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Abstracts

Phase Separation Suppression of MOVPE In,Ga;..N (x~0.4) Epitaxial Layer: A Detail
Study and Estimation of Growth Conditions

In:Ga;+N is one of the most advantageous materials for high performance electronic and
optoelectronic devices.So a demanding analysis has been a central issue for the growth of In,Ga.
«N to get it as better quality and phase separation free material. It is vital to determine the
dependence of the quality and characteristics of epitaxial film on different growth parameters.
For this effort, a model has been developed by using the thermodynamic and compositional
analysis. The results obtained from this model has been compared and fitted with experimentally
obtained data through XRD, RSM, PL, SEM etc. It has also been developed another model on
the basis of previous model for growth rate concerning with ammonia flow rate, pressure in
addition with different growth parameters. Both of these models are considered for In;Gai-N
film on GaN template with an In mole fraction up to 0.4 by Metal Organic Vapor Phase Epitaxy
(MOVPE). To understand the effect of strain on phase separation it has been build up a
relationship showing the dependence of strain on film thickness and In incorporation in the
epitaxial film. To evaluate its perfectness, the result has been compared with the Matthews,
Mader and Light Kinetic model for lattice relaxation. Finally three phase diagrams have been
developed to optimize the various growth parameters in order to grow phase separation free
material. The first phase diagram has been proposed to interpret the phase separation and In
content evolution under the influence of growth temperature and precursor gas flow. The second
phase diagram has been wished for choosing the value of growth rate to grow up better quality
InyGa;.xN material. The last one has been developed to include the critical thickness in binodal

and spinodal decomposition curve of In,Gai.xN.
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Chapter 1

Introduction

1.1 Research Background

In the last 25 years, it has been shown that nitride based semiconductor devices are not just
only promising but also very applicable in many of modern technologies. The III-Nitride
compound semiconductors are recognized as advanced materials because of their different
attention-grabbing properties such as direct band gap tunability from 0.7 (InN) to 6.2 eV
(AIN) [1], piezoelectricity, polarization, large breakdown voltage, high chemical and thermal
stability etc. Depending on the composition and structure as well as combining with
nanotechnology group-III nitrides compound semiconductors has become ideal for many
applications, including light emitting diodes (LED) and lasers [2]. According to the strong
demand of the LED industry, one of today’s most prominent materials for producing photonic
devices operating in green-blue —ultra violate region is indium gallium nitride (InyGaiN).
In«Ga;N/GaN heterostructure with blue and green color light emitting diodes(LEDs) have
been commercialized with excellent efficiency [3], to facilate the solid-state display with
outstanding brightness and contrast. Besides, the band gap of In.Ga;.N alloy is potentially
tunable from 0.7eV to 3.4eV, covering entire solar spectrum from infrared (IR) to ultraviolet
(UV). A continuum of band gaps can be obtained by changing the compositions of In of that
alloy. It is a favorable material for future multi junction (MJ) solar cells with momentously
high conversion efficiency [1,4,5]. Also this alloy is used in direct hydrogen generation from
aqueous solution of water by photoelectro-chemical effect [6] and has less radiation damage

than other photovoltaic materials that are commonly used today in that field [7].
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Fig 1.1: Band gap and corresponding wavelength as a function of lattice constant.

Regardless of these encouraging prospects in device fabrication, many problems remain in
the growth of In,Ga;..N epilayer, especially grown in MOVPE. Growth of InyGaiN is much
more complicated by the fact that the indium incorporation in the film is not a simple
function considering the relative input flow of Trimethylindium (TMI) and Triethylgallium
(TEG) Also, the thermal decomposition of InN bond and reevaporation from surface
leads indium segregation during the growth ofIn.Ga;..N epitaxial film [8]. The most
important delinquent in InyGa;N is phase separation. The performance of devices is greatly
affected by phase separation which indicates the poor material quality. To improve the
material quality for better device performance, various growth parameters such as group-III
flow rate, group-V flow rate, molar ratio, growth rate, growth pressure and temperature,
Indium composition etc. in the epitaxial film must be analyzed and optimized to grow the

phase separation free In,Ga;.N epitaxy.

1.1.1 Phase Separation and its Impact on Device Performance

The compositional instability or inhomogeneity in an alloy is known as phase separation
which leads to the formation of In-rich and/or Ga-rich regions in the epitaxy. The phase
separation in InyGa;.N alloy was first observed in an early (1975) experiment in
which In.Gai..N samples were annealed in argon ambient at various temperatures

below 700°C [9]. Due to phase separation different microstructure and macrostructure



Fig. 1.2 Configurations for (a) uniform and (b) a phase-separated models in Ing sGao sN, the
Ing.75Gao2sN (25%) and Inp25Gao.7sN (75%) phases are separated by the dash lines and denoted

as phase 1 and phase 2, respectively, in (b).( ©n O O N0

regions of different compositions of the constituent elements are formed. To understand these
structures occurred due to phase separation, a larger super cell of 128 atoms is used to
construct different In atom distributions. Although it is impossible to go through all the
possible configurations, it has been construct clustered and phase-separated distribution as

shown in Fig. 1.2(a)(b) with typical composition x = 0.5.

In other words, the formation of microscopic or macroscopic domains of variable constituent
composition in a material is known as phase separation. There exists of a solid phase
miscibility gap in the In.Ga;.N alloy due to the large difference in the lattice constants
between GaN and InN, which is also the probable cause of multiple phases and consequent

multi-peak luminescence observed in the material [11-12].

Phase separation is usually identified as secondary peaks in addition to the primary peak
corresponding to the bulk material during photoluminescence and higher degrees of phase

separation are also identified via X-ray diffraction (XRD) as shown in Fig. 1.3.
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Fig. 1.3: Summary of X-ray diffraction data for InGaN grown by MOCVD with indium
composition ranging from 0 to 35% [13].

In order to fabricate high performance devices, the In.Ga;.«N epitaxial layer must be phase
separation free because phase separated material incorporates the band gap energy as shown
in Fig.1.4 which sharply affects the performance of electronic and optoelectronic devices.
Phase separation, great challenge for the growth of In;Gai..N epitaxy, tends to reduce the
short circuit current as well as pin down the open circuit voltage of solar cell which greatly
affects the performance criteria. The performance of LED and LESER is also greatly affected

by phase separation.

Fig. 1.4: Schematic comparison of band structures of (a) an ideal material,
and (b) a phase separated material [13].



1.2 Phase Separation Suppression and Thesis Motivation

In order to suppress the phase separation in InyGaixN epitaxial layer many approaches are
available in the literature. One possible technique is the controlling of various growth
parameters. The growth parameters that greatly affect the epitaxial film quality and
characteristics are precursor flow rates, growth temperature and pressure, V/III ratio, growth
rate, In composition in the epitaxial film etc. [9]. By considering these parameters, phase
separation in In,Ga;..N epitaxial layer can be suppressed effectively. Another possible
method is accumulating additional elastic energy in a uniformly strained epitaxial layer. For
coherent layer, as the in-plane strain increases, the excess free energy is decreased by this
elastic energy. Strain considerably reduces the phase separation that can be shown as the
narrowing of spinodal decomposition region in T-x diagram [14]. The strain also leads to the
higher In incorporation in In.Ga;N without phase separation.Various group e.g. Ho and G.
B. Stringfellow [11], Yong Huang, et al [15], Md. R. Islam, et al [16] carried out experiment
on growth parameters for suppression of phase separation in InGa;..N epitaxial layer. S. Y.
Karpov [14] and recent work by Liu and Zunger [17], show that phase separation may be
suppressed by epitaxial strain. Although, a lot of experimental studies exist in the literature,
there is no model on MOVPE growth technique by which one can grow phase separation free
In,Ga;N film. In this work, a model has been developed so that any researcher can predict
about the growth conditions for any arbitrary In composition (0~0.4) before the growth

commence.

1.3 Objectives of the Thesis

The goals of this study are to optimize the various growth parameters for suppressing the
phase separation and metallic Indium incorporation in In.Gai.N epitaxial film during the
growth of In,Gaj..N epitaxial layer by MOVPE. The followings are specific aims of this
study:

i.  To develop a mathematical model for the InyGai.xN epitaxial layer without
phase separation.
ii.  To optimize the various growth parameters for suppressing the phase

separation in InyGaixN epitaxial film by the developed model.
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iii.  To develop a mathematical relationship among strain, thickness and
composition.
iv.  To anticipate a phase diagram to interpret the phase separation and In content

evolution under the influence of different growth parameters.

1.3 Synopsis of the Thesis

This paper consists of five chapters and is mainly focused on the phase separation reduction
techniques in In.Gaj.N epitaxial layer. An extensive literature survey was carried out
during this period of research work to relate the observations with other published
results and to identify new frontiers. References are made to acknowledge the work by other

authors at the end. The brief summary for each chapter is as given below:

Chapter 1 provides introduction of the study including potential of In,Ga;.xN, statement of

the problems. Thesis motivation, objectives along with scope is also highlighted.

Chapter 2 focuses on the available literature related to the thesis topic that would help to
understand the thesis. Properties and thermodynamic analysis of In:Gaj.N film, brief
discussions on several In,Ga;.N techniques, and characterization of single phase In,Ga;.N

alloy were also reviewed in this chapter to conduct the study.

Chapter 3 presents the mathematical modeling of growth conditions for In;Ga;.xN epitaxial
layer in details.

Chapter 4 reveals the results and findings of the study including phase diagram. Finally,

some results are compared with experimental work for model verification.

Chapter 5 concludes the thesis work and offers some suggestions which can serves as

future problem areas for predecessors.



Chapter 2

Literature Review

2.1 Introduction:

A great problem for the application of III-nitrides in electronic and optoelectronic devices is their
tendency toward phase separation [18-26], which can unfavorably affect the alloy electronic and
optical properties [27]. The study of the growth parameters and thermodynamics of the In;Ga;xN
system has great scientific and commercial importance. The growth of high quality InyGai«N
films, especially with compositions above 20% In, is difficult because of phase separation. High
temperatures are desirable for growth of nitride films in order to dissociate ammonia (NH3) and
free up nitrogen for bonding. However, the InN bond is significantly weaker than GaN at high
temperatures, and InyGa.N films will tend to have difficulty with In incorporation. If the
temperature is lowered, Hydrogen will etch nitrogen away from the In leaving In droplets on the
growth surface. In incorporation, and an inherent miscibility gap in the In,Ga; N alloys, can lead
to compositional variations and spinodal phase separation over much of the compositional range.
Also, large strain energies can be produced in InxGaiN films grown on GaN, due to the large

difference in lattice parameter between GaN and InN.

2.2 Structural and Physical Properties of In.Gai1-xN Film

It is very important to know about the structural and physical properties of IniGai—xN epitaxial
system before the analysis for the phase separation suppression. InyGa;—N is a direct wide band
gap semiconductor material consisting of a mixture of two (IlI)-nitride materials viz. gallium
nitride (GaN) and indium nitride (InN). The lateral crystal lattice parameter and corresponding
band-gap of In.Gai-.N ternary compound depend on In incorporation (x). In this section, the
structure and material properties of group (III)-nitrides will be summarized. There will be an

overview on strain incorporation in InGai—xN ternary compounds.



2.2.2 Structure of ITI-Nitrides

In contrast to other semiconductors, such as silicon or GaAs, bulk single crystals of III-nitrides
are not widely available yet. Like most other semiconductor materials, the nitrides have
tetrahedrally coordinated atomic arrangements that result in either cubic (zincblende) or
hexagonal (wurtzite) lattice structures. For AIN, GaN and InN the zincblende structure is
metastable while the wurtzite variant is stable and easier to grow. Therefore, most research has
been focused on the wurtzite form which, as a consequence, has given better results up to date
for optoelectronic applications. The atomic arrangement of the nitrides can be viewed as
consisting of two hexagonal layers. One layer is occupied by nitrogen while the other contains
the group III elements. The zincblende structure occurs when the hexagonal layers are stacked in
a period . . .ABCABC. . . sequence while the wurtize structure follows an . . .ABABAB. . .

arrangement (see Figure 2.1).

[0001]

(1100}
[1120]

Figure 2.1: Atomic arrangement in tetrahedrally coordinated nitrides: a) cubic zincblende and b)

hexagonal wurtzite lattice.

The three-dimensional arrangement of wurtzitic nitrides is shown in Fi gure 2.2 where one
colour (e.g. yellow) represents nitrogen atoms and the other (e.g. red) represents the group-IIT

atoms (Al, Ga or In).
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Figure 2.2: Top-view and two side-views of the wurtzite structure

2.2.3 Material Characteristics of Wurtzite GaN and InN

All mechanical properties of GaN and InN used in the subsequent calculations are summarized in
this subsection. Lattice parameters of wurtzite GaN and InN are given in Table 2.1 [28]. The

lattice parameters for In,Ga; N are derived using Vegard’s law, i.c.

a=xa,y+(1-x)asy

¢ =xCpy + (1= X)cg,y

« [n\Ga-atom

& N-atom

Fig. 2.3: Schematic illustration showing the wurtzite lattice structure.



The strong chemical bonding within Ill-nitrides results in high melting points, mechanical
strength and chemical stability of these materials. Their strong bonding makes them resistant to
high-current electrical degradation and radiation damage that is present in the active regions of
light emitting devices [28]. These materials also possess good thermal conductivity. Ill-nitride

based devices can operate at high temperatures as well as in hostile environments.

Table 2.1: Lattice parameters of nominally strain free GaN and InN [28].

Material c[A] a[A]
GaN 5.1855+0.0015 3.1889+0.0015
InN 5.7038+0.0007 3.5377+0.0005

2.2.4 InyGaixN Ternary Alloy

The InyGai.N has a great advantage of having the operating wavelength which can be tuned by
changing the composition. However, there is a certain limitation of mixing manifested by having
the stable and unstable ternary alloy phases depending on the growth temperature and
composition of intentional gas phase. Composition and strain can influence the gap bowing [29]
and by that change the optical properties of the alloy [30]. Since the effects of the composition
and of the strain inside In,Gai..N compound are overlapping and this is further complicated by
inter diffusion and phase separation, there is still no clear interpretation of its real structure and

the origin of luminescence is an open question [31].
2.2.5 Strain in InyGai..N Ternary Alloy

The strain plays a massive role in the formation of the In.Gai.xN alloy and it has been found that
biaxial strain considerably suppresses phase separation. Due to relatively large difference in the
lattice parameters of GaN and InN hexagonal unite cells; In.Ga;«N films epitaxially grown on a
GaN buffer layer are strained. By growth of InxGai—«N in c-direction [0001] on the c-GaN, the
in-plane lattice parameter ancan is compressed trying to adapt to the buffer lattice parameter acan

as shown in figure 2.4, while the out-of-plane lattice parameter cmacan is expanded.

10



Fig. 2.4 In;Ga;..N unit cell under biaxial strain which acts in the basal plane ([32]). a and ¢
denote strained unit cell parameters, while ap and ¢ are bulk (relaxed) values.

The in-of-plane strain (€)) and out-of-plane strain (€.) are defined through [33]

- 0. = 0
8”_ % EJ__
a, C,

Where a and ¢ denoting the strained lattice parameters and ao, co the relaxed ones.

To determine the chemical composition, Vegard’s Rule [34] is used. It describes how the lattice
parameters (o, co) change with the chemical composition, x. Neglecting the deviations, it is
generally assumed to be linear for the semiconductor alloy systems.

ag(x) = x amn + (1 —x) agaN
co(x) = x can + (1 —X) CGan

Where ag(x) and co(x) are the relaxed (or bulk) in-plane and out-of-plane lattice parameters of the
In,Gai—xN compound.

11



2.3 Challenges in In.Gai.xN Growth

There are several problems to be overcome for high crystalline and phase separation free InxGa,.
«N film growth. These problems are narrow region of growth temperature due to the low
decomposition temperature, low cracking efficiency of NHjs, no suitable nitrogen precursors to
improve the decomposition efficiency of NHs, and carrier gas. These problems which occur
during the growth of In.Gai.xN are briefly discussed in this part.

2.3.1 Substrates Quality

Growth of IlI-nitride epitaxial layers has been intensively studied due to fundamental challenges
associated with obtaining material of high crystallinity. Crystalline perfection of epitaxial
structures is one of the main factors that affect the electrical and physical parameters of

the material, and consequently, limits their applications.

Table 2.2: Lattice mismatch and thermal expansion coefficient mismatch of GaN
with common substrates [12].

Substrate Lattice mismatch Thermal expansion

coefficient mismatch

Sapphire 16% -34%
SiC 3% 25%
Zn0O 2% 14%

Si 17% 100%

The IM-nitrides typically crystallize in a wurtzite crystal. Sapphire is the most commonly used
substrate for the growth of wurtzite In.Ga.N. However, due to the large lattice mismatch (16%
for GaN on sapphire and 29% for InN on sapphire) and thermal mismatch (-34% for GaN on
sapphire and -100% for InN on sapphire) between sapphire and III-Nitrides, epitaxial films on

sapphire result in phase separation and high dislocation densities.

12
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As a result it becomes progressively difficult to incorporate higher In compositions in In,Ga;.N.
Moreover, in spite of the advances made in science today, due to unavailability of high quality
material, the band gap of InN is still a topic of debate. Consequently, it becomes more difficult

to fabricate In.Ga; N solar cells at higher In compositions.
2.3.2 Growth Temperature and V/III Ratio

The growth of InN in In/Gai.N is the most difficult among the IlI-nitrides because the
equilibrium vapor pressure of N2 over the InN is several orders higher than AIN and GaN [35].
Because of the low InN dissociation temperature and high equilibrium N> vapor pressure over the
InN in In,Gai.N film [36], the growth of In.Gai.N requires a low growth temperature. Due to
the low (~550 °C) growth temperature, the MOVPE growth of In.Gai.N is thought to be
restricted by a low decomposition rate of NHs. Although a higher growth temperature is
expected to result in a higher decomposition rate of NHs, it can also result in thermal
decomposition (thermal etching) of the grown InGaiN. On the other hand, the growth at a low
temperature (lower than 400°C) is dominated by the formation of metallic In droplets due to the
shortage of reactive nitrogen. Epitaxial growth at low temperature becomes impossible due to
reduced migration of the deposited materials. Therefore, the region suitable for the deposition of
In:GaiN is very narrow. Koukitu et al. carried out a thermodynamic study on the MOVPE
growth of IlI-nitrides [37]. They pointed out that a high input V/III ratio, the use of an inert
carrier gas, and a low mole fraction of the decomposed NHj are required for the growth of InN.
High input V/III provides sufficient amount of reactive nitrogen, since the NH3 decomposition
rate is low at low growth temperature. So, a suitable region of V/III ratio and growth temperature
is required for the high quality In.Gai.N growth without In droplets formation during the
growth.
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2.3.3 Nitrogen Source

In,Ga;N is typically grown by MOVPE using conventional group-ITl precursors such as
Trimethylindium (TMI) and Triethylgallium (TEG) with NH3 as the active nitrogen source.
However, InN and In.Gai..N are relatively difficult to produce with the high quality required for
minority carrier devices due to high equilibrium N2 vapor pressure and the low decomposition

efficiency of NH3 as discussed earlier.

NHj3 is almost stable even at 1000 °C and decomposes only 15 % at 950°C, even when catalyzed
by GaN [38]. The combination of high growth temperatures and high nitrogen volatility leads to
high concentrations of N vacancies in GaN and InN. Inspite of these limitations, NH3 has been
still widely used as a nitrogen source. The design of the optimum nitrogen source for the growth

of TTI/V nitrides is still required even though it is tricky.

2.3.4 Carrier Gas

Carrier gas is used as the medium to give the uniform flow pattern of precursors in MOVPE
reactor. Hz and N> carrier gas have been usually used in In.Ga;..N growth. Koukitu et al. carried
out a detailed thermodynamic study on the role of hydrogen during the MOVPE growth of III-
nitrides [39]. They showed that increase of hydrogen in the growth system results in a decrease
of InN deposition rate in In:Ga; N film (called etching), which they suggested was due to the

decrease of driving force for the deposition.

Thus the reaction for the growth of In.Gai<N proceeds more effectively in the inert gas system
and is prevented with the increase of Hz. Therefore it is necessary to use inert carrier gas in the
growth of InyGa;.N. These theoretical and experimental results confirm that using a N> carrier

gas is preferred (and widely used) for successful InsGa;..N growth.
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2.4 InGaN Growth Techniques

Several methods have been developed for the growth of InGaN epitaxial layer. The choice of
which method is used is based on the desired properties of the crystals. In general, two
parameters must be considered viz. thickness and quality. They growth techniques are classified

as:

(1) Modern technique for epitaxial growth
(I) MOVPE or MOCVD or OMVPE
(I MBE
(IIT) HVPE
(IV) Sputtering
(V) Pulsed LASER Deposition

(2) Old technique for epitaxial growth
(I) Reactive Evaporation
(IT) Electron Beam Plasma Technique
(1IT) Salvo thermal Method.

2.4.1 Chemical Vapor Deposition (CVD)

CVD involves the dissociation and/or chemical reactions of gaseous reactants in an activated
(heated, plasma etc.) environment, followed by the formation of a solid film. The deposition
involves homogeneous gas phase reactions, which occur in the gas phase, and heterogeneous

chemical reactions which occur on a heated surface leading to the formation of epitaxial films.
In general, the CVD process involves the following key steps as shown in Fig. 2.5 [40,41].

(1) Generation of active gaseous reactant species.

(2) Transport of the gaseous species into the reaction chamber.

(3) Gaseous reactants undergo gas phase reactions forming intermediate species.

(4) Absorption of gaseous reactants onto the heated substrate, and the heterogeneous reaction
occurs at the gas-solid interface (i.e. heated substrate) which produces the deposit and by-

product species.
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(5) The deposits will diffuse along the heated substrate surface forming the crystallization
centre and growth of the film.

(6) Gaseous by-products are removed from the boundary layer through diffusion or
convection.

(7) The unreacted gaseous precursors and by-products will be transported away from the

deposition chamber

Homogeneous gas phase
reaction

tag e

(3)

An 2, —»®
’ ABoA1) {3k /_)[m Crystallization and
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"huwvm-:—-
S I ey %@

layer
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;/:gor pressure Effluent gas treatment
eed system Deposition chamber/reactor system

Fig. 2.5: Schematic illustration of the key CVD steps during deposition.

2.4.2 Metal-Organic Vapor Phase Epitaxy (MOVPE)

Metal organic Vapor Phase Epitaxy (MOVPE) is a well-established growth method for the
growth of InGa;..N. It is one growth method among CVD, which has been classified according
to the use of metal organics as precursors. MOVPE goes by a number of names, including
Organometallic Vapor Phase Epitaxy (OMVPE), Metal organic Chemical Vapor Deposition
(MOCVD), Organometallic Chemical Vapor Deposition (OMCVD) and occasionally
Organometallic Epitaxy (OME). Using nitrogen and/or hydrogen as carrier gas, Metal organic
(MO) precursors are used as the metal sources (for example TMG or TEG as a gallium
precursor) and ammonia (NH3) is used as nitrogen source. Both, the metal organic precursor and

NH; are transported to the reaction zone above a substrate to form the desired group-III nitride



compound. Growth rates as high as Spum/hr can be achieved by MOVPE. Major impurities found

are oxygen, hydrogen, carbon, and silicon.

2.4.3 Growth of In.Gai.N Epilayer by MOVPE

The MOVPE system used for the growth of GaN or In,GaiN alloys in this dissertation utilizes
Metal organic sources from group Ill-elements. The formation of solid GaN or InN on the
substrate is happened by the following chemical reactions in vapor phase with the organo-

metallic reactant species. For this reason it is called metal organic vapor phase Epitaxy.
(CHs)sIn(v) + NH3(v) — InN(s, alloy) + 3CHa(v)
(C2Hs5)3Ga(v) + NHa(v) — GaN(s, alloy) + 3CHa(v)

Where, InN(alloy) and GaN(alloy) stands for the binary compounds in the In,Ga;.N alloy.
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MEC Reactor
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NH;:

Fig. 2.6: Schematic diagram of MOVPE.
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The MOVPE system mainly consists of four main parts: the gas handling system, the
reactor, the heating system and the exhaust and vacuum system. The main part of the
system is the reactor part where growth reaction takes place. System has a horizontal,

circular tube quartz reactor. A high purity carbon susceptor is used to hold the substrate.

NH;

e,

|

TML, TEG or CPaMg

Thermocouple

Susceptor

Fig. 2.7: Schematic diagram of the cross section of the reactor.

A (400+30kHz) RF generator is used to heat up the susceptor. The temperature of the
susceptor is measured by an R type thermo-couple (Platinum/Rhodium alloy) inserted in
the susceptor through a quartz tube. The temperature is controlled by a temperature controller.
To pump down the system to low pressure, a high capacity mechanical pump with oil filter pump
was used. A turbo pump coupled into this system is employed to pump down to vacuum before

the growth.

2.4.4Gr0wt]1 Temperature

Growth temperature plays a significant role in indium incorporation as well as phase separation
in InyGa N film [42]. It has been observed by Rafiqul et al. [16] that the In.Ga;,N film grown
at 800°C with TMI/(TMI + TEG) molar ratio of 0.38 is without phase separation and metallic In
incorporation. It has also been seen that in order to control the In content in the range of 0-0.4,
the In.Ga;..N film has been grown with the same (0.38) TMI/(TMI + TEG) molar ratio in the
temperature of 750 °C ~ 850 °C.



2.4.5 Molar Ratio

In order to suppress the phase separation and metallic indium formation in In,Gai.xN, the molar
ratio plays a significant role in the growth process of In,GaixN. Molar ratio should not very low
to get single phase InGaixN alloy. On the other hand, it should not high enough to more than
0.50 due to the utmost risk of In droplet formation. It has been observed by Rafiqul et al. [16]
that with molar ratio 0.20 at temperature 800°C there is the presence of another secondary peak
of In,Gai:N which represents the phase separation.

2.4.6 TMI Flow Rate

With the increase of TMI flow rate the In composition in the In,Ga;.N alloy increases. Low TMI
flow rate causes the phase separation in IniGaxN film as well as reduces In composition [43,44].
So TMI flow rate should not much low rather than sufficient amount to make single phase
In,Ga; N alloy. Rafiqul et al.[16] has been shown that at low TMI flow rates (100sccm), the
indium composition is only 8% but also a secondary phase-separated domain is generated.
They recommended it may be due to the strain state in the material varies to a much greater

extent due to the additional gallium species.
2.4.7 Film Thickness

Film thickness of In,GaixN is one of important parameter in controlling phase separation. With
the increase of thickness the film is relaxed and phase separated. Since the material stays in the
growth ambient for a longer time for higher thicknesses and it gets enough time to release the
biaxial strain and creates the tendency to form phase separated film. It has been observed by
Omkar K. Jani [12] from PL mission that secondary In.Ga;..N phases are more prominent at

higher thicknesses.
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Fig. 2.8: PL obtained for In,GaixN with variable thickness [39].

2.4.8 Growth Rate

Growth rate is another challenging parameter to generate a single phase In.Gai.N alloy. The
growth rate is controlled by III/V ratio. The increase in III sources increases the growth rate and
diminishes the phase separation. Thus phase separation can be controlled kinetically, using high

growth rate. Bed nidhi et al. [45] has been seen the effect of growth rate on phase separation.
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Fig. 2.9: »-20 x-ray diffraction spectra of (002) plane of IngssGao.ssN
alloys grown at different [45].
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In conclusion, in order to get single phase In.Gai_xN film or phase separation frees film the above
parameters should be carefully considered during the growth of In:Gai.N film. Further
improvement in material quality is expected by optimizing other growth parameters.

2.5 Thermodynamic Analysis of In.GaiN

2.5.1 Gibbs’ Free Energy and Equilibrium Criteria

The most convenient way to measure energy in phase systems is the Gibbs free energy. The

Gibbs free energy is normally written as:

Where, T is the temperature (K), S is the entropy, and H is the enthalpy of the system that is
given by:

In the above equation U is the internal energy of the system, p is pressure and V is volume. The

second law of thermodynamics gives the fundamental criterion for equilibrium.

By combining (2.1), (2.2) and (2.5) the change in Gibbs free energy is
dG = dH —TdS — SdT
=dQ + pdV + Vdp — TdS — 5dT
R T E N (2.6)

For a process at constant temperature and pressure equations (2.4) and (2.6) give
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It can be seen from equation (2.7) that at constant temperature and pressure the stable state of a
system is the one that has the minimum value of the Gibbs free energy. Any spontaneous process
in a system at constant T and p must decrease the Gibbs free energy (if the system is away from
equilibrium) or leave the Gibbs free energy unchanged (if the system is at equilibrium). Thus, the
phase stability in a system can be determined from knowledge of the variations of the Gibbs free

energies with composition and temperature of the various possible phases.

2.5.2 Gibbs Free Energy of Binary Systems

(A) Ideal Solutions

In an isobaric and isothermal process of mixing of substances A and B the change in Gibbs free

energy as a result of mixing is:

AG,, = AH,, —TdS,, ...ccoeeoeeeeeeeeeeeeeeeeee e (2.8)

This dGnix is the difference between the free energy of the solution/mixture and the free energy
of the pure components A and B. The enthalpy term, dHnix, represents the nature of the chemical
bonding, or, in different words, the extent to which A prefers B, or A prefers A as a neighbor.
The entropy term, dSmir, signifies the increase in disorder in the system as we let the A and B
atoms mix. It is independent of the nature of the chemical bonding.

An ideal solution is one in which the atoms are randomly mixed and the interactions between
species are identical, in other words the bond energy doesn’t change whether the bond is A-A, B-
B, or A-B . Therefore, for an ideal solution there is no overall enthalpy change. Then the Gibbs

free energy of mixing becomes:

G o BTN s st RS 3R O AR s S B R B B SR (2.9)

mix mix
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Now let’s assume we have a crystal with a total of N sites available for the occupation of atoms
or molecules, n of which are occupied by A atoms/molecules and (N - n) are occupied by B
atoms/molecules. In this case it can be shown that the total number of ways of distributing A and
B is given by:

N

nl(N —n)!
The entropy of mixing components A and B is given by Boltzmann’s equation
A ;. SEGI  osisiniistossssss s Poss sres brsas s b sy ssvasasisss . (2.11)

where kB is Boltzmann’s constant and W is the number of the different arrangements of the
atoms on lattice sites of the crystal given by equation (2.10). Replacing W in equation (2.11)
gives

N!
dSmix = kB lﬂ(m) ........................................................................... (2.12)

Using Stirling’s approximation N InN! = NinN — N for large N, equation (2.12) becomes

dS,. =kz;INInN —nlnn—(N —n)In(N —n)]=
N-—-n

= —k,[nIn(=>) + (N —n)In( = (2.13)
N n

- n, n, (N-n) N-n

=~ N[ In() + === In(~—)]

If we consider N to be Avogadro’s number, N = 6.02 *10> atoms or molecules, Then
N kg = R = 8.314 J/mole-K. The mole fractions of components A and B are given by
x4 = n/N and xg = (N - n)/N respectively, so equation (2.13) reduces to

dSmﬁ:_R(xAlnxA_‘"xB [an) ................................................................... (214)
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This defines the ideal entropy change of mixing. Then the Gibbs free energy of Mixing for an

ideal solution is given by:

dG =RV R AR v sinin s sanissvssssiasssss s sisisi vt sise (2.15)

It is clear that in the case of the ideal mixing of two components the change in Free energy

dGmix is always negative, since x4 and xz are always less then unity.

(B) Regular Solutions:

The regular solution model is the simplest model used to describe the thermodynamic properties
of semiconductors. A regular solution is a solution that diverges from the behavior of an ideal
solution only moderately. The components mix in a completely random manner just like in the
ideal solution, so the entropy is still the same as in the ideal mixing. From the Gibbs free energy
curve, it is possible to generate the phase diagram for a given system. The Gibbs free energy of

mixing for the regular solution model is

AG =Wx(1—=x)+ TRIXIN() + (1= X)L = )]s (2.16)

Where, W —> interaction parameter (J/mole),
T —> Temperature (K),
R —> Gas constant (JK 'mole™)

There has two parts in this equation, Wx (/-x) is enthalpy and 7R[xIn(x)+ (1—x)In(1—x)] is
called entropy the summation of enthalpy and entropy is called free energy of mixing or mixing

free energy or Gibbs free energy.
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In the case where the enthalpy is positive but comparable to the entropy term at a given
temperature, the phase diagram is determined by the shape of the free energy curve as the one

shown in Fig. 2.1, which is calculated from equation (2.16) for w= 20kJ/mole and 7=850K.
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Fig. 2.10 The Gibbs free energy for a binary alloy when the enthalpy of mixing is
larger than the entropy term calculated from equation (2.16) for W =20 kJ/mole
and 7=850 K.

N\ d

The Gibbs free energy curve in Fig. 2.10 shows two minima (points B and F) and a maximum
(point D). The minima represent the equilibrium compositions. Any mixture with composition
between points B and F will separate into two phases with equilibrium compositions B and F.
Any composition within the region between the two equilibrium points is not considered to be at
equilibrium. Near the equilibrium points the compositions are not at equilibrium and metastable.
However, if one moves too far from the equilibrium it is possible to enter into the spinodal
region, where the mixture is unstable. The spinodal region is defined where the free energy curve
has an inflection point (points C and E).Within the spinodal region, any microscopic fluctuations
(which are impossible to prevent) are sufficient to set up a chain reaction decomposing the
composition into its equilibrium phases. Both the equilibrium compositions (binodal) and the
spinodal region are defined by the free energy vs. composition curve. The binodal points (x ,7)

are those for which the first derivative of the Gibbs free energy of mixing is zero (minima). The
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spinodal points (x, 7) are those for which the second derivative of the Gibbs free energy of

mixing is zero (inflection points).

Fig. 2.11 shows the molar enthalpy, entropy, and Gibbs free energy of mixing of two
components when the enthalpy of mixing is positive and dominates the entropy term, calculated
for W=25.7 kJ/mole and T = 484K.
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Fig-2.11 The enthalpy, entropy, and Gibbs free energy of
mixing of InxGai.N calculated for W= 25.7KJ/mole and T =
484K.

The Gibbs free energy of mixing is symmetrical about x = (.5, at which point the entropy of
mixing term produces a minimum and the enthalpy term produces a maximum. As can be seen,
dGmix is positive for almost all compositions making the binary system unstable at that

temperature and completely immiscible.

26



6000 ; , : : i}

Ti
4000 ]
2000
—
o
o
A e . NI A
= cap- o
& -2000| {
=
|
4000} ]
l 5
6000 4
0000 0.2 04 0.6 0.8 1

Composition, x

Fig. 2.12 Gibbs free energy of mixing for a regular solution calculated from
equation (2.16) for different temperatures T1 < T2 < T3 and W= 25.7kJ/mole.

At low temperature 77 = 100K the dGmix curve has only a maximum and the system is completely
immiscible. As the temperature increases to 72 = 500 K the dGuix curve has two minima and a
maximum in between, which results in phase separation. At high temperatures 73 = 950 K the
entropy dominates and the system is fully miscible with dGmix having only one minimum. The
minimum value of 7 for which the system becomes fully miscible is called the critical

temperature of solubility.

2.6 Phase Diagram of InGaN System

The boundary of the unstable region sometimes referred to as the binodal or coexistence curve is
found by performing a common tangent construction of the free-energy diagram. The spinodal
decomposition regions are defined as the regions that have negative curvature in the

corresponding free energy versus composition curve. Inside the spinodal region the free energy
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change is negative for small fluctuations in composition. The system is thus unstable and subject
to composition fluctuations. As a result phase separation will occur. A more detailed overview of
the phase diagrams of a binary alloy system including In,Ga;xN (pseudo-binary) is given in the
next section. Phase separation in In.GaiN was first observed during growth of polycrystalline
samples after long annealing at temperatures above 600°C [9]. Ho and Stringfellow [11]
calculated a theoretical phase diagram for the InN-GaN alloy system (Fig. 2.13) using a
modified valence force field model. This calculated phase diagram shows that the equilibrium
solubility of InN in bulk GaN is approximately 6% at typical growth temperatures of 700 to 800
°C. Phase separation through spinodal decomposition should occur in In.GaixN alloys
containing more than 20% In at 800°C. These results were supported experimentally by El-
Masry et al. [19] and by Ponce ef al. [25]. X-ray diffraction (XRD) analysis and TEM indicated
phase separation in In,Gai.N layers with over 28% In composition grown by MOCVD.
However, the calculations of Ho and Stringfellow [11] are done for relaxed InsGai..N material at

equilibrium and as a result their phase diagram may not apply to strained InGaixN layers.
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Fig. 2.13: Binodal (solid) and spinodal (dashed) curves for the In.GaxN alloys,

calculated assuming a constant average value for the solid phase interaction parameter

The calculations of Karpov [14], for the phase diagram of biaxially strained In,Ga;.N produced
a spinode with reduced miscibility gap and shifted toward higher indium contents than those
predicted by Ho and Stringfellow [11]. The Karpov phase diagram is displayed in Fig 2.14 and
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Fig 2.15 with including strain on phase diagram proposed by Ho and Stringfellow. Recent work
by Liu and Zunger [17] also shows that phase separation may be suppressed by epitaxial strain.
Some experimental support for the suppression of decomposition by epitaxial strain is provided
by the work of Rao et al. [46] who studied In,Gai«N epilayers more than 200 nm thick in TEM,
and observed phase separation in relaxed regions of their films. However, regions of the films

close to the InyGa <N /GaN interface did not show any evidence of phase separation.
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Fig. 2.14: T-x phase diagram of ternary In.Ga,xN alloys for strained layers with
the interface orientation perpendicular to the hexagonal axis of the crystal.
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Fig. 2.15: T-x phase diagram of ternary In,Ga,.N alloys for strained layers with
the interface orientation parallel to the hexagonal axis of the crystal.

Tabata et al.[47] also observed phase separation suppression in InxGal-xN alloy layers due to

external biaxial strain, while in the relaxed In.Gai.N samples phase separation did occur. It is
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also suggested that the composition pulling effect [46,48] plays an important role in suppressing
phase separation around In.Ga;..N/GaN interfaces. The composition pulling effect limits In
incorporation around interfaces due to the existence of large coherent strain. The lowered indium
incorporation not only reduces the driving force for phase separation but also increases the
critical thickness for relaxation. Upon growth, the layer progressively relaxes with more In
incorporation, eventually triggering phase separation. Even though extensive research has been
done in studying the InGaN material, most of the existing research is on strained films. No
experimental data exist for freestanding InGaN material, which instigated the research that led to

this work

2.7 Strained Films and Critical Thickness

The semiconductor thin film where the film is of different lattice constant than the substrate
introduces strain. The strain energy containing in the film increases with the increase of
thickness. If the film is thin enough to remain coherent to the substrate, then in the plane parallel
to the growth surface, the thin film will adopt the in-plane lattice constant of the substrate.
Fig.2.1 shows a substrate and a film with an equal and unequal lattice constant. The film is taken
to be of larger lattice constant than the substrate e.g. InGaAs on GaAs or In.Ga;«N on GaN, and
the top right illustration represents a thin coherent compressively strained film. The strain
applied to the film by the substrate in the plane of the interface between the two is the result of
biaxial compression. The lattice constant of the film in the direction perpendicular to the growth
direction will likewise be strained according to the elastic properties of the film. It will either be
smaller or larger than the unstrained value depending on whether the biaxial strain is tensile or
compressive. However, if the film is thicker than the critical thickness, there will be sufficient

strain energy in the film to create misfit dislocations to relieve the excess strain [5].

2.7.1 Different Models of Critical Thickness

In 1963 van der Merwe proposed a theory for the calculation of stresses at an interface between
two adjacent crystals that have different lattice and/or elastic constants followed by his earlier
work with Frank [49-51] and subsequent work for isotropic material [52]. Matthews and
Blakeslee introduced a force balance model (MB model) in 1974 [53]. They investigated
alternating layers of GaAs and GaAs0.5P0.5 and revealed that, some threading dislocations
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(TDs) experienced by misfit force and tension of dislocation line, bent back and forth in the
layers interfaces, which gave rise to misfit dislocations. Though they have good agreement with
experimental observation, some objections were raised. These were the driving force for further
investigations and People-Bean published an article on the CT calculation based purely on an
energy balance of the dislocation self-energy and the elastic energy which was compared with
experimental results [54]. However, some drawbacks and uncertainties of their model were
pointed out by Hu [55]. The story then continued with a semi-empirical model by Dodson and
Tsao and studies of the excess stress for glide of a dislocation in a strained epitaxial layer by
Freund-Hull and Fischer-Richter [56-58]. They proposed in a model which has been recently
revised [59]. It is one of the “force models” and it was again discussed in detail by Holec [60].
Almost at the same time, calculations done by Willis et al., Jain et al. and Freund and Suresh
based on the minimization of the overall energy appeared in the literature (energy balanced
model) [61-63]. One of the advantages of the energy balanced (EB) model is that additional
considerations of hexagonal symmetry such as GaN or more complex geometry can be
incorporated in a straight forward manner. Therefore, mainly the EB model is used in this work.

A brief summary of some commonly used model have been discussed in the subsequent sections.

2.7.2 Matthews and Blakeslee
The basis of this model is about two main forces, misfit force, F, and the line tension, F; acting
on a preexisting dislocation in a strained film [53]. The stress field on the interfacial plane can

expressed as

F, =2Gbhe, 1+ i

U AU S (2.17)
-V

Where G is the shear modulus of the film, b is the magnitude of the burger vector of the misfit
dislocation, % is the film thickness, v is the Poisson’s ratio, 4 is the angle between the burgers
vector and the direction on the interfacial plane that is perpendicular to the dislocation line, &n is
the lattice mismatch strain, whose value is (ar - as)/as, where as and ay are the lattice parameters
of the substrate and the film, respectively. The second force on the misfit dislocation is due to the
line tension, which acts like a restoring force, resisting the motion of the dislocation. This force

(F1) is given by
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Gb*(1-vcos’ 6)
JF’J =
4z(l1-v)

[ln(%) 1] assnsansmnnrnan TR s s (2.18)

Here @ is the angle between the misfit dislocation line and its burgers vector. Therefore, total
force acting on the dislocation, is Frowm =Fa+F). For very small film thicknesses A, the total force
Fiora 1s negative and therefore acts against the extension (and possibly also against the creation)
of the misfit dislocation. On the contrary, for sufficiently thick layers Fiws is positive and thus
the dislocation bends and create misfit segment. The CT is therefore determined by the equation
Fiotaimey = 0, and in this equation ¢ is the angle between slip plane and normal to the film
substrate interface and ro is dislocation cut-off parameter. Eqs. (2.17) and (2.18) yield the CT

value as

_ b(1-vcos’ 6) In h,
87(1+v)elsin@sing 1,

C

2.7.3 People and Bean

On the contrary to the force balance model by Matthews and Blakeslee, People and Bean have
approached the problem by balancing the overall energy. The stress field caused by misfit of the
lattice parameters of the thin film and the substrate is generally a biaxial stress with the only non-
ZE€ro components, oxx = 0y, = oOm, Where o, is the misfit stress [54]. This is true for isotropic
materials as well as for wurtzite materials where the interface is the c-plane (in which all
directions are equivalent). According to this model, the strain energy per unit area of the film
substrate interface is

B S e ————— (2.20)

m

I—-v

Taking the dislocation energy in the simplest possible case the “areal” energy of the dislocation
with some characteristic width w is

201 _ 2
E, =idEd _ Gb*(1—-vcos™ 8) ln(—h—
w dl 4r(l-v)w Ty

F OO, ol oo e e AR (2.21)
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People and Bean suggested that when Ed is exceeded by En, the misfit strain in the film will be
replaced by misfit dislocations. By equating E,, and Es one obtains the equation for the critical
thickness hc [58].

(1-v) b h
- In(Ze
© (14 v) 16V2ma(x)e? (r.]

The most remarkable feature of Eq. (2.22) is that there is a quadratic dependence on the misfit
strain em in contrast to Eq. (2.20) for the CT using the force balance model. This is a
qualitatively different feature and thus one may expect very different curves of the CT against

composition for these two models.
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Chapter 3

Modeling for Growth Conditions of In.Ga:..N Epitaxial Layer
3.1 Introduction

In this chapter mathematical modeling of growth conditions for In,Ga,.N epitaxial layer has
been developed considering prominent effect of various growth parameters such as group-III
flow rate (TMI and TEG flow rate), molar ratio or TMI / (TMIHTEG), growth temperature,
Indium composition in the epitaxial film, growth rate, group-V flow rate, group V/III ratio etc.
Modeling algorithm as well as assumption that have been taken into account for evolving
purpose has been mentioned in brief. Finally the developed model has been compared and fitted
with the thermodynamically and experimentally obtained data found from different literature for
its perfection and make this developed model applicable for the growth of phase separation free
In,GaiN epitaxial layer with In composition up to 0.4.

3.2 Modeling of Growth Condition

A mathematical model is a description of a system using mathematical concepts and language.
A perfect mathematical model is helpful to explain a system and to study the effect of different
components influencing the system. By proper modeling one can make prediction about the
behavior and output of the system. As mathematical model of MOVPE, the most widely used
technique of growth of In.Gai.xN epitaxial film is not so available; sometimes it becomes very
difficult to determine the rigorous effect of different growth parameters on epitaxial film. For
this reason, it has been tried to develop a mathematical model for the growth of epitaxial film
with an In composition up to 0.4 in case of MOVPE.
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3.2.1 Modeling Assumption

In,Ga <N epilayer that have been contemplated in this paper is assumed to be grown on (0001)
sapphire substrates [64] by Metal Organic Vapor Phase Epitaxy (MOVPE) [9]. The In:Ga;.N
epilayer is grown using the precursors TMI, TEG and ammonia (NH3), with H> and N; as the
carrier gas. The TEG and TMI sources were maintained at proper temperatures and pressures.
Initially, about 2um thick GaN templates were grown on (0001) sapphire at 1293K using
Triethylgallium (TEG) and ammonia (NH3) as the gallium and nitrogen sources, respectively.
Then at 923K-1173K In.GaixN films are grown under properly maintained growth condition [9].
Here, consistent with the calculation by other researchers (the critical thickness of In:Gai.N

grown on GaN is about 100 nm [65,66]) some of the samples are over the critical thickness.

ot

InxGarN

GaN Template (2ptm)

Sapphire (Al203)

Fig. 3.1: Structure of hetero-epitaxial growth In.Ga;.xN.

3.2.2 Modeling

Indium (In) is typically believed to be a surfactant, producing smooth surface by changing the
surface energy i.e. In.Ga1xN surface gets flatter if TMI flow get increased [12, 67]. TMI flow
cannot also be very high because it risks the formation of In metal droplets[12,15]. Growth of
InyGa;«N is much more complicated by the fact that the mole fraction of Indium incorporated in

the film, is not a simple function considering the relative input flow of TMI and TEG [68].

Figure 3.2 is a modeling diagram recounting composition, temperature and TMI flow rate that
has been drawn considering [12, 16, 36, 68, 69]. Then it has been fitted with [16, 68, 70-72].
Through this model it has been anticipated that for a particular Indium composition in InGa;xN
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epitaxial film there is a relationship among the various growth parameters such as TMI, TEG and
Ammonia flow rate, temperature, pressure, composition etc. If it is tried to grow a film of a
particular composition, it is needed to know the relationship among the various parameters. A

mathematical relationship has been developed that inter relates the different growth parameters.

2

T =1.23x10 —69x(1 +16.5x L SRR .
™1

Where x is the Indium composition in In,Gai.N, T is the temperature (Kelvin), TMI and TEG

are the flow rate (pmole/min). In this case, Ammonia flow rate have been considered constant.
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Fig. 3.2: Indium composition depending on TMI flow rate (umole/min) and temperature (°K).
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Fig. 3.3: In composition in the epitaxial layer as a function of molar ratio or gas
phase mole fraction (TMI/TMI+TEG) with different growth temperatures (°K).

In order to conclude about the precision of developed model it has been compared with
the thermodynamically and experimentally obtained data. The comparison of the data obtained
from this model has become possible by making Indium composition as a function of Gas phase
mole fraction (MR) or (TMI/(TMI+TEG)) and growth temperature. Now from equation (3.1), a
mathematical relationship can be developed relating composition, gas phase mole fraction and

temperature as follows:

123x10° =T Y T™I
pmgp———————— [ =] .(3.2)

Figure 3.3 represents the Indium composition in In,GaixN film according to equation (3.2) as a
function of molar ratio for different temperatures with constant TEG flow rate. It shows very
closeness to the thermodynamically obtained data [32-34] and physically [16, 70] that certifies

the perfectness of our model. To justify this model as perfect, it has also been made a
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relationship between Temperature and composition for other specific growth parameters.
Composition decreases with temperature that can be obtained from our model. Equation (3.2) has
been compared and fitted with [16, 31-33, 75] which shows very closeness to the experimentally
obtained data.

Growth rate (Gr) is another fundamental parameter for the growth of high quality In.GaixN
epitaxial film. By assurance of properly maintained growth rate it is possible to grow epitaxial
film without phase separation. Both structural and electrical properties were found to improve
significantly with increasing Gr. The improvement in material quality is attributed to the
suppression of phase separation with higher Gr [45]. The apt choice of growth rate helps to
suppress the phase separation and inhomogeneity, thereby improves both the structural and

electrical properties of In,Gaj N epilayer.

Table 3.1 represents the used typical values of different growth parameters including growth rate
in different literatures for MOVPE growth of In,Ga;.xN epitaxy. Growth rate can be achieved as
high as Spum/h by MOVPE [17]. Due to very high growth rate there is a possibility of
thermodynamic instability in the epitaxial film as well as it is very possible that high growth rate
will results in inhomogeneous distribution and segregation of In atoms on the surface and lead to
macroscopic domain with different In composition [36]. On the other hand, Lee et al. [16]
reported that for lower growth rate, more uniform PL wavelength is found; these imply that the
optical quality is improved and inhomogeneity decreases. Consequently, a lower growth rate is
helpful to maintain a uniform composition in InsGaiN layers [13]. But for lower growth rate the
growing epitaxial films can spend relatively more time to order upon so there is a possibility of
strain relaxation and there by occurrence of phase separation, formation of dislocation and other
non-removable crystal defects. On the basis of above discussion and considering the used values
of growth rate in different literatures from Table 3.1, typical range has been considered for
developing the mathematical model of growth rate and it is from 0.1um/h to 1.0pm/h for the
growth of In.Ga;xN epitaxy of In composition up to 0.4 by MOVPE.
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Table-3.1 Typical Values of Growth rate and Other Growth Parameters used in Different Literatures for
Different Indium Composition for the Case of In.Gai.N Epitaxial Layer by MOVPE.

Compositio | Growth | Growth Growth V/II Ratio Group-1II Flow Rate Ref.
g e Pressure | Temperature TEG or TMI
Y L B e (°C) Rl P
(umole/min)
7-14 0.03-0.58 | 100-500 660-780 20000-60000 | 3.10-18.00 | 1.11-52.53 | [76]
12-49 NA 100-300 680-780 3000-10000 1-10 1-6 (771
1-18 0.06-0.48 100 620-300 5000-17000 1-7 7-23 [31]
25-63 0.21-0.95 | 100-500 610-730 3000-15000 NA NA [45]
0-40 0.5 NA 750-900 4100-8600 23 3-15 [16]
16-53 0.13-0.14 | 150-500 760-840 5000-15000 NA NA [78]
10-40 NA 100-500 650-850 1400-4500 9 20-80 [68]
NA —> Not Applicable

In order to develop a mathematical modelling for growth rate for the growth of In,Gai..N
epitaxial film, at first it has been considered that growth rate as a function of growth temperature,
growth pressure, group-IIl flow rate, group-V flow rate as well as taking into account the
physical effect of molar ratio (TMI/TMI+TEG) and V/III ratio on the growth conditions. The
growth rate decreases about linearly with increase of growth temperature [16, 25]. It has also
been noted that due to increase in growth pressure growth rate starts to decrease [26, 27]. When
the V/III ratio is increased the growth rate decreases because the relative input flow of the group-
Il precursors decreases. A mathematical relationship has been developed considering the

dependency of growth rate on various growth parameters and physical growth condition [16-29].

™I
TEG

Where AMN denotes group-V (ammonia) flow rate (umole/min), P is growth pressure (atm).

G (pmh™) =

TMI x AMN 7% [(1.23x10° =T’
6.67x10~ P 69
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3.2.3 Effect of Temperature on Growth Rate

Significant changes occur in the morphology of In/GaixN epitaxial layer due to the change in
growth temperature. Growth rate as a function of growth temperature has been shown in Figure:
3.4 considering specific values of other growth parameters [33]. Growth rate decreases linearly
with increasing growth temperature which is favorable for designing and fabrication of advanced
devices with In.Ga;.N /GaN heterostructure [45]. It has been observed that growth rate can be
changed by changing growth pressure and V/III ratio but the effectiveness of these parameters is

found to be less pronounced as compared to the growth temperature.
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Fig. 3.4: Growth rate dependence on growth temperature with considering
growth pressure =150 Torr and V/III ratio = 10000.

3.2.4 Effect of pressure on growth rate

Figure: 3.5 shows the effect of growth pressure on the growth rate for the specific values of other
growth parameters. In this study, the total flow rate of the precursor as well as temperature of the

reactor was kept same for the In:Ga;.N film growth under different growth pressure.

At low growth pressure the growth rate is high which may leads to instability in the grown film.
On contrast, for high growth pressure the growth rate as well as In incorporation in the film
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decreases considerably. The use of high growth pressure leads to a reduction in the surface

roughness of the In incorporation in In,GaxN film [79].
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Fig. 3.5: Growth rate dependence on growth pressure with considering growth
temperature =750°C and V/III ratio=10000.

3.2.5 Effect of V/III Ratio on Growth Rate

Figure 3.6 shows the effect of V/III ratio on the growth rate for epitaxial growth of In,Ga;xN
film. In this particular study, the In,Ga;N layers have been considered at 1023°K with constant
growth pressure of 80Torr and the V/III ratio of the epitaxy was increased from 5000 to 12000. If
growth rate is changed by varying the group III precursor flow there is a possibility of change in
the In composition in In,Gai«N epitaxial film [79] because due to the variation in group III flow,
variations occur in the mole fraction which is the basic parameter for interacting with Indium
incorporation in the film at constant temperature. Also the V/III ratio should not be very high
because surface roughness increases with increasing in V/III molar precursor ratio, indicating a

degradation of surface quality [80].
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Fig. 3.6: Growthrate dependency on V/III ratio with considering growth temperature
750 °C and growth pressure 150 Torr.

3.3 Theoretical Investigation for Growth Temperature

From Gibb’s free energy equation it is clear that mixing free energy is dependent on enthalpy
and entropy. If enthalpy is constant (in case of constant composition and interaction parameter)
then mixing free energy is totally dependent on entropy where entropy is directly dependent on
temperature. The determination of approximate value of this temperature is a crucial issue for the
growth of IniGai.N epitaxial film of expected In composition. A modified thermodynamic
analysis may be helpful to overcome this difficulty. In the prevailed analysis, phase separation
for the In,Ga;.N ternary system has been analyzed using a strictly regular solution model.
According to these calculated results, the critical temperature for In.Ga;.N is found to be
1236°C but the practical observations are different from this value. The mixing free energy of
In,Ga;N should be negative than the mixing free energy of InN and GaN otherwise In:Ga;.N
separated into two phase. The mixing free energy is dependent on temperature and interaction
energy that has been observed in the above analysis as discussed in details in chapter 2. On the
other hand high temperatures are desirable for growth of nitride films in order to dissociate
ammonia (NH3) and free up nitrogen for bonding. The InN bond is significantly weaker than that
for GaN at high temperatures, and InxGaixN films will tend to have difficulty with In
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incorporation. If the temperature is lowered, hydrogen will etch nitrogen away from the In
leaving In droplets on the growth surface. By taking all above if we consider a typical value of
free energy for In,Ga; N epitaxy at which this epitaxy is more stable and the modified Valance

Force Field method is used then the equation for growth temperature can be written as

__ —[5700+Wx(1-x)]
R[xIn(x)+(1—x)In(1—x)

The interaction parameter used in the analysis is obtained from a strain energy calculation using

the valence force field model [28].
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Fig-3.7: Dependency of composition (x) on the growth temperature of In,Ga;-N.

Figure 3.7 shows the theoretical investigation to determine the precision of developed model. It
is possible to determine the approximate value of growth temperature for any composition
(x=0~0.4) for a range of molar ratio (0.27 to 0.50) from the developed model. For particular

value of molar ratio (0.50) the required temperatures for different composition obtained from the
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above developed model has been fitted with the thermodynamically obtained data. After fitting

both of the data it is found that these show the very closeness to each other.

3.4 Strain and Compositional Analysis

Due to the different lattice constants of GaN and InN the In.Ga; N films will grow under biaxial
compressive strain. The magnitude of strain will depend on the alloy’s mole fraction, layer
thickness and other growth parameters. For In.Gai.N, strain influencing optical properties,
seems to play a role in the incorporation of the indium itself [81].The strains produced by the
difference of the lattice constants or the thermal expansion coefficients between two materials
are commonly known not to relax but to be accommodated in a pseudomorphically grown film.
On the contrary, the strains in a layer with thickness greater than the critical value begin to relax,
generating defects such as dislocations and three-dimensional growth. The effects of strain on In
incorporation in MOVPE films have been qualitatively studied by Hiramatsu et al [82]. Also
various groups such as S. U. Karpov [10], Ho and Stringfellow [11] analyzed the effect of strain
on film quality of In,Ga;.N. So far, there has not been any systematic study addressing the strain
behavior in In/Gas«N film, mainly due to the difficulty in separating the effects of strain and

composition on the lattice constants.

In-plane strain increases with the increase of indium composition in In:Ga;xN epitaxial layer of a
particular thickness. It has also been noted that in-plane strain decreases with increasing in layer
thickness [83-88]. RBS and depth resolved cathode luminescence (CL) measurements indicate
that the In content is not uniform over depth in same samples. This phenomenon generally occurs
in the case of strained layers which suggest that the strain is a driving force for compositional
pulling effect. Due to this effect band gap variation occurs in the epitaxial layer that decreases

the quality and deteriorates the device performance.
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Fig. 3.8: Plotting and modelling of In-plane strain in In,Ga;,N epitaxial layer as a
function of layer thickness and indium composition (x).

Taking into account these rigorous effects on epitaxial film quality a mathematical modeling has
been developed based on experimental value obtained from different literatures as shown in Fig

3.8.

1+3.42x10 exp™''** )}
3

h=33.68 1+1.15exp™** In
x+16.135; —12.156x10

To verify this model, In-plane strain has been made as a function of epilayer thickness and
indium composition incorporated to this layer. Then it has been fitted with [83,84] and
Matthews, Mader, and Light Kinetic Model (Quantitative Models for Lattice Relaxation)[88] as
shown in Figure 3.9. It is found that this modeling is a good agreement with the experimental

observation.
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Chapter 4

Results and Discussion
4.1 Introduction

The developed model is expected to be promisingly applicable and superior for the growth of
In,Ga;xN epitaxial film of particular In composition without phase separation under the
influence of various growth parameters. It will be very helpful to acquire a preceding idea about
the growth conditions i.e. required limiting values of different growth parameters and anticipated
quality of the epitaxial film before the growth commence. The main objective of this chapter is
to study and analysis the result obtained from this developed model. Finally a phase diagram has
been proposed by the help of this developed model as well as considering the result bring into
being from the other literatures related to this field under the evolution of In composition up to
0.4.

4.2 Temperature Dependence of In Composition in In.Ga1..N Epitaxial Film

Temperature is one of the most noteworthy growth parameter because significant changes occur
in the morphology of In;Ga;..N epitaxial layer due to the change in growth temperature. In
composition in the grown film as a function of growth temperature has been shown in Fig. 4.1

considering specific values of other growth parameters.
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Fig 4.1: In composition in the epitaxial film for different temperatures and TMI / (TMI+TEG).
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Almost In composition decreases linearly with increase in growth temperature which is favorable
for designing and fabrication of advanced devices with In,Gai.N /GaN heterostructure [44]. It
has been found from this developed model that with the increase in growth temperature In
composition in In,Ga; N epitaxial film linearly decreases with a particular value of molar ratio

which supports about the precision of this developed model without any difficulty.

4.3 Phase Diagram

Deposition of Indium nitride (InN) in In,Ga;.N epitaxial film is very difficult during the growth
at high temperature. It has been reported that In:Gai..N alloys are unstable over most of the
composition range at normal growth temperature [8]. The reason is that at high temperatures,
most of the input Ga (Gallium) deposits into the solid phase, whereas In remains in the vapor
phase without deposition. So it is very important to determine the range of the growth parameters
for particular In composition in InyGa; N epitaxial film. In order to specify the growth parameter
for particular In composition (0~0.4) a diagram, in Fig. 4.2, has been anticipated which has been
drawn by considering the boundary condition of equation (3.2) as well as comparing with
physical system and experimental data. To interpret this diagram, composition curve has been
drawn for different TMI and TEG flow rate and concerning other growth parameters such as

Ammonia flow rate, Gas phase mole fraction, temperature etc.

Flow Rate

In Composition

Temperature (°C)

Fig. 4.2: Approximation of the growth parameters for the growth of In:Gai..N concerning
molar ratio, In composition and growth temperature.
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It has been reported that the surface of IniGa; N epitaxial film gets unsmooth as the TMI flow
decreases [12]. There is also a possibility of phase separation due to relatively low TMI flow [41,
66). From X-Ray Diffraction (XRD), it is clear that when for molar ratio is less than 0.27; there
is the evidence of phase separation [9]. For these conditions mentioned above the compositional
region obtained in the diagram has been discarded with relatively low density gray color which is
illustrated in Fig. 4.2. When the growth of In.Gai.N film is carried out at a relatively low
temperature (<1073K) with a relatively high TMI / (TMI+TEG) (>0.50), there is a possibility of
metallic In incorporation in the In,Gai:N epitaxial film [61, 63]. Considering this effect on
growth condition a region has been identified in this diagram with relatively deep gray color

showing phase separation with metallic In incorporation.

In contrast, at high growth temperature In composition in solid is almost independent of the TMI
/ (TMI+TEG) and gradually decreases with increase in growth temperatures [49]. Due to high
evaporation rate of In, the super saturation happens i.e. In incorporation gets saturated and starts
to decrease. Meanwhile, the decomposition of In-N bonds takes place [8] i.e. although TMI /
(TMI+TEG) gets increased but composition remains approximately unchanged. A super
saturation region has been identified by graded gray color. Furthermore concern of this model is

up to composition 0.4; the region which is greater than the range interested has been discarded.

Growth rate (umh™') has made as a function of temperature, gas phase mole fraction and group-
111 flow rate. The value of growth rate for all values of TMI / (TMI+TEG) is not acceptable. The
limiting values of TMI and TEG for getting TMI / (TMI+TEG) in the acceptable range for the
growth of In,GaiN epitaxial layer of In composition up to 0.4 have been accepted from [ 9, 10].
For a given TMI flow rate and TMI / (TMI+TEG) the TEG flow rate can be estimated. For the

given values of TMI, for the corresponding molar ratio gives the value of TEG.

Figure 4.3 shows the dependency of growth rate on growth temperature for different molar ratio.
It also includes In composition in In:GaiN epitaxial film for different growth rate and
temperature. Here temperature has been varied from 970K to 1150K. Normally growth rate is
controlled by changing the V/III ratio with constant molar ratio for a particular In composition.
From the above model it is easily obtainable the specific value of growth rate for a particular In

composition. From the Fig. 4.3, it is seen that it is possible to grow phase separation free In.Gai-
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«N epitaxial film of a particular In composition for specific value of molar ratio. For obtaining
specific value of molar ratio the specific values of precursor flow rate has to be selected from the
help of approximation diagram as shown in Figure 4.2. In figure 4.3 growth rate varies with
increase in TEG flow rate as well as TMI flow rate. When both of them are increased the growth
rate also increases. The empty circle indicates the growth rate as line where molar ratio is 0.27,
the solid circles correspond to molar ratio0.50 and empty triangular shape indicates growth rate
in the line at molar ratio of 0.38. At a glance overview shows that the favorable growth region
decreases with increase in growth temperatures. Finally it can be concluded that this developed
model will be very helpful for a researcher to grow high quality and phase separation free IniGa;.
N epitaxial films of any arbitrary In composition up to 0.4.
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Fig. 4.3: Favorable growth region as a function growth temperatures, group-III flow rate

and molar ratio.
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To understand the in-plane strain effect on phase separation, binodal and spinodal decomposition
curve of In.GaiN at fully relaxed state has been taken into consideration. It has been observed
that the spinodal curve starts to shift towards higher In content with increasing in-plane strain.
But the in-plane strain decreases with increasing film thickness. On the other hand, it has been
found from other experimental results that the critical thickness of In,Gai N film decreases with
increasing In content. From this point of view, it has been included the critical layer thickness in
binodal and spinodal decomposition curve. Alternately it can be concluded that the spinodal
curve starts to shift towards lower In composition with increasing critical layer thickness as the
numerical value of the fully strained state decreases with relatively lower In incorporation in the

In,Ga,..N Epitaxy.
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Fig. 4.4: Phase diagram of the Spinodal decomposition in In,Gai N /GaN epitaxial film
of different thickness for strained and relaxed condition.
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Chapter 5

Conclusion and Future work

5.1 Conclusion

The growth of high quality In-rich InsGai,N film is a major concern due to its wide range of
application. Phase separation which causes low performance of InGa;N based device can be
reduced by controlling various growth parameters. In this dissertation, the phase separation
suppression technique for wuzrite as well as cubic heteroepitaxy has been investigated through
theoretical studies and the estimation of growth conditions of MOVPE  growth of
In:Ga;.xN(x~0.4) epitaxial layer has been performed. Here, a model has been developed showing
the dependence of phase separation occurred in InyGa) N film on different growth parameters.
The developed model has been compared and fitted with the thermodynamically and
experimentally obtained data found from different literature for its perfection. Through this
model it has been shown that InyGa;N film of any arbitrary Indium composition up to 0.4 can
be grown without phase separation as well as metallic Indium incorporation. When
TMI/TMI+TEG is greater than 0.5, although the Indium composition increases but there is a
possibility of metallic Indium incorporation up to temperature 800°C. When temperature is
greater than 800°C Indium composition get saturated and not affected by increase in
TMI/TMI+TEG rather decreases with increase in temperature only. Also it is well-known that
for low TMI/TMI+TEG, the surface quality and optical properties of the film goes to deteriorate.
Lowest TMI/TMI+TEG has been ranged without phase separation is 0.27.

In-plane strain is another dominant parameter for controlling phase separation. In this work this
strain also has been interpreted in binodal and spinodal curve of In:Ga;xN epitaxy in order to
include critical layer thickness in the phase diagram at different Indium composition. Another
modeling has been developed showing the dependence of in-plane strain on film thickness and
indium composition. The proposed model provides a good agreement with another theoretical

model.
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5.2 Future Work

This study gives a mathematical modeling for the growth of InxGai«N epitaxial film concerning
the rigorous effects of various growth parameters that greatly influences the quality of the
epitaxial film. In spite of this, the modeling involves some limitations viz. all the growth
parameters and factors that affect the quality of the epitaxial film have not been taken into
consideration. So, the phase diagram that has been anticipated in this modeling permits the
growth of In,GaiN epitaxial film up to 40% indium composition without phase separation. If it
is possible to draw a phase diagram considering the other factors such as effect of buffer layer,
effect of carrier gas and polarization effect on film quality then it would be possible to fabricate

phase separation free InGa;.,N epitaxial film for higher indium incorporation.
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