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GaN is a wide bandgap semiconductor material that is used for fabrication of 

laser diodes, light emitting diodes, and high power, high frequency electronic devices. 

Due to the absence of free standing GaN substrates, these devices are fabricated on 

foreign substrates such as SiC, Sapphire, LiGaO2 or LiGaO3. Performance of these 

devices is reduced due to high dislocation densities resulting from lattice mismatch 

and thermal expansion coefficient mismatch between the GaN and substrate. In order 

to improve the performance of devices, homoepitaxial device layers grown on high 

quality free standing GaN substrates are needed. 

Bulk GaN crystals of dimensions 8.5 mm x 8.5 mm were grown at growth 

rates greater than 200µm/hr using gallium oxide vapor transport technique. 

Commercially available GaN powder and ammonia were used as the precursors for 

growing bulk GaN. Nitrogen was used as the carrier gas to transport the gallium 

containing species that was obtained from the decomposition of GaN powder. These 

experiments were performed in a flow over configuration where the nitrogen carrier 

gas was flowing over the powder transporting the growth species. Using this process, 

it was possible to achieve growth rates of above 200 µm /hr. The GaN layers thus 

obtained were characterized using X-Ray diffraction, scanning electron microscopy, 

and atomic force microscopy. X-ray diffraction patterns showed that the grown GaN 

layers are single crystals oriented along c direction. AFM studies indicated that the 

dominant growth mode was dislocation mediated spiral growth. Hall mobility 

measurements indicated a mobility of 550 cm2/V.s and a carrier concentration of 6.67 

x 1018/cm3.



It was found that kinetics of decomposition of pure GaN powder without 

oxygen resulted in incongruent evaporation leading to the formation of the liquid 

gallium in the powder. A flow through configuration was also used because of its high 

collection efficiency of growth species. A mixture of Ga2O3 and carbon powder as 

well as commercial GaN powder was used as precursors of gallium suboxide in this 

configuration. This configuration also demonstrated growth rates that are comparable 

to flow over configuration.
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Chapter 1

Introduction
1.1 Background: 

The III-Nitrides are promising candidates for semiconductor device 

applications in blue and ultraviolet wavelength regions in a similar way the III-As and 

P based counterparts are used in red, infrared and yellow wavelengths in the 

electromagnetic spectrum. GaN, AlN and InN with bandgaps of 1.9 eV, 3.4 eV and 

6.2 eV respectively form a continuous alloy system that covers wavelengths ranging 

from green into the ultraviolet regions (1). Due to their direct and wide bandgap they 

could be used for fabricating violet, green and blue light emitting diodes. This enables 

fabrication of semiconductor devices that could emit or detect light in blue or 

ultraviolet regions and hence opens up a wide range of possibilities in imaging and 

graphics applications. Nitride based green and blue LEDs that are already 

commercially available exhibit high efficiency, brightness and longevity. These LEDs 

have applications in traffic lights, indicator lights and medicine for diagnosis and 

treatment. Due to their high efficiency compared to the conventional lighting, these 

LEDs could potentially save energy and hence could replace conventional lighting. 

Ultraviolet and blue lasers based on InGaN/GaN/AlGaN system have been 

demonstrated and they have reached continuous wave operation at room temperature 

(2). GaN lasers are of importance in the areas of optical storage and printing. 

Performance of both these technologies depends on the resolution of the laser spot 

size. They require lasers that are of short wavelength since the spotsize is limited to 

the square of the wavelength due to diffraction. The storage densities of a compact 

1
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disc could potentially reach 40Gb when blue lasers are used. Semiconductor diodes 

based on AlGaN/GaN system could be used as ultraviolet photodetectors that could be 

used in areas such as solar blind detectors, missile launching detection, flame detectors 

and sensors in combustion industry. Photovoltaic detectors with response times of the 

order of ns have been realized (2).

The high saturation electron velocity of GaN is suitable for applications in high 

power and high frequency applications. The large band discontinuity present in 

GaN/AlGaN system induces 2D electron gas larger than 10 12 cm-2 forming the basis 

for nitride high-power electronic devices (2). Higher physical stability of GaN will 

make it possible to fabricate devices that can be used in harsh environments. 

The efforts to synthesize GaN dates all the way back to 1932 by converting 

metal Gallium to GaN by passing a stream of ammonia over it (3). The advent of GaN 

epitaxial layer on sapphire grown by hydride vapor phase epitaxy then made it 

possible to initiate research on device applications based on GaN (4). However, 

obtaining p-type GaN proved extremely difficult. Later on, in 1985, an organometallic 

vapor phase epitaxy [OMVPE] method for the nitride growth was developed by A. 

Amano and K. Hiramatsu. A low temperature buffer layer of AlN introduced lowered 

the background carrier concentrations from 1019-1020 cm-3 to about 10 17 cm-3. This 

reduction in carrier concentration brought an improvement in crystal quality (5). The 

problem of p- type doping was approached in different ways by different researchers. 

In one approach, the GaN sample was subjected to Low Energy Electron Beam 

Irradiation [LEEBI] to activate Mg dopants (6). This treatment essentially drives out

the hydrogen that passivates the dopants from the sample. Another approach involved 

thermal annealing of GaN (7) and this enabled commercialization of LEDs in 1993 

(8). Nakamura et al. reported pulsed room temperature of an AlGaN/GaN/InGaN 

based injection laser (9). 
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1.2 The need for substrates

Despite these advantages, state of the art GaN devices suffer from the defects 

originated by the heteroepitaxy involved in the fabrication of GaN based devices. Due 

to the lack of availability of bulk GaN substrates, device structures are grown on 

foreign substrates such as SiC, sapphire, LiGaO2 or LiGaO3 (10-13). The 

heteroepitaxial growths lead to high densities of threading dislocations (TD) in device 

structures. Also, the interface roughness in group III-nitrides is of considerable 

importance as it could severely affect the mobility of two-dimensional electron gas in 

AlGaN/GaN based high electron mobility transistors (14, 15). In addition, several 

defects such as stacking faults, inversion domain boundaries, and nanopipes are 

observed in GaN epitaxial layers (16). Threading dislocations were observed and were 

reported to be the origin of the so-called V-defects. It has been shown that the V-

defects in InGaN/GaN MQW are sources of leakage current in GaN based LEDs (15). 

The best way to successfully eliminate all the defects that originate from heteroepitaxy 

is to find a commercially viable process to manufacture freestanding lattice matched 

substrate. No other material provides a better lattice match to the GaN epitaxial layers 

than bulk GaN single crystal. It has already been shown that the performance of 

devices fabricated on GaN substrate is much superior to those fabricated 

heteroepitaxially (17) proving the indispensability of GaN substrates in improving the 

performance of GaN-based devices.

1.3 Overview of the thesis

This thesis deals with the growth and characterization of bulk GaN single crystals. The 

chapters in the thesis have been organized such that a person that is new to the field 

can also understand the objective and scope of the current work. Since this work deals 
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with bulk GaN growth by sublimation or more appropriately vapor transport, the 

thorough understanding of thermodynamics and kinetics of GaN system is essential 

for successful growth and processing of the same. Chapter 2 is dedicated to acquaint 

the reader with the previous studies on thermodynamics and kinetics of GaN. It also 

provides us with the necessary background on the phase diagram of GaN that 

determines the phase stability of various phases involved in GaN system. A brief 

discussion on the decomposition of ammonia is also included at the end of the chapter 

because ammonia is the most commonly used nitrogen precursor for growth of GaN in 

most of the vapor phase crystal growth technologies.

Chapter 3 introduces the reader to the crystal structure of GaN, its physical 

properties, its lattice mismatch to the various substrates under consideration and 

discusses the different growth techniques of GaN that are being used to grow bulk 

GaN single crystals and their respective advantages and disadvantages.

A detailed discussion of sublimation growth of GaN and the research work that 

has been done till date is outlined in chapter 4. It also substantiates our motive towards 

sublimation process as opposed to the other processes to develop a commercially 

viable bulk GaN growth technology. Detailed description of the crystal growth setup 

and the gas handling system that have been used in our experiments are also included 

in this chapter. 

Chapters 5-8 describe the various designs, approaches, experimental 

procedures, crystal growth and characterization results from our experiments and 

evolution of designs from one generation to another generation to solve the problems 

encountered in the growth experiments. Each of these chapters is further backed up by 

the simulation results performed by Dr. Yuri Makarov at STR, Inc. to explain the 

experimental results.
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Chapter 5 describes the basic sublimation sandwich design used to grow GaN 

with the seed crystal directly above the source material to perform crystal growth. 

However, as we will see in this chapter, this design is faced with the problem of crust 

formation in the powder boat.

Chapter 6 describes a second-generation experimental design to solve the 

problem of crust formation. The concepts that laid the foundation to evolve into a 

much better second generation experimental design in terms of prevention of crust 

formation by isolating the source carry over to the next generation designs as well. 

Experimental procedure, growth results, characterization results & discussion and the 

modeling results performed by Dr. Yuri Makarov follow the description of the design. 

Chapter 7 deals with the problems faced in the previous experiments in terms 

of gallium transport and hence the source materials, carrier gases. It also talks about 

the various approaches we have employed to solve them and their consequences and 

provides a logical transition to chapter 8. A third generation experimental setup is 

described in chapter 8 that not only includes the benefits from design 2, but also tries 

to solve some problems described in chapters 6&7. This again is followed up by the 

experimental results, characterization results, and summary. 

Chapter 9 is dedicated to the discussion of V-defects and their growth kinetics. 

This discussion is unavoidable in the context of obtaining defect free, large, single 

crystal bulk GaN. 

Chapter 10 is the concluding chapter summarizing the present experimental 

results, characterization results, challenges, and some possible directions for future 

work. 
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Chapter 2

Thermodynamics and kinetics

2.1 Thermodynamics
Unlike other III-V systems, the III-N systems are characterized by the presence of 

thermodynamic and kinetic barriers. As a result, synthesis of III-nitrides differs from 

that of other III-V compounds by a large extent. Growth and processing of these III-

nitrides requires a thorough understanding of thermodynamics and kinetics involved. 

This chapter is divided into four sections. First section is an introduction to the 

thermochemistry and phase diagram of GaN. Second and third sections deal with the 

thermodynamics and kinetics of decomposition and synthesis of GaN respectively. 

Section 4 discusses the decomposition of ammonia that is used as the nitrogen 

precursor for the growth of GaN.

2.1.1 Thermochemistry:
Thermodynamic and kinetic barriers constitute the basic energy barriers for a 

reaction to occur. The difference in Gibbs free energy of products and reactants is the 

thermodynamic barrier for the reaction to occur. This free energy difference has to be 

negative for the reaction to be spontaneous. For a given material system and ambient it 

is the thermodynamics that determine the stability of a particular phase. However, it is 

not thermodynamic barriers but kinetic barriers that determine the rate of the reaction. 

Unlike thermodynamic barriers, kinetic barriers depend on the presence of a catalyst 

and the reaction path. In the case of a reaction involving molecular nitrogen, the 

6
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kinetic barrier generally tends to stem from the breaking of the triple bond present in 

the nitrogen molecule. 

Stability regions for different phases in a reaction could be obtained by from 

the free energy of reactants and products. In GaN system, for the following binary 

reactions, 2.1 & 2.2 the regions of stability could be found by finding out the free 

energy difference between the products and reactants as a function of temperature and 

pressure according to the following equations 2.3 & 2.4.

(2.1)

(2.2)

(2.3)

(2.4)

Under equilibrium, the free energy change of the reaction is zero at constant pressure 

and temperature. One could graphically represent the stability regions of a substance 

as a function of composition, temperature and pressure using a phase diagram. The 

phase rule (18) determines the number of degrees of freedom for the reaction at 

equilibrium depending on the number of phases and components. It is given by the 

following equation 2.5.

(2.5)

where P=no of phases, C=no of components and F =no of phases. 

Both the reactions 2.1 and 2.2 have one degree of freedom calculated by the phase 

rule. This essentially means that if one of the variables, pressure or temperature is 

fixed, it automatically determines the other variable at equilibrium. Figures 2.1 and 2.2 

)()()( 2,,, gGlGsGG N
TP
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GaN
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23 2
3)()()( HsGaNgNHlGa +⇔+
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show the regions of stability for the phases that are involved in equations 2.1 & 2.2 

(19).

Figure 2.1. Phase diagram for the reaction 2.1. from Ref. [11]
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Figure 2.2. Phase diagram for the reaction 2.2. from Ref. (19, 20).

The same regions of stability could be represented using a free energy-

temperature diagram. A thermodynamic statistical partition function known as 

equilibrium constant could be used to determine the thermodynamic properties of the 

reaction equilibrium as well as the concentrations of the species involved in the 

reaction (21). In general, it is the activity that replaces the concentration of the species 

in the mathematical analysis of reaction equilibria especially when the species 

involved are not ideal (22, 23). The activity of pure liquids and pure solids is unity 
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when they are in their standard states. Activity of ideal gases is given by P/Po where Po 

is the reference pressure. By convention, this reference pressure is generally taken as 1 

bar (18, 22, 23). Equations 2.3 & 2.4 can be used to obtain the free energy change at 

arbitrary temperature and pressure. Due to the presence of a triple bond in molecular 

nitrogen it is essentially inert at the temperatures used for GaN growth. Hence, other 

precursors of atomic nitrogen such as hydrazine, excited molecular nitrogen, and 

ionized molecular nitrogen were used by various research groups to synthesize III-N 

compounds (20, 24-34).

2.1.2 Phase diagram

Since the understanding of thermodynamic properties of GaN is indispensable 

for its processing, precise determination of boundaries of phase stability is extremely 

important. Thermodynamics play a very important role especially in semiconductor 

device processing where the fabrication procedure involves subsequent processing 

steps at various temperatures, the material could either sublime or decompose at high 

temperatures. Hence a consistent thermodynamic model for Ga-N binary system that 

includes all the thermodynamic parameters and that could be extrapolated to estimate 

the thermodynamic properties at various other temperatures, pressures and 

compositions. However, due to the extremely high equilibrium pressures of nitrogen 

and high melting point of GaN involved in Ga-N system, it is extremely difficult to 

determine Ga-N phase diagram experimentally. Hence, efforts to theoretically 

calculate Ga-N binary phase diagram utilizing a procedure named CALPHAD (35, 

36). This involves calculation of entropy from the heat capacitance data obtained from 

experiments and calculation of fugacity of nitrogen as a function of pressure. Since 

nitrogen is a real gas and its fugacity differs significantly from the pressure at high 

pressures, it is important to determine fugacity as a function of pressure for nitrogen in 
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Ga-N system. The thermodynamic model thus developed has a good agreement with 

the observed experimental data. (35). The temperature-composition phase diagram 

calculated using the above procedure at a pressure of 1 bar is shown in Fig 2.3

Figure 2.3. Phase diagram of Ga-N system –Reproduced from Ref. (35) 

2.2 Decomposition reaction:

As mentioned earlier, unlike other material systems, the evaporation kinetics of III-

nitride compounds differ from that predicted by thermodynamic data indicating a 

kinetic barrier for the decomposition reaction. Thermodynamic barrier sets an upper 

limit to the reaction rate through the following expression known as the Hertz-

Langmuir relationship (23, 37-39).

(2.6)

where Jeq is equilibrium flux,

Peq is the equilibrium pressure, 

RT
eqP

eqJ
π2

=
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M is the mass of the gaseous species,

and T is the temperature expressed in Kelvin. 

The ratio of actual evaporation rate to that of thermodynamically predicted rate is 

given by a factor α, called the evaporation coefficient (37-39). So, the actual 

evaporation rate could be given by the modified Hertz-Langmuir equation as 

(2.7)

The physical origin of the evaporation coefficient lies in the bond strength between the 

metal atoms and the nitrogen atoms at the surface. This reduction in evaporation rate 

compared to that calculated by equilibrium thermodynamic data was observed in other 

III-nitride systems as well (40-44) and was attributed to the strong III-N bond strength. 

However it was also shown in other systems (23) that the bond strength alone is not 

the sufficient condition for the material system to have a low evaporation coefficient. 

This low evaporation coefficient has significant implications on the decomposition of 

GaN in vacuum. Instead of evaporating incongruently in vacuum as predicted by 

thermodynamics, GaN evaporates congruently because the experimentally observed 

evaporation rate of GaN falls below that of the evaporation rate of Ga(v) from the 

surface (43). However, later work (43, 45) confirmed using mass spectrometry the 

presence of Gallium containing species and nitrogen. Contradictory to this 

observation, Groh et al. (44) reported that a mass spectrometer detected only nitrogen 

containing species and a metallic Gallium deposit on the colder portion of the vacuum-

annealing furnace. Further, it was also reported from the same authors that gallium 

droplets were observed on top of the GaN surface. Groh et al. also found that the 

activation energy of the decomposition reaction to be less than that of the bond 

strength of Ga-N bond indicating that the decomposition reaction involves surface 
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interactions with the species in the gas phase rather than breaking Ga-N bond alone. 

The discrepancies between the observations in GaN decomposition studies by Groh et 

al. and Searcy et al. could be attributed to the following factors. The samples used in 

both the studies are highly doped polycrystalline samples and were different. Further, 

as explained by Averyanova et al. (46), the langmuir free evaporation is different from 

the Knudsen cell evaporation where, the effective orifice area of the Knudsen effusion 

cell could be different in both the studies. From Fig. 2.4 it could be seen that if the 

decomposition reaction occurs in conditions equivalent to langmuir free evaporation, 

i.e. in a Knudsen cell with orifice area equal to the evaporating are of the crystal, then 

GaN evaporates congruently.

Figure 2.4. Calculated Gallium vapor pressure for evaporation under Knudsen 

evaporation conditions. From Ref. (46).
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As the figure 2.4 shows the ratio of the orifice area to that of the evaporation area (η) 

determines liquid formation on the surface by determining if the vapor pressure of 

gallium over GaN is above the vapor pressure of gallium over liquid gallium at that 

temperature. Studies by researchers (47) established stability regions for GaN under 

vacuum as well as OMVPE pressures over wide range of temperatures. The very small 

the rate of decomposition of GaN at atmospheric pressure of nitrogen (48, 49) could 

be attributed to the higher activity of nitrogen at near atmospheric pressures (23). 

Further, evaporation rates are further reduced due to a higher probability of gas 

scattering thus redirecting Ga [g] species towards substrate and hence maintaining 

higher gallium vapor pressure near the surface (50). GaN decomposition could be 

influenced by the presence of hydrogen, liquid Gallium and Indium, impurities and 

dislocations present in the material, and the crystal face that is undergoing 

decomposition. Initial studies on GaN decomposition in hydrogen atmosphere (43, 49) 

tried to explain the decomposition mechanism by the reduction in surface free energy 

by comparing it with Munir and Searcy’s work. However, due to the difference in 

crystalline qualities involved in the studies, a concrete conclusion could not be made. 

This problem was addressed in a later study by Koleske et al. (51, 52). GaN 

decomposition rate was found to be enhanced when it was annealed in pressures 

greater than 100 torr. The mechanism of GaN decomposition in hydrogen atmosphere 

was proposed to be dissociation of hydrogen on GaN surface, reaction of dissociated 

hydrogen with GaN to form ammonia and the desorption of ammonia from the 

surface. 

Liquid gallium and Indium were found to enhance GaN decomposition rate by 

acting as catalysts (53). These metals form Ga-N or In-N bonds on the top atomic 

layer across the solid-liquid interface and thus reduce the bond strength of solid Ga-N 



15

bonds. The decomposition process is completed by the dissolution of GaN in the 

liquid and evaporation of nitrogen molecule from the liquid. 

The dependence of GaN decomposition rate on the type of crystal facet was 

studied by various researchers by studying decomposition of GaN grown on different 

substrates. It was found that the decomposition rate strongly depends on the facet that 

is undergoing decomposition. In a study by Sun et al. (49) the GaN layers grown on 

different substrates were annealed in a hydrogen atmosphere at 900 0C. The films that 

were deposited on sapphire decomposed completely leaving gallium droplets on the 

wafer. However, GaN layers grown on Si faced 6H:SiC did not significant 

decomposition in a similar environment. Sun et al. also reported that in hydrogen 

atmosphere at 900 0 C, (11-20) films deposited on (01-12) sapphire have a higher 

decomposition rate than the (0001) GaN films deposited on (0001) Sapphire. The 

authors concluded from these experiments that the N terminated (0001) GaN is more 

stable than that of (11-20) GaN surface that in turn is more stable than Ga terminated 

(0001) face. One should however keep in mind while comparing the GaN 

decomposition rates of different crystal facets that these samples were fabricated on 

different substrates. This could lead to a difference in dislocation density in the grown 

layers. Since the dependency of GaN decomposition on the dislocation density and 

impurities was proven, (41, 42) it should be noted that the layers grown on various 

substrates will have different dislocation densities and might affect the conclusions 

drawn from the above study on crystal facets by Sun et al.

2.3 GaN growth from thermodynamic perspective:

2.3.1 MBE

Device quality single crystal thin films of III-V semiconductors were grown using 

molecular beam epitaxy (MBE). As mentioned earlier, it was demonstrated that GaN 
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could be grown under non-equilibrium conditions using MBE. MBE offers several 

advantages over the conventional thin film growth techniques. These include much 

better control over the thickness and composition of the films that could be attributed 

to the layer by layer growth at the atomic level (54, 55). Further, it was shown that the 

quality of the grown material is independent of the growth conditions (55). A study by 

Newman extends the growth principles from other systems to III-N system (19). In the 

MBE growth of other nitride systems, kinetic barriers play a very important role. 

However, it was demonstrated that in GaN system, due to the strong bonding present 

in Ga-N and nitrogen molecule these kinetic barriers are required for the growth using 

MBE (20). Since the conditions of MBE growth of GaN are not thermodynamically 

favorable, the reaction occurs via meta-stable growth mode. Earlier studies on MBE 

growth of III-V compounds (55) mention that thermodynamically favorable conditions 

are necessary in order to successfully grow thin films using MBE. However, this study 

does not address the influence of kinetic barriers in adatom diffusion and 

incorporation into the lattice. From the phase diagram in Fig.2.1 & Fig. 2.2, one could 

see that the conditions under which most of the thin film GaN growths were reported 

were not thermodynamically favorable. Despite this thermodynamic barrier growth of 

GaN occurs due to an unusually large barrier for GaN decomposition (31). The 

reaction boils down to a competition between the forward reaction and the 

decomposition reaction. As long as the rate of the forward reaction to form GaN is 

higher compared to the rate of decomposition reaction, it is possible to grow GaN. 

However, it should be noted that the reacting species should be activated in order to 

provide sufficient energy for the GaN formation reaction. The reverse reaction of GaN 

decomposition could be enhanced by the presence of liquid gallium metal on the 

surface (53). So, excessively gallium rich conditions and high temperatures are 

generally avoided in MBE growth of GaN even though gallium rich conditions favor 
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the growth. The kinetic energy of the activated species plays an important role in 

determining the quality of the films. However, if this energy is too high, it could cause 

damage to the growing film and also enhances the reverse decomposition rate (56).

2.3.2 CVD:

Even though it is the industry standard to produce thin films for all other III-V 

devices, and despite its advantages such as uniformity, high yield and high throughput, 

the development of CVD GaN was delayed due to the amount of time it has taken to 

develop exotic precursors, reduce the rate of competing reactions and to precisely 

control transients involved in multiplayer growth (57, 58). The basic principle of CVD 

is to maintain a supersaturation of reactants in the gas phase so that they can diffuse 

through the boundary layer on top of the substrate towards to the growing crystal. 

However, the diffusion of reactants through the boundary layer establishes an upper 

limit to the rate of the growth reaction that is only a fraction of the growth rate 

predicted by thermodynamics (59). Maruska and Tietjen (4) successfully demonstrated 

the CVD of GaN by using a chloride vapor transport technique. As opposed to MBE 

of GaN, the chemical vapor deposition of GaN takes place under the conditions that 

are thermodynamically favorable. This leads to a higher quality material compared to 

the material grown by other techniques. 

The CVD growth of GaN using chloride vapor transport was modeled by studies by 

Ban et al. (60) and Liu et al. (61). These studies include thermodynamic and kinetic 

aspects involved in chloride vapor transport of GaN. 
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2.4 Ammonia decomposition:

Ammonia, as the nitrogen source plays a very important role in the CVD growth of 

GaN. Even though the reaction involving ammonia in CVD of GaN seems to be 

trivial, in reality it is not so. Ammonia is thermodynamically unstable in the operating 

conditions of CVD growth. This generates molecular nitrogen N2 that is inert at CVD 

temperatures (60, 61).

(2.8)

Thermodynamically, during the conditions encountered in CVD reactions [0.1-1 bar 

and 1000-1100 C] the decomposition reaction should be 99.99% complete (19, 20). 

However, fortunately, there exists a kinetic barrier to N-H bond breaking that 

considerably slows down the rate of decomposition of ammonia. It was found that 

even though the extent of ammonia decomposition increases with temperature, 

catalysts have a significant effect on the efficiency of decomposition (60-62). 

Platinum, Tungsten and Iron (63), and graphite were reported as catalysts for ammonia 

decomposition (61, 62) reaction. Even though the mixture of Ga (l) and GaN(s) acts as 

a catalyst for ammonia decomposition (61), these conditions are not favorable for the 

growth of GaN since Ga (l) alone acts as a catalyst for GaN(s) decomposition. 

223 2
3

2
1 HNNH +⇔
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Chapter 3

Bulk growth techniques of GaN

3.1 Crystal structure

GaN crystallizes in three crystal structures: wurtzite, zinc-blende and rock-salt. 

Thermodynamically wurtzite structure is the stable one at room temperature and 

atmospheric pressure. However at higher pressures, a phase transition to rocksalt 

structure (64) occurs. The zinc blende/cubic structure is a metastable phase and is 

stable when grown heteroepitaxially on substrates that sustain this particular phase. 

The chemical bond between Ga atom and nitrogen atom is covalent with each Ga atom 

tetrahedrally bonded to four nitrogen atoms through covalent bonds and vice versa. 

The wurtzite structure could be thought of as a two overlapping hexagonal close 

packed structures and shifted from each other by 3/8 c along the c axis as shown in Fig 

3.1. The two axes c and a satisfy the relation c/a = 38 ) = 1.633. The chemical bond 

between Ga atom and nitrogen atom is covalent with each Ga atom tetrahedrally 

bonded to four nitrogen atoms through covalent bonds and vice versa. So, the 

coordination number for the wurtzite structure is four. Symmetry of wurtzite structure 

belongs to space group P63mc with two inequivalent atom positions at (1/3, 2/3,0) and 

(1/3, 2/3, u) where ‘u’ is the dimensionless cell internal structure parameter. Even 

though the ideal wurtzite structure has the same length for four tetrahedral bonds, it is 

19
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not the case for actual nitrides. In reality, due to the deviation of axial ratios from the 

ideal 1.633 value, two bonds differ from the other two (65).

Figure 3.1 Crystal structure of GaN. From Ref. [64]

Physical properties of GaN are summarized in Table 3.1.

3.2 Lattice mismatch

GaN based devices proved to be an exception in exclusive commercialization of 

semiconductors by implementing heteroepitaxy in device fabrication owing to the lack 

of substrates of GaN. Even though the LEDs based on heteroepitaxy of GaN 

demonstrated high luminescence efficiencies despite the high dislocation densities 

(67) GaN substrates are indispensable in improving the performance of the GaN based 

devices. Since state-of-the-art GaN based devices are fabricated on foreign substrates 

such as sapphire, SiC, MgAl2O4, MgO (66),the lattice mismatch and the coefficient of 

thermal expansion mismatch leads to a high dislocation density in the heteroepitaxially 

a

c
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Table. 3.1 Properties of GaN from Ref. [66]

Property Value

Energy band gap (eV) (300 K) 3.44

300 K 1350
Maximum electron 

mobility (cm2/V s) 77 K 19200

Maximum hole mobility (300 K) (cm2/V s) 13

n-type Controlled doping range 
(cm-3)

p-type

1016 to 4 x 1020

1016 to 6 x 1018

Melting point (K) >2573 (at 60 kbar) 

a (nm) 0.318843Lattice constants 

(300 K) c (nm) 0.518524

Percentage change in lattice constants (300–

1400 K)
∆a/a=0 0.5749, ∆c/c0 0.5032

Thermal conductivity (300 K) (W/cm K) 2.1 

Heat capacity (300 K) (J/mol K) 35.3 

Modulus of elasticity (GPa) 210 ± 23

Hardness (nanoindentation, 300 K) (GPa) 15.5 ± 0.9

Hardness (Knoop, 300 K) (GPa) 10.8

Yield strength (1000 K) (MPa) 100
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grown GaN layers. Figure 3.2 shows a graph of energy bandgap vs. lattice parameters 

of various materials that are used as substrates for GaN devices. As can be seen from 

the plot, sapphire has a lattice mismatch of ~13% with GaN and this results in a very 

high dislocation density of the order of 108-1011/cm2. Table 3.2 shows the lattice 

parameters, coefficient of thermal expansion mismatch and the lattice parameter 

mismatches of various substrates with GaN (2).

Figure 3.2. Energy Bandgap Vs. Lattice Parameter
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3.3 Bulk growth techniques of GaN

3.3.1 HVPE:

The first report of HVPE growth of GaN was by Tietjen (4) in 1969. This method of 

growing was used to grow epitaxial layers of GaN till early 1980s. However, due to 

high density of native nitrogen vacancy defect concentrations that was thought to be 

due to the high deposition temperatures involved in the process (68), researchers 

stopped using this method to produce GaN layers. Despite the experimental evidence 

that HVPE GaN layers could be grown with non-degenerate carrier concentrations, 

(69) the inability to achieve p-type doping was thought to be due to the nitrogen 

vacancies. HVPE essentially involves a reactor with two different temperature zones. 

First zone is usually the low temperature one that is kept at ~800-9000 C and contains 

a boat consisting of gallium. HCl is made to react with gallium in the low temperature 

zone and transported to the high temperature zone using a carrier gas such as H2, N2 or 

He (70). In the high temperature zone, it is made to react with ammonia to form GaN 

on the substrate held on a rotational platform. The temperature of this high 

temperature zone is kept at 1000-11000 C. The reactions that occur in the two zones 

are given below.

Low temperature zone:

(3.1)

(3.2)

The efficiency of the above reaction (3.1) was reported to be highly dependent on the 

temperature of the reaction. Higher the temperature, higher the efficiency of the 

conversion reaction (60, 61). Reaction (3.2) is a parasitic reaction that reduces the 

partial pressure of GaCl (g) in the gas phase. GaCl (g) formed in the above reaction is 

)()()()( 2 gHgGaClgHCllGa +⇔+

)()(2)( 23 gHgGaClHClgGaCl +⇔+
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transported to the high temperature zone of the reactor where it is reacted with NH3

according to the following reaction. 

High Temperature Zone

)()()()()( 23 gHgHClsGaNgNHgGaCl ++⇔+ (3.3)

The extent of ammonia decomposition at these temperatures determines the amount of 

atomic nitrogen available for the GaN formation reaction. Ammonia is 

thermodynamically unstable at reaction temperature. However, the kinetic barrier to 

the decomposition of ammonia restricts the extent of ammonia decomposition. Taking 

into account the mole fraction of ammonia decomposed (α) as shown in the reaction 

below. 

(3.4)

The efficiency of the above reaction (3.4) was found to be dependent on the type of 

carrier gas (60). It was found that He is a more conducive environment for GaN 

growth.

One of the disadvantages of HVPE is the gas phase reaction leading to the 

formation of GaN in the gas phase and on the walls since GaN formation reaction is 

thermodynamically favorable under growth conditions. These parasitic reactions have 

a deleterious effect on the growth rate as well as leading to particle formation in the 

gas phase that might get incorporated into the growing crystal thus contributing to the 

defects. Further, HCl is corrosive and could contribute to the degradation of the 

reactor equipment (68). In order to avoid this, GaCl3 was used by several researchers 

as a source of gallium instead of GaCl (71-73). As stated above, GaCl3 could form 

2233 2
3

2)1( HNNHNH ++−⇔ αα
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when GaCl reacts with HCl. GaCl3 tends to react with NH3 and condense thus 

reducing the amount of gallium available for the crystal growth reaction (74). Despite 

these limitations, HVPE is still being used to grow epitaxial layers of GaN and as a 

technique for growing bulk GaN due to its high growth rates as high as 60 microns per 

minute (75-77). Film morphology in subsequent studies was using modifications such 

as sputtered AlN/ZnO low temperature buffer layers GaCl pretreated substrate, and 

epitaxial layer overgrowth (72, 75, 78). 

3.3.2 Solution growth:

Various solution growth methods were used to grow GaN. A low pressure, low 

temperature pulling method from a gallium containing solution was reported (79) to 

result in polycrystalline GaN with grain sizes of the order of a few mm (80). The 

growth rate achieved in this method was 1-2 mm. Even though crystals of 25mm 

diameter and 12mm length were grown, as mentioned earlier, they were 

polycrystalline. Another way of growing GaN single crystals was developed using 

high pressure solution growth method in Poland, Warsaw (81, 82). In this method, 

high quality GaN crystals were grown from solutions of atomic nitrogen in liquid 

gallium using high pressures of nitrogen. It was known that gallium metal catalyses 

the dissociation of molecular nitrogen (81). However, there exists a potential barrier 

for the molecular nitrogen to reach the metal surface. This barrier was overcome by 

high pressure and high temperatures used in this particular form of solution growth 

technique. Nitrogen atoms efficiently undergo chemisorption under these growth 

conditions. The number of nitrogen atoms that could be dissolved in the solution is 

limited by the solubility limit (83). If this number of nitrogen atoms in the solution is 

high enough, in other words, if the pressure of atomic nitrogen in the solution is high 

enough, it could form GaN in the solution. This equilibrium was studied previously by 
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Karpinski (84). Fig. 3.3 (a) and 3.3(b) shows the phase diagram of p-T curve for GaN 

system and solubility curve for Ga-N2 system respectively (85).

Figure 3.3(a) Phase Diagram of GaN. From Ref. (85)

Figure 3.3(b) Solubility curve for Ga-N2 system. From Ref. (85)

Since the solubility of nitrogen in the solution is an increasing function of 

temperature, crystal growth in this technique was achieved by maintaining a 

temperature gradient. In the higher temperature portion of the solution, there is a 

higher amount of dissolved nitrogen in the solution and vice versa. This dissolved 

nitrogen was transported from high temperature region to low temperature region due 

to the presence of a concentration gradient of nitrogen in the solution as well as 

convection currents. This leads to a supersaturation in the low temperature region of 
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the melt thus giving rise to crystal growth. Even though this method resulted in higher 

quality crystals compared to that of low temperature-low pressure solution grown 

crystals, it still has some disadvantages. Crystals grown using this method are 

generally platelets of relatively small size i.e. of the order of 1 cm2. Higher degree of 

anisotropy, difficulty in controlling the nucleation sites on polar surface (0001), and 

lack of control over mass transport in solution are the main drawbacks of solution 

growth technique. Further, the slow growth rates encountered in this technique are 

unsuitable for industrial production environment (85).

A variation of the above mentioned solution growth method was developed by 

Inoue et al. (86). This method is called pressure controlled solution growth and 

addresses some of the problems involved in the conventional solution growth. 

Conventional solution growth involves maintaining relatively high temperature 

gradients over short distances. Conventional solution growth also leaves behind major 

portion of solvent where as this is not the case in PC-SG. This technique also amends 

the dropping growth rate problem observed in the conventional technique. PC-SG is 

based on increasing the over pressure of the solute at constant temperature as opposed 

to the constant over pressure of the solute in the conventional SG method. This 

eliminates the temperature gradient problem and also addresses the decreasing growth 

rate problems encountered in CSG. Furthermore, it doesn’t leave any solvent behind. 

From this study, it was observed that the lower rate of pressure increase gives rise to 

better crystalline quality. 
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3.3.3 Flux method:

Even though the solution growth method offers a way to grow GaN single 

crystals, the pressures required in this process are extremely high (81, 82). It was 

found that the addition of Na to the gallium increases the solubility of nitrogen in the

melt and hence makes possible the single crystal growth at lower pressures. This 

method was developed by Yamane et al. (87). This flux method is a variation of high 

pressure solution growth method except that the flux method utilizes a mixture of 

gallium and sodium instead of pure gallium to increase the solubility of nitrogen and 

hence bring down the operating pressures. In order to have a good understanding of 

flux growth technique, a thorough understanding of high-pressure solution growth 

[HPSG] technique is essential. A detailed analysis of HPSG and Na flux based growth 

technique was performed by Kawamura et al. (88). Since a congruent melt of GaN 

could not be formed at the operating conditions of HPSG, the technique should be 

regarded as growth in gallium self flux. Solution growth techniques described 

previously (84, 85, 86, 89) make use of only increasing solubility with increasing 

pressure or maintaining a temperature gradient Figures 3.3 & 3.4. The self explanatory 

Figure 3.4 describes how maintaining a higher pressure than equilibrium pressure can 

lead to crystal growth. From Fig. 3.4, it could also be seen that the solubility of 

nitrogen in the melt increases dramatically with the addition of sodium. This makes 

the solution growth of GaN possible at much lower pressures compared to the solution 

growth of GaN in pure gallium melt.

The mechanism of GaN crystal growth by sodium additions was described by 

Kawamura et al. (88) as follows. Addition of sodium to the melt ionizes the nitrogen 

molecules at the gas-liquid interface above 900 K. These ionized nitrogen species are 

easily dissolved in the Ga-Na melt system.
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Figure 3.4. Solubility curve of GaN in gallium melt and the effect of addition of 

sodium on the solubility of nitrogen in GaN. From Ref. (88)

Application of pressure enhances the dissolution of ionized nitrogen in the melt and 

when the nitrogen concentration exceeds the solubility of GaN, crystal growth 

initiates. Aoki et al. (90) demonstrated single crystal GaN growth at a pressure of 1-5 

Mpa at low temperatures [650-9000 C] using high pure Na flux based method as 

opposed to the high pressure method where the operating pressures are of the order of 

GPa. In this study, crystal growth experiments were carried out at the temperatures of 

750-800 °C, N2 pressures of 3-5 MPa and sodium mole fractions of 0.36- 0.60 for 150-

450 h. Single crystals of size 5 mm were prepared using this method. The effect of 

other additives such as lithium or calcium was also discussed by Kawamura et al. 

Even though the addition of sodium depends on its power to ionize, lithium and 

calcium were not found to act in the same manner. Li and Ca have high binding 

energies and form nitrides even at high temperature and hence they decrease the 

activity of the melt. The yield of the GaN crystal growth process was found to increase 

with increasing Li or Ca concentration up to a certain point after which any more of 

the additives tend to decrease the yield. This decrease in yield was thought to be due to 

the decrease in the reduction power of the melt after a certain additive concentration. 
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As could be seen from these results, the growth rates involved in this method are 

extremely low (~mm/day) and not suitable for growing large size bulk GaN crystals.

3.3.4 Ammonothermal process: 

Dwilinski et al. (91) reported the synthesis of GaN using ammonothermal process for 

the first time. This process involved the reaction of gallium with supercritical 

ammonia in a nickel-alloy autoclave at a temperature of 5500 C and at a pressure of

5kbar. In order to expedite the chemical reactions, mineralizers such as lithium, 

potassium, or lithium amide compounds were added to the autoclave and the reaction 

was carried out for 3-21 days. The alkali metals or their amides react with ammonia 

solution forming imides that dissociate into RNH- and H+ ions where R represents an 

alkali metal. The higher the concentration of these alkali imides, the more is the GaN 

formation along with other Ga-NH2 complexes. The GaN thus formed was in the form 

of powder, highly pure and has high crystalline quality as proven by the PL. The 

position of the peaks in the PL spectrum was sample independent and hence indicated 

stress free samples. The crystalline size was of the order of few microns. Another 

approach of growing bulk GaN single crystals using GaN feed stock was developed by 

Ketchum et al. (92). This method is similar to hydrothermal growth of quartz where a 

feedstock of SiO2 was dissolved by a OH- mineralizer (93). In the approach by 

Ketchum et al., amide was used as the mineralizer. The purpose of the mineralizer is 

to dissolve the feedstock forming a soluble species that can be transported to the 

crystal growth site. In order to achieve supersaturation, a temperature gradient was 

maintained. The following reaction explains the processes involved in the 

ammonothermal growth of GaN.
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à soluble Ga-imide complex
à GaN crystals + 32 3NHNH +− (3.5)

Using this process, single crystals of 0.5 x 0.2 x 0.1 mm3 size were synthesized.

Next chapter focuses on sublimation growth of GaN and discusses the reasons behind 

our approach to grow bulk GaN crystals. It also gives a description of the growth 

system and the gas handling system used in our experiments.

32 3NHNHGaN ++ −
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Chapter 4

Sublimation growth
4.1 History of sublimation growth

Sublimation technique has proven to be a successful technique to grow bulk AlN 

crystals (94). AlN undergoes congruent evaporation at high temperatures providing Al 

and N2 in the gas phase the necessary species for the growth of AlN. The over pressure 

of these species is sufficient enough to grow AlN in the temperature range of 1950-

2250 0C (95). Using this technique, AlN bulk crystals of area 10mm x 10mm and 

thickness of 1mm were produced. However, in contrast to AlN, as explained in section 

2.2, GaN undergoes congruent evaporation only under langmuir free evaporation 

conditions (43, 96). At higher pressures, GaN undergoes incongruent evaporation 

forming liquid gallium and N2. However, since the N2 is extremely unreactive with

liquid gallium at atmospheric pressure, it is not possible to drive the GaN formation 

reaction in the forward direction. So, one has to use a different source of nitrogen such 

as ammonia.

Sublimation sandwich technique growth of GaN was attempted by Wetzel et 

al. (97). They placed a series of growth cells each consisting of a gallium boat and a 

SiC seed placed directly above it. By passing ammonia gas through the gap at flow 

rates of 25-50l/min, they were able to obtain epitaxial layers of GaN at growth rates of 

300 µm/hr. The characterization results showed that the epitaxial layers were highly 

crystalline with FWHM of the X-ray rocking curves ~ 6 arc min. The grown layers 

32
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were found to be n-type with electron mobilities ranging from 30-80cm2/Vs. Fisher et 

al. (98) reported the growth of GaN layers grown at high temperatures in the range 

near and above 12000C. The growth rates obtained using this high temperature vapor 

phase epitaxy were 40-80 µm/hr. However, the FWHM of the rocking curves ranged 

from 420-1000 arcsec for the layers deposited on 6H-SiC substrates and 1000-1250 

arcsec for the films that were grown on sapphire. However, the flow rates of ammonia 

were of the order of 20 sccm in HTVPE as opposed to 25-50 l/min by Wetzel et al. 

Baranov et al. reported the growth of GaN by sublimation sandwich technique at 

growth rates greater than 1mm/hr in detail. They found that even though liquid 

gallium source resulted in higher growth rates, its special and temporal stability was 

inferior compared to that of the GaN powder source. However, it was found that the 

pure GaN powder decomposed incongruently to give rise to liquid gallium in the 

powder. A mixture of liquid gallium and GaN powder was used as the source material 

in these experiments. Using this process, GaN crystals of size 0.5 mm x 15mm x 

15mm were obtained at growth rates ranging from 0.1-1.1 mm/hr. However, the best 

quality crystals were obtained when growth rate ranged from 0.2 to 0.4 mm/hr. 

Numerical simulation based on the Navier-Stokes equation, conservation of 

momentum, mass and energy and including the heterogeneous reactions at the source 

and the substrate were performed assuming NH3, N2, H2, Ga as the transporting 

species, and neglecting the homogeneous reactions between the transporting species. 

These simulation results indicated that the hydrogen concentrations inside the growth 

cell exceeded 93%. This high concentration of H2 is predicted to hinder the supply of 

ammonia to the growing surface and result in lateral non-uniformity in the III-V ratio. 

Further, the simulated growth rates were much lower compared with the 

experimentally observed growth rates. The gallium transport rates were calculated 

considering three different mechanisms, i) gas convection in the growth cell enhanced 
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by hydrogen generation at the surface of the source due to NH3cracking, ii) multiple 

channel desorption of Ga (via gaseous compounds with hydrogen and other possible 

species), and iii) generation of Ga droplets at the surface of the source followed by 

their transport to the substrate. However, these mechanisms were not able to 

substantiate the high gallium transport rates experimentally observed. A growth 

process window was found as a function of substrate temperature (T) and the 

temperature gradient (∆T) between the source and the seed. At higher ∆T and/or T, 

gallium droplets were observed on the surface resulting in numerous material defects. 

At low substrate temperatures, polycrystalline growth was observed where as at lower 

∆T, the re-evaporation rate at the seed was higher resulting in island formation. X-Ray 

rocking curve FWHM of the GaN crystals grown on SiC substrates was found to vary 

from 2.5-6.5 arcmin where as it was in the range of 6-9 arcmin for the crystals grown 

on sapphire. A serious issue encountered in this process was that of bending of grown 

GaN layers because of the lattice mismatch and thermal coefficient mismatch between 

the substrate and the grown layers. The dislocation densities calculated using X-ray 

diffraction technique were found out to be ~1-2 x 1010/cm2. Even though the growth 

rates achieved were high, the simulation results suggested further optimization of the 

process conditions to achieve better uniformity. Later studies on sublimation growth 

of GaN using crystalline GaN powder containing few hundred micron size crystals 

resulted in single crystal GaN layers (99). Even though high growth rates were not 

reported using this process, it was reported that the process was more stable resulting 

in a higher quality of grown layers. A direct synthesis method [DSM] similar to 

sublimation sandwich technique was reported by Nishino et al. (100) where liquid 

gallium and ammonia were used as the precursors and resulted in growth rates 

~70µ/hr. Crystalline quality and the surface morphology were found to improve 
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significantly when seeds of sapphire with GaN epitaxial layer were used instead of 

sapphire.

The extensive research that has been done over the years to grow bulk GaN has 

been described in this section as well as in section 3.3. From the literature, it was clear 

that sublimation technique produced good quality GaN crystals at high growth rates. 

We tried to improve the growth rate of GaN by using a carrier gas to transport the 

gallium containing vapor species that is obtained from the decomposition of GaN 

powder. The advantage of this approach is that the growth system is relatively 

inexpensive as opposed to the high pressure solution growth where pressure vessels 

that can tolerate upto 10,000 bar pressures are needed. Further, the growth rates 

obtained in sublimation technique are way more than those obtained in HPSG, 

ammonothermal, and flux based growth techniques. High growth rates provide the 

advantage of commercializing the bulk GaN growth technology because of higher 

throughput. The following section describes the growth system as well as the gas 

handling system that was used in the growth experiments. Since the growth setups 

used to perform the experiments were modified over time, they are described 

chronologically in the later chapters to maintain a continuous flow of GaN growth 

technology development. 

4.2 System description 

This section describes the crystal growth system that is used in our 

experiments (101). The growth system comprises of a 14000 C furnace mounted 

vertically on a steel base plate. In order to provide high-pressure capabilities, the 

furnace is surrounded by a pressure vessel. A tube steel frame supports the base plate 

as well as the power module meant for power distribution to the furnace elements. 

Attached to the steel tube frame is an electric winch that is used to lift the pressure 
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vessel cover up for furnace maintenance. A combination of steel and molybdenum rod 

serves as the puller rod and is operated by a linear motion mechanism mounted above 

the vessel. This rod can be attached to a motor that can be used to rotate the rod to 

employ seed crystal rotation during the crystal growth process. The puller rod goes 

through a double seal assembly in the top pressure vessel and holds the seed holder at 

the bottom by means of a 10-32 threaded hole. 

The pressure vessel has a water jacket and a water cooling loop in the top 

vessel cover. Water enters the bottom side of the water jacket and exits at the topside 

of the jacket. The side water jacket and the top water cooling loop are connected in 

series. The water that exits from the side jacket enters the water cooling loop at the top 

and exits at the top of the cover. A flow switch interfaces the furnace power supply to 

the water flow. This switch turns the power to the elements off when the water is 

below a certain flow rate. 

The top side of the pressure vessel is covered by an adapter flange that has five 

ports out of which three ports were used for gas flows, one for a thermocouple and one 

for a pressure transducer. On top of the adapter flange, there is another flange that 

could be lifted by a slider mechanism that is attached to the steel tube frame. This slide 

mechanism has an electrically operated break switch that can be used to load and 

unload the growth assembly. The vessel is sealed on both top and bottom sides by 

means of stainless steel bolts. A torque wrench is used to tighten the bolts in three 

steps [20ft-lbs, 40 ft-lbs and 60 ft-lbs]. For sealing the bottom side, a circular pattern 

was implemented while tightening the bolts. In order to accommodate for the gasket 

compression, this tightening has to be repeated one more time around the bolt circle at 

the 60 ft-lb level. However, for tightening the top cover and the two flange assembly 

on the topside of the vessel, a cross pattern is used instead of the circular pattern. 
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Again, a three-step torque level similar to the bottom side sealing procedure is 

implemented. 

The system is turned on by turning on the circuit breakers first. Then the 

system reset toggle should be actuated. The water flow through the cooling water 

jacket should keep the flow switch turned on to allow electrical power to the 

molybdenum furnace elements. The current to the molybdenum elements is limited by 

employing phase angle fired SCR’s with current limiting. The over temperature 

display should read ambient. One must note that the over temperature display indicates 

an out of range condition at room temperature because B type thermocouples are 

employed to read the temperature of the furnace.

An alarm circuit causes the power contactors to drop out and the power to the furnace 

is turned off if the water flow stops. This circuit also rings an alarm to warn about the 

insufficient water supply through the water jacket. However, this alarm could be 

silenced by toggling a switch 

The vessel base plate has several ports to connect the system to gas or vacuum 

equipment. There are two vacuum ports that are connected to the front side of a 

roughing pump and a turbo pump respectively. The backsides of these pumps are 

connected together via a foreline. A pirani gauge monitors the pressure in the foreline 

as shown in the schematic. 

The entire system can be controlled by a PC based ADAPT program. 

A schematic of the growth system that was used to perform the experiments is 

as shown in figure 4.1. The graphite boat that shown is suspended by three 

molybdenum rods that are held by three stainless steel rods by means of set screws. 

These three stainless steel rods are screwed in to the top flange. The suspension rods 

are not shown in the schematic. Two quartz tubes that serve as gas inlets shown in the 

figure are employed to provide the N2/ H2/ NH3 gas flows as shown. These two quartz 
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tubes are held by two cajon fitting that is welded to the top flange. A thermocouple is 

inserted into the boat to measure graphite boat temperature. The whole assembly is 

enclosed in a graphite/quartz ampoule that is attached to the top flange. This graphite 

ampoule isolates the experimental set up from the rest of the furnace tank. This 

ensures the safety of the filaments, as they are not in direct contact with the process 

gases.

The gas flow inputs comprises a seed flow that is directed towards the seed and 

a ampoule flow that is into the ampoule ambient. This flow is used to deliver the 

carrier gas such as nitrogen in the later designs. Exhaust line from the ampoule is 

divided into two lines that are connected to a turbo pump and a roughing pump 

separately. A foreline connects these two pumps as shown in the schematic. These two 

pumps are used to pump down on the tank as well the ampoule. The tank and the 

ampoule are connected to two different pressure transducers via a throttle butterfly 

valve and to two exhaust valve controllers [not shown] to control the pressures in the 

tank and the ampoule independently. A leak valve on the foreline was used for the 

purpose of leak checking the system.

The gas handling system for the growth system is shown in Figure 4.2. 

Nitrogen gas passes through the regulator and is divided into two lines as shown by 

two mass flow controllers [MFC 1 & 2]. MFC3 and MFC4 are used to flow hydrogen 

and ammonia respectively. A rotameter is also used to pass hydrogen gas due to the 

malfunction of MFC3. A separate line for argon is established to backfill the tank. 

After passing through the MFCs, the gases are mixed as shown to give rise to seed 

flow and ampoule flow that could possibly consist of N2/NH3/H2 and N2/H2

respectively.
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Figure 4.1 Schematic of the growth system
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Figure 4.2. Schematic of the gas handling system.
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Chapter 5

GaN Growth using commercial GaN powder –

Sublimation sandwich.

5.1 GaN decomposition experiments:

In chapter 4, we discussed sublimation and a detailed description of growth 

system and gas handling system. This chapter focuses on the experimental results that 

were obtained from the first generation growth setup. The choice of GaN powder as 

the source gallium in bulk growth of GaN was made based on the fact that powder will 

have more surface area compared to a crystal of the same weight. If GaN powder is 

used instead of a wafer of the same weight, number of Ga atoms produced per second 

from the powder will be a factor of 4t(1-ρ)/r more than that of wafer decomposition 

due to higher surface area of the powder. ρ is the porosity of the powder, t is the 

thickness of the wafer and r is the radius of the GaN granule respectively in the above 

expression. This principle was used to increase the incoming flux of gallium 

containing species and hence increase the growth rate of GaN. In order to make sure 

that GaN powder acts as a stable source of Ga vapor for crystal growth experiments, 

we have performed GaN powder decomposition experiments at different temperatures. 

GaN powder decomposition experiments were performed in order to measure gallium 

transport rates. Commercially available GaN powder [Alfa Aesar, 99.99% pure metals 
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basis] was used as the source in the decomposition experiments. Weight loss of the 

powder was measured as the difference between the initial weight and the weight after 

the experiment. A schematic of the experimental setup that was used to perform the 

decomposition experiments is as shown in Figure 5.1.

5.1.1 Design - I 

This configuration consists of a graphite boat that is suspended by three molybdenum 

rods that are held by three stainless steel rods by means of set screws. These three 

stainless steel rods are screwed in to the top flange. The suspension rods were not 

shown in the schematic. Two quartz tubes that serve as gas inlets shown in figure 5.1 

were employed to provide the sees/ampoule gas flows as shown. These two quartz 

tubes were held by two cajon fittings that is welded to the top flange. A thermocouple 

was inserted into the boat to measure graphite boat temperature. The whole assembly 

was enclosed in a graphite ampoule that is attached to the top flange.

5.1.2 Experimental procedure: 

This involved loading the graphite boat with commercial GaN powder and pumping 

down the system to a foreline pressure below 10-2 torr. Once pumped down, the 

ampoule was backfilled with nitrogen through the two gas inlets and the tank with 

argon. The temperature was then ramped from room temperature to 800 0C and 

stabilized for an hour at this temperature. After the stabilization period, the 

temperature was ramped to the decomposition temperature set point as read by the 

thermocouple. Once the decomposition temperature was reached, the gas flows were 

set to the required composition through the right side quartz tube in the schematic. The 

left side tube was used only to flow nitrogen. Once the decomposition time was over, 

the power to the filaments was turned off. 
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Figure 5.1. Experimental setup for GaN powder decomposition experiments

5.1.3 Experimental results and discussion:

Figure 5.2 summarizes the weight loss variation with respect to temperature. These 

experiments were performed for 1 hr at a pressure of 100 torr under an atmosphere of 

50 % nitrogen and 50% hydrogen. An exponential increase in weight loss was 

observed with an increase in temperature. Figure 5.3 shows the variation of weight 

loss with respect to time. These decomposition experiments were performed at a boat 

temperature of 1000 0C, 100 torr pressure and an atmosphere that contains 50 % 

nitrogen and 50% hydrogen. A non-linear variation of weight loss with time could be 

observed from the plot. At longer times, the rate of weight loss was observed to have 

slowed down indicating depletion of source material. 
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Figure 5.2 Weightloss of GaN with temperature

Figure 5.3. Weightloss of GaN with time.
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The effect of hydrogen on GaN decomposition was also studied by varying the 

concentration of hydrogen in the right side gas inlet. Figure 5.4 shows the effect of 

hydrogen on GaN decomposition. It can be clearly seen from the graph that the 

presence of hydrogen enhances the decomposition of GaN through reaction 5.1

(5.1)

These decomposition experiments were carried out at a total pressure of 100 torr and a 

temperature of 10000 C. These results were in direct agreement with the previous work 

by Koleske et al. (51, 52).

Figure 5.4. Effect of hydrogen on decomposition of GaN.
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5.1.4 Simulations:

Theoretical modeling of GaN powder sublimation in the present experimental setup 

was performed by Dr. Yuri Makarov at Semiconductor Technology Research, Inc 

(102). A code developed in STR, Inc. was used to simulate axisymmetric steady-state 

heat transfer in the growth chamber. Special attention is given to the effect of powder 

thermal conductivity, powder charge weight, as well as the effect of powder granule 

size on the temperature distribution in the source zone. A model of heat transfer in 

granular powder suggested earlier in STR, Inc. for SiC powder was extended to GaN 

powder. This model has the ability to calculate heat transfer in porous media with 

porosity and the grain size of the powder particles as parameters. Using this model, 

thermal conductivity of the powder was calculated as a function of distance from the 

walls both radially and longitudinally inside the boat that contains the GaN powder. It 

was found that the thermal conductivity of the powder was two orders lower than that 

of GaN crystal. It was further reported that bigger the granule size, the better the 

temperature uniformity is through out the powder. Moreover the thermal conductivity 

of the powder was found to be relatively independent of the ambient pressure. The 

porosity of the powder creates noticeable temperature gradients across the powder as 

the powder weight increased from 1g to 5g inside the boat.

Mass transport of species in the powder source and in the gas phase between the 

source and the seed was studied using a one-dimensional model. GaN powder was 

treated as a heterogeneous medium consisting of GaN granules and a multicomponent 

vapor consisting of N2, H2, NH3, and Ga filling the porous space. In the computations, 

both the convective and diffusive mechanisms of the species transport are taken into 

account together along with the heterogeneous chemical processes occurring on the 

granule. An appropriate set of heterogeneous reactions was employed which accounts 
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for the coexistence of GaN(s) and Ga(l) and the fast sublimation of the granules for 

the GaN decomposition reaction. 

The mathematical formulation performed (102) involves a set of Mass Transport 

Equations (MTE) written for every species and coupled with the ideal gas state 

equation. These equations derived for the powder charge and the gap include a source 

term accounting for the interphase mass exchange between the multicomponent vapor 

in the porous space and the granule surface and the mass exchange between the 

growth cell and the ambient. The state equation for the gas mixture in the powder 

charge accounts for the reduced gas volume in the porous medium. Therefore, the 

equations used for modeling were,

In the charge bulk: 
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dz
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In the gaseous gap: 
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Here Ci is the i-th species mass fraction, U is the mixture velocity, ρ is the mixture 

density, Di is the i-th species effective diffusion coefficient, Si is the source term, μi is 
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the molar mass of the i-th species, and R* is the universal gas constant. The source 

terms Si is written as 

, (5.6)

where Gi is the mass flux of the i-th species per unit granule area. 

)( 0
iiiiii ppmG −⋅⋅⋅= βα , (5.7)

where αi is the i-th species sticking coefficient, βi is the i-th species Hertz-Knudsen 

factor, mi is the mass of the i-th species molecule, pi and 0
ip are the i-th species partial 

and thermodynamic pressures, respectively. 

The concept of diffusion resistance was employed to derive an expression for the 

source term Qi in the gas gap 

. (5.8)

Here R is the powder source radius. 

In order to account for the non-equilibrium processes that go on at the granule surface, 

a quasi-thermodynamic approach was developed (103-105) based on the following 

assumptions. 

The atoms in the adsorption layer are almost in thermodynamic equilibrium with the

granule. This means that the rate of atomic incorporation into the crystal from the 

adsorption layer and the rate of the reverse process are much higher than their net 

difference equal to the growth rate of the crystal. 

The introduction of sticking/evaporation coefficients was used to account for the 

kinetic effects at the stage of adsorption-desorption of individual species. In general, 

these coefficients are functions of temperature and partial pressures of the species. 

The one-dimensional model of the species mass transport shows a reasonable 

agreement between the predicted and measured sublimation rates. Both experimental 

observations and theoretical predictions show high powder sublimation rates in the H2-
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N2 ambient, due to the GaN decomposition in the charge bulk. The enrichment of the 

ambient gas with hydrogen provides a further increase of the sublimation rate. 

5.2 Crystal growth experiments

Crystal growth experiments were performed using a seed holder that is held above the 

boat by means of a seed holder rod that enters through the top flange as shown in the 

figure 5.5. This seed holder rod is equipped with a rotary mechanism to enable the 

rotation of the seed. A seed thermocouple that goes through the seed holder rod is used 

to measure seed holder’s temperature as shown. Experimental procedure is the same as 

that used in the decomposition experiments for the most part except that in case of 

growth experiments, ammonia is used as the source of nitrogen to grow GaN. 

5.2.1 Experimental procedure:

GaN epi on Sapphire seeds of 8.5 mm x 8.5 mm size were diced from 2” GaN epi on 

sapphire wafers purchased from TDI Inc. The GaN epi layer is 3-6 µ thick and 

unintentionally doped to a level of 1 x 10 16 – 1 x 10 17 cm-3. Samples were cleaned 

with acetone, and methanol and blown dry with a nitrogen gun before they were 

loaded. Experimental procedure involved loading the graphite boat with commercial 

GaN powder and pumping down he system to a foreline pressure below 10-2 torr. Once 

pumped down, the ampoule was backfilled with nitrogen through the two gas inlets 

and the tank with argon. The temperature was then ramped from room temperature to 

800 0C and stabilized for an hour at this temperature. After the stabilization period, the 

temperature was ramped to the growth temperature set point as read by both the seed 

and the source thermocouples. Once the growth temperature was reached, the gas 

flows were set to the required composition through the right side quartz tube in the 

schematic. The power to the filaments was turned off at the end of growth time. But, 

the ammonia flow was retained till the seed temperature was below 6000C to help 
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maintain the ammonia overpressure on the grown crystal to prevent it from 

decomposing during the ramp down of temperature. 

Figure 5.5. GaN crystal growth setup.

5.2.2 Growth results and discussion:

The maximum growth rate observed was 25 µ/hr at a seed temperature of 

10950C, a boat temperature of 11650C with an ammonia flow of 1000 sccm and at a 

pressure of 600 torr. However, a crust was observed on top of the GaN powder boat 
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that prevented transport of growth species towards the substrate thus resulting in the 

observed low growth rates. This crust was observed only when there was ammonia 

present in the atmosphere and not in the decomposition experiments performed in 

nitrogen ambient. Moreover, the computations (102) predicted recrystallization of the 

vapor in the top domains of the source where the supersaturated vapors are deposited 

on the granule. The recrystallization leads to vapor deceleration near the powder/gap 

interface. 

Figure 5.6. Nomarski optical photograph of the cross-section of the sample showing 

~25µ/hr growth layer.

5.2.3 Characterization Results:

Figure 5.7. shows a Nomarski optical micrograph of the cross section of the sample 

that was grown at a seed temperature of 10950C, a boat temperature of 11650C with an 

ammonia flow of 1000 sccm and at a pressure of 600 torr. The sapphire substrate, 
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original GaN epi layer and the GaN layer grown by sublimation could be seen in the 

cross-section. The GaN layer grown by sublimation is ~ 25 microns thick. A top view 

of the graphite boat with a crust used in the growth experiments could be seen in 

Figure 5.7. As mentioned earlier, this crust was observed in the experiments that 

involved ammonia. 

Figure 5.7. Top view of the graphite boat showing the crust formed after the growth 

experiment in ammonia environment.

Later growth setup designs eliminated the formation of crust and will be discussed in 

the following chapters.
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Chapter 6

GaN Growth using commercial GaN powder –
Flow over the powder configuration.

6.1 Design – 2: Prevention of crust formation

First design used for growth experiments, the conventional sublimation 

sandwich experimental setup, resulted in crust formation on top of the powder during 

growth experiments in the presence of ammonia as discussed in the previous chapter. 

So, a new experimental design was conceived to isolate ammonia from the source 

GaN powder to prevent the formation of the crust. A schematic of the boat and the 

seed holder alone is shown in Fig. 6.1. It consists of boat that contains the GaN 

powder and a seed holder [A & D]. The vapor of gallium containing species that is 

sublimed from GaN powder is transported by nitrogen carrier gas towards the seed 

where it reacts with ammonia gas that comes from the bottom as shown. The annular 

boat is made up of hot pressed Boron Nitride. The transition from graphite in the first 

design to that of hot pressed BN in design II took place because hot pressed BN is 

cheaper compared to SiC coated graphite and is easily machinable. The graphite parts 

used have to be SiC coated because of the presence of H2 in the ampoule. Hydrogen 

can aggressively react with graphite under typical growth temperatures. A groove deep 

enough to hold the source material is machined into the BN boat as shown. This boat 

is suspended from the top of the flange by means of three stainless steel rods. The seed 

holder rod enters the configuration from the top and the position of the seed can be 

adjusted by means of a thread arrangement. Hence the distance between the source 

and the seed can be adjusted by adjusting the seed holder. The whole assembly is 
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enclosed within a graphite ampoule coated with SiC in order to protect the furnace 

elements from reacting with the process gases. This coating of SiC prevents etching of 

graphite by the hydrogen produced from the cracking of ammonia. A hole is drilled 

into the circumference of the BN boat to hold a thermocouple that measures the 

temperature of source GaN powder. The seed holder is made up of hot pressed BN and 

is attached to the bottom end of the Molybdenum seed holder tube. This seed holder 

rod is driven by a motor and has the ability to rotate up to a speed of 3000 rpm. The 

temperature of the seed is measured using a thermocouple that goes through the seed 

holder tube. From the schematic, it can be seen that there are two different flows 

directed towards the seed. The side flow [B] consists of Nitrogen and it carries the Ga 

vapor that is obtained from the decomposition of GaN powder. The second flow [C] 

that is a mixture of ammonia and nitrogen comes from the bottom and is directed 

vertically upwards towards the substrate. In order to specify the differences between 

this design and the previous design, in figure 6.1, only the boat portion of the 

experimental setup is shown instead of showing the entire growth system as in figure 

5.5.

6.2 Experimental procedure: 

The surfaces of the substrates were cleaned in methanol to get rid of any dust 

particles on the surface. Initially 5 grams of GaN powder was weighed and filled into 

the groove to the brim in the BN boat as shown in Fig.6.1. At the beginning of the 

process, the system was pumped down to < 1 mTorr and back filled to growth pressure 

[600 Torr] with either nitrogen or argon. Then the temperature of the system was 

raised slowly to 4000C and maintained there for 30 minutes to account for any 

outgassing from the powder as well as the system. Once the foreline pressure was 

below 10-2 Torr, the temperature of the system was ramped up again and stabilized 
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once again at 8000 C for 30 more minutes. At this point, the side nitrogen flow was 

introduced. This was followed by a final ramping of temperature to growth 

temperature [11550C]. Once the system reached the growth temperature, the bottom 

flow was introduced. At the end of growth, the power to the heating coils was turned 

down and the bottom flow was turned off. The distance between the seed and the 

source was kept at a constant value of 3 mm. The temperature of the source was varied 

from 1000oC to 1155oC. The side flow was varied from 320 sccm to 600 sccm. The 

ammonia flow was varied from 10 sccm to 40sccm keeping the total bottom flow was 

kept constant at 100 sccm. A typical growth process flow is shown in Fig. 6.2. 

Figure 6.1. GaN growth setup-Design II



56

Figure. 6.2. Process flow.

6.3 Results and Discussion:

Crystal growth experiments have been performed for different time periods to 

obtain the variation of growth rate with respect to time. Fig. 6.3 shows the variation of 

weight loss from GaN powder with respect to time. These growth runs were 

performed at a source temperature of 1155oC, seed temperature of 1185oC side flow of 

450 sccm [N2] and a bottom flow of 100 sccm [90 sccm N2 + 10 sccm NH3]. It can be 

observed from the plot that weight loss increases linearly with time for shorter growth 

runs. But, the rate at which the source looses weight becomes slower as the time 

progresses. This indicates that the source GaN powder is getting depleted of gallium 

containing species as the growth progresses. Due to misalignment problems with the 

current setup, the seed holder was not rotated in the current set of experiments. This 

resulted in a linearly varying thickness profile of the growth layer, the layer being 

thicker on the portion of the seed that is closer to side nitrogen flow inlet. Average 
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thickness of the growth layer was defined as the algebraic mean of thicknesses 

measured at both ends of the substrate. Average thickness of the growth layer 

variation with time follows the same variation as the weight loss as shown in Fig. 6.4. 

From this plot, it can be seen that the differential growth rate at the beginning of the 

growth run exceeds 200 µ/hr. Ga deposition was observed in the colder region of the 

growth cell indicating a lower Ga incorporation efficiency. Conditions of growth 

could be further optimized to increase the growth rate.

Figure 6.3. Average weight loss Vs. growth time.
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Figure 6.4. Average thickness Vs. time.

The color of the powder changed from yellow before the experiment to dark grayish 

after the experiment. However, there was no evidence of liquid gallium in the powder 

after the experiment suggesting congruent evaporation of commercial GaN powder.
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6.4 Characterization

A Nomarski optical microscope image of a typical growth sample is shown in Fig. 6.5. 

Each division in the background corresponds to 1mm. The circular deposition 

corresponds to the GaN layer that was grown with our experimental setup. Since the 

seed holder enclosed the corners of the substrate, there is no deposition on the corners 

of the seed crystal.

As grown GaN layers were characterized using the following apparatus 

• LEICA 440 SEM.

• Scintag, Inc. Theta-Theta Diffractometer with Cu Kα (λ = 1.5405 Ao) 

radiation. 

• Philips High Resolution Diffractometer 

• Bede D1 diffractometer system using Cu Kα1 radiation .

• ThermoMicroscopes AFM

• Hall effect measurements 

• HP 4145 Semiconductor paramter analyzer.

• Stony Brook Synchrotron Topography Station, Beamline X-19C, at the 

National Synchrotron Light Source, Brookhaven National Laboratory

6.4.1 Structural characterization

Fig. 6.6(a) and Fig. 6.6(b) show the surface view and the cross section view of the 

layer that was grown at a seed temperature of 1185oC,a source temperature of 1155 oC 

with a sideflow of 450 sccm and a bottom flow of 100sccm that is comprised of 10 

sccm of ammonia and 90 sccm of nitrogen. Surface view shows number of hexagonal 

V-defects (15, 106-108) as well as and particles on the surface in some cases. 
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Figure 6.5. Optical microscope image of a typical growth sample

The cross section shows the substrate, the original GaN epi layer and the sublimation 

grown layer. This layer was 35 µm thick and was grown in 15 minutes was grown at a 

seed temperature of 1185oC,a source temperature of 1155 oC with a sideflow of 450 

sccm and a bottom flow of 100sccm that is comprised of 10 sccm of ammonia and 90 

sccm of nitrogen.
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Figure 6.6(a). SEM image of the surface view respectively of a GaN sample grown at 

ST=1185oC, BT=1155 oC with a sideflow of 450 sccm and a bottom flow of 100sccm 

[10%NH3]



62

Figure 6.6(b). SEM image of the cross-section views respectively of a GaN sample 

grown at ST=1185oC, BT=1155 oC with a sideflow of 450 sccm and a bottom flow of 

100sccm [10%NH3].

substrate

GaN epi layer

Growth layer
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Figure 6.7. Top view of a V-defect.

The top view of a typical V-defects is shown in Fig 6.7. These V-defects are similar to 

those that are observed in HVPE GaN and GaN/InGaN system(109). They are concave 

hexagonal pyramids that are encircled by six {1-101} facets.  These V-defects will be 

discussed separately in chapter 9. The grown GaN layers were studied with X-ray 

diffraction using Cu Kα1 radiation. θ−2θ scan in Fig. 6.8 proves that the grown layers 

are single crystal wurtzite GaN. Sharp peaks corresponding to (0002) and (0004) sets 

of planes are observed at 34.4o and 72.75 o respectively. This particular sample was 

grown at a source temperature of 1155 o C at a side flow of 450 sccm and a bottom 

flow of 100 sccm [10sccm ammonia and 90 sccm of nitrogen]. A typical double 

crystal rocking curve (ω-scan) of the sample is shown in Fig. 6.9(a) and 6.9(b). The 

figure demonstrates the difference in the crystallographic quality of the seed and the 
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layer that was grown on top of the seed. Rocking curve measurements of the GaN 

layer reveal the full width at half-maximum (FWHM) of 5 arc min whereas it is 9 arc 

min for the substrate. This clearly indicates the superior quality of the bulk grown 

GaN layer compared to that of the substrate.

Figure 6.8. Theta-2Theta scan of a GaN layer grown at grown at a source temperature 

of 1155 o C at a side flow of 450 sccm and a bottom flow of 100 sccm [10% NH3]
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Figure 6.9(a). Double crystal rocking curve of GaN layer grown by sublimation
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Figure 6.9(b). Double crystal rocking curve of the substrate with GaN epi layer.

Synchrotron white beam x-ray topography (SWBXT) experiments were carried out at 

the Stony Brook Synchrotron Topography Station, Beamline X-19C, at the National 

Synchrotron Light Source, Brookhaven National Laboratory by Dr. Balaji 

Raghothamachar. Reflection geometry was employed. Topographs were recorded on 

8" × 10" Kodak Industrex SR-45-1 high-resolution x-ray film. HRTXD measurements 

were carried out on the highly versatile Bede D1 diffractometer system using Cu Kα1

radiation. X-ray beam size at the sample was approximately 0.5mm × 5mm. Triple 

crystal rocking curves and reciprocal space maps were recorded on this system. 

Fig.6.10. shows the reciprocal space map of the layer grown at a source temperature of 
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1155 o C at a side flow of 450 sccm and a bottom flow of 100 sccm [10 sccm NH3 +90 

sccm of N2]

Figure 6.10. Reciprocal space map of a GaN layer grown at a source temperature of 

1155 o C at a side flow of 450 sccm and a bottom flow of 100 sccm [10% NH3] 

The double crystal rocking curve width for this sample was found to be 369 arc min, 

the triple crystal rocking curve width is only 36” indicating that the broadening of the 

DCRC is chiefly due to tilts. Fig. 6.11 shows an AFM scan of the surface of the grown 

layer. The scan area is 3.2 x 3.2 µm. The growth spiral in the figure shows that the 

dominant growth mode is dislocation-mediated growth. It can be seen from the figure 

that the step heights do not correspond to the atomic step height indicating step 

bunching. 

6.4.2 Electrical Characterization

Electrical properties of the grown layers were measured by Hall effect measurement 

technique. Electrical contacts were made using Indium metal and Hall measurements 
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were carried out using van der Pauw technique using Indium contacts. From the Hall 

effect measurement, the layer was found to be n-type with a carrier concentration of 

6.67 x 1018 cm-3 and a mobility of 550 cm2/Vs.

Figure 6.11. AFM scan of the growth spiral indicating the dislocation mediated growth 

mode.

This high carrier concentration is attributed to the presence of impurities in the source 

material. Glow discharge mass spectroscopy analysis of the powder [Table 6.1] and 

SIMS on the grown GaN layer was performed by Evans East. It was found that the C 

& O concentrations were beyond the measurable range in the powder [>1021/cm3] and 

Si concentration was at 58 ppm. The impurity profiling in the growth layer was done 
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by SIMS and is shown in Fig. 6.12. The impurities in the growth layer could be 

attributed to the impurities in the source material that is the commercially available 

GaN powder. Hydrogen in the growth layer was originated from the decomposition of 

ammonia.

During these experiments, liquid Ga was not observed in the powder. From 

experiments that were conducted later on using high purity GaN powder synthesized 

in our lab, we speculate that oxygen strongly influences the congruent evaporation of 

commercially available GaN powder. Among the impurities that are present in the 

commercial GaN powder, oxygen has the ability to form oxides of gallium that are 

volatile at reaction temperatures and hence assist in enhanced Gallium transport. This 

could explain the high Ga transport and hence the high GaN growth rate observed in 

the experiments performed using commercial GaN powder.

Figure 6.12. SIMS analysis of the sublimation grown GaN layer.

Table 6.1. Glow discharge mass spectroscopy analysis performed on the commercial 

GaN powder.

Elements C O Al Si S Cl Cu Fe Zn
Commercial 
GaN 
Powder 
[ppm]

- - 19 58 180 78 16 4.6 2.7
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6.5 Simulations:

Modeling analysis of the physical and chemical processes involved in these 

crystal growth experiments was done by Dr. Yuri Makarov (110). Simulations on the 

growth setup were carried out using Navier-Stokes equations, Heat and Mass Transfer 

equations and heterogeneous kinetics for a 2D-asymmetric geometry. Fig. 6.13 shows 

the temperature and streamlines distribution for the growth setup for the experimental 

conditions described above. Streamlines indicate that all the gallium that is being 

decomposed from the source is not available at the substrate. This was experimentally 

verified since 100 % incorporation efficiencies would have given rise to growth rates 

of the order of mm/hr corresponding to a weight loss of few grams of GaN powder. 

Since commercially available GaN powder has very high level of oxygen impurities, 

GaN powder decomposition analysis was modeled with oxides of gallium included in 

the analysis. Simulations were carried out with N2, Ga, GaO and Ga2O as the species 

involved, GaN(s) and Ga2O3 as the condensed phases, and heterogeneous chemistry.

Fig. 6.14 shows the weight loss of the source GaN powder as a function of the side 

nitrogen carrier gas. The three lines predict the weight losses of the source powder 

assuming three different evaporation mechanisms of Ga, GaO, Ga2O. From the plot, it 

can be seen that the weight loss from the experimental data closely matches to the 

curve corresponding to Ga2O evaporation.

Since the grown GaN layers have high level of impurities originating mostly 

from the source GaN powder, efforts to synthesize high purity GaN powder and using 

it as a source for bulk GaN growth were carried out. From experiments that were 

conducted later on using high purity GaN powder fabricated in our lab, it was clear 

that oxygen is aiding in the transport of gallium by forming volatile oxides.
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Figure 6.13. Simulated temperature and streamline distribution

Fig. 9. Weight loss variation with side flow modeled considering various species

Figure 6.14. Computed evaporation rated of various species
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Among the impurities that are present in the commercial GaN powder, oxygen 

has the ability to form oxides of Gallium that are volatile at reaction temperatures and 

hence assist in enhanced Gallium transport. This could explain the high Ga transport 

and hence the high GaN growth rate observed in the experiments performed using 

commercial GaN powder. This speculation was further confirmed by the simulations 

performed by Dr. Yuri Makarov at STR, Inc.

To summarize this chapter, a new experimental growth setup was conceived in 

order to solve the problem of crust formation. Good quality bulk GaN crystals of 8.5 

mm x 8.5 mm were prepared by transporting Gallium containing species [presumably 

Ga2O] obtained from the decomposition of GaN powder. Growth rates > 200 µm/hr 

were achieved using this technique. SEM characterization showed that the 

crosssection of the GaN growth layers to be uniform. The surfaces of the GaN crystals 

show V-defects and in some cases, particles. AFM scan of the growth layer shows that 

the growth mode is dislocation mediated spiral growth. Double crystal X-ray 

diffraction rocking curve FWHM of the grown layer was found to be smaller than that 

of the substrate indicating the higher quality of growth layers compared to the

substrate. Hall Effect measurements, and SIMS show very high impurity levels that 

can be attributed to the highly contaminated source GaN powder. This was further 

supported by GDMS of the source GaN powder. 

An important observation to note from these experiments is that liquid gallium 

was not observed in the powder after the growth experiments. The presence of high 

levels of oxygen in the commercially available GaN powder affects the congruent 

evaporation of the powder. Gallium transport may be occurring by formation of 

gallium suboxide [Ga2O]. Wu et al. (111) succeeded in synthesizing high pure lab 

made GaN powder with low oxygen content and this powder was used in performing 

GaN growth experiments. These experiments will be discussed in the next chapter.
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Chapter 7

GaN Growth using lab made “pure” GaN 
powder

7.1 Introduction

In the previous chapter, we have discussed growth of bulk GaN at growth rates higher 

than 200 µm/hr. But, the SIMS analysis of the growth layer and the GDMS of the 

commercial GaN powder indicated the presence of oxygen and other impurities at 

very high levels. Hall effect measurements further supported this data with high carrier 

concentrations. In order to obtain GaN layers with low doping densities, it was 

imperative that the GaN powder should contain low impurity levels. Wu(111) 

developed an in-house  process to synthesize high pure GaN powder. This chapter 

deals with our efforts to grow bulk GaN using this powder as the source material 

instead of the commercial GaN powder. These efforts include using HCl as the carrier 

gas instead of nitrogen and using a high pressure process below the triple point of GaN 

decomposition to suppress liquid gallium formation in the powder. A brief discussion 

of the decomposition experiments performed by Wu (112) to determine the best 

source of gallium along with the simulations performed by Dr. Yuri Makarov is also 

included at the end.

73
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7.2 Experiments

7.2.1 Experimental Setup:

Initial experiments using lab made pure GaN powder as the source were performed in 

the same experimental setup described in section 6.1 and shown in Fig.6.1. This figure 

is reproduced in Fig.7.1 for easy reference, this time shown without the thermocouples 

and the furnace zones surrounding the boat. This is a flow over design since the carrier 

gas flows over the powder carrying the growth species.

Figure 7.1. Experimental setup to perform GaN growth experiments with pure lab 

made GaN powder.[Flow over design]

Experimental procedure is similar to the one that was described in section 6.2.

7.2.2 Results and discussion:

Replication of the process flow with commercial GaN powder replaced by that of lab 

made pure GaN powder did not result in GaN growth. Despite dedicated efforts to 

N2NH3

Substrate

GaN powder
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grow GaN using this powder source, these experiments were not successful in growing 

GaN. Maximum thickness of the growth layers observed was ~ 1µ. At the end of these 

growth runs, the powder was found to contain liquid gallium. So, at growth 

temperatures employed (11550C), pure GaN powder was undergoing incongruent 

evaporation leading to the formation of liquid gallium in the powder.

It was clear from these experimental results that oxygen present in the commercial 

GaN powder was affecting the GaN evaporation kinetics in such a way that it was 

evaporating congruently without any liquid gallium formation. 

7.3 Suppression of liquid gallium in the powder

A study of GaN phase diagram (35) reports that, above a temperature of 8440C 

[referred to as triple point temperature from here], GaN undergoes incongruent 

evaporation at 1 bar pressure. Further, it was also found in the same study that this 

temperature below which GaN undergoes congruent evaporation could be raised at 

higher pressures. So, in order to prevent liquid gallium formation in the powder so that 

gallium is available in the vapor phase for transporting towards the seed to grow bulk 

GaN, two approaches were followed:

(i) reducing the source temperature to below 8440C and 

(ii) increase the operating pressures so that the triple point temperature below 

which GaN undergoes congruent evaporation is higher. 

This was done because reducing the source temperature to below 8440C suppresses  

not only liquid gallium formation in the powder but also reduces the rate of GaN 

decomposition reaction. It should be remembered that rate of GaN decomposition is 

an exponential function of temperature and at low temperatures, the rate of GaN 

decomposition also becomes slower. The experiments performed at 600 Torr and a 

source temperature below the triple point did not result in growth even though the 
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liquid formation was suppressed possibly due to the fact that lower source 

temperatures could not provide enough gallium species in the vapor phase to initiate 

growth. Following these experiments at 600 Torr, we tried performing high pressure 

experiments at pressures of 1800 Torr (~2.5 bar). Even though the reactor used in the 

experiments is a pressure vessel rated for 5 bar, the throttle butterfly valve used in the 

experiments could not hold the high pressure in the chamber. So, the pressure in these 

experiments kept varying. Another disadvantage is that at high pressure, the transport 

of the reactants to the growth surface becomes diffusion limited and this has a 

deleterious effect on the growth rates. Hence this approach was also not successful in 

obtaining growth of GaN. During these experiments another modification was made 

to the growth setup allowing us to flow the carrier gas through the powder rather than 

over the powder. However, none of the above described approaches were successful 

in obtaining GaN growth even with the flow through approach. The advantage of flow 

through approach was that it has a higher collection efficiency of decomposed species 

as opposed to the flow over the powder configuration. This configuration shown in 

Fig.7.2. uses a quartz frit at the bottom of the powder.

7.4 Experiments with HCl as the carrier gas.

Another approach to suppress liquid gallium formation in the powder and to 

successfully transport gallium towards the substrate involved using HCl as the carrier 

gas. Even though this process is similar to HVPE in the sense that HCl is used as a 

carrier gas, it is not exactly the same as HVPE because the source used in our 

experiments was GaN powder and not gallium. 
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Figure 7.2. Flow through design.

7.4.1 Experimental procedure:

Experimental procedure was the same as that discussed in section 6.2. with the 

following two modifications.

(i) A flow through design shown in Fig.7.1 was used as opposed to the flow 

over design shown in Fig.7.2.

(ii) A mixture of HCl and nitrogen was used as the carrier gas instead of 

nitrogen alone.

For quick reference, the experimental procedure is reproduced in this section as well.

The surfaces of the substrates were cleaned in methanol to get rid of any dust particles 

on the surface. Initially 5 grams of GaN powder is weighed and filled into the groove 

to the brim in the BN boat as shown in Fig.7.2. At the beginning of the process, the 

system was pumped down to < 1 mTorr and back filled to growth pressure [600 Torr] 

with either nitrogen or argon. Then the temperature of the system was raised slowly to 

N2NH3

Substrate

Quartz frit

GaN 
powder
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4000C and maintained there for 30 minutes to account for any outgassing from the 

powder as well as the system. Once the foreline pressure is down below 10-2 Torr, the 

temperature of the system was ramped up again and stabilized once again at 8000 C for 

30 more minutes. At this point, the side carrier gas flow was introduced. This was 

followed by a final ramping of temperature to growth temperature[11500C]. Once the 

system reached the growth temperature, the bottom flow was introduced. At the end of 

growth, the power to the heating coils was turned down and the bottom flow was 

turned off. The distance between the seed and the source was kept at a constant value 

of 3 mm. The flow through the powder as mentioned earlier was a mixture of HCl and 

nitrogen [1.5%HCl]. The ammonia was kept constant at 400 sccm.

7.4.2 Results and discussion:

The use of HCl and nitrogen as the carrier gas enabled us to achieve GaN crystal 

growth. The thickness of the growth layer was determined to be ~ 35 microns from the 

depth of focus measurement in the optical microscope. This sample was grown in 1 hr. 

However, there was a peeling off problem associated with the growth layer. The layer 

was peeled off during the characterization. Even though most of the layer was peeled 

off, there was a small area of the growth layer that was still attached to the substrate 

that enabled us to characterize using SEM. Fig.7.3 shows the SEM image of the 

surface of the GaN layer grown at the conditions described in the experimental 

procedure. From the SEM pictures, it could be readily seen that the dominant growth 

mode again is dislocation mediated spiral growth. Despite the success in growing 

GaN, there were some disadvantages with this process such as the adhesion between 

the growth layer and the substrate, and low growth rates compared to that obtained 

with commercial GaN powder.
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7.5 Decomposition experiments:

Simultaneously, a set of decomposition experiments were carried out by Wu(112) in a 

U shaped quartz tube with commercial GaN powder and lab made GaN powder with 

nitrogen as the carrier gas. The results of these decomposition experiments are 

summarized here.

Main experimental observations:

(a) Lab made GaN powder

(i) Weight loss is constant with changing N2 flow rate.Weight loss 

increases with temperature. The lab-made powder has only about 1/3 

weight loss of commercial powder at the same temperature.

(iii) Weight loss increase is about 5-10 times high compared to that of pure 

GaN powder. Further, it increases with increasing HCl concentration

Figure 7.3. SEM image of the GaN layer grown using a mixture of HCl and nitrogen 

as the carrier gas.
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(b) Commercial GaN powder

(i) Weight loss increases with the N2 flow rate.

(ii) Weight loss increase with temperature.

7.6 Simulations

7.6.1 Simulations of U-tube experiments with nitrogen carrier gas

Modeling of these decomposition experiments was performed by Dr. Yuri Makarov at 

STR, Inc (113). The underlying assumptions in the modeling the involved species and 

heterogeneous reaction chemistry for the decomposition experiments and the 

condensed phases are tabulated in Table 7.1. Based on these assumptions, the 

simulations have been carried out. The summary of the simulations from the report has 

been reproduced here.

(i) The total weight loss of the Lab-made powder is weakly dependent on 

the N2 flow rate.

(ii) Gallium weight loss of the Lab-made powder is predicted to be 

proportional to the N2 flow rate. 

(iii) Presence of oxygen in the commercial powder results in increase of the 

sublimation rate

(iv) Evaporation rates of oxygen-containing species Ga2O and GaO in 

commercial powder is much higher than the rate of gallium evaporation 

in lab made powder

The total weight loss of the commercial powder is visibly dependent on the nitrogen 

flow rate due to the contribution from Ga2O species.

7.6.2 Simulation of U-tube experiments using HCl as the carrier gas

Again, modeling of these decomposition experiments was performed by Dr. Yuri 

Makarov at STR, Inc (113). The underlying assumptions in the modeling the involved 
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species and heterogeneous reaction chemistry for the decomposition experiments and 

the condensed phases are tabulated in Table 7.2. Based on these assumptions, the 

simulations have been carried out. The main points of the report are as follows.

(i) HCl is quickly absorbed in the powder

(ii) If nitrogen gas is mixed with HCl, then the surface of GaN grains is 

depleted of gallium and the GaN decomposition is suppressed

Table 7.1. Physical and chemical processes included in the modeling of U-tube 

experiments with N2 as the carrier gas.

Lab made powder Commercial Powder

Species N2, Ga N2, Ga, GaO, Ga2O

Condensed phases GaN (s)
GaN(s)

Ga2O3(s)

Heterogeneous 

chemistry 2Ga+N2 = 2GaN(s)
2Ga+N2 = 2GaN(s)
3GaO = Ga2O3(s)+Ga
3Ga2O = 4Ga2O3(s)+Ga
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Table 7.2. Physical and chemical processes included in the modeling of U-tube 

experiments with HCl +N2 as the carrier gas.

Lab made powder Commercial Powder

Species N2, GaCl, HCl, H2 N2, GaCl3, HCl, H2

Condensed phases GaN(s) GaN(s)

Heterogeneous 

chemistry
2GaCl+N2+H2 = 
2GaN(s)+2HCl 2GaN(s)+6HCl=2GaCl3+N2+3H2

GaN experiments were performed with lab made pure GaN powder and 

commercial GaN powder as the source material using N2 & N2+HCl as the carrier 

gases, involving various configurations, i.e. flow through and flow over 

configurations. From these experimental results, it was obvious that oxygen aids in the 

transport of gallium. The growth rates have dramatically dropped from >200µ/hr to 

almost zero when lab made GaN powder was used instead of the commercial GaN 

powder. Even though HCl can act as a transporting agent of gallium, the growth rates 
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obtained were not as high as in the case of growth experiments involving commercial 

GaN powder. So, use of oxygen as the transporting agent seems inevitable to enhance 

the growth rate. However, one has to ensure that the incorporation efficiencies of 

oxygen into the growth layer are low enough to keep the doping densities at tolerable 

levels. The next chapter deals with a new experimental setup that emulates the U-tube 

used in the decomposition experiments and a flow through configuration. A different 

source material that can produce oxides of gallium for GaN growth also will be 

discussed as well as the efforts to keep the oxygen concentrations at tolerable levels.
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Chapter 8

GaN growth by oxide transport: Flow through 
powder

8.1. Introduction

In the previous chapter, we discussed the role played by oxygen in gallium transport 

and its affects on the congruent evaporation of GaN powder by forming oxides of 

gallium that have high vapor pressure. Since high amount of oxygen can increase the 

doping levels of the growth layers, one must try to obtain a control over the level of

oxygen concentration so that it does not go above the solubility limit of oxygen in 

GaN and form a precipitate (114). Formation of these oxide precipitates could be 

deleterious to the crystalline quality. Further, there is a class of thought that connects

high concentration of oxygen to the V-defects in the growth layers (115).

Previous studies on using Ga2O3 as the source material for growing GaN nanowires 

(116). Nam et al. (116) used Ga2O3 as the source of Ga2O and then transporting it to 

make it react with ammonia to form GaN nanowires. Ga2O transport was used to grow 

other III-V compound such as GaP and GaAs (117, 118). Since Ga2O3 is much 

cheaper compared to the commercially available GaN powder, the possibility of 

Ga2O3 as the source for the growth of bulk GaN by conventional sublimation 

technique has already been investigated previously (119). However, the growth rates 

achieved in this technique were quite low [5 µm/hr]. In the present work, we tried to 

grow GaN by transporting gallium containing vapor species that were obtained from 

decomposing oxygen contaminated GaN powder to the seed. In the present discussion, 

84
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we present a technique to grow bulk GaN single crystals with growth rates as high as 

240 µm/hr. 

A new growth setup that employs a flow through configuration was used in the 

experiments described in this chapter. A mixture of carbon and Ga2O3 was used as the 

source material to produce the required Ga2O. Later experiments also made use of the 

commercial GaN powder that was proven to generate Ga2O as discussed in the 

previous chapter. 

8.2 Experimental setup & procedure

GaN epi on Sapphire seeds of 8.5 mm x 8.5 mm size were diced from 2” wafers 

purchased from TDI Inc. Bulk GaN samples of 8.5 mm x 8.5 mm size were grown in a 

4 zone vertical resistive heating furnace. These GaN epi [3-6 µ thick] on Sapphire 

wafers were unintentionally doped to a level of 1 x 10 16 – 1 x 10 17 cm-3
.

The experiments with Ga2O3 powder as the source were performed in the setup shown 

below in Fig. 8.1. It was deigned to increase the growth rate by increasing the Ga2O 

transport efficiency to the growing crystal surface and by flowing carrier gas through 

the source powder as opposed to flowing it over the powder in the previous design. 

Ga2O3 powder that is commercially available [99.999% metals basis] was purchased 

from Alfa Aesar and mixed with graphite powder in molar ratios ranging from 1:3 to 

1:20 as the source of Ga2O. This mixture was placed at the bottom of the triple legged 

quartz tube as shown. Similar to the previous growth setups described in section 6.1, 

two thermocouples were employed to measure temperatures of the powder and the 

seed. At typical growth temperatures involved in this process, Ga2O3 reacts with 

carbon according to the following reaction to produce Ga2O (120). 

 (8.1)COOGaCOGa 33 232 +→+
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The temperature of this assembly was raised to a predetermined seed temperature 

while nitrogen was injected into the right side inlet of the setup shown. The Ga2O thus 

generated was transported by nitrogen towards the substrate where it reacts with the 

ammonia that is coming from the left side inlet as shown in Fig.8 1 according to the 

following equation.

(8.2)

Left side tube from now on is referred to as the ammonia tube whereas the one on the 

right side as the nitrogen tube. In the experiments performed, the temperature of the 

seed was varied from 1100oC to 1200oC and the source temperature from 10500 C to 

11300C. The side flow was varied from 200 sccm to 600 sccm. The ammonia flow was 

varied from 10 sccm to 50sccm keeping the total bottom flow constant at 100 sccm. At 

the beginning of the process, the system was pumped down to < 1 mTorr and back 

filled to growth pressure [600 Torr] with either nitrogen or argon. Once the foreline 

pressure was below 10-2 Torr, the temperature of the system was ramped up. During 

the temperature ramping, nitrogen flow through the powder was maintained at 80 

sccm. Once the temperature reaches the growth temperature, nitrogen flow through the 

powder was brought up to the preset growth flow of nitrogen and the total flow 

through the ammonia tube was set at 100 sccm. At the end of growth, the power to the 

heating coils was turned down and the bottom flow was turned off. 

TT

2232 22 HOHGaNNHOGa ++→+
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Figure 8.1. Experimental setup.

Other methods of producing Ga2O species in the vapor phase such as flowing 

hydrogen or a mixture of hydrogen and nitrogen through the Ga2O3 powder could also 

be used in these experiments. However since hydrogen enhances the decomposition of 

GaN, using hydrogen to produce Ga2O could have a deleterious effect on the growth 

rate of GaN. 

The advantages of this design compared to the previous design in section 6.1 are as 

follows.

• Higher collection efficiency of growth species from the source by carrier gas 

compared to flow over configuration 

• More efficient transport of growth species towards the substrate

• Better control of temperature gradient between source and the seed

• Quartz frit prevents any particles from entering the growth region

A reverse temperature gradient was maintained in the experiments to prevent gas 

phase nucleation of GaN as the upward traveling stream of Ga2O mixes with ammonia 

Quartz U-tube

Ga2O3 + C Powder
Quartz frit

NH3+N2 N2Seed Holder
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before it meets the substrate. Even though no particles were observed after the 

experiment to augment this argument, no growth was observed in the runs that have 

both the seed and the source at the same temperature. 

8.3 Results & Discussion

GaN layers thus grown were characterized using LEICA 440 SEM, Scintag, Inc. 

Theta-Theta Diffractometer with Cu Kα (λ = 1.5405 Ao) radiation and Philips High 

Resolution Diffractometer. Synchrotron white beam x-ray topography (SWBXT) 

experiments were carried out at the Stony Brook Synchrotron Topography Station, 

Beamline X-19C, at the National Synchrotron Light Source, Brookhaven National 

Laboratory. Reflection geometry was employed. Topographs were recorded on 8" ×

10" Kodak Industrex SR-45-1 high-resolution x-ray film. HRTXD measurements were 

carried out on the highly versatile Bede D1 diffractometer system using Cu Kα1

radiation. X-ray beam size at the sample was approximately 0.5mm × 5mm. Triple 

crystal rocking curves and reciprocal space maps were recorded on this system. Fig. 

8.2 shows the cross section view of the layer that was grown at a seed temperature of 

1175oC, a source temperature of 1050 oC with a flow of 400 sccm through the powder 

and an ammonia tube flow of 100sccm that is comprised of 50 sccm of ammonia and 

50 sccm of nitrogen. 

Using this technique, it was possible to achieve single crystal GaN with growth rates 

of ~ 50 µm /hr. Growth experiments performed at a higher seed temperature [12000C] 

and higher source temperature [11300C] resulted in higher growth rates with thickest 

portions of the sample indicating a growth rate of 100 µm /hr. The grown GaN layers 

were studied with Scintag, Inc. Theta-Theta Diffractometer using Cu Kα radiation. 

θ−2θ scan showed that the grown layers are single crystal wurtzite GaN. This 

particular sample was grown at a seed temperature of 1155 o C at a side flow of 400 
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sccm and a ammonia tube flow of 100 sccm [50sccm ammonia and 50 sccm of 

nitrogen]. Maximum growth rate observed was ~ 240 mm/hr for a source temperature 

of 1210 0 C and a seed temperature of 1175 0 C with the same flows as described 

above.

Figure 8.2. SEM image showing cross-section of the sample grown in 15 minutes.

Sample morphologies improved when the source material was changed from the 

mixture of Ga2O3 and carbon to commercial GaN powder as shown in Fig. 8.3(a) & 

8.3(b) respectively. Fig. 8.3(a) shows the top view of the sample that contains 

numerous V-defects. The GaN layer grown using commercial GaN powder shows the 

dislocation-mediated spirals as the dominant growth mode. Further, the morphologies 

in both cases were better on the area that is closer to the ammonia inlet. From this 

observation, one could assume that the ammonia is not distributed uniformly over the 

GaN epi

Sapphire

Growth layer
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Figure 8.3(a). Surface morphology of the GaN sample grown using a mixture of 

Ga2O3 + C powder as the source at a Seed T=11750C, Source T=10800C, side 

flow=400 sccm & ammonia tube flow =100sccm [50% NH3]

Figure 8.3(b). Surface morphology of the GaN sample grown using commercial GaN 

powder as the source at a Seed T=11750C, Source T=10800C, side flow=400 sccm & 

ammonia tube flow =100sccm [50% NH3]



91

Figure 8.4(a). Surface morphology of the GaN sample grown using commercial GaN 

powder as the source at a Seed T=11750C, Source T=10800C, side flow=400 sccm & 

ammonia tube flow =100sccm [50% NH3]

Figure 8.4(b). Surface morphology of the GaN sample grown using commercial GaN 

powder as the source at a Seed T=11750C, Source T=10800C, side flow=200 sccm & 

ammonia tube flow =100sccm [50% NH3]
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entire surface of the sample during growth process. The regions closer to ammonia

inlet appear to have better surface morphologies. This argument was further supported 

when a region free of V-defects was obtained on the surface of the sample grown at a 

side flow of 200 sccm as opposed to the sample grown with 400 sccm sideflow.of 

nitrogen. In both these cases, commercial GaN powder was used as the source 

material. These experiments were performed at a seed temperature of 11750C, source 

temperature of 10800C and total ammonia tube flow of 100 sccm out of which 50 

sccm was ammonia. This comparison is shown in Fig. 8.4(a) & 8.4(b).

X-ray topographs recorded in the reflection geometry from the GaN layers are shown 

in Figure 8.5. Images indicate absence of long range strains and the only distortion is 

purely geometric caused by recording in the reflection geometry. The topograph 

images are slightly blurred possibly due to slight tilt between the GaN epilayers and 

sublimation grown layers that is confirmed from the reciprocal space map. Contrast 

observed suggests a heterogeneous distribution of dislocations where they are aligned 

to form dense cellular networks. Overall defect density is higher than 106/cm2. The 

reciprocal space map (Figure 8.6) recorded shows two distinct reciprocal lattice spots 

corresponding to the epilayer and sublimation grown layer. Separation of the two spots 

both along the vertical (ω-2θ scan) and the horizontal axis (ω scan) indicate the layers 

are both tilted as well as characterized by different (0002) lattice plane spacings. The 

average tilt is estimated at about 720” while the lattice parameters differ on an average 

by about 1.085%. Note that the lattice spacing in the sublimation grown layer is lower 

than that in the epilayer. The epilayer is likely to be strained due to the mismatch with 

the sapphire substrate and probably has a larger lattice parameter than bulk GaN (since 

a(Sapphire) > a(GaN)). The shape of the sublimation layer spot suggests an increasing 

tilt with increasing deviation from the epilayer lattice plane spacing. This suggests a 

gradient lattice spacing distribution where the initial sublimation layers are likely to be 
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aligned with the epilayer (but with different (0002) lattice plane spacing) with 

increasing tilt as the subsequent sublimation layers relax to the bulk GaN value.

SIMS analysis on the grown GaN layers that were grown at two different temperature 

profiles was performed by Evans East. The SIMS profiles showed very high 

concentrations of oxygen, hydrogen, carbon and Silicon. An oxygen concentration of 

6 x 1020 /cm2 was observed in the sample that was grown at a seed temperature of 

11500C and a source temperature of 10500C where as higher oxygen concentration of 

3.3 x 1021/cm2 was measured on the sample that was grown at a seed temperature of 

12000C and a source temperature of 11100C. These concentrations were measured at a 

depth of 3µm from the surface. High carbon and hydrogen concentrations in the 

growth layer could be due to the carbon in the source powder mixture (Ga2O3 + C) 

and ammonia respectively. The source of aluminum possibly is the powder or the 

quartz experimental set up that we were using. However, the source of aluminum is 

not precisely determined. Table 8.1. shows the concentrations of impurities in the 

sample that was grown at a seed temperature of 11500C and a source temperature of 

10500C. 

Table 8.1. SIMS analysis of the GaN layer grown at seed temperature = 11500C and 

source temperature = 10500C.

Impurity Oxygen Silicon Carbon Hydrogen Aluminum

Concentration 

[/cm3]
6x 10 20 2.2 x 10 19 1.45x 10 18 1.3 x 10 19 2.4 x 10 19
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4

Figure 8.5. Reflection topographs (a) g = 01 15 , λ = 0.74Å; (b) g = 10 15 , λ = 0.74Å 

recorded from the sublimation grown and epi grown GaN layers. Slight blurring is 

possibly due to tilt between the two types of layers.

Figure 8.6. 0002 reciprocal space map recorded showing lattice spots corresponding to 

the epilayer and sublimation grown layer.

Good quality bulk GaN crystals of dimensions 8.5 mm x 8.5 mm x 25 µm were 

prepared by transporting Ga2O vapor obtained from a mixture of commercially 
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available Ga2O3 and graphite powder. Commercial GaN powder was also used as the 

source material in later experiments. Growth rates approaching 240 µm /hr were 

achieved using this technique. Surface morphologies were observed to be better when 

commercial GaN powder was used as the source instead of the mixture of Ga2O3 + C 

powder. The regions on the sample that are closer to the ammonia inlet exhibited 

better morphologies indicating that ammonia was not being distributed all over the 

sample surface uniformly and proved the necessity of availability of ammonia to 

obtain good morphologies. Double crystal X-ray diffraction proved that the grown 

layers were single crystal wurtzite GaN. Reciprocal space map analysis of the layer 

showed that the double crystal rocking curves of ~342” and a triple crystal rocking 

curve with of 142”. SIMS analysis performed on these samples showed that the 

oxygen incorporation was higher at high growth temperatures. 

From the FWHM of double crystal rocking curve widths, it could be seen that 

the crystalline quality of these GaN layers is comparable to that of the GaN layers 

grown using the design in section 6.1. Moreover, this design also demonstrated growth 

of GaN layers that do not have any V-defects. Also, this design demonstrated growth 

rates that are more than those demonstrated by the previous design. The various 

parameters could be optimized further to improve crystalline quality and completely 

eliminate V-defects on the growth layer simultaneously achieving high growth rates.

The next chapter deals with the V-defects observed on the GaN growth layers grown 

in flow over configuration [Fig. 6.1]. These V-defects are of important concern 

because they reduce the effective area available for fabricating devices.
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Chapter 9

Effect of growth time on the size of V-defects

9.1 Introduction:

This chapter is dedicated to the study of V-defects observed in GaN layers grown by 

oxide vapor transport using the flow over configuration in Fig. 6.1.This discussion of 

V-defects could not have been more appropriate in the present context of bulk GaN 

samples grown by oxide vapor transport. The previous study on V-defects (115), and 

the observation of the same in almost all the samples that were grown by oxide vapor 

transport make this discussion all the more important. The association of V-defects to 

that of the oxygen content in the films by Korotkov et al. makes this discussion of 

paramount importance because apart from these defects, oxide vapor transport is a 

very good candidate for commercialization of bulk GaN growth technology. The 

following paragraph summarizes the previous studies on V-defects.

The heteroepitaxial growth of GaN leads to high densities of threading 

dislocations (TD) in device structures. Also, the interface roughness in group III-

nitrides is of considerable importance as it could severely affect the mobility of two-

dimensional electron gas in AlGaN/GaN based high electron mobility transistors (14,

15). In addition, several defects such as stacking faults, inversion domain boundaries, 

and nanopipes are observed in GaN epitaxial layers (16). Threading dislocations 

observed were reported to be the origin of the so-called V-defects. It has been shown 
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that the V-defects in InGaN/GaN MQW are sources of leakage current in GaN based 

LEDs (15). There have been recent studies on nucleation and growth of V-defects in 

InGaN/GaN system as well as in GaN system (106, 108, 109, 121-130). Liliental-

Weber et al. (128) suggested that the impurities may inhibit crystal growth in certain 

areas leading to the nucleation of V-defects. Northrup et al. (130) attributed V-defects 

to release of strain energy of a threading screw dislocation. The sustained growth of 

V-defects was explained from a kinetic perspective by Sharma et al. and Wu et al. 

(108, 109) in InGaN/GaN system and this concept was extended to GaN by Miraglia 

et al. (107). In the present study, the effect of the growth time on the size of V-defects 

in bulk GaN layers grown by vapor transport has been investigated. Single crystal 

GaN layers were produced at growth rates of ~200 µm /hr. So, this technique is 

promising for producing bulk GaN. Since the presence of V-defects reduces the 

effective substrate area, the knowledge of their formation is essential to successfully 

eliminate them. 

9.2 Experimental procedure

The GaN epi seeds on sapphire substrates were obtained from TDI Inc. The 

GaN epi layer thicknesses were ~3-6 µ and were unintentionally doped to a level of 1 

x 10 16 – 1 x 10 17 cm-3. Pieces of 8.5 mm x 8.5 mm size were diced from 5 cm wafers. 

The surfaces of the substrates were cleaned in methanol. GaN layers were grown on 

the seeds in a vertical resistively heated reactor. This technique and the design of the 

growth setup were discussed in section 6.1. Commercial GaN powder obtained from 

Alfa Aesar [99.99% pure metals basis] was used as the source of gallium containing 

species. A side flow consisted of nitrogen where as the bottom flow contained a 
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mixture of nitrogen and ammonia. The temperature of the source was varied from 

1000oC to 1155oC. The side flow was varied from 320 sccm to 600 sccm. The total 

bottom flow was 100 sccm, out of which 90 sccm was nitrogen and 10 sccm was 

ammonia. The distance between the substrate and the source was maintained at ~ 3 

mm.

At the beginning of the process, the system was pumped down to < 1 mTorr 

and back filled to growth pressure [600 Torr] with either nitrogen or argon. Then the 

temperature of the system was raised slowly to 4000C and maintained there for 30 

minutes to account for any outgassing from the powder as well as the system. Once 

the foreline pressure was down below 10-2 Torr, the temperature of the system was 

ramped up again and stabilized once again at 8000 C for 30 additional minutes. At this 

point, the side nitrogen flow was introduced. This was followed by a final ramping of 

temperature up to growth temperature [11550C]. Once the system reached the growth 

temperature, the bottom flow was introduced. At the end of growth, the power to the 

heating coils was turned down and the bottom flow was turned off. These growth 

experiments were performed for 5, 7.5, 15, 30, and 60 minutes.

9.3 Characterization results:

Fig. 9.1(a) shows the surface of the GaN layer grown at a seed temperature of 

11850C and a source temperature of 11550C. The side flow of nitrogen carrier gas was 

maintained at 450 sccm. Top view and cross sectional view of a typical V-defect are 

shown in Fig. 9.1(b) and Fig 9.1(c), respectively. From the cross section in Fig 9.1 (c), 

the angle between the top surface and the slanted face was measured and the six facets 

of the V-defect were determined to belong to {1-10-1} family of planes. The size of 
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the V-defect was defined as the side of the hexagon that is formed. The average size of 

the V-defect was taken as the median of the numerous V-defect distributions

calculated from different areas of the sample. Figures 9.2 & 9.3 show respectively a 

histogram of the V-defect distribution and the variation of V-defect size with growth 

time. As can be seen from Fig. 9.2, the distribution of V-defect size peaks for 8µ < a < 

10µ, where a is the size of the V-defect. Figure 9.3 shows that the V-defect size 

increases with thickness of the sample. This is in accord with the observation made by 

Lin et al. (131) on GaN layers grown by HVPE. They suggested that {1-10-1} facets 

have more stability as compared to (0001) facets because of the higher number of 

broken bonds (3) present on (0001) facets compared to that of {1-10-1} that has two 

broken bonds (131). This implies that the growth rate of {1-10-1} facets is lower in 

comparison to that of (0001) planes.

Figure 9.1(a). Surface Morphology
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Figure 9.1(b). Top view of the V-defect

Figure 9.1(c). Cross section of the V-defect
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Figure 9.2. Histogram of V-defect size

Figure 9.3. Time dependence of V-defect size

Histogram of V-defect size

0
2
4
6
8

10
12
14
16
18

1 2 3 4 5 6 7 8 9 10 11 12

V-defect size [microns]

# 
of

 V
-d

ef
ec

ts

1

2

3

4

5

6

7

8

9

0 5 10 15 20 25 30 35

V-Defect size Vs Growth Time

V-
de

fe
ct

 s
iz

e 
[m

ic
ro

ns
]

Time[min]



102

Figure 9.4(a) shows the growth mechanism of the V-defect. As can be seen 

from the figure, the (0001) growth front progresses in vertically upward direction 

much faster than the {1-10-1} growth front leading to bigger V-defect size as the layer 

thickens. Since the growth rate involved is very high [~100-200 µm/hr] in our 

experiments, the surface diffusion rates are not high enough to fill the V-defects. The 

incorporation efficiency of the growth species is higher on (0001) plane as opposed to 

the {1-10-1} facets (127, 131). Unlike the InGaN/GaN system where this defect 

disappears at higher temperatures due to higher surface mobilities of adatoms (108), in 

our samples, these defects are observed at a growth temperature of 11850. Similarly, 

scanning electron microscopy images of the grown samples were obtained from 

different locations of the samples and an effective V-defect density was calculated as 

an average of the V-defect densities from different portions of the sample. The density 

of V-defects on these samples varied dramatically over the surface and hence a 

definite dependence of V-defect density on the growth rate could not be drawn. 

However, the density of these V-defects ranged from 104-105/cm2.

The observed histogram of V-defect size distribution in Fig. 9.2 and the 

variation in V-defect size with growth time depicted in Fig. 9.3 may be rationalized 

referring to a schematic in Fig. 9.4(b). We invoke that V-defects form on c or c+a 

dislocations that produce displacement on the (0001) surface. When growth starts on a 

GaN seed crystal, V-defects may form on some of these dislocations. As the layer 

thickens, V-defects get enlarged due to geometrical reasons as illustrated in Fig.4 (b). 

As argued by Narayanan et al. (132), new threading dislocations (TDs) could form by 

the condensation of point defects. If a V-defect forms on this new TD, its size will be 
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small as depicted in Fig. 9.4 (b). Thus, we can qualitatively understand the 

observations of Figs. 9.2 and 9.3.

Figure 9.4(a). Growth mechanism of V-defect

Figure 9.4(b). Condensation of point defects leading to TD that in turn leading to V-

defect formation

In summary, the effect of growth time on V-defect size in bulk GaN growth by 

physical vapor transport has been discussed. It was found that once the V-defect 

forms, it has a tendency to grow bigger as the growth progresses due to the higher 

incorporation efficiency of adatoms on (0001) plane rather than {1-10-1} planes. Even 

though in InGaN/GaN system, V-defects vanish at high growth temperatures [10500C] 

because of higher surface diffusion lengths, in the present discussion, a V-defect 
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density of ~104 - 105 / cm2 was observed even at higher growth temperatures 

[11850C]. This could be attributed to the fact that vapor transport has a very high 

vertical growth rate as opposed to MOCVD in which sufficient time was allowed for 

adatoms to diffuse laterally to fill in V-defects.
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Chapter 10

Conclusions and Future work.
10.1 Summary

We will summarize the main experimental results that originated from this 

work and mention the possibile future directions. In the quest to find a commercially 

viable technology to grow bulk GaN, we have developed a vapor transport technique 

that is an amalgam of sublimation and vapor transport using a carrier gas trying to 

exploit the advantages of both the techniques.

Various precursors of gallium for the growth of GaN were experimented. 

Different configurations, i.e. carrier gas flow through and flow over configurations 

were also employed to optimize the growth conditions. The conventional sublimation 

sandwich technique used to grow AlN and SiC sublimation growth was experimented 

first with commercial GaN powder as the source. However, this resulted in a crust 

formation problem due to the interaction of ammonia with the commercial GaN 

powder that was used as the source. This problem was overcome by designing an 

annular boat growth setup described in section 6.1 that isolated the source material 

from ammonia. Good quality bulk GaN crystals of 8.5 mm x 8.5 mm were prepared by 

transporting Gallium containing species [presumably Ga2O as was found later] 

obtained from the decomposition of commercial GaN powder with nitrogen as the 

carrier gas. Growth rates > 200 µm /hr were achieved using this technique. SEM 

characterization showed that the crosssection of the GaN growth layers to be uniform. 

The surfaces of the GaN crystals show V-defects and in some cases, particles. AFM 

scan of the growth layer shows that the growth mode is dislocation mediated spiral 
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growth. Double crystal X-ray diffraction rocking curve FWHM of the grown layer (~ 

5 arc min) was found to be smaller than that of the substrate (~9 arcmin) indicating the 

higher quality of growth layers compared to the substrate. X ray topography studies 

performed revealed triple crystal rocking curve widths as small as 36 arcsec. Hall 

Effect measurements showed carrier concentrations of the order of 6.67 x 1018/cm3. 

SIMS analyses performed on the growth layers showed very high impurity levels of 

oxygen and silicon that can be attributed to the highly contaminated commercially 

available source GaN powder. According to the phase diagram, GaN is supposed to 

undergo incongruent evaporation at typical growth conditions employed in our 

experiments and result in liquid gallium formation. However, it wasn’t the case. An 

important observation to note from these experiments is that liquid gallium was not 

observed in the powder after the growth experiments.

In order to decrease the doping densities in the growth layers, the commercial 

GaN powder was replaced by a lab made high pure GaN powder in the crystal growth 

experiments. Growth rates dramatically dropped from 200 µm/hr to almost zero when 

pure GaN was used as the source material. These experiments resulted in liquid 

gallium formation at temperatures above the triple point. The weight loss of the 

powder after the experiment is almost one-third of the weight losses observed in 

experiments with commercial GaN powder as the source. From these experiments it 

was clear that the oxygen present in commercial powder is influencing the congruent 

evaporation of GaN under conditions that would normally dictate incongruent 

evaporation for pure GaN by virtue of thermodynamics. Simulations performed by  

Dr. Yuri Makarov further supported this argument of formation of volatile oxides of 

gallium resulting in enhanced transport of gallium. After understanding these 

experimental results and trying out various other precursors of gallium, it was clear 

that oxide transport is essential to achieve high growth rates.
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This led us to using a mixture of Ga2O3 and graphite powder to generate the necessary 

Ga2O that acts as a transporting agent of gallium towards the seed. The third 

generation experimental design employed a flow through configuration as opposed to 

the flow over configuration used in second generation growth setup. Another source of 

Ga2O, commercial GaN powder itself was also used as a precursor in later 

experiments. It was found that the surface morphologies of the samples grown with 

commercial GaN powder as the source were better than the ones grown using the 

mixture of Ga2O3 and graphite powder. One sample even exhibited surface

morphologies that are free of V-defects. Crystalline quality and growth rates in this 

design were comparable to the crystals obtained in flow over configuration in design 

2. But the surface morphologies of the crystals grown with Ga2O3 and graphite powder

as the source showed numerous V-defects.

There was an observed trend on the size of these V-defects with time. These 

defects tend to grow as the growth progresses due to the difference in incorporation 

efficiencies of adatoms on different crystal planes. In order to increase the area 

available for device fabrication on the substrate, these V-defects have to be eliminated. 

10.2 Future work

Even though high growth rates were achieved using this technique, there are still some 

challenges that are to be solved: main issue being the possibility of long term growth. 

From the discussion in chapter 6, it was clear that the source was getting depleted as 

the growth run progressed. Replenishing the source material during the growth process 

has to be addressed. Other issues include the oxygen incorporation and V-defects. One 

has to find a solution to the problem of solving high oxygen incorporation into the 

grown crystals while still utilizing it for gallium transport. From the results in the 

experiments performed in flow through configuration, that sufficient ammonia supply 
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is necessary to successfully suppress the formation of V-defects. Further design 

changes and process optimization has to be done to increase the uniformity of 

ammonia profile over the entire surface of the growing crystal. If these issues are 

solved, this oxide transport technique could potentially become a commercially viable 

bulk GaN growth technology.
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