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ABSTRACT
InN is the least studied group III nitride semiconductor, because of challenges
associated with growth, including a low dissociation temperature (~500 °C) and the lack
of a lattice matched substrate. With the development of epitaxial growth techniques,
molecular beam epitaxy (MBE) and metalorganic chemical vapor deposition (MOCVD)
and the discovery that the band-gap energy of InN is smaller (~0.7 eV) than the
previously established value (~1.9 eV), there has been renewed interest in growth and
development of InN thin films for potential applications in solar cells and light emitting
diodes.
The majority of InN growth studies thus far have utilized MBE, due to its abilities
to produce active nitrogen species via plasma-enhanced methods, which is essential for
low temperature (~500 °C) growth, and to precisely control In/N ratio. These studies
provided valuable information on the electrical and optical properties of InN and insight
into the effect of crystalline polarity on film growth. MOCVD growth of InN has proven
more challenging due to the thermal stability of NH3 which is used as the nitrogen source
in this process and difficulties controlling both the polarity and local In/N ratio during
growth. However, there is significant interest in developing an MOCVD process for InN
growth since it is the epitaxial growth technology currently in use for commercial
fabrication of group III-nitride thin films.
This thesis is therefore focused on a study of MOCVD growth of InN with the
goal of providing new information on the effects of growth conditions and
buffer/substrate materials on InN film properties. Initial studies, using both (111) Si and
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(0001) sapphire substrates, identified an optimum growth temperature window of 540560 °C for the formation of stable InN films. Thin AlN buffer layers, grown at low
temperature (~500 °C) were used to improve the structural properties of InN grown on
sapphire. An AlN buffer layer thickness of 30 Å was determined to be optimum for
growth of continuous InN films with reduced surface roughness. InN film was also
observed to be well-oriented with the c-plane sapphire substrate, for optimum LT-AlN
buffer thickness of 30 Å, with rocking curve FWHM value of 0.5° for (0002) InN peak.
When attempting to grow InN films on sapphire with thicknesses greater than
approximately 150 nanometers using an AlN buffer layer, the InN films were observed to
delaminate from the buffer/substrate at growth temperature. In-situ wafer curvature
measurements were then carried out to study the evolution of film stress during MOCVD
growth to better understand the origin of the film delamination problem. The InN films
were observed to grow under a ~0.2 GPa tensile stress which is believed to originate from
island coalescence and the three-dimensional growth mode of the film. The combined
effect of compressive stress due to high lattice mismatch between InN and AlN (~14%)
and tensile stress due to grain coalescence along with the relatively weak bond strength of
InN compared to GaN and AlN, is believed to cause the InN film to crack along the
interface and delaminate.
To further investigate the effect of the buffer layer on InN growth, studies were
carried out using GaN films grown on sapphire as the growth template. Recent MBE
results had indicated a significant difference in the thermal stability and growth mode of
In-polar and N-polar InN, with improved properties reported for N-polar material grown
on N-polar GaN. MOCVD growth of N-polar GaN is very difficult; consequently, all of
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the results reported in the literature for InN growth on GaN were likely carried out on Gapolar material resulting in films with a high surface roughness. In order to study the
effect of film polarity in MOCVD growth, N-polar GaN films on sapphire, produced by
MBE, were obtained and used as templates for InN growth for comparison to growth on
Ga-polar GaN grown by MOCVD and HVPE. By utilizing N-polar and Ga-polar GaN
films, it was possible to produce N-polar and In-polar InN films by MOCVD, as
determined by convergent beam electron diffraction (CBED) analysis. Furthermore, the
polarity was found to dramatically alter the surface roughness and growth mode of the
InN films with enhanced lateral growth and reduced surface roughness obtained for Npolar InN. A qualitative model was proposed to explain the different growth mechanisms
observed for In-polar and N-polar InN.
In spite of the improvements in surface morphology obtained with growth of Npolar InN, delamination at the InN/GaN interface was still observed in these films, and
was also present in In-polar InN samples. Attempts were made to further reduce the
lattice mismatch and improve the adhesion between InN and GaN by using a
compositionally graded InGaN buffer layer. The fabrication of InGaN over its entire
composition range is challenging since the optimal growth parameters window for InGaN
varies with composition and film quality is strongly dependent on temperature and
precursor flow rates. Initial graded InGaN buffer layers were produced by using optimum
growth conditions for low-In fraction InGaN (800 °C) and InN (~540 °C) as the initial
and final growth set-points of the buffer layer and continuously varying growth
conditions between these two extremes. Cross-section samples were prepared for
transmission electron microscopy and chemical analysis of the graded layers was carried
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out using x-ray energy dispersive spectroscopy (XEDS) in the scanning TEM mode. The
In fraction was observed to vary over the entire composition range in the buffer layer,
however, a ~40 nm thick region of approximately constant composition (~In0.5Ga0.5N)
was observed at the center of the graded layer. The region of constant composition also
had a much higher defect density than the rest of the graded layer possibly due to phase
segregation which is predicted to occur in InGaN. Consequently, the structural properties
of the InN films grown on the graded InGaN layers were comparable to films grown
directly on GaN, however, the film adhesion was significantly improved with no
evidence of interfacial cracks between the InN and GaN. These preliminary results
indicate that graded InGaN layers can be used to improve the adhesion of InN on both
Ga-polar and N-polar GaN, however, further work is needed to develop graded InGaN
buffer layers or constant composition InGaN interlayers with improved structural
properties for InN growth.
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Chapter 1
Introduction

1.1 Motivation
Group III nitrides, consisting of Aluminum Nitride (AlN), Gallium Nitride (GaN),
Indium Nitride (InN) and their alloys (such as AlGaN, InGaN and InAlN), are direct
band-gap semiconductors with band gap energies spanning the range from infra-red to
ultraviolet, making them promising for various electronic and optoelectronic applications.
Most of the research work thus far has focused upon GaN and its alloys, AlGaN and
InGaN, because of their specific applications in blue/green light emitting diodes (LEDs)
and high power, high frequency electronic devices. InN has received less attention since
it has been difficult to grow good crystalline quality material due to the low dissociation
temperature of InN and lack of a lattice and thermal expansion coefficient matched
substrate.

The value of the band-gap energy of InN has not yet been conclusively
established and it has been a topic of debate as well as one of the reasons for the
increased interest in the material. Initial films deposited by reactive sputtering1 and
electron beam plasma techniques2,3 produced polycrystalline InN. Photoluminescence
(PL) emission was not observed from these films. Consequently the band-gap energy was
determined using optical absorption or transmission measurements to be 1.89 eV.4

2
Recently, InN grown by metalorganic chemical vapor deposition (MOCVD)5 and
molecular beam epitaxy (MBE)6 showed PL emission near 0.7 eV suggesting that the
band-gap energy of InN is much smaller than the previously reported values. There is still
controversy about the exact value of the band-gap energy but the newly predicted low
band-gap energy makes InN a suitable candidate, when alloyed with GaN, for making
high efficiency solar cells since the band gap range of InxGa1-xN provides a near-perfect
match to the solar energy spectrum (Figure 1.1) with conversion efficiency predicted to
be as high as 50%.7 The 0.7 eV band-gap energy is also compatible with the wavelength
range of optical fibers providing another potential application for InN in high speed laser
diodes and photodiodes for optical communication.8 Also, the ability to grow good
quality InN will potentially help the growth of ternary nitrides such as InxGa1-xN with
high In fraction (x > 0.20) which are of interest for high brightness green LEDs and laser
diodes.
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Figure 1.1: Comparison of span of band-gap energies of group III nitrides with solar
spectrum

Attempts to theoretically determine the electron transport properties of InN were
made by O’Leary et al. in 1998 which predicted lower effective electron mass, leading to
higher peak drift and larger saturation drift velocity for InN as compared to conventional
semiconductors such as silicon and GaAs and even with respect to GaN.9,10 Thus InN was
predicted to be a better candidate for high frequency centimeter and millimeter wave
devices. However later on, these theoretical calculations were not considered to be very
accurate as the values of physical constants were determined from samples with poor
structural properties. With growth of good quality epitaxial films, and observation of
band-gap value of ~0.7 eV recently, an interest has developed in re-establishing the
theoretical properties of InN. With revised band-gap, both experimentally6 and
theoretically11, recent studies12,13 have suggested even lower effective electron mass at
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the band-edge while other studies14,15 have suggested much higher low-field electron
mobility (10000-14000 cm2/Vs) at room temperature as compared to previously derived
value9 of low-field electron mobility (3400 cm2/Vs). Thus InN has been again predicted
to have potential for future high-speed and high-frequency device applications.14-17
However, there are still several challenges associated with growth of good quality InN
films and thus epitaxial growth of layers with reduced defect density is needed, to better
evaluate the potential of InN as a material for device fabrication.

The development of InN-based devices has been hampered, however, by poor
material quality. Among the main challenges for growth of InN thin films is its low
dissociation temperature. For epitaxial growth of thin films, the recommended growth
temperature is typically equal to half of the melting point of the material. The exact
melting point of InN has not yet been experimentally determined as it starts decomposing
at a temperature beyond 1373 K even at nitrogen pressure as high as 103 bar.18 But based
on Van Vechten theory, the melting point of InN is calculated to be close to 1900 °C19
and consequently, the optimum growth temperature of InN should be close to 800 ºC.
However, InN starts decomposing at temperature as low as 381 ºC.19 As can be seen from
Figure 1.2, at a N2 partial pressure of 1 bar (maximum pressure typically used in
MOCVD), while AlN and GaN are thermodynamically stable up to 2300 °C and 1000 °C
respectively, InN starts dissociating at around 500 °C.20 This sets an upper limit on the
growth temperature of InN, of approximately 500 °C.

5

Figure 1.2: Equilibrium N2 pressure over nitrides (AlN, GaN and InN) and their melting
points (TM) (from Ambacher20)

A high temperature of about 1000 °C for growth of nitrides is usually preferred to
provide sufficient kinetic energy to adatoms of reactants for diffusion on the film surface
for epitaxial growth. Thus growth at low temperature restricts the growth rate of InN and
also results in rough surface morphology and defect formation in the film because of
reduced surface diffusion of reactant adatoms.

As a result of the thermal stability issues associated with InN, the supply of
activated nitrogen species to the surface during epitaxial growth at low temperatures
(~500 °C) is a critical issue. InN films have been successfully grown by MBE using
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plasma-activated N2.21-23 For growth by MOCVD, the source for N atoms is ammonia
(NH3) which does not decompose efficiently at temperatures below 800 °C.24 Therefore it
is challenging to grow epitaxial, single crystal films of InN with good structural
properties and smooth surface morphology by MOCVD.

There is also very high unintentional n-type doping (typically of the order of 1019
cm-3) in InN grown by almost all methods.8 The electron concentration of InN films
grown by MBE was observed to decrease monotonically with increasing film thickness25
indicating that the high carrier concentration may not be due to bulk doping but rather
due to surface or interface states. At a thickness of 7 µm, the electron concentration (as
measured by Hall-effect) was reduced to ~1017 cm-3.25 This result is also supported by the
observation of excessive sheet charge (arising from either surface and/or interface) in InN
films as measured by Lu et al. using electrochemical capacitance-voltage (C-V)
profiling.26 Jones et al.27 recently reported p-type conductivity in Mg-doped InN thins
films and suggested that a thin n-type inversion layer at the InN surface makes it difficult
to measure p-type conductivity in the bulk of the film. This is an important observation
and should direct more studies towards understanding surface states associated with InN
so as to achieve p-type doping in InN thin films which are needed for solar cells and light
emitter applications.

One of the important inherent structural characteristics of the thermodynamically
stable wurtzite structure of group III nitrides is the presence of polarity along its c-axis.
Unlike other III-V compounds, atomic bonding in nitrides is strongly ionic in nature, and
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with the asymmetry of the wurtzite structure along the c-axis, there is a presence of a
non-zero dipole moment, imparting it either group III or nitrogen polarity, depending
upon the orientation of the dipole moment. Surface polarity has been observed to impact
the growth mechanism of GaN films and is known to alter electric fields in AlGaN/GaN
and InGaN/GaN heterostructures via piezoelectric polarization. While the effect of
polarity on GaN thin films has been well studied, the effects of polarity on InN growth
and film properties have been investigated only recently for MBE growth.21 Since better
control over growth conditions (especially N/In ratio and growth temperature) is
obtainable by MBE, both In-polar and N-polar InN films (with thickness ≥ 1 µm) have
been grown using N-polar and Ga-polar GaN templates grown by MBE and MOCVD,
respectively.23,28 Yoshikawa et al. determined that for MBE growth, N-polar InN films
grow with step-flow-like growth mode and have a higher optimum growth temperature
(580 °C) than In-polar InN (470 °C).28

The effect of polarity on MOCVD growth of InN thin films has not yet been
investigated. This is due to general difficulties in obtaining N-polar material in MOCVD
growth compared to MBE and the complex reaction chemistry of trimethylindium (TMI)
and NH3 which make it difficult to precisely control the effective V/III ratio required for
InN growth. MBE results indicate that the V/III ratio is an important parameter for
growth of both In-polar and N-polar InN films without the formation of indium droplets
on the surface.23 Since step-flow growth and reduced surface roughness was reported for
N-polar InN grown by MBE21, the MOCVD growth of N-polar InN should be
investigated as a route to obtain films with improved structural properties.
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Poor adhesion of InN films to the buffer layer/substrate has been reported by
several research groups29-33 for both MBE and MOCVD grown material, which may be
correlated to weak atomic bonding at the InN/buffer layer interface and stress in the
film.34 This is particularly problematic for the growth of thick (> 1 µm) InN layers which
are needed for device fabrication. Further studies are therefore needed to better
understand the origin of this problem and develop strategies to eliminate it.

1.2 Objective
The majority of studies of InN growth over the last decade have been done using
MBE. On the other hand, InN growth by MOCVD has had limited success. This is
primarily due to difficulty in maintaining more stringent controls over the process,
required to maintain the narrow window of growth parameters needed for InN growth.
While NH3 – the most commonly used source of reactive nitrogen for MOCVD, has poor
cracking efficiency at temperatures below 600 °C, atomic nitrogen is easily available in
plasma assisted MBE at temperature as low as 350 °C (LT-InN buffer for InN film
growth, had been grown at ~350 °C35). Also, the nitrogen to indium ratio can also be
precisely maintained, which is critical for achieving step-flow-like growth without
indium droplet formation.36 However, it is important to develop a growth process for InN
by MOCVD that is compatible with the existing fabrication infrastructure currently in use
for the fabrication of commercial devices.
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The overall goal of this thesis is to develop a better understanding of the issues
related to the growth of InN thin films by MOCVD. The first part of the work focused
upon studying the effect of MOCVD growth conditions and buffer layer composition and
structure on the growth of InN films to understand the growth mechanism, investigate
film adhesion and delamination, and correlate the structural properties of the films with
the electrical and optical properties of InN. The problem of film delamination and its
correlation to growth related stress was investigated using in-situ wafer curvature
measurements as well as in-situ reflectivity measurement technique.

For MBE growth of InN, polarity of films determined the optimum growth
conditions as well as the surface morphology of InN. Therefore, MOCVD growth of both
In-polar and N-polar InN films was studied, to investigate the effect of polarity on film
growth mechanism by MOCVD and on structural properties. Ga-polar GaN templates
grown by MOCVD and HVPE were used to grow In-polar InN. Since it is difficult to
grow N-polar GaN templates by MOCVD, N-polar GaN templates grown by MBE were
used to grow N-polar InN films. In-polar InN films were highly faceted, with poor film
coalescence while improved lateral growth and reduced surface roughness was observed
for N-polar InN grown under similar MOCVD conditions. Based upon the observation of
different morphology for different polarity InN films, a qualitative model was proposed
to explain the correlation between growth mechanism and polarity of InN films grown by
MOCVD.
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Interfacial cracks were observed for both In-polar and N-polar InN films grown
on GaN templates and thin AlN buffer layers on sapphire. One of the possible causes is
the high lattice mismatch between InN and AlN buffer (~14%) or GaN template (~11%).
Such high lattice mismatch has been predicted to relax by formation of misfit dislocations
along the interface23, making the interface highly defective. Therefore, attempts were
made to reduce the high lattice mismatch between film and buffer, for growth of both
polarity films, by inserting a compositionally graded InGaN buffer layer between the
GaN template and InN film. Growth conditions of low In-fraction InGaN layer were first
investigated in order to grow ~250 nm thick InGaN layer with low surface roughness.
Then the composition was graded over the InGaN layer thickness by grading the Ga/In
ratio, temperature and pressure simultaneously. Non-linear grading of the In composition
was observed which is likely due to differences in growth kinetics due to the
continuously changing growth conditions during the grade as well as the poor
thermodynamic miscibility of InN and GaN37. Preliminary results for InN growth on the
graded buffer showed an absence of cracks along the InN/graded InGaN interface for
both In and N-polar InN growth, suggesting better interface adhesion. Preliminary studies
were also done to use the low surface roughness, constant composition InGaN layer as an
interlayer, to reduce the strain induced composition pulling effect which results in
decreased In incorporation during InGaN growth.

Suggestions for future work are focused upon developing the graded InGaN
buffer with continuous composition grade from GaN to InN. Attempts should be made to
specifically study the graded buffer growth for N-polar InN films since N-polar InN films
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were observed to grow with low surface roughness and are important for device based
applications. Another topic for future work is a detailed study of the use of low surface
roughness InGaN as an interlayer for growth of relaxed InGaN layer. With the
increasingly realized importance of stress in the heteroepitaxial growth of nitride thin
films, in-situ stress measurement technique installed on the MOCVD reactor should be
used to further understand the role of growth related stress in InN and InGaN film
growth.

1.3 Thesis Outline
This work presents a systematic study of the MOCVD growth and
characterization of thin films of InN to study the effect of growth conditions, buffer layer
characteristics and polarity on the growth evolution and structural properties of the film.

Chapter 2 gives an overview of the literature on InN growth and properties, with
an emphasis upon InN growth by MOCVD and MBE as well as the effect of polarity on
InN film properties.

In chapter 3, a description of the experimental setup is presented with particular
details on the MOCVD reactor and the Multi-beam Optical Stress Sensor (MOSS) system
for in-situ growth and curvature monitoring, installed on the reactor. Specifications of
other characterization tools are also presented.
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Chapter 4 contains results related to a study of the optimization of the growth
parameters such as carrier flow rates, V/III ratios and buffer layer thickness for InN
growth. Also, a study of the origin and effect of the stress during growth connected to
film delamination is also included.

Chapter 5 presents the results of a study of GaN template polarity effects on
surface morphology evolution and structural properties of InN. A qualitative model is
then proposed to explain the different morphological evolution observed for In-polar and
N-polar InN films.

Chapter 6 contains results related to a study of compositionally graded buffer
layer for InN growth. The graded buffer layers were investigated as a pathway to reduce
lattice mismatch between InN and GaN and thereby improve the structural properties and
film adhesion. As growth of thick InGaN layers with low surface roughness is
challenging, the first part of the study focused on investigating growth conditions for
InGaN layers upto ~250 nm thick with reduced surface roughness. The growth related
stress was measured and correlated with the surface morphology. Finally, the graded
InGaN buffer was investigated for growth of InN films and preliminary results with
suggestions for future work, are presented.

Chapter 7 contains a summary of the results within the context of providing a
better understanding of MOCVD growth of InN thin films, and nitride thin films in
general. Suggestions for future work are described.
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Chapter 2
Literature Review

2.1 Introduction
This chapter is focused upon reviewing the literature for prior studies done on InN
growth and material properties. First, a brief overview of early theoretical predictions
about the properties of InN is given, followed by a discussion of initial attempts made to
grow InN films. Then a detailed review is presented about recent progress on epitaxial
growth of InN by MBE and MOCVD and the important issues related to epitaxial growth
such as the lack of lattice matched substrate and the effect of film polarity on growth
behavior and properties of InN. Finally a review of the controversy regarding the bandgap of InN is included, followed by an overview of progress in achieving improved
electrical properties.

2.2 Early Studies of Polycrystalline InN
Attempts to synthesize InN were first reported in the literature in 1938 by
chemical decomposition of a single precursor InF6(NH4)31 but InN films with measurable
electrical properties were only grown in the 1970s. Reactive rf sputtering2,3 was used to
deposit InN films, but the films were mostly polycrystalline in nature. Early
determination of most of the properties of InN was done on films grown by Tansley and
Foley which were grown using rf-sputtering in the 1980s.4-8 The highest room
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temperature mobility (2700 cm2/Vs) and lowest electron concentration (5×1016 cm-3) to
date were reported by Foley et al. However, these high mobility results could not be
repeated for growth under similar conditions.9 Optical absorption and transmission
measurements of the sputtered InN films suggested that the band-gap energy was in the
proximity of 1.9 eV which became the conventionally accepted value for over a decade.
Other than the difficulties associated with its poor stability at high growth temperature,
the drive for the synthesis of high quality InN was low, primarily because the 1.9 eV
band gap of InN corresponded to a portion of the electromagnetic spectrum already
covered by the other well developed direct band-gap semiconductor materials such as
AlGaAs10 and InGaP.11

2.3 Epitaxial Growth of InN
Within the past decade, interest in InN has been renewed in conjunction
with rapid developments in group III-nitride growth techniques such as MBE and
MOCVD. The controversy about the actual band gap of InN has also motivated
the interest in epitaxial growth of good quality InN films.

2.3.1 MBE
The growth of InN by MBE has been more successful than MOCVD thus far
primarily because the nitrogen source used for MBE growth is efficient in supplying
radicals even at low growth temperature, compared to thermal decomposition of NH3 in
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MOCVD. Either N2 or NH3 which is cracked by radio-frequency (rf)-plasma or the
electron cyclotron resonance (ECR) method can be used as the N source in MBE growth
to obtain atomic N radicals. The ability to precisely control indium and nitrogen fluxes
has also made MBE a more successful process as growth conditions for InN lie in a very
small window determined by V/III ratio, growth temperature and pressure. InN grown by
MBE, however, has other problems such as ion damage12 and oxygen and carbon
contamination coming from the electrodes.

Schaff et al. at Cornell University pioneered the MBE growth of InN. Initial
growths were performed on nitrided sapphire substrates using GaN or AlN as buffer
layers. First, they used a migration enhanced epitaxy (MEE) technique for the growth of
InN based heterostructures13 since conventional MBE required a low growth temperature
(<400 ºC) and thus the resultant InN films grown by MBE were discontinuous and of
poor structural quality. In MEE, an alternating supply of indium atoms and nitrogen
plasma were used which resulted in an increase of the migration distance of group-III
atoms on the surface and thus improved the quality of the films. However, the InN films
obtained were rough (RMS roughness varied from 10 to 30 nm) and the growth rate was
low, ~0.1 µm/hr. The unintentional electron concentration was in the range of 1018-1019
cm-3 while the maximum room temperature Hall mobility was 350 cm2/Vs for 0.1 µm
thick films.

To improve the properties as well as the growth rate of InN films, AlN was used
as the buffer layer (on top of nitrided sapphire)14 and InN with structural and electrical
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properties comparable to those grown by MEE could be grown by MBE at a faster
growth rate (~0.5 µm/hr). InN properties further improved as the AlN buffer layer
thickness was increased to 200 nm. A non-planar growth front was observed which
transformed to a two dimensional growth mode with increasing thickness of InN. Hall
mobility higher than 800 cm2/Vs was obtained for 0.1 µm thick InN films grown on the
200 nm thick AlN buffer with a corresponding electron concentration of 2-3×1018 cm-3.
Using quasi-bulk GaN templates on sapphire as the substrate, InN films were grown as
thick as 7.5 µm.15 The growth rate of the film was ~0.7 µm/hr. The Hall mobility of the
film monotonically increased to 2100 cm2/Vs with increasing thickness while the electron
concentration reduced to 3×1017 cm-3. This suggests that electronic states associated with
the surface or interface of the film were contributing to the net electron concentration,
also resulting in a reduction of the measured Hall mobility of the film.

Yoshikawa et al.16 also reported the growth of ~5 µm thick N-polar InN films by
MBE with step-flow-like surface morphology. In this case, the film polarity was a critical
factor in being able to achieve two-dimensional growth as will be discussed further in
section 2.4.2. Buffer layer for these films were N-polar GaN templates grown on nitrided
sapphire substrate in the same MBE chamber. The FWHM value of the x-ray rocking
curve of the InN (0002) peak was ~200-350 arcsec, and the room temperature Hall
mobility obtained was > 2000 cm2/V-s with a background carrier concentration of 12×1018 cm-3. Nanishi et al.17 and Dimakis et al.18 used a two-step growth method, first
growing a low temperature (LT) InN buffer by RF-MBE on sapphire followed by the
growth of ~1 µm thick InN films. Single crystalline films with low surface roughness and
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negligible indium droplets, were grown by precise control of growth conditions,
especially V/III ratio and growth temperature. The effects of growth conditions upon film
growth mechanism and properties were also analyzed. While Nanishi et al. used nitrided
sapphire and also nitrided (111) Si as the base layer, Dimakis et al. used MOVPE grown
~2.5 µm thick GaN template on sapphire as the base template. In these studies16-18, stable
growth of thick InN films without indium droplet accumulation on the surface were
achieved by using slightly N-rich growth conditions with In/N flux ratio slightly less than
1.

The studies of MBE growth of InN films lead to an improved understanding of
the growth mechanism and properties of InN. Precise control of growth temperature,
V/III ratio and buffer layer growth are necessary for growth of several micron thick
single-crystalline InN films with low surface roughness. Electrical and optical properties
of films improved with thickness, suggesting the effects of defects associated with film
surface/interface on the bulk properties of film.

2.3.2 MOCVD
InN is metastable at room temperature though the kinetics of the decomposition
are very slow. A low growth temperature is therefore preferred for InN growth to
suppress simultaneous decomposition of InN during film growth.19,20 In MOCVD, NH3 is
used as the most common nitrogen source. Thermodynamically, NH3 decomposes to give
N2 and H2 molecules by following reaction (Eq. 2.1):
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N2 + H2
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2.1

Thermodynamic analysis of this reaction gives the equilibrium dissociation of
NH3 of ~98%, at temperature as low as 400 °C and pressure as high as 1 atmosphere.21
However, the gas phase decomposition kinetics are so slow that only 4% decomposition
is achieved at temperatures above 950 °C, under typical MOCVD growth conditions.
However according to Briot et al.21, decomposition of NH3 results in formation of
chemically stable N2 molecules which do not participate in nitride formation chemistry.
Instead, NH3 react directly with group III element M (In, Ga and Al) (readily formed
from decomposition of group III precursors) at the growth surface to form nitride
(Eq. 2.2):

NH3 + M = MN + 3/2 H2

2.2

However, significant InN decomposition and indium droplet formation starts at
temperatures as low as 500 °C. Thus substantial InN growth can only be achieved by
optimizing the growth temperature so as to suppress the decomposition of InN while
enhancing growth kinetics. Based on thermodynamic calculations, Koukito et al.22
proposed that H2 which is typically used as the carrier gas for GaN, a strong etchant,
should be replaced by N2. Based upon analysis by MacChesney et al.19 and Ambacher et
al.20, a high nitrogen partial pressure of about 1 atmosphere should be maintained during
MOCVD growth of InN at substrate temperature of ~500 °C.
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The first MOCVD-based growths of InN were reported by Matsuoka et al.23 and
Wakahara et al.24,25 Trimethylindium (TMI) was used as the source of indium while
ammonia (NH3)23 and microwave cracked N224 were used as nitrogen sources with N2 as
the carrier gas in all cases. Films were grown on sapphire substrates with (0001) plane of
InN parallel to c-plane of sapphire. Matsouka et al. observed mirror-like InN film growth
without indium droplets formation for V/III ratio > 104 with growth temperature < 600
°C. Thus from various experimental observations of MOCVD growth, InN
decomposition appears to start at temperatures around 500 °C24,26 and the growth rates
varied from 0.1 to 0.6 µm/hr. While growth temperature was kept around the value of 500
°C, further attempts were made to enhance growth rate as well as the structural properties
of InN by modifying the reactor design or flow conditions in the reactor. Modifying the
supply of precursors such as pulsed flow of precursors26,27, pre-heating28 or pre-cracking
NH329 have been tried. There has been some success in using pulsed growth to achieve
epitaxial InN films since it provides sufficient time for adatoms to diffuse on the growth
surface for lateral growth. Indium droplet formation can also be controlled by modulating
the injection of TMI, but the growth rate is usually low.

Different precursors have been also tried to achieve low temperature growth of
nitrides by MOCVD. Dimethyl hydrazine (DMHz) was used as a substitute for NH3 to
grow GaN30 and GaNP31 as it has higher cracking efficiency at lower temperature. But
the films grown thus far have a high incorporation of impurities such as carbon
originating from DMHz. Single source precursors such as organoindium azides have been
used.32,33 The films grown were polycrystalline and there was also incorporation of

22
impurities in the film. Plasma cracked N2 was also used as an alternative source for
nitrogen but the growth rate was low and films were rough with indium droplets on the
surface and high unintentional electron concentration (~1020 cm-3).24 Thus a suitable
alternate precursor for N-source has not yet been determined and the best results thus far
have been obtained with NH3.

The ratio of the nitrogen precursor (mainly NH3) to the indium precursor (TMI)
(also known as V/III ratio) is critical in obtaining epitaxial growth of InN and the
optimum ratio is dependent on growth temperature.1 At low temperatures (T<600 °C)
when the NH3 cracking efficiency is poor, high V/III ratio (~105) is required inside the
reactor to obtain sufficient nitrogen partial pressure. For Tgrowth ~650 °C, low V/III ratio
is preferred as ammonia decomposes substantially at higher temperature and H2 produced
(from NH3 cracking) has an etching effect upon the InN film.

For low temperature growth by conventional MOCVD, diffusion of atoms on the
surface during growth is limited. Also due to the large lattice mismatch between InN and
typical substrates, there is usually high twist and tilt of the crystallites in the InN films.34
Yamaguchi et al.35 grew InN on GaN, AlN and directly on sapphire and obtained the best
crystallinity for InN grown on GaN by MOCVD due to the reduced lattice mismatch (Xray diffraction ω-FWHM are 4000 arcsec for InN (0002) grown directly on sapphire or
with an AlN buffer layer while 600 arcsec was obtained for InN grown on GaN). The
Hall mobility of InN grown on GaN was 700 cm2/V-s while the electron concentration
was 5×1019 cm-3.
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There was an observation of residual strain in InN films grown on GaN template
on sapphire as measured by Yamaguchi et al.35 The strain was compressive along the aaxis while tensile along the c-axis and was predicted to arise from two sources – thermal
expansion mismatch and lattice mismatch with the buffer. Similar observations have been
made in InN films grown by Schmidtling et al.36 where films delaminated because of the
residual strain. Briot et al.37 calculated the residual biaxial-stress in InN films to be -0.67
kBar. The source of this stress was also predicted to be the coefficient of thermal
expansion (CTE) mismatch and/or lattice mismatch.36 By ignoring the contribution from
CTE mismatch, the compressive stress of -0.67 kBar (= -0.067 GPa) translates to
approximately 0.25% of compressive stress due to coherent growth of InN on nitrided
sapphire (see section 6.1). Thus it is predicted here that the InN films grew in an almost
relaxed state.

InN films mentioned above have usually very high surface roughness which is
predicted to be caused by poor surface diffusion due to the low growth temperature. Briot
et al.37 achieved two dimensional growth of InN by MOCVD on nitrided sapphire and

LT-GaN buffer layers on sapphire. They achieved a significant growth rate (0.4 µm/hr) of
InN with good structural and electrical properties using a low V/III ratio (~5000) and thus
predicted that excessive NH3 causes etching of InN by producing H2 from its
decomposition. InN films grown on LT-GaN showed mobility of 800 cm2/V-s with an
electron concentration of 9×1018 cm-3. PL measurements showed an emission peak at
0.78 eV while the reflectivity and transmission measurements showed the existence of a
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transition at 1.2 eV. However, they could not grow smooth InN films on micron thick
HT-GaN layers grown by MOCVD. InN films grown by Yamaguchi et al.35 and Fareed
et al.27 on micron-thick GaN grown by MOCVD also showed high surface roughness.

The above result by Briot et al. is interesting in the sense that different morphologies
were observed for InN grown under identical growth conditions on LT-GaN buffers and
HT-GaN templates. A possible reason could be that different polarities of GaN were
obtained at different growth conditions but there have not yet been any studies of the
effect of polarity of the GaN buffer on the properties of InN grown by MOCVD. An
investigation of InN growth on different polarity buffers can give an insight into the
growth mechanism and thus can help in improving growth of InN by MOCVD.

2.4 Substrates for InN

Lack of a suitable lattice and thermal expansion coefficient matched substrate
makes it difficult to achieve epitaxial growth of InN films with good structural properties
(Comparison of important properties of nitrides with some of the common substrates
shown in Table 2.1 and Figure 2.1 ). (0001) sapphire, the most commonly used substrate
for nitride growth, has a high lattice mismatch (~25%). The large lattice mismatch leads
to the formation of misfit dislocations38 which result in poor structural, electrical and
optical properties. Various other substrates with lower lattice mismatch values have been
tried such as (111) Si29,39, SiC (0001)40,41, MgAl2O442, GaP(111)B43, GaAs44,45, YSZ46,47
(lattice mismatch ~2%) and Ge (111)48 (lattice mismatch ~11%). (111) Si has a lattice
mismatch of ~8% with InN but growth on (111) Si requires an AlN buffer (lattice
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mismatch ~14%) for film nucleation and growth. Also, due to the chemical reactivity of
Si49, it is predicted to react with growth precursors (such as NH3, aluminum, indium, etc.)
to form alloys/compounds (such as SiNx, Si-Al eutectic, etc.), which are undesired for
epitaxial growth of InN films. SiC (0001) also has a lower lattice mismatch with InN as
compared to sapphire (0001) but the cost of SiC substrates is still very high and the
results of studies by Naoi et al.40 did not show any major improvements in the film
growth and properties.

Growth studies on other substrates are not yet well developed and there are issues
like substrate cost, thermal and chemical instability, etc. Growth of other nitrides (GaN,
AlN and alloys) on sapphire is highly developed and therefore the emphasis has been on
achieving growth of good quality InN on sapphire. The InN/GaN lattice mismatch
between InN and GaN, though still too high to achieve epitaxially matched growth, is
relatively small (~11%), so there has been focus upon using GaN as templates for InN
growth on sapphire.18,35
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⎞
⎛ a film − a substrate
Comparison of lattice mismatch ⎜⎜ =
× 100 ⎟⎟ and thermal
a substrate
⎠
⎝
expansion coefficients of nitrides and common substrates

Table 2.1:

Lattice parameter
(Å)

Substrate/buffer

Lattice
mismatch
(%)

Biaxial
Modulus
(M0001)
(GPa)

Thermal
expansion
coefficient (10-6 K1
)
a
C

a

c

InN50,51

3.539

5.708

-

30852

3.6

2.6

GaN53

3.19

5.19

10.94

48952

5.59

3.17

AlN54

3.11

4.98

13.79

5.3

4.2

Sapphire54

4.76

12.99

-25.65

60355

7.3

8.1

Si (111)56

3.84

6.27

-7.84

-

6H-SiC53

3.09

15.12

14.53

-

6H-SiC

7

2.6
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Figure 2.1: Comparison of lattice parameters of nitrides and various substrates.
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2.4.1 Buffer Layers for Growth on Sapphire

Buffer layers are used to reduce incompatibility between the thin film and
substrate, such as lattice mismatch and substrate surface wetting characteristics.
Consequently, the choice of buffer layer can have a significant effect on the epitaxial
growth and subsequent structural characteristics of the thin film. AlN and GaN are most
commonly used as buffer layers for growth on sapphire because of their relative
similarity with InN in structure and properties. A thin layer of AlN grown at low
temperature (~500 ºC) and annealed at a high temperature (~1100 ºC) has been used to
improve the properties of GaN grown on sapphire by MOCVD.57 That made it a natural
choice of buffer for growing InN on sapphire. Nitridation of sapphire58,59, LT-InN and
GaN35,60 have been also used as buffer layers to accommodate the interfacial stress due to
lattice mismatch between InN and sapphire. Composite buffers (LT-GaN/LT-InN, LTAlN/LT-InN) have also been tried.60-62

Another novel way to reduce the strain due to lattice and coefficient of thermal
expansion (CTE) mismatch between the nitride films and the buffer/substrate is to use an
interlayer63 or a compositionally graded buffer layer64. Interlayers are thin layers of
another material (e.g. AlN interlayers in GaN growth) and are predicted to decouple the
interaction between the top and bottom layer.65 Compositionally graded buffer layers
grade the lattice parameter from the substrate to the film surface over the graded buffer
thickness and modifies the stress relaxation mechanism. These techniques have been used
to suppress cracking due to tensile stress (from CTE mismatch) in GaN films grown on
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Si.66,67 A combination of GaN interlayers and compositionally graded thick InGaN buffer
layers have also been used by Song et al. to enhance strain relaxation in GaN layer grown
on sapphire, which also resulted in suppression and filling of v-pits in top GaN layer.68
Compositionally graded AlGaN and InGaN superlattices have also been studied to
modulate as well as improve the electrical and optical properties of devices.69,70 This
compositionally graded buffer technique can also be potentially exploited to reduce the
epitaxial mismatch strain (~10%) between InN films and GaN templates. However, there
have been few studies focusing upon growth of thick graded InGaN layers, and no study
(to the best of author’s knowledge) to use graded buffer layers for InN thin film growth.
One of the major reasons for the lack of these studies is the complex nature of InGaN
growth. This is due to differences in the thermal stability of InN and GaN where GaN is
usually grown at ~1050 °C while InN starts decomposing at temperature > 550 °C. Also,
there is a thermodynamically calculated miscibility gap for InN and GaN beyond a few
percent. As a result, thick InGaN films typically grow with high surface roughness,
formation of v-pits and phase separation.71

2.4.2 Polarity Effects for Growth on GaN

One of the important characteristics of group III-nitrides is the anisotropy of the
wurtzite crystal structure along the c-axis. The epitaxial growth of nitrides is typically
done along this polar axis. This results in significant spontaneous polarization along the
c-axis because of the two different orientations in which nitrogen and group III atoms
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bond.72 Figure 2.2 shows two different orientations of GaN films, with c-axis along the
growth direction. Conventionally, if the three bonds of the tetrahedrally bonded Ga atoms

(c)

(d)
Ga atom
with
tetrahedral
structure

Substrate

Substrate

Ga-polar GaN

N-polar GaN

Figure 2.2: Non-symmetric wurtzite structure of GaN: (a) Ga-polar GaN, (b) N-polar
GaN (from Sumiya et al.72). (c) and (d) show bond orientation of Ga atoms in (a) and (b)
respectively
face towards the substrate (Figure 2.2 (a) and (c)), the film is said to have Ga-polarity
(also called +c GaN). If the three bonds on the Ga atoms are in the growth direction
(Figure 2.2 (b) and (d)), then the film is N-polar (also called –c GaN). The polarity of IIInitride semiconductors is a critical parameter in determining film growth behavior and
properties such as spontaneous polarization.53,73,74 Hence, the properties of subsequent
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devices, such as radiative recombination inside light emitting diodes and electrical
properties of transistors fabricated on the films, are also polarity dependent.53 As an
illustration, for GaN, it is well known that both the incorporation of impurities and the
formation of defects are related to the growth mechanism, which in turn depends on the
polarity of the growing surface .73,75,76 For growth by MOCVD, high quality epitaxial
GaN films grow Ga-polar while MBE growth occurs along N-polar direction. However,
unlike GaN, while some data exists for the effect of polarity on growth and properties of
InN films deposited by MBE, little is known about polarity effects on InN growth by
MOCVD.40,77

For growth by MBE, Xu et al.77 and Nanishi et al.40 observed that film polarity
has significant effect upon the optimum growth conditions of InN. The polarity of InN
was controlled by growing the films on different polarity GaN templates and the film
polarity determined the optimum growth temperature and the surface morphology of InN.
For Xu et al.77, the highest growth temperature for In-polar InN was limited to 500 ºC
while N-polar InN was grown at temperature as high as 600 ºC without substantial
decomposition of the film. Xu et al. observed step flow growth for N-polar InN and three
dimensional growth for In-polar InN while Nanishi et al. did not observe any significant
difference in the surface morphology of both polarity films. While Xu et al. used in situ
coaxial impact collision ion scattering spectroscopy (CAICISS), Nanishi et al. employed
both CAICISS and convergent beam electron diffraction (CBED) techniques to determine
the polarity of InN films. The crystal quality (FWHM = 233 arcsec) as well as Hall
mobility (µRT = 1400 cm2/V-s) were better for N-polar InN as reported by Xu et al. The
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corresponding electron concentration was 1.56×1019 cm-3. Dimakis et al.18 studied the
growth of In-polar InN on GaN by PAMBE. They observed a change in surface
morphology of In-polar InN with change in growth temperature and nitrogen/indium flux
ratio (FN/FIn) and observed a step-flow growth mode for FN/FIn ~1 and three-dimensional
growth mode for higher values of FN/FIn. Based on their observation, Dimakis et al.78
proposed a physical model to explain different growth modes for In-polar InN films in
different growth regimes which essentially related the change in growth morphology with
the change of effective N/In ratio on the growth surface and suggested that In-rich
conditions, though forming indium droplets on the surface, resulted in a step-flow growth
mode for In-polar InN, similar to results for GaN growth79,80 where Ga-rich conditions
stabilized the two-dimensional growth mode.

2.5 Optical and Electrical Properties of InN

2.5.1 Band Gap

Recent advances in the ability to grow epitaxial films of InN with lowered
electron concentration have led to a controversy about the fundamental band gap of InN.
While the earliest grown InN distinctly showed an absorption edge near 1.9 eV4, the
recent films suggest a band gap between 0.6 and 0.9 eV from both PL and absorption
measurements81,82. It has been suggested that the 1.9 eV absorption edge measured in
sputtered InN may be due to oxygen contamination during growth which leads to the
formation of oxynitrides or alloys of InN-In2O3 at low growth temperature (where Eg =
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3.1 eV for In2O3) while at high temperature, oxygen can get incorporated as a donor and
cause a large absorption edge shift due to the Burstein Moss effect.81,83 Other studies by
Naik et al.84 indicated the presence of electronic states at ~1.5 eV with respect to the
valence band edge, in highly degenerate InN films (carrier concentration > 3×1020 cm-3)
and suggested that the large shift in optical absorption edge from ~0.6 eV (in InN films
with carrier concentration ~3.5×1017 cm-3) to higher values could be due to band filling
effects. Alternatively, it has been suggested that the 0.7 eV PL emission is due to the
presence of a deep level defect at 0.7 eV which gives the smaller emission energy.85
Determination of the correct band-gap is needed for establishing other physical constants
such as effective mass of electron in InN85,86 and further work is needed to resolve this
issue.

2.5.2 Carrier Concentration and Mobility

Theoretically predicted high values of mobility (4400 cm2/V-s at 300 K87) have
not yet been achieved in InN films. The electron mobility values for InN films grown by
MOCVD have improved recently to 1100-1300 cm2/Vs with corresponding carrier
concentration down to 4.7×1018 cm-3 for film thickness varying from 0.2 to 1 µm.88-90 For
films grown by MBE, 2100 cm2/Vs is the highest mobility ever achieved and was
attained for films grown by Schaff et al.15 The corresponding electron concentration was
~3×1017 cm-3. However, the best mobility results for InN films with step-flow-like
surface morphology reported in the literature, which is important for quantum well
growth, were 800 cm2/Vs (with n ~9×1018 cm-3) for ~0.5 µm thick films grown by
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MOCVD91 and 2000 cm2/Vs (with n ~1×1018 cm-3) for ~5 µm thick films grown by
MBE16.

In general, the unintentional doping levels in InN films grown by all techniques
are very high (of the order of ~1018 cm-3).1 The reason for the observation of consistently
very high n-type doping in InN is not yet clear. Based on theoretical calculations, the
formation energy of N vacancies in n-type material is high92, unlike the low energy
associated with incorporation of impurities such as oxygen, silicon or hydrogen in
nitrides.93 Thus according to Van de Walle et al.92, N vacancies do not account for the ntype conductivity of as-grown InN. Based on correlations between growth temperature
and carrier concentration, Schaff et al. also predicted that the high unintentional n-type
doping is not due to nitrogen vacancies but probably due to other kind of defects.13
According to Limpijumnong et al.93, H in InN can act as a source of n-type conductivity,
unlike in AlN and GaN where its behavior is amphoteric. So, the high unwanted n-type
doping level in InN may be due to H incorporation in InN or oxygen impurities in N2.

In addition to impurities and point defects in InN, surface states may also be
responsible for the high electron concentration. Schaff et al.94-96 observed a strong excess
surface charge accumulation for InN films grown on AlN and GaN which could
contribute to an increase in the average carrier density of the films. The reported
observation of decrease of carrier concentration with increasing film thickness could
point to the contributions from the interface and/or surface of the film which could act as
the sources of surface-states based electric charges. The effect of surface-states can get
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diluted with increasing InN film thickness, explaining the above observation. The studies
by Rickert et al.96 indicated that the Fermi level at the surface is pinned in the conduction
band of InN (band-gap is assumed to be 0.7 eV) and thus can result in excessive charge
accumulation at surface, resulting in increase of measured average carrier density of the
film.

Overall, significant progress has been made in studies of InN in last ten years.
MBE has been more successful than any other growth technique for InN thin films
growth, with focus upon growing several microns thick films and also analyzing the
effect of polarity on the film growth and properties. There has been less of an effort on
MOCVD growth of InN thin films because of limited success with the growth process.
MOCVD growth of other nitrides (GaN, InGaN, AlGaN, etc.) is well developed and
widely used for commercial production of nitride based devices with high throughput.
Consequently, there is interest in developing an MOCVD process for InN since it is the
primary process currently in use for commercial nitride epitaxy. For growth of device
quality InN films by MOCVD, it is important to address the issues of poor structural and
electrical properties observed so far for MOCVD grown films. Thus a better
understanding of the InN growth mechanism and the effect of buffer and template layers
on the structural properties of the film is required. With this motivation, this thesis is
focused upon studying the MOCVD growth of InN thin films with specific goal of
investigating the effects of growth conditions and buffer layer characteristics on the
structural properties of InN films.
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Chapter 3
Experimental Setup

3.1 Introduction

The first part of this chapter will describe the details of the MOCVD system used
for thin film growth, followed by a description of the in-situ stress and growth rate
monitoring multi-beam optical sensor system (MOSS). Then, the sample preparation and
growth process is briefly described followed by a description of various characterization
tools utilized for the study of nitride thin films. The MOCVD system and most of the
characterization tools were available at the University Park campus of the Penn State
University. While all the growth and most of the characterization work was done by the
author himself, transmission electron microscopy (TEM) was done by Protima Singh
(student of Dr. Pierre Ruterana) at ISCEAN, France and by Dr. Xiaojun Weng at Penn
State University. SIMS analysis was done by Steve Novak at EAG Labs, NJ. MBE grown
N-polar GaN templates on sapphire substrates were provided by Dr. Thomas Myers
group at West Virginia University, and by Dr. Eric Readinger at US Army Research
Laboratory at Adelphi, MD.

3.2 MOCVD System

All the growth experiments were done in a Thomas Swan MOCVD reactor
system that was upgraded for nitride materials by CVD Equipment Corporation. It

41
consists mainly of two cabinets: a gas manifold cabinet and a reactor cabinet (Figure 3.1).
The reactor cabinet was custom-built to incorporate the MOSS assembly on the reactor
(described in detail in 3.2.2) while the gas manifold cabinet was originally built by
Thomas Swan and upgraded several times since then by MOCVD group members for
better flexibility in the growth process.

There are two main leak check ports on the system for external leak testing – one
connected to the gas manifold and another to the reactor, which helps to conveniently
isolate and leak check various parts of the system. Leak testing was done externally using
a helium (He) leak detector and a measured value of He leak rate of < 10-9 sccs from the
system was considered to be sufficient for leak-proof connections on the MOCVD
system. While VCR fittings were used for leak-tight connections of stainless steel tubings
and other parts (such as mass flow controllers (MFCs), pressure controllers (PCs), etc.),
o-rings were mainly used for quartz-stainless steel coupling and for large area (> ½ “
diameter) stainless steel-stainless steel coupling.

Gas
Manifold
Cabinet

Reactor
Cabinet

Figure 3.1: Photograph of the MOCVD system. On the top left part of gas manifold cabinet is the MOCVD computer
running the growth recipes. Orange glow from the upper part of the reactor cabinet is from the reactor with susceptor
heated to ~1100 °C

Complete details on the design and functionality of both cabinets are beyond the
scope of this thesis, but a brief description of each cabinet along with schematics is given
below.

3.2.1 Gas Delivery Network and Manifold Cabinet

Ultra high purity (UHP) grade Hydrogen (H2) (from GT&S) and nitrogen (N2)
were used as carrier gases. N2 was also used as a purge gas in the reactor and was tapped
from an in-house supply from a liquid nitrogen tank (Air Products, Inc.). Ammonia (NH3)
was used as group V source for nitride thin films growth. Both VLSI and BlueTM grade
NH3 (stored in liquefied form in cylinders) from Air-Products, Inc., were used, after
purification from a SEAS purifier. H2 and N2 were also purified using SEAS purifiers.
All gas cylinders were mounted in ventilated gas cabinets.

Tri-methyl aluminum (TMA), tri-methyl gallium (TMG) and tri-methyl indium
(TMI) were used as metalorganic precursors (vendor: Epichem) for group III elements
(aluminum (Al), gallium (Ga) and indium (In), respectively) and were contained in
stainless steel bubblers. Dimethyl Hydrazine (DMHz) was also installed on the system, as
an alternate source of reactive nitrogen, for low temperature growths of nitrides. It was
also contained in a stainless steel bubbler and purchased from Epichem, Inc. All the
bubblers except that of TMG, were maintained at a constant temperature of 25 °C. TMG
bubbler was maintained at -13 °C, due to its low melting point, resulting in high vapor
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pressure at room temperature (source: www.epichem.com). All the bubblers were
maintained at constant temperature using ethylene glycol-water mixture baths. Both TMI
and DMHz bubblers were maintained at a constant pressure of 760 Torr. TMG and TMA
bubbler pressures were adjusted as per the need of the required flux, but were usually
kept at ~1800 and 1500 Torr, respectively. At the above bubbler temperatures and
pressures, all the precursors are predicted to be in a liquid state, except that of TMI which
is predicted to be in a solid state. Due to the high melting point of ~88 °C of TMI and 25
°C temperature of bubbler baths, all the gas manifolds downstream from the metalorganic
precursor bubblers, including group III carrier lines until the group III cones and group
III vent lines until the exhaust, were constantly maintained at a temperature between 30
to 60 °C, using heating tapes. This is done in order to prevent any condensation of
metalorganics (especially TMI) in the lines which could otherwise cross-contaminate
subsequent nitrides growth.

Appropriate carrier gases were bubbled through the bubblers to transport
metalorganic precursors to the reactor. Pressure in the bubblers was controlled by
pressure controllers (PCs) installed on the manifolds downstream from the bubblers,
while flow through the bubblers was controlled by mass flow controllers (MFCs)
installed on the manifold upstream from the bubblers. MFCs were observed to follow the
given set-point precisely usually between 5 and 90% of their operational limit. Thus
appropriate MFCs were installed so as to incorporate desired flow rates of push gas
through the bubbler, well within the range of the MFCs. The molar flow rate of
metalorganic precursors was determined by Eq. 3.1:
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p metlorganic
nmetalorganic
ncarrier

=

pbubbler
p
⎛
⎞
⎜⎜1 − metalorganic ⎟⎟
pbubbler ⎠
⎝

3.1

where ncarrier and nmetalorganic are the molar flow rates of the carrier gas through the bubbler
and metalorganic precursors, respectively. pbubbler is the total bubbler pressure while
pmetalorganic is the equilibrium vapor pressure of metalorganic precursors, determined by

their temperature. The vapor pressure of the metalorganic precursor at the bath
temperature is determined by Vapor-Pressure vs. Temperature equations, provided by
Epichem, Inc. (equations available at www.epichem.com ).

Quarter inch diameter electropolished stainless steel tubing was used for the gas
manifolds with welded VCR fittings for the interconnections. Gas manifold for NH3 was
especially designed double walled manifold with inner ¼” tubing carrying the gas with
½” concentric outer tubing to contain any gas leakages. The gas manifold consisted of
parallel set of run and vent manifolds for stabilization of flows and pressure-balanced
switching of gases and precursors in and out of the reactor. Appropriate MFCs and
pneumatic valves were used to control the flow rates and switching of gases while PCs
were also installed on metalorganic lines, as mentioned earlier to maintain the bubbler’s
pressure at desired values. A schematic of gas manifold is shown in Figure 3.2

Figure 3.2: Schematic drawing of gas manifolds.

The gas manifold cabinet also contained a system computer to run the system in
automatic control. All the MFCs, PCs and pneumatic valves inside the gas cabinet have
both manual and automatic modes whose control switches are displayed on the front
panel of the gas cabinet. The front panel also displays all the real-time targeted and actual
readings of various parameters (such as NH3 flow rate, reactor temperature, etc).

3.2.2 Growth Reactor Cabinet

Growths were carried out in a vertical flow, cold walled, rotating disc (at 30 rpm)
reactor with a single 2” wafer-holding capacity (Figure 3.3). A schematic of the reactor
with appropriate labels is shown in Figure 3.4 . The reactor walls were cooled by a water
jacket with water circulating and maintained at 60 °C. A flow of 1 slpm was maintained
between the liner tube and the water jacket during the experiments to further cool the
reactor wall by convection. A silicon carbide (SiC) coated graphite susceptor, mounted
on a rotating quartz shaft with appropriate size substrate pocket cut-outs (a quarter of 2”
wafer or 1 cm2), was used to hold the substrate and was heated by radio-frequency (RF)
inductive heating. The substrate temperature was monitored by placing a thermocouple
inside the quartz shaft just below the susceptor.
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Group V cone

Figure 3.3: Vertical MOCVD reactor. In the picture on left, installation of MOSS
instrument on the reactor can be seen. In the picture on right, heated susceptor glowing at
~1100 °C can be seen. Group III cone, located inside group V cone can also be seen.
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for

product

Quartz shaft rotating at 30 rpm

Figure 3.4: Schematic of the reactor. Dashed arrows show the approximate direction of
carrier gases flow inside the reactor.

There are two separate coaxial cones at the top of the reactor, connected to two
separate lines coming from group III and V sources, to minimize the mixing of the
precursors before reaching the substrate surface. The inner cone connects to the group III
line while the outer cone is connected to the group V line, resulting in group III line gases
entering the reactor as a jet and impinging upon the substrate while group V line gases
have a more diffused entry into the reactor. Optical ports contained gas purge lines to
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keep them clear of any deposition. The exhaust line for the by-products is at the bottom
of the reactor chamber and is connected to a fomblin-oil based rotary valve vacuum pump
which maintains the reactor at a desired pressure. The exhaust gases are diluted with N2
and then passed through a water scrubber containing sulfuric acid to neutralize NH3
before releasing into the environment.

3.3 Multi-beam Optical Sensor System (MOSS)

The MOSS technique was originally developed at Sandia National Laboratory by
Floro et al.1 For installation of MOSS on the MOCVD system used by the author, the
reactor geometry was redesigned by Professor Joan M. Redwing, to incorporate
appropriate optical paths and mounting ports. The MOSS system was manufactured and
installed by k-space Associates, Inc. along with appropriate installation of the software
needed for data capture and analysis (Figure 3.5). The principle of MOSS is relatively
straight forward. It uses a set of parallel laser beams to measure the substrate curvature (
Figure 3.6 (a)) as well as the reflectivity of the substrate surface (Figure 3.6 (b)) during
the growth process. While curvature is used to determine the stress in the film (based
upon Stoney’s equation), reflectivity is used to measure the film’s growth rate as well as
qualitatively predict the surface roughness.2 A single laser beam is split into a onedimensional array of parallel beams by an etalon and is incident upon the substrate
surface.

Integrated
Laser/Optics

CCD detector

CCD
Control
Frame
Grabber
Analog
I/O

Figure 3.5: Schematic diagram of the MOSS hardware setup on the reactor and the interface with computer for data
collection.

(b)

(a)
D (t)
D0

θ

d

Figure 3.6: Schematic diagram of mechanisms used in MOSS: (a) change in laser beam
spacing from D0 to D (t) due to change in substrate curvature; (b) interference of beams
reflected from surface and interface of film results in oscillations of laser reflective
intensity
This parallel array of beams can be further split to achieve a two-dimensional
array of laser spots on the substrate surface, by putting another etalon orthogonal to the
first one in the path of beam. This can be important in case of a growth surface with an
anisotropic strain profile where a two dimensional plot of substrate curvature is needed.
The array of beams reflected off the surface is captured by a CCD camera to measure the
laser spots’ spacings as well as each individual spot’s intensity and is sent to the
computer where appropriate k-MOSS software displays the real time spot spacing and
reflectivity (Figure 3.7) and also does various other calculations and conversions.

Figure 3.7: Screen capture of MOSS data collection on computer during a growth.

The raw data captured by the setup is then processed using the following
equations to obtain the stress profiles as well as other curvature and growth related
information. The change in the curvature of the substrate ∆κ is related to laser spots
spacing D (t) by Eq. 3.2:
⎛ D(t ) ⎞ cos(θ )
⎟
∆κ = ⎜⎜1 −
D0 ⎟⎠ 2 L
⎝

3.2

where D0 is the initial spacing, L is the distance between the CCD camera and the
substrate and θ is the angle of incidence between laser beam and the normal to the
substrate surface. Using Stoney’s equation3, the change in curvature can be related with
the stress in the film σf given by Eq. 3.3:

σ f hf =

M s hs2
κ
6

3.3

where hf and hs are the thicknesses of the film and substrate, respectively and Ms is the
biaxial modulus of the substrate. Derivation of the above two equations can be found in
Hearne PhD thesis.2 Also, as the laser beam is incident upon the optically transparent
(photon energy of laser beam < Eg of the film) film surface, it gets reflected from the
surface of the film as well as the interface between the film and substrate (Figure 3.6).
These two reflected beams interfere constructively and destructively depending upon the
distance between the film surface and interface and thus growth of the film results in
sinusoidal oscillation of the reflected laser intensity, with one period of oscillation
corresponding to thickness d of the film given by Eq. 3.4:
d=

λ
2 cos(θ )n f

3.4
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where λ is the wavelength of the laser beam (λ = 658 nm) and nf is the refractive index of
the film (nf (AlN) = 2.1; nf (GaN) = 2.29; nf (InN)4 = 2.9). Derivation of the above
equation is given in Appendix A.

3.4 Safety Features

There is an array of safety interlocks on the system to check against any system
failures (such as hydrogen leak, low process water temperature, high reactor pressure,
etc.). In case of a failure of any one of the several safety cross-checks, an alarm on the
system goes off and the system automatically shuts down by turning off all the ongoing
processes (such as the ammonia flow, metalorganic precursors flow, high reactor
temperature, etc.), flushing the manifold lines and reactor with N2, and bringing the
reactor back to room temperature and pressure. The reactor operates in two modes – run
mode and leak test mode. For proper operation of reactor, it should be kept in run mode
while doing experiments and in leak test mode for leak testing it. In leak test mode,
proper care should be taken in operating automatic valve (AV) 109. While reactor can be
isolated for leak testing by putting AV109 in over-ride mode, AV109 should be kept in
normal mode while loading and unloading the reactor else the reactor will not stop

loading/unloading and can crash into the upper/lower part of reactor assembly. When
reactor is in run mode, AV109 should always be kept in normal mode.

Due to usage of several highly reactive and pressurized gases and chemicals (such
as metalorganics, NH3, H2, etc.) during MOCVD growth of thin films, it is important to

56
take proper safety precautions to prevent any accidents while working in the laboratory or
after working hours. The basic safety precaution to always follow in the lab is to wear a
pair of safety glasses and a lab coat. Gloves should be worn while handling substrates,
reactor or any chemicals, and while repairing the system. All chemical handling and
storage of commonly used chemicals should be done inside the chemical-hood. There are
first-aid safety kits, an eye washer and an emergency shower located in the lab. Materials
safety data sheet (MSDS) for all the chemicals in the lab are kept in a folder and should
be updated and referred to if needed. In case of an emergency, the reactor can be shut
down directly by pressing off the “Main Power” switch on the front of gas cabinet panel.
The system’s main power is usually kept on. However, when the main power is off or
when the bubbler’s bath temperature is changed, the metalorganics bubblers manual hand
valves should be closed, until the bath temperature is brought back to preset value. If a
metalorganic precursor bubbler is not used for a long duration of time, then the bubbler’s
hand valve should be kept closed. Metalorganics should always be handled with extra
care since they are pyrophoric and react violently and catch fire if exposed to oxygen or
moisture. For more details about handling and changing metalorganics bubblers, manuals
from Epichem (stored in the lab) should be referred. All chemicals and waste generated
should be stored in appropriate cabinets. To dispose waste chemicals or for any lab safety
related issue, Environmental Health and Safety (EHS) department at Penn State should be
contacted. Contact phone numbers for various emergency situations are listed on the lab
door as well as on the glass cabinet inside the lab.
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During H2 and NH3 cylinders replacement, lines should be purged with N2, to
prevent any air or moisture diffusing in. The lines should also be pumped and purged
before and after the change of H2 and NH3 cylinders, with N2 followed by pump and
purge with H2 and NH3, respectively. The connections with the cylinders should be leak
checked with hand-held toxic gas detector. Proper care should be taken while
replenishing scrubber with sulfuric acid and water, by adding water before adding
sulfuric acid. It should be done slowly over a period of 4-5 hours to prevent any
overheating of acid container of the scrubber.

Finally, although the reactor has several automatic safety features against any
error in normal operating conditions, manual monitoring of reactor should be done during
an experiment or system repair to watch out for any potential mistake. A self-made
check-list should be used during the start and shut-down of the system to keep the system
running smoothly.

3.5 Sample Preparation and Growth Process

Growths were mainly done on 330 µm thick c-plane oriented, one-side polished
sapphire substrates from Saint-Gobain. GaN templates of both polarities (N and Gapolar) grown on sapphire were also obtained from external suppliers. Ga-polar GaN
templates were purchased from Technologies and Devices International, Inc. (TDI). The
layers were grown by HVPE on (0001) sapphire and were n-type with an electron
concentration of 9×1016 cm-3 and were ~4–5 µm thick [source: TDI]. N-polar GaN
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templates were obtained from Dr Thomas Myers group at West Virginia University
(WVU) and Eric Readinger from US Army Research Lab (ARL) at Adelphi, MD. The Npolar GaN was grown by MBE on (0001) sapphire with thickness varying from 12 nm to
1000 nm. XRD ω-scan FWHM values for Ga-polar GaN were ~350 arcsec and ~7001800 arcsec for N-polar GaN. All substrates were diced into quarters of 2” wafer or 1 cm2
pieces at American Precision Dicing, Inc. Small, odd shaped pieces of N-polar GaN
templates were also used for growth due to their limited supplies. Ga-polar GaN
templates were also grown on sapphire in the MOCVD system as base layer for InN
growth. Diced substrates were ultra-sonicated in acetone, iso-propanol and DI water, in
this sequence for ~5-10 min for each step, followed by blowing dry by nitrogen.

To run an experiment on the MOCVD system in automatic control, a run-recipe
was designed and ran on the system computer with all the control switches in automatic
mode. A recipe usually consisted of several segments, corresponding to each step in the
experiment. A typical growth recipe consists of following sequence of segments (with
typical time of the segment given in brackets) –

¾ Nitrogen purge of reactor at 650 Torr (10 min)
¾ Setting various flow rates (5 min)
¾ Lowering the reactor pressure to the pressure required for experiment (2 min)
¾ If H2 is the carrier gas during growth, switch-in H2 (5 min)
¾ Heating up the reactor to growth temperature (12 min)
¾ Start flows of metalorganic precursors and NH3 into vent-line (10 sec)
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¾ Hold at high temperature and stabilize flows of precursors (10 min)
¾ Switch precursors into run-lines (10 sec)
¾ Growth (60 min)
¾ Switch metalorganic precursors out of run-line and back into vent-line at the end of

growth (10 sec)
¾ Cool down in NH3 (10 min)
¾ Purge all the lines with H2 if H2 was the carrier gas (5 min)
¾ Purge all the lines with N2 (5 min)
¾ Raise reactor pressure to 700 Torr (5 min)
¾ Shut all valves (5 sec)

Before each growth experiment, the reactor was hydrogen baked for 20-40 min at
1100-1200 °C and 10-20 Torr to thermally clean the reactor, especially the susceptor of
depositions from previous growths. Occasionally, following the hydrogen-bake, (111)
silicon substrate was baked at 1100 ºC for 10-20 min, to check the efficiency of the
hydrogen-bake. A whitish haze on the Si surface after the silicon-bake indicated the
presence of contamination in the reactor while a clear, shiny Si substrate after siliconbake meant that the reactor was clean. In case of haze on the Si, various progressively
intricate reactor cleaning steps were taken such as modifications in hydrogen-bake (such
as bake temperature, gases flow rates, longer purging of gas manifolds, etc.), cleaning of
group III and V cones, quartz shaft, etc. until a clean Si came out after the silicon-bake.
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A typical growth experiment consisted of purging the reactor first with N2,
followed by H2 purge. In the case of sapphire substrates, the substrate was then heated in
H2 and thermally cleaned at 1100 ºC for 10 minutes. In case of HVPE grown GaN
template, the substrate was heated in a mixture of H2 and NH3 and held at 1050 ºC for 5
minutes for thermal cleaning of the surface. There were some problems associated with
N-polar GaN such as the presence of an In-Sn eutectic on the back of the sapphire and
droplets of gallium on top of GaN, both being the artifacts of growth by MBE. Therefore
N-polar GaN templates were thermally cleaned by heating to a lower temperature of 700
°C in N2 and holding there for 5 min, to remove the gallium droplets and to etch just the
first few monolayers of GaN. The In-Sn eutectic was left as it was, on the back of the
sapphire.

A thin (<10 nm) low temperature (LT) AlN was used as buffer for growth of InN
in initial studies and also for MOCVD growth of GaN templates on sapphire. After
thermal cleaning of the sapphire substrate, the substrate temperature was lowered to 500
ºC. After temperature stabilization at 500 ºC, NH3 pre-flow was done, followed by
growth of AlN buffer layer. Time of NH3 pre-flow was critical to grow pit-free GaN
template and was optimized to be ~4-8 sec. Buffer layer thickness was also critical and
was optimized. While a thickness of ~6 nm was optimum for smooth GaN growth,
optimization results for InN growth are described in Chapter 4. For buffer layer growth,
H2 was used as the carrier gas at a constant reactor pressure of 50-100 Torr, and a total
flow rate of 10.5 slpm with TMA flow rate of 0.18-0.24 sccm and NH3 flow rate of 2
slpm were used. After growth of the buffer layer, it was then annealed at 1050-1100 ºC
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for 2-10 minutes in H2 and NH3. The growth rate of AlN was 2.4-3.1 Å/sec and was
estimated by measuring the thickness of an AlN layer grown at 500 ºC for a longer period
of time (15 minutes). The AlN was then partly masked using black wax and the exposed
portion of the layer was etched at 50 ºC in 50% NaOH solution to form a step which was
profiled by atomic force microscopy to get the thickness and thus the growth rate. The
growth rate was verified to be constant based upon reflectivity oscillations in MOSS
whose periodicity was constant over 2-3 oscillations.

InN growth on all substrates/templates was preceded by switching the carrier gas
to N2 and the growth was done at a lower temperature (~500 – 560 ºC) and higher reactor
pressure (~400 – 650 Torr) as higher temperature and/or lower pressure resulted in
indium droplet accumulation with almost no InN film deposition in most cases. High
reactor pressure however resulted in a higher level of noise in the MOSS spot spacing
data capture. The noise is predicted to be due to vibrations induced in the substrate
(sitting in susceptor pocket) by turbulent gas flow dynamics at high reactor pressure of
~650 Torr. Thus it was difficult to get good curvature measurement data for InN growth.
It was also difficult to analyze reflectivity data as the oscillations dampened because of
the roughening of the InN surface with growth time. Also, since the proposed Eg of InN
(0.7 eV) is smaller than the photon energy of the laser used in MOSS (Ephoton = 1230/658
= 1.9 eV), it was predicted that the laser beam got absorbed by the growing InN films and
thus the oscillations further dampened in amplitude over the period of growth.
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3.6 Ex-situ Characterization Techniques

3.6.1 Structural Characterization

Grown films were first visually observed under the optical microscope. The
surface morphology and thickness of the InN films were characterized by scanning
electron microscopy (SEM) using a Philips XL20 instrument. A JEOL JSM-6700F field
emission scanning electron microscope (FE-SEM) was used to observe the InN/buffer
interface.

For cross-sectional analysis and polarity determination by transmission electron
microscopy (TEM), samples were prepared by mechanical grinding followed by dimpling
down to 20 µm. Electron transparency was obtained by ion milling samples at 5 kV,
cooled to liquid nitrogen temperature to avoid irradiation damage. Samples were then
analyzed by TEM on a JEOL 2010 microscope operating at 200 kV. The polarities of the
GaN templates and InN films were determined by comparing the convergent beam
electron diffraction (CBED) patterns collected along the [1 1 00] zone axis with patterns
simulated by “Desktop Microscopist” and “JEMS” software, respectively. A Philips
X’Pert MRD system was used to carry out x-ray diffraction (XRD) measurements to
study the crystalline characteristics of InN, buffers and substrates and also to determine
the presence of various phases and composition of layers grown. A Digital Instruments
tapping mode atomic force microscope (AFM) was used for surface morphology
characterization.
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3.6.2 Chemical Analysis

A combination of scanning transmission electron microscopy (STEM) and x-ray
energy dispersive spectrometry (XEDS) was used for quantitative analysis of
composition in InGaN layers. The analysis was done by doing several line-scans for
elemental composition along the cross-section of film/buffer thickness at different spots
and comparing them with the standard calibrations for individual elements to estimate
their fraction in the film. An electron probe of 1 nm diameter was used for STEM/XEDS
analysis. More details of the process are given in paper by Xiaojun et al5.

Secondary ion mass spectrometry (SIMS) was also used for quantitative analysis
of indium and gallium fraction as well as impurity incorporation in InGaN films. An
energetic ion beam sputters a small crater (~400 × 400 µm) on the film surface and the
secondary ions formed in the sputtering are collected and analyzed in a mass
spectrometer system (source: Evans Analytical Group LLC). The depth of the crater is
measured by a stylus profilometer and the average value of the composition is determined
by dividing the number of secondary ions (of various elements) collected by the depth of
crater. The depth resolution was 20-300 Å. The detection limits for various elements in
InGaN and GaN films are given in Table 3.1. Since the surface roughness of InGaN layer
was usually high and the lateral resolution of SIMS was poor (profiling area of ~400 ×
400 µm), the compositional analysis from SIMS was considered to be semi-quantitative.
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Table 3.1: Detection limits in SIMS for various elements in InGaN and GaN films.
Element
H
C
O
Si

Detection limit (cm-3)
5×1017
5×1016
5×1016
2×1016

3.6.3 Electrical and Optical Characterization

A Hall-effect system was used for mobility and carrier concentration
measurements in InN films. Square shaped samples of 5×5 mm size were used, with
ohmic contacts made by pressing indium dots at the four corners of the samples. Hall
measurements were done at room temperature, with current varying from 1 to 10 mA and
with magnetic field of 5000 Gauss. Since the surface roughness of the film was usually
high, carrier concentration of the film was determined by dividing the measured sheet
carrier density by the average thickness of the film.

Fourier transfer photoluminescence (FTPL) system manufactured by North Coast
Scientific System was used for measurements of photoluminescence (PL) emission from
InN at room temperature as well as at liquid nitrogen temperature. This system used a
germanium detector and the excitation source was an Argon laser with wavelength of 488
nm. For PL analysis of GaN and InGaN films, another PL system with ability to measure
emissions from visible and UV range at room temperature by using a 266 nm pulsed
Nd:YAG laser, was used.
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Chapter 4
Growth of InN films by MOCVD

4.1 Introduction

In MOCVD – a variation of vapor phase epitaxy (VPE), thin films of III-V
compounds are epitaxially grown on a substrate at an elevated temperature, by chemical
reactions of precursor gases injected in a reactor chamber at a controlled pressure. The
flow patterns and reaction mechanisms inside the reactor are in general very complex.
Thus most of the growth studies have been empirical, with success of growth
characterized by the properties of films or performance of the devices grown. In-situ
monitoring and computational modeling studies have led to an improved understanding
of the flow dynamics of gaseous reactants inside the reactor, and the complex chemical
reactions in the gas phase.1-3 However, the surface processes during MOCVD growth of
thin films are not as well understood. Several optical techniques such as spectral
ellipsometry (SE)4 and multi-beam optical sensor system (MOSS)5 have been used
recently for in-situ monitoring of the growth surface, to gain better insight into the
growth mechanism and the processes related with it, such as surface roughening, film
coalescence, etc.

Based upon these analyses, a simplified, generic model has been developed for
MOCVD growth of compound semiconductors. MOCVD can be described as a dynamic
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growth process, controlled by various competing growth steps in the vapor phase as well
as at vapor-solid reaction interface. Shaw6 categorized these competing steps during VPE
growth into mass transport, surface kinetics and thermodynamics. Mass transport
determines the arrival rate of reactants from the gas phase to the substrate surface and can
control the growth rate as well as determine whether the growth environment is group III
or group V rich, an important condition for nitride thin films growth. Thermodynamics
determines the driving force for various reactions in the gas phase and at the substrate
surface and can be used to define a suitable range of growth temperatures and pressures,
in order to minimize the driving force for undesired reactions. Kinetics determines the
rate of occurrence of various steps (chemical reactions, surface diffusion, etc.) during
growth and can impact the film morphology. Kinetics thus plays an important role in
MOCVD growth of nitrides where the films are usually grown in a meta-stable state
(with respect to film decomposition), away from thermodynamic equilibrium. This has
been observed in the specific case of the relatively well studied GaN thin films growth
where although GaN is thermodynamically unstable at the usual growth temperature of
~1050 °C, epitaxial films with smooth surface morphology and good structural quality
can be obtained as the rate of film decomposition is slow (due to high kinetic barrier)
compared to the rate of film growth.7

For growth of InN thin films by MOCVD, however little work has been done to
study the growth chemistry or mechanism. According to one analysis8, a simple
thermodynamic model for InN growth by MOCVD considered that the input
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metalorganic precursor, trimethyl indium (TMI) is decomposed irreversibly near the
vapor-solid interface to produce In (Eq. 4.1):
(CH3)3In (g) → In (g) + 3 CH3

4.1

The chemical reaction occurring at the substrate surface with NH3 to form InN is then
(Eq. 4.2):
In (g) + NH3 (g) = InN (s) + 3/2 H2 (g)

4.2

The thermodynamic equilibrium constant K for the reaction (Eq. 4.2) is given as9
(Eq. 4.3):
log10 (K) = 13.1 + 1.13×104/T + 2.29log10 (T)

4.3

This gives a negative free energy for formation of InN in the normal temperature range of
growth of nitrides by MOCVD (500 °C – 1200 °C). However, H2 (coming from
decomposition of NH3) has been predicted to etch InN, causing its simultaneous
decomposition.10,11 Various other processes like diffusion and complex chemical
reactions can occur, especially at temperature ≥ 600 °C which makes the evaluation of
the growth complicated.

Experimental observations have shown InN growth to be controlled by kinetically
limited processes on the growth surface.12 Three competitive processes are considered to
occur simultaneously on the surface of the substrate following absorption of the Incontaining precursor on the surface (Figure 4.1). They are:
1. Indium combining with N to form InN
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2. Indium atom desorption from the growth surface
3. Indium incorporated as In metal droplets

Indium desorption
In
Etching regime
In

In–N
InN growth
regime

In
In
droplet
formation regime
Indium droplet
Figure 4.1: Different reaction pathways for indium after impinging growth surface
The dominance of one of these processes is mainly determined by various
parameters such as the temperature of the substrate, total pressure, V/III ratio and partial
pressure of N2. As shown in Figure 4.2, at higher temperature, the growth of InN is
hampered by the competing processes of desorption and In droplet formation. Also, it is
apparent that a higher overall pressure and V/III ratio of the order of 104 should be
maintained during the reaction to obtain stable and stoichometric films of InN. However,
these observations are not completely consistent with experimental results, suggesting the
need for more studies to further understand the growth mechanism of InN.
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Figure 4.2: Thermodynamic equilibrium phase diagram calculated for deposition of InN,
GaN and AlN versus the input partial pressure of group III precursor, and V/III ratio.
Total growth pressure was set at 1.0 atmosphere (from Koukitu et al.9).

InN growth conditions have been observed to be dependent upon the specific
reactor geometry used for the film growth. So the initial work in this project focused on
developing an optimized process for InN growth in our MOCVD reactor by exploring
effects of growth conditions such as growth temperature, precursors flow rates, different
substrates, alternative nitrogen precursor, etc. on properties of InN films.
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The organization of the chapter is as follows. First, InN growth studies were done
on (111) silicon substrates since the lattice mismatch of InN with (111) Si is much
smaller (~8%) as compared to that with (0001) sapphire (~25%). A 100 nm-thick hightemperature (HT) AlN layer grown at 1100 °C was used as the buffer layer. After initial
growth studies on Si, growth studies were done on (0001) sapphire substrate since growth
on (111) Si resulted in highly faceted surface morphology, while studies by other groups
showed promising results for MBE growth of InN on sapphire substrates. A low
temperature (LT) AlN buffer layer was used as a starting point. However compared to
GaN growth, InN growths were done at lower temperature (500-600 °C), higher reactor
pressure (400-650 torr) and with N2 instead of H2 as the carrier gas. After studying the
effect of various growth conditions on the structural and electrical properties of InN,
effects of buffer layer thickness on InN films growth behavior and structural and
electrical properties were analyzed. In attempting to grow thick InN films, it was
observed that the films grown on optimized AlN buffer layer delaminated from the
substrate. To understand the cause of the film delamination, the evolution of InN surface
morphology and its correlation to film stress was investigated.

Since NH3 has a poor cracking efficiency13 at typical InN growth temperature,
dimethyl-hydrazine (DMHz), with low cracking temperature14, was investigated as an
alternate nitrogen source for InN growth. However the results were not promising as the
growth with DMHz resulted in InN films with indium droplets on the surface and there
was also a high level of carbon contamination in the film.
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4.2 InN Growth on (111) Si

To get an idea of the gas flow rates through the group III and V inlets, required
for InN growth, initial experiments were conducted to grow GaN thin films on Si
substrates using H2 as the carrier gas at 1100 °C and with AlN as the buffer layer. After
adjusting gas flow rates to obtain the desired range of GaN growth rates, the flow rates
were scaled since N2 was used as the carrier gas in place of H2. The initial gas flow rates
for growth in the temperature range suited for InN (~500 °C) in N2 at the required
pressure (~650 torr), were scaled down from the flow rates used for GaN growth, in order
to minimize the increased gas phase turbulence caused by use of high density N2 gas in
place of H2.15 The goal was to maintain a flow pattern inside the reactor similar to that
occurring during growth of GaN, in order to achieve similar growth uniformity on the
substrate. The same AlN buffer layer used for GaN growth, was used for InN in these
initial studies.

For all experiments, a 100 nm thick buffer layer of AlN was grown using H2 as
the carrier gas for 6 min with 2 slpm of NH3 and 0.3 sccm of TMA. Total gas flow rate
was 11 slpm. Growth temperature was maintained at 1100 °C and reactor pressure at 100
Torr. After buffer layer growth, the carrier gas was switched to N2 from H2, the reactor
temperature was lowered to InN growth temperature range of 480 °C to 660 °C and the
reactor pressure was raised to ~650 torr. Other parameters were kept constant. TMI flow
rate was kept at a lower value of 0.1 sccm and was transported from the bubbler by 30
sccm of N2 carrier gas. The NH3 flow rate was 3 slpm. V/III ratio was maintained at
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3×104. Total gas flow rate was kept at ~5.3 slpm. In addition to varying temperature,
growth experiments were also done with varying InN film thickness to study the
thickness effect on film properties.

X-ray diffraction θ-2θ scans of various InN films gave strong intensity
corresponding to the (0002) peak of InN, suggesting epitaxial growth of film on Si
with (0002 )InN // (111)Si . A representative XRD scan of InN film grown on Si at 540 °C is
shown in Figure 4.3. The scan also showed a weak peak of In (101), other than the
expected peaks of AlN (0002) and (111) Si, suggesting formation of indium droplets.
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Figure 4.3: θ-2θ scan of InN film grown on(111) Si, showing (0002) InN peak and a
weak peak of In, along with buffer and substrate peaks.
The width of the x-ray rocking curve of (0002) peak of InN film indicates the
extent of tilt of InN grains in the film with respect to the axis normal to the (0002) plane.
The full-width at half maximum (FWHM) values of the rocking curves are a measure of
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film’s crystallinity or how well oriented the film is with respect to the substrate. The
effect of InN growth temperature on the x-ray FWHM is shown in Figure 4.4. At
temperatures below 580 °C, the extent of tilt showed little variation with temperature.
However, above 580 °C, FWHM values increased, suggesting that the film became less
well-oriented with respect to the substrate, with increasing temperature. Also, at high
temperature of 660 °C, InN starts decomposing into indium metal as seen in Figure 4.5 .
This suggests that at higher temperature, epitaxial growth of oriented films became
unstable and indium droplets accumulated on the growth surface.
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Figure 4.4: X-ray rocking curve FWHM of (0002) InN peak as a function of growth
temperature.

In

2 µm

Figure 4.5: Cross section SEM image showing indium islands formation at 660 °C.
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At 500 °C or below, the film growth is likely impacted by the slow diffusion rate
of atoms on the surface which led to smaller grain size (Figure 4.6 (a)) while at growth
temperatures close to 580 °C, the diffusion rate on the growth surface increased thus
resulting in larger grain sizes (Figure 4.6 (b)). This suggests the effect of low growth
temperature on the kinetics of surface diffusion and growth. Also, the surface
morphology of InN grown on (111) Si was highly rough and therefore the growth rate of
InN was calculated by dividing the maximum height of faceted islands as shown in
Figure 4.6, by growth time. Thus the growth rate estimation was approximate. The
estimated growth rate did not vary significantly below 580 °C, but decreased drastically
above 580 °C. These results matched with the work of Keller et al.16, as can be seen from
Figure 4.7. However, the absolute growth rates were different which can be attributed to
the TMI flux which was 0.1 sccm as compared to 0.7 sccm in Keller’s experiments. The
maximum growth rate was attained around 500 °C while that from Keller’s result was at
560 °C.

(a)

1 µm

(b)

1 µm

Figure 4.6: SEM images of InN films grown at (a) 500 °C and (b) 580 °C, showing the
effect of growth temperature on the InN grain size. Both films were grown for 40
minutes.
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Figure 4.7: Comparison of InN growth rate on (111) Si with Keller et al.16 growth rate of
InN grown on GaN template on c-plane sapphire.

Preliminary results on the electrical characterization of the films are shown in
Figure 4.8. The variation of Hall mobility and electron sheet density in InN versus the
film’s growth temperature are plotted. Both sheet density and Hall mobility were
observed to decrease with increasing temperature. The increase in sheet density with
decreasing temperature can be attributed to the poor growth kinetics or lower cracking
efficiency of NH3 at lower temperature, which has been predicted17 to result in N vacancy
in InN. At higher temperature, the cracking efficiency of NH3 increased and more
stoichiometric InN growth was likely obtained. Also, the rate of surface diffusion and
growth kinetics improve with temperature, resulting in well oriented InN growth as
observed from Figure 4.4 where crystal quality of InN improved until 580 °C. The
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improved crystal quality should also contribute to the observed improvement in electrical
properties. However, improving growth kinetics process was overtaken by the InN
decomposition reaction dominant at higher temperature, releasing N to the vapor phase as
the vapor pressure over InN got lower than equilibrium value, which is predicted here to
again increase N vacancies and result in increased sheet density for temperature > 580
°C, as shown in Figure 4.8.
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Figure 4.8: Hall mobility and sheet density as a function of temperature. For all the
samples, surface roughness was high with average thicknesses ~250-300 nm.

Generally, Hall mobility is expected to increase with decreasing carrier sheet
density but it could also be affected by other parameters. Any kind of defects which can
distort the mean free path of electrons can decrease the mobility. As shown before, with
increasing temperature, the grains in the films become less well oriented which could
result in a decrease of Hall mobility with increasing growth temperature of InN films and
thus the overall trend in Hall mobility with growth temperature was unclear. Similar
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unclear trends between Hall mobility and growth temperature have been also observed in
literature.18,19

The growth rate was observed to increase as the growth time was increased as is
apparent from the trend shown in the Figure 4.9 for two different growth temperatures.
The slower growth rate during the initial growth time was attributed to the low nucleation
rate (the growth mechanism is discussed in more detail in section 5.5). The nucleated
islands grew laterally as well as perpendicular to the plane of the substrate (Figure 4.10)
until they contacted each other to completely cover the substrate.
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Figure 4.9: Variation of InN film thickness with growth time, showing increase in growth
rate with growth time.
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(a)

(b)

Figure 4.10: Schematic drawing of predominant growth directions during (a) initial and
(b) later stages of InN growth on (111) Si.

Once the substrate was completely covered, grains would grow faster in a
preferred orientation normal to the substrate plane forming faceted columnar grains as the
available diffusing atoms were not consumed in lateral growth. The observation of
oriented and highly faceted columnar grains in InN films (Figure 4.11) also supported
this explanation. The observation of well-oriented columnar grain growth was further
supported by the improvement of crystal quality (lower FWHM) and electrical properties
(higher Hall mobility) with increasing thickness (Figure 4.12). This correlation can be
explained by the fact that with increasing thickness, the effect of surface or interface
properties on the mobility measured by Hall-effect is reduced. The Hall mobility
variation with thickness was similar to the trend observed by Lu et al. for MBE grown
InN films on sapphire.20 They observed an increase in Hall mobility as well as sheet
density with thickness of InN films and extrapolated a sheet charge of 4.3×1013 cm-2 in
InN films grown on an AlN buffer. They also observed the sheet charge to decrease to
2.5×1013 cm-2 for InN films grown on GaN and predicted it to come from the interface
(due to high lattice mismatch of 11-14% between film and buffer) or surface of the film.
Similar extrapolation for InN films grown on Si in our study showed (Figure 4.13) a sheet
charge of 3.96×1014 cm-2 which is an order of magnitude higher than the sheet charge
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determined by Lu et al. for MBE grown InN films. This higher value of sheet charge
could be due to the increased number of surface states for rough surface of the InN film
grown on (111) Si.
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Figure 4.11: Faceted columnar grains observed by SEM (a) cross-sectional and (b) top
surface images of ~1 µm thick InN film.
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Figure 4.12: XRD rocking curve FWHM value and Hall mobility of InN grown on (111)
Si as a function of film thickness.
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Figure 4.13: Sheet density as a function of InN film thickness with y-intercept giving the
excessive surface charge. Comparison with results by Lu et al.21 for InN grown on AlN
on sapphire by MBE suggests an order of magnitude higher surface charge value for InN
grown on Si.
In conclusion, MOCVD growth of InN on Si showed epitaxial growth of oriented
films. Growth temperature played an important role in determining the growth
characteristics as well as films’ structural and electrical properties. Overall, the films had
faceted morphology with high surface roughness. Yamamoto et al. observed formation of
an amorphous SiNx on the Si surface for InN growth on (111) Si by MOCVD which
resulted in poor crystalline quality films.22 However better results for structural and
electrical properties of InN have been reported in the literature for films grown on
sapphire substrates.10,22,23 Consequently, (0001) sapphire was investigated as a substrate
for InN growth to compare the growths with the results reported in the literature.
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4.3 InN Growth on LT-AlN buffer on (0001) sapphire

A thin low temperature (LT) AlN layer, used for GaN growth, was used as the
buffer layer to initiate growth of InN on sapphire. To improve the structural and electrical
properties of InN, the buffer layer thickness was optimized. Then the effect of InN
growth conditions on the film properties was investigated to determine an optimum
growth window to deposit films with minimal indium droplet formation. Growth
temperature, V/III ratio and flow rates of TMI, NH3, group V and III carriers were the
main parameters studied. The V/III ratio was varied over the range from 1.0×104 to
2.5×104, TMI flow rate from 0.1 to 0.3 sccm and NH3 flow rate from 2 to 5 slpm.
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Figure 4.14: Growth rate of InN as a function of TMI and NH3 flow rate.
Figure 4.14 shows the growth rate of InN as a function of TMI and ammonia flow
rate. It is clear that the growth rate increases with TMI flow rate while a change in NH3
flow rate causes a very slight decrease in the growth rate of InN. Over the range of flow
rates studied, the supply of In is the rate limiting step and there is sufficient supply of N
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atoms. Figure 4.15 shows the XRD rocking curve FWHM values of InN films as a
function of film thickness, grown on optimized LT-AlN buffer (with optimized buffer
thickness of 30 Å as discussed in section 4.3.1). InN crystal quality was observed to
improve with increasing film thickness as is typically observed for GaN. As shown in the
previous section for InN growth on Si, and shown here in Figure 4.16 for InN growth on
sapphire (for different TMI flow rates and thus for different InN growth rates), growth
temperature was one of the critical parameters with significant effects upon the crystal
quality of InN films. As can be seen, the x-ray rocking curve (ω-scan) FWHM was
lowest within the narrow range of 540 °C-560 °C and a slight change of +20 °C resulted
in deteriorating crystal quality. While low surface diffusivity at the lower growth
temperature (< 540 °C) results in poorly aligned grains of InN, InN decomposition begins
at 580 °C and thus deteriorates crystalline quality.
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Figure 4.15: Rocking curve-FWHM values of (0002) InN peak as a function of film
thickness.
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Figure 4.16: Rocking curve FWHM value of (0002) InN peak as a function of growth
temperature, for different TMI flow rates.

Table 4.1 shows the Hall mobility and electron concentration of InN films as a
function of In and N-precursor flow rate. The electron concentrations of InN films grown
with different NH3 flow rate are similar, suggesting that the unintentional n-type doping
is not likely due to N vacancies. Overall, there is not a very strong correlation between
the electrical properties of InN and the flow rate of precursors. This may be due to the
undesirable effect of delamination observed in these films grown on LT-AlN buffer layer
(discussed in detail in section 4.3.2).
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Table 4.1: Electrical characteristics of InN films grown at 540 °C for ~40 minutes. The
film growth rate and thus the thickness varied as a function of TMI flow rate as shown in
Figure 4.14.
NH3 flow rate
(slpm)

TMI flow rate (sccm)

Carrier concentration (cm-3)

Hall mobility
(cm2/V-s)

2.0

0.2

2.5×1019

733

3.0

0.2

2.9×1019

333

5.0

0.2

2.3×1019

575

3.0

0.3

2.5×1019

631

3.0

0.1

Did not coalesce fully

-

The discontinuity of the films could introduce error into the Hall measurements
since an assumption of the Van der Pauw technique is that the film is continuous and free
of voids. Thus the adhesion of the InN films needs to be improved to obtain better and
more reliable Hall-effect data.

4.3.1 Effect of AlN Buffer Layer Thickness

In an attempt to further improve the crystal quality and adhesion of InN, the effect
of AlN buffer layer thickness on film properties was investigated. Direct growth of InN
on sapphire resulted in very poor quality InN because of the large lattice mismatch
between InN and sapphire. Also, (0001) InN grown on (0001) Al2O3 can take two
possible orientation i.e. [10 1 0] InN// [10 1 0] Al2O3 and [2 1 1 0] InN// [10 1 0] Al2O3.24
The lattice mismatches in these two orientations are -25.4 % and +29.2 % respectively
which are not very different in absolute terms. Thus it could result in highly twisted InN
grains. A thin LT-AlN buffer layer had been shown to improve the nucleation and growth
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of oriented InN since (0001) AlN on (0001) sapphire grows preferentially in [2 1 1 0]
AlN// [10 1 0] Al2O3.25 In this study, the effect of AlN buffer layer thickness on the
properties of InN was investigated. The AlN was grown on sapphire at 500 °C and was
annealed at 1100 °C. The surface morphology and crystal quality of InN were found to
depend upon the thickness of the LT-AlN buffer layer. As the thickness of the AlN buffer
layer increased, from 0 Å to 60 Å, at an optimum thickness of 30 Å, the surface
roughness decreased substantially (Figure 4.17), with a corresponding improvement in
the crystal quality and electrical properties of the InN films (Figure 4.18 and Table 4.2).
This dependence of crystal quality on LT-AlN buffer layer thickness is similar to trends
commonly reported for MOCVD growth of GaN on sapphire using a low temperature
AlN buffer layer.26-29 However it is opposite to that reported for MBE growth of InN on
sapphire, where thick AlN buffer layers were used and where an increase in AlN buffer
layer thickness (up to 200 nm) resulted in improvement of film properties.20
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Figure 4.17: Surface morphology of InN film grown on sapphire substrate with LT-AlN
buffer thickness of: (a) 0 Å; (b) 30 Å; (c) 38 Å; (d) 45 Å and (e) 60 Å.
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Figure 4.18: Rocking curve FWHM value of (0002) InN peak as a function of LT-AlN
buffer layer thickness.
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Table 4.2: Crystal quality and electrical properties of InN thin films as a function of LTAlN buffer layer thickness. InN film thickness was ~300 nm.
LT-AlN buffer
thickness (Å)

XRD ω-FWHM
of (0002) InN (°)

Hall mobility
(cm2/V-s)

Carrier
concentration
(cm-3)

0

1.1

164

2.4×1019

30

0.5

792

2.1×1019

60

2.8

193

1.2×1019

However, the films grown on the optimized LT buffer layer were observed to
crack and peel away from the substrate as shown in section 4.3.2. For longer InN growth
time (~80 min), re-nucleation and growth of InN was observed in the void area indicating
that film delamination occurred during growth. A reduction in the extent of peeling was
observed by increasing the growth rate of the buffer from 2.4 to 3.7 Å/sec while keeping
the buffer thickness constant (by reducing the time of growth) (Figure 4.19). However,
this change in buffer growth rate did not completely eliminate the problem of peeling and
significant amount of film delamination was still present. Also, due to the complex
chemistry of growth and high temperature treatment of LT-AlN buffer layer in general, it
was difficult to determine the exact mechanism causing the reduction in extent of InN
film delamination.
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(a)

(b)

50 µm

50 µm

Figure 4.19: Surface morphology of InN films grown on 30 Å thick LT-AlN buffer but
with different buffer layer growth rates of (a) 2.4 Å/sec and (b) 3.7 Å/sec.

The extent of film peeling was observed to affect the Hall mobility measured in
the InN films. Hall measurements on the two films in Figure 4.19 showed that the InN
19

-3

19

films were n-type with similar carrier concentration: 2.4x10 cm for (a) and 2.1x10
-3

cm for (b) film. However, the measured room temperature mobility of film (a) was 500
2

2

cm /V-s, significantly lower than 792 cm /V-s which was measured for film (b). The film
delamination was suggested to be responsible for the measured mobility differences of
the two films. In next section, the problem of film delamination is addressed, by studying
the film’s growth mechanism.

4.3.2 Evolution of Stress and Surface Morphology during InN Growth

To investigate the film delamination problem, the evolution of InN surface
morphology was studied by observing the film surface at different stages of growth. A
series of InN samples were prepared at different growth times ranging from 3 to 80 min,
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at a growth temperature of 540 °C, reactor pressure of 650 Torr and AlN buffer layer
thickness of 30 Å. Scanning electron microscopy images of the surface of the InN layers
after growth were obtained. As shown in Figures 4.20 (a) and (b), initial growth of InN
on the AlN buffer occurs by nucleation of islands and lateral island growth and
coalescence. The film becomes fully coalesced at a time beyond that shown in
Figure 4.20 (c); however, initial film delamination was noted in the InN layer after 28
minutes (0.21 µm) of growth (Figure 4.20 (d)). Based on these results, delamination is
believed to begin when the layer is almost fully coalesced. A layered structure was
observed in samples prepared at longer growth times (Figure 4.20 (e)) which is likely due
to re-growth and continued peeling of InN in the delaminated regions of the sample. This
result indicates that film delamination occurs during growth due to growth-related stress,
rather than during post-growth due to stress resulting from differences in the coefficients
of thermal expansion of InN and the sapphire substrate.
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(a)

(b)

(d)
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(c)

2 µm
Re-grown
area

Figure 4.20: Surface morphology evolution of InN at different times during its growth:
(a) island nucleation at 3 min; (b) lateral growth of islands at 8 min; (c) islands
coalescence at 21 min; (d) film delamination after coalescence at 28 min; (e) re-growth in
delaminated part of film at 80 min.

In-situ stress monitoring was used to measure the film stress during MOCVD
growth of InN on the AlN buffer layer on sapphire in order to investigate the changes in
stress accompanying film delamination. The reflected intensity of the laser spots was also
monitored and a typical intensity versus time plot obtained during InN growth is shown
in Figure 4.21. As the InN growth segment begins (starts at ~4600 sec in Figure 4.21), the
reflected intensity increases. This is most probably because of an increase in reflectivity
of the surface due to formation of InN, which causes an increase in the reflected intensity
(compared to the transparent sapphire substrate) in spite of surface roughening due to the
formation of islands. During GaN growth, oscillations are typically observed in the laser
intensity due to constructive and destructive interference of beams reflected from the film
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surface and the film-substrate interface. In case of InN growth, however, the oscillations
of the laser intensity dampen out quickly and then the intensity decays monotonically.
The decrease in laser intensity is believed to be due to absorption of the laser light by the
growing InN layer, assuming the InN band-gap to be 0.7 eV30,31, which is similar to that
observed by Xu et al. for InN growth on GaN by MBE32. The additional drop in intensity
which occurs beyond 6000 seconds is likely due to scattering from the roughened surface
produced by film delamination. The laser intensity decay starts at approximately 25
minutes after the beginning of growth which roughly corresponds to the time when film
delamination was observed to begin (Figure 4.20 (d)). Also, there is no change in
reflected intensity once the growth is stopped (Figure 4.21) and the substrate is cooled to
room temperature, which implies that no significant change in surface roughening occurs
during the cool-down process.
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Figure 4.21: Reflected laser intensity from film surface versus time during InN growth.
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Changes in stress during InN growth were measured in films grown for different
lengths of time. The stress-thickness product versus film thickness is shown in
Figure 4.22 (a) for an InN layer deposited for 16 minutes. The average stress, obtained
from the slope of the stress-thickness versus thickness curve, was constant and tensile
during the entire growth period at a value of 0.20 GPa. Delamination of the film was not
observed in this sample, as shown in Figure 4.22 (c). Figure 4.22 (b) illustrates the stressthickness product versus film thickness measured during growth of an InN layer
deposited for a longer period of time (40 minutes), beyond the point where film
delamination was observed to occur. The stress-thickness product is initially linearly
dependent on film thickness, similar to that observed in the prior sample. The initial
growth stress is again tensile at a constant value of 0.26 GPa. After about 20 minutes of
growth (corresponding to a film thickness of 200 nm), further film growth takes place at
almost zero incremental stress. This thickness is similar to the point at which film
delamination was observed to occur, as shown in Figure 4.21. Hence this reduction in the
incremental tensile stress for thickness greater than about 200 nm is believed to be due to
the onset of film cracking and delamination.
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Figure 4.22: Stress-thickness versus thickness plot for InN film grown for (a) 16 min and
(b) 40 min. Fig (c) and (d) show the corresponding surface morphology for Fig. (a) and
(b), respectively.

Thus prior to film delamination, an approximately constant tensile stress of 0.2
GPa was measured during InN growth on the AlN buffer layer. Growth stress during the
initial stages of InN deposition may arise from epitaxial sources (lattice mismatch
between InN and the AlN buffer layer or sapphire) or from growth related phenomena
(e.g. island nucleation and coalescence, grain growth). From x-ray measurements (phi
scan), the basal plane of InN was found to be rotated by 30º with respect to the basal
plane of the sapphire substrate i.e. [2 1 1 0] InN //[10 1 0] Al 2O 3 , similar to that reported by

⎛ a InN − a sapphire
Yamaguchi et al.25 Based on a simple model, the lattice mismatch ⎜
⎜ a
sapphire
⎝

⎞
⎟
⎟
⎠
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between InN and sapphire in this orientation is approximately +28.6%, and that between
InN and LT-AlN buffer is +11.5%25 both of which would produce a compressive
epitaxial stress. However, x-ray data indicates that InN is oriented with respect to
sapphire, compressive stress arising from epitaxial mismatch was not observed. This is
likely due to strain relaxation which is commonly observed in epitaxially grown films.
According to the People-Bean model, the critical thickness for strain relaxation is ~1 nm
for lattice mismatch strain of 4.2% between Si-Ge and Si.33 So, strain relaxation in InN
grown on LT-AlN with a higher mismatch strain of ~11%, should occur within the first
few monolayers (MLs) of nucleated islands of InN. There are two possible modes of
strain relaxation: brittle (occurring by interfacial fracture due to development of crack)
and ductile (formation of misfit dislocations). Although, there was no direct evidence of
prevalence of one relaxation mode over other, observation of film delamination suggested
formation of high density of misfit dislocations along the interface which developed into
interfacial cracks and would result in island growth with poor interface strength.

The in-situ wafer curvature measurements indicated a tensile incremental stress
from the start of film growth. A common source of tensile stress during film growth for
low mobility films is island coalescence.34,35 As seen in Figure 3, the InN clearly grows
by the Volmer-Weber growth mode which includes nucleation and growth of discrete
islands at favorable sites (provided by the thin AlN buffer) on the surface of the substrate.
As suggested by Finegan et al.36 and Nix et al.34, when the crystallite surfaces came into
close proximity, they spontaneously snap up together and impose an elastic strain on the
growing film, which is tensile in nature. Thus, the growth mode of the InN films suggests
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island coalescence as the likely source of the tensile stress observed by in-situ
measurements.

While the exact mechanism of crack growth that leads to delamintion is not clear,
the simultaneous occurrence of film delamination and reduction of the incremental tensile
stress during growth suggests a correlation between the two events. Delamination as is
observed in the films would require crack growth perpendicular and parallel to the film
substrate interface. Crack growth perpendicular to the interface can be driven by the equibiaxial tensile stress of 0.2 GPa observed by in-situ measurements, which is much
smaller than the usual magnitude of tensile stress to propagate cracks in a film. As in
comparison, 400 nm AlN films grown under a tensile stress in excess of 1 GPa do not
develop cracks perpendicular to the interface.37 Also, in comparison to Al-N bond
strength, In-N bond energy is smaller38 and thus the weaker bond strength of InN could
also result in low interface binding energy. Overall, crack propagation along the poorly
adhered substrate film interface with high misfit dislocation density is predicted to have
caused the film delamination.

4.4 InN Growth using DMHz as Group V Precursor

Since NH3 cracking efficiency at the usual temperature of ~540 ºC used for
MOCVD growth of InN is very low, alternate nitrogen precursors with high cracking
efficiency at low temperature were considered such as hydrazine (Hy) or dimethyl
hydrazine (DMHz).14,39 Experiments were done in this study by replacing NH3 with
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DMHz or mixing NH3 with DMHz and reducing the V/III ratio as DMHz has a very high
cracking efficiency at much lower temperature. However, XRD of the films grown using
DMHz (Figure 4.23) predominantly showed the presence of elemental indium in the film,
with a very low intensity InN peak. Compositional analysis of the films was done using
XPS. Since standard samples (thick InN films with low defect density) were not
available, the XPS could not be calibrated accurately. This, combined with high surface
roughness and non-uniformity of the samples analyzed, led to significant uncertainty
(upto ±15%) in the XPS analysis. Thus the results are considered semi-quantitative. Even
then, comparison of InN films grown with NH3 and DMHz (Appendix B) showed
presence of significantly large quantities of carbon in films grown in DMHz. Deposition
of carbon on substrate surface from DMHz decomposition had been predicted to suppress
nitride growth. Thus low temperature growth of InN using DMHz had severe issues and
requires a dedicated study to eliminate high carbon incorporation.
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Figure 4.23: ω-2θ XRD scan of InN grown with DMHz as the group V precursor.
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4.5 Conclusion

In conclusion, growth conditions for InN films deposited by MOCVD were
investigated with initial studies done on (111) Si substrates, followed by studies on
(0001) sapphire substrate using a two step growth method, involving a low temperature
AlN buffer layer. InN films grown on sapphire substrates using a thin LT-AlN buffer
layer were observed to grow via island nucleation and coalescence. Film cracking and
peeling was found to occur in the films at growth temperature after approximately 200
nm of deposition when the films were nearly fully coalesced. In-situ wafer curvature
measurements revealed a constant tensile stress of approximately 0.2 GPa during the
initial stages of InN growth and a reduction in the incremental stress that coincided with
the onset of film delamination. The tensile stress is believed to originate from the island
coalescence process rather than lattice mismatch or differences in the coefficients of
thermal expansion of InN and sapphire. However, high lattice mismatch between InN and
AlN buffer layer as well as low In-N bond strength are predicted to result in a defective
interface due to stress relaxation during the film nucleation stage. This caused poor
interface adhesion and film delamination at a relatively small value of tensile stress.

One way to improve interface adhesion is to use a buffer layer with lower lattice
mismatch than that between InN and AlN (~14%). Using GaN as buffer layer or thick
template layer reduces the lattice mismatch between InN and buffer to ~11%. Also, the
well developed technique for MOCVD growth of thick GaN templates with reduced
defect density, makes GaN a suitable buffer/template25 to replace highly defective LT-
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AlN buffer. The next chapter focuses upon growth of InN films on GaN templates grown
on sapphire.
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Chapter 5
Effect of Film Polarity on MOCVD Growth of InN

5.1 Introduction

This chapter focuses on the growth of InN films on Ga-polar and N-polar GaN
templates. The lattice mismatch between InN and GaN is 11% as compared to that with
either c-plane sapphire substrates (25%) or AlN buffer layers (14%). Also, since good
crystalline quality GaN can be obtained by MOCVD or MBE on sapphire, GaN can be
used as a buffer layer with reduced defect density and lower lattice mismatch for InN
growth. Also, as reported for MBE,1,2 use of different polarity GaN templates determined
the polarity of InN films with In-polar and N-polar InN layers growing on Ga-polar and
N-polar GaN templates, respectively. The polarity also affected the properties of the
growing InN films such as surface morphology and Hall mobility. N-polar InN was
observed to grow with low surface roughness and better structural (low x-ray rocking
curve FWHM value) and electrical properties (high value of Hall mobility and low carrier
concentration) while In-polar InN films grew with high surface roughness and with poor
structural and electrical properties. The optimum growth temperature for film growth,
without InN decomposition or indium droplets formation setting in, was ~600 °C for Npolar InN and ~500 °C for In-polar InN. In/N flux ratio had to be maintained close to 1
for the optimum conditions for MBE growth of InN. These MBE results indicates the
significant effect of InN polarity on thermal stability of the film (before film
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decomposition sets in), and on the InN growth mechanism, with N-polar InN growing in
a step-flow like growth mode and In-polar InN growing in a three dimensional mode.
However, there are no studies in the literature investigating the effect of film/buffer
polarity on MOCVD growth of InN films.

In general, it is more difficult to study polarity effects in MOCVD as it is difficult
to grow both Ga-polar and N-polar GaN templates with low surface roughness. MOCVD
growth of smooth GaN films always results in Ga polarity3 while growth of N-polar GaN
by MOCVD results in rough morphology with faceted grains.4 The mechanism for
polarity control is not clear but it is predicted that the polarity of the interface (buffer
layer or substrate) determines the polarity of the GaN film while the growth conditions
(such as V/III ratio and growth rate) determine the film surface morphology.5 For GaN
growth on sapphire, nitridation of the substrate results in an N-polar interfacial layer. In
MOCVD, this layer is reported to be amorphous, resulting in rough N-polar GaN film
growth while in MBE, the nitrided interface is a relaxed crystalline layer resulting in
smooth morphology N-polar GaN growth. Differences in the properties of films grown
by MOCVD and MBE is predicted to be due to different growth precursors and
parameters such as V/III ratio, growth temperature and nitrogen precursor.5-7 Due to
ability to precisely control substrate treatment and other growth conditions in MBE, it is
possible to grow both polarity GaN films with low surface roughness.8,9 However, due to
complex surface reaction chemistry in MOCVD, it has been difficult to precisely control
growth conditions to grow both polarity GaN films with low surface roughness.
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In this study, N-polar GaN templates grown by MBE were obtained for MOCVD
growth of N-polar InN. Also, commercially available high crystal quality Ga-polar GaN
templates grown by HVPE were obtained for MOCVD growth of In-polar InN. InN films
were grown on different polarity templates, using optimized growth conditions as
described in the previous chapter for InN growth on LT-AlN on sapphire. Differences in
the surface morphology and structural and optical properties of InN films grown on the
two different polarity templates were compared with one another and with that of InN
grown on LT-AlN buffer layer. Observation of cracks along interface between the film
and the buffer and its correlation with the growth related stresses is discussed. A
qualitative model based on the difference in crystal structure along the c-axis of In and Npolar InN is then proposed to interpret and explain the observed differences in growth
mode.

5.2 GaN Template and Growth Conditions Description

N-polar GaN templates used in this study were ~300 nm thick, grown by MBE on
(0001) sapphire by Prof. Thomas Myers’ group at WVU, while Ga-polar GaN templates
were ~5 micron thick, deposited on (0001) sapphire by HVPE (purchased from TDI,
Inc.). The polarity of the GaN templates was determined by KOH etching10 where
etching of N-polar GaN resulted in roughening of the surface morphology, while Gapolar GaN surface morphology did not change. The polarity was also confirmed by
comparing CBED patterns (obtained by cross-sectional TEM analysis) of GaN templates
along the [1 1 00] zone axis with patterns simulated by “Desktop Microscopist” software.
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The simulated and experimental CBED patterns are shown in Figure 5.1. It was
confirmed that HVPE grown GaN templates were Ga-polar while MBE-grown GaN
templates were N-polar. The XRD ω-scan’s FWHM values of the (0002) GaN peaks
were 0.1º and 0.2° for the Ga-polar and N-polar GaN templates, respectively. The
templates were diced into 1 cm × 1 cm square pieces and cleaned in acetone, iso-propanol
and de-ionized water in an ultrasonic bath, then dried with nitrogen.

Figure 5.1: TEM cross-sectional images and corresponding CBED patterns (experimental
and simulated) for GaN templates grown by (a) HVPE and (b) MBE.

106
Prior to growth, the templates were further cleaned by thermally etching the GaN
in the reactor at 600 °C under a flow of 3.5 slpm H2 and 3 slpm of NH3 for 5 minutes.
Reactor temperature was then lowered to 540 °C for InN growth and the carrier gas was
switched from H2 to N2. Growth conditions for InN were similar to conditions mentioned
in the previous chapter for InN growth on LT-AlN. The reactor pressure was kept
constant at 650 Torr. TMI (9 – 13 µmol/min) and NH3 (3 slpm) were used as the indium
and nitrogen sources, respectively. The typical growth rate was ~1.25 Å/sec. Unless
otherwise stated, the InN films were grown for 40 min.

5.3 Structural Properties and Polarity of InN

SEM analysis of the surface of films showed an overall reduced extent of
delamination for InN grown on both polarity GaN templates as compared to the film
grown on LT-AlN (Figure 5.2). Triple axis XRD rocking curve FWHM values for
symmetric (0002) and asymmetric (10 1 1) peaks of InN showed lower tilt and twist in
the films grown on GaN templates (Table 5.1). Higher magnification SEM images of the
surface morphology of InN films grown on GaN templates and LT-AlN buffer are
summarized in Figure 5.3. These SEM images showed that the morphology of InN films
grown on the LT-AlN buffer layers and N-polar GaN templates had relatively smooth
surfaces (Figure 5.3 (a) and (b)). In comparison, In-polar InN remained rough and
displayed a faceted morphology even after 30 minutes of growth. Cross-sectional FESEM images (Figure 5.4) of InN films confirmed smooth surface morphology of InN
films grown on LT-AlN and N-polar GaN template. The dots observed in Figure 5.4 (c)
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were gold droplets formed due to excessive conductive metal coating deposition during
sample preparation for FE-SEM and is just an artifact.

(a)

(b)

50 µm

(c)

50 µm

50 µm

Figure 5.2: SEM images showing surface morphology of InN grown on (a) LT-AlN (b)
N-polar GaN and (c) Ga-polar GaN.

Table 5.1: Representative x-ray rocking curve FWHM values for InN films grown on
different buffer layers/templates.

(a)

2 µm

Buffer
description

ω-FWHM
(0002) InN

ω-FWHM
(10 1 1) InN

LT-AlN

0.39

0.84

N-polar GaN

0.32

0.43

Ga-polar GaN

0.22

0.53

(b)

2 µm

(c)

2 µm

Figure 5.3: High magnification SEM images showing surface morphology of InN grown
on (a) LT-AlN, (b) N-polar GaN and (c) Ga-polar GaN.
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(b)

(c)

InN

InN
InN

Sapphire

300 nm

N-polar GaN

300 nm

Ga-polar GaN

300 nm

Figure 5.4: Cross-sectional FE-SEM images of interface between InN and (a) LT-AlN,
(b) N-polar GaN and (c) Ga-polar GaN.

The polarity determination of InN grown on Ga and N-polar GaN templates was
done using CBED. The simulated (using “JEMS” software) and experimental CBED
patterns shown in Figure 5.5, established the polarity of InN grown on Ga-polar GaN to
be In-polar and that of InN grown on N-polar GaN to be N-polar. Thus later in the article,
InN grown on Ga-polar and N-polar GaN templates are also referred to as In-polar InN
and N-polar InN, respectively. InN deposited on the LT AlN buffer on sapphire and
described in chapter 5 were used as a reference for comparison with In and N-polar InN.

109

Figure 5.5: Cross-sectional TEM images and corresponding CBED patterns comparison
with the simulated CBED patterns (using “JEMS” software) for InN grown on (a) Npolar GaN and (b) Ga-polar GaN.

5.4 Growth Mode of N-polar and In-polar InN

Due to similarity in surface morphology and interface adhesion of InN grown on
N-polar GaN template and LT-AlN buffer, InN grown on LT-AlN buffer was assumed to
be N polar. To understand the differences in surface morphology observed for In and Npolar InN films, a study of surface morphological evolution with growth time was done.
While Ga-polar GaN templates were easily available for growth evolution study, N-polar
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GaN templates were limited in number which restricted us from conducting a similar
study of N-polar InN on that template. Therefore growth evolution of N-polar InN was
performed on a LT-AlN buffer.

A comparison of the surface morphological evolution during growth of N-polar
and In-polar InN films on LT-AlN and Ga-polar GaN templates, respectively is shown in
Figure 5.6. N-polar InN grew on LT-AlN by island nucleation and lateral growth and the
growing islands coalesced to form a continuous film. The nucleation rate was high and
the diameters of the smallest islands nucleated were ~50 nm. The nucleated islands had
hexagonal symmetry and were well oriented with respect to each other within the c-plane,
confirmed by a relatively low degree of twist as shown earlier by low FWHM values of
asymmetric peaks. The nuclei tended to grow laterally until they impinged upon each
other and coalesced to finally form a continuous film. The growth thickness for the film
to coalesce completely was ~150 nm. In contrast, on a Ga-polar GaN template, the
nucleation rate of In-polar InN was low (Figure 5.6 (e)) and also the diameters of the
smallest nucleated islands were ~250 nm; the shape of nuclei was predominantly faceted
hexagonal pyramids. The faceted nuclei had a low lateral growth rate and the growing
islands did not coalesce even when they impinged upon each other after a very long
growth time (~40 min (Figure 5.6 (g)) – corresponding to maximum height of ~300 nm
of faceted pyramids) to completely cover the Ga-polar GaN template. Thus, the critical
radius for island nucleation was larger for In-polar InN than N-polar InN.
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(a) 3 min / 2 µm

(b) 8 min / 2 µm

(c) 21 min / 2 µm

(d) 40 min / 2 µm

(e) 5 min / 2 µm

(f) 10 min / 2 µm

(g) 40 min / 2 µm

(h) 80 min / 2 µm

Figure 5.6: InN surface morphology evolution with growth time on (a) – (d) LT-AlN and
(e) – (h) Ga-polar GaN. InN grown on LT-AlN buffer was assumed to be N-polar while
InN grown on Ga-polar GaN was determined to be In-polar by CBED. Note the
difference in nuclei density in (a) and (e).

Comparison of cross-sectional TEM micrographs (Figure 5.7) of the films grown
on two different buffer layers also showed poor coalescence of In-polar InN islands, with
the surface of the faceted islands inclined at ~60° with respect to the (0001) plane of the
substrate (Figure 5.7 (a)). However, the individual islands had good crystalline quality
with low defect density. N-polar InN grown on N-polar GaN also showed fewer
dislocations than the underlying GaN layer, suggesting the InN growth surfaces to be the
equilibrium surfaces obtained for InN growth on GaN templates by MOCVD. In general,
InN films grown on GaN templates showed an improvement in structural properties as
compared to that of InN grown on LT-AlN. Another conclusion drawn from these results
was that In-polar InN had similar crystal quality as that of InN grown on N-polar GaN
template and LT-AlN buffer. These observations were different from MBE results where
at growth temperature similar to that of InN grown on N-polar GaN template, growth on
Ga-polar GaN templates resulted in poor crystal quality InN films with indium droplet
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formation and was predicted due to growth conditions being away from optimum,
resulting in higher decomposition rate of InN.1 On the other hand, similar crystal quality
observed in this study for InN deposition on Ga-polar and N-polar GaN templates
suggests that the In-polar InN islands growth occurred epitaxially at an equilibrium
between the competing processes of deposition and decomposition of InN with a net
positive growth rate; similar to Ga-polar GaN growth by MOCVD at 1050 °C which is a
kinetic equilibrium between deposition and etching of GaN.11

(a)

(b)

Figure 5.7: Cross-sectional TEM images of InN films grown on (a) Ga-polar GaN and (b)
N-polar GaN.

Thus it is predicted that the surface of faceted In-polar InN islands tended to grow
preferably at a specific orientation which was inclined with respect to the (0001) plane of
film/buffer while the stable growth surface for N-polar InN was the (000 1 ) plane. The
reasons for the differences in growth mechanisms, based on differences in the nature of
unsatisfied bonds present at the surfaces of nitrides with different polarities, are discussed
next.

113
5.5 Growth Mechanism of In-polar and N-polar InN

The results in the previous section showed that the growth mechanism of InN
deposited on the N-polar GaN template and LT-AlN buffer were similar, and different
from that for InN growth on Ga-polar GaN templates. It is proposed that these differences
are due to the different polarities of the two films, which also implies that InN deposited
on the LT-AlN buffer is N-polar. A qualitative growth model based on surface structure
is presented to explain these differences.

It is assumed that at any point during growth, InN films of both polarities are
nitrogen terminated and the incorporation of indium adatoms on the surface of the film is
slower than that of nitrogen adatoms. The growth rate of InN was previously20 observed
to be proportional to flow rate of TMI, which was similar to the other studies of MOCVD
growth of InN.21,22 Consequently, over the range of growth conditions used in this study,
InN was assumed to grow under nitrogen rich conditions for the growth conditions
similar to those used in this study. For MBE growth of GaN using NH3, Cohen et al.

23

determined experimentally that GaN grown in excess NH3 resulted in a nitrogen
terminated surface. Also according to ab initio calculations by Neugebauer et al.24,
nitrogen adatoms are kinetically stabilized at the surface under nitrogen rich conditions.
Thus the surface of the growing InN film is predicted to be nitrogen terminated in the
present growth conditions. Also, since the growth rate is controlled by TMI flow rate
arriving on the surface, the supply of indium adatoms will be the growth limiting step. In
conjunction with the first assumption, indium adatoms adsorbed on the surface tend to
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form bonds with the nitrogen atoms terminating the film surface. Thus, indium atoms will
have to break relatively strong bonds (as compared to weak adsorption of nitrogen atoms)
to diffuse on surface.

Figures 5.8 and 5.9 are two dimensional schematic drawing of the crystal
structure of In and N-polar InN film projected along [ 11 20 ] direction. Thus instead of
four bonds with each atom, only three of them are shown to facilitate the explanation of
the model. The 4th bond is inside or outside the plane of the paper and along with two
other inclined bonds.

(a)

[000 1 ]

[1 1 00]
[11 2 0]

Indium
Nitrogen
(000 1 )

(b)

Figure 5.8: Schematic diagram of proposed growth mechanism of N-polar InN in N-rich
conditions. Figure (b) shows the subsequent growth surface after indium incorporation on
(a). Dashed lines mark the step on the (000 1 ) growth surface.
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As shown in Figure 5.8, with nitrogen terminated surface, N-polar InN has one
dangling bond per nitrogen atom at the surface site and two dangling bonds (three bonds
in actual three-dimensional structure) per nitrogen atom at the steps on the surface. For
similar surface termination, In-polar InN has two dangling bonds (three bonds in actual
three dimensional structure) per nitrogen atom at any surface site (Figure 5.9). Thus, the
surface mobility of indium adatoms will be relatively higher on the N-polar surface
where the steps will act as sinks for indium atoms and will tend to grow laterally,
resulting in the (000 1 ) surface as the stable growth surface. On the In-polar surface,
since all surface sites are identical, any surface site is equally probable to capture indium
atoms. But if (10 1 1) surface is analyzed with respect to the nitrogen termination, it has a
dangling bond configuration qualitatively similar to the (000 1 ) surface where there is
one dangling bond at any surface site except at steps where there are two bonds which
should act as a sink for indium atom incorporation. So, growth of In-polar InN occurs
with (10 1 1) as the inherently stable surface, along which atomic steps grow. Crosssectional TEM analysis of In-polar InN islands with corresponding fast Fourier transfer
(FFT) showed that the orientation of facets is (10 1 1) (see Figure 5.10). Thus there is
preferential growth of (10 1 1) facets forming islands in case of In-polar InN.
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(10 1 1)

[0001]
[1 1 00]

(10 1 1)

[11 2 0]

Figure 5.9: Schematic diagram of proposed growth mechanism of In-polar InN in N-rich
conditions. Figures (a), (b) and (c) are subsequent steps during indium incorporation on
the growth surface. Dashed lines mark the step on the (10 1 1) growth surface.
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(a)
(c)

Pyramidal basal
(0001) plane

FFT

0001
0000

(b)

10 1 1

Normal
to
(10-11) plane

10 1 0

90°
5.760 Å

Facet of the
pyramid
250 nm

Figure 5.10: (a) Cross-sectional HRTEM image of In-polar InN along with (b) low resolution
image and (c) fast Fourier transfer (FFT), showing orientation of the island facet to be
(10 1 1).

Recently, there have been observations reported in the literature suggesting that
the growth mechanism of InN films is determined by the film polarity and the growth
conditions. Dimakis et al. observed for MBE growth of In-polar InN that twodimensional (2D) monolayer transfer to three-dimensional (3D) islands occurs upon
exposure of the surface to active nitrogen flux.25 With growths done in nitrogen rich
conditions (In/N = 0.15), they observed rough growth at higher temperature of 500 ºC
while at 350 ºC, 2D growth was observed which could be due to reduced evaporation of
indium atoms and thus conditions being more indium-rich for In-polar InN growth.
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Dimakis et al.26 also presented a growth model for InN growth on Ga-polar GaN where
the growth mode of InN changed from 3D to 2D moving from N-rich to In-rich
conditions by increasing the growth temperature. Increase in growth temperature
essentially resulted in increased nitrogen desorption from the growth surface, and the
availability of more kinetically active indium atoms on the surface as confirmed by the
observation of indium droplets formation on the film surface at higher growth
temperature. Cao et al.27 studied growth of InN by MBE on MOCVD-grown (0001) GaN
templates. They observed pyramidal InN islands growth with excess N-flux and pillarshaped (with smooth surface along (0001) axis) InN islands with excess In-flux. Attempts
were made by the author to grow In-polar InN in In-rich conditions by MOCVD, by
reducing the ammonia flow rate. While there were observations of significant amount of
indium-droplet accumulation on the growth surface, in some cases there was observation
of change in surface morphology with plateau shaped InN islands (Figure 5.11). These
preliminary results support the growth model proposed in this chapter. However, the
ability to better control or monitor the local V/III ratio in MOCVD, so as to grow In-polar
InN in slightly indium-rich condition without indium-droplet formation, is needed to
further investigate the validity of this model.
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2 µm

Figure 5.11: SEM image of surface morphology of InN film grown on Ga-polar GaN
with low V/III ratio.

Further analysis of other parameters such as surface reconstruction energy which
is beyond the scope of the current study, will help in determining the orientation of the
stable surface for In-polar InN.

5.6 Interface Adhesion

In spite of the dissimilarities in the surface morphologies, cross-sectional FESEM analysis, Figure 5.4, revealed that bonding at the interface between the InN film and
the underlying template was poor in all three cases, with the observation of both pores
and interfacial cracks. In particular, InN deposited on the LT-AlN buffer and the N-polar
GaN templates underwent delamination once the thickness exceeded a critical thickness.
Such delamination, was however not observed in the InN films grown on the Ga-polar
GaN templates even though interfacial cracks were observed as seen from Figure 5.4 (c).
This result is likely due to the fact that the film did not fully coalesce.
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As discussed in chapter 4, the interfacial cracking and peeling observed were
believed to be due to a combination of lattice mismatch related compressive stress and
structural evolution related tensile stress. The lattice mismatch of InN with both AlN and
GaN translates to a theoretical compressive strain of ~14 % and ~11 %, respectively. At
such high misfits, one of the mechanisms for stress relaxation is formation of misfit
dislocations along the interface, according to Van der Merwe.12 For a lattice mismatch of
11-14%, the critical thickness for relaxation by formation of misfit dislocations should be
less than a monolayer, according to the People-Bean’s model.13 In a manner observed in
GaN films on AlN buffer layers,14 a large fraction of the compressive strain will be
relieved by the formation of misfit dislocations at very small thicknesses during growth,
rendering a weak interface strength with high defect density. As the film thickness
increases, the defective interface makes the film prone to mechanical failure by any
further stress generation, due to crystallographic and kinetic limitations.15,16 Thus the
small magnitude of tensile stress (~ 0.2 GPa) generated by grain coalescence in InN
grown on LT-AlN buffer as discussed in chapter 4, can drive film delamination by crack
propagation along the interface.17 The low bond strength of InN18, (and hence low
interfacial energy) coupled with the presence of defects such as pores along the interface
due to high density of misfit dislocations, will aid such interfacial crack propagation.
Ruterana et al.19 observed poor interface adhesion in InGaN films with indium
composition > 60%, grown on GaN. However, they did not observe poor interface
adhesion in InGaN with indium-fraction <50%, suggesting the effect of high lattice
mismatch in changing the mode of stress relaxation, leading to crack formation. One of
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the ways to reduce this crack formation along the interface is to reduce the lattice
mismatch between the film and the buffer. The next chapter is focused upon using
compositionally graded InGaN layers for improving interface adhesion between InN and
GaN, by changing the lattice parameter over the thickness of the buffer rather than
abruptly at the interface.

As mentioned earlier, InN films growth on N-polar GaN have the same growth
mechanisms as that of InN growth on LT-AlN, namely island nucleation, followed by
lateral growth and coalescence. The resultant tensile stress caused film peeling in both
cases. On the other hand, absence of peeling in InN grown on Ga-polar GaN was
attributed to the absence of coalescence. The effect of coalescence on film’s grain
structure can be observed in cross-sectional TEM analysis (Figure 5.7) where In-polar
InN had highly faceted, poorly coalesced islands with very low defect densities while Npolar InN showed a high density of threading dislocations, an outcome of the coalescence
process.

5.7 Electrical and Optical Properties of InN

InN films studied in this chapter had poor structural properties such as cracks
along interface, as well as poor coalescence in case of In-polar InN. Therefore it was
difficult to get accurate characterization of electrical properties. However, Hall
measurements were done to get a qualitative analysis of the electron mobility and carrier
concentration in the films, for comparison between films grown on different
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buffers/templates. Hall measurements showed higher electron mobility in InN films
grown on GaN templates. For all the InN films studied, a PL peak at room temperature
was detected in vicinity of 0.8 eV ( Figure 5.12 ). InN grown on GaN showed lower
FWHM values (0.08 and 0.10 eV for In and N-polar InN respectively) as compared to
InN grown on LT-AlN buffer layer (0.13 eV). This can be correlated to Table 5.1 where
better crystal quality was observed for InN films grown on GaN template.

Buffer: LT-AlN

Intensity (a.u.)

(x 10)

Buffer: N polar GaN

(x 10)

Buffer: Ga-polar GaN

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Energy (eV)

Figure 5.12: Room temperature PL spectrum for InN grown on different buffers. PL
peak intensity was one order of magnitude stronger for InN on Ga-polar GaN.

5.8 Conclusion

Study of growth of InN films on GaN was done in an attempt to (1) further reduce
the lattice mismatch between InN and buffer layer from 14% (with AlN as buffer) to
~11% (with GaN as buffer); (2) investigate the effect of GaN template polarity on InN
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growth by MOCVD. Polarity of GaN was found to determine the InN polarity. Due to its
similar growth behavior as InN grown on N-polar GaN template, InN grown on LT-AlN
was predicted to be N-polar. Evolution of the growth of both In-polar and N-polar InN
was studied to understand their growth mechanism. Based upon the assumptions that (1)
MOCVD growth of InN occurred in N-rich conditions with surface terminated by
nitrogen atoms and (2) indium incorporation at the growth surface is the rate limiting
step, a qualitative model was proposed to explain the growth mechanism of different
polarity InN films by MOCVD.

Observation of poor interface adhesion for InN films grown on both GaN
template and LT-AlN buffer was attributed to still high lattice mismatch of 10-13% and
weak In-N bond strength. The next chapter is focused upon using graded InGaN buffer
layers to reduce lattice mismatch between InN and the GaN layer, in order to prevent
formation of misfit dislocations and thus to improve interface adhesion.
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Chapter 6
Study of MOCVD Growth of Thick InGaN Films and Graded InGaN Buffer Layers

6.1 Introduction

One of the issues so far with the growth of InN thin films is the lack of a lattice
matched substrate. Various buffer layers such as AlN or GaN also have a relatively high
lattice mismatch (~11% or more) to InN. For coherent growth of InN on these buffers,
the compressive stress due to lattice mismatch is given by Eq. 6.1

⎛ a f − as ⎞
⎟ × M 0001
⎟
a
f
⎝
⎠

σ f = ⎜⎜

6.1

where af and as are the lattice parameters of the InN film and buffer, respectively. M0001 is
the biaxial modulus of the thin film along the (0001) growth plane (biaxial moduli for
different nitrides are given in Table 2.1). Based upon this simple calculation for InN,
lattice mismatch of ~11-14% would theoretically result in high compressive stress values
of up to ~30 GPa for InN layers grown coherently on these buffers. However, such values
of lattice mismatch are predicted to be high enough to make the film/substrate system
energetically unstable, driving stress relaxation via defect formation. The mechanisms of
stress relaxation have been observed to vary depending on the type of stress and material
systems. In the case of nitride thin films, while tensile stress has been observed to relax
catastrophically by crack formation, compressive stress has been observed to relax at
very early stages of film growth, by formation of threading or misfit dislocations.1,2 For
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compressive strain due to lattice mismatch as low as -0.7% between GaN and
Al0.28Ga0.72N, compressive stress relaxation was observed to occur by the formation of
misfit dislocations along the interface at thickness as low as 50 nm, rendering a rough and
highly defective interface.1 According to the People-Bean model, increasing misfit strain
energetically favored the formation of misfit dislocations, reducing the critical thickness
to ~10 Ǻ for misfit strain of 4.2% between Si-Ge and Si.3 Similar dependence of critical
thickness for stress relaxation upon lattice mismatch were reported for InxGa1-xN grown
on GaN4,5 and InN grown on In0.67Ga0.33N6 systems. Thus it is predicted here that the
critical thickness for relaxation of the compressive strain as high as 11% between InN
and GaN, is less than a monolayer. Based upon the observation in chapter 5 of cracks
along the interface between InN and GaN, it was predicted that relaxation of this
compressive stress occurred by formation of high density of misfit dislocations along the
interface. This defective interface resulted in poor adhesion between the film and buffer,
leading to cracks along the interface.

As mentioned above, attempts have been made by Che et al.6 to improve the
interface properties by growing thin InN quantum well (16.1 nm) on a thin In0.67Ga0.33N
layer (9.1 nm) by MBE. This reduced the lattice mismatch to 3.1%. However, this work
only studied growth of InN quantum wells and there have been no results in the literature
on reducing the lattice mismatch between InN and the buffer below 11% for growth of
thick InN layers. Another novel way to reduce the lattice mismatch between InN and the
buffer layers, in order to improve interface adhesion, is to use a compositionally graded
InGaN buffer layer grown on GaN template. A compositionally graded buffer layer
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grades the lattice parameter from the template to the film over a thickness, rather than just
changing the lattice parameter abruptly at a single interface (Figure 6.1). Compositionally
graded AlGaN buffer layers have been well studied for GaN growth and were reported to
change the structural properties as well as the stress evolution in the film.7-9 However,
there are very few studies focused upon investigating the growth of graded InGaN
layers10 and no studies (to the best of author’s knowledge) on the use of graded InGaN
layer as buffer for thick (>100 nm) InN film growth. In this chapter, we investigated the
growth of compositionally graded InGaN buffer layers for MOCVD growth of thick InN
films. It is proposed that using a graded InGaN buffer layer for InN growth on GaN
should reduce the lattice mismatch between the InN film and the top layer of the graded
buffer and thereby change the relaxation mechanism for stress due to lattice mismatch.
For graded buffer layer growth, important characteristics to develop are the ability to
grow In1-xGaxN films over the range of x from 0 to 1, with low surface roughness and at
least couple of hundred nanometers in thickness. Thus an understanding of the growth
process of InGaN is pursued first to develop the graded InGaN buffer.
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(a)

(b)
InN
InN
GaN template

X=1
X=0

InxGa1-xN
GaN template

(0001) sapphire
(0001) sapphire

Figure 6.1: Schematic diagram of buffer structure for InN growth: (a) InN film directly
on GaN template grown on sapphire substrate; (b) InN film on compositionally graded
InGaN layer grown on GaN template, grown on sapphire substrate

6.2 Background Information on InGaN Growth

InGaN is one of the more complex ternary compound semiconductors because of
its poor structural properties at lower growth temperature (~500 °C), thermodynamic
instability at higher temperature (beyond ~800 °C) and poor miscibility of InN and GaN
beyond ~5-10%.11,12 Also similar to InN, epitaxial growth of InGaN is difficult as there
are no lattice matched substrates available. Thus growths on substrates/templates with
high lattice mismatch result in several growth related issues such as high defect density,
formation of v-pits, phase separation, etc.13,14 These issues become more significant when
the InGaN layer thickness is increased beyond a few tens of nanometers and/or indiumfraction is increased beyond a few percent. The issue of v-pit formation is significant for
the growth of thick (~200 nm) graded buffer with low surface roughness. The cause for
growth of the v-pits is not well understood although the pits have been reported to
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nucleate at film/buffer interface at threading dislocations in the buffer layer.15,16 Another
significant issue for compositionally graded buffer growth is the observation of phase
separation in InGaN layer for higher indium composition (In > ~10%).17 However, phase
separation has been observed to be suppressed by stress in the InGaN layers, coming
from sources such as lattice mismatch with the buffer layer18,19 and by control of growth
conditions.20 Stress in the InGaN film has also been observed to result in a composition
pulling effect where compressively stressed film had lower indium incorporation than a
stress-free InGaN film.21-23 Despite these and other issues with the structural properties,
not much work has been focused upon understanding the growth mechanism of thick
InGaN layers24,25 because remarkable electrical and optical properties for InGaN quantum
well based devices have been obtained even with poor structural properties. However,
further increase in the efficiency of these devices is also certainly tied with an
improvement of the InGaN properties.

6.3 Study of InGaN Growth Conditions

To develop the graded InGaN buffer layer with In fraction varying from 0 to 1,
first the growth of InGaN at a constant composition was investigated to optimize the
growth conditions, with the goal to achieve smooth surface morphology and significant
indium-incorporation in InGaN. InGaN growth was done with the carrier gas switched
from H2 to N2, as H2 reduces the indium incorporation efficiency. Growth conditions
were optimized by changing the group III and V carrier gas flow rates as well as the flow
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rates of the group III precursors, TMG and TMI. A growth rate of ~0.4 nm/sec was
targeted, as it was the same growth rate used for GaN growth at higher temperature. In
addition, at this growth rate of InGaN, the in-situ growth monitoring reflectivity spots
recovered well suggesting low surface roughness.

While it was preferred to study graded buffer growth on N-polar GaN template, in
order to obtain smooth morphology N-polar InN films growth, it was difficult to obtain
N-polar GaN templates with good crystal quality and low surface roughness. Therefore
initial graded buffer growth studies were done on easily available Ga-polar GaN
templates. Two different quality Ga-polar GaN templates were used to investigate the
effects of GaN template structural properties on InGaN growth characteristics. The
templates were: (1) MOCVD grown ~1.5 µm GaN on 7 nm LT-AlN on sapphire in the
same reactor and (2) ~5 µm pre-grown GaN template by HVPE on sapphire. A ~300 nm
GaN layer was further grown by MOCVD on the HVPE GaN template in order to
achieve a consistently clean growth surface since the HVPE GaN surface had been
exposed to atmosphere. XRD analysis of the GaN (0002) peak gave ω-FWHM values of
0.2 and 0.1° for MOCVD-grown and HVPE-grown GaN templates, respectively. The
higher FWHM value for MOCVD-grown GaN template suggests higher extent of tilt in
the GaN crystallites, and thus a higher dislocation density is predicted in MOCVD-grown
GaN templates than in HVPE-grown GaN templates. AFM analysis of the surface
morphology showed the presence of v-pits on the MOCVD-grown GaN template while
the HVPE-grown GaN templates showed smooth surface morphology with RMS
roughness ~2 nm for 15 µm×15 µm scan (Figure 6.2). Both GaN templates showed step-
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flow like growth (Figure 6.7 (a) and (d)). The effect of the structural properties of the
GaN templates on the surface morphology of the InGaN films as a function of V/III ratio
is further discussed later in this section.

(a)

(b)

Figure 6.2: 15 × 15 µm AFM scans of the surface morphology of GaN templates used for
InGaN growth: (a) ~1.5 µm thick MOCVD grown GaN template with presence of v-pits
with RMS roughness 6 nm (b) 300 nm MOCVD grown GaN on top of ~5 µm thick
HVPE grown GaN template

The growth conditions for InGaN were optimized at 800 °C as this is the highest
temperature at which indium incorporation was observed in the InGaN layer. This is
based upon the in-situ curvature measurement where growth stress switched from
compressive stress to tensile stress by changing growth temperature from 800 to 830 °C.
A tensile incremental growth stress σi of 0.55 GPa was observed for GaN growth at 1050
°C on HVPE GaN template. The stress is predicted to originate from grain coalescence
during GaN growth.26 By simple consideration of the change of lattice parameter with
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change in temperature, the stress in this GaN layer is calculated to be -0.11 GPa at 800 °C
by Eq. 6.2

⎛σi
⎞
− α × ∆T ⎟
⎝M
⎠

σ 800 = M × ⎜

6.2

where α is the coefficient of thermal expansion and is 5.59×10-6 K-1 for basal plane lattice
“a” of wurtzite GaN27, M is the biaxial modulus of GaN in the basal plane and is 478
GPa.26 ∆T is the drop in temperature which is 250 °C in this case. Thus the GaN layer
grown at 1050 °C is predicted to be under a slightly compressive stress at 800 °C due to
thermal expansion. This was also confirmed by GaN growth at 800 °C on top of 1050 °C
grown GaN layer, which showed ~0.1 GPa stress in in-situ curvature measurement. Thus
GaN is assumed to be relatively stress-free at 800 °C within the limits of
noise/fluctuations in the curvature measurement technique and the GaN epitaxial layer’s
lattice parameter is assumed to be similar to that of bulk GaN crystals. Growth of InGaN
on this almost stress-free GaN layer can then be analyzed directly for the contribution
from InGaN growth related stress only. Thus a net compressive growth stress is predicted
to come from epitaxial mismatch between InGaN and GaN. Observation of net tensile
stress for InGaN growth at 830 °C is thus associated with negligible indium incorporation
for growth on GaN while a net compressive growth stress at 800 °C indicates InGaN
growth on GaN. Consequently, the 800 °C was established as the starting temperature for
graded buffer growth. Other conditions for InGaN growth at 800 °C were then analyzed.
V/III ratio was observed to have a significant effect upon MOCVD growth of nitrides in
general.28 In the next set of experiments, the effect of V/III ratio on InGaN growth was
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studied by varying the NH3 flow rate while keeping the group III precursors flow rate
constant.

6.3.1 Effect of V/III Ratio on InGaN Growth and Characteristics

In the previous chapter, the results indicate that growth of InN at high V/III ratio
occurs under N-rich growth conditions. N-rich growth conditions resulted in a faceted
surface morphology with high surface roughness for In-polar InN. Attempts to grow InN
with In-rich growth conditions at ~500 °C did not succeed as it is difficult to precisely
control growth conditions to be slightly In-rich and consequently indium droplets
accumulated on the growth surface. However at a growth temperature of 800 °C, indium
desorbs easily and thus both N-rich and indium-rich growth conditions can be studied for
InGaN growth, without the issue of indium droplets accumulation.

The V/III ratio was varied from 1.55×103 to 1.06×104 by changing the NH3 flow
rate from 0.013 to 0.089 mol/min while keeping total group III precursors flow rate
constant at 8.4 µmol/min (2.5 µmol/min (TMG) + 5.9 µmol/min (TMI)). Reactor
pressure for growth at ~800 °C was kept constant at 50 Torr. Though higher growth
pressure was desirable in order to increase indium incorporation in InGaN, higher reactor
pressure results in increased level of noise in MOSS data collection. Therefore growth
pressure was maintained at 50 Torr initially, for in-situ analysis of growth related stress
as well as measurement of the growth rate of InGaN. InGaN films were grown ~250 nm
in thickness. X-ray diffraction was done ex-situ to determine the composition of InGaN.
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The composition estimation was approximate as peak positions in XRD were also
modified by stress in the film. Based upon the calculation by O’Donnell et al.29, the
indium composition in InGaN can be estimated within a range, depending upon if the
grown InGaN layer is pseudomorphic or fully relaxed, from the c-lattice parameter of
InGaN determined from the XRD ω-2θ scan. Using information about the strain in the
film from in-situ curvature measurements by MOSS and assuming that the observed
strain in the film is due to the lattice mismatch between the film and the template, the
composition of InGaN grown on GaN can be determined. Secondary ion mass
spectroscopy (SIMS) analysis was also used for direct measurement of indium fraction in
InGaN layers. SIMS measured the chemical composition by continuous sputtering of the
film as a function of thickness from a large area (~400 × 400 µm) and determining the
average value of different elemental constituents. Since SIMS is a large area and surface
sensitive technique, it gave a good estimate of composition only for films with low
surface roughness. Thus SIMS analysis of the InGaN films gave only a semi-quantitative
estimate of film composition. To get more quantitative information about the indium
fraction in the graded InGaN layers, x-ray energy dispersive spectroscopy (XEDS) in a
scanning transmission electron microscope (STEM) was done. XEDS analysis was done
by doing several line-scans for elemental composition along the cross-section of the
film/buffer thickness and comparing them with the standard calibrations for individual
elements to estimate their fraction in the film. For ease of reference, InGaN grown with
high V/III ratio will also be occasionally referred to as InGaN-A while InGaN grown
with low V/III ratio will be referred to as InGaN-B.
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Figure 6.3: X-ray diffraction ω-2θ scans of InGaN films grown with different V/III ratios.
Vertical lines mark the peak position of the shoulder corresponding to InGaN peak. Slight
shift in GaN peak position is due to the different thickness of GaN template resulting in
different stress state in the template at room temperature.
Figure 6.3 shows the XRD ω-2θ scans of InGaN films grown at different V/III
ratios. While InGaN-A grown at high V/III ratio of 1.06×104 showed a distinct shoulder
near the (0002) GaN peak at 34.33°, InGaN-B grown at low V/III ratio of 1.55×103
showed a slight shoulder corresponding to InGaN. Corresponding in-situ analysis of
curvature during InGaN growth showed a compressive stress of -0.9 and -0.4 GPa for
InGaN films grown at high and low V/III ratios, respectively (Figure 6.4). Indium
fraction in InGaN-A grown at high V/III ratio was 5.5%, based upon relative peak
position of InGaN with respect to (0002) GaN peak, after accounting for measured strain
in the film. SIMS analysis gave an average In-fraction of ~3% in InGaN-B grown at low
V/III ratio (Figure 6.5).
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Figure 6.4: Stress-thickness versus thickness plot for InGaN layers grown at high V/III
ratio of 1.06×104 (InGaN-A) and at low V/III ratio of 1.55×103 (InGaN-B). Incremental
stress in the film is given by the slope of the plot, shown by the trend-line in the plot.
Fluctuations in the plot are artifacts due to the non-uniform film growth rate across the
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Figure 6.5: SIMS depth analysis of In and Ga composition of InGaN-B film grown at low
V/III ratio. The variation in composition could be an artifact due to roughness of the film
surface.
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Comparison of in-situ reflected laser intensity during InGaN growth with different
V/III ratios showed (Figure 6.6) a decay in reflective intensity for InGaN grown with
high V/III ratio suggesting roughening of the surface morphology.
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Figure 6.6: Comparison of in-situ reflected laser intensity showing the growth of InGaN
film on GaN template. While InGaN-B oscillations intensity remained constant
suggesting not much change in the surface morphology, InGaN-A oscillation intensity
decayed during growth suggesting roughening of the growth surface.
Figure 6.7 shows the AFM scans of the surface morphology of InGaN films
grown with different V/III ratios. A simultaneous comparison of surface morphology
with InGaN growth on different GaN templates is done to investigate the effect of GaN
template properties on surface morphology. Figure 6.7 (b) and (c) are AFM scans of
InGaN films grown on MOCVD grown GaN template while Figure 6.7 (e) and (f) are
AFM scans of films grown on HVPE grown GaN template. The effect of GaN template
properties is evident where the presence of v-pits in MOCVD grown GaN templates
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showed up as large v-pits (~0.5 µm wide) in the InGaN film. Other smaller v-pits formed
and grew during InGaN growth as discussed later in Figure 6. For growth at high V/III
ratio of 1.1×104, the InGaN morphology was observed in Figure 6.7 (c) and (f) to be
rough with a large density of v-pits. V-pits formation is similar to pyramid formation in
In-polar InN in N-rich conditions, with the orientation of the stable surface of both pits
(well-established in literature30) and pyramids (see section 5.5) being (10 1 1). As a result,
the growth conditions for InGaN were also predicted to be N-rich.

(a)

(b)

1.5×103

(c)

1.1×104

(d)

(e)

1.5×103

(f)

1.1×104

Figure 6.7: Comparison of surface morphology of ~250 nm thick InGaN films grown
with different V/III ratios and on different GaN templates. InGaN films in (b) and (c)
were grown on MOCVD grown GaN templates shown in (a). InGaN films in (e) and (f)
were grown on HVPE grown GaN templates, shown in (d). V/III ratio for InGaN growth
is indicated on each image. Large pits, like those marked by arrows, in (b) and (e) are
continuation of pits in MOCVD grown GaN template. All scans are of 5×5 µm in size.
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By reducing the V/III ratio to 1.5×103, growth conditions for InGaN were thus
changed to more group III-rich. Under these conditions, the surface roughness was
substantially reduced (Figure 6.7 (b) and (e)) and the films were observed to grow in
step-flow mode (as shown for InGaN film grown at low V/III ratio in Figure 6.8), with
decreasing v-pit density on the film surface corresponding to a decreased NH3 flow rate.
Analysis of surface morphology evolution with film thickness (Figure 6.9) showed that
the InGaN nucleation started similarly for both N and group III-rich conditions. However,
the v-pits (other than the large 0.5 µm size v-pits) density at ~50 nm thickness of InGaN
is higher under N-rich conditions and the lateral growth rate of v-pits was also higher in
N-rich conditions. This further supports the qualitative growth model in chapter 5 where
growth conditions being either N or group III-rich were predicted to determine the
observed surface morphology for different polarity InN films. Thus the effect of N-rich or
group-III rich conditions on surface morphology is similar for InGaN growth where a
faceted morphology was observed for group III-polar InGaN in N-rich conditions and a
smoother morphology was observed for group III-rich conditions. Also, for growth on
MOCVD-grown GaN template, the film surface is completely covered by v-pits at a
thickness of ~250 nm for InGaN grown in N-rich condition (Figure 6.7 (c)). InGaN
growth on HVPE grown GaN template showed comparatively better morphology with
lower v-pit density for both N-rich and group III-rich conditions. This suggests the effect
of GaN template structural property upon InGaN growth morphology. Thus it can be
concluded that higher dislocation density in GaN template provides more sites for v-pits
to nucleate, whose further growth is affected by the InGaN growth conditions being N or
group III-rich.
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(a)

(b)

Figure 6.8: AFM images (1×1 µm) showing step-flow growth for InGaN grown at low
NH3 flow rate on (a) HVPE grown GaN template and (b) MOCVD grown GaN template.
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Figure 6.9: Effect of V/III ratio on InGaN morphology evolution with film thickness for
growth on MOCVD grown template. V/III ratio and film thickness are mentioned with
every AFM image. All images are 5×5 µm
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As shown in XRD analysis of these films (Figure 6.3), higher indiumincorporation was observed in InGaN films grown under N-rich growth conditions. Thus
compressive strain due to high lattice mismatch between high indium-composition InGaN
and GaN could be predicted to cause more v-pits to nucleate. In the literature, although
there have been several studies on the cause of v-pit formation in nitride films, the exact
mechanism is not well understood. It has been reported that the compressive strain in the
film as well as low growth temperature drives the nucleation of v-pits at defects such as
threading dislocations and stacking faults in the underlying GaN templates.31,32 While at
low growth temperature, kinetically limited growth results in poor surface diffusion and
low incorporation efficiency of adatoms and thus drives v-pit growth, relaxation of the
compressive strain in the film is also the driving force for the v-pit formation. Another
mechanism for both compressive and tensile strain relaxation is by formation of misfit
dislocations along the interface between film and the underlying template.2,33 While
homogeneous nucleation of misfit dislocation is limited by high energy barrier, misfit
dislocations are reported to nucleate comparatively easily within a critical film thickness,
at defect sites at the interface such as dislocations, pinholes, etc.13 Thus a combination of
v-pits and misfit dislocations had been reported to relax the strain in the nitride films.2 In
this study, growth of GaN at 800 °C in N-rich condition which occurred under a tensile
growth stress, also resulted in an increased density of v-pits. Also, with increasing
thickness, the v-pits lateral dimension increased which should result in stress relaxation,
if strain in the film is driving v-pit formation and growth. However, incremental growth
stress did not change and was at a constant compressive value throughout the InGaN
growth segment as shown by slope of stress-thickness versus thickness plot in Figure 6.4.
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Thus it is predicted here that v-pits formation and their lateral growth are more dependent
upon kinetically limited growth conditions, rather than upon nature of stress in the film.
As discussed later in 6.3.2, compressive stress in InGaN film due to lattice mismatch is
predicted to relax partly at the beginning of growth, and the mechanism of relaxation is
proposed to be the formation of misfit dislocations at the interface. V-pits formation and
lateral growth did not contribute significantly to further relaxation of the partly relaxed
film during InGaN growth. However, this prediction is not conclusive and more detailed
studies of v-pit formation on the local area stress field in InGaN films is needed to
investigate the role of stress on v-pits formation.

The observation mentioned previously of lower indium fraction in InGaN films
grown with low V/III ratio suggest that indium incorporation efficiency in InGaN is
determined by the active nitrogen partial pressure above the surface, which is also well
reported in the literature where high nitrogen partial pressure is needed to suppress InN
decomposition.34 Another issue related to the use of low V/III ratios in MOCVD growth
of nitrides in general, is the higher incorporation of carbon which can deteriorate
electrical and optical properties.35 The carbon originates from the decomposition of
organometallic precursors containing methyl ligands. SIMS analysis of InGaN with low
V/III ratio confirmed the presence of high levels (~1×1019 cm-3) of carbon impurities
(Figure 6.10). Under high V/III ratio growth conditions, the carbon is removed from the
growth surface by active hydrogen from the decomposition of NH3.11 The effect of
impurity incorporation in InGaN grown with low V/III ratio on optical properties can be
deduced from photoluminescence (PL) scans obtained on InGaN grown with different
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V/III ratios as shown in Figure 6.11. It suggests low efficiency of radiative recombination
in InGaN grown with low V/III ratio. Similar observations have been made in the
literature where lower V/III ratio for GaN growth caused an increased incorporation of
impurities which resulted in reduced efficiency of near-band-edge emission and increased
intensity of defect-luminescence.28 Such high levels of carbon doping have also been
reported to result in deep level defects as well as non-radiative recombination in GaN.36,37
Thus the use of low V/III ratio growth conditions resulted in step-flow like growth but
with reduced indium incorporation and poor optical properties, making InGaN unsuitable
for use as an active layer in electro-optic device applications. However, it can be used as
a grading layer for reducing mismatch with the GaN layer or as an interlayer to decouple
epitaxial mismatch between the active InGaN layer and the GaN template. It has been
reported that this decoupling should result in growth of completely relaxed InGaN layer
on top of a strained layer.31,38 Growth of strain-relaxed InGaN minimizes the composition
pulling effect and should increase indium incorporation in the film. However, the rough
surface morphology of the InGaN interlayer is reported to deteriorate the structural
properties of the relaxed top InGaN layer.31 Thus the use of a smooth interlayer should
improve the structural properties of the relaxed InGaN layer. The next sub-section
presents the results of a preliminary study on the use of smooth morphology InGaN
grown at low V/III ratio as an interlayer for growth of relaxed InGaN layers.
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Figure 6.10: SIMS analysis of impurities in InGaN layer grown with low V/III ratio of
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Figure 6.11: Comparison of PL emission from InGaN layers grown with different V/III
ratios. InGaN-B (grown with low V/III ratio of 1.5×103) showed a weaker peak for nearband-edge emission.
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6.3.2 Use of Interlayer for InGaN Growth

As discussed above, growth at low NH3 flow rate resulted in InGaN with stepflow-like surface morphology. However, PL scans showed a low peak intensity
suggesting poor optical properties which makes it unsuitable for use as an active layer in
opto-electronic applications. However, the smooth surface morphology makes it suitable
for use as an interlayer for InGaN growth at high V/III ratio. With this goal, preliminary
studies were carried out to investigate the growth of high V/III ratio InGaN on low V/III
ratio InGaN interlayers. Figure 6.12 shows the schematic diagram of the bi-layered
InGaN structure grown on an HVPE grown GaN template. As mentioned earlier, InGaNB interlayer was grown with low V/III ratio of 1.55×103 and InGaN-A top layer was
grown with high V/III ratio of 1.06×104. Growth conditions were kept the same for both
InGaN-A and InGaN-B layers, except the V/III ratio which was changed by changing
NH3 flow rate.

Relaxed InxGa1-xN-A layer
InxGa1-xN-B interlayer
GaN template
(0001) sapphire

Figure 6.12: Schematic diagram of relaxed InGaN-A active layer growth on smooth
InGaN-B interlayer.
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Figure 6.13: Comparison of XRD ω-2θ scans of InGaN-A layers grown on InGaN-B
interlayer, with InGaN-A grown directly on GaN template. For similar growth conditions,
InGaN-A grown on interlayer show higher indium incorporation.
ω-2θ XRD scan of the bi-layered InGaN structure (Figure 6.13) showed an
increase in the indium fraction in InGaN-A layer from ~6% to ~16% by insertion of the
interlayer (derivation given in Appendix C). Figure 6.14 shows the stress evolution plot
derived from in-situ curvature evolution measurement during InGaN-A growth on
InGaN-B interlayer. Stress-thickness is plotted as a function of time where a negative
slope indicates a compressive stress and a positive slope means tensile stress. Trend-lines
drawn along the growth segment show that GaN at 1050 °C grew with tensile
incremental stress while InGaN-B and InGaN-A grew with compressive incremental
stress.
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Figure 6.14: Stress-thickness vs. time plot of InGaN-A grown on InGaN-B interlayer
showing the growth related stress for different layers: GaN layer grown on HVPE GaN
template show a tensile stress. InGaN-B layer showed a small growth-related
compressive stress while InGaN-A grown on top had a higher growth-related
compressive stress value

Comparison of in-situ stress evolution of InGaN-A layer grown directly on GaN
template and on InGaN-B interlayer, did not show any significant change in the
incremental growth stress with the insertion of the InGaN-B interlayer (Figure 6.15).
Calculation of theoretical value of stress due to the lattice mismatch between
In0.16Ga0.84N-A and GaN suggests that the in-situ measured compressive stress is 12% of
the total calculated stress value due to lattice mismatch (see the calculations in Appendix
C), suggesting that the InGaN-A grown on InGaN-B interlayer was 88% relaxed. Similar
calculation for InGaN-A grown directly on GaN showed that the film was 74% relaxed
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(summarized in Table 6.1). Thus it is predicted that the insertion of interlayer decoupled
the lattice mismatch between InGaN-A layer and GaN template which resulted in stress
relaxation. The stress relaxation increases the indium-incorporation which is suppressed
in case of InGaN-A grown directly on GaN, due to the composition pulling effect of
compressive stress. A point to be noted here is that since InGaN-B XRD diffraction peak
overlaps (0002) GaN peak, GaN and InGaN-B lattice parameters are assumed to be
similar and thus GaN (instead of InGaN-B) lattice parameter is used for mismatch
calculation with In0.16Ga0.84N-A.
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Figure 6.15: Comparison of stress evolution of InGaN-A layer grown on InGaN-B
interlayer and directly on GaN template.
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Table 6.1: Change in extent of stress relaxation in InGaN-A film by insertion of InGaN-B
interlayer.
Film/buffer
InGaN-A/GaN
InGaN-A/InGaN-B

Theoretical stress
due to lattice
mismatch (GPa)
-3.1
-8.4

In-situ measured
stress (GPa)

% relaxation

-0.8
-1.0

74
88

Thus in-situ curvature measurement showed that the compressive stress in the
InGaN layer did not increase by insertion of the interlayer, even though the In-fraction
increased. This suggests that the use of the interlayer resulted in relaxation of the top
InGaN layer by 88%, which allowed more In-incorporation in InGaN, under same growth
conditions. Thus InGaN composition within a range can be modified by using an
appropriate interlayer. Thus higher In-fraction InGaN can be grown without lowering the
growth temperature where growth kinetics are reduced and crystal quality of the InGaN
layer deteriorates. However, the surface roughness was high for InGaN grown on the
interlayer (Figure 6.16). Thus much work is needed to further investigate the potential of
the interlayer and to optimize the growth conditions to achieve better surface morphology
for active layers grown on the interlayers. One way to reduce v-pit density in the active
InGaN layer, in order to reduce surface roughness is to use GaN templates with very low
dislocation density (< 1×106 cm-3) such as ELOG templates2 or high crystal quality GaN
substrates, thus reducing the density of defect sites for v-pits to nucleate.
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(a)

(b)

Figure 6.16: Comparison of surface morphology of 250 nm thick InGaN-A layer grown
on (a) 250 nm thick InGaN-B interlayer and (b) directly on HVPE GaN template.

6.4 Growth of Graded InGaN Buffer for InN Growth

To reduce the lattice mismatch of 11% between InN and GaN, the use of a
compositionally graded buffer layer was investigated in order to achieve more coherent
growth of InN, with reduced extent of film relaxation at the interface since it was
concluded in the previous chapter that stress relaxation resulted in interface delamination.
Reduced extent of stress relaxation along the interface should result in better interface
adhesion between the film and the buffer. Through optimization of growth conditions,
preliminary results were obtained to establish initial parameters for graded buffer growth.
Indium composition in In1-xGaxN layer is a function of several growth parameters such as
growth temperature, growth pressure, TMG/TMI ratio, growth rate, etc. Therefore it is
difficult to achieve linear compositional grading in InGaN. Thus several growth
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parameters have to be graded simultaneously (Table 6.2). Growth temperature was varied
from 830 °C-800 °C to 540 °C while growth pressure was graded from 50 Torr to 400
Torr. TMG/TMI flux ratio was graded from 0.42 to 0.10 while the group III carrier flow
rate was graded from 0.35 slpm to 0.45 slpm, to keep the film growth rate constant.
However, the growth rate was observed to decrease during the grade towards lower
temperature and thus the grade in composition is expected to be non-linear. For the
graded buffer growth, the NH3 flow rate was varied only from 0.3 slpm to 0.5 slpm to
keep growth conditions group III-rich. For InN film growth, the growth conditions were
changed to N-rich by increasing the NH3 flow rate to 2.0 slpm, for comparison with InN
growth on GaN in N-rich conditions, done in previous chapter. While earlier InN films
were grown at 650 Torr, InN films in this study were grown at 400 Torr, to reduce noise
in the in-situ curvature measurement. Growth temperature was kept at previously
optimized value of 540 °C, and TMI flow rate at 5.8 µmol/min.
Table 6.2: Growth conditions during graded InGaN growth. Growth conditions were
simultaneously and continuously graded during the graded buffer growth time of ~12
min.
Growth condition

Start value

End value

Temperature (°C)

800

540

Pressure (Torr)

50

400

TMG/TMI ratio

0.42

0.10

NH3 flow rate
(slpm)
Group III carrier
flow rate (slpm)

0.3

0.5

0.35

0.45
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For growth of the graded buffer on Ga-polar GaN template, low NH3 flow rate
conditions were used to achieve as smooth as possible surface morphology of InGaN.
However, towards lower temperature (< 600 °C), indium droplet formation was observed
on the film surface. Compositional analysis of the graded buffer layer was done by SIMS
analysis of a graded InGaN buffer capped by GaN layer (Figure 6.17), where a non-linear
grade in indium composition across the buffer thickness from 0% at the start of InGaN
layer to 50% at the end of InGaN layer, was observed.
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Figure 6.17: SIMS analysis of indium and gallium composition across the thickness of
graded InGaN layer with a GaN cap layer. It shows a non-linear graded for indium from
0 to 50% in InGaN layer. GaN cap layer shows a ~20% presence of indium which is due
to the presence of indium droplets on top of graded InGaN and embedded in the cap
layer.
For SIMS analysis, a ~50 nm GaN cap layer was grown on top of graded InGaN
buffer to eliminate the effect of surface contamination on the analysis of the graded layer
and to achieve a smooth top layer for better SIMS analysis. However, there was the
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formation of indium droplets on the InGaN surface by the end of the graded buffer
growth. These droplets became embedded in the GaN cap layer and showed up as ~20%
indium present in GaN cap layer. Thus 20% indium in the cap layer and slight grade of
indium at the interface between the cap layer and InGaN layer is likely an artifact due to
the indium droplets. Thus indium droplets formation on the graded buffer surface was an
issue. XRD ω-2θ scan was also done to check the extent of grade in the InGaN
composition as well as the crystal quality of the buffer layer (Figure 6.18).
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Figure 6.18: Comparison of ω-2θ XRD scans of InN films grown on graded InGaN buffer
and directly on GaN template. Presence of (101) In peak suggests incorporation of
elemental indium in InN film.
It showed multiple diffraction peaks overlapping from GaN (0002) peak until
approximately In0.48Ga0.52N. This indium fraction of ~48% is similar to that of the top
part of the graded buffer analyzed by SIMS. Thus the XRD multiple overlapping InGaN
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peaks are predicted to correspond to the compositional grade along the thickness of the
graded buffer layer.

More accurate analysis of indium and gallium composition in graded buffer in
InN/graded InGaN/GaN structure was done using XEDS across the interface between
InN and compositionally graded InGaN buffer layer. The XEDS analysis along 3
different lines showed (Figure 6.19) that the indium composition in graded InxGa1-xN
grades upto x = 1 at the interface between InN and the buffer. However, there was a
region in graded buffer of ~40 nm thickness with constant In composition at x ~0.5 and
resulted in non-linear grading in the graded buffer layer. This region also corresponded to
a defective region of ~50 nm in the graded buffer, as shown in the cross-sectional TEM
image in Figure 6.19. The exact reason for these observations is not clear but it is
predicted to be related to phase separation expected at x ~0.5 due to poor miscibility of
InN and GaN for the entire composition range. Another possible reason is the poor
growth kinetics during growth of this part of buffer layer. Since several growth
conditions were graded simultaneously for growth of graded buffer, growth conditions
may not be optimum during the later part of the grading, leading to a defective structure.
Further optimization of graded buffer growth conditions is needed to understand and
address this issue and to achieve a more linear grading of In composition in the graded
buffer.
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Figure 6.19: STEM/XEDS analysis and corresponding plot of composition along three
different line scans across the interface between InN film and the compositionally graded
InxGa1-xN buffer layer.

The structural property of this sample was characterized by XRD (Figure 6.18).
An (0002) InN peak was observed in ω-2θ XRD scan at 2θ = 31.34° with rocking curve
scans peak width of 0.62°, suggesting well oriented growth of InN on the graded buffer.
However, the peak is broader than the peak width value of 0.19° for InN grown directly
on GaN template. One of the possible reasons for the observed difference in peak width is
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that the graded InGaN buffer would be more defective and rough than GaN template and
the semi-coherent growth of InN on the graded buffer has resulted in more tilt in the film
and more dislocations in the InN from the buffer. On the other hand, InN grown on GaN
is completely relaxed, with its lattice parameter close to bulk InN, resulting in a narrow
diffraction peak of 0.19°. Cross-sectional TEM analysis of InN grown on graded buffer
showed (Figure 6.20) that while the upper ~50 nm of the graded buffer was highly
defective, the InN film had a relatively low defect density. Most of the defects in InN
were present as dislocations along islands coalescence boundaries, which also suggests
that coalescence was improved for InN grown on the graded buffer. The crystal quality of
individual islands was as good as that of InN grown directly on GaN as shown in
Figure 6.20 (a).

Thus it is shown that In-polar InN grown on the graded buffer had faceted
morphology, similar to that of InN grown directly on the Ga-polar GaN template.
However there was observation of beginning of the island coalescence along the islands’
bases. Also, there was no distinct interface boundary between InN and graded InGaN as
observed in cross-sectional SEM, unlike InN growth on GaN which showed a distinct
interface with cracks along it (Figure 6.20 (a)). Thus it is concluded that InN grown on
graded InGaN adhered well with the buffer layer, suggesting that it has not relaxed
completely.
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Figure 6.20: Cross-sectional TEM image of InN films grown (a) directly on GaN
template and (b) on graded InGaN buffer layer. InN grown on GaN show poor interface
adhesion while InN grown on graded buffer showed good adhesion at interface. Also,
extent of coalescence is higher for growth on graded buffer with dislocations in InN layer
mainly present along coalescence boundary. Interface between InGaN and GaN in (b) is
not distinct. Image size is 710×710 nm.

HRTEM image of interface between InN and buffer (Figure 6.21) showed that
InN grown directly on GaN showed a highly defective region at the interface. Terao et

al.1 observed a defective interface for compressively strained GaN growth on AlGaN
which relaxed by formation of misfit dislocations along interface. Similar mechanism of
relaxation of high compressive stress due to lattice mismatch, by formation of misfit
dislocations along the film/buffer interface was observed by Dimakis et al.39 for InN
growth on GaN. Same stress relaxation is predicted here for InN growth on GaN,
resulting in a defective interface. The defective interface resulted in InN films to lift-off
from the template as shown in a more representative TEM image of InN grown on GaN
template (Figure 6.20 (a)). HRTEM image of the interface between InN and graded
InGaN buffer showed no abrupt interface (Figure 6.21 (b)), suggesting that the transition
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of lattice parameter from graded InGaN to InN was less abrupt as the lattice mismatch
between InN and graded InGaN was much smaller than the lattice mismatch between InN
and the GaN template. InN film was observed to be well adhered with the graded buffer
layer, with no peeling or cracks along the interface. The surface roughness of graded
InGaN buffer was higher than that of the GaN template and is predicted to increase the
crystallographic tilt of the InN film grown, as discussed above. However, the overall
conclusion from above analysis is that the insertion of the graded buffer resulted in a
reduction of lattice mismatch between InN and the buffer layer leading to better interface
adhesion between the film and the buffer.

(a)

(b)

InN

GaN

InN

InGaN

Figure 6.21: HRTEM image of interface between InN and (a) GaN and (b) graded InGaN
buffer

In chapter 5, poor interface adhesion was observed for both In-polar and N-polar
InN films. Therefore graded buffer layer was also studied to investigate its effect upon
interface adhesion of N-polar InN films. Preliminary results were obtained for growth of
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InN on N-polar graded buffer. N-polar GaN templates grown by MBE (by Eric Readinger
at ARL) were used for growth of graded N-polar InGaN layer. XRD rocking curve
FWHM value for the GaN was 0.5° and surface roughness was high with the presence of
islands on the surface of the GaN template. For graded buffer layer growth, high V/III
ratio was maintained during the grade by keeping the NH3 flow rate at 2.0 slpm, since Npolar InN was observed in chapter 5 to grow with smooth morphology under N-rich
conditions. All other growth conditions were the same as those used for graded buffer
growth on Ga-polar GaN template. The preliminary analysis (Figure 6.22) showed that
while the interfacial cracks reduced for InN growth on graded InGaN buffer on N-polar
GaN template, surface roughness of InN increased with the insertion of graded buffer.
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InN
Graded InGaN

InN
N-polar
GaN

N-polar GaN

Sapphire
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(c)

Sapphire
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Figure 6.22: Surface morphology and cross-sectional SEM images of N-polar InN film
grown (a), (c) on MBE grown N-polar GaN template and (b), (d) on graded InGaN buffer
on MBE grown N-polar GaN template. No features corresponding to interface were
observed for InN grown on graded buffer.
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The morphology of N-polar graded InxGa1-xN roughened towards the end of grade
with x reaching 1, and resulted in a rough morphology in the InN. However, in-situ
MOSS analysis showed (Figure 6.23 (a)) presence of compressive incremental growth
stress of about -1.3 GPa for InN growth on graded N-polar InGaN layer, suggesting that
the InN was growing semi-coherently on the graded buffer and the stress is due to the
lattice mismatch between InN and graded buffer. The observation of compressive stress
during InN growth on graded buffer is different from InN growth directly on GaN
template, where the film was observed to grow completely relaxed (Figure 6.23 (b)). The
above conclusion further supports the prediction earlier in this chapter that InN film
relaxes completely when grown directly on GaN template. XRD ω-2θ scan of films
(Figure 6.24) showed presence of significant XRD signal corresponding to InGaN for the
whole range from GaN to InN, suggesting a more uniform grade for InGaN growth on Npolar GaN than was obtained for graded InGaN growth on Ga-polar GaN.
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Figure 6.23: Stress-thickness versus thickness plot for N-polar InN grown on (a) graded
InGaN buffer and (b) directly on N-polar GaN template.
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Figure 6.24: ω-2θ XRD scans of N-polar InN films grown on graded InGaN buffer and
directly on N-polar GaN template.
The higher indium incorporation was expected as active nitrogen partial pressure
was high during buffer growth due to high V/III ratio. However, these results are
preliminary and more work needed to be done, such as improving the crystal quality and
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surface morphology of N-polar GaN template and further optimizing the graded buffer
growth.

6.5 Conclusion

MOCVD growth of InGaN was studied to develop graded InGaN buffer layer, in
order to minimize lattice mismatch between InN films and GaN templates. Growth with
low V/III ratio of 1.5×103 resulted in low surface roughness of InGaN. However, the
InGaN layer had a higher incorporation of carbon impurities and consequently, poor
optical properties. Use of this InGaN layer as interlayer resulted in growth of strain-free
InGaN top layer with higher indium incorporation efficiency. Graded InGaN buffer layer
was also grown at low V/III ratio on Ga-polar GaN template and resulted in significant
indium grade along the thickness of buffer. InN grown on this graded buffer was
observed to adhere well to the buffer layer, unlike InN grown directly on GaN template
which developed cracks along the film/buffer interface due to high lattice mismatch.
Preliminary results on the growth of InN on graded InGaN buffer on N-polar GaN
template showed compressive growth stress, suggesting that the film was growing semicoherently on the buffer layer, unlike InN grown directly on GaN template where film
was predicted to relax completely within first few monolayers growth, by formation of
misfit dislocations along the interface.
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Chapter 7
Thesis Summary and Future Work

7.1 Summary

InN is the least studied material among the group III-nitride compound
semiconductors, because of the issues related with its growth such as its low
decomposition temperature and lack of lattice matched substrates. However, with the
development of epitaxial growth techniques such as MBE and MOCVD and also with the
discovery of InN band-gap to be smaller than the previously established value of 1.9 eV,
there have been a renewed interests in growth and study of InN thin films in recent years.
While MBE and MOCVD growth techniques allow epitaxial growth of InN with better
control over growth conditions, new low band-gap value of ~0.7 eV make InN a suitable
candidate, when alloyed with GaN, to develop high efficiency solar cells based upon
same nitride material system.

While MBE had been more successful in growth of several micron thick InN
films with good structural and electrical properties, MOCVD is the preferred growth
technique commercially because of its higher throughput. MOCVD growth of other
nitrides (especially GaN) has been well developed and thus integrating the growth of InN
with these nitrides in MOCVD is important to develop the nitride based devices such as
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solar cells. With this motivation, the goal of this research project was to study the
MOCVD growth of InN thin films.

Initial MOCVD growth studies of InN thin films were done on (111) Si substrate
as the lattice mismatch of InN with (111) Si was lowest when compared with other
substrates. A 100 nm thick AlN layer grown at 1100 °C was used as the buffer. A growth
temperature of 540-560 °C was determined as the optimum growth temperature as at
higher temperature, InN decomposition started, deteriorating the structural properties of
the film. Also, the film crystalline quality as well as Hall mobility increased with film
thickness suggesting that surface states associated with the interface/surface of the film
were dominating the Hall-effect measurements. However, InN growth on Si was
observed to be rough and with poor crystal quality when compared with other studies in
the literature upon growth of InN on sapphire substrate.

Growth studies were then done on sapphire substrates using LT-AlN buffer layers
grown at 500 °C. Buffer thickness of 30 Å was considered to be optimum as it resulted in
growth of continuous InN films with the lowest XRD rocking curve FWHM and highest
Hall mobility. However, delamination and peeling of regions of the InN film was
observed. In-situ stress measurement on the film showed tensile stress in the initial part
of growth (upto ~150 nm of film thickness) followed by relaxation of film to zero growth
stress. The transition from tensile stress to zero stress corresponded to onset of
delamination in the film. The combined effect of compressive stress at the beginning of
growth due to high lattice mismatch (~14%) between InN and AlN and tensile stress due
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to InN grain coalescence during film growth, aided by weak In-N bond strength, was
predicted to cause InN films to delaminate. Therefore, GaN with slightly lower lattice
mismatch (~11%) with InN and with better crystal quality than highly defective AlN
buffer, was used as the template for growth of InN. Due to anisotropy of wurtzite crystal
structure of group III-nitrides along its c-axis, nitride thin films grew with two nonequivalent polarity: group III-polar and N-polar. Polarity has been observed to have
significant effect upon growth and properties of GaN thin films. Therefore both Ga-polar
and N-polar GaN templates were used to also study the effect of template polarity on InN
thin film growth.

The morphology of InN grown on Ga-polar GaN was observed to be rough with
faceted surface morphology while morphology of InN film grown on N-polar GaN was
observed to be smooth and similar to the morphology of InN film grown on LT-AlN
buffer. Using CBED, the polarity of InN grown on Ga-polar GaN was determined to be
In-polar, and that of InN grown on N-polar GaN was determined to be N-polar. Due to
similarity in surface morphology of InN grown on N-polar GaN and LT-AlN, InN grown
on LT-AlN buffer was predicted to be N-polar. Growth morphology evolution of both Inpolar and N-polar InN was studied and a qualitative model was proposed to explain
different growth mechanism for different polarity InN films. While growth of InN on
GaN resulted in reduced extent of film delamination, there was observation of interfacial
cracks for InN growth on both GaN and AlN. Therefore attempts were made to further
reduce the lattice mismatch between InN and buffer layer by using compositionally
graded InGaN buffer layer.
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MOCVD growth of thick (~250 nm) low In-fraction InGaN films on Ga-polar
GaN templates were studied first to establish optimum growth conditions for the initial
portion of the graded InGaN buffer growth. Low V/III ratio of 1.5×103 was observed to
result in step-flow like growth of InGaN films with low v-pit density. V-pit density in
InGaN was also observed to decrease by using GaN templates with better structural
properties (such as lower XRD rocking curve FWHM value and lower v-pit density in
GaN template). Thus simultaneous grading of growth temperature, pressure and
TMG/TMI ratio was done at low V/III ratio growth conditions for growth of graded
InGaN buffer with low surface roughness. A non-linear grade of indium composition in
the graded buffer was observed. Growth of InN films on graded buffer were observed to
adhere well with the buffer with no observation of interfacial cracks. InN film was also
observed to coalesce better when grown on the graded buffer, although the XRD rocking
curve FWHM value was higher as compared to InN grown directly on Ga-polar GaN
template. Results were also presented on preliminary studies of growth of InN films on
graded InGaN buffer grown on N-polar GaN template.

InGaN films grown at low V/III ratio had poor optical properties due to high level
of carbon incorporation. However, due to its low surface roughness, preliminary studies
were done to use this InGaN film as an interlayer to decouple the stress due to epitaxial
mismatch between GaN template and the top InGaN layer (grown at high V/III ratio). For
similar growth conditions, insertion of interlayer resulted in increase in indium
incorporation in top InxGa1-xN layer from x = 0.06 to x = 0.17, and increase in relaxation
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of stress due to lattice mismatch from 40% to 90%. However, the surface roughness of
top InGaN layer was high.

7.2 Future Work

Based upon observations presented and conclusions drawn in this thesis upon
MOCVD growth of InN and InGaN layers, suggestions for future work are made to
further understand and develop the growth of InN films.

N-polar InN has been observed to grow with step-flow like morphology by MBE
and with relatively smooth morphology in this study for growth by MOCVD. However,
the difficulty of growing N-polar GaN by MOCVD and the issue of poor interface
adhesion are detrimental to grow device quality thick N-polar InN films by MOCVD.
Therefore, one of the suggestions for future work is to develop a buffer layer for growth
of N-polar InN with good interface adhesion. Further development of graded InGaN
buffer growth on better crystal quality MBE grown N-polar GaN template is a suggested
approach to develop the MOCVD growth of N-polar InN.

The v-pit density in the InGaN layer was observed to decrease with better
structural properties of GaN templates. Therefore, use of GaN templates with even lower
dislocation density such as ELOG GaN templates or GaN substrates (with dislocation
density < 1×106 cm-3), should further reduce v-pit formation in InGaN layer.
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The crystal quality as well as the surface roughness of the graded InxGa1-xN buffer
grown on Ga-polar GaN template was observed to degrade towards the end of the grade
with x reaching 1, with formation of indium droplets on the surface. There was also
observation of non-linear grading in InxGa1-xN layer at x close to 0.5, predicted to be due
to poor growth kinetics. Therefore, further optimization of the graded buffer growth
conditions should be done to reduce defect incorporation in the graded buffer and to
minimize indium droplet formation on the buffer surface.

While the presence of noise in in-situ curvature measurement during InN growth
made the data collection and interpretation difficult, the observation of correlation of
growth related stress with the InN film delamination and with In incorporation in InGaN
contributed to better understanding of growth mechanism of InN and InGaN. Therefore
further use of in-situ curvature measurement technique to analyze various aspects of the
growth related stress, with reduced noise levels should further improve the understanding
of growth behavior of InN and InGaN.

Appendix A
Calculation of Film Thickness using in-situ Reflected Laser Intensity

1

2

Based upon simple geometric consideration, the extra length traveled by wave 1 is

2×d×cos (θ)×nf
For constructive interference between wave 1 and 2, extra length traveled should be an
integral multiple of wavelength, λ.
Therefore, 2dn f × cos(θ ) = λ

→ thickness corresponding to one oscillation, d =

λ
2 cos(θ )n f

Appendix B
XPS Analysis of InN Films

Goal: To determine the relative differences in composition of InN films using XPS.

B.1 XPS Analytical Conditions:

Instrument

Kratos Axis Ultra

System pressure

mid 10-8 torr during analysis

X-ray source

Monochromatic Al Kα (1486.6 eV)

X-ray power

280 watts (14 keV, 20 mA)

Takeoff angle

90° (with respect to sample plane)

Analyzer magnification

“hybrid” for all large area scans; “low” for
small

area

scans

done

on

20feb03;

“medium” for small area scans done on
12mar03.
Pass energy

80 eV

Iris

0.55 for “hybrid” mode; 0.5 for “low” &
“med” magnifications

Step size, Dwell time

1 eV, variable dwell

Sample mounting

spring clip

Smoothing

none

Background subtraction

linear

Relative sensitivity factors

O1s=0.78,

In3d=7.27,

N1s=0.477,

C1s=0.278,

Ar2p=1.15,

Al2p=0.19,

Si2p=0.328

174
Charge compensation

none

Analysis spot size

~ 200 microns in diameter for “low” mag
~100 microns in diameter for “med” mag
~ 0.75mm x 1.5 mm for “hybrid” mag

Charge neutralization

on (low energy electrons)

Ion beam

4 keV Ar+ rastered 2 mm x 2 mm

SiO2 sputter rate

~0.7 Å/sec

Sputtering interval

30 seconds

Data files

Engineering/redwing/abhishek_20feb03.dset
Engineering/redwing/abhishek_12mar03.dset

B.2 Experimental Details

XPS quantification was performed by applying the appropriate relative sensitivity
factors (RSFs) and transmission function correction for the Kratos instrument to the
integrated peak areas. The RSFs take into consideration the x-ray cross section, but do
NOT account for any preferential sputtering or charging related effects. The approximate
sampling depth under these conditions is about 50Å.
A large area survey scan was performed on each sample to assess the overall
composition. The analysis area was then reduced, and spectra were recorded for each
sample both before and after a light sputter cleaning. Sputter cleaning was used to
remove adventitious carbon. All compositions were calculated from survey scans.

B.3 Results

Table B.1 : Description of growth conditions of InN films for compositional analyses
using XPS. While first six samples were grown using mixture of DMHz and NH3 and just
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DMHz as nitrogen source, last two samples were grown using only NH3 as nitrogen
source, for comparison.
Table B.1: Growth conditions for various samples
TMI
InN
DMHz NH3
Growth
flow
growth
flow
flow
Sample ID
temperature
rate
time
rate
rate
(ºC)
(min)
(sccm) (slpm) (sccm)
0131
0201
0203
0204
111302B
111502B

40
40
40
40
20
20

560
560
560
560
500
500

60
60
60
15
30
60

2.5
2.5
0.7
3.0
0.0
0.0

A032603B

40

560

0

3.0

A032603D

40

560

0

3.0

0.2
0.1
0.1
0.2
0.1
0.1
0.30.2
0.30.1

Total Total
LT-AlN
group group
Buffer
III
V
layer
flow
flow
thickness
rate
rate
(nm)
(slpm) (slpm)
3.0
0.8
7.5
3.0
0.8
7.5
3.0
0.8
7.5
3.0
0.8
7.5
2.0
0.8
7.5
2.0
0.8
7.5
3.0

0.8

7.5

3.0

0.8

7.5

Table B.2 : Compositional analysis of films grown using DMHz. Compositional
information was obtained from a large area analysis (approx. 0.75 x 1.5 mm) of the asreceived surfaces. Values are in atomic percent.
Table B.2: Large area compositional analysis of films
Sample ID
0131
0201
0203
0204
111302b
111502b

O
5
5
3
3
13
10

In
0.5
0.3
0.3
1
2
1.5

N
7
7
7
7
7
5

C
88
88
88
88
67
76

Al
11
8

Table B.3 : Compositions obtained (of first six samples) on smaller areas before and
after a light sputter cleaning. Values are in atomic percent. The numbers in the gray
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shaded rows correspond to an analysis area of 200 microns in diameter, while those in the
white correspond to a 100 micron diameter area.
Table B.3: Compositional analysis of received and sputtered samples
Sample ID
0131 as received
0131 sputtured
0201 as received
0201 sputtured
0203 as received
0203 sputtured
0204 as received
0204 sputtured
111302b as
received
111302b
sputtured
111502b as
received
111502b
sputtured

O
4
0
4
0.3
3
0
4
0.1

In
0.8
0.5
0.6
0.3
0.3
0.2
0.7
0.9

N
8
7
8
5
9
4
7
5.4

C
87
92
88
94
88
94
88
92

Al
0
0
0
0
0
0
0
0

Ar
0
0.7
0
1
0
1.4
0
1

14

2.5

7

65

12

-

19

7

17

27

28

1.6

11

2

5

73

9

-

11

5

13

48

22

1

Table B.4 : Small area (200 µm diameter) analyses of last two samples (InN films grown
without DMHz and with NH3 as the only source of reactive nitrogen).

Table B.4: Compositional analysis of InN films grown with NH3 as the only nitrogen
source.
Sample ID
32603B-as received
32603B-10 sec etch
32603B-90 sec etch
32603B-300 sec etch
32603D-as received
32603D-10 sec etch
32603D-90 sec etch

O
20
4
3
22
17
2
3

In
36
67
59
47
42
71
51

N
23
24
31
11
22
21
35

C
19
1
17
1
3

Ga
1.6
5
7
2
1
4
7

Al
15
-

Ar
0.2
1
0.2
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Note: After 300 seconds, the substrate began to appear. The sputtering rate is 2.2 Å/sec
for SiO2.

B.4 Result Analysis and Discussion

The C concentration is very high in the all six samples grown with DMHz or
DMHz and NH3 mixture as nitrogen source (Tables B.2 and B.3). Sputter cleaning of the
film surface did not reduce the C concentration, suggesting that C had been incorporated
into the films. Carbon concentrations lowered for the samples ID 111302B and 111502B
after sputtering (Table B.3), and a noticeable Al concentration is detected. This suggests
that the film structure has openings (due to non-continuous film) that exposed the AlN
buffer or even sapphire substrate to sputtering. Thus sputtering of the elements from
buffer/substrate has resulted in dilution of carbon concentration as well as increase in Al
and N fraction.
For last two samples grown with NH3 as the only source of nitrogen for InN
growth (Table B.4), carbon concentration is considerably low, after cleaning away first
few nm of film by sputtering. Also, oxygen contamination at the surface got reduced after
sputter cleaning few nm. Indium fraction analysis was assumed to be qualitative as there
was no standard to calibrate for indium. Also, upon appearance of substrate after 300 sec
etch of 32603B, indium fraction looked unexpectedly high whereas Al/O compositional
ratio of ~2/3 was close to expected value from sapphire.
Thus it is concluded that use of DMHz in InN growth resulted in carbon
incorporation in large quantities in the film. Mixing of NH3 with DMHz did not effect the
carbon incorporation. While NH3 has been observed to reduce carbon incorporation in
nitride films1 grown at high temperature of ~1000 °C, NH3 did not efficiently etch carbon
from the film in this case. This is predicted to be due to the poor cracking efficiency of
NH3 at low temperature of 540 °C. InN films grown with NH3 as the only nitrogen source
showed very low carbon contamination, suggesting that the carbon was getting
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incorporated from DMHz and not from TMI, another possible source of carbon. Also,
since DMHz has much higher cracking efficiency at low growth temperature of 540 °C, it
is predicted that the growth conditions must have drifted away from equilibrium by just
switching in DMHz in place of NH3. Thus more detailed analysis is needed to establish
optimum growth conditions for InN growth using DMHz as the nitrogen source.
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Appendix C
Calculation of Indium Fraction and Extent of Relaxation in InGaN Films

C.1 Calculation Method

Based upon O’Donnell et al. paper1, range of indium composition of epitaxially
grown InGaN film can be estimated by using “c” lattice parameter. Value of “c” lattice
parameter of InGaN layer can be calculated from peak position of InGaN in XRD ω-2θ
scan (Figure 6.13).The exact value of indium composition can then be determined with
the knowledge of the extent of relaxation of “a” lattice parameter of the film. “a” lattice
parameters of InGaN for this composition range can be calculated by using Vegard’s law
(Eq. C.1):
a( In x Ga1− x N ) = x × a ( InN ) + (1 − x) × a(GaN )

C.1

Theoretical value of stress due to lattice mismatch between “a” lattice parameter
of InGaN and “a” lattice parameter of GaN template can be calculated by Eq. 6.1 where
biaxial modulus of InGaN is also determined by Vegard’s law (Eq. C.2):
M 0001 ( In x Ga1− x N ) = x × M 0001 ( InN ) + (1 − x) × M 0001 (GaN )

C.2

By in-situ stress measurement, net growth related stress in film can be
determined. Assuming the growth stress coming only from epitaxial mismatch, ratio of
measured stress in the film and theoretically calculated stress due to mismatch for
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coherent growth (from Eq. 6.1), gives the extent of stress relaxation of the film, given by
Eq. C.3
measured stress ⎞
⎛
⎜1 −
⎟
⎜ calculated stress ⎟ = fraction of stress relaxed
⎝
⎠

C.3

Doing the above calculations for InGaN films grown on GaN template and on
InGaN-B interlayer, range of stress relaxation in film for the range of indium fraction
(obtained from O’Donnell paper, as mentioned above) can be determined. The calculated
extent of stress relaxation and the one obtained from O’Donnell’s calculation can be
simultaneously plotted for the range of indium composition (Figure C.1). Intersection of
the two plots of range of stress relaxation as a function of indium fraction, gives the
indium composition as well as stress relaxation in the film. Figure C.1 shows the plots to
calculate indium fraction and extent of relaxation in InGaN-A film grown on GaN
template and InGaN-B interlayer.

1

1

(a)
0.8

% relaxation = 88%

(b)
% relaxation = 75%

0.8

0.6

relaxation

relaxation

from Eq. C.3

from Eq. C.3
0.4

0.6

from O'Donnell paper
0.4

from O'Donnell paper
0.2

0.2

x = 0.062
0
0.035

x = 0.162
0

0.04

0.045

0.05

0.055

0.06

In-fraction

0.065

0.07

0.075

0.1

0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.18

In-fraction

Figure C.1: Calculation of extent of relaxation and indium fraction in InGaN-A layer
grown on (a) GaN template and (b) InGaN-B interlayer.
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