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ABSTRACT OF DISSERTATION

A PRECISION INSTRUMENT FOR RESEARCH INTO NANOLITHOGRAPHIC
TECHNIQUES USING FIELD-EMITTED ELECTRON BEAMS

Nanomanufacturing is an active research area in academia and industry due to the
ever-growing demands for precision surface modifications of thin films or substrates
with nanoscale features. Conventional lithographic techniques face many challenges
as they approach their fundamental limits. Consequently, new nanomanufacturing
tools, fabrication techniques, and precision instruments are being explored and devel-
oped to meet these challenges. It has been hypothesized that direct-write nanolithogra-
phy might be achieved by using a field-emitted electron beam for nanomachining. This
dissertation moves this research one step closer by developing a precision instrument
that can enable the integration of direct-write nanolithography by a field-emitted elec-
tron beam with dimensional metrology by scanning tunneling microscopy. First, field
emission from two prospective electron sources, a carbon nanotube field emitter and a
sharp tungsten field emitter, is characterized at distances ranging from sub-micrometer
to a few micrometers. Also, the design and construction of a low thermal drift piezo-
electric linear motor is described for tip-sample approach. Experiments indicate that:
the step size is highly repeatable with a standard deviation of less than 1.2 nm and the
thermal stability is better than 40 nm/°C. Finally, the design and construction of the in-
strument are presented. Experiments indicate that: the instrument is operating properly
in scanning tunneling microscope mode with a resolution of less than 2 A.

KEYWORDS: Precision Instrument, Nanomachining, Nanolithography, Scanning Tun-
neling Microscope, Electron Field Emission
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Chapter 1

Introduction and Thesis Overview

1.1 Introduction

Nanomanufacturing has become a very active research area in academia and in indus-
try. The current demands, and perhaps more to come, require the precise modification
of surfaces or thin films to create holes, lines, circles, arrays, and etc., that can be
used in a diverse number of applications such as nanoelectronics and nanodevices [1].
To meet such a challenge and the demand of constantly and continuously shrinking
devices, manufacturing tools and techniques will have to evolve. Thus, the ability to
pattern at the nanoscale is the main driver behind the development of new nanomanu-
facturing tools, precision instruments, and fabrication techniques.

Nanofabrication techniques are constantly being explored and developed using pre-
cision instruments to build structures with nanoscale features, which can be used as
components, devices, or systems in massive quantities and at potentially low costs.
Nanoscale features in general refer to any physical characteristic that is between 0.1
and 100 nm in size. Most current technologies used in industry for nanofabrication
have evolved from conventional lithographic processes such as photolithography, which
were developed for the semiconductor industry to make microelectronic devices. These
conventional lithographic techniques face many challenges as they approach their fun-
damental limits. Fabrication strategies are therefore required to secure cost-efficiency

and technical feasibility.



1.2 Background to the Dissertation

1.2.1 Electron Beam Lithography

Electron beam lithography (EBL) is an established technology that has existed for more
than twenty years. It is a promising technology to meet the challenge of continuously
shrinking devices and it is commonly used to fabricate nanostructures. Many textbooks
give extensive details of EBL [2, 3], but a brief review is given here. EBL works by
scanning a high-energy electron beam in a patterned fashion across a surface covered
with a film of electron-sensitive material (electron-beam resist). The resist is later de-
veloped using chemical etching in solvents to produce a 2D pattern on the surface by
selectively removing either the exposed or non-exposed regions of the resist.

Electron-beam resists are usually polymers and they are classified into two groups,
positive tone and negative tone electron-beam resists. For positive tone resists, the re-
gions exposed to the electron beam become soluble to solvents. Whereas, for negative
tone resists, the regions exposed to the electron beam become insoluble to solvents.
Polymethyl methacrylate (PMMA) is an example of a positive tone resist and its solvent
is typically MIBK:IPA developer (MIBK is methyl isobutyl ketone and IPA is isopropyl
alcohol).

Dedicated electron-beam patterning systems such as EBL systems used in com-
mercial applications are very expensive. It is also common to convert a scanning elec-
tron microscope (SEM) into an EBL system using relatively low-cost accessories [3].
Feature resolution is not limited by the beam spot size, which is as small as 5 nm, but
by the scattering of electrons and secondary electrons within the electron-beam resist
[3]. Since the EBL is a serial process, it takes a long time to expose a given 2D pattern,
especially when writing dense patterns over large areas. Low throughput is the key
limitation of EBL when compared to parallel techniques like photolithography. There-
fore, EBL is not suitable for high-volume manufacturing, and it is typically reserved for
the production of masks or in producing low-quantity of nanostructures for research
purposes.

The primary advantage of EBL is that electrons have a wavelength that is on the



order of the atomic distance or smaller (e.i., wavelength of electrons equals to 8 pm
at 25 keV [3]) and it is one of the ways to overcome the diffraction limit of light, which
causes a limit on the minimum feature size that can be produced by photolithography.
EBL has found a diverse number of usages in mask-making for photolithography, low-

volume production of semiconductor components, and research and development.

1.2.2 Threshold Heating and Emission from Nanotubes

A few years ago, Vallance et al. [4] envisioned a new nanomachining process called
Threshold Heating and Emission from Nanotubes (THEN). A conceptual illustration of

the THEN process is shown in Fig. 1.1.

Pream
Vacuum P
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Figure 1.1: Conceptual illustration of nanomachining process by threshold heating and
emission from nanotubes (THEN).

The THEN process is a hybrid process that utilizes two sources of energy to remove
clusters of atoms from workpiece surfaces. The process requires laser heating, resis-
tive heating, or radiative heating to raise the temperature of the workpiece to near an

evaporative threshold temperature, and then field-emitted electrons from a carbon nan-
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otube (CNT) can provide the additional energy necessary to locally evaporate atoms
from the workpiece surface. Considerable research in the modeling of this process has
been done by Wong and Menguc [5]. Computational simulations by Wong et al. [6] and

Sanchez et al. [7] suggest the feasibility of nanomachining by this process.

1.2.3 Scanning Tunneling Microscopy

The first scanning tunneling microscope (STM) was invented in 1981 by Binnig et al.
[8]. As illustrated in Fig. 4.1, an STM uses a sharp conducting tip with a bias voltage
applied between the tip and the sample. Sharp metallic tips such as tungsten tips are
usually prepared by electrochemical etching. When the tip is within the tunneling range
of the sample, typically on the order of a few angstroms or up to 1 nm [9], electrons can
tunnel through the gap from the tip to the sample or vice versa, depending on the sign

of the bias voltage.

It Preamp
Z Vi
scanner

Feedback signal:
tunneling current (It)

Surface
topography

STM tip Tunneling gap

Sample surface +

Figure 1.2: Schematic of scanning tunneling microscope (STM).

The proximity of the tip and the sample, combined with the exponential dependence

of the tunneling current on the gap distance [10, 11, 12, 13] gives STMs remarkable
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sensitivity with sub-angstrom resolution vertically and sub-nanometer resolution later-
ally. Two modes of operation are used in STM, namely constant-height and constant-
current modes. In the constant-height mode, the STM tip moves in a horizontal plane
(x,y) above the sample surface. And, the induced tunneling current constitutes the
STM image, commonly known as a current image, which depends on the topography
and the local surface electronic properties. This mode is applicable only for atomically
flat surfaces, and it gives the ultimate resolution for an STM.

In the constant-current mode, the tip height is adjusted by feedback with a signal
applied to the vertical (z) scanner to maintain the tunneling current constant during
lateral (z, y) scanning, and the variation in the tip height produces an STM image that
represents the topography of the sample surface. STM is a very powerful tool that has
a diverse number of applications in many fields. One can find many textbooks today
that give extensive overviews of the details of STM [9, 14, 15].

In addition to its well-known capabilities in atomic imaging and spectroscopy [9],
STM has recently shown potential as a lithographic tool for nanoscale patterning of
material structures. Scanning tunneling microscope lithography (STML) is one of the
scanning probe microscopy (SPM)-based technologies, and another is the atomic force
microscope lithography (AFML), which has become increasingly popular in the fabrica-
tion of nanoscale structures due to its low cost and great technical potential. A compre-
hensive review of the nanofabrication by SPM-based lithography was given by Tseng
et al. [16], and here, only the most relavant aspects of STML are summarized in the

following section.

1.2.4 Scanning Tunneling Microscope Lithography

The application of an STM for nanoscale lithography involves direct writing on resists
or substrates, with or without chemical reactions, which result in material modification
(resist exposure and oxidation), material deposition, material removal, and manipula-
tion of materials. Of these, only material removal and material modification by resist
exposure are discussed here.

In resist exposure, the current, voltage, and writing speed of the electron-beam are
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typically on the order of 1 nA, 20 V, and 1 um/s, respectively. The resist exposure
process is similar to EBL except that the tunneling current of STM is used as a minia-
ture electron beam. As in EBL, the latter process involves resist pattern development,
which is suitable for pattern transfer by the liftoff approach or the subsequent etching
and deposition processes [16]. By using STM to pattern a 20 nm thick PMMA resist,
followed by subsequent deposition or etching process, McCord and Pease [17] have
demonstrated that a 22 nm wide and 12 nm thick gold-palladium (Au-Pd) line on a Si
substrate can be obtained with an electron-beam of 20 eV in energy and 100 pA in

current at a writing speed of 1 um/s.

pre-amp

Figure 1.3: Material removal by low-energy electron stimulated reaction and thermal
desorption (LEESR/TD): (a) schematic of decomposition of SiO, layer by an STM tip
and (b) concentric ring pattern SiO,/Si fabricated using STM tip by LEESR/TD process
[19].

In material removal, nanoscale size features can be achieved by low-energy elec-
tron stimulated reaction and thermal desorption (LEESR/TD). Li et al. [18] and Iwasaki
et al. [19] demonstrated that thin silicon oxide (SiO-) layers with thicknesses of 1 nm
up to a few nanometers on a silicon (Si) substrate can be selectively removed with
a field-emitted electron beam of 10 to 250 eV and up to 1 pA of current extracted
from the STM tip. This induces desorption of SiO, at temperatures between 300 and
700 °C under UHV conditions. The oxide layer is removed by the electron-beam in-

duced decomposition of SiO, at elevated temperatures into a gaseous SiO, which is



desorbed/evaporated from the Si substrate surface without consuming the substrate Si
atoms. A commercial ultra-high vacuum (UHV) STM system (JEOL JSTM-4600X) was
used, and the schematic of the STML LEESR/TD process is shown in Fig. 1.3(a) [19].

As illustared in Fig. 1.3(b) [18], a concentric-ring pattern SiO,/Si was obtained by
moving the STM tip positioned about 100 nm above the surface, in circle at a speed of
28 pum/s with an electron-beam of 85 eV and 12 nA of current with the substrate tem-
perature kept at 650 °C. The linewidth of these rings, shown in Fig. 1.3(b), is typically
less than 50 nm, and the applied line doses from the inner ring to outer ring are 3.8,

4.3, and 4.8 x 1072 C/cm, respectively [18].

Figure 1.4: Holes created on a thin silver (Ag) film: (a) at room temperature with an
electron-beam of 120 eV and 1 pA for 100 s, and (b) at 400 rC with an electron-beam
of 100 eV and 716 nA for 60 s (at the center of the ellipse) [18].

Direct material removal from a thin metallic layer deposited on a silicon or glass
substrate can also be achieved with a similar technique. As depicted in Fig. 1.4(a) [18],
holes of 50 to 80 nm in diameter were created in an 8 nm thick silver (Ag) film on a
silicon substrate at room temperature using an electron-beam of 120 eV and 1 pA of
current for an exposure time of 100 seconds. With the silicon substrate temperature
elevated to 400°C and using an electron-beam of 100 eV and 716 nA of current for

an exposure time of a minute, a similar result can be achieved as shown in Fig. 1.4(b)



[18]. The same technique was used to form nanopits on a silicon substrate [20, 21],

however, the exact mechanism of material removal is not fully understood.

1.2.5 Carbon Nanotubes as An Electron Source

Soon after the discovery of carbon nanotubes (CNTs) [22], substantial interest in the
use of CNTs as electron sources [23] was stimulated by the earliest reports of their ex-
ceptional electron field emission behavior [24, 25], which results from their high aspect
ratio, conductivity, and inertness. CNTs are grown as either single-walled nanotubes
(SWNTs) or as multi-walled nanotubes (MWNTSs), depending on their growth process
[26]. Metallic or semiconductor SWNTs exist, but MWNTs are always metallic [27]. A
SWNT can have a diameter range from 1 nm to a few nanometers and its length can
be up to several micrometers, whereas a MWNT can have a diameter range from 5 nm
to 100 nm and can be several micrometers long [27].

Many researchers have studied field emission from a multitude of CNTs in films
[28, 29] or patterned arrays [30], microelectrodes with many CNTs [31], and CNT-based
microcathodes [32]. These studies are of interest for applications like field emission dis-
play devices [33, 34] and parallel electron-beam lithography [32]. However, fewer stud-
ies were conducted on field emission from an individual CNT, which is more relevant to
this work. Techniques previously used to study electron emission from individual nan-
otubes include the measurement of 7(V') curves [35, 36, 37], measurement of electron
energy distribution [38, 39], field emission microscopy [40, 41], in-situ studies within a
transmission electron microscope [42], and roaming anode techniques [43, 44, 45, 46].
Based on the studies of field emission conducted at distances greater than 1 mm, the
maximum emission current recorded from an individual CNT is 0.1 mA (unusually high)
prior to failure [35], the half-opening angle of an electron beam ranges from 6° up to
11°, and the full width at half maximum (FWHM) energy width of energy distribution
ranges from 0.11 eV up to 0.40 eV.

There are even fewer studies of field emission from an individual CNT at separation
distances less than 50 pym. Table 1.1 summarizes the studies of electron field emission

from an individual CNT or a carbon nanofiber (CNF) at small distances based on all
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available data. Of these studies, only Minh et al. [37], Bonard et al. [44], and Sim et
al. [47] reported I(V') curves for multiple distances. Minh et al. [37] measured I(V)
curves for an individual CNT on a silicon tip. Bonard et al. [44] and Sim et al. [47] used
a roaming anode technique within a scanning electron microscopy (SEM) to measure
I(V') curves from an individual CNT protruding from a film of CNTs and an individual

CNF protruding from a Kapton polyimide foil, respectively.

Table 1.1: Studies of field emission from an individual CNT or CNF at small distances

Distance Field Turn-on Geometry
(pem) enhancement voltage” r = radius (hm) Reference
factor (V) [ = length (um)
0.06-5 230-460 47-185 r=17,1=3.2 [44]
0.12 4.8b 90° r=50,1=1.3" [42]
0.1 90-380 20-30° r =50, 1 = 6-30 [46]
10 208 270 r =24, =583 [43]
10-50 500-750° 60-260° r=15-20,1= 0.5 [37]
20 200-500° 150-400° r=20,1l=15 [45]
0.02-5.5 5-360 22-100 r=81=1 [47]
a9 nA bestimated

1.3 Dissertation Overview

In considering this recent research, an instrument that is capable of integrating direct
patterning and imaging is ideal for research into nanolithographic techniques using
field-emitted electron beams. Figure 1.5 illustrates the schematic of techniques in using
such an instrument for direct-write nanolithography by a field-emitted electron beam
with dimensional metrology by scanning tunneling microscopy. The instrument can be
operated in at least modes: (1) scan sample surface in STM mode, and (2) write or
pattern using a field-emitted electron beam in field emission mode.

As a strategy, this work is divided into two major tasks: (a) characterize the field
emission at small distances using current-voltage /(1) measurements for two potential
candidates, a CNT field emitter and an ultra-sharp tungsten field emitter, as the electron

source, and (b) design, fabricate, and test the key components of the instrument with
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Figure 1.5: Schematic of techniques for direct-write nanolithography by a field-emitted
electron beam with dimensional metrology by scanning tunneling microscopy: (a) scan
sample surface before writing in STM mode, (b) write or pattern using a field-emitted
electron beam in field emission mode, and (c) scan sample surface after writing in STM

mode.




UHV compatibility for direct-write nanolithography by a field-emitted electron beam with
dimensional metrology by scanning tunneling microscopy.

This instrument is not only for research into nanolithographic techniques using field-
emitted electron beams, but also for providing experimental results in the near future
that can be used for verifying computational and simulation works [6, 7]. In addition,
the instrument can also be used for charaterizing field emission of various field emitters

from extremely small distances to distances of a few milimeters.

1.3.1 Hypothesis

The hypothesis of this dissertation is that a new precision instrument can enable the
integration of direct-write nanolithography by a field-emitted electron beam with dimen-

sional metrology by scanning tunneling microscopy.

1.3.2 Dissertation Contributions

In proving this hypothesis, this dissertation made the following contributions:

1. atechnique was developed for characterizing the field emission from one-dimensional

(1D) nanostructures at small separation distances;

2. a new least-squares method was developed for extracting the Fowler-Nordheim
(FN) parameters that is an improvement over conventional extraction using slope

and ordinate intercepts on FN plots;

3. the design of a translational piezoelectric linear motor that has a low thermal drift

using symmetrical design and low coefficients of thermal expansion materials;

4. experimental studies of the motion characteristics and the thermal stability of the

piezoelectric linear motor; and

5. a simple method for improving the linearity of piezoelectric actuators using the

preshaping of driving signals or waveforms.
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1.3.3 Dissertation Contents Overview

This dissertation is organized into five chapters. Chapter 2 begins with an overview
of the electron emission theory, and various electric field enhancement models are
compared. A new method for extracting the Fowler-Nordheim (FN) parameters rather
than the conventional extraction using slope and ordinate intercepts on the FN plots is
presented and implemented. The preparation of electrodes and experimental systems
are described. This chapter also introduces a technique for characterizing the field
emission from one-dimensional (1D) nanostructures as a function of voltage and sepa-
ration distance at small distances. Two types of emitters were used to demonstrate this
technique, a CNT field emitter and an ultra-sharp tungsten field emitter.

Chapter 3 presents the design and operation of a translational piezoelectric linear
motor, one of the key components of the new instrument for tip-sample approach. Spe-
cific attention is given to experimental studies of the motion characteristics and the
thermal stability of the linear piezoelectric motor. A new method for measuring the
motion characteristics and thermal stability of the motor is presented and implemented.

Chapter 4 focuses on the component (three-dimensional piezoelectric scanner) of
the instrument that provides the fine motions of the tip, the vibration isolation of the
instrument, and the instrument as a whole, with preliminary tests of the instrument in
the STM-mode. A simple method for improving the linearity of the three-dimensional
piezoelectric scanner is described and presented.

Chapter 5 concludes the dissertation with a summary and suggests topics for future

work.
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Chapter 2

Field Emission Characterization

2.1 Introduction to the Chapter

In order to use field-emitted electron beams for possible nanomanufacturing processes
as described in the previous chapter, field emission must be studied at small electrode
separation distances. Electrons are charged particles by nature, they tend to force
each other away as they move away from their source. At large electrode separation
distances, the accelerating voltage potential helps reduce the spread of the electron
beam slightly, but the spread of the electron beam cannot be eliminated and it scales
proportionally with the eletrode separation distance. As a result, the electrons are
distributed over a finite area as they hit the workpiece surface, and hence the energy
of the electron beam becomes dispersed. This makes it not suitable for creating sub-
micrometer scale features.

At small separation distances, the accelerating potentials are reduced significantly
since lower voltages are necessary to achieve field emission. The spread of the elec-
tron beam is still there due to the repulsive nature of the electrons. The trajectory of the
electrons has been studied extensively by others [7, 48] for various emitter geometries
using computational simulations. It has been found that the distribution of the electrons
on the workpiece surface is on the order of the emitter-workpiece (electrode) separa-
tion distance. Thus, to use field-emitted electron beams for creating sub-micrometer
scale features, without the help from electron focusing lenses, field emission must be
conducted at small emitter-workpiece distances.

The purpose of this chapter is to demonstrate a successful experimental technique
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for characterizing the field emission from individual carbon nanotube (CNT) field emit-
ters or ultra-sharp tungsten field emitters as a function of voltage and separation dis-
tance at small electrode separation distances. The results presented in this chapter
have already provided useful and realistic experimental data for computation and sim-
ulation works by others [6, 7].

This chapter begins with an overview of the electron emission theory.

2.2 Theoretical Background

2.2.1 Electrons Inside Metals and the Work Function

Electrons occupy energy levels in metals. At zero temperature (0 K), all energy levels
are completely filled up to the Fermi level E» and those above are empty. The extent to
which a given energy level is filled is described by the Fermi-Dirac function f (W, T) [49,
50], as given in Eq. (2.1). Here, kg is Boltzmann’s constant (1.3806 x 1023 J/K), and
T is the temperature measured in Kelvin (K). This function represents the distribution
of electrons with energy IV over the energy levels in the metal at temperature 7. At 0
K, f(W,T) takes the value 1 for W < Er and 0 otherwise. For temperature " > 0 K,
some of the electrons just below the Fermi level Er are promoted to the unoccupied
levels just above Er. At the Fermilevel Er, the value of f(W,T) is exactly 0.5. As the
temperature 7" increases, the range over which f(W,T) drops from 1 to 0 increases
and is proportional to the magnitude of kgT'.
1

T = e [V — ) R &y

Electrons are normally retained within the metal due to the presence of a potential
energy difference at the interface between the metal and the vacuum. This energy
difference, measured from the Fermi level Er up to the vacuum level, is called the work
function ¢. In other words, the work function is the minimum extra energy an electron
must gain to escape from the metal into a field-free vacuum. The work function arises

from two effects [51]. The first effect is the inner potential, which is the difference
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between the chemical potential of the electron in the metal and that at a far distance
from it in a field-free vacuum. The second effect arises from the electrostatic effects
at the surface and decays slowly with distance. The value of work function ¢ depends
on the material and its crystallographic orientation. For pure metals, the work function
ranges from about 2.5 eV to 6 eV [52]. The work function of most high-melting metals

(i.e., tungsten has a work function of 4.5 eV) is between 4 and 5 eV [51].

2.2.2 Emission of Electrons

The spontaneous emission of electrons from a metal into vacuum becomes possible
when the electrons inside the metal are excited or/and when the metal surface is sub-
jected to a high electric field. Although the main interest in this work focuses on the
emission of electrons for the case with high electric field, some explanation of the other
types of emission is appropriate and helpful. The emission of electrons from a metal
via the excitation of electrons can be divided into two types [51]: photoemission and
thermionic emission. Electron energies are measured from zero relative to the Fermi
level E» such that the electrons within the metal see a potential barrier of height ¢ at
the interface between the metal and the vacuum. In order for these electrons to escape
(emit) from the metal, the electrons must be promoted to the unoccupied energy levels
higher than the work function ¢.

In photoemission [53], the surface of a metal is irradiated by the energetic photons
in light. The excitation of electrons is achieved by the absorption of energetic photons,
in a quantum electronic phenomenon called the photoelectric effect. Electron emission
occurs when the energy gained from the incoming photons is greater than the work
function of the metal, i.e., hv > ¢, where h is Planck’s constant (6.6262 x 10~3* Js)
and v is the frequency of the electromagnetic radiation. The threshold wavelength lies
in the visible or near ultraviolet (i.e., in between 350 nm and 700 nm) for clean metals.

In thermionic emission [49, 51], the metal is heated to a high temperature. The emis-
sion of electrons occurs when electrons acquire energy greater than the work function
¢ of the metal. A very weak electric field is usually applied to draw the emitted elec-

trons away from the surface of the metal, but its effect on the emission process can be
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ignored.

The emission of electrons can be greatly enhanced if the intensity of the electric field
is increased. The electric field F' is applied between the metal (electron emitter) and
an opposite electrode (electron collector). Usually, the emitter (denoted as cathode)
is at ground potential and the collector (denoted as anode) is at a positive voltage
potential V' (> 0 V) above the ground potential. If the surfaces of the electrodes are
flat, resembling two parallel plates separated by a distance s, then the electric field F
is simply V//s. If the emitter is emitting electrons, these electrons are attracted to the
electron collector. When a sharp needle-shaped emitter is used, the local electric field
at the tip of the emitter is greatly enhanced. A sharp emitter limits the electron emitting
area and enhances the local electric field at the tip by deforming the equipotential field
lines.

The electric field, which deforms the potential barrier at the emitter surface, has two
effects on the electron emission process. The potential barrier V;,(x) at the interface
between the emitter and the vacuum is given in Eq. (2.2), as a function of the distance
x away from the emitter surface. The potential barrier V,(z) consists of three com-
ponents: the work function ¢, the effect of the applied electric field F', and the image
charge potential [27]. Where, ¢ is the charge on an electron (1.6022 x 107! C) and ¢

is the dielectric permittivity of free space (8.8542 x 10712 F/m).

Vi () ' ot 22)
b\ L) = .
¢ —eFx —e?/16megr o >0

The potential barrier V,(x) is plotted in Fig. 2.1 for two values of electric field: 0.8
V/nm and 2.5 V/nm. The first effect of the electric field is seen directly from Fig. 2.1;
the height of the barrier is lowered by an amount A¢. The resulting barrier height, V,,,,
given in Eq. (2.3), is the adjusted minimum energy an electron must gain to escape
from the emitter. Since V,,, is less than ¢, more electrons are emitted. The reduction
of the barrier height due to an external applied electric field is known as the Schottky
effect, and thus the enhanced electron emission is called Schottky emission [27]. The

electric field strength necessary for Schottky emission is typically less than 0.8 V/nm.
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Figure 2.1: Potential energy (in eV) of an electron near a metal surface. A work function

of p = 4.5 eV is assumed. x5, — x| represents the local barrier width encountered by a
tunneling electron.

The second effect is the width of the potential barrier becomes smaller as the elec-
tric field increases. It can be seen from Fig. 2.1 that the barrier width (z, —z1) becomes
smaller as the electric field increases from 0.8 V/nm to 2.5 V/nm. When the barrier
width becomes sufficiently small (< 2 nm), quantum-mechanical tunneling of electrons
through the potential barrier also becomes possible. At high temperature and moderate
electric field, all electrons at energy levels above V,,, are emitted, and a small portion of
electrons at energy levels just below V,,, can also be emitted by tunneling through the
deformed barrier. Thus, the total number of electrons emitted is a combination of the
thermionic electrons that originated from above the top of the barrier and the electrons

that tunneled through the barrier. This emission is called extended-Schottky emission
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[27], and its upper limit of field strength can extend to about 3 V/nm.

At room temperature or below, even unexcited electrons can tunnel through the
barrier under the action of intense electric fields (2 - 7 V/nm). The tunneling of electrons
occurs mainly near the vicinity of the Fermi level Er, because no electrons are available
at higher energy levels. This electron emission is known as field emission [51]. The
effect of higher temperatures on the field emission of electrons is referred to as thermal-

field emission.

2.2.3 Emission Current Density: The General Case

Emission current density depends on three physical parameters: the emitter tempera-
ture T, the electric field strength on the emitter surface F', and the work function of the
material ¢. In this section, the emission current density derived for a planar emitter over
a wide range of temperatures and electric fields is presented.

For a material with work function ¢, the current density J(F,T'), given in Eq. (2.4),
is found by integrating over all accessible energies, the product of the charge on an
electron e, the number of electrons per second per unit area incident on the barrier
N(T,W)dW and the quantum tunneling transmission coefficient D(F, W) [54].

J(F,T)=¢e h D(F,W)N (T,W)dW (2.4)
“w,

W is the combination of the electron kinetic energy normal to the surface of the
emitter and its potential energy V' (x) near the surface, given in Eq. (2.5), where x is the
coordinate normal to the surface and out of the emitter, p(z) is the electron momentum
normal to the surface, V() is the effective electron potential energy as a function of the
distance z from the emitter surface, and m, is the electron rest mass (9.1096 x 103!
Kg). —W, is the effective constant potential energy inside the emitter, at the bottom of
the conduction band, which is usually several electron volts below the Fermi level Er

such that —W, is simply —(¢ + EFr).




The potential energy of an electron near the emitter surface is given in Eq. (2.6),
which also describes the potential barrier at the interface between the metal and the
vacuum [55]. For simplicity, here the electron energies are measured from zero for a
free electron outside the emitter (vacuum level) such that the work function ¢ is simply
—FEr. The potential barrier composes of two components: —eF'zx is the contribution
from the external applied electric field F' and —e?/167eqx is the contribution from the

image charge potential.

V() e el 26)
x) = .
—eFr —e*/16megr ;2 > 0

The transmission coefficient D(F, W) represents the tunneling probability of an
electron from the emitter into the vacuum. It depends strongly on the width of the po-
tential barrier encountered by the electron. The transmission coefficient can be evalu-
ated using the Wentzel-Kramers-Brillouin (WKB) approximation [56], given in Eq. (2.7),
where z; and x, correspond to the intersection of W' with V'(z), such that zo — z; rep-
resents the local width of the barrier as shown in Fig. 2.1, and & is Dirac’s constant
(1.0546 x 10734 Js).

D(F, W)= [1 + exp (—zm—l / V2m  [W =V (x)]dx)} B (2.7)

Equation (2.7) was evaluated by Murphy et al. [54], and the resulting transmission
coefficient D(F, W) is presented below for two different conditions. When W > W/,
the transmission coefficient is given by Eq. (2.8). And, when W < W, the transmission

coefficient is given by Eq. (2.9). The limiting value W is given in Eq. (2.10).

D(FW)=1 ,W>W, (2.8)

D(EW) = {1+ exp [ (VE/3) (amen) ™ (mie? )y 9 )] | < W
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The function v(y), given in Eq. (2.11), results from including the image charge po-
tential in the surface potential barrier of Eq. (2.6), with y given in Eq. (2.12). K and E

denote the complete elliptic integrals of the first and second kind, respectively [57].

(=) ()] e
v (y) = (2.11)
Al () 26 ()] e

- (2.12)

An assumption is made to calculate the number of electrons incident on the barrier
N(T,W)dW: metals obey the Sommerfeld free electron model with Fermi-Dirac statis-
tics, Eqg. (2.1). Following this asumption, the number of electrons having energy within
the range dIW incident on the barrier at the emitter surface per second per unit area is
given in Eq. (2.13) [58]. Equation (2.13) is also known as the supply function.

N (T, W)dW = 47TTT;L#llrl{l#—exp {—%]}dﬂf (2.13)

Using the transmission coefficients D(F, W) in Egs. (2.8) and (2.9) together with
the number of electrons incident on the barrier N (7', W)dW in Eq. (2.13), the emission
current density [54, 55] becomes Eq. (2.14).

aw

J(F,T) :M/Wl In {1+ exp [~ (W — Ef) /ksT]}

h? Wa 1+ exp [(\/ﬁ/?)) (47ee) >/ (m265/ﬁ4F)1/4 y 3% (y)]
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4

Numerical methods have been used to evaluate the integral in Eq. (2.14), because
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no analytical expression to the emission current density exists for a wide range of tem-
peratures and electric fields [55, 59]. Analytical expressions for the current density exist
for emission at low temperature and high electric field, or for emission at high temper-
ature and low electric field. Since the primary interest of this work is the emission of
electrons at high electric field, only the current density at low temperature and high

electric field will be presented.

2.2.4 Approximation of Current Density at Low Temperatures and High Fields

At low temperature (7' < 1000 K) and high electric field, a widely used approximation
for the emission current density is given in Eqg. (2.15) with ¢ given in Eqg. (2.16). The

emission of electrons mainly originates from the vicinity of the Fermi level. The factor

wkpT/d
sin(rkpT/d)

to the temperature effect. Electron emission of this sort is referred to as thermal-field

accounts for the electrons emitted at energies above the Fermi level due

emission. The derivation of this approximation for the emission current density can be
found in the works by Murphy et al. [54] and Young et al. [60]. The approximation in
Eq. (2.15), holds as long as kpT'/q < 0.7 [61], such that J(F,T)/J(F,0) < 2.7.

kT /q

heF
T ar 2me) P y) &1

The zero-temperature (0 K) current density J(F’, 0) is given by the Fowler-Nordheim
(FN) equation [62, 63], given in Eq. (2.17). For practical values of electric field F' (2 - 7
V/nm), the value of y, from Eq. (2.12), is typically less than one. Thus, from Eq. (2.11),
the function v(y) can be reduced to Eq. (2.18) with modulus k? given in Eq. (2.19) for
the elliptic functions. The function #(y) is given in Eq. (2.20).

32 87 (2 81/2 3/2
JFN:J(F7O):meXp <— il Z;F ¢ v(y)) (2.17)
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v(y) =+1+y[E () +yK(k)] (2.18)

K =01-y)/0+y) (2.19)
)= () - 3970 220

By using properties of the derivatives of the elliptic function with respect to the
modulus k? [57], t(y) can be expressed directly in terms of the elliptic functions as

given in Eq. (2.21).

ty)=1+y) 7 [1+y) E (k) —yK (k)] (2.21)

Both v(y) and t(y) are slowly varying functions. Burgess, Kroemer, and Houston
[64] gave a convenient table for these functions. Alternatively, these functions v(y) and
t(y) can be expressed analytically as in Egs. (2.22) and (2.23), respectively [55, 65].
The dimensionless numerical parameters (3, «;, and 3; depend on the work function
¢ of the material. These parameters are listed in Table 2.1 for carbon nanotubes and
tungsten emitters. The fit was carried out in the range F' € [2,7] V/nm. For carbon
nanotubes (CNTs), with work function ¢ of 4.7 eV as measured by Gao et al. for
multiwalled CNTs [66], v(y) varies between 0.82 and 0.48, and t(y) varies between
1.03 and 1.07. For tungsten (W), with a work function ¢ of 4.5 eV, v(y) varies between
0.81 and 0.44, and ¢(y) varies between 1.03 and 1.07.

v(y)=1—y” (2.22)

t(y) =1+ ay™ (2.23)

At room temperature (7' = 300 K), with a work function ¢ < 4.8 eV, the ratio
J(F,T)/J(F,0) <1.07 for ' > 3 V/nm. For higher values of electric field F, the
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Table 2.1: Numerical parameters (3, oy, and f3; for carbon nanotube and tungsten

Material Work function ¢ [eV] By o By References
carbon nanotube (CNT) 4.7 1.6875 0.1156 1.4001
tungsten (W) 4.5 1.6863 0.1149 1.3909
25-6.0 1.6900 0.1107 1.3300 Ref. [65]
2.0-5.0 1.6552 0.1094 1.2198 Ref. [55]

ratio is even closer to unity. The error is less than 7% at room temperature for practical
values of electric field strength. Thus, for emitters that are operated near room tem-
perature or below, the zero-temperature Fowler-Nordheim equation Jpy in Eq. (2.17)

is widely used.

2.3 Electric Field Enhancement and Emission Area

2.3.1 Generalized Fowler-Nordheim Equation

A more generalized form of the Fowler-Nordheim (FN) equation [67], compared to that
in Eq. (2.17), is given in Eq. (2.24); here Jpy is replaced with J. The emitted current
density .J [A/m?] is expressed in terms of the work function ¢ [eV] and the local electric
field at the tip of the emitter ' [V/m]. The constants A and B equal 1.541 x 10~¢ AeVV~2
and 6.831 x 10° eV~3/2Vm~!, respectively.

AF?
/= ot? (y)

The dimensionless functions v(y) and t(y) are given in Egs. (2.22) and (2.23) for y

B 3/2
exp [— q; v(y)} (2.24)

given by Eq. (2.25). The numerical parameters j3,, oy, and 3; are listed in Table 2.1.

F
y = 3.T947 x 10—5§ (2.25)

It has been demonstrated in prior reports of field emission from an elongated (sharp)
emitter, such as individual multiwalled CNTs [39, 44, 68], that the current density follows
the FN equation, even though it is based on a planar metallic field emitter. Measure-

ments of the current density J and local electric field F' at the tip of an emitter cannot
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be performed directly. However, the experimentally measurable quantities, current I
[A] and voltage V' [V], are related to the FN equation by Egs.(2.26) and (2.27). Where,
A.rr [m?] is the effective emitting area, ) is the dimensionless field amplification factor
due to a sharp tip, and s [m] is the separation distance measured from the tip of emitter

to the anode surface.

J=1/Ac; (2.26)

F=)\V/s (2.27)

Equation (2.26) assumes that the current density distribution over A, is uniform
and equal to the maximum current density at the tip of the emitter. From previous the-
oretical and numerical works, this assumption is unsatisfactory to some extent [69, 70,
71, 72] since the current density distribution over the emitter surface where the elec-
trons are emitted is not uniform due to the non-uniformity in the electric field strength
across the surface. Furthermore, the actual emitting area depends on the applied elec-
tric.

The current density distribution over the emitter surface can be obtained through
numerical simulation or analytical modeling provided that the geometry of the emitter is
known a priori. The emission current is then obtained by integrating the current density
distribution .J over the surface of the emitter and is given by I = fOA JdA = Ao,
From this relation, one can notice that the same emission current can be obtained by
multiplying the maximum current density J at the tip of the emitter by a factor A;«. The
dimensionless parameter a is commonly known as area factor and it varies with the
electric field F' at the tip of the emitter as given in Eq. (2.27). If the tip of the emitter
is assumed to be hemispherical, then A, is the surface area of the hemisphere given
by 2772, where r is the radius of the hemisphere. The entity A at the upper limit of the
integral denotes the actual emitting area where the electrons are emitted.

The values of a have been calculated by others [69, 70, 71, 72] for various emitter

geometries and it was found that o varies almost linearly and rather slowly with the
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local electric field F' at the tip of the emitter. The dependence of a on electric field is
negligible when compared to the exponential term in Eq. (2.24). Thus, the product of
Asais commonly assumed to be constant in experimental works. With this assumption,
Aso becomes equivalent to the effective emitting area A. s, of Eq. (2.26). Although it is
of little importance in this work, a few more comments about the effective emitting area
Acrr is neccessary. A.ss is the truncated emitting area with uniform current density
and therefore it is not the actual emitting area. The actual emitting area A can be a few

times larger than A. ;s and it must be obtained through some device modeling [69].

2.3.2 Electric Field Enhancement

In order to produce appreciable field emission current density, electric fields in the range
of 3 to 7 V/nm are neccesary. To establish such high electric fields with convenient
values of applied voltage, i.e. < 3 kV, the emitter (cathode) is usually needle-shaped
with a high aspect ratio [73]. A sharp emitter forces the equipotential lines to bend and
follow the shape of the emitter. As a result, the local electric field at the tip of the emitter
is greatly enhanced. Since the electric field at the tip of the emitter is always higher
than anywhere else on the emitter surface, electrons are emitted primarily from the tip
of the emitter. The enhancement of the electric field at the tip of the emitter depends
strongly on the geometry of both the electrodes and their separation distance.

Caution is necessary when considering experimental or computational work at small
cathode-anode distances. The definition of the cathode-anode distance and the rela-
tionship to the local electric field at the tip of the emitter can be analyzed differently,
and hence seemingly similar terms might describe different physical values. This dis-
sertation uses the term separation distance s measured between the flat anode and the
tip of the emitter [68], while Bonard et al. [44] used the distance d measured between
the flat anode and the flat substrate of the cathode (emitter). Therefore, the separation
distance s differs from d by the height h of the emitter.

For large distances, this difference is negligible, but as s approaches zero, d ap-
proaches h. This difference is important when considering the enhancement (or ampli-

fication) of the local electric field at the tip of the emitter [74]. Historically, the electric
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field F' at the tip is related to the applied voltage V by F' = gV, where the field factor
[ has the dimension [1/length]. More recently, the field F' is related to both the voltage
V' and distance d using F' = vV/d, where ~ is the dimensionless field enhancement
factor.

In this work, the electric field F' at the tip of the emitter is related to the separation
distance s and voltage V using F' = AV/s, and X is the field amplification factor to
distinguish it from the field enhancement factor +. At large distances, the difference
between A\ and + is indistinguishable (A, = 7 ) since s = d, but their difference
becomes substantial for small distances where s and d differ by the height / of the
emitter. In fact, the amplification factor \ approaches unity (no field amplification) as s
approaches zero, but the enhancement factor v mathematically approaches infinity as
s approaches zero [68].

Most previously conducted field emission studies were performed at large distances,
and hence a model for estimating the field amplification factor A at small separation dis-
tances needs further study. There is only one reported model, suggested by Miller et
al. [75], that uses the same definition of the separation distance s used in this work,
and the model considers a grounded sphere floating between a grounded plane and a
charged plane. Miller et al. [75] gave the model for the field amplification factor A\, which
varies with the separation distance s that is given in Eq.(2.28), where A\, corresponds
to the field amplification factor at distant field (i.e., s > h) and h is the effective height
of the emitter. This model is valid for a separation distance s > h. When s = h, \ =
0.5\«. When s = 10h, A = 0.91\,. And, when s = 100h, A = 0.99\,.. This means
that A\ approaches A\, when s > 100h.

S

A= Ay 2.2
s+ h (2.28)

An even better expression for A is given in Eq.(2.29) [75], which is valid for all val-
ues of separation distance s (including s < k). The exponential term exp (—£v/Ax)
accounts for A approaching unity (no field amplification) when the separation distance s

becomes much smaller than the height / and tip radius r of the emitter since the geom-

26



etry approaches that of two opposing infinite planes, effectively eliminating geometric
field amplification. For s > h, X still varies very much like Eq.(2.28). For s > h, the

exponential term simply vanishes.

S S
A=A e (—E\/)\oo) (2.29)

S

When A\, > 1, the exponential term can be replaced by a unity term in the modified
form of Miller’s equation so that the field amplification factor \ is given by Eq.(2.30)
[68], which is also valid for all values of separation distance s with minimal error. The
modified Miller equation describes the behavior of the field amplification factor A as
it varies over a large range of separation distance s. The field amplification factor A
asymptotically approaches a value of unity when the separation distance s becomes
very small or approaches A, when the separation distance s is very large compared to

the height h of the emitter.

S

A= Apg——
s+h+

1 (2.30)

To validate the modified Miller equation for an emitter shaped as a hemisphere-on-
post, the local electric field F' at the tip of the emitter is computed using electrostatic
finite element analysis (COMSOL software) for separation distances varying from 5 nm
to 10 um and with a fixed tip radius » = 10 nm and height 4 = 1 um. When the elec-
tron space charge in between the electrodes is negligible, the electric potential within
the vacuum between the electrodes is given by the solution to the Laplace’s equation
(V2V = 0). The boundary conditions are established by setting the surface of the emit-
ter (cathode) to ground potential and the anode surface to a positive voltage potential.
Boundaries far away from the electrodes are assumed to be electrically insulated to
account for the vacuum. The electrostatic field is obtained from F = —V V. Once the
electric field F' at the tip is computed, the field amplification factor A can be calculated
from EqQ.(2.27). Figure 2.2 demonstrates that the modified Miller equation is also effec-
tive for this emitter, which shaped as a hemisphere-on-post. From the data in Fig. 2.2,

it is clear that the modified Miller equation fits the data well, and it yields a value of A\
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equal to 75.2 for the known emitter height.
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Figure 2.2: Field amplification factors computed by finite element analysis for a hemi-
sphere on post with tip radius » = 10 nm and height h = 1 um and fit with the modified
Miller equation.

The field amplification factor A\, for the geometry of this emitter at large distance
can also be determined from Eq.(2.31), valid for 4 < h/r < 3000, as given by the
computational result of Edgcombe and Valdre [76]. Their expression gives A\, = 77.2,
so that the values from the modified Miller equation differ by less than 3%. This error
would be even smaller if more numerical data were computed for separation distance s
larger than ten times the height / of the emitter. Therefore, the modified Miller equation
is a very reasonable empirical model for how the field amplification factor A\ varies with

separation distance s over a large range of values.

Moo = 1.2 (h/r +2.15)"° (2.31)

Alternatively, the electric field F' at the tip of the emitter can be related to the distance
d and voltage V' using F' = vV/d, where 7 is the field enhancement factor and d is the

distance measured between the planar anode and the planar substrate of the cathode

28



(emitter) such that d = s + h. With this definition of distance d and based on fitting a
curve to the data published by Edgcombe et al. [76], Bonard et al. [44] found that the
empirical model that describes the behavior of the field enhancement factor ~, which

varies with d over a large range of values, is given in Eq.(2.32).

- 1+0.013 4 0.033 d—h 2.32
7—%0[+. (d_h)—. (d)] (2:32)

Figure 2.3 compares the empirical models for an emitter with a tip radius » = 10 nm
and height h = 2 um. Clearly, the field enhancement factor v and the field amplification
factor A vary very differently with the separation distance s or d — h. The field enhance-
ment factor -y increases significantly when the distance d becomes smaller than a quar-
ter of the emitter height h, but it levels off for large distances. In apparent contrast, the
field amplification factor A\, which varies significantly in the range 0.01h < s < 100h,
decreases as the separation distance s decreases, but it also stabilizes to a constant
value at large separation distance. At very small distances s < h, v becomes very
large whereas \ approaches unity. At large distances s > 100A (distant field), the dif-
ference between the field enhancement factor v and the field amplification factor A is

indistinguishable, and thus ~,, and A\, are equivalent.

2.3.3 Extraction of FN Parameters

It is common practice to extract the FN parameters from the best-fit straight line on a plot
of data using the FN coordinates, which are 1/V along the abscissa and In(1/V?) along
the ordinate. Such a plot is commonly known as an FN plot. Then, the FN parameters,
effective emitting area A.; and field amplification factor A (or enhancement factor )
are determined from the ordinate intercept and the slope of the best-fit straight line on
the FN plot.

Using J given in Eq. (2.26) and F' given in Eq. (2.27), and taking the natural loga-
rithm of Eq. (2.24), the FN equation can be linearized as given in Eq. (2.33) by assuming

that v(y) = 1 and t(y) = 1 to avoid the evaluation of the elliptic functions.
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Figure 2.3: Comparison of empirical models for field enhancement factor v and field

amplification factor A\ as a function of separation distance s for an emitter with a tip
radius » = 10 nm and height A = 2 um.
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Clearly, the slope of the FN plot is —B¢i/2s and the ordinate interceptis In (%).

The field amplification factor A\ calculated from the slope of the FN plot can be used

since the simplifications v(y) = 1 and ¢(y) = 1 produce a small error of only about 4%
to 8% [77]. The emitting area A.;s, on the other hand, calculated from the ordinate
intercept, can be larger by a factor of 56 - 185 for ¢ = 4.5 eV [77]. The reason is that,
even a small deviation of v(y) from 1 causes a large error in the current density due to
the exponential term in Eq. (2.24). For practical values of electric fields and wide range
of work function ¢, v(y) = 1 gives current densities which are too small by a factor 102
- 106 [55].

To calculate the emitting area A.r; more precisely, the variation of v(y) and ¢(y) in
Eq. (2.24) must be accounted. t(y) is a very slowly varying function so that t*(y) = t3,.
And, v(y) can be approximated by a quadratic function [78] so that v(y) = s, — uay>.
From Eq. (2.25), y can be written as y = Cﬁ/¢, where, C' is simply 3.794686 x 10~°
eVV~12m!/2, The modified FN equation is given in Eq. (2.34) [79], which can also be

linearized.
/o AN2A V2 y 1, BC? y _ 5aB0*s (2.34)
S22, Vo AV '
The new slope and ordinate intercept are —%ﬁg/% and In (Aijfi«%”) + ““552, re-

spectively. Here, 13, ~ 1.1 [77, 78], BC? = 9.83624 eV'/2, 5, = 0.95 [78, 79], and
u, = 1.0 [78, 79]. The emitting area A.;; and field amplification factor A calculated
using the approximated v(y) and t(y) are for verification purposes. The exact and
approximate functions of v(y) and t?(y) are plotted in Fig. 2.4.

For practical values of electric fields (2 < F' < 7) V/nm and ¢ = 4.5 eV, y varies from
0.377 to 0.706, the maximum error associated with the approximate v(y) is about 2.5%.
Whereas, the functions v(y) and t(y) given in Egs. (2.22) and (2.23), as recommended
by Paulini et al. [55], give a maximum error of 0.3%. In Section 2.6, these functions

will be used in an improved technique for extracting the effective emitting area A,y
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Figure 2.4: Comparison of approximate forms with exact solutions for the Fowler-
Nordheim field emission functions v(y) and t*(y) for ¢ = 4.5 eV.
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and field amplification factor A in which it utilizes a nonlinear least squares curve fitting
algorithm that fits the FN equations given in Egs. (2.24) - (2.27) to a measured (V)

curve [68].

2.4 Preparation of Electrodes

This section describes the preparation of the field emitters and the electron collector
used in the field emission experiments. Recall that the field emitter is the cathode and

the electron collector is the anode.

2.4.1 Sharp Tungsten Field Emitter

Tungsten wires of 99.9% purity (Supplier: GoodFellow) with 150 xm in diameter and
30 mm in length were obtained from 300 mm long straightened tungsten wires. Sharp
tungsten tips were prepared by electrochemical etching in 2.0N NaOH standardized so-
lution with DC voltages that are controlled by a circuit, which detects a sudden change
in the etch current when the submerged portion covered with a layer of epoxy or heat-
shrink poly-tetrafluoroethene (PTFE) tube of the wire drops [80].

The electrochemical etching apparatus for preparing sharp tungsten tips is shown
in Fig. 2.5. The time progression of the electrochemical etching process of a tungsten
wire is shown in Fig. 2.6 prepared with this method. The scanning electron micrographs
(SEM) of Fig. 2.7 show a few sharp tungsten field emitters. The tips of the etched
tungsten wires exhibit a parabolic/hyperbolic shape with tip radii typically around 15-

100 nm [80].

2.4.2 Carbon Nanotube Field Emitter

To prepare the CNT field emitter, an individual multiwalled CNT, synthesized by chemi-
cal vapor deposition (CVD) using xylene and ferrocene [29], is attached to the tip of an
etched tungsten wire in two steps. The first step begins with aligning a sharp tungsten

tip with a single CNT that protrudes from a film of CNTs, as shown in Fig. 2.8(b), using
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Figure 2.5: Electrochemical etching apparatus for preparing sharp tungsten tips [80].

g

Figure 2.6: Time progression of electrochemical etching process of a tungsten wire
[80].

v
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Figure 2.7: Sample images of sharp tungsten field emitters.

the CNT attachment apparatus shown in Fig. 2.9 that operates under an optical mi-
croscope (Nikon, LHS-H100P) with a maximum magnification of 1000x. A sharpened
tungsten wire was clamped onto a standard SEM mount by a stainless steel rod. The
source of CNTs is an electrically conductive carbon tape adhered with clusters or film
of CNTs.

In the second step, the CNT is broken (oxidized) by Joule heating after flowing an
electrical current through it, as shown in Fig. 2.8(c). After breakdown, a segment of
the CNT remains attached to the tungsten tip. Figure 2.10 shows a measurement of
the electrical current that flows through a CNT as a function of applied voltage during
the cutting process. For this particular CNT, it broke at 6.9 V, which corresponds to an
electrical current of about 82 p/A. Typically, it would need an electrical current on the
order of 10 to 100 pA to cut a CNT and the applied voltage can vary from 5to 15 V. The
scanning electron micrographs of Fig. 2.11 illustrate a few CNT field emitters obtained
using the fabrication technique described above.

This technique of individual CNT attachment is much more reliable than the arc-

35



(a) Tungsten tip

I — CNTs
CNT
Substrate
(b)
Tungsten tip CNTs
I
CNT
Substrate
(c)
Tungsten tip CNTs
I
CNT
Substrate

Figure 2.8: Procedures for attaching a carbon nanotube (CNT) to a tungsten tip. (a)
A CNT protruding from a thin substrate containing many CNTs is selected and (b) is
aligned and attached to a tungsten tip, and (c) the CNT is broken by Joule heating after
flowing an electrical current through it.
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Figure 2.9: Apparatus for preparing carbon nanotube (CNT) field emitters.
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Figure 2.10: A measurement of the electrical current that flows through a CNT as a
function of applied voltage during the cutting process.
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discharge technique [80], which often yielded various outcomes such as multiple CNTs
attached to the tungsten tip, CNT(s) attached too far from the tip, or even without any
CNT attached to the tip at all. This improved technique is similar to those described
by others [27, 81, 82, 83, 84], but no adhesive was used on the tungsten tip. Attempts
to grow a single CNT on the tungsten tip were also conducted, but it was unsuccess-
ful. Instead of CNTs, tungsten oxide nanorods with carbon caps were grown on the
tungsten tip [85].

The attached CNTs may have a closed end, an open end, or an irregular end that
might be opened in some places. The ends of CNTs shown in the scanning electron
micrographs of Fig. 2.11(a) - (c) appear to be opened. Whereas, the end of CNT shown
in the scanning electron micrograph of Fig. 2.11(d) appears to be closed. Furthermore,
the end (tip) condition of the CNT might change as suggested by some experimental

evidence of unraveling [25] or closing [86] during field emission.

2.4.3 Electron Collector

The anode was a cleaved optical fiber (125 pm in diameter) that was coated with copper
(Cu) along its cylindrical surface to connect with a gold (Au) layer deposited on the
fiber's cleaved end. The depositions of the Cu-Au layer on the fiber were performed in
a thermal evaporator. The scanning electron micrographs of Fig. 2.12 show a typical
Cu-Au coated optical fiber. This allows for an arrangement of the electrodes that aims a
sharp cathode (field emitter) at a much larger anode surface, which is flat and smooth

to within ~ 10 nm [80] as estimated by Zygo scanning white light interferometry.

2.5 Experimental Methods and Apparatus

Field emission of electrons from sharp emitters requires an ultra-high vacuum (UHV)
environment to ensure stable emission current conditions. The adsorption and desorp-
tion of the residual gas atoms or molecules onto the electron emitting sites in a poor
vacuum condition causes the emission current to fluctuate considerably because the

emitting area is small. A UHV chamber together with other instrumentation was there-

38



Figure 2.11: Sample images of CNT field emitters.

Figure 2.12: Sample images of anode.
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fore necessary to carry out the experiments. All field emission experiments described in
this chapter were carried out under vacuum conditions in the 10~% to 10~° Torr pressure

range.

2.5.1 Ultra-High Vacuum Chamber

The ultra-high vacuum chamber system, designed by the author and fabricated by Kurt
J. Lesker Company, is mounted on a granite slab that floats on four pneumatic vibration
isolators, as shown in the photograph of Fig. 2.13. The top flange can be removed if an
installation is needed inside the UHV chamber. A load-lock station is separated from
the UHV chamber by a manual gate valve. This station, which handles sample transfer,
is for future upgrades. The load-lock station is evacuated with a turbomolecular pump
combined with an oil-free mechanical backing pump. These pumps are also used to

evacuate the UHV chamber during bakeout.

Load-lock

station UHV chamber
Turbo-
molecular :
pump Granite slab
Pneumatic
lon isolators

gathering pump g

Figure 2.13: Photograph of the ultra-high vacuum chamber system for experimental
studies.

Bakeout of the chamber is performed with four stab-in heaters, and the bakeout
duration is usually 1 to 7 days. The temperature on the chamber walls can reach
as high as 200°C during bakeout. The UHV chamber is pumped by a 240 I/s ion
gathering pump together with a titanium sublimation pump (TSP). After bakeout, the

40



base pressure in the UHV chamber is typically between 10~ and 10~'° Torr. Without

bakeout, the base pressure in the UHV chamber is usually around 108 Torr.

2.5.2 Apparatus and Instrumentation

Measurements of the emission current I as a function of the applied voltage V' and
the separation distance s were performed using the apparatus and instrumentation
illstrated in Fig. 2.14, which consists of a nanopositioning stage, a high gain transim-
pedence amplifier, and a low-noise low-leakage high voltage power supply. A personal
computer (PC) controls the experiments and records the measured data. The photo-
graph of Fig. 2.15 show the experimental setup inside the UHV chamber used for field
emission experiments. All the components of the experimental setup inside the UHV
chamber were carefully designed and selected to minimize outgassing, and must also
endure high temperature during the bakeout process.

The nanopositioning stage is guided by a double-compound flexural bearing [87]
that is actuated by a UHV-compatible piezoelectric (PZT) actuator with about a 21 ym
displacement range. The separation distance s of the electrodes is controlled by the
PC using an analog signal to a piezoelectric amplifier (Polytec PI, Model E-501.00).
The displacement of the nanopositioning stage as a function of the applied voltage to
the PZT actuator is plotted in Fig. 2.16.

As shown in the photograph of Fig. 2.14, the anode and cathode are passively
aligned by pressing them into two grooves that were micro-machined into quartz sub-
strates [88]. Stainless steel wires were used to preload the electrodes into the grooves
and provide electrical contact with each electrode. This arragement of electrodes al-
lows the cathode to remain stationary, and the anode moves when the piezoelectric
actuator presses against the flexural bearing.

For generating DC voltages, a high-voltage power supply (Bertan Model 230-03R)
was used, which can be remotely controlled by the PC. In the experiments, the high
electric field needed for electron emission was generated by application of a positive DC
voltage to the anode. For measuring the emission current, a transimpedence amplifier

(Keithley, Model 428) was used that has adjustable gains from 102 to 10! V/A.
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Figure 2.14: Apparatus and instrumentation for field emission measurement at small
anode-cathode distances.
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Figure 2.15: Photograph of the experimental setup inside the UHV chamber used for
field emission experiments.

Displacement [um]

10 20 30 40 50 60 70 80 90 100
Voltage [V]

Figure 2.16: Displacement of the nanopositioning stage as a function of the applied
voltage to the piezoelectric (PZT) actuator.
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The cathode is connected to the transimpedence amplifier, which is virtually held at
ground potential. The electrical connection of the electrodes, the high-voltage power
supply, and the transimpedence amplifier are shown in Fig. 2.14. The addition of a
100kS2 resistor in the connection close to the emitter serves as a suppresor, which also

protects the transimpedence amplifier in the event of high-voltage arcs.

2.5.3 Experimental Procedure

In measuring field emission at small distances, it is essential to establish a datum for
measuring the separation distance s precisely so that the local electric field at the tip
of an emitter can be determined accurately in later analyses. This is accomplished
by detecting the anode surface with the tip of the emitter prior to measuring any 7(V)
curves. A simple non-destructive technique was used, which detects tunneling current,
by slowly closing the gap between the electrodes at a rate of about 4 nm/s or less until a
small bias voltage (typically 0.5 V to 2.0 V) produces a sudden increase in the current.
The gain of the transimpedence amplifier was set to 10'° V/A.

The sudden increase typically occurs over less than a few nanometers of displace-
ment, so the initial separation distance is known to within the same value as the surface
roughness/flatness in the vicinity where the electrons strike the anode. In order to use
this surface detection technique, the initial separation distance between the tip and
the anode surface must be within the displacement range of the PZT actuator. Once
the anode surface is detected, the anode is retracted to its home position. The initial
separation distance is then determined from the recorded voltage applied to the PZT
actuator using the data shown in Fig. 2.16.

An example of the measured current during surface detection is plotted in Fig. 2.17
as a function of the distance traveled by the anode, for the CNT field emitter (cathode)
shown in Fig. 2.11(b). This experiment was conducted with a bias voltage of 1.0 V
applied to the cathode. The current increased gradually to about 4 pA while the anode
traveled 13.567 pum, and then it suddenly jumped to about 1 nA during an additional
travel of only 4 nm. From this data, it was concluded that the initial separation dis-

tance between the tip of the CNT and the anode surface was about 13.571 um, which

44



served as the datum (home position) for determining the separation distances in the

subsequent experiments.

Surface detected when current
jumped to 1 NnA @13.571 um T

41
Decreasing separation distance

Tunneling current [pA]

Before jump @13.567 um

3'7 1 1 1 1 1 1 J
0 2 4 6 8 10 12 14

Anode travel distance [um]

Figure 2.17: Surface detection for establishing datum and initial separation displace-
ment of electrodes (home position).

Once the initial separation distance at the home position is known, a preliminary
field emission test was conducted to remove some of the absorbates on the emitter
surface [89]; current was maintained until the emission current become reasonably
stable. After the cleaning process, I(V') curves were measured at several separation
distances. The gain setting of the transimpedence amplifier for the 7(V') measurements
was 107 V/A, which can measure currents up to 1 pA. A single (V) data point repre-
sents the mean current recorded at a given applied voltage over a one second period at
a sampling frequency of 10 kHz. Three (V') curves were recorded at each separation
distance s with the applied voltage ranging from below the turn-on voltage up to the
voltage when a few hundred nanoampere of current is detected. The turn-on voltage
is the voltage required to produce 1 nA of emission current. An average I(V') curve
was constructed using the mean of the three measured I(1') curves at each separation
distance s.

To reduce the error in the separation distance s, the nonlinearities in the displace-
ment of the PZT actuator were corrected with prior calibration. The creep behavior of

the PZT actuator, which is the change in position as a function of time AL(t) [um], was
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corrected using Eq. (2.35), where t [s] is time, AL;—y1 [um] is the displacement 0.1
seconds after the voltage change is complete, and +. is the creep factor (on the order
of 0.01 to 0.02, which is 1% to 2% per time decade). The PZT actuator used in the

nanopositioning stage has a creep factor v, of about 0.01.

AL (t) 2 ALi—g [1 + 7. log <0i1)] (2.35)

2.6 Characterizing Field Emission at Small Separation Distances

In this section, the characterization of field emission by means of current-voltage 7(V)
measurements at small electrode separation distances is presented. Two types of field
emitters were used: a carbon nanotube (CNT) field emitter and a sharp tungsten field

emitter.

2.6.1 Carbon Nanotube Field Emitter

This section presents the electron field emission from an individual CNT attached to a
sharp tungsten tip using the preparation methods in Section 2.4. The CNT field emitter
used in the experiments is shown in the scanning electron micrograph of Fig. 2.11(b). A
CNT with ~ 60 nm in diameter protrudes about 2.1 um from the sharpened tip of a 150
pum diameter tungsten wire. Twenty-four sets of (1) data were measured at electrode
separation distances s between 1.46 and 13.43 yum. The data was compensated for a
voltage drop due to an effective series resistance of about 10 M{2 in the field emission
circuit. The presence of a large resistance in series with the emitter, which causes the
saturation behavior in the emission current [89, 90], is not uncommon, as Bonard et
al. [91] reported that the contact resistance at the CNT-substrate interface is typically
between 300kS(2 and 400M¢.

The nonlinear least squares curve fitting technique described in Section 2.3 was
used for fitting the FN equations to each of the twenty-four measured 7(V') curves
using emission current greater than 0.1 nA. These fits yielded the values for the field

amplification factor A and the effective emitting area A.;; at each of the separation
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distances s. These values are compared to the values of the field amplification factor
and the emitting area calculated from the slope and the ordinate intercept of a FN plot
using the approximated v(y) = 0.95 — y? and t*(y) = 1.1, the differences are within
1.2% and 19.1% for the field amplification factor and the emitting area, respectively.

Five of the twenty-four experimentally measured I(V') curves (dots) together with
their FN fits (solid lines) are plotted in Fig. 2.18 for separation distances s = 1.46,
1.98, 5.10, 8.74, and 13.43 um. Each curve consists of two distinct regions that are
distinguished by changes in the first derivative of the data. In the first region, the slope
is nearly flat and the emission current is below 60 pA due to the minimum resolution for
a gain setting of 107 V/A on the transimpedence amplifier. A second region above 60
pAin the I(V') data follows the FN theory well as indicated by the curve fits in Fig. 2.18
and also by the straight lines plotted in the FN coordinates in Fig. 2.19.

10° ¢ @) () (d) (e

Separation
distance s

(a) 1.46 um
(b) 1.98 um
(c) 5.10 um
(d) 8.74 um
(e) 13.43 um

Emission Current [A]

-10 Min limit

30 40 50 60 70 80 90 100 110 120
Voltage [V]

Figure 2.18: I(V') characteristics of the CNT field emitter shown in Fig. 2.11(b) at five
separation distances. Solid lines are Fowler-Nordheim (FN) fits.
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The I(V') curves shift leftwards with decreasing separation distance s, and the
amount of shift between successive I(1) curves increases with diminishing separation
distance s. These trends are due to the rapid rate of change (increase) in the applied
electric field (V/s) at small separation distances and the relatively slower change (de-
crease) in the field amplification factor A\. Hence, less voltage is necessary to establish
a sufficient electric field at the tip of the CNT to produce electron emission. Similar
observations were reported in prior studies with a sharp tungsten emitter by Olson et

al. [92] and with a CNT emitter grown on a silicon tip by Minh et al. [37].

In(Z/V?)

-32 ¢

0.008 0.012 0.016 0.020 0.024
11V

Figure 2.19: FN plots of the /(1) curves shown in Fig. 2.18.

A turn-on voltage V,,, which is the voltage necessary to produce 1 nA of emis-
sion current, was also determined for each separation distance s. The dependence
of emission on separation distance s is further evidenced by the turn-on voltage V;,
shown in Fig. 2.20. As the separation distance s decreases from 13.43 to 1.46 um,
the turn-on voltage decreases from about 74 V to 48 V and the applied turn-on field
(Vio/s) increases from 5.2 to 33.3 V/um, as shown in Fig. 2.21, inferring a diminishing

field amplification factor A. The shape of the curve is similar to the numerical result of
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Edgcombe et al. [76], the experimental result of Boyle et al. [93], and the experimental

result of Young et al. [12] using the topografiner.
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Figure 2.20: Turn-on voltage as function of separation distance.

Both power and logarithmic relations were considered as prospective empirical
curves since they both suggest that V,, approaches zero and the derivative of V,, in-
creases rapidly for very small gaps. The logarithmic relation was used for emitters
described by the hyperbolic model [12]. However, the CNT tip is definitely not hyper-
bolic, and it was found that the power law fits the data better. Therefore, the turn-on
voltage V,, as a function of separation distance s was fitted to a power law of the form
Vio = as’.

At small separation distances, the derivative of the data is high, and it decreases to
a nearly constant value at larger distances. These results appear to fall in the transition
region where the slope changes. The empirical power function, relating V,, [V] to the
separation distance s [um], obtained from the best-fit curve is V,, = 44s%!. Despite
the reduction in turn-on voltage, the turn-on field at the CNT tip (AV},/s) remains un-
changed at about 3.7 V/nm for all the separation distances. This value falls in the lower

range of the typical electric field strengths (3 to 6 V/nm) necessary for electron field
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Figure 2.21: Turn-on field as function of separation distance.

emission.

The field amplification factor A is the magnification of the applied electric field (V/s)
at the tip of an emitter due to the geometry of both electrodes and their separation.
The amplification factor A is independent of the applied voltage V' and the material of
the emitter, but it depends strongly on the separation distance s and the geometry of
both electrodes due to the concentration of the electric field. As illustrated in Fig. 2.22,
the field amplification factor A\ decreases nonlinearly from 680 to 110 with decreasing
separation distance s. The field amplification factor \ decreases by about 6 times as
the separation distance s decreases from 13.43 to 1.46 um. As shown later in Section
2.6.2, these values are about an order of magnitude greater than that when using a
sharp tungsten tip emitter without a CNT attached.

After fitting the data to the modified Miller equation, Eq.(2.30), the empirical relation
between A and s [um] is determined to be A = 2361s/(s + 32.8) + 1. This suggests
that as s becomes much larger than the effective height . of the emitter, which is deter-
mined to be 32.8 um, the field amplification factor A approaches A\, = 2361. Whereas,
when s becomes much smaller than the height i of the emitter, the field amplification

factor A\ approaches unity. The field amplification factor A therefore varies between the
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Figure 2.22: Field amplification factor as function of separation distance.

asymptotic values of unity and A\, over the entire range of the separation distance s.
The experimental data covers a relatively small range of separation distance s between
1.46 and 13.43 um, which is smaller than the height h of the emitter (32.8 ;m), thus the
overall behavior of the field amplification factor A over a large range of s could not be
observed. Nevertheless, the empirical model fits the data well for the given range of s
as shown in Fig. 2.22 and it is believed that the modified Miller equation is a reasonable
empirical model to describe the behavior of A over a large range of s (see Section 2.3).

The effective emitter height i of 32.8 um, which is much greater than the protruding
length of the CNT (2.1 um), indicates that the shape of the tungsten tip also plays a
significant role in enhancing the electric field at the tip of the CNT. If the end of the CNT
is assumed to be closed with hemispherical surface, using the effective emitter height
h =32.8 um and r = 30 nm (CNT tip radius), A\, is determined to be about 650, which
is about 3.6 times smaller than the value obtained by fitting with the modified Miller
equation. This means that the end of the CNT is not closed. Such a large )\, indicates
that the CNT may have an irregular or opened end. In fact, it has been demonstrated

experimentally [25] and computationally [94] that an opened CNT produces a greater
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electric field enhancement than that of a closed CNT.

The trend of the field amplification factor A\ is compared with that of Bonard et al.
[44], who reported the dependence of the field enhancement factor v on the distance
d = s + h for his CNT emitter using a scanning anode technique. It was found that
the field enhancement factor v increases from 230 to 460 and the turn-on voltage de-
creases from 185 to 47 V as the distance d decreases from 5.0 to 0.06 um. Excellent
agreement can be observed in the reduction of the turn-on voltages with the decreas-
ing separation distance s. But, the trends of the field amplification factor A and the
field enhancement factor v are contradictory. This contrast in the trends initially ap-
pears anomalous, but it is explained by considering the two different approaches [74],
discussed in Section 2.3, for specifying the distance between the anode and cathode.
Bonard et al. [44] used the distance d between the planar anode and the planar sub-
strate of the cathode (emitter) and the corresponding relation F' = vV /d. Therefore,
the enhancement factor v should increase rapidly towards infinity as the separation
s approaches zero or d approaches h. For our data, the electric field at the tip is
F = \V/s. Therefore, the amplification factor A should decrease and approach unity
as s approaches zero.

The trend of the field amplification factor \ agrees well with the computational work
by Edgcombe et al. [76] and the earlier experimental work by Boyle et al. [93], who re-
ported on the field emission from a pair of crossed tungsten wires 0.75 mm in diameter
prior to the electrical breakdown. This trend is further supported by the recent experi-
mental work of Sim et al. [47], who reported on the field emission from a single carbon
nanofiber over a range of separation distances between 20 nm and 5.5 yum. Sim et
al. [47] also verified that the modified Miller equation is a very reasonable empirical
model for describing the behavior of the field amplification factor A, which varies with
the separation distance s over a large range of values. Unfortunately, the values of the
field amplification factor A and turn-on voltage V;, cannot be correlated directly due to
the differences in the size and geometry of the electrodes. Nevertheless, the behaviors
for how A\ and V;, vary with the separation distance s remain the same.

The effective emitting area A. s, on the other hand, is much more difficult to assess
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than the field amplification factor A. From the FN fitting, the values of the effective
emitting area were found to vary between 20 and 350 nm?. This substantial variation
in the emitting area A. s, is probably due to its high sensitivity on the variability of (V")
measurements, which results mainly from fluctuation in the emission current [95]. The
current fluctuation is attributable to transient variation in the work function caused by
adsorption and desorption of residual gas atoms on the CNT tip.

The vacuum pressure of 10~% Torr means that roughly a monolayer of residual gas
atoms forms on the emitter surface about every minute or less [96]. With this transient
adsorption and desorption, the work function fluctuates between the work function for
a clean surface (5 eV for carbon) and a lower work function due to tunneling through
an adsorbed layer. The work function for the CNT was asummed to be 4.7 eV, which
is slightly lower than that of carbon [66], and the calculated effective emitting area Ay
resulting from this assumption appears reasonable. It is believed that the mean value
of A.sy is a better estimate for the actual effective emitting area than the individual
values determined from each /(1) curve. The mean of the twenty-four values for A,
is determined to be 106 nm?.

The emission current density at the tip of the CNT was calculated using the mean
effective emitting area. The calculated current density is plotted against the local elec-
tric field (A\V/s) at the tip of the CNT in Fig. 2.23. The current density follows the FN
theory well for the electric fields between about 3 and 5 V/nm, which correspend to
current densities of about 10° and 10? A/m?, respectively. For electric fields larger than
5 V/nm, a slight saturation in the current density is noticeable. Clearly from Fig. 2.23,
the tip of the CNT reaches a maximum current density of about 10'° A/m? during the
field emission experiments. This value of current density is two orders of magnitude
lower than the reported current density of 10?2 A/m? needed to cause field evaporation
of atoms from the end of the nanotube [97]. Therefore, no damage to the tip of the CNT
is to be expected.

In a collabration work with Sanchez et al. [98], the CNT emitter was modeled as
a nanotube with an opened end having outer diameter of 60 nm and protruding 2.1

pm directly from the tungsten tip. The computational results correlate well with the
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Figure 2.23: Current density versus local electric field at the tip of the carbon nanotube.
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experimental results when the wall of the CNT is about 1.6 nm thick. This means that
the end of the CNT consists of five walls, considering that the inter-wall distance of a
multiwalled CNT is 0.34 nm [99, 100]. The field amplification factor at distant field for an
opened CNT with a wall thickness of w can be calculated using the empirical relation:
Aoo = 0.62h/r + 0.14h/w + 7 [94]. Here, h and r are the height and the outer radius
of the emitter, respectively. According to Kokkorakis et al. [94], when the CNT wall
becomes very thin (i.e., w < r), the ratio h/r will be irrelevant since the equipotential
lines bend completely around the walls and A\, can be determined exclusively by the
ratio h/w. Thus, A, is determined to be 2870. This value is much closer (~ 1.2 times

larger) to the experimental A\, compared to that of a closed end (~ 3.6 times smaller).

2.6.2 Sharp Tungsten Field Emitter

This section presents a field emission study conducted for a sharp tungsten tip (without
a CNT attached). The sharp tungsten field emitter used in the experiments is shown in
the scanning electron micrograph of Fig. 2.7(c). Eleven sets of (V') data were mea-
sured at electrode separation distances s between 0.13 and 5.35 yum. The measured
I(V) curves (dots) together with their FN fits (solid lines) are plotted in Fig. 2.24 for sep-
aration distances of s = 0.13, 0.65, 1.17, 1.70, 2.22, 2.74, 3.26, 3.79, 4.31, 4.83, and
5.35 um. Clearly, the I(V') data follows the FN theory well as indicated by the curve
fits in Fig. 2.24. The (V') curves shift leftwards with decreasing separation distance
s, similar to those of a CNT field emitter, and the amount of shift between successive
I(V) curves increases with diminishing separation distance s.

Figure 2.25 shows that the turn-on voltage V,, decreases from 524 to 207 V as
the separation distance s decreases from 5.35 to 0.13 um. The turn-on voltage V,,
decreases significantly when the separation distance s becomes smaller than 2 pum.
The applied turn-on field (V;,/s), on the other hand, increases significantly from 98 to
1550 V/um as the separation distance s decreases from 5.35 to 0.13 um as shown in
Fig. 2.26 inferring a disminishing field amplification factor. Because tungsten tips exhibit
a hyperbolic shape [12], the turn-on voltage V;, as a function of separation distance s

was fitted to a logarithmic relation of the form V;, = a In(bs+1) such that V}, vanishes as
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Figure 2.24: I(V') characteristics of the sharp tungsten emitter shown in Fig. 2.7(c) at
eleven separation distances s = 0.13, 0.65, 1.17, 1.70, 2.22, 2.74, 3.26, 3.79, 4.31,
4.83, and 5.35 um.. Solid lines are Fowler-Nordheim (FN) fits.

56



s approaches zero. The empirical logarithmic function relating V;, [V] to the separation

distance s [um] was obtained to be V;, = 85.91In(82.1s + 1).

600

5001
>,
=2 400¢
o)
()]
£ 3001 ,
) o Experimental
s 200 o Computational
= ——  Logarithmic fitted
2

100

0

0 1 2 3 4 5 6 7
Separation distance, s [pum]

Figure 2.25: Turn-on voltage as function of separation distance.

The values of field amplification factor A and effective emitting area A.s, at each
of the separation distances s, were extracted using the same nonlinear least squares
curve fitting technique that fits the FN equations to each of the measured (V) curves.
Figure 2.27 shows the extracted field amplification factor A as a function of the separa-
tion distance s. The field amplification factor A decreases nonlinearly from 33.6 to 2.1,
a reduction factor of 16 times, as the separation distance s decreases from 5.35 ym to
0.13 um. These values of field amplification factor A are ten times smaller than those
of the CNT field emitter (as discussed in the previous section) for separation distance
s varying in between 1.0 and 5.5 um. A value of X\ equal to 2.1 at separation distance
s of 0.13 um clearly indicates that A approaches unity as s becomes very small. This
also means that the geometry of the electrodes resembles that of two parallel plates
with no field enhancement. The mean effective emitting area A.; is determined to be
420 nm?.

After fitting the data to the modified Miller equation, the empirical relation between
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Figure 2.26: Turn-on field as function of separation distance.

A and s [um] is determined to be A\ = 150s/(s + 19.6) + 1. From the data in Fig. 2.27,
it is clear that the modified Miller equation fits the data well, and it yields the effective
height / of the emitter and the field amplification factor )\, at distant field to be 19.6 um
and 150, respectively. The behavior of how the field amplification factor A varies with
separation distance s is clearly visible in the region where s is less than 5.5 um.

Despite the dependence of turn-on voltage V,, and field amplification factor A on
separation distance s, the turn-on field (F,, = AV,,/s) at the tip of the sharp tungsten
emitter remains unchanged at about 3.3 V/nm for all the separation distances. This is
the field strength needed to produce 1 nA of emission current from the tungsten tip. It
is slightly less than 3.7 V/nm for a CNT emitter because the work function of tungsten
(4.5 eV) is slightly slower than that of CNTs (4.7 eV).

The values of field amplification factor A and turn-on voltage V,, are also computed
using electrostatic finite element analysis (FEMLAB software) for separation distances
s=0.1,0.2,0.5,1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 um. The tip of the emitter was assumed
to be hemispherical with tip radius r equal to 91 nm. A 2D axisymmetric model of the
sharp tungsten emitter (cathode) and the metal coated fiber (anode) was created for

the finite element analysis as shown in Fig. 2.28. The geometry of the sharp tungsten
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Figure 2.27: Field amplification factor as function of separation distance.

emitter was approximated from the actual image of the emitter shown in the scanning
electron micrograph of Fig. 2.7(c).

The values of )\ are plotted in Fig. 2.27, and it is clear that they correlate well with
the experimental data. Using these values of A and F}, equal to 3.3 V/nm, the turn-on
voltage V, can be determined from V;, = Fj,s/\ for each of the separation distances
s. The values of V,, are plotted in Fig. 2.25, and they also correlate well with the
experimental data. The field amplification factor A\, at distant field can be determined
from Eq.(2.31). Using effective emitter height = 19.6 um and tip radius r = 91 nm, A,
is determined to be 152, which is in excellent agreement with the value obtained from

the fitting using the modified Miller equation.

2.7 Chapter Summary

Using the experimental and computational methods developed in this chapter, field
emission from an individual CNT or an ultra-sharp tungsten field emitter can be char-
acterized as a function of the applied voltage and the separation distance at small

separation distances. This was demonstrated using a technique that employs an ap-
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Figure 2.28: Axisymmetric model of the sharp tungsten emitter (cathode) and the metal
coated fiber (anode).

paratus to precisely adjust the separation with respect to a datum distance established
between the tip of the emitter and a metalized optical fiber. Sets of /(') data mea-
sured at various separation distances were fitted to the Fowler-Nordheim equation to
determine how the field amplification factor and effective emitting area vary with the
separation distance. It was found that both the field amplification factor and turn-on
voltage decrease as the separation distance decreases. It was also found that the de-
pendence of the field amplification factor is empirically well modeled by the modified
Miller equation.

The experimental technique described and demonstrated in this chapter enables
the study of field emission from 1D nanostructures at small separation distances. The
approach is an improvement over other techniques, such as the scanning anode ap-
proach especially for studying field emission from individual CNT, since the separation
is controlled more precisely over a larger range, the electric field at the CNT tip is not
affected by neighboring CNTs, and the anode is a flat to within a few nanometers. Be-

cause of the high sensitivity to separation distance, it is essential to detect the surface
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of the anode and establish a home position prior to conducting /(1) measurements.

It was also found that field emission current on the order of a few hundred nanoam-
peres can be easily obtained at separation distances ranging from sub-micrometer up
to a few micrometers. These emission currents are sufficient for most e-beam lithog-
raphy. The voltages needed to create sufficient electric fields for field emission were

found to be a few times lower when a CNT is attached to the sharp tungsten tip.
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Chapter 3

Piezoelectric Linear Motor as Coarse Positioner for Tip-Sample

Approach

3.1 Introduction to the Chapter

This chapter presents the design and operation of a coarse positioner called piezoelec-
tric linear motor, which is one of the key components of the instrument for tip-sample
approach. The performance of the instrument depends on many aspects of the piezo-
electric linear motor such as mechanical rigidity, thermal stability, and smoothness of
motion. A new method for measuring the motion characteristics and the thermal stabil-
ity of the piezoelectric linear motor is presented. The chapter begins with a review of

three popular coarse positiners used today.

3.2 Background

Piezoelectric actuators are electro-mechanical energy transducers in which they trans-
form electrical energy into mechanical motion via the inverse piezoelectric effect [101].
The inverse piezoelectric effect, exhibited by particular dielectric materials such as lead
zirconate titanate (PZT), produces a small amount of mechanical strain proportional to
the magnitude of an applied electric field. The smallness of the strain enables posi-
tioning with extremely fine resolution. The piezoelectric phenomena is employed in
a variety of actuators to produce displacements with extremely fine resolution (sub
nanometer) over small travel ranges (several micrometers) [102]. The maximum travel

range is limited by the dielectric strength and the maximum possible deformation of
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the piezoceramic materials. The use of piezoelectric actuators can be found in many
precision instruments and machines [103, 104, 105, 106, 107, 108, 109].

For longer travel range (several millimeters) applications, the same materials can
be used as piezoelectric motors [110, 111, 112, 113, 114, 115, 116] to provide long
range displacement via the repetition of many small steps (sub micrometer to several
micrometers). Both piezoelectric actuator and motor are common in scanning probe
microscopy (SPM) [114, 117]. The piezoelectric actuator, in form of tube scanner [118],
scans the probe over the sample surface (or vice versa) in a rasterized pattern, while
the motor brings the probe close to the sample surface.

There are three common approaches, as shown in Fig. 3.1, for using the repetition
of small displacement of piezoelectric actuators to achieve long travel ranges. Fig-
ure 3.1(a) shows the stick-slip approach, which has been used in several instruments
[110, 111, 119] because of its simplicity. Due to friction forces (stick), a slider is slowly
translated a small step with one or more piezoelectric actuators, and then the piezoelec-
tric actuators are rapidly jerked to its initial position. The slider does not move during
the jerking motion due to its inertia (slip). The process is repeated to produce multiple
steps. This approach is restricted to motion in a horizontal plane, unless a preload or
clamping mechanism is used; for vertical motion, Renner et al. [111] preloaded the
slider with a mechanical spring, and Mugele et al. [119] used a magnetic clamp. This
approach is also used in the commercially available Picomotor screw-type actuators
[120].

The second approach, applied in the commercially available Inchworm [112] motor,
uses wormlike motion as illustrated in Fig. 3.1(b). A round tube in the center of the motor
cyclically steps by clamping, extending, unclamping, and retracting the ring-shaped
piezoelectric actuators. Since the translating tube is always clamped by at least one
actuator, the motor can be used in any orientations. Step size as small as 1 nm has
been achieved with a lever reduction mechanism incorpated into the motor [116]. A
derivative of this approach is also used in the commercially available NEXLINE® linear
motors from Physik Instruments (Pl).

A third approach, as illustrated in Fig. 3.1(c), was originally described by Pan [113,
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117] and has since becomes a popular choice for low temperature instruments (cryostats)
[121, 122, 123]. For conceptual illustration purpose, only four actuators are shown in
the figure. In the actual motor, a sapphire prism is actually translated by six shear-mode
piezoelectic actuators. A single step of the motor consists of a sequential-sliding ac-
tion and a carrying action. In the sliding action, each of the six actuators consecutively
slides backward along the surfaces of the prism. During the sliding of an actuator, the
prism is held by the static friction forces at the remaining five actuators. In the carrying
action, all six actuators simultaneously displace forward carrying the prism. There are

several advantages to Pan’s concepit:
1. the motor can be symmetric, which improves thermal stability;
2. no external servo-control is required to hold the translating prism in position;
3. the motor can operate in any orientations;

4. preload can be adjusted to increase or decrease the holding force;
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5. the motor can be designed to be stiff (rigid);
6. the motor can be compact; and

7. the motor can operate in vacuum environments and at low temperatures.

A variant of Pan’s motor, as described by Gupta et al. [114], uses a single piezo-
electric tube segmented into six sections instead of six shear-mode piezoelectric ac-
tuators. The motor works by crawling the segmented tube inside a prismatic shaped
cavity. Although this motor is compact and cost effective, high preload forces are not
possible since bending loads produce tensile stresses that can fracture and break the
segmented sections of the piezoelectric tube.

Another variant of Pan’s Motor, as described by Mariotto et al. [115, 124], replaces
the translating sapphire prism with a sapphire rod. The study shows that the motor can
operate in either inertial or frictional mode, depending on the transient actuation of the
piezoelectric actuators. Gupta et al. [114] and Mariotto et al. [115, 124] measured
their motors average step size as the ratio of travel distance to number of actuation
steps using an optical microscope and a micrometer, respectively. These measurement
methods cannot be used to characterize the motion per step and the variation in the

step size of the motors cannot be determined.

3.3 Design and Construction

The piezoelectric motor differs from that of Pan [113], Gupta et al. [114], and Mariotto
etal. [115, 124] in three fundamental ways: (1) the inclusion of a compliant suspension
between the motor’s supporting structure and piezoelectric actuators, (2) a lever reduc-
tion mechanism that provides for fine adjustment of the preload force via the compliant
suspension, and (3) a radially symmetric structure made of materials with low coeffi-
cients of thermal expansion to greatly improve thermal stability. A detail view of the
components and assembly of piezoelectric linear motor is given in Fig. 3.2(a) with a

section cut-away.
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The motor consists of six shear-mode piezoelectric actuators (Pl: P-121.01) that
clamp the alumina prism in position. Each actuator has two passive and two active
shear-mode piezoelectric plates (5 x 5 x 0.5 mm) with alumina end plates. The alu-
mina prism is machined from an alumina tube (outer diameter of 14.53 mm) with three
equally angular spaced sides ground flat. The width of flat surfaces is 6.0 mm wide
and the length of the prism is 30.5 mm long. The prism is the translating component
located at the center and its axis coincides with the translation axis of the motor. The
housing, machined from invar 36, contains three identical driving mechanisms and six
identical preload mechanisms. The driving mechanisms are angularly spaced 120°
apart, and they are hidden in the cut-out pockets on the invar housing. The alumina
prism is kinematically constrained [125] from rotations due to its prismatic shape and
the arrangements of the driving mechanisms, alumina balls, and preload plates. Such
a design ensures very little sensitivity to temperature fluctuations in the ambient envi-
ronment, which makes it ideal for applications where thermal stability is crucial.

Each driving mechanism, as shown in Fig. 3.2(b), consists of two shear-mode piezo-
electric actuators bonded 17.78 mm apart near each end of a coupling bar. This pre-
vents each individual actuator from rotating during operation. The linear motor has a
travel range of about 7.6 mm, which is limited the length of the alumina prism. The
adverse effects of manufacturing form errors such as the flatness and parallelism of
the sliding surfaces on the alumina prism should be considered. The coupling bar is
designed to be compliant in certain directions and rotations to account for these form
and shape imperfections of the prism while providing a stiff structural link between the
actuators.

On the other side of the coupling bar, where the shear actuators are located, are two
circular pockets house the belleville disc springs that preload the alumina prism. Each
preload mechanism consists of a belleville disc spring, an alumina ball, a triangular
shaped preload plate, and three vented screws (size 2-56). The preload plate has a
cone shaped pocket, centered with respect to the screws on one side of the plate for
constraining the alumina ball. The preload force against the alumina prism is increased

by tightening only one of these screws to increase the compression in the belleville disc
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springs. This adjustment can be done independently for both front and rear preload
planes.

In each preload plane, there are three preload mechanisms and thus three belleville
disc springs are angularly spaced 120° apart. This arrangement ensures an equal
preload force from all three radial directions whenever one of the preload plates is
adjusted. The deflection due to the weight of the alumina prism can be neglected since
it is much smaller than the preload force. The amount of the preload force P, given by
Egs. (3.1) to (3.3), generated by a belleville disc spring depends on its deflection § due
to a compressive load [126]. Other parameters in these equations include modulus of
elasticity £, Poisson’s ratio v, disc thickness ¢, unloaded disc height &, inner radius a,

outer radius b, and ratio of radii o = b/a.

_ CiGyE!
P=a-me (3.1)
1/6\* 3h (&) h2\ &
= (=) —=(=2 Sl e 2
G 2<t) 2t <t> +(1+t2)t (3:2)
Cn a+1_ 2 o 2 (3.3)
27 a—1 lna a—1 '

The alumina ball that seats in between the cone shaped pocket of the preload plate
and the belleville disc spring acts as a moving pivoting point and also improves the
adjustment resolution of the preload force due to the lever reduction mechanism formed
by the ball being centered with respect to the screws. The schematic of the lever
reduction preload mechanism for a preload plane is illustrated in Fig. 3.3. The stiffness
of the preload plate is 11.2 N/um computed from finite element analysis (FEA). And, the
axial stiffness of the actuator is 190 N/um. Since they are much larger than the stiffness
of the disc spring, the preload plate and the piezoelectric actuator are asssumed to be
rigid bodies. An adjustment of §, at one of the screws will displace the ball by one third
(5b=§5s) because the lever reduction mechanism has a reduction ratio of %

Since the preload forces produced by the disc springs are the same for a displace-

ment of §, applied directly to one of the alumina balls, all three bellevile disc springs
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Figure 3.3: Schematic diagram of preload mechanism with lever reduction.

deflected equally. A displacement of 9, at one of the alumina balls causes the axis of
the alumina prism to displace by an amount of about géb. The deflection ¢ of all the
belleville disc springs in the preload plane is then approximately one third the displace-

ment of J, as given by Eq. (3.4).

I

1
6= =, 3.4
50 (3.4)

Thus, with the lever reduction mechanism, the deflection ¢ of the belleville disc

springs for an adjustment of §, at one of the screws is given by Eq. (3.5).

§ = =4, (3.5)

The preload force P generated by the disc spring for an adjustment of ¢, at one of
the screws is then calculated from Egs. (3.1) to (3.3) using the deflection ¢ in Eq. (3.5).
Figure 3.4 shows the preload force generated by the disc spring for an adjustment of
05 at one of the screws. The parameters of the belleville disc spring are listed in Table
3.1.

It is recommended [114] to adjust the preload forces of the motor such that they
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Figure 3.4: Preload force P generated by the disc spring for an adjustment of 4, at one
of the screws.

Table 3.1: Parameters of belleville disc spring

Modulus of elasticity, E 200 GPa
Poison’s ratio, v 0.3

Disc thickness, t 0.254 mm
Unloaded disc height, h 0.129 mm
Inner radius, a 1.270 mm
Outer radius, b 2.235 mm
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are very nearly the same for both front and rear preload planes. The resolution in the
adjustability of the preload force is about 1 N assuming that the 2-56 screw can be
turned with an increment of 5°. The static holding force Fj4 of the motor then equals
the total friction force for all six of the preload forces P time the coefficient of static

friction u, as given in Eq. (3.6).

Fhog = 6psP (3.6)

The coefficient of static friction us for alumina sliding on alumina in the prototype
motor was measured experimentally to be 0.203 £ 0.018. It is recommended that the
maximum shear load of the piezoelectric actuator not be exceeded. The maximum
preload force of the disc spring is about 110 N, which is limited by the maximum allow-
able stress of about 2.75 GPa [126] at the inner boundary of the belleville disc springs.
As a rule of thumb, a disc spring usually has useable range of up to 75% of its max-
imum deflection (flattened). For the disc spring used in this motor, the upper limit is
at about 95 ym. The maximum frictional force is therefore 22 N, which is less than
the maximum allowable shear load of 50 N for the actuator. This produces a theoret-
ical maximum static holding force of about 135 N for this motor. The prototype of the

piezoelectric linear motor is shown in Fig. 3.5.

3.4 Operation

The linear motor can operate in two modes: scanning mode and stepping mode. In
scanning mode, all six shear-mode piezoelectric actuators clamping on the alumina
prism shear simultaneously in phase without sliding. In stepping mode, each of the
piezoelectric actuators is actuated rapidly and orderly in the reserve direction to cause
it to slide along the surface of the alumina prism while the prism is held by the static
friction forces at the remaining five actuators, and then simultaneously actuating all
the actuators slowly (in phase) to carry the prism one step in the forward direction. A
simplified conceptual illustration of this stepping mode is shown in Fig. 3.1(c) with only

four actuators.
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Figure 3.5: Photograph of the piezoelectric linear motor.

For stepping mode, this motor requires a special electronic circuit that can generate
six synchronized output waveforms to drive the piezoelectric actuators. It would be
very costly to use six high-voltage amplifiers to drive all the actuators. A common
alternative [114] uses a transformer to amplify the 60 Hz alternating current (AC) power
line signal and a variac to adjust the amplitude of the AC signal. The signal is then
conditioned and split into six synchronized voltage outputs with an appropriate time
delay in between them.

Although this alternative is rather cheap and simple, a drawback would be each
consecutive voltage step applied to the actuator is always slightly lower in amplitude
than the previous one. This may cause the sliding distance by each of the actuators to
vary slightly. To avoid this problem, the voltage steps of the same amplitude shall be
used. This is incorporated in the electronic circuit of the linear motor. Figure 3.6 shows
the block diagram of the electronic circuit.

The first block of the circuit is the triangular waveform generator [127], which gen-
erates a 60 Hz triangular-wave signal with an amplitude of 1.22 V. External waveforms
can be selected by meaning of switch SW1. For this work, the built-in signal generator

is used. The output of the signal generator is fed to a voltage clipper [128] to clip the
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Figure 3.6: Block diagram of electronic circuit for the linear motor.

corners of the triangular-wave signal at +1 V and -1 V. The circuit diagram of the tri-
angular waveform generator and the voltage clipper is shown in Fig. 3.7. The clipped
signal is then fed to a variable gain amplifier and block A. At the variable gain ampli-
fier, the clipped signal can be amplified up to 10 times by manually adjusting the gain
of the amplifier. The output of the amplifier is furthered amplified by a 20 times gain
high-voltage amplifier [129] before sending the amplified clipped signal to the inputs of

six opto-couplers (triacs).

TLO52ACP (IC1) and TLO84BCN (IC2) D1 and D2: 1N5239B
V+ =+ 15V D3 and D4: 1N4148
V-=-15V

EXT_WAVEFORM_IN EXT_WAVEFORM |

11
c1'MoonF

10k

2k

Figure 3.7: Circuit diagram of the triangular waveform generator and the voltage clipper.

73



At block A, user defined control settings such as the direction of motion (polarity)
and the number of steps (one shot, continuous, or external trigger) of the motor can be
selected. The zero-crossing of the clipped signal is performed by two comparators, one
for each direction of motion. The outputs of the comparators are in square-wave signals
with one of them inverted. The signals are then rectified to make a train of pulses (for
multiple steps operation), of positive polarity only, corresponding to the rising edge of
the square-wave signals. These pulses are shifted 16.67 ms apart, which is exactly
equivalents to the period of the clipped signal or the cycle of the clipped signal. There
will only be a single pulse (one step) for one shot operation. Each pulse is then delayed
by 4.17 ms (a quarter-cycle of the signal) before sending it to block B. This time delay is
to assure that the triacs are triggered in the appropriate quadrant of the signal arriving

at the triacs. Figure 3.8 shows the circuit diagram of Block A as described above.
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Figure 3.8: Circuit diagram of Block A.




At block B, each incoming pulse passes through a series of time delays to produce
six more pulses with each one of them orderly delayed by about 108 us. The time
delay is to assure that each piezoelectric actuator has enough time to complete the
sliding before the next actuator is activated. These orderly delayed pulses also have a
pulse width of 108 us. The pulses are then used for triggering the triacs to produce the
waveforms needed for the motor. Figure 3.9 shows the circuit diagram of Block B and
the triacs.

Triac functions as a bidirectional electronic switch, which can conduct current in
either direction when triggered. Once triggered, it continues to conduct until the current
through it drops below a certain threshold value, such as at the end of a half-cycle of AC
signal. Depending on the type of loads, the triac may turn off prematurely for capacitive
load such as piezoelectric actuator before the end of a half-cycle. This is because the
current required by the piezoelectric actuator depends on the transient of the driving
signal. To prevent this premature cutoff, a resistive load, as shown by the 50k{2 power
resistor in Fig. 3.10, is added in parallel with the piezoelectric actuator to assure that
the current through the triac stays above the threshold value and only drops below it at
the very end of the half-cycle. This makes the triac a very convenient switch since the
output waveform is always uni-polar of either positive or negative polarity only. This is
particularly crucial for the linear motor because the direction of motion is controlled by
the polarity of the applied voltage. Figure 3.10 shows the waveform shaping at one of
the triacs for both forward and backward motion.

Since the triacs are trigerred orderly, the outputs of the triacs are six synchronized
waveforms as shown in Fig. 3.11(a). These uni-polar waveforms shown in Fig. 3.11(a)
are applied to the piezoelectric actuators according to the order shown in Fig. 3.11(b),
for moving the alumina prism one step in the forward direction. For motion in the
backward direction, the polarity of the waveforms is reversed.

The linear motor can be modeled as a mass (alumina prism) supported on six par-
allel springs (piezoelectric actuators). The alumina prism is assumed to be rigid and
the base (support) of the actuator is assumed to be fixed. All actuators are assumed

to have the same displacement and stiffness. The motor can be simplified to a spring-
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Figure 3.10: Schematic diagram of the bidirectional electronic switch and waveform
shaping.

mass model as shown in Fig. 3.12.

The free or uncontrained displacement AL [nm], without any external restraints, of
a shear-mode piezoelectric actuator with n active plates stacked in series for an applied
voltage V [V] is given in Eq. (3.7) [130]. The parameter d;5 [nm/V] is the shear-mode

piezoelectric coefficient.

If all six piezoelectric actuators clamping on the alumina prism shear simultaneously
in the same direction without sliding, the displacement of the prism is equivalent to the
displacement of each individual actuator. The displacement of the actuator will be
reduced if an external restraint (spring) is added to it. When a voltage is applied to one
of the actuators, the alumina prism displaces by an amount of AL, [nm] as given in
Eq. (3.8), where, k,.: [N/nm] is the stiffness of the actuator and k; [N/nm] is the total

stiffness of the remaining five actuators.

k
AL, = AL L) 3.8
P (kpzt + ks ( )
kg = Skipat (3.9)
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The free displacement of the prism reduces by an amount of ALy as given in

Eq. (3.10).

ALp = AL — AL, (3.10)

The lost displacement ALz [nm], which is equal to %AL, is caused by the stiffness
of the remaining five actuators holding the prism. Work is done by the actuator to
deform the remaining five actuators. Thus, the force generated by the actuator, £,

[N], is given in Eq. (3.11). This is the amount of force that exerts on the prism.

szt — kpztALR (311)

If this force F},.;, which is equal to %k:pzmdmv, exceeds the static frictional force F
[N], given in Eq. (3.12), sliding occurs between the alumina end plate of the actuator
and the alumina prism. Recall that i is the coefficient of static friction, and P [N] is the
preload force. Any variation in the preload forces acting on the actuators (for the motor
oriented horizontally) is neglected since the weight of the alumina prism is only about
94 mN.

F, = pu,P (3.12)

The threshold voltage V; [V] is the voltage that must be applied to the actuator to
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generate a force equal to the static frictional force F;. It can be obtained by equating
Eq. (8.11) and Eq. (3.12). The relation between the threshold voltage V; and the preload
force P is given in Eq. (3.13). The physical parameters of the linear motor is listed in

Table 3.2.

6us P

V, = 1
" Bndiskya

(3.13)

Table 3.2: Physical parameters of the piezoelectric linear motor

Shear stiffness of actuator (FEA), k,.;  0.135 N/nm
Coefficient of static friction, ps 0.203
Number of piezoelectric shear plates, n 2

The threshold voltage V; obtained from Eq. (3.13) is the minimum voltage needed
for a single actuator to slide on the alumina prism while held by the remaining five actu-
ators. During sliding, the actuator becomes momentarily decoupled from the structure
that forms the spring-mass system. This causes the force generation in the actuator
to drop. However, the actuator will continue to exert a kinetic frictional force on the
alumina prism. The sliding will eventually stall, forcing the actuator to couple back to
the structure. Although the actuator slipped to a new position, the remaining force left
in the actuator is still equal to the static frictional force (just like before sliding occured).
Due the force-displacement relationship of the actuator pushing against a spring load,
the remaining force left in the actuator would convert to a free displacement of AL,
[nm], as given in Eq. (3.14). This is the amount of displacement the actuator not able

to slide on the alumina prism due to the static frictional force.

ALy = ndysV, (3.14)

Similarly, this applies to the remaining five actuators. The sliding of the actuators on
the prism eventually produces a reverse motion equals to Eq. (3.14). When the actua-
tors move simultaneously forward (like the motion in scanning mode), the displacement

of the prism is given in Eq. (3.7). Therefore, the motion per step AL, [nm] of the linear
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motor is given in Eq. (3.15).

0 , V<V
AL, = (3.15)
AL—AL, , V>V,

3.5 Experimental Setup

To characterize the performance of the linear motor, a noncontact capacitive displace-
ment measuring system from Lion Precision was used. The system has a resolution of
about 1 nm and the peak-to-peak noise of about 10 nm based on the default factory
setting for high resolution. The peak-to-peak noise can further be reduced by setting
the system to a lower bandwidth whenever a low noise and low speed measurement
is required. The system measures the change of capacitance between a sensor (Lion
Precision: C1-C) and a conducting target, which is mounted on the alumina prism of
the linear motor. Changes in the capacitance are converted into output voltages by the
sensor driver (Lion Precision: DMT 22). The sensitivities for high and low resolutions
of the capacitive displacement measuring system are 2.54 ym/V and 12.7 um/V, re-
spectively. The dynamic ranges for high and low resolutions are 50.8 um and 254 um,
respectively.

Three sensor arrangements were used depending on the direction of motion(s) be-
ing measured. The measurements were performed on the front side of the motor. Fig-
ure 3.13(a) shows the arrangement for axial motion measurement such as motion per
step, linearity and also for calibrating the piezoelectric actuators of the motor. The sen-
sor target, a small circular plate made of invar 36, is mounted on the alumina prism. The
sensor holder for holding the displacement sensor is mounted on the motor housing.
The axis of the displacement sensor must align with the axis of the motor to minimize
the error due to Abbe’s offset.

The arrangement in Fig. 3.13(b) was used for lateral motion measurements. The
sensor target, shaped like a cubic also made of invar 36, is mounted on the alumina
prism. Two displacement sensors orthogonal to each other are held by the sensor

holder, which is mounted on the motor housing. The output of the displacement sen-
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Capacitive (b)
Displacement

Capacitive Displacement
X Sensors

Figure 3.13: Arrangements for measuring the motion(s) in the (a) axial direction, (b)
lateral directions, and (c) both axial and lateral directions. Photographs of experimental
setups for (d) axial motion measurement and (e) axial and lateral motion measure-
ments.
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sor in the Y direction is inverted to be consistent with the coordinate system used in
Fig. 3.13(b). The displacement sensors are placed 25.4 mm from the middle plane,
between the front and rear preload planes, of the motor. For simultaneous axial and
lateral motion measurements, the arangement in Fig. 3.13(c) with three displacement

sensors can be used.

Extension Spring

— 'l —
- 2
-»_w |
Fe

Linear Motor Load Cell

Figure 3.14: Photograph of the experimental setup for measuring the static holding
force of the motor.

Figure 3.14 shows the experimental setup for measuring the static holding force of
the motor. An extension spring anchored to the alumina prism is pulled by a micrometer
head. The tension in the spring is adjusted until the alumina prism slipped while a load
cell attached to the end of the micrometer head measures the tension in the spring. The
measurement would require the axis of the prism to align with the axes of the load cell
and the micrometer head. The load cell has a sensitivity of 88.35 N/V. The measured
static holding force is then used to calculate the preload force applied on the alumina

prism by using Eq. (3.6).

3.6 Calibration of Actuators

Piezoelectric materials show a considerable hysteresis [131] in open loop operation.
The hysteresis exhibits the nonlinearity behavior in the displacement of a piezoelec-
tric actuator. The nonlinearity is associated with the voltage dependent change in the
piezoelectric sensitivity k. [132, 133], which can be described fairly well by Eq. (3.16),

where, kq is the small signal piezoelectric sensitivity and « is the rate of change in the
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piezoelectric sensitivity with respect to a voltage sweep AV'.

k. = ko + aAV (3.16)

Using the relations k. = ndys, ko = ndls, and AV = nV, where V is the applied
voltage on each shear-mode piezoelectric plate and d°; is the small signal shear-mode

piezoelectric coefficient, Eq. (3.16) reduces to Eq. (3.17).

dis = d% + oV (3.17)

From Eq. (3.17), the nonlinearity in the displacement of the shear-mode piezoelec-
tric actuators is actually due to the voltage dependent change in the piezoelectric co-
efficient d;5. Since the shear displacement is independent on the dimensions of the
shear-mode piezoelectric plate, the sensitivity £, and the piezoelectric coefficient d;5
are equivalent, which can be obtained experimentally. By fitting Eq. (3.7) to the mea-
sured displacement of the actuators using d;5 given in Eq. (3.17), the values of d°; and
« can be obtained.

The piezoelectric coefficient dy5 also varies slightly with the frequency and the wave-
form of the driving signal [131, 132]. It is therefore important to calibrate the actuators
according to the 60 Hz driving waveform of the motor. The calibration of the actua-
tors is performed in the scanning mode, where all actuators displace simultaneously
in phase. The displacement of the alumina prism is then measured. Figure 3.15(a)
shows the displacement of the actuators measured experimentally and the fitting using
Eq. (3.7). The values of df; and « are determined to be 0.4949 nm/V and 9.611 x 10~*
nm/V?, respectively. The small signal piezoelectric coefficient d,5 agreed well with the
manufacturer value of 0.5 nm/V.

Therefore, the relation between the piezoelectric coefficient d5 [nm/V] and the ap-
plied voltage V' [V] is given in Eq. (3.18). The piezoelectric coefficient dy5 calculated

using Eq. (3.18) is plotted in Fig. 3.15(b).

dis = 9.611 x 107V + 0.4949 (3.18)
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Substituting Eq. (3.18) and n = 2 into Eq. (3.7), one can obtain Eq. (3.19).

AL =1.9222 x 1073V? 4 0.9898V (3.19)
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Figure 3.15: (a) Displacement of the actuactors versus applied voltage and (b) piezo-
electric coefficient d;5 versus applied voltage.

3.7 Motion Characteristics

3.7.1 Axial Motion
Scanning Mode

The motion characteristic of the motor in the scanning mode is directly related to the

hysteresis in the piezoelectric actuators. For small motion, the effect of the hysteresis
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is insignificant. An example of motion characteristics is shown in Fig. 3.16 for a 10
Hz square-wave input signal. The results show that shear strokes of 5 nm, 2 nm,
and 1 nm can be achieved with applied voltages of 5V, 2 V, and 1V, respectively. The
detection of smaller stroke values is limited by the resolution and noise of the capacitive
displacement sensor. The actual stroke resolution of the motor depends on the noise of
the high-voltage amplifier. The amplifier has a maximum peak-to-peak noise of about

5 mV, which corresponds to a movement of 5 pm.
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Figure 3.16: Motion characteristics of the motor for a 10 Hz square-wave input signal.
The darker lines are the filtered data. (a) 5 nm stroke with cutoff at 500 Hz, (b) 2 nm
stroke with cutoff at 275 Hz, and (c) 1 nm stroke with cutoff at 250 Hz.

For large motion, the effect of the hysteresis is significant. Furthermore, the hys-
teresis will vary with the frequency and the waveform of the driving signal [131, 132].
An example of the hysteresis loops of the motor is illustrated in Fig. 3.17 for a 10 Hz
sinusoidal input with various voltage sweeps. The hysteresis clearly depends on the

voltage sweep of the driving signal, it increases from 7.2% to 17.3% for an increase in
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the voltage sweep from 40 V to 200 V.

300
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Figure 3.17: Hysteresis loops of the motor for a 10 Hz sinusoidal input with voltage
sweeps of 40 V, 80V, 120 V, 160 V, and 200 V.

Stepping Mode

An example of the axial motion of the linear motor in the stepping mode is shown in
Fig. 3.18. It can be observed that the motions in the forward and backward directions
are highly linear. The forward step motion of the linear motor is illustrated in Fig. 3.18(a).
As expected and shown in Fig. 3.18(b), the backward step motion is inverted. The step
motions show similar characteristic, and they are highly reproducible.

Each step, as shown in Fig. 3.19(a), begins with a momentarily reverve motion
before advancing forward to complete the step. This is the intrinsic stepping motion
characteristic for this type of linear motor. This characteristic cannot be realized by
using the measurement methods utilized in the previous studies performed by others

[114, 115].
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Figure 3.18: An example of the axial motion of the linear motor in the stepping mode.
Step motions in the (a) forward and (b) backward directions. The preload force applied
on the alumina prism is 24.5 N and the applied voltage is 196 V for both directions.
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Figure 3.19: (a) Step Motion and (b) determination of step size.
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Step motions for nine applied voltages of 43-196 V are shown in Fig. 3.20. The
preload force applied on the alumina prism is 8.7 N. It can be seen from Fig. 3.20 the
motion per step (step size) increases with the increasing in the applied voltage. The
step motions of all 18 steps are highly reproducible with a very repeatable step size
for each applied voltage. A maximum step size of 225 nm is obtained with an applied
voltage of 196 V, which corresponds to a velocity of 13.5 um/s. In the case for an
applied voltage of 43 V, the step size is about 6 nm. Also observed in Fig. 3.20, the

amount of reverse motion is almost independent on the applied voltage.
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Figure 3.20: Step motions for various applied voltages.

The step size at various voltages and preload forces is measured for three different
orientations: horizontal orientation, vertical orientation with front side of the motor fac-

ing up, and vertical orientation with front side the motor facing down. The mean step
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size is calculated by averaging the step size for a known number of steps taken to travel
about 50 um. The step size is determined in the way as shown in Fig. 3.19(b).

Figure 3.21 shows the voltage dependent mean step size of various preload forces
for all three orientations. For horizontal orientation, the step size for both forward and
backward motions of a given preload force shows good similarity. For vertical orienta-
tions, the step size for a given preload force changes very slightly with a minute increase
in the gravity assist direction when comparing to that of against gravity. The difference
is the largest for the lighest preload force of 8.7 N at maximum voltage. Nevertheless,
the orientations of the linear motor have very little effect on the step size. By increasing
the preload force, the step size is reduced significantly, but it varies more linearly with
the voltage.

As described early, each step begins with a reverve motion before advancing for-
ward to complete the step. From Fig. 3.19(b), a relation between the step size AL,

reverse motion AL, and advance motion AL’ can be obtained as given in Eq. (3.20).

AL = AL — AL, (3.20)

The advance motion AL’ is equivalent to Eq. (3.19) since it is independent on
the preload force. By replacing the expected threshold voltage V; in Eq. (3.14) with
the experimental threshold voltage V}, the reverse motion AL; is then equivalent to
Eq. (3.14). Using the di5 in Eq. (3.18) and V/ = 42 V (for preload force of 8.7 N), the
step size AL becomes Eq. (3.21). The step size calculated using Eq. (3.21) is plotted
in Fig. 3.21.

AL, =1.9222 x 107°V? + 0.9898V — 44.96 (3.21)

The expected threshold voltage calculated from Eq. (3.13) using the d;5 (let V = V))
given in Eq. (3.17) is listed in Table 3.3. The experimental threshold voltage is about
1.6 to 2.7 times higher than the expected value. The discrepancy in the threshold
voltages has been reported by others [110, 114], they attributed the discrepancy to

the deviations from the normal static friction limit when operating at such small-scale
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Figure 3.21: Voltage dependent mean step size of various preload forces for all three
orientations of the piezoelectric linear motor.
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motions. Gupta et al. [114] reported that the threshold voltage for his motor is about 21
to 29 times higher than the expected value. It is believed that the discrepancy is also

contributed from the over simplified model of the linear motor. The effect of the moment

is unaccounted in the model.

Table 3.3: Expected and experimental threshold voltages for various preload forces

Preload force, P 87N 238N 287N 36.6N
Expected V; [V] 15.4 40.2 47.9 59.8
Experimental V/ [V] 42 72 85 95

From Fig. 3.22, the probability plot suggests that the variation in the step size resem-
bles a Gaussian distribution. Figure 3.23 shows that the standard deviation increases
from about 0.4 nm to 1.2 nm as mean step size increases from about 10 nm to 225 nm.

The step size is highly repeatable and the standard deviation is typically less than 1.2

nm.
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Figure 3.22: Probability plot of step size variation for applied voltage and preload force
of 100 V and 8.7 N, respectively.
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Figure 3.23: Mean step size versus standard deviation for preload force of 8.7 N.

Linearity

The linearity (position error) is defined as the deviation of the measured position from
the ideal position along the Z-axis over a given travel range. The maximum deviation
is used to calculate the linearity error, which is often expressed as a percentage over a
given range. Due the measurement range of the capacitance displacement sensor, the
linearity of the motor is based on a total travel range of about 250 um. Figure 3.24 illus-
trates the linearity of the motor in the forward and backward directions for the horizontal
orientation with a mean step size of about 100 nm under various preload conditions.
The linearity error is the least for the preload force of 8.7 N, which is less than 0.3%
in both directions. Overall, the linearity error of the motor is less than 1% over a travel
range of 250 um.

Looking at Fig. 3.24, one can observe an interesting characteristic of the motor
which is its intrinsic hysteresis loop. The hysteresis for the preload forces of 8.7, 23.8,
28.7,and 36.6 N are 0.35%, 0.60%, 0.84%, and 0.84%, respectively. The results show
that using a light preload force will minimize the hysteresis and linearity error of the

motor.
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Figure 3.24: Linearity of the motor in the forward (arrow pointed to the right) and back-
ward (arrow pointed to the left) directions for a mean step size of about 100 nm under
various preload conditions.

3.7.2 Lateral Motion

The lateral motions were measured at a distance of 25.4 mm from the middle plane,
between the front and rear preload planes, of the motor. For a preload force of 15 N,
the characteristics of the lateral motions, for the motor to step almost two steps forward
in the positive Z direction, are shown in Fig. 3.25.

The shearing of the piezoelectric actuators generate impulsive force that excites
the resonant (tilt mode) of the motor. The oscillations in the X and Y directions occur
at frequencies of 1.925 kHz and 2.038 kHz, respectively, regardless of the magnitude
of the voltage step. This indicates the axis of the prism wobbles around the axis of the
motor during stepping. The mechanical vibration is at its peak when the voltage step
is at maximum. The amplitude of vibration reduces when operating at lower voltages,
but the resonants remain unchanged. If the stepping direction of motor is reversed
(negative Z direction), the lateral motions in Fig. 3.25 are inverted.

Similarly, for a higher preload force of 28 N, the characteristics of the lateral motions
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Figure 3.25: Lateral motions for preload force of 15 N (a) X direction (b) Y direction.
The dots and solid lines are the lateral motions for voltage steps of 60 V and 196 V,
respectively.
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are shown in Fig. 3.26. The oscillations in the X and Y directions are more intense
compare to the lighter preload but occur at slightly higher frequencies of 2.159 kHz and
2.337 kHz, respectively. It can be seen from Fig. 3.26, the lateral motions in the x and
y directions indicated a beating phenomenon. This is due the exchange of energy be-
tween the X and Y directions because the difference in the natural frequencies is small.
In general, the lateral motion is mainly due to the excitation of the natural frequency

and the amplitude of the vibration are typically less than 100 nm.
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Figure 3.26: Lateral motions for preload force of 28 N (a) X direction (b) Y direction.

The dots and solid lines are the lateral motions for voltage steps of 90 V and 196 V,
respectively.

There is another kind of lateral motion, which is due to reversing the stepping di-
rection of the motor. It causes a point on the alumin prism to shift gradually from one
equilibrium position to the other. Figure 3.27 shows an example of the lateral motions
in the X and Y directions caused by changing the stepping direction from forward to
backward. The preload force is 24.5 N. The applied voltage is 196 V for both forward
and backward motions. The shift in the X and Y directions are about =180 nm and

+250 nm, respectively.
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Figure 3.27: Lateral motions in the (a) X direction and (b) Y direction due to reversal in

the (c) stepping direction. The darker lines are the filtered data with a cutoff frequency
of 58 Hz.
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When the motion direction is reversed, the axis of the prism shifts between two equi-
librium positions. The gradual shift in the lateral direction may result from the residual
moment caused by the uneven sliding of the actuators. This moment is then balanced
by the driving mechanisms and belleville disc springs (reaction moment) in order to
reach the equilibrium. The shift is typically less than =200 nm for low applied voltage

and preload force.

3.8 Thermal Stability

Thermal stability measurement of precision instruments, especially those with thermal
symmetric design, can be a very challenging task. The common method for measuring
the thermal stability of an instrument is to use a displacement measurement sensor
to detect any changes in position due to the change in temperature over a periond of
time. This will produce reliable thermal stability measrement for instruments that are
non-symmetry and rather large in size. For small and thermally symmetrical instru-
ments, a single measurement in the direction of interest will be inadequate and can
lead to an erroneous interpretation of the stability of the instrument under test. This is
because the thermal expansion, contraction, and drift of the sensor, sensor target, and
mounts are also temperature dependent. The resultant (combination) of these expan-
sion, contraction, and drift can be much larger than the thermal stability of instrument.
Thus, in oder to measure the thermal stability of an instrument accurately, proper tools
with optimal arrangement and technique must be used.

The arrangement for the thermal stability measurement in the X direction near the
front side of the linear motor is shown in Fig. 3.28(a). A photograph of the experimental
setup is shown in Figure 3.28(b). The displacement sensors are held by a holder which
is mounted to the invar housing, and the sensor target mounted on the alumina prism.
Two identical sensors must be used and they must be aligned with each other with their
length of protrusions kept the same from their holder. Similarly, the axis of the sensor
target must be coincide with the axis of the alumina prism. To further minimize the

thermal expansion, the target and sensors holder are made of invar 36. The sensor
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Figure 3.28: Experimental setup for measuring thermal stability in the X direction.

outputs for a given fixed position along the Z-axis include the thermal drift of the prism,
the expansion of the sensor target, and the expansion of the sensors themselves. To
eliminate the target and sensors thermal expansions, a cancellation technique is used.

As shown in Fig. 3.29, in order to apply this cancellation technique, two simultane-
ous measurements are required on both side of the sensor target. The sign convention
follows the convention used for the sensors, which is positive with diminishing gap in
between the surfaces of the sensor and target. And, the thermal drift is positive in the

positive X direction.
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Figure 3.29: Schematic for thermal stability measurement in the X direction.

From the schematic in Fig. 3.29, the measurement from sensor 1, m,(¢), is given in

Eqg. (3.22). Where, the parameters p(t), a(t), and d(t) are thermal expansion/contrac-
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tion of the sensors, sensor target, and thermal drift of the alumina prism, respectively.

my (1) = p(t) + —= +d(t) (3.22)

ma (1) = p(t) + —= = d (1) (3.23)

The thermal drift in the X direction is thus given in Eq. (3.24).

d(t) = ™ (t) gmz (t) (3.24)

To minimize the electrical noise in the sensor outputs, the bandwidths of the sensor
drivers are set to the lowest cutoff frequency at 100 Hz. The outputs are further filtered
using a 0.1 Hz low-pass filter. The lateral thermal drift as given in Eq. (3.24) is a
combination of radial thermal drift, which is the displacement perpendicular to the Z-
axis in the X direction, and tilt thermal drift, which is the translation in the X direction

caused by the rotation of the prism about Y-axis of the linear motor.

p(O+ta(t)/2

Magnitude [nm]

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time [hrs]

Figure 3.30: Cancellation technique for determining the thermal drift.

Figure 3.30 illustrates application of the separation technique for the lateral ther-
mal drift and the thermal expansion. The ambient temperature profile are shown in

Fig. 3.32. Both of the sensor outputs, m1(t) and ms(t), indicate that the gaps between
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the sensors and the sensor target decrease and increase in a similar fashion. This is
an obvious indication that the thermal expansion and contraction of the sensor and the
target are dominant and much larger than the thermal drift. This shows that the thermal
stability measurement using a single sensor would be inadequate. The cancellation
technique using two simultaneous measurements would produce a more reliable ther-
mal stability measurement. Ideally, if the sensor outputs m; (t) and ms(t) are the same,
then there would be zero thermal drift.

The short-term thermal stability in the X direction is shown in Fig. 3.31. The thermal
drift is typically less than 3 nm over a period of 20 minutes. This drift is acceptable for
STM applications given that the usual duration of an image acquisition is typically less

than 15 minutes.
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Figure 3.31: Short-term thermal stability of the motor in the X direction over a period of
20 minutes.

The long-term thermal stability in the X direction over a period of 26 hours is shown
in Fig. 3.32. The preload force applied on the alumina prism is about 17 N. The thermal
drift is about 25 nm over a temperature change of 1.8 °C. This drift is equivalent to
a change of about 10 milivolts in the sensor output. A careful observation of Fig. 3.32
reveals that the thermal drift roughly follows the trend of the ambient temperature. The-
oretically, there shall be zero thermal drift because of the symmetric design. However,
in practice, the motor may not be perfectly symmetry as indicated by the slight different
in the resonants between the X and Y directions of the motor. Other reasons include

sensor drivers may have internal electronic drifts and the sensors holder would have
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some thermal drift associated with it.
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Figure 3.32: Long-term thermal stability of the motor in the X direction over a period of
26 hours.

3.9 Chapter Summary

A piezoelectric linear motor was fabricated and experimentally characterized. The re-
sults reveal the motion characteristic of the motor is unlike any other motors. Individual
step motion consists of a momentarily reverse motion followed by a forward motion to
complete the step. The step size can be adjustable by varying the magnitude of the
applied voltage and the preload force clamping on the alumina prism. This provides
two independent mechanisms for adjusting the size of a single step and provides for
a unique step in which the translating prism actually moves backward before it moves
forward. This attribute is particularly beneficial in some applications like SPM where the
tip must not be crashed into the sample surface. The motor was found to exhibit some
small hysteresis as well in stepping mode. The lateral motions were primarily due to the
excitation of the linear motor lowest natural frequnecy. The step size is highly repeat-
able with standard deviation of less than 1.2 nm. The motor also shown good thermal
stability in the lateral direction. For the of light preload force, a simple analytical model
for calculating the step size shows good agreement with the experimental results when

the experimental threshold voltage is used.

103



Chapter 4

Instrument for Nanolithographic Techniques Using Field-Emitted

Electron Beams

4.1 Introduction to the Chapter

The previous chapter presented an important component of the instrument, which is the
piezoelectric linear motor for coarse positioning that brings the tip close to the sample
surface. In this chapter, several others essential components of the instrument are
presented. The chapter begins with one of the most essential components, that is
the scanner that provides the fine motions of the tip in the zyz directions. Another
essential component of the instrument, vibration isolation, is also covered. The chapter
concludes with demonstrating that the instrument can be used to measure surface

topography as done in scanning probe microscopes.

4.2 Piezoelectric Scanner

The scanner is the device that moves the tip, whether used for field emission or scan-
ning probe microscopy (SPM), above the sample surface in the lateral directions (z, y),
and it controls the tip-sample separation distance in the axial direction (z). The design

criteria and requirements for a good scanner are:

1. high resolution - the necessary resolution is less than 1 A in the lateral directions

(z,y) and 0.05 A in the axial direction (2);

2. orthogonality - movement of each of the three axes should be independent or
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decoupled;
3. linearity - the displacement should be linearly proportional to an applied voltage;

4. mechanical rigidity - a rigid scanner should have a high resonant frequency, which

is favorable for both vibration isolation and feedback performance;

5. symmetrical design and configuration - it is essential to cancel or minimize ther-

mal drift; and

6. large scan range - it is desirable to cover as large a sample area as possible

without sacrificing the resolution.

It is impossible to meet all of these design criteria and requirements with a simple
and cost effective design. Scanners made from piezoelectric actuators meet most of
these design specifications. The commercially available piezoelectric ceramics such as
lead zirconate titanate (PZT) is suitable and frequently used in scanning tunneling mis-
croscopy (STM) scanners. The maximum displacement of a piezoelectric actuator is
ultimately limited by the piezoelectric material and the size of the actuator. The desired
piezoelectric constant (sensitivity) for the piezoelectric elements should be determined
by considering the desired scan range and resolution, as well as the output voltage
range and noise level of the driving circuits. The driving circuits have a certain amount
of electrical noise associated with them, and this translates into uncertainty in the tip
position, which ultimately limits the resolution of the scanner.

There are three main types of piezoelectric scanners used in SPM: (a) tripod scan-
ner, (b) single tube scanner, and (c) scanner with mechanical flexural stage. A tri-
pod scanner with three piezoelectric rectangular bars mounted perpendicularly to each
other was the type first used in STM [8]. It has a reasonably high resonant frequency,
and it is reasonably orthogonal. But, it is rather sensitive to thermal drift because of
its non-symmetrical design. The first single piezoelectric tube scanner was developed
[118] to minimize the thermal drift problem inherent in the tripod scanner - at least in

the raster scanning directions (x, y).
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The single piezoelectric tube scanner has become popular due to its simple and
compact structure, its thermal stability in the lateral directions (x, y), its high sensitivity,
and its high resonant frequency. The tube scanner is engineered to produce both lateral
and axial motions. A tube scanner is made from a single piezoelectric tube polarized
radially with electrodes on the inner and outer wall surfaces. The outer wall electrode of
the tube is often divided into four quadrants of equal area. By applying mirror-symmetric
driving signals across two diagonally opposite electrodes, the tube bends perperdicu-
larly to its axis, producing lateral motions (x, y). If the driving signal is applied to only
one quadrant of the electrode, the orthogonolity is degraded significantly, which will be
illustrated later in the section. This is partially due to the asymmetric stress developed
in the tube and partially due to the charge on the inner electrode, which is not cancelled
by the electrode on the opposite quadrant.

There are two ways to produce axial motion (z) of the tube scanner. The first is by
applying the z—motion driving signal to the inner wall electrode of the tube, causing
the tube to elongate or contract. The second is by summing the axial driving signal
directly to the lateral driving signals with the inner wall electrode of the tube grounded.
Both ways produce axial motion. The only disadvantage of these is the dynamic (scan)
ranges of the lateral motions are shared with the axial motion. This may not be a
problem for small scanning area and a relatively flat sample surface. But, for large
scanning area and a relatively rough sample surface, one or more of the driving signals
could be saturated due to the limited dynamic range of the driving circuits. This can be
avoided by adding an additional portion of the piezoelectric element to the tube scanner
for the axial motion. The trade-off is that the resonant frequency of the tube scanner is
reduced slightly due to the additional length of the tube scanner that is added for the
axial motion.

Scanners made from mechanical flexural stages coupled with stacked piezoelectric
actuators and positioning sensors are more suitable for scanning large objects over
large areas (> 10 um) [131, 134], yet most of these scanners have relatively low me-
chanical resonant frequencies (< 1 kHz) and are usually bulky. Although with the addi-

tion of position sensors in a closed-loop scanner, one can improve linearity and orthog-
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onality significantly, the resolution of the scanner suffers due to the additional electrical
noise in the position sensors. Such a scanner typically costs ten times more than a
single piezoelectric tube scanner. It is usually used in more demanding applications
that require large scanning areas such as machined surfaces [135] and semiconduc-
tor microfabrication [136], and they are commonly found in atomic force microscopes
(AFM).

By comparing these three types of scanners, it is most appropriate to use a single
piezoelectric tube scanner in this work because of its cost effectiveness, reasonable
performance, and integration with the piezoelectric linear motor. Selecting the proper
material for the piezoelectric scanner depends on its working environment. Piezoelec-
tric materials are available in a variety of properties and compositions. The PZT-5H
and PZT-5A types are commonly used in STM because of their high sensitivities. The
PZT-5H has a higher piezoelectric sensitivity than PZT-5A, but is less suitable for high
temperature applications due to its low Curie temperature of about 200 °C. Since the
instrument will be used in the UHV environment which would require occasional bake-
out, it is essential to use piezoelectric materials with the highest Curie temperature
possible to prevent depoling of the material. The PZT-5A meets this specification with
a Curie temperature of 350 °C. Another advantage of using PZT-5A is that its piezo-
electric coefficient ds; is less temperature dependent.

Many useful articles have reported on modeling the behavior of piezoelectric tube
scanners for electromechanically producing displacement (analytically [137, 138, 139,
140, 141] or numerically [142]), their nonlinearity and hysteresis [132, 143, 144], their
temperature effects [137, 145, 146], and their dynamics [138, 147, 148, 149]. These
studies show that a piezoelectric tube scanner can be properly calibrated and controlled

when used in the scanning probe microscopes (SPM) and other precision applications.

4.2.1 Tube Scanner Displacement

Simple analytical expressions for the displacements of a piezoelectric tube are ob-
tained for one end fixed at its base and another end fixed to a rigid block, but allowed

to move freely. The evaluation of the displacement in the axial direction (z) is fairly
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straightforward. Because the piezoelectric tubes are poled in the radial direction, by
the definition [150] of the piezoelectric coeeficient ds;, the = displacement of the tube
shown in Fig. 4.1(a) is given by Eq. (4.1), where V is the voltage applied to the outer
electrode with the inner electrode grounded, L is the length, and ¢ is the wall thickness

of the piezoelectric tube.

The sensitivity of the piezoelectric tube in the axial direction K, is obtained by dif-

ferentiating Eq. (4.1) with respect to the applied voltage V' as given in Eq. (4.2).

(@) (b)

t—’/j;ﬁ— AN
L TV 7
N

Figure 4.1: (a) A single piezoelectric tube for axial motion and (b) A single piezoelectric
tube for lateral motions (z, y).

The evaluation of the lateral displacements (x, y) is slightly more complicated. The
outer electrode of the piezoelectric tube is divided into four quadrants of equal area as
illustrated in Fig. 4.1(b). The diagonally opposite pairs of the electrodes are labeled as
+x and —z, and as +y and —y. By using mirror-symmetric driving signals, a voltage
V' is applied to the +x quadrant and —V is applied to the —x quadrant with the inner

and y-quadrants electrodes grounded. The +x quadrant of the tube contracts and the
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—x quadrant of the tube elongates, presumably by the same amount, causing the end
of the tube to bend in the 4 direction, perpendicular to the axis of the tube. Figure 4.2
illustrates the generation of lateral displacements by bending within a piezoelectric tube

scanner.

Figure 4.2: Generation of the lateral displacement in the x direction by bending within
a piezoelectric tube scanner.

Chen et al. [139] found that the bending radius-of-curvature of the tube is given by

Eq. (4.3), where D is the mean diameter, D = (D, + D;) /2, of the tube.

wDt
R= "'
4/ 2d5, V

From Fig. 4.2, the lateral displacement at the end of the tube in the = direction is

given by Eq. (4.4) [139] since cosf = 1 — #?/2! + - - - (Maclaurin series) and = L/R.

(4.3)

L*  2V2d5VIL?

Ax:R(l—cosﬁ)zﬁ_ e

(4.4)

Similarly, the lateral displacement at the end of the tube in the y direction is identical

as given in Eq. (4.5).
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2V VI

A 4.5
Yy D1 (4.5)
The piezoelectric sensitivity in the lateral direction is then given by Eq. (4.6).
2v/2dg; L?
K,=K,= —-"-— 4.6
Y wDt (4.6)

If the voltage is applied to only one of the four quadrants, the lateral displacement
becomes one-half of the displacement in Egs. (4.4) and (4.5). It is simply the conse-
quence of symmetry [139]. Although using a single quadrant can improve resolution
by reducing the scan range by half, it is usually not recommended because: (1) the
orthogonality is degraded significantly and (2) asymmetric heating of the quadrants
during operation can cause undesirable thermal drift.

Because of the way the lateral displacement of a tube scanner is generated by
shortening and elongating two opposite quadrants simultaneously, the placement of
the tip or field emitter at the end of the tube is very crucial. As shown in Fig. 4.2, the
ideal placement of the tip or field emitter is at the end of the tube and coincides with
the axis of the tube, as denoted by point O. This is the location where the coupling in
between the lateral (x, y) and axial (z) motions is minimal and is also the thermal center
of the tube.

Realistically, the tunneling tip or field emitter protrudes a finite distance from point O.
The length of the protrusion has some effect on the lateral displacement at the end of
the tip. The protruding length of the tip amplifies the lateral displacement at the end of
the tip. The influence of the tip length mounted at the end of the tube can be evaluated
rather easily. From Fig. 4.2, the additional lateral displacement at the end of the tip
caused by the bending of the tube is given by Eq. (4.7), where L; is the length of the
tip.

L 4N2d3 VL

A..'E/ = 9Lt = _Lt =

7 o Ly (4.7)

Thus the lateral displacement at the end of the tip is given by Eq. (4.8) and its sen-

sitivity is given by Eq. (4.9). The formula for the lateral displacement in the y direction
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is identical.

Az — Az 4 Aa' — 2v/2ds,V (L +2Ly) L 4.8)
Dt
K, - 2v/2d3, (L + 2L;) L (4.9)

7w Dt

It can be seen from Eq. (4.8) that the lateral displacement at the end of the tip also
depends on the length of the tip. This is a big disadvantage of using piezoelectric tube
scanner; tip lengths will vary and hence the sensitivities K, and K,, will be uncertain
and require calibration. One should use the same tip length when changing a tip,
otherwise the lateral displacement at the end of the tip will need to be recalibrated.
Although the motion at the end of the tip follows a circular arc trajectory during lateral
scanning, this circular arc motion produces a relatively small error in the axial direction
[140].

One can use these displacement formulas, Egs. (4.1), (4.4), (4.5), and (4.8), as a
good approximation for small driving signals, given that the piezoelectric coefficient ds;
is known and is assumed to be constant. For larger driving signals, the piezoelectric
coefficient d3; is no longer constant and it varies with the range of the applied voltage.
Furthermore, the standard tolerances of the piezoelectric coefficient ds; are 20% of
the typical manufacturer values [139]. Thus, the piezoelectric coefficient d3; should be
measured experimentally for a given piezoelectric tube scanner, preferably for all three

axes or directions.

4.2.2 Tube Scanner Calibration

Common problems with piezoelectric actuators include nonlinearity, hysteresis, creep,
and aging. Piezoelectric ceramics are ferroelectric materials, and thus their response
to applied electric fields is nonlinear. This leads to undesirable characteristics such
as hysteresis and creep. The effects become increasingly noticeable at higher electric
fields. For small scanning areas, which can be provided by low electric fields, the non-

linear effects are minimal. For larger scanning areas, the nonlinearity and hysteresis
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become more noticeable due to higher elctric fields required to produce larger strains.

Piezoelectric creep is the slow motion of the actuator over time after a change
in the applied electric field. These nonlinearity, hysteresis, and creep effects can be
minimized by controlling the total charge applied to the piezoelectric actuators rather
than the voltage [151, 152]. However, even with this method, the scanner still has non-
ideal mechanical motions due to stresses generated during scanning. A more elaborate
method is to use independent position sensors such as an optical sensor or a capacitive
displacement sensor for all the axes.

In this work, high-voltage amplifiers are used to drive the piezoelectric tube scanner.
Thus, the displacements in all three axes of the scanner as a funtion of the applied
voltage must be measured experimentally. These displacement measurements can
then be used to correct: (1) the positioning error of the tunneling tip or field emitter over
the sample, and (2) the distortion in the STM images.

Figure 4.3 shows the piezoelectric tube scanner used in the instrument for providing
three-dimensional motions of the tip or field emitter. The upper portion of the tube scan-
ner has its outer electrode (on the outer circumferential surface of the tube) segmented
into four equal quadrants, and it is used to provide the lateral motions in the x and y
directions. The lower portion of the tube scanner has a single outer electrode wrapped
around the outer circumferential surface of the tube, and it is used to provide the ax-
ial motion in a z direction. The inner electrode on the inner circumferential surface of
the tube is electrically grounded. Thus, the piezoelectric tube scanner is actually a zy
scanner stacked on top of the z scanner. One can still apply the displacement formulas
given in the previous section, Egs. (4.1), (4.4), (4.5), and (4.8), for this tube scanner,
but now L corresponds to the length of the electrodes and not the length of the tube.

The purpose of using the lower portion of the tube scanner as the z scanner, which
is closer the scanner support, is to minimize the tip length effect, as one has learned
from the previous section that the overall length of the tip (measured from the end of
the tip to the end of the xy scanner) can significantly amplify the lateral displacements
of the xy scanner. The directional assignment of the outer electrodes on the outer

circumferential surface of the tube scanner is shown in Fig. 4.3(a). A photograph of
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Figure 4.3: Piezoelectric tube scanner used in the instrument. (a) Directional assign-
ment of the outer electrodes and (b) Photograph of the tube scanner.

the tube scanner assembly is shown in Fig. 4.3(b). The dimensional parameters of
the piezoelectric tube scanner are tabulated in Table 4.1, and the expected values for
the sensitivities in the axial (z) and lateral (x, y) directions, predicted using Egs. (4.2)
and (4.9) for L, =5 mm based on small driving signal, are 3 nm/V and (25 - 26) nm/V,

respectively.

Table 4.1: Specifications and dimensions of the piezoelectric tube scanner

Material PZT-5A
Piezoelectric coefficient, ds; 0.200 nm/V*
Outer diameter, D, 6.350 mm
Inner diameter, D; 5.334 mm
Mean diameter, D 5.842 mm
Wall thickness, t 0.508 mm
Length of z scanner, L., 7.62 mm
Length of xy scanner, L, 15.80 mm

¢ approximated value

Figure 4.4 illustrates the experimental setup for measuring the displacements of

the piezoelectric tube scanner in the axial (z) and lateral (z,y) directions. The dis-
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placement measurements are the initial effort in calibrating the tube scanner. The final
calibration of the tube scanner shall be performed and fine tuned using a standard
tube scanner calibrator by operating the instrument in the STM mode. The details of
the displacement measurement system were given in Chapter 3. The sensor target for
the capacitive displacement sensor is a cube made from invar. The sensor target is
mounted at the end of the piezoelectric tube scanner as shown in Fig. 4.4. The support
of the tube scanner is clamped in the fixture. The fixture also holds the displacement
sensor. The displacement of the tube scanner in the respective axis can be measured
by clamping the displacement sensor on the fixture in the direction of interest as shown

in Fig. 4.4.

(@) (b) (c)
B

Tube scanner Displa-
& cement

Sensor

Sensor target A \

Figure 4.4: Experimental setup for measuring the displacements of the piezoelectric
tube scanner in the (a) axial z-direction, (b) lateral z-direction, and (c) lateral y-direction.

The experimental setup shown in Fig. 4.4(a) was used for measuring the displace-
ment of the z scanner. It is common to use a polynomial function to describe the
displacement of a piezoelectric actuator [131]. The displacement of the z scanner,
AL., as a function of the applied voltage, V., can be described fairly well by a 37-
order polynomial, as given in Eq. (4.10), where p7, p3, and p3 are the coefficients of the
polynomial. The coefficients of the polynomial can be determined by curve fitting the

3"4-order polynomial to the experimentally measured displacement.

AL, = piVi + p3V2 + p3V7 (4.10)
The piezoelectric sensitivity of the z scanner, K, can be described by Eq. (4.11),
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where K is the small signal piezoelectric sensitivity of the z scanner, which is similar

to Eq. (4.2), and . and (3, are the nonlinearity parameters of the z scanner.

K!' =K+ .V, + B.V? (4.11)

The displacement of the z scanner, AL., can be rewritten as Eq. (4.12), which is

the multiplication of the piezoelectric sensitivity, K, by the applied voltage, V..

AL, =K'V, = K3V, 4+ o, V2 + 3.V (4.12)

It can be noticed that Eq. (4.12) has the same form as Eq. (4.10). Thus, by equating
the coefficients of the polynomials, the small signal piezoelectric sensitivity, K7, and the
nonlinearity parameters, o, and f3., of the z scanner can be found.

It is also convenient to give the piezoelectric coefficient of the z scanner, d3,, since it
is independent of the dimension of the z scanner. Substituting the relations K! = dgl%
and K7 = dgf% into Eq. (4.11), the piezoelectric coefficient, d3;, can be expressed as

Eq. (4.13), where d3] is the small signal piezoelectric coefficient of the z scanner.

z zZS t t
dy = d5i + o, (L_z> V. + B <L_z> 1% (4.13)

Substituting d3,;, Eq. (4.13), into the relation: K. = d3 %=, and then substituting
K' into Eq. (4.12), the displacement of the > scanner, AL, can also be rewritten as

Eq. (4.14).

L.
AL, = dj; (7) Vit Ve + BV (4.14)

It can also be noticed that Eq. (4.14) has the same form as Eq. (4.10). The small
signal piezoelectric coefficient, d37, and the nonlinearity parameters, o, and j3,, of the
z scanner can also be found by equating the coefficients of the polynomials.

Figure 4.5 shows the measured displacement (forward hysteresis curve) produced
by the z scanner for a triangular waveform input at 2 Hz, with an input voltage range of

200 V. By fitting the 3"¢ polynomial in Eq. (4.10) to the data in Fig. 4.5, the displacement
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of the z scanner, AL, [nm], is given by Eq. (4.15). Using the dimension of the z scanner
listed in Table 4.1, the calculated values of K3, d3;, a., and (3., of the z scanner for a

triangular waveform input at 2 Hz are listed in Table 4.2.

AL, =2.934V, 4+ 9.951 x 1073V2 — 1.008 x 107°V? (4.15)
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Figure 4.5: Displacement (forward hysteresis curve) of the z scanner for a triangular
waveform input at 2 Hz.

Table 4.2: The values of K, d37, a.., and 3., of the z scanner for a triangular waveform
input at 2 Hz

K3 (nm/V)  di; (nm/V) . (nm/V?) B, (nm/V?)
2.934 0.196 9.951 x 1073 -1.008 x 10~°

To linearize the displacement AL, of the z scanner, a preshaped waveform is gen-
erated in two steps: (a) the voltages V., needed to produce the positive ramp of the z
scanner are obtained by solving the root (0 < V, < 100) of Eq. (4.15) and (b) the volt-

ages V, needed to produce the negative ramp are obtained by inverting the voltages V,
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obtained in (a). These voltages are then combined to produce the preshaped waveform
needed for the nonlinearity correction. Figure 4.6(a) shows the displacement of the z
scanner with a triangular input waveform at 2 Hz for an input voltage range of 100 V
(without nonlinearity correction). The linearity in the displacement of the z scanner is
much improved with a preshaped input waveform as demonstrated in Fig. 4.6)(b). The
residual plots of Fig. 4.6)(c) indicate that an improvement in the linearity of at least 5
times can be achieved by this method. This is a fairly simple method, but it can be very
useful in STM applications for correcting the lateral displacements of the piezoelectric
tube scanner.

For calibration of lateral displacements of the zy scanner, the displacements were
measured at about 5 mm from the end of the piezoelectric tube scanner. The exper-
imental setups shown in Figs. 4.4(b) and 4.4(c) were used for measuring the lateral
displacements in the x and y directions of the zy scanner, respectively.

Similarly, the lateral displacement of the xy scanner in the z-direction, AL,,, as
a function of the applied voltage, V,, can be described by a 3"-order polynomial, as

given in Eq. (4.16), where p{, p5, and p are the coefficients of the polynomial.

AL,, = piV, + piV2 4 piVv? (4.16)

The piezoelectric sensitivity of the xy scanner in the x-direction, ngt, can be de-
scribed by Eq. (4.17), where K7, is the small signal piezoelectric sensitivity of the xy
scanner in the x-direction, which is similar to Eq. (4.9), and «, and j3,, are the nonlin-

earity parameters of the xy scanner in the x-direction.

K, = K3+ a, Ve + 0.,V (4.17)

The lateral displacement of the xy scanner in the z-direction, AL,,, can be rewritten
as Eq. (4.18), which is the multiplication of the piezoelectric sensitivity, Kit, by the

applied voltage, V.

AL, =K.V, =KV, +a, V2 + B, V2 (4.18)
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Figure 4.6: Nonlinearity correction with a preshaped waveform: (a) without correction,
(b) with correction, and (c) residual plots.
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It can be noticed that Eq. (4.18) has the same form as Eq. (4.16). Thus, by equating
the coefficients of the polynomials, the small signal piezoelectric sensitivity, K, , and
the nonlinearity parameters, «,, and j3,,, of the xy scanner in the z-direction can be
determined.

It is also convenient to give the piezoelectric coefficient of the xzy scanner in the

x-direction, d3,;, since it is independent of the dimension of the xy scanner and the

2\/§d§1 (Lw +2Lt)Lwy and Ks
Tt

length of the tip, L;. Substituting the relations Ki,t = 5

2v/2d%5 (Loy+2L¢) Ly
wDt

Eq. (4.19), where d3; is the small signal piezoelectric coefficient of the xy scanner in

into Eq. (4.17), the piezoelectric coefficient, d3;, can be expressed as

the z-direction.

7w Dt )V+5 ( wDt
W2 (Lay+2L:) Ley) 7 \2V2 (Lyy + 2L4) L,

@:ﬁ+%< )ﬁ(mm

2v/2d%, (Lay+2L¢) Lay

5 , and then

Substituting d5,, Eq. (4.19), into the relation: K! =
substituting Ki,t into Eq. (4.18), the lateral displacement of the zy scanner in the z-

direction, AL,,, can also be rewritten as Eq. (4.20).

_ 2V2d35 (Lyy +2Ly) L

AL,,
w Dt

UV + g, V24 B, V3 (4.20)

It can also be noticed that Eq. (4.20) has the same form as Eq. (4.16). The small
signal piezoelectric coefficient, dij, and the nonlinearity parameters, «,, and 3,,, of
the xy scanner in z-direction can also be determined by equating the coefficients of
the polynomials. The formula for the lateral displacement of the zy scanner in the y-
direction, AL,,, as a function of the applied voltage, V,, can be obtained in a similar
manner.

Figure 4.7 shows the hysteresis curves of the xzy scanner in the x-direction for a
triangular waveform input at various input frequencies, with an input voltage range of
200 V. The lateral displacement of the xy scanner in the x-direction depends slightly on

the frequency of the driving signal. The corresponding lateral displacements (forward
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hysteresis curves) of the xy scanner are plotted in Fig. 4.8. By fitting the 3"-order
polynomial of Eq. (4.16) to the each of the forward hysteresis curves in Fig. 4.8, the

coefficients of the polynomial can be determined.

0.5Hz

8r Triangular waveform input ¢/1 Hz
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Figure 4.7: Hysteresis curves of the xy scanner in the z-direction for a triangular wave-
form input at various input frequencies.

The coefficients of the polynomial, and the calculated values of K

xe?

g,y Pz, @and
d3; (using the dimension of the zy scanner listed in Table 4.1), of the zy scanner in
the z-direction for a triangular waveform input at various input frequencies, are listed
in Table 4.3. The value of K7, is based on a tip length L; of 5 mm, and the value
of d57 is independent of the tip length L,. Figure 4.9 shows a residual plot of the
lateral displacement (forward hysteresis curve) of the xy scanner in the z-direction for
a triangular waveform input at 5 Hz.

Similarly, the hysteresis curves of the xy scanner in the y-direction for a triangular
waveform input at various input frequencies, with an input voltage range of 200 V,
are shown in Fig. 4.10. The lateral displacement of the zy scanner in the y-direction

also depends slightly on the frequency of the driving signal. The corresponding lateral
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Figure 4.8: Lateral displacement (forward hysteresis curve) of the xy scanner in the
x-direction for a triangular waveform input at various input frequencies.

Table 4.3: Polynomial coefficients and calculated values of K3 , a..,, 3,,, and d3j, of the

xy scanner in the z-direction for a triangular waveform input at various input frequencies

Frequency (Hz) pi = K5 (nm/V) p} = ay, (nm/V?)  pt = 3, (nm/V?)  d%; (nm/V)

0.5 26.330 7.753 x 1072 -10.306 x 10~° 0.213
1.0 26.097 7.608 x 1072 -10.083 x 107° 0.211
2.0 25.869 7.449 x 1072 -9.846 x 107° 0.209
5.0 25.563 7.237 x 1072 -9.454 x 10~° 0.207
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Figure 4.9: Residual plot of the lateral displacement (forward hysteresis curve) of the
xy scanner in the z-direction for a triangular waveform input at 5 Hz.

displacements (forward hysteresis curves) of the xy scanner are plotted in Fig. 4.11. By
fitting a 3"%-order polynomial to the each of the forward hysteresis curves in Fig. 4.11,
the coefficients of the polynomial can be found.

The coefficients of the polynomial, and the calculated values of K, «,,, 3,,, and
dy;, of the zy scanner in the y-direction for a triangular waveform input at various input
frequencies, are listed in Table 4.4. The value of K, is based on a tip length L; of 5

mm, and the value of dj; is independent of the tip length L,.

Table 4.4: Polynomial coefficients and calculated values of K, a,,, 3,,, and d3;, of the

xy scanner in the y-direction for a triangular waveform input at various input frequencies

Frequency (Hz) p{ = K3 (nm/V) pf =a,, (nm/V?)  pf{ = G, (nm/V¥)  dfi (nm/V)

0.1 27.988 7.984 x 1072 -9.816 x 107° 0.226
0.5 27.443 7.591 x 1072 -9.347 x 107° 0.222
1.0 27.117 7.526 x 1072 -9.264 x 107° 0.219
2.0 26.882 7.348 x 1072 -8.897 x 107° 0.217
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Figure 4.10: Hysteresis curves of the xy scanner in the y-direction for a triangular
waveform input at various input frequencies.
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Figure 4.11: Lateral displacement (forward hysteresis curve) of the xy scanner in the

y-direction for a triangular waveform input at various input frequencies.
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4.3 Design and Construction of Instrument

Figure 4.12(a) shows the assembly of the entire system. A better view of the assembly
is given in Fig. 4.12(b), but without the @14.0 cm aluminum tube enclosure. The struc-
ture is primarily made of aluminum. The system is for future installation in the UHV
chamber as decribed in Chapter 2. Figure 4.12(b) shows that a floated stage assembly
is suspended on three extension springs from the top of the @14.0 cm aluminum tube
enclosure. This provides a single-stage vibration isolation system that isolates the in-
strument from external vibrations of the UHV chamber. A better view of the vibration
isolation system is provided in Fig. 4.13.

The floated stage assembly, shown in Fig. 4.14, consists of the loadable instru-
ment assembly, a heater assembly, an electrical connector assembly, and a @11.4 cm
stainless steel plate. The loadable instrument assembly, shown in Fig. 4.15, consists
of the instrument and a stainless steel structure with three hardened stainless steel
hemispherical balls mounted on the bottom side of the structure. These hemispherical
balls form a kinematic coupling [153] with the three vee-grooves made of tungsten car-
bide that are mounted on the &11.4 cm stainless steel plate. The kinematic coupling,
together with a mechanical grounding mechanism as shown in Fig. 4.12(b), and a vac-
uum chamber load-lock transfer mechanism (not shown in these figures) will be added
as an upgrade of the system to enable the transfer of the loadable instrument assem-
bly into the UHV chamber. The heater assembly consists of a UHV heater (HeatWave
Labs, TB-175) for radiative heating of the sample, and it remains to be an upgrade if
needed.

On the bottom side of the floated stage assembly, three copper plates are mounted
on the @11.4 cm stainless steel plate. These copper plates are placed with an equal
radial distance from the center of the circular plate and are angularly spaced 120° apart.
The copper plates together with six square samarium-cobalt magnets (Type 2-17) are
for eddy current damping of the floated stage assembly. The arrangement of the copper
plates and the magnets can be seen in Fig. 4.13, with a pair of magnets for each copper

plate. The dimensions (length x width x thickness) of the copper plate and the magnet
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Figure 4.12: Assembly of the entire system.
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Figure 4.13: Single-stage vibration isolation with eddy current damping.

126



Loadable instrument Electrical connector assembly
assembly

Kinematic
coupling
mechanism

11.4 cm diameter
stainless steel plate

Figure 4.15: Loadable instrument assembly.
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are (27.94 x 19.05 x 3.18) mm and (12.7 x 12.7 x 5.33) mm, respectively. Each
pair of the magnets, spaced about 10 mm apart, is capable of producing a minimum
magnetic field of 0.255 Tesla along the center axis.

Damping forces are generated by the eddy currents induced in the copper plates,
when the copper plates move in the magnetic field created by the magnets. When the
copper plates move parallel to the magnets, the damping constant ¢ can be calculated
with Eq. (4.21), where B is the magnetic field in Tesla, S is the cross sectional area of
the magnets in m?, ¢, is the thickness of the copper plate in m, and p, is the resistivity of
the copper plate in {2m [154]. The dimensionless constant Cy depends on the geometry
of the copper plate and the magnet. Typically, values of C, are between 0.1 and 0.5

[154].

_ B*St.C,
Pe

c (4.21)

Table 4.5: Physical parameters of the instrument’s eddy current damper

Magnetic field, B (Tesla) 0.255

Cross sectional area of the magnets, S (m?) 1.613 x 1074
Thickness of the copper plate, t. (m) 0.00318
Resistivity of the copper, p. (2m) 1.56 x 1078
Dimensionless constant, Cj 0.31¢

“estimated from Ref. [154]

The physical parameters of the instrument’s eddy current damper are listed in Ta-
ble 4.5, and based on these values, the damping constant c is predicted to be 0.66
Ns/m. Since there are three copper plates, the total damping constant ¢, of the damp-
ing system becomes 1.98 Ns/m. The floated stage assembly is suspended by three
extension springs of equal stiffness. It is important for the floated stage assembly
to have a center-of-mass at the center of these springs, to avoid tilting of the floated
stage assembly. The total stiffness ko of the extension springs is 142 N/m, and the
total mass my of the floated stage assembly is about 1.34 kg. Therefore, the resonant

frequency f> of the single-stage vibration isolation is 1.64 Hz, which corresponds to
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wy = 27 fs = 10.3 rad/s. The total length L, of the springs after stretching is about
14.58 cm. These calculated values of the vibration isolation system are used in Section
4.4.

The piezoelectric tube scanner assembly that provides the three-dimensional fine
motion of the tip is shown in Fig. 4.16(a), and it is also shown in the photograph of
Fig. 4.3(b). The tip holder is a stainless steel tube with an inner diameter of 0.5 mm,
and it is also provides the electrical connection. The tip holder is designed for holding
0.5 mm diameter tungsten wire, which is also the wire used for making the tip or field
emitter. The diameter of the tungsten wire is actually slightly larger than the inner
diameter of the tip holder. To ensure a tight press fit of the tip or emitter, it is required
to electrochemically etch the tungsten wire slightly so that the end of the wire is of a
tapered shape, which helps with the insertion of the wire into the tip holder.

The tip holder is glued to a cylindrical macor block using a UHV-compatible epoxy
(Torr-Seal from Varian, Inc.) so that the axis of the tip coincides with the axis of the
piezoelectric tube scanner. The macor block, together with the tip holder, is mounted
at end of the tube scanner, which also serves as an electrical insulator for the tip.
Another cylindrical macor block (scanner support) is mounted to the base of the tube
scanner using the same epoxy, which also serves as an electrical insulator as well as
the coupler to the alumina prism of the piezoelectric linear motor.

An exploded view of the instrument is shown in Fig. 4.16(a). The scanner support
is designed for a tight fit to the alumina prism with a shoulder for alignment so that the
axis of the tube scanner coincides with the axis (thermal center) of the piezoelectric
linear motor that provides coarse positioning. The scanner support, including the tube
scanner assembly, is mounted at the rear end of the alumina prism using Torr-Seal
epoxy. Figure 4.16(b) demonstrates the assembly.

The sample holder assembly, as shown in Fig. 4.16, consists of a macor disc with
a hole at the center and three sample clips made of molybdenum. The sample clips
are used for holding a sample against the macor disc. It is also used for making elec-
trical connection with the sample. A sample can be held on either side of the macor

disc. The sample holder assembly can be mounted to the front end of the piezoelectric
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Figure 4.16: Assembly of the instrument: (a) exploded view, (b) exploded view with the
piezoelectric tube scanner assembly mounted, and (c) unexploded of the instrument

assembly.
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linear motor with three screws. Figure 4.16(c) shows the complete assembly of the
instrument. This symmetrical design for the instrument should have minimal thermal
drift in the lateral (x, y) directions. A photograph of the instrument assembly with a tip

mounted but no sample holder is given in Fig. 4.17.

Figure 4.17: Photograph of the instrument assembly with tip or field emitter mounted
but without the sample holder.

The materials used in the construction of the instrument have low coefficients of
thermal expansion (CTE) to ensure good thermal stability. Low thermal drift between
the tip and the sample surface in the axial (z) direction of the instrument is accom-
plished by using a compensating structure. From Chapter 3, one can assume that the
thermal center (TC) plane of the piezoelectric linear motor along the axial (z) direction
is at the mid-plane between the front and rear preload planes. This TC plane is used to
estimate the thermal drift between the tip and the sample surface as shown in Fig. 4.18.

The thermal expansion sensitivity of the sample surface from the TC, 74, is given
by Eq. (4.22). The dimensional parameters and the CTE values are tabulated in Table

4.6.

Ts = O Lin + Oy L (4.22)
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Figure 4.18: Axial thermal stability of the instrument using a compensating structure.

The thermal expansion sensitivity of the tip from the TC, 7, is given by Eq. (4.23).

T = _aAlLAl + Oépr + amLmt + awLwt (423)

Thus, the thermal expansion sensitivity between tip and sample surface, 7, can be

calculated using Eq. (4.24).

Tet = Ts — Tt (4.24)

If the length of the tungsten tip is assumed to be 2.4 mm and the thermal expansion
of the sample is neglected, then the thermal expansion sensitivity between the tip and
the sample surface, 7, is approximately -7.8 nm/°C. For a tip length of 5.0 mm (L 4; =
12.265 mm), the thermal expansion sensitivity between the tip and the sample surface,
Tst, IS @approximately +0.8 nm/°C. These calculations were based on the sample being
mounted on the inside of the macor disc. A positive sign means that the tip and the
sample are moving away from each other with increasing temperature or vice verse.

The resonant frequency of the piezoelectric tube scanner assembly was determined
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Table 4.6: Dimensional parameters and coefficients of thermal expansion (CTE)

CTE of invar, o, (/°C) 1.72 x 1076
CTE of macor, o, (/°C) 9.3 x 1076
CTE of alumina, a4 (/°C) 7.8 x 1076
CTE of PZT-5A, «, (/°C) 2.0 x 1076
CTE of tungsten, «,, (/°C) 4.5 x 1076
Effective length of invar, Ly, (mm) 18.034
Effective length of macor (invar to sample), L,,s (mm) 4.572%
Effective length of macor (invar to sample), L,,s (mm) 2.032°¢
Effective length of alumina prism, L 4; (mm) 9.665%
Length of piezoelectric tube scanner, L, (mm) 24.13
Length of macor (tube scanner to tip), Ly, (mm) 2.591
Length of tungsten tip, L., (mm) 2.4¢

“based on isotropic property
bsample mounted on the outside
“sample mounted on the inside
for tungsten tip length given in ¢
“assume tungsten tip length

using finite element analysis (ProMechanica). It was found that the lowest resonant
frequency of the assembly is 3.82 kHz), corresponding to the bending mode of the tube

scanner, as shown in Fig. 4.19.

Figure 4.19: Bending mode of the piezoelectric tube scanner assembly.

The axial (z) stiffness of the piezoelectric linear motor was measured experimentally
to be about 15.55 N/um. The total mass of the piezoelectric tube scanner assembly,
the alumina prism, and the driving mechanisms is about 24.3 grams. The calculation
of the resonant frequency is rather straightforward. The resonant frequency f,, of the

instrument in the axial (z) direction was determined to be 4.03 kHz or w,, = 27 f,, =
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25.3 x 10° rad/s.

4.4 Vibration Isolation

Vibration isolation is another essential component of the instrument, especially when
operating the instrument in STM mode. Floor vibration can transmit through the struc-
ture and into the instrument affecting the performance. The amplitude of the floor
vibration is typically a few thousand angstroms for low frequency components [154]. A
vibration isolation with an attenuation of at least 10~° is required in order to attenuate
the vibration level to below 0.5 A [9]. Often, a component can have many degrees of
freedom, which makes it difficult to trace all the motions. In general, analyzing one or

two motions of the components will decribe the entire system effectively.

(a) (b) X

FUp gy Bl

Figure 4.20: Model of the instrument in STM mode: (a) axial (z) direction and (b) lateral
(z,y) directions. The system has been reduced to a simple damped harmonic oscillator.

In order to understand the tolerable level of mechanical vibration and how much
vibration isolation is required, the mechanical system of the instrument (in STM mode
operation) must first be examined. As illustrated in Fig. 4.20, the model of the in-
strument includes the sample, the sample holder, the tip-sample approach mechanism
(piezoelectric linear motor), the piezoelectric tube scanner, and the tip. The system has
been reduced to a simple damped harmonic oscillator. The equation of motion can be

written in the form given in Eq. (4.25), where m is the effective mass, c is the damping
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factor, k is the spring constant, x is the motion of the tip, and x5 is the motion of the
sample or instrument structure. The relative motion of the tip-sample junction is given

by (2 — x2).

mi +c(& —a2) +k(x —x9) =0 (4.25)

To simpify the analysis, the resonant frequency w,, and the damping ratio ¢ of the

system are defined as Eq. (4.26) and Eq. (4.27), respectively.

Wy, = \/E (4.26)
m

C— Cc

2mw,

(4.27)

Using these relations, Egs. (4.26) and (4.27), the equation of motion Eq. (4.25) can
be rewritten as Eq. (4.28).

&4 2Cwy (& — 22) + w2 (x — 29) =0 (4.28)

When the structure of the instrument is excited harmonically, x5 (t) = X,e™", the
steady state harmonic solution x (¢) = Xe™' can be used to obtain the relationship
between the variation in (X — X5) and the excitation amplitude (X5). Or, equivalently,
taking the Laplace transform of Eq. (4.28) and replacing s = —iw. The complex fre-
quency response or transfer function (transmissibility) then becomes Eq. (4.29). The
solution can also be found in many vibration textbooks [155, 156].

(X — Xy) w?

Ty (w) = - 4.29
1(@) X, W2 — W2 + 2Cwniw (4.29)

For the mechanical vibration in the axial z~ direction of the instrument, as shown
in Fig. 4.20(a), 71 (w) is the response of the tip normal to the sample surface (gap
distance) to a periodic external vibration or excitation. The resonant frequency w,, of
instrument in the axial z direction has been calculated in the previous section and it was

determined to be 25.3 x 103 rad/s (or f,, = 4.03 kHz). To be conservative, the damping
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ratio ¢ is assumed to be 0.05, which is reasonable for inherent structural damping of
the instrument. The frequency response of the tip normal to the sample surface (gap

distance) to external vibrations is plotted in Fig. 4.21.

10
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Figure 4.21: Frequency response of the instrument to external mechanical vibrations.

Similarly, the mechanical vibration in the lateral (z,y) directions of the instrument,
as shown in Fig. 4.20(b), T} (w) is the response of the tip parallel to the sample surface
to an external vibration. To be conservative, the resonant frequency w,, and the damp-
ing ratio ¢ of the instrument in the lateral (x,y) directions are taken to be 13.9 x103
rad/s (or f, = 2.2 kHz) and 0.05, respectively. These values are based on the lateral
resonant frequency of the piezoelectric linear motor, from Chapter 3. The frequency
response of the tip parallel to the sample surface to external vibrations is plotted in
Fig. 4.21.

It can be seen from Fig. 4.21 that the transmissibility (relative motion of the tip to the
sample surface) is less than x10~° for excitation frequencies below 7 Hz. This is ade-
quate considering that the typical floor vibration amplitude is few thousand angstroms.
For vibration frequencies above 10 Hz, it is obvious that a vibration isolation system is

required.
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The vibration isolation system shown in Fig. 4.13 can be modeled by the systems
shown in Fig. 4.22. For simplicity, only the translational motion and the pendulum mo-
tion of the vibration isolation system are considered. These systems can be described
in a similar manner as before. For the system shown in Fig. 4.22(a), the equation of
motion can be written as Eq. (4.30). Equation (4.30) has the same form as Eq. (4.25),
except that z; (t) = X e™! is the external excitation (floor vibration) at the base of the
vibration isolation system and - (1) = X,e™! is the steady state harmonic solution of

ms, Which is the mass of the floated stage assembly.

(@) (b)

C.
* Ley,

Figure 4.22: Model of a single-stage vibration isolation system. The vibration isolation
system shown in Fig. 4.13 can be represented by (a) a translation system and (b) a
pendulum system.

mgi’g + Co (.I'Q — 1’1) + ]{32 (.TQ — 1’1) =0 (430)

The amplitude ratio of X,/X; is of interest, which is the vibrational amplitude at-
tenuation of the system. The transfer function of the single-stage vibration isolation
system is given by Eq. (4.31), where w, and (, are given by Eq. (4.32) and Eq. (4.33),

respectively.

o X2 o U)g + QCQinw

T _ 22
2 (W) =%, W2 — W2+ 2 pwniw

(4.31)
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Wy = 4| — (4.32)
meo

&= = (4.33)
Mmoo

The resonant frequency w» has been determined in the previous section to be 10.3
rad/s (or f, = 1.64 Hz). The damping ratio (> can be calculated using Eq. (4.33). Recall
that mo = 1.34 kg and ¢, = 1.98 Ns/m for the vibration isolation system. Thus, the
damping ratio, (; = 0.072.

Similarly, the equation of motion for the pendulum system shown in Fig. 4.22(b)
is written in Eq. (4.34) using o = z1 + Lsp. The difference between Eq. (4.34) and
Eq. (4.30) is ko = mag/Ls, where Ly is the stretched length of the springs and ¢ is the

acceleration due to gravity.

mag
L,

mgfi'g -+ Co ([L’g — l’l) + (IL’Q — 1'1) = 0 (434)

The length L, of the springs after stretching is 14.58 cm, thus the resonant fre-
quency of the pendulum system is w, = +/g/L, = 8.2 rad/s (or f,, = 1.31 Hz). And, the
damping ratio ¢, of the pendulum system is assumed to be 0.05.

The magnitude of the product of 7} (w) and T(w), gives the amplitude ratio of (X —
X3)/ X1, which can be used to evaluate the response of the relative motion between the
tip and the sample to external vibrations. The product 77 (w)75(w) is plotted in Fig. 4.23.

It can be seen from Fig. 4.23, the vibration attennuation of the instrument in the
axial (z) direction (gap distance) is better than x 1075 for floor vibration frequencies
of less than 1 kHz. The vibration attennuation in the lateral (y) direction (tip moves
parallel to the sample surface) is at least x10~* for frequencies less than 1 kHz. Thus,
a single-stage vibration isolation system is sufficient for the instrument considering that
the amplitude of the floor vibration usually decreases as the frequency increases. It is
interesting to note that the efficiency of a single-stage vibration isolation system solely

depends on the ratio of w,, and ws.
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Figure 4.23: Vibration attennuation of the instrument combined with a single-stage
vibration isolation system.

4.5 Preliminary Test of Instrument in STM mode

The ability of the instrument to scan the sample surface before and after writing/pat-
terning by a field-emitted electron beam is an important feature of the instrument. This
enables the detection of any surface modifications by the electron beam. Further-
more, it minimizes the step, time, and effort to verify any surface modifications by
other high-resolution microscopes such as AFM, SEM, and transmission electron mi-
croscope (TEM). Thus, it is important to carry out the preliminary test of the instrument
in STM mode to verify and ensure its capability to take reasonable surface images of a
sample.

For operation of the instrument in STM mode, a commercially available SPM con-
troller (RHK Technology, Model SPM 1000) was used to test the instrument. A photo-
graph of the SPM controller is shown in Fig. 4.24. After reviewing the operator manual
and electronic circuit diagrams of the controller, it was found that the SPM controller
has a proportional gain controller followed by an integral controller (RC network, i.e.

first-order (one-pole) low-pass filter). This is a common compensator used for feed-
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back control of many existing STMs, and it was also used in the first STM [8] due to
its simplicity. The proportional controller can be used to adjust the gain, and the RC
network, which acts as an integrator, can be used to adjust the time constant (7 = RC).
The adjustable ranges of the gain and time constant for the controller are (0 - 2) and (1

- 20) ms, respectively.

Figure 4.24: A photograph of a commercial universal SPM controller from RHK Tech-
nology.

The z-motion, which is the motion of the tip perpendicular to the sample surface,
is controlled by negative feedback as schematically shown in the block diagram of
Fig. 4.25. In a constant-current mode of operation, the gap separation between the
tunneling tip and a sample surface is set by comparing the tunneling current I(s) to the
reference current R(s) and is regulated by the feedback loop. G (s), Ga(s), G5(s), and
G4(s) are the transfer functions of the proportional controller, the integral controller, the
proportional controller (if there is one), and the high-voltage amplifier, respectively. For
most systems, a proportional controller G'5(s) is typically not used.

H,(s), Hy(s), and H3(s) are the transfer functions for the piezoelectric z-scanner,

the tunneling junction (gap), and the preamplifier (including the logarithmic amplifier
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Figure 4.25: Block diagram of STM feedback control system.

if there is one), respectively. The motion of the tip can be obtained by multiplying
the voltage signal V,;...(s) applied to the z-scanner by the piezoelectric sensitivity X,
given in Eq. (4.2) of the z-scanner, to obtain the topography of the sample surface.
Linearization can be obtained with a logarithmic amplifier to help the feedback loop
responds more linearly because of the exponential dependence of the tunneling current
on the gap distance, but it is not necessarily required. In fact, a logarithmic amplifier
was not used in these preliminary tests.

In order to bring the tip to within the range of the z-axis of the tube scanner, the
universal SPM controller can be programmed to perform an automatic tip-sample ap-
proach routine. The procedure for automatic tip-sample approach is as follows: (1)
disable the feedback loop and retract the z scanner fully, (2) take one step forward with
the piezoelectric linear motor, and (3) activate the feedback loop, which will extend the
z scanner automatically, if a tunneling current is detected, then stop. Otherwise, repeat
the loop. In this way, the tip is automatically brought to within the tunneling range of the
tip without crashing the tip into the sample surface.

The step size of the piezoelectric linear motor was set to about 100 nm. The rate of

the linear motor during the automatic coarse approach was hence about 2-3 steps per
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second. Typically, it will take one to three hours to complete the tip-sample approach,
depending on the initial tip-sample separation distance. Once the sample is within the
tunneling range of the tip, the gain and time constant of the controller are adjusted
manually to prevent oscillation due to instability of the feedback loop. Improper setting
of the proportional gain and time constant can cause feedback oscillation.

Figure 4.26 illustrates an axample of the feedback oscillations in the tunneling cur-
rent due to improper gain and time constant settings of 1.3 and 6 ms, respectively. The
oscillation frequency and amplitude are about 3.85 kHz and 2 nA, respectively, and
the background high frequency signal is due to switching in the lighting and computer
monitor. The feedback oscillation in the system can be alleviated by reducing the gain

or by increasing the time constant.

| ~0.26 ms

X: 0.1 ms/Div Y: 1 nA/Div

Figure 4.26: Feedback oscillation in the tunneling current due to improper gain and
time constant settings at 1.3 and 6 ms, respectively.

The preliminary test of the instrument for operation in the STM mode was carried out
using two types of samples, one made of highly ordered pyrolytic graphite (HOPG) and
another one made of replicated holographic grating (Optometric, Inc.). The experiments
were carried out in a rather poor vacuum condition of (10~2 to 10~3) Torr with a single-
stage vibration isolator, similar to the one shown in Fig. 4.13, along with a pneumatic
isolation table. All images were taken with a bias voltage of 1 V applied to the sample

and a reference current of 1 nA. The fast scan direction is in the z-axis (triangular
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waveform) and the slow scan direction is in the y-axis (ramp).

For the HOPG, the length of the tungsten tip, measured from the end of the piezo-
electric tube scanner, was about 5.0 mm. Thus, the piezoelectric sensitivities of the xy
scanner based on small signals (0 - 10 V) in the x and y directions were taken to be
the same with a value of 25 nm/V. The piezoelectric sensitivity of the z scanner, which
is independent of the tip length, based on small signals (0 - 10 V), was taken to be 3
nm/V. The proportional gain and time constant of the controller were set to about 1.0
and 8 ms, respectively.

Figure 4.27 displays the two-dimensional and three-dimensional images of the HOPG
surface, made up of 256 x 256 pixels, over a scan area of about 500 x 500 nm?.
These images were taken with a scan time of about 200 seconds. The image shown in
Fig. 4.27(a) was recorded while scanning the tungsten tip to the right (+z direction) and
the image shown in Fig. 4.27(b) was recorded while scanning the tungsten tip to the left
(—x direction). It is clear that these images show remarkable similarity, which means
the instrument is operating properly in the STM mode. However, these images appear
distorted slightly, which is due to nonlinearity and hysteresis in the piezoelectric tube
scanner. Correction or compensation to the distortion and the slope in these images
was not attempted.

A separate scan over a smaller area of the HOPG surface was also conducted at the
upper left quadrant of Fig. 4.27(a) using the same scan settings as before. Figure 4.28
shows the two-dimensional and three-dimensional images of the HOPG surface for the
zoom-in scan area of about 250 x 250 nm?. Similarly, the image shown in Fig. 4.28(a)
was recorded while scanning the tungsten tip to the right (4 direction) and the image
shown in Fig. 4.28(b) was recorded while scanning the tungsten tip to the left (—x
direction). These images show remarkable similarity and review greater detail of the
features on the HOPG surface, which proves that the instrument is operating properly
in the STM mode. The distortion in these images are less, which is to be expected
since the nonlinearity and the hysteresis in the piezoelectric tube scanner are minimal
for smaller scan areas.

The surface corrugation (profile) between point A and point B of the HOPG surface
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Figure 4.27: STM images of the HOPG surface for a scan area of about 500 x 500
nm?. (a) Image recorded while scanning the tungsten tip to the right (+z direction),
(b) image recorded while scanning the tungsten tip to the left (—z direction), (c) the
corresponding three-dimensional image of the image in (a), and (d) the corresponding
three-dimensional image of the image in (b).
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Figure 4.28: STM images of the HOPG surface for a smaller scan area of about 250 x
250 nm2. (a) Image recorded while scanning the tungsten tip to the right (42 direction),
(b) image recorded while scanning the tungsten tip to the left (—z direction), (c) the
corresponding three-dimensional image of the image in (a), and (d) the corresponding
three-dimensional image of the image in (b).
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given in Fig. 4.28(b) is plotted in Fig. 4.29. A cleaved HOPG surface is known to
have atomically flat surfaces as well as steps (terraces). Although the profile shows no
atomic features due to large scan area (compared to the atomic imaging scan area of
typically on the order of a few nanometers), the profile shows a surface height variation
of about 2 A over a distance of about 130 nm. Thus, one can conclude that the
instrument has a resolution of better than 2 A in the = direction, considering that the

experiment was conducted in a rather poor vacuum condition.
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Figure 4.29: Surface corrugation (profile) between point A and point B of the HOPG
surface (refer to Fig. 4.28(b)).

For the holographic grating, the length of the tungsten tip was about 4.6 mm. Thus,
the piezoelectric sensitivities of the zy scanner based on small signals in the x and y
directions are both about 25 nm/V. The piezoelectric sensitivity of the z scanner was
taken to be 3 nm/V, based on small signals. The proportional gain and time constant
of the controller were set to (0.6 - 1.0) and (10 - 12) ms, respectively. The holographic
grating is a replicated grating covered (deposited) with a thin film of gold. It has 3600
grooves per millimeter, which corresponds to a pitch of 278 nm. The height (amplitude)
of the grooves is 110 nm.

Figure 4.30 demonstrates the two-dimensional and three-dimensional images of the
grating surface, made up of 256 x 256 pixels, for a scan area of about 260 x 260 nm?.

These images were taken with a scan time of about 500 seconds. The image shown in
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Fig. 4.30(a) was recorded while scanning the tungsten tip to the right (+z direction) and
the image shown in Fig. 4.30(b) was recorded while scanning the tungsten tip to the
left (—x direction). Similarly, these images show remarkable similarity regardless of the
scan directions for a fairly rough surface. Gold clusters or islands, measuring between
20 nm and 30 nm, are clearly visible on the grating surface, which is not uncommon for
a thermally evaporated thin gold layer.

A larger scan area of about 660 x 660 nm? of the grating surface is shown in
Fig. 4.31. The image shown in Fig. 4.31(a) was recorded while scanning the tung-
sten tip to the right (4 direction) and the image shown in Fig. 4.31(b) was recorded
while scanning the tungsten tip to the left (—x direction), and Figs. 4.31(c) and (d)
show the corresponding three-dimensional images of the grating surface. These im-
ages were taken with a scan time of about 1300 seconds. The grooves of the grating
are clearly visible, and the images also show remarkable similarity regardless of the
scan directions.

Figure 4.32 shows the two-dimensional and three-dimensional images of the grat-
ing surface for an even larger scan area of about 2.09 x 2.09 um?. These images were
recorded with a scan time of about 2050 seconds. The image shown in Fig. 4.32(a)
was recorded while scanning the tungsten tip to the right (4 direction) and the image
shown in Fig. 4.32(b) was recorded while scanning the tungsten tip to the left (—x direc-
tion). There are about 8.5 grooves in these images. The distortion due to nonlinearity
and hysteresis in the piezoelectric tube scanner is clearly visible. Nevertheless, the
images clearly indicate the features on the grating surface.

Three profiles, Profile 1, Profile 2, and Profile 3, demonstrating the surface height
of the grating surface for the image given in Fig. 4.32(a), are plotted in Fig. 4.33. It
is obvious that the grating sample is tilted. Nevertheless, the profiles clearly show the

sinusoidal surface of the holographic grating.
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Figure 4.30: STM images of the holography grating surface for a scan area of about
260 x 260 nm?. (a) Image recorded while scanning the tungsten tip to the right (+z
direction), (b) image recorded while scanning the tungsten tip to the left (—z direc-
tion), (c) the corresponding three-dimensional image of the image in (a), and (d) the
corresponding three-dimensional image of the image in (b).
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Figure 4.31: STM images of the holography grating surface for a scan area of about
660 x 660 nm?. (a) Image recorded while scanning the tungsten tip to the right (+z
direction), (b) image recorded while scanning the tungsten tip to the left (—z direc-
tion), (c) the corresponding three-dimensional image of the image in (a), and (d) the
corresponding three-dimensional image of the image in (b).
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Figure 4.32: STM images of the holography grating surface for a scan area of about
2.09 x 2.09 um?. (a) Image recorded while scanning the tungsten tip to the right (+xz
direction), (b) image recorded while scanning the tungsten tip to the left (—z direc-
tion), (c) the corresponding three-dimensional image of the image in (a), and (d) the
corresponding three-dimensional image of the image in (b).
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Figure 4.33: Profiles of the grating surface (refer to Fig. 4.32(a)).

4.6 Chapter Summary

Initial experiments indicate that the instrument is operating properly in STM mode with
a resolution less than 2 A in the direction normal to the sample surface. The vibration
isolation analyses show that a single-stage vibration isolation system will be adequate
for isolating the instrument from floor vibrations. Based on the analytical and experi-
ment results, the length of the tip mounted on the end of a piezoelectric tube scanner
can significantly amplify the lateral displacements of the tube. Thus, it is essential to
calibrate the tube scanner. A simple technique using a preshaped driving signal mini-

mizes the nonlinearity and the hysteresis of the tube scanner.
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Chapter 5

Conclusions and Future Work

This dissertation emerges as the result of a concept to utilize a field-emitted electron
beam from a CNT or a sharp tungsten tip to pattern nanoscale features on the surface
of a metal. The following sections give the conclusions obtained from this research and

suggest topics for future research.

5.1 Conclusions

In conclusion, this dissertation proved the hypothesis that states a precision instrument
can enable the integration of direct-write nanolithography by a field-emitted electron
beam with dimensional metrology by scanning tunneling microscopy. Furthermore, this
instrument is not only for research into nanolithographic techniques using field-emitted
electron beams, but also for charaterizing field emission of various field emitters from
extremely small distances to distances of a few milimeters.

Also, from this research, it was learned that field emission from 1D nanostructures
can be characterized as a function of the applied voltage and the separation distance
at small separation distances. This was demonstrated using a technique that employs
an apparatus to precisely adjust the separation with respect to a datum distance estab-
lished between the tip of the emitter and an electron collector. It was found that field
emission depends strongly on the separation distance and both the field amplification
factor and turn-on voltage decrease as the separation distance decreases. The de-
pendence of the field amplification factor on separation distance is well modeled by the

modified Miller equation.
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In addition, both a CNT field emitter and a sharp tungsten field emitter show that
field emission currents on the order of a few hundred nanoamperes are easily obtained
at separation distances ranging from sub-micrometer up to a few micrometers. These
emission currents are sufficient for electron-beam lithography. The voltages needed to
create sufficient electric fields for electron emission were found to be a few times lower
when a CNT is attached to an etched tungsten tip.

For the piezoelectric linear motor, experimental results reveal that the motion char-
acteristics of the linear motor are unlike any other motor. It was found that each individ-
ual step consists of a momentary reverse motion followed by a forward motion before
completing a step. The step size is highly repeatable with a standard deviation of less
than 1.2 nm, and the thermal stability is better than 40 nm/°C. For a light preload force,
a simple analytical model shows good agreement with the experimental step size when
the experimental threshold voltage is used.

A low thermal drift instrument was designed, constructed, and tested. Initial experi-
ments indicate that the instrument operates properly in scanning tunneling microscope
mode with a resolution of less than 2 A in the direction normal to the sample surface.
Based on the analytical and experiment results, the length of the tip mounted at the end
of a piezoelectric tube scanner can significantly amplify the lateral displacements of the
tube. Thus, it is essential to calibrate the tube scanner. The linearity of the scanner’s
motion can be improved with a simple technique that uses the preshaping of driving
signal. From the vibration isolation analyses, a single-stage vibration isolation system
will be sufficient for the instrument.

The major contributions of this dissertation are listed as follow:

1. the development of the key components of the instrument for future research into

nanolithographic techniques using field-emitted electron beams;

2. the design of a piezoelectric linear motor that has a low thermal drift using sym-

metrical design and low coefficients of thermal expansion materials;

3. the experimental studies of the motion characteristics and the thermal stability of

the linear piezoelectric motor;
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4. a simple method for improving the linearity of piezoelectric actuators using the

pre-shaping of driving signal;

5. a new method was developed for extracting the FN parameters that is an im-
provement over conventional extraction using slope and ordinate intercepts on

FN plots; and

6. atechnique was developed for characterizing the field emission from one-dimensional

(1D) nanostructures at small separation distances.

5.2 Future Work

The instrument should have atomic resolution, but this has not been verified experi-
mentally. This can be verified by obtaining an atomic image of a HOPG sample while
operating the instrument in the STM mode. The thermal stability of the instrument
needs to be measured. This can be accomplished rather easily by taking several STM
images of a sample surface and comparing them for any thermal drift. The ability of the
instrument to image a sample surface with a CNT tip is yet to be investigated.

This instrument requires a dedicated controller, a commercial SPM controller is an
ideal candidate. It is recommended to calibrate the lateral motions of the piezoelectric
tube scanner every time a tip is changed. This can be accomplished by scanning a
standard calibration specimen (for the final calibration) that is dedicated for calibrating
the piezoelectric tube scanner. Also, the simple method for improving the linearity of
the tube scanner with a preshaped input waveform shall be implemented and further
investigated.

The frequency response of the tunneling gap (tip-sample) and the dynamic char-
acteristics of the instrument should be determined experimentally. This will help to
optimize the performance of the instrument. The frequency response measurement of
the tunneling gap is not trivial, one can apply a sweep signal from a dynamics signal
analyzer to the z scanner while recording the variation in the tunneling current.

The model for calculating the threshold voltage and step size of the piezoelectric lin-

ear motor does not account for the moments generated by the shear-mode piezoelectric
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actuators, and hence requires further study. The model shall improve if the moments
are taken into consideration. A numerical model or simulation is highly recommended
so that the interaction in each of the components can be accounted.

The electrical connectors of the loadable instrument require some revision. The
connectors fit too tightly and this could create problem during the load-lock transfer of

the instrument into the UHV chamber. Other alternatives should be investigated.
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