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Synopsis

For optoelectronic applications that need to span the entire solar spectrum and for
high brightness white LEDs, alloys of III-nitrides have shown great promise. Due to
problems in synthesis of InN, in the past, the potential has been reinforced only recently
after the substantiation of its actual narrow band gap to form Ill-nitride alloys. In
addition to opto-electronic applications, indium nitride is expected to be utilized in the
fabrication of high performance electronic devices, as it exhibits smaller effective mass
and consequently very high peak, saturation velocities and electron mobility. In spite
of these remarkable properties, InN is the least studied and least understood material
among IIl-nitrides due to major synthesis problems arising due to its low dissociation
temperature and high vapor pressure. This has in the past led to significant ambiguity in
the literature concerning the basic material parameters measured for InN. The formation
of high crystalline quality films is still challenging, and thus hinder the efficiency of
Ing 4GaggN light emitting diodes due to issues like the green droop. In order to understand
the unusual synthesis dependent properties of InN thin films, we have performed several
systematic experiments to optimize various growth parameters such as flux and growth
temperature on Sapphire and Si substrates. The formed InN films are probed by using
several complementary characterization tools to understand the various reasons for the
variation of band gap (high to low) and surface charge induced downward band bending of
InN. While optimization of growth on sapphire is of commercial importance, growth on Si
surfaces is challenging. Si surfaces exhibit scientifically fascinating metal induced surface
reconstructions with rich structural and electronic properties. These super structural
templates where the unit cell dimensions integrally match with that of III-nitrides, enable
us to grow good quality InN films at considerably low temperatures, when grown on these
intermediate layers. In order to reduce dislocation density in InN epilayers and enhance

electron mobility, these films and nano rods are grown on GaN Nano Wall Network

il



(NWN) by improvising the Nano-ELOG epitaxy. The work presented in this thesis is

organized in the following chapters:

Chapter 1 gives an introduction to the motivation and the challenges encountered in
group III-nitride research, and their various applications. The origin and effects of point
defects and dislocations which essentially result from the growth conditions and lack of
native substrates, respectively, are discussed. Primary mechanism involved in the growth
of thin films, nucleation of islands and growth modes are explained. A complete overview

of the thesis structure also is presented in this chapter.

Chapter 2 gives the historical background for InN growth, and describes the properties
of InN. It provides a comprehensive literature survey till date, mainly focusing on the
ambiguity in the band gap and surface charge accumulation of this material. It also
presents a brief overview of the electron mobility of InN thin films grown by various

methods by various groups.

Chapter 3 provides the details of the experimental techniques employed, such as
the Plasma Assisted Molecular Beam Epitaxial (SVTA-USA ) growth system, in-
situ characterization techniques (RHEED, RGA, Ellipsometer, Flux gauge, Atomic
Absorption Spectroscopy and Cathodoluminescence) associated with it and Electron
Beam Physical Vapor Deposition (EBPVD) system which is used to evaporate metals
for electrical contacts. Additionally the details of the various ez-situ characterization
tools (FESEM, AFM, XRD, TEM, XPS, PL and Optical absorption ) used to acquire all

the results reported in this research work are also given.

Chapter 4 presents the systematic optimization of various MBE growth parameters for
InN growth, such as In and Nitrogen flux and growth temperature on bare c-sapphire
substrate. The analysis of optical, structural and electrical properties of the formed films
are presented. The effect of several suggested reasons in the literature such as oxides,
oxinitrides, stoichiometry and quantum size effects on the observed high band gap of InN
are evaluated for our films. This chapter identifies nitrogen related native point defects
as a reason for unintentional degenerate doping of InN thin films using both XRD and

XPS analysis.

Chapter 5 details the study of InN layers formed on GaN epilayers at different growth

iv
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temperatures, to understand the reasons behind low and high band gap observed. The
band gap variation experimentally observed is studied by considering non-parabolic
conduction band approximation in band filling theoretical calculations. It also includes
the study of surface charge induced downward band bending upto 1eV for InN films using
XPS valance band analysis. Poly-crystalline samples having high band gap do not exhibit
any band bending. XPS core-level analysis suggests that the In adatoms act as donor
like surface states which are the reasons behind this accumulation of charge on the film

surface.

Chapter 6 evaluates the growth of InN films on silicon surfaces. Metal induced
Si reconstructions are used as growth templates by a method we introduce and call
as Super Lattice Matching Epitaxy. This chapter discusses the sequence of steps to
obtain super structural phases on Si(111) by sub-monolayer In coverages, by using in-
situ RHEED. The growth of high quality single crystalline InN layers on In metal
induced surface reconstructions on Si(111) at relatively low growth temperatures. Growth
of InN on Si(111)-1x1 and 7x7 reconstructions is carried out at different substrate
temperatures. Improved crystalline quality is achieved by growing InN on these optimized

low temperature intermediate buffer layers.

Chapter 7 presents the attempts which are made to reduce dislocation density in the
overgrown InN epilayers. The chapter discusses the growth of high mobility 1xm thick InN
films that are formed on GaN epilayer and on GaN Nano Wall Network (NWN) templates.
Low dislocation density is achieved (7.5x10% cm™2)for the InN epilayers which are grown
on GaN NWN by employing Nano ELOG growth process. It also provides the growth of
self assisted, dislocation free and high mobility InN nano structures on GaN NWN under
certain growth conditions. This chapter explains the method used for performing Hall
measurements on single isolated InN nano rod. Obtained mobility values for the InN
epilayers (2121cm?/V-sec for 1uym thick film) and nano rods (4453 cm?/V-sec) at reduced
dislocation density. The obtained mobility values for the InN films are the highest among
reported literature values, to the best of our knowledge. Role of defects in limiting
experimental mobility values is studied by considering various scattering mechanisms at

charged point defects, dislocations and phonons.

Chapter 8 summarizes briefly the contents of the present thesis, lists the highlights


sms3mbe
Typewritten Text
v


and draws conclusions from the observed results. Overall, the thesis is a systematic
approach to understand InN formation, inherent defects and means to reduce to obtain
high quality and reliable material. We have methodically narrowed growth paths towards
high structural, optical and electrical quality thin films with very high electron mobility

values. This chapter also gives a brief outlook for the future work.

Vi
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Chapter 1

Introduction and Motivation

This chapter describes some of the fundamental characteristics of Ill-nitride
semiconductors that make them technologically important, are described in the chapter. In
particular, InN as a promising material among the Ill-nitrides and the origin of various
defects incorporated during thin film formation, which essentially arise due to the lack of
native substrates, is discussed. Primary mechanism involved in the growth of thin films,
nucleation of islands and growth modes are explained. The chapter also presents the scope

and organization of the thesis.

1.1 Introduction

The excitement brought by the science and technology of III-V compound

semiconductors is well described in several books!™

and review articles®®, published.
As shown in Fig 1.1, the nitride semiconductors AIN, GaN and InN are direct band gap
materials with energy gaps of 0.63eV (InN), 3.4 ¢V (GaN) and 6.2 eV (AIN). Being iso-
structural and possessing similar valance states they enable band gap engineering which
enables the formation of ternary alloys whose band gaps cover the entire range of visible
spectrum and sufficiently in the infrared and ultraviolet (UV) regions, i.e. continuously
variable from 1965 to 200 nm (0.63eV to 6.2eV). This makes them ideal candidates
for optoelectronic devices operating anywhere within this wavelength range including

for visible light emitters, UV lasers, IR-detectors, full spectrum solar cells, HEMTs etc.

Major developments in wide gap III-V nitride semiconductors have led to the commercial

1
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production of Light Emitting Diodes (LEDs) emitting from red to near UV. Especially
the introduction of bright blue GaN-based LEDs by S. Nakamura®!? paved the way for
full color displays and to obtain white light source for illumination. Most importantly,
when LEDs are used in place of incandescent light bulbs, they provide not only higher
brightness and longer lifetime, but also consume about 10-20% of the power for the same
luminous flux. Therefore, I1I-nitride LEDs have great potential to be the next-generation
illuminating source. The range of applications of nitride-based LEDs is extremely wide;
standard green to violet LEDs are used in traffic lights, full colour displays, automotive
panel instruments, and any kind of lighting. To attain global energy security, photovoltaic
technology of solar cell has become a hot research field. Although significant progress has
been achieved,!! improving the conversion efficiency is still the main task. One approach
is to make the solar cell to absorb as wide solar spectrum as possible by using multi-layers
of alloys of InGaN having direct bandgap which covers the most of the solar spectrum,
from 0.65 to 3.4 eV, by adjusting the In content as shown in Fig 1.1. Thus, there is
substantial potential in developing high-efficiency full-spectrum-response solar cells, by

using tandem stacks of III-nitride-based materials®.

1 AN - 200
6 -
5 —
] b £
g 4 // ~eMgSe - 300 p=
b ZnS ¢ / =)
‘2 1 GaN \ / =
'] 3 \\ A — 400 2
Q. [«}]
© 500 >
te)) (4]
-c 2 2l b . e ;
s Gans 'y \N\ib®
o 4 G \ﬂ\{‘i [ Cdre[ 1000
_ InN . SO L 2000
- Ge™ |pnAse—
0 I L I L 4 4 1 g 1 . 1
0.30 0.35 0.55 0.60 0.65

Lattice constant [nm]

Figure 1.1: shows the relation between lattice constant and band gap energy for the
[1I-nitrides and other various semiconductors at room temperature. 2



1.2 Group III - nitrides: A brief history 3

The III nitride based devices are in a contrast to the (Ga,Al)As based LEDs (1.5 - 2.2
eV) or (Al,Ga,In)P based LEDs (1.3 - 2.5 ¢V) which cover only the IR to yellow region
(Fig 1.1). On the other hand, in comparison to silicon (Si), germanium (Ge), I1I arsenides,
phosphides (GaAs, GaP and InP) or zinc selenide (ZnSe) based material systems, group
ITI- nitrides have a higher bond strength and melting point that result in chemical and
physical stability, which make them suitable for use with high electric currents, for
intense light illumination, high thermal conductivities, high radiation hardness, larger
avalanche breakdown fields, larger piezoelectric constants, and larger room temperature
electron mobility. These discerned properties make them suitable for high-frequency and
high-power optical and electrical devices which can be used in harsh environments like

automotive engines, space, and avionics.

1.2 Group III - nitrides: A brief history

Group IIl-nitride semiconductors have been studied for more than half a century.
Among them, InN is least studied and GaN is the most investigated materials in the
literature. In 1928, Tiede et al.'® first reported AIN growth, later in 1938 Juza et
al.'* reported the synthesis of GaN which formed by flowing ammonia over hot gallium
and InN from InFg(NHy)s reduction. These initial studies were intended to analyze
the fundamental band gap measured from optical properties and relate it to the lattice
parameters obtained from XRD measurements for these materials. And then 30 years
later, Maruska et al.' first grew GaN epi layers having band gap at 3.39eV by vapour
phase deposition on sapphire substrates, followed by the deposition of GaN epitaxial
layers were deposited using hydride vapour phase epitaxy (HVPE) in the 1960s. Following
this report, in 1971 blue LEDs based on GaN:Zn/n-GaN structures were prepared by
Pankove et al.'® on vapour phase grown GaN which relied on hot carrier injection from
avalanche breakdown to generate holes. Despite the subsequent advances in growth,
preparation of p-type GaN remained difficult due to the high defect density of the
available heteroepitaxial films. In 1989, by employing a two step growth method, Amano
et al. succeeded in growing good quality p-type Mg:GaN epi-layer on c-sapphire with
a low temperature AIN buffer using metal organic vapour phase epitaxy (MOVPE).!"

Research carried out at Japanese company Nichia Chemical Industries by Nakamura et
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al. used Mg doping to achieve p-type material which helped in preparing the brightest
blue LEDs?1%. As a consequence, high power InGaN LEDs for white, blue and green
light emission with expected lifetime of 10° hours were announced and marketed by the
same company in 2002. Since then, several remarkable attempts have been made to
investigate laser diodes and even high electron mobility transistors (HEMT) using the IIT
nitride compounds and their alloys. During the 1990s, it was demonstrated that HEMT's
are possible due to the accumulation of 2D electron gas at Al,Ga;_,N/GaN interface
resulting from the strain induced and spontaneous piezoelectric polarization effects.!® In
2001, Kuzmk' suggested to use the ternary InAIN in place of AlGaN in order to avoid
the devices degradation due to strain relaxation, since by changing the Al to In ratio the
strain could be varied while maintaining the high electron sheet density. Later on, strain

has been completely removed by growing InAIN/GaN lattice matched heterostructures,

L 20 L 21

which is explained in detail by Jain et al.”” and Bhuiyan et a

1.3 Motivation

1.3.1 InN: Introduction and applications

Among IlIl-nitrides, InN is an enormously potential material for electronic and
optoelectronic devices because of its outstanding material properties such as lowest
effective mass (0.04my), narrowest band gap (0.63 eV), highest predicted electron mobility
(4400 cm?/V-sec) and high peak and saturation velocities (107 cm/sec). In spite of these
fascinating properties, InN has remained the least studied and understood material among
[II-nitrides, since the preparation of high quality epitaxial InN material is challenging
due to its low dissociation temperature (= 550 °C), high equilibrium vapor pressure of
nitrogen over the InN films during growth and lack of suitable (native) substrate material.
Thus, the complexity in preparing high quality InN films using different experimental
techniques, has led to a wide spectrum of reported fundamental properties like band gap
values that range from 0.6 to 2.2 eV in the literature.???? The high band gap values
observed earlier, have been largely attributed to be resulting from the incorporation of
indium oxide, hydroxide, or oxynitride and related complexes as these films were grown

using low vacuum growth techniques like rf-sputtering.?* Recently, due to the emergence
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advanced growth techniques, high quality single crystalline InN films have been prepared.
Over the last two decades, a major advance in InN research was made, when the growth of
good quality single crystalline films of InN by MBE on sapphire substrates was reported,
whose the band gap energy was claimed to be ~ 0.674£0.05 eV2°27. Since then, the

number of publications in the area of InN research have been significantly increased.
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Figure 1.2: Velocity-field characteristics of wurtzite GaN, InN, AIN and zincblende

GaAs.?8

As a consequence of its lowest effective mass for electrons, InN exhibits the highest
mobility and high saturation velocity among IIl-nitrides. The theoretically estimated
maximum mobilities of InN and GaN at 300 K are 4400 and 1000 cm?/Vs, respectively,
while at 77 K the limits are beyond 30,000 and 6000 cm?/Vs, respectively.? The electron
transport in wurtzite InN studied by an ensemble Monte Carlo method,2*:3%3! showed that
InN exhibits an extremely high peak drift velocity at room temperature, with saturation
velocity much larger than that of gallium arsenide (GaAs) and gallium nitride (GaN).
Fig 1.2 is the velocity-field characteristics associated with wurtzite GaN, InN, AIN, and
zincblende GaAs, which shows that the respective critical field at which the peak drift
velocity was achieved. InN achieves the highest steady-state peak drift velocity of 4.2x107
cm/s at 65kV/cm which contrasts with the case of GaN, 2.9x107 cm/s, AIN, 1.7x107
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cm/s, and of GaAs, 1.6x107 cm/s. Tt is also reported®! that the transport characteristics
of InN are superior to those of GaN and GaAs, over a wide range of temperature from 150
to 500 K and a doping concentration up to 10 em 3. The transport characteristics were
shown to be relatively insensitive to variations in temperature and doping concentration,
unlike in GaAs. This suggests that there may be distinct advantages offered by using
InN in high frequency centimetre and millimetre wave devices. The transient electron
transport, which is the dominant transport mechanism in submicron-scale devices, was
also studied in InN,?® and found that it exhibits the highest peak overshoot velocity which
lasts over the longest distance when compared with GaN and AIN. It was predicted that
InN-based field-effect transistors (FET) have an extremely high speed with a cut-off
frequency of over 1 THz for 0.1 mm gates. Thus, the properties of InN show that it
is a highly potential material for the fabrication of high-speed, high-performance hetero

junction FETs, with several applications.

1.4 Applications of InN

The superior optical and electrical properties of group Ill-nitride compound
semiconductors lead to the fabrication of advanced device structures. The tunable III
nitride alloys having variable In composition, and thus band-gaps, made them potential
candidates for state-of-the-art electronic and optoelectronic devices, that operate over a
wide range of the electromagnetic spectrum. A higher band gap is preferred for microwave

transistor devices, while smaller band gap are also required for a full solar spectrum cell

based on InGaN.

1.4.1 Optical applications

In 1962, the importance of Electronic Lighting Technology and communication was
realized with the invention of first light emitting diode (LED),%? and consequently, light
amplification by stimulated emission (LASER) using semiconductors.?33* This led to
drastic revolution in semiconductor technology, by the production of bright light emitters
used in optical fibre networks, data storage (Compact-Disc Technology) and document

printing (Laser printers). But LEDs based on GaAs operate only in the red to yellow
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portion of the spectrum as discussed in section 1.1. Though, SiC or II-VI semiconductors
were used in making LEDs, due to their indirect band gap they do not emit with enough
intensity. The first blue LEDs based on the III-V nitrides were made commercially
available by Nichia in early 1994, and paved the path for high brightness optical devices.
Since then, much research has been accomplished on III nitrides comprising the Al-Ga-

In-N alloys that show great promising for next generation LEDs and Lasers.

1.4.2 LED applications

As shown in Fig 1.1, (Ga;_,_,Al, In,)N alloys system span a wide range of direct
band gap energies from 0.6 eV to 6.2 eV which correspond to wavelengths ranging from
near infrared to deep ultraviolet,lead to high quantum efficiency and faster switching
speeds. The first blue/green light emitting diode structure based on InGaN, consisted
of a 3 nm layer Ing,GaggN sandwiched between p-type AlGaN and n-type GalN, all
grown on sapphire substrate.>®> White LEDs of 30-40 lumens/watt efficacy have been
developed recently by coating GaN LED with yellow phosphorus which produces light
that appears white,?® but is not as efficient as the commercial fluorescent light sources
which give 70-80 lumens/watt. Combining red light emitting diodes with blue/green
ones having the same power and brightness can produce full colour displays and efficient
white lamps. Achieving a red light emitting diode based on InGaN structures depends on
indium rich InGaN heterostructures. Researchers at IBM demonstrated an InN nanowire
LED, which emits infrared light, demonstrating the future possibility of ideal for optical
communication between devices on microchips, that would speed up computers drastically.
If the I1I-nitride nanowires can be tuned to emit red, green and blue light, an all-nanowire
LED could be manufactured on the same substrate, making LEDs cheaper and possessing

greatly improved performance.

1.4.3 Laser applications

Fabrication of high quality I1I-nitride LEDs enables the fabrication of semiconductor
lasers that operate at desired light wavelengths from ultraviolet to green. The advantage
of blue GaN/InGaN lasers with shorter wavelength (405 nm) over a red laser (605 nm)
is that it allows five times more storage capacity (25 GB). Blue-ray disc technology was

recently adopted over traditional DVDs, by world lead in consumer electronics (including
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Apple, Dell, HP, JVC, LG, Mitsubishi, Samsung, Sharp, Philips, Pioneer and Sony
Corp.) which enabled high density recording and rewriting.3” The opening of a variety
of potential markets such as blue-ray is only the beginning of the enormous applications
possible by this technology. Though it is evident that it is possible to mix the Al, Ga,
and In in appropriate ratios to make ternary and quaternary alloys such as (Gaj_,_,Al,
In,) N enabling, in principle, to make semiconductor lasers that emit light from the
deep ultraviolet with a photon energy of 6 eV, to the infrared with photon energy of 1
eV, only a much narrower range of operation from the near ultraviolet (3.5 eV) to the
green (2.4 eV) has been demonstrated. The performance issues that are related to the
crystal growth itself limit further development. InN one dimensional (1D) nanostructures,
such as nanowires, nanorods, nanotubes and nanobelts currently appear to be the most
attractive structures due to the easier growth in single crystal forms without defects,
with lasing properties being expected. Hu et al. reported the investigation of infrared
lasing in high quality single crystalline InN nanobelts grown by MOCVD,?® which can be
considered a major advance in the nanophotonics which can impact imaging in chemistry,

biology, and optical communications.

1.4.4 THz applications

These are many applications in the terahertz region of the electromagnetic spectrum
(300 GHz to 30 THz), which corresponds to the sub-millimetre wavelength range between
1 mm and 10 pm, in the form of sensor and sources (emitter, generators etc.). However,
the main challenge in terahertz applications is the lack of suitable terahertz sources and
detectors. Omne potential way to extend terahertz detection beyond the 3.2 THz is to
utilize the properties of InN and indium-rich InGaN alloys and heterostructures, which
can lead to advanced THz detector and emitter devices, operating at temperatures higher
than 77K and having higher sensitivity.3>*° Furthermore, the ferromagnetic behavior
of transition metal doped indium rich InGaN can enable unique enhancements of the
absorption rates, and hence the photo response, under an applied magnetic field. Studies
on InN show it to be a good material for optically excited THz emission.3*4" Monte
Carlo simulations of InN, GaN and AIN showed that high frequency power generation

in a constant electric field occurs for the whole sub millimetre range (0.25THz-4THz)
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around the liquid nitrogen temperature.?> The possibility of THz radiation generated
from InN films was observed by Ascazubi et al., and Chern et al. showed that if the
carrier concentration of InN films can be reduced by an order of magnitude, InN will
surpass InAs as the most efficient semiconductor THz emitter.3**" However, since the
material quality of InN obtainable now is inferior, this potential of THz generation and

sensing using InN films is not exploited.

1.5 Substrates

Various substrates, such as sapphire, Si , SiC, GaAs, etc have been used for [1I-nitrides
growth due to the lack of native nitride substrates. Among these substrates, because of
the reasons like cost, availability, stability, feasibility of in-situ and ex-situ cleaning, and
also the possibility of nitridation of its surface, the most commonly used substrate for InN
growth is sapphire, though the lattice mismatch between InN and sapphire is as high as
29%. On the other hand Si is also considered attractive because of its integratability in the
mature electronic industry and availability of high quality, low cost, and large diameter
wafers. However, it is difficult to grow high quality InN directly on these substrates

because of lattice mismatch as and the difference in thermal expansion coefficients.

Table 1.1: Parameters of III-V nitride semiconductors and most commonly used
substrates. 243

Lattice constant Lattice Mismatch Thermal expansion
Material ~ Crystal = Melting (A) (approxz. %) w.r.t 107K 1
structure point (K) a ¢ GaN InN AIN | @ | ¢

InN Wurtzite 1373 3.5378  5.7033 -11 0 12.0 3.09 2.79
GaN Wurtzite 2573 3.1850  5.1880 O 11 2.3 3.17 5.59
AIN Wurtzite 3273 3.1110  4.9800 2.3 13.7 0 4.20 5.30
Al;O3 Rhombohedral 2303 4.7650 129820 16 29.2 13.3 5.00 9.03
SiC Wurtzite 3103 3.0806 15.1173 -3.1 14.8 -0.98 4.30 4.70

GaAs Zincblende 1513 a=b=c=5.653 20 11.7 - 6.03
Si Diamond 1687 a=b=c=5.431 21 -7.8 19 2.61
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While cooling down after the growth, the substrate and the film will relax in
significantly different ways depending on the differences in their thermal expansion
coefficients. To overcome the problems that originate from mismatch induced defects,
many methods like low temperature intermediate buffer layers, nitridation, Epitaxial
Lateral Overlayer Growth (ELOG), Selective Area Growth (SAG) have been employed.
Thus, in heteroepitaxial growth, not only the difference in lattice parameters but also
thermal behaviour of the substrate and the epitaxial layers induce deleterious effects in
the films formed.

Table 1.2: Lattice mismatch values of III-nitrides on c-sapphire along < 1120 > and
< 1010 > directions.?®

[1120] 117 —nitride || [1120]c—sapphire [1010] 77— nitride || [1120]c—sapphire
InN -25.4% +29.2%
GaN -33.0% +16.0%
AIN -34.6% +13.3%

GaN[1210)
Sapphire( 1 T 00}

GaN[1010]_
Sapphire(1 120}

® Al
O N

———  GaN cell

== —  Sapphire ccll

Figure 1.3: Projection of 30° rotated IIl-nitride unitcell on sapphire unitcell.?

In our studies, we have found a novel structural surface modifications on silicon that
involves the initial formation of various stable metal induced superstructural phases,
which are been used to grow good quality InN material. We have investigated nitride
layers that are grown on c-sapphire and Si(111) substrates. In Table 1.1, the lattice

parameters, lattice mismatch and thermal expansion coefficients for the nitrides and
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commonly used substrates are listed. The main criteria to choose a suitable substrate
for InN growth is the least lattice mismatched one which can be measured by the
misfit parameter f,, = (dsubstrate — Cfitm)/Asubstrate; Where agypstrate and ag, are the
lattice constant for the substrate and the film, respectively (Table 1.1). In general III-
nitrides have the tendency to grow 30° rotated w.r.t the sapphire unit cell and thus
misfit parameter is modified accordingly as f,, = (@substrate — 20 £itm€0S8) [ Gsupstrate. Table
1.2 shows the lattice mismatch values in the two orientations for different nitrides with
sapphire substrate. For InN on c-sapphire magnitude of lattice mismatches in the two
epitaxial directions is very close in magnitude (either compressive or tensile strain), and
thus there is an equal probability for InN to grow in both the epitaxial directions, tending
to make it polycrystalline. Fig 1.3 depicts the arrangement of the atoms when over grown

III nitride layer is rotated by 30° with respect to sapphire unitcell.

1.6 Mosaic model

Figure 1.4: Hetero-epitaxially grown mosaic epilayers having lateral (L), vertical (L)
coherence lengths, crystal tilt and twist.

Heteroepitaxial films with large lattice mismatch to the substrate commonly exhibit
a high density of threading dislocations (TD), which evolve from the coalescence of
neighboring misoriented islands affecting the microstructure and crystalline quality of the

InN epilayer. A mosaic model** is widely used to describe the epilayer microstructure
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in which the in-plane and out-of-plane rotations of grains are quantified by the mosaic
twist and tilt, respectively. In this model, the layer is assumed to consist of single
crystals, called mosaic blocks with certain mean vertical and lateral dimensions. Since
the crystallites are assumed to be free of dislocations, they can coherently scatter the

x-rays, and their dimensions are called vertical and lateral coherence length.

These terms are related to directions perpendicular and parallel to the growth plane,
respectively. For systems with defects mainly running parallel to the surface normal, the
vertical coherence length is related to the thickness of the layer, tilt angle, ay;;, or out-
of-plane misorientation; twist angle, ay,s, or inplane misorientation; lateral coherence
length, Lj; and the vertical length (L) depends on the thickness of the layer, in case
of thin films.*® These four characteristic parameters are accessed using high resolution

x-ray diffraction.

1.7 Structural defects

As it has been discussed in earlier sections, heteroepitaxial growth having different
lattice parameters and thermal expansion coefficients of substrate and overgrown layer is
usually strained, and varies with layer thickness. Initially film grows pseudomorphically
for thickness below a critical value (t.), Which means that both lattice parameters of
substrate and film are equal with a high strain. On the other hand, for ¢t > t., films
attain relaxed values of lattice parameters by accommodating structural defects and the
residual strain is either tensile (asubstrate > @ fitm) O compressive (Asybstrate < @ fitm). The
InN growth is very sensitive to the substrate temperature and other growth parameters
and also the subsequent cooling can result in a combination of biaxial and hydrostatic
strain states, that result from in-plane lattice mismatch and the incorporation of the
point defects, respectively. These residual strain states can be calculated by measuring

the lattice parameters via x-ray diffraction measurements.

The structural defects that are present in IIl-nitrides usually are point, line, planar
and volume (0D, 1D, 2D and 3D) defects which have a deleterious effects on their optical

and electrical properties.
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1.7.1 Point defects

The number of point defects N4

Interstitial
1mpurity for a given material increases with
N A temperature according to N4 =
i Vacancyj -E .
Nexp(7—F), where N is total number of
W N E atomic sites, Fy is energy required for
substitutional ; \
impurity atom the formation of a defect in the crystal

~ ‘ lattice, T is absolute temperature in

R Self
iy & Interstitial Kelvin and k is Boltzmann’s constant.
The simplest of the point defects is

Figure 1.5: Two-dimensional schematic a vacancy, from an atomic lattice site
representation of point defects: vacancies,

self-interstitial, substitutional and interstitial (Fig 1.5). All crystalline solids contain

impurity atoms. vacancies and, in fact, it is not possible
to create a material that is free of these defects. The necessity of the existence of
vacancies is explained using principles of thermodynamics; to increase the entropy (i.e.,
the randomness) of the crystal. A self-interstitial is an atom displaced from its crystal site
and occupies interstitial site, a small void space that under ordinary circumstances is not
occupied. This kind of defect is also represented in Fig 1.5. In close-packed metals, this
defect introduces relatively large distortions in the surrounding lattice because the atom
is substantially larger than the interstitial position in which it is situated. Consequently,
the formation of self-interstitial has low probability of formation and thus exists in very
small concentrations, which are significantly lower than for vacancies. Impurity point
defects are found in solids, of which there are two types: substitutional and interstitial.
For the substitutional type, impurity atoms replace or substitute for the host atoms,°
and in the interstitial type, impurity atoms occupy interstitial sites between the host-

lattice sites.

In compound semiconductors, antisite defects can be created by atoms occupying
opposite sublattice sites. For instance in the case of InN, In atom moves on to the
N site and forms In antisite (Iny) and vice-versa mechanism gives N antisite (Nj,).

Frenkel defects are nearby pairs of vacancies and interstitials, and Schottky defects are
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vacancy pairs created by the simultaneous removal of a two opposite atoms in compound
semiconductors. For InN, isolated and complexes of In and N point defects have been
investigated. 74 The native point defects (NPDs) in N-rich (N/In > 1) InN are N;, Ny,
and In, with formation energy values ~ 3.0eV, 5.2eV and 6.4eV; whereas for In-rich (In/N
> 1) InN, the NPDs are Vy, Iny and In; with formation energies ~ 1.4eV, 4.7eV and
5.3eV, respectively.?® Point defects often contribute to an increased background doping®!

and reduce the mobility of the free carriers in the semiconductors.??

1.7.2 Dislocations
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Figure 1.6: (a) screw-type dislocation for which the Burgers vector b is parallel to the
dislocation line ¢. (b) edge-type dislocation with Burgers vector b perpendicular to the
dislocation line ¢.53

A dislocation is a linear or one-dimensional defect around which some of the atoms
are misaligned, which can greatly affect the material properties. A dislocation is usually
represented by an oriented dislocation line Z, and characterized by its Burgers vector I;,
describing displacements introduced in the crystal. Dislocation lines are characterized by
the Burgers vector, found by doing a loop around the dislocation line and noticing the

extra interatomic spacing needed to close the loop.

Based on the relationship of  and l;, three dislocation types are distinguished (see
Fig 1.6): a pure screw-type dislocation with ¢ || b. In this case, (Fig 1.6a) all along
the line, a quarter of the crystal is sheared for instance downward by the amount of
lattice parameter. The edge-type dislocations (Z 4 5), which corresponds to the insertion

of an extra half plane in the crystal between two adjacent lattice planes. The end of
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the additional half plane is the dislocation line and b is the lattice vector that virtually
connects the atoms along the line (Fig 1.6b). The last one is a mized-type dislocation

(b £ 0|y b) which is a combination of one screw and one edge dislocation lines®.

In the hexagonal lattice, there are three possible Burgers vectors for perfect
dislocations a, ¢, and a+c, and depending on their line directions, the corresponding
dislocation may have respectively an edge, screw or mixed character. For instance, in
the nitride epitaxial layers a dislocation is either edge or of mixed type when its line is in
the basal plane and it becomes of edge type when it propagates inside the epitaxial layer,
where it becomes a threading dislocation TD (¢=[0001]). A particular case is the a+c
dislocation which is always a TD in such layers, and therefore of mixed type. Indeed, the
¢ dislocation is always screw as a TD, but it may become edge type when its line bends

in the basal plane for instance in case of epitaxial lateral overgrowth.®

The density of threading dislocation can be measured directly by transmission electron
microscopy, which is destructive. Alternatively, nondestructive x-ray diffraction is a
widely applied method to evaluate the crystalline perfection of epitaxial layers, and
the density of dislocations can also be estimated by acquiring rocking curve broadening

values. ?®

1.7.3 Planar and Volume defects

The planar defects are grain boundaries - separate crystals with same crystal structure
but different orientations, twin boundaries - two separate crystalline regions that are,
structurally, mirror images of each other, and stacking faults - are created by a fault
in stacking of the hexagonal c-planes which are observed in non-polar and semi-polar
material®®. The other type of defect that exists in solid crystals is the volume defects
which is much larger than the defects discussed earlier. These include voids, cracks,

foreign inclusions, pores, and other phases.

1.8 Thin film nucleation and growth

The individual atomic processes responsible for adsorption and crystal growth on

surfaces are illustrated in Fig 1.7 where atoms or molecules arrive onto a substrate. The
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Figure 1.7: Schematic diagram of different processes involved during thin film nucleation
and growth.

primary mechanism in the growth of thin films as well as surface nanostructures from
adsorbed species is the transport of these species to and on a flat terrace, involving random
hopping processes at the substrate atomic lattice, or desorption from the substrate (re-
evaporation). On adsorption, they diffuse on terraces to meet other adatoms, resulting
in nucleation of aggregates or attachment to already existing islands to form clusters.
Diffusion onto the surface, or inter diffusion can be significant under certain growth
conditions, which is thermally activated; that is, diffusion barriers need to be surmounted

when moving from one stable (or metastable) adsorption configuration to another.

The formation of islands and the attachment of atoms to existing structures and
clusters are important in the formation of self-assembled (SA) islands (dots). When a
diffusing adatoms find each other, they can nucleate and form an island after they reach a
critical cluster size. Adatoms that directly impinge to on an island can either incorporate
into the island or lead to the next layer growth, depending on the surface potential and
energy. As the island continue to grow further, and possibly migrate, they can find other

islands and coalesces into larger islands.

As is typical for such processes, the diffusivity D — the mean square distance travelled
by an adsorbate per unit time — obeys an Arrhenius law; this holds for atoms as well
as rigid organic molecules. If we now consider a growth experiment where atoms or
molecules are deposited on a surface at a constant deposition rate F, then the ratio
D/F determines the average distance that an adsorbed species has to travel to meet
another adsorbate, either for nucleation of a new aggregate or attachment to an already
formed island. The ratio of deposition to diffusion rate D/F is thus the key parameter

characterizing growth kinetics. If deposition is slower than diffusion (large values of D/F),
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growth occurs close to equilibrium conditions; that is, the adsorbed species have enough
time to explore the potential energy surface so that the system reaches a minimum energy
configuration. If deposition is fast relative to diffusion (small D/F), then the pattern of
growth is essentially determined by kinetics; individual processes, notably those leading
to metastable structures, are increasingly important. Metallic islands are controlled by
growth kinetics at small D/F values, while semiconductor nanostructures usually grow at
intermediate D/F and their morphology is determined by the complex interplay between

kinetics and thermodynamics.

1.8.1 Growth modes

A classification of growth modes has been proposed by Ernst Bauer in 1958. At the
nucleation stage, the film starts to grow in one of these three basic modes;®” illustrated
schematically in Fig 1.8. Generally, there are three main MBE heteroepitaxial growth
modes that are dictated by the lattice mismatch, the surface energy, and the interfacial
energy. The Frank van der Merwe (FM) growth mode is a layer-by-layer growth mode,
where ad-atoms attach preferentially to surface sites. In the Volmer Weber (VW) growth
mode ad-atom/ad-atom interactions are strong and clusters of ad-atoms are formed upon
the surface. The Stranski-Krastanow (SK) growth mode occurs when the first few layers
grow in a 2D fashion and then the island growth takes over as the strain of the layers is
reduced. 8
@
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Figure 1.8: Schematic of different possible growth modes: (a) Frank-van der Merwe, (b)
Volmer-Weber and (c) Stranski-Krastanov.
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Frank-van der Merwe mode (FM)

If the lattice mismatch is small and the surface energy of the epitaxial layer and the
interfacial energy is less than the surface energy of the substrate, the epitaxial growth
mode will be FM mode. Two dimensional (2D) growth occurs when the adatoms of the
film are strongly attracted to the substrate. Therefore, the first adatoms condense on
the substrate surface and form a complete monolayer (Fig 1.8a) with very little strain.
Subsequently, the next adatoms constitute the following monolayers and the growth takes
place layer by layer. This is the ideal case, and it happens when the two materials
have very similar characteristics (symmetry, lattice parameters, surface energies, growth

temperatures), and more frequently in metal-metal heteroepitaxy.

Volmer-Weber mode (VW)

If the lattice mismatch is large and the surface energy of epitaxial layer is greater
than the surface energy of the substrate, the epitaxial growth will be through the VW
mode, which yields island growth, also known as three-dimensional growth mode. It
occurs when the impinging atoms (adatoms) forms clusters on the substrate which then
grow into individually islands. In this growth mode the bonds between the adatoms are
stronger than the bonds between the adatoms and the substrate surface (Fig 1.8b). This
mode will govern the heteroepitaxial growth when the two materials have completely
different symmetries, surface energies, large lattice mismatch, usually prevalent in metal-

insulator systems.

Stranski-Krastanov mode (SK)

For moderate lattice mismatch the initial growth is layer by layer, and strain due
to the lattice mismatch is accumulated with increasing thickness of the epilayer. When
the thickness of the 2D layer reaches a critical level, the strain will be released by the
formation of small islands. As epitaxial material is added, these small islands will continue
to grow until they are fully ripened. This process characterizes the hybrid SK growth
mode. This is an intermediate case: after forming the first monolayer, or a few monolayers

and when subsequent layer by layer growth becomes energetically unfavourable, the
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growth continues in the form of islands (Fig 1.8c). The lattice mismatch between film
and substrate induces a strain in the film and can explain the transition from 2D layer

to 3D islands growth modes, as commonly seen metal-semiconductor interfaces.

InN is the least studied and least understood material among III-nitrides due to
major synthesis problems arising due to its low dissociation temperature and high vapor
pressure. This has in the past led to significant ambiguity in the literature concerning
the basic material parameters measured for InN. In order to understand the unusual
synthesis dependent properties of InN thin films, we have performed several systematic
experiments to optimize various growth parameters such as flux and growth temperature
on Sapphire and Si substrates. The chapter 2 presents brier literature overview which
includes the reasons for the variation of band gap (high to low), surface charge induced
downward band bending and low experimentally obtained electron mobility of InN. In
order to understand these ambiguous properties MBE grown InN films are probed by
using several complementary characterization tools which will be discussed in Chapter
3. While optimization of growth on sapphire is of commercial importance, growth on Si
surfaces is challenging. Si surfaces exhibit scientifically fascinating metal induced surface
reconstructions, having the unit cell dimensions integrally match with that of ITI-nitrides,
enable us to grow good quality InN films at considerably low temperatures, when grown
on these intermediate layers. In order to reduce dislocation density in InN epilayers
and enhance electron mobility, these films and nano rods are grown on GaN Nano Wall

Network (NWN) by improvising the Nano-ELOG epitaxy.

1.9 Organization of the thesis

The work presented in this thesis is systematically organized into chapters as follows.

Chapter 1 is the introduction to challenges encountered in group III nitride research.
The difficulties that arise due to material properties, growth conditions by formation
of native point defects and dislocations limit the attainment of ideal parameters such
as mobility of the formed InN layers are described. A complete overview of the thesis

structure also presented in this chapter.

Chapter 2 presents the literature overview available till date that focus on the formation
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of InN layers and the ambiguous results obtained for fundamental properties of InN such

as band gap and electron mobility.

Chapter 3 deals with the brief description of growth and characterization techniques
used to acquire all the results reported in this research work, especially in context of how
they serve as a reference to interpret and understand of the experimental investigations

better.

Chapter 4 provides the results of the systematic optimization of various growth
parameters of InN layers on bare c-sapphire. This chapter also discusses various reasons
for the observation of high band gap and unintentional degenerate doping of InN thin
films. Further, it consists of the analysis of the basic optical, structural and electrical

properties measured on the formed films.

Chapter 5 deals with the detailed study of growth of InN layers on GaN epilayers
deposited at different temperatures, to understand the reasons behind the high and low
band gap. It also includes the study of surface charge induced downward band bending

which results from the In adatoms related surface states.

Chapter 6 introduces the growth of InN onto low index Si surfaces, by considering Si
reconstructions as growth templates. The chapter also focuses on the growth of single
crystalline InN layers on In metal induced surface reconstructions on Si(111) at relatively
low growth temperatures, a concept we introduce and named as Super Lattice Matching

Epitaxy.

Chapter 7 presents our attempts to reduce dislocation density in the overgrown InN
epilayers. It also discusses the growth of high mobility InN layers that are formed on GaN
epilayer and on GaN Nano Wall Network templates. It also describes the growth and
mobility measurements in dislocation free InN nano structures formed on GaN Nanowall

templates.

Chapter 8 lists the highlights of the present work, concludes the results of the present

thesis work and gives an outlook for the future work in this direction.
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Literature overview

This chapter provides the historical background for InN growth, and describes the
growth, structure and properties of InN. It provides a comprehensive literature survey
till date, focusing on issues related to the ambiguity in the band gap and surface charge
accumulation of this material. It also presents a brief overview of the measured electron
mobility of InN thin films grown by various methods by various groups. This review served
as the motivation to undertake the present work and showed the outstanding issues in the

field that needs to be presented.

2.1 Growth and properties of InN

2.1.1 InN: Historical background

Research on InN was initiated in 1938 when synthesized powder samples were analyzed
by X-ray diffraction in order to determine the crystallographic properties of this material,
when Juza and Hahn' obtained InN from decomposition of InFg(NH,)3 at 600 °C. Due to
lack of native III-nitride substrates, InN is grown heteroepitaxially on various substrates
such as Sapphire, GaAs,? SiC% and GaP®!, etc. However, the most Though, mostly
used substrate is c-sapphire because of its structural compatibility, wafer availability,
temperature stability, transparency, etc. The state of the art InN films have been grown
by various epitaxial techniques such as Molecular Beam Epitaxy (MBE), % Metal Organic
Vapour Phase Epitaxy (MOVPE),% and Hydride Vapour Phase Epitaxy (HVPE).%

21
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Till 1988, evaporation and RF-sputtering were the techniques used to grow InN.6%66
Single crystalline InN was reported by Matsuoka et al.®” and Wakahara et al.%® for the
first time in 1989 using MOVPE, and the first MBE-attempt was reported by Hoke et
al.®® As InN dissociats at relatively lower temperature (& 550 °C) than other III-nitrides,
MBE is the best growth technique over MOVPE for obtaining high quality material.
The main advantage of MBE growth of InN over other techniques is that nitrogen can
be activated using plasma irrespective of the substrate temperature. In the case of
MOVPE/MOCVD, pyrolysis of NH; demands very high substrate temperature, where
InN dissociates easily and results in a bad quality material with the formation of In
droplets on film surface?!. Moreover, InN growth is very difficult among III-nitrides due
to extremely high equilibrium vapour pressure of nitrogen and the lack of lattice-matched

substrates as discussed in earlier section 1.5.
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Figure 2.1: Phase relations of InN shown by decomposition curve separating InN and
In+N, phase fields. Open circles represent experimental conditions where metallic indium
was observed. Shaded circles indicate that InN was stable, while half shaded circles
indicate that both In and InN are present. "

In the 1970’s, McChesney et al. reported the dissociation pressure of InN as extremely

high and stated that the formation of InN may require interaction of indium metal with
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atomic or other excited nitrogen species at high temperature high pressures.”® They
showed that the phase relation of InN results in a P-T~! relation as depicted Fig 2.1

according to
dinPy,

1
2°d(1/T)

AHp = — (2.1)

where AHp is reaction enthalpy (Kcal/mole), R is gas constant, P is dissociation
pressure and T is temperature. In which the dissociation pressure rises very steeply
towards higher nitrogen pressure. Another report by Trainor and Rose in 1974 argued
that partial pressure of atomic nitrogen, rather than diatomic nitrogen, is a more
fundamental parameter describing thermal equilibrium.% The thermal stability studies
of InN indicated that InN samples decomposed in a few minutes leaving an indium
residue in Ny (at standard pressure) at 500 °C during the annealing process. However,
if the InN samples were heated to 500 °C in nitrogen pressure (1072 torr) InN would
not decompose. The stability of InN films can be achieved by thermal dissociation
of N,. Trainor and Rose found the fundamental band edge for InN films to be 1.7
eV and their absorption study suggested that InN is a direct band gap semiconductor,
due to the similarity in the shape of fundamental absorption edge to that of GaN. InN
samples grown on sapphire by reactive evaporation had a Hall mobility of 20 cm?/Vs and
carrier concentration ~10% cm—3. They also suggested that higher quality films could be
achieved by growing the films at higher temperatures ( 600 °C) and lower growth rates.
Hovel and Cuomo™ produced polycrystalline InN films grown on sapphire and silicon
substrates by RF sputtering with reasonably good electrical properties (Hall mobility
=250 4+ 50 cm?/Vs, and n-type carrier concentration 5.8x10'® cm™2) by reactive radio
frequency (RF) sputtering. The InN films appeared dark red and possessed a resistivity
in the range of 10 Qcm. Marasina et al. ™ utilized chemical vapor deposition to produce
InN epitaxial layers with an electron concentration of 2x10?°-8x10%'cm ™ and a mobility
of 50-30 cm?/Vs. They reported that the disassociation of InN rapidly occurred at 600

°C, and there was no deposition of InN layers above 670 °C and for lower growth rates.

In the 1980’s the properties of InN films grown via metallic Indium in a nitrogen
environment were mainly studied by Tansley and Foley, who reported an electron mobility
as high as 5000 cm?/Vs and a low background carrier concentration in the InN film

(5x10'%cm™3). Those results were early indicators of the potential of InN for high mobility
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FET devices. However, the optical absorption data of InN samples prepared by reactive
RF sputtering indicate an optical absorption edge at 1.89 eV. Recently ™, epitaxial single-
phase InN films are grown on (0001) sapphire in the temperature range of 400-600 °C
by microwave-excited metal organic vapor phase epitaxy (MOVPE) using (CHj)3In and
pure atomic nitrogen or excited nitrogen species supplied by microwave discharge of Nj.
It was shown that (0002) InN layers could be grown on (0001) sapphire at temperatures
around 500 °C.

More recent publications, mostly describing molecular beam epitaxy (MBE) InN layers,
indicate a lower energy band gap, initially reported at around 1.1 eV™ (Mg-doped InN
samples), but later progressively lower values of 0.9 eV™ and then 0.8-0.7 eV 2>7® were
reported. Recently, a band gap value of 0.65eV7" has been proposed. These studies
include growth by MOVPE and MBE on different substrates and underlying layers
over a wide range of growth conditions. The highest mobility and lowest background
concentration reported upto now are 2000 cm?/Vs and 3.6x10'7cm™3 for ~1.2 ym InN
layers grown by MBE.™™ The first growth of InN at high pressures was made by Dietz
et al. in a High Pressure Chemical Vapor Deposition (HPCVD) system developed at

Georgia State University. %

2.1.2 Structural properties

g =
= § J In
Zincblende Wurtzite

Figure 2.2: Crystal structures of zincblende and wurtzite InN.|
It is essential to know and characterize the crystal structure of the InN in order to

improve the quality and performance of the InN based device structures. X-ray diffraction

*http://en.wikipedia.org/wiki/Zinc_sulfide
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(XRD) is a versatile non-destructive technique, which reveals detailed information about
the chemical composition and crystallographic structure of any natural and manufactured
material. The crystal and microstructure of InN films, which may include dislocations,
grain boundaries etc., are typically investigated by X-ray diffraction and transmission
electron microscopy (TEM) while, Rutherford back scattering spectrometry (RBS)
measurements are used to assess film stoichiometry, Low energy electron diffraction
(LEED) is a technique used to analyze the crystal structure of the surface. By using
all the structural characterization techniques mentioned above, it has been shown in
the literature that the crystal structure of indium nitride epitaxial layers is similar
to that of GaN films prepared under similar conditions. InN can crystallize in three
different structures, wurtzite, zincblende and rock salt, similar to that of other nitrides.
Thermodynamically, the stable crystal structure is the hexagonal wurtzite structure.
However, InN can also be obtained in the cubic zincblende structures when grown on
(001) crystal planes of cubic substrates like silicon and GaAs. The wurzite structure has
a hexagonal unit cell and thus two lattice constants ¢ and a, and contains six atoms of
each type. The zincblende structure has a cubic unit cell, containing four indium atoms
and four nitrogen atoms. In both cubic and hexagonal crystal structures, each indium
atom is coordinated by four nitrogen atoms and each nitrogen atom is coordinated by
four indium atoms as shown in the Fig 2.2. The main difference between the cubic and
the hexagonal structure is that they have a different stacking sequence of the closest

packed diatomic planes.

The lattice constant values of InN may be influenced by the growth conditions,
impurity concentrations, and the film stoichiometry. Juza and Hahn'# first reported
the crystal structure of InN to be wurtzite having lattice parameters a = 3.53 A, and ¢ =
5.69 A. These values are quite close to a = 3.5480 A, ¢ = 5.7600 A reported by Tansley
& Foley®!, and a = 3.544 A, ¢ = 5.718 A reported by Osamura et al.5?

2.2 Growth parameter dependence

The mobility, carrier concentration, band gap values and other growth parameters
of the InN thin films which are grown by using different growth techniques on various

substrates and by employing various growth schemes are listed in the Table 2.1.
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2.3 Band gap issue

The material properties of InN change dramatically with the growth techniques
employed and thus the understanding of this novel semiconductor still remains very poor.
During the last decade, there have been several conflicting reports on the band gap of
InN; values have varied between 0.6 and 2 eV in different papers.?*?® Bagayoko and
Franklin 'Y presented an overview of two groups of experiments that provided different
values of the band gap of wurtzite InN. Experiments in the first set, (before year 2000)
yielded band gap values of 1.9-2.0 eV, while the later second set gave band gap values
of 0.7-1.0 eV, depending on the free carrier concentrations. Samples studied by in the
second set, mostly grown by molecular beam epitaxy, were believed to be of much higher
quality than those of first set that mostly investigated RF sputter grown polycrystalline
films. Inushima et al.™ determined that the band gap of InN grown on sapphire by MBE

3 and

was between 0.89 and 1.46 eV at respective electron concentrations of 5x10' cm™
2x10%Y em 3. Kadir et al. studied samples of InN grown by metal-organic vapor phase
epitaxy (MOVPE), and they reported that the band gap Eg for the InN samples is ~
0.7 eV.13! Recently, the Hydride Vapor Phase Epitaxy (HVPE) growth technique has
received attention because it is a useful method for growing thick layers of group III-
Nitrides. %133 Cathodoluminescence (CL) spectrum measurements of single crystalline
(0002) InN grown by HVPE exhibit a strong peak at 0.75 eV. In conclusion, InN films
grown by Molecular Beam Epitaxy (MBE)?62" HVPE and MOVPE!3* revealed that the

band gap energy of InN is about 0.7 eV.

Until recently, the band gap energy of ~ 0.7 eV was considered as the fundamental
narrow band gap due to measurements by infrared photoluminescence (PL) and optical
absorption of InN grown by MBE, MOCVD, and HVPE. However, the growth of
high quality InN layers and related indium rich III-N alloys remains difficult due
to InN stoichiometric instabilities, limited carrier concentration and low dissociation
temperatures, leading to inconsistent and process dependent material properties.!
Nevertheless, Butcher et al.'%® have shown that In:N stoichiometry affects the apparent

band gap of the InN film very strongly, and evaluation of stoichiometry variations in InN

films (MBE grown and Remote Plasma Assisted Chemical vapor deposition (RPECVD))
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suggests that these films should not to be treated as homogenous materials. For instance,
the electron carrier concentration dependence of the optical absorption edge for epitaxial
material does not follow the Moss-Burstein effect for InN samples grown by different

techniques. 135136

In degenerate narrow direct bandgap semiconductors the direct transitions, which
take place from the valence band maximum to above the Fermi level that situated deep
inside the conduction band as the levels below it are completely occupied, result in Moss-
Burstein effect or band filling effect which is schematically shown in Fig 2.3(a). This
effect can be understood by means of optical absorption measurements. The absorption
coefficient («) is determined from transmission measurements, using the expression
a(E) = C(E — E,)Y? where E, is the bandgap of the material. The direct optical
band gap is determined by the standard procedure of plotting the squared absorption
coefficient versus energy and then by extrapolating the linear leading edge to the zero

value of the squared absorption coefficient.!3” Fig 2.3(b) shows the apparent change in

the band gap of InN materials grown by different techniques.
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Figure 2.3: (a) shows the schematic for direct transitions that take place in optical
absorption due to Moss-Burstein effect and (b) shows various reported band gap values
for InN in literature. Continuous curve represents the theoretical prediction of Moss-
Burstein effect.?3

The reported high bandgap values with low carrier concentration from the earlier
work by Tansley and Foley® using RF-sputtering, but since have not been reproduced

in the literature. There is a possibility of continuous alloying or mixture of indium oxide
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and indium nitride, which as per effective medium theory can result in an in-between
bandgap value. It has been shown that indium oxide shows a very weak dependence of
bandgap with carrier concentration as seen in Fig 2.3(b) by Tansley and Foley. Alevi et
al.13® have used their data of the bandgap variation with carrier concentration for their
HPCVD grown InN/GaN/Sapphire samples, and show that the fundamental bandgap
of InN is about 1.20eV, which is higher than the recent reported value.?? A parabolic
conduction band has been used in many reports to derive the Moss-Burstein shift. A
carrier concentration dependent effective mass resulting from non-parabolic conduction
band has been much argued for InN '3 which is based on the experimental observation
that effective mass varies with carrier concentration. It has been observed that, depending
on the crystallinity of the samples, the carrier concentration changes and hence effective
mass can be varied. For narrow band gap semiconductors, since the conduction band
edge gets modified because of the interaction between valence and conduction bands,
later on a non-parabolic conduction band calculated using k.p band structure evaluation

method solving Kanes two band k.p model4°,

2.4 Surface electron accumulation

Surface electron accumulation is observed to be an intrinsic property of the InN
epitaxial layer. Recently, this surface electron accumulation phenomenon on InN
layers has attracted much attention because the high density of electrons on the
surface is important for formation of Ohmic contacts. However, the main cause of
electron accumulation on the InN surface and how it is related to the surface atomic
configuration are still not clear. We can find several explanations for surface electron
accumulation on semiconductor surfaces reported in the literature. Electron accumulation
layers at the semiconductor surfaces have been observed through techniques that
include high resolution electron energy loss spectroscopy 4!, angle-resolved photoemission
spectroscopy 142 and electron tunneling spectroscopy. 43 Surface electron accumulation is
not only observed in InN layers but also observed in InAs, InSb and recently In,Os. 145147
The main reason for surface electron accumulation on InAs layer is the donor like intrinsic
148

surface states whose energy spectrum is determined by the surface reconstructions.

Initially, researchers observed this surface charge accumulation on InAs surfaces and



2.4 Surface electron accumulation 31

GaN InN InAs InO InSb  GaAs

5- III
: II

3 -
-5 -

Figure 2.4: The position of the conduction band minimum (CBM) and the valence
band maximum (VBM) w.r.t the charge neutrality level (CNL) for AIN, GaN, InN, InAs,
In,O3, InSb and GaAs. For InN, InAs, In,O3; and InSb, the CNL is situated in the
conduction band. 447146
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later on InN and on single crystalline undoped In,O3 surfaces and attributed it to native
surface defects. Other reason is that when the charge neutrality level (CNL) situates
above the conduction band minimum (CBM), charge accumulates on the surface. The
Fermi level stabilization or Charge Nuetrality Level positions for InAs, InN, and In,Os,
InSb are reported to be ~0.2 eV, =~1.2 eV, ~0.4eV and ~0.06eV respectively, above the
conduction band minimum, where as, for other semiconductors it lies within the band

gap (below the conduction band minimum) 44145

, as shown in the Fig 2.4. Yamaguchi
et al. have reported that electron accumulation on InAs/GaAs depends on the layer
thickness and is induced by the quantum size effect.'® They also have suggested that the
dislocations due to lattice mismatch at the InAs/GaAs interface may also be responsible
for surface electron accumulation. The phenomenon of surface electron accumulation
on InN layers was first observed by Mahboob et al. by using (HREELS).'®® According
to their report, an intrinsic surface electron accumulation layer is found to exist and is
explained in terms of a particularly low -point conduction band minimum in wurtzite

InN. The electron accumulation is a consequence of ionized donor type surface states

pinning the surface Fermi level above the conduction band minimum. Piper et al.''
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have calculated energy positions of -point, conduction band minimum and valence band
maximum of AIN, GaN and InN with respect to the branch point energy and concluded
that the conduction band minimum lies far below the branch point energy and is the cause
of electron accumulation in InN layers. Experimentally, surface electron accumulation
has been observed for both polar and non-polar surfaces, while it was absent on in-situ
cleaved non-polar InN surfaces.!®11%2 D. Segev and C. G. Van De Walle have reported
that the cause of electron accumulation on polar InN is In-In bonds leading to occupied
surface states above the conduction band minimum.'®® In recent results from angle
resolved photoelectron spectroscopy of InN, it has been reported that the electrons in the
accumulation layers reside in discrete quantum well states, defined perpendicular to the

154

film surface.* By using electron tunneling spectroscopy, Veal et al. also have reported

the native electron accumulation layer at the surface of n-type InN.!43

2.5 Overview of InN mobility
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Figure 2.5: Fig shows literature survey of mobility and carrier concentration in the last
few decades.

In order to understand year wise improvement of electron mobiltiy and concentration
measurements of InN thin films grown by various techniques, the values from literature

are listed in Table 2.1 and consolidated into year versus mobility and carrier concentration
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plot as shown in the Fig 2.5. Until late 1980’s, very few data points where the InN thin
films were grown by rough vacuum techniques like sputtering and evaporation existed.
However, these films exhibit very high electron mobility and low carrier concentration
than the state of art of the films, which were later not reproduced in the literature.
Unfortunately, these points are not reliable since the films not grown under high vacuum
conditions and there is a huge probability of the incorporation of oxygen and other
impurities which do not yield high quality InN material as discussed in many reviews and
articles?12316 In the 1990’s owing to the advancement in the growth techniques such as
MBE and MOCVD, researchers have achieved reasonably high mobility and low carrier
concentration values. Using MBE, growth of high quality InN material is possible, though
there are many difficulties in synthesis as discussed in the previous chapter. Till date
highest mobility reported in the literature is 3280 cm?/V-s, by Wang et al.'?® where films
of 5um thickness at reduced dislocation density are grown on GaN buffer by employing a
gradient growth temperature. However, theoretically estimated mobility is still far away
from the experimentally obtained values. The theoretically estimated mobility values are
~4400 and = 15000 cm?/V-s for the carrier concentration values of &~ 1 x 10'" and <

1% 10%em =3 respectively 1?

, which are represented in the Fig 2.5 by dashed arrows. Thus,
still there is a huge opportunity to improve the material quality towards the theoretically

predicted mobility.
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Figure 2.6: Fig shows literature survey of Mobility plotted versus (a) preparation
methods and (b) substrates used for InN growth.

Fig 2.6(a) shows literature survey (summarized in Table 2.1) of Mobility plotted versus

preparation methods, which infers that the most of InN films in the literature are grown by
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MBE and a few films by other methods like MOVPE and MOCVD. For InN growth, MBE
is the most preferable and convenient technique since the substrate temperature here is
completely independent of the nitrogen source unlike other methods. Also since MBE
growth takes place in UHV base pressure conditions, oxygen incorporation and consequent
ambiguity in understanding fundamental properties can be discounted. The reported
electron mobility is as high as 3280 cm?/V-s for the films grown by MBE (excluding the
irreproducible RF sputtered films), whereas films grown by other methods could attain
mobility values upto ~1500 cm?/V-s. From the Fig 2.6(b), it is clear that most of InN
films were grown on GaN thick epi or thin buffer layers. The high mobility values are
obtained for the films grown on GaN /sapphire substrates which could be due to the less
lattice mismatch between InN and GaN (see Table 1.1). The InN films grown on AIN

also show high mobility but not as higher than the films grown on GaN templates.
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Figure 2.7: Fig shows literature survey of Mobility plotted versus carrier concentration.

To further examine the relationship between the Hall electron mobility and carrier
concentration of InN films, all the Hall data from Table 2.1 are summarized in Fig 2.7,
which include the data of InN films grown with different buffer-layer treatments, growth
methods and varied substrate temperatures. From Fig 2.7, it is clear that in order to
achieve InN films with higher mobility, the carrier concentration should be less than
2x10'7, and thus more attention is needed to understand the origin of the unintentional

background doping of InN%6.
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Experimental techniques

Since our motivation of this work is to understand the dependence of the properties of
InN films on the growth parameters, we use the sophisticated MBE growth technique and
then several characterization methods. This chapter provides the basic information of the
various experimental methods used in this study and provides the physical background of

the apparatus used for both synthesis and characterization.

3.1 Growth: Molecular Beam Epitaxy

Epitaxy comes from a Greek root (epi- above and taxis- in ordered manner), and
means deposition of a single crystalline film on a single crystalline substrate, such that
there is a geometrical relationship between the two respective unitcells, such deposited
films are called as the epitaxial films or epitaxial layers or epilayers. Epitaxial films can
be grown from precursors that are in the form of either gas, liquid or solids. Since the
substrate acts as a seed crystal, the overgrown layer takes on a lattice structure and
orientation identical or closely related to that of the substrate. In this epitaxial growth,
the layer can be deposited on a substrate of the same or different composition, which are

called as homo or heteroepitaxial growth processes, respectively.

At Bell Telephone Laboratories, Alfred Y. Cho used the term MBE® in 1970 after
extensive work on epitaxial films by Davey and Pankey!'®®, Shelton and Cho, and

Arthur®®”. MBE growth includes the interaction of a single or multiple molecular or

35
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atomic beams at the surface of a heated crystalline substrate, in an ultra-high vacuum
chamber maintained at the base pressure of ~107!' torr. At this pressure the mean
free path of the ambient gas particle is approximately 40 km and thus provides a
clean environment for deposition and film formation. The low background pressure also
provides the best available purity, because the arrival rates of contaminants are significant
orders of magnitude less than typical chemical vapour deposition conditions. Unlike other
deposition techniques, MBE growth provides impurity-free, high quality films with abrupt
layer interfaces.'®® Fig 3.1(b) is a schematic of a typical MBE system. !5

Cryo, Turbo
& lon pumps

Flourescent
screen

‘ﬁathodo

lnftinescence i

Knudsen cells

Figure 3.1: (a) shows MBE growth system used to grow IIl-nitride thin films and (b)
shows the schematic diagram for the growth chamber, modified figure.'®®

Fig 3.1(a) and (b) show nitride PAMBE (SVTA-USA) system at JNCASR and a
schematic of the growth chamber. The system is evacuated by turbo, ion and cryo
pumps (cryo and turbo pumped exclusively during the growth) which results in a base
pressure of high 107! Torr as measured using Bayard Alpert type ionization gauge. The
main chamber consisting of a cryo panel around it, is cooled with LNy which prevents
degassing of atoms from the chamber walls, thus also acting as a cryo pump. The growth
manipulator which can heat the substrate upto 1200 °C, is cooled by water during growth.
The rotations of growth manipulator is controlled by the magnet assembly attached
to a motor. This motor controller is equipped with an ON/OFF switch and a knob
that is used to adjust the speed from 0-60 rpm. Samples can be transferred in and

out of the system through the turbo connected load-lock chamber. The preparation
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chamber has a water-cooled sample heating/degassing facility up to 700 °C and also
has a cathodoluminescence facility. Active nitrogen radicals are supplied by a radio
frequency inductively coupled plasma source. III group (In, Ga and Al) and dopant
(Si and Mg) metallic species are supplied by effusion cells. Shutters placed in front
of the III-V sources permit direct control of the epitaxial growth surface at a mono-
layer level by changing the incoming beam with the opening and closing of the shutter.
Growth can be monitored in-situ by a reflection high energy electron diffraction (RHEED)
Staib Instruments system. Upto 3 inch substrates can be mounted on the growth stage
achieving a growth uniformity of <1% over the diameter of 2.8 inch. Growth temperature
can be controlled by a high temperature heater capable of temperatures ~ 1200 °C.
The substrate temperature is monitored by a thermocouple and a pyrometer. Growth
temperatures were calibrated using a silicon/aluminum eutectic using the pyrometer.
Flux rates are frequently calibrated using Accu Flux atomic absorption system, Flux
gauge and QCTM which are assembled in growth chamber. The operation of the
MBE system can be carried out through the panel control board as well as computer
automation. The absence of carrier gases as well as the ultra high vacuum environment
allows the growth of high purity thin films. In case, any part of MBE is reassembled
for troubleshooting purpose, the system has to be baked at 200 °C for atleast 48hrs to

remove water and other contamination, before film deposition.

3.1.1 Effusion cells

Water cooled standard effusion cells (Knudsen cells) were used to supply indium,
gallium, aluminum, silicon and magnesium flux. Crucibles were made up of pyrolytic
boron nitride and prior to the loading of charge, were outgassed at 1400 °C. High purity
99.9999% metal ingots are used in the cells. Once loaded with metal, all effusion cells were
again briefly outgassed to approximately 10% above the maximum intended operating
temperature with both the K-cell and substrate shutters. The flux from effusion cells
is well calibrated by a quartz crystal thickness monitor (QCTM), Accu Flux monitor
and Flux gauge. A QCTM is a water cooled quartz crystal placed close to the growth
position in the MBE system. Flux can be calibrated by monitoring the change in

characteristic oscillation frequency of the crystal due to increase in mass while deposition.
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Figure 3.2: shows SVTA schematic diagram of (a) Effusion cell, (b) photo copies of
PBN crucible where charge is loaded and (c) Effusion cell heater.

This technique was used to quantify fuxes for In, Ga, Al, Si and Mg in this system using

the appropirate tooling factor. These flux rate (F') values are well matched with the

theoretical values that are obtained using the following equation. *6°

p(Torr) " T(K) 1/2
n M (amu)

F(em™2s71) = 4.7 x 10 x (3.1)

where p is the pressure reading of the ion gauge, n is the ionization efficiency given by
the empirical relation n ~ 0.6(Z/14) + 0.4, where Z is the number of electrons in atom
or molecule, the quantities 7' and M are the effusion cell temperature and the atomic (or

molecular) mass of the beam species.

3.1.2 Nitrogen Plasma Source

As the common form of nitrogen is inert at achievable growth temperatures, a plasma
or ion source is required to activate the Ny molecule. The primary source used in this

work was a radio frequency inductively coupled plasma source (RF-ICP). All nitrogen
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which flowed into the RF-ICP was filtered by a Aeronex Gate Keeper nickel inert gas filter,
and the flow was moderated by a 0-10 sccm mass flow controller. Nitrogen is controllably
leaked into the cavity via an inlet, and the water cooled coil couples the RF signal into
the cavity via a magnetic field which is most intense at the centre of the cavity. The
alternating field accelerates charged particles which collide further with other species and
a plasma is formed. Typically the source was operated at RF powers of 150-450 W and
a flow rate of 2-8 sccm for film growth. The forward and reflected powers can be varied,

and there is also a deflection plate that can be used to deflect other charged species.

3.1.3 Residual Gas Analyzer
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Figure 3.3: shows schematic diagram of RGA'! and RGA scan of the background
vacuum obtained in our spectrum, before the commencement of film growth.

Mass spectrometers use the difference in mass-to-charge ratio (m/e) of ionized atoms
or molecules to separate them from each other. Operation of a quadrupole mass
spectrometer used in our studies, consists of a long-life, dual thoriated-iridium (ThOz/Ir)
filament as source of electrons. An electron from the beam knocks an electron off the
background residual gas molecules to create ions, that are directed into a quadrupole mass
filter consisting of four parallel metal rods arranged as in Fig 3.3. Two opposite rods
have an applied potential of (Vg4.+Vcos(wt)) and the other two rods have a potential of
-(Vaet+Veos(wt)), where V. is a DC voltage and Vcos(wt) is an AC voltage. The applied
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voltages affect the trajectory of ions traveling down the flight path centered between the
four rods. For given DC and AC voltages, only ions of a certain mass-to-charge ratio pass
through the quadrupole filter and all other ions are deflected out of their original paths.
A mass spectrum is obtained by monitoring the ions passing through the quadrupole

filter as the voltages on the rods are varied 6!

, either by varying w and holding V,. and
V constant, or varying Vg. and V (V4./V is fixed) for a constant w. A Faraday cup
for lower vacuum and a channeltron for higher vacuum are used as detector, allowing
partial pressure measurements from 1075 Torr to 5x 107 Torr. The Faraday cup is a
metal cup that is placed in the path of the ion beam and attached to an electrometer,
which measures the ion-beam current. For increased sensitivity and faster scan rates
multichannel, continuous-dynode electron multiplier (Channeltron) is employed. The ion
separation power of a mass spectrometer is described by the resolution, which is defined
as: R = {-, where m is the ion mass and Am is the difference in mass between two
resolvable peaks in a mass spectrum. For example, a mass spectrometer with a resolution

of 1000 can resolve an ion with a m/e of 100.0 Kg/C from an ion with an m/e of 100.1
Kg/C.

Inset in Fig 3.3 shows the typical RGA spectrum that is acquired in our system while
the gate vlaves for all the pumps were opened at the base pressure of growth chamber is
high 107! Torr. Only the presence of a peak at 28 amu is seen, as a result of residual

CO and Nj, and indicates the cleanness of the background atmosphere.

3.2 Electron Beam Physical Vapor Deposition

We have also employed an e-beam PVD system for depositing metals onto the III-
nitride films in the e-beam evaporation process, the source material is placed in a crucible
and a filament below the crucible is heated. By applying a large voltage and magnetic
field, electrons are drawn from the filament are made to focus as a beam on the source
material. The beam is swept across the surface of the source material to heat all of the
material. Advantage of this technique over other physical vapor deposition techniques is
evaporating the high melting point materials and to maintain composition of alloys and

compounds. In this work, e-beam evaporation technique is frequently used to deposit In
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Figure 3.4: shows schematic diagram for e-beam evaporation

or Ag (or any other) metal contact pads to perform electrical measurements.

Characterization techniques

3.3 Reflection High Energy Electron Diffraction

RHEED is a very powerful in-situ real time growth monitoring technique. MBE system
used for this work has a Staib RHEED system consisting of a high energy electron gun
capable of a focussed 10 kV beam energy and a phosphor coated screen with recording
camera on the opposite side of the chamber to capture the RHEED pattern, as shown
in Fig 3.5. Using RHEED, growth rate, growth mode, surface crystallinity and strain
relaxation information can be accessed. This technique utilizes the grazing angle (1-
2°) incidence of the high energy electron beam (Fig 3.5a) in which the wavelength of
the electrons is comparable to typical atomic spacings (0.1-1 nm) and therefore is a
surface sensitive tool. The electrons reflect off different atomic planes, within the first

several nanometres of the film and interfere, constructively and destructively to form a
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Figure 3.5: (a) The schematic of the RHEED including the representation of the growth
rate in mono-layers in terms of the oscillations.®? (b) shows the 3D representation of the
elastically scattered electrons in real space!®® which hit a fluorescent screen in certain
spots, along Laue circles (0 in red and 1 in cyan). The pattern depend on the roughness
and morphology of the film surface.

diffraction pattern on the phosphor screen. From this diffraction pattern (or RHEED
pattern) one can infer structural and morphological properties about the growing crystal.
The extensive research in the understanding how different features within RHEED
patterns relate to film properties is thoroughly reviewed by Braun!41%5. Typical RHEED
pattern of single crystalline surfaces are dominated by a combination of reciprocal lattice
streaks and Kikuchi lines. The shadow edge signifies where the beam is blocked by the
film /substrate, and the separation of this and the direct beam represent the angle of
incidence of the beam impinging on the film. Typical spot sizes for the electron beam
are ~100 pum, and the spacing of the reciprocal lattice streaks is inversely proportional to

the spacing of the atomic planes taking part in diffraction. Whether the streaks appear
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continuous or broken can be used to assess the roughness of the growth front, where
streaky reciprocal lattice features indicate that the film is smooth on a nm scale and
the patterns are due solely to reflection/diffraction. If however, the reciprocal lattice
features appear spotty then it indicates there is roughness on the nm scale, through
which some electrons are transmitted through surface features and cause an interference
pattern (spotty reciprocal lattice features). The growth rate can be determined from
RHEED intensity oscillations, for which the period corresponds to one monolayer of
growth which is clearly shown in Fig 3.5(b). The surface roughness, and therefore the
growth mode, may be discerned from the nature of the RHEED pattern. In this thesis
RHEED is primarily used to determine the crystalline nature of the film surface, e.g. poly

or single crystal, atomically flat or rough, and to study how strain is accommodated as

growth progresses.

3.4 X-ray photoelectron spectroscopy
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Figure 3.6: shows the XPS system that used for this work and a schematic diagram.

XPS has been widely used to investigate the chemical composition and oxidation state
at the sample surface, after it was introduced in the mid 1960s by K. Siegbahn and his

research group at the University of Uppsala, Sweden.!% The basic working principle of
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X-ray photoelectron spectroscopy (XPS) or Electron Spectroscopy for Chemical Analysis
(ESCA) is photo electric effect outlined by Einstein in 1905. Fig 3.6 shows the Omicron
XPS system, in which we have carried out the experiments. XPS is able to detect most
of the elements except hydrogen and helium, because of their low sensitivity. For the
x-ray sources employed in surface chemical analysis, one normally uses Al or Mg as an
anode material, having energy of 1253.6 eV and 1486.6 eV, for Al and Mg, respectively.
since most of the core levels are in the 0-1000eV range. The most intense lines are called
K,1 and K2, but often the doublet is viewed as one line and called K,15. The electrons,
which are generated by thermionic emission process from a proximal tungsten filament,
accelerate on to the high voltage (~15kV) anode that is coated either with Al and Mg
and generates the X-ray photons as shown in Fig 3.6b, concentric hemispherical analyzer
(CHA) which acts as a band-pass filter is employed (Fig 3.6) for the collection of the
photoelectrons generated, with high resolution. A retarding electrostatic lens-system is
placed in front of the hemispheres in order to focus the electrons into the analyzer and
to change the angular acceptance or retard the electron energy. The electrons passing
through the retarding lens system reach the HSA, which has two concentric hemispheres
held at different potentials, and only electrons with kinetic energy within the band of

pass energy L, can pass the analyzer.

Photoemission principle states that if an atom absorbs a photon, an electron from the
core shell of the atom will be ejected out from the atom, provided that the photon energy
is greater than the sum of that electron binding energy (BE) and the work function (®)
between Fermi level (Er) and Vacuum level (Ey ). The typical photoemission in the
XPS process is shown schematically in Fig 3.7. The resultant kinetic energy, KE, of the
photoelectrons and Auger electron with reference to the Fermi level, will be given in Eqn
3.2.

KE=hv—BE - (3.2)

Although it is the kinetic energy of the outgoing photoelectrons is measured
experimentally, spectra are usually displayed on a binding energy scale to allow easy
elemental identification. If hv and ® are known, the measured KE would allow us to
obtain the BE of characteristic core levels in the sample. Since each element has unique

set of core levels, kinetic energies, this can be used to identify elements from the XPS
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spectrum. Chemical shifts in peak position due to charge transfer in different elements
provide valuable information on the valence state of elements, The spectra around the

Fermi level, also gives useful information of the occupied states in the valence band.

Photon: hv Photoclection K.E = hv - B.E, - ®sample
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Figure 3.7: shows the schematic diagram of the photoemission process. The vacuum
level (Ey) is the energy of an electron at rest (zero kinetic energy) in a vacuum far away
from neighbouring particles such that it has no interaction with them. The work function
(®) of a solid is defined as the minimum energy to remove an electron from the highest
occupied energy level in the solid to the vacuum level.

Since special charge compensation techniques are applied, a charging potential for
an insulator or semiconductor sample is taken into account. We have employed several
ways of using binding energy references. For metallic compounds the Fermi edge is a
suitable binding energy reference. A submonolayer gold film is deposited on a sample in
order to use the Au(4f) peak as a binding energy reference. C(1s) for graphitic carbon
is also employed for internal binding energy calibration. Other suitable reference peaks
can be used as well'®7168  The width AE of an XPS peak is defined as a full width
at half-maximum (FWHM) of the peak after background subtraction. The width is a

combination of several contributions:
AFE = [AE} + AE} + AE2]'Y? (3.3)

where AE), is the natural width of a core level, AE}, is the spectral width of photon source
radiation, AFE, is the analyzer resolution. Additionally, the peak can be broadened
by sample inhomogeneity or by differential charging.!%® The shape of a core-level

photoelectron peak depends on a peak type as well as on the insulator or metallic nature
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of the sample, and several overlapping components due to the coexistence of different
chemical states of the same element. The shape of a peak corresponding to a single
chemical component can be determined separately for every chemical compound.!™ The
peak shapes are deconvoluted into the Gauss-Lorentz (Voigt) profiles by the Doniach-
Sunjic and will be discussed in section 3.4.1. The stoichiometry of the sample surface can
be estimated from the area ratio of the XPS peak and the general formula for the XPS
71

peak areal™ is:

I=nfobyXNAT (3.4)

where n is the atomic concentration of the element, f is the X-ray flux, ¢ is the
photoelectronic cross-section for the atomic orbital of interest, 6 is the angular efficiency
factor for the instrumental arrangement, y is the efficiency in the photoelectric process for
formation of photoelectrons of the normal photoelectron energy, A is the mean free path of
the photoelectrons in the sample, A is the area of the sample from which photoelectrons
are detected, T' is the detection efficiency for electrons emitted from the sample. The

stoichiometric ratio of two elements A and B can be determined from the peak areas:

na i ([A/Uy)\T)A . IA

w5~ UsjopDs  Sa 8:)

Where S4 and Sp are the atomic sensitivity factors for the elements for respective electron
transitions, are tabulated and listed in literature.'™ Thus, if the surface has n number of
elements then a generalized expression for determination of the atomic fraction (relative

percentage composition) of any constituent in a sample can be written as:

tefSe  00% (3.6)

X, = -
=1

where the summation represents over all the constituents of the surface.

3.4.1 XPS data analysis

An X-ray photoelectron spectrum of a solid-state sample always contains a background,
which is formed by inelastically scattered photoelectrons. To estimate the peak shape

and the stoichiometry from an experimental spectrum, first the background should be
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Figure 3.8: XPS core level oxygen 1s spectra showing Shirley background and peak
deconvolution. Inset shows a schematic of valence band spectra showing valence band
maximum (VBM). 7

subtracted to determine the accurate peak position (binding energy, or B.E.) and the
peak area, with the later being important for quantification. There are currently three
background subtraction methods available!™. (1) Linear is a simple subtraction method
based on the assumption that the background corresponds to a straight line connecting
the start and end points of the peak. (2) Shirley background assumes that intensity
of the background is proportional to the peak area on the lower B.E. side of the peak.
According to Shirley the subtraction of the background shape depends on the assumptions
of a constant energy spectrum of scattered photoelectrons and a constant scattering
probability in the peak region!™. When the high B.E. end of the peak has a higher
intensity value than the low B.E. end, the Shirley background typically gives a curved
S shape, which is shown as the brown line in Fig. 3.8. (3) The Tougaard option is a
complex background which is calculated from empirical energy loss functions. It works
well on pure clean metals with wide energy range but is not very useful where only a small

scan range has been acquired. Throughout our study, we use Shirley-type background
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subtraction 74,

XPS peaks may consist of a number of overlapping peaks, often of different peak shapes
and intensities. In this situation, peak deconvolution is required to separate overlapping
peaks in a spectrum as shown in Fig. 3.8 Our XPS spectral deconvolution is achieved
in Fityk and Xpspeak open source software packages. The shapes of the peak (height,
width, Gaussian/Lorentzian function, etc.) are automatically varied until the best fit
to the observed spectrum is achieved, considering physical aspects like peak position
and FWHM etc. As mentioned earlier, another potential use of XPS is valence band
measurements,'” where we can identify the position of the Fermi level with respect to
valence band maximum (VBM) and some surface and interface states as shown in the

inset to Fig 3.8.

3.5 High Resolution X- ray diffraction

X-ray diffraction involves probing a crystal with x-ray radiation having a wavelength
(M) close to the crystal lattice spacing, as shown in figure. These x-rays are scattered by
the electron cloud surrounding each atom in the crystal, yielding constructive interference
between the scattered x-rays when the path difference AB (n)) is equivalent to 2d
sinf. 176177 This is the basis of Bragg’s law, which relates the spacing between the ‘planes’
of atoms from which diffraction is occurring (d) to the angle (#) at which the incident

monochromatic beam must probe the plane to give constructive interference:

The simplest kind of X-ray diffraction arrangement is the double crystal diffraction
scheme which consists on a monochromator crystal and a sample crystal from which the
diffracted intensity signal is registered depending on the angle of rotation of the sample,
further analyser crystals, makes it possible to resolve with high resolution the angular
distribution of the beam diffracted by the sample. High resolution refers to a low A
dispersion of the used x-ray beam (AX/A= 1075-107%), a limited beam divergence (Aw
= 0.001-0.008°) and a very good 26 resolution (Af = 0.001-0.003°). Such a diffraction

scheme is called triple-axis diffraction setup as shown in Fig 3.9.

In order to understand the bulk structural and crystalline quality and also the strain

state of the layer, via measuring the lattice parameters of the InN, high resolution X-ray
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diffraction measurements using a triple axis diffractometer are necessary. Additionally,
dislocation density and nature of dislocations are is also obtained by measuring tilt and

twist angular spread in InN epitaxial layers.

3.5.1 HRXRD setup and scans

The x-ray diffraction measurements were carried out using a Brucker D8 diffractometer,

which consists of the following: 1 X-rays are generated by bombarding a metal (Cu)
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Figure 3.9: shows schematic diagram of HRXRD and inset represents the geometry of
the goniometer with possible translations and Eulerian Craddle angles of rotation 178179

with electrons in an evacuated ceramic tube with an x-ray mirror placed after the x-
ray source to collect the photons emerging from the line focus of the tube within an

acceptance angle, forming an intense parallel beam with a very low divergence.
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2 Four-bounce Ge 220 monochromator is used to obtain a monochromatic parallel
incident beam with a x-ray wavelength corresponding to CuKy; (A= 1.54056 A) and

reaching a maximal resolution AXN/A= 107°.

3 A goniometer (shown in inset) where the sample under investigation is mounted,
enables translations along X, Y and Z, and also Eulerian tilt-x and azimuthal-¢ rotations
are possible for a mounted sample. Here, y is defined as the angle between sample surface
and the plane of interest (in the 0-90° range) and the angle ¢, ranging from 0 - 360°,
measures the azimuthal rotation around the surface normal of the sample. The incident
w and diffracted 26 angles are defined respectively between the X-ray source and the

sample and between the incident beam and the detector angle.

4 The Pathfinder is a scintillation point detector. The scattered-beam path can be
directed through two different optics: the automatic receiving slit or the Ge(220)x3
Analyzer.
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Figure 3.10: A section through reciprocal space for an [0 0 0 1]-oriented InN
film. Regions of reciprocal space where the sample blocks a beam are shown in grey
(inaccessible). Here, the vectors ko and kj, have the length 1/ (where A = 1.54 A); the
vector S has a length of 1/dggg4 and is perpendicular to the (0 0 0 4) plane. The Ewald
sphere is shown here as a circle, cutting the 0 0 0 4 reciprocal lattice spot. Some spots
are absent as they have an intensity of zero.'™

The different kinds of scans possible with the HRXRD, which provide a wealth of
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information about the sample, are as follows:

Detector scan: Align 26 position of detector to see the X-ray beam that stems directly

either from source or diffracted from crystal planes.

Z scan: After translating the sample to proper X and Y positions, Z height can be

optimized in such a way that the sample bisects the X-ray beam.

w scan or rocking curve: The detector remains stationary and the sample is rotated
about the w axis. In reciprocal space, S (scattering vector) as shown in Fig 3.10, traces
an arc centred on the origin. The length of S stays the same, but its direction changes

(related with the tilt and twist angles).

20 - w scan: The sample (or the x-ray source) is rotated by w and the detector is rotated
by 20 with an angular ratio of 1 : 2, is the standard scan type for powder diffraction.
In reciprocal space, S moves outwards from the origin. The length of S changes, but its
direction remains the same and depends on the offset. For 26 - w scans, the x-axis is in
units of 20. When there is no offset and § = w, it is a symmetrical scan (6-26) which is

vertical in reciprocal space.

w - 260 scan: Simply a 26-w scan, but with w on the x-axis, is the standard scan type
for reflectivity and high-resolution work. The scattering vector is moved radially. This
requires a coupled movement of the sample (w) and the detector (26). In reciprocal space,
q moves outwards from the origin. The length of q changes, but its direction remains the
same and depends on the offset = 6 - w. In this case, the orientation of the probing q
vector has the same tilt angle with respect to the sample surface normal during the whole
measurement. In the special case of w = 6, the scan runs parallel to the normal surface

(offset = 0 and tilt angle = 0).

20 scan: The sample and source remain stationary and the detector is moved. S traces an
arc along the circumference of the Ewald sphere, where both the length and the direction

of S change.

¢ scan: Rotation of the sample about the w axis (usually in the plane of the sample).
The length of S stays the same, but the sample is moved, bringing the reciprocal lattice

spot through S so that the direction of S changes with respect to the sample.
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X scan: Similar to ¢ scan, except that the sample is rotated about the x axis (plane of

the sample rotated with respect to the incoming x ray beam).

3.5.2 Diffraction geometries for 20-w scan

Symmetric: In this geometry, planes parallel to the sample surface are investigated. the
angle w and 20 of incoming and outgoing beams with respect to the sample surface are

simultaneously varied, where w=6.

Asymmetric: An asymmetric 20-w scan can be performed for the planes having tilt (7)
with respect to the sample surface. As in the case of a symmetric scan, the detector is
placed at an angle of 20 with respect to the incoming beam. The incoming beam, however
makes an angle of w with respect to the sample surface. Since w=60+ 7, grazing incidence

(-) or grazing exit (+) 26-w scans can be collected in this asymmetric geometry.

Skewsymmetric: An alternative way of getting the asymmetric scan is in the skew-
symmetric geometry, where the sample is tilted over a fixed angle around the x axis
instead of the w axis. The rest of the procedure to acquire the 26-w scan in skewsymmetric

geometry is same as symmetric scan.

Detailed information of above scans and geometries are available in Speakman’s MIT

SOPs. 1 In this work, HRXRD has been extensively used to extract the following

information,
i) The crystalline nature of the film and its epitaxial relation with the substrate.

ii) The a and c lattice parameters of the samples to calculate the residual strain (absolute

lattice parameters).

iii) The tilt and twist mosaic angular spread of the crystallites to determine the screw and

edge dislocation density, respectively.

3.6 Optical bandgap: Transmission measurements

The band gap of InN films grown in this study is measured through a simple transmission

spectroscopy. '8! In this technique, using a beam splitter, this incident light is divided
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into two rays of equal intensity which fall on two identical detectors and the sample is
inserted in the path of one of the two beams. The ratio of the intensities recorded by
two detectors is plotted as a function of energy (F) of the probing light. The intensity
of light transmitted through a film of thickness d is,

I(E) = Ipexp(—a(E)d) (3.7)

where Iy is intensity of incident beam and «(FE) is the absorption coefficient of a given

film. Absorption coefficient of a semiconductor is described by the following equation,
a(E)=C(E - E,)" (3.8)

where E, is the bandgap, C' is the constant and the value of the exponent n denotes
the nature of the transition; for instance, n = 1/2 for direct transitions and n = 2

for indirect transitions. A Tauc plot'®?

is a convenient way of displaying the optical
absorption spectrum of a material pioneered by J. Tauc, who proved that momentum
is not conserved even in a direct optical transition.'®® This plot shows the quantity hv
(the energy E of the light) on the abscissa and the quantity (ahr)™ on the ordinate. The
resulting plot has a distinct linear regime which denotes the onset of absorption. Thus,
extrapolating this linear region to the abscissa yields the energy of the optical band gap
of the material. However, if the material in question does not have a single phase, it
is likely not to have a single distinct absorption onset, which corresponds to a more
gradually-sloping curve in the Tauc plot. Room temperature transmission measurements
were performed with a Perkin Elmer system with near-infrared-visible-UV spectrometer

(Lamda 900) scanning spectral range between 200nm and 2500nm, where emission from

a mercury lamp source was used to provide the spectral range.
3.7 Photoluminescence and Catholuminescence

spectroscopy

Photoluminescence occurs when excited electrons upon the photon stimulation recombine

with holes or traps and a photon is emitted.!® A suitable laser or filtered light
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Figure 3.11: shows the basic recombination transitions in semiconductor during the
process of photoluminescence.

from mercury lamp that has a photon energy output higher than the band gap
of the semiconductor is incident on the surface of the sample, which will generate
electron hole pairs. Those electron hole pairs will recombine, often through a radiative
transition back to the ground state of the atom. Some of the observed recombination
pathways are presented in Fig 3.11. Information about the band structure, donor
and acceptor levels, defect types, impurities, crystalline quality, and defect densities
in the material system can be extracted by measuring the wavelength of the emitted
photon. We have used HORIBA JOBIN YVON ¢HR320 PL system with mercury
lamp as the source of light and the required excitation wavelength is generated using
optical grating.!8® In cathodoluminescence, energetic electrons are used as excitation
source. Cathodoluminescence is an optical and electrical phenomenon whereby a beam
of electrons, unlike PL photon source, is generated by an electron gun which impacts on

a luminescent material causing the material to emit photons.

3.8 Hall measurements

Single field Hall effect measurements are performed to measure the resistivity, bulk

carrier concentration and mobility of semiconducting thin films. The geometry of Hall
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(a) (b)

Figure 3.12: shows schematic diagram where the forces on the charge carriers in a
semiconducting slab in a magnetic field give rise to hall voltage across the width of the
slab. 186

effect measurements is depicted in Fig 3.12. An electric current is passed through the
semiconducting thin film via contacts at either end while a magnetic field H = (0,0, H.) is
applied perpendicularly to both the surface and the electric current .J,,. Due to the Lorentz

force F, = —e(E + ¥*H) | the transverse electric field E = (E,, E,,0) perpendicular to

C

the direction of current flow launches 17" the equation of motion of an electron as given
below. In the case of steady state, current is independent of the time, and therefore p,

and p, will satisfy the following equations
_ Pz
0=—eE, —wp, — — (3.9)
T
_ Dy
0=—eb, +wp, — — (3.10)
T

eH
mc

where w =

multiply these equations with —ner/m, which result in

ooEy = wTjy + Ju (3.11)

ooEy = —wTj, + Jy (3.12)
electron and hole contributions to the transverse current respectively are

. H
jule) = nep (=B, + E,) (3.13)
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: H
Jy(h) = nep( Mch E,+ E,) (3.14)

here wre = uH

Hall field E, is determined by requirement that the net transverse current in y-direction

is zero which means j,(e) + j,(h) = 0 and thus,
0 = (neu? + pey;)(H/c)E, + (neu. + pepn) B, (3.15)

net current in x-diretion is

Jo = (pepn + nepie) E, (3.16)
therefore
puy —npg 1
E,=E,H——= — (3.17)
Plp — Npte C

Hall constant
E 1 2 _ nu?
LA _'M (3.18)

Ry = =
1 J:sz ec (pllfh - nﬂe)2

If electrons are dominant carriers in a semiconductor then above equation simplyfies to

Ry = —— (3.19)

2

Figure 3.13: A common geometry for Van der Pauw Hall measurements.
A typical geometry used for measurements of the sheet resistance and Hall voltage of a

sample, and that used in this work, is the van der Pauw geometry, shown schematically
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in Fig 3.13. If a current is passed between contacts 1 and 2, 115, and a voltage measured

across contacts 3 and 4, Vs, the resistance

V34

Ly

Rio34 = (3.20)

187,188

Van der Pauw showed that, for flat continuous lamina of arbitrary shape, the sheet

resistance R satisfies

exp(—mRi234/Rs) + exp(—m Raz a1/ Rs) = 1 (3.21)

allowing the sheet resistance to be determined from simple electrical measurements. From
the reciprocity theorem, Rz 34 = R3412 = Ro1.43 = Ry3 21, these quantities can be averaged
to yield a much more accurate value of the sheet resistance, canceling out any offset
voltages. In a similar way, the reciprocity theorem can be used to yield accurate values
of the Hall voltage.'8%1% A current can be applied between a set of contacts on opposite
corners, for example I;3, in the presence of either a positive or negative magnetic field,
and a Hall voltage is measured between the other two corners, for example V3, where +
denotes the polarity of the magnetic field. The average Hall voltage is then given from

Vi Vig Vo — Vo + Vi — Vi + Vi — Vi
8

Vir (3.22)

Using each set of currents and voltages, for the Hall voltage and sheet resistance
measurements, it is therefore possible to obtain an accurate value for the sheet density

and mobility of the sample.

Hall effect measurements reported in this work were performed using an Ecopia HMS-
3000 Hall effect measurement system. Indium contacts are made to the samples in the van
der Pauw geometry discussed above. The system includes a 0.58 T permanent magnet,
and the polarity of the field is changed by rotating the magnet through 180°. The system
can pass a current up to 20 mA. Hall effect measurements were only made if a linear I-V
curve was obtained, indicating Ohmic contacts had been formed to the material. During

measurements, the sample sits in a container that can be filled with liquid nitrogen for
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performing measurements at 77 K.

3.9 Atomic Force Microscopy (AFM)

AFM provides information on the quality of the surfaces in terms of root-mean-square
(rms) roughness, but also on the morphology and the average grain size. The AFM
principle in the contact mode is based on the measurement of a short-range interaction
between the sample and the probe, which depends on the distance between them. Typical
tips used in this work are pyramid-shaped silicon tips with opening angles around 10 °-
15° near the apex and with a maximum radius of 5 nm, providing images with a lateral
resolution of ~ 5 nm. The tip mounted at the end of a cantilever is scanned across the
surface of the sample, which moves up and down over its topography. The displacement
caused by the atomic forces of the features at various positions on the surface can be

1 The AFM measures the van der Waals force between the

measured to create an image.
tip and the surface; this may be either the short-range repulsive force (in contact-mode) or
the longer-range attractive force (in non-contact mode). There are three scanning modes
associated with AFM, namely; contact mode, non-contact mode, and tapping mode.

Contact mode is the scanning mode in which the tip is in contact with the surface and

Detector

Feedback

Figure 3.14: A schematic representation of AFM.

the image is obtained by repulsive forces between tip and the sample. In tapping mode,
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the image is obtained by the tip, which just taps the surface for small periods of time. In
non-contact mode, the tip oscillates above the surface, and the image is obtained from
the attractive forces between the tip and the sample. The tip is scanned over a surface
with feedback mechanisms that enable the piezo-electric scanners to maintain the tip at
a constant force (to obtain height information) or height above the sample surface (to
obtain force information). As the tip scans the surface of the sample, the focused laser
beam is deflected off the attached cantilever into a position sensitive dual photodiode
system. Feedback from the dual photodiode system and the control software enables the
tip to maintain either a constant force or constant height above the sample. The surface
morphology including rms surface roughness of the InN and GaN layers in this thesis was
analyzed using a Dimension 3100 SPM (Veeco, USA) in both contact and non-contact
modes. The tapping mode is usually used to scan fragile samples. This mode is preferred
in the case of group III nitrides, not to protect the sample but the tip, since they are

materials much harder than the silicon tips.

3.10 Field Emission Scanning Electron Microscope

(FESEM)

In Field Emission Scanning Electron Microscope (FESEM), the image is formed by
scanning an electron beam across a sample and collecting the secondary electron signal
from the beam-sample interaction, which is used to control the intensity of the spot on a
cathode ray tube which is scanning in synchronization with the beam on the sample. !9
Electron accelerating voltages ranging from 0.5 to 30 kV and image spatial resolution
down to 1 1/2 nm. Tilting of the sample is also possible to obtain a cross-sectional
view. Because the probe used for imaging is an electron beam, some interesting contrast
mechanisms (and signals) can be produced. The appearance of the image is usually as
though the sample was “illuminated” by the detector being used to form the image, up
to the point of “shadows” while dark spots can be from surface contamination. In order
to perform FESEM measurements, an electrical path is needed to avoid the electron
accumulation on the samples. If this path is not present, the impinging electrons can

negatively charge its surface, leading to the screening of the sample to new incoming
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electrons. In this work, cross section images with a surface view are carried out by
FESEM from FEI Netherlands. These images give information about the type of growth
(columnar or compact) and allow the estimation of the layer thickness to calculate the

growth rate.
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Optimization of parameters for InN

growth on bare c-sapphire

In this chapter we present the optimized parameters for InN growth and address several
1ssues related to the band gap and degeneracy of films. We carefully design two sets
of experiments for the growth of InN using MBE and analyze the results using several
complementary characterization tools. The issue of variable band gap values for InN

films grown on c-sapphire has been addressed in this work.

In the first section, a-InN films have been deposited in nitrogen rich conditions at
different substrate temperatures on bare Al,O3 (0001), by Plasma Assisted Molecular
Beam Epitaxy. The results show that single crystalline wurtzite InN films are formed,
but their orientation depends on the substrate temperature. The band gap measured
on these samples (1.78eV) is explained by the Moss-Burstein shift on these degenerately

n-doped samples.

We address the carrier concentration, strain and bandgap issue of InN grown
on c-sapphire at different N-flux by Molecular Beam Epitaxy and characterized by
several complementary characterization tools. By using X-ray diffraction and X-ray
photoelectron spectroscopy, we demonstrate that the strain in InN films is related to
point defects like nitrogen interstitials and nitrogen antisites. We invoke the role of

minimal hydrostatic strain and biaxial strain in the InN film attributed to the interstitial

61
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nitrogen atoms, which is partially compensated by the strain induced by the nitrogen-
antisites. We find that the variation in absorption edge can be attributed to defect
induced carrier concentration and that nitrogen interstitials and nitrogen antisites act as
donors that yield the respective absorption edge and Moss-Burstein shift. This chapter
is a step towards the ability to form low carrier concentration strain relaxed films and

attaining the intrinsic band gap value for this technologically important material.

4.1 Dependence of crystal orientation on substrate

temperature

4.1.1 Introduction

As discussed earlier, inspite of its outstanding properties, required for optoelectronic
and photonic applications, among other group III nitrides InN is the least studied due
to difficulties in producing good quality InN films, resulting from its low dissociation
temperature, the high equilibrium vapor pressure of nitrogen and also unavailability of
suitable lattice matched substrates'®®. One of the most important electronic properties
of InN, which is much debated by researchers, is its band gap. With the synthesis of
high mobility, low carrier concentration, polycrystalline, RF sputtered films by Tansley
and Foley in 1986%!, the band gap of wurtzite InN was accepted to be 1.89¢V, but
more recent results have shown much lower values??, with initial reports indicating a
value of 1.1eV™, which has progressively reduced to lower values of 0.90 eV?2%, 0.80-
0.7eV 2520194 and 0.65-0.6eV. 7719 Observation of higher band gap has been attributed to
several reasons such as strong Moss Burstein shift, quantum size effects, oxygen inclusion
and stoichiometry changes¥ 7196197 " For the low band gap the reasons include defects,
non-stoichiometry, film non-uniformity and Mie-resonances '3*197. However, the full range
of reported experimental observations is not fully understood and thus, the issue needs
to be addressed by a spectrum of complementary characterization performed on samples

prepared under controlled growth parameters.

In this chapter, we revisit the plausible reasons for the high band gap of InN grown
on bare c-plane sapphire using a Plamsa Assisted-Molecular Beam Epitaxy (PA-MBE)
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system equipped with accurate flux and temperature measurement and a combination
of in-situ and ez-situ characterization tools. MBE has the distinct advantage over
other methods like Metal Organic Chemical Vapor Deposition (MOCVD) since the
substrate temperature can be independently chosen irrespective of the nitrogen source.
One of the important reasons for the observed band gap of InN, which has not been
considered seriously, is the influence of deviation from stoichiometry. Thus, along with
other plausible reasons we perform systematic XPS analysis to probe the influence of
stoichiometry on the band gap of InN. We show here that crystallinity of InN films results
from the carefully chosen kinetic growth conditions and do not influence the observed

band gap value.

4.1.2 Experimental details

Before loading into the chamber c-sapphire substrates, provided by Semiconductor
Wafer Inc having miscut of ~0.4°, were rinsed in acetone and out-gassed at 500 °C for
one hour in the preparation chamber. Further out-gassing is performed at 800 °C in the
growth chamber for 30min so that the streaky RHEED diffraction pattern characteristic
of clean sapphire (0001) surface is obtained. In first set, we have chosen three substrate
temperatures, 400 °C, 450 °C and 500 °C for the growth of InN, monitored by a K-type
thermocouple and an optical pyrometer. In second set, Ny flux rates for the InN films
grown in this experiment are 2, 4, 6 and 8 scem (standard cubic centimeter per minute)

with a Radio Frequency (RF) plasma forward power of 375W.

4.1.3 Results

For the present study we have grown InN film at three temperatures viz. 400 °C,
450 °C and 500 °C using MBE on bare c-plane sapphire without any substrate surface

pre-nitridation or having any buffer layers.

4.1.4 Surface and bulk crystallinity of the films

We have used in-situ RHEED to determine the surface crystallinity of the grown
samples. Fig 4.1 consists of the respective RHEED pattern for samples grown at 400 °C,
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Figure 4.1: (a-c) show in-situ RHEED diffraction pattern observed for samples grown
at 400 °C, 450 °C, and 500 °C, respectively.

450 °C and 500 °C. The RHEED pattern in Fig 4.1 a shows spots superimposed on a
faint ring pattern which shows that the film surface grown at 400 °C is predominantly
polycrystalline in nature. From the RHEED pattern shown in Fig 4.1b for the 450 °C,
we observe a dominant spotty pattern with weak streaks, which is an indication of the
transmission through the features of a rough single crystalline film. The absence of any
circular streaks as seen in Fig 4.1a indicates the absence of polycrystallinity in this sample.
The RHEED pattern for the 500 °C sample shown in Fig 4.1c is similar to that observed
for the 400 °C sample, where spots are superimposed on faint ring like pattern, which
indicates polycrystalline nature of the sample surface. Thus, our RHEED study shows
that among the different temperatures studied, the surface region of the sample grown
at 450 °C is single crystalline, while others show polycrystallinity. This can be due to a

surface effect or different orientation of growth of single crystalline features.

Thus, X-ray diffraction measurements performed and the 6-260 pattern are shown in Fig
4.2(a-c) for InN films grown at 400 °C, 450 °C and 500 °C, respectively. As observed by
RHEED, x-ray diffraction also shows that the sample grown at 450 °C is single crystalline
in nature. In the case of this InN film two diffraction peaks (0002) and (0004) are observed,
in addition to the (0006) reflection from the sapphire substrate, at diffraction angles (26),
31.2°, 65.27°, and 41.66° respectively. Absence of other reflections confirms that at 450
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Figure 4.2: XRD pattern for samples grown at different temperatures a) 400 °C, b)
450 °C, and ¢) 500 °C, respectively. Inset to the figure, Fig 4.2d and Fig 4.2e show the
wurtzite unit cell of InN with c-axis parallel and perpendicular to that of substrate for
450 °C and 500 °C growth temperatures.

°C single crystalline wurtzite InN (a-phase) grains are formed parallel to the c-axis of the
sapphire substrate. At the slightly lower growth temperature of 400 °C, besides the on-
axis peaks (0002), (0004) and the sapphire (0006), we observe peaks at 33.09°, 51.6° and
62.66°, which correspond to the off-axis crystal planes of wurtzite InN(1011), InN(1120)
and InN(2021) respectively, as shown in Fig 4.2a. At the higher temperature of 500 °C,
Fig 4.2c, we observe that on-axis reflections are completely absent in this sample. The
sample shows peaks of InN(1011), InN(1120) and InN(2021) apart from the sapphire
(0006) peak. We observe that the reflections observed on samples grown at 450 °C are
completely absent in 500 °C sample and vice-versa, whereas the 400 °C grown sample
has all the reflections. A schematic of the corresponding planes for the main reflections
in the two cases is shown in Fig 4.2(d) and (e). The figure clearly indicates that while
InN grows with its c-axis parallel to the c-axis of Al;O3 at 450 °C, at 500 °C InN grows
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with its c-axis parallel to the a-b plane of substrate, while at 400 °C both orientations
coexist. Thus, 500 °C grown sample is not polycrystalline as indicated by RHEED but
shows a different orientation of the wurtzite InN growth with respect to the substrate.
Our study clearly demonstrates that the crystalline orientation of the sample is strongly

dependent on subtle changes in the substrate temperature.

(a) 400 °C

010
@ (deg)

Figure 4.3: (a) and (b) show the w-scans for the InN(0002) reflection of the films grown
at 400 °C and 450 °C, respectively. Solid lines are Gaussian fits for the data points.

Fig 4.3 shows the w-scans acquired on InN(0002) having FWHM values of 42.1 and
35.6 arc-mins for films grown at 400 °C and 450 °C, respectively, which show relatively
the good crystalline quality of the a-InN film formed at 450 °C. The combination of
RHEED and XRD studies thus show that 450 °C is the optimum temperature for InN

growth, with c-orientation parallel to that of the bare sapphire substrate.

4.1.5 Cathodoluminescence: Band gap

To address issues related to the varied band gap values reported in literature, we

probe the band edge emission using cathodoluminescence measurements. Most of the
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Figure 4.4: in-situ Cathodoluminescence spectra observed for samples grown at a) 400
°C, b) 450 °C, and c¢) 500 °C, respectively. Inset to the figure shows the theoretical

curve for the variation of the band edge with carrier concentration, along with the value
determined in this study.

band gap data available in the literature for InN have been obtained using absorption

measurements 8.

Hamberg and Granqvist have shown that band gap broadening
results in an under-estimation of the measured band gap values for samples with carrier
concentration above 10®cm 3.1 Strong change in refractive index near the band gap
edge limits the use of absorption squared plots to estimate band gap values. The first
observation of PL in the case of InN film came only in 2002%%°, which may be due to the
poor quality of the materials synthesized earlier. We have observed cathodoluminescence
with a strong band edge emission on our samples ascertaining the good quality of the films

grown. Cathodoluminescence spectra measured at room temperature on our samples are

shown in Fig 4.4. Fig 4.4(a-c) show CL spectra from InN samples grown at 400 °C, 450
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°C and 500 °C respectively. All the samples show emission at nearly 1.78eV, similar
to the high band gap value reported by Tansley and Foley®!, and the FWHM of the
three samples grown at 400 °C, 450 °C and 500 °C are respectively 160meV, 104meV
and 170meV. Recent MBE studies have attributed the observed high band gap value to
the polycrystallinity of the sample™. However, since all the samples studied here show
similar high band edge values and are of single a-phase, it can be inferred that by our
combined in-situ RHEED and XRD studies, the polycrystallinity of grown a-InN films
does not have any influence on the observed high band gap. The inset in Fig 4.4 will be

discussed later.

4.1.6 Discounting the role of quantum size effects on band gap

Figure 4.5: FESEM images of the samples grown at a) 400°C, b) 450 °C, and c) 500
°C, respectively.

Since the observed high band gap for InN has sometimes been assigned to quantum size

effects™ determined by the grain sizes. We have mapped the surface morphology of the
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grown films by FESEM which is shown in Fig 4.5a, 4.5b and 4.5¢ for samples grown at 400
°C, 450 °C and 500 °C, respectively. Line scans showing roughness of the FESEM images
are also shown on the micrographs. From Fig 4.5a, for growth at 400 °C, it is clear that
surface morphology of this sample consists of large grains forming a quasi-continuous film.
To verify this core-level XPS study is performed. At 450 °C, the FESEM image shown in
Fig 4.5b consists of large and well separated grains. Fig 4.5¢ shows the FESEM image of
the InN film grown at substrate temperature of 500 °C where it is apparent that the film
consists of a large numbers of grains of various sizes, but are smaller in size compared
to the other two temperatures. Thus, the three samples grown at different temperatures
with different grain sizes show the same band edge emission suggesting same InN phases.
We see that the observed average grain size is about ~100nm which is quite large for any

quantum size effect to have any appreciable influence on the band gap value.

4.1.7 XPS: Composition and stoichiometry of InN

Formation of oxynitride/oxide at grain boundaries has also been suggested to be a factor
that enhances band gap*’. To address this, we sputter clean the surface with low energy
Ar+ ions before performing any XPS measurements to remove atmospherically adsorbed
contaminants and results of our samples are shown in Fig 4.6. The figure consists of
normalized In 3d core level peak from InN samples grown at 400 °C, 450 °C and 500
°C, deconvoluted into (shown only for 400 °C sample) components arising from different

201 From the figure it is clear

contributions of In bonding with In, N, O, hydroxide, etc.
that InN film grown at 400 °C has broader In 3ds/, peak as compared to those grown
at higher temperatures. This In 3d5/; peak is de-convoluted into Gaussian components
(Fityk-HWHM is ~0.7eV) from InN contribution and that from indium oxide or indium
oxynitride related contributions at 443.5eV and 444.7eV binding energies?°!, respectively.
The integrated area of In—O peak (30661) is roughly half of that of the In—N peak (56723).
Since at 400°C growth temperature the formation of indium oxide can be neglected?°?,
the extra component can be attributed to the presence of oxynitride in this film. We
do not see any oxynitride related peak in XRD pattern, suggesting that it is amorphous

9

and could be at the grain boundaries, as reported earlier®®. Oxygen in the InN films

has been attributed to the exposure of samples to atmosphere, where they adsorb at
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Figure 4.6: XPS In (3d) core-level spectra obtained for samples grown at a) 400 °C, b)
450 °C, and c) 500 °C, respectively.

grain boundaries and form oxynitrides?® or by the diffusion of oxygen from the sapphire

substrate to the InN layers?2°?

. We have ensured by Mass Spectrometry that there is no
oxygen (< 1071 torr partial pressure) in the MBE growth chamber. Fig 4.7 shows the
relative percentage composition of oxygen (on alternate y-axis) by measuring the core
level XPS peaks?®® plotted versus growth temperature. Fig 4.7 indicates that sample
grown at 400°C has 20% oxygen and at higher temperatures the percentage of oxygen
is zero. Absence of oxygen in samples grown at 450 °C and 500 °C with well-separated
granularity also suggests that the source of oxygen may not be from the ambient. Oxygen
might be resulting from the diffusion from the substrate to InN layer at this particular
temperature 400 °C. However, films grown at 450 °Cand 500 °C dont show the formation
of oxide/oxynitride. The reaction of In and N atoms at higher temperature can be faster

than diffusion of oxygen atoms to the surface of the over grown film. In Fig 4.7, we have

plotted the ratio of In to N computed from the XPS survey scan, which clearly shows that
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Figure 4.7: shows the percentage composition of oxygen and ratio of In to N at different
growth temperatures.

all the as grown samples are N rich. Since MBE is a non-equilibrium growth technique
involving kinetic influences, such a nitrogen rich stoichiometry is possible and hence can
be considered to be the source of background doping. Fig 4.7 shows that, with increase in
temperature, the ratio of In/N increases but the band edge emission remains at 1.78eV,
irrespective of the variation in the stoichiometry, again reiterating the presence of a single
InN wurtzite phase. Since we see oxygen by XPS and the bandgap is not changed, we

believe the oxygen is only at grain boundaries.

A number of reports have attributed the observed high band gap of InN to Moss-
Burstein shift 419 which occurs when carrier concentration exceeds the conduction band
density of states forming the Fermi level in the conduction band. As a result, electrons
fill the bottom of the conduction band and the band gap measured is higher. Hall
measurements of our InN films yield the carrier concentration of unintentional n-doping
to be high 102°cm™3. The theoretical prediction by W. Walukiewicz et al.''% (shown in

the inset of Fig 4.4) for the above mentioned carrier concentration should give a band
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gap of ~1.78eV, which matches quite well with our measured value. Thus, our studies
suggest that among the different factors suggested in the literature Moss-Burstein effect
can explain the observed band gap in our degenerately n-doped InN films. Though at
such a high background doping level one may expect alloying effects, since we do not

observe any core-level shifts, such effect can be discounted?3.

4.2 Role of native defects in the nitrogen flux

dependence of carrier concentration

Though the observation of the variation of bandgap values of InN has been attributed
to oxygen incorporation®! and In inclusion,?** the observation of a strong Moss-Burstein
shift?* has successfully explained the observed values. 3295206 Stydies by Kadir et al.
have shown that increase in bandgap can be due to Moss-Burstein shift and the presence
of 1% to 3% hydrostatic strain in InN films.?°” Butcher et al. examined the extent of
this shift in high and medium carrier concentration material 5x10'¥ to 5x10%° cm~3
and proposed that the band gap is much higher than the recently accepted value
of ~0.64eV, due to non-stoichiometric nitrogen rich conditions resulting in strained
films. %% Biaxial strain arises due to the lattice mismatch between substrate and over-
layer, while hydrostatic strain is mainly due to the presence of native point defects
like vacancies, interstitials and antisites in the films.?%® In the case of InN, it is not
yet clear whether interstitials or antisites cause the observed high background dopant
concentration. Earlier, first principle calculations predicted that formation energies for
nitrogen related defects (nitrogen interstitials - N;) in n-type InN are very high (~6eV),?%
but recent calculations and experimental results have proposed values ~3eV?!® and
~0.5eV 2! for nitrogen rich InN. The formation energies for other NPDs in N-rich and In-
rich InN films are given in Section 1.7.1. Molecular beam epitaxial growth is kinetically
driven and operates away from thermodynamic equilibrium, yielding deviations from
stoichiometry due to subtle changes in growth parameters like substrate temperature, flux
rates of species etc. 16212 Among these different growth parameters, the effect of substrate
68,86,94,213

temperature on the properties of InN has been well elucidated in the literature.

As described earlier, the effect of substrate temperature on the various properties of InN
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is studied and the optimized the growth temperature to obtain good quality material
on bare c-sapphire substrate is found to be 450 °C.2"* MBE growth of InN, in absence
of substrate modifications and intermediate layers like nitridation, buffer-layers and epi-
layers, provides strained films owing to the high lattice mismatch (=25%) between c-
sapphire and grown InN overlayer. Thicker films will lead to strain relaxation as the
effect of strain, which originates from native point defects at interface, become negligible

at increased thickness. 104

To produce InN films with low carrier concentration and lesser
strain, they are usually grown on modified c-Sapphire substrates, on which intrinsic
properties like band gap are measured.?!® To understand the reason behind the ambiguous
properties, InN films should be grown on bare c-sapphire to avoid the formation of

25,216 at intermediate layers. A systematic investigation of the effect of nitrogen

alloys
flux rate on nitrogen related point defects induced strain and consequently on the band

gap of InN, is described below.

4.2.1 Results and Discussions

Fig 4.8(a), (b), (c¢) and (d) show the FESEM plan view images of InN films grown on
c-sapphire at different nitrogen flux rates of 2, 4, 6 and 8 sccm, respectively. The images
show that, except for the film grown at 2 sccm, all the films have non-continuous granular
surface morphology and the surface roughness increases with increase in nitrogen flux rate.
RMS values of surface roughness for 5x5um? scanned area for sample A to D by AFM
are 47, 14, 21 and 35nm respectively. As seen in Fig 4.8(a), the sample grown at 2 sccm
has large grains connected with flat and smooth surfaces consist of deep trenches that
results in its high surface roughness. Low N-flux permits enhanced surface diffusion of In
atoms resulting in a strain relaxed large connected network structure. The corresponding
inset shows a predominantly streaky RHEED pattern, taken along < 1120 > direction,
characteristic of an atomically smooth crystalline surface. Fig 4.8(b) shows closely packed
grains with less roughness compared to the other films. The inset shows the streaky plus
spotty RHEED pattern, due to electron transmission through the crystalline 3D grains
with flat tops. Fig 4.8(c) shows the FESEM image for the sample grown at a flux rate of
6 sccm having an average grain size of 100 nm and has higher roughness (RMS of 21nm)

than that grown at 4 sccm (14 nm RMS). This high roughness may be due to N-rich
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Figure 4.8: (a), (b), (¢) and (d) show the FESEM images for the InN film grown at
different N-flux of 2, 4, 6 and 8 sccm respectively and corresponding insets show respective
RHEED pattern. Here RHEED is taken with e-beam || < 1120 >.

conditions in which nucleation density increases due to reduced migration of In atoms
and higher nitridation probability, resulting in smaller 3D island growth. The inset of Fig
4.8(c) shows a weak spotty plus amorphous ring pattern manifesting the polycrystalline
nature of the film. Fig 4.8(d) shows the FESEM image for sample grown at 8 sccm
nitrogen flux and has higher roughness compared to the films grown at 4 and 6 sccm,
again resulting from migration restricted epitaxy with increasing N-flux. At this high
flux rate (8sccm) as seen in the figure, grains with a wide distribution of sizes and shapes
grow, with the average grain size being about 80 nm. The corresponding inset in Fig
4.8(d) shows the RHEED pattern with elongated spots superimposed on amorphous ring
pattern depicting a relatively higher polycrystallinity of the 3D crystallites of the film.
The formation of relaxed network structures and compact 3D island structures observed

in the FESEM images indicate that tensile or compressive in-plane strain in our InN
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films may be negligible. Averaged Line-scans of the RHEED pattern along < 0001 > and
< 1120 > directions, give a value of ¢/a to be 1.61 for sample grown at 4 sccm, while for
the sample grown at 8 sccm the c/a ratio is 1.60.%!7 Since the lattice parameter for ideally
relaxed InN give a ¢/a value to be 1.61,2!8 it can be seen in FESEM that InN films grown
in our experiments have relaxed percolation structures with 3D island growth. Thus,
FESEM and RHEED studies show network structures with atomically smooth surface at
lower N-flux rates and rough polycrystalline 3D island morphology for the films grown
at higher N-flux rates. At the very low flux rate (2 sccm) we do not have a continuous
smooth film, but we observe a flat connected network structure with trenches. Overall,
it can be seen that RHEED and FESEM studies suggest 4 sccm to be the optimal Ny gas

flow rate to obtain relatively good quality InN on bare sapphire substrate.

4.2.2 Strain measurements and possible native point defects

0-20 vs log of intensity scans by XRD measurements on these samples are shown
in Fig 4.9(a-d) for the InN films grown at flux rates 2, 4, 6 and 8 sccm, respectively.
Log of intensity is chosen for Y-axis, to accentuate low intensity peaks. From the XRD
pattern it can be noticed that all films have wurtzite structure. Among all samples,
InN films grown at 2 and 4 sccm nitrogen flux rates show dominant c-oriented peaks of
InN(0002) and InN(0004) at ~ 31.5° and 65.5° along with substrate Al,O3(0006) peak
at ~46.7° respectively. This is in accordance with the results of RHEED and FESEM
discussed earlier for the same samples. In addition to these c-orientations, the film grown
at 2 sccm has a very low intensity peak at ~33.3° which is ascribed to InN(1010). In
case of InN films grown at 6 and 8 scem nitrogen flux rates, in addition to the on axis
planes InN(0002), InN(0004) we observe off axis planes InN(1010), InN(1011),InN(1012),
InN(1110), InN(1013), InN(1122) and InN(2022) at ~29.3°, 33.3°, 51.7°, 57.1°, 61.8°, and
69.7°, respectively. However, films grown at 6 and 8 sccm have higher intensity single
crystalline c-oriented peaks compared to the off axis components, suggesting that they
are weakly polycrystalline in nature, in consonance with RHEED and FESEM results
described earlier. The calculated ¢ and a lattice parameters from InN(0002) and off
axis high intensity peaks (averaged over all off-axis orientations) are A(5.686A, 3.538A),
B(5.692A, 3.534A), C(5.675A, 3.534A) and D(5.675A, 3.533A) for InN films grown at 2,
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Figure 4.9: (a), (b), (c) and (d) show the XRD 6-26 scans for the films grown at 2, 4,
6 and 8 sccm respectively.

4, 6 and 8 sccm, respectively.

Fig 4.10 consists of dashed and solid lines calculated for pure hydrostatic and biaxial
strains, arising due to native defects in the overlayer and lattice mismatch between
overlayer and substrate, respectively.?"2%8 In the inset, open circles represent literature
values obtained for films by MBE growth?'®2 while the solid circles are for MOVPE
grown hydrostatically and biaxially strained InN films.?°" The inset shows that the lattice
parameters calculated for our samples (solid triangles) show a small negative strain
(compressive). This minimal biaxial strain can be attributed to the relaxed network
structure and 3D island growth mode. As shown in Fig 4.11, the possible native defects
in InN are nitrogen vacancies (Vy), indium vacancies (Vy,), nitrogen interstitials (N;),
indium interstitials (In;), nitrogen on indium sites (nitrogen anitsites:Ny,,) and indium on

nitrogen sites (indium anitisites: InN). Since the size of nitrogen atom (56 pm) is smaller
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Figure 4.10: shows the plot of inplane vs out of plane strain. The solid and dashed
lines indicate pure hydrostatic and biaxial strains and solid triangles show calculated
strain values from XRD pattern. Open symbols show literature values of MBE grown
films, 218219 while solid circles are for MOVPE grown InN films. 27 solid square is for the

rf sputter grown film by Butcher et al.3%

than that of indium (156 pm), nitrogen antisites (Ny,,) and vacancies (Vy, Vy,) reduce
the unit cell volume whereas indium antisites (InN) and interstitials (N;, In;) increase
the unit cell volume of the wurtzite InN. Here, since the measured lattice parameters are
less than the relaxed values of ¢=5.706A, a=3.537A,2'8 we can infer that our InN films
have Vy,, Vi or Ny, defects. It has been shown earlier that presence of oxygen will lead
to positive strain (tensile strain) in the InN films?*® due to the formation of crystalline
indium oxide in the film, manifested as In,O3 related peaks in XRD pattern. Since our
films are grown in an oxygen free environment (with oxygen partial pressur <1074 torr as
measured by RGA) and we do not observe any In,Oj3 related peaks in the XRD pattern,
we can discount any oxygen incorporation in the films. Thus, it is clear that the films
grown at lower nitrogen flux rates 2 and 4 sccm are mono crystalline in nature, whereas

the films grown at higher flux rates of 6 and 8 sccm are weakly polycrystalline. As in the
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Figure 4.11: Possible Native Point Defects (NPDs) in InN material

RHEED and FESEM observations, XRD results again suggest 4 sccm as the optimal N
flux rate for obtaining high quality InN films.

4.2.3 Optical absorption measurements: high band gap

Fig 4.12(a), (b), (c) and (d) show the optical absorption behavior of the InN films
grown at 2, 4, 6 and 8 sccm, respectively. The absorption coefficient is determined from

transmission measurements in UV-VIS and near infrared regions, using the expression

1-R
T

where R is reflectivity, T is transmittivity and d is sample thickness.??°

a =5l
The direct optical bandgap is determined by the standard procedure of extrapolating the
linear part of the squared absorption coefficient.'®” Fig 4.12 shows that the InN films
grown at 2, 4, 6 and 8 sccm nitrogen flux show increasing absorption edge values at
1.29, 1.62, 1.72 and 1.93eV, respectively, and the free carrier absorption appears around

0.7eV.19 These values of the absorption edge are larger than the current consensus

bandgap value of 0.64eV?? and smaller than the sputter grown InN bandgap values of
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Figure 4.12: (a), (b), (c) and (d) show absorption (squared) plots for films grown at
N-flux rates of 2, 4, 6 and 8 sccm, respectively. The inset shows theoretical Moss-Burstein
shift curve along with our experimental points.

1.89¢V.8" We have determined the carrier concentration by Hall measurements for InN
films grown at 2, 4, 6 and 8 sccm to be 3.1x10%°, 4.3x10%°, 5.7x10%° and 6.1x10*°cm 3
respectively. Thus, the increase in the intensity of free carrier absorption as seen in Fig
4.12 with increasing flux rate can be attributed to the increase in unintentional degenerate
n-doping. As evident from Fig 4.8, since the grain sizes (80-100 nm) of all films are larger
than the Bohr exciton radius (8 nm) of InN films,?*?! the consequences of quantum size
effects on variation in absorption edge of InN2?? can be neglected. Since the XRD and
XPS results show the absence of InyO3 in our films, the increase in bandgap due to
oxide formation can also be discounted. Another argument for the band gap variation
is the Moss-Burstein (MB) effect, which accounts for the variation of absorption edge
with carrier concentration in the degenerate doping limit. The inset to Fig 4.12 shows
the Moss-Burstein shift curve plotted by assuming a non-parabolic conduction band and

an intrinsic bandgap value of 0.64eV.?%21> Our experimental data plotted in the inset
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show that the absorption edge follows MB shift according to the respective degenerate
concentrations. Thus, the variation in the absorption edge with N-flux can be attributed

to the carrier concentration.

Earlier studies by Kadir et al. have attributed the increase in bandgap value of InN
films due to Moss-Burstein shift and presence of 1% to 3% hydrostatic strain in InN
films.?°” Since we observe a minimal strain of 0.5% in our films, the observed variation
of band edge with carrier concentration can be solely due to the Moss-Burstein shift.?*
Butcher et al. re-visited the extent of Moss-Burstein shift in high carrier concentration
InN material and proposed that the band gap of InN are much higher (>1eV) than
the recently accepted value (=0.64eV). He relates this to the different kinds of defects
present and correlates it to nitrogen rich non-stoichiometric N:In ratios by Elastic Recoil
Detection analysis. '3%212 In our XPS experiments, the N:In ratio determined from XPS
survey scans are 1.08, 1.14, 1.19 and 1.27 for films A-D respectively,?*® there appears
to be effect of excess nitrogen on the band gap of InN. Thus, the increase in the carrier
concentration with the N flux can be due to the presence of extra nitrogen as point defects

in the samples that can influence optical and electrical properties.

4.2.4 XPS: Nitrogen related native point defects

To understand the contribution of excess nitrogen to unintentional doping, we have
performed core-level XPS measurements of N(1s). The variation in high binding energy
component in N(1s) core level can be ascribed to variation in electronic structure due to
nitrogen related point defects.'®® We have analyzed the acquired XPS N(1s) core level
data, by Shirley background subtraction and deconvolution into Voigt components to
observe any defect related manifestations. Fig 4.13 shows the deconvoluted Nls core
level for films grown at 8 scem showing components related to In-N bonding at 395.6 eV,
atomic nitrogen peak at 397.9 eV and a defect related peak at 396.9 eV. An asymmetric
tail observed at higher binding energies of the peak is attributed to the inelastic scattering
of the core electrons due to a surface charge accumulation layer, which is observed on
InN surfaces.??3224 From Fig 4.13 it is clear that integral intensity of defect peaks in all
our samples is higher than atomic nitrogen peak, showing the significant role of defects

in our samples.
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Figure 4.13: shows the deconvoluted XPS N1s core level for the sample grown at 8scem.

From XRD strain measurements discussed earlier, the possible native defects can be
nitrogen vacancy (Vy), In vacancy (Vp,) or nitrogen antisite (Ny,,). Positron annihilation
measurements performed on InN films concluded that the absence of nitrogen vacancies
in InN films is not the reason for unintentional conductivity for InN, and in general for
group III nitrides.??® The increase of carrier concentration with increase in flux rate in
our absorption and Hall studies and also N:In ratio values (>1) calculated from XPS
survey scan permit us to exclude the presence of nitrogen vacancies in our MBE grown
InN films. Though Vj, causes reduced lattice volume, these shallow acceptors cannot
explain the high carrier concentration observed in InN films. Since researchers?'? have
experimentally confirmed by UV Raman spectra the presence of Vy, at the interface
in InN films, and provided evidence of excess nitrogen that can exist in the form of
interstitial nitrogen, molecular nitrogen or nitrogen antisite. Thus, we can infer that the
atomic nitrogen species, identified by XPS core-level analysis, may be present as nitrogen

interstitials.
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Figure 4.14: shows the integral intensity ratio of defect peaks to InN peak plotted
versus N-flux rate. The solid squares and circles represent ratio of integral intensity of
nitrogen interstitial and antisite defect to InN peaks respectively.

N on an In site is an unfavorable configuration with a formation energy 5eV. But
experimental studies show that these are possible in growth that occurs in non-equilibrium
conditions. Thus, nitrogen antisite is the thermodynamically most stable defect than
nitrogen interstitial in nitrogen rich InN films. 2?22 Our results indicate that the mobile
nitrogen species which occupy the In vacancies (Vy,) may form the N anti-site defect. It
has to be noted that the presence of N interstials will increase the lattice volume with
lattice parameter larger than relaxed parameters. We speculate that the increased lattice
volume due to nitrogen interstitials could be compensated by the reduction in lattice
volume due to nitrogen antisites, resulting in minimal hydrostatic strain in InN films as
seen in Fig 4.10. Since the integral intensity ratio of defect or atomic nitrogen to InN
peaks increases with N-flux, as shown in Fig 4.14, the observed antisite Ny, and nitrogen
interstitials N; in our InN films could be contributing to the high carrier concentration.

209,210

Previous calculations assuming a thermodynamic equilibrium, have proposed high
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formation energy for nitrogen interstitials in InN, but as MBE or any epitaxial growth

occurs far away from equilibrium, such formation energies can be much smaller.?!!

4.2.5 Inferences

To identify the factors that have been attributed in the literature to explain the high
band gap observed for InN grown on bare sapphire, we have grown InN films by MBE
and probed them by complementary techniques. All the samples grown at 400 °C, 450
°C and 500 °C are crystalline (wurtzite) a-InN and show a band edge emission at 1.78eV,
irrespective of the growth temperature. Our results indicate that factors like quantum
size effect, non-uniformity and presence of oxynitrides can be discounted as plausible
reasons for the high band gap value. We demonstrate that single crystalline wurtzite InN
can be grown on bare sapphire and its c-axis orientation depends strongly on substrate
temperature. The optimum temperature for the growth of single crystalline c-oriented
InN film on sapphire substrate is identified to be 450 °C. At 500 °C the c-axis of InN
is parallel to the substrate a-b plane but at 450 °C we observe it to be parallel to the
substrate c-axis. At still lower temperature of 400 °C, single phase InN consisting of
both orientations of growth is observed. We infer that crystal orientation and In/N
stoichiometry do not influence the band gap of InN. On these nitrogen rich InN films we

conclude that strong Moss-Burstein effect can explain the observed high band gap.

Our results show that the films grown at lower N-flux yield a rough, connected network
structure while high flux rate promotes polycrystalline 3D island growth. At all the flux
rates studied, wurtzite InN films are formed, and we observe 4 sccm as the optimal flux
rate to obtain good quality InN films. Absorption measurements showing the variation in
absorption edge from 1.29 to 1.93eV as N-flux is varied from 2 to 8 sccm, are analyzed in
light of various possible reasons viz oxygen incorporation, quantum size effect, Moss-
Burstein shift and non-stoichiometry. We infer that the Moss-Burstein shift as the
possible reason for band edge variation with carrier concentration, supporting the recent
consensus on the intrinsic bandgap value of ~0.64eV for InN. Our data shows that un-
intentional dopant density increases with N flux, indicating the role of nitrogen related
point defects as a source of background dopants. The minimal compressive hydrostatic

strain from XRD studies enables us to exclude nitrogen vacancies as possible background
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dopants. Our analysis suggests that N-interstitials and antisites are the possible donor
like defects in the PA-MBE grown InN films. Thus, experiments to optimize the various
other MBE experimental growth parameters like plasma power and In flux, so as to reduce
the native defects and consequently the carrier concentration, to improve the quality of
InN formed on bare c-plane sapphire substrates, are performed and results presented in

the next Chapter.



Chapter 5

Optical band gap and surface charge

accumulation

This chapter focuses on the role of unreacted indium on the band gap of InN and role
of In adatoms on near surface downward band bending. The issue of ambiguous values of
the band gap (low to high) of InN thin film in the literature has been addressed by careful

experimentation.

We have grown wurtzite InN films by PA-MBE at different growth temperatures
(in the range of 400 - 470 °C) GaN epilayer/c-sapphire substrate, and characterized
by complementary structural and chemical probes, that yielded films with various
morphology and crystallinity and thus different optical properties. The band-gap values
are determined by optical absorption and PL studies. Absorption edge is found to depend
on the Hall carrier concentration as per the Moss-Burstein relation. Mie resonance as
a reason for low band gap value (/0.74eV) and also the formation of Indium oxides
and oxynitrides as the cause for high band gap value (x1.54eV) are evaluated. The
charge accumulation and magnitude of near surface band bending is also studied on
InN thin films by knowing the surface and bulk Fermi level position with respect to the
valence band maximum using X-ray photoelectron spectroscopy and optical absorption

measurements, respectively.

85
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5.1 Introduction

InN has remained a puzzling material and a common consensus has not been arrived at
regarding the reported crystallinity dependent material parameters such as effective mass
and band gap owing to its low dissociation temperature.?? The complexity and ambiguity
has led to a wide spectrum of reported band gap values from 0.6 to 2.2eV, using different
experimental techniques. ?>?3 The higher band gap value observed has been largely argued
to be resulting due to the presence of indium oxide, hydroxide, or oxynitride and related
complexes.?* Shubina et al. have attributed, the low band edge PL emission of 0.7-0.8¢V,
to Mie resonances due to the presence of In metallic clusters segregated at the grain
boundaries which lead to the modification of the dielectric constant of the material.?** In
their XRD pattern the peak at 33° (26) has been attributed to the presence of metallic
In clusters. However, K. M. Yu et al. have assigned the XRD feature at 33° to the
presence of polycrystalline wurtzite InN d(1011) crystallites, as they could not observe
other metallic In interplanar distances either by XRD or SAED. %7 The origin of the band
gap variation has been attributed to stoichiometry, quantum size effects, polycrystallinity,
film non-uniformity, formation of alloys and also to the unintentional dopants in the host
material. 2> Recent experimental results, largely not exclusively based on MBE, support
a lower band gap value. Since the full spectrum of reported band gap values is not
completely understood, assigning a band gap to InN is still elusive. The main reason
that complicates the comparison of results is the lack of systematic studies on samples

grown under same growth conditions and characterized by several complementary tools.

The previous chapter addressed the cause for the high band gap of InN on sapphire by
studying the dependence of its properties on growth temperature.?!* Our systematic
investigation suggested that presence of oxygen, stoichiometry, polycrystallinity and
quantum size effect do not bear upon the high band gap observed for InN. Complementing
this, the present work is an attempt towards being able to assign a proper band gap value
of InN, by carefully designing an experiment to grow InN at four different substrate
temperatures on GaN epilayer under the same growth conditions. We have chosen
Molecular Beam Epitaxy for InN growth since growth temperature can be independent

of the Ny source and in an oxygen free UHV environment. With this approach, we
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evaluate several proposed reasons in the literature for the band gap variations of InN and
correlate the variation in the carrier concentration and band gap with the crystallinity of

the material and with respect to the Moss-Burstein shift.

Epitaxially grown InN films comprise of a surface charge accumulation layer that
pins the Fermi level well above the conduction band minimum which hinders device
performance. First principle calculations have shown that the origin of Fermi-level
pinning on InN and GaN polar and non-polar surfaces is the presence of metal adlayers
on surfaces.'® In case of GaN, Fermi level is pinned at ~0.7eV below the conduction
band minimum, where as for InN it happens at =1.2eV above. In case of narrow
band gap semiconductors like InN and InAs, the Fermi level pins above the conduction
band minimum since its value at I'-point is much lower than the conduction band
edge at other k-points, as revealed by band structure calculations.'* This pinning
has also been observed experimentally by energetic particle irradiation on group III-
nitrides (InN, GaN) and on In rich alloys (InGaN). Defects induced by this irradiation
result in saturated carrier concentration which permits the Fermi-level to stabilize in the
vicinity of the branch point energy,??® where the valence band like character switches to
conduction band like behavior.??” If the branch point energy is well above (below) the
conduction band minimum, then the surface states act as donors (acceptors) which result
in downward (upward) surface band bending, originated by the charge accumulation
layer (depletion layer).5%227 Anomalous downward band bending observed in InN has
been attributed to the large difference in electro-negativity between In and N atoms,
causing difficulty in the formation of high resistive InN films.** Indium adlayers on
as grown InN films result from its low dissociation temperature which is even lesser
than that of the native indium oxide, hence solely annealing at high temperatures may
not be useful to get stoichiometric InN surfaces. 22822 Electron accumulation on surfaces
makes it very difficult to measure the electrical properties of the underlying stoichiometric
InN layer and also can reduce device performance. Evidence for the presence of charge
accumulation layer has been provided by several techniques like (high resolution electron
energy loss spectroscopy) HREELS, ' electrolyte based Capacitance Voltage, contact

152

resistance, 226230 XPS measurements!®® and theoretically by solving Poissons equation

within the modified Thomas-Fermi approximation.'*' However, the physical origin of
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this phenomenon is not yet unambiguously clear, and has been attributed not only to
the presence of donor like surface states,??” but also polarity of surfaces.!92:153:231,232
Experimentally, surface electron accumulation has been observed for both polar and non-
polar surfaces''* while it was absent on in-situ cleaved non-polar InN surfaces. 152 Initially,
researchers observed this surface charge accumulation on InAs surfaces and later on InN
and on single crystalline undoped InyOj surfaces and attributed it to native surface

defects. 2 The Fermi level pinning positions for InAs, InN and In,O3 are reported to be

at ~0.2eV, ~1.2eV and ~0.4eV, respectively,'4> above the conduction band minimum.

It is important to point out that the accumulated surface charge may be solely related
to the In(4d) electrons. However, recently, reports by Chang et al. and Zhao et al.
have shown the absence of surface Fermi level pinning on non-polar lateral surfaces
of intrinsic c-oriented non-tapered InN nano wires, 2?1?32 which highlights the role of
morphology in this observation. Researchers working on surface electron accumulation
have used hydrogen irradiation and HCI followed by annealing for cleaning the InN

141,224,229

surfaces, which itself can result in electron accumulation,??*?3 low energy

nitrogen ion bombardment also has been previously shown to create near surface donor

1

defects that resulted in Fermi level stabilization,!'® and thus causing ambiguity in

understanding this phenomenon.

Surface charge accumulation could be one of the reasons for experimentally obtained
lower mobility values. Still there is a room to improve the experimental mobility of
InN. Hence, careful experiments needs to be performed by varying basic parameters like
growth temperature, In flux and thickness. Here, we try to understand the reasons that
cause electron accumulation on surfaces of InN films formed at different temperatures and
magnitude of the band bending is measured for mono and polycrystalline degenerate InN
films using both XPS and optical absorption studies. The InN films are cleaned by using
inert low energy Argon ions by which there is no preferential sputtering of the nitrogen
and thus no III-V bond breaking.?** The value of band bending resulting from this
space charge on InN surfaces is determined by XPS-valence band and optical absorption
spectra, and is observed to be dependent on the morphology and carrier concentration

of the formed films.
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5.2 Experimental details

InN thin films A, B, C and D presented here were grown by Radio Frequency Plasma
Assisted Molecular Beam Epitaxy system (RF-PAMBE, by SVTA, USA) on a 2um thick
GaN epilayer formed on c-Sapphire (grown by Hydride Vapor Phase Epitaxy) at substrate
temperatures of 400 °C, 430 °C, 450 °C and 470 °C, respectively. InN growth is carried
out in a narrow regime of growth temperature as InN is very sensitive to the growth
temperature because of its low dissociation temperature. Ny flux rate for all the InN
growth is 4.5sccm with a Radio Frequency (RF) plasma forward power of 375W. Optical
band gap values are obtained from Photoluminescence studies. For valence band analysis,
stoichiometry and composition measurements, ez-situ X-ray Photoelectron Spectroscopy
(XPS) has been performed with a relative composition detection better than 0.1%, and
energy resolution of 100meV at 90% peak, calibrated by observing the Fermi level position
of a clean Au foil electrically connected to the sample surface. Before performing XPS
measurements, InN thin films were sputter cleaned by an optimized low energy (0.5keV,
2pA) ArT ions, to remove physisorbed adventitious carbon and oxygen resulting from

atmospheric exposure, without affecting their crystalline quality and surface composition.

5.3 Optical band gap: need of non parabolic

conduction band

5.3.1 Structural characterization

We have performed several complementary experiments to understand the subtle
relation between surface morphology, composition and structure of InN films formed
at different substrate temperatures in a narrow (400 °C - 470 °C) range. Fig 5.1(a-d)
show the AFM surface morphology scans with their respective RHEED pattern for InN
films grown on GaN epilayer at 400 °C, 430 °C, 450 °C and 470 °C, respectively. The
AFM images are acquired at different scales to view the fine features according to surface
smoothness of the formed films. Fig 5.1(a) is for film formed at 400 °C and shows a
granular surface morphology with 60-70nm 3D islands, whose RHEED inset shows a
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B 85.2nm B 30.2nm

>

Figure 5.1: (a), (b), (c) and (d),show the AFM images for the InN film grown on GaN
epi-layer at 400 °C, 430 °C, 450 °C and 470 °C respectively, and values for gradient color
bars above each image depicts height contrast of the features. The insets show respective
RHEED pattern taken with e-beam || < 1120 >.

diffused spotty pattern due to the transmission of the electron beam through the 3D
features. Fig 5.1(b) and (c) are for films grown at 430 °C and 450 °C, and show flat InN
films with a few depressions in (b) and a few (107cm™2) 50-60nm nano-metric objects
dispersed on them in (c). Insets of Fig 5.1(b) and (c) show sharp streaky RHEED pattern
which indicate the flatness of their surfaces and their single crystalline nature. Fig 5.1(d)
is the AFM topography of the film grown at 470 °C which has a rough surface with deep
trenches, manifesting as a spotty RHEED pattern. Color bars on top of the respective
images in Fig 5.1 show height contrast of the features and the RMS surface roughness
values measured by AFM for samples E to H are 17.3, 7.2, 4.6 and 10.9nm, respectively.
The higher surface roughness for the films E and H is due to the poor crystal quality
(discussed later) at lower temperature and relatively more dissociation of InN at higher
temperature, respectively. Thus, the films grown at the low (400 °C) and high (470

°C) temperatures result in higher surface roughness while those formed at intermediate
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temperatures of 430 °C and 450 °C, display a flat morphology.
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Figure 5.2: shows the HRXRD 26 — w scans for the films grown on GaN epi-layer at
400 °C, 430 °C, 450 °C and 470 °C.

Fig 5.2 shows the HRXRD measurements made with respect to Al,O3(0006) reflection
at 41.68° as reference plane, to reveal the crystal structure of the InN films, where a
logarithmic Y-axis is plotted to identify weaker signals from the off-axis planes. The top
and bottom spectra correspond to typical 2theta-omega (20-w) scans obtained for InN
films grown on GaN epilayer at 450 °C and 400 °C, respectively. The pattern show that
all the epitaxial films grown posses single crystalline wurtzite structures by indentifying
the c-oriented peaks: InN(0002) at 31.28° and InN(0004) at 65.30°, along with GaN
epilayer and c-Sapphire related ones: GaN(0002), GaN(0004) and Al;O3(0006) at 34.50°,
73.50° and 41.68°, respectively.

In the case of sample A in addition to the on-axis planes InN(0002), InN(0004) we
observe less intense extra peaks at 33.2° and 52.6° which we attribute to off axis wurtzite
planes InN(1011) and InN(1120), respectively.!%” This suggests that sample A along

with predominant c-oriented crystallites also have a few crystals with other orientations,
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resulting in a weak polycrystalline component of the film which was also clearly observed
by RHEED. We find sample C which shows a band edge of about 0.74eV, has no peak
around 33° in the XRD pattern, while samples A shows a peak at 33.18° which, we
assign to the orientation (1011) of wurtzite InN. As discussed earlier Shubina et al.,?°* had
attributed this peak to metallic In which lead to low absorption edges due Mie-resonances
and infrared emission resulting from interface states between metallic In cluster and InN
boundary. But our data shows that sample having this XRD feature at around 33.18°
show high band gap (=1.54eV), whereas sample C which has a low band edge value
of ~0.74eV (Fig 5.5) does not have this peak. Though peaks, In(101) at 32.96° and
InN(1011) 33.18° are difficult to resolve. Since there are no other metallic In related
reflections and that we dont observe low band gap value on sample A, we unambiguously
ascribe the feature to InN wurtzite crystallites having (1011) growth orientations.°” The
absence of (1011) orientation or metallic In related contribution in sample B, C and
D indicates that these samples are single crystalline in nature. Thus, the study clearly
excludes the role of any metallic In in determining the band gap of InN film. It can also be
noted that the presence of oxygen in the growth environment will result in the formation
of crystalline indium oxide in the film which will be manifested as diffraction peak in
XRD. We do not observe any oxide related peak in XRD pattern. Thus, HRXRD shows
that the film grown at the lower temperature of 400 °C is polycrystalline with no evidence

for the presence of crystalline indium metal or indium oxide phase on the surface.

Z [1130]

Figure 5.3: shows SAED pattern obtained on 400 °C grown sample

In order to check the presence of amorphous In in the grown samples, Selective Area
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Electron Diffraction (SAED) studies are performed. The ring like pattern and the other
spots related to amorphous and single crystalline In, respectively, are not observed in
SAED pattern, as seen in Fig 5.3, which infers clearly that there is no presence of either

single crystalline and amorphous Indium in the formed InN thin films.

- z ® (b)
L) © 80'
& &7
j: 360“
& | = »
~
= = 30 ®
14 400 420 440 460 480

Growth Temperature (°C)

Figure 5.4: (a) shows the w-scans (bottom to top) for the InN(0002) reflection of films
grown on GaN epi-layer at 400 °C, 430 °C, 450 °C and 470 °C. Solid red lines are Gaussian
fits for the data points. (b) shows FWHM values w plotted versus growth temperature.

Fig 5.4 shows the w-scans around InN(0002) reflection having FWHM 85, 45, 27 and
71 arc-mins, respectively. (b) plots the variation of the InN(0002) peak FWHM values
versus growth temperature. Higher FWHM values are seen for films grown at low and
high temperatures of 400 °C and 470 °C, while the films grown at the intermediate
temperatures 430 °C and 450 °C show better crystalline quality. This corroborates well
with the observations made by AFM micrographs and the RHEED pattern discussed

earlier.

5.3.2 Optical band gap measurements

Single field Hall measurements were performed in the Van der-Pauw geometry at
room temperature to estimate the electron concentration of the films as a) 4.0x10%,
b) 5.2x10Y, ¢) 2.4x10" and d) 1.5x10*cm ™3, differing with the different resistivity
values of the films. The variation in carrier concentration is according to the crystal
quality. Mobility values for respective carrier concentrations are 55, 70, 75 and 63cm?/V-

sec.8® These high carrier concentration and low mobility values are reasonable for InN
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Figure 5.5: (a)-(d) show the normalized PL band-edge emission and absorption squared
plots for the samples A, B, C and D films.

films having thickness of ~300nm. Reported high mobility values in the literature
are due to the higher thickness of the formed films and different growth schemes
employed. 86128 The first observation of PL for InN film was reported only in 2002,2
due to the poor quality of InN films synthesized earlier. In this study, we have observed
photoluminescence with a strong band edge emission even at RT1%8 in our samples,
ascertaining the good quality of the films grown. The insets (a)-(d) show normalized PL
spectra (Y-axis) and absorption squared plots (alternate Y-axis) for InN films grown at
a) 400 °C, b) 430 °C, c¢) 450 °C and d) 470 °C. The band edge emission values obtained
by PL for the samples and are 1.25, 0.75, 0.70 and 1.05eV with FWHM values of 160, 85,
72 and 130meV, respectively which increase with increasing carrier concentration. 023
The absorption coefficient is determined from transmission measurements, using the
expression o = ﬁln% where R is reflectivity, T is transmittivity and d is sample
thickness.??° The direct optical band gap is determined by the standard procedure of

137

extrapolating the linear part of the squared absorption coefficient The interference
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fringes seen in the absorption curve are due to Fabry-Perot oscillations.?*¢ Absence
of these oscillations in our earlier reported absorption spectra?'® is due to relatively
nonuniform thickness of the GaN epilayer that is used as buffer,where the interference
effects are destroyed.?” As shown in the inset, obtained absorption edge values for
samples a-d are 1.5440.05, 0.8240.05, 0.74£0.05 and 1.2540.05eV, respectively, and
are higher than the recent consensus value of 0.63eV1% due to the respective charge

carrier concentration in the films.2%°

In case of heavily doped narrow bandgap semiconductors with non-parabolic
conduction band, for instance in InN, the optical transitions in Photoluminescence are
because of the recombination between electrons in the conduction band which has the
Fermi level deep inside it and valence band heavy holes. Any conduction band electron
from Fermi level to conduction band minimum (CBM) can take part in this process,
whereas in optical absorption only direct transitions can take place from the valence
band minimum (VBM) to the Fermi level in conduction band. As a result PL emission
exhibits at the lower energy than the absorption edge.?? Absorption studies are a good
measure of the position of the bulk Fermi level and thus Moss-Burstein shift. Plotting
the values of band edge values from optical absorption and carrier concentration from
Hall in Fig 5.6, reveals a good agreement with the Moss-Burstein curve, where the shifts
in absorption edge energies are attributed to strong band filling effects resulting from

unintentional degenerate doping. 76:20°

Literature shows unintentional dopant density values up to ~ 2x10%'cm =2 in InN from
various sources?® which has been attributed to the presence of oxygen, hydrogen, excess
nitrogen and to nitrogen vacancies, but a conclusive agreement has not yet been arrived
at.?3 Also, the influence of InN crystallinity on the background doping level is yet to be
addressed. Beginning with Trainor and Rose in 1974, there have been several attempts
to correlate the band gap variation with carrier concentration.% The generally accepted
Moss-Burstein shift20%2% occurs when the carrier concentration becomes larger than the
conduction band edge density of states and the measured absorption edge shows higher
values than the actual band gap of the material. Tansley and Foley used an empirical
fit to suggest that high band gap InN materials show a weak dependence on carrier

238

concentration.**® Later Davydov et al. calculated the Moss-Burstein shift taking into
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account parabolic conduction band represented by the equation (5.1).239 Their theoretical
curve using an effective mass value of 0.1my was shown to adequately describe the band

gap variation.

k2 (1 1
Ec(k)=FE — 5.1
R (5.0

where E¢ is the direct band gap energy, h= reduced Planck’s constant, k = (372n)/3,
m, and m, are electron effictive mass at CBM and VBM. However, in a later study
the same calculation is found to severely overestimate the observed band gap values.?
Another successful attempt to elucidate the band gap variation of MBE grown samples
was carried out by Wu et al.,, who used both parabolic and non-parabolic conduction
band to evaluate the shift, though it was found that the former method with an effective
mass of 0.07myg, over-estimates the shift. "%!3° For narrow band gap semiconductors, since
the conduction band edge gets modified because of the interaction between valence and
conduction bands, a non-parabolic conduction band calculated using k.p band structure

evaluation method was employed. They calculated the conduction band dispersion by

solving Kanes two band k.p model,'*° as follows:

h2 k2 1 h2k2
E~(k)=F, — E? + AF —F 2
c(k) G+2m0+2<\/ o+ P me G) (5.2)

where, E¢ is the direct band gap energy, mg is the rest mass of electron and £, is an
energy parameter related to the momentum matrix element, mlo |(S|P.|S)|?. Based on
experimental results they have assumed a band gap value of 0.7eV and the value of
E, (=10eV) was deduced by the fit of experimentally obtained effective mass variation
with carrier concentration.” Though the predicted curve explains well the MBE results,
we find that data obtained from samples grown using other experimental techniques
(discussed later) fall well below the curve. For the high carrier concentration material
with low band gap, this has led to the argument that low band gap value is the result

of defect level emission.?® Different theoretical predictions for the Moss-Burstein shift

available in the literature have been mainly derived based upon limited observations or
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have considered only samples grown solely using MBE. But a consideration of several data
by all techniques in the literature is essential to evaluate the goodness of fit and to assign
the band gap variation to the Moss-Burstein shift. It is also to be noted that effective
mass, a key factor in the device performance and a potential parameter in deriving the
Moss-Burstein shift, is also endowed with a range of reported theoretical values from
0.06mg to 0.59m " and experimental values from 0.04mg to 0.24mg.%*? Since the Kane
matrix element is independent of compounds, the variation of effective mass with band
gap is linear, and this for InN with low band gap requires low effective mass.?4® However,
the occurrence of the high band gap in InN (1.9¢V) with an effective mass of 0.11my

falling on the linear curve has led to an ambiguous situation. 24

To study the dependence of band gap variation with carrier concentration, we have

105

performed Hall measurements on the four samples. ' Results of our measurements (star

symbols) along with various experimental measurements reported in the literature are

6.222398 Tt can be seen that there is an order of magnitude

consolidated in Figure 5
reduction in the carrier density in the low band gap samples B and C compared to
larger band gap samples A and D. Our results and the experimental growth condition
does not support oxygen as a plausible source of background dopant in our samples and
could be due to other suggested dopants in the literature such as nitrogen related point
defects.*® For InN growth on bare sapphire substrate the lattice mismatch in the two
epitaxial directions viz. [1120]InN || [1120]sapphire and [1010]InN || [1120]sapphire are
-25.4% and +29.2% which is much closer to each other in absolute magnitude compared
to other III nitrides on bare sapphire which, for example, for GaN are respectively equal
to -33.0% and +16.0%.% where sample B, C and D show relatively high quality single
crystalline smooth films. The weak polycrystalline nature of sample A with their rough
surfaces also suggest increased defects owing to orientational grain boundaries resulting
from the growth direction other than in c-axis. For sample A we have observed reflections
corresponding to other orientations of growth viz. InN(1011) and InN(1120) which will
lead to form interfacial defects. Observing the considerable scatter in the reported band
gap values from various sources, shown in Figure 5.6, we have carried out a non-linear
curve fit of the experimental data to the Levenberg-Marquardt algorithm which is based

on chi-square minimization.?*%?*2 We observe from Figure 5.6 that there are reported
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Figure 5.6: Different reported experimental band gaps for InN from literature?23%

and present experiments, along with Moss-Burstein shift calculations: (i) Tansely Foley
empirical data, (ii) assuming parabolic conduction band and (iii) assuming non parabolic
conduction band. The star symbols (a-d) are from the present experiments.

high band gap values with low carrier concentration from the earlier work by Tansley
and Foley?*® using RF-sputtering, but, have not been reproduced in the literature since.
There is a possibility of continuous alloying or mixture of indium oxide and indium
nitride, which as per effective medium theory can result in an in-between band gap value.
It has been shown that indium oxide shows a very weak dependence of band gap with

carrier concentration 6

as seen in Figure 5.6 for the fit by Tansley and Foley. This
prompts us to exclude these experimental values from the following analysis. M. Alevi
et al.'?® have used an empirical exponential fit to their data of the band gap variation
with carrier concentration for their HPCVD grown InN/GaN/Sapphire samples, and
show that the fundamental band gap of InN is about 1.20eV. Since the trend of the
data points presented in Figure 5.6 shows clearly that the Moss-Burstein curve for InN
follows an exponential form, we have fit an exponential function to the available data

points. Chi-square minimization for this empirical exponential function shows a good

agreement with the data and yields a band gap value of 0.7eV, which is higher than the
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recent reported value.?? As discussed in the introduction, a parabolic conduction band
has been used in many reports to derive the Moss-Burstein shift. We have performed
a non-linear fit to the data, assuming parabolic conduction band with effective mass
(m*) as the fitting parameter. The hole effective mass in the valence band is assumed
to be that of free electron and the band gap value is fixed to the recently accepted
value of 0.64eV. Effective mass obtained from this fit is about ~0.15mg which is higher
than most of the reported values.?? Also it can be seen that the best fit obtained after
chi-square minimization for parabolic conduction band assumption shown in Figure 5.6,
underestimates the shift especially in case of band gap data for low carrier concentration
material, suggesting the need for a non-parabolic conduction band for InN. As described
earlier, a carrier concentration dependent effective mass resulting from non-parabolic
conduction band has been much argued for InN'3® which is based on the experimental
observation that effective mass varies with carrier concentration. We have observed that,
depending on the crystallinity of the samples, the carrier concentration changes and
hence effective mass can vary for the samples. We have performed a non-linear curve fit
to the data shown in Figure 5.6, assuming a non-parabolic conduction band with energy
parameter Ep as the fitting parameter. Using the conduction band dispersion given by
Eq. (5.2), a non-linear curve fit yields a band gap value of ~0.64eV and E, of 9.5¢V,
which is close to the value deduced for E, by Wu et al.”™ We find that calculation with
non-parabolic conduction band yields a better fit to most of the experimental data. It has
to be noted that for both the parabolic and non-parabolic calculations, we have taken into
account, the conduction band renormalization effects due to electron-electron interaction
and electron-ionized impurity interaction, considering the dielectric constant to be 6.7,
without which it deviates from literature values leading to a poor fit. Observation of low
band gap values well below the calculated curve for InN having high carrier concentration
has led to the argument that the low band gap infrared emission results from the defect
states of a high band gap InN material.?® The equi-distribution of data points above
and below the fitted curve shown in Figure 5.6 suggests that the large scatter in the
values can be attributed to measurement errors in determining the band gap due to band
broadening and strong change of refractive index near the band edge.?® Thus, a low band
gap value with a non-parabolic conduction band can explain the variation in the band

gap values of InN.
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5.4 Surface charge accumulation and band bending

5.4.1 Removal of physisorbed surface contaminants: Low

Energy Ar" sputtering
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Figure 5.7: shows the survey scan and Ols core level (as inset) Ar™ ion bombardment
treated on treated and untreated film.

Inorder to remove native oxide and physisorbed contaminants resulting from
atmospheric exposure, all films were sputter cleaned using low energy Ar* ions. Fig
5.7 shows the survey scans acquired on the film grown at 430 °C with and without
cleaning. After treatment, O1s and CIs core level peaks almost vanish, which indicates
the removal of adventitious carbon and oxygen. As oxygen is a surface contaminant, it
does not effect on bulk band emission of the films. Slight increase in the intensity of N1s
and In3d peaks on treated films reveals that there is no degradation in the film surface
and composition. Inset to Fig 5.7 shows O1s core level on treated and untreated sample.
Before ion - bombardment it exhibited two shoulders which are related to O—In bonding

at lower binding energy and physisorbed oxygen at higher binding energy,??** but in the
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treated sample O 1s signal is absent.

5.4.2 1In3d core-level deconvolution: Presence of In adatoms on

the surface
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Figure 5.8: shows XPS studies of the In3ds/5 core level obtained on treated InN thin
film grown at 430 °C, deconvoluted into In—In, In—N and inelastic scattering of near
surface electrons. Inset shows filled squares and circles for the integral intensity ratio
of In—In to In—N components (I7,,_r,/I;n) collected at 15° and 75° electron emission
angles with respect to the sample plane, for films deposited at different temperatures.
To determine the surface chemical state of indium in our films, core level XPS
measurements were carried out on treated InN samples, and a representative result is
shown in Fig 5.8 for the 430 °C grown film. The binding energies of the respective
transitions are obtained with reference to the Fermi level position, after Shirley-
background subtraction. Injd core level is not considered for analysis, as its binding
energy overlaps with that of N2s core level. The figure shows the deconvoluted InJds

core-level spectrum, using Voigt line shapes with 10% Lorentzian component, yields two

chemical states at 443.80eV and 442.50eV, assigned to the In—N and In—In bonding,
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respectively. The absence of In—O or In—O—N (indium oxynitrides) bonding related
component is also evident in the InSds/, core level recorded on treated InN films. The
small peak , at higher binding energy(=a445.50eV) (without this peak asymmetric tail
remains) can be attributed to inelastic losses to the conduction electrons in the charge
accumulation layer.??* Inset to Fig 5.8 shows the integral intensity ratio of In—In
component to In—N component in InJds;, core level peaks, acquired at photo electron
emission angles of 15° and 75°, with respect to the sample surface plane to see the
distribution of In along the depth of the sample. This ratio remains almost constant for
each emission angle, but has larger value for the core-levels collected at 15° grazing angle

than that at 75°, showing the surface accumulation of In adatoms on the InN films.

5.4.3 XPS valence band spectra analysis
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Figure 5.9: (a-d) shows photoemission valence band spectrum for the samples (A-D).

The magnitude of the surface band bending can be estimated from the energy

separation between surface and bulk valence band maxima values (VBMégLfface -
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VBM#%,) determined by XPS valence band spectra and the previously described
absorption measurements. Fig 5.9(a-d) shows representative valence band spectrum
for the samples E-H. The values of the valence band maxima (VBM) determined by
extrapolating the linear fit to the leading edge of the valence band to the base level 152
are 1.65, 1.70, 1.72eV and 1.67eV for samples A, B, C and D, respectively. A downward
near surface band bending can be expected, if the surface Fermi level E lies well above
the CBM than the bulk Er, the schematic representation of the downward band bending
is shown in inset to Fig 5.10, whereas in the case of a flat band,?*® the measured
surface Fermi level position should almost align with CBM of InN at I'-point. The
measured values indicate that the Fermi level gets pinned well above the CBM nearer to

152,226

branch-point energy, which can be attributed to the universal charge accumulation

phenomenon on InN surfaces. %!
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Figure 5.10: shows band bending values plotted vs carrier concentration(n), open
circles are from this study and the dashed line is by King et al.'4*. The inset shows band
diagram, X = VBM§£?GC€ and A = VBM4%, are Energy separations between Valence
Band Maximum to Fermi level on surface and in bulk respectively, determined by XPS

and absorption measurements.
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In Fig 5.10 open circles represent downward band bending, resulting from this
accumulation, which is plotted as a function of carrier concentration. The dashed line
show B-spline fitting to the values measured by King et al.'**, to which our experimental
data agrees well. It is clear from the plot that single crystalline InN thin films grown
at temperatures 430 °C, 450 °C and 470 °C show surface band bending (0.88, 0.98
and 0.42eV), while the polycrystalline sample grown at 400 °C hardly possesses any.
These values are listed in Table 5.1. The absence of downward band bending can be
attributed to high band emission energy resulting from band filling effects, where the
Fermi level has been pinned well above the conduction band minimum as a consequence

of the Moss-Burstein shift. Mahboob et al. have shown that the surface charge density

Table 5.1: Different experimentally measured parameters: resistivity, carrier density,
hall mobility, Absorption edge, AFM roughness, w-scan FWHM of InN0002, Valence
Band Maxima and Band bending values for samples A, B, C and D.

Sample Resistivity Carrier ~Mobility ~Absorption AFM  w-scan XPS Band
p density-n o edge  roughness FWHM VBM bending

(Q-cm)  (em™3) (em™%/V-sec) A (eV)  (nm) (arc-min) X(eV) X — A

A 2.7x107* 4.0x10% 95 1.54£0.05 17.3 85 1.65 0.1

B 1.8x107? 5.2x10% 70 0.82£0.05 7.2 45 1.70  0.88
C  34x1073 2.4x10Y 75 0.74+£0.05 4.6 27 1.72  0.98
D 5.6x107* 1.5x10% 63 1.25+£0.05  10.9 71 1.67 0.42

on InN surfaces is 2.8 x10*°cm ™ from HREELS measurements, which is slightly less than

3 measured in our sample A, resulting in a

the carrier concentration of 4.4x10%cm™
metallic like surface and thus a flat-band. Thus, from deconvolution of In3ds/, core level
and valence band studies, the downward band bending induced by electron accumulation
can be attributed to the presence of indium adatoms which result in donor like surface

states on the single crystalline InN films, while its absence in the polycrystalline films

shows the equilibrium condition between surface and bulk carrier concentration.
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5.5 Inferences

In summary, to study the cause for surface electron accumulation, InN films of different
morphology are grown at different temperatures in ultra clean conditions on Al,O3(0001)
substrate with a GaN buffer epilayer. We have undertaken the study realizing that the
exploitation of the excellent electronic and optical properties predicted for InN is hindered
due to the lack of consensus in the origin of the variation of the fundamental band gap
value in literature. Characterization by various techniques show that the wurtzite InN
thin films formed at low temperature (400 °C) are polycrystalline while those grown at
high temperatures (430 °C, 450 °C and 470 °C) are single crystalline in nature, with the
high quality film obtained at 450 °C. Complementary surface sensitive and bulk chemical
and structural probes have enabled us to rule out the possibility of Mie-resonances as
reason for the low band gap feature of InN and Indium oxynitride or oxide as causes for
high band gap as perceived in the literature. Our studies do not suggest oxygen as a
source of background dopant in InN. We comprehensively review the band gap data of
InN presented in the literature. A Moss-Burstein shift based on non-parabolic conduction
band is found to explain well the observed band gap variation in literature and the present

work, and yields the fundamental band gap value of InN to be 0.70eV.

Thus, variation in optical band gap values acquired from absorption measurements
with Hall carrier concentration is in accordance to the Moss-Burstein curve, due to
strong band filling effects. X-ray photoelectron emission core-level and valence band
studies reveal that the Fermi level pinning is well above the VBM (~ 1.8¢V') which is
attributed to near surface charge accumulation from In adlayer on single-crystalline or
polycrystalline InN films. The consequent surface band bending values, determined by
optical absorption and XPS valence band maxima positions, are seen to be prevalent
for the single crystalline InN films. A flat band is observed for the highly degenerate
polycrystalline films with high band gap, when the bulk carrier concentration tends to
equate the surface charge density. Thus, this study attributes the band bending which
originated from In induced surface charge accumulation to the bulk carrier concentration
which is related to the crysalline quality of the formed films. As our results match with

earlier reports in literature, we show that low energy Ar™ ions also can be used for cleaning
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InN surfaces. The work highlights the need to find optimal conditions for stoichiometric
and single crystalline thin film formation especially at the surface to make good contacts
for devices and to reduce detrimental effects on the opto-electronic properties of this

highly potential material.



Chapter 6

InN growth on In induced

superstructure phases of Si(111)-7x7

This chapter studies the growth of InN thin films on the 7x7 reconstructed Si(111)
surface, by characterizing their structural, morphological and optical properties. A
novel approach by initially forming submonolayer In induced super-structures on Si(111)
surface, followed by growth of InN on these modified surfaces is adopted. The results show
that unit cells of the superstructures that integrally match the InN unit cell, enable the
growth of high quality films that show superior structural, optical and electronic properties.

We call this novel approach as Superlattice Matched Epitaxy.

6.1 Introduction

InN films possess high unintentional conductivity, which originates from dislocations,
native point defects, unreacted Indium, mono-atomic hydrogen, and other guest
impurities. 114:136:233.243 The residual unintentional degenerate n-type doping and the very
large surface electron density (~10%cm ™)1 have made it extremely difficult to achieve
p-type doping in InN and to accurately determine other fundamental properties such as
band gap and carrier effective mass.?¥ The high growth temperature, required to crack
ammonia precursor, dissociates InN and thus renders CVD processes non-desirable for
the growth of InN. The Plasma Assisted Molecular Beam Epitaxy (PA-MBE) growth has

the advantage of employing low growth temperatures because of the high reactivity of

107
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the nitrogen (N3) plasma with the elemental In flux at the substrate surface.

At high temperatures necessary for epitaxial growth, InN tends to dissociate, resulting
in poor crystal quality film?°. Thus, there is a necessity to identify conditions and
methods to grow good quality epitaxial at relatively low temperatures. Efforts for the
incorporation of nitrides into the Si industry have been nominal at best, especially in
the case of InN. As in the case of growth on sapphire, substrate nitridation of Si surface
and growth of AIN and InN epilayers are found useful for the growth of InN films on Si
substrate. 21244245 Though lack of a suitable substrate material is a common problem to
grow good quality InN, c-Sapphire and 6H-SiC are the most commonly used substrates
for InN growth with lattice mismatch values of 25% and 15%, respectively. But, the
high resistivity of these substrates prevents direct electrical connection of InN devices
with electronic components. On the other hand, Si(111) is an alternate substrate for InN
growth due to its high abundance, low cost, good thermal conductivity, excellent crystal
quality, attainability of large sized wafers, cleavability, excellent doping properties and
the maturity of silicon technology.?% In the literature, several surface modifications of
the sapphire substrates, such as formation of a thin AIN intermediate layer, growth on
GaN epilayers, use of low temperature InN intermediate layer and alternating low and
high temperature (HT) layers have been employed?> 8910118215 and gignificantly high
electron mobility values are demonstrated.?”%¢ Similar procedures have been pursued for
Si as well. For instance, Grandal et al. reported the improvement of the InN crystal
quality when HT-AIN buffer layers were used?*”, Wu et al. studied the RF-MBE growth
of InN using an AIN /ultrathin 8-SizNy as buffer layer on Si and found that 5-Si3N, serves
as an effective diffusion barrier for Si auto-doping.?*® However, these methods still rely
on the use of high substrate temperature for the InN films, which itself may result in
non stoichiometric films and undesirable effects of thermal expansion mismatches and Si
auto-doping. Thus, in search of a novel growth scheme to grow good quality InN on Si
substrate at relatively low growth temperatures than conventionally employed, we invoke

the possibility of using metal induced Si reconstructions as growth templates. 2

Semiconducting surfaces are endowed with several fascinating ordered reconstructions
which exhibit rich structural and electronic properties. Several research groups,

including ours have previously shown the formation of several In induced submonolayer
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superstructural phases on Si(111) surfaces, viz. Si (111)-1x1-In, Si (111)-v/31 x
V31 R419°-In, Si (111)-v/3 x v/3 R30°-In, Si (111)-4x 1-In.?**?5! Based upon several
experiments in UHV and using in-situ Low Energy Electron Diffraction (LEED) and
Auger Electron Spectroscopy (AES) measurements, we have previously reported a 2D
phase diagram?? for this system that shows several kinetic pathways for the formation
of these reconstructed structural phases that have different 2D lattice parameters. The
present study is a demonstration of In induced stable interfacial superstructural phases
on Si (111), as templates for InN growth. We employ here Plasma Assisted Molecular
Beam Epitaxy as the preferred technique for InN growth, since the growth temperature

chosen can be independent of the N source.

The experiments involve firstly, the formation of the In metal induced superstructural
phases in the submonolayer regime, followed by growth of epitaxial InN films and
characterized by complementary tools. We then correlate the 2D unit cells of the
superstructure and InN overlayer in terms of Superlattice Matching Epitaxy (SME). For
InN, we have shown that 0.5 ML In induced 1x1 surface reconstruction of unit cell size
3.8 A is the best lattice matched super-structural phase on Si(111) which results in a
lower lattice mismatch (8%) with that of InN unit cell of 3.53 A. Furthering this, in
this study InN growth temperature has been optimized on Si (111)-1x1 as well as Si
(111)-7x7 surface reconstructions, which are now used as templates to grow superlattice

matched epitaxial high quality InN films.

6.2 Experimental

We use the phase diagram for Si(111)-7x7-In system as guidance to obtain these
superstructural phases in our PA-MBE system. Si(111) substrates are thermally degassed
inside the preparation chamber at 600 °C for 60 min and further cleaned in the growth
chamber at 800 °C for 30 min and at 900 °C for 5 min to remove the native oxide. While
cooling the substrate down to room temperature, the 1x1 to 7x7 phase transition are
observed at ~ 760 °C. We adsorb about 2ML of In at RT on Si(111)-7x7 surface and
anneal the surface at different temperatures in such a way that the metal desorption
results in different surface reconstructions??2%3 by monitoring the evolution of the

superstructures using RHEED.
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6.3 In induced reconstructions of Si(111) as
superlattice matched epitaxial templates for InIN

growth

First section of this chapter presents the InN samples grown on, 7x7, 4x1 and 1x1
surface phases and are denoted as samples A, B, and C respectively. Indium flux and Ny
flow rate are maintained same for all the samples. The InN growth temperature is chosen
as low as 300 °C, since all the studied surface phases are stable at this temperature. The
second section includes the optimization of the growth temperature on 7x7, and 1x1
surface reconstructions. To improve crystal quality further, these optimized templates

are used as surface modified substrates.

6.3.1 Evolution of In induced superstructures of Si(111) surface
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Figure 6.1: Desorption curve and reconstructions: Auger residual thermal desorption
curve for In/Si(111)-7x7 system showing the appearance of different superstructural
phases and their respective RHEED patterns are shown. (a) 1x1, (b) 4x1, (c) v/31x+/31,
(d) v/3 x v/3 and (e) 7Tx7.

The kinetic pathway is represented by the desorption curve in Fig 6.1 which plots the
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In/Si Auger ratio versus annealing temperature. The Auger ratio of In MNN (404eV)
peak to Si LVV (92eV) peak is plotted versus annealing temperature showing the residual
thermal desorption process. The figure shows the progressive appearance of different
ordered phases viz., (a) 1x1, (b) 4x1, (c) v/31 x v/31, (d) V3 x v/3 and (e) 7x7 as In
desorbs from the surface from hierarchical sites, as shown by RHEED and Auger ratio in

the figure.

6.3.2 Structural characterization

Figure 6.2: Surface morphology and structure: FESEM and RHEED (inset) images for
different InN samples: (a) sample A, (b) sample B and (c) sample C.

Surface morphology of the grown InN films obtained by FESEM is shown in Fig 6.2(a-c)
for samples A, B, and C, along with their respective RHEED pattern as insets. Fig 6.2(a)
shows large InN crystallites of random shapes and the corresponding RHEED pattern
depicts broken ring pattern, characteristic of mis-oriented or polycrystalline surfaces. Fig
6.2(b) shows the FESEM image for InN grown on 4x1 phase, which has closely packed
hexagonal crystallites with average grain size of ~100nm having pyramidal tops. The

inset of Fig 6.2(b) shows corresponding broken ring RHEED pattern where the elongated
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spots (arcs) have a high spot to background intensity contrast, suggesting a mis-aligned
arrangement of the crystallites. The InN grown on 1x1 surface shows a morphology in
Fig 6.2(c) which consists of relatively larger hexagonal grains with flat tops. Inset to
Fig 6.2(c) show a RHEED pattern, which is spotty and streaky, superimposed on a faint
ring background. This manifests better ordered InN crystallites formed preferentially on
the 1x1 phase, as compared to films grown on other superstructures. The Root Mean
Square (RMS) surface roughness of the different samples grown is measured by AFM,
over a 5x5um? area. Sample A shows RMS roughness of ~35nm whereas samples B and
C have a value of ~15nm indicating that films formed on 1x1 and 4x1 surfaces, have

smoother surface morphology.
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Figure 6.3: X-ray Diffraction: XRD patterns for samples A through C. Inset shows the
scans of 0002 reflections for different samples. (a), (b) and (c) represent samples A, B
and C respectively.

Fig 6.3(a~c) consist of the 6-20 XRD scans for samples A, B, and C, respectively,
confirming the wurtzite structure of InN films are formed. Fig 6.3(a) is the XRD pattern
for InN grown on clean Si 7x7 which clearly shows crystalline InN (0002) and InN (0004)

peaks at 31.33° and 65.37° respectively. The Fig 6.3(a) also shows the presence of weak
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InN (1011) and (1013) reflections at angles 33.16° and 57.04°. Fig 6.3(b) and (c) are the
XRD pattern for InN grown on the 4x1 and 1x1 superstructural phases which have only
crystalline peaks related to InN (0002) and InN (0004). Scans of the (0002) wurtzite
InN reflections on the different samples (after subtracting the contribution from the K,q
X-ray component) are shown as inset in Fig 6.3 for samples, A through C and FWHM
of the (0002) reflection for samples A shows a value of ~1000 arcsec, whereas samples
B and C have a significant lower value of ~645 arcsec. Thus, XRD results show better

crystalline quality for samples B and C.

We have measured charge carrier concentration of samples A, B, and C by Hall

3 and

measurements using a magnetic field of 0.58T, as 6.3x10%* cm™3, 3.1x10%*cm™
6.0x 10*¥cm3respectively. We can see that there is an order of magnitude reduction in

the carrier concentration for InN grown on the 1x1 surface.

A
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Figure 6.4: shows the schematic for the unit cell relationships of InN and different In
induced superstructural reconstructions of Si(111) surface.

We have also grown InN on other reconstructions observed for the Si(111)-7x7-
In system which showed poor surface morphology, structural, optical and electrical

characteristics. ~ To understand why the 4x1 and 1x1 superstructures result in
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better epitaxial InN films, we calculate the 2D unit cell parameters for the different
superstructural phases and evaluate their epitaxial compatibility to the InN unit cell.
The in-plane lattice constant of InN and that of bulk truncated (unreconstructed) Si(111)
surface are 3.53Aand 3.80A, respectively. The InN lattice match with Si 7x7, 4x1

and 1x1 unit cells is schematically shown in Fig. 6.4. Fig. 6.5 shows the coincidence
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Figure 6.5: shows the coincidence, represented as dotted lines, of the integral multiples
of lattice parameters (na) of the superstructural phases 1x1, 4x1 and 7x7 with that of
InN.

(represented as dotted lines) of the integral multiples of lattice parameters of the super
structured phases 1x1, 4x1 and 7x7 with that of InN. The maximum misfit is with the
large domain (7x7), due to the matching of fifteen InN unit cells with two unit cell of
7x7. In the case of (4x1), thirteen unit cells of InN match with three unit cells of (4x1)
through long edge. The 1x1 phase has almost equal lattice parameter of InN, hence
the lattice matching occurs at every unit cell of InN. The fact that InN grown on the
1x1 and 4x1 In induced reconstructed surfaces on Si(111) are of superior quality, can
be attributed to the relation between lattice parameters of In induced superstructures

1x1, 4x1 and 7x7 on Si(111) with that of InN lattice, and are ajx; = 1.06a7,n, a4x1
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= 4.3ar,n and arx7;= 7.5ap,n, as shown in Fig. 6.5, yielding an integral-superlattice
matching epitaxy of 1/1, 13/3 and 15/2, respectively. Hence, SME shows that 7x7 has
higher domain mismatch with InN unit cell, whereas 1x1 and 4x1 phases form better
matched template, resulting in superior InN film. Thus, we not only demonstrate a novel
method to form better quality InN at a reduced temperature, but also the criticality of the
nature of the interface in deciding the material quality of the films. Though the results
show formation of crystallites rather than uniform InN films, on specific superstructural
phases, as indicated by their superior bulk crystallinity, these films can also serve as
better low temperature template for the two step growth method. However, there is a
need to optimize this technique to get smooth and continuous InN thin films for high

performance, stable layers.

6.4 Lowering of growth temperature of epitaxial InN

by superlattice matched intermediate InN layers

In this study, InN growth temperature has been optimized on Si (111)-1x1 as well as Si
(111)-7x7 surface reconstructions, which are now used as templates to grow superlattice
matched epitaxial thin native intermediate layers to form good quality InN. Table 6.1

provides all the sample details, and the notation used in the study.

Table 6.1: Defines the notations for samples prepared by various routes.

Sample Indium induced Growth Superlattice matched

phase on Si(111) Temperature(°C)  intermediate layers

Al T 100 No
A2 T 200 No
A3 X7 300 No
A4 1x1 100 No
A5 1x1 200 No
A6 1x1 300 No
B1 - 350 A5(30 min)

B2 - 350 A6(30 min)
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300°C

7 X7

Figure 6.6: (a) - (c) show the top view FESEM images for the InN films grown on In
induced Si(111)-7x7 super structural phase and 6.6(d) - (f) for the InN films grown on In
induced Si(111)-1x1 super structural phase at 100 °C, 200 °C and 300 °C, respectively.
The top-left insets of 6.6(e) and (f) show the FESEM cross sectional view of the films
A5 and A6. The top-right insets show respective RHEED pattern taken with e-beam ||
< 1120 >.

Fig 6.6(a) - (c) show the FESEM plan view images of InN films grown on bare Si(111)-
77 surface at 100, 200 and 300 °C (samples A1, A2 and A3), while Fig 6.6(d)-1(f) is
of InN films A4 - A6 grown on In metal induced - 1x1 reconstructed Si(111) surface
at 100, 200 and 300 °C, respectively. The images show that all the films have non-
continuous granular surface morphology and the surface roughness varies with growth
temperature. Samples A2 and A5 grown at 200 °C on Si(111)-7x7 and 1x1 surface
reconstructed phases are relatively smoother [Fig 6.6(b) and (e)] than the films grown
at 100 °C and 300 °C on both the phases. RMS values of surface roughness calculated
from 5x5 pm? scanned area for sample Al to A6 by AFM are 12.4, 11.0, 32.0, 8.8, 4.7
and 9.2 nm, respectively. These values show that the films grown on Si(111)-7x7 have
higher surface roughness than that of the films grown on better lattice-matched Si(111)-
1x1 at respective temperatures?3. Higher surface roughness values (32 and 9.2 nm) for
samples A3 and A6 can be due to the enhanced surface diffusion of In atoms at relatively
higher growth temperatures. The corresponding top-right insets of each image show

the respective RHEED pattern, taken along < 1120 > direction, consisting of rings, or
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rings with elongated spots for samples Al to A4, reflecting poor crystal quality and high
surface roughness measured. The faint streaks for sample A5 is due to a fairly atomically
smooth crystalline surface. Observation of spots alongside the streaky pattern for sample
A6 is due to electron transmission through the crystalline 3D granular structure with
flat tops. The Fig 6.6(e) shows less surface rms roughness with closely packed flat top
grains which appear to have coalesced at this relatively lower growth temperature of 200
°C. The top-left insets to Fig 6.6(e) and (f) show cross-sectional view of samples Ab
and A6, respectively. Compact and flat morphology is observed for sample A5, while A6
exhibits 3D columnar growth morphology with faint rings in its RHEED pattern due to

the relative azimuthal misorientation of the crystallites.

Figure 6.7: (a) and (b) show the top view FESEM images for the samples B1 and B2
respectively. 6.7(c) and (d) show the respective FESEM cross sectional view. The insets
to 6.7(a) and (b) show respective RHEED pattern, taken with e-beam || < 1120 >.

Among these six samples, A5 and A6 show streaky RHEED pattern and relatively
smooth surface morphology and narrow FWHM values in HRXRD (discussed later).
These films are now used as intermediate layers for growing InN epilayers at 350 °C to get
better epitaxial films. As higher temperature is essential for better epitaxy, the second
series of growth of InN has been performed at a relatively higher temperature but still

100 °C less than that used conventional methods for growing InN. In this set, for further
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improvement in bulk crystalline quality of InN epilayers A5 and A6 samples grown for
30 min have been used as low temperature lattice matched epitaxial intermediate layers
to grow InN epilayers at 350 °C. Fig 6.7(a) and (b) show FESEM plan view images with
their RHEED pattern as insets for the samples B1 and B2 which are grown at 350 °C on
top of the low temperature lattice matched epitaxial intermediate layers of thickness ~60
nm grown at 200 °C (A5) and 300 °C (A6), respectively. The films consist of isolated
granular morphology, whose average grain size for sample B1 and B2 are 200 and 70 nm
and AFM rms surface roughness values for these samples are 5.2 and 8.0 nm, respectively.
The spotty RHEED pattern of 6.7(a) is due to transmission of electrons through the 200
nm 3D islands, as evident from Fig 6.7(c). While the RHEED elongated spots through
arcs in Fig 6.7(b) can be due to the slight misorientation of nano columns as seen in Fig
6.7(d). Thus, the InN film formed on top of 200 °C grown on the lattice matched (1x1)
intermediate layer shows better surface crystalline quality than that of the film grown on

top of 300 °C grown intermediate layer.

To understand the crystal structure and bulk crystalline quality of the InN films
HRXRD measurements are carried out and the results are shown in Fig 6.8, which
shows 260-w scans that are acquired on symmetric and asymmetric planes for sample
B1, respectively. In symmetric geometry, samples are aligned with reference to the
strong Si (111) reflection observed at 28.4°. The film B1 is seen to be single crystalline
wurtzite structure, by displaying intense c-oriented peaks, InN(0002) at 31.28° and
InN(0004) at 65.30° along with substrate peaks viz. Si(111) and Si(222) at 28.4° and
58.8°, respectively, as shown in the Fig 6.8(a). Asymmetric planes are studied in skew
symmetric geometry, where plane of interest is setup normal to the diffraction plane in
such a way that it satisfies Bragg’s diffraction conditon®**. Fig 6.8(b) shows 20-w scan
for the asymmetric reflection which consists of InN(1011) and InN(2022) peaks at 33.40°
and 69.79°, respectively. Similar HRXRD pattern are observed (not shown in figure) for
remaining samples (Al to A6 and B2) which confirm that all the grown films possess
single crystalline wurtzite structure. Inset in the Fig 6.8 shows the w-scans (rocking
curves) around the InN(0002) and InN(1011) reflections, and the FWHM values are
listed in Table 6.2. Comparing the FWHM values for samples A5 (1.35°) and B1 (0.82°),
it can be seen that crystalline quality of B1 is better than that of A5. Similar trend
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Figure 6.8: (a) and (b) show the HRXRD 26-w scans that are acquired on symmetric
and asymmetric reflections for film B1. The inset shows the w-scans for the InN(0002)
reflection of films A5, A6, Bl and B2, and for InN(1011) reflection of films B1 and B2,
respectively.

has been observed for samples A6 and B2. The high FWHM values of 1.74 and 1.25°
for samples A6 and B2 reflects the crystallite tilt, as observed in their FESEM cross
sectional view and RHEED studies. The rocking curves around InN(1011) reflection for
films B1, B2, A5 and A6 having the FWHM values of 1.55, 1.88, 2.10 and 2.36° (for A5
and A6, rocking curves are not shown in the inset), which are higher than the respective
InN(0002) rocking curves, indicating dominating edge dislocations, resulting from twist.
Thus, mosaicity is resulting from tilt and twist of the grown crystals which is less for
sample Bl in comparison to other samples. As described by Lee et. al?*, dislocation
density is calculated using tilt and twist from InN(000l) and extrapolated InN(hOh0)
rocking curve broadening values, for sample B1 and is found to be ~ 6x10*cm=2. The

films grown on lattice matched intermediate layers have shown improved crystal quality
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than the films grown directly on metal induced surface reconstructions Si(111)-7x7 and
Si(111)-1x1. Thus, from 26-w and w-scans it is observed that the InN film B1 has the

best single crystalline quality among the films grown.

Room temperature Hall measurements performed on these samples at 0.587T show that
they are n-type and the corresponding carrier concentration and mobility values are listed
in Table 6.2. The table also consists of the respective stoichiometry ratios obtained from

XPS and band edge emission observed by PL, and will be discussed later.

Table 6.2: Different experimentally measured parameters: AFM roughness, rocking
curve FWHM, hall carrier concentration, mobility and XPS % composition ratio, PL
band edge emission for all samples.

AFM rms  Rocking curve Carrier Mobility ~ XPS PL
roughness  InN0002/1011  concentration I In/N  emission
Sample (nm) FWHM (deg) n (cm™3) (cm?/V-s)  ratio (eV)
Al 12.4 3.21 7.0x10%! 11 1.15 -
A2 11.0 2.15 3.0x10%° 23 0.91 1.32
A3 32.0 2.73 6.3x10%° 13 0.93 2.00¢
A4 8.8 3.12 3.0x102%! 17 1.13 -
A5 4.7 1.35 / 2.10 1.2x10%° 50 1.03 1.12
A6 9.2 1.74 / 2.36 6.0x10%° 47 1.00 0.74¢
B1 5.2 0.82 / 1.55 4.2x10%° 75 1.00 0.72
B2 8.0 1.25 / 1.88 8.1x 101 57 1.02 0.80

“Referenceoss.

To understand the dependence of electron mobility on structural quality of films,
electron mobility and rocking curve FWHM values are plotted as a function of carrier
concentration for all samples in Fig 6.9. As expected, it clearly shows that mobility
monotonically decreases with increasing carrier concentration. Samples that possess high
mobility have good crystalline quality (lower w-scan FWHM values). Hall measurements
also reveal that sample A5 and A6 which have narrower XRD FWHM values, have better
electrical properties among the first six samples Al to A6, as listed in Table 6.2. This
justifies the choice of the identical growth parameters of A5 and A6 to obtain the low

temperature lattice matched intermediate layers to form improved thin films. When
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Figure 6.9: shows Hall mobility and HRXRD rocking curve FWHM values plotted as
a function of Hall carrier concentration for all the grown samples, solid lines show the
trend of variation in parameters.

the lattice matched intermediate layers are employed in the case of samples B1 and B2,
grown at relatively high temperature (350 °C), the crystalline quality is improved as well
as better electrical transport properties are obtained for these samples. Calculated TD

—2. However, since

density from HRXRD measurements for sample Bl is ~ 6x10 cm
these films are highly degenerate (10'%-10%° cm™3), the effect of dislocations is expected

to be minimal on the mobility of electrons, due to electron screening. !

Fig 6.10 depicts the plot of AFM surface roughness versus mobility, which reveals that
higher the surface roughness, lower the Hall mobility and samples having AFM roughness
greater than 12 nm show very low mobility. The sample A5 with lower roughness (4.7
nm) is having mobility of 50 cm?/V-sec which is lower than the mobility of the samples
B1 and B2 with higher roughness values. This can be explained by the fact that A5
has relatively broader rocking curve FWHM which reveals poorer crystalline quality and

hence low mobility among these three samples (A5, Bl and B2). Overall, Fig 6.9 and
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Figure 6.10: shows AFM rms surface roughness plotted versus Hall mobility.

6.10 infer that the mobility of electrons mainly depends on bulk carrier concentration and
structural quality rather than surface morphology of the films. Thus, InN film B1 grown
on 200 °C lattice matched intermediate layer exhibits minimum carrier concentration and

narrow rocking curve FWHM along with higher electron mobility of 75 cm?/V-sec.

The observation of PL for InN films was not reported until 20022° and are still rare
in the literature, due to the poor quality of InN films synthesized. We observe PL
emission at RT for most samples, except for A1l and A4 samples. Fig 6.11 shows the
RT photoluminescence spectra obtained for samples A2, A5, Bl and B2 with band edge
emission values of 1.32, 1.12, 0.72 and 0.8 eV, respectively. The PL emission values 2.0
and 0.74 eV for samples A3 and A6 are previously reported?>®. The widths of the PL
emission peaks are found to increase with increasing Hall carrier concentration. Among
the first series of samples (A1 to A6), the lowest band edge emission is recorded at 0.74 eV
for sample A6, whereas sample A5 has the emission peak appearing at a higher value of
1.12 eV, though it consists of relatively better structural and morphological characteristics

than that of A6. This can be attributed to the higher carrier concentration that raises
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Figure 6.11: shows the PL spectra obtained for samples A2, A5, B2 and B1.

the Fermi level high into the conduction band. All these band gap values are higher than
the lowest reported value (/0.63 eV), which results in strong band-filling effects (Moss-

Burstein shift) caused by high carrier concentrations!%

. Samples (Al and A4) grown
at 100 °C do not show any PL emission because of its poor morphology and structural
quality, which was evident from the ring like RHEED pattern, high values of AFM rms
surface roughness and wider rocking curve FWHM values. Among the samples grown
with lattice matched intermediate layers, sample B1 emits at the lower values of 0.72 eV

than that of sample A5. On the other hand, sample B2 has an increased band gap (0.80

eV) relative to sample A6 due to its higher unintentionally doped carrier concentration.

As the accumulation of surface charge, present due to excess In adatoms on grown InN
surfaces, causes ambiguity in measuring the electrical properties and optical properties
of InN thin films?®, their dependence on stoichiometry also becomes important. Before
performing XPS measurements, InN thin films were sputter cleaned by an optimized
low energy (0.5keV, 2uA) Ar™ ions?*%?%6 to remove physisorbed adventitious carbon

and oxygen resulting from atmospheric exposure, without affecting their crystalline
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Figure 6.12: shows the survey scan and inset is the high resolution Si core level collected
on sample B1, after treating with low and high energy Ar* ions.

quality and no III-V bond breaking. As a measure of stoichiometry, the In to N ratio
calculated from XPS survey scans which are acquired on the films treated by low enery
Ar* ions.?34%6 Fig 6.12 shows the survey scan for the film B1, where O1s and C1s core
level peaks almost vanish, which indicates the removal of adventitious carbon and oxygen.
Inset shows the high resolution core level studies performed for Si2p signal close to the
interface of sample Bl upon treating with high energy (2keV, 11pA) Ar™ ions. The
absence of Si signal in the bulk of the films confirms that there is no diffusion of Si atoms
into the over grown InN film from the substrate. Thus, high carrier concentration could
be due to crystalline quality, donor like native point defects and stoichiometry of the
formed films. However, it is clear that improvement in structural quality of InN films can
be achieved by using intermediate super-lattice matched epitaxial thin InN layers grown
on In induced 1x1 superstructural phase of Si(111). Fig 6.13 shows In to N ratio that
is plotted as a function of carrier concentration along with the band gap values obtained
from PL. The solid line shows the theoretically calculated Moss-Burstein (MB) curve

using k.p theory by considering conduction band non-parabolicity, and normalization
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Figure 6.13: shows PL band edge emission values and XPS In to N ratio plotted as
a function of Hall carrier concentration and solid line indicates the theoretical Moss-
Burstein curve.

effects (electron-electron and electron-impurity interaction) using InN band gap value
of 0.63 eV7215 The band gap values obtained for these samples, represented by open
circles in Fig 6.13, follow the trend of the MB curve. It can be seen that samples showing
low band gap are having nearly stoichiometric In to N ratio whereas samples with non-
stoichiometric composition either show very high band gap values (or absence of PL
emission) as compared to the stoichiometric samples. As the indium tetragonal phase
related peaks are not observed in X-ray diffraction measurements for all samples, presence
of In metal crystallites in the bulk of the film can be excluded, and thus the observed
IR emission is solely arising from InN2°4. This indicates that band filling effect alone
does not determine PL emission, but stoichiometry also plays a deterministic role. This
is evident from Fig 6.11 and 6.13 that InN film grown on top of 200 °C lattice matched
intermediate layer (sample B1) has stoichiometric composition and has the lowest band

gap of 0.72 eV.
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6.5 Inferences

The careful experiments performed were directed towards obtaining improved crystal
quality of InN/Si(111) with low band gap grown on native epitaxial intermediate layers
at relatively low temperatures compared to conventional growth temperatures that are
adopted in MBE systems for InN growth. This results in a reduced thermal expansion
misfit effects and no auto doping due to diffusion of Si into the film from the substrate.
This work demonstrates the optimization of growth temperature (of 200 °C) for a single
step growth of InN on In metal induced superstructural 7x7 and 1x1 phases of Si(111).
The results reveal that better crystalline quality of InN is achieved on the In induced
Si(111)-1x1 superstructural phase due to the smallest lattice mismatch of 8% between the
InN unit cell and 1x 1 surface reconstruction, as compared to other observed superlattices.
X - ray diffraction measurements show that all the films grown in this study are c-oriented
with wurtzite crystal structure, and better crystalline quality is achieved for the film
grown at 200 °C on 1x1 reconstruction. Further improvement in the crystal quality,
confirmed by relatively narrower rocking curve FWHM widths, has been accomplished for
the two step grown films B1 and B2, in which superlattice matched atomically epitaxial
thin InN layers, grown on In induced 1x1 substrate surface reconstruction. Obtained
mobility values for the samples are found to be influenced by bulk structural quality and
carrier concentration. Stoichiometric and good crystalline films show lower band edge
emission and the band gap values result due to the high degeneracy and non stoichiometry
of the films. Absence of PL emission for samples A1 and A4 is due to poor crystal quality
and high In to N ratio. PL band edge emissions are found to be varying in accordance
with the band filling effects depicted by Moss-Burstein curve. Thus, our experiments not
only demonstrate a method to form better quality InN at a reduced temperature, but
also show that lattice matched epitaxial native surface modifications are equivalent to
the use of hetero-buffers to attain good quality InN films. More studies are underway to
achieve higher mobility and lower carrier concentration by optimizing growth parameters
at relatively low growth temperatures to arrest the dissociation of InN and prevent Si

out diffusion into the over grown InN layers by sheer kinetic control.
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Role of defects in limiting the

electron mobility of InN

This chapter presents the characteristics of InN thin films grown on two kinds of GaN
templates on c-sapphire. The results show by HRXRD that the films formed on these

surfaces show reduced dislocation/defect density.

A two step kinetically controlled single-growth process for the formation of an array
of InN dislocation free high mobility nano rods (NRs) on GaN nano wall network (NWN)
is demonstrated. The InN films and nano rods formed on the NWN template are
shown to be almost defect free and possess extremely high electron mobilities by Hall

measurements.

7.1 Introduction

In addition to optoelectronic applications due to its band edge emission in the NIR,
indium nitride is expected to be utilized in the fabrication of high speed electronic devices
as it exhibits a small effective mass ~0.04m(?4°, higher peak, saturation velocities and
high mobility ~ 4400 cm?/V-sec at RT.?12%129 In order to achieve high quality InN
material, there have been several efforts by employing special growth schemes in molecular
beam epitaxy (MBE), metal organic chemical vapor deposition (MOCVD) and other

growth techniques to obtain low carrier concentration ~ 1017 cm™3. Relatively low lattice

127
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mis-matched intermediate layers are used to minimize the dislocations/defects resulting
from ~25% mismatch between c-sapphire substrate and overgrown InN. Heteroepitaxial
InN and usually grown on a GaN epilayer, which results in films with reduced threading
dislocation (TD) density in the range of 10°-10'" cm™2, and a low electron concentration

(< 10'6 cm™3). Theoretically estimated mobility value!'s for InN is ~14000 cm?/V-sec

3 78,122,128,129

for carrier concentration of 1x10¥ecm™2, experimentally reported values are

only in the range of 500 — 3000 cm?/V-sec for carrier concentration values of high 10'® -
mid 1017 ecm ™3 respectively, limited by defects such as charge centers and dislocations. 257
In 2000, migration enhanced epitaxially grown 0.2um InN films by Lu et al.®®, exhibited
high mobility 542 ¢cm?/V-sec for carrier concentration of low 10*¥cm™3. Recently, Wang
et al. have reported hall high mobility of ~3000 cm?/V-sec for 5um thick InN layers
with reduced dislocation density by employing a growth scheme of boundary temperature
controlled epitaxy (gradient growth temperatures).!?® Prior to Wang’s report, Koblmiiller
et al., have obtained films with mobility of 2370 cm? /V-sec for 4.4um thick InN films using
step flow growth scheme under In rich conditions!!? and Gallinat et al. reported mobility
of 2250 ¢cm?/V-sec for 5.5um thick samples.?*® The low mobility values observed in the
experimental results reported, have been attributed to the scattering of electrons at the
charged point defects and dislocations.??*” In order to reduce dislocations in the InN
epilayers many efforts have been made in the literature. Dimakis et al. grew a 10um
thick InN layer and observed the reduction of dislocations from interface to surface.?,
Wang et al. lowered dislocation density by using a LT InN buffer on an ultra-thin
in-situ AIN layer on sapphire substrate and obtained mobility of 1780 cm?/V-sec for
1pm thick InN sample.'?® Kamimura et al. made an attempt to reduce dislocations
in InN epilayers by employing epitaxial lateral over growth (ELOG) on molybdenum
mask patterned sapphire substrate by MBE and achieved threading dislocation density
of 10? - 101 cm™2.19 Very recently, Seetoh et al. have shown improved internal quantum
efficiency of InN micro crystal grown over porous GaN template by MOCVD which has
been attributed to nano ELOG epitaxy which resulted in lower dislocations in the over

grown InN films, 269

On the other hand, highly reduced dislocation density is achieved by growing III-

261

nitride materials as nano structures In recent years, formation of high quality
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InN nano-columnar structures is pursued since they possess reduced dislocation density,
large surface-to-volume ratio, the absence of misfit induced strain, and also since their
size dependent properties can be tuned. Although, much progress has been made in
the preparation of InN 2D films, synthesis of high quality InN nano crystals remains
difficult. Growth of III-V NRs is generally achieved through catalyst assisted routes such
as catalytic metal induced Vapor Liquid Solid (VLS) mechanism or self-catalytic V-S
method, where metal droplets enable the material to solidify below the frozen liquid-solid
interface?62:2%3, However, use of native metal droplets results in strain, absence of epitaxy,
and the remanence of an unnecessary foreign material causing deep defect levels which

264,265 Researchers have also extensively

can degrade the optical and electrical properties
used Selective Area Growth (SAG) method where complex lithographic techniques are
used to pattern a dielectric mask on a substrate where they form epitaxial NRs defined

266-268  Since lithographic processes are complex, time consuming and

by the pattern
difficult to control doping and crystalline quality, lithography and catalyst free methods
are sought after to obtain self-assembled nano-columnar arrays. We?¢%27 have shown
that by PA-MBE growth, spontaneous formation of self assembled GaN nanostructures
on sapphire and silicon substrates under nitrogen rich conditions. By sheer kinetic control
the open screw dislocations result in a self-organized GaN hexagonal Nano Wall Network
(NWN) that is single crystalline, c-oriented, defect/strain free and also self-assembled

hexagonal GaN nano-columns. 269

Having shown the effect of several optimized MBE growth parameters on the properties
of the InN films in previous chapters, in this chapter, we try to understand the reasons
that limit the electron mobility of InN. The films are grown on a thick 2um GaN epilayer
and on GaN Nano Wall Network morphology by varying the thickness of the formed
films. We have controlled various kinetic processes of growth and a very novel form of the
nano-ELOG scheme is used to grow InN on GaN nano wall network/c-sapphire, without
employing any lithographic routes. We are able to lower the dislocation density for 1pum
thick films grown on GaN NWN. By using high resolution XRD rocking curve broadening
of symmetric and asymmetric reflections, the dislocation density is measured. Thickness
dependent mobility is studied. Our experiments have yielded InN thin films with RT

mobility of 2121cm?/V-sec which is higher than the best values in the literature!!0:129.258
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for 1pm thick film upto now. Further, InN NRs are grown on GaN NWN under certain
growth conditions to study the electron mobility for dislocation free conditions. For
these faceted nanorods, our experimental hall mobility for InN NR is measured to be
4263 cm?/V-sec which is almost equal to the maximum theoretically estimated value of
~ 4400 cm?/V-sec for a carrier concentration of 1 x 107 cm™ with dislocation density

S 107 Cme ) 257

7.2 Experimental Details

InN thin films were grown on a 2um thick GaN epilayer (grown by Hydride Vapor
Phase Epitaxy) and on a ~0.25um thick GaN Nano Wall Network formed on c-Sapphire
at substrate temperature of 450 °C for different growth durations. For GaN NW growth,
Ga K-cell temperature is set to 1000 °C and the Nitrogen flux is kept at 4.5 sccm (standard
cubic centimeter per minute) while Radio Frequency (RF) plasma forward power of 375W
with N, flow rate of 4.5sccm. After this, Ga K-cell and Ny plasma source shutters are
closed while the substrate temperature is ramped down to the InN growth temperature
of 450 °C. Metallic indium was supplied by a standard effusion cell at a temperature
of 800 °C at a flux rate of 4.4x10¥ecm™2s7!. InN is grown on top of the pre-formed
GaN NWN at 450 °C with the same RF plasma conditions employed for GaN NW
growth. The thickness values of the films are measured post deposition using Surface
Profile Analyzer and cross sectional FESEM which are listed in Table 7.1. For InN
Nano Rod growth on Gan NWN, metallic indium is supplied by an effusion cell at a

2571, by keeping other parameters

temperature of 750 °C at a flux rate of 2.5x10%cm™
same as InN epilayer growth. Some InN NRs were scratched off from the substrate and
dispersed in ethanol and dropped on carbon coated Cu grid for TEM characterization.
Low temperature (77K) Cathodoluminescence measurements and room temperature (RT')
optical absorption studies are performed to determine the optical properties of the InN
NRs. In order to perform the Van der-Pauw Hall and J-V measurements on a single
InN NR, the In/Ag metal pads are deposited in E-beam evaporation in a base pressure
of 2x107? Torr. The NRs scratched from the substrates are drop cast between the four

In/Ag pads. Later, four contacts are made by depositing the Platinum (Pt) connecting
wires between NRs and the In/Ag pads in a FESEM environment, working with the
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base pressure of 5x1078 Torr. The Hall mobility and carrier concentration values are

measured by a 0.58T magnetic field across this configuration.

7.3 Results: Electron mobility of InN epilayers

Figure 7.1: Fig. 1 (a-d) and (e-h) show the FESEM top view of the films InN/GaN
epilayer and InN/GaN NWN;, respectively. Insets show the RHEED pattern (right) and
the FESEM cross section view (left). The top-left insets of 1(a-h) show the FESEM cross
sectional view of the films and the top-right insets show respective RHEED pattern taken
with e-beam || < 1120 > for samples A-H.

Fig 7.1 (a-d) and (e-h) show the FESEM surface morphology scans and their respective
RHEED pattern (left) and cross sectional FESEM images (right) as insets for InN grown
on GaN epilayer and GaN NWN grown at 450 °C of various thickness. Thickness values
of the films are listed in the Table 7.1. As thickness of the films increases, surface
roughness increases for the films InN/GaN epilayer (a-d), whereas it decreases for the
films InN/GaN NWN (e-h). This is evident in the RHEED pattern where the change
from streaky to spotty RHEED pattern for the films A-D, and spotty to streaky for the
films E-H depicts that the smoothness of the surface improves for the films grown on
GaN NWN with increasing thickness up to 1ym. Fig. 7.1(c-f) show a granular surface
morphology whose RHEED is a diffused spotty pattern superimposed on faint streaks

due to the transmission of the electron beam through the rough 3D surface features.
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However, the respective FESEM cross sectional images show the compactness in bulk of
the overgrown InN epilayers. Fig 7.1(h) shows the larger grains (> 1pm) with smooth
surface morphology and the respective RHEED inset shows the sharp streaky pattern,
which indicates the flatness of surface. As shown in the FESEM cross sections both the
films of 1um thick are compact. The RMS surface roughness values measured on 3x3
pum? scanned area by AFM for samples D and H are ~2.1 and 4.5nm respectively, which
confirms that the film grown on GaN NWN exhibits smoother surface morphology than
the film grown on GaN epi-layer.
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Figure 7.2: shows theoretical Moss-Burstein curve along with our experimental data
points (absorption edge versus carrier concentration) obtained for the films B-D and F-H.
The insets show absorption squared plots for the same films.

Single field Hall measurements were performed in the Van der-Pauw geometry at
room temperature to estimate the electron concentration and mobility values of the films
which are listed in Table 7.1. From Hall measurements it has been observed that the
carrier concentration decreases and mobility increases with increasing film thickness for

the both films InN/GaN epilayer and InN/GaN NWN. The insets in the Fig. 7.2 show
absorption spectra for all the films studied. The spectra yield band-edge values of 0.65
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and 0.63 eV for the 1um thick InN films grown on the GaN epilater and the GaN NWN,
respectively. Fig. 7.2 also shows the theoretically calculated Moss-Burstein curve using
k.p theory for a non-parabolic conduction band and considering normalization effects
(electron-electron and electron-impurity interactions) using the band gap value of InN as
0.63eV, along with data points obtained from Hall and photoluminescence values in the
present study. The inset to Fig 7.2 shows the transmission measurements for the films
B-D and F-H. The direct optical band gap is determined by the standard procedure of
plotting the squared absorption coefficient versus energy in the high absorption range and
then by extrapolating the linear leading edge to the zero value of the squared absorption
coefficient. 3" The interference fringes seen in the absorption curve for the film InN/GaN
epilayer are due to Fabry-Perot oscillations created within underlying thick GaN epilayer.
The band edge values obtained for the 1um thick films grown on NWN and epilayer
are 0.63 4+ 0.05 and 0.65 = 0.05 eV respectively. The slight blue shift is observed as
decreasing thickness of the formed films. The band edge values from optical absorption
versus the carrier concentration obtained from Hall measurements is plotted in Fig. 7.2,
the dependence reveals a good agreement of the experimental data points with the Moss-
Burstein curve (solid curve), where the shifts in absorption edge energies are attributed

to strong band filling effects resulting from unintentional degenerate doping.

Hall mobility (carrier concentration) values for 1um thick samples formed on GaN
epilayer and NWN are 1300 (8.4x10'7) and 2121 cm?/V-sec (6.1x107cm™3), respectively.
Fig 7.3 shows the mobility values plotted versus thickness (upto 1.6um). The data is
obtained from the present study (solid diamond) and the literature (open triangles). The
mobility is seen to increase with increasing thickness and the films grown on NWN exhibit
higher mobility than that of the films grown on GaN epilayer. For 1um thickness, the
mobility value of the InN film formed on NWN show the highest mobility (2121cm?/V-sec)
than values in the literature (Table 2.1) upto now. At lower thickness, our mobility values
are lower than the best literature values, since the measurements are done on samples
formed by special growth schemes like migration enhanced epitaxy. Recently Wang et al.
and Koblmiiller et al. reported very high mobility values of 3000 and 2370 ¢cm?/V-sec for
the films having thickness of >4pm, where they have used gradient growth temperatures

and step flow growth schemes. These values are lower than the theoretically expected
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Figure 7.3: shows the mobility values plotted versus thickness of the formed films, open
triangles are for the literature values (Table 2.1), filled diamonds (InN/GaN NWN) and
stars (InN/GaN epilayer) are from this study. The dotted line represents the theoretically
estimated mobility''® value for the carrier concentration of 1x10" cm=3.

mobility (=~ 4400cm?/V sec) which suggests that there is still some remnant charged

native point defects and dislocations in the films.

Fig 7.4(a~-d) show HRXRD 2theta-omega scans for the film H (InN/NWN) acquired
in symmetric and skew symmetric geometries for on-axis planes and off-axis planes
respectively, where a logarithmic Y-axis is plotted to identify even weaker signals from
the planes. Asymmetric reflections are obtained using skew symmetric geometry using
pivotal benefit of HRXRD machine in such a way that the measuring geometry meets
the Bragg’s condition by bringing the diffraction plane normal to the plane of interest.
This is possible by changing Euler angle (), which is the angle between the symmetric
and asymmetric reflections as shown in the inset to Fig 7.4(d). Fig 7.4(a) shows the 20-w
scan that is obtained on the symmetric reflections InN(000/) while Fig 7.4(b-d) shows
20-w scan for the skew symmetric reflections (off-axis planes) InN(hOhl), where h (or)

[ =1, 2,3, 4. The reflections InN(0002), InN(1014), InN(1012), InN(1011), InN(3032)
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Figure 7.4: (a-d) show the HRXRD 26-w scans for symmetric and asymmetric reflections
obtained at the inclination angles x = 0, 42.94, 61.75 and 74.96°. Inset to (d) schematic
representation for inclination angle y between on-axis and off-axis planes.

and InN(2021) are acquired, by setting up the inclination angle (x) to the values of ~
0°, 24.0°, 42.9°, 61.7°, 70.29° and 74.9°, respectively. By knowing these peak positions
inter-planar spacing (d) and lattice parameters (a, ¢) are determined for all the samples.
These values are found to be slightly lesser than that of the relaxed values which is due
to the tensile stress resulting from the presence of native point defects like indium and

nitrogen vacancies in the grown samples.

7.3.1 Broadening of w-scans: A measure of dislocation density

Fig 7.5 shows w-scans that are acquired on off-axis and on-axis reflections for the films

(C, D, G and H) grown on GaN epi layer and NWN. X ray diffraction technique measures
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Figure 7.5: show the w-scans acquired on symmetric and asymmetric reflections for
samples C, D, G and H. The solid red lines are Gaussian fit to the data.

TD density with least error since the measurement is nondestructive, large area probing
technique and less time consuming than the TEM measurements. Therefore, measuring
TD density in group IIl-nitrides is facilitated by knowing the broadening values of the
w-scans acquired on the on-axis and off-axis planes , and eventually to evaluate the
structural quality of InN films. It is well known for the IIl-nitrides that the out-of-
plane and in-plane mosaicity (tilt and twist) of the crystallites originates even in single
crystal material, due to the incorporation of threading dislocations (TDs) which are the
consequences of the thermal expansion and lattice mismatch between the substrate and
over grown layer. For c-oriented III-V compound semiconductors, TDs typically have
line direction parallel to the <000l>. Tilt is related to the pure screw or mixed type
TDs where Burgers vector persists along the c-direction. Thus, screw type dislocations
associated with the tilt of the crystallites distort the on-axis planes which broaden on-axis
(0007) rocking curves. The twist is related to the edge type TDs where Burgers vector

parallel to the in plane direction <1120>. Therefore, the distortion in the off-axis planes
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normal to the surface is associated with edge type TDs. The values of broadening of
the off-axis rocking curves are acquired in the skew symmetric geometry. Thus, many
off-axis reflections are acquired with increasing lattice plane inclination and extrapolated

to the lattice planes which are normal to the sample surface. Fig 7.6 shows the fit to
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Figure 7.6: shows the extrapolated on-axis and off-axis w-scan broadening values onto
off-axis planes which are perpendicular to the on-axis planes for films C, D, G and H.

the off axis (normal to the sample surface) broadening values for all the films using the
following equation (7.1) which is extrapolated to the plane normal to the sample surface
at x = 90°. This method to find out twist angle was developed by Lee et al. by which
only one symmetric and one skew symmetric rocking curve broadening values are enough
to estimate the twist angle of the crystals and thus to determine the edge TDs. Thus,
the twist angle (I'gg) is determined by extrapolating all these FWHM values to a lattice

inclination angle y = 90°.

Chrit = \/Fg cos? x + I'Z,sin” x (7.1)
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where [y is the FWHM of the Bragg plane whose surface normal has an inclination
angle x with respect to the c- direction. The tilt angle I'y is FWHM value of the on-axis
(0002) plane. The tilt (I'g) and twist (I'gp) values for all the samples are listed in Table
7.1. To make the measurements easier, the values of coherence length are not considered
in equation (7.1), thus the error in these dislocation calculations is < 20% .25 The twist
Table 7.1: Different experimentally measured parameters: Film thickness, rocking curve

FWHM, hall carrier concentration, mobility, tilt, twist and dislocation density for all
samples.

Sample Film Carrier Mobility  To / Too  Ngcrew Nedge Nyis
thickness Concentration
(1) (cm™)  (em?/V-s) (deg)  (em72) (em™®)  (cm7?)
A 0.38 1.2x10% 175 0.42/1.35 3.7x10° 1.5x10' 1.6x10!!
B 0.63 7.1x10'8 380 0.34/0.98 2.6x10° 8.2x10'° 8.5x10%
C 0.80 2.3x10!8 863 0.28/0.82 1.8x10° 5.6x10% 5.8x10%
D 1.00 8.4x 1017 1300  0.21/0.52 9.5x10% 2.3x109 2.4x10'
E 0.18 2.6x10% 180 - - - -
F 0.50 6.0x10'® 690 0.31/0.87 2.1x10° 6.2x10'°% 6.4x101°
G 0.80 1.4x10'8 1800  0.21/0.39 9.5x10% 1.3x10'% 1.3x10%°
H 1.00 6.1x10%7 2121 0.17/0.29 7.0x10%® 8.5x10° 7.5x10°

angle ['gpis the extrapolated FWHM value for a rocking curve at lattice inclination angle
of 90°. In case of compact layers having random dislocation lines, following equations are

used to measure the values of screw and edge type TDs.!™®

I's

Nscrew = 436[)3 (72)
T3

Nedge = 4.36h2 (73)

where Nyerew and Negge are the screw and edge dislocation densities. I'y and I'gy are the
tilt and twist angles (in radians) which are obtained as described above and, by and b,
are the magnitudes of the burgers vectors b, = [0001]c and b, = [1120]a/3, respectively.
Here a and c are InN lattice vectors with magnitudes 3.537 and 5.706A, respectively.

For these samples, edge dislocations are calculated to be more than screw dislocations.
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As the mixed dislocation is combination of one edge and one screw components, a slight
over estimation can occur in the calculation of the dislocation density. The calculated
screw, edge and total (Ngis=Nscrew + Nedge) TD values for all the samples are listed in
Table 7.1. for 1pm thick films InN/epi and InN/NWN; the dislocation density values are
calculated to be 2.4x10'° and 7.5x10° cm™2. In our study, the value of the dislocation
density reduces with increasing film thickness, which confirms that more dislocations are
created at interface and annihilated as the film thickness is increased. The dislocation

density is further reduced for the InN films grown on the defect free GaN NWN.

7.4 Electron mobility of self-assembled and

dislocation free InN nano rods

7.4.1 Morphological, structural and optical characterization

Fig 7.7(a) shows the top view FESEM image for GaN NWN template grown for 30 min
on bare sapphire at 630 °C. Fig 7.7(b) and (c) are the top and tilted views of the FESEM
images obtained after growing InN NRs at 450 °C on the GaN NWN template. Fig 7.7(a)
shows the hexagonal network of the GaN nanowalls, with the inset showing a six fold
symmetry by FFT. The image 7.7(b) clearly shows the NRs formed inside the cavities
of the GaN NWN are hexagonally faceted and its sharp six-fold symmetry is evident in
the corresponding FFT inset. All the rods are vertically aligned and well separated with
the heights of most of these NRs being ~ 750 nm, while a few are in the range 100 — 750
nm. This vertical growth of the InN NRs is attributed to the low sticking coefficient of
In atoms on the GaN NWN at this temperature, promoting super-saturation inside the
cavities?®® and nucleating GaN nano columns. Fig 7.7(c) shows the tilted view of the
vertically aligned NRs that stem from the hexagonal closed loops of the network. All
the NRs have identical orientation and a tapered morphology, irrespective of the heights,
with similar aspect ratios. The distribution of the GaN NWN cavity and the InN NR
diameters is shown in Fig 7.7(d). The bar diagram shows that the average diameter of
the NR is 120 nm (range from 20 to 220 nm) and the average diameter of the cavities is

~ 70nm (range from 10 to 250 nm). The InN nano rod density is ~1.2x10%cm™2, while
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Figure 7.7: (a) and (b) show the top views of FESEM images of bare GaN NWN and
after depositing InN, respectively with their corresponding FFTs as insets, while 1(c) is
the tilted view of InN NRs. 1(d) is the distribution of GaN NWN cavity diameters and
InN NR diameters with dotted/solid Gaussian fits to the respective distributions.

the cavity density of GaN NWN is found to be ~ 1x10%m~2, showing that only 12%
of the nano cavities (>40nm) are populated with the InN NRs. Thus, the In adatoms
have enough energy to move out of the smaller cavities and spend more time in the
neighboring larger cavities (>40nm), where they have a higher probability of nitridation

and consequent nucleation.

Fig 7.8(a-c) shows the RHEED pattern obtained during InN growth with an electron
beam of 8keV kinetic energy incident along <1120> on (a) the bare GaN NWN template,
(b) 5mins grown InN NRs and (c) 3hrs grown InN NRs, respectively. Fig 7.8(a) is a spotty
RHEED pattern due to the transmission of the electrons through the walls of the GaN
NWN. The calculated c/a ratio from the averaged line scans (intensity profiles) taken

along a* and c* reciprocal lattice vector directions (shown in Fig 7.8(c)) is ~1.62 which
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Figure 7.8: (a-c) show the RHEED pattern obtained on the GaN NW network template,
bmins grown InN NRs and post growth of InN NRs, respectively. Rectangles show the
unit cells for InN (smaller) and GaN (bigger) in reciprocal space. a* and c* are reciprocal
lattice vectors represented in Fig 7.8(c).

is characteristic of wurtzite GaN. Fig 7.8(b) shows the RHEED pattern obtained on
5mins grown InN NRs on GaN NWN, consists of an additional set of spots with the
c/a ratio of 1.61 that can be attributed to the formation of wurtzite InN on top of
the GaN NWN. These two sets of spots, shown as rectangles in Fig 7.8(b) for InN and
GaN (lattice mismatch of 11.5 %) show that the InN NRs are relaxed and grow without
any interfacial alloying. Fig 7.8(c) shows the characteristic spotty RHEED pattern of
transmitted electrons through the InN NRs, as indicated by arrows in Fig 7.8(a-c), for

higher coverage.

To understand the crystalline structure and quality of the InN films, HRXRD
measurements are performed and the results are shown in Fig 7.9. The 20-w scans,
in logarithmic scale, are acquired on symmetric and asymmetric planes for InN NRs,

respectively. InN NRs are seen to possess single crystalline wurtzite structure with the
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Figure 7.9: (a) and (b) show symmetric and asymmetric 26-w scans acquired by HRXRD
on InN(0002) and InN(1011) planes, respectively. The inset (c¢) shows the phi scan and
(d) rocking curves acquired on InN NRs. Solid lines in (d) are Gaussian fits to the raw
data points.

preferential growth direction along c-axis. The pattern Fig 7.9(a) displays intense c-
oriented peaks, InN(0002) at 31.28°, InN(0004) at 65.30° and InN(0006) at 108.30° along
with the GaN(0002) peak at 34.58° and the Al,O3 substrate (0006) and (000 12) peaks at
41.68° and 90.80°, respectively. Fig 7.9(a). Fig 7.9(b) shows 26-w scan for the asymmetric
reflection which consists of InN(1011) and InN(2022) peaks at 33.13° and 69.57° along
with GaN(1011) peak at 36.81° and the substrate peaks viz. AlyO3(1123) and Al,03(2246)
at 42.89° and 95.11°, respectively. Absence of any peak related to metallic In confirms
that there is no excess unreacted crystalline In on the surface/bulk or at the tip of the
NRs, which is also well corroborated by FESEM and XPS studies. Fig 7.9(a) and (b)
give the epitaxial relationship of InN with respect to the GaN NWN and c-Sapphire, as
InN[0001] ||GaN[0001] ||Al,03[0001] and InN[1010] ||GaN[1010] ||AlyO3[1120], revealing
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that c-oriented InN and GaN unit cells are azimuthally rotated by 30° with respect to
the sapphire substrate, to minimize the lattice mismatch between GaN template and c-
sapphire. Fig 7.9(c) is the phi-scan that is obtained from asymmetric plane InN(1011) for
the InN NRs, exhibiting six equally spaced peaks characteristic of the six fold symmetry
of the wurtzite InN. Absence of any other random peak in the phi-scan suggests that the
NRs predominantly grow along the c-direction. From symmetric and asymmetric scans,
the calculated high precision lattice parameters (c, a) for the InN NRs (5.7058A, 3.5372A)
are very close to the unstrained values?'® revealing that the InN NRs are relaxed. Fig
7.9(d) shows the w-scans (rocking curves) obtained around the InN(0002) and InN(1011)
reflections for InN NRs. The FWHM values for InN(0002) and InN(1011) are 0.38° and
0.82°, respectively. These higher broadening values are due to the Gaussian distribution
of angular spread of the mosaicity caused by slight tilt and twist in the nano rods with
respect to the surface normal as also seen in Fig 7.7(c), thus these broader FWHM values

are not useful in evaluating the dislocation density for NR configuration.

TEM studies: Zero dislocation density

Fig 7.10 (a) and (b) show bright field and dark field TEM images of a typical InN
NR while g vectors are setup along [1120] and [0002], respectively. It is evident from
Fig 7.10(a) and (b) that the NR has a uniform diameter of ~ 140 nm along the rod
length of ~ 750 nm and a tapering at the apex with a small c-plane terrace. Fig 7.10(c)
and (d) show the Selected Area Electron Diffraction (SAED) pattern for bright field
image Fig 7.10(a) taken along the <1120> and <1010> zone axis which indicates that
the wurtzite InN NRs grow along the [0002] direction where the top c-plane plateau
is bound by m-planes (1010) as the six side walls. The apex of the InN NRs has
truncated pyramidal r-plane (1012) facets with an inclination angle of ~ 58° with respect
to the top c-plane. Fig 7.10(a-b) show some stacking faults but the absence of any
dislocation lines in InN NRs is notable. Fig 7.10(b) exhibits fringes and contours in
dark field image, which are attributed to the slight bend and thickness variation at
edges of NR, respectively.?™ Thus, the InN NRs that form inside the GaN NW cavities,
are single crystalline and free of dislocations and grow strain free along the c-direction.

After observing the various stages of growth and analyzing the structural properties by
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Figure 7.10: (a) is the bright field and (b) the dark field TEM images of an InN NR
along [1120] and [0002], respectively. 7.10(c) and (d) show the SAED pattern acquired
on InN NR along zone axis <1120> and <1010>. All facets are marked according to
SAED pattern.

different techniques, we try to understand the possible mechanism involved in the InN
NR growth. The impinged III and V group atoms on to the GaN NWN, bound by
r-planes have a low sticking coefficient?™ and are funneled into the cavities. Contrary
to the dislocation mediated NR formation in GaN?™ the InN NRs appear to adopt the
vapor-solid (V-S,2™) or the droplet epitaxy?™ route. At this temperature the adatoms
do not spend much time in smaller cavities, and thus leads to super-saturation only in
larger cavities where they nucleate and get nitrided by the Ny* plasma into m-faceted
hexagonal NRs. Thus, the InN NRs grow spontaneously along the c-direction with non
polar m-plane side facets, due to the low diffusion barrier (Egsf) of In adatoms along
m-plane (Eyicf_fam = 0.06¢V) than along the c-plane (E3$;*""* = 1.30eV) which results
in higher sticking coefficient (I' ~ exp(—Eqy;fs/kpT) where kg the Boltzmann constant
and T the absolute temperature) of In atoms on c-plane than that on the m-plane at the
growth temperature employed 2727, Thus, In adatoms having low sticking coefficient on
the m-plane InN walls and r-plane GaN facets, creep along the sides and nucleate on the c-

terraces, promoting the NR growth of InN. The high quality of the spontaneously formed
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Figure 7.11: (a) and (b) show CL emission and optical absorption spectra acquired on
InN NRs and GaN NWN.

self assembled isolated InN NRs in the GaN NWN matrix, prompted us to look at the
resulting optical properties, by UV-VIS-IR absorption and cathode-luminescence. The
absorption coefficient is determined from transmission measurements. Fig 7.11 shows CL
(normal y-axis) and absorption (alternate y-axis) measurements for InN NRs and GaN
NWN where the CL band edge emission is obtained at liquid nitrogen temperature (77K).
The emission peaks and absorption edges, at 0.65eV and 3.44eV, corresponding to the
InN NRs and the GaN NWN template.

7.4.2 Hall and transport measurements on a single InN NR

In order to measure the electron mobility and carrier concentration of InN NRs, Hall
measurements are carried out on a single NR. Using masking technique, four isolated
In(20nm)/Ag(20nm) pads having separation of ~20um are deposited on the sapphire
substrate by e-beam evaporation. The InN NRs are deposited on sapphire substrate
in middle of the four In/Ag pads by drop casting. The Platinum (Pt) connecting
wires are deposited in FESEM environment having high vacuum conditions, followed
by annealing at 200 °C for 60 mins in UHV conditions 5x1071° Torr. Fig 7.12(a) shows
the FESEM image of the NR after depositing Pt connecting wires. The respective inset
is the schematic representation of the contacts where Pt connecting wires electrically
connect the NR and In/Ag pads. The Hall measurements are performed within the

ohmic region of the contacts by assuming rectangular bar geometry using Van der Pauw



146 Chapter 7

Trap sat (.2
JS(‘LC e V

V=195V

\ 5

J (uA/cm?)

10II1

107 5

Figure 7.12: (a) shows the InN NR having four Pt contacts and the respective inset
shows the schematic representation of the InN NR with four metal contacts Pt/In/Ag.
(b) and respective inset show non-linear J-V characteristics in logarithmic and linear scale.
Inset also describes the dependence of J on V, V2 and V*! in the forward bias region.

method, which can be used for any arbitrary disc shape to measure resistivity and Hall
voltage.?™ The carrier concentration is found to be 3.1x10'7 cm™ and the mobility is

4263 cm?/V-sec.

Further confirmation of measured mobility and carrier concentration is achieved by
employing space charge limited current (SCLC) formalism to J-V characteristics that are
performed on InN NR across the contacts B and D. Fig 7.12(b) shows log-log plot of

J-V characteristics, where increasing forward bias switches ohmic region J~V to SCLC

280

region J~VPA*t2 where 8 ~2.1, due to the space charge limited currents,?® associated

243

with charged traps like unavoidable native point defects,“*> which starts over the voltage

value of V., & 0.74V. Further increasing bias leads to the saturation of the charged traps
and thus SCLC region V, > 1.95V holds J~V? which consequently result in non-linear
J-V characteristics. Inset shows J-V characteristics in linear scale along with the fitted
curves which depicts the dependence of J on forward bias V, V4! and V2. The SCLC

281

for nano-wires/rods**' can be described by the following modified Mott and Gurney

expression. 252

R\ % eué
Jécie = (z) FVQ (7.4)
where J is current density, R is radius, L is length of NR, € is static dielectric constant, p

is electron mobility, & = &(V/V,)? and V, is cross over voltage, & is constant2*’. When
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V=V, & — 1and & ~ (V./V,)?. The mobility thus extracted from SCLC region
in J-V characteristics using Eq. (7.4) is &~ 4453 cm?/V-sec. For the NR geometry, the
expression?81:23 for the carrier concentration is n = €V,/eR?, which yields a value of
~ 1.1x10"cm ™3 for InN NR. The carrier concentration (mobility) obtained from SCLC
model is lower (higher) than that of the value obtained from Hall measurements, which
could be due to the assumption of rectangular bar geometry with volume of 1.3 times

larger than the cylinder and asymmetry in the larger contacts.

The obtained high mobility and low carrier concentration values agree well with earlier
Monte Carlo simulations!!® performed by Polyakov et al. for defect free InN material and
also dislocation density dependent mobility calculations by Miller et al., where it has been
shown that when the dislocation density reaches < 107 cm™2, electron mobility of InN
attains ~4000 cm?/V-sec.?*”. The mobility of the dislocation free degenerate pristine InN
NR is higher than that of state-of-the-art InN epilayers (=~ 3000 cm?/V-sec)'?® having
the dislocation density in the range of 10° to 10'° cm?. Very recently, Zhao et al.?* have
shown very high mobility in the range of 8000 - 12000 cm?/V-sec for intrinsic InN Nano
wires with carrier concentration in the range of 10'® to 10%%cm=3 from I-V measurements,
where any effect of dislocation density on mobility has not been considered. In our study,
mobility and carrier concentration values are measured directly using Hall measurements
for degenerate NRs, which are also confirmed by SCLC analysis. Thus, this study clearly
shows the method to obtain dislocation free InN NRs, which exhibit very low band-gap
and high electron mobility.

7.5 Native point defects and dislocations as

scattering centers

7.5.1 Charge neutrality condition

Considering the process of full ionization of both donors and acceptor like impurities
in semiconducting material, where donor (acceptor) atoms are doped in the material
donate (accept) electrons and become positively (negatively) charged ions having the

concentration of Np (N4). There are negatively charged electrons and positively



148 Chapter 7

charged holes present in the material with concentrations of n and p, respectively. As
the semiconducting material is always electrically neutral, the total positive charge
concentration in the material must be equal to the total negative charge concentration
in the material. Therefore, the charge neutrality condition for semiconductors turns into

the following equation.

Ny+n=N}+p (7.5)

In case of MBE grown InN, there is significant evidence in literature that the dominant
defects are In vacancies probed by the positron annihilation measurements?*”-22%:285
and the nitrogen related point defects probed by Raman spectroscopy and X ray

136,212,243

Photoelectron Spectroscopy as well as the threading dislocations probed by

HRXRD and TEM measurements . *>%1:25¢ The In vacancies are found to be triply charged

104,285 and the other nitrogen related defects act as the donors in n-type InN.4®

acceptors
The hole concentration (p) is negligible in degenerate unintentionally doped n-type InN
having the electron concentration of n. The values of carrier concentration (n) from Hall
measurements are determined to be 6.1x 1017 and 8.4x10'" cm™3 for samples InN/NWN
and InN/epi, respectively (values for other samples see Table 7.1). The concentration of
the Vy,, native defects [V,] = C exp(-E¢/kpT), depends on the energy that is required
for the Indium vacancy to be created in the lattice, generally known as formation
energy E; that relies on the Fermi Level position.?!%?* Tn case of the narrow band gap
semiconductors, Fermi level position varies from the bottom of the conduction band to the
Fermi Level stabilization energy (pinning level) due to the strong band filling effects , 6
thus the concentration of Indium vacancies are evaluated within the amphoteric defect
model, where the native point defects act as donors or acceptors based on the Fermi
level position.?%¢ The dislocation density is also evaluated using HRXRD measurements
as described in above section. It is known in the literature it has been shown that
the charge can be distributed continuously along the dislocation line at the rate of one
electron per c lattice distance for III nitrides.?®” The only unknown parameter is the

concentration of nitrogen related donor like defects. Therefore, the following simplified

charge neutrality condition is used to estimate the donor concentration in n-type InN,

Ndis

n+ 3V, ] =N} + (7.6)
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7.5.2 Matthiessen’s rule

In order to calculate the resultant number of native point defects (N,,,a= Np+ 3[V,])
which act as charge scattering centers in InN, using above charge neutrality condition. In
heavily doped semiconductors, electron mobility is remarkably limited by the scattering
phenomena due to the native point defects (charge centers), dislocations and the small
contribution from the phonons. The resultant electron mobility (x) limited by all these
dominating scattering mechanisms can be expressed by employing the Matthiessen’s rule:

u:( . +i>_l (7.7)

Hnpd Hdis Hph

where finpd, ftais and p,, are the mobility of electrons scattered by charged native point
defects, dislocations and phonons at room temperature. Walukiwiez et al., have shown
that the phonon limiting mobility at room temperature for InN is ~7000 cm?/V-sec.?87
As deduced by Walukiwiez et al.?®® and Look et al.,”" the expressions for mobility of

electrons associated with charged native point defects and dislocations respectively, are

eTnpa(Er) 31 2R3 n
Hnpd = p—* = ? 03 Ry (78)
m € and (m ) and
eTys(F 4 x 323ec2n?/3
sy = B _ 142 (7.9)

m* w8/3 AN gis

where ¢, is static dielectric constant, n is carrier concentration, A is reduced Planck’s
constant, e is electron charge, m* is energy dependent effective mass of electron for a non-
parabolic conduction band which is described in Fig 7.13, Fppq = In(y + 1) — %,7 =
N\ 1/2

(2kp/N)%, kp = (372n)!/? is electron wave vector at Fermi level and A = 2¢ (%)1/6 (%)
is the Thomas Fermi screening vector and c is lattice constant of InN. Equation (7.9) is

used here in CGS units, divided by 4.

From equation (7.7), electron mobility of InN is calculated for the experimentally
obtained dislocation density values in the effective range of carrier concentration 5x 107
- 5x10* em™. Fig 7.14 shows the experimental results along with the calculated

mobility versus carrier concentration plots for different dislocation density values that
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Figure 7.13: shows the energy dependent effective mass (solid line) of electron for a
non-parabolic conduction band along with the Moss-Burstein curve (dashed line).

were obtained from the HRXRD measurements for the films A-D; E and F. Variation
of the mobility is ascribed to the scattering of electrons mainly at the charge centers,
dislocations and phonons. As the carrier concentration increases, effect of scattering at
dislocation lines is less significant since the dislocation lines are screened by the free
electrons of the ionized native point defects. Dislocation scattering plays a dominant role
at low carrier concentration values, and below this specific value of carrier concentration,
the mobility increases with decreasing dislocation density. Inset also shows that the
calculated mobility attains its maximum value at a certain value of carrier concentration,
which relies solely on the dislocation density. The mobility calculated is maximum for
the film grown on GaN NWN having dislocation density value of 7.5x10%m™? at carrier

concentration value of ~6.1x10Ycm™3.

The experimental values of mobility more or
less agree with the calculated ones, since the dislocation and point defect scattering
mechanisms are playing a crucial role in limiting electron transport in n-type InN.

Maximum attainable calculated mobility for InN, having the dislocation density of zero
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Figure 7.14: The inset shows calculated mobility as a function of carrier concentration
for the experimentally obtained dislocation density values and the open symbols are from
this study.

or < 5x107 em™? is ~4400 cm?/V-sec for carrier concentration of ~1x10'"cm™ which
agrees well with the earlier Monte Carlo simulation results.'?® Thus, dislocation related
scattering is negligible when the dislocation density in InN material is less than or equal
to ~5x10” cm~2. In our experiments GaN NWN template enables the reduction of the
dislocation density in over-grown InN layer to attain high mobility of 2121cm?/V-sec for

the film thickness of 1um.

7.6 Inferences

In summary, InN compact films are grown on GaN epilayer and NWN templates
deposited on c-sapphire. The careful experiments are directed towards obtaining high

mobility InN layers having low band gap and improved crystal quality. The dislocation



152 Chapter 7

density measured from HRXRD rocking curve broadening values for the films of InN/GaN
NWN is less than that of the films InN/GaN epilayer which can be due to the presence
of voids at the interface of InN/GaN NWN. Thus, this new adaptation of the Nano
ELOG growth process enable us to obtain high mobility InN layers. This obtained high
hall mobility 2121 ¢cm?/V-s for 1um thick InN/GaN NWN. The self-induced and self-
assembled vertically aligned (c-oriented) high quality InN NRs are grown on GaN NWN
template deposited on c-sapphire at slightly higher temperature of 450 °C with In K-cell
temperature of 750 °C. The TEM and XRD studies reveal that InN NRs are observed
to be dislocation free, m-faceted and with a relaxed wurtzite structure. The method is a
simple single growth, two-step MBE process, that enables the growth of very high quality
pristine InN NRs exhibiting good structural, optical and electrical properties. The rods
display a sharp and low band edge emission at 0.65eV with low Hall carrier concentration
of 2 3.1x10'" em ™2 and a very high electron mobility of ~ 4263 cm?/V-sec. By employing
SCLC formalism to J-V characteristics allow us to measure low carrier concentration of
~ 1.1x10'" cm™ and high electron mobility of ~ 4453 cm?/V-sec. The value of electron
mobility of 1um thick InN thin films (2121 ¢cm?/V-sec) is the highest reported in the

literature, to the best of our knowledge.
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Conclusions

This chapter summarizes briefly the contents of the present thesis, lists the highlights
of the work and draws conclusions from the observed results. Quverall, the thesis is a
systematic approach to understand InN formation, inherent defects and means to reduce
them and to obtain high quality and reliable material. We have methodically narrowed
the kinetic growth paths towards obtaining high structural, optical and electrical quality
thin films and nano-structures with very high electron mobility values. This chapter also

gives a brief outlook for the future work.

Though InN is a highly potential candidate for electronic and opto-electronic devices,
it has not yet been exploited due to its low dissociation temperature which has resulted
in ambiguous values of experimentally obtained material parameters. Literature shows
a wide scatter of values for different fundamental properties such as band gap, electron
effective mass and electron mobility of this material. One of the aims of the thesis is
to design experiments to obtain high mobility InN layers and to evaluate the various
suggested reasons in the literature for the measured band gap of InN grown on c-
Aly03(0001) substrate. InN is also proposed to exhibit phenomenon like surface electron
accumulation which has not yet been comprehensively understood. The incorporation
of III nitrides into the well established Si industry is another major challenge. In the
literature attempts in this direction is quite nominal especially for InN. Si surfaces are
endowed with fascinating surface reconstructions induced by metal adsorption, which

offers the possibility of using them as matching templates for foreign adsorbents. Thus, we

153



154 Chapter 8

have carefully studied the formation of different superstructural phases of group III metals
on Si surfaces so as to find a lattice matched template for the growth of good quality
InN. On the other hand, achieving high mobility InN layers on c-sapphire has remained
challenging as experimentally obtained mobility values are far below the theoretically
estimated ones. In order to get high mobility, InN films are grown by a novel adaptation
of the nano EIOG process using GaN nano wall network as template. The summary of

the work carried out and the results obtained are given below:

8.1 Summary and Conclusions

8.1.1 Unintentional doping in InN: Band gap controversy

Unintentional degenerate doping of InN layers is attributed due to its low dissociation
temperature and high vapor pressure of nitrogen during growth, which consequently
makes preparing high quality material very difficult. Literature showed a wide scatter
of the InN band gap values in the range of 0.6-2eV and several reasons have been
provided to account and discount the different observations. To look at the reasons
for the observed high band gap of InN, we have carried out a set of kinetically controlled
growth of experiments, to form InN films at different growth temperatures and nitrogen
flux rates, on bare c-sapphire (0001) substrates using MBE. The formed films have been
characterized using several complementary characterization tools to relate structure and
properties. We observe high band gap values (>0.65eV)for all the samples studied. Our
results clearly exclude stoichiometry and quantum size effects as reasons for the observed
high band gap for InN. The XRD measurements on all samples show a strong dependence
of InN orientation on the growth temperature. One of the contentious reasons given in
the literature, for the observed high band gap, is the formation of indium oxide or indium
oxynitride which have higher band gap values. Using core-level XPS measurements, we
show that the band gap values observed from absorption and PL studies were similar
to that of all the other samples. This enabled us to rule out the role of oxides on
the observed band gap. Hall effect measurement on all the samples measured by the
Van der Pauw method showed a degenerate level of unintentional doping with a carrier

3

concentration 10*°cm™3. We observe that all the experimental data agreed well with
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the theoretical prediction of Moss-Burstein shift with a non-parabolic behavior of the
observed band edge with carrier concentration. In other experiment, in order to find
the reasons behind formed degenerate films, N} flux is varied from 2 to 8 sccm in steps
of 2sccm, where the degeneracy in the samples is attributed the nitrogen related native
point defects that contribute to the carrier concentration. Thus, on the basis of analysis
by several parametrically controlled growth experiments coupled with complementary
characterization tools, we confirm that the high band gap is due to the high unintentional

doping in InN which results from the native point defects.

We performed another set of experiments to grow InN on 2um thick GaN epilayer
at different growth temperatures to isolate the sapphire interface and look into the
low band gap region of the reported InN band-gap values. In this set of experiments,
the growth parameters remained the same except the growth temperature, but two of
the samples were grown at temperatures of 400 °C and 470 °C yielding high band gap
values of 1.25 and 1.05eV, while the samples grown at intermediate temperatures of 430
°C and 450 °C showed a lower band-gap values of 0.75 and 0.70eV, respectively. This
demonstrated the criticality of the role of the substrate temperature in determining the
InN film properties. One of the arguments among the previously attributed reasons
for the low band gap observed for InN was Mie-resonances, resulting from distributed
metallic In clusters in InN which can shift the absorption edge to the infrared region
of the electromagnetic spectrum. Our XRD and SAED measurements clearly rule out
the presence of metallic crystalline/amorphous unreacted indium in low band-gap InN
samples, and thus, discounting the possibility of Mie-resonance as the reason for the
observed low band gap for InN. The base pressure of our MBE chamber is <5x 107! torr
and the oxygen partial pressure is beyond the detection limit of residual gas analyzer
attached to the chamber (<1072 torr). This, as observed by XPS studies also rules out
oxygen having any role in the observed high band gap in these experiments. However,
we have carried out core-level XPS measurements to verify the presence of oxide due to
the diffusion of oxygen from the oxide substrate (AlyO3) in all our samples. A native
oxide is found to be formed on the surface of the films due to atmospheric exposure
of the samples, but we show that it does not effect the band gap values of InN. We

have studied the variation in the observed band edge values with carrier concentration
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in the present experiments and understood them in the context of the data existing
in the literature. A non-linear curve fit for the experimental data using theoretically
calculated Moss-Burstein relation with parabolic conduction band approximation for InN,
yielded unacceptable value for the effective mass of InN. However, a fit of the various
experimental data values assuming a non-parabolic conduction band yielded us better fit
and an effective mass of ~0.07mg at the bottom of the conduction band. Thus, based
on systematic experiments and a comprehensive analysis we observe a band gap value
of InN ~0.7eV grown on c-sapphire by sheer control of the kinetic growth parameters.
Our studies show a narrow band gap (=0.7eV) for InN with a non-parabolic conduction
band with carrier concentration dependent electron effective mass, and for a parabolic

conduction band the effective mass of electrons is constant.

8.1.2 Surface charge accumulation

Literature shows several reports on the presence of a surface electron accumulation
layer for InN (0001), which manifests as an increase in the carrier concentration near
the surface of the film, which results in surface downward band-bending. To study this
phenomenon in our samples, we have performed XPS valence band measurements on
InN samples grown on GaN epi-layer having different values of carrier concentration.
Prior to the XPS measurements, low energy Art ions are used to remove adventitious
contaminants from the atmospheric exposure. XPS In 3d core level analysis reveals that
the near surface charge is due to the In adatoms which act as donor like states and
contribute electrons to the conduction band. The band bending values calculated using
both optical absorption and XPS valence band studies reveal that the poly-crystalline
films having high band gap exhibit the absence of band-bending and the low band gap
films have the band-bending upto ~1eV. Thus, our results clearly show the presence of

surface accumulation layer for InN (0001) surface.

8.1.3 Super Lattice Matching Epitaxy of InN on Si(111)

Since the interfacial lattice mismatch between the InN films and the substrate play a
critical role in determining the morphology and structure of the films, we have used the

phase diagram of In metal adsorption on Si(111)-7x7 surfaces as a guidance to obtain
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different metal-induced superstructures as growth templates. We perform careful thermal
desorption of about 2ML of In deposited on the Si(111)-7x7 surface to obtain different
superstructural phases viz., v3 x v/3, 4x1,4/31 x /31 and 1x1 in the MBE system.
Five different growths of InN are performed under similar growth conditions on these
structurally modified substrate surfaces and followed them by evaluating the quality of
the formed InN film using several complementary characterization tools. InN grown on
4x1 and 1x1 surfaces are seen to show superior optical, structural and electronic quality
compared to the films grown on other superstructural interfaces. Further improved crystal
quallity is achieved by using these layers as intermediate buffer layers. We explain the
results using the lattice matching epitaxy of the unit cells of these reconstructions with
that of InN. The observed PL band edge emission on these samples again are explained
by the Moss-Burstein shift in InN and propose a non-parabolic conduction band for InN.
The films far away from the stoichiometric ratio do not exhibit any PL emission. The
auto doping by Si atoms into the InN over grown layer is discounted by systematic and
careful XPS Si core level measurements. Our results show lattice matching epitaxy as a
novel and simple growth process to grow InN at much lower temperatures than usually

employed, which displays better optical, structural and electronic properties.

8.1.4 Towards high mobility InN films

In our experiments of GaN growth on c-sapphire we have found a unique Nanowall
Network morphology that is seen to be defect and strain free. The role of native
point defects and dislocations in limiting the electron mobility of InN layers has been
carefully studied. Using charge neutrality condition and Matthiessens rule various charge
scattering mechanisms are studied and the resultant mobility which is limited by various
scattering mechanism is calculated and compared with experimentally obtained mobility
values. As the carrier concentration increases, effect of scattering at dislocation lines
is less significant since they screened by the free electrons that stem from the ionized
native point defects. Consequently, charged native point defects play a dominant role
at low carrier concentration values, where as at lower carrier concentration, dislocations
play a dominant role in limiting the mobility of InN. Thus, In order to get high mobility

layers, dislocation density has to be reduced. We have used nano ELOG process where



158 Chapter 8

InN films having thickness upto lum are grown on GaN nano wall network templates.
In order to reduce dislocation density, in our InN films, we have carried out a set of
systematic experiments where the films are grown under optimized growth conditions on

GaN epilayer and GaN NWN templates for different growth durations.

Table 8.1: Consolidated values of carrier concentration and band gap for all the samples
used in this thesis

Sample Carrier concentration Bandgap / Method

n (cm™3) E, £ 0.05 (eV)

Chp 4 InN/Sapphire ~7.00x10%° 1.78 / CL
2sccm 3.10x10% 1.29 / Abs

4scem 4.30x10% 1.62 / Abs

Gscem 5.70x10%° 1.72 / Abs

Tscem 6.10x102° 1.93 / Abs

Chp 5 A 4.00x10%° 1.54 / Abs
B 5.20% 1019 0.82 / Abs

C 2.40%x 10 0.74 / Abs

D 1.50%10% 1.25 / Abs

Chp 6 A2 3.00x10% 1.32 / PL
A3 6.30x 102 2.00 / PL

A5 1.20x10%° 1.12 / PL

A6 6.00x 101 0.74 / PL

Bl 4.20x10% 0.72 / PL

B2 8.10% 101 0.80 / PL

Chp 7 D 8.40x10'" 0.65 / Abs
C 2.30x10'8 0.68 / Abs

B 7.10x 1018 0.73 / Abs

H 6.10x10'7 0.63 / Abs

G 1.40x 1018 0.67 / Abs

F 6.00x 10 0.68 / Abs

Dislocation density of InN epilayers is measured from HRXRD w-scan broadening
while carrier concentration and mobility values are measured using Hall system in the
Van der Pauw geometry. The InN films having different thickness values have shown
different values of electron carrier concentration and mobility. In this set of experiments,
consistently we have obtained low band gap and Hall carrier concentration, than in our
earlier experiments on bare sapphire. The obtained mobility values of InN grown on
NWN are much higher than those obtained for films grown on GaN epi-layer. The films
of 1 pm thickness, show high mobility value of 2121 e¢m?/V-sec which is the highest

value reported in the literature to-date. These mobility values are still lower than the
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theoretical prediction, which is due to the defects that are present and which act as
scattering centers to limit the electron mobility. In order to obtain the electron mobility
in dislocation free material, and measure their mobility, we have formed self-assembled
vertically aligned (c-oriented) high quality InN NRs on the GaN NWN template, under
optimized growth conditions. By making in-situ electrical contacts on individual rods,
we have measured their transport properties. The rods display a sharp and low band

3 and

edge emission at 0.65eV with a low Hall carrier concentration of ~ 3.1x10'" cm™
high electron mobility of ~ 4263 ¢cm?/V-sec. Also employing SCLC formalism to J-V
characteristics, we are able to re-confirm the low carrier concentration of ~ 1.1x10'7
cm ™ and high electron mobility of ~ 4453 cm?/V-sec. Thus, this uniquely formed
dislocation free material exhibits an unprecedented mobility of &~ 4453 cm?/V-sec, which

3

equals the earlier theoretical predictions for 107 cm ™2 carrier concentration.

The bandgap and carrier concentration values which are listed in Table 8.1 from all
the chapters for all the films discussed in this thesis are summarized in the plot of carrier

concentration vs bandgap as shown in Fig 8.1
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Figure 8.1: shows the plot of carrier concentration vs bandgap for all the films discussed
in the thesis.
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8.2 Highlights of the work

We list here the significant observations and inferences that have resulted from the

present work:

@D Nitrogen related native point defects are the reason for unintentionally doped

degenerate InN films.

@ Causes for high band gap and low band gap are studied, and a non-parabolic
conduction band model is found essential to evaluate the variation in band gap of InN.

We observe PL band-edge peaks at RT, which testify the high crystallinity of films.

@ Surface charge accumulation is studied on inert gas sputter cleaned InN surface. The

downward band bending is attributed to donor like In adatoms that present on surface.

@ The fascinating reconstructions of Si(111) upon In adsorption, are found to give
excellent lattice matched substrates for growth of single crystalline InN films at relatively
low growth temperatures. We have called this approach as Super Lattice Matching

Epitaxy.

(® Adapting the sophisticated, lithography dependent Epitaxial Lateral Overlayer
Growth (ELOG) in a novel way, we have used defect free GaN Nano Wall Network
(NWN) configuration as a template for growing high quality InN films. High electron
mobility of ~ 2121 cm?/V-sec is obtained for 1ym InN layers by this approach, which is

the highest value in literature to-date.

® To study mobility in dislocation free material, InN Nano Rods (NRs) are grown
on GaN Nano wall Network (NWN) template under certain MBE growth conditions.
Measuring electron transport in individual rods, we have observed the highest mobility
of ~ 4453 cm?/V-sec, which is the value theoretically expected for defect free InN for a

carrier concentration of ~ 107 cm™3.

8.3 Future directions

InN is a material with enormous potential, but its applications have been limited due

to difficulties in the formation of high quality films, which have been attributed to
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several ambiguous reasons in the literature. We have carried out several experiments
to lift the ambiguity concerning its basic material parameters like band gap and carrier
concentration. We believe that our results will be of significant use in the direction
of attaining the definitive and potent basic attributes of this material. Though we
have demonstrated routes to obtain very high quality InN, further improvements and
optimization can enable standardization of optimal growth parameters and schemes
for reliable device fabrication. Theoretical calculations based on the results of the
present experimental results are essential to pin-point the mechanism understanding
the speculations made in this work. Another important concern of the surface electron
accumulation layer in InN which can hinder device application of polar surfaces has to
be tackled by more experiments to find ways to overcome such barriers and reach a
good understanding of this phenomenon. If the novel method of ‘super lattice matching
epitaxy’ proposed here to grow high quality InN on Si surfaces at lower temperatures,
can be optimized a general growth technique, to form epitaxial III-nitride films on Silicon
surfaces, can be significant in integrating the III-V and Silicon technologies. Our study
hints at the possibility of employing the faceted Si(5 5 12) surface and its metal induced
reconstructions as good templates to grow Ill-nitrides as they may promote nucleation
in its grooved facets, followed by lateral over-layer growth, with reduced defect densities.
Our device quality 1pm thick InN layers on GaN Nano Wall Network and GaN epilayers
displaying unprecedented high mobility, shows promise as channel layers for the high
mobility transistors. The high electron mobility of InN among all nitrides makes it very
important as the channel region of high electron mobility transistors. The consequence
of its high mobility and low effective mass, InN-based HEMTs may be recorded as high
performance devices among ITI-N transistors which could be possible by replacing the
GaN with InN channel, even though the growth of InN heterostructures is still in the
immature stage. Moreover, high quality Indium nitride (InN) is identified as a promising
material for terahertz (THz) emission. This THz region of the electromagnetic spectrum
ranges from microwave frequencies (100 GHz) to photonic frequencies (30 THz) which
is a potentially region for Army applications such as identification of explosive devices.
On the other hand, Ga into these high quality InN layers, InGaN alloy can be formed,
which is very useful material for the state of art of LED applications. This approach

can be adapted for InGaN layer formation, which we predict will give extremely stable
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alloy compositions, with significantly reduced ‘green-droop’ effects that have limited the
extent of LED and Laser Diode applications for Solid State Lighting and opto-electronic
communication. The formation of self organized InN nanorods inside the nanowall
network appear to provide a coupled band-gap crystal and tunable plasmonic crystals
with periodic variation of refractive indices of GaN, InN and air, in the entire UV to IR

range. These applications need to be seriously explored.
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