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Abstract

The distinguishing features of dilute nitride III-V semiconductors lie in the large
simultaneous reduction in the band gap and lattice parameter when N is incorporated in small
amounts in an otherwise wide band gap III-V material. In particular, N incorporation in InSb is
attracting great attention due to its potential applications in the long wavelength infrared (LWIR)
applications. However, the relatively small atomic size of N with respect to Sb makes the growth
of good quality InSbN layers challenging with effective N incorporation. In this dissertation we
present a correlation of the molecular beam epitaxial growth parameters on the type of N-
bonding in the InSbN epilayers. Lower growth temperatures of ~290 °C were observed to favor
formation of more substitutional N (In—N) and less interstitial N (Sb—N, N—N and In—N—Sb) in
the InSbN epilayers. The types of N-bonding were observed to have dominant effect on the
structural, vibrational, electrical and optical properties of these dilute nitride epilayers grown on
GaAs substrates. As-grown epilayers with high N incorporation of 2.6 % were observed to
exhibit a blue shift in the absorption edge to 0.132 eV due to Moss-Burstein effect. Both ex-situ
and in-situ annealing at 430 °C improved the quality of the layers as attested to by the micro-
Raman spectra, reduced the carrier concentration to ~10'° cm™, increased the mobility () to
~13,000 cm?/V-s and red shift the absorption edge to ~10 pm at room temperature (RT).
Amongst the heterostructures examined, consisting of different combination of thickness of InSb
and InSbN layers, the growth of a relatively thick (~1.4 um) InSb buffer layer was found to
prevent the propagation of rotational and threading dislocations into the subsequent InSbN
epilayers. Thus, high RT u exceeding 40,000 cm’/Vs and an optical absorption edge at ~12 pm
in the LWIR range have been achieved for 450 °C ex-situ annealed 0.4 um InSbN/ 1.4 um InSb/

GaAs heterostructure.



CHAPTER 1
Introduction

The optical vision range of human eye limits only to a small wavelength window in the
entire electromagnetic spectrum. Whereas, there are many other species on this planet believed
to have the ability to view beyond this range of human optical vision. Today, with the progress in
various types of electromagnetic detection technologies mainly in the area of semiconductors, we
are able to leverage the entire electromagnetic spectrum for various applications. The potential of
applications and opportunity for development of technologies around the electromagnetic
spectrum is limitless. Figure 1.1 depicts the atmospheric transmission window for the entire
electromagnetic spectrum and corresponding applications. Only a certain range of wavelengths
can be used for applications such as atmospheric wireless communications, depending on our
atmosphere being transparent only to those wavelengths in the entire spectrum. The transparency
in the visible range of spectrum has been taken an advantage of design and development of
various lighting technology not only for day to day use but also for various targeted applications.
These applications include highly sophisticated medical surgeries with the help of lasers to
simple and colorful lights to decorate a Christmas tree. Further, these technologies have shown a
path for accomplishing innumerable tasks to make our life comfortable with various
commercially successful products starting from a household appliance to a bar code scanning
system to a security system and so on.

Another such highly potential spectrum of wavelengths, where the atmospheric losses are
minimal, is infrared region. Although this infrared region remains invisible to the human eye,
this portion of the electromagnetic spectrum has caught attention of many from centuries

especially for military and extraterrestrial applications because of its unique properties.
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Figure 1.1. Atmospheric transmission window along with corresponding applications. '

Based on the transmission property of the atmosphere in this infrared (IR) spectrum, the
IR region has been further divided into different regions. They are, (a) near-infrared (NIR:
0.75—1.4 pm), (b) short-wavelength infrared (SWIR: 1.4—3 pm), (c) mid-wavelength infrared
(MWIR: 3—8 um), (d) long-wavelength infrared (LWIR: 8—14 pm), (e) far infrared (FIR:
14—1000 pm). Figure 1.2 shows the atmospheric transmission property of a selective infrared
range (0-15 um) and corresponding absorbing molecules. Various types of application
prototypes such as proximity sensors, gas detectors, fire alarms, wireless remote control systems
can be designed within a certain wavelength range depending on the transmission/absorption
behavior of the selected wavelength range in the atmosphere. The wavelength range from 8 to 14
pum is the longest wavelength range, known as long-wavelength infrared range (LWIR), exhibits
high atmospheric transparency in comparison to other wavelength window in this entire IR
spectral regime. This region has been extensively used for applications such as atmospheric

wireless communications and has been used as the basis of research and development for an



application which targets for a solution to the problem in real time operation for various wireless
technologies. This infrared window is also found to be a very useful window of operation for

many other applications, such as night vision, surveillance, and non-invasive medical imaging.
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Figure 1.2. Transmission of the atmosphere for a 6,000 feet horizontal path at sea level.?

Most of these applications in LWIR can be summarized in a simple block diagram as
shown in Figure 1.3. Typically these involve three important basic components, a source of
radiation which can be called as transmitter/emitter, the medium of transmission and a
receiver/detector. For example, in case of a communication system an electromagnetic spectrum
can be generated using a semiconducting device and transmitted by a transmitter. The medium of
transmission can either be an optical fiber or a copper wire or as simple as our atmosphere. Once
the signal reaches the destination, the information can be received using a receiver which can
also be a semiconducting detector. Similarly, this methodology can be applied to imaging. In this
case, the object to be imaged can be considered as an emitter/ transmitter, transmitting radiations

(signal) through atmosphere, which can be detected/ captured using a charge coupled device or a

photoconductive device as an imaging element.
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Figure 1.3. Block diagram of a typical infrared device application.

In a commercially available detector, every imaging element (also known as a pixel) is
connected to a two-terminal readout integrated circuit. Every photon absorbed by the pixel
generates an electronic signal which can be detected, recorded and stored as information.
Various material properties of the pixel/ imaging element such as, band gap, optical absorption
index, defects, compositional stability, play an important role in this entire process of signal
detection. Hence, research and development of a suitable material is important to improve the
performance with concurrent reduction in the level of complexity to make it cost effective.

1.1 A Brief History of Infrared Technology

The detection of infrared goes way back in 1800 when Frederick William Herschel
discovered the temperature of solar spectrum slightly beyond red was higher than the visible
light.” Initially, the detection of infrared was developed based on thermal detection principles
such as thermometers, thermocouples and bolometers. Although, these responded to the entire
infrared range they suffered low sensitivity and high response time. Later in 1920s, another kind
of infrared detectors were developed based on the principle of photon detection after the
discovery of photoconductivity and photovoltaic effects.* The period between World Wars I and
IT marked the development of photon detectors and image converters in a highly secretive
manner as it enabled military operations to see enemy in dark.* This was the beginning of an
aggressive material research study for high infrared optical absorption and fast detector response.
This led to the emergence of various novel materials like TS, PbS, PbSe, Ge: X, InSb, HgCdTe,

PbSnTe, Si:X, PtSi, InGaAs for the IR applications. However, these materials needed to be



cooled during the operation for a high signal to noise ratio unlike thermal detectors. In early
1960s, some of the narrow bandgap materials attracted more attention due to their high optical
absorption coefficient, high electron mobility and low thermal generation rate along with the
compatibility to bandgap engineering. Eventually, mercury cadmium telluride (MCT) HgCdTe,
emerged as the most attractive material for infrared detection due to its bandgap energy
tunability’ in the entire infrared wavelength range. The recent advancement in the
photolithography has shifted the focus towards integration of maximum detectors (pixels) in a
readout integrated circuit (ROIC) leading to an increased interest towards focal plan array (FPA)
capability of these infrared detector materials. Rogalski® has reported a detailed history of all the
infrared technology and its development with progress of time and has forecasted MCT to lead
the market for the next 10-15 years, when it comes to infrared detection. In the category of IR
FPAs, currently MCT with 4096x4096 pixels fabricated by Teledyne Imaging Sensors® holds the
record of the highest number of detection elements with pixel size 10x10 (um) each. However,
MCT suffers from material degradation at high temperature hence limited to low temperature
operations and requires extra cooling system integrated to it for an efficient operation.

Among the category of uncooled IR detectors, FPAs of 2048x1536 vanadium oxide
(VOy) microbolometers with 17um pixel pitch fabricated by Raytheon marked as the highest
number of pixels in the array format detectors. Currently, these microbolometers are produced in
larger volumes than all other IR array technologies combined, due to their drastic cost drop
(~15% per year). In terms of the economic impact, it is expected to be used in commercial
applications namely, surveillance, automotive, thermography and military applications such as,
weapon sight, portable goggles, and vehicle vision enhancement with an estimated $3.4 B market

by 2014.* Several other reviews by Razeghi et al* and Rogalski et al*'° clearly indicate this



multi-decade research focused on various other challenges involved in the development of these
infrared technologies. Although, intrinsic semiconductors such as Hg; «CdyTe and Pb; . Sn,Te
have wide applications in which the energy gap can be controlled by varying x, these low band
gap materials are characterized by weak bonding and low melting points, and are more difficult
to grow and process than large band gap semiconductors such as GaAs."' Further, MCTs device
performance is limited due to high Auger recombination rates, compositional non-uniformity in
addition to the metallurgical challenges during growth and material instability at higher
temperatures cited above.”'* Hence, to overcome these challenges various III-V alloys, namely
GaAsSb,"” GaAsSbN,'* GaSbN,'” InGaAsSb,'*'” InGaAsSbN,'® InAsSb,"” InAsSbN,*’ InSbN,*
and related heterostructures such as, strained layer superlattice (SLS),?* quantum well infrared
photodetectors (QWIP),” quantum dot photodetectors (QDIP),?*** and dot in the well
(DWELL)® device detectors are actively being researched in the last couple of decades. The
current progress in the research and development of infrared detectors® indicate the focus of
research and development is not only for the identification of suitable materials with improved
quality for infrared detection at higher temperatures but also for an increased focal plane array
functionality.

Amongst all these alloys and complex structures, InSb based photovoltaic FPAs
fabricated on GaAs and Si substrates is based on a simple III-V binary alloy, which is reported''
to exhibit excellent capabilities in MWIR range with applications including IR thermal imaging,
environmental gas monitoring, and free space communications. Based on the success of InSb
based photoconductive and photovoltaic IR detectors, the focus of research extended onto the
other alloys with InSb as host material to extend the optical absorption cutoff into higher

wavelength range. Alloys of InAssSb;.« observed to have absorption cutoff wavelength up to 14



um operated at near RT (200-300 K).*® Another potential material in the LWIR range In;,T1,Sb
have been also demonstrated to exhibit RT cut off wavelength of about 11 um.?” Further,
recently incorporation of Bi and N into InSb has been shown/ predicted to result in rapid
bandgap reduction of 36 meV/ % Bi* ' and 100 meV/ % N?', respectively. These are other
prospective material for LWIR detection. InSb; Ny alloys have been the material of interest for
LWIR applications more than a decade now. A maximum photodetection limit up to 10 pm at 77
K was reported for the in-situ annealed InSbN heterostructures.*® Hence, there is a lot of
potential and further space for optimization in the development of InSbN material system for
LWIR applications.
1.2 Motivation

Devices operating in the LWIR region of the electromagnetic spectrum has always been
of great importance, due to its diverse applications, such as surveillance within the atmosphere,
medical imaging, imaging through smoke and dust, infrared spectroscopy, wireless
communication and detection of certain chemicals and gasses (Ozone, O3) with unique
absorption signatures in this range. Although, currently MCT is the mature technology in this
wavelength range, it suffers from material instability and non-uniformity problems over large
areas due to high Hg vapor pressure during the material growth. Additionally there are many
other challenges with this material as discussed earlier. Hence, there has been a lot of interest in
the use of heteroepitaxially grown Sb-based alloys, its strained layer superlattices and GaAs-
based quantum wells as an alternative to MCT. Amongst all the other material systems discussed
above, Sb based superlattice and type II superlattice (T2SL) devices®’ are believed to replace
MCT for LWIR range operations with better performance, lower dark current and a high material

robustness.™’ Although theoretically T2SL is predicted to exhibit lower dark current, recent
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progress indicates the need for complex barrier schemes to reduce the dark current.”” Further,
only certain devices like MCT photodiodes, QWIP, QDIPs has been used for fabricating devices
with multicolor/ multispectral capability in MWIR and LWIR range, which provide an advantage
of capturing more information in one image.* >> InSbN**-?>? appears to be another promising
material due to its ability to control the band gap bowing by varying N incorporation, which in
conjunction with InSb allows the fabrication of highly tunable devices suitable for dual color
(both MWIR and LWIR range) photodetection.
1.3 Challenges

Although a small incorporation of N in InSb leads to giant band gap reduction, the N
incorporation poses a challenge due to various following reasons. Firstly, the large disparity in
the atomic size of the N and Sb leads to large miscibility gap and N incorporation beyond a few
percent becomes a problem. Figure 1.4 shows schematically the associated challenges although,
the atomic size of the individual atoms are not in appropriate scale. The smaller atomic size of N

as compared to Sb atoms lend N into the interstitial sites rather than the substitutional site.

Figure 1.4. Challenges involved in the growth of InSbN epilayer.
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In Figure 1.4 it can be seen that N atoms and even N, molecules (identified by numerals
2, 3 and 4) can interstitially fit inside the lattice. These interstitial atoms tend to distort the lattice
structure in addition to the distortion created by the substitutional N atom (N atoms sitting in Sb
site: Ngp; marked by number 1 in Figure 1.4). The presence of N in the interstitial site results in
high background » due to the donor nature of N atoms. Further, with increase in N incorporation
in the substitutional sites (Nsp), the crystal lattice ordering in the epilayers reduce due to the
difference in bond lengths of In—N and In—Sb (as shown in Figure 1.4 at number 1). Hence, with
increasing N incorporation the crystalline quality of the InSbN epilayers deteriorates and one has
to trade-off between these two to arrive at the optimized characteristics.

Second, the use of InSb substrate for the growth of these InSbN layers has several
drawbacks and limitations. The InSb substrates are limited in size because the quality of the
substrate becomes inferior with the increase in the wafer diameter. Further, InSb substrates are
expensive, non-semi-insulating (normally n-type), and are of lower quality than GaAs or Si. In
order to conduct optical and electrical studies of the grown InSbN epilayers, semi-insulating
substrate materials are required.

InSb being n-type in nature, for device operations in particular for FPAs, thinning of the
InSb substrates to ~10 um is required in order to minimize the absorption in the substrate. Hence
semi-insulating GaAs (001) is more appropriate and was chosen for the substrate material in this
study. However, the high lattice mismatch of ~14.6 % between GaAs and InSb provides
complexity due to the presence of dislocations in the resulting hetero-junction, causing
degradation in the InSbN layers grown subsequently. Based on all the above discussed
challenges, various objectives and methodologies to overcome those obstacles were framed for

this research work and are detailed in the next section.
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1.4 Objective

The overall objective of the research is to develop high quality InSbN epilayers on GaAs
substrate with N incorporation sufficient enough for photodetection in the entire LWIR (8 to 12
pum) range. In order to accomplish this, the challenges discussed above were addressed by the
growth of high quality InSb buffer layer, study of N incorporation, correlation with N-bonding,
reduction of n and overall heterostructure optimization with reduced defects.

The above specific objectives of the research and the approach adapted are detailed
below:

» Establishment of the growth of high quality InSb buffer layer: This was accomplished
by developing simple, reproducible and less defective InSb layer growth process on GaAs
substrate by optimizing the MBE growth scheme. The growth parameters, such as Sb/In BEP
ratio, growth temperature and InSb epilayer thickness, were varied one at a time. The choice of
these growth parameters were based on a detailed literature study.

» Optimization of MBE growth parameters for effective N incorporation: The effect of
various MBE growth parameters, such as N BEP, N plasma power, Sb/In BEP ratio and growth
temperature, were studied independently for a good quality InSbN epilayer growth with
increased N incorporation. The MBE grown InSbN epilayers were then characterized and an
optimized growth scheme was established after their systematic correlation. Thus the effect of
each of these parameters on the epilayer was identified individually.

» N-bonding study: A study in the variation of N bonding composition in conjunction
with varying growth parameter and material property was carried out. The influence of various
types of N bonding on the crystalline quality of the material was established by correlating

different N- bonding with disorder observed in the InSbN epilayers with varying growth
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temperature. The growth temperature is an important parameter which affects the N bonding in
the material, a crucial part of the band gap and the quality of the material. This study will not
only provide a better understanding of the effect of N on the alloy property but also on the
observed differences between the quality of the layers grown under similar conditions by
different researchers. Therefore a systematic study was conducted on the effect of N
incorporation as a function of growth temperature, correlating the structural, bonding, electrical
and optical properties of InSbN epilayers grown on GaAs substrate using various semiconductor
material characterization techniques. This helped establish guidelines for further fine-tuning of
the growth optimization.

» Reduction of carrier concentration: A systematic annealing study was carried out to
reduce the most common problem of high # in the as-grown InSbN layers. The annealing studies
of InSbN reported in the literature clearly indicated the improved quality of InSbN epilayers,
however the data is scattered. Hence, ex-situ annealing by RTA was performed at various
temperatures in order to establish an optimized annealing temperature which was also correlated
with results published by some of the other research groups. After establishing the annealing
temperature, in-situ annealing was attempted as this technique was already established by our
research group to be more efficient. Furthermore, a comparison of the structural, vibrational,
electrical and optical properties of as-grown and annealed (both ex-situ and in-situ) InSbN
epilayers was also carried out. A relatively thick InSb buffer layer was observed to mask the
electrical and optical properties of the InSbN epilayers. In order to minimize the interference of
the InSb buffer in the study of InSbN epilayer properties, relatively thin buffers were grown.

P Heterostructure optimization: In order to optimize the InSbN heterostructure a

systematic study was carried out to understand the variation of both InSb buffer layer thickness
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and InSbN epilayer thickness on the quality of the InSbN epilayer. For this study different InSbN
heterostructures were grown at the same growth condition. This clearly helped in distinguishing
the defects in the InSbN epilayer that arise due to heteroepitaxy and N— related bondings along
with their relative impact on the overall electrical property. Finally, using a combination of
symmetric and asymmetric HRXRD and RSM scans the overall defects in the heterostructure
were studied. The individual layer thicknesses were optimized in order to get the best InSbN
heterostructure by using a correlation with N incorporation and Raman indicated defects.

1.5 Outline of the Dissertation

The dissertation consists of nine chapters. Below is a chapter wise outline of the research
work presented in this dissertation.

Chapter 1 discusses about the division of infrared radiation into various spectral windows
and related potential applications. This includes a brief history of the overall infrared technology
and its development. Then the motivation behind this research work has been outlined.
Subsequently, the challenges involved in the development of the InSbN material system were
identified and the specific objectives of the present research are listed along with corresponding
methodologies used to overcome those challenges.

Chapter 2 presents a focused review of the MBE growth of InSb on GaAs, band
anticrossing in InSbN, various growth techniques of InSbN and its material characteristics
reported to date. This is followed by a literature review of the defects in InSbN and its
correlation with different N—bonding and different growth parameters are presented. Then the
effect of annealing on the structural, electrical and optical absorption edge of the InSbN epilayers
including different methods of band gap determination and InSbN based devices reported by

different research teams are outlined.
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In Chapter 3, a brief description of the MBE methodology and the MBE system used in
our lab for the synthesis of all the test samples are presented. Various characterization techniques
used to obtain a better understanding of the material behavior of InSb and InSbN are also
documented and brief description of related physical principle is also included.

Chapter 4 presents a systematic study of InSb growth and its characterization, since a
very large lattice mismatch between InSbN and GaAs necessitates the growth of an InSb buffer
in these heterostructures for obtaining good quality epitaxial layers. This also includes the Sb/In
BEP optimization, InSb growth temperature optimization and growth of highly crystalline InSb
with high mobility and low carrier concentration. The results and discussion of this Chapter have
been published™ partially in a peer reviewed journal.

Chapter 5 discusses extensively the growth and characterization of InSbN
heterostructures. First, a systematic study of variation of N plasma BEP within a narrow window
of Sb/In BEP ratio (selected from the best results of InSb growth on GaAs) has been presented.
Followed by the identification of stable and suitable N plasma BEP and finally, a brief
systematic study on the effect of growth temperature on the N incorporation are reported.

Chapter 6 discusses about the understanding of the underlying principles for the
formation of the N— bondings and their effect on structural, compositional, electrical and optical
properties of InSbN. This also includes a discussion about the growth temperature dependent
study, the influence of different N— bonding on the property of InSbN epilayers, and a
comparison with the existing published results. All the results and discussion in this Chapter
have been published®® in a peer reviewed journal.

Chapter 7 presents a systematic study of various annealing processes performed on

InSbN heterostructures in order to reduce high background » and defects in the epilayer. In order
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to obtain an optimized annealing condition, multiple InSbN heterostructures were grown and ex-
situ annealed at different temperatures. After observing a significant effect of annealing on the
test heterostructures, a systematic study with variation in annealing temperatures and types of
annealing were attempted. Subsequently, the effect of ex-situ, in-situ annealing on InSbN
epilayers followed by a comparative study of both annealing processes were discussed. The
annealing comparative study has been partially published in a peer reviewed®'journal.

Chapter 8 discusses a systematic study of defects in various InSbN heterostructures. For
high quantum efficiency a structure with minimum defect is desirable. In this chapter, various
growth and structural aspects such as, thickness of InSb buffer and InSbN epilayer affecting the
dislocation density in the overall InSbN heterostructure are also been discussed. And finally an
optimized growth scheme of high quality InSbN heterostructure for device application has been
suggested.

In conclusion, Chapter 9 discusses about all the major accomplishments and summary of
every chapter. Various research efforts that were attempted to overcome the challenges are
reported in this concluding chapter with relevant parametric quantitative figures. Finally, a
suggestion of future work has been made after highlighting some of the best properties of InNSbN

material system which were accomplished in this dissertation.
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CHAPTER 2
Literature Review
2.1 Why InSb
Among the entire group of III-V binary compound semiconductors, InSb has the
distinction of exhibiting the smallest band gap of 0.18 eV with an absorption cutoff at 7.3 um at
300 K.*' This unique material property resulted in the selection of InSb for MWIR applications
as discussed earlier. Further, a very high RT electron mobility can be taken advantage for a high
speed device operation.**** After a multi-decade intensive research on the material property
study for various applications, the production technology have been well developed starting from

3430 0 large format FPAs.?”*® Most of these devices are

miniaturized InSb based sensors
fabricated either on GaAs or Si for various applications with the, growth of InSb on GaAs taking
the precedence.

In this chapter a brief review of various growth techniques is reported till date for both
InSb and InSbN. Specific details of MBE growth parameters necessary for a high quality InSb
layer growth on GaAs substrate are highlighted. The mechanism responsible for the band gap
reduction in InSb with N incorporation has been discussed. A detailed review of various growth
techniques used for InSbN and its correlation to the material properties as reported by other
research groups has been attempted. A correlation of various N- bondings in InSbN with the
defects reported by other research groups has been presented. A brief literature survey of the
annealing effect on the property of InSbN has been included. Various types of annealing
methods performed on InSbN grown by different growth techniques are also reported. A concise

list of various techniques used to estimate the band gap of InSbN and related devices fabricated

using different techniques by all the research groups reported till date has been tabulated.
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2.2 Growth of InSb on GaAs
The growth of InSb on GaAs has been an important study for almost more than 40

years.”” ** Various techniques of growth like liquid phase epitaxy (LPE),*"*

metalorganic vapor
phase epitaxy (MOVPE),* atomic layer epitaxy (ALE),* metalorganic chemical vapor
deposition (MOCVD),**" metalorganic magnetron sputtering, "> ** magnetron sputter epitaxy
(MSE),”® and molecular beam epitaxy (MBE)>"** %% 152 haye been studied. Brief literature
review of InSb growth on GaAs by MBE technique will be presented here.

The focus of material research on the heteroepitaxial growth of InSb on GaAs substrates
has been mostly on the improvement of the material quality with good electrical and optical
characteristics for device applications. The heteroepitaxial growth of InSb on GaAs is plagued by
the presence of high dislocation density due to the large mismatch of 14.6 % existing between
the two binary systems. Hence, various MBE growth parameters namely, Sb/In flux ratio,
substrate growth temperature and epilayer thickness become critical and strongly influences the

overall quality of the epilayer. Noreika et al>>

first established various growth phases of InSb at
different substrate temperatures and Sb/In flux ratios. Figure 2.1shows the different RHEED
patterns observed during the MBE growth of (001) InSb with change in growth temperature and
Sb/In flux ratio. This can be used as a guideline for the calibration of both the growth
temperature and the Sb/In flux ratio for reproducible results. Further, the technique of growth
temperature measurement using a standard pyrometer becomes erroneous at lower temperatures,
particularly below 400 °C. Hence, observation of RHEED patterns of the growth surface
dynamically during the growth process helps verify both the growth temperature and Sb/In flux

ratio and can be considered as a feedback mechanism to correct both the parameters when

needed. The RHEED observations indicated that the heteroepitaxial growth process includes: (a)
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an initial nucleation 3D phase (spot pattern), (b) coalescence state between 500 and 3000 A
(streaky pattern formation), and (c) a sustained 2D surface demonstrated by various
characteristic patterns mentioned in Figure 2.1.*>* A thickness dependence of the Hall mobility
and x-ray rocking curve full width half maxima (FWHM) of InSb epilayers studied for thickness
variationl to 35 pm thick, grown at 390 °C indicate improved structural quality with increasing

thickness and a bulk-like behavior beyond 30 pm.>*
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Figure 2.1. Diagram showing various RHEED patterns observed on (001) InSb surface.™
Eventually, various other growth techniques were suggested to improve the structural
quality and Hall mobility such as, Davis et al’> reported the growth of a 300 A InSb interface
layer at 300 °C prior to the growth of InSb active layer at 380 °C with rocking curve width ~ 100
arcsec for 10 pm thick layers. Further, a higher mobility of 55,100 and 38,300 cm?/V-sec
observed at 300 and 77 K, respectively in the 5.5 pm thick InSb layer indicated relatively less
defects due to the presence of the interface layer.**>* The interfacial study from TEM>*>* and
RHEED™ study of initial stages of the heteroepitaxial growth of InSb on GaAs indicated a
reduction in dislocation density with increase in layer thickness and away from the interface with

values ranging from ~10"" to 10® cm™ for thickness varying from 0.2 to 10 pm thick InSb layer.
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Apart from the incorporation of an InSb buffer layer, Li et al’’ reported the incorporation of a
3000 A AISb buffer layer in a 3 um InSb on GaAs to improve the rocking curve width to 199
arcsec with RT Hall mobility at 55,000 cm®/Vs and good absorption characteristics in the IR
spectral range. Michel et al®® reported a more careful growth technique by optimizing the growth
temperature and Sb/In flux ratio by using static and dynamic RHEED with a controlled InSb
nucleation process. The calibration of flux using this technique was reported to be more accurate
than the standard beam equivalent pressure (BEP) measurements as the latter was dependent on
the history of the ion-gauge but not the kinetics at the surface during the growth. This technique
was observed to yield a much better quality of InSb heterostructures than the earlier reported
techniques of additional incorporation of low temperature thin atomic layer epitaxially grown
InSb or an AISb buffer layer. A 3.3 um thick InSb layer grown at 395 °C and an Sb/In flux ratio
of 1.2 calibrated using RHEED, observed to exhibit a x-ray FWHM of 193 arcsec, with 300 and
77 K Hall mobilities of 59,400 and 81,500 cm?/Vs, respectively.®

A characteristic temperature dependent study of the mobility with a peak at 80 K
indicated the bulk like behavior of the InSb epilayer with n-type background. Further, a thickness
dependent study carried out on a 4.8 pm InSb layer grown under an optimum condition
described by Michel et al® clearly indicated both 300 and 77 K mobilities limited by dislocation
scattering for thickness below 1.5 pm. The 4.8 um thick sample was reported to exhibit a Hall
mobility of 62,300 and 92,300 cm?/Vs at 300 and 77 K, respectively with an x-ray FWHM of
158 arcsec.®’ Further, our work®® on the MBE growth of InSb on GaAs indicated, the use of
RHEED for growth optimization not only resulted in a high quality InSb epilayer on a GaAs
substrate but also provided reproducible results due to its dynamic nature. Hence, this technique

was used for the growth of InSb buffer layer in all the heterostructures reported in this study.
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2.3 Bandgap Reduction in III-V-N Materials

The phenomena of band gap reduction with N incorporation in group III-V
semiconductors started attracting attention in the 1990s. When a dilute amount of nitrogen
replaces the group V atoms in the host material, the fundamental band gap was observed to be
affected due to variation in atomic size and electronegativity. Although there are many theories
that explain this band gap reduction, band anticrossing (BAC) model is the most widely used due
to its simplicity.®'*> A comprehensive summary of various dilute nitride materials can be found
in the doctoral dissertations of Dr. Kalyan Nunna,®® Dr. Liangin Wu,*” Dr. Sudhakar Bharatan®®
and Dr. Homan Yuen®.
2.4 Band Anticrossing in InSbN

The band gap reduction in InSb with dilute amount of N incorporation was first reported
by Murdin et al”® and was explained by using a modified k.p Hamiltonian previously’' developed
for GaNxAs,  Figure 2.2 (a) shows the band structure calculated as a function of N composition

and (b) gives the details of band gap variation over mid to long wavelength range with change in
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Figure 2.2. (a) the calculated band structure as a function of nitrogen composition, (b) the band

gap variation over the mid to long wavelength IR range for InSb;_N,.*'
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Eventually, Lindsay et al’> " reported the need of a two-level BAC model to explain the
band dispersion near the conduction band minimum (CBM) in InSbN. In this model the CBM
dispersion was calculated using a 10 band k.p Hamiltonian and BAC parameters. Bhusal et al™*
reported a 10 band k.p model, similar to one proposed by Tomic et al”” for GaNAs/GaAs QW to
account for the localized nitrogen band interaction with CB and VB in InSb; 4\N. Based on the
simulation results a RT cutoff wavelength of 10-25 um was reported to be possible in InSbN
with nitrogen concentrations between 0.5 and 1.3%."*

2.5 Growth and Characterization of InSb;_,Ny

Johnson et al’® first reported the growth of InSbN light emitting diodes (LED) grown by
MBE. To determine the effect of N on the band gap (E,) they have reported the growth and
fabrication of InSb/InN,Sb_ superlattice active regions with period ~ 1000 A for a nitrogen
content of x = 0.3 % resulting in the peak emission shift from ~6 to >7 um at RT.”® Ashley et al*'
reported a systematic MBE growth of both bulk InSbN and superlattice structures comprising 83
nm InSb/ 33 nm InSbN at 380 °C on a 1 um InSb buffer using an electron cyclotron resonance
(ECR) N plasma source. The TEM and AFM results indicated a significant increase in the
epilayer interface visibility and improved surface morphology with application of a bias voltage
to the substrate during the growth of nitride layer. Application of a bias voltage is believed to
reduce the density of the high energetic ions from the N plasma impinging on the growth surface.
Further, a threading dislocation density (~10® cm™) was reported to propagate from the
superlattice region to the sample surface. An increase in N incorporation from 2 to 4.6 % with an
increase in ECR power from 1 to 100 W was reported to accompany with the morphology
degradation. Further, N incorporation was reported to vary by two orders of magnitude with

introduction of hydrogen at a pressure of 5x10® mbar. A maximum incorporation of 10 %
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nitrogen limited by the pumping capacity of the reactor was reported from the SIMS and XRD
results. The InSbN SL device was reported to exhibit a near RT emission peak at ~7 pm with N~
5.5 % as compared to pure InSb devices with peak at ~ 6 pm. Although, a shift in the emission
peak at a higher wavelength was observed, the magnitude of this shift deviated from the
theoretical prediction corresponding to the N incorporation. This deviation was reported to be
accounted by Moss-Burstein shift due to high background » in InSbN layer. RT # ranging from
1.9x10" cm™ to 1.3x10"® cm™ with RT u from 6,500 to 3,250 cm’/V-s, respectively was
reported for N concentrations varying from 0.6 to 2 %, respectively. These Hall measurements
were reported to be carried out on the bulk InSb; 4Ny samples grown on semi-insulating GaAs
substrates to avoid parallel conduction.”’

With the passage of time as this material system gained attention of other researchers,
various growth techniques like low pressure MOVPE,”” MOCVD,”® ion implantation,””*** MBE

equipped with electron cyclotron resonance (ECR)*' and MBE equipped with rf N plasma’® *'**

were used for the growth of InSbN for long wavelength detection. Mahboob et al**

reported the
determination of substitutional nitrogen content in InSb; xNy using the method of high-resolution
electron loss spectroscopy (HREELS) and Hall studies using epilayers grown on GaAs substrates
by MBE. Estimation of the N content from HRXRD data using simple Vegard’s law have been
reported to be inconsistent with data from SIMS and XPS for other dilute nitride systems like

GaAs;xNx grown on GaAs substrates.®> 8¢

Hence, a method like HREEL spectra which probes
the electronic structure near-surface region of the material by means of low-energy electrons
which couple to the electric fields of surface plasmons arising from the free carriers in the CB

resulting in the electron energy loss spectra. This was reported to be self-consistent method to

derive the substitutional nitrogen (Nsy) purely based on electrical measurements.** A correlation
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of HREEL spectra with the RT Hall data of n = 9x10'® cm™, 4 = 1400 cm?/Vs and modified k.p
model was reported to result in x = 0.0015. And this x value was reported™ to suggest only 7.5
% of the total nitrogen determined from the SIMS alloy composition, to be in the substitutional
position. The remaining nitrogen was speculated to be either in interstitial lattice sites, indium
sites or passivated by the atomic hydrogen incorporated during the epilayer growth. The E,
estimated for x = 0.0015 in InSb;_ N, was reported™* to be 135 meV, consistent with the LED
device output peak®' fabricated using this material.

Jefferson et al*’ reported a very narrow growth temperature window of 330+5 °C for N
incorporation. However, Pham et al,*' Lim et al****** and Zhang et al*’ reported growth of
InSbN from 270 ~ 420 °C for different rf N plasma powers. The variation in the observation of

137 can be due to the use of Sby from a standard

the growth temperature window for Jefferson et a
antimony (Sb) effusion cell as against to Pham et al®" who reported to use a valved cracker cell
for Sb operating at 900-1000 °C providing a stable beam of Sb flux’® comprising more than 90 %
Sb.
2.6 Study of Defects in InSbN

In recent years, the growth of InSbN by MBE equipped with nitrogen rf plasma source
observed to be widely studied.®"® The growth mechanism of InSbN was suggested by Lim et
al® using an anion exchange model. During the process of nitridation, formation of bonding such
as In—N along with In-Sb—N, Sb—N and Sb—Sb (Sb antisite) as a concurrent process was
suggested. A systematic defect study of the growth parameters indicate Sb antisite defects (Sb
sitting on In site) characterized by A;,Sb peak in the Raman spectra, reported to be dominant at

high growth temperature and at a low plasma power.*® Further, the presence of nitrogen in the

interstitial positions in the form of various nitride bonding like N—Sb, -NH,, -NH3, -NO, N-N
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was reported by Veal et al’' from the N 1s x-ray photoelectron spectra (XPS) of the as-grown
InSbN samples, whereas the substitutional N was in the form of In-N bonding. The presence of
these N— related bonds was reported to create lattice compression or expansion in InSbN based
on the type of bonding.®' Interstitial N complexes such as [110]-split interstitial N-N, [100]-split
interstitial N—N and substitutional In-N (Ng;,) was reported81 to create lattice contraction
(negative lattice mismatch) whereas, the interstitial N—Sb ([100], [110], and [111]) and [111]-
split interstitial N—N structures lead to lattice expansion (positive lattice mismatch). These
studies were carried out on ~ 0.6 um InSbN epilayers grown on InSb substrates at various
growth temperatures and rf N plasma power. From (115) XRD reciprocal space maps (RSM)
study the nitride layers were reported to be strained with the strain value dependent on the
growth temperature and plasma power.®' The nature of N bonding and origin of N— related
defects as a function of the growth temperature studied by Pham et al®' seems to explain the
crystal disorder observed in the InSbN material system as reported by Lim et al.*® Hence, InSbN
epilayers not only suffers a structural degradation from the heteroepitaxy but also from various
disorders associated with the N— related bonding.
2.7 Effect of Annealing on InSbN

Various annealing methods were studied to observe its effect on the structural,
compositional, electrical and optical properties of InSbN layers. Veal et al’! first reported the
effect of annealing at 300 °C performed radiatively using a tungsten filament on the MBE grown
InSbN epilayers. The N 1s XPS study of the annealed InSbN layers were reported to exhibit an
increase in In-N bonding and reduction in other N— related bonding except Sb—N, after 8 hours
of annealing at 300 °C.”! Buckle et al’? reported a reduction in RT carrier concentration (n) of 2

pum thick InSbN layers grown on GaAs substrates from ~10" to ~10"" cm™ after ex-situ
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annealing at temperatures higher than 400 °C. Further, an InSb grown under the same condition
reported to exhibit RT # in the range of ~10'® cm™. The high RT 7 observed in the as-grown
InSbN epilayers are mostly due to the N-N interstitials and their donor nature.” A comparative
study of furnace annealing and RTA by Chen et al’* for ion implanted InSbN alloys, indicates
the former technique to be better in elimination of defects while later activated more N. Further,
Wang et al”” reported the accumulation of out-diffused nitrogen on the surface and interstitial
dominated diffusion of implanted N into the bulk of InSb substrate after a prolonged furnace
annealing at 277 °C for InSbN alloys fabricated by two-step ion implantation. The effect of
annealing on the optical absorption edge of the material will be discussed partially in the next
section and in a great detail in Chapter 7.
2.8 Bandgap Determination of InSbN

An accurate determination of the E, far in the MIR or LWIR can be very difficult. A
photo-luminescence is usually very weak in narrow gap semiconductors due to low carrier life
time. Transmission measurements can also be misleading due to broad peak and spectra being
masked by interference patterns. Hence, using a Fourier transform modulated spectroscopy
technique,”® Merrick et al’’ reported a 16 meV (~10 %) redshift in the InSbN at RT with 0.1 % N
incorporation. Eventually, as this technique was accepted by many others, its wide use resulted
in many commercial products under the domain of Fourier transform infrared (FTIR)
spectrometers. Further, a straightforward calculation of the E, from the absorption edge may not
be accurate, when the background carrier concentration is high and causing a blue shift in the
absorption edge, commonly known as Moss-Burstein effect. In such cases, the E, of InSbN is
calculated as

Eg = Eqps — Emp + Epgn (2.1)
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where, E,, 1s the optical absorption edge energy from FTIR, Ejs the energy shift due to the

52-98 1 im et al* reported to

Moss-Burstein effect and Egy the band gap narrowing energy.
observe a blue shift in the cut-off wavelength up to 4.8 pm (0.26 eV) for 2 um thick InSbN
grown at 270 °C exhibiting high # in the order of ~10'® cm™. Whereas, the E, calculated using
Equation 2.1 was reported to be 0.1 eV corresponding to 1 % Ngp. Further, InSbN layers grown
at 380 °C reported to exhibit longer cutoff wavelength at ~8 um (0.16 eV) with n ~10"" cm™, the
calculated E, (= 0.16 €V) corresponding to 0.2 % N incorporation. This clearly indicates the
dominance of Moss-Burstein effect at high carrier concentrations for InSbN layers grown at low
temperatures and high N incorporation. Hence, one way to reduce the Moss-Burstein shift by
reducing the carrier concentration is by increasing the growth temperature of InSbN epilayer.
Another way is by annealing the InSbN layers at temperatures higher than 400 °C. Buckle et al’*
reported to experimentally observe a red shift in the absorption edge of InSbN epilayers after ex-
situ annealing at 410 °C caused by reduction in 7 up to ~10'7 cm™ with A cut off extending to ~

8.5 um and 0.3 % Ns. A similar behavior was reported by Lim et al’’

for InSbN layers ex-situ
annealed at 430 °C with an observed red shift in absorption edge to 0.15 eV (~8 um)
corresponding to 0.3 % Ng, (BAC predicted) and n ~10'7 cm™. However, the technique of E,
estimation using FTIR necessitates the InSbN epilayers need to be relatively thick (~2 um) and
grown on semi-insulating substrate for a high absorption only in the epilayer. Further, in order to
estimate the band gap, the shift in the absorption edge due to Moss-Burstein effect needs to be
accounted for the epilayers with high background carrier concentration.”® '

The photoluminescence (PL) peak energy can also be used to determine the E, for InSbN

alloys. However, in order to obtain a PL peak, highly crystalline InSbN layers need to be grown

with reduced defects and hence less non-radiative recombination centers. Jin et al”® reported the
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10 K PL spectra of homoepitaxially grown InSbN epilayers on InSb substrates using MOCVD.
A PL peak at ~5.27 um (0.235 eV) and ~5.4 um (0.23 eV) observed were reported to be due to
InSb and InSbN band to band transitions, respectively. Another peak at 5.87 um (0.211 eV)
observed for almost all the InSbN samples except the InSb substrate was reported to be due to Sb
antisites (Sbi,). The InSbN E, estimated from PL was reported to match the photocurrent peak
measured at 30 K after accounting for the band gap narrowing effect. Using the 10 band k.p
model, the N content was reported to be estimated at 0.07 %. However, a slight discrepancy
reported in the mismatch values from the XRD experimental results and theoretical calculations
using Vegard’s law were not explained.

Another method of determination of E, is by fabrication of a device with InSbN as active
layer which will be discussed in next section. Table 2.1 summarizes the growth of various types
of InSbN based devices/epilayers and corresponding band gaps reported in literature.

2.9 Devices Based on InSbN

For any real time application the InSbN material need to be fabricated into a device. The
different types of devices fabricated with InSbN as active layers are LED?' and P-N diode'®"-'%?
for photo detection. Photoemission peak was reported at 10 K for InSbN/InSb based SL with
pump photon energy of 0.26 eV (~4.9 pm), the E, of the SL at this temperature being 0.124 eV

(~10 um) with a carrier lifetime of 130 ps.*' P-N junction fabricated by Chen et al'"’

using 3 step
ion implanted InSbN was reported to exhibit photo current peak around 6.47 pm at 30 K with cut
off A extended to ~ 9.4 um. The E, in this case was estimated to be ~191.7 meV. The active layer
was annealed at 550 K for 4 hours in order to remove damage caused by implantation and

activate the incorporated N which was estimated from XPS to be 0.43%. The p-type doping was

accomplished by Mg" implantation.'®' Further, p"-n structure fabricated on GaAs substrate by
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Table to summarize the growth and E4 reported for InSbN by various research groups

Research Device type Growth technique E, Method of E;,  Estimated
Group (meV) determination N (%)
Ashley  InSbN/InSb SL MBE equipped 124 Photoemission 10
et al LED with ECR N
plasma

Chenet P-N diode 3 step ion 196.7 Photocurrent 0.36

al (detector) implantation

Chenet P-N diode 3 step ion 195.5 Photocurrent 0.43

al (detector) implantation

Chenet P-N diode 3 step ion 191.7 Photocurrent 0.36

al (detector) implantation

Buckle  InSbN epilayer on MBE 180 FTIR a plot 0.2

et al GaAs substrate

Jinetal InSbN epilayer on MOCVD 221 at PL 0.7
InSb substrate 30K

Jinetal InSbN epilayer on MOCVD 224 at Photocurrent 0.7
InSb substrate 30K

Limet al InSbN epilayer on MBE with rf N 150 FTIR o linear 0.3
GaAs substrate plasma interpolation

Limetal p -ndiode MBE with rf N 137 at Photocurrent 1
(detector) plasma 20 K
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Lim et al'® reported an extension of 30 K photocurrent upto ~9 um. These structures consist of
annealed InSbN with Ng, ~1 % and 7 ~10'® cm™. The p” layer was reported to be a 50 nm thick
C-doped InSbN with doping concentration of ~10' cm™. The conduction of current reported at
small bias attributed to the presence of shallow levels caused by the excess Sb atoms.
2.10 Conclusion

In conclusion, optimization of growth temperature and Sb/In flux ratio along with
dynamic RHEED patterns high quality InSb epilayers can be grown on GaAs substrates. The
band anticrossing model has been successfully used to explain the band gap reduction in InSbN
with increasing N incorporation and predicts extension of the absorption to ~14 pm at ~1.1 % N.
Irrespective of different growth techniques used for the synthesis of InSbN epilayers, the defects
and electrical properties characteristic of the type of N— bonding present. Annealing studies were
reported to reduce the background n due to annihilation of N—N interstitials with absorption cut
off extended up to 8 um at RT. Band gap of InSbN estimated from various methods clearly

indicated a reduction from the InSb E, with increase in N incorporation.
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CHAPTER 3
MBE Growth and Characterization Techniques

3.1 MBE Overview

MBE is considered to be one of the state-of-the-art ultra-high vacuum (UHV) non-
equilibrium techniques'® for the growth of highly crystalline epitaxial compound
semiconductors. As the MBE technique allows the control of the thickness to an atomic level and
abrupt change in the atomic composition with sharp interfaces, the growth technique lends not
only for the epitaxial growth of highly quality for nearly lattice matched condition but also for
highly lattice mismatched condition using strained layer epitaxy.'®

In this chapter a brief description of the MBE methodology and the MBE system used in
our lab for the synthesis of all the test samples are presented. A step wise growth sequence for
the growth of InSb and InSbN epilayers is listed. Various post growth processing and material
characterization techniques used for understanding the material behavior of InSb and InSbN are
also discussed along with a description of related physical principles.
3.2 MBE Elemental Sources and Components

Figure 3.1 shows the VEECO EPI 930 solid source MBE equipped with rf N plasma,
used for the growth of InSb and InSbN heterostructures for this study. The details of all the solid
sources, N plasma and other essential MBE components like, RGA, vacuum pumps, ion gauges,
RHEED, pyrometer, temperature controllers etc. used in our MBE system are reported in the
dissertation of Dr. Liangin Wu,®” Dr. Kalyan Nunna,*® and Dr. Sudhakar Bharatan®® for their
research work carried out using this MBE system prior to this work. Hence, in this report the
discussion will be limited to only the MBE growth parameters significant to the growth of InSb

and InSbN heterostructures on GaAs substrates.
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For GaAs buffer layer a dual filament Knudsen cell loaded with 7N purity Ga and an As
cell with valved cracker loaded with 7N purity source was used. For both InSb buffer and InSbN
epilayers a dual filament Knudsen cell loaded with 7N pure In was used. The Sb was supplied
using a valved cracker source loaded with 7N pure Sb. Both As and Sb crackers were maintained
at 900 °C during the operation for a continuous supply atomic As and atomic Sb flux at the
cracking temperature. The nitrogen was supplied by converting purified N, gas into plasma using
a rf controlled plasma source. The N plasma was fired only after setting the growth conditions

for InSbN growth to prevent N incorporation in any other grown layers.

>

Figure 3.1. The EPI 930 MBE system along with electronic control rack in the clean room

facility.
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All the beam equivalent pressure values (BEP) were measured by an ion gauge prior to
the growth of the epilayers. All the sources were controlled by rapid shutter action that allows
the production of an abrupt interface. The BEP of group III elements (Ga and In) were controlled
by the source temperature whereas, in the case of group V elements (As and Sb) the BEP values
were controlled by both the source temperature and cracker valve position. The N plasma BEP
was controlled by a gas flow control valve, manual leak valve and rf plasma power. Since ion
pump has a high pumping capacity for nitrogen, the ion pump gate valve was closed prior to the
introduction of N into the growth chamber. The N plasma BEP was measured by the chamber
pressure after firing the N plasma. The N plasma shutter was opened only after the stabilization
of N BEP and plasma fire which could be monitored by observing the brightness of the plasma
through a view port.

All the heterostructures were grown on semi-insulating epi-ready (001) GaAs (single
side/double side polished) substrates. The substrates were 10x10 mm? in surface area cut from a
2” diameter, 0.5+0.025 mm thick GaAs wafers with etch pit density <2000 cm™. These GaAs
wafers were purchased from Wafer Technology Ltd. After cutting the wafer, a GaAs substrate
was loaded onto a molybdenum sample holder consisting of two spring plates and a snap ring.
Prior to the growth process these substrates were radiatively heated for 8 hrs at 200 °C using two
halogen lamps inside a chamber with pressure maintained better than 107 Torr, to remove water
vapor and any other volatile material from the growth surface.

3.3 Growth of InSb on GaAs
Below are the steps followed in sequence during the growth of InSb on GaAs substrate.
1. GaAs oxide desorption was carried at 614 °C under an As overpressure.

2. The oxide desorption was confirmed by a streaky (1x2) or (2x4) RHEED pattern.
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After a good oxide desorption (observed by high intensity RHEED patterns), GaAs buffer
(0.2 um) was grown at 580 °C.

After the growth of GaAs buffer the substrate was cooled with As overpressure until 500
°C. Then the InSb growth temperature was extrapolated taking at least five data points
using 0.5 emissivity in the pyrometer controller settings.

InSb buffer (variable thickness) was grown at 375 °C under 2V2x2\2 or pseudo (1x3)
RHEED pattern.

After the growth of InSb under a streaky RHEED pattern the In shutter was closed to
terminate the InSb growth.

The Sb shutter was kept open until substrate temperature was cooled below 330 °C.

3.4 Growth of InSbN on GaAs

InSbN.

1.

After a successful growth of InSb buffer following steps were followed for the growth of

In order to determine the growth temperature for InSbN the substrate temperature was
increased with in a temperature range of 410-440 °C for extrapolation using at least 3
data points. Sb over pressure was maintained at this high temperature to prevent any
outgas of Sb from the InSb buffer layer.

After the determination of InSbN growth temperature, the substrate temperature was
reduced with an uninterrupted InSb growth at a relatively lower growth rate of ~0.4
pm/hr.

At the InSbN growth temperature (270~380 °C) the N-plasma was fired and adjusted for
a stable and bright plasma glow. The N plasma was controlled by rf plasma power and

the N gas flow.



35

4. The InSbN growth was carried out at the selected growth temperature by opening the N
plasma shutter after the stabilization of N BEP observed by the chamber background
pressure using a high vacuum ion-gauge.

5. A typical RHEED pattern of ¢(1x3) was observed during the growth of InSbN epilayers.

6. After the growth of required thickness of InSbN epilayer the growth was terminated by
closing In, Sb and N shutter in sequence followed by lowering of the substrate
temperature to room temperature.

3.5 Post Growth Processing: Annealing
Two types of annealing methods were carried out in order to study the effect of annealing
on these MBE grown InSbN heterostructures.

1. In-situ annealing: In this technique the process of annealing was carried out inside the
MBE growth chamber immediately after the growth of InSbN epilayer. After the
termination of InSbN growth, the substrate temperature was increased to the desired
annealing temperature with regulated Sb overpressure (2x10° Torr) at a ramp rate of 0.5
°C/sec. Once the sample was annealed for a desired duration the substrate temperature
was lowered to room temperature with Sb overpressure kept on until the temperature fell
below the InSbN growth temperature.

2. Ex-situ annealing: In this technique the process of annealing was carried out outside the
growth chamber after the growth of InSbN. Here, for this study we have used Jepelec
JetFirst 100 rapid thermal annealing (RTA) system in the Duke Shared Materials facility
with a regulated flow of N, gas at 1500 sccm. A ramp rate of 20 °C/sec was selected
while increasing the substrate temperature. The temperature was recorded using a

standard thermocouple calibrated to measure the temperature of the Si wafer on which
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the test sample was placed. An InSb wafer was placed on top of the InSbN sample during

the process of RTA to prevent any excess loss of Sb.
3.6 Characterization Techniques

After the MBE growth of InSb and InSbN epilayers various semiconductor
characterization techniques were used to analyze the structural, compositional, electrical and
optical properties. Some of these techniques such as x-ray photoelectron spectroscopy, secondary
ion mass spectroscopy and nuclear reaction analysis are destructive in nature. Hence, only a
small piece cut out from the grown structure was used for these characterization techniques. It is
to be noted that some of the characterizations were performed at other lab facilities namely
Shared Materials Instrumentation Facility at Duke University after a certified training and some
by expert personnel from Evans Analytical Group. The thickness values of the epilayers were
measured using a Tencor thickness profiler from the step size of the grown layer taking GaAs
substrate as the reference.

3.6.1 RHEED. The reflection high energy electron diffraction is considered to be a very
powerful technique during the MBE growth of thin films due its non-destructive, in-situ and
dynamic nature of the characterization. A high energy (20 KeV) electron beam directed towards
the sample at a grazing angle. Due to a low angle of incidence (~2°) the incidence beam
penetrates only a few atomic layers and gets diffracted onto a fluorescent screen creating a visual
pattern. These visual diffracted beam patterns provide information on the behavior and atomic
regularity at/near the surface. Hence, in-situ observation of the evolution of these patterns is used
to understand the growth mechanism. For instance, inference of 3D or 2D growth can be made
depending on the RHEED pattern to be spotty or streaky, respectively. These RHEED patterns

can be recorded dynamically by using a CCD camera connected to a computer, as individual
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images or continuous videos for detailed post growth analysis. In this study, a kSA 400 system
manufactured by k-Space Associates, inc. equipped with an optical camera and software was
used for recording and analyzing the RHEED patterns. A detailed study on the analysis of the
RHEED data can be found in some of the work done by researchers in past.'*"'%

3.6.2 HRXRD. The principle of highly coherent beam of x-rays diffracted from a set of
parallel planes following Bragg’s law is used for characterization of epitaxial layers due to its
non-destructive nature. These high resolution xray diffraction spectra can be used to provide
information about the crystallographic structure, alloy composition and other heterostructure
characteristics namely, strain, relaxation, dislocation density, tilt and lattice parameters.

All the HRXRD scans were performed using a Bruker Bede Scientific D1 system
attached to a 2.2 kW sealed microsource x-ray generator. The Cu Ka; x-ray line is selected using
a cut-channel crystal and a precision slit. The incidence beam was collimated by incidence optics
and limited by a round slit of diameter 2 cm. The sample was placed on a vertical sample holder
with the help of a double sided sticky tape such that the beam is incident on the center of the test
area. The diffracted beam was detected with a OD scintillation detector with an angular
acceptance limited by a 0.1 mm wide slit. All the rocking curve (o and coupled 20-)
measurements were performed and recorded using a computer controlled gonio meter. The (004)
symmetric scans were performed after optimizing the sample orientations (z, chi and ) for a
high intensity peak for GaAs substrate. Similarly, (115) asymmetric scans were performed at a
grazing incidence after optimizing for a well resolved high intensity GaAs substrate peak.

Every peak in the acquired 26-o plot corresponded to a specific epilayer in the test
structure. The intensity of the peak is a function of epilayer thickness and the FWHM depends on

the structural orientation of the epitaxial layers.
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3.6.2.1 Compositional analysis from HRXRD. After acquisition of (004) 20-w plots the
compositional analysis was carried out using the RADS Mercury software, which employs the
dynamic simulation of the x-ray intensity diffracted from a layered structure. The software takes
the values for the thickness and composition for the individual layers within a given range as an
input. After performing thousands of iterations of a genetic algorithm based on Vegard’s law
with the default bowing parameters, the software provides a unique solution in a couple of
seconds based on the best data fit. Figure 3.2 shows the screen shot of the simulation of a typical
InSbN heterostructure grown at 290 °C and Figure 3.3 shows the corresponding layers used to fit

the data.
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Figure 3.2. A screenshot of the (004) HRXRD simulation of InSbN/InSb/GaAs heterostructure

performed by RADS mercury software.
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Figure 3.3. A screenshot of the individual layers and corresponding parameters used in the
software for the simulated data in Figure 3.2.
3.6.2.2 Estimation of dislocation density. The dislocation density (D) of the epilayers

was estimated using' ' the corresponding FWHM of the HRXRD peak using the expression

D= ﬁz/gb2 cm~2 3.1

where, £ is the HRXRD rocking curve FWHM in radians and b is the magnitude of the Burgers
vector (5.646 A/ 8% )~ 2 A.""" The square dependence of D on the HRXRD FWHM indicates
that a small change in the peak broadening is due to a variation in large number of dislocations in
the sample. Hence, the HRXRD FWHM values can be used to compare the defects/dislocations
in the heterostructures both qualitatively and quantitatively, when the peak broadening is
predominantly due to dislocations.

3.6.3 RSM. The reciprocal space map studies for these heterostructures were used to
examine the strain relaxation, crystalline quality, lattice parameters, tilt, and compositional
gradient. These scans were carried out using Panalytical X’Pert Pro MRD X-Ray Diffraction
system. The triple axis measurements were done using a PreFIX module which combines a triple
axis and rocking curve attachment designed for rocking curve measurements and reciprocal
space maps. It provided two different diffracted beam path options. One path was the rocking
curve attachment, equipped with a slit holder for mounting slits in front of the detector to reduce

the beam acceptance angle. The second path carried an analyzer crystal to convert the
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diffractometer to triple axis mode for reciprocal space maps. The analyzer crystal was a channel
cut Ge crystal where, the diffracted beam had to undergo two (220) reflections within the groove
before entering the detector. The acceptance angle of the analyzer crystal was 12 arcsec. All the
asymmetric (115) scans were performed in a glancing incidence mode. After the data acquisition
the scans were plotted using X’Pert Epitaxy software and analyzed for various structural
parameters. A standard 1/2° slit was used in the incidence beam path to limit the incoming x-
rays.

A contour plot of ®-20 vs ® was acquired and converted into a reciprocal space map
using X’Pert Epitaxy software with axes Qx vs Qy in reciprocal lattice units (rlu). The individual
layer peaks were identified and the values of mismatch estimated for further analysis. The
asymmetric (115) scan was used to determine the parallel and perpendicular mismatch. The
perpendicular mismatch values were confirmed from another independent (004) symmetric scan.
Using the d-spacing values from corresponding RSM plots the lattice constant for the GaAs
substrate, InSb buffer layer and InSbN epilayers were estimated.''?

3.6.4 Micro-Raman spectroscopy. The study of Raman spectra provides information on
the presence and absence of defects in the crystal depending on the mode of vibration observed
in the spectra. The micro-Raman spectroscopy was performed using Horiba Jobin Yvon LabRam
ARAMIS system. The word ‘micro’ is used to indicate the sampling dimension to be in microns.
Hence, the acquired scan reflects the crystallographic property of the sampling volume only. In
this case, a 632 nm He-Ne red laser was used for the excitation with an approximate diameter of
50 um beam spot size focused on to the sample surface under study. The instrument was
calibrated using a standard Si sample to observe a peak at 520 cm™. It is to be noted that, due to

low growth temperature of InSbN, a highly focused laser beam can cause damage at the focused
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spot. This phenomenon was observed using an optical microscope focused on to the sample
surface at the same spot before and after shining the laser beam. To prevent this kind of damage,
an optical intensity filter was used to reduce the laser intensity by a factor of 1,000. Although no
more damage was observed after shinning the laser light, the intensity of the Raman data was
observed to reduce with use of the optical filters. However, no information was lost due to the
reduction of intensity rather it helped resolve various phonon modes in the scanned spectra.

Every peak observed in the acquired spectra was identified to a certain mode of vibration
of atoms in the crystal. In our case, the peaks were observed at 112, 150, 180, 190 and 380 cm’!
corresponding to EgSb, A,Sb, InSb transverse optical (TO), InSb longitudinal optical (LO) and
InSb 2LO phonon modes, respectively.*® The low energy phonon modes E,Sb and A;,Sb are
observed in highly disordered crystals mostly due to elemental Sb vibrations indicating Sb
antisite defects. The InSb TO modes indicate defects in the crystals which can be due to various
reasons. The InSb LO modes are due to an ordering of the crystal indicating a good quality of the
material. Presence of InSb 2O modes indicate highly ordered crystalline material in all
directions. Such a material is free from defects and highly desirable for an efficient device
application. Most of the samples reported in this study observed to exhibit a convoluted/envelope
of Raman shift peaks related to InSb LO and TO modes. As the peaks are separated only by ~10
cm’', numerical method like Lorentzian fitting was used to de-convolute the peaks. The ratio of
peak intensities (/.0/It0) was used as a parameter for comparison of defects and crystal quality
amongst different heterostructures reported in this dissertation.

3.6.5 Absorption spectroscopy. To study the optical absorption property and estimate
the band gap of the material, RT Fourier transform infrared (FTIR) spectroscopy was carried out

using Agilent/Varian 670 FTIR Spectrometer. The sample was placed on a Harrick universal
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transmission holder for a normal incidence to measure the optical transmission property. The
normal incidence of the incoming light results in a Fabry Perot fringe interference in the acquired
spectra due to change in refractive index and comparable epilayer thickness with the incoming
light. Hence, InSbN heterostructures of different thicknesses were grown to reduce the effect of
the fringe patterns in the acquired transmission spectra. Figure 3.4 shows FTIR RT transmission
spectra of two InSbN heterostructures. The transmission spectrum of InSbN2 clearly shows the
interference of fringe pattern, whereas InSbN1 shows a unique sharp absorption at A cutoff ~9.3
um.
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Figure 3.4. FTIR RT transmission spectrum of two InSbN heterostructures.

All the transmission spectra were obtained after subtracting GaAs substrate from the
acquired data. This was done by acquiring a background scan using a GaAs substrate only in the
path of the incidence beam. Consequent scan of all the spectra will be the resultant of InSbN on

InSb. However, a trend of GaAs substrate spectra can still be observed beyond 16 um. Hence,
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for all the analytical purpose any absorption beyond 16 um is neglected. Subtraction of GaAs
substrate in this way increases the overall T (%) of the spectra. Further, use of a double sided
polished GaAs substrate was observed to increase T (%) as compared to growth of the
heterostructures on single sided polished GaAs substrates.

Figure 3.5 and Figure 3.6 compares the RT FTIR transmission spectra of InSb epilayer
grown on single side and double side polished GaAs substrate, respectively. The noise observed
in the acquired transmission spectra from the wavelength range 5.5 to 7.7 um is due to strong
absorption from water vapor present in the ambient atmosphere as depicted in Figure 1.2. This
noise was observed to reduce after a strong purge of N, gas in the experimental setup enclosure.

All the consequent data were acquired under such condition to obtain a noise free spectrum.
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Figure 3.5. RT FTIR transmission spectra of InSb heterostructure grown on single sided polished

GaAs substrate.
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Figure 3.6 clearly shows that the InSb layer grown on double side polished GaAs
substrate exhibits higher T (% values marked in circles in respective figures). Further, the double
side polished GaAs substrate exhibits almost a constant transmission till ~16 pm distinctly
indicating the behavior of the substrate beyond 16 pm. Even after subtracting the GaAs substrate
from the InSb heterostructure spectra, the absorption feature of the substrate still visible beyond
16 um. On an additional note, the T (%) is dependent on the thickness of the layer or the path
length of incident beam. Hence, these acquired transmission spectra cannot be used for a
quantitative comparison between various heterostructures as it is. Further, a broad edge in the

transmission spectra makes it very difficult to determine the exact absorption edge or A cut off.
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Figure 3.6. RT FTIR transmission spectra of InSb heterostructure grown on double sided

polished GaAs substrate.
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3.6.5.1 Optical absorption edge from FTIR. In addition to the above challenges there is
further complexity due to the presence of various transitions in the absorption spectra of these
nitride epilayers. These are (a) InSb band to band transition, followed by (b) transition to its
localized band-tail states (also known as Urbach’s tail), (¢) InSbN band to band transition,
followed by (d) its Urbach tail involving band to N-related defect transitions, and finally (e) the
free carrier absorption. Since each of these transitions differ by only a few 10s of meV, the first
derivative of the corresponding RT absorption coefficient (o) vs energy spectra (Figure 3.7) has
been used to determine the absorption edge/optical band gap (E,). This method is known to
provide more accurate values for narrow band gap semiconductors, ''* and the absorption

coefficient was calculated using

1, 100 _1
a =—In—cm
tf T

(3.2)
where, a is the absorption coefficient of the epilayer, t/the thickness of the epilayer (both
epitaxially grown InSb buffer and InSbN combined) and T the % transmission measured by
FTIR.

Figure 3.7 shows the RT absorption spectra of 1.2 pm InSbN/ 1.4 um InSb/ GaAs and
corresponding do/dE to estimate the absorption edge. Each peak in the do/dE plot corresponds to
an absorption edge in the spectra. In this case, the peak at 0.178 eV corresponds to absorption
due to InSb as it matches with its bulk RT band gap value. Although, the next two peaks
correspond to InSbN absorption edge the sharp and periodic nature of the peaks can be due to the
interference of Fabry Perot fringes as observed in the corresponding transmission spectra (Figure
3.4). However, the absorption edge for the InSbN layer in this specific heterostructure is within

the range of 9 to 12.6 pm. Hence, da/dE plot can also be used to distinguish the true absorption

edge and the edge due to interference of fringe pattern from its periodicity.
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Figure 3.7. Estimation of optical absorption edge from FTIR absorption spectra.
3.6.5.2 Bandgap estimation using optical absorption edge. Once the optical absorption
edge was determined from the absorption spectra, the bandgap was estimated using Equation 2.1.

The energy shift due to Moss-Burstein effect is estimated by

n

Eyp = (ﬁ) X 2kT x In (W) + 4kT (3.3)

mp
where, m. is electron mass of InSb, m;, the hole mass of InSb, £ the Boltzmann constant, 7 the
temperature, N¢ the effective conduction band density of InSb at 7, Ny the effective valence band

114

density of InSb at 7 and n the carrier concentration of the sample at 7. ™ The band gap

narrowing energy Epgy is estimated by

Eggny = An'/3 + Bn/* 4+ Cn/? (3.4)
where, n is the carrier concentration at above 7, the coefficients 4, B and C correspond to InSb
material reported by Jain et al'’” are 1.22x10® eV/em™, 1.09x107 eV/em™* and 6.04x10™"°

eV/em™", respectively.
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3.6.6 Hall measurements. The Hall measurement was carried out to study the electrical
transport property of InSb and InSbN epilayers. Both RT and 77 K Hall data was measured using
a HMS 2000 Hall measurement system at a constant magnetic field of 0.58 T. The variable field
Hall measurement at RT was carried out using an in house constructed Hall system, where the
magnetic field can be varied using an electromagnet from 0.03 T to 0.8 T. In both the cases, the
sample with In dots in van der Paw configuration was loaded on a Lakeshore sample holder with
gold plated spring contact connecting the In dots and the test probes.

3.6.7 AFM. The surface morphology was studied using Agilent Technologies 5600 LS
Atomic Force Microscope. An automated tip mode was used to scan the test area with a
minimum damage to the sample surface. A sampling area of 5x5 pm” was used to observe the
surface roughness. After the data acquisition AFM analysis freeware tools such as SPIP was used
to correct for any tilt/offset in the data. The surface roughness (R;ns) was estimated from the root
mean square (rms) value of the intensities in the scanned data.

3.6.8 XPS. This technique allows the determination of the elemental composition,
chemical state (bonding) and electronic state of the elements in the material. The XPS spectra are
obtained by irradiating the test sample surface with a beam of x-rays while measuring the kinetic
energy and number of electrons knocked off from the inner atomic shells at the same time. In this
study the XPS spectra was acquired using Kratos Analytical Axis Ultra X-ray Photoelectron
Spectrometer. The AXIS Ultra provides a high energy resolution capability for both conductive
and insulating samples through the incorporation of the Kratos patented charge neutralization
system. Incorporation of the patented spherical mirror analyzer in conjunction with the standard
hemispherical system in the AXIS Ultra provides both high spatial resolution imaging and a real-

time parallel detection facility that allows high quality chemical images in a few seconds.
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A survey scan (Figure 3.8) was performed and recorded for every sample in order to
obtain a clear C—C peak for calibration purpose. Each and every spectrum was calibrated using
the C—C peak to a value of 284.5 eV. Thereafter a high resolution scan was performed for the
region In 3d, Sb 3d and N 1s with a binding energy (BE) range 430-460 eV, 520-540 eV, and

390-410 eV, respectively.
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Figure 3.8. XPS survey scan spectra performed on the surface of InSb heterostructure.

After the data acquisition all the XPS spectra were processed and analyzed using a
licensed version of Casa XPS software. A unique library file provided by the manufacturer of the
instrument was used to take care of the sensitivity factor for every detected element. Each and

every spectrum was calibrated using the C—C peak to a value of 284.5 eV. After the calibration,
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every peak in the survey scan was assigned to a specific bonding type detected in the test sample
to study the composition with the help of the in-built elemental library.

The surface oxide layer was removed by Ar ion sputter cleaning for 10 mins at an etch
rate of 7 A/min. Sputter cleaning of the surfaces resulted in the reduction in the intensity of C 1s
peak, absence of oxides in In 3d and Sb 3d components. Before sputtering the In 3d and Sb 3d
regions were observed to be dominated by In-oxides and Sb-oxides. Further, presputter survey
scan (Figure 3.8) clearly shows O 1s peak obscured by the oxide component of the Sb 3ds, peak.

Figure 3.9 shows a typical InSbN XPS N 1s spectrum before and after sputter cleaning.
The peaks seen on the sample before sputter cleaning were observed to be dominated by —NH,;
and N—O bondings. These are seen only before cleaning because of its formation due to surface
to atmosphere interaction. After sputter cleaning the total nitrogen content decreased to some
extent. And this is because of the removal of these atmospheric contaminations on the surface.
Further, the intensity of In—N and Sb—N increased for N incorporation estimation/quantification.
After sputter cleaning another survey was taken to compare the C—C peaks. The reduction in
C—C peak at least by 50 % after sputter cleaning was considered as a benchmark to optimize the
duration of sputtering.

In order to quantify various N— related bonding, XPS N 1s spectra were acquired at a
high time constant from binding energies (BE) 390 to 410 eV with a resolution of 0.5 eV. Figure
3.9 shows the N1s spectra of a typical InSbN layer before and after sputter cleaning. The types of
N- bonding were detected by deconvoluting the corresponding N 1s spectra. The spectrum was
deconvoluted using a Shirley background mixed Voigt functions to get the information about the
type and concentration of nitride bonding present in the epilayers. The area under the peaks at

396.4,397.5,399.7, 398.6 and 401.8 eV was used to quantify the percentage composition for
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In—N, In—N—Sb, —NH;, Sb—N, and N—O bonding, respectively.m’ 16 A increase in the ratio of
the intensity of In-N peak to Sb—N at a depth of 70 A indicated In-N being a dominant bonding

mechanism during the growth of InSbN.
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Figure 3.9. XPS N 1s spectra of InSbN sample pre and post sputter cleaning.

3.6.9 SIMS. The secondary ion mass spectroscopy was performed for a compositional
depth profile of the grown heterostructures by Evans Analytical Group (EAG). To quantify the N
content an ion implanted N in InSb substrate at a dose of 6x10'°/cm’ was used as the reference
layer for calibrating the N content in InSbN. Figure 3.10 shows a typical SIMS depth profile of
group III (In, Ga) and group V (Sb, N, As) atom fractions for a 0.4 pm InSbN/ 1.4 pm InSb/
GaAs heterostructure. Since it is a destructive technique the gradual roughening for the sample
during the measurement observed to cause a broadening of the profile. Notably, this technique
helped estimate the total N content in the heterostructures without distinguishing the

substitutional and interstitial nature of N.



51

1E+0 ot 1E+0

1E-1 - L 1E-1

1E-2 L 1E-2

1E-3 - 1E-3

Group V Atomic Fraction (%)
(%) uonoeiy o1woyy |jj dnois

1E-4

Dep1th (um)

Figure 3.10. SIMS depth profile of 0.4 pm InSbN/ 1.4 um InSb/GaAs heterostructure.

3.6.10 NRA. The nuclear reaction analysis (NRA) for Rutherford backscattering
spectroscopy (RBS) was carried out by Evans Analytical Group to determine the interstitial/
substitutional N content in a specific InSbN heterostructure. A set of RBS (He++, 2.275 MeV)
spectra were acquired in the random and channeled mode.

Ion channeling is an application of RBS in which the absence of backscattering signal is
quantified. A crystalline sample consists of regularly spaced and repeating atomic structures. In
the macroscopic sense, it is possible to ‘see’ through the entire crystal structure at a specific
sample orientation. In an ion backscattering application, alignment of the incident beam with a
major crystallographic axis allows the incident ions to be "channeled" down, all the way through
the open regions of the crystal lattice. The probing ions are then "steered" down the rows of
atoms, resulting in a reduction in backscattering yield with the minimum backscattering when the
sample is optimally channeled. For a channeled orientation, the incident ions can be transported

to very great depths (>3-5 um) from which backscattering events cannot be detected. For
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example, in crystal Si there are many sample orientations that will allow channeling to be
observed. Varying degrees of channeling will result in an increase of detectable backscattering
events. Thus, the degree of ion channeling can be quantified. If the crystal lattice contains a
certain matrix or impurity atoms which are not at the crystal lattice structure that is at the
interstitial positions, backscattering events can quantify the concentration of interstitial atoms (in
units of atoms/cm?). Thus, extent of damage from ion implantation, degree of crystal regrowth
upon annealing, and the degree of impurity substitutional/interstitial can all be quantified in an
ion channeling method.

Channeled and rotating random RBS spectra were acquired at detector angles of 160° and
105° from the forward trajectory of the incident He ion beam. Figure 3.11 compares both
channeled and random NRA RBS spectra for InSbN heterostructure grown at 290 °C. The 101°
grazing angle data provides improved depth resolution, while the 160° normal angle data allows
a depth of up to 1 um for the measurement. Table 3.1 lists the X calculated from the random and
channeled intensities of the InSb layer and the N signals from the NRA. These are used to
calculate the substitutional N concentration in the layer.

The percentage of N atoms in the substitutional position is calculated by:

S% = ( 1- (MD x 100 (3.5)

1=Xmatrix
The N NRA signal from the sample was observed to be small. The sum of several
transitions was used to calculate the X values. C and O were also observed in the NRA spectra.
Some error may be introduced in the N calculation with this approach as the N is integrated over
a deeper region than the X of the matrix signal. It is to be noted that, as the de-channeling
increases with depth, the substitution estimated is a minimum value, and the actual amount of

substitutional in the lattice is estimated to be higher.
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Figure 3.11. NRA Rutherford backscattered spectra of InSbN heterostructure grown at 290 °C.
Table 3.1

NRA measured channeling parameters

Sample Element X (channeled/random) % Substitution
InSbN N 0.34 85.7
InSbN Matrix 0.23 --

3.7 Conclusion

MBE growth technique was used for the growth of InSb and InSbN on GaAs, due to its
ability to precisely control the thermodynamic condition to favor the kinetics of high quality
mismatched alloy growth. The adapted step wise MBE growth of InSb and InSbN epilayers on
GaAs substrates were presented. Both post growth ex-sifu and in-situ annealing optimized for
InSbN epilayers were discussed. To understand the structural, compositional, electrical and
optical property of the MBE grown InSbNheterostructures, various in-sifu and ex-situ
semiconductor characterization techniques, their principles, and the methodologies used have

been reported in this Chapter.



54

CHAPTER 4
Growth and Characterization of InSb Epilayers Grown on GaAs (001) Substrates
4.1 Introduction

The growth of high quality InSb on GaAs substrates has been studied extensively and
well understood. InSb is highly lattice-mismatched with respect to GaAs. Hence the growth
parameters such as Sb/In flux and growth temperature play an important role in mitigating the
defect due to the heterojunction. Many research works have been published’®: 4 326-38-60. 117. 118
explaining various growth techniques for the growth of high quality InSb epilayers.

In this chapter we present the optimization of all the essential MBE growth parameters
Sb/In flux ratio, growth temperature and epilayer thickness to achieve a high quality InSb buffer
layer on GaAs substrate. The growth of InSb epilayers on GaAs substrate was performed as
outlined in Section 3.3 Growth of InSb on GaAs. The Sb/In flux ratio exceeding unity is reported
to yield good quality InSb epilayers grown at the temperatures 380~400 °C. Since it is very
difficult to measure the individual flux values a correlation of flux ratio need to be done with the
measured BEP values using the RHEED patterns.

The RHEED patterns reported to change dynamically during the growth depending on the
growth front being Sb rich or In rich at certain growth condition. Hence, by observing specific
RHEED patterns the Sb/In flux ratio can be estimated and by recording the BEP values at growth
condition the values can be calibrated. The details of the calibration process will be discussed in
this chapter. A brief study of the defects is presented. The calibration of Sb/In BEP ratio using
the dynamic RHEED pattern is suggested for a reproducible MBE growth of high quality InSb
buffer layer. These results were also used for the subsequent growth of InSbN epilayers. Some of

the results and discussion in this Chapter have been peer reviewed and published.*
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4.2 Sb/In BEP Ratio and Growth Temperature Optimization

Dynamic RHEED observations were used for the optimization of Sb/In flux (will be
referred to as BEP) ratio and InSb growth temperature for this study. A typical growth of an InSb
epilayer on GaAs, begins with a spotty RHEED corresponding to 3D growth, which transforms
to a bright and streaky 2D RHEED pattern after the growth of a few monolayers. Figure 4.1 (a)
to (1) shows the sequence of RHEED patterns with an interval of 0.35 sec starting from the
inception of the growth of InSb droplets to epilayer on a GaAs surface along (110) azimuth.
Figure 4.1 (a) 1s a x2 pattern from the GaAs buffer surface. Figure 4.1 (b) shows the appearance
of spots on the streaks instantly after opening the In shutter, indicating the formation of InSb
islands. Following RHEED patterns Figure 4.1 (c) to (h) show the gradual disappearance of the

GaAs x2 pattern and set of the spots transforming to streaks indicating the 3D InSb growing into

an epitaxial layer (2D). Finally, Figure 4.1 (i) shows the streaky x1 pattern of InSb epilayer

(b)

Figure 4.1. Sequence of RHEED patterns observed during growth of InSb on GaAs buffer along

(110) azimuth.
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~3 sec after opening the In shutter. This transition of growth pattern from 3D to 2D within a few
seconds indicates the growth of 100 % relaxed InSb layer within a few monolayers, due to the
large lattice mismatch between the two material systems.

A flux-temperature calibration was performed for the growth of InSb layer by varying Sb flux at
a fixed In flux and growth temperature followed by varying the growth temperature for a given

flux ratio to obtain at least four distinct RHEED patterns as indicated in Figure 2.1. Figure 4.2
shows the RHEED patterns on epitaxial InSb grown on (001) surface of GaAs (a) (110) azimuth

showing a combination of pseudo x3 and x4 pattern, (b) (110) azimuth showing pseudo x3

pattern, (¢) and (d) (110) azimuth showing a combination of x2 and x4 patterns. It is believed
that for an Sb-rich InSb growth, the surface reconstruction is either a pseudo(1x3) (Figure 4.2
(b)) or a ¢(4x4) RHEED pattern, also referred to as (2\2x2V2)-45°, depending on the growth

temperature being above or below a certain transition temperature, Tc.”"* ' In our case, for an

Figure 4.2. RHEED patterns on epitaxial InSb grown on (001) surface of GaAs.™
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Sb:In BEP ratio of 3.3, this transition temperature T¢ was observed to be ~ 400 °C which was
recorded when a RHEED pattern Figure 4.2 (a) was observed. The growth temperature was
calibrated using this RHEED transition each time, for a given Sb/In BEP ratio. We found that the
growth of an InSb buffer layer slightly below T¢ at Tc — 10 °C with a ¢(4x4) RHEED surface
reconstruction resulted in reproducible good quality InSb epitaxial layers with low FWHM in
their corresponding HRXRD scans.
4.3 Results and Discussion

Figure 4.3 shows the (004) HRXRD spectra of 0.6 um InSb epilayer grown at 370 °C
with two unique peaks at 66.05° and 56.8° corresponding to 20 of GaAs substrate and InSb
epilayer, respectively. The observed 20 value for the InSb layer indicates a bulk like behavior,
attesting to the RHEED observation for a 100 % relaxed layer. The FWHM values for GaAs
substrate and InSb epilayer were observed to be 40 and 220 arcsec, respectively. The FWHM
e

values observed for the InSb layers are comparable with the values reported by Debnath et a

250430 arcsec for the layer thickness of 1+0.2 um grown under similar growth conditions.
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Figure 4.3. (004) HRXRD scan of 0.6 um InSb epilayer grown on GaAs substrate.
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Figure 4.4 shows the reduction in HRXRD FWHM of 1.4 um InSb epilayers grown on
GaAs substrates at growth temperature of 39010 °C as a function of Sb/In BEP ratio. The
reduction in the XRD FWHM indicates an improvement in the quality of the epilayer with an
increase in Sb/In BEP ratio (and hence flux ratio). Further, the reproducible nature of XRD
FWHM for Sb/In BEP ratio of 3.3 was considered to be an optimized growth condition and was

used for all the consequent growths.
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Figure 4.4. InSb grown on GaAs Sb/In BEP ratio vs HRXRD FWHM.

Figure 4.5 compares the RT micro-Raman spectra of InSb epilayers grown at two
different temperatures with same Sb/In BEP ratios of 3.3. The spectrum marked by InSb old was
grown at a relatively lower temperature T¢c— 40 °C, whereas InSb new was grown at T¢. It can
clearly be seen that the sample grown at low growth temperature exhibit very high E,Sb and

A,Sb peak indicating presence of Sb antisites. In addition, this creates disorder in the crystal
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lattice which is characterized by presence of forbidden InSb TO mode. Whereas, the InSb
epilayer grown at T¢ exhibits InSb 2LO mode indicative of the high crystalline quality of the
layer. Hence this growth temperature was considered as an optimized growth temperature. The
difference in the crystalline structures observed in the micro-Raman spectra are also reflected in

the corresponding differences noted in the electrical properties of these two InSb

heterostructures.
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Figure 4.5. RT micro-Raman spectra comparison of 1.4 um InSb grown at different growth
conditions.

The RT 7 for InSb old and new was measured to be 7x10'® and 2x10'® cm™

, respectively.
The high n observed in case of the InSb old 021011B heterostructure is clearly due to the donor
nature of Sb present in the form of Sb antisites. Further, the RT u for InSb old and new were

observed to be 29,000 and 45,000 cm?/Vs, respectively. A relatively low mobility observed for

the InSb old can be correlated to the defects in the crystal attesting to the InSb TO modes
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observed in the corresponding Raman spectra (Figure 4.5). These Hall u values were observed to

be in the range of values reported in the literature'" '*° for similar epilayer thickness. The

dislocation density (D) was estimated (Section 3.6.2.2) to be in the order of ~10® cm™ for the

optimized InSb layers.

Figure 4.6 shows the SIMS depth profile of 0.6 pm InSb/GaAs heterostructure grown

under optimized InSb growth condition. Almost an abrupt junction can be seen between the InSb

epilayer and the GaAs substrate. Further, a matching atomic fraction of group V (Sb) and group

III (In) along the depth of InSb epilayer indicates a perfect stoichiometric condition during the

growth of InSb epilayer. In addition to that, no excess Sb in the SIMS profile attests to the

absence of A;,Sb and E,Sb peaks in the Raman spectra of the optimized InSb epilayer.
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Figure 4.7 (a) shows the Nomarski optical image of a typical surface of InSb grown under
relatively lower Sb:In BEP ratio of 1.5. The surface was observed to be rough, most probably
due to a loss of Sb. A relatively smooth surface was observed after increasing the Sb:In BEP
ratio to 3 and higher (Figure 4.7 (b)). This indicates a high Sb/In BEP ratio during the growth of
InSb epilayers helps smoothen the surface due to availability of Sb in excess for bonding with all
the available In to form InSb. However, there is a limit to which Sb BEP can be increased. A
very high Sb BEP can also result in Sb antisites which can eventually increase the surface

roughness.

Figure 4.7. The Nomarski optical microscope image of InSb grown at 380 °C on GaAs substrate
under Sb:In BEP ratio of (a) 1.5 and (b) 3.3.

Figure 4.8 shows the best AFM surface roughness of Ry ~ 0.28 nm in case of 0.6 pm
InSb grown at Tc¢. The surface roughness R;ns was observed to be in the range of 4+2 nm for
most of the as-grown InSb heterostructures. A reduction in the R,ns observed up to 2 nm with an
increase in epilayer thickness. However, some exceptionally rough surface up to Rims ~ 5.8 nm in

case of 1.4 um thick InSb suggest no systematic dependency on the epilayer thickness.
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Figure 4.8. AFM surface image of InSb grown at T¢ with best surface roughness of 0.28 nm.
4.4 Conclusion

In conclusion, the MBE growth parameters (Sb/In BEP ratio and growth temperature) for
InSb were optimized using the dynamic RHEED reconstruction patterns. Highly crystalline InSb
heterostructures were grown on GaAs with optimized Sb/In BEP ratio of 3.3 at a growth
temperature of 400 °C. The growth of InSb at the transition temperature T is critical for a good
crystalline InSb epilayer. Further, growth at temperatures below T¢ can result in Sb antisites
which in turn increase the background n and reduce ¢ due to defects. It was reported that the
calibration of T¢ at a given Sb/In BEP ratio using the dynamic RHEED observation results in a

reproducible growth, as it approaches its stoichiometric condition.
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CHAPTER 5
Growth and Characterization of InSbN Heterostructures on GaAs (001) Substrates
5.1 Introduction
Incorporation of N beyond a couple of % in group III-V alloys is very well known® to be

a challenge due to the large miscibility gap, N centers'*'

that it produces and incorporation of N
in the interstitial sites. The MBE growth technique allows growth under non-equilibrium
conditions, hence epilayers can be grown in the miscibility gap and is ideally suited for the
growth of dilute nitride epilayers where the miscibility gap extends almost in the entire
composition rang. The MBE growth conditions play a very important role in order to get the
suitable epitaxial layers for a detector. In the literature,”"**** low growth temperatures (~330
°C) and low rf' N plasma power (~200 W) were reported to be favorable for high N
incorporation. Hence we used these growth conditions for our initial attempts of InSbN growth.
However, with increase in N BEP beyond 1x107 Torr the growth of InSbN was observed to be
unstable from the RHEED pattern transition from streaks to spots indicating a non 2D growth. In
order to study the effect of N incorporation with variation of N BEP, a more stable growth
condition at a higher growth temperature of 380 °C was selected. The optimized growth
parameters for the high quality InSbN epilayer were thereafter established by carrying out a
systematic and detailed study of the growth by varying each of the growth parameters one at a
time and correlating its effect on the structural, electrical and optical properties of the InSbN
layers.
5.2 Experimental Details

After the growth of highly crystalline 1.4 um thick InSb buffer, the InSbN epilayers were

subsequently grown as per the steps outlined in section 3.4. InSbN heterostructures were grown



64

at 380 °C with varying N plasma BEP: 1, 1.5, and 1.7 (x10” Torr) and are identified as N1, N2
and N3 respectively. This set of InSbN heterostructures were used to study the effect of N
incorporation with variation in N BEP.

To study the effect of N incorporation with variation in growth temperature, InSbN
heterostructures were grown at fixed N plasma BEP of 1x10” Torr with different growth
temperatures of 290, 330 and 380 °C, which are represented by T1, T2 and T3, respectively. All
the InSbN epilayers were 1.2+0.2 um thick grown at a growth rate 0.4 pm/hr. More than 10 %
error in the thickness values has been accounted for a change in growth rate with change in
growth temperature at a fixed Sb/In BEP ratio. The Sb/In BEP ratio was maintained at 3
throughout the nitride layer growth.

5.3 Results and Discussion

The RHEED patterns observed during the growth of InSbN were used as one of the main
factors to understand and control the stability of growth condition during the growth process.
Figure 5.1 (a) and (b) shows the RHEED recombination c¢(1x4) which was observed during the

growth of InSbN under Sb/In BEP ratio < 1 whereas (c) and (d) shows the pattern ¢(1x3) for

-
-

Figure 5.1. RHEED patterns observed during the growth of InSbN epilayers.



65

Sb/In BEP ratio >1 both grown at 330 °C and N BEP 1x10” Torr. The transition of pattern x4
(Figure 5.1 (b)) to x3 (Figure 5.1 (d)) with increase in Sb BEP (keeping In BEP constant) was
used to obtain a stoichiometric condition for the growth of InSbN. These streaky RHEED
patterns clearly indicate a 2D growth and hence a highly favorable growth condition for InSbN
epilayers.

At a relatively lower growth temperatures of 290 ~ 330 °C and Sb/In BEP ratio >1 the 2D
growth of InSbN was observed to be unfavorable for N BEP higher than 2x10~ Torr. Figure 5.2
(a) shows the combination of streaks and spots on x1 pattern observed during the above growth
condition, indicating roughening of the growth front due to an unfavorable thermodynamic
condition for InSbN layer growth. Further continuation of such a growth observed to result in
spotty RHEED pattern as shown in Figure 5.2 (b), indicating a 3D growth and hence a highly

unfavorable condition for good quality InSbN layer growth.

Figure 5.2. A combination of spots and streaks in the RHEED pattern observed during InSbN
growth.

5.3.1 N BEP variation. The growth of InSbN (N1, N2 and N3) was observed to be under
a RHEED pattern of ¢(1x3) (as shown in Figure 5.1 (¢) and (d)) indicating an Sb rich growth as
per the selected growth condition for Sb/In flux ratio higher than unity. A periodic observation of
the RHEED pattern indicated a constant 2D growth throughout in case of the epilayers N1 and

N2. In case of N3 a combination of streaks and spots in the RHEED pattern (similar to Figure 5.2
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(a)) were observed after 90 minutes of growth, indicating a rough growth front. This could be
due to an unstable growth condition for InSbN epilayer with a very high N plasma flux at the
given growth temperature and chosen Sb/In BEP ratio.

Figure 5.3 shows the (004) HRXRD spectra of InSbN epilayers grown under varying N
plasma BEP at a constant growth temperature of 380 °C. The main peak at 0 arcsec corresponds
to the InSb epilayer with 20 at 56.8°. The FWHM values for N1, N2 and N3 were observed to be
190, 216 and 246 arcsec, respectively. This indicates N1 exhibits a better structural quality of the
nitride epilayer as compared to N2 and N3. A high FWHM observed in case of N3 is due to a
shoulder on the right of the InSb peak. The shoulder seen for N3 indicates degradation in the
quality of the layers, which can be correlated to the combination of spotty and streaky RHEED
observed during the growth. However, this shoulder also could be due to an N incorporation of
0.7 % estimated from the simulation of XRHRD data. Whereas, in case of N1 and N2 the N
incorporation is believed to be below 0.5 % because any N incorporation less than 0.5 % could

get enveloped by the broad profile of InSb peak.
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Figure 5.3. HRXRD (004) scan of InSbN epilayers grown under different N BEP at Ts 380 °C.
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Figure 5.4 shows the RT micro-Raman spectra for nitride epilayers N1, N2 and N3. The
TO phonon was observed to increase with increase in N BEP, indicating degradation in the
crystal structure due to increase in N incorporation. A low energy peak observed at 150 cm™ in
the case of N2, identified as A;,Sb, is due to Sb—Sb antisite defects. The presence of A;,Sb
modes and variation in Iy o/Ito with N BEP variation indicate that the selection of right N BEP
for nitride epilayer growth is critical for a given Sb/In BEP ratio and growth temperature. In
addition to that, InSb 2LLO mode observed only for N1 indicates highly crystalline quality attest

to the best FWHM observed in the corresponding HRXRD plot as compared to N2 and N3.
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Figure 5.4. RT micro-Raman spectra of InSbN heterostructures grown under different N BEP at
Ts 380 °C.
These observations clearly suggest two important points. First, it is clear from the micro-

Raman spectra (Figure 5.4) that, there is an increase in the InSb LO mode with an increase in the

N BEP. As N BEP, the only growth parameter varied during the growth of InSbN layer in these
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heterostructures, the degradation in the epilayers can be attributed to the variation in N
incorporation. This also drives home the second important point, the N incorporation in InSbN
can be increased with increase in N BEP at a constant growth temperature and Sb/In flux ratio.
Hence, one has to trade between the crystalline quality and the amount of N incorporation in
InSbN epilayers. The surface morphology studies as shown in Figure 5.5 and tabulated in Table
5.1 indicate no significant change in surface roughness with either increase in growth
temperature or increase in N BEP. The high R, observed for N3, was due to the combination of
2D and 3D growth evident from the mixed streaky and spotty RHEED pattern during the growth.

This also correlates with the high FWHM observed in the corresponding HRXRD peak.
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Figure 5.5. AFM 1mages of InSbN epilayers grown under different growth conditions.
Table 5.1

Comparison of AFM measured Ryns and Hall data of InSbN epilayers grown at different N BEP.

InSHbN AFM RMS nRrt URT
heterostructure (nm) (cm™) (cm*/Vs)
N1 6 1.1x10" 46,500
N2 5 2.6x10"® 3,000

N3 17.6 1.1x10'® 5,000
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Hence, N BEP variation was found to fall within a narrow window for a high quality growth of
InSbN epilayer. Although no trend in the surface roughness observed with increase in N BEP, an
increase in 7 and reduction in 4 was evident for higher N BEP. The increase in n at high N BEP
can be due to the donor nature of N and a corresponding reduction in u is believed due to the
defects in InSbN layer attesting to the micro Raman (Figure 5.4) results.

The absorption spectra of InSbN (Figure 5.6) grown at 380 °C under different N plasma
BEP indicate the effect of high N on the optical property of the epilayer. The high n observed in
these InSbN epilayers results in Moss-Burstein shift which blue shifted absorption edge. In case
of N2 and N3 the increased absorption beyond 10 pm after the band edge can be attributed to the
plasma resonance absorption due to the enhanced carrier concentration. The band gap values for
N1, N2 and N3 were estimated to be 0.16 eV (7.8 um), 0.071 eV (17.35 um) and 0.094 eV
(13.21 um), respectively. These estimated band gap values correspond to a theoretical N

incorporation of 0.2 %, 1.2 % and 1 % for N1, N2 and N3, respectively.
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Figure 5.6. RT FTIR absorption spectra of InSbN epilayers grown at various N plasma BEP,

compared with the reference InSb.
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5.3.2 Growth temperature variation. All the InSbN epilayers T1, T2 and T3 were
observed to be grown under a RHEED pattern of ¢(1x3) (as shown in Figure 5.1 (¢) and (d))
indicating an Sb rich 2D growth. Figure 5.7 shows the HRXRD spectra of InSbN
heterostructures grown at different temperatures. A sharp peak with FWHM 40 arcsec was
observed at 66.05° corresponding to the GaAs substrate. The InSb peak was observed at 56.8°
with FWHM ~ 190 arcsec for all the three InSbN heterostructures. An additional peak on the
right of InSb was observed only for T1 and T2 at 57.12 and 57.13°, respectively was assigned as
the nitride peak. The nitride peak was observed to exhibit a slightly higher FWHM of ~ 210
arcsec indicating degradation due to N incorporation as compared to the InSb HRXRD peak.

The simulation of HRXRD data indicated an N incorporation of 2.4, 2.7 and <0.5 % for
T1, T2 and T3, respectively assuming all the InSbN layers 100 % relaxed. It is to be noted that
the N % was estimated using simple Vegard’s law considering the mismatch observed in the
InSbN peak was only due to N incorporation, ignoring any mismatch arising from the
interstitials.*’ This may result in a discrepancy in the N % estimated using this simple technique
needs to be accounted, which has been discussed in details in Chapter 7.

Figure 5.8 shows the RT micro-Raman spectra of the InSbN heterostructures grown at
different growth temperatures. It is evident that with the reduction in the growth temperature the
InSb LO mode intensity also reduced indicating an increase in crystal lattice distortion due to
high N incorporation at lower growth temperatures. Further, InSb 2LO observed only for T3
indicates highly crystalline nature due to very low N incorporation attesting to the low estimated
N % from HRXRD. This clearly shows the increase in N incorporation with reduction in growth
temperature. Hence, the defects observed in case of T2 and T3 is predominantly due to the

increase in N incorporation at lower growth temperatures.
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Figure 5.7. (004) HRXRD scan of InSbN epilayers grown at various temperatures along with the

reference InSb sample.
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Figure 5.8. RT micro-Raman spectra of InSbN heterostructures grown at different temperatures.
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Table 5.2 compares the surface roughness of all the InSbN heterostructures grown at
different temperatures along with corresponding RT Hall data. Although there is no trend in the
surface roughness with change in growth temperature, the roughness values observed to be
higher than that of InSb heterostructures. However, a trend in the reduction in urt and increase
in nrr observed with an increase in estimated N %. This can be clearly due to the defects in the
crystal after an N incorporation. A detail study of Hall data correlating to various N related
bonding has been reported in Chapter 6.

Table 5.2
Comparison of AFM measured surface roughness and Hall data of InSbN epilayers grown at

different growth temperatures.

InSbN AFM RMS HRT URT
heterostructure (nm) (cm™) (cm*/Vs)
Tl 5 1.6x10" 12,500
T2 7 2.2x10"7 11,500
T3 6 1.1x10"7 46,500

Figure 5.9 compares the RT transmission spectra of InSbN heterostructures grown at
different temperatures. To estimate the absorption edge, Figure 5.10 compares the RT absorption
spectra of these InSbN heterostructures with InSb reference heterostructure. All the InSbN
heterostructures observed to exhibit an absorption edge at a relatively lower energy than InSb. It
can clearly be seen than T1 and T2 exhibit an extended absorption edge as compared to T3.
However, due to a comparable thickness between the InSbN epilayer and the InSb, an

interference of the Fabry Perot fringes makes it very difficult to estimate the exact absorption
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edge and the corresponding bandgap values. Hence, heterostructures with relatively thick InSbN
and thin InSb layer need to be used to study the absorption edge of the InSbN epilayers. The
absorption results of such InSbN heterostructures have been reported in Chapter 7. Further, a

correlation of Hall data with the absorption edge in InSbN has been reported in Chapter 6.
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Figure 5.9. RT FTIR transmission spectra of the InSbN epilyaers grown at different Ts.
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Figure 5.10. RT absorption spectra of InSbN epilayers grown at different Ts with InSb reference.
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5.4 Conclusion

InSbN epilayers were grown by varying N plasma at a constant growth temperature and
by varying growth temperature at constant N BEP. With increase in N BEP the N incorporation
in the InSbN layers were observed to increase. However, a very narrow window of N BEP was
observed to be favorable for the growth of crystalline quality InSbN epilayers. Further, higher N
BEP was observed to result in very rough surface and high background carrier concentration
with low mobility. Moreover, reduction in the growth temperature at a fixed N BEP observed to
provide a favorable growth condition for good quality InSbN epilayers with an increase in N
incorporation up to 2.7 %. Further, a large window of growth temperatures from 290 °C to 380
°C can be used for the growth of InSbN epilayers resulting in an absorption edge at a higher
wavelength as compared to InSb. However, InSbN growth at low temperature observed to create
crystalline defects, as determined from Raman data, resulting in low RT mobility which need
further systematic study. In addition, relatively thick InSbN epilayer needs to be grown on a thin
InSb buffer to study the optical absorption and hence the determination of the optical band gap
from the absorption edge. Finally it can be concluded that, growth of InSbN epilayers with high
N incorporation can effectively be achieved by reduction of growth temperature instead of

increase in N BEP.



75

CHAPTER 6
Study of N Incorporation in InSbN with Variation in Growth Temperature

6.1 Introduction

Amongst the different growth parameters, the variation of growth temperature was
reported'* to have a greater impact in the incorporation of N in III-V dilute materials,
particularly in GaNSb. A similar behavior in case of InSbN has been reported briefly by Lim et
al® and Zhang et al.* In this chapter, we present a systematic study on the effect of N
incorporation as a function of growth temperature, correlating the structural, type of N- bonding
and optical characteristics of InSbN grown on GaAs substrate using various characterization
techniques. All the results and discussion in this Chapter have been published.™
6.2 Experimental Details

The InSbN layers of 0.4 um thickness were grown at three substrate temperatures (Ts) of
290 °C, 330 °C and 380 °C keeping a constant Sb:In BEP ratio of 3:1 and N rf plasma power of
200 W. An N BEP of 1x10” Torr and growth rate 0.4 pm/hr was maintained during the InSbN
epilayer growth.
6.3 Results

6.3.1 RHEED. Figure 6.1 shows the RHEED patterns (a) x1 along (110) and (b) x3 along
(110) azimuths during the growth of InSbN epilayer. The combination of these two RHEED
patterns where were observed at two different sample orientations separated by 90° is denoted by
c(1 x 3). Such RHEED patterns were observed during the growth in case of InSbN epilayers
grown at 290 °C and 330 °C. The streaky RHEED patterns for the InSbN epilayers, indicative of
a 2D growth for all the nitride epilayers reported here. A sharp change in RHEED pattern from a

pseudo x3 (Figure 4.2 (b)) to a clear x3 (Figure 6.1 (b)) surface reconstruction upon opening the
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N shutter is indicative of a phase transition of the growth front that leads to an abrupt interface

and an Sb rich surface.

C)

Figure 6.1. RHEED patterns showing a c(1 x 3) reconstruction during the growth of InSbN
epilayers.”

6.3.2 HRXRD. Figure 6.2 shows the HRXRD (004) spectra of InSbN epilayers grown
under various growth temperatures along with the InSb reference. InSb exhibited a FWHM of
200 arcsec, while the best FWHM of 207 arcsec has been observed on nitride epilayer grown at
290 °C. Epilayers grown at 290 °C and 330 °C exhibit a distinct InSbN peak, whereas epilayer

grown at 380 °C does not exhibit a distinct nitride peak.
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Figure 6.2. HRXRD (004) scan of InSbN epilayers grown at different Ts with InSb reference.”
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6.3.3 Micro-Raman spectroscopy. Figure 6.3 (a) shows the micro-Raman spectra of
InSbN epilayers with varying growth temperatures and a reference InSb epilayer. The well-
defined InSb LO phonon mode at 190 cm™, a weak InSb TO phonon mode at 181 cm™ and a
clear 2nd order InSb LO (2LO) mode at 380 cm™ were observed in the reference InSb epilayer.
In case of nitride epilayers no InSb 2LO modes were observed. Further, none of the test samples
(both InSb and InSbN epilayers) observed to exhibit low order E,Sb or A;,Sb modes.

Figure 6.3 (b) shows the Lorentzian fit for the first order InSb TO and LO Raman of
InSbN epilayers and InSb reference. The intensity of individual TO (/7o) and LO ({10) phonon
modes were estimated after deconvoluting them. The intensity ratio /70/I10 as listed in Table 6.1,
has been used to quantify and compare the disorder in the crystal lattice of the corresponding
epilayers.*® The InSbN epilayer grown at 330 °C observed to exhibit relatively higher I70/0
ratio as compared to the epilayers grown at 290 and 380 °C. Further, the FWHM of individual
peaks (both LO and TO modes) were observed to increase with reduction in growth
temperatures.
Table 6.1
Comparison of Ns» (%) from HRXRD, N 1s XPS peak compositions along with Ito/I1o ratio from

micro-Raman and electrical properties measured at 0.5 kG of InSbN epilayers grown at different

temperatures.
Ts HRXRD In-N In-N-Sb  Sb-N  Raman ART MURT
(O N (%) (%) (%) (%) Irollro (cm™) (cm?/V-s)
290 1.4 60 11.3 28.7 0.7 8.5x10' 20,000
330 1.4 68.4 2.1 29.5 1.3 9.2x10' 19,000

380 - 43 34.7 22.3 0.2 1.6x10" 14,000
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Figure 6.3. (a) Comparison of RT micro-Raman spectra of the InSb reference epilayer with
InSbN alloys grown at different temperatures, (b) Lorentzian fit for Raman spectra in first order
TO and LO phonon ranges of all the epilayers represented in Figure (a).*

6.3.4 XPS. Figure 6.4 shows the N 1s spectrum of nitride epilayers grown at different
growth temperatures. Table 6.1 indicates the composition of various nitrogen bonds present in

the epilayers grown at different temperatures for a constant N plasma power and N BEP.
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6.3.5 AFM. Figure 6.5 shows the surface study of all the grown epilayers. The surface
roughness R for these epilayers ranged from 5.4 nm to 14.7 nm and no systematic variation

was observed as a function of growth temperature.

161 nm

© 130n0m

Figure 6.5. AFM images of InSbN epilayers grown at (a) 290, (b) 330 and (c) 380 °C.*"
6.3.6 Hall measurement. RT and 77 K single-field Hall measurements were carried out
on all epilayers to determine the electrical properties. Figure 6.6 compares the RT and 77 K Hall

n and u values measured at a 5.8 kG magnetic field for the InSbN epilayers grown at various

temperatures.
12000
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Figure 6.6. RT and 77 K Hall n and ¢ measured at 5.8 kG for InSbN epilayers grown at different

growth temperatures.’
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Figure 6.7 compares the RT Hall n and u values measured at two different magnetic
fields 0.5 and 5.8 kG, for the InSbN epilayers grown at different temperatures. The carrier
concentration and mobility for all the epilayers are tabulated in Table 6.1. The InSb reference
epilayer exhibit an intrinsic level carrier concentration of 2.6x10'® cm™ and a mobility 38,000
cm’/V-s. Since the effect of magnetoresistance is still present in these values, this comparison is

only for a qualitative study of the scattering mechanisms.
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Figure 6.7. RT Hall carrier concentration () and mobilities (1) measured at 0.5 and 5.8 kG
magnetic.>

All the nitride epilayers show an increase in background carrier concentration and
relatively lower mobility (values indicated in Table 6.1) as compared to the reference InSb. The
lowest carrier concentration of 8.5x10'® cm™ and highest mobility 20,000 cm?/V-s was exhibited
by the epilayer grown at 290 °C. The Hall measurements were also carried out at a high field of

5.8 kG both at RT and 77 K for a qualitative comparison between the epilayers.
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6.3.7 FTIR. Figure 6.8 shows a vs €V plot for all representative epilayers grown at
various temperatures, along with InSb reference. The InSb reference exhibits a sharp absorption
edge at 0.17 eV. Epilayers grown at lower temperatures of 290 °C and 330 °C exhibit a redshift

in the absorption edge, with a cutoff at ~0.135 eV while the ones grown at 380 °C have an edge

at 0.15 eV.
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Figure 6.8. a vs energy plots for InSbN epilayers grown at different temperatures compared with
InSb reference.”
6.4 Discussion

The HRXRD spectra of InSbN epilayers grown at different growth temperatures (Figure
6.2), exhibit distinct positive mismatched nitride peaks on epilayers grown at 290 °C and 330 °C,
indicative of lattice contraction with N incorporation. N composition is found to be ~ 1.4+0.2 %
in both the above epilayers, as determined from XRD simulation. However, SIMS (Figure 3.10)

performed on the InSbN epilayer grown at 290 °C exhibited an N content of 2+0.2 %. The higher
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N content observed by SIMS as compared to HRXRD, indicates that a relatively small amount of
N goes into the interstitial sites as compared to the substitutional sites. These interstitials can be
in different directions as reported by Pham et al,®' affecting the overall positive or negative
mismatch of the InSbN epilayer. Furthermore, the N % estimated using simple Vegard’s law
from the corresponding (004) HRXRD scan do not account for the mismatch in the InSbN
epilayers due to interstitials. Hence, an error factor of 0.2 % was applied and observed to
account for this discrepancy. In case of epilayers grown at a higher temperature of 380 °C,
although do not exhibit any distinct nitride peak but N was estimated to be 0.5+0.2 %. A
somewhat larger FWHM of 210 arcsec makes it very difficult to distinctly detect nitride peak in
the x-ray spectrum due to less mismatch with respect to the InSb buffer. Also the presence of an
N 1s peak in the corresponding XPS spectra (Figure 6.4 (c)), confirms the N incorporation. Thus,
our growth procedure appears to provide a wider growth temperature window in contrast to

earlier reports,**’

where N incorporation was found to be more strongly influenced by growth
temperature.

It is to be noted that the observed HRXRD FWHM of the InSb peak is always lower than
the corresponding InSbN peak, indicating an increase in crystal disorder with the addition of N.
The best (004) HRXRD FWHM (207 arcsec) observed for our InSbN epilayer grown at 290 °C
is found to be comparable to the corresponding InSb FWHM (205 arcsec) with similar
intensities, attesting to the good quality of the layer grown and is considerably less than the
FWHM values reported by Lim et al** grown using a thin buffer or two-step buffer growth
process. Although the InSbN epilayer thickness reported here are relatively thinner than those of

Lim et al, similar results were observed (Figure 5.7) for the 1.2 um thick InSbN epilayers grown

under similar growth conditions. Furthermore, AFM shows overall surface roughness values
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higher than the values reported in the literature'** for InSb grown on GaAs. The increase in
surface roughness is attributed to the presence of interstitials and N related disorders.

Most of the N incorporation was found to be in the form of In—N bonding, from XPS
spectra, which happens to be substitutional (Ngp) resulting in lattice contraction, observed as a
unique nitride peak in the corresponding HRXRD spectrum (Figure 6.2).%' The formation of In-
N bonds leaves more numerous highly-reactive Sb atoms readily available for bonding to attain a
thermodynamic equilibrium, which leads to other types of bonding, namely the Sb—N and
In—N—Sb present in all our epilayers, and is believed to have formed during the nitridation
process as proposed in the anion exchange model.*® Although the presence of N—N interstitials

were reported by Lim et al*”*

in their InSbN epilayers, no such XPS peak corresponding to
N—-N binding energy (303.8 eV) has been observed in our InSbN epilayers (not shown here).
Hence, in our case Sb—N has been the major contributor of N— related point defects, which
causes the lattice expansion as observed by Pham et al in their samples.®' Formation of these
interstitials, either N—N, Sb—N or both, are believed to be dependent on various nitridation
parameters.'** '* The high percentage of In—-N—Sb bonding observed in the epilayers grown at
380 °C as compared to the epilayers grown at 290 °C and 330 °C is attributed to a weak bonding
formed because of lower energetic N ions. However, since in our case the N flow rate and
plasma power remained invariant for the growth of all the three nitride epilayers, the variation in
the In—N—Sb bonding appears to be influenced by the growth temperature. In these bonds, the N
is bonded with both In and Sb atoms,'*® indicating the interstitial nature of the bonding. In—-N—Sb
is believed to have a smaller bond length as compared to In—Sb but larger than In—N, resulting in

relatively less lattice contraction as compared to In—N. This explains the absence of a distinct

nitride peak in the corresponding x-ray spectrum of the epilayer grown at 380 °C (Figure 6.2).
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Hence, we speculate N in the form of In—N—Sb bonding to create less lattice distortion as
compared to other N bonding such as In—N, Sb—N and N—N. The effect of this bonding on the
crystal structure and electrical properties will be discussed in greater detail.

Thus the distribution of different N bonding configurations has been found to be a strong
function of growth temperature. For a fixed Sb, In and energized atomic N arrival rate, the
growth temperature provides a unique thermodynamically favorable condition for the formation
of different types of N bonding. As discussed earlier for all the three growth temperatures, the
substitutional N incorporation occurs in the form of In—N bonding, which is favored at relatively

21, 81, 83, 89, 91
0055570 However, an

lower growth temperature, consistent with the reports in the literature.
opposite trend is observed for the formation of In—N—Sb bonding. Sb—N bonding on the other
hand appears to be independent of the growth temperature. Furthermore, Veal et al’' have also
reported that Sb—N bonding remains invariant upon annealing up to 300 °C in their InSbN
epilayers. The robustness of this bonding clearly indicates the challenge in reducing these
interstitials in this material system.

Raman spectra of the reference InSb epilayer (as discussed earlier) exhibit sharp InSb LO
and 2LO modes, illustrating high crystalline quality. With the introduction of N, degradation in
the quality of epilayers is evident from the reduction in the InSb LO mode in conjunction with an
enhanced InSb TO mode (Figure 6.3 (a)), caused by changes in the local lattice structure.® The
absence of low energetic acoustic phonon modes indicates that there are no Sb related defects,
such as Sb segregation on the surface and Sb antisite defects, in contrast to earlier reports®®*> on
InSbN grown on both InSb and GaAs substrates. Variation of lattice disorder with growth

temperature is reflected from the Raman /7o/I o ratio (will be referred to as disorder) (Figure 6.3

(b)) and can be correlated to the types of N bondings observed in the corresponding XPS spectra
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(Figure 6.4 and Table 6.1). The InSbN epilayer grown at 380 °C shows only a slight increase in
the disorder as compared to the reference InSb epilayer. With the reduction in growth
temperature from 380 °C to 290 °C, a substantial increase in the disorder, upward shift in InSb
TO mode and downward shift in LO mode can be correlated to the increase in the In—N %
bonding. A relatively higher disorder observed for the epilayers grown at 330 °C, as compared to
other growth temperatures, is consistent with the work reported by Lim et al,*® who reported the
highest degree of lattice distortion at 330 °C. The downward shift in the InSb LO mode observed
in the epilayers grown at 290 and 330 °C has generally been attributed to either the shortening of
phonon correlation length'*” or LO modes associated with microscopic electric field variation
due to N incorporation.*> However, in our study we see a direct correlation between the In—N %
bonding and Raman disorder. Hence, we speculate this frequency shift to be the result of
correlation length shortening caused by compositional disorder at higher N incorporation. '*- '#*

The effect of the nature of N-bondings is also reflected in the electrical properties of
these epilayers, as is evident from the Hall measurements (Table 6.1). To study the true effect of
N incorporation on the electrical properties of the InSbN epilayers, the dislocation density due to
heterojunction needs to be accounted first. Using Equation 3.1 the density of the dislocations in
the reference InSb epilayer was calculated to be 2.6x10% cm™. The dislocation density was

57,129

reported to be a function of the epilayer thickness, and this estimated value matches with the

corresponding InSb epilayer thickness and observed mobility as reported in the literature.*” ''?
Furthermore, the observed HRXRD FWHM for all the reported InSbN epilayers are close to the
reference InSb epilayer indicating not much variation in the dislocation density for the InSbN

epilayers. Hence, any change in the electrical properties of the InSbN epilayers as compared to

the reference InSb epilayer needs to be accounted due to the effect of N incorporation. The
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variations in the n and x4 with growth temperature of these InSbN epilayers seem to closely
follow the combination of % In—N and % In—N—Sb bonding (Table 6.1). At RT, the u is
dominated by alloy scattering and lattice scattering, while at 77 K it is scattered by ionized
impurities and heteroepitaxial dislocation defects.® In the case of high magnetic field Hall
measurements on these InSbN epilayers, RT n increased further and u decreased by ~ 50% with
respect to the low field values. These are attributed to the magneto-resistance effect.

At 77 K, a further increase in n (2x10' to 1x10'® cm™) and decrease in u (6.7x10° to
2x10° cm?/V-s) was observed for all the InSbN epilayers. This can be attributed to the increase in
impurity scattering that becomes dominant at the low temperatures, as the heteroepitaxial
dislocation scattering is believed to be less, due to high crystalline quality of the InSb reference
epilayer attested to by Raman spectra (Figure 5.4). The epilayers grown at 380 °C exhibits the
highest n with the lowest u and can be associated with a combination of higher % In—N—Sb
bonding and low % In—N bonding states indicative of more N in the interstitial position. The
observed behavior of the electrical properties of these epilayers is somewhat different from the
literature.™ The best RT u of 20,000 cm?/V-s has been observed on our epilayers grown at 290
°C, and is considerably higher than the values reported by Lim et al.** These measured values are
believed to be overestimated for the InNSbN material system, due to an influence of the InSb
buffer in our epilayers. It is worth noting that, with a relatively thicker InSb buffer in our InSbN

epilayers for this study, a multi-channel conduction phenomenon is believed to arise.'®

Hence,
the actual electrical properties of InSbN may not be evident with these results. However, the
overall trend observed in the electrical properties of InSbN epilayers with growth temperature

can be explained by variation in N— bondings. Based on the specific composition of the N—

bonding, weather N is in substitutional or interstitial site the behavior of the material is reflected.
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RT FTIR results indicate a bulk-like absorption edge for the InSb reference epilayer,
which again attest to the good quality of the InSb epilayers. Figure 6.8 compares the absorption
coefficient of all the InSbN epilayers along with the reference InSb heterostructure. The epilayer
grown at 380 °C exhibits only a slight redshift in the absorption edge at 0.15 eV (8.3 um),
whereas epilayers grown at 290 °C and 330 °C both exhibit a maximum redshift of up to ~ 0.135
eV (9.2 um), consistent with the increased N incorporation in the substitutional sites.'** The
observed band gap of these epilayers includes the Moss-Burstein blue shift due to high
background n. The band gap values for the InSbN epilayers grown at 290, 330 and 380 °C were
estimated (using Equation 2.1) to be 0.094 ¢V (13.2 um), 0.104 eV (11.9 um) and 0.065 eV (19
um), respectively with a corresponding theoretical N incorporation of 1.2 %, 1 % and 1.3 %,
respectively. The theoretical N incorporation values were inferred from the band anticrossing
model reported by Murdin et al.”’ Although the theoretical N incorporation is close to the
HRXRD estimated N incorporation for the InSbN epilayers grown at lower growth temperatures,
the N % corresponding to the band gap estimated for the epilayer grown at 380 °C observed to be
overestimated. The discrepancy in the N % can be accounted by the presence of maximum % of
In—N-Sb bonding which also contributes to more active N for band gap reduction'*® with little
contribution towards lattice mismatch in the corresponding nitride layer.

6.5 Conclusion

These results on InSbN epilayers conclude that the growth conditions should not only be
optimized for high N incorporation (Ngp), but also for reduced N related defects to observe a
band gap reduction for better device performance. Also they clearly show that lower growth
temperature favors In-N bonding, which dictates N composition, whereas high growth

temperature favors the formation of In—N—Sb bonding. The crystal lattice disorder arising due to
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N incorporation is predominantly due to In—N bonding, as compared to any other N bonding
states. The 77 K electrical transport parameters are dictated by ionized impurity scattering, which
can be correlated to In—N—Sb bonding as opposed to RT transport parameters dominated by
lattice scattering due to disorder with increase in N incorporation. We found that for InSbN
epilayers, a low growth temperature of 290 °C was optimum, with a relatively high % of In—N
bonding corresponding to 1.4 % of Ng, with reduced lattice disorder and comparatively less % of
In—N—Sb bonding states. The above epilayer demonstrated a maximum redshift, with an
absorption cut-off at 0.135 eV (~ 9.2 um), the lowest carrier concentration and highest Hall

mobility, at both RT and 77 K.
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CHAPTER 7
Effect of Annealing on InSbN

7.1 Introduction

Annealing forms an important part of the study of dilute nitride systems, in general, as it
leads to significant improvement in the quality of the epitaxial layers due to reduction in defects
and localized N-centers.'*" *!"'33 Wang et al””** reported the out diffusion of N atoms from the
bulk to both the surface and the substrate in their ion implanted InSb; <Ny alloys, on annealing
for extended durations even for annealing temperatures below 400 °C, which they attributed to an
interstitial dominated diffusion mechanism. The post growth™ RTA of MBE grown InSbN
epilayers was reported to have no significant change in the total N content for annealing
temperatures up to 430 °C.”* Improvement in the crystalline quality, reduction in room
temperature (RT) carrier concentration to the intrinsic level with increase in mobility and a red
shift in the RT band gap of the material up to 0.15 eV have been reported in these annealed MBE
grown layers, due to the annihilation of N—N interstitials. However, in-situ annealing of InSbN
sequentially grown on two step InSb buffer on GaAs substrate using MBE, has been reported” to
result in a net loss of incorporated N (Ngp) at an annealing temperature of 430 °C. A maximum
photodetection limit up to 10 um at 77 K was achieved using the in-situ annealed samples.
Although these annealing studies of InSbN reported in the literature clearly indicate the
improved quality of InSbN epilayers, the data is scattered. Hence, in the current work we present
the results of our detailed and comprehensive investigation on a comparative study of as-grown
and annealed (both ex-situ and in-situ) InSbN epilayers on the structural, vibrational, electrical
and optical properties using various characterization techniques. The comparative study of

annealing (as-grown, ex-situ and in-situ) has been peer reviewed and published.'**
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7.2 Ex-situ Annealing

A systematic study of RTA was carried out at different temperatures (400, 430 and 450
°C) for different durations (30, 60, 90, 120 and 180 sec) using InSbN heterostructures grown at
different growth conditions. The electrical characteristics of the epilayers were not only observed
to be dependent on the annealing temperature and duration but also on the InSbN epilayer
thickness, growth temperature and N BEP. For example, RTA performed on InSbN
heterostructures N1, N2 and N3 at annealing temperatures of 450, 430 and 400 °C, respectively
for duration of 30, 90 and 60 sec, respectively indicated a maximum reduction in # from 2.6x10'®
to 3.3x10'7 cm™ and increase in u from 2,910 to 9,420 cm?/Vs for N2. In the sample N3 the
changes in n and u were somewhat reduced, RT 7 reducing from 1x10'® to 5x10'7 cm™ with
corresponding increase in u from 5,000 to 7,400 cm?/Vs. However, in case of N1, though the
sample was annealed at the highest temperature, there was no significant change in » and u
observed after RTA attributed to a very short annealing duration. Hence, the duration of
annealing was observed to be a critical factor besides the annealing temperature.

Figure 7.1 compares the HRXRD spectra of InNSbN heterostructure N2 before and after
ex-situ annealing. The single peak in the as-grown heterostructure observed to split into two with
a peak onto the right of InSb peak at 20 of 56.67°. The peak on the right at 56.81° emerged after
annealing is believed to be due to InSbN with an increase in N incorporation during the process
of annealing. However, no significant red shift w.r.t. InSb reference was observed in the
absorption edge (Figure 7.2) after annealing. The high absorption observed in the as-grown N2
heterostructure at higher wavelengths (Figure 5.4) corresponding to energies below 0.18 eV
(Figure 7.2) observed to reduce after annealing. Further, the process of annealing reduced (not

shown here) the A;,Sb observed in the corresponding micro-Raman spectra (Figure 5.4).
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Figure 7.1. HRXRD spectra of InSbN N2 before and after ex-situ annealing.
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Figure 7.2. RT absorption spectra of InSbN N2 before and after ex-situ annealing compared with

InSb reference heterostructure.
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Ex-situ annealing was also performed on InSbN heterostructures grown at lower growth
temperatures and high N BEP. In case of InSbN grown at 330 °C (T2) and 1.7x107 Torr (N3)
when annealed at 450 °C for 45 sec, the absorption edge was observed to be at A ~11.6 um with
n ~5x10"® cm™ and u ~42,000 cm?/Vs. Figure 7.3 shows the RT optical absorption edge of the
above InSbN heterostructure with absorption edge at 0.107 eV. Further, RT 7 in the range of
~10'° cm” results in a negligible Moss-Burstein shift in the band gap. Hence, the band gap of the
material can be estimated to be same as 0.107 eV which corresponds to the theoretical N

incorporation of 0.8 %.”
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Figure 7.3. RT optical absorption edge for InSbN heterostructure annealed at 450 °C.
7.3 In-situ Annealing
Two 1.2 pm InSbN heterostructures grown at 290 and 380 °C on 0.2 pm InSb buffer
were in-situ annealed at 430 °C for a duration of 20 minutes. Figure 7.4 shows the (004) HRXRD

scan of these in situ annealed heterostructures compared with a reference InSb epilayer. Both the
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in-situ annealed InSbN heterostructures were observed to exhibit a positive mismatch w.r.t. the
InSb reference peak. This can be either due to change in the lattice parameter due to the process

of annealing and/or loss of Ny,
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Figure 7.4. (004) HRXRD scan of in-situ annealed InSbN heterostructures annealed at 430 °C.

Further, the heterostructure grown at 290 °C observed to exhibit a relatively higher
FWHM as compared to the structure grown at 380 °C. The broadening of this HRXRD peak is
believed to be due to either presence of heteroepitaxial dislocations or mosaic spread rather than
N-related defects, as annealing has been reported” '** (also discussed further in this Chapter) to
reduce the lattice crystal disorder arising from N incorporation. A detailed study of these
dislocations using RSM technique has been presented in Chapter 8. Figure 7.5 shows the RT
absorption spectra of these in-situ annealed InSbN heterostructures compared with the InSb

reference layer. Although it is very difficult to estimate the band gap due to the interference of
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the Fabry Perot fringes, a clear red shift in the absorption edge in case of both InSbN samples
w.r.t. InSb indicate a fundamental band gap reduction. The RT Hall measurement for these in-
situ annealed heterostructures was found to vary with growth temperatures. In case of the InSbN
heterostructure grown at 290 °C, the n was observed to 1.6x10'® cm™ and x 12,600 cm*/Vs.
Whereas, in case of the InSbN heterostructure grown at 380 °C, the n was observed to be

1.4x10"" cm™ and u 7,200 cm’/Vs.
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Figure 7.5. RT absorption spectra of in-situ annealed InSbN heterostructures.

From the previous two sections it can be concluded that annealing at higher temperatures
430 ~ 450 °C observed to reduce background » and increase carrier x4 in the InSbN epilayers.
However, in order to see a considerable change in the material property the duration of annealing
was observed to be dependent on the technique of annealing. Hence, a comparative study of
these two annealing techniques has been presented in the following section for two InSbN
heterostructures grown under similar growth conditions and annealed by two different techniques

at same annealing temperature but for different durations.
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7.4 Comparative Study of Ex-situ and In-situ Annealing

The InSbN heterostructures used for this study were 2 pm thick, grown at ~290 °C on a
0.2 um InSb buffer layer. Both ex-situ and in-situ annealing was carried out at 430 °C for 3 and
20 minutes, respectively. The choice of the annealing temperature and corresponding duration
was made from the above annealing results, after observing the most effective annealing
condition in each case which results in a considerable reduction in n and increase in u.

7.4.1 HRXRD. A (004) HRXRD scan of the as-grown InSbN heterostructure as shown in
Figure 7.6, exhibits a buffer InSb peak and a distinct InSbN peak to the right at 57.17°, with
FWHM 280 and 342 arcsec, respectively. However, for both the ex-situ and in-situ annealed
InSbN epilayers, the nitride peak was observed to be positively mismatched with respect to the
InSb peak. The corresponding FWHM of the ex-situ and in-situ annealed InSbN epilayers were

observed to be 348 and 320 arcsec, respectively.
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Figure 7.6. Plot of (004) HRXRD scan for the InSb reference, as-grown, ex-situ and in-situ

annealed InSbN epilayers.'**
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All the epilayers were found to be 100 % relaxed based on the mismatch values
determined from symmetric (004) and asymmetric (115, not shown here) HRXRD scans. These
FWHM values of the nitride epilayers grown on single step InSb buffer are comparable to those
reported by Lim et al,** grown on a two-step InSb buffer layer. We speculate that the annealing
of the InSb buffer layer at higher temperatures prior to the growth of InSbN epilayer helps
mitigate the dislocation density, thereby serving the purpose of a two-step buffer. The reduction
in threading dislocation density with increase in epitaxial layer thickness and annealing in the

highly lattice mismatched heteroepitaxial semiconductors*’'3>"'%%

is commonly attributed to the
creation of half loops caused by the coalescence of threading dislocations.'*® '*” The dislocation
density in the reference InSb and InSb buffer layers estimated (using Equation 3.1) to be in the
low 3-5x10* cm™ range and was higher in the 8x10® cm™ range for the InSbN epilayers. The
estimated dislocation density for the InSb buffer is observed to be 3 folds lower than the reported
values® for similar thickness of InSb grown on GaAs . It is to be pointed out that these
dislocation values may be underestimated as these are based on (004) HRXRD broadening only,
which is more sensitive to screw/angular dislocations.'* The dislocation density values
estimated here for the InSbN samples are slightly higher than our earlier (in Chapter 6) estimated
values,”” due to reduction in the thickness of InSb buffer layer.

An excellent fit of the simulated HRXRD data to the experimental (004) scan data was
obtained with an N incorporation of 2.5+0.2 % for the as-grown InSbN epilayer, considering all
the InSbN epilayers were 100 % relaxed. These InSbN layers were confirmed to be 100 %
relaxed from the corresponding reciprocal space map studies which has been presented in details

in Chapter 8. In the case of the annealed epilayers, the nitride layer peak shifts to the left of the

InSb peak and hence the computation of N incorporation from the (004) HRXRD scan poses a
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challenge. N % from SIMS (Figure 7.7) were determined to be 2.6+0.5 %, 1.2+0.2 % and
0.8+0.2 % for as-grown, ex-situ and in-situ annealed epilayers, respectively. A very less
difference in these two N % values in as-grown epilayer indicate the presence of N maximum in
the substitutional sites than interstitial sites.®® Further, this attests to the NRA study of the as-
grown epilayer, which confirmed at least 85 % of N to be in the substitutional site. Notably, the
N % determined from the HRXRD mismatch assumes only the presence of substitutional N
atoms (Nsp) and therefore the mismatch/strain due to the presence of interstitials provide
considerable inaccuracy in the determination of the N % using a simple Vegard’s law
calculation. Depending on the type of interstitials involved, it can provide either lattice dilation
or contraction.’! In view of this, the only inference that could be drawn is that the as-grown
epilayer exhibits a much higher N concentration in the substitutional than interstitial sites similar
to the annealed epilayers. In the case of annealed epilayers the positive mismatch is attributed to

the loss of Ng,'’ and the presence of Sb—-N interstitials leading to compressive strain.®’

as-grown

0!0 I 0!2 I 0!4 I 0!6 I 0!8 I 1!0 I 1!2 I 1!4 I 1!6 I 1!8 I 2!0 I 2!2
Depth (um)

Figure 7.7. SIMS depth profile of as-grown, ex-situ and in-situ annealed InSbN heterostructures

grown at 290 °C.



7.4.2 Micro-Raman spectroscopy. Figure 7.8 (a) shows a comparison of RT micro-
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Figure 7.8. (a) The RT micro-Raman spectra of as-grown, ex-situ and in-situ annealed InSbN
epilayers compared with the InSb reference and (b) Lorentzian fit for the RT micro-Raman

spectra in the 1% order InSb TO and LO phonon range for the spectra illustrated in (a). '**
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Raman spectra of InSb reference along with all the InSbN epilayers. Figure 7.8 (b) exhibits the
Lorentzian fit to the different peaks observed in the corresponding spectra. The dotted line
indicates the shift in TO and LO peaks for the InSbN epilayers. All of the spectra exhibit LO and
TO phonon modes of InSb at 191 cm™ and 181 cm™, respectively.''® In the reference InSb
epilayer, well-defined first and second order LO phonon modes (382 cm™) along with a weak TO
phonon mode of InSb are observed, attesting to the high crystalline quality of the InSb reference
epilayer.''® Reduction in the InSb LO peak as well as its nonsymmetrical shape, absence of 2LO
modes along with the appearance of the forbidden InSb TO phonon mode at 183 cm™, are all
characteristics of the as-grown InSbN epilayers, while the annealed epilayers exhibit a
significantly higher peak ratio of InSb LO/TO (/10/I10) (Table 7.1) with an increase from 0.8 to
7.1 and reappearance of 2LO modes attesting to the good quality of these epilayers.

Table 7.1

SIMS N %, Raman I10/Ito, RT and 77 K carrier concentration (n) and mobility (1) data for the

as-grown, ex-situ and in-situ annealed InSbN epilayers.

SIMS Raman 11535y MUrT N7k M7k
InSbN epilayer
N@)  Loflro (em®)  (em¥V-s) (cm®)  (cm¥V-s)
As-grown 2.6£0.5 0.8 1.0x10" 3,300 1.2x10" 3,200

Ex-situ annealed 1.240.2 4.4 2.0x10'° 12,000 8.4x10" 6,000

In-situ annealed 0.840.2 7.1 1.5x10'° 13,000 4.8x10" 7,100

In light of the above HRXRD, SIMS and Raman data, the following qualitative

explanations of the variations observed between the as-grown and annealed epilayers are
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provided. As-grown epilayer have large N %, both in substitutional as well as interstitial sites as
discussed above, leading to the degraded quality of the epilayer due to the N induced lattice
disorder, as evidenced from Raman spectra. On annealing, improvement in the quality of the

131,132
and

epilayer is consistent with those commonly observed in other dilute nitride systems
have generally been attributed to the annihilation of N- related defects. Further, a well-resolved
TO peak in in-situ annealed epilayer provides strong evidence of N being incorporated in the
substitutional sites®® as well. In-situ annealed epilayer exhibited relatively higher HRXRD
intensity and high I o/Ito in the corresponding Raman spectra compared to ex-sifu annealed
epilayer, indicative of good ordering in the InSb lattice structure. This is consistent with our
group’s prior annealing studies'*'® carried out on other dilute nitride systems, where we find that
the in-situ annealing leads to efficient annihilation of N related defects and improved bonding in
comparison to the ex-situ annealing. Note that the InN TO or LO phonon modes reported by Lim
et al”® were not observed in our InSbN epilayers, due to the low cross section for In-N phonon
scattering in conjunction with the resonant frequency far from the exciting line used in this
study.''® The absence of any low energy peak corresponding to A, «Sb elemental mode, reported
in the growth of InSbN by Lim et al,*® indicates minimal Sb antisite defects in our epilayers.
7.4.3 Hall measurement. Hall measurements were carried out at both RT and 77 K. The
electrical transport parameters thus determined are listed in Table 7.1. These epilayers were
found to be n-type. No significant changes in values were observed with variation in applied
magnetic field, suggesting a negligible magneto-resistance effect as compared to InSb. These
values reflect the true electrical properties of InSbN, due to a relatively thick InSbN epilayer in

these heterostructures. The reference InSb epilayer exhibited an intrinsic carrier concentration (7)

0f 2.6x10'° cm™ and mobility () 38,000 cm*/V-sec at RT. At 77 K, both n and u of the as-
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grown InSbN epilayers were not significantly altered. However, in the annealed epilayers at 77 K
reduction in both n and u with respect to their RT values were observed, though u of the
annealed epilayers remained higher than those of the as-grown epilayers. The variation in the u
data can be explained using the temperature dependence of three dominant scattering
mechanisms present in the layers, namely, lattice (phonons), ionized impurity and lattice
defects/dislocations. The high n and low u values observed in the as-grown InSbN epilayer at
both RT and 77 K is consistent with our earlier conjecture of N interstitials as well as poor
quality of the as-grown epilayer. The donor nature of N-interstitials and their energy levels being
higher” than the host lattice conduction band minimum (CBM) further explains the invariant
nature of high n observed both at RT and 77 K in the as-grown InSbN epilayer. The reduction in
RT 7 on annealing is therefore attributed to the annihilation of N-interstitials and N-related
defects. A further reduction in n at 77 K observed only for the annealed epilayers is most likely
due to partial freeze-out of the carriers. The origin of the shallow donors is speculated to be Sb
antisites. Although Sb antisite was observed to be below the detection limit for our samples in
their Raman spectra, they are believed to be present as a congruent process of annealing and
formation of Sb-N as reported by Lim et al*® ** The increase in 1 on annealed epilayers can be
correlated predominantly to the reduced phonon scattering at RT due to the improved quality of
the layers as attested by the Raman spectra. At 77 K, due to the estimated dislocation density
being in the high 10* cm™ range, the contribution from dislocation scattering becomes
comparable to the ionized impurity scattering for the carrier concentration in the 10'® cm™ range,
as per the deformation potential model of Dexter-Seitz.'** So though the lattice scattering
contribution decreases with temperature, the mobility remains low due to the contribution of the

above two scattering mechanisms. Further, the highest x4 observed for the in-situ annealed InSbN
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attest to the maximum /;¢/I70 ratio observed in the corresponding Raman spectra. These are the
best mobility values for both ex-situ and in-situ annealed InSbN on GaAs reported to date. These
characteristics of the annealed InSbN epilayers correlate to the loss of N both from the epilayer
and bulk (Figure 7.7). The phenomena of N loss from the epilayer and bulk after annealing are
believed to be assisted by dislocation and/or interstitial diffusion.” '*!

7.4.4 FTIR. Figure 7.9 displays the RT absorption spectra of these epilayers determined
from the FTIR measurements. The annealed epilayers are observed to exhibit an overall lower

absorption coefficient in the wavelength region investigated. All the nitride epilayers display a

red shift in their corresponding absorption edge E.ns with respect to the InSb reference layer.

Wavelength (um)
121.4 813 612 5;0 41 3.5

InSb ref.
10000 —-' [ XXX XXX X ] as-grown

]=:=-=ex-situ
o g
~— 0.17¢3 eV
S ~ 0.125eV -g
1000 3 -\§,~
b 1000+ ] _C
ex-situ annealed

010 015 020 025  0.30

Energy (eV)
| I L L L R L B R AL I L L R L R R R B L
0.10 0.15 0.20 0.25 0.30 0.35
Energy (eV)

Figure 7.9. The RT absorption coefficient (o) vs energy (eV) plot for as-grown, ex-situ and in-
situ annealed InSbN epilayers along with the InSb reference. The inset shows the first order

derivative of o vs eV for the ex-sifu annealed InSbN epilayer.'**
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As shown in the inset of Figure 7.9, the peak observed at 0.125 eV (9.9 um) in the ex-situ
annealed layer has been assigned to the ex-sifu annealed nitride epilayer E,us while the other peak
at 0.173 eV (7.2 um) is close to the InSb band gap. The E.s determined similarly for InSb
reference, as-grown InSbN and in-situ annealed epilayers were estimated to be 0.19 (6.5 um),
0.132 (9.4 pm) and 0.12 (10.3 um) eV, respectively. The somewhat higher absorption edge
determined for the InSb reference epilayer as compared to InSb buffer is most likely due to the
high carrier-concentration-induced Moss Burstein shift, because the reference epilayer did not
undergo any high temperature annealing after the growth as the buffer layer of all the nitride
epilayers. The Moss-Burstein shift for the as-grown InSbN due to high #n, estimated (using
Equation 3.3) to be 0.137 eV, which leads to the original bandgap being a negative E;=—0.004
eV corresponding to a theoretical estimation of 2.6 % N incorporation.”’ This estimated N is in
excellent agreement with the observed HRXRD and SIMS N %. In addition, the lowest
absorption coefficient observed in the annealed epilayers before the onset of free carrier
absorption is found to be half the magnitude of the as-grown epilayer occurring at 0.11 eV. The
low absorption coefficient and relatively fast roll-off observed below E, (Figure 7.9) achieved in
these annealed epilayers attest to the reduction in localized band-tail states due to N induced
defects, consistent with the above Raman and Hall measurement data. In addition, the distinct
absorption minima with a relatively lower width Urbach tail observed at 0.15 eV only in the in-
situ InSbN epilayer again attest to the improved Raman spectra as well as the best Hall u values
obtained in this epilayer. Further, the SIMS data for this epilayer is also in good agreement with
the 0.7 % N value predicted using the k.p model by Murdin et al’’ on InSbN, corresponding to
the optical bandgap of 0.12 eV exhibited by this sample. Hence, all the above results indicate

that the substitutional N in InSbN resulted in the band gap reduction as theoretically predicted.
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7.5 Conclusion

InSbN heterostructures were annealed ex-situ by RTA and in-situ after the growth in the
MBE chamber. Along with the annealing temperature the duration of annealing was observed to
affect electrical property of the epilayers. The annealing temperature of 430 °C was found to be
effective for a high quality InSbN epilayers. The as-grown InSbN epilayer revealed high N
incorporation in the substitutional, high N-induced defects, high background carrier
concentration and low carrier mobility. Although a negative band gap was estimated
corresponding to a high 2.6 % N incorporation, the Moss-Burstein effect due to high n observed
lead to blue shifting of the absorption edge up to 0.132 eV. The annealed epilayers show
significant improvement in the quality of the layers, attributed to the effective annihilation of N
related defects and dislocations in the layer, with the red shift in the absorption edge to 0.12-
0.125 eV. The improved quality of the layers is attested by a reduced InSb TO peak and the
presence of InSb LO and 2LO peaks in the Raman spectra and enhanced carrier mobility as high
as ~10,000 cm?/V-s. A reduction in InSb Urbach tail width in the absorption spectra of in-situ
annealed InSbN has been correlated to enhanced InSb crystalline quality and reduction in
dislocation density due to annealing. A relatively longer duration of in-situ annealing was
observed to be more effective in increasing u as compared to ex-situ by RTA when annealed at
same temperature. However, the best absorption cutoff ~11.6 um was observed for InSbN
annealed at 450 °C with n ~5x10'® cm™ and u ~42,300 cm?’/V-s. Thus, these preliminary data
show great promise for extending the absorption edge in this material system up to 14 pm

through optimization of annealing conditions.
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CHAPTER 8
Study of Defects in InSbN Heterostructures

8.1 Introduction

Defects in InSb grown on GaAs*"** " and Ge'' substrates have been extensively
studied and very well established for highly mismatch semiconducting alloys. In order to
fabricate a semiconducting device for a high efficiency operation, the defects in the device need
to be minimized. Hence, study of defects in InSbN epilayers plays a very important role for a
high performance detector fabrication. Since, InSbN epilayer is subsequently grown on InSb
buffer our preliminary results indicated that the quality of InSbN epilayer is greatly affected by
the quality of the InSb buffer. Hence, in addition to the defects due to N incorporation, the effect
of heteroepitaxy on the quality of InSbN needs to be investigated. In order to observe the effect
of heteroepitaxial defects on the InSbN epilayer, InSbN heterostructures with different InSb
buffer thicknesses were grown without changing any growth parameter for both InSb and InSbN.
In addition to observe the effect of InSbN epilayer thickness on its layer quality and N
incorporation, heterostructures with different InSbN epilayer thickness has also been studied
with the InSb buffer layer thickness being invariant. In this Chapter the study of overall
structural quality of the heterostructure using HRXRD and RSM techniques and correlation with
its thickness and alloy composition is reported.
8.2 Experimental Details

Four sets of InSbN heterostructures were used for a systematic study of the effect of InSb
buffer thickness and InSbN epilayer thickness on the quality of grown InSbN epilayer in the
heterostructure. The heterostructures of 1.2 um InSbN/ 1.4 um InSb/ GaAs, 0.4 pm InSbN/ 1.4

pm InSb/ GaAs, 0.4 um InSbN/ 0.2 um InSb/ GaAs and 2 pm InSbN/ 0.2 um InSb/ GaAs are
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referred to as S1, S2, S3 and S4, respectively. A 0.6 um thick InSb layer on GaAs was used as a
reference. All the grown parameters of both InSbN and InSb epilayers were kept same for all the
four heterostructures except the individual layer thickness. All the InSbN epilayers were grown
at 290+10 °C.
8.3 Results

Figure 8.1 shows the (004) HRXRD plot of the four InSbN heterostructures S1, S2, S3
and S4 along with InSb reference. The peaks observed at ~ 56.8° in case of all the
heterostructures correspond to InSb buffer layer and the peaks on the right of InSb around
57.2+0.2° correspond to the InSbN epilayer. The FWHM values and intensity of the individual

HRXRD peaks have been used to compare the quality of the corresponding layers in these

heterostructures.
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Figure 8.1. (004) HRXRD of four different InSbN heterostructures along with InSb reference.
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In order to study the effect of threading dislocations on the quality of heterostructures,
asymmetric scans were performed in (115) plane for all the test samples. Figure 8.2 shows the
(115) HRXRD scan performed in the glancing incidence configuration. All the plots are aligned
to InSb peak at 0 arcsec, as InSb is 100 % relaxed due to a very large lattice mismatch w.r.t. the
GaAs substrate. The peaks on the right of InSb around 1000~1500 arcsec correspond to InSbN
epilayer. The FWHM values of individual peaks were measured from both (004) and (115) scans
and recorded in Table 8.1. Although all the InSbN epilayers in these heterostructures were grown
at same growth temperature, the variation observed in the (115) peak position of the nitride peaks
is believed to be due to the variation in the parallel and perpendicular lattice mismatch values
between these test heterostructures. The exact lattice mismatch values were estimated from the

corresponding (115) RSM study and recorded in Table 8.1.
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Figure 8.2. (115) HRXRD plot of four different InSbN heterostructures.



Table 8.1

(004) and (115) HRXRD FWHM of different InSbN heterostructures.

Common Features InSbN Layer (004) (115) FWHM Parallel Perpendicular
in the Heterostructure Thickness FWHM (arcsec) Mismatch Mismatch
(um) (arcsec)
Heterostructures (ppm) (ppm)
InSb InSbN | InSb InSbN | InSb  InSbN
S1 1.4 1.2 199 193 214 238 -370 -5691
Same InSb buffer (thick) —> L~
S2 1.4 0.4 190 190 191 197 -294 -6895
Same InSbN epilayer —>
S3 0.2 0.4 260 290 380 360 -3902 -7928
N_
Same InSb buffer (thin) —>
S4 0.2 2 280 338 367 722 -4040 -5652

601
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Reciprocal space map study was performed on all the four heterostructures to study the
mismatch, strain/relaxation, tilt in the layers. Figure 8.3 shows the (115) glancing incident RSM
contour plot of S1 along with the GaAs substrate peak. The individual peaks are labeled in the
plot. Clearly the GaAs substrate observed to exhibit sharp Bragg reflection and the broad ones
correspond to InSb buffer layer and InSbN epilayer. The parallel and perpendicular mismatch of
InSb reciprocal lattice point (RLP) w.r.t. GaAs substrate was estimated to be 14.58 % and 14.73
%, respectively indicating 100 % relaxed InSb buffer layer. The parallel and perpendicular
mismatch values for the InSbN epilayer w.r.t. InSb layer estimated from the plot are tabulated in
Table 8.1. The lateral correlation length of InSb and InSbN was calculated to be 15,362 and
6,056 A. A mosaic spread of 0.1° was estimated both for InSb and InSbN. The lattice constant

values estimated for GaAs, InSb and InSbN were 5.655, 6.488 and 6.459 A, respectively.
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Figure 8.3. (115) reciprocal space map of heterostructure S1 along with GaAs peak.
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Figure 8.4 shows the (a) (004) and (b) (115) RSM contour plot of S1showing only the
InSb and InSbN RLPs. The vertical solid line indicates the surface normal. This line observed to
cross through the center of both the RLPs in the asymmetric plot (Figure 8.4 (b)) which indicates
the InSbN epilayer to be strained w.r.t. InSb buffer layer. This attests to the large difference

observed in the parallel and perpendicular mismatch values estimated for the InSbN epilayer

(Table 8.1).

4840 ¥ ;_“ st 6020 =T T : ::
4 7.3 : :
(a) -5l (b) InSbN B s

: : 6000 o
4820 o803 B :0 g B s
— B s5.4 B e
2 e 5980 O— 13.2
=, 4800~ - %8 Ty B w0
o ' S W o
=) 1 . o B- o
o 4780 289.0 Q B .1

. O 590 =
o 488.4 " O 123.8
: 4760+ 825.4 8 B— 136
- 1sa.s ¥ 9920 3he:d
o’ 2357.3 > 1 474.0
hg 3583.8 = 5900+ g e
- E
4720k ‘ _ 1 B— 113776 8880+ - zmlz
s jang 1|l 19227.8 B :3.6
50 N - -l I -y
% 10877.4
Q, *10,000 (rlu) Q, *10,000 (lu)

Figure 8.4. (a) (004) and (b) (115) reciprocal space maps of the heterostructure S1.

A similar behavior observed for the heterostructure S2. Figure 8.5 shows the (115) RSM
of S2 where it can clearly be seen that the InSbN layer is strained to InSb layer even though there
is a lattice mismatch in the nitride epilayer. The RLP spread along Qx and Qy was observed to be
same both for InSb and InSbN similar to S1. This indicates the observed quality of InSbN
epilayer remains unchanged in these two heterostructures. The lateral correlation length for the
InSbN epilayer was estimated to be 3073 A. Further, a similar mosaic spread of 0.1° was
estimated for the InSbN epilayer. In this case the lattice constant of InSb and InSbN epilayer was

estimated to be 6.487 and 6.445 A, respectively.
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Figure 8.5. (115) reciprocal space map of the heterostructure S2.

Figure 8.6 shows the (a) (004) and (b) (115) RSM plots of S3. It can clearly be seen that
in the asymmetric scan (Figure 8.6 (b)) the surface normal not crossing through the center of
InSbN RLP, indicating the layer to be relaxed as compared to S1 and S2. However, a large
difference in the mismatch values (Table 8.1) indicates only a partial relaxation. The lattice

constant of InSb and InSbN epilayer were estimated to be 6.485 and 6.434 A, respectively.
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Figure 8.6. (a) (004) and (b) (115) reciprocal space maps of the heterostructure S3.
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Figure 8.7 shows the (a) (004) and (b) (115) RSM plot for S4 heterostructure. As the InSb
buffer layer is very thin, a low intense and broad InSb RLP was observed both in symmetric and
asymmetric RSM plots. The InSbN RLP was observed to be relatively broad as compared to all
other heterostructures with a unique triangle like broadening feature. The vertex of the triangle in
Figure 8.7 (a) and (b), connecting three distant points on a contour line has been marked for a
guide to the eye. This asymmetric spread along the surface normal with a relax-mosaic triangle
(RMT) feature was observed to be similar to the RMT feature reported in the literature for ZnSe
on GaAs.'* This indicates the InSbN layer to be 100 % relaxed with a relatively high mosaic
spread. The lattice constants for the InSb and InSbN epilayer in this heterostructure S4 were

estimated to be 6.487 and 6.451 A, respectively.
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Figure 8.7. (a) (004) and (b) (115) reciprocal space maps of the heterostructure S4.

Figure 8.8 shows the contour plot of (115) RSM of the heterostructure S2 after ex-situ
annealing at 450 °C for 45 secs. The individual peaks are labeled inside the plot. The GaAs RLP
can easily be identified with its high intensity and sharp peak. The lattice constant estimated to

be 5.655 A which matches with the GaAs bulk lattice constant. The broad RLP has been
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identified to be a combination of InSb and InSbN with an estimated lattice constant of 6.486 A.
The perpendicular and parallel mismatch was estimated to be 14.4 and 14.7 %, respectively w.r.t.

the GaAs substrate.
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Figure 8.8. (115) reciprocal space map of the heterostructure S2 after ex-situ anneal at 450 °C.
Figure 8.9 shows the (a) (004) and (b) (115) RSM contour plots of the heterostructure S4
after in-situ annealing at 430 °C for 1200 sec. Figure 8.10 shows the (004) RSM contour of the
heterostructure S4 after ex-sifu annealing at 430 °C for 180 sec. The peaks are identified to be
InSbN RLPs. A spread along Qx and Qy observed in the InSbN RLPs similar to the spread

observed in the InSbN RLP in as-grown S4 (Figure 8.7).
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In order to study the variation in electrical property of different heterostructures, RT Hall
measurements were carried out both at high magnetic field (5.8 kG) and low magnetic field (0.5
kG). Figure 8.11compares the RT n and u of all the four heterostructures. The lines used to
connect the data points are just a guide to the eye. Almost no change in n observed for S1 and
S2, whereas a linear increase in n was observed for S3 and S4. In case of S1 and S2 a great
reduction in the RT u observed with increase in applied magnetic field whereas the RT u was
observed to be almost invariant with change in magnetic field for S3 and S4. However, an
overall reduction in RT x4 with a corresponding increase in RT n was observed for both S3 and
S4 as compared to S1 and S2. The InSbN heterostructure S4 was observed to exhibit the highest

n and least x4 as compared to all the heterostructures.
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Figure 8.11. The comparison of RT n and u for different InSbN heterostructures measured at low

and high magnetic fields.
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8.4 Discussion

A nearly point like highly intense RLP corresponding to GaAs substrate in the (115)
RSM contour plot of heterostructure S1 (Figure 8.3) indicated a very high crystalline nature of
the chosen substrate. Nearly 14.6 % parallel mismatch observed for the InSb buffer layer w.r.t.
GaAs indicate 100 % relaxed and bulk nature of InSb buffer. However, a slight increase in the
perpendicular mismatch is believed to be due to N diffusion into the InSb buffer layer. Whereas,
the InSbN epilayer was observed to exhibit a low parallel mismatch and high perpendicular
mismatch w.r.t. InSb buffer layer indicating a strained epilayer. Two relatively broad RLP
profiles for both InSb buffer and InSbN epilayer observed in S1 as compared to the GaAs
substrate indicates the broadening to be due to presence of large number of dislocations.'*

Assuming the 60° nature of the threading dislocations (TD) in (001) zinc blende type
semiconductors, these TDs are believed to affect crystal lattice in two unique characteristics.
They are, (i) rotational dislocations (RD) sensitive to symmetric HRXRD (004 scans) peak
broadening, and (i1) strain field due to TD a primary factor for asymmetric HRXRD (115 scans)
peak broadening."*’ Since, presence of these specific dislocations in the epilayers/
heterostructures directly gets reflected on the corresponding HRXRD peak broadening (Equation
3.1); the associated FWHM values will be used for all discussion purpose for both qualitative
and quantitative comparison. The intensity of the individual peaks can easily be correlated to the
corresponding layer thickness values. Higher the intensity of the HRXRD peaks, thicker the
epilayer. The RLP broadening in the (Qx, Qy) plane is representative of the twist in the lattice
while the broadening in the Qz axis (not evaluated in our case) is commonly correlated to the tilt-
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related broadening of the mosaic structure. ™~ Hence, a relatively high RLP broadening observed

in case of S4 indicates poor structural quality as compared to the other heterostructures.
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InSbN heterostructures (S1 and S2) with thick InSb buffer layer observed to exhibit
relatively lower FWHM for InSb, both in (004) and (115) scans as compared to the
heterostructures (S3 and S4) with relatively thin buffer layer. As this is the case with most
mismatched/ heteroepitaxial alloys the dislocations due to heteroepitaxy reduce as we go away
from the heterojunction interface/defect origin. Due to the thin InSb buffer in S3 and S4 type
heterostructures both (004) and (115) profile were observed to be broadened by large number of
TDs. Further, the corresponding RLP broadening in S3 and S4 (Figure 8.6 and Figure 8.7) along
Qx and Qy, attest to the observed broad HRXRD profile confirming the presence of large
number of TDs.'*

In case of heterostructures, S1 and S2 since the InSb buffer thickness is same, the effect
of InSbN epilayer thickness on the quality of the epilayer can be compared. The parallel and
perpendicular mismatch values (Table 8.1) indicate a partial relaxation of InSbN epilayer in case
of S1 whereas the nitride epilayer in S2 was observed to be completely strained. A small increase
in the HRXRD FWHM in case of S1 as compared to S2 indicates the increase in the overall
crystal defect due to thicker N-incorporated layer, as the defects due to TDs remain unaltered.
This is consistent with our Raman results (Figure 6.3 (a) and (b)) indicating increase in crystal
disorder due to N-incorporation at lower growth temperatures. In addition, these N-related
defects were observed to affect the overall carrier transport property of the heterostructures. Due
to a relatively thick InSb buffer the effect of magneto resistance was clearly observed in case of
S2 with a great variation in the x4 values measured at 0.5 and 5.8 kG. Hence, for comparison
purpose only # and n measured at 0.5 kG has been considered. Although, a relatively similar #
has been observed both for S1 and S2, the S2 type heterostructures are characterized by high RT

u due to less alloy scattering.
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RSM performed on the S3 type heterostructure indicate a partially relaxed InSbN epilayer
on a 100 % relaxed InSb buffer. Whereas, in case of S4 type heterostructure the asymmetric
spread along the surface normal observed in the InSbN RLP has been correlated with a relax-
mosaic triangle (RMT) feature.'** This indicates presence of both relaxation and mosaic spread
in the nitride epilayer for S4 type heterostructures. Although presence of nitrogen compositional
gradient believed to result in the broadening of reciprocal lattice point (RLP), but the mosaic
spread affects the broadening more than the N gradient. Also there is a mosaic twist observed
both in the InSb buffer and InSbN peak in the (115) RSM plot (Figure 8.7 (b)). Although a
similar mosaic twist and RMT feature observed after in-situ annealing, there was no distinct peak
for InSb and InSbN RLP both in (004) and (115) RSM scans. Past studies indicate annealing at
430 °C results in annihilation of N—N interstitials.”> Further, presence of N—N interstitial and Ng;,
reported to results in negative mismatch of the nitride HRXRD peak with respect to InSb
HRXRD peak.?" '* Hence reduction in N-N interstitials and Ng; believed to be the primary
reason for the overlap of InSbN RLP and InSb RLP after annealing. This makes it very difficult
for estimation of N % from the HRXRD peak simulation. A similar behavior was observed for
the ex-situ annealed InSbN epilayer (Figure 8.10) annealed at 430 °C by RTA. The
corresponding SIMS depth profile (Figure 7.7) confirmed the presence of N after annealing.
Whereas, in case of S2 after ex-sifu annealing no RMT feature observed for the resultant RLP
indicating the nitride layer not relaxed even after annealing. However, the nitride epilayer was
observed to be lattice matched with the InSb buffer layer just like other annealed InSbN
epilayers.

Figure 8.11 compares the RT » and u measured at high (5.8 kG) and low (0.5 kG)

magnetic field for InSbN heterostructures S1, S2, S3 and S4. The RT n values were not affected
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with variation in applied magnetic field. S1 and S2 were observed to exhibit similar » whereas,
S3 observed to exhibit very high n. In case of S2 a reduction in RT x was observed with increase
in applied magnetic field can easily be explained due to relatively thick InSb buffer. The effect
of magnetic field on the x4 values was observed to reduce in S1 as the InSbN epilayer thickness is
comparable to the InSb buffer. However, the effect of magneto-resistance was still observed. In
case of S3, the RT u values were observed to be almost the same for both magnetic field values.
As the InSbN epilayer thickness is much larger than InSb buffer layer it can be concluded that
the observed behavior is the characteristic of InSbN layer. This indicates that InSbN does not
exhibit magneto-resistance like InSb. The reduction in the x4 values for S3 as compared to S1 and
S2 is due to presence of large number of dislocations as discussed earlier in this chapter and
Chapter 7.
8.5 Conclusion

The quality of InSb buffer was observed to affect the InSbN epilayer to a great extent.
The heteroepitaxial defects were reported to have a greater impact on the overall structural
quality of InSbN epilayers as compared to the contribution of defects due to N incorporation.
With increase in InSb buffer thickness both the rotational and threading dislocations observed to
propagate less into the InSbN epilayer and hence improve the quality of the as-grown epilayer.
Further, increase in InSbN epilayer thickness on a relatively thin InSb buffer reported to
propagate large number of dislocations in the layer in order to attain a 100 % relaxation.
Presence of large number of dislocations observed to reduce the RT u in the InSbN epilayer.
Hence one has to grow relatively thick InSb buffer (1.4 pm) and thin InSbN epilayer (0.4~1.2

pum) in order to obtain a good quality InSbN epilayer with less defects and high RT mobility.
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CHAPTER 9
Conclusion

Highly crystalline InSb epilayers were grown on GaAs substrate. The method of growth
temperature calibration at a specific Sb/In BEP ratio for growth of 2D InSb layers using RHEED
has been discussed extensively. A highly smooth surface with R;,s of 0.28 nm with was found to
be the best for 0.6 um InSb epilayer grown on GaAs using the above method. Hence, this growth
method was used for the growth of InSb buffer layer in InSbN heterostructures for further study.
The best RT 1 ~10'® cm™ and u ~45,000 cm®/V's has been reported for 1.4 pm thick InSb
epilayer on GaAs. The RT optical absorption for the InSb heterostructure was reported to match
its RT fundamental band gap at 0.17 eV.

A systematic study of growth and characterizations was carried out for InSbN
heterostructures grown on GaAs substrate under various growth conditions. Increase in N BEP
and reduction in growth temperatures at a given Sb/In BEP ratio were found to increase N
incorporation in the InSbN epilayers. However, only a small window of N BEP observed to
favor the growth of 2D InSbN epilayers. Hence, the variation of N BEP was found to provide a
limited window to increase N incorporation as compared to the variation of growth temperature.

With a variation in growth temperatures of InSbN, from 290 °C to 380 °C, lower
temperature (290-330 °C ) growths observed to contain maximum percentage of substitutional N
in the form of In—N bonding. However, the as-grown RT Hall measurements indicated a high
background carrier concentration in the range of ~10'® cm™ and lower mobility in ~1,000 cm?/V-
s range due to presence of N interstitials and their related crystal defects. As-grown InSbN
epitaxial layers grown at 290 °C exhibited high N incorporation (~2.6 %), mostly in the

substitutional sites, with N induced defects and localized states, as evidenced from high
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resolution x-ray diffraction, secondary ion mass spectroscopy and RT micro-Raman studies. The
RBS study indicated at least 85 % of substitutional N in the as-grown InSbN epilayer. A
negative band gap of -0.004 eV was estimated corresponding to a high N incorporation of 2.6 %,
observed to blue shift due to the high background carrier concentration resulting from the Moss-
Burstein effect. Hence, the best as-grown RT optical absorption cut-off was observed at ~9.4
um, corresponding to a band gap of 0.132 eV.

Various annealing techniques were performed to reduce the carrier concentration to
device level and thus extend the optical absorption cutoff further into LWIR range for detector
applications. InSbN heterostructures were annealed ex-situ by RTA and in-situ after the growth
in the MBE chamber. Along with the annealing temperature the duration of annealing was
observed to affect the electrical property of the epilayers. Annealing performed at temperatures
ranging from 370 °C to 450 °C for various InSbN heterostructures grown at 290 °C, indicated
best results for ex-situ and in-situ annealing at 430 °C. The annealing led to the loss of N and
improved InSb crystalline quality, attributed to annihilation of N related defects. The increase in
I1.0/I70 observed in the corresponding micro-Raman spectra along with an appearance of InSb
2LO mode clearly indicate the improvement in the crystalline quality of the heterostructures after
annealing. The first derivative of RT absorption spectra indicated a red shifted absorption edge to
~10 pm, reduced the background carrier concentration to ~10'® cm™ and enhanced mobility in
10,000 cm?/V-s range after annealing. A reduction in InSb Urbach tail width in the absorption
spectra of in-situ annealed InSbN has been correlated to enhanced InSb crystalline quality and
reduction in dislocation density due to annealing. The best absorption cutoff ~11.6 um was
observed for InSbN heterostructure annealed at 450 °C with n ~5x10'® cm™ and u ~42,300

cm?/V-s.
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A comparative study of dislocation density reflected from the FWHM of the HRXRD
rocking curves, with variation in both InSb buffer and InSbN epilayer thickness for various
heterostructures has been carried out and an optimized InSbN heterostructure for the device
application has been determined. A systematic reciprocal space map study of various InSbN
heterostructures indicated an improvement in the layer epitaxy with increase in the thickness of
InSb buffer. Additionally, the heterostructures with thicknesses 0.4 um InSbN/1.4 pm
InSb/GaAs were observed to be strained, whereas the heterostructure 2 pm InSbN/0.2 pm
InSb/GaAs was 100 % relaxed. The process of relaxation was reported to propagate tilt and large
number dislocations in the layer in order to minimize all the strain energy. Presence of large
number of dislocations observed to reduce the RT u in the InSbN epilayer. Hence one has to
grow relatively thick InSb buffer layer in order to obtain a good quality InSbN epilayer for
detector applications. The InSbN heterostructure with relatively thick InSb buffer (1.6 um) and
relatively thin InSbN epilayer (0.4~0.6 pm) observed to be strained and exhibit less defects
attesting to the high RT mobility.

With all the above results it can clearly be seen that the InSbN heterostructures grown on
GaAs substrates can be a promising material system for dual color (MWIR and LWIR) infrared
photo detection. A thin InSbN layer epitaxially grown at 290 °C and ex-situ annealed at 450 °C
on a thick InSb buffer grown at 380 °C on a GaAs substrate reported to be optimized with fewer
dislocations and more N incorporation. In this type of dilute nitride heterostructure the InSbN
epilayer can be used act as an active detector material for LWIR range where the InSb buffer will
detect photons in the MWIR range. Hence, determination of carrier lifetime and doping studies
of InSbN are important for the successful implementation of this material system for next

generation LWIR detectors. After successful doping of the individual layers, heterostructure as
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shown in Figure 9.1 can be grown in order to fabricate a simple mesa structure for device

characterization.

p*InSbN 0.4 um

n*InSbN 0.4 um

p* InSb 1.4 pm

n* InSb 1.4 um

Semi-insulating GaAs substrate

Figure 9.1. InSbN heterostructure for dual color (MWIR and LWIR) applications.

A step-wise device fabrication process along with a method of photo current spectral
analysis suggested by our research group in past, has been outlined in the master thesis of
Jonathan Poe.'* Further, study need to be carried to optimize the device structure as reported by

1, Barve et al* for dual color applications. Hence,

Kimukin et al,33 Rogalski et al,lO Cohen et a
the InSb; <Ny and a combination of InSb and InSb; Ny can definitely be the next prospective
material system for single band (LWIR) and dual band (MWIR and LWIR) infrared photo

detection, respectively.
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