from double-side deposited high-Tc film on the substrate, (c) a coplanar
resonator (d) a ring resonator, and (e) a stripline resonator.



onator is fabricated which shows a value of Q � 45,000 at 2.36 GHz and 12 K. A
microstrip ring resonator (Fig. 10.6d) with YBCO film on a LaAlO3 substrate and
gold ground plane has been fabricated and tested (52). The resonator is operated
at 35 GHz and showed six to seven times higher Q as compared to the identical
gold resonator at 20 K. In the stripline resonator (Fig. 10.6e), high-Tc films on one
substrate is patterned (central conductor) and high-Tc films on two separate sub-
strates are used as ground plane. A value of Q � 25,000 at 77 K is reported for the
YBCO film stripline resonator (53).

The microstrip resonator has a simple structure, but it requires a two-sided
deposition of high-Tc thin films on the substrate or a separate film for the ground
plane. On the other hand, for the fabrication of the coplanar resonator, a high-Tc

film is deposited only on one side of the substrate. The stripline resonator is more
complex. However, it has the advantage that the propagation mode is pure TEM
(Transverse Electromagnetic) and is, therefore, dispersion free. In the stripline
resonator, the field is totally enclosed within the dielectric, whereas in the case of
the microstrip resonator, some of the field is external to the substrate.

The above-discussed microstrip resonator works well for low microwave
input power. Due to a high Q, a large current circulates on the edges of the strips.
Planar disk resonators based on high-Tc thin films that show reasonably high-
power handling capability are being developed and tested (51,55). Large-area sub-
strates coated on both sides of high-Tc films are used for fabricating this type of
resonator. Different planar shapes such as octagonal, ellipse, and so forth are fab-
ricated. Planar disk resonators operating in the TM010 mode show very good
power handling capability. In the TM mode, only radial current flows, so that the
current crowding problem is largely avoided. An extremely high-quality factor (Q
� 5 � 105 at 77 K) as well as excellent power handling and intermodulation char-
acteristics are obtained for these resonators (55).

10.5 FILTERS

Filters are important components of microwave circuits. In addition to their evi-
dent application of providing frequency selectivity, they are necessary for match-
ing networks, which form an integral part of multiplexers and amplifiers. Res-
onators are the most common basic elements used for making filters. The main
requirements for the resonators that can be used for filters are a high quality fac-
tor as well as high power handling capability. In the design of planar filters, res-
onators can consist of distributed elements or the lumped elements. The circuits of
distributed elements take up more space compared to the lumped element. How-
ever, the Q value of the distributed-element circuit is larger than the lumped ele-
ments.

In recent years, there has been considerable development in high-Tc super-
conductor-based filters. The motivation has been to develop higher-order high-Tc
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filters that show very low insertion loss, high power handling capability, and
miniaturization. Different types of high-Tc filter have been fabricated and tested.
These include 3D structure using dielectric resonators and 2D planar structure fab-
ricated using high-Tc thin films. The performance of some high-Tc superconduc-
tor filters is summarized in Table 10.4.
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TABLE 10.4 Performance of High-Tc Superconducting Filters

High-Tc Center Bandwidth Insertion
Filter design superconductor Substrate frequency (%) loss Ref.

Dielectric resonator YBCO LaAlO3 6.3 GHz 0.95 0.26 dB 46
based two-pole filter [77 K]

Microstrip two-pole YBCO LaAlO3 11.2 GHz 5 1.5 dB 61
bandpass filter

Microstrip three-pole YBCO LaAlO3 10.5 GHz 5 0.304 dB 62
bandpass filter [77 K]

Microstrip five-pole YBCO LaAlO3 2 GHz 1.2 0.35 dB 63
bandpass filter [77 K]

Eight-pole bandpass YBCO LaAlO3 1.777 GHz 0.84 — 64
filter using
meander-shaped
open-loop resonator

Cross-coupled YBCO LaAlO3 1.949 GHz 1.04 — 65
eight-pole microstrip YBCO LaAlO3 1.950 GHz 1.02 — 65
line bandpass filter

Microstrip nine-pole YBCO LaAlO3 900 MHz 2.8 0.27 dB 63
bandpass filter [77 K]

Ten-pole bandpass YBCO CeO2/ 1.92 GHz 0.4 — 66
filter sapphire

Eleven-pole bandpass YBCO LaAlO3 1.778 GHz 0.6 0.6 dB 67
filter [65 K]

Cross-coupled YBCO MgO 5 GHz 4 0.3 dB 4
bandpass filter [77 K]

Bandpass filter using YBCO MgO 16.44 GHz 6.86 0.4 dB 68
“H”-type resonator [77 K]

Coplanar seven-pole YBCO LaAlO3 1.53 GHz 94.7 1.2 dB 11
band stop filter [20 K]

Microstrip band stop YBCO LaAlO3 1.623 GHz 0.32 1.0 dB 12
filter [63 K]

Three-pole bandpass TBCCO LaAlO3 6.04 GHz 1.3 — 69
filter with planar
octagonal resonator

Lumped-element YBCO MgO 1.777 GHz 0.84 — 70
bandpass filter

Interdigital microstrip TBCCO MgO 2.4 Ghz 4 0.4 dB 71
bandpass filter [77 K]

Three-pole YBCO LaAlO3 2 GHz 2 0.1 dB 72
lumped-element [77 K]
bandpass filter

Three-pole YBCO LaAlO3 15 MHz 0.1 1 dB 73
lumped-element [13 K]
bandpass filter



10.5.1 3D Filters

A high-Tc cavity or dielectric resonator can be used as a narrow-band filter. A res-
onator passes a range of frequencies within a bandwidth �ƒ0 around the resonance
frequency ƒ0, where �ƒ0 � ƒ0/Q and Q is the loaded quality factor of the res-
onator. For a high-Tc dielectric resonator, the Q value is very high, thus extremely
narrow-bandpass filters are possible. In order to broaden the band, a number of
resonators with slightly different resonance frequencies need to be coupled. The
loss tangent of the dielectric and the surface resistance of the high-Tc material
mainly determine the insertion loss of these filters. The loss tangent of dielectric
material improves at lower temperature, which helps to improve the insertion loss
of the filter. Dielectric resonator–high-Tc film filters have been shown to handle
extremely high power levels in the range 50–100 W (74). Using LaAlO3 single-
crystalline cylinders covered on the end faces by YBCO films, two-pole bandpass
filters have been fabricated (46). At 77 K, the resonators in the filter showed a Q
of 12,000 and the filter showed an insertion loss of 0.26 dB at the operating fre-
quency of 6.3 GHz. An eight-pole dielectric resonator–high-Tc film bandpass fil-
ter has also been demonstrated (75). The central frequency of the filter was 3.8
GHz, with a bandwidth of 1%. The size of this high-Tc bandpass filter is much
smaller than that of the conventional dielectric resonator filter. The filter has been
incorporated successfully into a four-channel input multiplexer (74).

The main advantage in this dielectric–high-Tc film filter is that no etching
of the film is required and the filter can be easily tuned using conventional tuning
screws. It is also possible that by using a low-loss dielectric with a high dielectric
constant, the size of the filter can be made smaller. The major drawback of this
type of filter is the mechanical design complexity. The filter has to be thermally
stable to ensure performance repeatability as the temperature changes from cryo-
genic temperature to room temperature and then back to cryogenic temperature.

10.5.2 Planar Filters

The emergence of high-Tc technology has created the opportunity for much more
innovation in planar filter configurations. Several novel configurations have been
proposed which allow the realization of filters with quite advanced functions. The
simplest form of a planar high-Tc superconducting filter is based on a set of paral-
lel-coupled transmission line resonators. The length of these lines is approximately
half a wavelength long. In some cases, the linear resonance elements are folded
back on themselves into a hairpinlike geometry for minimizing the surface area of
the substrate. Figure 10.7 shows schematics of layout of a parallel coupled mi-
crostrip filter and a hairpin type of filter. The design of the hairpin type of filter is
more compact. Filters based on a meander-shaped open-loop resonator (5), a “H”-
type of resonator (68), and a “J”-type of resonator (76) have also been fabricated
which lead to more compact high-Tc filters. High-Tc filters up to 32 poles have been
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demonstrated (76). The performance of a high-Tc microstrip filter with elliptical
and quasielliptical functions have also been examined (4,64,77,78). It is known that
elliptic filters can exhibit a sharp skirt property as compared to that of a Chebyshev
filter, even with a small number of resonators. A 10-pole elliptic-function self-
equalized planar filter has been developed (78). The basic building block of this fil-
ter is a dual-mode lumped-element resonator that makes it easy to create elliptic
and self-equalization functions. High-Tc preselect receive filters have been de-
signed using YBCO film to have a quasielliptic function response in order to pro-
vide low insertion loss and a very steep rolloff at the filter band edges (64).

Figure 10.8a shows layout of an eight-pole microstrip bandpass filter using
a meander-shaped open-loop resonator. The filter has been fabricated on YBCO
film deposited on both sides of a MgO substrate. Figure 10.8b shows the fre-
quency response of the filter at 55 K (64). The filter shows the characteristics of
the quasielliptical response with two diminishing transmission zeros near the pass
band edges, which improves the selectivity of the filter. The filter has been inte-
grated with a low-noise amplifier (LNA) into an RF module for encapsulation
(64). High-band stop filters have been developed for radioastronomy applications
(11,12).

The size of the filter can be considerably reduced if the filters are based on
lumped elements. The very low loss of high-Tc materials enabled lumped-element
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FIGURE 10.7 Layout of (a) a forward coupled microstrip filter and (b) a 10-pole
hairpin filter.



filters to be designed at a microwave frequency in the form of planar structures
(70–73,79,80). Highly miniaturized third-order high-Tc superconducting mi-
crowave filters have been fabricated using lumped elements (70). The filter uses
very compact resonators consisting of interdigital capacitors and meander line in-
ductors. Use of lumped-element circuits has also made it possible to design a pla-
nar high-Tc filter operating at low frequency. A three-pole bandpass filter operat-
ing at 15 MHz has been fabricated using lumped elements on YBCO films (73).
This filter has a narrow bandwidth of 15 kHz with an insertion loss of less than 1
dB at 13K. A lumped-element switched band stop filter at 5.8 GHz with 36 dB iso-
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FIGURE 10.8 (a) Layout of an eight-pole bandpass filter using meander-
shaped open-loop resonators; (b) frequency response of the band pass high-
Tc filter shown in (a) at 55 K. (Adapted from Ref. 64, © 2000 IEEE)



lation at 80 K for switching current of 25 mA has been demonstrated. The switch-
ing time of the device was observed to be less than 2 �s (81).

Several planar high-Tc filters show a low value of insertion loss and high
out-of-band rejection only at low microwave power. In order to use high-Tc filters
for telecommunication, the high-power handling capability of the device is also
required apart from the low insertion loss and sharp skirts. At higher power, cur-
rent crowding at the patterned film edge and associated nonlinear effect occurs.
This leads to the generation of signal harmonics and intermodulation distortions.
Several attempts have been made to improve the power handling capability of the
microwave devices. Parallel-coupled feed lines have been used to avoid the cur-
rent crowding in a narrow-band microstrip filter at 2 GHz (7). The filter showed
an insertion loss of less than 0.2 dB at 45 K and showed no degradation in the char-
acteristics up to 20 W of microwave input power. High-Tc filters using several pla-
nar shapes such as square, octagonal and elliptical resonator structures have been
fabricated (69,82) for avoiding the current crowding effect. As a result, improve-
ment in the power handling capability of the device has been noted. A TBCCO
planar three-pole filter with a central frequency of 6.04 GHz and 1.3% bandwidth
showed no measurable degradation for the transmitted power level up to 74 W at
77 K (69). For a two-pole high-Tc planar filter using this design, no degradation
was observed even up to 115 W at 77 K. One of the problems with the high-Tc fil-
ters based on patch resonator is that the size is considerably larger as compared to
the conventional high-Tc filters. In the design of split resonators the peak current
density at the outer edge can be reduced also, so that the overall power handling
capability of the device can be improved. A high-Tc thin-film filter employing 
the split resonator concept is demonstrated to show good power handling capa-
bility (74).

10.6 ANTENNA

The antenna plays an important role in transmitting and receiving signals through
free space. Performance of any antenna system is governed by the antenna ohmic
loss resistance Rl, the radiation resistance Rt, and the antenna reactance Xr. For a
short antenna, the dipole length is much less than the radiation wavelength �. The
radiation efficiency + of a short antenna is given by

+ � �
Rt �

Rt

Rl
� (14)

In many applications, Rt is much large than Rl and so the choice of antenna
material has little effect on the overall efficiency. However, in applications such
as superdirective antenna arrays or small antennas, the choice of material would
affect the efficiency. For such antennas, use of high-Tc superconductor material in
place of a normal conductor leads to an increase of the efficiency due to the
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smaller value of Rl (83). Loss in the matching network, which connects the active
device to the antenna, is particularly important for the short-dipole antenna and
this may be significantly reduced by the use of high-Tc superconductors with low
surface resistance.

The first high-Tc superconducting antenna was demonstrated by the Birm-
ingham Group (U.K.) in 1988 (84). This consisted of a short dipole (20 mm) made
out of bulk polycrystalline YBCO material, as shown in Fig. 10.9a. The antenna
was operated at 550 MHz and enhancement in the gain was 12 dB compared to the
copper antenna operating at room temperature. Since then, several other groups
have successfully fabricated different types of high-Tc antenna such as the loop
antenna (85,88), the helical antenna (89,90), the patch or microstrip antenna
(86,87,91,92), and the meander line antenna (93). Figure 10.9 is a schematic of the
high-Tc superconductor loop antenna, “H”-type patch, and triangular patch an-
tenna, along with the dipole antenna. The loop antenna is made from YBCO thick
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FIGURE 10.9 High-Tc superconductor antennas: (a) dipole antenna (adapted
from Ref. 84); (b) loop antenna (adapted from Ref. 85); (c) “H” microstrip an-
tenna (adapted from Ref. 86); (d) triangular patch antenna (adapted from Ref.
87).



film printed on a YSZ (yttria stabilized zirconia) substrate (85). This loop antenna
operates at 410 MHz with a 1.4% bandwidth and a radiation efficiency of 80%.
One of the most widely quoted superconducting patch antenna is the “H” antenna.
It consists of three sections of a microstrip transmission line. The two wide sec-
tions behave as capacitors and the thin narrow section forms an inductive section
of the transmission line. The “H”-type antenna has been fabricated from epitaxi-
ally grown YBCO film on a LaAlO3 substrate (86). The antenna operates at 2.45
GHz and has a bandwidth of about 3 MHz. The efficiency of this YBCO antenna
was �55–65%, whereas for a copper antenna of similar type, the efficiency was
only 1–6%. There is also considerable miniaturization. For a 2.4-GHz antenna, the
conventional patch would have a length of 42 mm on RT-duroid (�r � 2.2),
whereas the YBCO “H” antenna on a LaAlO3 substrate (�r � 24) is 6 mm long.

The high value of Q and small substrate height in the high-Tc supercon-
ducting antenna results in a narrow bandwidth between 0.85% and 1.1%. An in-
crease of substrate height can broaden the operation bandwidth of the antenna.
However, it is not possible to increase the thickness beyond a critical value. A me-
ander line antenna has been fabricated in order to increase the bandwidth (93). A
bandwidth of 4% and radiation efficiency of 50% is achieved for a meander line
high-Tc antenna. In another report, a high-Tc antenna consisting of two triangular
patches has been fabricated using a YBCO film on a MgO substrate (87). The an-
tenna operates around 20 GHz and has a 6.7% bandwidth. The high-Tc supercon-
ductor four-element patch array antenna has been developed for satellite commu-
nication that showed a 3.6-dB higher gain compared to the copper array (91).
Superdirective array excitation produces a directive gain that is substantial larger
than a conventional uniform or tapered excitation. Superdirective antenna arrays
have been fabricated using high-Tc superconductors (89,94,95). For a 16-element
YBCO high-Tc superdirective array, a supergain of 4.2 has been achieved (94).
The whole array was fitted on a 100 � 100 mm2 YSZ substrate, representing
0.38� at the resonant frequency of 1.14 GHz and has a maximum gain at 45° to
the axis of the antenna.

The use of high-Tc superconductors in the conventional antenna array can
also have a definite advantage. As the array becomes large, its feed network be-
comes more complicated. This leads to a long, narrow transmission line, which
becomes increasingly lossy. Due to very small value of the surface resistance of
high-Tc films, the development of very large arrays is possible (96–98). Antennas
of the 4-element array (96) and 16-element array (97,98) have been constructed to
test the technical feasibility.

10.7 DELAY LINES

Delay lines are useful devices in electronic warfare (EW) systems, satellite com-
munication systems, and in realizing transversal filters for analog signal process-
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ing applications. In EW systems, signals are required to be delayed for a short time
while the processing of the earlier input occurs. Similarly, in satellite communi-
cation systems, signals are required to be delayed while switching takes place.
Typical delays needed for these applications are in the range of 100–300 ns. Cur-
rent technologies for delay lines include surface acoustic wave (SAW) devices
and transmission coaxial cables in the form of a coil. Whereas the use of SAW de-
vices are limited to low-frequency applications, the coaxial cable delay lines are
bulky and have a high insertion loss. Superconducting delay lines offer the high-
est bandwidth with much lower insertion loss in a highly compact design. Several
high-Tc planar transmission lines such as stripline, microstrip, and coplanar lines
could be used to realize delay lines. Using YBCO thin film deposited on both sides
of a 50-mm-diameter, 25-�m-thick LaAlO3 wafer, a nondispersive delay line with
20 GHz of bandwidth has been fabricated that produces a delay of 22.5 ns with an
insertion loss of 5dB (99). The high dielectric constant of the LaAlO3 substrate al-
lows a significant amount of delay to be placed on a single substrate and the low
loss of high-Tc film keeps insertion loss to a minimum. High-Tc devices produc-
ing a delay of 1–100 ns have been fabricated (2).

10.8 PHASE SHIFTERS

Low-loss microwave phase shifters are important devices for phase array radar
and communication systems. Conventionally, a ferrite-loaded waveguide phase
shifters are employed using ferrites that are large and bulky. High-Tc supercon-
ductor-based phase shifters have been fabricated which are compact in size and
have low losses (100,101). A meander line structure is patterned on high-Tc film,
which is kept in close proximity to magnetized ferrite for obtaining the phase shift.
In order to optimize the performance of the phase shifter, invasion of magnetic
flux to the high-Tc superconductor should be minimized (100,101). Large phase
shifts (over 1000°/dB) have been demonstrated in the X band using magnetized
ferrite in proximity with a meander-shaped YBCO circuit (101).

10.9 TUNABLE RESONATORS AND FILTERS

There are many microwave applications in which the performance of resonators
and filters needs to be tuned in situ. Tunable high-Tc resonators and filters have
been fabricated by incorporating ferroelectric and ferrite-based thin films with
high-Tc planar resonators and filters. A magnetically tunable YBCO resonator on
a Y3Fe5O12 (YIG) substrate has been fabricated that showed tuning of 500 MHz
for a 500-Oe magnetic field without appreciable degradation of the Q of the res-
onator (102). Fabrication of a seven-pole microstrip filter with a central frequency
of 14 GHz and a bandwidth of 4% is also reported whose frequency can be shifted
up to 12 MHz for an applied magnetic field of 0.1 mT at 40 K (103). The fre-
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quency shift is attributed to the presence of vortices modifying the microwave
penetration depth and, therefore, the kinetic inductance of the strip. A magneti-
cally tunable YBCO three-pole bandpass filter with a 1% bandwidth and a 1-dB
insertion loss at 10 GHz has been also reported in which 13% tuning has been
achieved (104). Electrically tunable resonators and filters have been fabricated us-
ing a SrTiO3 (STO) layer (105–107). Tunability in these devices is achieved
through the nonlinear dc electrical field dependence of the relative dielectric con-
stant of STO. A large tunability of greater than 10% is reported for the
YBCO/STO/LaAlO3 microstrip bandpass filter with a central frequency of 19
GHz at 77 K (107). Fabrication of a three-pole bandpass filter using YBCO/1.5-
�m layer of STO with 	2% bandwidth at 2.5 GHz has been reported (108) in
which the pass band could be tuned by more than 15% by an external bias voltage
at 77 K. Although the insertion loss in these electrically tunable filters are large
due to the high loss tangent of STO, the extent and the ease of tunability is a very
significant development. An electromechanical approach of active control of tun-
ing of high-Tc resonators and filters is also reported (109).

10.10 HIGH-Tc MICROWAVE SUBSYSTEMS

High-Tc superconductor microwave subsystems are expected to offer the advan-
tage of minimization of mass and volume by substitution of bulky and heavy
waveguide components by extremely compact planar devices and minimization of
losses. The major challenge in the development of high-Tc superconductor-based
subsystems are not just high-Tc components alone but also the associated cry-
opackaging and cryocooler integration of the subsystems. In recent years, there
has been much interest in developing high-Tc superconductor-based subsystems
for wireless and communication satellite applications (3,6,8–10,110–112). Sev-
eral research projects are in progress for the development of high-Tc microwave
components and subsystems for use in a base transceiver station of digital mobile
communication systems of the second generation (GSM, DAMPS/IS-136, PDC,
etc.) and for the forthcoming third-generation (W-CDMA, CDMA 2000). Nar-
row-band and compact high-Tc receiver bandpass filters have been developed for
mobile communication applications (5,63,64,110,111). The low loss and high se-
lectivity of the planar high-Tc multipole filters can induce an enhancement of the
base station sensitivity and capacity.

A high-Tc superconductor duplexer has been developed for cellular base sta-
tion applications (5,112). The component of the duplexer have been fabricated us-
ing double-sided YBCO thin film on a LaAlO3 substrate and this is comprised of
a pair of high-Tc–3-dB tandem couplers and a pair of band stop filters. Figure
10.10 shows the configuration of the high-Tc duplexer. The measured insertion
loss was less than 0.3 dB, both from the antenna to receiver ports over a receive
band of 1770–1785 MHz and from the transmitter to antenna ports over a trans-
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mit band of 1805–1880 MHz. The isolation between the transmitter and receiver
was measured to be greater than 35 dB.

An integrated receiver front-end unit with a high-Tc noise reduction filter
and low-noise amplifier (LNA) has been developed by several research groups
(9,64,111). It utilizes high-Q, high-Tc superconducting filters, a low-noise cryo-
genic amplifier, and a highly reliable cooler. Figure 10.11a shows a three-channel
high-Tc bandpass filter with a low-noise amplifier in an RF connector ring for en-
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FIGURE 10.10 Schematic of the configuration of a high-Tc duplexer. (Adapted
from Ref. 5, © 1999 IEEE)

FIGURE 10.11 (a) Three-channel high-Tc filter with a low-noise amplifier as-
sembled in an RF connector ring for encapsulation. (Adapted from Ref. 64, ©
2000 IEEE) (b) An encapsulated microwave subsystem with compressor and
stirling cooler (M. J. Lancaster, Birmingham University, U.K., personal com-
munication, 2002).



capsulation and Fig. 10.11b shows the encapsulated microwave subsystems with
a stirling cryocooler and compressor.

More than 800 base stations worldwide have high-Tc filter subsystems per-
manently installed for testing. Replacement of the cryogenic receiver front end by
the conventional receiver of the base station typically results in a 2-dB improve-
ment (9) in the receiver noise figure. The overall size of the high-Tc transceiver
chains, including the associated cryocooler, is considerably less than the equiva-
lent conventional transceiver.

A 60-channel superconducting input multiplexer integrated with a pulse
tube cryocooler has been developed (78). Introduction of this high-Tc C-band mul-
tiplexer in INTELSAT-8 in place of the conventional dielectric-resonator-based
input multiplexer will result in a 50% reduction in mass and a 65% reduction in
size. A high-power output multiplexer has also been fabricated using hybrid di-
electric resonator–high-Tc thin-film filter and planar high-Tc filter for space ap-
plications (74). The planar high-Tc filters used in this multiplexer are five-pole fil-
ters with a 1% bandwidth having a quasi elliptic function.

The high-Tc filter system has been developed for filtering of signals from
satellites in a ground-based satellite communication receiver (10). This system in-
cludes two 8-MHz-wide-band high-Tc filters and LNA for the 3.7-GHz range. Use
of the system allows the 2.4-m-diameter dish to be replaced with a much smaller
array of two dishes having a 1-m diameter. A switch module with a switching time
much less than 1 �s was also developed to allow switching between two adjacent
8-MHz bands for demonstrating the high-Tc filter’s antijam capabilities (10).

For radioastronomy applications, the L-band is heavily utilized for deep-
space exploration. Because the spectrum is crowded at these frequencies, sup-
pression of spurious signals is necessary to avoid degradation of the probing fre-
quency band of interest. Therefore, band stop filters that offer small size, low loss,
and ease of integration with the receiving subsystem are highly desirable. Because
the radio telescope receiver is already cooled to low temperature for reducing the
noise in the semiconductor electronics, high-Tc superconductors are very attrac-
tive for this application. The development of high-Tc superconductor coplanar
waveguide band stop filter (11) and microstrip band stop filter (12) has been
demonstrated for this application.

10.12 CONCLUSION

There has been considerable progress in the development of high-Tc supercon-
ductor-based microwave devices. Advancement in the growth of high-Tc epitax-
ial films on a large-area substrate has enabled the realization of planar high-Tc mi-
crowave devices with much superior performances. It has been established that
the technology based on high-Tc superconductors offers the potential of a large re-
duction in mass and volume of the microwave equipment. High-Tc film–dielectric
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resonators showed a very high quality factor and large power handling capability.
A breakthrough in the high spectral purity microwave oscillators and in frequency
standard may be achieved using these high-Tc resonators. Oscillators exhibiting
outstanding short-term frequency stability will be utilized in radar to detect slow-
moving or low observable targets. Several novel designs of filters have been pro-
posed that led to the development of small-size, high-order, high-Tc filters with a
narrow bandwidth, low insertion loss, and steep skirts. Demonstration of the fea-
sibility of high-Tc microwave circuits using lumped elements is a very significant
step toward miniaturization. Further developments in antennas, tunable mi-
crowave devices, and phase shifters are required.

The development in high-Tc microwave subsystems such as a microwave
receiver front end, multiplexer, switching circuits, and so forth has been remark-
able. Successful installation of a high-Tc receiver front end in several mobile base
stations has demonstrated that high-Tc technology is reliable and provides a sig-
nificant performance advantage for wireless telephony systems. The commercial
viability of the high-Tc microwave subsystems will also depend on the reliability
and cost of small cryocoolers.
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High-Temperature Superconducting IR
Detectors

John C. Brasunas

NASA’s Goddard Space Flight Center, Greenbelt, Maryland, U.S.A.

11.1 INTRODUCTION

It is already over 10 years since the discovery of high-temperature superconduc-
tor (HTS) materials with transition temperatures Tc in excess of the liquid nitro-
gen (LN2) temperature (77 K at 1 atm). In addition to the continuing mystery of
what exactly accounts for their high-Tc, the relative ease of LN2 cooling versus
liquid helium (LHe) cooling promises to make a number of engineering applica-
tions practical, ranging from magnetically levitated trains to microelectronics
such as SQUID (superconducting quantum interference devices) -based medical
imaging devices. In this chapter, we will present an overview of employing HTS
materials in thin-film (	1 �m) form for the direct detection of infrared (IR) radi-
ation, spanning the approximate wavelength range of 0.8 �m to 1 mm. Some of
the examples, particularly for fast (picosecond) response, will be for HeNe laser
sources (0.63 �m). Excluded are heterodyne applications where the HTS material
serves the role of mixer (for instance, as a so-called hot electron bolometer) (1)
producing a difference frequency between a radio-frequency input and a local os-
cillator. Also excluded are SQUID approaches in general, as the SQUID is cov-
ered in a companion chapter. An excellent review of the detector situation as of
1994 may be found in Ref. 2.
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A typical resistance curve for an HTS material is shown in Figure 11.1: Typ-
ical Tcs include �90 K for YBCO (yttrium barium copper oxide), 110 K
for BSCCO (bismuth Strontium calcium copper oxide), and 125 K for TBCCO
(thallium barium calcium copper oxide). Direct detection falls into two main cat-
egories: thermal and nonthermal or quantum. In the thermal approach, incoming
radiant power W causes a temperature rise in the HTS lattice (phonons are the
dominant heat-capacity medium at these temperatures, unlike the electron com-
ponent for low-Tc materials); this temperature rise then modulate some HTS prop-
erty such as resistance, which is then detected. The thermal detector is potentially
broadband, limited by the spectral properties of the absorber. However it is po-
tentially slow (with a time constant %), especially due to the thermal inertia of the
substrate. An alternate approach is the quantum detector; here, the power W di-
rectly interacts with the HTS material with a quantum efficiency +. However, the
idea is not to excite the phonons, but rather to directly influence the Cooper pairs.
Thus, for example, an incoming signal pulse directly leads to a reduction in the
Cooper-pair density, without needing to influence the phonons. The quantum de-
tector is potentially very fast, but at the expense of not being quite as broadband
as the thermal (the photons must be energetic enough to break the Cooper pairs).
Requiring Cooper pairs, quantum detectors operate at or below Tc; thermal detec-
tors can operate below, at, or above Tc.

Infrared detection in the fully superconducting regime includes quantum de-
tectors operating by pair-breaking, modifying an HTS property such as the kinetic
inductance or critical current. The kinetic inductance and critical current can also
be changed thermally. Another detector in the superconducting regime is the
photofluxonic detector (3), a photon-assisted generation of vortex–antivortex
pairs. In the normal region, only thermal detectors are possible. A bolometer is
possible based on the metallic property of high-quality HTS materials. Pyroelec-
tric detectors are also possible. In the transition region, both thermal and nonther-
mal approaches are possible. A very common detection method is thermal
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FIGURE 11.1 High-temperature superconductor resistive transition.



modulation of the resistance. Also possible is thermal modulation of the penetra-
tion depth, leading to a thermal detector based either on magnetic inductance or
kinetic inductance. Detectors have also been made based on thermal modulation
of the microwave surface impedance. The penetration depth and surface
impedance can also be modified by direct interaction between incoming photons
and the Cooper pairs.

11.2 RESISTIVE TRANSITION-EDGE DETECTORS: 

A FIRST LOOK

One of the most common approaches to HTS detection of IR radiation is the so-
called transition-edge (TE) bolometer-type detector. This is a member of the class
of thermal detectors for which incoming radiation causes a temperature rise in an
absorber. The temperature rise is sensed by a (possibly distinct) thermometer and
the deposited heat is eventually transferred to a thermal bath through a thermal
link. The HTS material is the thermometer and is held near Tc; incoming radiation
causes a rise in temperature that leads to a resistance rise, which is sensed by suit-
able electronics. The incoming power W can either be directly absorbed into the
HTS material (Fig. 11.2a), can be absorbed into a separate but closely coupled ab-
sorber (Fig. 11.2b), or it can be coupled by an antenna before being coupled into
the HTS material. Although Figure 11.2a may appear the most straightforward,
ancillary concerns may make an alternative approach preferable. Figure 11.2a is
not suitable, for instance, at long IR wavelengths when the HTS material is fully
superconducting; at long enough wavelengths, the Cooper electron pairs are not
broken and the HTS absorption goes to zero. For fully superconducting YBCO,
the reflectivity can exceed 99% beyond a 25-�m wavelength (4). Also, as one ap-
proaches a 1-mm wavelength, the absorber sideway dimension also needs to ap-
proach 1 mm for absorption efficiency. When one considers the limited range of
substrate materials suited for HTS thin-film growth and the often high specific
heats of these candidate substrates, the HTS-absorber detector can be quite slow
due to the thermal inertia of the substrate. One can instead use a separate absorber
and make the HTS thermometer rather small (Fig. 11.2b), or one can use an an-
tenna to couple W onto a much smaller detector (Fig. 11.2c). The antenna, how-
ever, will limit the detector to single-mode operation, whereas the nonantenna ap-
proach is multimode (5).

For the resistive TE detector with dc current biasing, the voltage response to
steady input power W (in watts) is of the form

Vout � Ib �
d
d
R
T
� (1)

where + is the absorption efficiency (%), G is the thermal conductance (W/K), Ib

is the bias current (A), and dR/dT is the temperature derivative of the resistance

W+
�
G
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(�/K). Defining the detector responsivity as ℜ  Vout/W (V/W), the responsivity
can be factored into volts/watt � (volts/K) (K/watt) as follows:

ℜ ≡ ℜV/W � ℜV/KℜK/W � �Ib �
d
d
R
T
�� �

G
+

� (2)

Consider, now, a body representable as a point with heat capacity or thermal
capacity C, connected to a bath with thermal conductance G (6). For non-
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FIGURE 11.2 (a) High-temperature superconductor as absorber and ther-
mometer; (b) HTS as thermometer only; (c) antenna-coupled HTS as absorber
and thermometer.

(a)

(b)

(c)



steady operation, a quantity of heat �Q causes a temperature rise �T in the
body:

�Q � C�T (3)

After the deposition of this heat, the body will cool at the rate

�W � G�T (4)

The time response to an input pulse of heat �Q is then of the form

�W � � (5)

or

C � G�T � 0. (6)

For an external source of heat with rate W,

C � G�T � +W (7)

For W of the form W0ej)t, the steady-state solution at ) (rads/s) is

ℜK/W � � (8)

Thus, the ac form of the responsivity is

ℜ � Ib (9)

Defining the time constant %  C/G, the responsivity my be re-expressed as

ℜ � Ib (10)

It is often important to know the signal-to-noise ratio (S/N) of a detector re-
sponse. In the case of a thermal detector, the minimum noise or noise floor is set
by temperature fluctuations in the detector itself. From statistical mechanics, a
system with many degrees of freedom satisfies the following equation for the
mean square value of temperature fluctuations �T (7):

�	T	 2	 � k (11)

where k is Boltzmann’s constant (1.38 � 10�23 J/K).
Considering again the case of a detector with lumped-elements C and G, the

spectral decomposition of the mean square temperature fluctuations (mean square
fluctuations per hertz) is of the form

T 2

�
C

1
�
1 � j)%

+
�
G

dR
�
dT

+
�
G � j)C

dR
�
dT

+
�
G � j)C

�T
�
W0

d�T
�

dt

d�T
�

dt

d�Q
�

dt
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�	T	 2
ƒ	 � (12)

Dividing Eq. (12) by the square of the magnitude of ℜK/W from Eq. (8) (and as-
suming unity +), temperature fluctuations of the detector thereby correspond to an
apparent fluctuation of incoming radiation (units of W2/Hz) of

�	W	 2
ƒ	 � 4kT 2G  NEP2 (13)

where NEP is the noise equivalent power (W/Hz1/2).
Clearly, it is desirable to make the NEP as small as possible. The minimum

possible G, Grad, corresponds to radiative coupling alone. For a detector and back-
ground in thermal equilibrium at temperature T (8).

Grad � 4�+AT3 (14)

where � is Stefan’s constant (5.67 � 10�12 W/cm2/K4) and A is the detector area.
Thus, the minimum NEPrad satisfies the equation

NEP2
rad � 16Ak�+T 5 (15)

Because A can vary, NEP has no firm lower limit. Therefore, it is convenient to
define the detectivity D* as

D* � (16)

D*rad � � (17)

The best (highest) D* then corresponds to the lowest NEP. D* has the nice prop-
erty that for an array of pixel detectors summed together, the D* of the array is the
same as the D* of an individual pixel. Assuming unity +, the highest possible D*
is 1.8 � 1010 cm/Hz1/2/W at 300 K (NEP is 5.5 � 10�12 W/Hz1/2 for a 1 � 1-mm
detector) and 3.7 � 1011 at 90 K, 20 times higher. This is one of the major drivers
to develop an IR detector based on HTS materials, because although numerous,
near-optimal thermal detectors have been built for operation at 300 K, there are
no more sensitive detectors until one cools to approximately 4 K. Near 90 K,
detectors could provide intermediate performance with intermediate cooling
demands.

The state of the art for 300 K thermal detectors is 3.6 � 109 for a Golay cell
at 6.5 Hz, 3.7 � 109 for a pyroelectric detector at 6.5 Hz, 4 � 109 for a thermo-
couple detector at a few hertz, and 6.7 � 109 for a thermal-expansion-based de-
tector, at 2–3 Hz (9). None of these detectors is widely available. The best com-
mercially available 300-K detectors are (1–2) � 109D* for pyroelectric or
thermopile detectors.

1
��
4�ko	+	T	5	

�A	
�
NEPrad

�A	
�
NEP

4kT 2G
��
G2 � ()C)2
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11.3 RESISTIVE TRANSITION-EDGE DETECTORS IN DEPTH

11.3.1 Effect of Diffusion and Boundary Resistance on

Thermal Isolation; First Look at �

Consider a transition-edge detector consisting of a HTS thin film on a plate of
bulk-type substrate material. Let the plate be mechanically supported and ther-
mally isolated by some insulating fibers, such as Kevlar (Fig. 11.3a). The HTS
material is metallized with silver and gold, to which we bond fine gold wires, such
as are used in the microelectronics industry for contacting a die within a chip. A
practical lower limit for the gold wire diameter is 18 �m (0.8 mil). The thermal
isolation is typically adjusted by changing the lengths of the electrical leads, usu-
ally four, as in a four-wire connection. However, for moderately cold tempera-
tures such as 90 K and above, attention must be paid to the so-called thermal dif-
fusion length l0, which satisfies the equation (10)

l0 � 
�  
� (18)

where K is the thermal conductivity (W/cm K), ƒ is the frequency (Hz), s is the spe-
cific heat (J/g K), � is the density (g/cm3), and a  (K/s�) is the so-called diffusiv-

a
�
ƒ

K
�
ƒs�
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FIGURE 11.3 (a) Hand-crafted detector; (b) monolithic detector pixel, pro-
duced by photolithography.

(a)

(b)
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TABLE 11.1 Thermal Properties of IR Detector Materials at 90 K

K s� adiff I0 (mm)
Material �D (W/cm K) (J/cm3 K) (K/s�) at 10 Hz

Diamond 1800 100. 0.07 1400. 67.
Sapphire 900 6.4 0.39 16.4 7.2
Silicon 645 10. 0.522 19.2 7.8
MgO 800 3.4 0.53 6.4 4.5
Zirconia 550 0.015 0.7 0.021 0.26
SrTiO3 490 0.2 1.12 0.18 0.76
Gold 180 3 1.93 1.55 2.2
Silver 220 5 1.81 2.76 3.0
Aluminum 375 4 1.25 3.2 3.2
Copper 310 3 1.79 1.67 2.3
YBCO (123) 440 1.13
In plane 0.1 0.089 0.53
c Axis 0.015 0.013 0.2

ity. Typical values at 90 K for K, s�, a, l0, and the Debye temperature �D are given
in Table 11.1 for YBCO and candidate substrate and wire materials. Note that the
diffusion length of gold at 10 Hz and 90 K is fairly short (2.2 mm). Basically, what
this means is that the usual formula relating thermal conductance to thermal con-
ductivity for a wire of length l and cross-section area Aw is modified to

G � , 0 	 l 		 l0

G � , l0 		 l
(19)

Also, for l 		 l0, the heat-capacity contribution is one-third of the total heat ca-
pacity of the wires; for l 

 l0, the contribution is 1.5 times one-third of the con-
tribution of length l0. For 18-�m-diameter gold wire at 90 K and 10 Hz, four leads,
the implied best thermal isolation due to conduction is about 10�4 W/K. From Eq.
(13), the implied best NEP at 90 K is about 7 � 10�12 and the D* is 1.5 � 1010

for a 1 � 1-mm detector. By way of comparison, the unity-absorption radiative
coupling [Eq. (14)] is 6 � 10�6 at 300 K and 1.6 � 10�7 at 90 K.

In addition to the thermal isolation between the detector and the bath, there
is also some amount of thermal isolation between the HTS film and the substrate.
A typical value of the boundary resistance (11) between the HTS film and the sub-
strate is 10�3 cm2 K/W, 80 times larger than the acoustic mismatch model would
predict. For a 1 � 1-mm detector, this implies a G of 10 W/K. A detector based
on this thermal isolation has an NEP about 300 times worse than the gold-wire de-

KAw
�

l0

KAw
�

l



tector, but it is potentially very fast. For a 0.5-�m film of YBCO, the heat capac-
ity is 5.6 � 10�7 J/K and the implied time constant is 57 ns. Because both the heat
capacity and thermal conductance scale with area, this time constant should be
roughly independent of area.

For the detector configuration of Figure 11.3a, assuming a lumped-elements
condition, it is straightforward to calculate the time constant. For quick response,
a high Debye temperature is desirable. For temperatures much less than �D, the
phonon modes freeze out, leading to a T3 dependence of the heat capacity. From
Table 11.1, diamond is the premier candidate, but as will be discussed later, dia-
mond is not well suited as an HTS substrate material. Perhaps the second-best
choice is sapphire, which is commercially available in 1-mil (25-�m) thicknesses.
A 1 � 1-mm, 1-mil plate of sapphire has a heat capacity of 10�5 J/K; the contri-
bution of the gold wires is about 1.4 � 10�6 J/K, plus a contribution from the gold
ball-bond. Together with a thermal isolation of 10�4 W/K due to gold wires, the
implied time constant is on the order of 100 ms. This is toward the high end of
what is desirable for a time constant; the obvious solution is to further thin the sap-
phire or decrease the area. Decreasing the area, however, will reduce the absorp-
tion efficiency toward a 1-mm wavelength, so the wisdom of doing this will de-
pend on the application.

To approach the radiation-limited NEP and D*, it is necessary to obtain bet-
ter thermal isolation than is possible with gold-wire bonding; that is, the electrical
leads themselves need to be thin films. Consider the detector configuration of Fig-
ure 11.3b, a so-called “monolithic” approach. The idea is to start with a fairly thin
substrate material, say 1 mil of silicon. Then, most of the material is etched away,
leaving a fairly thin frame and much thinner legs and a central portion (membrane)
that serves as the substrate for the HTS thin film. The thin-film wire connection and
the legs themselves must be thin enough to provide better thermal isolation than
gold-wire bonding. The heat capacity must improve even more than the thermal
isolation to improve upon the 100-ms time constant, indicating that the membrane
needs to approach 1 �m thickness. Some HTS films have even been grown with-
out a substrate (12). As we increase the thermal impedance of the metallic links, by
the Wiedemann–Franz law we also increase the electrical impedance. As we will
see later, electrical impedance brings with it an extraneous noise term. Berkowitz
et al. (13) have presented a superconducting link to ameliorate this noise term.

11.3.2 Bias: Effect of Electrothermal Feedback on Thermal

Isolation

As the resistive TE detector is run with an electrical bias, Eq. (7) is modified to

C � G�T � +W � �T (20)
dWh
�

dT
d�T
�

dt
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where Wh is the heating due to the electrical bias. This may be re-expressed as

C � Ge�T � +W (21)

where the effective thermal conductance satisfies the equation

Ge � G � (22)

Two common biasing conditions are fixed current through the detector and
fixed voltage across the detector. For fixed current, Wh � I2

b R and dWh/dT � I2
b

dR/dT. Thus, the effective thermal conductance for fixed current is

Ge,i � G � I2
b (23)

As dR/dT is a positive quantity, the effect of constant current bias is to reduce Ge,
until the Ge becomes zero (at the destabilization current) and the detector becomes
unstable (thermal runaway). Clearly, thermal runaway is most likely at the mid-
point of the transition. The reduced Ge is used for the responsivity [Eqs. (8)–(10)],
lengthening the effective time constant %e  C/Ge. The effect of Ge on the phonon-
noise-limited NEP is less clear. The conservative approach (14), which we will
use, is to continue to use the low-bias G in Eq. (13). This is not strictly true, as
the system is no longer in thermal equilibrium. Indeed, there is evidence that the
limiting NEP can be reduced due to electrothermal feedback (15). For constant-
voltage biasing, Wh � V 2

b/R, dWh/dT � �(V 2
b/R2) dR/dT, and the effective thermal

conductance is

Ge,v � G � � G � I2
b (24)

Thus, the effect of constant-voltage biasing is to increase Ge, shortening the time
constant. Additionally, it will be shown below that a detector is often not operated
under optimal (phonon-noise-limited) conditions, particularly at the higher fre-
quencies, and under these circumstances, voltage biasing can improve the NEP.
Also, Vb does not appear to be limited (there is no thermal runaway condition), but
an arbitrarily high bias can overheat the detector and cause a fuselike destruction
mechanism either in the connecting wires/traces or in the HTS film itself.

11.3.3 Effect of Phonon Wave Interference and Mean Free

Path on Thermal Isolation

Equation (19) accurately predicts the “bulk” thermal conductance when the di-
mensions, length and area, are large compared with the mean free path. When a
dimension approaches the phonon mean free path, the thermal resistance can be

dR
�
dT

dR
�
dT

V 2
b

�
R2

dR
�
dT

dWh
�

dT

d�T
�

dt
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boosted. A possible example is a thin film of HTS material on a substrate: If the
film thickness approaches the mean free path, the sideways (parallel to the
film–substrate interface) thermal resistance is boosted. For YBCO, the mean free
path is 3 nm at 50 K (16). Most IR detectors employ films at least 100 nm thick,
so this is not an issue. Films are generally thinner on silicon substrates to avoid
microcracking, but the mean free path is probably still not an issue.

We previously discussed the issue of thermal resistance between HTS film
and substrate. The thermal isolation is not high, leading to an insensitive but fast
detector. Consider the case of Figure 11.2a, where incoming photons are absorbed
by the HTS film, launching phonon waves into the HTS material. Due to the prop-
erty mismatch at the film–substrate interface, the waves will be partly reflected
back to the absorber and those waves will be reflected yet again toward the inter-
face. The multiply-reflected waves can lead to destructive and constructive inter-
ference, as is the case for optical elements such as Fabry–Perot interferometers.
Under the right conditions, the thermal isolation of the film from the substrate can
be increased (17). The frequency range of enhanced temperature rise is D/16d2

to 9D/16d2, where d is the film thickness and D is the diffusion coefficient (adiff

in Table 11.1). For YBCO, the frequency range of increased isolation and thermal
response is 6–57 MHz for 200-nm-thick c-axis YBCO.

11.3.4 Effect of Bias Current on dR/dT

It is common, given measurements of G and dR/dT, to predict the responsivity of
an IR detector using a relation such as Eq. (1). However, care must be taken when
the dR/dT is measured with a bias other than the one in use for the detector appli-
cation, as there are a couple of reasons why dR/dT may depend on the magnitude
of the bias current. The first is thermal. R versus T is logically interpreted in terms
of Tfilm, the temperature of the HTS film. Yet, if T is measured by a thermometer
separate from the detector, the measured T may be more typically Tstage, the tem-
perature of a thermally isolated stage that is varied to set the operating tempera-
ture of the detector. Consider the case of current biasing. The low-frequency rela-
tionship between Tfilm and Tstage is

Tfilm � Tstage � (25)

In the fully superconducting regime, R � 0 and there is no offset; in the normal
regime, there is a positive offset. The transition appears broader versus Tfilm than
versus Tstage. Equivalently, the transition appears narrower versus Tstage than Tfilm.
Thus, the film heating effect can make the transition appear narrower by an
amount that depends on the bias current. Heating at the contacts will be nearly
constant throughout the transition, so contact heating will not change dR/dT but
may change the apparent Tc.

I2R
�
G
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The other consideration is that increasing the bias current can broaden the
intrinsic width of the transition. This is fairly straightforward to show for a one-
dimensional (wire) superconductor (18). Thus, in the general case, there is the
possibility for the appearance of both narrowing and broadening, and to determine
which, if either, will dominate will depend on the details of a given detector (19).

11.3.5 Considerations on the Absorber Efficiency �

There are numerous possibilities for good absorption efficiency in the infrared
regime. Dielectric materials such as paints are hampered, however, by the need to
make the absorber about as thick as a wavelength, leading to high heat capacity
and long time constants as the operating wavelength approaches 1 mm. Metals are
a possibility, in two forms. In one, the so-called “gold black” or “gold soot” (20),
the gold is deposited in a poor nitrogen vacuum, forming a frothy layer mostly
void filled (about 0.5% of the density of bulk gold). The absorption is near unity
in the visible, declining to perhaps 20–40% near 1 mm, depending on the thick-
ness used. Another possibility is the so-called “space-matched” coating (21).
Here, an extremely thin metal film is deposited onto a substrate—the film is thin
enough so that the resistivity is not the bulk resistivity but, rather, is determined
by the film thickness. For the appropriate thickness, giving an impedance of ap-
proximately half of free space (377 �/square for a substrate index of refraction of
2) radiation incident through the substrate is approximately half absorbed (44%
for an index of refraction of 2) at the substrate–film interface, pretty much inde-
pendent of wavelength; the rest is transmitted and none is reflected. The advan-
tage of the space-matched coating is that it is very broadband and very thin,
thereby not increasing the time constant.

Finally, the HTS film itself can be used as the absorber. Fully supercon-
ducting, it is mirrorlike at long enough wavelengths, thereby providing low ab-
sorption efficiency. Within the transition region, it is metallike; however, relying
on it for absorption may impose constraints on the necessary thickness, which may
not be compatible with a thickness consistent with good film quality, depending
on the substrate. On the other hand, there may be great benefit to depositing the
heat directly into the HTS thermometer. We have also mentioned earlier the pos-
sibility of antenna coupling the incoming radiation to a smaller-than-usual HTS
thermometer, with a limitation to single-mode operation.

11.3.6 Thermal Detector Models with More Complex

Thermal Structure

The simplest thermal model consists of a single, lumped heat capacity C and a sin-
gle, lumped thermal conductance G, a so-called single-node thermal model. The
single-node model has the Lorentzian frequency response of Eq. (9), consisting of
a flat frequency response and 0° phase shift at low frequencies ()% 		 1), a high-
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frequency phase lag of 90°, and a high-frequency amplitude response �1/).
When the diffusion length becomes comparable to detector dimensions, either a
multimode or distributed model is more appropriate. We will now consider a few
simple examples of these more involved thermal models.

We have already considered the case of diffusion in the thermal link. At low
frequencies, the diffusion length is very long and the thermal conductance is the
usual value (call it Gdc). For frequencies higher than the value where the diffusion
length equals the length of the thermal link (call this )D), the thermal conductance
depends on frequency as Gdc()/)D)1/2. Consider the simple case where the heat
capacity of the link may be neglected, relative to the detector absorber–ther-
mometer unit. Define the characteristic frequencies )0%0 � 1, where %0  C/Gdc.
There are the two possibilities for the frequency behavior of the responsivity as
described by Eq. (9), allowing for G to be a function of frequency through the dif-
fusion length dependence.

Case 1: )D 

 )0. In this case, G is not modified by diffusion until the heat
capacity becomes the dominant factor in the denominator of Eq. (9), so
the frequency response is the typical Lorentzian.

Case 2: )D 		 )0. In this case, the responsivity begins falling as 1/)1/2 at
)D, until

Gdc 
� � )C or ) � (26)

when the responsivity is again dominated by the heat-capacity term, falling
off as 1/).

Another case is the one-dimensional thermal-link diffusion case, but this
time the heat capacity is dominated by the thermal link; the heat capacity of the
absorber–thermometer may be neglected. In this case, the response is Lorentzian
until )D, and then it varies as 1/)1/2 for higher frequencies. For both of these cases,
for frequencies where the response is non-Lorentzian, the rolloff is slower than
Lorentzian. Additional considerations concerning the thermal link may be found
in Ref. 22.

A further case is an absorber–thermometer–thermal bath (cold-stage) sys-
tem (23). Let G1 be the thermal conductance between the bath and the thermome-
ter and G2 be the conductance between the thermometer and the absorber. Let C1

be the heat capacity of the thermometer and C2 be the heat capacity of the ab-
sorber. Define � � C2/C1, %1 � C1/G1, and %2 � C2/G2. The unity-emissivity re-
sponsivity is terms of Kelvins per watt is of the form

ℜK/W � (27)

where %�1%�2 � %1%2 and %�1 � %�2 � %1(1 � �) � %2. In this case, the response is
a double Lorenztian, faster than Lorentzian. The high-frequency phase shift is

1
���
G1(1 � j)%�1)(1 � j)%�2)

)2
0

�
)D

)
�
)D
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a phase lag of 180°. Thermal modeling of a similar nature may be found in
Ref. 24.

11.3.7 Noise Considerations for the Transition-Edge

Detector

The basic, irreducible noise floor for any thermal detector is due to the tempera-
ture fluctuations of the detector. For a lumped-elements detector, we showed in
Eq. (12) that this noise floor, so-called phonon noise, has a Lorentzian spectrum.
The phonon noise expressed in terms of voltage is, from Eqs (2) and (12),

Vn,phonon � ℜV/K ��	T	2
ƒ	 � Ib 
� (28)

Because the voltage responsivity is also Lorentzian [Eq. (9)], the resulting NEP is
frequency independent [Eq. (13)] as long as we are dominated by phonon noise.
The objective in building a detector is to keep all other noise sources small com-
pared with the phonon noise. We will consider three other noise sources: Johnson
noise, 1/ƒ noise, and signal or photon noise. The Johnson and 1/ƒ noise can orig-
inate both in the bolometer itself and in following stages of the electronics. The
various noise sources are usually uncorrelated and, thus, are added in quadrature.
We will first consider these noise terms in the context of current biasing. For cur-
rent biasing at low frequencies, high bias will make the effective thermal conduc-
tance smaller, giving the phonon noise an additional boost, beyond the linear de-
pendence on the bias current.

Johnson noise (25), in units of volts per square root of hertz has the
form

Vn,J � �4	kT	R	 (29)

At 90 K, typical values are 0.2 nV/Hz1/2 for 10 � and 0.7 nV/Hz1/2 for 100 �.
Johnson noise is universally present for any resistance or dissipative element and
is analogous to blackbody radiation. It arises from the HTS material itself in the
transition, from contacts, and from the electronics. It has a flat spectrum versus
frequency, unlike the phonon noise, which declines as 1/) for high frequencies
()% 

 1). Because the noise remains flat while the response declines, the S/N
must ultimately decline at high frequencies, compared to what is predicted by Eq.
(13) for the phonon-noise limit. Thus, it is desirable to minimize %, meanwhile
maximizing Ib to boost the phonon voltage noise above the Johnson noise. The
maximum bias is limited by thermal runaway conditions, because the detector is
typically operated at peak dR/dT. It is also desirable to minimize the contact
resistance and noise relative to the detector signal, either by reducing the contact
resistance or by patterning the superconductor to make the contact resistance
insignificant.

4kT 2G
��
Ge

2 � ()C)2
dR
�
dT
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The 1/ƒ noise (26) has the approximate form

Vn, 1/ƒ � aa (30)

where x � 1 and y � 1/2 and aa is a constant depending on the material. Unlike
Johnson noise, 1/ƒ noise is associated with current flow, I. The approximately lin-
ear dependence on current makes 1/ƒ noise appear to be resistance fluctuations.
Although extremely widespread throughout electronics and across most of natu-
ral phenomena, the origin of 1/ƒ noise is mysterious. Because of its spectrum, it
will tend to dominate the noise budget at low frequencies, thus depressing the S/N
at low frequencies. Due to the bias current, there will be 1/ƒ noise contributions
from the HTS material and from the contacts; 1/ƒ noise is generally negligible in
wires. Because of its roughly linear dependence on bias current, we are not able to
boost the phonon noise from the HTS material above the 1/ƒ noise. Using a four-
wire/four-contact connection scheme, we are able to minimize the 1/ƒ noise due
to the contacts because very little current flows through the sensing contacts. The
effect of 1/ƒ noise from later stages of the electronics, due to different currents,
can be lessened by choosing an ac bias for the detector. With an ac bias, the sig-
nal is heterodyned to a higher-frequency, where the electronics 1/ƒ noise is less.
With the combined effects of phonon, Johnson, and HTS 1/ƒ noise, the S/N spec-
trum may be expected to appear similar to Figure 11.4. S/N declines �1/ƒ at high
frequencies due to Johnson noise combined with the time constant. S/N theoreti-
cally declines �1/ƒ at low frequencies, due to 1/ƒ noise. The “sweet spot” is cen-
tered at the frequency where the quadrature combination of Johnson and 1/ƒ noise
is a minimum. The S/N at the sweet spot may or may not approach the level im-
plied by Eq. (13), depending on whether the quadrature combination dominates
the phonon noise. The sweet spot depends on the amount of 1/ƒ noise, on the
amount of Johnson noise, and on the time constant. The sweet spot need not oc-
cur at )% � 1. Therefore, the time constant alone can be a misleading discrimina-

Ix

�
ƒ y
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tor if the objective is to choose among a set of candidate detectors for optimal S/N.
The best bias is toward the destabilization current, as too low a bias causes the
Johnson noise to dominate unduly, whereas 1/ƒ noise eliminates the advantage of
increasing the bias beyond a certain point.

The target itself can contribute noise, as the emission of photons even from
a constant temperature blackbody is a stochastic process. This noise term is called
signal or photon noise. Allowing for a detector temperature T and a beam-filling
target at temperature Tt, the effect of photon noise (27) is to modify Eq. (15) to

NEP2
photon � 8Ak�+(T5 � Tt

5) (31)

When T � Tt, this reduces to Eq. (15); thus, phonon noise can be viewed as pho-
ton noise between an isothermal detector–chamber system. Equation (31) indi-
cates that the excellent S/N potential of an HTS detector cannot be maintained
when viewing a very bright target. For instance, a 90-K HTS detector viewing a
300-K beam-filling target cannot be more than �2	 more sensitive (S/N) than an
ideal 300 K detector [compare Eqs. (15) and (31)]. Thus, to reach fundamental
limits, it is important to introduce cold shields (at or near the detector temperature)
to reduce the area and/or solid angle of warm emission reaching the detector.

The above considerations were for the case of current biasing. A different
picture emerges for voltage biasing (28). With voltage biasing, there are two ma-
jor differences: There is no limitation on bias current imposed by thermal run-
away; the thermal conductance is increased rather than decreased. Therefore, the
potential advantage to using voltage biasing occurs when the detector is Johnson-
noise limited. This occurs at high frequencies, where the allowed increase in bias
current allows us to further increase the voltage phonon noise compared with the
Johnson noise. At low frequencies, the phonon noise increases more slowly than
linear with bias [due to the change in effective G, see Eq. (28)], whereas the 1/ƒ
noise has a roughly linear dependence on bias. Thus, there is no benefit to voltage
biasing at low frequencies.

11.4 CURRENT STATE OF THE ART FOR TRANSITION-

EDGE BOLOMETERS

As far as competitiveness with room-temperature detectors is concerned, one of the
earliest examples was provided by Verghese et al. (29). Using a fairly thin 20-�m
sapphire substrate and a YBCO thin film, they achieved an NEP of 2.4 � 10�11 at
10 Hz (about 4 � 109D*). Further progress occurred in 1994, 6 � 109D* at 4 Hz,
employing 1 mm2 of YBCO on 25-�m-thick sapphire (30). Additional progress oc-
curred with the deposition of YBCO on 12-�m-thick sapphire (31). Broadly speak-
ing sapphire is commercially available as thin as 25 �m, a thickness obtainable by
mechanical polishing. Further thinning, necessary for reduced time constants and
operating at frequencies above the 1/ƒ noise region, is possible by other techniques
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such as chemical polishing. Additional thinning is key to boosting the detectivity.
This was demonstrated in 1997 (32) by using chemical–mechanical polishing tech-
niques to thin sapphire down to 7 �m, producing a bolometer with 1.2 � 1010D*
from 2 to 3.8 Hz; a gold-black layer was used for absorption.

As contrasted with the sapphire approach, which is essentially thinning bulk
substrate material, the silicon/membrane route promises thinner substrates and
compatibility with semiconductor electronics. Here, the silicon or silicon nitride
membrane substrate can be as thin as 1 �m, approximately. The disadvantage is
the greater difficulty of depositing HTS films on silicon, as will be discussed.
Additionally, silicon is somewhat inferior compared with sapphire in a thermal
sense, as can be seen in Table 11.1. Detectivities of 5 � 108 were achieved with
YBCO on silicon by Mechin et al. (33). This was further advanced to 2.5 � 109

with a 564-�s time constant (34). The current record for D* in the few-hertz
range is 1.8 � 1010 for 0.2–2 Hz, using GdBaCuO thin films on a silicon nitride
membrane (35).

Just as the concept of D* has an area normalization that is of some use in
comparing the NEPs of detectors with different areas, a further normalization of
D* may be useful in comparing detectors with widely different time constants.
Bloyet et al. (36) have noted that D* and the time constant % roughly follow the
empirical relationship

D* � 1011%1/2 (32)

where % is in seconds. Let us assume that D* reaches a maximum value from ƒmin

to ƒmax, centered around the sweet spot; then, Eq. (32) may be re-expressed as

����ƒmaxD*ƒ�ƒmax
� const (33)

This constant is evaluated for the above bolometers in Table 11.2. For the detec-
tor of Mechin et al., the D* has been reduced by a factor �2	 to adjust D* from its
value at low-frequency to its value at the cutoff ƒmax. It is notable that the recent
work in sapphire and silicon/silicon nitride is all quite close in terms of the con-
stant of Eq. (33). It will be interesting to see if replacing YBCO with GdBCO on
sapphire leads to a yet better D*.
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TABLE 11.2 Detectivity Normalization for Different Operating Frequencies

Reference fup (Hz) D* at fup ���fupD*

Verghese et al. (29) 10 4 � 109 1.26 � 1010

Brasunas and Lakew (30) 4 6 � 109 1.20 � 1010

Lakew et al (32) 3.8 1.2 � 1010 2.34 � 1010

Mechin et al (34) 254 1.77 � 109 2.82 � 1010

de Nivelle et al (35) 2 1.8 � 1010 2.55 � 1010



The above bolometers have been single-pixel detectors generally. There is
great interest in developing HTS arrays for applications such as cameras for ther-
mal sensing. Johnson et al. (37) produced linear arrays with a Si3N4 layer for me-
chanical strength, a yttria-stabilized zirconium (YSZ) buffer layer, YBCO, and
Si3N4 for a passivation layer. With 85 � 115-�m pixels, the achieved NEP is 9 �
10�12 (D* of 1.1 � 109) with a 24-ms time constant. Mai et al. (38) fabricated an
eight-element YBCO array on YSZ, achieving 2.46 � 109D* at 10 Hz. The oper-
ation of this device was somewhat different, in that it is based on the temperature
dependence of the critical current rather than the resistance. Li et al. (39) built sin-
gle-element and 2 � 2 arrays of GdBCO on 50-�m-thick YSZ substrates; the typ-
ical area is 0.8 mm in diameter. They achieved 1.7 � 1010D* for a single-element
array, 0.7 � 1010D* for the 2 � 2 array, and a time constant of 1–5 ms. However,
it is unclear at what frequency the D* was measured; therefore, it is not possible
to evaluate this device in terms of the metric of Eq. (33). More recently, Liu et al.
(40) have fabricated 1 � 8 linear arrays of YBCO on a ZrO2 substrate, achieving
108D* to 109D* at 10 Hz.

11.5 OTHER TRANSITION-EDGE DETECTORS

In contrast with the transition-edge bolometers, there are a couple of detection
techniques that do not require electrical contacts. One advantage of no contacts is
the lack of a transport current and, therefore, the lack of 1/ƒ noise due to the con-
tacts. Another advantage is the possibility of achieving better thermal isolation, as
wire connections are not used. The first detection technique is based on the
temperature dependence of the microwave surface resistance (41). In terms of a
simple model such as the two-fluid model (42), the real and imaginary parts of the
surface impedance increase rapidly as the transition temperature is approached
from below the transition temperature Tc. The other detection technique is based
on the diamagnetic screening, related to the Meissner expulsion of magnetic flux
from the interior of a superconductor except for a surface layer of thickness �, the
magnetic field penetration depth. In terms of the two-fluid model, the penetration
depth is finite near T � 0 and increases toward infinity as Tc is approached from
below (43). This so-called magnetic susceptibility bolometer was first realized by
Brasunas et al. (44). Incoming infrared radiation affects the temperature and, thus,
the penetration depth of a thin-film superconductor. The penetration depth is mon-
itored by placing the film inside and perpendicular to the axis of a coil. The film
thus modifies the self-inductance of the coil, which is monitored by standard elec-
tronic means. The response versus temperature becomes sharper as the film be-
comes thick with respect to the penetration depth. Thus, this detector works via a
magnetic induction effect. The other extreme, very thin films, corresponds to the
so-called kinetic inductance effect, which is related to the inertia of the electrons.
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Additional work with a diamagnetic screening bolometer was done by Zerov et al.
(45), who achieved a responsivity of 6.5 V/W at 3.5 mT magnetic field and 88 K.

11.6 ROOM-TEMPERATURE HTS DETECTORS

High-quality HTS films typically have a metallic temperature dependence on the
resistance above Tc, therefore, it is a straightforward proposition to make a room-
temperature bolometer using HTS films. Neff et al. (46) reported on an HTS
bolometer with a D* of 109 in the transition; the D* is 107 between 100 K and 150
K and declines to (1–2) � 106 at 300 K. The time constant increases from 0.33 ms
in the transition to 1.55 ms at room temperature. HTS films have also been used
to make uncooled pyroelectric infrared detectors (47), with a reported D* of 108.

11.7 SUPERCONDUCTING REGIME DETECTORS

We next consider the class of detectors operating below Tc, not necessarily just be-
low Tc as would be the case for the surface impedance and diamagnetic screening
detectors. Typical detection methods would be the temperature dependence of the
critical current Ic and of the penetration depth �. It is also possible for incoming
photons to influence directly, say, the kinetic inductance by breaking Cooper pairs
rather than through the intermediate step of phonons. It has sometimes been some-
what controversial to identify whether a particular detector is exhibiting bolomet-
ric or nonbolometric (i.e., nonthermal) behavior. Sometimes fast response will be
identified as nonthermal, but care must be taken, as it has been pointed out earlier
that nanosecond-scale bolometric response is possible. Sometimes a nonlinear de-
pendence on the bias current will be cited as evidence for nonthermal behavior,
but, again, care must be taken because current-biased detectors can exhibit
nonlinearity as the destabilization current is approached, modifying the effective
thermal conductance Ge. The wavelength dependence for the nonbolometric
detector will not be as flat as the bolometric detector, again assuming that the
absorber has a flat response versus wavelength. As a general statement, a conclu-
sion that a detector does not behave as one would expect for a thermal detector
may, instead, indicate that the assumed thermal model for the detector is
inadequate.

Hegmann et al. (48) measured R versus T for a range of ambient magnetic
field conditions. They then estimated the effect of magnetic field on bolometric
response and compared this with the observed dependence of the optical re-
sponse on the magnetic field to identify a nonbolometric component below Tc.
Schneider et al. (49) examined a nonbolometric response at low-temperature
(dR/dT � 0) and found a photoresponse �)�2.3 for wave numbers from 10 to
1000 cm�1. They identified this as an ac Josephson effect. Semenov et al. (50)
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identified a 90-ps response at the bottom of the transition, 78 K, which they
identified as Cooper-pair-breaking. Ghis et al. (51) measured at 50 K a 12-ps
rise time and a 29-ps width, which they identified as a nonequilibrium phe-
nomenon due to the pair population being temporarily reduced. Hegmann et al.
(52) measured a 20-ps response at 77 K, which they attributed to a kinetic in-
ductance effect; whether it is nonequilibrium was unclear. Moix et al. (53) de-
tected a 700-ps response to 35-ps input pulses below Tc. They attributed this to
a kinetic inductance effect, noting a linear dependence on the bias current and
inferring a 220-nm London depth. Danerud et al. (54) measured a 30-ps re-
sponse to a 17-ps input, which they identified as electron heating, followed by a
slower bolometric decay. Lindgren et al. (55) further investigated the picosec-
ond response, concluding that the incoming photons directly cause a rise in the
electron temperature Te with a rise time of 0.56 ps, followed by a decay time of
1.1 ps as energy is transferred from the electrons to the phonons.

Bhattacharya et al. (56) measured optical responses between 15 K and 35 K
and identified the mechanism as a Josephson weak link. The detection mechanism
is the temperature dependence of the weak-link critical current Ic, and supporting
evidence was the nonlinear dependence on the bias current Ib. The relationship be-
tween a voltage response �V and a temperature change �T satisfies the relation

�V � R �� �
2

�1�
�1/2

�T (34)

Although this detector consisted of a single grain boundary, the mechanism
should pertain to granular films in general. Huang et al. (57) measured an NEP of
9 � 10�13 at 10 Hz, below Tc. They ascribe the detection mechanism to the light-
induced suppression of the critical current.

11.8 HTS FILM PRACTICAL CONSIDERATIONS

11.8.1 Substrate Selection and Metallization

For thermal detectors in particular, the substrate needs to be thin and of low spe-
cific heat. A high Debye temperature is associated both with low heat capacity
near 90 K, due to freezing out of phonon modes, and with the strength necessary
to enable thinness. Diamond would be the ideal candidate (see Table 11.1),
but carbon will poison the YBCO and the diamond will decompose at the high
temperatures necessary for HTS film fabrication. Also, the thermal expansion
mismatch will lead to cracking when the film and substrate are cycled from depo-
sition temperature to room temperature to operating temperature. Sapphire, the
second choice from a thermal viewpoint, is a much better candidate, especially
with CeO2 buffer layers. The highest-quality films are grown on substrates such
as SrTiO3, which are less suitable from a thermal viewpoint. An alternative to

dIc
�
dT

Ib
�
Ic
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thinning bulk sapphire is to use grown membranes such as silicon nitride with
buffer layers starting with silicon. Films on silicon must be especially thin to avoid
problems with microcracking. As for metallization, silver and gold appear to be
most benign, in particular for YBCO.

11.8.2 Stability and Passivation

There are a couple of degradation mechanisms of HTS films, in particular YBCO.
The first is oxygen loss, which can convert the superconductor to a semiconduc-
tor. Rothman et al. (58) noted that the diffusion of oxygen in the c direction is 106

times lower than diffusion in polycrystals. This is consistent with the observation
that high-quality films are more stable and emphasizes the need for c-axis-aligned
thin films. Michaelis et al. (59) note that H2O enhances oxygen out-diffusion,
pointing out the need for a passivation layer if exposure to high humidity is antic-
ipated. Russek et al. (60) noted that an amorphous surface layer forms on YBCO
upon exposure air and to CO2, with an increase of contact resistivity. Exposure to
N2 also causes a degradation; exposure to vacuum does not. Excess barium in
YBCO, especially present at grain boundaries, is also a problem when combining
with water and carbon dioxide to form barium carbonate BaCO3. Tatum et al. (61)
found that diamondlike carbon and amorphous carbon can protect YBCO against
humidity. Aguiar et al. (62) noted that CeO2 protects YBCO against extreme hu-
midity.

There are particular concerns with stability on silicon due to the microc-
racking issue, and this is perhaps reflected in the fact that HTS films on silicon
substrates do not appear to be widely available commercially. Tiwari et al. (63)
found that 60-nm-thick YBCO is crack-free on Si(100) with a CaF2 buffer layer.
Copetti et al. (64) found that 50 nm is the limit for YBCO on YSZ/Si(100) to avoid
microcracks. Thinner films are more stable, but still show aging over several
weeks. Haakennasen et al. (65) found that 1500–3000 Å of YBCO can be grown
with high-quality on a thin silicon substrate, 4000 Å of Si, 300 Å of YSZ, and 80
Å of CeO2.

11.8.3 Radiation Effects

There is vast literature on the effects of ionizing radiation on HTS thin films. Ion-
izing radiation comes in various forms (photons, electrons, protons, ions) and en-
ergies. The effect of radiation can be beneficial; for instance, high-energy ions can
create columnar defects, leading to improved pinning and critical currents. The ef-
fects can also be detrimental, say for a transition-edge bolometer, either by broad-
ening the transition, increasing the 1/ƒ noise, or lowering Tc. Among others, ion-
izing radiation is of concern for applications such as operation in outer space, in
nuclear reactors, or in military operations.
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Brasunas and Lakew (66) studied the effect of 1-MeV �-rays on the YBCO-
resistive transition. Choosing a 100-krad total ionizing dose as being representa-
tive of the 12-year NASA/ESA Cassini/Huygens mission launched in 1997 to Sat-
urn and Titan, they determined that the low-frequency (1–25 Hz) noise and
transition width were unchanged. Thus, the bolometer S/N is resistant to this level
of radiation. Moss et al, (67) made the interesting observation that the adhesion of
silver pads to YBCO is actually improved by electron irradiation. However, the
contact resistance went up, a deleterious effect.

11.8.4 Temperature Regulation and the Effect of Ambient

Magnetic Fields

Consider the case of the transition-edge bolometer, where the required tempera-
ture regulation will be necessarily stringent compared with some of the other de-
tection mechanisms. Consider the structure of HTS thin film on the substrate on a
temperature-controlled stage (or cold head) (Fig. 11.2a). The thermodynamic
fluctuations implied by Eq. (11) for the film and the substrate lead to the phonon-
noise limit of Eq. (13). To ensure good detector S/N, there are essentially two re-
quirements: (1) the cold-head temperature must be regulated to the transition re-
gion, typically to the midpoint of the transition; (2) the incoming signal must not
drive the bolometer outside of the transition (dynamic range consideration). Typ-
ically, the cold head is much more massive than the substrate; thus, the thermal
fluctuations such as predicted by Eq. (11) would be negligible. However, there can
be environmental forcing, such as a diurnal effect or crossing from sunlight to
shadow. If the forcing is very small, the cold-head temperature can simply be set
within the transition once and for all. However, in general, the forcing will be such
that active feedback-type control is necessary to maintain the cold-head tempera-
ture within the transition.

This control could be done by a conventional temperature regulator, using, for
instance, a diode thermometer. Even more sensitivity is possible if a high-Tc film is
used as the thermometer for temperature regulation (68), either an additional HTS
film or the detector itself. If the detector itself is used to regulate the temperature,
the notion is that the infrared signals are ac (say, 0.1 Hz and above) and the range
from dc to, say, 0.01 Hz is used for temperature control. In this case, the feedback
attempts to make the observed resistance of the thin-film below 0.01 Hz stable, and
the HTS signal is read out in the conventional way. As an alternative, as long as the
frequency ranges of the environmental forcing and infrared signals do not overlap,
it is possible to increase the frequency range of the feedback control to include both
the forcing and the infrared signals. Now, the detector resistance is held truly fixed
and the information about the infrared signal is included in the high-frequency (
0.1
Hz) part of the feedback control. The dynamic range can be increased in two ways.
First, through the use of feedback, as discussed earlier. Second, by voltage biasing,
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because voltage biasing decreases the effective thermal isolation, and, thus, it takes
a larger signal to drive the HTS film outside the transition.

Because the HTS-resistive transition is shifted and broadened by ambient
magnetic field, it is necessary to bound the magnetic excursions as well as the
thermal excursions in order to ensure a good S/N. Romani et al. (69) reported that
a low-noise laboratory (but not a magnetically shielded room) has an ambient
magnetic field noise of about 10�9 T/Hz1/2 at 1 Hz, and from 10�9 to 10�10 at 10
Hz. Hegmann et al. (70) show that in the transition midpoint of YBCO at 10 mA
bias, a shift of 0.1 K is equivalent to 100 G or 10�2 T, so 1 K corresponds roughly
to 0.1 T. Now, if we take 10�4 W/K as a typical thermal conductance, as implied
by Eq. (19) for gold wires, Eq. (13) then gives 7 � 10�12 W/Hz1/2 for the NEP
(and 1.5 � 1010 D* for a 1 � 1-mm detector). Given this G, this NEP corresponds
to a temperature fluctuation of 7 � 10�8 K/Hz1/2 and by the above relation about
10�8 T/Hz1/2. Thus, the typical laboratory magnetic field noise fall short by about
a factor of 10 in affecting the detector noise level, but unusually high transients
would be of concern.

REFERENCES

1. CT Li, BS Deaver, M Lee, RM Weikle, RA Rao, CB Eom. Gain bandwidth and noise
characteristics of millimeter-wave YBa2Cu3O7 hot-electron bolometer mixers. Appl
Phys Lett 73:1727–1729, 1998.

2. ZM Zhang, A Frenkel. Thermal and nonequilibrium response of superconductors for
radiation detectors. J Superconduct 7:871–884, 1994.

3. AM Kadin, M Leung, AD Smith, JM Murduck. Photofluxonic detection: A new
mechanism for infrared detection in superconducting thin films. Appl Phys Lett
57:2847–2849, 1990.

4. ZM Zhang, TA Le, MI Flik, EG Cravalho. Infrared optical constants of the high-Tc

superconductor YBa2Cu3O7. J Heat Transfer 116:253–257, 1994.
5. JP Rice, EN Grossman, DA Rudman. Antenna-coupled high-Tc air-bridge mi-

crobolometer on silicon. Appl Phys Lett 65:773–775, 1994.
6. RA Smith, FE Jones, RP Chasmar. The Detection and Measurement of Infra-Red Ra-

diation. 2nd ed. Oxford: Oxford University Press, 1968, pp 49–50.
7. RA Smith, FE Jones, RP Chasmar. The Detection and Measurement of Infra-Red Ra-

diation. 2nd ed. Oxford: Oxford University Press, 1968, pp 211–213.
8. RA Smith, FE Jones, RP Chasmar. The Detection and Measurement of Infra-Red Ra-

diation. 2nd ed. Oxford: Oxford University Press, 1968, p 51.
9. J Brasunas, B Lakew. High-Tc superconductor bolometer with record performance.

Appl Phys Lett 64:777–778, 1994.
10. RA Smith, FE Jones, RP Chasmar. The Detection and Measurement of Infra-Red Ra-

diation. 2nd ed. Oxford: Oxford University Press, 1968, pp 52–56.
11. M Nahum, S. Verghese, PL Richards, K Char. Thermal boundary resistance for

YBa2Cu3O7�� films. Appl Phys Lett 59:2034–2036, 1991.

High-Tc Superconducting IR Detectors 373



12. LP Lee, MJ Burns, K Char. Free-standing microstructures of YBa2Cu3O7��: A high-
temperature superconducting air bridge. Appl Phys Lett 61:2706–2708, 1992.

13. SJ Berkowitz, AS Hirahara, K Char, EN Grossman. Low-noise high-temperature
superconducting bolometers for infrared imaging. Appl Phys Lett 69:2125–2127, 1996.

14. RA Smith, FE Jones, RP Chasmar. The Detection and Measurement of Infra-Red Ra-
diation. 2nd ed. Oxford: Oxford University Press, 1968, pp 258–259.

15. JC Mather. Bolometer noise: nonequilibrium theory. Appl Opt 21:1125–1129, 1982.
16. MI Flik, PE Phelan, CL Tien. Thermal model for the bolometric response of high-Tc

superconducting films to optical pulses. Cryogenics 30:1118–1128, 1990.
17. S Bauer, B Ploss, Interference effects of thermal waves and their application to bolo-

metric and pyroelectric detectors. Sensor Actuators A 25–27:417–421, 1991.
18. M Tinkham. Introduction to Superconductivity. Reprint Ed. Malabar, FL: Kreiger,

1980, pp 166–169.
19. M Fardmanesh, K Scoles, A. Rothwarf. DC characteristics of patterned YBa2

Cu3O7�x superconducting thin-film bolometers: Artifacts related to Joule heating,
ambient pressure, and microstructure. IEEE Trans Appl Supercond As-8:69–78,
1998.

20. W Becker, R Fettig, A Gaymann, W Ruppel. Black gold deposits as absorbers for far
infrared radiation. Phys. Status Solidi (b) 194:241–255, 1996.

21. M Dragovan, SH Moseley. Gold absorbing film for a composite bolometer. Appl Opt
23:654–656, 1984.

22. M Epifani. Effects of thermal link in bolometric detectors. Appl Opt 34:6327–6331,
1995.

23. JC Brasunas. Measuring and modeling the frequency response of infrared detectors.
Inform Phys. Technol 38:69–74, 1997.

24. M Fardmanesh, A. Rothwarf, KJ Scoles. Low and midrange modulation frequency
response for YBCO infrared detectors: Interface effects on the amplitude and phase.
IEEE Trans Appl Supercond As-5:7–13, 1995.

25. RA Smith, FE Jones, RP Chasmar. The Detection and Measurement of Infra-Red Ra-
diation. 2nd ed. Oxford: Oxford University Press, 1968, pp 181–187.

26. RA Smith, FE Jones, RP Chasmar. The Detection and Measurement of Infra-Red Ra-
diation. 2nd ed. Oxford: Oxford University Press, 1968, pp 196–203.

27. RA Smith, FE Jones, RP Chasmar. The Detection and Measurement of Infra-Red Ra-
diation. 2nd ed. Oxford: Oxford University Press 1968, pp 214–220.

28. AT Lee, JM Gildemeister, SF Lee, PL Richards. Voltage-biased high-Tc supercon-
ducting infrared bolometers with strong electrothermal feedback. IEEE Trans Appl
Supercond. As-7:2378–2381, 1997.

29. S Verghese, PL Richards, K Char, SA Sachtjen. Fabrication of an infrared bolometer
with a high-Tc superconducting thermometer. IEEE Trans Magnetics M-27:3077–
3080, 1991.

30. J Brasunas, B Lakew. High-Tc superconductor bolometer with record performance.
Appl Phys Lett 64:777–778, 1994.

31. A Pique, KS Harshavardhan, J Moses, M Mathur, T Venkatesan, JC Brasunas, B
Lakew. Deposition of high-quality YBa2Cu3O7�x films on ultrathin (12 �m thick)
sapphire substrates for infrared detector applications. Appl Phys Lett 67:1920–1922,
1995.

374 Brasunas



32. B Lakew, JC Brasunas, A Pique, R Fettig, B Mott, S Babu, GM Cushman. High-Tc

superconducting bolometers on chemically etched 7 �m thick sapphire. Physica C
329:69–74, 2000.

33. L Mechin, JC Villegier, P Langlois, D Robbes, D Bloyet. Sensitive IR bolometers us-
ing superconducting YBaCuO air bridges on micromachined silicon substrates. Sen-
sors Actuators A 55:19–23, 1996.

34. L Mechin, JC Villegier, D Bloyet. Suspended epitaxial YBaCuO microbolometers
fabricated by silicon micromachining: Modeling and measurements. J Appl Phys
81:7039–7047, 1997.

35. MJME de Nivelle, MP Bruijn, R deVries, JJ Wijnbergen, PAJ deKorte, S Sanchez,
M Elwenspoek, T Heidenblut, B Schwierzi, W Michalke, E Steinbeiss. Low-noise
high-Tc superconducting bolometers on silicon nitride membranes for far-infrared de-
tection. J Appl Phys 82:4719–4726, 1997.

36. D. Bloyet, D Robbes, P Langlois, A Gilabert, J Aboudihab, A Kreisler, JM Depond,
D Pavuna, A Gauzzi, B Dwir, JC Villegier, A Ghis, A Jager, F Pourtier. Studies on
radiation detectors using high-Tc superconductors. Physica C 234–240:3391–3392,
1994.

37. BR Johnson, T Ohnstein, CJ Han, R Higashi, PW Kruse, RA Wood, H Marsh, SB
Dunham. YBa2Cu3O7 superconductor microbolometer arrays fabricated by sillicon
micromachining. IEEE Trans Appl Supercond. As-3:2856–2859, 1993.

38. Z Mai, X Zhao, F Zhou, W Song. Infrared radiation detector linear arrays of high-Tc

superconducting thin films. Inform Phys Technol 38:13–16, 1997.
39. H Li, R Wang, F Wan, Y Ping, G He, M Yu. High-Tc GdBa2Cu3O7�� Superconduct-

ing thin film bolometers. IEEE Trans Appl. Supercond As-7:2371–2373, 1997.
40. X Liu, B Shi, X Liu, J Chu, D Yang. The fabrication of a 1 � 8 linear array high-Tc

superconductor infrared detector. Inform Phys Technol 40:83–85, 1999.
41. R Kaplan, WE Carlos, EJ Cukauskas, J Ryu. Microwave detected optical response of

YBa2Cu3O7�x thin films. J Appl Phys 67:4212–4216, 1990.
42. T Van Duzer, CW Turner. Principles of Superconductive Devices and Circuits. New

York: Elsevier, 1981, pp 128–131.
43. T Van Duzer, CW Turner. Principles of Superconductive Devices and Circuits. New

York: Elsevier, 1981, pp 124–125.
44. J Brasunas, B Lakew, C Lee. High-temperature-superconducting magnetic suscepti-

bility bolometer. J Appl Phys 71:3639–3641, 1992.
45. VY Zerov, VN Leonov, MV Sosnenko, JA Khrebtov, AA Ivanov. A new type of

high-temperature superconductor bolometer using the diamagnetic-screening effect.
J Opt Technol 65:242–244, 1998.

46. H Neff, J Laukemper, C Hefle, M Burnus, T Heidenblut, W Michalke, E Steinbeiss.
Extended function of a high-Tc transition-edge bolometer on a micromachined Si
membrane. Appl Phys Lett 67:1917–1919, 1995.

47. DP Butler, Z Celik-Butler, A Jahanzeb, JE Gray, CM Travers. Micromachined
YBaCuO capacitor structures as uncooled pyroelectric infrared detectors. J Appl
Phys 84:1680–1687, 1998.

48. FA Hegmann, JS Preston. Identification of nonbolometric photoresponse in
YBa2Cu3O7�� thin films based on magnetic field dependence. Appl Phys Lett
62:1158–1160, 1993.

High-Tc Superconducting IR Detectors 375



49. G Schneider, PG Huggard, T O’Brien, D Lemoine, W Blau, W Prettl. Spectral de-
pendence of nonbolometric far-infrared detection with thin-films Bi2Sr2CaCu2O8.
Appl Phys Lett 60:648–650, 1992.

50. AD Semenov, GN Gol’tsman, IG Gogidze, AV Sergeev, PT Lang, KF Renk. Sub-
nanosecond photoresponse of a YBaCuO thin film to infrared and visible radiation by
quasiparaticle induced suppression of superconducitivity. Appl Phys Lett 60:903–
905, 1992.

51. A Ghis, JC Villegier, S Pfister, M Nail, Ph. Gibert. Electrical picosecond
measurements of the photoresponse in YBa2Cu3O7�x. Appl Phys Lett 63:551–552,
1993.

52. FA Hegmann, RA Hughes, JS Preston. Picosecond photoresponse of epitaxial
YBa2Cu3O7�� thin films. Appl Phys Lett 64:3172–3174, 1994.

53. DB Moix, DP Scherrer, FK Kneubuhl. Photoresponse of the high-temperature super-
conductor YBa2Cu3O7�� to ultrashort 10 �m CO2 laser pulses. Inform Phys Technol
37:403–426, 1996.

54. M Danerud, D Winkler, M Lindgren, M Zorin, V Trifonov, BS Karasik, GN Gol’ts-
man, EM Gershenzon. Nonequilibrium and bolometric photoresponse in patterned
YBa2Cu3O7�� thin films. J Appl Phys 76:1902–1909, 1994.

55. M Lindgren, M Currie, C Williams, TY Hsiang, PM Fauchet, R Sobolewski, SH Mof-
fat, RA Hughes, JS Preston, FA Hegmann. Intrinsic picosecond response times of
Y–Ba–Cu–O superconducting photodetectors. Appl Phys Lett 74:853–855, 1999.

56. S Bhattacharya, M Rajeswari, I Takeuchi, XX Xi, SN Mao, C Kwan, Q Li, T
Venkatesan. Low-temperature optical response of a single grain boundary in super-
conducting YBa2Cu3O7�� thin films. Appl Phys Lett 63:2279–2281, 1993.

57. MQ Huang, L Chen, T Yang, JC Nie, PJ Wu, GR Liu, ZX Zhao. Infrared detector fab-
ricated by YBCO Josephson junctions in series. Physica C 282–287:2545–2546,
1997.

58. SJ Rothman, JL Routburt, U Welp, JE Baker. Anisotropy of oxygen tracer diffusion
in single-crystal YBa2Cu3O7��. Phys Rev B 44:2326–2333, 1991.

59. A Michaelis, EA Irene, O Auciello, AR Krauss. A study of oxygen diffusion in and
out of YBa2Cu3O7�� thin films. J Appl Phys 83:7736–7743, 1998.

60. SE Russek, SC Sanders, A Roshko, JW Ekin. Surface degradation of superconduct-
ing YBa2Cu3O7�� thin films. Appl Phys Lett 64:3649–3651, 1994.

61. JD Tatum, JWH Tsai, M Chopra, S Chen, JM Phillips, SY Hau. Use of carbon films
for passivation and environmental protection of superconducting YBa2Cu3O7�x. J
Appl Phys 77:6370–6376, 1995.

62. R Aguiar, F Sanchez, C Ferrater, M Varela. Protective oxide coatings for supercon-
ducting YBa2Cu3O7�x thin films. Thin Solid Films 306:74–77, 1997.

63. AN Tiwari, S Blunier, H Zogg, Ph Lerch, F Marcenat, P Martinoli. Epitaxial growth
of superconducting YBa2Cu3O7�x on Si(100) with CaF2 as intermediate buffer. J
Appl Phys 71:5095–5098, 1992.

64. CA Copetti, J Schubert, W Zander, H Soltner, U Poppe, Ch Burchal. Aging of
superconducting Y1Ba2Cu3O7�x structures on silicon. J Appl Phys 73:1339–1342,
1993.

65. R Haakennasen, DK Fork, JA Golovchenko. High-quality crystalline YBa2Cu3O7��

films on thin silicon substrates. Appl Phys Lett 64:1573–1575, 1994.

376 Brasunas



66. JC Brasunas, B Lakew. Transition-edge noise in YBa2Cu3O7�x thin films before and
after exposure to ionizing radiation. J Appl Phys 75:7565–7566, 1994.

67. SD Moss, RA O’Sullivan, PJK Paterson, IK Snook, AJ Russo, A Katsaros, N Sav-
vides. Modification of the adhesion and contact resistance of the Ag/YBa2Cu3O7 in-
terface with KeV electron irradiation. J Appl Phys 78:5782–5786, 1995.

68. E Lesquey, C Gunther, S Flament, R Desfeux, JF Homet, D Robbes. Progress toward
a low-noise temperature regulator using a superconductive high-Tc microbridge.
IEEE Trans Appl Supercond As-5:2427–2430, 1995.

69. GL Romani, SJ Williamson, L Kaufman. Biomagnetic instrumentation. Rev Sci In-
strum 53:1815–1845, 1982.

70. FA Hegmann, JS Preston. Identification of nonbolometric photoresponse in
YBa2Cu3O7�� thin films based on magnetic field dependence. Appl Phys Lett
62:1158–1160, 1993.

High-Tc Superconducting IR Detectors 377





12

Cryocoolers and High-Tc Devices

Ray Radebaugh

National Institute of Standards and Technology, Boulder, Colorado,
U.S.A.

12.1 INTRODUCTION

12.1.1 Cooling Requirements for High-Tc Superconducting

Electronic Devices

A long-range goal in the study of superconductivity is to find a new material with
a superconducting transition temperature (Tc) significantly above room tempera-
ture so that there would be no need to cool the superconductor. Such a break-
through would be of profound significance, because it would then free supercon-
ductivity of the problems imposed upon it by the need for cooling. Operating
temperatures of less than about two-thirds of the transition temperature are re-
quired to significantly reduce the temperature dependence of the critical current
and to achieve satisfactory performance of superconductors in practical applica-
tions. At present, temperatures below 80 K are needed for practical use of even the
highest-temperature superconductors. Although liquid nitrogen is often used for
laboratory studies of high-Tc devices, it is rarely satisfactory for commercial ap-
plications. This dependence on cryocooling then adds another set of problems that
must be overcome in moving a superconducting device into the marketplace. In
terms of any marketable product, the superconducting device and the cryocooler
must be considered an inseparable pair. There are many problems associated with
cryocooling the superconductor, and it is these problems that often prevent the su-
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perconductor from making it into the marketplace. Studies to improve the perfor-
mance of superconducting devices and systems should be coupled with studies to
improve the performance and lower the cost of cryocoolers.

The purpose of this chapter is to discuss the various methods available for
cooling high-Tc superconducting electronic devices. The differing requirements of
various superconducting devices often lead to different cooling methods being
employed. There is no one method that is best for all applications. Various cool-
ing methods have been review briefly by the author (1). There are many problems
associated with all types of cryocoolers, and these will be discussed here. The op-
erating principles of each cryocooler type will be explained in this chapter, along
with their advantages and disadvantages, to aid in the selection of the optimum
cryocooler for a particular application. The refrigeration power required for high-
Tc electronic devices is usually less than a few watts at temperatures between 60
K and 80 K. Thus, the discussion here of the different types of cryocoolers will fo-
cus on this requirement for small cooling loads as opposed to the need for much
larger cooling loads in bulk superconductor applications usually involving mag-
nets. With such small cooling loads, efficiency is seldom a concern with regard to
the cost of the input power, unless it is to be used for satellite applications. How-
ever, the dissipation of this power in the form of heat in confined areas can some-
times be a problem, so efficiency then becomes important.

Other requirements of cooling systems for superconducting electronic de-
vices often vary depending on the application. Because electronic devices deal
with low-level electromagnetic signals, they are easily disturbed by electromag-
netic interference (EMI) from nearby motors. That is a particularly serious prob-
lem when cooling a superconducting quantum interference device (SQUID) that
can sense magnetic fields as small as a few femtotesla. The SQUID is also sensi-
tive to vibration in the Earth’s magnetic field. Excessive vibration of supercon-
ductor–insulator–superconductor (SIS) junctions for microwave receivers can
lead to distortions of the signal. Because there are no moving parts in most elec-
tronic devices, their lifetimes are extremely long. Such hi-tech devices would usu-
ally become obsolete after 5–10 years rather than fail. Such long lifetimes are dif-
ficult to achieve in cryocoolers. Cost is always an important consideration when
attempting to market a superconducting device. Often the cost of the supercon-
ductor/cryocooler system is dominated by the cost of the cryocooler. Table 12.1
summarizes the cooling requirements for most high-Tc superconducting electronic
devices.

12.1.2 Cooling Systems: General Thermodynamic

Introduction

Cooling systems can be either open thermodynamic systems, as shown in Figure
12.1, where mass crosses the system boundary, or closed thermodynamic systems,
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where no mass crosses the system boundary. The open cooling system is repre-
sented by a liquefier, which produces some cryogen, such as liquid nitrogen or liq-
uid helium. This cryogen leaves the system and is transported by some means to
the site where it is to provide cooling. After evaporation, the gas can be returned
to the liquefier or vented to the atmosphere. The use of open systems is also used
when analyzing a portion of a complete cryocooler (e.g., a heat exchanger). In that
case, mass also crosses the system boundary.

The first and second laws of thermodynamics are used in analyzing both the
open and closed cooling systems. The first law of thermodynamics is simply an
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TABLE 12.1 Requirements for Cryocooling High-Tc Superconducting
Electronic Devices

Requirement Comment

Low cost Should not dominate cost of system
High reliability At least 3-year lifetime (5 years preferred) with little

maintenance
High efficiency Needed for low heat rejection
Low EMI Should not degrade performance of superconductor
Low vibration Quality perception as well as required for some

applications
Small size Should not dominate size of complete system

FIGURE 12.1 Open thermodynamic system showing energy and entropy
terms appropriate to the analysis by the (a) first and (b) second laws of ther-
modynamics.



energy balance on the system. Figure 12.1a shows the energy terms appropriate
for an open system. In a closed system, the mass flows are zero. For open ther-
modynamic systems, the first law of thermodynamics is expressed by

Q̇c � Q̇0 � ṁihi � ṁehe � Ẇexp � Ẇco � �
d(m

dt
u)

� (1)

where Q̇c is the heat absorbed, or refrigeration power, at the temperature Tc, Q̇0 is
the heat rejected to the surrounding at the temperature T0, ṁi and ṁe are the mass
flow rates at the system inlet and exit, respectively, hi and he are the specific en-
thaplies of the fluids crossing the boundary at the system inlet and exit, respec-
tively, Ẇexp is the power produced by the system from any expansion process, Ẇco

is the power delivered to the system, such as in a compressor, and mu is the system
internal energy. Usually, this compressor power is in the form of electrical power
to the compressor motor or possibly the electrical power to the conditioning elec-
tronics before the compressor. When dealing with the thermodynamics of the
working fluid, the input and expansion powers are expressed as mechanical power,
or PV power of the device. The last term in Eq. (1) is the time rate of change of the
internal energy of the system, which is zero under steady-state conditions. Many
refrigeration systems either recover the expansion work internally or do not recover
any expansion work. Thus, Ẇexp is often zero for a complete refrigeration system,
which, for a closed refrigeration system in steady-state conditions, leads to the sim-
ple energy balance of

Q̇0 � Ẇco � Q̇c (2)

The significance of Eq. (2) is that it tells us that all of the power input to the
refrigerator must be rejected to the surroundings in the form of heat. In addition, the
heat absorbed at the cold end also must be rejected to ambient, but this is always a
small fraction of the power input for cryogenic refrigerators, as we shall see later.
The heat rejection to ambient is often a problem associated with closed-cycle cry-
ocoolers, particularly if the efficiency is low and large power inputs are required. In
small systems, there may not be a problem with providing several hundred watts or
even a kilowatt of power if the power comes from a standard wall circuit. However,
if the system is to be made compact and is to rely only on air cooling, it may be more
of a problem in rejecting that much heat to ambient. A higher-efficiency cryocooler
would then reject less heat to ambient for the same refrigeration power. The
first law of thermodynamics says nothing about the relative size of Ẇco and Q̇c in
Eq. (2). For that relationship, we must rely on the second law of thermodynamics.

The entropy balance given by the second law of thermodynamics for open
refrigeration systems is represented in Figure 12.1b. For an open system, the
entropy change of the refrigerator is given by
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where si and se are the specific entropies of the fluid at the inlet and exit to the sys-
tem, respectively, and Ṡirr is the entropy production rate (�0) inside the system
boundary associated with any irreversible process. For a closed system, the flow-
rate terms are zero. For an ideal closed system at steady state where all processes
are reversible, Ṡirr � 0, the second law of thermodynamics from Eq. (3) becomes

� (ideal) (4)

Thus, the second law of thermodynamics is used to give the relative size of the
heat-flow terms at different temperatures. For a closed ideal system at steady state,
the combined first and second laws of thermodynamics, Eqs. (2) and (4), gives

Ẇco � ��
T
T

0

c
� � 1� Q̇c (ideal) (5)

The coefficient of performance (COP) of any system is given by the ratio of
the desired power to the actual power required to drive the system, which, for a re-
frigerator, becomes

COP � (6)

In comparing the COP of various practical refrigerators, it is important to under-
stand what conditions were used in arriving at the COP; that is, what are the two
temperature levels and what power was used for the input power? Was it the com-
pressor mechanical PV power, the electrical power to the compressor, or the elec-
trical power to some power conditioning electronics? For the ideal reversible re-
frigerator, the COP from Eq. (5) becomes

COPCarnot � �
T0

T
�

c

Tc
� (ideal) (7)

which is the COP of the Carnot cycle as well as any ideal cycle operating between
T0 and Tc with no irreversible processes. Any real cycle will have a COP less than
the Carnot value. The relative COP of an actual refrigerator, often referred to as the
second-law efficiency, relative efficiency, or, simply, the efficiency, is expressed as
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This efficiency is less dependent on the high- and low-temperature values than is
the absolute COP. The inverse of the COP is called the specific power and repre-
sents the watts of input power per watt of refrigeration. For a low-temperature of

Q̇c
�
Ẇco

Q̇0
�
T0

Q̇c
�
Tc
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80 K and an ambient of 300 K, the Carnot COP from Eq. (7) is 0.364 and the spe-
cific power is 2.75 W/W. Typically, small cryocoolers may have a COP of about
10% of Carnot, so the specific power would be 27.5 W/W. Small cryocoolers have
COP values that range from about 1% to 25% of the Carnot value. Large helium-
liquefaction plants may operate at about 30% of Carnot and large air-liquefaction
plants operate at about 50% of Carnot.

12.1.3 Open Systems Versus Closed Systems

The cryocooling of superconducting devices is often carried out in the laboratory
by the use of liquid nitrogen or liquid helium. The user is seldom aware of any
problems associated with the remote liquefier. However, the cost of the cryogen
is influenced by such problems. Because most research laboratories are located in
or near large metropolitan areas, liquid nitrogen or liquid helium can be obtained
within a few days after an appropriate phone call, which is, the primary advantage
of relying on an open cryocooling system. Researchers have the technical back-
ground that makes dealing with the cryogenic liquids, even liquid helium, a triv-
ial matter. In practical applications with a large market, the end user most often
will not have the technical background to be comfortable with the use of cryogenic
liquids. Often the location may not allow for easy access to a reliable supply of
cryogenic liquids. Only limited applications that are restricted to high-technology
facilities would find the use of cryogenic liquids for cryocooling of interest. How-
ever, because much of the research on superconducting devices is carried out us-
ing liquid nitrogen or liquid helium, the next section will be devoted to their use
for cooling superconducting devices.

Closed cryocooler systems generally operate with electrical input power.
However, in some large systems, which will not be considered here, a high-tem-
perature heat source, such as gas combustion, may be the power input. That power
would either be converted to electrical power via a heat engine and generator or
be converted directly to PV power via thermoacoustic drivers. However, these
thermally driven systems do not scale down well to the small sizes needed for
most superconducting device application. In the case of electrically driven sys-
tems, their operation merely requires the flipping of a switch to turn them on. This
simple operation is ideal for widespread applications of superconducting devices.
They can be incorporated easily into any superconducting system, and, ideally, re-
main invisible to the user. Unfortunately, closed-cycle cryocoolers still have their
own set of problems that keep them from being truly invisible to the user.

12.2 COOLING WITH CRYOGENIC FLUIDS

12.2.1 Properties of Cryogenic Fluids

In most cases, liquid nitrogen is used for cooling high-temperature superconduc-
tors and liquid helium is used for the cooling of low-temperature superconductors.
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However, liquid helium, or perhaps liquid neon, may be used in the study of high-
Tc devices at temperatures below 63 K. The properties of several cryogenic fluids
(cryogens) are listed in Table 12.2. In most cases, these properties are taken from
NIST Standard Reference Data (2). Liquid neon may occasionally be used for
achieving temperatures around 25–30 K, although it is much more expensive even
than liquid helium. In the United States, liquid nitrogen typically costs somewhat
less than milk, liquid helium costs about the same as inexpensive wine, and liquid
neon costs about 10 times that of liquid helium. In the simplest of experiments, a
sample to be cooled is immersed in the cryogen at atmospheric pressure. Cooling
comes from the heat of vaporization of the liquid. This heat of vaporization
increases with the normal boiling point. Temperatures below the normal
boiling point can be achieved by pumping on the liquid to reduce its vapor
pressure. Usually, the formation of the solid at the triple point determines the
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TABLE 12.2 Properties of Several Cryogenic Fluids

Para Normal
Property He3 He4 H2 H2 Ne N2 Ar

Molecular weight 3.017 4.003 2.016 2.016 20.18 28.01 39.95
(g/mol)

Normal boiling 3.191 4.222 20.28 20.39 27.10 77.36 87.30
point (NBP) (K)

Triple-point — 2.177 13.80 13.96 24.56 63.15 83.81
temperature
(K)

Triple-point — 5.042 7.042 7.20 43.38 12.46 68.91
pressure
(kPa)

Critical 3.324 5.195 32.94 33.19 44.49 126.19 150.69
temperature (K)

Critical pressure 0.117 0.2275 1.284 1.315 2.679 3.396 4.863
(MPa)

Liquid density at 0.05844 0.1249 0.07080 0.0708 1.207 0.8061 1.395
NBP (g/cm3)

Gas Density at 0*C 0.134 0.1785 0.08988 0.08988 0.8998 1.250 1.784
and 1 atm (kg/m3)

Heat of vaporization 7.714 20.72 445.5 445.6 85.75 199.18 161.14
at NBP (J/g)

Sensible heat from 1543.3 4010.5 3510.8 255.3 234.03 112.28
NBP to 300 K (J/g)

Heat of fusion (J/g) — 58.23 58.23 16.6 25.5 27.8
Heat of vaporization 0.4508 2.588 31.54 31.55 103.5 160.6 224.8

per volume of
liquid at NBP
(J/cm3)

Sensible heat per 192.8 283.9 248.6 308.1 188.7 156.6
volume of liquid
at NBP (J/cm3)

*Lambda-point temperature and pressure



lower-temperature limit for that particular cryogen. When temperatures above the
normal boiling point are required, the cold vapor is often used for cooling the sam-
ple. Table 12.2 also lists the sensible heat, or the enthalpy change, of the vapor in
warming from the normal boiling point to 300 K. The heat absorbed by the vapor
when warming to any temperature is proportional to the temperature rise for an
ideal gas, because for an ideal gas, the specific heat is independent of temperature.

12.2.2 Cryostat Construction

The cooling of small samples to the temperature of the normal boiling point of a
cryogen is most conveniently done by using the storage dewar as the cryostat. The
sample is simply immersed in the cryogen, as shown by the first example in Fig-
ure 12.2. The O-ring seals shown in Figure 12.2 are needed when using liquid he-
lium to keep air from entering the dewar and solidifying. Such seals are usually
not needed when using liquid nitrogen, although some crude seal may be desired
to eliminate excessive frost buildup over time. For samples larger than those that
will fit down the neck of a storage dewar, it becomes necessary to construct a spe-
cial cryostat. For simple experiments for short periods of time, an inexpensive
cryostat can be made of foam insulation when dealing with liquid nitrogen. Of
course, the boil-off rate will be much higher than with a vacuum-insulated dewar.
Low-cost vacuum-insulated containers made of stainless steel and with capacities
ranging from about 0.5 to 2 L are readily available at sporting goods stores. Al-
though intended for use in keeping beverages hot or cold, they also work well with
liquid nitrogen, provided the cap is not sealed tightly to allow the boil-off gas to
vent. The advantage of the immersion cryostat is its simplicity. Its disadvantage is
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that it does not allow for much temperature variation of the sample. Temperatures
below the normal boiling point can be achieved by pumping on the vapor to re-
duce the pressure. Good seals are then required.

The center and right illustrations in Figure 12.2 show two methods used to
cool samples but allow them to be heated with an electrical heater to some higher
temperature than the normal boiling point of the cryogen. Both cases provide a
semiweak thermal link between the sample and the cryogenic liquid. The use of a
low-pressure exchange gas (usually helium) allows the thermal conductance of the
link to be varied by varying the pressure of the exchange gas. For sufficiently low
pressures, the thermal conductivity of a gas becomes proportional to the pressure.

12.2.3 Advantages and Disadvantages

The main advantage in using a cryogen like liquid nitrogen is the simplicity of
cooling a device by immersion in the liquid. The cost of the liquid nitrogen and
the dewar are very low. There is no EMI associated with the use of a cryogen as
such, although the dewar may have some magnetic properties that could influence
sensitive SQUID devices. Nonmetallic dewars of fiberglass-epoxy are often used
with SQUIDs to reduce the magnetic noise of the dewar. The boiling of the liquid
cryogen can produce some vibration that could pose a problem in a few cases. In
research laboratories, often located in metropolitan areas, liquid nitrogen is read-
ily available. However, even in those cases, there is always the need for human in-
volvement in the transportation and transfer of the liquid. Constant maintenance
is not always reliable, especially in remote areas and it can lead to high operating
costs. The need for periodic replenishment of the liquid usually becomes a nui-
sance to the user and keeps the system from being easily marketed. In order to
compete with other electronic devices, the user should not even be aware that
cooling is required. It should be taken care of automatically with the flip of an
“on” switch. That type of cooling is the focus of the rest of the chapter that deals
with closed-cycle cryocoolers.

12.3 COOLING WITH CLOSED-CYCLE CRYOCOOLERS

12.3.1 Types of Cryocoolers

Figure 12.3 shows the five types of cryocoolers in common use today. All five are
mechanical systems relying on the compression and expansion of a gas. In most
cases, the compression is done with moving mechanical parts. Refrigeration with
other working fluids, such as electrons (thermoelectric cooler) or photons (laser
cooling) that can be driven electronically with no moving mechanical parts, has
not advanced to the stage where they can be used to cool any device to cryogenic
temperatures. Significant research in thermoelectric or optical materials is re-
quired before such systems can ever be used for cooling high-Tc devices.
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The Joule–Thomson (JT) and Brayton cryocoolers, shown in Figure 12.3,
are of the recuperative type in which the working fluid flows steadily in one di-
rection, with steady low- and high-pressure lines, analogous to dc electrical sys-
tems. The compressor has inlet and outlet valves to maintain the steady flow. The
recuperative heat exchangers transfer heat from one flow stream to the other over
some distance or across tube walls. Recuperative heat exchangers with the high
effectiveness needed for cryocoolers can be expensive to fabricate, especially if
they are to be compact. Although not shown here, the Claude cycle is a combina-
tion of the Brayton cycle with the addition of a final Joule–Thomson expansion
stage for the liquefaction of the working fluid. It is commonly used in air-lique-
faction plants and in large helium-liquefaction systems for cooling superconduct-
ing magnets and radio-frequency (RF) cavities in accelerators. The three regener-
ative cycles shown in Figure 12.3 operate with an oscillating flow and an
oscillating pressure, analogous to ac electrical systems. Frequencies vary from
about 1 Hz for the Gifford–McMahon (GM) and some pulse-tube cryocoolers to
about 60 Hz for Stirling and some pulse-tube cryocoolers.

12.3.2 Recuperative Cryocoolers

The steady pressure and the steady flow of gas in these cryocoolers allow them to
use large gas volumes anywhere in the system with little adverse effects except for
larger radiation heat leaks if the additional volume is at the cold end. Thus, it is
possible to “transport cold” to any number of distant locations after the gas has
expanded and cooled. In addition, the cold end can be separated from the com-
pressor by a large distance and greatly reduce the EMI and vibration associated
with the compressor. Oil-removal equipment with its large gas volume can also be
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incorporated in these cryocoolers at the warm end of the heat exchanger to remove
any traces of compressor oil from the high-pressure working gas before it is
cooled in the heat exchanger. Unlike conventional refrigerators operating near
ambient temperature, any oil in the working fluid will freeze at cryogenic tem-
peratures and plug the system.

12.3.3 Regenerative Cryocoolers

These cryocoolers operate with oscillating pressures and mass flows in the cold
head. The working fluid is almost always helium gas. The oscillating pressure
can be generated with a valveless compressor (pressure oscillator) as shown in
Figure 12.3 for the Stirling and pulse-tube cryocoolers or with valves that switch
the cold head between a low- and high-pressure source, as shown for the
Gifford–McMahon cryocooler. In the latter case, a conventional compressor with
inlet and outlet valves is used to generate the high- and low-pressure sources. With
the Gifford–McMahon cryocooler, an oil-lubricated compressor is usually used
and oil-removal equipment can be placed in the high-pressure line, where there is
no pressure oscillation. The use of valves greatly reduces the efficiency of the sys-
tem. Pulse-tube cryocoolers can use either source of pressure oscillations, even
though Figure 12.3 indicates the use of a valveless compressor. The valved com-
pressors are modified air conditioning compressors and they are used primarily for
commercial applications where low-cost is very important. The amplitude of the
oscillating pressure may typically be anywhere from about 10% to as high as 50%
of the average pressure. Average pressures are usually in the range of 1.5–3.0
MPa.

The main heat exchanger in regenerative cycles is called a regenerator. In a
regenerator, incoming hot gas transfers heat to the matrix of the regenerator,
where the heat is stored for a half-cycle in the heat capacity of the matrix. In the
second half of the cycle, the returning cold gas, flowing in the opposite direction
through the same channel, absorbs heat from the matrix and returns the matrix to
its original temperature before the cycle is repeated. Very high surface areas for
enhanced heat transfer are easily achieved in regenerators through the use of
stacked fine-mesh screen or packed spheres.

12.3.4 Cryocooler Compressors

All of the cryocoolers discussed here are gas systems that rely on the compression
and expansion of gas. Many of the problems with cryocoolers, such as cost, relia-
bility, efficiency, EMI, vibration, and size, are associated with the compressor. In
the Joule–Thomson and the pulse-tube cryocoolers, the only moving parts are in
the compressor. The purpose of the compressor is to convert electrical power
into PV power in the gas. In some cases, the compressor may be a thermal or
thermoacoustic device that converts heat into PV power. One type of thermal
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compressor is the sorption compressor, which utilizes either physical adsorption of
a gas on the surface of a material like charcoal or the chemical absorption of chem-
ically active gases like hydrogen and oxygen within a material. Heating the sorp-
tion bed drives off the gas at a high-pressure, whereas maintaining a bed at ambi-
ent temperature causes it to adsorb or absorb the gas at a low-pressure. Once the
beds are depleted or saturated, they must be switched, via valves, in order for the
flow process to continue. Wade (3) reviewed the use of sorption compressors.
Their advantage is the lack of moving parts, except for the check valves that switch
once every few minutes. They are easily miniaturized and have been used in a mi-
croscale Joule–Thomson cooler operating at 170 K (4). Thermoacoustic drivers
convert heat into acoustic waves (oscillating pressures) that can be used to drive
pulse-tube refrigerators with no moving parts in the entire system (5–7). Unfortu-
nately, they do not scale down to small sizes needed for cooling electronic devices.

Electromechanical compressors can utilize a wide variety of geometries.
The most common geometry is that of oscillating piston driven with a rotary mo-
tor and crankshaft as shown in Figure 12.4a or with a linear motor as shown in
Figure 12.4b. Linear compressors are generally designed to operate at resonant
conditions to maximize their efficiency. The piston compressors provide the os-
cillating pressures needed for the Stirling and pulse-tube refrigerators. Such a
compressor may be called a pressure oscillator or valveless compressor. The ratio
of maximum to minimum pressure (pressure ratio) used with these cryocoolers
ranges from about 1.3 to 2.0. If inlet and outlet valves (either reed or check valves)
are added to the compressor head, a steady flow of gas is generated with a low in-
let pressure and a high outlet pressure. These valved compressors are needed for
all of the recuperative cryocoolers as well as for the Gifford–McMahon cry-
ocooler and sometimes for the pulse-tube cryocooler. Typical pressure ratios may
vary from about 1.4 for some Brayton systems to about 2 for Gifford–McMahon
coolers to as high as 200 for some Joule–Thomson coolers. The use of valves on
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FIGURE 12.4 Schematics of valveless compressors driven with (a) a rotary
motor and crankshaft and (b) a linear motor.



these compressors introduces some irreversible losses that are not present in the
valveless compressors. In well-designed valveless compressors, the conversion
efficiency from electrical to PV power is about 85%, whereas with valved com-
pressors, the efficiency is only about 50% for pressure ratios of about 2. The effi-
ciency is reduced further at larger pressure ratios.

Steady gas flows can also be generated without the use of valves in other
compressor geometries, such as scroll, rolling piston, screw, centrifugal, and tur-
bine compressors. Their conversion efficiencies may be higher than the valved
piston compressors. For long-life operation, all of the compressors must be sealed,
with the motor operating inside the sealed space to eliminate any dynamic seal that
would allow the working fluid to escape from the system over time. Refrigeration
and air conditioning compressors are typical examples of such sealed compres-
sors. They are readily available in many sizes at low-cost and are very reliable be-
cause of the oil lubrication. Adapting them for cryocoolers is not always easy and
sometimes not even possible.

In conventional refrigerators, some lubricating oil from the compressor
flows with the refrigerant but does not freeze at the cold end. In cryocoolers, the
oil would freeze at such low temperatures and plug up orifices or heat-exchanger
passageways. Therefore, with cryocoolers, nearly all traces of oil must be re-
moved from the working fluid before it passes to the cold end, otherwise oil-free
compressors must be used. Oil-removal equipment adds volume, cost, and main-
tenance requirements to the compressor system. The large gas volume needed for
oil-removal equipment prevents their use with rapidly oscillating pressures, such
as with Stirling and some pulse-tube cryocoolers. Oil-free compressors have short
lifetimes unless all rubbing contact is eliminated through the use of gas bearings
or flexure bearings. Typical lifetimes for oil-free piston compressors where rub-
bing occurs are about 2500 h for the rotary-motor types shown in Figure 12.4a and
5000 h for linear-motor types shown in Figure 12.4b. There are a few reported
cases of such an oil-free compressor lasting as much as 2–3 years, but the results
are not repeatable. Further research is required to understand this behavior and
make it repeatable.

Rubbing contact between the piston and cylinder can be eliminated through
the use of gas bearings or flexure bearings, but usually at additional cost. When
the clearance between the piston and the cylinder is reduced to about 15 �m on
the radius, the volume of gas that flows through the gap in a half-cycle is much
less than the piston-displaced volume. Because the back side of the piston is al-
ways sealed, the gas does not leave the system, but returns to the front side of the
piston on the return stroke. The pressure on the back side is always at the average
pressure. Figure 12.5a shows a cross section of a flexure-bearing compressor and
Figure 12.5b shows two examples of the geometry used for flexure bearings. Flex-
ure bearings are flexible in the axial direction but very stiff in the radial direction.
The radial stiffness supports the piston inside the cylinder and maintains the
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clearance gap with no contact. The peak stresses in the flexures are designed to be
small enough that the flexures have infinite fatigue lifetimes. These flexures are
also used in some cases to support the displacer of Stirling cryocoolers. Some Stir-
ling cryocoolers have now operated in excess of 10 years when using these flex-
ure bearings. These flexure-bearing compressors are also being used on pulse-tube
refrigerators when long lifetimes are needed, such as for space applications. The
flexure-bearing compressors and displacers were first developed in the mid-1980s
for use in space applications of Stirling cryocoolers and were very expensive (8).
Progress in flexure-bearing compressors has advanced to the point where the cost
has been greatly reduced and such systems are now being developed for commer-
cial applications.

12.3.5 Cryocooler Problems

The problem associated with the use of cryocoolers in most applications is the dif-
ficulty in meeting the requirements listed in Table 12.1. For the cooling of high-
Tc devices, cost and reliability are usually the most important requirements. Low
EMI and vibration are very important in some applications. In some cases, small
size and high-efficiency are also important. The need for precision moving parts
in cryocoolers leads to high manufacturing costs when there has not been a de-
mand for very large quantities. The compressors for Gifford–McMahon cry-
ocoolers are air conditioning compressors made by the millions but modified for
use with helium gas by enhancing the oil flow for increased cooling. Thus, the
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FIGURE 12.5 Schematic of (a) linear compressor with (b) two types of flexure
bearing.



basic cost of the compressor is very low, but the modification, including the addi-
tion of oil-removal equipment, significantly increases the cost. A $1000 cry-
ocooler has been a goal for many years, but studies (9) have shown that even a
small $2000 cryocooler would require production rates of at least 10,000 per year.
With comparable levels of production of small Stirling cryocoolers for military
applications, costs have usually been about $5000. However, the strict military re-
quirements and specifications have often led to increased costs. Costs can be re-
duced by decreasing the number of moving parts or by making use of innovative
fabrication techniques, such as those used in the electronics industry.

Reliability is not always easy to define. Typically, the user in the high-Tc de-
vice field is interested in a mean time to failure (MTTF) of at least 3 years and of-
ten 5 years. Some maintenance during this time may be tolerated, but it should be
minimal (a few hours at the most) and generally not be required more than once
per year. Cold moving parts must be oil-free and the need for such long lifetimes
under such conditions generally requires noncontact bearings, such as gas bear-
ings or flexure bearings. Such special bearings can greatly increase the cost. The
compressor of Stirling or some pulse-tube refrigerators, although operating at
room temperature, must still be oil-free. The development of cryocoolers for space
applications has led to cryocooler lifetimes of about 10 years with no mainte-
nance, but costs are usually about $1M per cryocooler. Reducing these costs for
commercial applications but still maintaining a comparable reliability is the em-
phasis of much research on cryocoolers. Even a 3-year lifetime for these mechan-
ical coolers is equivalent to operating the engine of an automobile for a distance
of 2.1 � 106 km (1.3 � 106 miles) at 80 km/h (50 miles/h).

The use of an electric motor (either rotary or linear) to drive the compressor
of a cryocooler leads to the radiation of electromagnetic noise that can be a serious
problem when used for cooling-sensitive instruments such as SQUIDs. Moving
components, particularly reciprocating elements, can give rise to vibrations that
can also affect sensitive devices. Even the oscillating pressures of regenerative cry-
ocoolers can cause vibrations at the cold end from elastic deformations of the tubes.

Efficiencies of small cryocoolers have been quite low for many years. Typi-
cally, efficiencies of about 2% of Carnot had been the average for a cryocooler pro-
ducing 1 W at 80 K (10). However, research in the last 10 years for space applica-
tions has led to efficiencies of 10–20% of Carnot and greatly decreased size and
weight. Some of these lessons learned from the space applications can be applied
to commercial applications with little increase in cost over the older technology.

12.4 JOULE–THOMSON CRYOCOOLERS

12.4.1 Operating Principles

Joule–Thomson (JT) cryocoolers produce cooling when the high-pressure gas
expands through a flow impedance (orifice, valve, capillary, porous plug), often
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referred to as a JT valve. The expansion occurs with no heat input or production
of work; thus, according to Eq. (1), the process occurs at a constant enthalpy. The
heat input occurs after the expansion and is used to evaporate any liquid formed
in the expansion process or to warm up the cold gas to the temperature it was be-
fore the expansion occurred. In an ideal gas, the enthalpy is independent of pres-
sure for a constant temperature, but real gases experience an enthalpy change with
pressure at constant temperature. Thus, cooling in a JT expansion occurs only with
real gases and at temperatures below the inversion temperature. Some heating
occurs for expansion at temperatures above the inversion temperature for that
particular gas. Typically, nitrogen or argon is used in JT coolers because their in-
version temperatures are above room temperature, but pressures of 20 MPa (200
bar) or more on the high-pressure side are needed to achieve reasonable cooling.
Such high pressures are difficult to achieve and require special compressors with
short lifetimes.

12.4.2 Mixed Gases Versus Pure Gases

Recent advances in JT cryocoolers have been associated with the use of mixed
gases as the working fluid rather than pure gases. The use of mixed gases was first
proposed in 1936 for the liquefaction of natural gas (see discussion in Ref. 11), but
it was not used extensively for this purpose until the last 20 or 30 years. It is com-
monly referred to as the mixed-refrigerant cascade cycle. The use of small JT
coolers with mixed gases for cooling infrared sensors was first developed under
classified programs in the Soviet Union during the 1970s and 1980s. Such work
was first discussed in the open literature by Little (12). Missimer (13), Radebaugh
(1,11), Little (14), and Boiarski et al. (15) reviewed the use of mixed gases in JT
cryocoolers. Typically, higher-boiling-point components, such as methane,
ethane, and propane, can be added to nitrogen to make the mixture behave more
like a real gas over the entire temperature range. The larger enthalpy changes at a
constant temperature result in increased cooling powers and efficiencies with
pressures (about 2.5 MPa) that can be achieved in conventional compressors used
for domestic or commercial refrigeration. The lowest-temperature that can be
achieved with mixed-gas JT systems is limited by the freezing point of its com-
ponents. In general, the freezing point of a mixture is less than that of the pure flu-
ids, so temperatures of 77 K are possible with the nitrogen–hydrocarbon mixtures
even though the hydrocarbons freeze in the range of 85–91 K as pure components.
The presence of propane also increases the solubility of oil in the mixture at 77 K
so that less care is needed in removing oil from the mixture when using an oil-lu-
bricated compressor. Much research is currently underway pertaining to the solu-
bility of oil in various mixtures and the freezing point of mixtures. Temperatures
down to 67 K have been achieved in these mixed-gas systems by the addition of
neon to the gas mixture (15). Marquardt et al. (16) discussed the optimization of
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gas mixtures for a given temperature range. The gas mixture in these systems un-
dergoes boiling and condensing heat transfer in the heat exchanger that con-
tributes to its high-efficiency. However, the flowing liquid in the heat exchanger
gives rise to increased vibration, which could be a problem in cooling very sensi-
tive SQUID systems.

Mixed-gas JT cryocoolers can be classified into two types. Single-stage sys-
tems have one expansion nozzle and allow the refrigerant to flow through the en-
tire system without the use of intermediate expansion stages and phase separators.
Sometimes, they are referred to as a throttle-cycle cryocooler. Oil separation from
the refrigerant takes place at ambient temperature after the aftercooler. The vapor
pressure of the oil at this temperature is high enough that a significant amount of
oil can still find its way to the cold end and lead to potential clogging of the cold
end. The use of a small conventional vapor-compression refrigerator to precool
the gas mixture to about �30°C was used to enhance oil removal at the lower-
temperature and to increase the cooling available with the mixed-refrigerant stage
(17,18). The second type of mixed-gas system uses multiple expansion nozzles
and phase separators with the mixed refrigerant. As with the previous system, it
also can be precooled. The intermediate expansion stages allow for cooling at
other temperatures and the phase separators at each of these stages tends to block
the flow of oil to the coldest stage. This type of system with the phase separators
is known as the mixed-refrigerant cascade (MRC) cycle in the liquefied natural
gas industry. A schematic of this cycle is shown in Figure 12.6. It also has been
referred to as the Kleemenko cycle (14).

12.4.3 Advantages and Disadvantages

The main advantage of JT cryocoolers is the fact that there are no moving parts at
the cold end, which makes them inexpensive to fabricate. The cold end can be
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FIGURE 12.6 Schematic of the MRC cycle (also known as the Kleemenko cy-
cle), which is one type of mixed-gas Joule–Thomson cryocooler. It utilizes
phase separators in each stage.



miniaturized and provide a very rapid cool-down. This rapid cool-down (a few
seconds to reach 77 K) has made them the cooler of choice for cooling infrared
sensors used in missile guidance systems. These coolers utilize a small cylinder
pressurized to about 45 MPa, with nitrogen or argon as the source of high-pres-
sure gas. In this open-cycle mode, cooling lasts for only a few minutes until the
gas is depleted. In the closed-cycle mode, most JT cryocoolers now use mixed
gases and operate with a high pressure of only about 2.5 MPa. With such outlet
pressures, conventional oil-lubricated refrigeration compressors can be used for a
lower cost. These mixed-gas JT coolers now sell for about $2000 to $3000, which
is less expensive than other types of cryocoolers at this time. Because only the liq-
uid is flowing at the cold end, there is very little vibration and low levels of EMI
as long as the cold end is removed some distance from the compressor.

A major disadvantage of the JT cryocooler is the susceptibility to plugging
by moisture or oil in the very small orifice. Continuous operation of over 2 years
has been achieved with some of the mixed-gas JT systems using phase separators
to prevent oil and water from reaching the cold end. Another disadvantage of JT
cryocoolers is the low-efficiency at 80 K and below. Compressor efficiencies are
very low when compressing to such high pressures. However, the use of mixed
gases has reduced the pressures required and has increased efficiencies, especially
with precooling. Still, efficiencies are only about 5% of Carnot at 80 K. The effi-
ciency increases rapidly at temperatures of 90 K and above. Temperatures below
about 70 K require the use of a second compressor and a neon or hydrogen work-
ing fluid.

12.4.4 Examples of Joule–Thomson Cryocoolers

Figure 12.7 shows a typical JT cryocooler used for missile guidance where cool-
down to about 80 K occurs in a few seconds. Miniature finned tubing is used for
the heat exchanger. An explosive valve is used to start the flow of gas from the
high-pressure cylinder, and after flowing through the cooler, the gas is vented to
the atmosphere. Figure 12.8 shows another type of open-cycle miniature JT cry-
ocooler in which the gas-flow paths for the heat exchanger and expansion orifice
are etched into a glass substrate and sealed with another layer of glass. These cool-
ers are typically operated with a cylinder of commercial-grade nitrogen gas pro-
viding an inlet pressure of about 10 MPa. It can absorb about 0.25 W of cooling
at 85 K for about 50 h from a standard nitrogen cylinder. Temperatures down to
about 70 K are possible using a vacuum pump on the low-pressure outlet line. The
enclosure for the glass microcooler shown in Figure 12.8 is the vacuum vessel.
Such coolers are often used for laboratory studies of high-temperature supercon-
ductors or in the study of various material properties.

Marquardt et al. (16) showed how a mixed-gas JT cryocooler can be used
for a cryogenic catheter only 3 mm in diameter. The heat exchanger was 2.5 mm
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in diameter and was fabricated by photoetching and diffusion bonding of copper
and stainless-steel foils. Figure 12.9 shows the cold tip of this 1-m-long coaxial
catheter. Such miniature systems could also be used for cooling superconducting
electronic devices and provide spot cooling at several locations with one com-
pressor.
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FIGURE 12.7 Open-cycle Joule–Thomson cryocooler for missile guidance.
(Courtesy of Carleton.)

FIGURE 12.8 Open-cycle Joule–Thomson cryocooler with gas-flow channels
etched in glass. (Courtesy of MMR.)



12.5 STIRLING CRYOCOOLERS

12.5.1 Operating Principles

The Stirling cycle was invented in 1815 by Robert Stirling for use as a prime
mover. Although used in the latter part of that century as a refrigerator, it was not
until the middle of the 20th century that it was first used to liquefy air and, soon
thereafter, for cooling infrared sensors for tactical military applications. However,
they cannot provide the very fast cool-down times of JT cryocoolers, so they are
not used on missiles for guidance. The long history of the Stirling cryocooler in
cooling infrared equipment has resulted in the development of models tailored
specifically to that application that are manufactured by several manufacturers.
The refrigeration powers of these models range from 0.15 to 1.75 W, which is also
appropriate for many superconducting electronic applications, although problems
of reliability and EMI are important issues that must be considered.

A pressure oscillation by itself in a system would simply cause the temper-
ature to oscillate and produce no refrigeration. In the Stirling cryocooler, the
second moving component, the displacer, is required to separate the heating and
cooling effects by causing motion of the gas in the proper phase relationship with
the pressure oscillation. When the displacer in Figure 12.3c is moved downward,
the helium gas is displaced to the warm end of the system through the regenera-
tor. The piston in the compressor then moves downward to compress the gas,
mostly located at ambient temperature, and the heat of compression is removed by
heat exchange with the ambient. Next, the displacer is moved up to displace the
gas through the regenerator to the cold end of the system. The piston then moves
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FIGURE 12.9 Cold tip of a 1-m-long cryogenic catheter which utilizes a mixed-
gas JT cryocooler and a miniature heat exchanger at the tip. Catheter diame-
ter is 3.0 mm.



up to expand the gas, now located at the cold end, and the cooled gas absorbs heat
from the system it is cooling before the displacer forces the gas back to the warm
end through the regenerator. Stirling cryocoolers usually have the regenerator in-
side the displacer, as shown in Figure 12.10, instead of external as shown in
Figure 12.3c. The resulting single cylinder provides a convenient cold finger.

In practice, motion of the piston and the displacer are nearly sinusoidal. The
correct phasing occurs when the volume variation in the cold expansion space
leads the volume variation in the warm compression space by about 90°. With this
condition, the mass flow or volume flow through the regenerator is approximately
in phase with the pressure. Regenerative cryocoolers are analogous to ac electri-
cal systems, in which voltage is replaced with pressure and current is replaced
with volume or mass flow. Real power in electrical systems flows only when the
current and voltage are in phase with each other, and for mechanical systems,
pressure and flow must be in phase for real power flow. The moving displacer re-
versibly extracts work from the gas at the cold end and transmits it to the warm
end, where it contributes to the compression work. In an ideal system, with
isothermal compression and expansion and a perfect regenerator, the entire pro-
cess is reversible. Thus, the coefficient of performance (COP) for the ideal Stir-
ling refrigerator is the same as the Carnot COP given by Eq. (7).

12.5.2 Advantages and Disadvantages

The main advantages of Stirling cryocoolers are their rather high-efficiency and
their commercial availability in several sizes. With efficiencies of about 10% of
Carnot, specific powers are about 28 W/W at 80 K. About 140,000 Stirling cry-
ocoolers have been made to date, mostly for the military in cooling infrared sen-
sors onboard tanks, airplanes, helicopters, and handheld systems. They are avail-
able in several sizes from many manufacturers. Prices range from about $5000 to
$10,000. They can be made small enough to hold in one hand and run with power
as low as 3 W (battery operation).

Disadvantages of Stirling cryocoolers include the relatively short lifetime of
about 5000 h of continuous operation (about half a year), the vibration from the
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FIGURE 12.10 Piston-displacer Stirling cryocooler with internal regenerator.



oscillating displacer, and the EMI generated by the compressor that must be in
close proximity to the cold finger. The short lifetimes occur because oil lubrica-
tion cannot be used for the rubbing parts. Research on improved materials may
lead to lifetimes of 2–3 years in the compressor and displacer. Lifetimes of 3–10
years are possible, but it requires the use of gas or flexure bearings to eliminate
rubbing contact (see discussion in Sec. 12.3.4). Much of the vibration of the linear
compressor is eliminated by the use of dual-opposed pistons to balance the forces.
However, in the cold head, there is only one displacer, and its oscillation causes
considerable vibration at the cold tip. The metal screens (usually stainless steel) of
the regenerator inside the displacer that moves in the Earth’s magnetic field gen-
erates enough magnetic noise to greatly interfere with SQUIDs. In the Stirling cry-
ocooler, the cold head must be close to the compressor to reduce void volume that
leads to losses. Typically, the separation is kept less than about 100 mm, but dis-
tances of up to about 1 m are possible with significant sacrifice in efficiency. The
motor in the compressor generates considerable EMI, which requires that it be
shielded and/or moved as far away from the cold end as possible whenever this
type of cryocooler is used for cooling sensitive instruments such as SQUIDs.

12.5.3 Examples of Stirling Cryocoolers

Figure 12.11 shows four sizes of Stirling cryocoolers that are commonly used for
military tactical applications of infrared sensors. All except the smallest cooler in
Figure 12.11 are split systems in which the cold finger can be located a short dis-
tance from the compressor. In split systems, the oscillating pressure is used to drive
the displacer through pneumatic techniques. Operating frequencies for these cool-
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FIGURE 12.11 Four sizes of tactical Stirling cryocoolers with dual-opposed lin-
ear compressors. (Courtesy of Texas Instruments.)



ers are typically about 50–60 Hz. Because they are designed for military use, a sep-
arate controller is available to provide the required ac voltage from a nominal 24-V
dc power source. The refrigeration powers listed for each cooler are for a tempera-
ture of about 77–80 K, except the 1.75-W system, which is for a temperature of 67
K. Input powers range from about 10 W for the smallest to about 70 W for the
largest. They have efficiencies at 80 K of about 8–10% of Carnot. All of the cool-
ers shown in Figure 12.11 make use of linear-drive motors and dual-opposed pis-
tons to reduce vibration. The single displacer gives rise to considerable vibration
unless a passive balancer is used or if two cold fingers are mounted in an opposed
fashion. The linear drive reduces side forces between the piston and the cylinder,
but the MTTF is still only about 5000 h (half a year of continuous operation). Ef-
forts are currently underway to increase the MTTF of these Stirling cryocoolers be-
cause they are the least reliable component in an infrared system. Other linear-drive
Stirling cryocoolers are now commercially available with refrigeration powers of
about 6 W at 80 K. Figure 12.12 shows the smallest Stirling cryocooler produced to
date. It uses a rotary motor and crankshaft to drive the piston, so the lifetime is only
a few thousand hours. Refrigeration powers of 0.15 W with 3 W of input power are
possible with this small device that is used in handheld infrared camcorders.

The development of cryocoolers for space applications has led to greatly im-
proved reliabilities, and a MTTF of 10 years is now usually specified for these ap-
plications. The Stirling cooler was first used in these space applications after flex-
ure bearings were developed (8) for supporting the piston and displacers in their
respective cylinders with little or no contact in a clearance gap of about 15 �m.
Because these flexure-bearing Stirling cryocoolers were first developed at the
University of Oxford, they are sometimes called Oxford coolers. Flexure bearings
were discussed in Section 12.3.4. Although originally used for space applications,
flexure bearings are now available in some of the tactical Stirling compressors like
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FIGURE 12.12 Miniature Stirling cryocooler used for handheld infrared video
cameras. (Courtesy of Inframetrics.)



those shown in Figure 12.11. Such systems are expected to last 3–5 years in com-
mercial applications.

The use of gas bearings is another approach being used to eliminate the con-
tact between the piston and the cylinder. Figure 12.13 shows an example of this
type of Stirling cryocooler which is currently being used for cooling high-Tc mi-
crowave filters for wireless telecommunication. It produces 7.5 W of cooling at 77
K with 150 W of input power and is expected to have a lifetime of 3–5 years. Such
systems are too new to have good statistics on lifetimes.

12.6 GIFFORD–MCMAHON CRYOCOOLERS

12.6.1 Operating Principles

The cold head of the Gifford–McMahon (GM) cryocooler is the same as that of
the Stirling cryocooler. They both use a moving displacer, usually with a regener-
ator matrix on the inside, as shown in Figure 12.10. Thus, the operating principles
for the cold head are the same as for the Stirling cryocooler. However, the dis-
placer of a GM cryocooler generally operates at frequencies of about 1–2 Hz as
opposed to 30–60 Hz for a Stirling cryocooler. The lower-frequency provides a
longer lifetime for the rubbing seal on the displacer. The displacer is driven either
with an electric motor synchronously with the valves or pneumatically by the
pressure oscillation. The pressure oscillation in GM cryocoolers is provided by
valves (rotary, slide, or poppet) located at the warm end of the cold head (or
expander unit) that switch between a low- and a high-pressure source. These
steady (or dc) pressure sources are provided with a conventional oil-lubricated
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FIGURE 12.13 Gas-bearing Stirling cryocooler with one piston and passive
balancer. (Courtesy of Sunpower.)



compressor. Such compressors can be valved piston compressors or scroll com-
pressors. They usually operate at a frequency of 50 or 60 Hz to keep the com-
pressor compact. The compressor package also contains oil-cooling and oil-re-
moval equipment as well as the aftercooler. This compressor package is usually
much larger than the cold head, but it can be located quite some distance from the
cold head (10 m or even more) and connected by two flexible gas lines and an
electrical line for driving the displacer and valves. Figure 12.14 shows a drawing
of a typical two-stage GM cryocooler system.

The Gifford–McMahon cycle was first developed (19) in the late 1950s and
is described in more detail elsewhere (20,21). These cryocoolers are most com-
monly used in two-stage 15-K versions for cryopumps in the semiconductor fab-
rication industry. About 20,000 per year are made worldwide with costs for one
unit ranging from about $10,000 to $20,000. The GM cryocooler is also used for
cooling shields to 10–15 K in magnetic resonance imaging (MRI) systems to re-
duce the boil-off rate of liquid helium or, in some cases, to reliquefy the helium at
4.2 K. Single-stage units for temperatures above about 30 K are somewhat less ex-
pensive. Refrigeration powers at 80 K generally range from about 10 to 300 W,
with input powers ranging from about 800 W to 7 kW. The oil-lubricated com-
pressors have lifetimes of at least 5 years, but the adsorber cartridge for oil
removal must be replaced once every year or two. Replacement of seals on the dis-
placer must be carried out about once every year.
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FIGURE 12.14 Drawing of two-stage Gifford–McMahon cryocooler showing
the compressor and cold head.



12.6.2 Advantages and Disadvantages

One of the major advantages of the GM cryocooler is the fact that they are com-
mercially available from a large number of manufacturers in several sizes, both in
single-stage and two-stage versions. Single-stage versions are useful for tempera-
tures down to about 30 K. With replacement of the displacer seal and the charcoal
adsorber on the compressor about once every year of operation, lifetimes of 5
years are possible. Small, single-stage GM cryocoolers are relatively inexpensive
and are in the $5000–$10,000 range. Good service is usually available for replac-
ing the displacer seals and for any other problem. The compressor can be located
quite some distance away from the cold head (even in another room) to reduce au-
dible and magnetic noise. The flexible gas lines as well as the charcoal adsorber
come equipped with self-sealing quick connects to allow them to be disconnected
from the system without losing helium gas or letting in air.

One of the major disadvantages of the Gifford–McMahon cryocooler is its
low inefficiency. The Carnot efficiencies of single-stage GM cryocoolers at about
80 K are only about 4–8% of Carnot. Thus, they require rather large compressors
with input powers that may range from about 800 W to 7 kW. For most high-Tc

electronic applications, a system with an input power of 800–1000 W would usu-
ally be sufficient because they can provide refrigeration powers at 80 K of about
10–20 W. These smaller systems are generally air-cooled, but dissipating this
power in a small, closed environment may sometimes be a challenge. The moving
displacer with a frequency of about 1 Hz is a source of considerable vibration and
magnetic noise that often interferes with sensitive electronic systems. The audible
noise of the moving displacer is sometimes bothersome. The need to replace the
seal on the displacer about once every year of continuous operation is often a great
disadvantage.

12.6.3 Examples of Gifford–McMahon Cryocoolers

Cooling for most high-Tc electronic applications can be provided with small one-
stage GM cryocoolers. Figure 12.15 is a drawing of a cold head or expander unit
that can produce about 20 W of cooling at 80 K and has a minimum temperature
of about 30 K. The refrigeration power of GM and other regenerative cryocoolers
is approximately linear with temperature over a wide temperature range. The cool-
down time to 80 K with no additional mass attached is about 30 min. It is powered
with a 1.6-kW compressor that weighs about 60 kg. Figure 12.16 shows a photo-
graph of a typical two-stage GM cryocooler in which the second (colder) stage can
reach temperatures down to about 10 K. Temperatures down to about 2 K are pos-
sible with two-stage GM cryocoolers in which special regenerator materials are
used in the second stage that have very high heat capacities below about 15 K due
to magnetic transitions.
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12.7 PULSE-TUBE CRYOCOOLERS

12.7.1 Operating Principles of Different Types

The pressure oscillation for the cold head of the pulse-tube cryocooler can be pro-
vided with a valveless compressor like that of the Stirling cryocooler, as shown in
Figure 12.3d. In this case, the pulse tube is often referred to as a Stirling-type pulse
tube. If the pressure oscillation is provided with a set of valves like that shown in
Figure 12.3e for the Gifford–McMahon cryocooler, the pulse tube is referred to as
a GM-type pulse tube. The operating principles of the cold head are the same for
both types. However, the Stirling-type pulse tube must operate at the compressor
frequency, which usually is as high as about 20–60 Hz to maintain a compact com-
pressor. The GM-type pulse tube generally operates at about 1–2 Hz, even though
the compressor operates at 50–60 Hz. The low-frequency is a result of using valve
drive motors and electronics from GM cryocoolers, where the low frequency re-
sults in longer life for the displacer seals. The low speed used with GM-type pulse
tubes ensures a long valve life, which may be as much as 3–5 years.
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FIGURE 12.15 Drawing of the cold head for a small one-stage Gifford–McMa-
hon cryocooler. (Courtesy of Daikin.)



The cold end of the pulse tube is different from that of the Stirling and
Gifford–McMahon cryocoolers in the fact that there is no moving displacer. The
moving displacer has several disadvantages. It is a source of vibration, has a lim-
ited lifetime, and contributes to axial heat conduction as well as to a shuttle heat
loss. In the pulse-tube cryocooler, shown in Figure 12.3d, the proper gas motion in
phase with the pressure is achieved by the use of an orifice, along with a reservoir
volume to store the gas during a half-cycle. The reservoir volume, at ambient tem-
perature, is large enough that negligible pressure oscillation occurs in it during the
oscillating flow. It maintains a steady average pressure that typically is around
1.5–3.0 MPa. The oscillating flow through the orifice separates the heating and
cooling effects just as the displacer does for the Stirling and Gifford–McMahon re-
frigerators. The orifice pulse-tube refrigerator operates ideally with adiabatic com-
pression and expansion in the pulse tube. Thus, for a given frequency, there is a
lower limit on the diameter of the pulse tube in order to maintain adiabatic pro-
cesses. The four steps in the cycle are as follows. (1) The piston moves down to
compress the gas (helium) in the pulse tube. (2) Because this heated, compressed
gas is at a higher pressure than the average in the reservoir, it flows through the
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FIGURE 12.16 Two-stage cold head of GM cryocooler. (Courtesy of Daikin.)



orifice into the reservoir and exchanges heat with the ambient through the heat ex-
changer at the warm end of the pulse tube. The flow stops when the pressure in the
pulse tube is reduced to the average pressure. (3) The piston moves up and expands
the gas adiabatically in the pulse tube. (4) This cold, low-pressure gas in the pulse
tube is forced past the cold end by the gas flow from the reservoir into the pulse
tube through the orifice. As the cold gas flows through the heat exchanger at the
cold end of the pulse tube, it picks up heat from the object being cooled. The flow
stops when the pressure in the pulse tube increases to the average pressure. The cy-
cle then repeats. The function of the regenerator is the same as in the Stirling and
Gifford–McMahon refrigerators in that it precools the incoming high-pressure gas
before it reaches the cold end.

One function of the pulse tube is to insulate the processes at its two ends; that
is, it must be large enough that gas flowing from the warm end traverses only part
way through the pulse tube before flow is reversed. Likewise, flow in from the cold
end never reaches the warm end. Gas in the middle portion of the pulse tube never
leaves the pulse tube and forms a temperature gradient that insulates the two ends.
Roughly speaking, the gas in the pulse tube is divided into three segments, with the
middle segment acting like a displacer but consisting of gas rather than a solid ma-
terial. For this gas plug to effectively insulate the two ends of the pulse tube,
turbulence in the pulse tube must be minimized. Thus, flow straightening at the
two ends is crucial to the successful operation of the pulse-tube refrigerator. The
pulse tube is the unique component in this refrigerator that appears not to have
been used previously in any other system. It could not be any simpler from a me-
chanical standpoint. It is simply an empty tube. However, the thermohydrody-
namic processes involved in it are extremely complex and still not well understood
or modeled. The overall function of the pulse tube is to transmit hydrodynamic
or acoustic power in an oscillating gas system from one end to the other across
a temperature gradient with a minimum of power dissipation and entropy
generation.

Pulse-tube refrigerators were invented by Gifford and Longsworth (22) in
the mid-1960s, but that type was different than what is shown in Figure 12.3d and
only reached a low temperature of 124 K. This type is now referred to as the ba-
sic pulse tube and is seldom studied any further. In 1984, Mikulin et al. (23) in-
troduced the concept of an orifice to the original pulse-tube concept and reached
105 K. In 1985, Radebaugh et al. (24) changed the location of the orifice to that
shown in Figure 12.3d and reached 60 K. Further improvements since then have
led to a low-temperature limit of about 20 K with one stage and 2 K with two
stages. This newer type of pulse-tube refrigerator is referred to as the orifice pulse-
tube refrigerator (OPTR), although, recently, the use of the word orifice is often
omitted and the designation of PTR is now common. The OPTR operates with a
completely different principle than does the basic pulse-tube refrigerator (BPTR).
The thermoacoustic refrigerator is another related device, similar to the BPTR, but
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operating at resonant frequencies of the structure, which may be as high as
500–1000 Hz. That refrigerator, like the BPTR, cannot achieve cryogenic tem-
peratures and is more useful for refrigeration at near-ambient temperatures. The
author has recently presented a more extensive review of pulse-tube refrigerators
than space permits here (25).

The three different geometries that have been used with pulse-tube cry-
ocoolers are shown in Figure 12.17. The in-line arrangement is the most efficient,
because it requires no void space at the cold end to reverse the flow direction nor
does it introduce turbulence into the pulse tube from the flow reversal. The disad-
vantage is the possible awkwardness associated with having the cold region lo-
cated between the two warm ends. The most compact arrangement and the one
most like the geometry of the Stirling cryocooler (see Fig. 12.10) is the coaxial ar-
rangement. That geometry has the potential problem of a mismatch of temperature
profiles in the regenerator and in the pulse tube that would lead to steady heat flow
between the two components and a reduced efficiency. However, that problem has
been minimized, and a coaxial geometry was developed at NIST as an oxygen liq-
uefier for NASA with an efficiency of 17% of Carnot (26). Early pulse-tube cry-
ocoolers were not nearly as efficient as Stirling cryocoolers, but advances in the
last 10 years have brought pulse-tube refrigerators to the point of being the most
efficient of all cryocoolers. Some details of this rapid progress are given in the fol-
lowing subsection.
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FIGURE 12.17 Three different geometries for pulse-tube cryocoolers.



12.7.2 Recent Developments

12.7.2.1 Phase-Shift Mechanisms

In regenerative cryocoolers, the optimum phase relationship between the pressure
and the mass (or volume) flow is to have them in phase with each other near the
center of the regenerator. With such a phase relationship, the magnitude of the av-
erage mass flow rate through the regenerator for a given PV power is minimized.
Because the regenerator losses (such as pressure drop and imperfect heat transfer)
depend mostly on the magnitude of the mass flow rate, the regenerator losses are
minimized and the system efficiency is maximized. In a Stirling cryocooler, where
the displacer is driven, the optimum phase angle can always be achieved. In the
orifice pulse-tube refrigerator, the mass flow rate and the pressure are in phase
with each other at the orifice because of the purely resistive nature of the flow
impedance in an orifice. In practice, the orifice can be any resistive flow element
such as an orifice, a needle valve (for adjustment purposes), a capillary, or a
porous plug. Because of the gas volume in the pulse tube and the regenerator, the
spatial averaged flow in the regenerator then leads the pressure by as much as
30°–50° and causes greater regenerator losses because of the large amplitude of
flow for the same PV power flow. The double-inlet system and the inertance tube
are two methods to adjust the phase between the flow and pressure in a beneficial
direction.

12.7.2.2 Double Inlet (Secondary Orifice)

In 1990, Zhu et al. (27) introduced the concept of a secondary orifice to the OPTR
in which the secondary orifice allows a small fraction (about 10%) of the gas to
travel directly between the compressor and the warm end of the pulse tube,
thereby bypassing the regenerator, as shown in Figure 12.18. They called this the
double-inlet pulse-tube refrigerator. This bypass flow is used to compress and ex-
pand the portion of the gas in the warm end of the pulse tube that always remains
at the warm temperature. The bypass flow reduces the flow through the regenera-
tor, thereby reducing the regenerator loss. An alternative explanation shows that
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FIGURE 12.18 Schematic of pulse-tube cryocooler with secondary orifice
(double inlet) and inertance tube.



the secondary orifice causes the flow at the warm end of the pulse tube to lag the
pressure, which is the desired effect. The location of the secondary orifice is
shown in Figure 12.18, along with that of an inertance tube described in the next
subsection.

Although the introduction of the secondary orifice usually led to increased
efficiencies compared to the OPTR, it also introduced a problem. Performance of
the double-inlet pulse-tube refrigerator was not always reproducible, and some-
times the cold-end temperature would slowly oscillate by several degrees with pe-
riods of several minutes or more. This erratic behavior has been attributed (28) to
a steady or dc flow that can occur around the loop formed by the regenerator, pulse
tube, and secondary orifice. An asymmetric flow impedance in the secondary is
required to cancel such a dc flow, but the amount of asymmetry is very sensitive
to operating conditions.

12.7.2.3 Inertance Tube

The inertia of the oscillating mass flow in regenerative systems causes a compo-
nent of the pressure drop in any element to lead the flow by 90°. This inertance ef-
fect is analogous to that of an inductance in electrical systems where the voltage
leads the current by 90°. Because of the resistive component of pressure drop and
the compliance (analogous to capacitance) due to void volume, the actual phase
shift will always be less than 90°. In fact, in the pulse tube and regenerator, the com-
pliance effect dominates at normal operating frequencies of 1–60 Hz. A compo-
nent with an optimized geometry to maximize the inertance effect is required to
bring about the desired phase shift of any significance. This component is known
as the inertance tube (1,25) and is shown in Figure 12.18. It is a long thin tube of
about 1–5 m in length. In practice, the required resistive component can be incor-
porated into the inertance tube, so the primary orifice can be eliminated unless
some control is desired. With an inertance tube, the flow at the warm end of the
pulse tube lags the pressure instead of being in phase as with the primary orifice. If
the phase shift is large enough to cause the flow and pressure to be in phase in the
regenerator, then no secondary orifice is required and dc flow is eliminated. The
maximum phase shift in the inertance tube increases with the frequency and flow
in the system. Small pulse tubes of only a few watts of refrigeration at 80 K usu-
ally need the addition of the secondary orifice to obtain enough of a phase shift.

12.7.3 Advantages and Disadvantages

The absence of a moving displacer in pulse-tube cryocoolers gives them many
potential advantages over Stirling and Gifford–McMahon cryocoolers. These
advantages include higher reliability, lower cost, lower vibration, less EMI, and
insensitivity to large side forces on the cold region. With some of the latest ad-
vances discussed in the previous subsection, the pulse-tube refrigerator has
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achieve efficiencies as high as 24% of Carnot at 80 K, which makes it the most ef-
ficient of all cryocoolers, at least in the temperature range and the small sizes of
interest here. These high-efficiencies are only achieved with Stirling-type pulse
tubes where there are no valves associated with the compressor. The GM-type
pulse tubes have much lower-efficiencies, comparable to those of the GM
cryocooler. A comparison of cryocooler efficiencies is given in a later section.

Disadvantages of pulse-tube cryocoolers are the difficulty in scaling to very
small sizes (less than about 10 W input power) and the possibility of convective
instabilities in the pulse tube when operated with the cold end up or horizontal in
a gravity environment. The few experiments that have been performed regarding
orientation dependence indicate that for temperatures around 80 K, there is an ori-
entation dependence during operation if the diameter of the pulse tube exceeds
some critical value, which may be around 10 mm. Such a pulse-tube diameter cor-
responds to a refrigeration power around 10 W. Another disadvantage is the rela-
tively short history of about 15 years for the orifice-type pulse tubes, the only type
that has achieved cryogenic temperatures. As a result, they are just now beginning
to find their way into the marketplace. At this time, there are not many options
available regarding commercially available pulse-tube cryocoolers, especially the
Stirling-type pulse tubes for high-efficiency.

12.7.4 Examples of Pulse-Tube Cryocoolers

Figure 12.19 shows the first commercial pulse-tube cryocooler, which was first
introduced in Japan in 1993, but is now available worldwide. It utilizes the U-
tube geometry and is driven with a Gifford–McMahon compressor requiring
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FIGURE 12.19 First commercial pulse-tube cryocooler, showing GM com-
pressor and rotary valve. (Courtesy of Iwatani.)



about 800 W of input power. A rotary valve provides the pressure oscillation
and is located some distance from the cold head to reduce EMI from the valve
motor. Oscillating frequency is about 1 Hz. The reservoir has cooling fins to aid
in the heat rejection from the warm end of the pulse tube. This pulse tube pro-
vides 2 W of refrigeration at 77 K. A newer, larger version provides 7 W at 77
K with the same compressor and 15 W at 77 K when using a 2.3-kW compres-
sor. Figure 12.20 shows one of the latest space-qualified pulse-tube cryocoolers
designed for cooling infrared sensors on the Integrated Multispectral Atmo-
spheric Sounder (IMAS) (29). It provides 1.0 W of cooling at 55 K and 2.5 W
at 80 K with only 51 W of input power to the compressor (30) to give an effi-

412 Radebaugh

FIGURE 12.20 Light-weight and high-efficiency pulse-tube cryocooler for
space applications. (Courtesy of TRW.)

FIGURE 12.21 Cross section of mini-pulse-tube with single piston and passive
balancer. (Courtesy of TRW.)



ciency of 13.5% of Carnot at 55 K. It uses the latest technology in flexure-bear-
ing compressors to reduce the size and mass of the compressor. The cold head
is an in-line arrangement and the support structure also serves as the reservoir.
Total mass of the valveless compressor and pulse-tube cold head is only 3.2 kg.
A schematic of a mini-pulse-tube cryocooler developed for space applications is
shown in Figure 12.21. It is an integral system that produces 0.5 W of cooling
at 80 K with 17 W of input power (31). The total length of compressor plus cold
end is about 300 mm. Over 20 of these mini-pulse-tubes have been developed
for space missions. Another miniature-pulse-tube cryocooler using a U-tube
configuration is shown in Figure 12.22.

12.8 CRYOCOOLER OPERATING REGIONS AND

COMPARISONS

12.8.1 Operating Regions

The typical operating region for various cryocoolers is shown in Figure 12.23.
Some of these boundaries have not been fully explored, especially the larger sizes
for pulse-tube refrigerators. Developments on industrial-size pulse-tube refriger-
ators utilizing flexure-bearing compressors up to 20 kW of input power are just
now beginning. These will be useful for the power applications of high-tempera-
ture superconductors and for industrial gas liquefaction. The chart in Figure 12.23
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FIGURE 12.22 Mini-pulse-tube cryocooler with U-tube geometry and dual-op-
posed pistons. (Courtesy of Lockheed Martin.) 



also shows the operating regions for various applications, including most of the
superconducting applications. Electronic applications of high-temperature super-
conductors generally require refrigeration powers less than about 10 W for tem-
peratures between about 60 and 80 K. Occasionally temperatures down to about
30 K are needed. Figure 12.23 shows that for the 60–80 K region below 10 W, the
mixed-gas Joule–Thomson, Stirling, Gifford–McMahon, and pulse-tube cry-
ocoolers would all be useful. It is very important to point out that commercially
available cryocoolers often do not meet the specifications required for a success-
ful market introduction of a superconducting device. One or more of the cry-
ocooler problems listed in Section 12.3.5 are often serious enough that special
research and development efforts are needed to eliminate or reduce the problem
before the complete system becomes marketable.

12.8.2 Cryocooler Efficiencies

Figure 12.24 compares efficiencies of various types of cryocooler operating at
80 K as a function of the input power to the compressor. The data used in
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FIGURE 12.23 Applications and operating regions for various cryocoolers.



Figure 12.24 are from the last 10 years and include mostly high-efficiency cool-
ers of each type. Two facts emerge from this figure. The first is that efficiencies
improve with larger sizes and the second is that pulse-tube refrigerators with Stir-
ling-like (valveless) compressors are the most efficient of all cryocoolers. The
highest efficiency of 24% of Carnot at 80 K was recently achieved (32) in a pulse-
tube cryocooler similar to that shown in Figure 12.20. The efficiencies of mixed-
gas JT cryocoolers increases rapidly as the temperature is increased from 80 to 90
K, whereas the efficiency of the other cryocoolers changes very little with tem-
perature over this temperature range. Recent results using a mixed-gas JT cry-
ocooler with a precooling stage gave an efficiency of 18% of Carnot at 100 K, but
it dropped to 6.4% at 90 K (18). The efficiencies of small cryocoolers has in-
creased considerably since 1974, when the survey by Strobridge (10) showed an
average efficiency of about 2% of Carnot at a refrigeration power of 1 W at 80 K.
A 1998 survey (33) showed the average efficiency for a 1-W cryocooler at 80 K
had increased to about 5%. Efficiencies of 10–20% of Carnot for pulse tubes and
some Stirling cryocoolers are now being achieved in this size range. Most of these
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FIGURE 12.24 Efficiencies of various types of cryocoolers at 80 K.



high-efficiencies are with cryocoolers designed for space applications. Lower-
cost commercial coolers may not quite achieve these high-efficiencies. Gifford–
McMahon cryocoolers and pulse tubes driven with the GM compressors have
much lower-efficiencies. These types of cryocooler would normally be used in ap-
plications where efficiency is not so important. A recent comparison of efficien-
cies, mass, and size of all types of space cryocoolers is given by Donabedian et al.
(30).

12.8.3 Vibration and Electromagnetic Interference

Vibration and electromagnetic radiation can significantly degrade the perfor-
mance of sensitive superconducting electronic devices. Acoustic noise, although
not necessarily interfering with the electronics, can be a nuisance to personnel
when they are near the system for long periods of time. Vibration can be char-
acterized in several ways. One of the most common and easily defined methods
is to measure the force transmitted by the cooler into a very rigid and heavy
mass. Figure 12.25 compares this transmitted force from the various types of
small cryocoolers as well as that from a dewar of boiling liquid nitrogen. Mea-
surement with miniature turbo-brayton cryocoolers have not been able to detect
any measurable vibration so far. The cold tip of a pure-nitrogen JT cryocooler
(34) has shown lower vibration than that of boiling liquid nitrogen (35), whereas
the cold tip of a mixed-gas JT cryocooler shows somewhat more vibration be-
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FIGURE 12.25 Vibration force transmitted by various cryocoolers.



cause of the heavier fluids used (35). The size or power of a cryocooler has a
large effect on the transmitted force. For example, the mini-pulse-tube cooler
(31) has a lower vibration output than the larger integral pulse-tube systems
(36). When many of the higher-order harmonics are canceled by electronic feed-
back control (harmonic waveform suppression), the vibration of these larger sys-
tems is reduced further (37). In the case of the tactical Stirling cryocoolers, vi-
bration at the cold end can be reduced by using two opposed displacers (38) or
with active suppression of the vibration by piezoelectric actuators (39). The
largest vibrations occur with the Gifford–McMahon cryocoolers because of the
large displacer required for operation at a low frequency of about 1 Hz. As
Figure 12.25 shows, the vibration of even a large 4-K GM-type pulse tube is
much less than a GM cryocooler (40). The lower values for the GM-type pulse
tube are for smaller 80-K systems. Figure 12.25 also gives some representative
amplitudes of motion and acceleration.

The compressors of all the cryocoolers are major sources of radiated mag-
netic noise because of the large currents required to drive the motors. In some
cases, motors are used to drive displacers of Stirling and GM cryocoolers, so they,
too, become sources of EMI, but are at somewhat lower levels because of the
much lower currents to drive these smaller motors. Figure 12.26 shows a plot of
the radiated fields at 7 cm from the small integral pulse-tube cooler illustrated in
Figure 12.20 (29). The fields can be reduced by about 20 dB at frequencies below
about 200 Hz with the addition of a magnetic shield around the compressor hous-
ing. The maximum allowed fields for military requirements are indicated by the
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FIGURE 12.26 Radiated magnetic field 7 cm from a small integral pulse-tube
cryocooler.



curve labeled MIL-RE01. Most Stirling coolers have very similar radiated fields.
Joule–Thomson and GM-type pulse tubes can have lower EMIs because the cold
end can be moved quite some distance from the compressor. In the case of the
GM-type pulse tube, even the rotary valve needs to be moved some distance from
the cold head, but that sacrifices performance.

12.9 APPLICATIONS OF CRYOCOOLERS WITH HTS

DEVICES

One of the most challenging problems in cooling superconductors with cryocool-
ers is that of reducing the associated vibration and EMI caused by the motor and
other moving parts. The problem is most serious with SQUIDs, because of their
extreme sensitivity to magnetic fields and to vibration in the Earth’s magnetic
field. Thus, we concentrate this section on these applications.

To reduce noise in a superconducting device caused by the cryocooler, the
following points should be considered: (1) selection of cryocooler type, (2) selec-
tion of materials, (3) distance between cryocooler and superconductor, (4) mount-
ing platforms, (5) shielding, (6) thermal damping, and (7) signal processing. With
regard to cryocooler types, the Joule–Thomson and pulse-tube cryocoolers are
good choices because they have no cold moving parts. Because the pulse-tube cry-
ocooler uses oscillating pressures, the temperature of the cold tip will also oscil-
late slightly at the operating frequency. The first published use of a cryocooler to
cool a high-Tc SQUID was in 1994 by Khare and Chaudhari (41) and involved a
miniature Stirling cryocooler that provides 150 mW at 77 K and requires 3 W of
input power. Figure 12.27 is a photograph of the SQUID package (10 mm � 10
mm) mounted on the cold tip of this miniature cryocooler. At the 43-Hz funda-
mental frequency, the magnetic noise was about 10-9 T/Hz1/2, but there was no
measurable noise from the cooler in the range 4–100 kHz. The small size of the
cooler helps to keep the noise signals low. More recent high-Tc SQUIDs have
achieved much lower intrinsic noise levels and special efforts must be made to
keep the noise from cryocoolers low enough so as not to significantly affect the
SQUID signal.

A combination of techniques such as shielding of the Stirling compressor,
use of dual, opposed pistons and displacers, and separation of SQUIDs from the
cold finger by flexible copper braids was used for a high-Tc SQUID heart scanner
cooled with a pair of tactical Stirling cryocoolers (42). The field noise spectra
measure by the SQUID is shown in Figure 12.28 with and without shielding, as
well as with the compressor turned off. The noise with the shielded compressor is
only slightly above the background level. Figure 12.29 shows a magnetocardio-
gram recorded with this cryogen-free system.

With a careful selection of materials and a separate support for a high-Tc

SQUID magnetometer in a �-metal shield, Lienerth et al. (43) used a GM-type
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FIGURE 12.27 Miniature Stirling cooler with SQUID package mounted on the
tip of the cold finger. The SQUID package is approximately 1 � 1 cm. (Repro-
duced from Ref. 41 with permission.)

FIGURE 12.28 Magnetic field noise measured by a high-Tc SQUID magne-
tometer cooled with a Stirling cryocooler: (a) no magnetic shielding; (b) mag-
netic shielding around the compressors; (c) coolers off. (Reproduced from
Ref. 42 with permission of Cryogenics.)



pulse-tube cooler for the system and achieved a white-noise level above 1 kHz
of 35 fT/Hz1/2 compared with 45 fT/Hz1/2 for liquid-nitrogen cooling. In fact,
the white-noise level for cooling with the pulse tube was less than with
liquid-nitrogen cooling for all frequencies above about 2 Hz. However, the pulse-
tube produced sharp peaks in the noise spectra at the operating frequency of 4.6
Hz and its harmonics. Earlier measurements in the same laboratory compared vi-
bration and field noise spectra at the cold tips of a mixed-gas JT cooler and a
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FIGURE 12.29 Magnetocardiogram recorded with high-Tc SQUID magne-
tometer cooled with a Stirling cryocooler. (Reproduced From ref. 42 with per-
mission of Cryogenics.)

FIGURE 12.30 Vibration at the cold tip of a pulse-tube cryocooler and a mixed-
gas JT cryocooler. (Reproduced from Ref. 44 with permission of IEEE.)



pulse-tube cooler (44). These comparisons of vibration and field noise are shown
in Figures 12.30 and 12.31. Except for the sharp peaks in the noise spectra at the
operating frequency and its harmonics, the pulse-tube cooler produced less noise
than the JT cooler and less noise than with liquid-nitrogen cooling at frequencies
above about 40 Hz. The broad vibration and noise peaks in the frequency range
from 100 to 500 Hz with the JT cooler may be caused by turbulent fluid flow.
Researchers are still at an early stage in the integration of cryocoolers for use
with SQUIDs. Interference problems are less severe when using cryocoolers
with other superconducting devices, such as microwave filters for wireless
telecommunication, either in ground-based stations (45) or in satellite stations (46).

Considerable research and development is still required to reduce some of
the problems associated with cryocoolers in their use with HTS devices. Of par-
ticular concern is cost, reliability, EMI, and, in some cases, efficiency, before
high-temperature superconducting devices can easily compete with conventional
electronics in the marketplace.
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High-Temperature Superconductor
Electronics: Status and Perspectives

Shoji Tanaka

Superconductivity Research Laboratory, ISTEC, Tokyo, Japan

13.1 INTRODUCTION

After the discovery in 1986, many kinds of high-Tc superconductor (HTS) have
been found, and the critical temperature was raised up to 130 K in mercury-based
compounds. In the first 10 years, however, they have been the objects of material
sciences primarily, because they are quite peculiar cuprates and it was necessary
to understand the physical properties, chemical properties, and so on.

At around 1995, the trends in the applications of HTS became clear. The 
development of microwave filters and superconducting quantum interference de-
vices (SQUIDs) have been accelerated. Furthermore, the applications of well-
known low-Tc superconductors (LTSs) were stimulated by the progress of HTS
research and developments, and the application of LTS SQUIDs to medical elec-
tronics and study of single flux quantum (SFQ) devices started. As for materials
for the LTS devices, only Nb-based compounds are used.

Over the past 20 years, the progress of the Internet has been remarkable; and
it covers the whole world and is changing the structure of our society to form the
so-called “ubiquitous society.” Superconductivity electronics must have a great
impact on the progress of the Internet, as will be mentioned in this chapter.
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13.2 MICROWAVE FILTERS

High-Tc superconductor microwave filters and low-noise amplifiers for mobile
telephone base stations have been the first commercialized devices in HTS elec-
tronics. HTS-based systems offer an improved quality in wireless communica-
tions, with increased area coverage and reduced interference.

Currently, the mobile telephone system is connected to the Internet, and ser-
vice is widely improved (e.g., i-mode). Especially in Japan, third-generation (3G)
wireless communication began last year in major cites, which is close to becom-
ing a picture phone system. The area of this service is limited at present, but after
an extremely large number of users join this system, the HTS microwave filters
will be used in order to prevent interference. The number of base stations in Japan
is increasing and is expected to become 200 thousand in the year 2010. This may
become a large market for the microwave filters.

It is not clear at present when a software-defined radio system will be intro-
duced, but we expect that it will be introduced in the fourth-generation communi-
cation system (4G) around the year 2010. However, in order to construct the soft-
ware-defined radio system, it is necessary to develop a high-quality AD converter
of 200 MHz and 16 bits using very high-speed SFQ circuits.

13.3 SQUID

The SQUID is the most well-known superconducting device and it has a high sensi-
tivity for detecting small magnetic fields. Thus, it has many possibilities for applica-
tions in various fields. Before 1990, however, real application was limited because
LTS SQUIDs must be cooled down to a liquid-helium (He) temperature of 4.2 K.

Around 1990, applications to the medical electronics for magnetic diagnos-
tics of heart and brain activity started in many countries; in Japan, a project 
for constructing new systems of observing magnetic brain waves by using 
256-channel LTS SQUIDs and also of observing magnetic heart waves by using 
36-channel HTS SQUIDs was started. The system for detecting human magnetic
brain waves is now used for the study of brain activity in universities and the sys-
tems for detecting magnetic heart waves will now be commercialized after a li-
cense from the government is obtained. Recently, LTS SQUIDs are used even in
magnetic heart wave detecting systems to obtain more precise information. It is
hoped that the market for these magneto-cardiographic systems expands rapidly
and reaches that of magnetic resonance imaging (MRI).

The application of SQUIDs for the precise voltage standard has been per-
formed, and the application to nondestructive evaluation systems in materials of
airplanes and other constructions is very hopeful.

Recently, the SQUID microscope has appeared. In this equipment, the LTS
SQUID is used to observe the distribution of weak magnetic fields in a sample
with high accuracy; thus, it is possible to observe the distribution of magnetic flux
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quanta in superconducting thin films with a precision of a few microns. There also
seems to be a potential market in the application for the observation of biomateri-
als, where very fine magnetic particles are attached.

13.4 RSFQ LOGIC DEVICES

At present, the developments of rapid-SFQ (RSFQ) logic circuits are the most ex-
citing subject in superconducting electronics, as the RSFQ device has an ultrafast
operating speed of several hundred gigahertz and a very small power dissipation
of the order of 10 nW. The principle of the RSFQ device is very simple; the quan-
tum flux stored in a superconducting loop is used as an individual bit of informa-
tion. The quality of Josephson junctions included in the loop is the most important
factor in constructing an integrated RSFQ circuit.

The structures of the RSFQ devices of LTS and HTS are shown in Figs. 13.1
and 2. For LTS, the stacked junction of Nb–A1Ox–Nb is used. In the case of HTS,
the ramp-edge junction of YBCO–barrier–YBCO is used, and, sometimes, YBCO
is used as a counterelectrode to lower deposition temperatures.

The most important factor in both cases is the standard deviation (�) of the
critical current of the junction. At present a nearly 1% deviation in LTS and 6% in
100 junctions of a HTS are obtained at 4.2 K. We expect that a 5% deviation will
be obtained soon, with 1000 HTS junctions, which means that the sigma–delta AD
converter will be made in the yield of 50% if suitable designs are made, as shown
in Fig. 13.3. The road maps of the LTS junctions are now presented by many in-
stitutions and one of them is shown in Table 13.1. The road map of a HTS SFQ is
not available yet, as the HTS SFQ is only 5 years in use.
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FIGURE 13.1 Structure of a LTS RSFQ device.
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FIGURE 13.2 Structure of a HTS RSFQ device.

FIGURE 13.3 Relation between the Ic standard deviation and the number of
junctions in a circuit.



The possibility of LTS RSFQ circuits has been discussed in relation to its
use in the future peta-flops computers, mainly in the United States. Recently, a
new design of the Microprocessor Unit (MPU) of 16 bits and 25 GHz, the Flux
Chip, was proposed by the SUNNY group and its production is in progress at
TRW.

As for the HTS RSFQ, fundamental circuits for future logic circuits were
made already, and they proved to operate in a very high speed of a few hundred gi-
gahertz. These are the toggle flip-flop (9JJs) operated at 270 GHz at 4.2 K (SRL),
the ring oscillator (21JJs) at 30 GHz at 30 K (Toshiba), and the sigma-delta mod-
ulator (11JJs) at 100 GHz at 20 K (Hitachi). The high-speed sampler is shown in
Fig. 13.4, which was developed recently by NEC. It consists of 17 JJs and shows a
beautiful wave form of 15 GHz. We expect that it will soon accomplish observa-
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TABLE 13.1 Superconducting LSI (Large Scale Integration) Technology
Road Map

Year

1999 2005 2010

Fabrication process
Junction size (µm) 2.0 1.0 0.8
Junction current
Density (kA/cm2) 2.5 10.0 15.6
Number of junctions 10 K 100 K 1 M

Memory
Memory density (bits/chip) 256 16 K 1 M
Clock frequency (GHz) 5 10 10

Logic
Clock frequency (GHz) 50 50
Performance 16-bit MPU 64-bit MPU

FIGURE 13.4 Sampler circuit with JTL buffers. (a) HTS sampler circuit with
6-stage JTL buffers using 17 Josephson junctions; (b) measured 18 GHz
waveform.

(a) (b)



tions higher than 50 GHz. These results proved the very fast operations of the HTS
RSFQ circuits, and, we hope, circuits with more than 100 JJs will appear very soon.

13.5 IMPACT OF THE INTERNET

The progress of the Internet creates new possibilities for the RSFQ devices. In
Japan, optical fibers will be equipped in offices and homes (Fiber To The Homes)
this year, and communication at 100 Mbps will become very popular. In such a very
fast communication, communication nodes, servers, and routers must be operated
in a rate of more than 10 Tbps, which exceeds the operation speed of semiconduc-
tor devices. Thus, very fast and very powerful conservative RSFQ circuits are nec-
essary. Furthermore, it is expected that in the mobile communication system of the
fourth generation, the communication speed will be 100 Mbps also. Such a “broad
band and wireless” technology requires the suitable combinations of optical fibers,
semiconductors, and superconductors. Therefore, it is believed that the develop-
ment of the RSFQ circuits of both LTS and HTS must be accelerated.

13.6 SUMMARY

In the coming 10 years, the primary goal worldwide must be the very fast progress
of the communication technology of the Internet. The era of picture communica-
tion is coming soon, for which a great amount of information will be exchanged
at a very high speed of 100 Mbps. However, the progress of the information pro-
cessing technology is rather slow compared to that of the communication tech-
nology, due to the saturation in the developments of information storage systems
and semiconductor devices. This mismatch between the two important technolo-
gies will result in the substantial dissipation of electric power in society as a
whole. Therefore, the role of the RSFQ circuits of very high-speed operation and
very low power dissipation will become very important. The circuits of very high
integration of the LTS RSFQ could be used in every node of the Internet. The cir-
cuits of medium-scale integration of the HTS RSFQ will be used in the base sta-
tions of mobile communication systems in offices and homes. The developments
of future RSFQ technologies must be accelerated in order to realize such expecta-
tions, and it will also expand the applications of superconductivity electronics in
many fields.
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H-T phase diagram, 13
mixed state, 12
Type I superconductor, 12
Type II superconductor, 12, 33

Cryocooler:
Brayton, 388
compressor, 389

electromechanical, 390
flexure bearing, 392
linear, 390
oil free, 391

efficiencies, 414
electromagnetic interference, 416
electromagnetic noise, 393
Gifford-McMahon, 388, 402
with HTS Devices, 418
Joule-Thomson, 388, 393

mixed gases, 394, 395
open cycle, 397

Kleemenko cycle, 395
magnetic noise, 417
mean time to failure (MTTF), 393,

401
mixed refrigerant cascade (MRC),

395
operating region, 413
pulse tube, 388, 405
recuperative, 388
regenerative, 389
regenerative phase relationship, 409
Stirling, 388, 398

Cryogenic fluids, 384
properties, 385

CuO2, 30

Delay line, 337
Digital circuits:

RSFQ HTS, 428

RSFQ logic devices, 427
RSFQ LTS, 427

Digital circuits HTS:
analog to digital converter:

counting type, 304
flush type, 303
sigma-delta, 305

balanced comparator, 300
comparator based on quasi one

junction SQUID, 303
coplanar delay line, 310
DATA SQUID, 297
delay line memory, 308, 310, 311
flip-flop, 429
JTL buffer, 429
READ SQUID, 297
reset-set flip-flop (RS-FF), 297, 299
ring oscillator, 300, 429
RSFQ circuit, 297
sampler, 306, 429
sampler chip, 308
shift register, 299, 300
sigma-delta modulator, 429
voltage divider, 301

Digital filtering, 305
Digital SQUID, 238
Duplexer, 339, 340

Electron backscattered pattern from
YSZ/CeO2, 55

Electron doped HTS compound, 32,
72

Energy gap, 17
of Ba1�xKxBiO3, 18
of Bi1.7Pb0.3Sr2CaCu2Ox, 18
of Bi2Sr2CaCu2O8��, 18
of HgBa2Ca2Cu3O8��, 18
of (Nd2�xCex)CuO4�y, 18
of Tl2Ba2Ca2Cu3Ox, 18
of Tl2Ba2CuO6, 18
of YBa 2Cu3O7��, 18
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Energy gap nodes, 18, 19
Epitaxial growth of thin film:

Frank-van der Merwe, 47
Stranski-Krastanov, 47, 48
Volmer- Weber, 47, 48

Film growth techniques, 34
coevaporation, 35
liquid phase epitaxy, 39, 46
metal-organic chemical vapor

deposition, 39
molecular beam epitaxy, 35
pulsed laser deposition, 36
sputtering, 38

Filters, 330, 426
3D filters, 332
bandwidth, 331
dielectric resonator high-Tc film,

332
electrically tunable, 339
elliptic function, 333
hairpin, 332, 333
insertion loss, 331
lumped element, 333, 334
magnetically tunable, 339
meander shaped, 333
parallel-coupled-transmission line,

332
performance, 331
planar, 332
split resonators, 335

Flux focuser, 244, 245
Flux quantization, 15
Flux transformer, 238

multiple turn, 245
single layer, 245

GdBa2CuO7, 50
Gradiometer:

first order, 239
HTS electronic, 249, 251
HTS field sensitivity, 251, 252

HTS flip chip, 249, 251
HTS single layer direct-coupled

SQUID, 249
second order, 239

Grain boundaries:
as weak links, 16, 109
basal-plane-faced (BPF) grain

boundary, 107, 111, 114, 132,
136

critical current for Symmetric and
BPF grain boundaries, 136

dependence of Jc on misorientation
angle, 33

microstructure of grain boundary,
113, 135

misorientation angle, 33
symmetrical 90° tilt grain boundary,

106, 111, 132
TEM image of grain boundary, 115
tilt grain boundary, 110
transport properties of 90° [100] tilt

grain boundary, 132

HgBa2Can-1CunO2n�2��, 65
cation exchange, 66
thin film, 65

magnetic field dependence of Jc,
67

temperature dependence of Jc, 66
HTS film:

ex-situ post annealing, 39
radiation effect, 371
stability and passivation, 371
substrate, 40
substrate selection, 370

Infinite layer (Ca,Sr)CuO2, 31, 74
Internet, 430
Ion beam assisted deposition, 56
Ion-etching rates of:

��C, 117
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LaAlO3, 117
MgO, 117
Nb, 117
photoresist, 117
S-1813, 117
SrTiO3, 117

Ion milling, 88
IR detector:

absorber efficiency, 362
detectivity, 356, 367
HTS arrays, 368
materials, 358
noise equivalent power (NEP), 356,

366
room temperature HTS, 369
superconducting regime detectors,

369
superconducting transition edge,

353
effect of magnetic field, 372
noise, 364
temperature regulation, 372

Josephson effect, 166
ac, 167
dc, 167

Josephson fluctuators, 195, 212
Josephson junction:

coupling strength, 235
critical current spread, 284
critical current standard deviation,

427, 428
displaced linear slope (DLS), 127,

130
Eck step, 126
effect of magnetic field, 167
effect of magnetic field on junction

noise, 182
excess noise, 179
Fisk steps, 125
IcRN, 95, 122, 143, 196, 283, 290,

294

IcRN-Jc scaling behavior, 197
McCumber parameter, 119, 130,

199, 236, 283
noise temperature, 182
proximity effect, 94
RSJ model, 93, 122, 167, 197
Shapiro step, 94
SIS, 167
SNS, 86, 167, 216
source of low frequency noise, 181
spread of RN and IcRN, 285
temperature dependence of IcRN,

290
Josephson junction HTS:

bicrystal junction, 86, 196, 241
biepitaxial junction, 86, 241
grain boundary, 241
interfaced engineered ramp-edge

junction, 293
ramp edge junction, 85, 86, 241,

292
cross-section of

YBCO/PBCO/YBCO, 296
fabrication, 87
N-layer barrier material, 91
superconducting electrodes, 90,

91
step-edge junction, 86, 104, 196,

241, 294
fabrication, 117
magnetic field dependence of

critical current, 123
transport properties, 119

Josephson noise thermometry, 171
Josephson oscillation, 168
Josephson oscillator line width, 131
Josephson penetration depth, 119, 126

La2-xBaxCuO4, 2, 4

La2-xSrxCuO4, 70
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Lattice constants and Tc of:
Bi2Sr2Ca2Cu3O10, 4
Bi2Sr2CaCu2O8, 4
Bi2Sr2CuO6, 4
HgBa2Ca2Cu3O8, 4
HgBa2CaCu2O6, 4
HgBa2CuO4, 4
La1.6Ba0.4CuO4, 4
La2�xSrxCuO4, 4
(Nd,CeSr)CuO4, 4
(Nd2�x Cex)CuO4, 4
Tl2Ba2Ca2Cu3O10, 4
Tl2Ba2CaCu2O8, 4
Tl2Ba2CuO6, 4
TlBa2Ca2Cu3O9, 4
TlBa2Ca3Cu4O11, 4
TlBa2CaCu2O7, 4
TlBa2CuO5, 4
Y2Ba4Cu7O14, 4
YBa2Cu3O7, 4
YBa2Cu4O8, 4

Lattice match, 51
Lattice parameters for:

Al2O3, 105
LaAlO3, 105
MgO, 105
NdGaO3, 105
SrTiO3, 105
YBCO, 105

Low noise amplifier, 340

Magnetic field fluctuation, 214, 217
MCG, 254, 255
MEG, 253
Microwave subsystem, 339, 341
Mobility fluctuation of electrons, 156
Monte Carlo, 291
Multiloop SQUID, 201
Multiplexer, 341

(Nd,Ce)CuO4, 72
Nd1.85Ce0.15CuO4�� epitaxial film, 72

resistivity behavior, 73

NdBa2Cu3O7, 58
film by pulsed laser deposition, 59
film SEM micrograph, 61
P(O2)-T phase diagram, 60

Noise:
1/f noise, 166, 173
burst, 166
conduction noise, 150
in dc SQUID, 185

1/f noise, 187
white noise, 185

due to temperature fluctuation, 160
flicker, 166
flux noise, 212, 219, 236

frequency dependence, 226
in high-Tc materials, 212
in high-Tc due to flux creep, 220
Hooge’s parameter, 166
measurement, 174, 177
models, 179
Nyquist, 171
percolation noise, 156
p-noise, 157
power density spectra, 151
quantum, 172
reduction by impedance matching,

175
resistance fluctuations, 151
shot, 166
in SQUIDs, 212
telegraph, 166, 223
temperature dependence, 152
thermal emfs, 175
thermal noise, 165, 169, 236, 286
thermal noise effect on T-FF logic

operation, 290
voltage noise, 151
voltage spectrum density, 171

Oxycarbonate cuprates, 73
phase stability, 74
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Parasitic inductance, 290
Penetration depth, 14

Corter-Casimir, 295, 296
effective field penetration depth,

213
temperature dependence, 14, 295

Percolation:
3D/2D crossover, 155, 159
biased percolation, 158
noise, 156
percolation temperature regime, 153

Peta-flops computers, 429
Phase diagram for Dy-Ba-Cu-O, 36
Phase shifters, 338
Portable high-Tc SQUID system, 263
Pulse tube refrigerator, 407

orifice, 407
secondary orifice, 409

Quantum detector, 352

Reflection high energy electron
diffraction (RHEED), 36, 38,
47, 68, 71

Resonators, 324
cavity, 324
coaxial cavity, 326
coplanar, 328, 329, 330
dielectric high-Tc film, 326
disk, 330
electrically tunable, 339
helical, 326
of high-Tc characteristics, 325
magnetically tunable, 338
microstrip, 328, 329, 330
planar, 328
ring, 328, 329
stripline, 328, 329

RF SQUID, 193, 234
bulk high-Tc materials, 221
hysteretic mode, 204
inductance, 198, 200

nonhysteretic mode, 195, 202
sensitivity, 207
small fluctuation limit, 199, 202
UHF pumping, 209
washer type, 201

Rolling assisted biaxially textured
substrate (RABITS), 54

Screen printing, 10
Second law of thermodynamics, 383
Semiconductor sampler, 307
SFQ circuits:

DC/SFQ converter, 282
fabrication of SFQ circuits, 291
HTS SFQ circuit, 297
Josephson transmission line (JTL),

282
SFQ gate, 281
SFQ loops, 285
SFQ/DC converter, 282
superconducting ground plane, 294

Single flux quantum (SFQ), 95, 280
Spin-coating, 10
Spiral growth, 48
Spray pyrolysis, 10
SQUID, 193, 234, 426

$ parameter, 235
application:

biological immunoassays, 263
biomagnetic measurements, 252
geophysical, 224, 261
geophysical spinning rock

magnetometer, 262
geophysical transient

electromagnetic exploration,
261

nondestructive evaluation (NDE),
224, 256
NDE of aircraft parts, 258

SQUID microscope, 259
SQUID-based amplifier, 264
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SQUID-based picovoltmeter, 263
based on ramp edge junction, 96
based on step edge junction, 141
dc-SQUID, 234
designing, 235
energy resolution, 236
energy sensitivity frequency

dependence, 226
rf-SQUID, 234
transfer function, 211, 236
in unshielded environment, 247

SQUID magnetometer, 237
SQUID magnetometer (HTS):

applications, 252
direct-coupled, 243
flip-chip, 244
magnetic field sensitivity, 243, 246,

247
monolithic, 247
multichannel, 254, 255
single-layer, 243

STM image of YBa2Cu3O7 film, 49
Structure of:

Bi2Sr2Can�1CunOx, 7
(Ca,Sr)CuO2, 31
high-Tc superconductors, 4–8
La2CuO4, 31
(La,Ba)2CuO4, 5
perovskite, 5
SrTiO3, 41
superconducting cuprates, 30
Tl2Ba2Can�1CunO2n�4, 8
TlBa2Can�1CunO2n�3, 8
YBa2Cu3O7, 5, 42

Substrates for HTS Microwave
devices, 318

properties of:
CaNdAlO4, 319
GdAlO3, 319
LaAlO3, 319
MgO, 319

NdAlO3, 319
NdGaO3, 319
Sapphire, 319
SrLaAlO4, 319
SrLaGaO4, 319
YAlO3, 319

Superconducting LSI Technology
Road map, 429

Superlattice structure
SrCuO2/BaCuO2:

superconducting transition, 77
XRD, 76

Surface impedance, 320
Surface resistance, 321

frequency dependence, 321, 324
measurement, 321

using cavity resonant structure,
321

using coaxial cavity, 323
using dielectric resonator, 321
using patterned resonant

structure, 321
Symmetry of order parameter, 19, 323

 phase shift, 124
d-wave, 20, 124
nodes, 19
s-wave, 20

TEM image of:
a-axis oriented YBa2Cu3O7 film,

57, 58
Bi-2278, 69
CeO2/Ni, 54
YBa2Cu3O7/YSZ/CeO2/Ni, 54

Thermal detector, 352
models, 362

Thermal fluctuations, 200, 209
Tl2Ba2Can�1CunO2n�4, 59

thin film, 62
TlBa2Can-1CunO2n�3, 59

thin film, 64
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Toxicity, 9
Transition temperature, 2, 3, 4

variation of Tc with carrier density
for Tl2BaCuO6, 32

Two fluid model, 319

YBa2Cu3O7:
crystal structure, 42
growth mode, 47
mean free path, 361
orthorhombic, 43
P(O2)-T phase diagram, 44, 45
STM image, 49
Tc dependence on oxygen content, 32
twinning, 43

YBa2Cu3O7 film:
a-axis oriented, 43, 56, 57

TEM image, 57, 58
c-axis oriented, 43
by coevaporation, 44
double sided film on LaAlO3, 44
epitaxial growth, 42

on exact substrates, 105
by liquid phase epitaxy, 46
by metal-organic chemical vapor

deposition, 45
on metal substrate, 53
on MgO, 51
by molecular beam epitaxy, 44
by pulsed laser deposition, 44
RHEED oscillation, 48
on r-plane sapphire, 52
SEM, 51
on silicon, 52
by sputtering, 44
on SrTiO3, 49
superlattice YBa2Cu3O7/PrBa2Cu3

O7, 45
on vicinal cut substrate, 108
on YSZ, 52

YBCO film grown on step:
lattice image, 112
TEM picture of microstructure, 111
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