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Abstract

Infrared (IR) detectors today are being utilized for a variety of imaging appli-
cations such as medical diagnostics, navigation instruments of automobiles and
aircrafts, meteorological imaging, night-vision and fog/smoke imaging, surveil-
lance, target acquisition and astronomical/space imaging. These wide ranging
implementations have given rise to varied design requirements for these devices
such as the required sensitivity, operating temperature, spectral sensitivity, peak
wavelength and cost. Type-II band aligned InAs/Ga(In)Sb strained layer super-
lattice (SLS) material system proposed for the IR detection in the 1970s has been
considered in recent years as an interesting alternative to the present day IR de-

tection technologies. Type-II SLS technology posses mature growth technologies
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able to achieve uniformity over large areas along with band-gap tunability which
results in IR detectors in mid wave (MW), long-wave (LW) and very long-wave
infrared (VLWIR) ranges. The large electron effective mass in SLS help in reducing
inter-band tunneling and hence allow for longer-wavelength operation in these
IR detectors. Large splitting between heavy-hole and light-hole valence subbands
due to strain in the SLSs contributes to the suppression of Auger recombination
and this enables significantly higher operating temperatures. The commercializa-
tion of type-II SLS technology has been hindered by material defects that promote
excess dark currents in the bulk and on detector surfaces. During SLS device fabri-
cation the mesa delineation leads to discontinuity of the periodic crystal structure
which results in formation of unsatisfied chemical bonds on the etched surfaces
and hence enhancing the surface leakage currents. More-over, with the scaling of
single pixel dimensions, the performance of focal plane arrays is strongly depen-
dent on surface effects due to the large pixels surface to volume ratio. Hence the
reduction of surface leakage currents in LWIR detectors has become a technological

necessity and is the objective of this dissertation.

This work focuses on performance improvement of InAs/GaSb SLS LWIR de-
tectors by optimization of mesa delineation and surface passivation techniques.
The first part of the dissertation works on the development of optimized etching
scheme for the 400um x 400um area single-pixel SLS detectors and for 25um x
25um area focal plane arrays (FPAs). Firstly, optimization of wet chemical etches
were carried out on GaSb substrates and reported here is that HCI:H,O,:H,O
(1:1:4) solution rendered the smoothest etched surface with a root mean square
(RMS) roughness of 1.59nm. This work also reports the results of comparison of
mesa sidewall profiles of InAs/GaSb SLS single-pixel and FPA detectors obtained
after (a) a conventional BCl; gas based inductively coupled plasma dry etch, (b) a
HCI:H,O,:H,0 (1:1:4) solution wet chemical etch and (c) combination of both. It
was found that HCl:H,O,:H,O (1:1:4) solution wet etch was ideal for single pixel



mesa delineation, but not on FPA device proportions. In the etch study experi-
ments, the InAs/GaSb SLS structure was looked at as one single entity and as an

amalgamation of its constituents InAs and GaSb materials.

The second part of this research deals with the development of efficient sur-
face passivation methods for the long wave infrared (LWIR) SLS detectors with
pin, pBiBn, and graded bandgap designs. A comparative study of dielectric passi-
vants (Silicon di-oxide and Silicon nitride) versus organic passivant of SU-8 versus
chalcogenide passivants (Zinc Sulfide, Ammonium Sulfide and Electro-chemical
passivation i.e. deposition of pure sulphur) were carried out on InAs/GaSb SLS
LWIR single-pixel detectors. Ammonium sulfide [(NH4),S] treatment and elec-
trochemical sulfur deposition (ECP) reduced dark current density (J;) at 77K and
applied bias= - 0.1V by (a) by factor of 25 and 200 in InAs/GaSb SLS LWIR detec-
tor with p-i-n design and (b) by factor of 3 and 54 in InAs/GaSb SLS LWIR with
pBiBn design. In the comparative study of all the sulphur-based passivants of
thioacetamide (acid-based and base-based), (NH4),S and ECP on graded-bandgap
design based single-pixel LWIR SLS detectors, ECP showed superior performance
of all with the highest surface resistivity (rs,fac) of 1.4x10° Q-cm at 77K. In the long
term stability study of ECP, it showed degradation over time with J;=0.09A/cm?
right after passivation and J; =2.18A/cm? after 4 weeks of passivation. Hence
as an alternative to ECP (i.e. sulphur passivation), we propose the utilization of
novel chlorine-doped Zinc Telluride (ZnTe:Cl) as a passivation technique. It is
for the first time that ZnTe:Cl has been used as a passivation technique on any IR
device. This novel ZnTe:Cl passivation technique is implemented on InAs/GaSb
SLS LWIR single-pixel detectors with pin and graded-bandgap designs. Though
ECP showed a superior rsu,face=105Q—cm over ZnTe:Cl passivation with rsurface
=6700Q-cm, ZnTe:Cl passivation had almost no degradation over time. Hence an
improved ZnTe:Cl with its robust, uniform passivation layer has the potential to
replace ECP in FPA fabrication on InAs/GaSb SLS LWIR detectors and there-of
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take these high-performing SLS-based IR detectors to commercialization.
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Chapter 1

Introduction

All objects with temperature above absolute zero (0K) emit photons. The photon

emission spectrum of objects is determined by Planck’s law

271thcl/? 1
A° etfr — 1

WA, T) = (1.1)

where £ is the Planck’s constant, k is the Boltzmann’s constant, ¢ is the speed
of light, and A is the wavelength of light. Units of W(A, T) are (W/m?/um). This
has been plotted in Figure 1.1.

The emission spectrum of objects at room temperature (295K) peaks at a wave-
length of 9.8 um, which falls in the infrared (IR) range, according to Wien’s dis-

placement law.

2898

/\max(/“lm) = m (12)

IR radiation is referred to the electromagnetic wave with wavelengths that span

between the visible light region and microwaves. IR region covers the ranges from
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Figure 1.1: Planck’s law for a number of black body temperatures. Dashed line
represents Wien'’s law.

0.75 um to 1000 ym. IR radiation is beyond sensitivity of human eye, however, it
can be sensed as a heat. This gave rise to the development of IR detectors, devices
which transduce the energy of electromagnetic radiation falling upon them into
some other form, in most cases, electrical. Windows in atmospheric absorption are
used to classify IR radiation to near infrared (NIR) corresponding to wavelengths
from 0.7 to 1.5 um; short wavelength infrared (SWIR) from 1.5 to 2.5 ym; midwave
infrared from 3 to 5 um; longwave infrared radiation (LWIR) from 8 to 14 um; very
longwave infrared (VLWIR) from 14 to about 32 um, and terahertz (THz) or far
infrared (FIR) from 32 um to 1000 ym. These regimes are described in Fig 1.2 along
with the spectral transmittance of IR radiation in atmosphere. The applications of
imaging in the 325 um regime include medical diagnostics for skin cancer detec-
tion; defense for target acquisition, missile detection and tracking, mine detection,
surveillance, and biological/chemical agent identification; imaging through fog
and fire for search and rescue; navigation instruments in aircrafts and automo-
biles; imaging weather patterns; and extracting information on temperature and

spectral content of far away constellations through space fog.
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Figure 1.2: Plot of Transmittance of the atmosphere for a 6000ft horizontal path at
sea level [54] along with the windows of infrared radiation.

1.1 Infrared Detectors

IR detectors may be divided into two broad classes, thermal and photon detectors.
Thermal detectors respond to the heat generated by the absorbed energy of the
optical radiation whereas the principal of operation of photon detectors is based

on the direct interaction of the optical radiation with the atomic lattice of material.

In thermal detectors (Si-based microbolometers, pyrometers, thermocouples,
Golay cells, and superconductors) incident optical radiation increases the tem-
perature of the detector which leads to a change in physical parameters, such
as resistance or voltage. Some of the characteristic features of thermal detectors
are broad spectrum, room temperature operation, low cost, and slow response.
Photon detectors generate free electrical carriers through interaction of photons
and bound electrons. The interaction of light and matter produces a parameter
change (resistance, conductance, voltage or current) that is detected by an asso-

ciated circuitry. Photon detectors for IR are typically realized using III-V and
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II-VI semiconductors, and can further be divided into intersubband and interband

detectors.

Examples of intersubband detectors are quantum well infrared photodetectors
(QWIPs) and quantum dot infrared photodetectors (QDIPs), where intersubband
transition energies in the conduction band can be tailored to detect infrared radi-
ation. Examples of interband detectors are HgCdTe (MCT), InSb, and InAs/GaSb
type-II strained layer superlattice (SLS) systems.

For applications in the LWIR regime with low volume and high cost, such as in
astronomy, the MCT technology is the dominant one. Though MCT detectors have
demonstrated high sensivity and very low noise, due to problems in the epitaxial
growth of mercury-based compounds, there is limited manufacturing yield for
MCT large area focal plane arrays (FPAs) and hence leading to very expensive final
imaging systems. InSb detectors are commercially used for the detection of MWIR
radiation, and need cryogenic cooling. Also, they are not suited for multicolor
detection. QWIP is well established and commercially available technology in
the LWIR regime due to the relatively inexpensive growth and fabrication of III-
V semiconductors, but they exhibit higher dark currents, low quantum efficiency,
cryogenic operating temperature along with the inability to absorb normal incident
light. In our research described in this dissertation we focus solely on InAs/GaSb

type-II SLS detectors and hence they are described in detail in the next section.

1.2 InAs/GaSb Type-II SLS Detectors

InAs/(In,Ga)Sb type-II SLSs were first proposed as an IR sensing material in 1980s
by Sai-Halasz, Tsu, and Esaki [111, 34]. IR detectors based on SLSs have been

under investigation ever since they were suggested several decades ago by Smith
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Figure 1.3: TEM image of a 13MLInAs/7ML GaSb LWIR SLS structure. TEM image
was taken by Evans Analytical Group.

and Mailhiot [30]. In 1990, Chow and coworkers reported the first Ga;_,In,Sb/InAs
SL material with high structural quality, LWIR photoresponse, and LWIR photo-
luminescence [71]. While theoretical predictions of detector performance seem to
favor the InAs/InGaSb system due to the additional strain provided by the InGaSb
layer, the majority of the research in the past five years has been focused on the
binary InAs/GaSb system. This is attributed to the complexity of structures grown

with the large mole fraction of In.

The InAs/GaSb SLS consists of alternating layers of nanoscale materials whose
thicknesses vary from 4 to 20 monolayers (MLs). This is seen in the transmission
electron microscopy (TEM) image of a 13MLInAs/7ML GaSb LWIR SLS structure
in Fig. 1.3. The overlap of electron (hole) wave functions between adjacent InAs
(GaSb) layers results in the formation of electron (hole) minibands in the conduc-
tion (valence) band. Optical transitions between holes localized in GaSb layers
and electrons confined in InAs layers are employed in the IR detection process

(Fig. 1.4). Thus, using two mid-bandgap semiconductors, devices can be fabri-
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Figure 1.4: Absorption in InAs/(In,Ga)Sb type-II SL

cated with operating wavelengths anywhere between 3 and 32 ym [19, 39, 128].

Tunneling currents in SLS are lower than in MCT detectors of the same bandgap
due to larger electron effective mass [30]. Auger recombination is suppressed due
to the large splitting between heavy-hole and light-hole valence subbands[132, 43].
Moreover, the SLSs are less sensitive to the bandgap variations due to composi-
tional nonuniformities than the MCT alloys with the same bandgap [44]. In con-
trast with QWIPs, normal incidence absorption is permitted in SLSs, contributing
to high conversion quantum efficiency. Two factors provide SLSs with technolog-
ical advantages over competing technologies: commercially available low defect
density substrates and a high degree of growth and processing uniformity over
a large area. FPAs of sizes up to 1024 x 1024 pixels have been demonstrated
using the SLS material system, highlighting the potential of this technology [46].
Moreover, several research groups within the last years have reported on high
performance InAs/GaSb SLS IR detectors and FPAs for MWIR [103, 129, 90],
LWIR [124, 123, 45, 39, 27], and VLWIR [127, 51] spectral regions. Thorough
comparisons between MCT, InSb, QWIP, and SLS technologies can be found in the
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literature [60, 4, 110].

1.3 Motivation

Despite the numerous advantages SLSs offer over present-day detection tech-
nologies, including reduced tunneling currents, normal-incidence absorption, and
suppressed Auger recombination, the promise of superior performance of SLS de-
tectors has not been yet realized [107], as shown by comparison of dark-current
densities in SLS detectors with the MCT benchmark (“Rule 07”). The dark-current
density demonstrated by the SLS detectors is significantly higher than that of bulk
MCT detectors, especially in the MWIR spectral range, as illustrated in Fig. 1.5.
Abbreviations for the different institution working on SLS detectors: Fraunhofer-
Institut (IAF), Jet Propulsion Laboratory (JPL), Naval Research Laboratory (NRL),
Northwestern University (NWU), Raytheon Vision Systems (RVS), University of
California, Santa Barbara (UCSB), Columbia University (Columbia), University of
Illinois, Urbana-Champaign (UIUC) and University of New Mexico (UNM).

Generally, there are three major components of dark current in detectors based
on narrow band gap semiconductors; generation current associated with the
Shockley-Read-Hall (SRH) process in the depletion region of the detector, ther-
mally generated diffusion current associated with Auger [109] or radiative pro-
cess in both the n- and p- extrinsic regions of the detector, and a surface current

associated with the surface states in the junction.

With the SRH and thermally generated diffusion currents in SLS detectors being
greatly reduced by the intricate heterostructure engineering [123, 39], the surface
current remains a dominant contributor to the total dark current. During the in-

dividual pixel isolation process, the periodic crystal structure terminates abruptly
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Figure 1.5: Dark-current density of SLS detectors compared with Rule 07. Modified
and reprinted from [107].

resulting in formation of unsatisfied (dangling) chemical bonds responsible for
generation of surface states within the bandgap. These states cause pinning of the
surface Fermi level near the midgap and, as a consequence, enhance the surface
leakage currents. Moreover, the surface leakage currents become a dominant con-
tributor to the dark current for FPA pixels with mesa dimensions of ~ 20um. Thus,
in order to improve the overall device performance, methods for elimination of
surface currents, i.e. passivation treatments, have to be developed for InAs/GaSb

SLS material system.

The FPA pixel dimensions and high fill factor give rise to problems of accurate

mesa dimensions and edge definition control. Furthermore, passivation treatment
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applied to the etched surfaces that are rough, or contaminated by native oxides
and foreign particles, will result in little or no improvement of device performance.
Effective methods of native oxide removal or thinning have to be incorporated into

the device fabrication sequence prior the passivation step.

1.4 Dissertation Overview

This dissertation is organized as follows: Materials and characterization tech-
niques used in the course of this work are presented in Chapter 2. Mecha-
nisms of surface oxide formation and review of various passivation techniques
of InAs/GaSb SLS detectors are in detail discussed in Chapter 3. Chapter 4 covers
our efforts to develop an optimized etch for the mesa delineation of SLS detec-
tors.Chapter 5 details the effect surface modifications make on performance of
InAs/GaSb SLS LWIR detectors utilizing the common IR detectors figures of merit,
i.e., responsivity, quantum efficiency, dynamic impedance area product, surface
resistivity and specific detectivity. In Chapter 6, we summarize all the major
accomplishments laid out in this dissertation. Lastly, in Chapter 7 we will intro-
duce a few future endeavors we have worked on for improving performances of

InAs/GaSb SLS detectors and FPAs.

1.5 Contribution of this dissertation

The aim of this research is to form a better understanding of the various mech-
anisms existing at the surface of the device. It is near impossible to obtain an
immaculate or “good“surface, but we strive to eliminate as many detriments as

possible to form an “ideal surface”. This dissertation has focused solely on improv-
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ing the performance of LWIR InAs/GaSb SLS detectors by modifying the surface

of the device. The surface we study is generated after the mesa etch phase of

device fabrication and encompassed the mesa/device sidewall along with all ex-

posed area on/around the mesa. To achieve the ideal surface, we took 2 distinctive

approaches:

1. Prepare an ideal surface with optimized mesa etch technique. This experi-

ment deals with our efforts to obtain an ideal etch that would in-turn lead to

an ideal surface for the mesa structure in our devices.

(a)

(b)

(©)

The first critical contribution of this study was the optimizing an ideal
wet etch on the GaSb substrate/surface. We concluded from our experi-
ments that HCI:H,0,:H,0 (1:1:4) gave the least amount of debrisi.e. an
etch remnant free surface, with an rms roughness of 1.59nm and etch
rate of 1.9um/min [70]. This result is significant as it can be applied to

any GaSb-based device material system.

We then study the effects of translating the optimized wet etch onto a
400umx400um area single-pixel SLS structure. In this experiment we
subjected the InAs/GaSb LWIR SLS detector structure with pin design,
to three techniques of mesa etch, namely, (i) Optimized wet etch of
HCI:H,0,:H,0O (1:1:4), (ii) BCl; based plasma dry etch and (iii) combi-
nation of both wet and dry etches. The experiment established that the
wet etch produced less damage and least amount of etch residue than

dry etch but with a reasonable undercut of 5um [70].

The optimized wet etch of HCI:H,0,:H,O (1:1:4) was found unpractical
on 24umx24pum area FPAs based on InAs/GaSb LWIR SLS structure. This
was due to the 9um lateral etch/undercut produced during the process.
This experiment ascertained that BCl; based plasma dry etch is essential

in FPA fabrication in order to maintain the device dimensions.

10
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(d) In our etch study experiments, we looked at the InAs/GaSb SLS struc-
ture as a one single entity and as an amalgamation of its constituents
InAs and GaSb. These three experiments concluded that under the wet
chemical etch of HCI:H,0,:H,O (1:1:4) solution InAs/GaSb SLS material
behaved neither as InAs nor as GaSb individually. But under the BCl;
based plasma dry etch its etch rate of 0.22um/min was closer to GaSb
(0.28um/min) than InAs (0.13um/min).These results are crucial as the
16ML InAs/0.8ML InSb/6ML GaSb system contained more InAs than
GaSb.

2. Investigate, implement and compare various passivation techniques to InAs/GaSb]]

SLS LWIR detectors by electrical characterization.

(a) A comparative study of dielectric passivants (Silicon di-oxide and Sili-
con nitride) versus organic passivant of SU-8 versus chalcogenide passi-
vants (Zinc Sulfide, Ammonium Sulfide and Electro-chemical passiva-
tioni.e. deposition of pure sulphur) were carried out on InAs/GaSb SLS
LWIR single-pixel detectors with pin architecture. At 77K and applied
bias of -0.1V, electro-chemical passivation electro-chemical passivation
showed the most improved dark current density (J;) of 0.09A/cm? and

highest surface resistivity of 1500(2-cm over unpassivated detector [89].

(b) Then, ammonium sulfide and electro-chemical passivation (ECP) were
performed on InAs/GaSb SLS LWIR detectors with pBiBn architectures.
At 77K and applied bias of -0.1V, ECP improved the J; by a factor of 54

in when compared to unpassivated devices [89].

(c) We then studied the long term stability of ECP on InAs/GaSb SLS LWIR
single-pixel detectors with pin architecture. We found that ECP had
degraded over time with J; being 0.09A/cm? right after passivation and
2.18A/cm? after 4 weeks of passivation [89].

11
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(d)

(e)

In the next study, we compared all the sulphur-based passivants of
acid based thioacetamide, base-based thioacetamide, Ammonium Sul-
fide and Electro-chemical passivation (ECP) on graded-bandgap design
based LWIR SLS detectors. Here ECP showed most superior perfor-
mance of all with the highest surface resistivity of 1.4x10° Q-cm at 77K
[88].

Due to the long-term instability of ECP, we proposed and implemented
thenovel chlorine-doped Zinc Telluride (ZnTe:Cl) passivation technique
on InAs/GaSb SLS LWIR single-pixel detectors with pin and graded-
bandgap architectures. It is for the first time that ZnTe:Cl has been
utilized as a passivation technique on any IR device system. ZnTe was
chosen a passivation material for InAs/GaSb SLS material system due
to its material properties such as (i) lattice constant of ZnTe=6.1034A
which is lattice matched to GaSb and close to InAs and AlSb, (ii) ZnTe
is epitaxially grown by MBE system, ensuring uniform deposition, and
robust, high quality material with minimal defects (iii) most crucially,
ZnTe being in the chalcogenide family, is expected to mimic the very
effective sulphide properties, as a passivant. Though ECP showed a su-
perior surface resistivity (srface) of 10°Q-cm over ZnTe:Cl passivation
with g e =6700Q2-cm, ZnTe:Cl passivation had almost no degrada-
tion over time. Hence an improved ZnTe:Cl passivation with its robust,
uniform passivation layer has the potential to replace ECP in FPA fabri-
cation on InAs/GaSb SLS LWIR detectors and advance the Type-II SLS

based detector technology to commercialization.

12
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1.6 Conclusions

In this chapter we have introduced in brief, the physics behind IR radiation, the
workings of thermal and photon IR detectors, and evolution of present day IR
detectors. We then dwelled into the concept of InAs/GaSb based Type-II SLS
detectors, their advantages and limitations. We then established the need for
surface study and surface modification in InAs/GaSb based Type-II SLS LWIR
detectors. Then, a brief outline of this dissertation is laid-out that describes the
work contained within the next few pages. This chapter is concluded with the
summary of all crucial contributions achieved during the course of this dissertation
in understanding the workings of device surfaces of InAs/GaSb based Type-II SLS
LWIR detectors.

13



Chapter 2

Materials and Methods

During the past 30 years of evolution of the type-II SLS based detectors, several ma-
terial compositions and device architectures have been proposed. More recently,
bandgap engineered structures such as pBiBn [39], nBn [108], M-structure [74],
We-structure [6, 124] and CBIRD [123] architectures have all been demonstrated.
These new SLS devices credit their improved performance over the established
p-i-n architecture, to the reduction in dark currents due to the presence of current
blocking layers that reduce one or more dark current components. In the first part
of this chapter, we will briefly look at various type-II SLS material systems that we

implemented for the purpose of our experiments.

In this dissertation a variety of characterization techniques were utilized to
characterize as-grown and fabricated (including passivation) materials. The struc-
tural properties of as-grown material were determined by high resolution X-
ray diffraction (HRXRD) measurements. The surface morphology of the as-
grown, etched, and passivated materials was evaluated by atomic force mi-
croscopy (AFM). Exposed detector sidewalls were imaged through scanning elec-

tronic microscopy (SEM) technique. The electrical behavior of fabricated detectors

14
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was investigated by current-voltage (I-V) measurements. The same measurements
were used to evaluate effectiveness of passivating layers. Detector performance

also was characterized by spectral response and responsivity measurements.

2.1 Materials

In this section, brief descriptions of the three SLS architectures utilized in this

dissertation is presented.

2.1.1 p-i-n architecture

The first InAs/GaSb type-II SLS structure that we implemented in our research
study is termed as the “p-i-n architecture “. This SLS structure recreates the
classic p-i-n photodiode design as seen in Figure. 2.1. Photodiodes specifically
photovoltaic detectors (PV) are manufactured by creating p-n junctions in a semi-
conductor and it is sensitive to incoming optical stimuli, producing a voltage or
current output proportional to the incident light intensity. A photodiode that
has a built-in depletion region with the inclusion of an intrinsic layer (i-region)
between the p and n regions is called a p-i-n photodiode [28]. Due to the very
low density of free carriers in i-region and hence its higher resistivity than doped
p or n regions, any applied bias drops entirely across the i-layer, which is fully
depleted of carriers at 0V or very low values of reverse applied bias [17]. In order
to collect all photo-generated (electron-hole pairs) carriers, the p-i-n diode has a
“controlled “depletion width (W). The thickness of the intrinsic layer and hence

depletion width W can be tailored to optimize the spectral response, frequency

response and quantum efficiency of the photodiode.

In Fig. 2.2, schematic of a p-i-n photodiode is described along with the corre-

15
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p+ GaSb Contact layer

Figure 2.1: Schematic of a InAs/GaSb type-II SLS LWIR detector structure with
p-i-n design.

sponding energy-level diagram that depicts the depletion width and the absorp-
tion and carrier generation processes. Since the applied bias drops across the
entire i-region, any appreciable reverse-bias voltage will cause drift current (I )
to dominate in this region. Similarly, the lack of an electric field in p or n regions
caused diffusion current (Iz;¢f) to dominate there. Photo-generated carriers move
by drift and diffusion, hence the total current density through a reverse-biased

depletion layer is:

I=1;+1; 2.1
ff

In this structure, p-layer is made thin so that the photo-generated carriers will
not have to rely on the slower diffusion currents to carry them to the intrinsic

region. Under this condition, the total photocurrent is given by:

i=(1-2x)bog(1—e™/(1+alLy) (2.2)

Where x is the Fresnel reflectance, a is the absorption co-efficient, L, is the

diffusion length of holes, W is the depletion width and ¢y is the incident flux.
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Figure 2.2: Schematic of a p-i-n design and corresponding energy-level diagram
depicting the depletion width.

A conventional LWIR SLS pin detector structures (schematic of detector hetero-
structure shown in Figure.2.1) investigated in this presented work are grown on
n-type (Te-doped) GaSb (100) epi-ready substrates by molecular beam epitaxy
(MBE). The LWIR detector structure consists of 2.1 um thick absorbing region
formed by 16 ML InAs/0.8 ML InSb/6 ML GaSb SLS grown on the top of 0. 45
pm thick SLS bottom contact n-region (4x10'® cm™?) formed by SLS with the same
composition and thickness. Finally, the structure is capped by a 50 nm thick
GaSb p-type layer (4 x 10'® cm™). It has to be noted that the gradient absorber
composes of both top and bottom 50 periods of absorber being doped p- and

n-type, respectively, with doping concentration of 1 x 10" cm?®.

17



Chapter 2. Materials and Methods

p+SLS Contact layer

TMLGaSb p-doped SLS Absorber

n+ SLS Contact layer

Figure 2.3: Schematic of a InAs/GaSb type-II SLS LWIR detector structure with
pBiBn design.

2.1.2 p-B-i-B-n architecture

Early generations of LWIR SLS detectors with p-i-n design, were notorious for their
very high dark currents and hence their incompatibility in large array FPA fabri-
cation. One of the heterojunctions implemented to overcome these disadvantages
in the InAs/GaSb based type-II SLS structure with pBiBn design [39]. This design
is an evolution of the p-i-n design, where in addition to the p-i-n layers, barriers
for blocking electrons called electron barrier (EB) and similarly hole barrier (HB)

are implemented.

The Fig 2.3 shows a schematic of pBiBn design and Fig 2.4 shows the band-
diagram of a pBiBn structure depicting the working of the carrier blocking mecha-
nism. The EBlayer thatis grown between p-contact SLS layer and the SLS absorber
layer blocks the minority carrier (electrons) diffusion from the p-contact layer to
the absorber region. Similarly, the HB layer that is present between the n-contact
SLS layer and absorber layer blocks minority carrier (holes) diffusion from the
n-contact layer to the absorber region. This mechanism hence reduces the dark

current in this system. Due to the large amount of electric field drop across the
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Figure 2.4: Schematic of operation of InAs/GaSb type-II SLS LWIR detector struc-
ture with pBiBn design under reverse bias. Re-printed from [39].

EB and HB layer which are constituted of a wider-bandgap material than the ab-
sorber region, the field across the active region in this device is smaller than in
a p-i-n system. The reduction in electric field results in smaller depletion region
and hence leads to reduced Shockley Read-Hall (SRH) recombination centers and

reduced tunneling currents which imply reduced dark current in the detector.

As seen in Fig 2.3, the pBiBn system utilized in this research work had 630
nm thick (90 periods)14 ML InAs/9 ML GaSb SLS p-type contact layer doped with
Be (p = 2.8 x 10" cm?) followed by non- intentionally doped (n.i.d.) electron
blocking (EB) layer consisting of 295 nm thick 6 ML InAs/10 ML GaSb SLS (60
periods). Then a 1.8 um thick (312 periods) n.i.d absorber region of 13 ML InAs/6
ML In0.15Ga0.85Sb GaSb SLS was grown. Next, n.i.d 255 nm (40 periods) thick
hole blocking (HB) layer made of 17 ML InAs/4 ML AlSb SLS was deposited and
100 nm (15 periods) thick n-type contact layer made of 16 ML InAs/7 ML GaSb
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doped with Te (n = 3 x 10'® cm®) completed the structure. In both p-i-n design and
pBiBn design detector structures, SLSs were grown with imposed InSb interfaces
in order to balance strain. It is shown by Gautam et al [39] the typical operating
voltage of pBiBn detectors is 50-250 mV (negative bias) and the pBiBn detector
structures showed a dark current improvement of two orders of magnitude more

than the p-i-n design.

2.1.3 Graded-gap “W~-structured superlattices (GGW)

The third design of detector heterostructure utilized in our work is the graded-
bandgap W-design SLS proposed by Aifer et al [6]. In order to suppress tunneling
and generation-recombination currents, Vurgaftman et al [124] utilized transition
regions composed of W-structured type-II superlattices (WSLs) [69] to grade the
bandgap in the depletion region. These WSLs [7] contain barriers that confine
the electron wave-functions symmetrically about a hole-well, thereby increasing
the electron-hole overlap while nearly localizing the wav-functions. The resulting
quasi-2-D densities of states result in strong absorption near the band-edge in
the WSL. Now to form a graded-gap WSL (GGW) photodiode structure, a series
of WSLs with incrementally increasing bandgaps are grown which enlarges the
bandgap at the vicinity of the junction to improvement by a factor of three over
the IR-absorbing layer. This concept is made clearer in Fig 2.5 which shows the
simulated band structure of the graded-gap and uniform-gap structures. The
authors report 10-100 times lower dark current in GGW compared to uniform-gap
structure as shown in Fig 2.6, due to the significant increase of the band-to-band
tunneling barrier and lowering of intrinsic carrier density in the vicinity of the

junction in the GGW structure.

The GGW detector material used in this study was grown by solid source
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Figure 2.5: Simulated band profiles comparing the graded-gap (solid line) p-i-n
photodiode and uniform-gap (dot-dash line) p-i-n photodiode. Re-printed from

[6].

MBE on n-type (Te-doped) epi-ready (100) GaSb substrate at Intelligent Epi-
taxy Technology, Inc. (IntelliEPI). The grading steps (W-SLS) were formed by
InAs/GalnSb/InAs/AlGalnSb period structure, with various composition and

thickness of barrier, electron and hole wells. The band gap of such n-on-p structure
is increased in a series of steps from that of the lightly p-type IR-absorbing region
to a value typically two to three times larger. Absorbing region with total thickness
of 4um formed by p-type InGaSb/InAs SLS (p = 4 x 10 cm™®) was surrounded by
n and p-type contacts composed of InAs (n = 4 x 10"7em™) and GaSb (p = 3 x 108

cm ), respectively.
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Figure 2.6: Current density (in A/cm?) vs bias (in volts) graph at 60K and 80K
comparing the graded-gap (solid line) p-i-n photodiode and uniform-gap (dot-
dash line) p-i-n photodiode. Re-printed from [6].

2.2 Material Characterization

In this following section we will look at the study of the chemical state of a solid

material by two points of view:

1. Bulk Material characterization that indicates the material quality before de-
vice fabrication. The techniques deployed for the study of structural prop-
erties of as-grown material were high resolution X-ray diffraction (HRXRD)
measurements which looked at the structural composition of as-grown SLS
structures, and Transmission Electron Microscopy (TEM) measurements that

imaged the cross-sectional features of our structures.

2. Surface Material characterization that depicts the surface morphology of

as-grown, etched, and passivated materials. Some of the tools employed for
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surface study were atomic force microscopy (AFM) which looked at the as-
grown and etched devices, scanning electronic microscopy (SEM) technique
that imaged fabricated detector structures and exposed detector sidewalls,
Energy Dispersive X-Ray spectroscopy (EDX), Auger electron spectroscopy
(AES), and X-ray Photon Spectroscopy (XPS) were implemented to study the
chemical composition of passivants and their interfaces with InAs/GaSb SLS

structure.

2.21 High Resolution X-ray diffraction (HRXRD) Measurements

HRXRD is a non-destructive technique for the structural characterization of thin
crystalline films. X-rays interact with electrons in matter and are scattered in
various directions by the atomic electrons. If distances comparable to the wave-
length of the X-rays separate the scattering centers then interference between the
X-rays scattered from particular electron centers can occur. For an ordered array

of scattering centers this can give rise to interference maxima and minima.

In order to observe x-ray diffraction from a crystalline lattice, the Bragg con-
dition must be satisfied ( 2.3). The Bragg condition depends on the angle of the
incident x-ray beam as it enters the crystal lattice and the direction at which the
diffracted beam exits the lattice. It is met only when the scattered waves from all

the atoms in the lattice are in phase, and interfere constructively.

2dp - sin® = nA (2.3)

here d;y is the distance between the atom planes (hk,1 are the Miller indices),

O is the incident angle, n is the order of diffraction and A is X-ray wavelength.
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Figure 2.7: Typical HRXRD spectrum of a LWIR SLS detector, showing calculated
lattice mismatch, FWHM of first order SLS satellite peak, and period thickness.

HRXRD scans in this work were performed with a Philips double-crystal X-ray
diffractometer using the Cu — K,; line. The typical XRD spectrum from InAs/GaSb
SLS is presented in Figure 2.7.

Parameters, which can be extracted from this spectrum, are:

e Lattice constant of substrate and average lattice constant of SLS

Using equation( 2.3) the lattice constant of substrate can be calculated for the

symmetrical (004) X-ray scan:

_ 2nA

= 24
4 sind (24)

here n is equal to one, A is known and equal to 1.5406A, angle 0 can be
determined directly from the XRD spectrum. The average lattice constant
of superlattice can be estimated using the same equation ( 2.4) with angle 0

corresponding to the zero-order peak of the superlattice.
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e Strain relation between substrate and epilayer
Lattice mismatch between substrate and epilayer can be estimated as

Aa a,—a; sin®, —sin®;
as as sin®;

(2.5)

here a, (sin®;) and a, (sin®,) correspond to the lattice constants of substrate

and zero-order peak of SL, respectively.

e Thickness of SLS period

The separation between the +1 and -1 order superlattice peaks, expressed
in arc-seconds, can be analyzed with an automated algorithm to determine
the SLS period thickness. In this work we used the algorithm based on the
dynamical theory of diffraction (Bede RADs software).

e Full Width at Half Maximum (FWHM) of SLS Satellite Peaks

This is good qualitative measure of structure’s crystalline quality. Narrow
and symmetrical SLS peaks with FWHM in order of 18-25 arcsec indicate
perfectly ordered structure with compositionally abrupt interfaces. On the
contrary, broad and asymmetrical satellite peaks (FWHM of 55-65 arcsec)
indicate variation of period thickness and growth defects accumulating at
the interfaces of SLS. Typically, FWHM for the first satellite peak of SLS is

calculated.

2.2.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is an analytical technique for structural
determination and itis based on the diffraction of electrons when they pass through
a very thin sample [48]. A image is formed from the interaction of the electrons

transmitted through the sample, then image is magnified and projected on to an
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fluorescent screen or a CCD camera and this is what we see. The sample prepa-
ration is generally destructive as generally the sample has to be thinned down to
a thickness of a few thousand angstroms by chemical etching or ion-milling. The
TEM instrument set-up usually consists of an emission source (Tungsten filament
or LaB6 source), and this electron gun is connected to a high voltage (~100-300kV)
source. When the gun is supplied with required amount of current, it emits elec-
trons by field electron emission or thermionic emission into the vacuum chamber.
Next set of mechanisms in the instrument (top down) are the optical lenses in the
TEM that facilitate for beam convergence utilizing the angle of convergence as a
variable parameter. This gives the TEM its unique ability to change magnification
by simply modifying the amount of current that flows through the coil, hexapole
or quadrupole lenses. Lastly, the display setting usually consists of phosphor
screen (10-100um thickness) that allows the operator to view images directly. Also

available in most machines are image recording systems like CCDs.

In our research, we have used the JEOL 2010 200kV high resolution transmis-
sion electron microscope (HRTEM) instrument (shown in Fig 2.8) with Point-to-
Point Resolution = 0.194 nm, Minimum Spot Size = 0.5 nm and housed at the
Earth and Planetary Sciences department at UNM. The sample preparation and
TEM images we taken by Dr. Ying Bing and Dr. Elena Debrova. Cross-sectional
TEM image of SLS in Fig. 1.4 were imaged by Evans Analytical Group. The cross-
sectional TEM images show the planarity of interface and the structure of various

reacted layers and hence a crucial tool in analyzing our MBE grown structure.

2.2.3 Atomic Force Microscopy (AFM) Measurements

Atomic force microscopy (AFM) is a surface imaging technique, providing the

topographic information of the surface with nanometer resolution. An AFM unit
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Figure 2.8: Photograph of JEOL 2010 200kV high resolution transmission electron
microscope (HRTEM) instrument.

is mainly composed of a laser diode, a flexible cantilever, a piezoelectric motor,
and a position-sensitive photodetector. AFM is designed on the basis of the atomic
force between the tip and sample surface. A sharp tip is mounted on a flexible
cantilever, a few angstroms away from the sample surface. The repulsive Van der
Waals force between the tip and the surface causes the cantilever to deflect. The
motion of the cantilever is magnified by a laser beam reflection and recorded as
the vertical displacement of the tip. In this way, the surface topography can be
imaged by scanning the tip over the sample surface. AFM is typically operated in
one of the two basic modes: contact mode or tapping mode. Contact mode is a
fast and convenient way of imaging a relatively hard surface, but the drawback for
this mode is that there are large lateral forces on the sample as the tip is “dragged”
over the surface. In tapping mode, on the other hand, the cantilever is oscillated
at or near its resonant frequency (often hundreds of kilohertz), and the tip gently
taps the surface with a significantly reduced contact time. Tapping mode is thus

extremely useful for topographical imaging of soft samples.
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2.24 Scanning electron microscope (SEM)

SEM is a type of electron microscope that produces images of a sample by scanning
it with a focused beam of electrons. The electrons interact with electrons in the
sample, producing various signals that can be detected and that contain informa-
tion about the sample’s surface topography and composition. The electron beam
is generally scanned in a raster scan pattern, and the beam’s position is combined
with the detected signal to produce an image. We performed SEM measurements
with the JSM6400 field emission scanning electron microscope (FESEM) and the
instrument is shown in Fig 2.9. This is an analytical grade SEM utilizing a field
emission source (tungsten cold cathode design). Accelerating voltages range be-
tween 0.5 to 30kV. The magnification ranges between 10 - 500,000 times at 39 mm
working distance. Resolution is approximately 1.5 nanometers at 30kV and 8mm
working distance. The SEM images presented in this work we taken by Dr. S.
Smolev, Dr. Mikhail Naydenkov, Dr. Yagya Sharma, Dr. Stephen Myers and Dr.

Ashwin Rishinaramangalam.

2.2.5 Energy Dispersive X-Ray spectroscopy (EDX)

Measurements

Energy Dispersive X-Ray spectroscopy (EDX/EDS) is an analytical tool found on
most Scanning Electron Microscopy (SEM) instruments that is used for chemical
or elemental analysis of a specimen. This tool operates under the assumption that
each element has its own unique atomic make-up and hence this allows the X-rays
which are a distinguishing feature of an elements atomic structure, too would be

unique to the element and hence identifiable.

In order to stimulate the emission of X-ray from the sample, a high-energy beam
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Figure 2.9: Photograph of JSM 6400 field emission scanning electron microscope
(FESEM) instrument.

of charged particles such as electrons or protons or a beam of X-rays is directed
on the material. Fig. 2.10 shows the schematic of a photoemission process. The
incident beam can excite an electron from the inner shell of the atom, creating an
electron hole and ejecting the excited electron. Then an electron from an outer,
higher energy shell fills this hole. It is the difference in energy between the higher
energy shell and lower energy shell that is released as an X-ray. The energy-
dispersive spectrometer can measure the energy and number of X-rays emitted

from the sample.

During the emission of X-rays from the sample as it stops the streaming electron
beam, the “balloon-shaped “primary volume of excitation (i.e. the
Brehmsstrahlung sphere volume) within the sample expands with increasing the
energy of the e-beam by higher voltages applied on the cathode source. The size
of the primary volume of excitation varies from 0.5 to 3m in diameter as well as

in depth within the sample. Since the X-rays are emitted as a result of the loss
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Figure 2.10: Schematic Diagram of photo-emission process. Redrawn from Ref
[97].

of kinetic energy of the electron beam at this “expanding volume-element”, the
differences in the EDX peak intensities for the constituent chemical elements point
to compositional heterogeneity between the near-exterior (sub-surface) region as
compared to the deeper regions of the specimen(SLS). It must be noted that the
EDX spectrum presented in this work is plotted with X-ray energy (in keV) on the

X-axis and the intensity (in counts) on the Y-axis.

For the purpose of our measurements we used the JEOL 5800LV SEM, equipped
with an Oxford Analytical ultrathin-window EDS and an Oxford Isis 300 X-ray
analyzer attached to the microscope. It must be noted that we used automated
analyses feature on tool and its analytical software provides semi- to fully quan-
titative EDS analysis down to boron. The EDX measurements presented in this

work we carried-out by Dr. Mikhail Naydenkov.

2.2.6 Auger Electron Spectroscopy (AES) measurements

The three spectroscopic techniques of EDX, XPS and AES that are described in these
sections are closely related mechanisms. Auger Electron Spectroscopy (AES) is one

of the most widely used surface analytical tool over the last 40years. AES can be
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Figure 2.11: Schematic illustration of Auger electron generation process for the
transitions KLL. Redrawn from Ref [48].

implemented for qualitative and semi-quantitative determination of composition
near-surface region, along with chemical-state and structural information. The
guiding principle of this spectroscopic technique is the Auger Effect and is based
on the analysis of electrons emitted from an excited atom after a series of internally

occurring relaxation steps.

In an atom, the Auger process occurs from the decay of a core-level hole created
due to the interaction of energetic photons or electrons or ions with an electron in
the core level. The decay of this hole takes place through a many-body process
in which an electron from shallower level fills the core-level hole, causing the
emission of either an Auger electron by transfer of excess kinetic energy to a third

electron (as shown in Fig 2.11) or a photon (fluorescence process shown in Fig 2.12)
[97].
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Figure 2.12: Schematic diagram of fluorescence process. Redrawn from Ref [97].

In Auger electron spectroscopy (AES), the specimen is irradiated by a focused
beam of electrons with energy range of 2-20keV. Then atoms at an inner core level
e.g. the K-level (as seen in Fig 2.11) get ionized. Subsequently, de-excited by an
electron falling from a higher level L1, whose energy balance is being removed
by a third electron from level L3. The last electron is the Auger electron and is

emitted with an energy E,,q., which is defined as:

EAuger = EK(Z) - EL1 (Z) - ELz(Z + A) - (26)

Where Z is the atomic number of the element, ® is the work function of the
surface and component A (experimentally between 1/(2 to 3/2)) takes into account
the fact that the atom is in a charged state when the final electron is ejected. The
AES measurements presented in this work we carried-out by Evans Analytical

Group.

2.2.7 X-ray Photon Spectroscopy (XPS) measurements

X-ray Photon Spectroscopy (XPS) is a photoemission technique utilized to examine
the compositional and chemical state distribution of species at surfaces of solids.

The principle is that when a solid material is irradiated, it absorbs discrete quanta
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of energy resulting in direct emission of electrons, and kinetic energy distribution
of the emitted electrons provides detailed information about that solid. In XPS, the
kinetic energies of the emitted electrons forming the spectral peaks are measured
using an electrostatic charged-particle energy analyzer or hemispherical analyzer
(HSA). The schematic of a XPS instrument is shown in Fig.2.13. The binding

energies of these electrons can be calculated using the following equation:

Ey = hv — Ex + AD 2.7)

Where E; is the electron binding energy (BE), hvis the energy of the incident
photon; E; is the kinetic energy (KE) and A® is the difference in work-functions
between the sample and the detector material i.e. assuming there is no electrical
charging at the sample surface. Fig. 2.10 shows the schematic of a photoemission

process.

The XPS measurements performed as a part of this research project were carried
out in a commercial Thermo K-alpha system equipped with a monochromatic Al
Ka source, a hemispherical electron energy analyzer, and a magnetic electron lens.
The penetration depth of this XPS system is ~5nm with the nominal spot size
and analyzer field of view to be 0.5mm?. It has to be noted that the scans for
Ga 2p, Sb 3d, In 3d and As 2p regions were obtained by high-resolution normal
emission angle-integrated scans. These room temperature measurements were
carried in an ultra-high vacuum (UHV) chamber with base pressure at Torr. The
XPS measurements presented in this work were carried-out by Dr. Kateryna

Artyushkova.
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Figure 2.13: Schematic of XPS/ ESCA spectrometer. Reprinted from Ref [97].

2.3 Device Characterization

The electrical behavior of fabricated detectors was investigated by current-voltage
(I-V) measurements. The same measurements were used to evaluate effectiveness
of passivating layers. Detector performance also was characterized by spectral re-
sponse and responsivity measurements. In this section, various detector character-
istics and figures of merit, such as spectral response, dark current, resistance-area

product, surface resistivity, responsivity, and detectivity are discussed.
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Figure 2.14: Schematic for the spectral response setup.

2.3.1 Spectral Response

Spectral response or photocurrent spectrum of a fabricated detector is measured
using a Nicolet 670 Fourier transform infrared spectrometer (FTIR) which is
equipped with a broadband infrared glowbar source. The instrument is soft-
ware controlled and values of different parameters such as resolution and velocity
of the scanning mirror of the FTIR can be selected by the user. The spectrum can be
corrected for the background in the software and should be corrected with respect
to the detector response as well. Spectral response gives the cutoff wavelength of
a detector as well as the relative quantum efficiency (QE) at different wavelengths.
The experimental set up for the spectral response measurements is schematically

shown in the Figure 2.14
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2.3.2 Dark Current Measurements

The current that flows through the detectors in the absence of any photon flux is
called the dark current. Dark current is a very important figure of merit, since
it determines the maximum operating temperature for the detector for a given
signal-to-noise ratio (SNR). In SLS detectors, the dark current may be divided into
two major components, bulk and surface currents. Bulk component of dark current
includes minority carrier diffusion current, generation-recombination current (G-
R, or Schockley-Read-Hall, current), tunneling (trap assisted and band to band)
currents. Surface current is caused by surface states and also referred as surface
leakage current. The performance improvement in a SLS detector is carried out

by reducing the dark current without affecting the photocurrent.

The effectiveness of passivation is commonly evaluated using variable area
diode array (VADA) method [42]. Fig. 2.15 shows the schematic of the arrange-
ment of VADA diodes in our mask set and it indicated the difference between con-
ventional detector diode configuration and that of VADA diode. For the square
mesa diode, the dark current density can be expressed as the summation of bulk
component of dark current and the surface leakage current. If the bulk current
dominates the detector performance, then the curve will have a slope close to zero.
If the surface leakage is significant, then an increase in the dark current density
will be observed for smaller devices. In other words, the surface dependence of
inverse of the dynamic resistance area product at zero bias RyA of passivated diode

can be approximated as

1 1 1 P
_ N L 2.8
ROA ROA Bulk  Vsurface A ( )

where RyAg, i is the bulk RyA contribution (QQ - cm?); Tsurface 1S the surface re-
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Conventional mesa diodes

Figure 2.15: Schematic of our mask set showing conventional diodes and Variable
area diodes (VADA).

sistivity (€2 - cm); P is the diodes perimeter and A is the diodes area. The slope
of the function given by equation (2.8) is directly proportional to the surface-
dependent leakage current of the diode. Higher values of surface resistivity in-
dicate weaker dependence of the diode’s characteristics on the surface effects.
Figure 2.16 schematically illustrates the (ﬁ) Vs (%) dependence for the diode with

ideal and non-ideal passivations.
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Figure 2.16: Dependence of the dynamic resistance-area product at zero bias vs.
perimeter-to-area ratio for VADA diodes with ideal and non-ideal passivations.
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Figure 2.17: Measurement set-up for responsivity calculations.

2.3.3 Responsivity

Responsivity is defined as the amount of photocurrent flowing through the ex-
ternal circuit per watt of optical power incident on the detector. It is typically
measured with a calibrated blackbody source radiating photons in the detector
response range, which can be calculated by using Planck’s law (eqn. 1.1). The
measurement set-up for responsivity measurements is described by the block di-
agram in Fig 2.17. Using basic radiometric calculations, the number of photons
falling on the detector per second can be calculated for the given parameters
such as blackbody temperature, aperture size, distance from the detector, detector

optical area and the wavelength range of interest.

To calculate responsivity of SLS detector, blackbody-to-peak conversion factor

has to be defined first:

_ j(‘)x M(/\/ T)dA B MBB
j(‘)x R(A)M(A/ T)dA Meffective

(2.9)

Where M(A, T) is the spectral excitance for black body (BB) at given BB tem-
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perature, % ; R(A) is the relative responsivity M,ffecive and Mpp is the effective

excitance and excitance from the blackbody respectively.

Since temperature of BB is known, spectral excitance from BB can be calculated

using Planck’s equation

M(A, T) = — (2.10)
AS(err — 1)
Then the peak responsivity for the SLS detector is calculated as
Rpeuk =Rgg X C (211)

here Rpp is the responsivity measured using the total blackbody incidance.

To obtain the absolute spectral response values, the result of eq.( 2.11) was

multiplied by the relative spectral response curve obtained in section 2.3.1.

2.3.4 External Quantum Efficiency (QE)

The external quantum efficiency (QE or n,) of a photodetector is defined as the
number of carriers (electron-hole pairs) collected at the output divided by the
number of incident photons [17][6]. It can be indicated as:

Ln/q
Nne =
Pinc/hv

(2.12)

where L, is the photocurrent generated by the electron-hole pairs and P, is the
incident optical power. The QE is the number of independent electrons produced
per photon and is normally expressed in percent. It takes into account reflectance,

absorptance, scattering, and electron recombination [28]. From section 2.3.3,

Iph

we know that responsivity = 7—. Hence, for photodiode absorption QE can be

extracted from responsivity (R), using the following equation.
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1.24
QE = Rx —— x 100 (2.13)

here R is in A/W, A is in um, and QE is in %. In the case of a photoconductor,
which has an inherent photoconductive gain inside the device, the above formula
needs to be modified, with the left hand side becoming conversion efficiency,

which is a product of QE and photoconductive gain.

2.3.5 Specific Detectivity

Specific detectivity (D) is a widely used figure of merit for describing the SNR
of a detector, normalized with respect to the detector area (A;) and measurement
bandwidth (Af). It is defined as

D'(A) = k). : A Af (2.14)

where, i, is the root mean square (rms) noise current. For A = A pey, D*(A) is
referred to as peak-specific detectivity, expressed in units of "Jones, which is often

quoted as the figure of merit for a single-pixel detector.

2.4 Conclusions

In this chapter we briefly described the three different architectures of Type-II
SLS LWIR detectors used during the course of this work namely, (i) p-i-n design,
(ii) pBiBn design, and (iii) graded bandgap "W structure. The second part of this

chapter briefly introduces the working mechanisms of characterization techniques
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used in this work, namely (1) Material characterization such as HR-XRD, TEM,
AFM, SEM, EDX, AES and XPS and (2) Electrical characterization explained the
principles behind spectral response measurements, dark current densities, surface
resistivities, responsivity measurements, quantum efficiency and specific detec-

tivity calculations.
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Surface Effects

3.1 Introduction

It has been recognized from the earliest days of solid-state electronics that sur-
faces and interfaces play decisive roles in device performance. This is evident
from the critical dependence of the first transistor (point-contact transistor) on the
surface recombination velocity of germanium [100]. Researchers still look for a
“superior “surface that is a very broad term which includes surface smoothness,
contamination free, native oxide free surface, wherein surface Fermi level pinning
is eliminated. “Surface Passivation”in general terms, is a technique of making
the surface passive i.e. less or non-reactive. This treatment of the device surface
also includes the decrease in the number of recombination centers on the surface.
It has been earlier used in terms of metal surface wherein the metal surface was
prevented from corroding by depositing passivants like oxides. Obtaining ideal
surfaces through passivation techniques on GaAs has been in study as early as
late 1980s [130, 114, 131]. The earliest investigation into passivation of GaSb was
reported in 1990s [86, 63]. Along with the problems of surface Fermi level pin-
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ning and high surface state densities, GaSb-based devices also have to deal with a
conductive native oxide layer on the surface. This chapter explains the nature of
native oxides formed on sidewalls of GaSb-based devices, highlights the methods
of native oxides thinning, and, finally, reviews various techniques developed for

passivation of GaSb-based devices, in particular, InAs/GaSb SLS detectors.

3.2 Native Oxides

3.2.1 Native Oxide Formation

The performance of individual FPA pixels with typical mesa dimensions of ~20
pym x 20 pym is strongly dependent on surface effects due to their large sur-
face/volume ratio. Presence of surface leakage currents may be explained using
the surface potential theory. With a nonzero surface potential at the sidewall in-
terface, band-bending occurs due to the Fermi level position and this results in
accumulation/inversion of majority carriers that can then create conductive leak-
age channels parallel to the surface. The most important reasons for the nonzero
surface potential are the abrupt termination of periodic crystalline lattice at the
semiconductor-air interface with formation of unsatisfied (dangling) bonds and
undulation effects presented on the device sidewalls due to differential etch rate
of SLS constituent layers (InAs, GaSb, InSb, GaAs, and sometimes AlISb). In ad-
dition to the surface potential modification native oxides and contaminants also
contribute to dark current by creating additional interfacial states. Interface states
located within band-gap alleviate the carrier tunneling, inducing surface recom-

bination and contributing to trap-assisted tunneling dark current.

The native oxides are readily generated on exposed SLS device sidewalls satu-

rating the dangling bonds and forming a secondary compound. Since thicknesses
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of InAs and GaSb SLS constituent layers are in order of tenths of MLs, whereas
thicknesses of interfacial InSb and GaAs layers is commonly assumed to be less
than a monolayer (ML) [81, 119], the formation of native oxides on GaSb and InAs

is detrimental to the SLS device performance [18, 9].

Analysis of ternary phase diagrams [115] (Fig. 3.1) for gallium (indium)-based
group Ill-group V-oxygen systems predicts the multilayered composition of the
oxide film for the GaSb and InAs due to thermal oxidation with oxygen or water
vapor in the air.During the thermal oxidation of GaSb, the initial oxide layer is
formed by breaking the bonds of the surface atoms of Ga and Sb. Then the diffused
O2 atoms interact with both Ga and Sb to form non-equilibrium Ga,O3+SbO; on

the surface (as follows):

2GaSb + 30, — Ga, O3 + szOg (31)

It has to be taken into account that Ga,O3 and elemental antimony Sb are the
only stable phases that exist in thermodynamic equilibrium with GaSb. Ergo, any
Sb,O; formed (as seen in Eq.3.1 should react with GaSb to give rise to GaS,0; and
free Sb:

2GaSb + Sb203 —> G, O3 + 4Sb (32)

Also the above reaction (Eq. 3.2) occurs spontaneously (even at room tem-
perature), hence a surface of GaSb when exposed to air will form a native oxide
layer composing of Ga,O; and elemental Sb. The oxidation of a GaSb surface can

accordingly be summarized in a single reaction:
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4GaSb + 30, — 2Ga, 05 +4Sb (3.3)

Utilizing the similar argument, we can propose the thermal oxidation of InAs

with O, or H,O at room temperature can occur by the following two reactions:

2InAs + 302 — In203 + ASzOg, (34)

2InAs + As,O3 —> In,O5 + 4As (3.5)

The final predicted oxide film composition is GaSb/(Ga,Os : Sb)/(Ga,0; :
Sb,03)/GaSbOy4 and InAs/(In,Os : As)/(In, O3 : As,O3)/InAsQy for GaSb and InAs,

respectively.

The XPS measurements [49] carried out on oxidized InAs detected the presence
InAs, O, at the oxide-InAs interface with composition closer to InAsOj3 than to
InAsO,. Moreover, elemental As was found distributed throughout the oxide
film. This implies that the phase diagrams are not entirely complete and further
XPS studies on oxide- InAs interfaces must be carried out for a whole picture.
Additionally XPS measurements performed on oxidized GaSb [125] showed the
existence of elemental Ga and Sb along with GaSb, Ga,03;, Sb,O3 and Sb,Os.

3.2.2 Effects of Native Oxides on Device Operation

Presence of native oxides on InAs, GaSb surfaces lead to the generation of surface

states at their interface with air and this leads to pinning of the Fermi level. The
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Figure 3.1: (a) Ga — Sb — O and (b) In — As — O equilibrium phase diagrams [102]

presence of various compositions of native oxides leads to the creation of addi-
tional interface states within the energy bandgap enabling trap-assisted tunneling.
This can severely degrade the performance of the detector by increasing the dark
current output of the device. Furthermore, the manifestation of elemental anti-
mony during the thermal oxidation process of GaSb at the air-GaSb interface adds
on to the already existing surface leakage currents. The reason for this increase
in surface state density, hence in surface leakage currents is due to the metallic
nature of elemental Sb providing an alternate conduction path for the transport
and propagation of charge carriers. Therefore the definition of sidewalls free of
native oxides is crucial for the working of an efficient, reproducible InAs/GaSb

SLS IR detector.

Pre-treatment etches are utilized to remove unwanted native oxides from de-
vice surfaces prior, during or immediately after the pixel isolation process, but
before metal/passivation deposition. In Schwartz et al [101], the oxidation of both
group III elements, In and Ga, are reduced to 40% of that found in the native

oxide by the 10 second etch in NH,OH. The Ga oxide quickly returns with ozone

46



Chapter 3. Surface Effects

treatment and then saturates, while the In oxide increases more slowly. On the
other hand, the group V oxides are only slightly reduced by the oxide etch. Since it
is clear that the oxide etch causes a detrimental change in the detector surface, the
much greater reduction in the group III oxides suggests that good device perfor-
mance will require that these oxides be restored to the levels in the native oxide.
An XPS investigation of the InAs or GaSb surfaces after treatments mimicking
those performed on the detectors shows that the group III oxides are most affected
by the native oxide etch [77]. This implies that the In and Ga oxides are needed to
effectively passivate the surface. Furthermore, InO, may be the more important

oxide to encourage in the quest of eliminating surface conduction.

It has also been observed that the immersion in passivant ammonium sulfide
[(NH,),S] [9] immediately after mesa definition etch effectively removes native
oxides with minimal surface etching. This is due to the formation of (NH,)OH in
water solution of (NH4),S. A 10-30 sec dip of InAs/GaSb SLS sample in phosphoric
acid based (H3PO4 : H202 : H20 = 1:2:20) or hydrochloric acid based (HCI : H,O
= 1:10) solutions is observed to also remove native oxide with minimal surface
damage [81]. Introduction of BCl; gas into the plasma chemistry is also effective

in removal of native oxides and re-deposited byproducts [36].

3.3 Surface Passivation

Before we look into each of the constituent passivant material, it is essential to
establish the criteria we look for in a particular passivation technique. An ideal

passivation technique must encompass the following criteria:

1. The surface passivant must prevent interaction between semiconductor sur-

face and ambient atmosphere.
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2. It must eliminate the formation of interfacial states in the forbidden gap of

the semiconductor;

3. The passivant must also serve as an effective energy barrier for charge car-
riers at the surface. This means the surface passivant material must possess
sufficient energy barrier so that electrons will not be lost from the semicon-
ductor surface to the passivating layer. It also means that the passivation

layer must not form an alternate conducting layer either;

4. Uniform deposition of passivant on the device surface is crucial, as this can

decrease the stress at the interface between passivant and semiconductor;

5. Thermal stability i.e. the passivant must not undergo any change in its
constitutional, physical and interfacial properties during various cycles of
temperature is crucial as SLS based IR detectors are known to operate not

only at low temperatures of 10-77K but also at room temperature (300K);

6. Long term stability of the passivant is crucial especially when we look for
commercial application. Ergo, an ideal passivant must perform all the above

factors throughout the lifetime of the detector

3.3.1 Categories of passivation

The work on passivation of bulk III-V semiconductor surfaces was following in

two main directions, as stated in work of Bessolov et al [12].

1. Encapsulation is when a surface passivant prevents the interaction between
semiconductor surface and ambient atmosphere. In this category, the passi-
vation is carried out by either deposition of relatively thick insulator layers

or photoresist/organic based solutions are spun on to the surface. Here, the
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semiconductor/insulator heterojunction with properties defined by the den-
sity of states at the interface is formed. Encapsulant passivation can then be

categorized depending on the make-up of the material such as:

(a) Dielectric/insulating passivants- SiN, and SiO,.

(b) Organic Passivants- Polyimide and SU-8

2. Chemical passivation is a general term that defines all passivation techniques
where in all surface bonds are covalently satisfied thereby shifting the sur-
face states out of the bandgap and into the valence and conduction bands.
We have also seen the use of the term electrical passivation which implies
passivants that remove interfacial states from the band gap and/or prevent
their formation [83]. Just as in encapsulant passivation, chemical passivants

can be categorized depending on the make-up of the material such as:

(a) Chalcogenide passivation such as Zinc Sulfide (ZnS) and Ammonium
Sulfide ((NHy),S)

(b) Sulfide passivation such as Electrochemical Passivation (ECP)

(c) Passivation by Overgrowth of wider bandgap material

Our research employs the same categorization of passivation methods of InAs/
GaSb SLS detectors, in particular, encapsulation of etched sidewalls with thick
layers of dielectrics, organic materials (polyimide and various photoresists), or
wider-band gap III-V material, and chalcogenide passivation, that is saturation
of unsatisfied bonds on semiconductor surface by sulphur atoms. The following

sections will take an in-depth look into each of the categories mentioned above.
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3.3.2 Dielectric Passivation

1. Silicon Dioxide (SiO,) Passivation of InAs/GaSb SLS Detectors Si (solid)+O,}
(gas) =SiO, (solid) is a heterogeneous reaction. SiO; is stable to InAs/GaSb
in the usual processing temperatures without any reactions. However, in the
presence of water molecules (humidity) and/or sodium ions arising from im-
proper quality of de-ionized water used for rinsing, there can be secondary
reactions between amorphous SiO; layers and InAs/GaSb. Incidentally, SiO,
layers are invariably amorphous since silica is a glass forming constituent i.e.
only under special conditions SiO; crystallizes to quartz (crystalline solid).As
in silicon nitride, in SiO,, silicon is cationic Si(4+) whereas oxygen is anionic
O(2-) i.e. oxide ion. When you cross multiply the charges in the formula,
we get 51,04 or simplified as SiO,. This forms the most thermodynamically

stable phase in the silicon-oxygen system.

Gin et al. [40] reported passivation of InAs/GaSb SLS detectors with SiO,
resulted in improvement of zero-bias resistance by a factor of 2, which leads
to a detectivity improvement of 41%, assuming all other variables remain
the same as with unpassivated detectors. The best passivation results were
achieved with SiO, grown in plasma enhanced chemical vapor deposition
(PECVD) system at 160°C. It should be noted that the typical temperature
of S5i0, deposition in a PECVD system is 320°C [52]. Special care has to be
taken to develop a low-temperature process of high-quality SiO, deposition

to prevent SLS period intermixing.

Hood et al. [51] utilized SiO, for passivation of very-long wavelength (A
50%cut—of f = 12.0 um at 77K) IR InAs/GaSb SLS detectors. Approximately 300
nm of silicon dioxide was deposited by PECVD at a susceptor temperature
of 160°C. The RyA fell in the 0.02-0.07 Q cm? range for nearly all passivated

diodes. A surface resistivity was evaluated to 7 QQ cm and 33 Q cm for
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unpassivated and silicon dioxide passivated devices, respectively. Nolde et
al. [77] have investigated relationship between thickness and composition
of native oxides on LWIR (A soocut—off = 8.75 um at 77K) InAs/GaSb SLS
detector sidewalls prior SiO, deposition and diode performance. The best
surface resistivity (4.38 x 10° Q ¢m) was demonstrated by detector with

ozone-enhanced native oxides.

2. Silicon Nitride (SiN,) Passivation of InAs/GaSb SLS Detectors

SizNy is the stoichiometric compound formed by the reaction of Si which
is the fourth group element in the periodic table having the valency of +4
and N which is the fifth group element with the negative valency of -3 i.e.
5-8=-3. Here Si can be considered a cation having Si(4+) charge and N can
be considered as an anion having N(3-) charge. When the two form a com-
pound, we cross-multiply the values of charges and hence the stoichiometric
compound silicon nitride i.e. Si3Njy is formed and this is the most stable
configuration. SizNy is a high melting ceramic solid with high melting point,
low thermal expansion (and therefore highly thermal shock resistant), high
fracture toughness and chemically least reactive to water vapor molecules
and sodium ions, whereas SiO; is reactive to both these reagents. Hence
SizsNy layers are coated over integrated chips as passive layers. SiN, is a
chemical representation for non-stoichiometric compound having no fixed
Si: Nratiosi.e. x is variable and generally is much less than 1. Therefore SiN,
is much richer in silicon and is mostly amorphous (i.e. like glass) and not
crystalline as verifiable by x-ray diffraction. SiN, has shown to be a mixed
phasei.e. composite of SizN, (x-ray amorphous) in which nano-particles of Si
(amorphous or crystalline) are embedded within. In our research work, we
deposit SiNx at or above 300°Cin a plasma enhanced chemical vapor depo-
sition (PECVD), because the layer tends to crystallize on hot substrates. The

atoms/molecules deposited on hot substrates reorganize in 2-dimensional
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layers leading to better crystallinity. At higher substrate temperatures, ni-
trogen reacts with silicon nano-particles more easily. This will ensure higher

electrical resistivity and hence lower leakage currents.

Dielectric passivation, though shown to be effective, presents challenges
such as developing high-quality, low fixed and interfacial charges density
dielectrics at process temperatures substantially lower than the InAs/GaSb
SLS growth temperature to prevent the SLS period intermixing. Moreover,
dielectric passivation layer alters the band bending presented at mesa side-
walls caused by abrupt termination of the periodic crystal structure. This
band bending induces accumulation or type inversion of charge resulting in
surface tunneling currents along sidewalls. As was shown by Delaunay et
al. [25], the narrow bandgap devices (with bandgap of 120 meV or lower)
are more susceptible to the formation of charge conduction channels along
the sidewalls. Native fixed charges presented in dielectric passivation layer
(e.g. Si0,) can either improve or deteriorate the device performance, [22]
consequently, the dielectric passivation may not passivate the low band gap
materials as effectively as high bandgap materials. Despite all of the potential
drawbacks, the dielectric (SiO,) passivation attracts attention of researchers
for passivation of LWIR SLS detectors because it is compatible with current

FPA fabrication procedures.

3.3.3 Passivation with Organic Materials

Organic materials (photoactive polyimides, epoxy polymer such as SU-8 or var-
ious photoresists) are attractive for the passivation of InAs/GaSb SLS detectors
due to simple integration into fabrication procedure. Usually they are spin-coated
at room temperature with different speeds that give rise to film thicknesses in

the range of 0.2 -100 um. The passivation mechanism of these organic materi-
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als can be either encapsulant or passivant. We consider them as encapsulants
i.e. they envelop the device surface but do not make any chemical/atomic bonds
with the exposed crystal lattice of the InAs/GaSb superlattice. Photoresists contain
the corresponding monomer or oligomer (partly polymerized) plus one or more
photo-sensitizers. Chemically and intrinsically the corresponding giant molecules
(polymers) are not true passivants. They form coherent dielectric coatings hav-
ing high resistivity and therefore decrease surface leakage currents. Whether the
monomers (before polymerization) or the photo-sensitizers therein are modifying
the surface states present on GaSb or InAs/GaSb SLS structures is not reported so
far. Since the solutions before photo-polymerization are able to cover on to the
sidewalls as well as the flat surfaces of the mesa; the organic solutions may ex-
hibit better encapsulation stability. Post photo-polymerization, these set/hardened

indicating long-term durability.

Passivation of MWIR [58, 33] and LWIR [57] SLS detectors with SU-8 have
been reported. SU-8 is a high-contrast epoxy-based negative photoresist, which
was developed by IBM [3]. Presently, SU-8 is widely used in MEMs [5] and
optoelectronics applications [92]. SU-8 consists of a bisphenol-A novolak epoxy
resin, a photo initiator, and solvent y-butyroalectone [116]. The photo initiator is
easily broken down and changes into strong acid (HSbFg) upon exposure of UV.
This acid causes a high cross-link density in the SU-8 film, thereby leading to an
increase in its chemical resistance to the developer. Photo-polymerized SU-8 is

mechanically and chemically stable after a hard bake.

Comparison of unpassivated and SU-8 passivated single pixel SLS MWIR de-
vices (A spucut—off = 4.6 um at 77K [58]) resulted in four orders of magnitude
reduction in dark current density (from 8 x 107° to 5 x 1077 A/cm? at an applied
bias of -0.3V ), and five-fold increase in the surface resistivity (from 1.9 x 10* to

1.0 x 10°> Q-cm at 87 K). DeCuir et al [33] investigated the effect of SU-8 pas-
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Figure 3.2: Inverse RoA vs. P/A of diodes for two sets of variable area diodes
(ranging from 40-400 um) using either ammonium sulfide or thioacetamide pre-
treatment. Reprinted from Ref. [33]

sivation on MWIR (A sp9cut—off = 4.9 um at 77K) SLS detectors preceded by the
non-aqueous thioacetamide treatment or ammonium sulfide treatment. Figure 3.2
presents inverse RyA vs. P/A of diodes for two sets of variable area diodes (ranging
from 40-400 ym) using either ammonium sulfide or thioacetamide pre-treatment.
The eight-fold increase in surface resistivity of SU-8 passivated diodes pre-treated
with non-aqueous thioacetamide has been observed as compared with aqueous

ammonium sulfide.

Passivation of LWIR (A 1g0%cut—off = 12 um at 77K [57])InAs/GaSb SLS detector
resulted in a 30-fold reduction in the dark current density at a low value of applied
bias (V, = —0.1V) for the small area (50 yum x 50 um) devices, as shown in Figure 3.3.
It should be noted that a considerable degree of nonuniformity of dark current
densities for unpassivated devices was observed and the uniformity was improved

after the SU-8 passivation.
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Figure 3.3: Dark current density vs applied bias for LWIR unpassivated and SU-8
passivated small area device. Reprinted from Ref. [57]

Hood et al [50] reported on passivation of InAs/GaSb LWIR SLS detectors (A
100%cut—off = 11.0 um at 77K) with polyimide layer. Polyimides (sometimes ab-
breviated Pls) are polymers of imide monomers, widely known for their thermal
stability, good chemical resistance, and excellent mechanical properties. In per-
formed study, conformal polyimide (PI-2555, HD Microsystems) was spun onto
the sample with defined mesas. No surface dependence was observed and diodes
RoA values were found within the range of ~ 6 — 13 Q ¢m?. Moreover, authors
found that prolonged vacuum desorption (288 hrs) performed prior polyimide
passivation helped to improve the uniformity of RyA values and to bring the zero-
bias electrical behavior close to the near bulk-limited case. In addition, polyimide
passivation was shown to be stable upon exposure to various ambient condi-
tions as well as over time. The polyimide passivated devices (LWIR,A 1g0%cut—of f
= 10.0 um at 77K) were measured again after 3 months of storage in ambient
conditions [73]. The same RyA and perimeter/area trend as in the initial measure-
ment were obtained, which confirmed the long-term stability of this passivation

technique.
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Chaghi et al. [21] reported on passivation of the MWIR InAs/GaSb SLS detector
(A s0%cut—off = 4.9 um at 80K) sidewalls with photoresist. Photoresist AZ-1518
was spun onto the sample right after the mesa etching and heated at 200°C for
2 hr to be polymerized. It was found that photoresist effectively protects the
device sidewalls from oxidation in ambient atmosphere, moreover, performance
of passivated devices was not degraded over three weeks suggesting good long-

term stability of photoresist passivation.

3.3.4 Passivation with Wide-bandgap Materials

Surface currents may be suppressed by reduced exposure of narrow gap materials
to the environment as a result of deposition of wider band gap materials on etched
sidewalls or the “shallow etch “technique that isolates the neighboring devices

but terminates within a wider bandgap layer.

Rehm et al. [95] have suggested passivation of SLS InAs/(In,Ga)Sb LWIR pho-
todiodes (Aspy, = 10 um at 77K) by subsequent overgrowth of lattice matched,
large-bandgap semiconductor layer (Al,Ga;_,As,Sb,_,) over etched mesa sidewalls
(shown in Fig. 3.4. Position of the Fermi level at the interface can be adjusted by
variation of doping concentration of the large-gap semiconductor material. In or-
der to prevent Al-containing passivation layer from oxidation, thin (200 nm) layer

of silicon nitride was deposited after re-growth process.

Mesa sidewalls encapsulation with GaSb to eliminate the surface currents in
InAs/GaSb FPAs has been proposed by Szmulowicz and Brown [122]. In an
offered scheme, the GaSb encapsulant acts a barrier to electrons at both the n- and
p-sides of the SLS and as a well for the minority holes on n-side of the junction.
Thus electrons are confined in the SLS whereas holes are depleted from the active

volume of the device. The surface currents are reduced by eliminating sidewalls,
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Figure 3.4: Cross-sectional schematic of a completely fabricated InAs/(In,Ga)Sb
LWIR SLS photodiode passivated by MBE overgrowth with AlGaAsSb. Reprinted
from [103]

in addition, the SRH and Auger recombination lifetimes are expected to be higher

due to reduction of hole density in the depletion region.

Aifer et al. [6] proposed the shallow-etch mesa isolation (SEMI) approach for
the device definition. The neighboring photodiodes are isolated from one an-
other by etching just deep enough to break the doping-defined junction and to
leave the narrower-gap IR-absorbing layer buried below the wider-gap material.
SEMI restricts the exposed surfaces to the wide-band gap layers, thus suppress-
ing the surface recombination and the ability of surface electric fields to produce

conducting channels that would bypass the junction.

Passivation of narrow bandgap SLS material with wide bandgap materials
regrown on sidewalls of fabricated device by MBE is an effective technique for the
surface leakage current reduction. However, this passivation approach requires
very careful surface cleaning prior the overgrowth procedure, which significantly

complicates the integration of this passivation methods into fabrication process of
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detectors and FPAs.

The “buried” architecture of InAs/GaSb SLS detectors realized with “shallow
etch” technique excludes the need for the passivation. Due to the way detectors
are fabricated, the size of the device is not defined by the etch dimensions but by
the lateral diffusion length of minority carriers. If the values of lateral diffusion
length are larger than the distance between neighboring pixels in the FPA, crosstalk
between the FPA elements can be encountered. Presence of crosstalk in the FPA
could lead to degradation of image resolution. Although Aifer et al. [6] did not
observe the evidence of cross-talk for 256 x 256 FPA with 40 ym pitch and 24-um-
wide SEMI mesas based on graded bandgap W-structure, further investigation of
SEMI approach realized on SLS detectors based on different heterostructures is

needed.

3.3.5 Chalcogenide Passivation

The next approach of passivation of InAs/GaSb SLS detectors we will study is
chalcogenide passivation. In the past there were a number of reports on the
improved electronic properties of chalcogenide-passivated III-V materials. In
particular, enhanced photoluminescence (PL) and band bending were observed
on passivated GaAs (001) surfaces [113, 117, 16]. Based on the photoreflectance
measurements, Paget et al [82] proposed that the formation of Ga-S bond was

responsible for the reduction of surface states within the forbidden gap.

Passivation of InAs (001) surface by ammonium sulfide solution was also stud-
ied [80, 85]. It was found that passivation effectively removes native oxide with
the minimal surface etching and creates a covalently bonded sulfur layer. Final
structure of passivated InAs surface can be represented by S-on-In-on-As layer-

cake model. as shown in Fig 3.5(a). In this idealized model there exits alternating
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Figure 3.5: Schematic of a S-passivated InAs(001) surface.(a) The idealized layer-
cake structure model. (b) Potential oxidation pathways [85].

In and As atomic layers with the top In layer terminated by the passivating S layer.
Also, this structure proposes exclusively In-S and not As-S bonding [85]. Further,
this model describes the mechanism of oxidation on a S-passivated InAs wherein
displacement of S by O takes place along with oxidation of defects in the top In
layer, and oxygen diffusion through the protective layer as shown in Fig 3.5 (b).

In order to improve the GaSb surface characteristics, various surface passi-
vation processes have been studied based on wet or dry chemical processing.
Stimulated by the successful application of sulfide passivation of GaAs surfaces,
the passivation of GaSb surfaces by alkaline sulfides, including Na,S and (NH4),S
in aqueous solutions, have been studied by several research groups [84, 32, 11].
Observation of enhanced PL intensity and reduced diode leakage current indi-
cated the improvement in the electrical and optical properties of the GaSb surface

by sulfur-based treatments.

The theory of chalcogenide passivation is developed for the most studied ma-
terial among III-V compounds, GaAs [14, 15, 16]. The reduction in the density

of surface states by chalcogenide passivation was attributed to the formation of
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an ordered layer of sulfur adatoms on the surface. Electronic structure of the
passivated surface could be predicted theoretically based on the suitable choice of
reconstruction, optimization of the position of the atoms on the surface due to total
energy minimization, and calculation of the density of electronic stated distribu-
tion for the given atomic structure. Following this procedure, Ohno et al [78, 79]
reported the theoretical calculation results for ideal GaAs (001)-1x1 surfaces with
a full monolayer of S atoms adsorbed on either the Ga- or As- terminated surface.

They found that surface bridge sites were energetically favorable for S adsorption.

The interactions between the Ga dangling bond and the S sp® orbitals form the
bonding and anti-bonding states. The fully filled bonding states are located within
the valence band, while the empty anti-bonding states are in the conduction band.
Therefore the S adsorption on an ideal Ga-terminated surface replaces the mid-gap
Ga-related surface states with a low-lying S-induced surface states. However, on
an As-terminated surface, the S-As anti-bonding states are still within the energy
gap and they are partially filled with electrons, preventing the reduction of the

gap-region surface state density.

In general, mechanism of formation of passivation coating for III-V compound

can be divided into two stages:

1. Removal of oxide layer from the surface

2. Transfer of electrons from the semiconductor into the solution and formation

of chemical bonds between semiconductor and sulfur atoms

Bessolov and Lebedev [12] described the sulfidization of III-V semiconductors

from solutions of inorganic sulfides as an red-ox reaction

AMBY + HS +R- OH — (A"™ .S, +B")»S, +R-0 +H,
Y y
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here R is a hydrogen atom (for aqueous solutions) or an alkyl group (for
alcohol solutions). The sulfide coating is a mixture of different sulfides, since the

stoichiometric coefficients x(x) and y(y) can vary from 1 to 5.

It was proposed the formation rate of sulfur passivating coating should increase
with increasing temperature of treatment, the concentration of sulfur atoms in the

solution and with reduction of pH of the solution.

From the passivation study of GaAs it was found the sulfidization of III-V
semi- conductors proceeds more efficiently in alcohols than in water. It was
attributed to the lower dielectric constants of alcohols: a less polar medium allows
a stronger electrostatic interaction between solution ions and the semiconductor
surface. Liu et al [133, 64, 65] investigated non-aqueous versus aqueous-based
passivation of GaSb (100) surfaces. A non-aqueous passivation solution contained
sodium sulfide in anhydrous benzene. To increase solubility of sodium sulfide, a
cation complexing agent, 15-crown-5, (a compound of the crown-ether family) was
added to the solution. Aqueous passivation consisted of the immersion of GaSb
wafers in saturated Na,S aqueous solution. The aqueous passivation resulted in
a threefold increase in PL intensity whereas non aqueous passivation resulted in
marked enhancement in PL intensity. In addition, the non-aqueous passivation
process exhibited higher sulfide coverage, lower content of the residual oxide as

well as elemental Sb.

1. Ammonium Sulfide Passivation of InAs/GaSb SLS Detectors

Passivation of InAs/GaSb SLS detectors with aqueous ammonium sulfide
solutions is easily integrated into fabrication sequence, since it is performed
simply by immersion of sample in (NHy),S-based solutions. Moreover, no
native oxide removal step is required prior passivation, since the native ox-

ides are etched by (NH4)OH formed in water solution of ammonium sulfide.
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Ammonium Sulphide when utilized for passivation purposes is usually in
aqueous form. An established comprehensive chemical model is missing in
literature for these reactions and therefore we will try to expand on them
here. The chemistry of sulfur in aqueous media is that (NH,),S does not

prevail in solutions only as NH4+ and S;- ions, but as:

(NHy),S = 2NH,(+1) + 52-) (3.6)
(NH4)2S + H,O = NH,OH + NH3 + H,S (37)
(NH,),S + HO(=1) = NH,OH + NH; + HS(-1) (3.8)

Thus the solution contains S,, HS(-1) and H,S of which HS(-1) ions dominate
in the pH range of 8 to 14. Besides, S,- and HS(-1) can undergo catenation

i.e. a type of polymerization involving its own kind (in this case S atoms).

HS(=1) + S(2-) = HS»(1-) + 2¢(~) (3.9)

HS(=) + 25(2—) = HS5(1-) + 4e(-) (3.10)

H-5-5(-1), H-5-5-5(-1),(and so on), are called disulfide, trisulfide (and so on)

ions leading to polysulfide ions i.e. HS,(-1) where n is a large number.

Gin et al [41] reported passivation of InAs/GaSb LWIR (A 190%cut—off = 8 um at
77K) SLS detectors with various solutions of ammonium sulfide. The soaking
of 400 ym x 400 ym square mesa samples in full-strength ammonium sulfide
[(NHy),S 20%] solutions for 15 minutes resulted in reduction of dark current

density by factor of 2 and improvement of maximal differential resistance

62



Chapter 3. Surface Effects

by factor of 3 compared with unpassivated devices. However, examination
of the passivated samples under the scanning electron microscope revealed
the severe undercut of the detector mesas and etching of the GaSb buffer
layer. To reduce the deleterious effect of dull-strength ammonium sulfide
solution, samples were treated with the (NH,4),S solution diluted in four
parts of de-ionized water for the same time. No visible damage on sidewalls
was observed, and dark current density was reduced at least by two orders
of magnitude as compared to unpassivated samples. With increased time
of passivation treatment the efficiency of passivation was improved. The
average values of differential resistance were 18.23 kQ and 19.61 kQ for
15 and 30 min passivation, respectively, versus 970 Q) for the unpassivated

detectors.

The mechanism of ammonium sulfide passivation on LWIR InAs/GaSb SLS
detectors was in details investigated by Banerjee et al [9]. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed on as-etched with
phosphoric acid based solution (H;PO, : H,O, : DIH,0O = 2:1:20 for 1 min)
and ammonium sulfide treated (24% aqueous (NH,),S solution at 60° for 15
min) LWIR SLS samples. Figure 3.6 shows XPS spectra obtained for as-etched
and (NH,),S-treated samples for In (Fig. 3.6 a), As (Fig. 3.6 3.6 b), Ga (Fig. 3.6
c), and Sb (Fig. 3.6 d).

The sulfur peak in the range of 161 eV to 165 eV [2] corresponding to the bind-
ing energy of sulfur 2p3/, bonded to In, As, Ga, or Sb was too weak on either
sample and could not be distinguished from the background. The results
indicate that no sulfur bonds were created during the treatment. However,
it is also clear that the oxides were removed effectively and the surface was
sustained after 30 min of exposure to air, indicating weak sulfidization. The
XPS measurements were repeated on the same samples exposed to the am-

bient atmosphere for ten days and revealed reappearance of the detrimental
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Figure 3.6: (a) In 3d5/2, (b) As 3d, (c) Ga 2p3/2, and (d) Sb 3d5/2 of as-etched
(bottom) and ammonium sulfide treated (top) SLS samples. Reprinted from Ref.
[125]

oxides on the surface of treated samples earlier also observed by other re-

searchers [94].

In conclusion, the aqueous ammonium-sulfide treatment showed the short-
term benefits for performance of InAs/GaSb SLS LWIR detectors. However,
the treatment may cause the degradation of device performance attributed to
the secondary oxidation, since the hydrophobic surface generated by oxide
removal step repels the solution and leaves the surface exposed for O,-re-
adsorption. In addition, temporal instability of such passivation layer was
observed and the necessity for a suitable capping layer to preserve good

passivation quality in the long term was reaffirmed.

2. Thioacetamide passivation of InAs/GaSb SLS Detectors

Thioacetamide (C,HsNS or TAM) has been proposed as an alternate sul-
tidizing agent for the passivation of GaSb and InAs surfaces [120] as well
as GalnAsSb [112] and InAs/GaSb LWIR [10] photodiodes. Depending on
preparation the TAM solution may be acidic or basic, in contrast with al-

ways basic aqueous solution of (NHy),S. As a result, TAM treatment offers
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formation of more stable M-S bonds, where M is Ga, In, As or Sb, than am-
monium sulfide treatment resulting in weaker M-O-S bonds. Moreover, the
TAM treatment does not produce elemental antimony on the semiconductor

surface.

The acidic TAM passivation of LWIR InAs/GaSb SLS mesa-etched photodi-
odes resulted in four times improvement of RyA value (590 Qcmi? at 85 K)
compared to ammonium sulfide treated diodes. However, the XPS studies
revealed the reappearance of surface oxides on the TAM treated surface after

long term air exposure asserting the need for a suitable capping layer.

3. ZnS Passivation of InAs/GaSb SLS Detectors

ZnSis an attractive candidate for the passivation of InAs/GaSb SLS detectors,
since it effectively saturates the dangling bonds with sulfur and acts as self-
encapsulant, preventing desorption of sulfur atoms from the surface. More-
over, electron-beam evaporated ZnS showed relatively small fixed charge
density [62] with which the SLS detector sidewalls surface is hardly inverted
or accumulated to induce tunneling current. Typical thickness of ZnS film is
200-400 nm, the deposition rates are 0.607 A/sbelow 500 A and then 11.2 A/s
until the end. A slower initial deposition rate is maintained to help the pas-
sivant molecule to find the minimum energy position on the semiconductor

surface.

The chemical interaction of ZnS on GaSb and InAs of the superlattice is an
example of how a typical Chalcogenide would interact with the InAs/GaSb

superlattice. The chemical formulations are such:

(1 —x)GaSb + xZnS = Ga(1 — x)ZnxSb(1 — x)Sx (3.11)

65



Chapter 3. Surface Effects

(1 —x)InAs + xZnS = In(1 — x)ZnxAs(1 — x)Sx (3.12)

Herein, Zn goes into cationic sub-lattice of either Ga or In and act as acceptor
impurity, since it has effectively one positive charge less than Ga or In i.e.
Zn** in the place of Gas, or In**. Sulphur (S) goes into the anionic sub-lattice
of Sb or As and act as donor impurity since it has one electron more than Sb
or Asi.e. S(2-) in the place of Sb(3-) or As(3-). Thus, ZnS diffusion into the
SLS as zinc and sulfur atoms causes equivalent acceptor and donor states

and thereby increasing the surface resistance.

Sb,S; or Sb,Ss are not metallic since there are no multiple valencies for any of
the constituents in both the solids. It must me noted that metallic in nature
here means the resistance of a material increases with increasing temperature
while for insulators (including semiconductors), resistance decreases with
temperature. Now in solids with mixed valencies of the same constituent,
metallic nature can be seen e.g. Ti;O; is metallic since Ti** and Ti** coexist
in this solid. In Sb,S;, all Sb atoms are in 3+ valence state whereas in Sb2S5
all Sb atoms are present in Sb>*. In both cases, S atoms are present as S*~ and

consequently no mixed valence states are present in the same solid.

Mallick et al [67, 68] reported on ultralow noise MWIR InAs/GaSb SLS
avalanche photodiode (APD, A 1g0%cur—off = 4.14 um at 77K) passivated with
ZnS. ZnS passivated APD showed a maximum RyA value of 7.5x10° Q cm?
and dark current of 2 A at a reverse bias of -1.0 V. Compared to an unpassi-
vated diode, the ZnS-passivated APD demonstrated the RyA value enhanced
by a factor of 3.5, dark current reduced by an order of magnitude, as well as
increased the breakdown voltage and multiplication gain by 10 V and factor

of 20, respectively.
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The same research group investigated the effectiveness of ZnS passivation
on InAs/GaSb SLS LWIR (A 1p0%cut—off = 10 um at 77K) detectors [8]. The
maximum RyA value and dark current density of ZnS passivated detector
were 492 Q) cm? and 0.01 A/cm? compared to the 0.72 Q ¢cm? and 1.93 A/cm?
of unpassivated devices. To reduce the native oxides, prior the deposition
of ZnS the APD and LWIR detector samples were treated with 20% warm
(60°C) aqueous solution of (NHy),S for 10 min.

4. Electrochemical Passivation (ECP) of InAs/GaSb SLS Detectors

The ECP cell (shown in Fig. 3.7) consisted of the sample (anode), a platinum
mesh electrode (cathode) and the electrolyte (0.1M Na,S in ethylene glycol)
in a glass beaker at room temperature [87]. A constant DC current of 33uA
was supplied using a programmable current source for a limited time of
5min. Once the electrical stimulus is applied, the following reactions take

place:

Cathode : 2Na* + 2¢ —> 2Na (3.13)

Anode : >~ — S* + 2¢ (3.14)

Hence the sample placed at the anode is deposited by pure sulphur. After
the 5min duration, the sample is blow dried with N,.The AES measurements
shown in Fig. 3.8, indicated that the deposited sulfur-rich layer uniformly
distributed over exposed sidewalls. AES detected not only sulphur, but also
the presence of sodium, carbon and oxygen on the SLS sidewalls which are
remnants from the ECP electrolyte. The thickness of this sulphur-rich layer

was estimated to be was 50Athick.
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In electro-chemical passivation (ECP), the electrolyte solution consists of
Na,S and ethylene glycol. Specifically, Na,S can be termed as the electrolyte
and the ethylene glycol(EGL) i.e. CH,OH-CH,OH or C,HO, is the non-
aqueous solvent. The latter is chosen so as to minimize the incorporation of
OH(1-) ions in the sulfide layers which is widely prevalent when water is
used as the solvent for ECP. Even in non-aqueous medium of EGL, the OH-
incorporation in the deposited films is not totally avoided since Na,S and
(NH,4),S are not soluble in water-free EGL. Hence we dissolve these solids
in minimum water and then mix with EGL. Deposition of sulfur alone from
ECP is not assured in an anodic compartment of the electrochemical cell.
Presuming that the deposit is dominantly S-rich, the latter can vary from
Sy, S3 so on upto Sg since elemental sulfur does not exist as atomic S but
as molecular species dominantly Sg. It has to be noted that EGL is only a
solvent and does not form a part of the solid deposit. The deposition rates
will control the surface roughness which in turn is dependent on the applied
anodic potential and the current density during ECP deposition process.
Significantly, the XPS studies of ECP layers [131] from a Na,S source show
partial oxidation of sulfide to sulfite along with Na contamination in the

passivated layer.

Electrochemical passivation (ECP) of MWIR (A 100%cut—off = 4.5 um at 77K)
and LWIR (A 100%cut—off = 10 um at 77K) InAs/GaSb SLS photodiodes has been
demonstrated by Plis et al [91]. Figure 3.9 shows three orders of magnitude
improvement in RyA product for MWIR SLS detector at 50K after ECP. To
measure the stability of the passivation, dark current densities were mea-
sured for the as-processed and passivated devices. No considerable degra-
dation of dark current density for passivated device was observed even after
12 weeks after ECP. ECP of LWIR InAs/GaSb SLS detectors (mesa area of 50

pm x 50 ym) resulted in dark current reduction by two orders of magnitude.
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Figure 3.7: Schematic of the electro-chemical passivation set-up
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Figure 3.8: AES measurement of ECP passivated sidewall of a SLS detector show-
ing presence of sulphur atoms. (Inset) SEM image is of the detector showing the
sidewall of the device.
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Figure 3.9: Dynamic impedance-area product at zero bias RyA against tempera-
ture measured for as-processed, stored two weeks without inert atmosphere and
passivated MWIR SLS detectors. Reprinted from Ref. [91]

3.3.6 Conclusions

The third generation of IR detection systems is expected to provide enhanced capa-
bilities like larger number of pixels, higher frame rates, better thermal resolution as
well as multicolor functionality. One of the most demanding challenges of present
day SLS technology is the suppression of surface leakage currents associated with
the exposed mesa sidewalls, which appear during the definition of device optical
area. With scaling of pixel dimensions to 20 ym x 20 um, FPA performance is

strongly dependent on surface effects due to large pixels’ surface/volume ratio.

In this chapter, we described in detail various passivation techniques of InAs/
GaSb SLS detectors with operation wavelengths mainly covering MWIR and LWIR
spectral regions. Since passivation treatment applied on a surface that is rough or
contaminated by native oxides or with foreign particles will result in little or no
improvement of device performance, we discussed methods of native oxide re-

moval and single pixel isolation. In order to reduce surface currents on InAs/GaSb
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SLS detectors researchers have employed two categories of passivation techniques:
(a) encapsulation of etched sidewalls with thick layers of dielectrics (e.g. SiO,),
or organic materials (polyimide and various photoresists), and (b) saturation of
unsatisfied bonds on semiconductor surface by forming covalent bonds with the
InAs/GaSb SLS structure such as chalcogenide passivation or wider-band gap III-V

material overgrowth with wide band gap material or shallow etch technique.

The dielectric passivation presents the challenges of developing high-quality,
low fixed and interfacial charges density dielectrics at process temperatures sub-
stantially lower than the InAs/GaSb SLS growth temperature to prevent the SLS
period intermixing. Dielectric passivation is shown to be effective for MWIR detec-
tors; however it may not passivate the low band gap materials as effectively. The
narrow bandgap devices (with bandgap of 120 meV or lower) are more susceptible
to the formation of charge conduction channels along the sidewalls. Native fixed
charges presented in dielectric passivation layer (e.g. SiO,) can deteriorate the
LWIR device performance. Method of band-bending control at SLS-SiO, interface
by applying a voltage along devices sidewall has been recently proposed. The
ability to establish the flat-band condition at SLS-dielectric interface together with
compatibility with SLS FPA fabrication procedure makes dielectric passivation

very attractive for passivation of LWIR SLS detectors.

MBE re-growth of a lattice-matched wide-bandgap III-V semiconductor layer
on top of the exposed mesa sidewalls of narrow-bandgap SLS detector is an elegant
solution of passivation problem in LWIR wavelength range. In addition to surface
current reduction due to elimination of sidewalls, reduction of SRH and Auger
recombination currents is expected (for the overgrowth with GaSb). However, this
passivation technique requires very careful surface cleaning prior the overgrowth
procedure, which significantly complicates the fabrication process of detectors

and FPAs. The shallow etch mesa isolation approach (SEMI technique) restricts
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the exposed surfaces to the wide-band gap layers, thus suppressing the surface
recombination and the ability of surface electric fields to produce conducting
channels that would bypass the junction. Since no cross-talk has been registered for
LWIR FPA mini-arrays (256x256) fabricated with SEMI technique, this passivation
approach may be a way to solve passivation of SLS detectors operating in LWIR

region.

Chalcogenide passivation through an immersion in a sulfur-containing so-
lution, or deposition of sulfur based layer, effectively reduces dark currents in
MWIR, LWIR and VLWIR InAs/GaSb SLS detectors. However, the chalcogenide-
based passivation does not provide physical protection and encapsulation of the
device and there are some reports on the temporal instability of such a passiva-
tion layer. Additional research on appropriate encapsulation of sulfur passivation
layer needs to be performed, as well as the compatibility of S-based passivation
with FPA fabrication procedure still needs to be investigated. The ZnS passivation
solves the task of chemical passivation (i.e. saturates the dangling bonds) and
simultaneously provides protection of devices sidewalls. However, no data are

available yet on LWIR FPA passivation with ZnS.

In conclusion, there are various passivation techniques developed for passiva-
tion of MWIR and LWIR InAs/GaSb SLS detectors. However, there is no universal
approach developed yet that would treat equally efficiently the SLS detectors with
different cut-off wavelengths. Moreover, further studies have to be conducted on
interface quality between SLS detector sidewall and passivation coating in order to
better understand the chemistry underlying various passivation schemes. Finally,
since passivation needs to be successfully integrated into FPA fabrication proce-
dure, more research on compatibility of various passivations, especially S-based,

with FPA fabrication, has to be performed.
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Mesa Definition of InAs/GaSb SLS

Detectors

Semiconductor material surfaces when modified by technological processes such
as cutting/cleaving, smoothing, mechanical polishing, annealing, epitaxial growth
methods, device fabrication, exhibit damaged surface regions containing various
abruptions like point defects, line defects, vacancies, stress, contaminants and na-
tive oxides. The impurities on a semiconductor surface can consist of physically or
chemically absorbed gas, metal ions, organic material (carbon based compounds)
or their combinations along with stable chemical compounds. It has to be noted
that metallic contamination usually comes from chemical agents whereas organic
solvents, photoresists (PR), or human interaction may be the sources of organic
impurities. It is the exposure of the semiconductor surface to the atmosphere that
activates its reaction with oxygen (O,) molecules or with steam (H,O) causing the
formation of native oxides. In SLS device technology it is unavoidable to work
without contact to atmosphere and hence it becomes crucial to prepare the surface
with least amount of damage and this is often achieved by employing various

etching processes.
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During the fabrication process of InAs/GaSb SLS detectors, the physical dimen-
sions of the device are defined by mechanical termination of the InAs/GaSb crystal
lattice (refer to Appendix A for complete processing details). The structure so
defined is universally addressed as a “mesa”. This process exposes the sidewalls
of the structure comprising of alternating layers of InAs and GaSb along with
very thin layers of InSb and GaAs. The thicknesses of InSb and GaAs layers are
commonly assumed to be approximately a monolayer (ML) [81] and hence the
thicknesses of InAs and GaSb layers can get to be in the order of tens of MLs each.
The exposed layers comprising of their abruptly terminated crystal lattice made
up of millions of dangling bonds. These dangling chemical bonds react with the
oxygen molecules in the active atmosphere and water (during fabrication process)
to form native oxides. This chapter details on definition of InAs/GaSb SLS device
sidewalls free of native oxides, surface defects and impurities by various chemical
and or mechanical treatments before the passivation layer and contact metals are

applied.

4.1 Surface Etching

The word “etch”can be defined as to cut, bite or corrode with an acid or the like.
This technique has existed since 1827 when Parisian engraver Lemaitre made an
etched copy of an engraving of Cardinal d’Amboise by placing a glass plate coated
with bitumen mixed with lavender oil (acting as a mask), in strong acid [66]. In
terms of microfabrication “etching”is not only considered as a process to sculpt
desired three dimensional shapes or structures on a substrate but also used as a

process of chemically removing layers from a substrate or surface.

A surface is well prepared to naked eye when the applied treatments results in

no abrasions, cuts or physical damages. But we are also looking for etchants that
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remove organic contaminants, native oxides and hopefully chemically terminate

free dangling bonds. Good etchant should perform the following functions:

1. Smooth the surface layer damaged by thinning/polishing, cleaving/cutting

processes.

2. Minimize the presence of native oxides and hence able to control the surface

recombination velocity.
3. Reveal least amount of surface defects and low index planes.

4. Remove the surface layer containing organic contaminants.

The choice of the etching process depends on the composition of the semicon-
ductor material being etched and its intended result. The most common etching

processes are listed below.

1. Polishing/Thinning/Smoothing Process

Polishing is a homogeneous semiconductor material removal process that
often results in a mirror-like shining surface. This process can be used to
remove large amounts (in microns) of semiconductor material or can be

used to just finish the surface with a smooth mirror-like surface.

2. Wet Chemical Etching

Wet chemical etching is a controlled dissolution of a solid like a crystal lattice
in a reactive solvent by breaking of covalent bonds with no mechanical force.
This process can take place at room or elevated temperature. The most
favorable characteristic of wet chemical etches is the ability to cause minimal
surface damage. Wet chemical etches are also known to perform chemical

selectivity, crystallographic etching and can be tailored to various material
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compositions. Wet chemical etches are usually isotropic processes with the
unavoidable tendency to undercut masks hence making precise dimensional

control difficult.

3. Dry Chemical/Mechanical etching

Dry etching covers a gamut of family of methods by which a solid material
is etched such as in gas or vapor phase, physically by ion bombardment,
chemically by chemical reaction through a reactive species or by combined
physical and chemical mechanisms [66]. In device fabrication processes,
dry chemical etching when compared to wet chemical etching, is consid-
ered to provide greater repeatability, higher aspect ratios, more anisotropic
profiles (straighter edges), improved uniformity, and improved control over
etch depth. In our work, we utilized the dry etch technique of Inductively
Coupled Plasma (ICP) system. In this technique the plasma is driven induc-
tively with a power source operating at standard 13.56MHz in an ICP source.
These ICP source creates low-pressure, high-density, low-energy plasmas by
coupling ion-producing electrons to the magnetic field arising from the RF
voltage [66]. Moreover, the plasma in this etching chamber is shielded from
the electric field of the RF to avoid capacitive coupling, which tends to create

higher energy ions.

4. Electrolytic Etching

In the electrolytic etch process, the etch material is placed on the anode which
along with an inert cathode (commonly Pt), are dipped in an appropriate
electrolyte [38]. It has to be noted that the products of the reaction must be
soluble in the electrolyte and also the electrolyte must have enough electrical

conductivity.

In this dissertation, during the fabrication of InAs/GaSb SLS detectors, we
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implement two distinctly different methods of defining the physical dimensions of
the device (the mesa structure). These are (a) Chemical Wet etch treatments (b) Dry
etch treatments using both chemical and mechanical means. Both techniques lead
to the termination of the crystal lattice, hence it is essential for us to systematically

look into effects of these techniques.

4.2 Etch of Constituent SLS Layers

Fabrication of InAs/GaSb SLS-based detectors involves definition of the physical
dimensions of the device, which results in exposure of its sidewalls. These side-
walls are composed of InAs, GaSb, and, in part, InSb and GaAs layers. Since the
thickness of InSb and GaAs layers in SLS are commonly assumed to be approxi-
mately one ML and the thicknesses of InAs and GaSb layers are on the order of
tens of MLs, the optimization of InAs and GaSb etches is critical to SLS detector

performance.

4.2.1 Etch Mechanism of GaSb

As explained in chapter 3, GaSb surface exposed to air will form native oxide
layer consisting of Ga,O; and a small percentage of elemental Sb and even a
small percentage of elemental Sb is sufficient to drastically increase the surface
recombination velocity and surface leakage [28].Since oxidation of GaSb plays such
a crucial role in the device performance along with the fact that GaSb oxidizes more
rapidly and aggressively than InAs, it becomes essential to reduce the formation of
native oxides of GaSb. Furthermore InAs/GaSb superlattice structure are usually
grown on GaSb substrates, and after hybridization of the fabricated FPA to the

ROIC, the GaSb substrate has to be removed. This is performed in order to reduce
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substrate scattering and interference as FPAs are back illuminated devices. Hence

etching study on GaSb material is given significance in this study.

To break the mixed covalent-ionic bonds in GaSb, an oxidizing agent is re-
quired. The conventionally used oxidizing agents are hydrogen peroxide (H,O,)
and nitric acid (HNO;), due to their controllable etch rates, purity and mode of
attack [31]. Even though tervalent antimony can exist in strong acid solutions,
it can easily hydrolyze into antimonyl ions which when diluted can precipitate
as antimonyl oxy-salts. When GaSb is attacked by strong oxidizing agents, it
forms insoluble trioxide (Sb,O3) or pentoxide (Sb,Os). Hence to keep antimony
in soluble form, a complexing agent such as hydrochloric acid (HCI), hydrofluoric
acid (HF) or carboxylic acid (e.g. Tartaric acid, citric acid, and lactic acid) is re-
quired. Furthermore, the addition of a complexing agent does not interfere with

the dissolution of group IlIs such as aluminum, gallium or indium.

It has to be taken into account that a optimized solution composition is critical
for the intended surface morphology and for control of the reaction/etch rate.
Take in to account the ratio of HNO; to HCL; if it is very large, then insoluble
antimony oxides Sb,O; or Sb,0Os is formed. When the HCI content is large, then
highly insoluble SbCl; is formed. It has to also be noted that the ratios of organic
complexing agents are restricted as strongly acidic solutions tend to suppress the
ionization of the organic acids, which is critical for them to act as complexing
agents. For that reason the ratio of organic acid to HNO; must favor the organic

acids.

Another factor to be taken into account while etching is the polar nature of
[I-V compounds as the etch rates on (111)A and (111)B planes are different. It has
been observed [35] that the etchant HNO;: tartaric acid attacks the antimony face

of GaSb more rapidly than the gallium face.
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4.2.2 Etch Mechanism of InAs

Unlike the antimonides which tend to form insoluble oxides or oxyhydroxides,
arsenides tend to form soluble arsenic acid (HAsO,) with strong oxidizing agents.
In the case of InAs etching, that arsenic in solution forms anions in the presence of
oxidizing agents such as H,O, i.e. AsO3(3-) and AsO,(3-) (arsenite and arsenate
ions respectively) wherein the dissolved products in the HCI+H,0,+H,0O solution
are InCl3+H3AsO; (or H3AsO, at higher H,O, concentration). In case of GaSb,
Sb forms only cations, thus SbCl; or SbCls along with GaCl; are the dissolved

products.

The difference in covalent potential of Ga, Sb, In and As atoms in GaSb and
InAs crystals is 1.295 and 2.154, respectively [47]. Thus, the ionicity of covalent
bonds is higher in InAs rather than in GaSb, resulting in higher reactivity of InAs

in certain etchants and hence explaining its faster etch rates.

4.3 Development of Optimized Etch for GaSb and
InAs

Optimization of wet chemical etch for GaSb was performed on double-side pol-
ished Te-doped (n = 107cm™%) GaSb (100) substrate with thickness of 525 um.
The substrate was then subjected to various different etch schemes listed in Table
4.1 along with their optimized solution composition, average etch rates, surface
morphology and root mean square (RMS) roughnesses. It has to be noted that
all etches were carried out at 20C in a cleanroom environment. An Alpha step
profilometer was utilized to measure the etch depths (in ym) after each etch and

then the etch rates (in ym/min) were calculated. The RMS surface roughness of
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Table 4.1: Summary of the chemical etch experiments on GaSb substrate, in order
of improving surface quality.

No Etchant Etchant Average Etch Surface RMS Roughness

Solution Solution Composition Rate (um min™') Morphology (nm)
1 Hy05:H,oSO4:H0 2:1:10 3.0 Rough 17.39
2 Step 1: HNOs:H;0 1:1 0.2 Rough 15.44
Step 2: H3POH,045:H,0 2:1:20
3 HyPO4Hy,09:H,0 2:1:20 0.1 Rough 13.62
4 HNO4:HF:H,0O iEabg 25.8 Rough 7.39
5 HNO3:H,0 1:1 0.6 Rough 7.19
6 HNO3:HF:CH3;COOH 18:2:40 3.9 Rough 5.62
7 HNO5:HF:CgHgO+ 240 164.5 Smooth 2.89
8 H;PO:H>04:H50 1:1:10 0.2 Rough 2.88
9 CgHgO7:H0 1:1 3.57 x 1073 Mirror-like 2.47
10 H,09:HCI:Hp 0O 1;1:2 2.6 Smooth 2.35
11 Hy04:HCL:Hp O 1:1:4 19 Smooth 1.59

each etched substrate was estimated by atomic force microscopy (AFM) on an area
1 ym x Tym. The surface morphology simply recounts the state of the substrate
after each etch. Etch depth versus etch time for various etch solutions on GaSb

substrates are presented in figure 4.1.

Of all the wet chemical etches we carried out, as stated in Table 4.1, the highest
RMS surface roughness of 17.39 nm was observed with H,O,:H,;SO,:H,O (2:1:10)
solution as etchant. In this mixture, it is the oxidizing agent H,O, that breaks
the mixed covalent-ionic bonds of GaSb surface structure and then the H,SO,
dissolves the oxides formed. H,O works as the neutralizer that not only helps
control the etch rate but also later forms an oxide layer on the etched surface. It
has to be stated that the thickness of this oxide layer depends on the pH of the
solution which in turn is determined by the H,SO,:H,O, ratio. The rapid etch rate
of 2.98 um/min may be attributed for the highly rough surface morphology of this

experiment.

The lowest RMS surface roughness of 2.47 nm and lowest average etch rate
of 3.27 x 107° um/min was seen when citric acid (C4HsO7):H,O (1:1) was used as
the etchant. This indicates that diluted citric acid barely etched the GaSb surface.
The HNO;: HF: H,O (1:1:1) solution on GaSb resulted in a rough surface with
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Figure 4.1: Etch depth versus etch time for various etch solutions on GaSb sub-
strates.

RMS roughness of 7.39 nm and a surface without the appearance of etch pits.
The HNO;:HF:CH3COOH (acetic acid) (18:2:40) solution [36] exhibited a surface
roughness of 5.62 nm and a moderate etch rate. Among all the etchants, the
HNO;:HF:C¢HgOy (2:1:1) had the fastest etching rate with a smooth surface (RMS
roughness of 2.89 nm). It has to be noted that the latter solution would be ideal
for GaSb substrate removal in LWIR FPA processing due to its rapid etch rate and

smooth after-etch surface.

Various research groups [93] have reported the utilization of phosphoric acid
(H3POy,) based solutions for etching of GaSb and GaSb-based structures. As seen
in Table 4.1, we developed several etch chemistries containing H;PO, acid. The
smoothest surface among them was obtained using H;PO,:H,0,:H,0O (1:1:10) so-
lution with RMS roughness of 2.88 nm. In the aforementioned solution, when

GaSb reacts with H3PQy, it results in Sb(H,PO,); and Ga(H,PO,); which further
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oxidizes to Sb(H,PO,)s along with Ga(H,PO,); in the strong acid medium con-
taining H,O,. Since gallium does not react with H,O,, Ga(H,PO,); remains stable.
Then Sb(H,POy,)s5 further reacts to form Sb,(HPO,)s and Sb;(PO,)s and this is due
to increased pH during cleaning in H,O. Both Sb,(HPO,)s and Sb3(PO4)s being
highly insoluble, leave behind considerable amount of debris on the etched sur-

face, causing roughness that is undesirable for device fabrication.

Among all etches investigated, H,O,:HCI:H,O (1:1:2) etch solution has demon-
strated the smoothest etched surface (RMS roughness of 2.35 nm) along with a etch
rate of approx. 2.62 um/min. Itis the only etchant that revealed etch pits with etch
pit density (EPD) to be 2.7 x 10° etch pits/cm? which is comparable to the results
reported by Heinz [47]. It may be due to the coalescing of adjacent defects that
these oval shaped etch pits are formed. The reaction with GaSb may take place as

follows:

6HCI + GaSb —> GaCls + SbCls + 3H, (4.1)

It has to be noted that GaCl; may remain as Ga®* ions, which do not oxidize.
Once again, we have to take into account the fact that H,O, does not react with
gallium. In presence of HCl + H,O,, the continued exposure of GaSb surface in

the etchant can lead to Sb-tri-chloride further oxidizing as:

2HCI + H,O, + SbCl3 —> SbCl5 +2H,0 (42)
The etch product SbCls + 2H,0 will then lead to form SbO(OH); or SbO,(OH)

which are both insoluble, but can be dissolved in organic complexing agents like

citric acid to further form soluble complexes, resulting in smoother surfaces. In
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order to slow down etch rate for better control of etch dimensions, we further
diluted H,O,:HCIL:H,O (1:1:4), resulting in a etch-rate of 1.88 ym/min and RMS

surface roughness equal to 1.59 nm.

The stoichiometric reaction of the H,O,:HCI:H,O (1:1:4) with InAs substrate
under weaker oxidizing conditions (i.e. lower H,O, concentration) is represented

as

InAs + 3HCI + 3H,0, — ITICZ?, + H3As0O5; + 3H,O (43)

Now under stronger oxidizing conditions (i.e. higher H,O, concentration) this

stoichiometric reaction will take the form of

InAs + 3HCI + 4H202 — IV[CZ:}, + H3ASO4 + 4Hzo (44)

The formed reaction/etchant products namely, arsenous acid (H3AsO3), arsenic

acid (H3AsQOy), and InClj are all water soluble.

In our quest to optimize the ideal etch on InAs/GaSb SLS structures, we uti-
lized an InAs substrate and subjected it to the previously optimized solution of
H,0O0,:HCI:H,O (1:1:4). The AFM images of both InAs and GaSb substrates treated
with H,O,:HCI:H,O (1:1:4) is shown in Figs 4.2 and 4.3. The experiment revealed
that the average etch rate of InAs substrate in the solution is 0.64 um/min with a
RMS surface roughness of 22 nm, whereas a GaSb substrate treated with the same
solution showed an average etch rate of 1.9 um/min with a RMS surface roughness
of 1.59 nm. This implies that the optimized etch of H,O,:HCI:H,O (1:1:4) solution
is rougher on InAs than GaSb, but the etch rate is faster in GaSb substrate.
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Figure 4.2: AFM image on 1 ym x 1 ym area of InAs substrate etched with
H,0,:HCIL:H,O (1:1:4) solution.

4.4 Etching of InAs/GaSb SLS Detectors

During the fabrication process of InAs/GaSb SLS detectors (as described in Ap-

pendix A), the definition of the mesa structure is usually the first and crucial step.

Figure 4.3: AFM image on 1 ym x 1 uym area of GaSb substrate etched with
H,0,:HCIL:H,O (1:1:4) solution.
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Along with all the characteristics listed in section 4.1, the mesa definition etch

techniques must fulfill the following criteria:

1. the resulting etched mesa structure must exhibit smooth sidewalls with no

etch remnants;

2. the etched mesa structure must exhibit no lateral etching (as lateral etching
on any side of the mesa sidewall can lead to the mishap of the intended mesa
pattern which is crucial for the next step of metal contact pattern in detector

fabrication;

3. the etch technique must possess a controllable etch rate, hence we have a less

chance of overshooting intended etch depths;

4. the etch technique must not etch photoresist (PR) mask, as if the PR is etched

away then our pattern is etched away resulting in a obscure mesa structure.

Nowadays, high-density plasma etch processes are commonly utilized for InAs/GaSbjj
SLS material in spite of the inevitable degradation of sidewall surface electronic
properties due toion bombardment or unwanted deposition of etch by-products [96,]
52, 61, 53]. Plasma chemistry usually consists of chlorine-based precursors (BCl;,
Cl, or SiCly) due to high volatilities of gallium, indium, antimony and arsenic chlo-
rides providing fast etch rates and smooth morphologies [95]. The resulting etch
profiles are vertical due to the plasma sheath and the ionized gas directionality.
Damage produced during the dry etch may be partially restored by subsequent
chemical treatment [73]. Due to the ability of wet etches to cause virtually no
surface electronic damage, a chemical etch attracts attention of researchers for
single-pixel SLS device fabrication. However, the isotropic nature of wet etch
process resulting in concave sidewall profile and an unavoidable tendency to un-
dercut etch masks making precise dimensional control more difficult and stipulates

limited application of wet etches for SLS FPA fabrication.
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Utilization of wet chemical etch process for fabrication of large area single pixel
SLS detectors has been reported by various research groups (MWIR detectors
[21, 20, 23] and LWIR detectors [23, 29]). The choice of the appropriate wet
chemical solution is complicated by dissimilar chemical properties of InAs and
GaSb causing the preferential etch of either compound in SLS stack resulting in
the formation of ripples on the devices sidewalls, acting as an additional source

for electrical active sites [126].

Chaghi et al [21] compared different chemical solutions based on orthophos-
phoric (H3PO,) acid employed for fabrication of SLS detectors with cut-off wave-
length of 4.9 um at 80K. Detector processed with H3PO,/H,0,/H,0/CcHgOy7 (citric
acid) followed by a second immersion in NaCIO : H,O showed the best perfor-
mance with RyA of 1.6 X 10° Q cm?.

320 x 256 LWIR (A1g0% = 10 um at 77K) FPA with 30 yum pitch fabricated by wet
etch technique was demonstrated by QmagiQ [121], with dark current density of
upto 2 x 10* A/cm? (77 K) at 0.3 V bias. Despite the relatively high dark current
density the NEDT had acceptably low values mainly due to the high quantum
efficiency (45% at 0.3V), a key finding for SLS FPA viability.

Inductively coupled plasma (ICP) etch with chlorine-based chemistry was em-
ployed by Ngyuen et al. [76] for pixel isolation of SLS LWIR (Asp, = 10.3 ym
at 77K) detectors. Four samples with different etch conditions were studied: a
C4HeOp : H3PO, : H,O, : H,O wet etch followed by a citric clean-up dip (sample
A); a BCl; - Ar dry etch followed by a citric clean-up dip (sample B); a CHy—H, — Ar
plasma (sample C); and a BCI; — Cl, — CH4 — H, — Ar plasma (sample D). Vertical
ripples on the sidewalls, and also a significant amount of undercut with sidewalls
sloped at an angle of 54.9° was observed for sample A. The preferential etching
in samples B and C has resulted in waffle-like pattern observed in the plane of

the mesa. In addition, the indium droplets on the sidewalls of sample B were
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due to the low volatility of InCl,. This effect may be compromised by using
higher etch temperatures and increased ion energy values. However, it would re-
sult in increased amount of sputtering and more pronounced preferential etching.
Sample D exhibited smooth sidewalls with no preferential etching, inferred from
the lack of the waffle-like pattern, or indium residuals. The amount of surface
leakage provided by each investigated etch scheme was characterized by the size-
dependent effective resistance-area product, RA.¢s. Samples A (wet etch) and D
(BCl; - Cl, — CH4 — H, — Ar plasma etch) showed relatively flat behavior compared
to the other samples, with a surface resistivity that is at least 7.4 times higher.
Combination of chlorine- and methane-based etches resulted in electrical device
performance comparable to the wet etched samples. Moreover, near-vertical,
smooth sidewalls with minimal dielectric mask erosion were achieved with good

anisotropy resulting in more than three times higher fill factor.

The electron cyclotron resonance (ECR)-reactive ion etching is alternative high
density plasma approach of InAs/GaSb SLS mesa definition. Huang et al. [53]
compared electrical performance of LWIR (Asp, = 9.3 um at 77K) InAs/GaSb SLS
detectors fabricated with ICP and ECR etching techniques. Both processes were
based on BCl; : Ar chemistry, for protection of etched sidewalls. SiO, and poly-
imide were utilized separately. The ECR process was followed by citric acid-based
wet etch to remove plasma induced surface damage. Detector etched by ICP
with sidewalls encapsulated by polyimide has demonstrated the highest surface
resistivity (6.7x 10* Q- cm) among four treatments. Comparison of electrical perfor-
mance of detectors etched with ECR and ICP with the same post-etch encapsulation
method (polyimide) revealed an order of magnitude lower dark current density
for ICP-polyimide sample. This is attributed to the better surface conditions prior

passivation achieving by ICP.
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Figure 4.4: Heterostructure schematic of InAs/GaSb SLS LWIR detector with pin
design.

4.5 Mesa Definition of InAs/GaSb SLS
Single-Pixel Detector

We incorporated the optimized etch scheme (H,O,:HCIL:H,O (1:1:4)) into the fab-
rication process of InAs/GaSb SLS LWIR single-pixel photodetectors. Detector
structures were grown on n-type (Te-doped) GaSb (100) epi-ready substrates by
molecular beam epitaxy using a solid-source VG-80 reactor equipped with valved
cracker sources for group V Sb, and As, fluxes and Ga/In SUMOQ®cells. The de-
tector structure consisted of a 2.1 um -thick absorbing region formed by 16 ML
InAs/0.8 ML InSb/6 ML GaSb SLS grown on top of a 0.45 um-thick SLS bottom
contact n-region (4.0 x 10'® cm~2) formed by SLS with the same composition and
thickness. The structure was capped by a 50-nm-thick GaSb p-type layer (4.0 x
10" cm™). The top and bottom 50 periods of the absorber region were doped
p- and n-type, respectively, with a doping concentration of 1.0 x 101 cm™ to im-
prove transport of photogenerated carriers. The heterostructure schematic of the

detector is shown in Fig. 4.4.
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Figure 4.5: HRXRD spectrum of the InAs/GaSb SLS LWIR pin detector near GaSb
(004) reflection.

The structural quality of the detector was assessed by high-resolution x-ray
diffraction (HRXRD). The HRXRD setup comprised a Philips double-crystal x-
ray diffractometer using the Cu-Kal line, and all measurements were carried out
at 300 K. The HRXRD spectrum of the InAs/GaSb SLS LWIR pin detector near
GaSb (004) reflection is shown in Fig. 4.5. The lattice mismatch of the SLS to
the GaSb substrate is very close to zero. Low lattice mismatch enables growth of
superlattice (SL) diodes with a large number of periods without degrading quality.
Furthermore, observation of the sample surface by Nomarski microscope reveals
good surface quality without growth defects. The full-width at half-maximum
(FWHM) of the first-order satellite peak of SLS is found to be 31 arcsec, and the
presence of four orders of SLS satellite peaks indicates very good crystalline quality
of the material. The measured period was equal to 7.01 nm , which is slightly larger
than the nominal value (6.95 nm). We attribute this to the deviation of the InSb

interface thickness from its intended value.

The material was processed as normal incidence single-pixel detectors with

89



Chapter 4. Mesa Definition of InAs/GaSb SLS Detectors

400 ym x 400 ym mesa area and apertures ranging from 20 ym to 300 ym in
diameter. Processing was initiated by material patterning for the mesa definition
using a standard optical photolithography technique with 4330 photoresist. Then,
three different methods were utilized for diode mesa definition: (a) inductively
coupled plasma (ICP) etch with BCl; gas, (b) HCl-based chemical etch, and (c)
a combination of plasma assisted BCl;-based and HCl-based chemical etches. In
each case, material was etched to the middle of the bottom contact layer (etch
depth 2.3 um). However, in (c), material was first dry etched to the middle of the
absorbing layer (etch depth 1.2 um) followed by the wet chemical etch to reach 2.3
pm. A PlasmaTherm SLR 770 ICP Chlorine Etcher with an ICP power of 499 W,
average radio frequency (RF) power of 156 W, pressure of 3.2 mtorr, directcurrent
(DC) bias of 252 V, and BCl; flow of 30.2 sccm at a temperature of 25C was utilized
for the dry etch. The ICP etch rate of the GaSb substrate alone was found to be 0.267
pm min. Etch rates for the plasma-assisted and chemical etch of the LWIR structure
were 0.2173 ym/ min and 0.39 ym/min, respectively. Ti/Pt/Au (50 nm /50 nm/300
nm) was used as contact metals for both top and bottom contact metallization. A
three-dimensional (3D) schematic of a processed single-pixel detector is shown in

Fig. 4.6.

The 50% cutoff wavelength of processed devices was defined through spec-
tral response measurements performed with a glow-bar source in the Fourier-
transform infrared spectrometer and was found to be 14 ym at 30 K (at bias of 0
V). Fig. 4.7 shows normalized spectral response from a 300 ym diameter device at

T=30K.

Fig. 4.8 shows scanning electron micrograph (SEM) images of 400 ym x 400
pym mesa of InAs/GaSb SLS LWIR detectors obtained after (a) plasma-assisted
etch, (b) optimized chemical etch (H,O,:HCI:H,O = 1:1:4), and (c) combination of

both. Whereas the plasma-assisted etch is expected to be an anisotropic process
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n+ SLS Contact layer

Figure 4.6: Three-dimensional view of a processed InAs/GaSb SLS LWIR pin
detector.

and provide well-defined vertical sidewalls, we observed a two-step etch profile
(Fig. 4.8a) for devices etched with BCl; plasma. Moreover, numerous etch residues
were noticed on the mesa sidewalls and planar surfaces of etched terrace and
bottom contact layer. Devices etched with optimized HCl-based chemical etch
(Fig. 4.8b) resulted in the expected undercut profile (inset to Fig. 4.8b) with clean

sidewalls free of any etch remnants. This undercut was estimated to 5 um on

T=830K

Spectral response (a.u.)

2 4 6 8 10 12 14 16
Wavelength (um)

Figure 4.7: Spectral response from a 300 um-diameter device at 30 Kand V, =0 V.
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each mesa side. Formation of etch pits was observed only on the planar surface of
bottom contact and not on etched sidewalls. Removal of damage (etch residues and
two-step sidewall profile) induced by the plasma-assisted etch was observed for
devices etched with the combination of BCl; and optimized HCl-based chemical
etch (Fig. 4.8c). However, sidewalls were rough with clear formation of ripples.
In addition, the surface near the base of the etched mesas was heavily degraded,

with width of the damaged region of 3 ym.

4.6 Mesa Delineation of InAs/GaSb SLS

Focal Plane Array

Focal Plane Arrays (FPAs) are high performance detectors with a slightly more
complex fabrication process than single-pixel devices. One of the distinguishing
factors of FPAs from single pixels is that FPAs have smaller mesa areas of 24
pym x 24 um. Typical FPA fabrication process involves the following steps: the
individual pixel isolation and passivation; contact metalization followed by the
under bump metal (UBM) deposition; bump metal (indium) deposition; reflow
process, hybridization of FPA to the read-out integrated circuit (ROIC) and the
substrate removal. There is an increased emphasis on large format (1M-4M) FPAs
in which the pixel size is further shrunk to 15 ym x 15 ym. Appendix B outlines
the detailed FPA fabrication procedure.

Just as in the case of single-pixel processing, during the individual pixel isola-
tion process by mesa etching, the periodic nature of the idealized crystal structure
of the superlattice is ended abruptly leading to the formation of allowed electronic
quantum states within the energy band gap of the SLS resulting in large surface

leakage currents. Furthermore, possessing a pristine device surface after mesa
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etch plays a more crucial role in FPA fabrication due to the smaller size of each
pixel and hence more pronounced the effect of each impurity and defect would
wield. Additionally, the mesa etching is the first step in FPA fabrication and
hence preparation of a good surface forms a solid foundation to the multitude of

processing steps to follow.

The dry-plasma assisted etching has to be the most prevalently [21, 26, 52]
used mesa etch technique in FPA fabrication despite the inevitable degradation of
sidewall surface properties due to ion bombardment or deposition of unwanted
etch byproducts. Damages produced during dry plasma-assisted etches can be

restored to some extent by subsequent chemical treatment [72, 61].

Wet chemical etching is commonly an isotropic process and is usually thought
to be incompatible with the current format of fabrication of high-fill factor large-
format FPAs based on InAs/GaSb SLS. The question of its incompatibility mainly
arises due the tendency of wet etches to undercut mask dimensions and due to

the difficulty in controlling their etch rates.

In Section 4.5 we studied the surface of 400 ym x 400 um etched mesa sidewalls
of InAs/GaSb LWIR (with 50% cut-off wavelength of 14 um) detectors after conven-
tional BCl;-based plasma-assisted etch, optimized chemical etch (H,O,:HCI:H,O
=1: 1: 4) and the combination of both etches. We found that the smoothest
sidewall profile with reasonable undercut was obtained after wet chemical etch
alone. Here we extend our work performed on single element SLS LWIR detectors
with large mesa size to small size pixels used in the FPAs based on the same LWIR

SLS material.

The FPA mask is so designed that each single pixel in the 320 x 256 array has a
mesa area of 24 ym x 24 ym with the distance between the neighboring pixels being

6 um. The pattern was laid on the InAs/GaSb SLS LWIR with PR4330 utilizing

93



Chapter 4. Mesa Definition of InAs/GaSb SLS Detectors

standard UV photolithography process. The sample was then etched with the wet
chemical etch H,O,:HCI:H,O (1:1:4) solution to the intended etch depth of approx.
2.3 ym (the middle of the bottom contact) and the etch rate was found to be 0.67

pm/min. The resulting etch profile is shown in Fig. 4.9 (a).

A significant lateral etch of 9 um was observed, which is large enough to
disrupt further FPA processing and hence rendering this particular etch scheme
not suitable for FPA fabrication. In order to slow down the etch rate for better
control of etch dimensions, we diluted the solution to H,O,:HCIl:H,O (1:1:10). The
resulting etch-rate was found to be 0.40 ym/min and resulted sidewall profile is
shown in Figure 4.8 (b). Here the lateral etch of 5.5 ym, which is less pronounced
than previous experiment, but yet etches 5% of the FPA mesa area and the sidewalls
were observed to be rough. The unsatisfying results in terms of desired surface
properties and physical dimensions, from the HCl-based etches motivated us to

try several other etchant solutions.

Citric Acid (C¢HsOy) based etchant solution has been reported in literature [73]
in the fabrication of InAs/GaSb SLS FPAs. We etched our InAs/GaSb SLS LWIR
material with H;PO,+H,O+ citric acid (1:1:3) resulting in an etch rate of 0.68
pm/min and the sidewall profile, as seen in Fig. 4.8 (c), shows a considerable lateral
etch of 10 um resulting in symmetrical pyramid shape of the etched mesas. With
such disappointing results again, we moved on to utilizing H;PO4+H,0,+H,0
(2:1:20) solution to etch our InAs/GaSb SLS LWIR material resulting in a rough
looking etched surface illustrated in Fig. 4.8 (d). It exhibited an etch rate of 0.13
pm/min and a lateral etch of 1 ym, hence ceding to be undesirable for FPA device

fabrication.

Analyzing the performances of the four wet chemical etch techniques described
above, we concluded that wet chemical etch by itself may not be sufficient to give

us pristine mesa etched surfaces along with intact physical dimensions in a tightly
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packed FPAs with 24 ym x 24 ym mesa area each. Furthermore, to investigate
which material is responsible for the wet chemical etches resulting in such huge
lateral etches and rough surface in SLS structure, we looked into the constituent
compounds of InAs and GaSb individually. Firstly, we defined 24 ym x 24 ym
square pixels with pitch size of 30 um on (a) n-type (n= 4 x 10® cm~?) InAs (100)
and (b) n-type (n =5 x 107 em™%) GaSb (100), both double side polished substrates
with thickness of 525 ym. We then subjected these structures to the optimized
wet chemical etch H,O,:HCI:H,O (1:1:4) solution. The results are illustrated in
the Fig. 4.10 (a) for InAs and Fig. 4.10 (d) for GaSb substrates. We observed that
the undercut was 3 times lager in InAs (lateral etch on each mesa side 6 um) than
in GaSb substrates (lateral etch on each mesa side 2 ym). Subjected to the wet
chemical etch H,O,:HCI:H,O (1:1:4) solution for 1 minute, InAs showed a RMS
roughness of 22 nm where as GaSb showed RMS roughness 1.49 nm.

The next set of samples underwent plasma-assisted etch performed on a Plas-
maTherm SLS 770 ICP chlorine etcher. It must be noted that the sample was
physically clamped to the loading substrate electrode/carrier by means of con-
duction paste in order to reduce lateral etching [45].The temperature of 25C was
maintained in the etch chamber by the flow of He to the backside of the wafer.
The resulted etch structures look smooth and well defines vertical sidewalls free

of etch remnants as shown in Fig. 4.10 (b) for GaSb and (e) InAs substrates.

Now let us take into account the etch rates of our materials as seen in Table. 4.2.
The etch rate of the ICP-BCl; based etch on InAs/GaSb SLS LWIR material was
found to be 0.22 ym/min whereas for chemical etch with H,O,:HCL:H,O (1:1:4)
solution was 0.39 um/min. On GaSb substrate, the ICP-BCl; based etch showed
an etch rate of 0.28 ym/min whereas the chemical etch with H,O,:HCI:H,O (1:1:4)
solution was 1.9 ym/min. Additionally on InAs substrate, the ICP-BCl; based etch
showed an etch rate of 0.13 ym/min whereas for chemical etch with H,O,:HCI:H,O
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Table 4.2: Comparison of etch rates (units: pm/min) in SLSs, InAs and GaSb
substrates.

Etch Technique SLSs | InAs | GaSb

Dry Etch 022 | 013 | 0.28
Optimzed Wet Etch | 0.39 | 0.64 | 1.9

(1:1:4) solution was 0.64 ym/min.

Under the wet chemical etch with H,O,:HCI:H,O (1:1:4) solution, the InAs/GaSbj]
SLS material does not behave neither as InAs nor as GaSb, but under ICP-BCl;
based etch it’s etch rate was closer to GaSb than InAs. But the 16ML InAs/0.8ML
InSb/6 ML GaSb SLS structure has more InAs content per period than GaSb. The
applicability would be while performing calibration processes of SL in IC BCl;

based etches, GaSb can be used as a reliable substitute material.

The third set of samples we put through the combination etch consisting of
both dry ICP-BCl; based etch and wet chemical etch using the H,O,:HCIl:H,O
(1:1:4) solution. InAs substrate with FPA mesa pattern after the combinational
etch is shown in Fig. 4.10 (c) and it demonstrates rough planar etched surface of
FPA grooves along with two step mesa sidewall profile due to the lateral etch.
On GaSb substrate (Fig. 4.10 (f)) we observed the formation of etch pits on the
sidewalls of mesas defined with the combinational etch. It must be noted that the
etch depth was measured utilizing Alpha Step profilometer and was kept around
2.5 ym for the all etches thus resembling the typical etch depth of LWIR SLS
detector. For the combination of plasma-assisted and the optimized HCl based
chemical etches the dry etch depth was 1.3 um and the rest of the 1.2 ym was
etched with the wet chemical etch using the H,O,:HCI:H,O (1:1:4) solution.

Fig. 4.11 displays SEM images of InAs/GaSb SLS LWIR FPA with 30 ym pitch
obtained after (a) combination of consisting of both dry ICP-BCl; based etch and
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wet chemical etch using the H,O,:HCI:H,O (1:1:4) solution and (b) ICP etch only.
Insets of Fig. 4.11 depict the sidewall profiles of 24 ym x 24 ym FPA mesas. We
observe that the application of chemical etch subsequent to the plasma-assisted
etch (Fig. 4.11 (a)) resulted in undercut 8 ym on each side of FPA mesa. Hence the
tinal size of defined mesa area is only 8 um x 8 ym which is not acceptable for the
subsequent FPA fabrication steps. InAs/GaSb SLS LWIR FPA etched with the ICP
etch only demonstrated the expected smooth vertical sidewalls free from any etch
residuals with clean FPA grooves as show in Fig. 4.11 (b). Thus reestablishing that
the anointed ICP etch alone is the acceptable technique to create small dimensional
mesa structure during the fabrication of high fill factor FPA based on InAs/GaSb
SLS LWIR material.

4,7 Conclusions

We have examined the surface of etched mesa sidewalls of InAs/GaSb LWIR (50%
cutoff wavelength is 14 um) detectors after conventional BCl;-based plasma as-
sisted etch, chemical etch (H,O,:HCI:H,O= 1:1:4), and a combination of both
etches. Chemical etch was primarily optimized using n-type GaSb substrates, and
during this process numerous chemical etchants were examined. Contradictory
to our expectations, we found that the smoothest sidewall profile with reasonable
undercut was obtained after chemical etch alone. Plasma-assisted etch generated
a lot of damage; in particular, etch residues and a two-step sidewall profile were
observed. We also observed that the application of chemical etch subsequent to the
plasma-assisted etch restored the damaged surface. However, resulting sidewalls
were rough with clearly visible ripples, and the surface near the base of etched

mesas was heavily degraded.

Since wet chemical etching is usually an isotropic process, it is commonly
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thought to be incompatible with current trends in fabrication of high-fill-factor
large-format FPAs based on InAs/GaSb SLS. The observed undercut (5 ym for
each mesa side) should provide dimensions of FPA pixels (typical pitch size 30

um) that are still acceptable for subsequent fabrication steps.

Next, we have studied sidewall profiles of 24 ym x 24 ym mesas etched on
InAs/GaSb SLS LWIR. Material was the same as for the single-pixel device etch
studies. The chemical etch using the H,O,:HCIl:H,O= 1:1:4 solution showed sig-
nificant lateral etch (9 um each side) and hence rendering itself unpractical for
FPA fabrication. An additional optimization of chemical etch on 24 ym x 24 ym
size features was undertaken and resulted in rough sidewalls as well as lateral
etching. Plasma-assisted (ICP) etch resulted in smooth vertical sidewalls of indi-
vidual FPA pixels free from any etch residuals with no undercut (with respect to
mask) observed. Application of chemical etch subsequent to the plasma assisted
etch was expected to further smooth the sidewalls, however, it resulted in undercut
estimated to be 8 ym on each side of FPA mesa, which is not acceptable for the sub-
sequent FPA fabrication steps. In conclusion, we found that the plasma-assisted
(ICP) etch is the only acceptable method for fabrication of small dimension mesa
structures in high fill factor FPAs based on InAs/GaSb SLS.
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Figure 4.8: Sidewall profiles obtained for (a) plasma-assisted dry etch, (b) opti-
mized chemical etch, with inset showing the etch profile having an undercut with
respect to mask, and (c) combination of plasma-assisted and chemical etch.
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() (d)

Figure 4.9: Scanning electron micrograph (SEM) images of 24 ym x 24 um
mesa of InAs/GaSb SLS LWIR FPA obtained after (a) optimized chemical etch
(H,0O,:HCI:H,O = 1:1:4), (b) diluted HCl-based etch (H,O,:HCIL:H,O = 1:1:10), (c)
citric acid (CsHgOy) based etch, and (d) phosphoric acid (H;PO,) based etch.
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Figure 4.10: SEM images of FPA with 30 um pitch fabricated on InAs (a-c) and
GaSb (d-f) substrates by HCl-based chemical etch only (a and d); plasma-assisted
(ICP) etch only (b and e); and combination of plasma assisted and chemical etch
(c and f). Mesa size is 24 ym x 24 ym.

Figure4.11: SEM images of InAs/GaSb SLS LWIR FPA with 30 um pitch obtained af-
ter (a) combination of plasma assisted (ICP) and HCL-based etches (H,O,:HCI:H,O
(1:1:4)) and (b) ICP etch only. Insets show the sidewall profile of 24 ym x 24 um
FPA mesa.
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Chapter 5

Electrical Characterization of

Passivated InAs/GaSb SLS Detectors

How to quantify passivation? The first answer would be to passivate a device
surface and measure the results electrically. This is the objective of the study in
this chapter. The second, more complicated answer would be to look at its material
properties: (a) as an entity by itself and (b) its interaction with the complex surface

of InAs/GaSb superlattice.

In this chapter, we study the functioning of the device with passivant as one unit
and not as InAs/GaSb/passivant individually. During the course of the following
study we search to establish a passivation technique that satisfies all the criteria
laid out in Chapter 3, section 3, where in it states that an ideal technique must be (i)
an excellent encapsulant that is to prevent interaction between the semiconductor
surface and ambient atmosphere; (ii) a good chemical passivant i.e. eliminate
the formation of surface states by forming covalent bonds with the semiconductor
surfaceitself; (iii) an excellent insulator i.e. it must serve as an energy barrier so that

the carriers from the semiconductor surface must not be lost in the passivant; (iv)
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stable for the long term and able to perform with the same efficiency through-out
the lifetime of the detector; (v) thermally stable, so as to operate well from 77K-
300K; (vi) forming uniform layers on the semiconductor surface as non-uniform
deposition can lead to stress at the interface of passivant and semiconductor; (vii)

easy to implement into the FPA fabrication.

5.1 Growth and Fabrication of InAs/GaSb SLS Detec-

tors

The detector structures were grown on n-type (Te-doped) GaSb (100) epi-ready
substrates using a solid source MBEVG-80 system equipped with valved cracker
sources for the group V Sb, and As, fluxes, and Ga/In SUMO®)ells. Growth
details have been reported elsewhere [87]. The pin detector structure was formed
by 2.8 um (395 periods) 14 MLs InAs/7 MLs GaSb SLS non-intentionally doped
(n.i.d.) absorber grown on top of a 690 nm thick n-type (1 x 10" cm™) contact
layer (formed by SLS with the same thickness and composition as absorbing region
with Te-doped InAs layers). The structure was capped by a 100 nm thick GaSb
p-type (4 x 10'® cm™) top contact layer. In order to improve carrier transport in the
detector structure, 25 periods of top part of SLS absorber were p-type doped with
the lower doping concentration (1 x 10" cm™). With the same purpose doping

was gradually changed in 25 periods of bottom and top parts of SLS absorber.

The pBiBn detector structure had 630 nm thick (90 periods)14 ML InAs/9 ML
GaSb SLS p-type contact layer doped with Be (p = 2.8 x 10" cm?) followed by
non-intentionally doped (n.i.d.) electron blocking (EB) layer consisting of 295 nm
thick 6 ML InAs/10 ML GaSb SLS (60 periods). Then a 1.8 um thick (312 periods)
n.i.d absorber region of 13 ML InAs/6 ML Ing5GaygsSb GaSb SLS was grown.
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Figure 5.1: Heterostructure schematic of InAs/GaSb SLS detector structure with
(a) p-i-n and (b) pBiBn designs.

Next, n.i.d 255 nm (40 periods) thick hole blocking (HB) layer made of 17 ML
InAs/4 ML AlISb SLS was deposited and 100 nm (15 periods) thick n-type contact
layer made of 16 ML InAs/7 ML GaSb doped with Te (n = 3 x 10'® cm®) completed
the structure. In both detector structures SLSs were grown with imposed InSb
interfaces in order to balance strain. The heterostructure schematics of p-i-n and

PbIbN detectors are shown in Figure. 5.1 (a) and (b), respectively.

The structural quality of as-grown material was assessed by high-resolution
x-ray diffraction (HRXRD) performed with a Philips double-crystal X-ray diffrac-
tometer using the Cu-K1 line and all measurements were carried out at 300K.
The HRXRD spectra of the InAs/GaSb SLS LWIR pin and pBiBn detectors at (004)
reflection are shown in Fig. 5.2 (a) and (b), respectively. The lattice mismatch of
SLS to the GaSb substrate is equal to 0.13% (pin) and 0.06% (pBiBn). Low lattice

mismatch enables the growth of SLS diodes with large number of periods without
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Figure 5.2: High-resolution (004) X-ray diffraction pattern of the InAs/GaSb SLS
detector structure with (a) pin and (b) pBiBn designs.

degrading its quality. Furthermore, observation of the sample surface under No-
marski microscope reveals good surface quality without growth defects. The full
width at half maximum (FWHM) of the first-order satellite peak of SLS is found
to be 36 arcsec (p-i-n) and 28 arcsec (pBiBn); several orders of SLS satellite peaks

were observed indicating good crystalline quality of the material.

Device fabrication was initiated using standard optical photolithograpy to de-
fine 410 ym x 410 um square mesa devices with apertures ranging from 25-300
pym and a variable area diode array (VADA) patterns with areas ranging from
30 pm x 30 ym to 400 um x 400 ym. Etching was performed using inductively
coupled plasma (ICP) reactor with BCl; gas. Sample was physically clamped to
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Figure 5.3: Spectral response of InAs/GaSb SLS detectors with pin and pBiBn
designs at 0.1 V of applied bias and 77 K.Reprinted from [89]

the substrate electrode in order to reduce lateral etching. The flow of He to the
backside of the wafer maintains its temperature at 25C. The resulting etch depth
corresponded to the middle of the bottom contact layer of the detector. Next,
ohmic contacts were evaporated on the bottom and top contact layers using 50 nm
Ti/ 50 nm Pt/300 nm Au in both cases. It has to be noted that depending on the
type of passivation treatment utilized, passivation was applied at different stages

of device fabrication and this is explained further in this chapter and Appendix A.

The normalized spectral response of the pin and pBiBn detectors was measured
with a glow-bar source within the Fourier Transform Infrared (FTIR) spectrometer
and shown in Fig. 5.3. The 100%-cut-off wavelength was equal 12.0 um for the
pin detector and 12.3 um for the pBiBn detector (at 77 K and V;, = -0.1 V). The
spectral response has been shown for wavelengths higher than or equal to 8.4
pum since a longwave bandpass filter (8.4 - 11.5) um was used for the radiometric

measurements.
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5.2 PIN Device Passivation

First, several passivation treatments were applied to a SLS detector with the
pin design. Details of each passivation are described below. Immediately be-
fore every passivation treatment except ammonium sulfide passivation, the na-
tive oxide was removed by placing samples in a phosphoric acid based solution
(H3PO4:H,0,:H,O = 1:2:20) for 30 seconds. In case of (NH4),S passivation the
native oxides are etched by (NH4)OH formed in aqueous solution of ammonium
sulfide.

5.2.1 Dielectric Passivation

Silicon nitride (as shown in Fig 5.4) and silicon di-oxide (as shown in Fig 5.5) were
applied on etched mesa sidewalls after the definition of individual devices with
inductively coupled plasma (ICP) etch. A 200 nm thick SiN, layer with nominal
composition of SisNy was deposited on etched sidewalls in plasma enhanced
chemical vapor deposition (PECVD) system at 300°C. The Si3N, layer was removed
from the aperture and top and bottom metal contact regions by reactive ion etcher
(RIE) using CF, gas for six minutes and at RT. Silicon di-oxide with a thickness
of 200 nm was deposited in an e-beam evaporator at 170°C. The SiO, layer was
removed from the aperture and top and bottom metal contact regions by reactive
ion etcher (RIE) using CF,; gas for four minutes and at RT. It should be noted
that the typical temperature of SiO, deposition in a PECVD system is 320°C [59].
Special care was taken to develop a low temperature process of high-quality SiO,

deposition to prevent SLS period intermixing.
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Figure 5.4: SEM images of SiN, passivated InAs/GaSb SLS detectors with pin
design.

5.2.2 Organic material based passivation: SU-8 Deposition

SU-8 passivation was applied to the completely processed detector structures as a

last step in a processing sequence. SU-8 consists of a bisphenol-A novolak epoxy

Figure 5.5: SEM images of SiO, passivated InAs/GaSb SLS detectors with pin
design.
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Figure 5.6: SEM images of SU-8 passivated InAs/GaSb SLS detectors with pin
design.

resin, a photo initiator, and solvent - butyroalectone [116]. The photo initiator is
easily broken down and changes into strong acid (HSbFs) upon exposure of UV.
This acid causes a high cross-link density in the SU-8 film, thereby leading to an
increase in its chemical resistance to the developer. Photo-polymerized SU-8 is
mechanically and chemically stable after a hard bake. Application of SU-8 was
performed at room temperature and followed the processing guidelines found
elsewhere [1]. The resulting thickness of the SU-8 passivation film was approx.

1.5 ym. The fabrication of SU-8 passivated detectors in described in Appendix A.

5.2.3 Chalcogenide Passivation
Ammonium Sulfide

Ammonium sulfide passivation was applied to the completely processed detec-
tor structures as a last step in a processing sequence. Passivation layer is not

removed from the aperture, top and bottom contact regions and this is seen in the
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Figure 5.7: SEM images of an ammonium sulfide passivated InAs/GaSb SLS de-
tectors with pin design.

SEM image of a (NH,),S passivated device shown in Fig 5.7. To perform (NH,4),S
passivation the completely processed detector structures were immersed in a pas-
sivation solution that contained 20% ammonium sulfide diluted in four parts of

water for 2 hours. The thickness of the resulting passivation film was 10nm.

Zinc Sulfide

This passivant was applied on etched mesa sidewalls after the definition of indi-
vidual devices with inductively coupled plasma (ICP) etch. A 200 nm thick ZnS
tilm was deposited on etched mesa sidewalls in an dielectric electron-beam evapo-
rator at room temperature. The ZnS was removed from regions of the aperture and
top and bottom metal contact regions and these regions are indicated in Fig 5.8.
For this removal a wet etch solution of HCI:H,O (1:10), was used at etch time of

two minutes and at room temperature.
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Figure 5.8: SEM images of a ZnS passivated InAs/GaSb SLS detectors with pin
design.

5.2.4 Electrochemical Sulfur Passivation (ECP)

This passivant was applied on etched mesa sidewalls after the definition of indi-
vidual devices with inductively coupled plasma (ICP) etch. Passivation treatment
was the last step in this device fabrication process just as in the case of (NH4),S
passivation. Here too passivation layer is not removed from the aperture, top and
bottom contact regions and this is indicated in Fig 5.9. The electrochemical cell for
the sulfur passivation consisted of the sample (anode), a platinum mesh electrode
(cathode) and the electrolyte in a glass beaker at room temperature. The electrolyte
was 0.1 M Na,S in ethylene glycol. A square-shaped constant DC current with a
magnitude of 33 uA was supplied from the programmable current source to the
back of the sample for a limited amount of time (5 min). The samples were then
rinsed with isopropanol and blow dried with N,. The resulting thickness of the

sulfur layer was ~ 5 nm [91].
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Figure 5.9: SEM images of an ECP passivated InAs/GaSb SLS detectors with pin
design. It can be seen that ECP not only covers the side wall of the device but is
also present on the top and bottom contact regions.

5.2.5 Results of comparison of passivation techniques on PIN

device

Passivation efficacy was evaluated by measuring current-voltage (I-V) dependence
at 77 K for VADA detectors. All I-V measurements were conducted on variable-
temperature Janis ST-500 micromanipulated probe station under zero field of view.
The responsivity measurements were carried out at the same temperature using a

calibrated black-body source at 800 K.

Fig. 5.10 shows the dark current density of pin SLS detectors unpassivated and
passivated by various treatments measured at 77 K as a function of VADA mesa
area. Table 5.1 summarizes out the comparison of dark current densities measured
at -0.1 V of applied bias, RyA product, and surface resistivity 1, s for utilized

passivation schemes.

The dielectric and photoresist passivation treatments (SiN,, SiO,, and SU-8)
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Figure 5.10: Dark current density vs mesa area of unpassivated and passivated by
various treatments SLS detector with pin design.

resulted in improvement of dark current density by factors of ~ 2.5, 6, and 13,
respectively, compared with the unpassivated device with the same area. We at-
tribute this to the band bending at the semiconductor surface caused by the nature
of band alignment at the pasisivant-semiconductor interface and the presence of
fixed charges inside the passivation layer. The fixed charge density in electron-
beam evaporated ZnS is expected to be lower than in SiN, deposited under a
plasma environment [8]. In addition, ZnS facilitates saturation of surface states by
formation of sulphur bonds by constituent atoms of InAs/GaSb SLS. Both of these
factors should result in better passivation efficacy of ZnS. However, we found
improvement of dark current density in ZnS passivated devices by a factor of
3, which is comparable with that obtained by using SiN, passivation. This may
be the result of the inferior quality of deposited ZnS film, and development of

a high-quality ZnS deposition procedure is currently under development in our

group.

The electrochemical sulphur (ECP) deposition and ammonium sulfide treat-

ment appeared to be the best passivants, reducing dark current density of 50 um
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x 50 um devices by factors of ~ 200 and 25, respectively. Both of these passivants
saturate the surface states by sulfur and create an ordered layer of sulfur adatoms

on the semiconductor surface [51, 91].

5.2.6 Study of Long term Stability of ECP in PIN device

To evaluate the long-term stability of ECP passivation, we measured I-V char-
acteristics of the pin detector treated with ECP right after the passivation and four
weeks later. The results are presented in Fig. 5.11 (left) and it indicated that the
detector performance did not degrade significantly for the large area device (400
pm x 400 um), whereas the dark current density of ECP had degraded over time
with J; being 0.09A/cm? right after passivation and 2.18A/cm? after 4 weeks of
passivation for the smallest area device (30 ym x 30 um) [89]. We attribute it to the
reaction of sulphur with oxygen in the air to form SO, gas. Thus, the encapsulation
with some type of dielectric or photoresist material (e.g. SiN,, 5iO,, or SU-8 ) is
required to prevent the ECP passivation from degradation. In the next experiment
we spun SU-8 over an ECP passivated device and found that this device degraded
heavily for all the mesa areas except for the 400 um x 400 um device as seen in
Fig. 5.11(right). The fact that dark current density degrades maximum on smallest
mesa area device as compared to the largest mesa area, indicates to us that the
very thick 1.5um of SU-8 must be peeling away 50A of ECP from the surface and
hence ruining the sulphur- InAs/GaSb bonds.

5.3 pBiBn Device Passivation

For the passivation of pBiBn LWIR InAs/GaSb SLS detector structure we utilized

only the electrochemical sulfur (ECP) deposition and ammonium sulfide treat-
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Figure 5.11: (Left)Dark current densities of unpassivated and ECP passivated pin
detector measured at 77 K right after passivation and in four weeks.(Right) Dark
current density vs. mesa area of ECP by itself vs ECP with SU-8 passivation.

ment, since they resulted in best quality passivation of pin SLS LWIR detectors
(as presented in Section 5.2). Fig. 5.12(Top) presents the dark current density vs
VADA mesa area of unpassivated and passivated by ammonium sulfide and ECP

treatments for SLS detector with pBiBn design measured at 77 K. The dark current

Table 5.1: Performance comparison of pin SLS LWIR detectors passivated by
various treatments.

Passivation Technique | J;, A/em?® (at- 0.1 V) | RoA, Qcm? | Iypface, Qem
Unpassivated 1.39 0.09 6.50
SiN, 2.21 0.07 6.81
SiO, 1.40 0.06 14.24
ZnS 1.67 0.03 16.05
SU-8 0.83 0.04 27.85
(NH,),S 0.30 0.27 65.88
ECP 0.09 0.28 1479.22
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density of 30 um x 30 ym detector was reduced by factors of ~ 3 and 54 for the
(NH4),S and ECP treatments, respectively.

The inverse of the dynamic resistance area product (RyA) at zero bias as a
function of the perimeter-to-area ratio at 77 K for unpassivated, (NH4),S and ECP

passivated detectors is shown in Fig. 5.12(Bottom)

Surface resistivity re, o Values equal to 6, 29, and 2717 Qcm for the unpassi-
vated, the (NH,4),S passivated, and ECP passivated detectors, respectively, reveal-
ing three orders of magnitude improvement of 1, .. for ECP treated devices at
77 K. As was shown by Gautam et al. [39] the typical operating voltage of pBiBn
detectors is 50-250 mV (negative bias). We found that the measured responsivity of
unpassivated, (NH,4),S and ECP passivated pBiBn detectors at 250 mV was equal
0.8 A/W (77 K, 10 um).

The shot noise limited specific detectvity D* was calculated at 10 ym using the

equation

D=8 (5.1)

kT
N2+ R
where R is the responsivity, g is the electronic charge, T is the temperature of
the device, k is Boltzmanns constant, | is the current density, R; is the dynamic
resistance, and A, is the diode area. The D" was improved by a factor of two and

ten for (NH4),S and ECP passivated detectors, respectively.

5.4 Comparison of Various Sulfide Passivants
The comparisons of wet-chemical (including ECP) depositions of passivants as

against dry methods of deposition (vacuum coating techniques) of the same passi-

vants need to be worked out. The detector material used in this study was grown
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by solid source MBE on n-type (Te-doped) epiready (100) GaSb substrate at Intel-
ligent Epitaxy Technology, Inc. (IntelliEPI). Detector heterostructure utilized the
graded-bandgap W-design SLS proposed by Aifer et al. [6] The band gap of such
n-on-p structure is increased in a series of steps from that of the lightly p-type
IR-absorbing region to a value typically two to three times larger. The grading
steps (W-SLS) were formed by InAs/GalnSb/InAs/AlGalnSb period structure, with
various composition and thickness of barrier, electron and hole wells. Absorbing
region with total thickness of 4 ym formed by p-type InGaSb/InAs SLS (p = 4 x
10 em™®) was surrounded by n and p-type contacts composed of InAs (n = 4 x
107 em™) and GaSb (p = 3 x 10'® cm ™), respectively. Further design details were

reported elsewhere [6].

The detector material was processed into a VADA arrays of square and circular
mesa diodes with the size of diode mesa sides (diameters) ranging from 25 to
400 um using standard optical photolithography techniques. For radiometric
characterization, the material was processed as single element detectors with 410
pym x 410 ym square mesas having apertures ranging from 25 to 300 ym. The
processing was initiated by an inductively coupled plasma (ICP) etch to the middle
of the bottom contact layer with total etch depth of 4.9 um. Next, 50 nm Ti/ 50
nm Pt/ 300 nm Au was deposited as the bottom and top contact metallization.
Finally, detectors were passivated with different passivation schemes with details
of each described below and summarized in Table 5.2. All passivation treatments,
except (NHy),S, were preceeded by short (20 sec) dip in H3PO4:H,0,:H,0 (1:2:20)
solution. In Table 5.2, the nomenclature TAM 1 and TAM 2 stands for acid-based

and base-based thioacetamide (TAM) passivation solutions, respectively.

To perform TAM passivation the samples were immersed in a 0.18M CH;CSNH,|]
solution for 40 minutes at 70C. The pH of TAM solution was adjusted to be acidic
or basic by adding an acetic acid (10%) or NH4OH(30%), respectively.
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Table 5.2: Summary of chalcogenide-based passivation treatments carried out on
graded bandgap W-design structure.

Passivation | Deposition technique | Temperature | Thickness
TAM 1. Wet Bath 55C ~10 nm
TAM 2 Wet Bath 55C ~10 nm
ZnTe:Cl MBE 250C 200 nm
(NHy),S (NHy4),S:H,O (1:4) 70 min RT 5-10 nm
ECP Na,S:ethylene glycol RT ~5nm

The electrochemical cell for the sulfur passivation consisted of the sample
(anode), a platinum mesh electrode (cathode) and the electrolyte in a glass beaker
at room temperature. The electrolyte was 0.1 M Na,S in ethylene glycol. A square-
shaped constant DC current with a magnitude of 33 uA was supplied from the
programmable current source to the back of the sample for a limited amount of
time (5 min). The samples were then rinsed with isopropanol and blow-dried with
No.

The 100%-cut-off wavelength of fabricated detectors was determined through
spectral response measurements performed using a Nicolet 670 Fourier transform
infrared (FI-IR) spectrometer with a glow-bar black body source and was found
to be equal 9.8 ym at 77 K (V;, = -0.1 V). Figure 5.13 shows the representative
normalized spectral response curves for various temperatures measured at -0.1V

of applied bias at various temperatures.

Passivation efficacy was evaluated by measuring current-voltage (I-V) depen-
dence at 77 K for VADA detectors. All I-V measurements were conducted on
variable-temperature Janis ST-500 micromanipulated probe station under zero
tield of view. Fig. 5.14 shows a comparison between dark current densities of as-

etched and treated by different passivations devices with perimeter-to-area ratio
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(P/A) of 1600 cm™. Under typical value of operational bias, -0.1 V, the dark current
density decreased from ~ 0.8 A/cm? for unpassivated samples to ~ 0.3 A/cm? and
0.04 A/em? for acidic and base solutions TAM treatments, respectively, and to ~

2.7 x 1073 A/cm? for ECP treatment.

Fig. 5.15 presents a plot of RyA versus the perimeter-to-area ratio (P/A) for
unpassivated and passivated by various treatments SLS detectors measured at
77 K. The nearly linear dependence of 1/RyA (P/A) curve for ECP treated sample
indicates the negligible surface leakage currents. Contradictory to our expectations
the basic TAM passivation demonstrated superior performance compared to acidic

TAM treatment. Reasons of this phenomenon is currently under investigation.

Fig. 5.16 presents the shot-noise limited D* as a function of applied bias for
as-fabricated and treated by various passivations detectors evaluated at liquid
nitrogen temperature. At operational bias value, -0.1 V, the ECP treatment resulted
in improvement of shot-limited D* by factor of 5 compared to unpassivated device.
The corresponding value of quantum efficiency (QE) was equal ~ 12% at the same

value of applied bias for unpassivated detector.

5.5 Novel chlorine-doped Zinc Telluride (ZnTe: Cl)

Passivation

In the previous section, we compared various sulfide passivations most of which
such as ZnS, (NH,),S are chalcogenide passivants. But among all chalcogenides,
and sulfides, ECP came out on top with the lowest dark current. There of establish-
ing that it was not any sulfide compound would do, but the very thin film of pure
sulfur terminated the dangling bonds and eliminates formation of native oxides

most efficiently. The problem with ECP is that its structural stability degrades
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over time as seen in Section 5.3. For that reason we looked for a replacement that
would be also close in family of chalcogenides to mimic sulfide properties and

decided upon Zinc Telluride (ZnTe).

Zinc Telluride (ZnTe) is a wide-bandgap (E;= 2.23-2.26eV) compound semicon-
ductor belonging to the II-VI semiconductor material family. It has been widely
used in various solid state devices such as laser diodes, blue light emitting diodes,
solar cells and a important emerging compound for devices operating in the ter-
ahertz regime [13, 56, 106, 98, 99]. ZnTe has a zinc-blende crystal structure with
a lattice constant of az,7,=6.1034A which is lattice matching to GaSb and close to
that of InAs and AlSb. Hence ZnTe would be a suitable material to use as passivant
coating on InAs/GaSb based SLS structures. Also, ZnTe can be epitaxially grown
by MBE ensuring uniform deposition and high quality material with minimal de-
fects. Due to the robust nature of the ZnTe layer, we can expect no peeling as
in ECP indicating long term stability of the passivant. Since ZnTe can be etched,
conforming to any mesa size/shape and since it can withstand post processing,

ZnTe is ideally suited for FPA fabrication.

To investigate the performance of ZnTe as a passivation technique on T25SLS,
it was epitaxially grown on the same p-i-n detector heterostructure as employed
in the comparison of various passivations in Section 5.2. The ZnTe was MBE
grown in University of Michigan, Ann Arbor by Prof. J.D. Phillips and Dr. W.
Wang [104]. About 150nm-160nm thick ZnTe was epitaxially grown at 250°Cwith a
short thermal clean at 300°C. The SEM images a fully fabricated detector structure
with ZnTe is shown in Fig. 5.17. The figure shows a clean and uniform surface
at the sidewalls of the detector indicating uniform, defect free deposition. The
fabrication process is the same as detailed in Appendix A. For the passivation etch
where ZnTe is etched away at the areas where contact metal need to be deposited,

we implemented a dry etch technique of ICP with BCl; plasma.
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When I-V dark currents were measured on these diodes, they were all shorts.
This indicated that the ZnTe passivant was conducting forming an alternative
path for the charge carriers to migrate. This is because ZnTe is an intrinsically p-
type material even without impurity doping due to native defects inherent in the
material [102]. This inherent p-type property arises due the offset in stoichiometry
by way of Zn-deficiency and thereby having Zinc vacancies [V(Zn)] which act
as acceptors. To make the compound insulating i.e. have higher resistivity, Zn-
excess rather than Te-excess conditions need to be achieved during growth [55].
Furthermore, halogen impurities such as Cl, Br, and I can help retain higher
resistivity since halogen occupies Te-lattice sites, acting as donor impurity and

compensates for Zn-vacancy.

In order to compensate for the highly conductive ZnTe passivation, we doped
the compound with chlorine~10E18cm ™. The final thickness of ZnTe:Cl layer was
200nm and it was epitaxially grown by the MBE at 250°C. For this second round
of experiments we used two detector structure, (i) p-i-n detector heterostructure
same as employed in round 1 and (ii) the detector heterostructure utilizing the
graded-bandgap W-design SLS [6] as employed in the comparison of various
sulfide passivations in Section 5.4. As established in Section 5.4, the graded-gap
W-design SLS detector structure was grown at IntelliEPI. The fabrication process

for both were performed same as in round 1.

The second round of ZnTe:Cl passivation on the pin architecture of InAs/GaSb
SLS heterostructure showed chlorine doped ZnTe has the dark current density
(J4) of 0.21A/cm? at mesa area=1E-4cm? and T=77K, V=-0.1V whereas in unpassi-
vated J;=5.02A/cm?. Figure 5.18 indicates that ZnTe:Cl passivation shows minimal
change of dark current density over mesa area. This implies that the passivation
was successful in reducing surface leakage currents and the device dark current

is bulk limited not surface limited anymore. On the graded-gap W-design SLS
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heterostructure, Cl, doped ZnTe showed an improved (RoA),, of 67.64Q-cm?
compared to the (RyA)max of 21.97Q-cm? of the unpassivated device. When ECP
was compared with Cl, doped ZnTe on the graded-gap W-design SLS heterostruc-
ture, ZnTe:Cl showed a surface resistivity (rsrface) 0f 6700.51 Q-cm where as ECP
had a 1y face Of 10° Q-cm and unpassivated had a ry,, face = 155.89Q2-cm. Figure 5.19
clearly shows this scheme of improvement of ECP over Cl, doped ZnTe over

unpassivated.

Next we investigated the long term stability of the Cl, doped ZnTe and the
results are shown in Figure 5.20. We can learn from this plot that Cl, doped
ZnTe passivation technique show minimal change in dark current density over
varying periods of timei.e. from the initial measurement right after the passivation
fabrication and 4 weeks after. On the graded-gap W-design SLS heterostructure.
ZnTe:Cl showed a J; of 0.07A/cm? right after passivation and J; of 0.04A/cm? at
mesa area =1E-4cm?, T=77K and V=-0.1V,4 weeks after passivation. Whereas, on
pin architecture of InAs/GaSb SLS heterostructure, ECP showed a ], of 0.5A/cm?
right after passivation and J; of 1.0A/c:m2 at mesa area =1E-4cm?, T=77K and V=-
0.1V,4 weeks after passivation. This is a clear indication when it comes to long

term stability and FPA fabrication, Cl, doped ZnTe is preferable over ECP.

To the best of our knowledge, no other team has worked on ZnTe as passivant in
T2SLS or any other IR technology. Cl, doped ZnTe seems to satisfy all the 7 criteria
we set in the introduction of this investigation. Hence from the results these initial
experiments, we can confidently predict that Cl, doped ZnTe seems like a possible
alternative to ECP. Further trials have to be performed to improve its performance
efficiency and optimize the material such as (i) varying the thickness of the ZnTe:Cl
layer; (ii) varying the Cl, doping; (iii) varying Zn to Te ratio; (iv) study the effects of
post annealing after doping; (v) investigate the effects of changes in temperature.

The higher surface leakage currents in ZnTe: Cl, passivation can be due to the
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offsetin stoichiometry. T.Ishizaki et. al. [55] reported that in their electrochemically
deposited ZnTe, when the Zn concentration is reduced, the resistivity of the ZnTe
films decreases although Zn:Te ratio is maintained nearly 1:1. This indicates that
the Zn-vacancies are acting as acceptors to lower resistivity. The same argument
can be extended to MBE grown ZnTe films as well and Zn-excess conditions
i.e. (1+x)Zn:1Te can be maintained during growth. A second option would be to
generate a multi-layer passivant by depositing SizN, encapsulating the passivating
layer of ZnTe. Using ZnTe:O which has shown higher resistivity than ZnTe [104]

may also be another option.

5.6 Conclusions

In conclusion, first we have investigated different passivation treatments for the
improved performance of type-II InAs/GaSb SLS detectors with pin and pBiBn
designs operating in the LWIR spectral region (100% cut-off wavelength of ~ 12
pm at 77K). The ammonium sulfide passivation and electrochemical sulfur passi-
vation (ECP) showed superior performance, improving the dark current density
by factors of 200 and 25 (pin detector) and ~ 3 and 54 (pBiBn detector), respectively
(T =77 K, -0.1 V of applied bias). The specific detectivity D* was improved by
a factor of two and by an order of magnitude for (NH,4),S and ECP passivated
pBiBn detectors. The reported improvement of device performance suggests that
the (NHy),S and ECP passivation techniques have promising implications for the

practical realization of FPAs based on type-II InAs/GaSb SLS.

In the next experiment, we compared efficacy of various sulfur-based treatment
on performance of LWIR InAs/GaSb SLS detector with graded-bandgap design [6].
We found values of I face €qual to 1.7 x 102, 6.8 x 10?, ~ 3 x 10%, and 1.4 x 10° Qcm
for the unpassivated, TAM acidic, TAM basic, and ECP passivated detectors, re-
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spectively, revealing three orders of magnitude improvement of 1y, .. for ECP
treated devices at 77 K. The typical values of rg,foc. are ~ 10* Qcm, 204 Qcm, and
196 QOcm for polyimide [50], SU-8 [57], and SiN, [8] passivations, respectively, ap-
plied to InAs/GaSb SLS detectors with LWIR cut-off wavelengths. Passivation of
LWIR SLS detectors by other sulfidization schemes yields rq,, .. values of 29 Qcm
(ammonium sulfide-based passivation) [50] and 2.5 x 10° Qcm (ZnS treatment) [8].
ECP improved J; compared to unpassivated, by factor of 15 in InAs/GaSb SLS
heterostructure and by a factor of two in InGaSb/InAs SLS heterostructure. This
could be due to the formation of InO, which helps in reducing surface conduction
as stated in J. Nolde et al [77]. This observation has to be further investigated
by performing systematic surface material characterization such as XPS measure-

ments.

In the long term stability study of ECP on InAs/GaSb SLS based LWIR detector
with pin design, detector performance for the smallest area device (30 ym x 30 ym)
degraded from the measurements taken right after passivation to 4 weeks later,

were we see the dark current density increased by factor of 5.

Finally, we concluded the chapter with a novel passivation technique of that
of chlorine doped ZnTe. Even though ECP had lower dark current density than
ZnTe:Cl], chlorine doped ZnTe had better long term stability and better integration
into FPA fabrication.
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Figure 5.12: (Top) Dark current density vs mesa area of unpassivated and passi-
vated by ECP and ammonium sulfide SLS detector with pBiBn design measured
at 77 K. (Bottom) Dependence of dynamic resistance-area product at zero bias vs
(P/A) ratio for unpassivated, (NH4),S and ECP passivated variable area diodes at
77 K of pBiBn detector.
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Figure 5.13: The representative normalized spectral response curves for various
temperatures measured at -0.1V of applied bias at various temperatures.
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Figure 5.17: SEM images of ZnTe passivated InAs/GaSb SLS detectors showing
the highly uniform deposition of ZnTe.
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Figure 5.18: Dark current density vs. mesa area of unpassivated and ZnTe passi-
vated on pin architecture of InAs/GaSb SLS heterostructure.

128



Chapter 5. Electrical Characterization of Passivated InAs/GaSb SLS Detectors

T=77K and Mesa Area=0.0016cm’

E| ; T T T
j=——ECP

Unpassivated

14 ZnTeCl __

0.1 4

0,01+

Dark Current Density (Alcm®)

1E-3 4

1E-4 4 . : . .
-1.0 0.5 0.0
Voltage Bias (V)
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Conclusions

The main objective of this work is the investigation of surface chemistry of
InAs/GaSb SLS and development of effective mesa delineation and passivation
techniques for IR single-element detectors and FPAs based on this material sys-
tem. SLSs have gained a lot of interest in the past two decades due to the inherent
advantages over present-day detection technologies. In particular, the type-II
InAs/GaSb SLS are characterized by large electron effective mass which leads
to smaller leakage currents and higher detectivity; higher quantum effciciency
originates in inter-miniband transitions stipulating normal incidence absorption;
adjustable bandgap provide tunable cut-off wavelength and, in turn, multicolor
capacity of FPAs based on InAs/GaSb SLs. Moreover, by appropriate variation of
layer thickness and composition it is possible to tailor the light-hole and heavy-
hole band separation to suppress Auger recombination with consequent increase

in carrier lifetime.

In chapter 1 of this dissertation the general concepts of IR detection were
introduced followed by the brief description of IR detector types (photon and

thermal). Pros and cons of competitive IR technologies based on interband and
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intersubband detectors were described and compared with alternative technology
for IR detection based on type-II InAs/GaSb SLS. The next section in the chapter
established the motivation behind the research work presented in this dissertation.

Lastly, the chapter summarizes the contributions made in the dissertation.

Chapter 2 briefly describes the three different architectures of Type-1I SLS LWIR
detectors used during the course of this work and they are (i) p-i-n design, (ii) pBiBn
design, and (iii) graded bandgap "W’ structure. The second part of chapter briefly
introduces the characterization techniques used in this work, namely (1) Material
characterization and (2) Electrical characterization. The material characterization
saw two Categories: (i) Bulk material quantification methods such as HR-XRD,
TEM and (ii) Surface material characterization such as AFM, SEM, EDX and XPS.
The electrical characterization section explained the principles behind spectral
response measurements, dark current densities, surface resistivities, responsivity

measurements, quantum efficiency and specific detectivity calculations.

Chapter 3 reviewed mechanisms of surface oxide formation on exposed side-
walls of InAs/GaSb SLS detectors as well as various passivation techniques of
SLS detectors operating in different regions of IR spectrum reported by various
research groups. The extensive analysis of available literature on passivation of
SLS detectors showed that there are various passivation techniques developed
for passivation of MWIR and LWIR InAs/GaSb SLS detectors. However, there
is no universal approach developed yet that would treat equally efficiently the
SLS detectors with different cut-off wavelengths. Moreover, more studies have to
be conducted on interface quality between SLS detector sidewall and passivation
coating in order to better understand the chemistry underlying various passiva-
tion schemes. Finally, since passivation needs to be successfully integrated into
FPA fabrication procedure, more research on compatibility of various passivations,

especially sulfur-based, with FPA fabrication, has to be performed.
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Chapter 4 was devoted to our efforts on development of an optimized etch for
the mesa delineation of SLS detectors. We have examined the surface of etched
mesa sidewalls of InAs/GaSb LWIR (50% cutoff wavelength is 14 um) detectors af-
ter conventional BCl;-based plasma assisted etch, chemical etch (H,O,:HCI:H,O=
1:1:4), and a combination of both the etches. Contradictory to our expectations,
we found that the smoothest sidewall profile with reasonable undercut was ob-
tained after chemical etch alone. Plasma-assisted etch generated a lot of damage;

in particular, etch residues and a two-step sidewall profile were observed.

Next, we have studied sidewall profiles of 24 um x 24 ym mesas etched on
InAs/GaSb SLS LWIR (50% cutoff wavelength is 14 um). The optimized chemi-
cal etch (H,O,:HCI:H,O= 1:1:4) showed significant lateral etch (9 ym each side)
and hence rendering itself unpractical for FPA fabrication. Plasma-assisted etch
resulted in smooth vertical sidewalls of individual FPA pixels free from any etch
residuals with no undercut (with respect to mask) observed. Application of chem-
ical etch subsequent to the plasma assisted etch was expected to further smooth
the sidewalls; however, it resulted in undercut estimated to be 8 um on each side
of FPA mesa, which is not acceptable for the subsequent FPA fabrication steps.
Thus, we found that the plasma-assisted etch is the only acceptable method for
fabrication of small dimension mesa structures in high fill-factor FPAs based on

InAs/GaSb SLS.

The objective of chapter 5 was to understand the effect surface modifications
make on performance of InAs/GaSb SLS MWIR and LWIR detectors utilizing
the common IR detectors figures of merit, i.e., responsivity, quantum efficiency,
dynamic impedance area product, surface resistivity and specific detectivity. We
found that the sulfur-based passivations, the ammonium sulfide passivation and
electrochemical sulfur passivation (ECP), significantly improved performance of

pin and pBiBn LWIR (100% cut-off wavelength of ~ 12 um at 77K) SLS detectors.
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The dark current density was decreased by factors of 200 and 25 (pin detector) and
~ 3 and 54 (pBiBn detector), respectively, compared to the unpassivated devices
(T =77 K, -0.1V of applied bias). The specific detectivity D* was improved by a
factor of two and by an order of magnitude for (NH,4),S and ECP passivated pBiBn

detectors.

Application of sulfur-based passivation on graded-bandgap LWIR detectors
resulted in values of Iy fae equal to 1.7 x 10%, 6.8 x 10%, ~ 3 x 10%, and 1.4 x 10°
Qcm for the unpassivated, TAM acidic, TAM basic, and ECP passivated detectors,
respectively, revealing three orders of magnitude improvement of rg;,fq. for ECP

treated devices at 77 K.

The drawback of ECP is that, due to its delicate 50A thick sulfur deposition, it
peels-off over time, hence degrading the performance of the device. Also, due toits
delicate nature, ECP is impractical to be incorporated into FPA fabrication. Hence
we proposed and implemented a novel ZnTe:Cl passivation in this dissertation.
ZnTe being a chalcogenide behaves similarly to sulfide passivation by forming
covalent bonds with the abruptly terminated InAs/GaSb SLS crystal lattice. On
the graded-bandgap “W-design, ECP showed a superior surface resistivity (r)
of 10° Q -ecm over ZnTe:Cl passivation with r; =6700 Q-cm and unpassivated
;=156 QQ -cm at 77K. Then, during the course of a month, ZnTe:Cl passivation
showed almost no degradation, where as dark current density of ECP at 77K
and applied bias=-0.1V, went from 0.5A/cm? to 1A/cm? in on a 1E-4cm? device in
4weeks. Since these are our initial experiments with ZnTe:Cl passivation, further
calibration experiments need to be run in order to improve quality of the passivant

and then its performance can probably surpass that of ECP.

In conclusion, we developed optimized etch procedure for the single-element
large-area InA/GaSb SLS detectors and showed that plasma-assisted etch is only
alternative for the fabrication of SLS FPAs. Performance of LWIR detectors with
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pin, pBiBn, and graded-bandgap designs passivated by dielectric, organic, and
chalcogenide-based passivation were investigated and compared. We found that
electrochemical sulfur passivation (ECP) effectively passivated SLS detectors with
all investigated designs and was superior compared to other passivation treat-
ments. Finally, to find an alternative to long-term unstable ECP, we implemented
novel ZnTe:Cl passivation in the InAs/GaSb SLS LWIR detectors. This MBE grown
technique is robust, uniform deposition, that can be incorporated into FPA fabri-
cation and gives the detectors long term stability that can take these type-II SLS

based LWIR detectors to commercialization.
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Future Work

We have in the past chapters explored the options of implementing existing tech-
nology such as SiO,, SiN,, SU-8, ECP passivation schemes into our studies, but
also pushed the envelope with novel etch techniques and passivation schemes
such as ZnTe:Cl onto SLS heterostructure. Regardless of the various advantages
the SLS technology offers over existing InSb, QWIP, MCT IR technologies, such
as normal incidence absorption, uniform and economical material growth, multi-
color operation, reduced tunneling currents and suppressed Auger recombination,
they have yet to fulfill their promise of superior performance [107]. The SLS still
demonstrate dark current densities significantly higher than that of bulk MCT
detectors especially in the MWIR regime. After decades of research, the search for
the ideal passivation scheme still remains elusive. Hence, in this dynamic field of
research new innovations to improve the performance of SLS bulk system and to
reduce surface effects are always around the corner. In this chapter we describe
a few experiments that were carried out as a part of this research that pushes the
envelope a little bit by exploring the charge carrier mechanisms at the surface of
InAs/GaSb SLS LWIR detectors along with an investigation into the passivation
mechanisms at the interface of passivant and the InAs/GaSb SLS LWIR detector
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surface. We hope these studies can there-of lay a path out to develop new solutions

to existing problems.

In this chapter we first look at an alternative IR device architecture called
the gated or the 3-terminal architecture. This structure gives us the access to
manipulate interface between the passivation layer and semiconductor surface
by introducing charge carrier into it by a metal contact on the passivant. In the
second half of this chapter, we will look at a few of the emerging techniques to
study the surface material and mechanism of the passivant, the exposed surface
and sidewall of the InAs/GaSb based SLS and the interface of the passivant and
InAs/GaSb based SLS.

7.1 IR detector with Gated/3-Terminal Architecture

The ultimate objective of our work presented here is to reduce the surface leakage
currents such that it does not overwhelm the crucial bulk dark current mecha-
nisms. Previously we have looked at various etch and passivation techniques
for LWIR SLS mesa-isolated IR detectors to reduce surface roughness, residual
by-products and deterrent native oxides, there by suppressing surface leakage
currents. Presented here is a technique first proposed by F. Fuchs et al in 1998 [37]
wherein they deposited a gate metal on their dielectric layer that passivated the
large-area InAs/(Galn)Sb SL photo-diodes as shown in Fig 7.1. As seen in the graph
of Fig 7.2, they reported a significant change in the current density by varying the
gate voltage. At gate voltage of -1.25V they observed the maximum suppres-
sion of tunneling currents by 4 orders of magnitude. The authors attribute this
to the compensation of the work function of gate metal and the semiconductors

(InAs/(Galn)Sb SL) at V5=-1.25V.
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Figure 7.1: SEM images of the gate metalized diodes. The gate metal can be seen
surrounding the n-contact in left image and on the sidewalls on the right image.
Images are reproduced from [37].

G. Chen et al [22, 24] applied the gated diode technique to their SiO, passivated
MWIR T2SLS p-n-M-n heterojunction Fig. 7.3. Figure 7.4 depicts the electrical
performance reported by the authors. They indicate that at V=0V, the gated
diodes (GDs) are leakier than the unpassivated diodes (UPDs) and ungated diodes
(UGDs). The authors infer that this could be due to the difference in workfunction
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Figure7.2: TheI-V characteristics of a gated InAs/(Galn)Sb SL photo-diode . Image
is reproduced from [37].
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Figure 7.3: (Left side) Schematic of a gated diode fabricated on MWIR T2SLS
p-1I-M-n heterojunction. (Right side) Band diagram indicating charge transport
mechanism at the 5i0,-T25LS interface. Images are reproduced from [22, 24].

of the metal and semiconductor causing band bending at the interface leading to
additional electron accumulation (as seen in Fig. 7.3) and hence increased surface
leakage currents. Now when a negative gate bias is applied to these diodes,
they see a significant improvement in performance and saturates at V=-40V. At
this gate voltage they ascertain that all accumulated electrons at the SiO,-SLS
interface are repelled thus establishing flat band condition at the mesa sidewalls

and suppressing surface leakage currents.

7.1.1 Growth and Fabrication of SiO, passivated IR detectors

with 3-Terminal architecture

We implemented the gated diode technique on our pBiBn detector structure Fig 7.5.
The detector structure has 800 nm thick (200 periods) 9 ML InAs/4 ML GaSb SLS
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Figure 7.4: Electrical characteristics of ungated, gated and unpassivated diodes at
T=120K. Images are reproduced from [22].

n-type contact layer doped with Te (n = 3 x 10'® cm?) followed by non- intentionally
doped (n.i.d.) holeblocking (HB) layer consisting of 275 nm thick 16 ML InAs/4 ML
AlSb SLS (45 periods). Then a 1.94um thick (300 periods) p-doped (p=1E16cm?)
absorber region of 14ML InAs/7ML GaSb SLS is grown. Next, n.i.d 149 nm (
45 periods) thick electron blocking (EB) layer made of 7ML GaSb/4ML AlSb SLS
is deposited and 130 nm (38 periods) thick p-type contact layer made of 5 ML
InAs/8ML GaSb doped with Be (p = 2.8 x 10'® cm®) completed the structure. In
the detector structure SLSs were grown with imposed InSb interfaces in order to
balance the strain. The normalized spectral response of the pBiBn detector was
measured with a glow-bar source within the FTIR spectrometer and is shown in

Fig 7.6. It shows a cut-off wavelength of 11um.

In order to fabricate IR detectors with 3-terminals, we designed a new mask
set as shown in Fig 7.7. The fabrication process of the SiO, passivated gated diodes

is similar to the processing of passivated 2-terminal devices except for the last
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p+SLS Contact layer (0.13pm)

Figure 7.5: Schematic of the pBiBn structure.

step of depositing passivation metal of Ti/Au ( detailed in Appendix C). Figure 7.8
shows a cross-sectional schematic of a completed 3-terminaled SiO, passivated
gated diodes. Figure 7.9 shows the SEM image of a completed 3-terminaled
SiO, passivated gated diodes. It indicates a complete coverage of the passivated
sidewall by the passivation contact metal along with the clear areas of where SiO, is

removed and hence inferring ideal fabrication of the 3-terminaled SiO, passivated
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Figure 7.6: Spectral response of the pBiBn detector measured at 77K and 100K at
a applied bias of -0.1V.
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Figure 7.7: CAD-screen shot image of the mask set implementing the 3-Terminal
architecture.

gated diodes.

7.1.2 Performance of SiO; passivated IR detectors with 3-Terminall]

architecture

The I-V measurements were then performed on the variable temperature Janis
ST-500 micromanipulated probe station at 77K and under zero field of view. A
third probe was used to contact the gate contact and it was connected to an Agilent
power supply to provide the gate voltage. The microscope images taken in the

probe station, with and without the probes are shown in Figures 7.10 and 7.11.

The results of the electrical characterization are shown in Figures 7.12 and 7.13.
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p and n Contact Metal: Ti/Pt/Au (0.4um)

Passivation Contact Metal: Ti/Au (0.35um)

Passivation layer: SiO,

n+SLS Contact layer

Figure 7.8: Cross-sectional schematic of a completed 3-terminaled SiO, passivated
gated diodes.

In Fig 7.12, we see the results of a 3-terminal SiO, passivated gated diode with

Top View

Top Metal Contact

SiO, present

Mesa Sidewall with
passivation contact
metal

Figure 7.9: SEM image of a completed 3-terminaled SiO, passivated gated diodes.
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Figure 7.10: A top view probe-station microscope image of a completed 3-
terminaled SiO, passivated gated diodes with square mesas.

square mesa size of 500um and no aperture. It was subjected to gate bias from
-10V to +10V and under ungated condition. Under ungated condition wherein
the gate probe was not connected and a regular 2 probe diode I-V measurement
was carried out. It should be noted that when V=0V, the 3rd probe is connected
but the voltage supplied is zero. Fig. 7.12 indicates that ungated condition had
the lowest dark current density (J;) of 0.0136 A/cm? at applied bias of -0.1V and
applying gate bias seems to worsen the device performance. Moreover, negative
gate bias performed worse (with V;=-10V having the highest J; of 0.0163 A/cm?2at
applied bias of -0.1V) than positive gate bias. Additionally all the positive gate
bias data are gathered together along with V=0V atJ; 0.02 A/cm? at applied bias

of -0.1V, indicating there was no change on varying the positive gate bias.

Fig 7.13 shows the results of a 3-terminaled SiO, passivated gated diode with
square mesa size of 400um and no aperture along with J; of unpassivated device.

This device was subjected to gate bias of OV to -14V. Here we clearly see the

143



Chapter 7. Future Work

Figure 7.11: A top view probe-station microscope image of a completed 3-
terminaled SiO, passivated gated diode (square mesa size of 400um and aperture
diameter of 100um) with all three probes attached.

advantage of SiO, passivation as unpassivated device had the highest J;. Once
again the ungated condition showed the lowest J; of 0.0139 A/cm? at applied bias
of -0.1V and applying gate bias seems to worsen the device performance. Both
devices overloaded at V;=-15V and was irreversible due to the damage to the gate

contact Fig 7.14.

In our case, the unpassivated devices showed worse J; than gated, hence we
can deduce that our devices did not have any difference in work function between
metal and semiconductor. Our goal for this experiment was not just to reduce
surface leakage currents but also to investigate the charge transport mechanism at
the interface of a passivant. G. Chen et al [22, 24] have indicated that there is an
accumulation of electrons at the interface and if it is indeed so, then do they get
neutralized by the trap states in a 5iO, passivation? We have not seen evidence of

that. In our devices, positive gate biases do not make a change, but negative biases
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Figure 7.12: Dark current density vs. voltage bias under gate bias from -10V to
+10V and under ungated condition of a 3-terminaled SiO, passivated gated diode
(square mesa size of 500ym and no aperture). All measurements performed at
77K and zero field of view.

do. As more and more negative gate voltage is applied, there is further increase in
surface leakage currents; this means there is more accumulation of charge carriers
at the interface of SiO, and semiconductor. This condition can happen when the
SLS is behaving as a p-type semiconductor and the charge carriers are holes. This
goes against the conclusion of G. Chen et al [22, 24] and hence has to be further

studied.

Moreover, our devices never reached flat band conditions and the reasons for
these observations need to be further investigated. It could be that pBiBn is too
complicated a system to make accurate inferences as each layer could function as
a semiconductor entity in itself. Also the mesas sizes available to us in this mask
were from 500um to 300um, which are too large to accurately infer surface effects.
In our future work, we intend to make a new mask set with smaller mesas than

300um. Also the thickness and quality of SiO, must be optimized.

145



Chapter 7. Future Work

unpass &SiO passivated-squaremesa-400um-no aperture
T T

o

o
o

—=— ungated
——VG=0V
——VG=-1V
——VG=-5V
——VG=-10V

~— VG=-14V
—— unpassivated

Dark Current Density (A/cm?)

m
w

1E-4 + T T
-0.6 -0.4 -0.2 0.0 0.2

Voltage Bias (V)

Figure 7.13: Dark current density vs. voltage bias under gate bias from 0V to
-14V, under ungated condition and unpassivated. All gated bias measurements
performed of a 3-terminaled SiO, passivated gated diode with square mesa size
of 400um and no aperture and at 77K with zero field of view.

7.2 Surface Material Characterization

In this section, we once again come back to the question of how to quantify pas-
sivation? The complication arises because, the choice of a passivant is dependent
not only on the function of making a surface passive (inactive), but also on the
material being passivated/surface states/dangling bonds/defects it has to interact
with. This raises the question of the mechanism of passivation-if a passivant sim-
ply envelopes a surface, hence depriving its interaction with atmosphere or if it
has to form chemical bonds hence becoming the part of the structure itself? Addi-
tionally, if both cases are possible, then which is a better passivant- an encapsulant

or a chemically bonding passivant?

In the chapter 5, we explored the path of electrically quantifying a passivation.

This section explores our attempt to answer these fundamental questions posed
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Figure 7.14: A top view probe-station microscope image of a completed 3-
terminaled SiO, passivated gated diode (square mesa size of 400ym and no aper-
ture) under overload condition, with all three probes attached.

above by taking a closer look at the interface of a passivant and the InAs/GaSb
superlattice structure. Here we study the material make up of each passivant
available to us along with their interactions with GaSb, InAs, InSb individually and
with SLS material as one whole entity. The accessibility to material characterization
techniques such as X-ray photoelectron spectroscopy (XPS) and Energy Dispersive
X-Ray spectroscopy (EDX) have give us determinable data to recreate the atomic

interaction of each passivant with the InAs/GaSb SLS structure.
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7.2.1 Energy Dispersive X-Ray spectroscopy (EDX) measurements|
on

various passivation techniques on InAs/ GaSb SLS devices

Energy Dispersive X-Ray spectroscopy (EDX/EDS) is an analytical tool found on
most Scanning Electron Microscopy (SEM) instruments that is used for chemical
or elemental analysis of a specimen. This tool operates under the assumption
that each element has its own unique atomic make-up and hence this allows
the X-rays emitted which are a distinguishing feature of an element’s atomic
structure and would be unique to the element and hence identifiable. During the
emission of X-rays from the sample as it stops the streaming electron beam, the
“balloon-shaped “primary volume of excitation (i.e. the Brehmsstrahlung sphere
volume) within the sample expands with increasing the energy of the e-beam by
higher voltages applied on the cathode source. The size of the primary volume
of excitation varies from 0.5 to 3um in diameter as well as in depth within the
sample. Since the X-rays are emitted as a result of the loss of kinetic energy
of the electron beam at this “expanding volume-element”, the differences in the
EDX peak intensities for the constituent chemical elements point to compositional
heterogeneity between the near-exterior (sub-surface) region as compared to the
deeper regions of the specimen(SLS). It must be noted that the EDX spectrum
presented in this section is plotted with X-ray energy (in keV) on the X-axis and
the intensity (in counts) on the Y-axis. For the purpose of our measurements
we used the JEOL 5800LV SEM, equipped with an Oxford Analytical ultrathin-
window EDS and an Oxford Isis 300 X-ray analyzer attached to the microscope. It
must be noted that we used automated analyses feature on tool and its analytical

software provides semi- to fully quantitative EDS analysis down to boron.

The SLS samples utilized had 14ML InAs and 7 ML GaSb per period with the
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p-i-n design. The complete description of this structure is given in Section 5.2, as
we employed the same specimens used for the comparison of various passivation
techniques on pin design of the SLS detector. The different passivation techniques
along with their fabrication details are summarized in Table 7.1. The results of the
electrical characterization are shown in Fig 7.15. During the course of progression
of this section we will use a few terminologies to describe different regions in
our structures and they are illustrated in Figures 7.16,7.17 and 7.18. Structure A
shown in Fig 7.16 is an unpassivated InAs/GaSb SLS detector, whereas Structure B
(shown in Fig 7.17) is passivated with passivant removed at the aperture and from
the metal contacts. Finally, Structure C (shown in Fig 7.17) is where the passivation
is applied at the end of the fabrication process and hence is present throughout

the sample.

In the aperture region in all cases, where there is no passivant, the EDX spec-
trum have the dominance of Ga and As peaks at lower excitation voltages(e.g.
5keV) whereas the intensities of In and Sb peaks are the highest for the 30keV
spectra in all the cases. The terminating part of the specimen towards the surface
has dominance of Ga and As, considering the EDX of the aperture region regis-
tered at 5keV for all the cases, as compared to the conspicuous In and Sb peaks

along with those of Ga and As in lesser prominence at 30keV.

1. InAs/GaSb SLS device passivated by Silicon Nitride

The first passivation technique we measured under the EDX is the silicon
nitride (SiN,) and the resulting structure is Structure B. The plots at the
aperture are shown in Fig 7.19 for X-ray energies 5kev (left side) and 30keV
(right side). In the unpassivated aperture region, the EDX peaks of Ga & As
are dominant with no Si- peak at 5keV excitation. This indicates that the EDX
can distinguish the regions without the passivant. At high excitation voltage

(30keV), the X-ray emission peaks from the bulk constituents dominate i.e.
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Table 7.1: Summary of all the passivation techniques which were characterized
under the EDX.

Passivation | Pre-Passivation Deposition Temperature Final

Technique Treatment Technique of deposition | Thickness

SiN, H;PO,:H,0,:H,O PECVD 300°C 2000A
(1:2:20)-20sec dip

SiO, H;P0O4:H,0,:H,O E-beam- 170°C 2000A
(1:2:20)-20sec dip evaporator

ZnS H;PO,:H,0,:H,0 E-beam- RT 2000A
(1:2:20)-20sec dip evaporator

SU-8 H;PO,4:H,0O,:H,O Spun RT 1.5um
(1:2:20)-20sec dip

(NH,),S - Wet bath -20% RT 50-100A

(NH4),S:H,O
(1:4)-120 min dip

ECP H;PO,;:H,0,:H,O | Wet bath-Na,S RT 50A

(1:2:20)-20sec dip in Ethylene
glycol-charged

Ga, In, Sb and As with no Si-peak. Presence of N and/or O peaks (closely
spaced) of lower intensities persist at the aperture region due to surface

reactions while handling the specimens.

The plots at the passivated mesa sidewall are shown in Fig. 7.20 for excitation
X-ray energies Skev (left side) and 30keV (rightside). It must be noted that the
EDX plots for passivated top, side-wall and the bottom regions of the mesas
at excitation voltages 5keV and 30keV are all similar. The total coverage
of SiNx as a passivant is evident from the dominant peaks of Si and N at

the passivated top, side-wall and the bottom regions of the mesas at lower
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techniques carried-out on pin design of the SLS detector.

excitation voltage (5keV). The marking of Au very close to the Si peak arises

from the very-thin film of gold coating on insulator often used for avoiding

the charging effects.

The predominance in intensities of In and Sb peaks indicates that these con-

stituents have higher contents in the interiors of the SLS specimens used in

the present EDX studies. More significantly, the peaks of Siand N, discernible

in the 30keV EDX from the top, bottom or side-wall of mesa, do not have

constant ratio in relative intensities. In all these regions, the peak intensity
of Si is higher than that of N which is in contrast to the EDX of SizNy (bulk)
with higher intensity for N- peak than that of Si. The stoichiometric ratio of
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14ML InAs/7TMLGaSh LWIR SLS

Figure 7.16: Heterostructure schematic of InAs/GaSb SLS detector with p-i-n ar-
chitecture with no passivation and we call it as “structure A”.

the two chemical constituents, therefore, does not correspond to 1: 1.33 (i.e.
of Si3Ny) .The passivant layers are more of SiN, where x<1.33.Prevalence
of non-stoichiometry in silicon nitride thin films are reported in literature
wherein the films are either amorphous or partially-crystalline. The struc-
tural disorder caused by increasing nitrogen content on silicon network is
accompanied by changes in electrical properties from semiconductor to in-

sulator behavior.

Considering the dielectric films of Si-N compounds as the passivant layer,
minor compositional deviations arise from the formation of point-defects,

i.e. atomic vacancies or interstitials. The point defects can trap electrons
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Figure 7.17: Heterostructure schematic of InAs/GaSb SLS detector structure with
p-i-n architecture with passivation and we call it as “structure B".

(or holes) to retain electro-neutrality. In the present case, the N-vacancies
(anion vacancies) can trap electrons. As a result, accumulation of electrons
at the insulator-semiconductor (SLS) interface is possible leading to band
bending as talked about in the previous section. The performance of SiN, as
apassivant can bejudged from the surfaceleakage currentsi.e. in comparison
to the dark currents with other passivants and thisis seen in Fig 7.15. It shows
SiN, having poor dark currents and this could be due to the non-uniform

SiN, deposition leading to large presence of N-vacancies.

2. InAs/GaSb SLS device passivated by Silicon dioxide

The next passivation technique we measured under the EDX is the silicon
di oxide (SiO,) and the resulting structure is again Structure B. It must be
noted that the EDX of the aperture region as well as the SiO, passivated top,
sidewall and bottom regions of the mesa were all registered under the same

condition of 30keV and they were all similar. The plots at the aperture (left
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Passivation Layer

p+ GaSb Contact layer

SLS Absorber

Figure 7.18: Heterostructure schematic of InAs/GaSb SLS detector structure with
p-i-n architecture with passivation and we call it as “structure C".

side) and sidewall (right side) are shown in Fig 7.21 for x-ray energy 30keV.
The EDX of SiO, passivation layers is apparently more complex because
of the possible surface chemical reaction between the passivant and the
SLS under the conditions of SiO, deposition particularly the oxygen partial
pressures. At the aperture region without the passivant, there isno indication
of the presence of Si although O-peak of minor intensity is observed. The
latter arises from the incipient formation of native oxide film. The presence
of the high intensity peaks of In, Sb, Ga and As along with the Si and O
peaks of medium weak intensities indicates the robustness of silicon oxide

of thickness ~200 nm. This is because of the higher stability of the passivant
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Figure 7.19: EDX plots of SiNx passivated InAs/GaSb SLS detector structure with
p-i-n architecture at the aperture of the device and at x-ray energy (left side) 5keV,
(right side) 30keV.

oxide having different Si: O ratios. Of these, silicon monoxide of apparent
chemical composition, SiO, and silicon dioxide, SiO,, are the two well known
phases. In the early stages of the oxide deposition, Si: O ratio is quite off-set
from the 1:2 as in SiO,. This is very evident from the higher relative intensity

of the Si- peak as compared to the O-peak intensity in the EDX spectra from

Figure 7.20: EDX plots of SiNx passivated InAs/GaSb SLS detector structure with
p-i-n architecture at the sidewall of the mesa and at x-ray energy (left side) S5keV,
(right side) 30keV.
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Figure 7.21: EDX plots of SiO, passivated InAs/GaSb SLS detector structure with
p-i-n architecture at the aperture (left side) and sidewall (right side) at x-ray energy
of 30keV.

all the passivated regions. Higher intensity of Si in comparison to that of O
peak is not usual for the EDX of SiO, (bulk). Formation of oxygen-vacancy
related electron traps is envisaged whose role in modifying the electrical
properties of the insulator-semiconductor interface can be accounted for, on
the same line as of SiNx proposed above. However, the difference is that the
sub-oxide of silicon has definite field of stability and may have preferential
formation due to the catalytic effects on the surfaces of T2SL layers as well
as on other Group-III antimonides. It has to be noted from Fig 7.15, that
SiO, passivation behaved better than SiN, and unpassivated. This shows
that SiO, deposition was more uniform and did not have the formation of
oxygen-vacancy related electron traps as seen in SilN,. It has to be noted that
non-stoichiometric silicon oxide deposited at low gaseous pressures show
semi-insulating properties and that SiO, non-stoichiometric films having x<2

formed by low pressure chemical reaction.

3. InAs/GaSb SLS device passivated by SU-8

In our next study, we measured EDX on SU-8 passivated InAs/GaSb SLS

detector structure with p-i-n architecture and the resulting structure is again
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Figure 7.22: EDX plots of SU-8 passivated InAs/GaSb SLS detector structure with
p-i-n architecture at the top of mesa and at x-ray energy (left side) S5keV, (right
side) 30keV.

Structure B. The results are plotted in Fig 7.22 that shows EDX measurements
of SU-8 passivated InAs/GaSb SLS detector structure with p-i-n architecture
at the top of mesa and at x-ray energy (left side) 5keV, (right side) 30keV.
The passivation with SU-8 photoresist involves much thicker films (1500
nm, in the present case) than those of the previous passivants. The peaks
of C and O are persistent in all the EDX spectra recorded at 5 as well as
30keV as also from different location, i.e. top, side-wall or bottom of the
mesa. As expected for the epoxy resin polymers, the intensity of C-peak is
very strong as compared to that of O-peak. If fluorine is indeed present in
the structure, then F-peak is not discernible since the concentration of the
photo-acid generator (SbFs giving rise to HSbFg, in this case) is only a few
percentage by weight. Significantly, the C: O peak intensity ratio remained
unchanged in all these cases indicating that the chemical composition of the
cured polymer is the same at the interface or in the interior region of the

passivation layer.

The EDX spectra of the aperture region as seen in Fig 7.23 have no C or O
peak even when registered at 30keV. The EDX of the top, side-wall and the
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Figure 7.23: EDX plots of SU-8 passivated InAs/GaSb SLS detector structure with
p-i-n architecture at the aperture and at x-ray energy of 30keV.

bottom of the mesa at 30keV have total identity to the EDX of the aperture
at 30keV barring the C and O peaks for the former. These results point
to the fact that SU-8 photoresist is more of an encapsulant than a chemical
passivant.It has to be noted from the J; graph of Fig 7.15, that SU-8 performs
better than SiNx and unpassivated and on par with SiO, passivation on our
devices. This brings to wonder the effectiveness of dielectric passivants. We
can conclude in more finality only after more EDX is carried out on varied

thicknesses of these 3 passivation techniques.

4. InAs/GaSb SLS device passivated by ZnS

In our next experiment, we measured EDX of ZnS passivated InAs/GaSb SLS
detector p-i-n architecture and the resulting structure is once again Structure
B. It is evident from Fig 7.24, that there is very small peak of sulfur and
no sign of Zn at all. This indicates that we were successful in removing all
traces of ZnS from the aperture area and the remaining sulfur presence is
due to the compounds that sulfur forms with the T2SLS structure to form
complex sulfides. The EDX results indicate the robustness of ZnS as a passi-

vant since the peaks of Zn and S persist at 5keV as well as 30keV excitation
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in Figures 7.24 and 7.25. However the relative intensity of S is much lower
than that of Zn peak in the 5keV excitation of top, side- wall or bottom of
the mesa. The intensity of S-peak has slightly increased in all the EDX spec-
tra registered at 30keV, yet much lower than that of Zn. It is evident that
Zn/S ratio is not uniform throughout the specimen. The Zn-excess films of
ZnS have more S-vacancies which act as electron trap centers. The unique
feature in this case is that both Zn (p-type) and S (n-type) are active dopants
in III-V semiconductors and can compensate mutually the charge- trapping
centers at the insulator-semiconductor interface. This makes the situation
with ZnS as passivant different from that of SiN, and SiO,. It also empha-
sizes the distinctiveness between encapsulant and chemical passivation of
sulfides/chalcogenides. It has to be noted from the J; graph of Fig 7.15, that
ZnS performs better than unpassivated and SiN,, but on par with S5iO, and
SU-8 passivation techniques on our devices. Another feature of ZnS films is
their degree of crystallinity since the amorphous as well as crystalline films
are reported [8], [118]. These films are known to have variable Zn: S ratios
being modified by the post-depositional annealing in suitable atmospheres.
Another feature of ZnS films is their degree of crystallinity since the amor-
phous as well as crystalline films are reported in the electroluminescent (EL)
devices based on ZnS. These films are known to have variable Zn: S ratios

being modified by the post-depositional annealing in suitable atmospheres.

5. InAs/GaSb SLS device by Ammonium Sulphide [(NH4),S]

In our 5thinvestigation, we measured EDX of ((NH,),S passivated InAs/GaSbjj
SLS detector structure with p-i-n architecture and the resulting structure is
Structure C. Here the passivant deposition is the last step in the fabrica-
tion process and the passivant is not removed from the aperture are and is
present on top of metal contacts. Hence the EDX of aperture, top of mesa,

mesa sidewall and mesa bottom regions are all the same. Ammonium sulfide
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Figure 7.24: EDX plots of ZnS passivated InAs/GaSb SLS detector structure with
p-i-n architecture at the aperture and at x-ray energy of 30keV.

as a passivant for SLS under the suitable solvent media is expected to result
in: (i) removal of native oxide layer from the surface and (ii) formation of a
chemisorbed passivating layer of sulfur atoms that are coherently bonded to
In and/or Ga atoms on the surface. The EDX results as seen in Figures 7.26

and 7.27 do not show the presence of the O-peak whereas the low intensity

Figure 7.25: EDX plots of ZnS passivated InAs/GaSb SLS detector structure with
p-i-n architecture at mesa sidewall and at x-ray energy of (left side) S5keV, (right
side) 30keV
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Figure 7.26: EDX plots of (NH,),S passivated InAs/GaSb SLS detector structure
with p-i-n architecture at the aperture and at x-ray energy of (left side) 5keV, (right
side) 30keV.

N-peak is discernible. The S-peak is conspicuously absent indicating that
a continuous coherent sulphur layer is not stabilized within the apparently

thin layer, 5 to 10nm, of passivation.

The EDX spectrum of the aperture region as seen in Fig 7.26 has the same fea-
tures as in the cases of previous passivants under both 5keV as well as 30keV
excitation. This indicates to the accuracy of the EDX registry. The presence
of N-peak is indicative of either strong chemisorptions of NH4* cation or its
dissociation leading to the incorporation of N-atoms in the surface region.
Ammonium sulfide treatment seemingly tends to etch the SLS rather than
deposit the sulfide layer. Yet another possibility is the instability of thin sul-
fide layer under the vacuum conditions used for EDX observations.From the
Ja graph of Fig 7.15 we can infer that (NH4),S performs better than unpassi-
vated and SiN,, SiO,, SU-8 and ZnS passivation techniques on our devices.
The next question that still arises is why a wet bath based (NH4),S works
better than an e-beam evaporated ZnS? It could be that the non-uniformity of
ZnS deposition is a significant factor than we had previously assumed. This

can be established only by further comparative study of EDX and electrical
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Figure 7.27: EDX plots of (NH4),S passivated InAs/GaSb SLS detector structure
with p-i-n architecture at the bottom of the mesa and at x-ray energy of (left side)
5keV, (right side) 30keV.

measurements of wet and dry deposited ZnS and (NHy,),S.

6. InAs/GaSb SLS device by Electrochemical passivation (ECP)
In our last experiment, we measured EDX of ECP passivated InAs/GaSb SLS
detector structure with p-i-n architecture and the resulting structure is once
again Structure C. Wherein the passivant is not removed from the aperture
are and is present on top of metal contacts. Hence the EDX of aperture,
top of mesa, mesa sidewall and mesa bottom regions are all the same. On
this device, the EDX was performed on the mesa sidewall at excitation x-ray
energies (i)5kev (ii)10keV and (iii) 30keV as seen in Fig 7.28. Electrochemical
passivation is carried out in the ethylene glycol medium using sodium sul-
tide, Na,S, as the electrolyte at pH >10 and may contain the polysulfide such
as Na,S;, Na,S; and so on, in very low concentrations. In this process, the SLS
specimens are placed on the anode and together with the inert cathode (usu-
ally Pt) are dipped into the electrolyte. Under the constant current densities
(galvanostatic conditions), the passivant layer of sulfur (element) or sulfide
(compound) will be deposited on the anode. Electrochemical oxidation may

proceed partially at least depending on the current density used. Unlike in
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aqueous solutions, the electrolyte dissociation is limited in organic solvents,
Na,S in ethylene glycol in the present case, and thereby requiring higher
voltages to attain the desirable current densities. Changes in oxidation state
takes place of sulfide ions as also of the elemental constituents present at the
near interface region of SLS. The products so formed need not be dissolving
into the electrolyte medium particularly in the organic solvents due to lim-
ited solubility. The EDX spectra of specimens exposed to the electrochemical
passivation (ECP) have to be studied from these perspectives. The EDX of
mesa regions subjected to ECP have strong peaks of Na and O whereas the
S- peak has lower intensity at different electron excitation voltages. These
results point not only to the diminished concentration of sulphur but also
the increased presence of O and Na. The latter being a strongly electropos-
itive element ought to be present as cations. The electrochemical product
such as sodium dithionite(Na,S,0;) is formed by the anodic oxidation re-
action involving sulfide, 57, ions and the intermediate sulfite, SO5*, ions
and deposit along with the sulfur layer during the electrochemical passiva-
tion in ethylene glycol . Sodium dithionite is a stable compound at totally
solvent-free, vacuum conditions. This could explain how a 50-100Aof ECP
passivation is able to so successfully suppress surface leakage currents. The
residual solvent and the pyrolysis thereof in a vacuum will account for the
C-peak of low intensity in the EDX of mesa side- walls. This effectiveness
of suppressing surface leakage currents is established from the J; graph of
Fig 7.15 that shows ECP performs better than unpassivated and SiN,, SiO,,

SU-8, ZnS and (NH4),S passivation techniques on our devices.

In summarizing this section, the EDX results point to the thin film formation of
non-stoichiometric SiN, or SiO, on the SLS devices as passivation layers. The

compositions of these films need to be optimized by controlling the thin film de-
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position conditions to attain the lowest surface leakage currents. The extended
compositions thereof such as SiN,O, or SiAION may function as passivant layers.
The sulfur treatments particularly (NHy),S, leads to etching and thereby removing
the native oxides and satisfy the surface bonds with chemisorbed sulfur atoms.
However this does not lead to long term stability. The ECP generates more com-
plex surface products from the organic solvent based sulfides. Future experiments
on EDX study must be carried out meticulously to study the effects of varying pas-
sivant thicknesses, passivant deposition conditions and other types of passivation

techniques.

7.3 Conclusions

In this chapter we first explored the charge carrier mechanisms at the surface
of InAs/GaSb SLS LWIR detectors by fabricating a 3-terminal SiO, passivated
InAs/GaSb LWIR SLS with pBiBn design. The goal of this experiment was to
obtain ideal passivation effect i.e. reach flat band conditions at the surface by ma-
nipulating the charge carrier transport using the metal contact on the passivation
layer. This structure forms a metal/oxide/ semiconductor (InAs/GaSb SLS) region.
But our devices do not reach flat band conditions at the application of the gate
voltage, therefore further investigation must be carried out to improve the quality
of 5iO,, re-design the mask and utilize a simpler bulk material such as InAs/GaSb

LWIR SLS with pin design.

The second half of this chapter delved into the investigation of passivation
mechanisms at the interface of passivant and the InAs/GaSb SLS LWIR detector
surface by surface material characterization method of EDX. Here we performed
EDX measurements on InAs/GaSb LWIR SLS with pin design passivated with (i)
SiN,, (ii) SiO,, (iii) SU-8, (iv) ZnS, (v) (NH4),S and (vi) ECP. These experiments
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show that non-stoichiometric SiN,, and SiO, form effective passivants only when
they are substantially thick layers. EDX shows that SU-8 seems to behave as an
encapsulant, and its superior performance than the dielectrics must be further
investigated by varying all three thicknesses. ZnS is certainly a chemical passi-
vant but its Zn to S ratio was not uniform throughout the sample and that may
explain it poor performance compared to other chalcogenides. We could also infer
that (NHy),S passivation is effective due to mild etching at the surface leading to
removal of native oxides and chemisorbed S-atoms lead to termination of dan-
gling bonds. But EDX on (NH,),S passivant showed S-peak conspicuously absent
indicating that a continuous coherent sulphur is not stabilized with the 5-10nm
thin passivation layer. Finally EDX on ECP lead to the inference that there is
the formation of sodium dithionite (Na;S,0,) along with deposition of sulphur
layer at the surface of InAs/GaSb SLS device. Sodium dithionite is a solvent-free,
stable compound even under vacuum conditions and this could explain the effec-
tiveness of ECP, but further material study has to be carried out to confirm these

propositions.

Looking back at chapters 5 and 7,there can be many forms of tests to study the
surface of a complex structure of InAs/GaSb LWIR SLS, such as images by HR-
SEM/TEM,; compositional data from EDX, XPS, AFM, HR-XRD, device character-
ization. As this is ongoing research, there are bound to be many more techniques
worked on by other groups. In conclusion, there is no one shibboleth, in the end,
our complete understanding of the physics and chemistry of SLS surfaces can be
determined only by a combination of results from many catechisms and analyses.
Finally, on a larger scale, the penultimate contribution of this body of work is that
it shows the complex mechanisms existing on surfaces of compound structures
such as InAs/GaSb LWIR SLS and that they cannot be further ignored as we scale
down in device/component and hence instrument sizes. In conclusion, we end

this oeuvre by stating that the research for high-efficiency, affordable IR detectors
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with state of the art bulk material continues as does the quest for an ideal surface.
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Figure 7.28: EDX plots of (NH4),S passivated InAs/GaSb SLS detector structure
with p-i-n architecture at the mesa sidewall and at x-ray energy of (a) 5keV, (b)
10keV and (c) 30keV.
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Appendices

A Typical Fabrication Procedure of InAs/GaSb SLS Detector with PIN
Design

B FPA Fabrication
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Fabrication Procedure of a single

pixel InAs/GaSb SLS Detector

The following fabrication procedure was utilized for single pixel InAs/GaSb SLS
based detectors with p-i-n, pBiBn and graded-W structure designs. The fabrication
process for the single-pixel InAs/GaSb SLS detectors includes following steps: (1)
mesa isolation etch, (2) top and bottom contact metallization, and (3) passivation.

Each of processing steps is described below in details.

1. Mesa isolation etch

(a) Post-MBE Growth/Pre-Mesa Etch Treatment: The wafer must typi-
cally be pretreated before resist application in order to obtain a smooth,
uniform coverage of the photoresist to the wafer. The first step in the

pretreatment is the cleaning and a dehydration bake.

i. The wafer is cleaned consecutively in acetone, isopropanol (IPA)
and de-ionized (DI) water (5 minutes each) and then blow-dried

with nitrogen (N>).
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ii.

The dehydration bake is performed at 150°Cduring 6 minutes. This
step is intended to drive off most of the adsorbed water on the sur-
face of the wafer. A dehydration bake is also effective in volatilizing
organic contaminants, further cleaning the substrate. At 150°C, it
is estimated that about one monolayer of water remains on the

surface.

(b) Application of Photoresist: We used light sensitive photoresist to lay

down the pattern for our mesa etch which defines the size of the detector.

i

ii.

1ii.

iv.

Immediately following the bake the wafer is primed with hexam-
ethyldisilazane (HMDS), which acted as an adhesion promoter. Lig-
uid HMDS is applied directly to the wafer by dispensing a fixed
volume and spinning the wafer to spread out the liquid to a very
thin uniform coating. For spinning on the HMDS wafer is mounted
on a vacuum chuck. Torque is applied to the chuck to rapidly accel-
erate in with rotational speed of 5000 rpm during 30 seconds. One
monolayer of HMDS bonded with the surface of the wafer, even if it
is partially hydroxylated. The other side of the HMDS layer bonds
readily with the resist.

After HMDS application the wafer undergo a soft-bake at 150°Cfor
30 seconds. Soft-bake is required to promote HMDS adhesion.
Then positive resist (PR) AZ4330 is spun on the wafer with rota-
tional speed of 4000 rpm for 30 seconds. At 4000rpm, as per the
MSDS, a PR thickness ~3.3um is formed on the wafer after spinning.
The photoresist was dried out at 90°Cfor 90 seconds (hard bake).
Now the single detector mesa etch definition mask is loaded on to
the MJB- 3 mask aligner. Then wafer is exposed for 6 seconds at 200
mJ/cm? on the mask aligner to transfer the mask pattern onto the

PR deposited surface of the wafer.
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vi. The wafer is then developed in AZ400K developer diluted with four
parts of water for 60-90 sec. Then the wafer is rinsed in DI water

bath for two minutes and blow-dried with N,.

vii. Finally, patterns are examined under Nomarski microscope and
measured by an Alfa-step profilometer. The resulting PR thickness
is typically equal to 3.2 um.

(c) Mesa definition Etch: Various etching methods such as a wet chemical
etch or Plasma based dry etch may be utilized for the SLS mesa def-
inition. The experiments on these are carried out in Chapter 4 of the

dissertation.

i. Forexample, wet chemical etching based on phosphoricacid (eqn. A.1)]

with etch rate equal to 0.08 ym/min may be utilized.

H3PO4 . Hzoz . Hzo =1:2:20 (Al)

ii. Plasma assisted etch with combination of BCI3, CHy4, and Ar gases
provides nearly vertical profiles and clean sidewalls of InAs/GaSb
SLS detector free from etch residues. Hence in all of our devices
fabricated and utilized in Chapters 5 and 7 we used the PlasmaTh-
erm SLR 770 ICP CI2 Etcher with BCl; gas. The etch rate in this

recipe was about 0.2-0.3um/min of InAs/GaSb based structures.

2. Passivation Techniques

Passivation coating is usually applied on pre-cleaned and post-mesa etched
surface. The passivation techniques applied on the InAs/GaSb based SLS
detectors are different and are discussed in detail in Chapters 3 and 5 of this

thesis.

(a) Passivation Deposition Step: The passivation techniques of SiO,, SiN,,
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ZrO,, ZnTe:Cl and ZnS, passivation deposition are performed before the

contact metal is deposited. The following steps are for SiO,, SiN,, ZrO,,

ZnTe:Cl and ZnS passivation techniques.

i

ii.

1ii.

Post-Mesa Etch/ Pre-Passivation Deposition Treatment: After the

wafer is etched it surface may contain residues.

A. Hence the wafer is first cleaned in acetone, IPA and DI water (5

minutes each) and then blow-dried with Nj.
B. Then dehydration bake is performed at 150°Cfor 7-10 minutes.

Pre-Passivation Deposition Treatment: In order to remove na-
tive oxides that are formed on the device surface, we treat the PR
patterned post-mesa etched surface in either of the following treat-

ments:

A. Phosphoric Acid Technique: In this technique, the wafer is
dipped in H;PO4: H,O,: HyO (1:2:20) solution for 10-20sec.

B. Hydrochloric Acid Technique: In this technique, the wafer is
dipped in HCl: H,O (1:10) solution for 10-20sec.

It has to be noted that the time duration between mesa etch, pre-
passivation treatment and loading it into passivation deposition
apparatus must be kept as minimal as possible. In our fabrication
procedure this time was no more that 60min for SiO,, SiN,, and
ZnS passivation techniques. But for ZrO,, and ZnTe:Cl passivation

techniques the wafer had to be sent out.

Passivation Deposition: SiO,, SiN,, ZrO,, ZnTe:Cl and ZnS pas-
sivation techniques were all carried out in vacuum systems and
hence ensure good quality deposition with uniformity and exact
thickness of the passivation layer. Further details of deposition are

provided in chapters 3, 5 and 7.
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(b) Passivation Removal Step: It has to emphasized that in S5iO,, SiN,,
Zr0,, ZnTe:Cl and ZnS passivation techniques of thicknesses 2000A,
the passivation layer is removed from area of the aperture, top and

bottom metal contact regions.

i. Post-Mesa Etch/ Pre-Passivation Deposition Treatment: After the

wafer is etched it surface may contain residues.

A. Hence the wafer is first cleaned in acetone, IPA and DI water (5

minutes each) and then blow-dried with Nj.
B. Then dehydration bake is performed at 150°Cfor 7-10 minutes.

ii. Application of Photoresist: For passivation removal step we uti-
lized light sensitive photoresist to lay down the pattern for the

passivation layer etch which defines the size of the detector.

A. Immediately following the bake, the wafer is primed with hex-
amethyldisilazane (HMDS), and for spinning on the HMDS, the
wafer is mounted on a vacuum chuck. Torque is applied to the
chuck to rapidly accelerate in with rotational speed of 5000 rpm

for 30 seconds.

B. After HMDS application the wafer undergo a soft-bake at 150°Cfor]]
30 seconds. Soft-bake is required to promote HMDS adhesion.

C. Then positive resist (PR) AZ4330 is spun on the wafer with
rotational speed of 4000 rpm for 30 seconds.

D. The photoresist was dried out at 90°Cfor 90 seconds (hard bake).

E. Now the single detector passivation removal/Top and Bottom
metal contact mask is loaded on to the MJB-3 mask aligner. Then
wafer is exposed for 6 seconds at 200 mJ/cm? on the mask aligner
to transfer the mask pattern onto the PR deposited surface of

the wafer.

173



Appendix A. Fabrication Procedure of a single pixel InAs/GaSb SLS Detector

F. The wafer is then developed in AZ400K developer diluted with
four parts of water for 60-90 sec. Then the wafer is rinsed in DI
water bath for two minutes and blow-dried with N».

G. Finally, patterns are examined under Nomarski microscope and
measured by an Alfa-step profilometer. The resulting PR thick-
ness is typically equal to 3.2 ym.

iii. Passivation Removal Etch: Each of the SiO,, SiN,, ZrO,, ZnTe:Cl
and ZnS passivation techniques are etched differently. These tech-
niques are explained in Chapter 3, 5 and 7. In the end of the
passivation removal process, all passivation is removed from aper-
ture and metal contact regions, but passivation remains intact on

the device sidewalls and all other regions.
3. Top and bottom contact metallization

(a) Post Mesa Etch/ Post-Passivation Treatment: After the wafer is etched

and/or passivated, its surface may contain residues.
i. Hence the wafer is first cleaned in acetone, IPA and DI water (5
minutes each) and then blow-dried with N5.

ii. Then dehydration bake is performed at 150 °Cfor 7-10 minutes.
(b) Application of Photoresist:

i. After the wafer has been through the surface preparation treatment,
it is primed with HMDS with rotational speed of 5000 rpm for 30
seconds.

ii. Following the spinning on of HMDS, a soft bake at 150 °C
for 30 seconds is performed.
iii. The wafer is coated with AZ5214E-IR photoresist after it is primed.

Photoresist is spun on the wafer with a rotational speed of 5000rpm
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iv.

Vi.

Vii.

Viil.

ix.

for 30 seconds. These conditions verified negative wall profiles

needed for the lift-off of evaporated metal.

After resist application, the wafer is baked at 90°Cfor 90 seconds.
The function of this step is to eliminate most of the solvent in the

resist and to establish the exposure characteristics.

After bake, the wafer is exposed for 3.5 seconds at 200 mJ/cm? on
M]JB-3 mask aligner. It must be noted that for this step, the single
detector top and bottom contact metal mask is loaded on to the

M]JB-3 mask aligner.

For the image reversal of the photoresist, the most critical parame-
ter is reversal-bake temperature (it should not exceed 125°C). The

exposed wafer is baked for duration of one minute at 112°C.

Then flood exposure (without mask) for one minute at the same

light intensity is applied earlier to the wafer.

Finally, wafer is developed in AZ400K developer diluted in five
parts of water for ~30 sec. Then the wafer is rinsed in DI water bath

for two minutes and blow-dried with Nj.

Patterns are examined under Nomarski microscope and measured
by alfa-step profilometer. The resulting thickness of the resist is

typically equal to 1.3 pym.

(c) Pre-Contact Metal Deposition Treatment: In order to remove native

oxides that are formed on the device surface, we treat the PR patterned

post-mesa etched surface in any of the following treatments:

i.

ii.

Phosphoric Acid Technique: In this technique, the wafer is dipped
in H3PO4: Hy,O,: H,O (1:2:20) solution for 10-20sec.

Hydrochloric Acid Technique: In this technique, the wafer is dipped
in HCI: H,O (1:10) solution for 10-20sec.
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(d)

iii. Oxygen Plasma treatment: Here the wafer is placed in O, Asher set-
up, were ionized O, bombards the surface of the wafer to remove

remnants of PR left behind.

It has to be noted that none of these treatments are carried out for long
periods of time as they might etch away at the InAs/GaSb SLS material
itself.

Deposition of Contact Metal: After the completion of the photolithog-
raphy process, metals are deposited. For both p and n-type contacts,
50 nm Ti/ 50 nm Pt/ 350 nm Au is used. This composition provided
good ohmic behavior of contacts for the n-type GaSb and p-type SLS
contacts without annealing. Metals are thermally evaporated in e-beam
thermal evaporator. Finally, lift-off process is performed by soaking of
the samples in acetone for 2 hours with subsequent acetone-brush treat-
ment. Resulting thickness of metal patterns is verified by an alfa-step

profilometer.

4. Other Passivation Techniques:

(a)

(b)

(NH4),S, TAM and ECP Passivation techniques are all applied after the
top and bottom contact metal deposition and are not removed from the

aperture and contact metal regions.

SU-8 is applied after the top and bottom contact metal deposition and
it is removed from the aperture and contact metal regions. SU-8 is a
photoresist that polymerizes under UV light exposure. SU-8 passivation

procedure is as follows:

i. The post top and bottom contact metal deposition surface is cleaned
by first cleaning in acetone, IPA and DI water (5 minutes each) and
then blow-dried with N,.

ii. Then dehydration bake is performed at 150°Cfor 7-10 minutes
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1ii.

iv.

vi.

Vii.

Viil.

ix.

xi.

Xii.

Fabrication Procedure of a single pixel InAs/GaSb SLS Detector

An oxide removal step is performed by dipping the sample in
H3;PO4: H,O,: H,O (1:2:20) solution for 20-40 sec.

After the wafer has been through the surface preparation treatment,
it is primed with HMDS with rotational speed of 5000 rpm for 30

seconds.

. Following the spinning on of HMDS, a soft bake at 150°Cfor 30

seconds is performed.

The wafer is coated with SU-8 photoresist after it is primed. SU-
8 is spun on the wafer with a rotational speed of 3000rpm for 30

seconds.

After resist application, the wafer is soft-baked in two subsequent
steps: (1) 65°Cfor Iminute and (2) 95°Cfor 2 minutes. The function
of this step is to eliminate most of the solvent in the resist and to

establish the exposure characteristics.

After bake, the wafer is exposed for 3.6 seconds at 200 mJ/cm? on
M]JB-3 mask aligner. It must be noted that for this step, the single

detector passivation mask is loaded on to the M]B- 3 mask aligner.

After the passivation pattern exposure, once again two subsequent
soft-bake steps are carried out: (1) 65°Cfor Iminute and (2) 95°Cfor

2 minutes.

. The wafer is developed in SU-8 developer for ~80sec. Then the

wafer is rinsed in DI water bath for two minutes and blow-dried

with N2 .

Finally, the wafer is subjected to a hard-bake at 150°Cfor 5 minutes.
Photo-polymerized SU-8 is mechanically and chemically stable after
a hard bake.

Patterns are examined under Nomarski microscope and measured
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by alfa-step profilometer. The resulting thickness of the resist is

typically equal to 1.5 ym.

5. Passivation Contact Metal This fabrication step was utilized during the
making of the detector with 3-T device architecture only and the device

results are discussed in Chapter 7.

(a) Post-Passivation Treatment: After the wafer passivated with SiO, or
ZrO,, and contact metal is deposited, the detector surface may contain

transference residues.

i. Hence the wafer is first cleaned in acetone, IPA and DI water (5

minutes each) and then blow-dried with Nj.

ii. Then dehydration bake is performed at 150°Cfor 7-10 minutes.

(b) Application of Photoresist: For our passivation contact metal deposi-
tion step we once again utilize image reversible photoresist to lay down

the pattern.

i. After the wafer has been through the surface preparation treatment,
it is primed with HMDS with rotational speed of 5000 rpm for 30
seconds.

ii. Following the spinning on of HMDS, a soft bake at 150°Cfor 30
seconds is performed.

iii. The wafer is coated with AZ5214E-IR photoresist after it is primed.
Photoresist is spun on the wafer with a rotational speed of 5000rpm
for 30 seconds. These conditions verified negative wall profiles
needed for the lift-off of evaporated metal.

iv. After resist application, the wafer is baked at 90°Cfor 90 seconds.
The function of this step is to eliminate most of the solvent in the

resist and to establish the exposure characteristics.
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Vi.

Vii.

Viii.

ix.

After bake, the wafer is exposed for 3.5 seconds at 200 mJ/cm? on
M]JB-3 mask aligner. It must be noted that for this step, the single

detector contact metal mask is loaded on to the MJB-3 mask aligner.

For the image reversal of the photoresist, the most critical parame-
ter is reversal-bake temperature (it should not exceed 125°C). The

exposed wafer is baked for duration of one minute at 112°C.

Then flood exposure (without mask) for one minute at the same

light intensity is applied earlier to the wafer.

Finally, wafer is developed in AZ400K developer diluted in five
parts of water for ~30 sec. Then the wafer is rinsed in DI water bath
for two minutes and blow-dried with N,.

Patterns are examined under Nomarski microscope and measured

by alfa-step profilometer. The resulting thickness of the resist is
typically equal to 1.3 ym.

(c) Pre-Contact Metal Deposition Treatment: It has to be noted here that

no pre-contact metal deposition treatment is carried out here as these

wet chemical etches could potentially etch away the passivation layer.

(d) Deposition of Contact Metal: After the completion of the photolithog-

raphy process, contact metals are deposited on the SiO, or ZrO, pas-

sivation layer. For both passivation techniques we deposited, 50 nm

of Ti/ 300 nm Au. This composition provided good ohmic behavior of

contacts for the dielectric passivation layers without annealing. These

metals are thermally evaporated in e-beam thermal evaporator. Finally,

lift-off process is performed by soaking of the samples in acetone for 2

hours with subsequent acetone-brush treatment. Resulting thickness of

metal patterns is verified by an alfa-step profilometer and microscopic

measurements.
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Typical Fabrication Procedure of

SLS-based FPA

The processing sequence we utilize for fabrication of an InAs/GaSb SLS FPA with

the pin or pBiBn designs can be summarized as follows:

1. Mesa Etch definition, Passivation process and the top and bottom contact

metal deposition:

a) Etch 1s common erformed with inductively couple asma usin

(a) Etch i ly perf d with inductively pled pl ing
BCl; gas. The etch procedure, including cleaning and photoresist de-
position, is identical to the etch of single-pixel detectors described in

Appendix A.

(b) The passivation deposition and removal process depends on the chosen
technique. In FPA fabrication this step is carried out after mesa etch
definition and before contact metal deposition. Typically implemented
passivation technique for FPA fabrication are SiO,, SiN, and SU-8. E-

beam deposited ZnS, ZnTe:Cl and ZrO, can seamlessly be incorporated
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into FPA fabrication.

(c) The top and bottom metal contact deposition process is as described in

Appendix A.

2. Under bump metallization (UBM)

The Under Bump Metal (UBM) is the first step to connect the semiconductor
device to the read-out integrated circuit (ROIC). Therefore, the UBM layer
serves as (i) a seed layer for subsequent indium bump deposition, (ii) the ad-
hesion layer in order to achieve low contact resistance, and (iii) the diffusion
barrier for the bump material. Typically we use Ti (50nm) / Ni (150 nm)/Au

(50 nm) as an under bump metal.

3. Bump (indium) depositions

Indium is known as a material with good plasticity and high thermal con-
ductivity. Moreover, molten indium (with a melting point of 156°C) has
superior adhesion to a variety of surfaces at low temperatures, leading to
compliant soldering processing. In addition, low temperature solidification
of indium can reduce the thermal stress caused by lattice mismatch between
SLS FPAs and ROICs. These properties make indium the best candidate for
the bump metal.

4. Reflow process

The purpose of the re-flow process is to change the shape of the In-pads
deposited on the UBM layer into a spherical shape, using indium flux, which
makes FPA-ROIC bonding easier. Wafers with the deposited In pads are
heated to 200°Cfor a few minutes to form balls. The ball formation is held
due to surface tension in the liquid-phase. The total volume of the ball
depends on the wettable UBM layer size and the volume of the indium

deposited by thermal evaporation.
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5. Hybridization with Read-Out Integrated Circuit (ROIC)

The direct electrical connection of an FPA with a ROIC is known as flip-chip
bonding. This technique enables the smallest packaging with the high speed
performance of the FPA, by eliminating the need for wire bonding while
achieving great flexibility of input / output connections with very robust in-
terconnections from adhesive underfill processing. Flip-chip bonding of an
SLS detector grown and fabricated on a GaSb substrate with a Si based ROIC
is presently performed with a FC-150 flip-chip bonder. After mounting the
SLS FPA chip on the upper arm and the ROIC on the lower chuck stage of
the flip-chip bonder, an optical stage with a bi-directional optical microscope
is positioned between the SLS FPA and the ROIC for visual alignment. The
image of both chips can be seen with a microscope or displayed on a moni-
tor. After the horizontal, vertical, and rotational alignment and parallelism
adjustment, the optical stage is retreated. Then the upper chip and lower

chip are pressed together with a predefined pressure and temperature.

During the bonding cycle, the temperature and pressure were set to 200°Cand
200 Newtons (N), respectively, to melt the indium and bond the two chips.
The performance of the FPA can be greatly degraded (possible electrical dis-
connection) if the twobonded chips have mismatched parallelism. Therefore,
approximately 10um thick indium bumps should be fabricated during the in-
dium deposition process to compensate for possible variations in parallelism

between the FPA and ROIC.

The space not filled with Indium between the ROIC and FPA should be
filled with a nonconductive adhesive material to increase chip strength and
long term reliability. The underfill epoxy can protect the indium bumps
from humidity, vibration and chemical contamination providing additional

mechanical bonding strength for the hybrid FPA.
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6. Substrate removal

After hybridization with indium bumps and underfill epoxy, substrate re-
moval is a standard processing step performed with abrasive polishing, dry
etching, or wet chemical etching. Substrate removal is beneficial for opera-
tion of hybridized FPA chips firstly, because it reduces thermal stress devel-
oped between the FPA and ROIC from multiple thermocycles due to cooling.
Secondly, completely removing the substrate eliminates optical cross talk be-
tween neighboring pixels of the FPA. Finally, GaSb substrates absorb nearly
50% of infrared light at 77 K, causing up to 50% reduction in quantum effi-
ciency for the FPA. Therefore, substrate removal enables SLS FPA devices to
have enhanced optical quantum efficiency by reducing substrate absorption

during operation with back side illumination.

Presently, we use mechanical polishing with different lapping film grades
for substrate removal. The backside of samples is finished to mirror-like

conditions by using lapping films with a 0.3 um grade.
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