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Abstract 

High quality freestanding GaN wafers are in strong demand to improve state-of-the-

art III-Nitride optoelectronic, electronic and RF devices. However, due to the high 

melting points and high equilibrium N2 over pressures at high temperatures, growth of 

bulk GaN is extremely challenging. Comparing with ammonothermal method and flux 

method, Halide vapor phase epitaxy (HVPE) is the most promising technique for mass 

production. HVPE is the most cost-effective method due to its favorable growth 

conditions, namely, low pressure and relatively low growth temperature, high growth 

rate and ability to high purity material. 

This dissertation studied thick epilayer growth by HVPE on native GaN seed with 

high crystallinity, low threading dislocation density and small lattice bow. Epilayers 

were grown on seeds fabricated with different methods, namely Na-flux method, 

ammonothermal method and HVPE method, and the epilayers on different seeds were 

studied and compared. The most important issue for realizing thick GaN epilayer 

growth is the stress control, especially the stress caused by various edge effects ranging 

from spurious growth on the edges or formation of facets. By using W ring to protect 

the edge, eventually 2.3 mm crack free thick GaN epilayer was grown. 

This dissertation also introduced the reactor with showerhead configuration and 

independent controlled inner and outer flow for large size wafer growth. For large size 

wafer growth, uniform growth on a large area becomes an innegligible issue. The 

uniform growth was achieved on 4-inch wafer by optimizing the inner and outer flow 

balance. To further improve the performance of the showerhead, simulation was used 
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to optimize the showerhead design. The experiment result with the new showerhead fits 

with the simulation result. 
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Chapter 1 

1 Introduction 

1.1 Freestanding GaN substrate and its application 

Nitride-based devices fabricated with hetero-epitaxial GaN layers on foreign 

substrates such as sapphire, silicon carbide, and silicon have significantly limited 

performance. This is mainly due to the disadvantages of the hetero-epitaxy, such as 

lattice mismatch, thermal expansion coefficient mismatch and chemical incompatibility 

leading to high-dislocation density, mosaic crystal structure, biaxial induced stress, and 

wafer bowing. Efforts were done to reduce these structural defects. Special methods 

have been developed such as low temperature buffer technologies, epitaxial lateral 

overgrowth techniques, etc., but these methods will complicate and extend the device 

growth process. Additional drawbacks are related to the lower electrical and/or thermal 

conductivity of most foreign substrates, which require more complicated and expensive 

device designs. By applying freestanding GaN substrates, the device performance will 

be greatly improved because the structural defects can be greatly eliminated and a better 

vertical electrical and thermal conductivity can also be achieved. Furthermore, epitaxial 

growth process and device processing can be more cost-efficient because they can both 

be simplified by eliminating the need for low-temperature buffer layers. 

However, due to the high cost of freestanding GaN substrate, currently there are only 

limited applications based on three branches of GaN devices, they are light emitting 
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devices, such as laser diodes (LDs) and high brightness light emitting diodes (HB-

LEDs); vertical power devices, such as GaN Schottky diodes [1], p-n junction-based 

junction field effect transistors [2] and current aperture vertical electron transistors [3,4]; 

and RF devices fabricate on freestanding GaN substrates for the purpose of better 

performance and reliability. 

The application of LDs has been widely used in projectors, Blu-ray disc writers and 

some application scenarios which require small size lasers in industrial and medical 

fields. HB-LEDs are used in lighting products such as car headlight, and table lamp. 

GaN power devices have the potential to apply in solar power inverters, EV/HEV cars 

and power supply and power factor correction (PFC). RF devices have been already 

applied in phased array radars, and soon they can also be applied in 5G communication 

systems. The applications and devices based on freestanding GaN substrate have been 

summarized in Figure 1.1. 

 

Figure 1.1 Applications and devices based on freestanding GaN substrate. 
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1.2 Methods of growing GaN freestanding substrate 

1.2.1 A history of GaN crystal growth 

Table 1.1 Summary of history of GaN crystal growth 

Contribution Year Researcher Country 

First report of GaN structure 1937 Lirman German 

First report about GaN synthesis 1938 Juza, Hahn German 

First GaN growth by HVPE 1969 Maruska, Tietjen USA 

First GaN growth by MOVPE 1971 Manasevit USA 

First GaN growth by PVT 1980 Vodakov Russian 

First GaN growth by HPSG 1982 Porowski Poland 

First GaN growth by MBE 1983 Yoshida Japan 

First GaN growth by 

ammonothermal 
1995 Dwiliński Poland 

First GaN growth by Na-flux 2000 Yamane Japan 

Gallium nitride (GaN) crystal structure was firstly reported in 1937 by Lirman and 

Zhdanov [5], but the first GaN synthesis was reported by Juza and Hahn in 1938 [6]. They 

observed GaN needles when NH3 flew through hot Ga metal at 1200 ºC. Later in 1959, 

Grimmeiss and Koelmans also produced small GaN crystal in the same way [7]. After 

that in 1969, Maruska and Tietjen synthesize a large area layer of GaN on sapphire by 

firstly flowing HCl through Ga then react with NH3 
[8], this is the first reported halide 

vapor phase epitaxial (HVPE) method of GaN synthesis. In 1971, Manasevit has 

reported syntesis of GaN layers by metalorganic vapor phase epitaxial (MOVPE) 

method [11]. In 1980, GaN sublimation method (PVT) was reported by Vodakov [9]. In 

1982, Porowski successfully obtained GaN crystal with high quality (dislocation 

density < 106 cm-2) by flowing N2 through Ga metal at high temperature (1700 ºC) and 

high pressure (2 GPa (20 kbar)). At approximately the same time in 1983, Yoshida 

found the GaN quality can be improved grown on AlN/sapphire by molecular beam 

epitaxy (MBE) method [10]. The first ammonothermal growth of GaN was reported by 

Dwiliński in 1995 [12], unlike the solution growth based on a Ga melt, ammonothermal 
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growth uses supercritical NH3 as a solvent. Yamane et al. reported successful growth 

of GaN using a Na flux method in 2000 [13]. The main GaN crystallization methods 

were all proposed as summarized in Table 1.1, and these methods kept developing 

respectively. 

1.2.2 Methods to fabricate freestanding GaN substrate 

Due to high melting points and high equilibrium N2 pressure at high temperature as 

shown in Figure 1.2, growth of bulk GaN from liquid is extremely difficult unless under 

high pressure over 6 GPa and high temperature over 2200 ºC. But due to a high demand 

for homoepitaxial substrates for III-nitride devices and its large potential market, 

alternative methods were developed. 

 
Figure 1.2 Phase diagram of GaN under high pressure and temperature [14]. 

Currently there are mainly three kinds of methods that can produce commercially 

available GaN substrates, and they have their own pros and cons. 

1.2.2.1 Flux method 

Flux method is an alternative method of high-pressure solution growth (HPSG) 

method proposed by Porowski in 1982. In the HPSG method, high pressure (1.2 to 2 

GPa) and high temperature (1400 to 1700 ˚C) was used. By employing alkali or alkali 
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earth metal as a flux, the Na flux reduces the growth pressure down to the order of 10 

MPa and the temperature down to 700 ̊ C [13]. In addition, it was reported that the growth 

pressure could be reduced to 1 MPa by adding Ca into Na-Ga melt [15]. The Li-Ga melt 

is also investigated [16]. 

Up to now, there are totally three generations of Na-flux technique [17], (the first 

generation [18-20], the second generation [21-23], and the third generation [24]).  

The size of substrate made by this method is larger than 2-inch, threading dislocation 

density (TDD) in Na-Flux GaN substrate is in the order of 103 − 105 cm-2, the growth 

rate for Na-flux method is in the order of 101 µm/h, and the O background impurity 

concentration is in the level of 1017 cm-3 [17,24]. 

1.2.2.2 Ammonothermal Growth 

Ammonothermal method was initially motivated by the successful application of 

hydrothermal growth to the production of quartz (α-SiO2) and ZnO [25]. By using of 

supercritical ammonia instead of water, GaN crystal can be grown under pressure below 

0.6 GPa and temperature in the range of 400 to 750 ˚C [26,27]. And unlike the solution 

growth based on a Ga melt, ammonothermal growth uses supercritical NH3 as a solvent. 

Some mineralizers are added to ammonia in order to accelerate its dissociation and 

enhance the solubility of Ga or GaN.  

Currently there are two type of ammonothermal method determined by the choice of 

mineralizers [28]. Basic ammonothermal growth makes use of alkali metals or their 

amides as mineralizers (𝑁𝐻2
− ions are introduced into the supercritical solution) [26,29,30], 

while in acidic ammonothermal growth halide compounds are present (𝑁𝐻4
+ ions are 

introduced into the supercritical solution) [27]. 

Ammonothermal technique allows large-scale wafer growth and scalable production 

approach by conducting multiple seeded growths in a single run. The curvature of 
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samples with diameter up to 2 inches has been measured to be more than 1000 m. The 

typical TDD in the order of 104 cm-2, O and Si background impurity concentration in 

the order of 1018 and 1017 cm-3, respectively [28]. However, the maximum growth rate 

for all direction is in the order of 101 µm/h [31]. 

1.2.2.3 Halide vapor phase epitaxy (HVPE) 

HVPE method for GaN crystal growth was firstly introduced by Maruska and Tietjen 

in 1969 [8]. In typical HVPE, GaCl and NH3 are used as precursors. GaCl is synthesized 

by flowing HCl over a heated Ga melt in the reactor. The typical growth temperature is 

about 1000 ̊ C and the temperature of the Ga melt is about 800 ̊ C. The growth is usually 

carried out under atmospheric pressure. The fundamental growth physics and chemistry 

of HVPE growth of GaN are well understood. The available models [32,33] of the kinetics 

of the process and growth mechanisms occurring at the solid/vapor interface during 

HVPE growth of GaN assume a surface process involving several steps and allow 

simulation of the growth rates. Based on a quasi-thermodynamic growth model, 

simulations of gas dynamics, temperature distribution, and partial pressures can be 

simulated for any specific reactor design [34-36]. 

Most of the commercially available GaN substrate in the market are fabricated by 

separating HVPE-grown GaN thick layers on foreign substrates. The main challenges 

of this process are dislocation reduction and stress control. Several techniques have 

been developed. Epitaxial lateral overgrowth (ELOG) [37,38], dislocation elimination by 

epitaxial growth with inverse-pyramidal pits (DEEP) [39,40], and nano-mask [41] method 

are commonly used to enhance the dislocation annihilation for dislocation reduction 

and help to release the growth and thermal stress. Besides, in order to separate the quasi-

bulk epilayers from foreign substrate, there are usually two methods: void-assisted 

separation (VAS) based self-separation method [42-49] and laser lift-off method. 
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Recently, O and Si background impurity concentration were also successfully 

decreased to the level of 1016  cm-3 in quartz-free HVPE reactor [50], the threading 

dislocation density (TDD) of HVPE GaN substrate is in the order of 106 cm-2 [51]. 

Although many techniques were applied to control the stress, the lattice bow is still very 

large.  

The required growth condition and the quality of commercially available 

freestanding GaN substrate fabricated by three different methods have been 

summarized in Table 1.2. 

Table 1.2 The-state-of-the-art quality of commercially available freestanding GaN 

substrate fabricated by three different methods 

Conditions/Capability Unit HVPE Ammonothermal Na-flux 

Growth pressure MPa 0.1 100-600 5-10 

Growth temperature ˚C 
950-

1100 
500-800 700-900 

Wafer size inch 2~6 1 - 2 1 - 7 

Largest boule size 

Diameter/Height 
inch/mm 2/10 2/10 1/12 

Growth rate level μm/h 102 101 101 

Dislocation density level cm-2 106 104 103 - 105 

O concentration level cm-3 1016 1018 1017 

Si concentration level cm-3 1016 1017 Not exist 

Lattice bow M 2 – 20 > 1000 > 30 

1.3 Approach of this research 

In this study, we are aiming to develop a technology to fabricate high quality 

freestanding GaN substrate. High crystallinity, high purity, low TDD, small lattice bow 

is mostly expected. 

Current GaN freestanding substrates by HVPE has significant disadvantages. Firstly, 

the process cost is high because HVPE is an open system. Therefore, source gas can be 

wasted during mass transportation process. Secondly, throughput of wafer to wafer 
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process is not efficient. Thirdly, stress control, dislocation reduction and separation of 

GaN epilayers from foreign substrate are very difficult. 

In order to overcome some of these problems, countermeasures were done. Firstly, 

vertical HVPE systems was employed in this study because they have much higher 

source gas yield than a horizontal one. Secondly, we are trying to obtain thick GaN 

boules that can be sliced to fabricate native bulk substrates. Thirdly, high quality native 

GaN seed with low TDD, high crystallinity and small lattice bow was used to cancel 

dislocation reduction and separation problems. With these countermeasures, the only 

difficulty in this study is the stress control during thick homoepitaxial growth. 

And to further solve above problems, efforts were done in this study. Firstly, growth 

condition in HVPE was systematically studied. Fluid dynamic models and thermal 

dynamic calculations were combined to find the way to improve source gas yield. 

Secondly, native GaN substrate fabricated by different methods were compared to 

select the best seed with lowest TDD, highest crystallinity and smallest lattice bow. 

Thirdly, the thickness limitation of homoepitaxial growth was attributed to non-polar 

and semi-polar growth of “wings”, which will lead to formation of large stress in the 

growing crystal close to the edges [52]. Therefore, rings with materials that can 

decompose GaN crystal was designed at edge to prevent lateral growth in non-polar 

and semi-polar directions. Additionally, to further increase the freestanding wafer size 

and improve the source gas yield, the showerhead of another vertical reactor for large 

size wafer growth was studied and optimized. 
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1.4 Dissertation overview 

1.4.1 Contribution of this work 

1.4.1.1 Route selection to true bulk GaN crystal 

Among all the bulk growth techniques under investigation today for nitrides, HVPE 

is still the most promising technique due to mainly three reasons. Firstly, it utilizes a 

process at more favorable conditions, namely, low pressure and relatively low growth 

temperature. Secondly, the growth rate is at least one order of magnitude higher than 

other methods. Thirdly, the purity is the highest and still have potential to be further 

improved by further optimization of the reactor. However, there are also shortcomings 

for this method. Firstly, the source gas yield is low because the reactor is an open system, 

part of the source gas will waste during mass transportation process. Secondly, the 

stress control during growth is still facing problems. By considering these pros and cons 

comprehensively, HVPE is still the most cost-effective method. 

According to analysis of the strain generation mechanism in HVPE epilayers, by 

applying native seed with high crystallinity, low TDD and small lattice bow, similar 

epilayers can be copied at a high growth rate. 

In summary, the route to obtain true bulk GaN crystal by this approach is most 

promising. 

1.4.1.2 Thick epilayer growth 

Among commercially available seeds fabricated with different methods, 

ammonothermal seed is the most promising one. 

Although there is no direct observation, by analyzing the stress generation 

mechanism and excluding the impossible reasons, various edge effects ranging from 
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spurious growth on the edges or formation of facets is considered as the main cause of 

stress. A similar view was also proposed by other researchers in Ref. [53]. 

The phenomenon appeared at interface during homoepitaxial growth on native GaN 

seed fabricated with different substrate are different, which is neither yet studied nor 

optimized by changing growth parameters. This will be an interesting direction to 

further research. 

In this study, Tungsten (W) ring was used to try to decompose lateral growth in non-

polar and semi-polar directions, but it is not very effective. Crystal still will crack after 

approximately 2 mm growth, and the wings was also observed by cross sectional view 

of SEM image. An effective countermeasure to deal with this challenge is still under 

research. 

1.4.1.3 Parasitic deposition prevention 

Parasitic deposition was prevented by extra barrier flow. However, this method will 

trade-off the gas mixing distance and further decrease source gas yield and growth rate.  

Using metal and their compound with catalyst effect such as W, Ru, Mo, and WC is 

another effective method to prevent parasitic deposition in the reactor. Furthermore, the 

catalyst effect of W can be improved after several cycles of aging. It is hopefully to 

prevent parasitic deposition by simply using aged W metals. 

Besides, the impurity introduced by W metal was not systematically studied yet, and 

this method is waiting for further research. 

1.4.1.4 Large size wafer growth 

A prototype reactor with showerhead configuration was introduced. 

By employing the design of independently controlled inner and outer flow, 

uniformity can be optimized by changing the flow balance. 
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The area ratio of inner region and outer region can be further optimized to 0.94 by 

simulation, and experimental demonstration is waiting for further research. 

1.4.2 Chapter composition of this dissertation 

In Chapter 1, I explained that the demand for freestanding GaN substrates is 

increasing more and more. A history of GaN crystal growth was surveyed, and 

commercially available GaN fabrication methods were also compared. Objective of this 

research is trying to develop a technology to fabricate high quality freestanding GaN 

substrate with high crystallinity, high purity, low TDD and small lattice bow. Thick 

GaN epitaxial growth on high quality native seeds by HVPE method was employed to 

approach the aim. 

In Chapter 2, growth condition in HVPE was systematically studied, fluid dynamic 

models and thermal dynamic calculations were combined to find the way to improve 

source gas yield. 

In Chapter 3, native GaN substrate fabricated by different methods were compared 

to select the best seed with lowest TDD, highest crystallinity and smallest lattice bow. 

GaN on ammonothermal substrate was expected. Thick epitaxial growth technologies 

including protection rings, seed fixation, long time growth and regrowth was studied. 

Finally, a 3.5 mm thick GaN finally achieved with regrowth method. 

In Chapter 3, native GaN substrate fabricated by different methods were compared 

to select the best seed with lowest TDD, highest crystallinity and smallest lattice bow. 

GaN on ammonothermal substrate was expected. Thick epitaxial growth technologies 

including protection rings, seed fixation, long time growth and regrowth was studied.  

In Chapter 4, the reactor for large size wafer crystal was introduced. Optimized 

growth condition was obtained. The ability to decompose GaN crystal was found to be 

enhanced after cycles of aging procedure. From long time growth result, we concluded 
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parasitic deposition can be prevented by only W plate. Showerhead version II was 

designed based on this concept, and changes were done to decrease the mixing distance. 

By simulation study, the optimized area ratio of inner to outer region was 0.94. A new 

showerhead was fabricated based on the simulation result shown at last. 

In Chapter 5, the dissertation was concluded and further improvement ideas was 

proposed in two research directions in thick epilayer growth and large size wafer growth. 
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Chapter 2 

2 Flow calculation, simulation and growth 

condition optimization in a vertical HVPE 

reactor 

2.1 Homemade HVPE reactor 

 

Figure 2.1 Schematic diagram of homemade reactor, (left) structure, (right) 

flow and material list. 

The schematic of the reactor is shown in Figure 2.1. The Ga metal in the source zone 

was heated resistively and the temperature was controlled by a thermocouple in contact 
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with the quartz reactor wall. Herein, liquid Ga reacted with HCl to form GaCl. The 

growth zone, where GaN crystal growth occurred, was heated by RF power coupled 

into a cylindrical graphite susceptor. The temperature of the graphite substrate holder 

was controlled by a thermocouple placed in the center of the holder about 10 mm below 

the surface. A pyrometer with a spot size of ~10 mm was used to monitor the surface 

temperature of the center of the rotating wafer during growth.  

The process gases entered the reactor through the top inlets and were exhausted at 

the bottom. They were injected into the growth zone through three concentric nozzles: 

GaCl was supplied through the center nozzle, N2 flowing through the middle nozzle 

was used as a separation gas to delay the reaction between the Ga and nitrogen species 

and to prevent parasitic deposition on the injection nozzles, while NH3 was injected 

through the outer most nozzle. Deposition on the inner quartz reactor wall was 

minimized by an N2 curtain gas flow. 

2.2 Pre-reaction optimization 

The pre-reaction in HVPE reactor is necessary because GaCl is not stable below 420 

ºC, which will spontaneously self-react to form a stable low-temperature gallium 

trichloride (GaCl3) and excess gallium metal, so GaCl cannot be easily kept in a high-

pressure bottle like other source gases. To study the pre-reactions in Ga tank, thermal 

dynamic calculation was employed. 

The chemical reactions and corresponded equilibrium constants are listed in formula 

2.1 to 2.4. 

𝐺𝑎(𝑙) + 𝐻𝐶𝑙(𝑔) ↔ 𝐺𝑎𝐶𝑙(𝑔) +
1

2
𝐻2(𝑔) 𝐾1 =

𝑃𝐺𝑎𝐶𝑙𝑃𝐻2

1
2

𝑃𝐻𝐶𝑙
 

2.1 

𝐺𝑎(𝑙) + 2𝐻𝐶𝑙(𝑔) ↔ 𝐺𝑎𝐶𝑙2(𝑔) + 𝐻2(𝑔) 𝐾2 =
𝑃𝐺𝑎𝐶𝑙2𝑃𝐻2
𝑃𝐻𝐶𝑙
2  2.2 
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𝐺𝑎(𝑙) + 3𝐻𝐶𝑙(𝑔) ↔ 𝐺𝑎𝐶𝑙3(𝑔) +
3

2
𝐻2(𝑔) 𝐾3 =

𝑃𝐺𝑎𝐶𝑙3𝑃𝐻2

3
2

𝑃𝐻𝐶𝑙
 

2.3 

2𝐺𝑎𝐶𝑙3(𝑔) ↔ 𝐺𝑎2𝐶𝑙6(𝑔) 𝐾4 =
𝑃𝐺𝑎2𝐶𝑙6
𝑃𝐺𝑎𝐶𝑙3
2  2.4 

The thermal dynamic data of equilibrium constants 𝐾1  to 𝐾4  are calculated by 

formula 2.5. 

𝐾 = 𝑒
−𝛥𝐺0

𝑅𝑇  2.5 

where 𝛥𝐺0  is the Gibbs free energy change of the reaction taken at the standard 

pressure of 1 atm, R is the universal gas constant, and T is the reaction temperature. 

𝛥𝐺0 is calculated from the thermal dynamic data listed in Appendix I. 

The pressure in the tank universally equals to 100kPa. Because there is no deposition 

consisting of Cl, N and H atoms during the reactions, the gas phase molar quantity of 

Cl, N and H atoms conserves. The ratio of 𝑛𝐶𝑙/(𝑛𝐻 + 𝑛𝑁)  and 𝑛𝐻/(𝑛𝐻 + 𝑛𝑁) 

remain constant at equilibrium state with the input values. 

∑𝑃𝑖 = 𝑃𝐺𝑎𝐶𝑙 + 𝑃𝐺𝑎𝐶𝑙2 + 𝑃𝐺𝑎𝐶𝑙3 + 𝑃𝐺𝑎2𝐶𝑙6 + 𝑃𝐻𝐶𝑙 + 𝑃𝐻2 + 𝑃𝑁2 

 

2.6 

𝐴 =
𝑃𝐺𝑎𝐶𝑙 + 2𝑃𝐺𝑎𝐶𝑙2 + 3𝑃𝐺𝑎𝐶𝑙3 + 6𝑃𝐺𝑎2𝐶𝑙6 + 𝑃𝐻𝐶𝑙

2𝑃𝐻2 + 𝑃𝐻𝐶𝑙 + 2𝑃𝑁2
 2.7 

𝐹 =
2𝑃𝐻2 + 𝑃𝐻𝐶𝑙

2𝑃𝐻2 + 𝑃𝐻𝐶𝑙 + 2𝑃𝑁2
 2.8 

By considering formula of 2.1 to 2.8, the partial pressure of 7 species of gases at 

equilibrium state can be solved. Figure 2.2 shows the calculation results of equilibrium 

state changing with temperature, input HCl concentration and carrier gas. HCl 

conversion rate dependence is also plotted. 
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(a) (b) 

  

(c) (d) 

Figure 2.2 Thermal dynamic calculation result, partial of each species on the 

dependence of (a) temperature, (b) input HCl concentration and (c) F ratio; (d) 

HCl conversion rate dependence on different input HCl concentration and Ga 

tank temperature. 

From Figure 2.2, it is known that to enhance HCl conversion rate, higher temperature, 

lower input HCl concentration and H2 carrier gas is preferred. HCl conversion rate is 

higher than 90% with temperature over 700 ºC and input HCl concentration lower than 

10%.  
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To apply the calculation in the actual situation, reaction gas duration time and 

diffusion length are necessary to take into consideration. The schematic diagram of this 

process is shown in Figure 2.3. 

 

Figure 2.3 Reaction schematic diagram in the Ga tank, Ga tank of the actual 

can be simplified to a tunnel above Ga metal surface with height of 11 mm, 

length of 300 mm and width of 19 mm. 

Reactant gas flows into the Ga tank from left side, reacts with Ga metal, and then the 

product gas mixture flows out from right side. Because the reaction only happens at Ga 

surface, concentration is distributed along vertical direction to Ga liquid surface. With 

flow moving rightward, diffusion will finally balance the GaCl concentration to an 

equilibrium state. To reach the equilibrium state, the reactant gas should have long 

enough time in the Ga tank, which constrains the maximum total flow rate. And the 

maximum total flow rate will affect the maximum HCl flow rate with keeping the input 

HCl concentration. 

For an optimized Ga tank, the gas flow channel should be long enough to provide a 

relatively long reaction duration time. The Ga tank of the reactor used in this study can 

be simplified into a 300 mm length channel with width of 19 mm, the distance between 

Ga metal surface to channel top is 11 mm, and this can increase to maximum 29 mm 

with consumption of Ga metal, as shown in Figure 2.3. 
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One-dimensional advection-diffusion model can be used here to roughly estimate the 

diffusion in this Ga tank. Formula 2.9 is the analytical solution of the model [1], 

𝐂(𝐱, 𝐭) =
𝐂𝟎
𝟐
[𝐞𝐫𝐟𝐜 (

𝐱 − 𝐮𝐭

𝟐√𝐃𝐱𝐭
) + 𝐞

𝐮𝐱
𝐃𝐱𝐞𝐫𝐟𝐜(

𝐱 + 𝐮𝐭

𝟐√𝐃𝐱𝐭
)] 2.9 

Where C(𝑥, 𝑡) is the concentration at position of x and time of t, C0 is the input 

concentration, D is the diffusivity, and u is the advective flow velocity. 

  

(a) (b) 

Figure 2.4 (a) Calculation result of 1D advection-diffusion model, (b) 

Comparison of experiment result of growth rate and calculation result of HCl 

conversion rate. 

Diffusivity of different gas species varies from 10−4 to 10−3 m2/s [2], to calculate 

the maximum time, diffusivity is 10−4 m2/s, the advection velocity is 8 mm/s. The 

calculated result is shown in Figure 2.4 (a). From the calculation, after 20 second, the 

concentration above Ga surface 11 mm will be the same to the concentration at Ga 

surface. With the simplified model of the Ga tank, when the total flow rate is fixed at 

95 sccm, it requires 40s for the reactant gas flow through the channel across Ga surface. 

And this period is long enough to make the reaction in the Ga tank fully carried out. 
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Figure 2.4 (b) plots the experimental result. The three experiments were all with V/III 

ratio of 200, where NH3 was saturated and the growth rate was only controlled by GaCl 

conversion rate. Ga tank temperature varied among 750 ºC, 800 ºC and 850 ºC, the 

growth rate (red circle) and calculated HCl conversion rate (break line) are plotted in 

Figure 2.4 (b). The growth rate was measured by SEM cross sectional with accuracy of 

±1 µm. 

The temperature dependence of experimental growth rate is much stronger than that 

of calculated HCl conversion rate. This may come from three reasons. Firstly, from 

Figure 2.1, the Ga tank temperature is taken by the thermocouple close to outer quartz 

wall, and there is no thermal isolation design at top and bottom of the heater, the actual 

temperature in Ga tank may be much lower. Secondly, lower HCl conversion rate will 

make the mixture gas from Ga tank consists more HCl. This may further decrease the 

growth rate at growth zone. Thirdly, The Ga tank temperature will also influence the 

flow speed in the system, higher flow speed from nozzle will also influence the growth 

rate. With above three reasons, the calculation deviate from experiment results. 

The second and third reason are related to the reaction at growth zone and is too 

complex to discuss. Here I just fitted the experiment result with the calculation by 

estimating the actual temperature in Ga tank. As shown in Figure 2.5, by assuming the 

reaction temperature in Ga tank is 275 ºC lower than the thermocouple detected 

temperature, the experimental result well fitted with the calculation. In fact, the 

temperature in Ga tank may not be this lower, the deviation is the cumulative effect of 

above mentioned three reasons. 
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Figure 2.5 Fitted experimental growth rate with calculated HCl conversion rate, 

by assuming the actual reaction temperature at Ga surface is 275 ºC lower than 

the thermocouple detected temperature 

The total flow in the Ga tank is finally fixed to 95 sccm, and the temperature is fixed 

to 800 ºC to reduce variables. The HCl flow rate in Ga tank can vary within 30 sccm 

(lower than 31.6%). 

2.3 Flow optimization 

The flow pattern in a vertical reactor can be described by stagnation point flow model 

as shown in Figure 2.6. Uniform vertical flow from nozzle transported to plate surface, 

the boundary layer thickness is uniform on the whole plate. 

 

Figure 2.6 Stagnation flow model (a) from Ref. [3], (b) simplified model. 
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In order to make the result simple enough to derive an analytical expression for the 

gas velocity in a showerhead configuration under incompressible flow approximation, 

where the gas is incompressible (also ignoring thermal expansion) and volume in is the 

same as volume out, and vertical velocity of the bottom boundary (wafer surface) equals 

to 0. The vertical velocity at top boundary (inlet) is Vin, and concentration is Cin, the 

radius of the wafer is R, and height is HC , exhaust gas outlet area is 2πRHC . To 

summarize the boundary conditions in cylindrical coordinates, we have, 

{
 

 
𝐯𝐳(𝐫,𝛗,𝐇𝐜) = −𝐕𝐢𝐧
𝐯𝐫(𝐫, 𝛗,𝐇𝐜) = 𝟎

𝐜𝐢𝐧(𝐫,𝛗,𝐇𝐜) = 𝐂𝐢𝐧
𝐯𝐳(𝐫, 𝛗, 𝟎) = 𝟎

 2.10 

and the flow is incompressible flow (the equivalent statement that implies 

incompressibility is that the divergence of the flow velocity is zero), so 

𝛻 ∙ 𝑣 =
1

𝑟

𝜕

𝜕𝑟
(𝑟𝑣𝑟) +

𝜕𝑣𝑧
𝜕𝑧

= 0 2.11 

from formula 2.11, we can solve the equation with the boundary conditions, 

{

𝑣𝑧 = 𝑣𝑖𝑛(−
𝑧

𝐻𝑐
)

𝑣𝑟 = 𝑣𝑖𝑛
𝑟

2𝐻𝑐

 2.12 

In the analysis above, we didn’t account the viscosity of the fluid. To further balance 

the convection and diffusion inside the chamber, we consider the concentrations of 

species are uniform radially in an ideal reactor, and transport in the vertical direction is 

decoupled from transport in the radial direction [4]. Because the concentration is uniform 

in r, the source gas carried in along a streamline from an inner point has the same 

concentration as the source gas that is leaving, except for the dependence on z. 

From steady-state convection–diffusion equation 
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∇ ∙ (𝐷𝑖∇𝑐𝑖) − ∇ ∙ (𝑐𝑖𝑣⃑) + 𝑅𝑖 =
𝜕𝑐𝑖
𝜕𝑡

= 0 2.13 

where index i denotes the ith species, c is the concentration (mol/m3), D is the 

diffusivity, 𝑣⃑  is the velocity field that the quantity is moving with, R describes 

"sources" or "sinks" of the quantity. And because there is no sinks or source, so 

𝐷𝑖∇𝑐𝑖 − 𝑐𝑖𝑣⃑ = 0 2.14 

As discussed above, the vertical velocity is approximately linear to position 

𝑣𝑧 = −
𝑧

𝐻𝑐
𝑣𝑖𝑛 2.15 

finally, we can have the following balance equation between diffusion and convection, 

−𝑣𝑖𝑛
𝑧

𝐻𝑐

𝜕𝑐𝑖
𝜕𝑧

= 𝐷𝑖
𝜕2𝑐𝑖
𝜕𝑧2

 2.16 

to solve the equation, we can have 

𝑐𝑖(𝑧) = 𝐶𝑖𝑛
𝑒𝑟𝑓(𝑧/𝑑)

𝑒𝑟𝑓(𝐻𝑐/𝑑) 
 2.17 

where 

𝑒𝑟𝑓(𝑥) =
2

√𝜋
∫𝑒−𝑡

2
𝑑𝑡

𝑥

0

 2.18 

𝑑 = √
2𝐷𝐻𝑐
𝑣𝑖𝑛

 2.19 

The input source gas is the sum of exhausted source gas and flux finally reached 

wafer surface, to integrate the exhausted gas 

𝐶𝑒𝑥ℎ𝑎𝑢𝑠𝑡 =
1

𝐻𝑐
∫ 𝐶(𝑧, 𝑅)𝑑𝑧

𝐻𝑐

0

 2.20 

finally, we can have following equations. 
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{
𝐶𝑖𝑛𝑉𝑖𝑛(𝜋𝑅

2) = 𝐽𝑔𝑟𝑜𝑤𝑡ℎ(𝜋𝑅
2) + 𝐶𝑒𝑥ℎ𝑎𝑢𝑠𝑡𝑣𝑒𝑥ℎ𝑎𝑢𝑠𝑡(2𝜋𝑅𝐻𝑐) 

𝑣𝑒𝑥ℎ𝑎𝑢𝑠𝑡(2𝜋𝑅𝐻𝑐) = 𝑉𝑖𝑛(𝜋𝑅
2)

 2.21 

From formula 2.21, we can get mass flux and mass transportation efficiency, which 

corresponding to growth rate and Ga yield in HVPE process, 

{
 
 

 
 𝐽𝑔𝑟𝑜𝑤𝑡ℎ =

𝐶𝑖𝑛𝑣𝑖𝑛

1 +
𝐻𝑐𝑣𝑖𝑛
2𝐷

𝐺𝑎𝑦𝑖𝑒𝑙𝑑 =
1

1 +
𝐻𝑐𝑣𝑖𝑛
2𝐷

 , 𝑑 > 𝐻𝑐 2.22 

{
 
 

 
 
𝐽𝑔𝑟𝑜𝑤𝑡ℎ = 𝐶𝑖𝑛√

𝐷𝑣𝑖𝑛
2𝐻𝑐

𝐺𝑎𝑦𝑖𝑒𝑙𝑑 = √
𝐷

2𝐻𝑐𝑣𝑖𝑛

 , 𝑑 < 𝐻𝑐 2.23 

From above solutions, we can depic the streamline with the streamline equation 

𝜕𝑟

𝜕𝑧
=
𝑣𝑟
𝑣𝑧
= −

𝑟

2𝑧
 2.24 

and the solution is 

𝑟 = 𝑟0√
𝐻𝑐
𝑧
, 𝑟0 ∈ (0, 𝑅] 2.25 

The stagnation point is at 𝑟0 = 0, so this singularity must be excluded from the 

streamline equation 2.25. 

To have a more intuitive understand of the calculation, we used the boundary 

condition of the actual reactor, where 𝑯𝒄 = 4.0 cm,𝑹 = 25 mm, 𝑪𝒊𝒏 =

14 𝑔 𝑚3⁄ and 𝑽𝒊𝒏 ∈ [𝟎. 𝟏, 𝟏] m/s. The calculated streamline and growth rate and Ga 

yield dependence is shown in Figure 2.7 (a) and (b), where all the source gas transported 

onto wafer surface was assumed to be absorbed by the crystal. Growth rate and Ga yield 

is a pair of trade-offs depending on input flow velocity. When input concentration is 

fixed, increasing the input flow will lead to two changes. Firstly, it will lead to higher 
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source gas flow, hence more source gas will finally reach plate surface. Secondly, it 

will increase lateral flow speed, higher ratio of source gas will flow away from lateral 

direction before reaching plate surface. Besides, according to the calculation, the 

growth rate and Ga yield will both increase with smaller 𝑯𝒄. Growth rate increases 

with increasing input source gas concentration, while Ga yield is independent with input 

source gas concentration as shown in Figure 2.7 (c) and (d). 

 

 

(a) (b) 

  

(c) (d) 

Figure 2.7 Calculation result of (a) streamline, (b) Ga yield and growth rate on 

input flow speed dependence, (c) constant 𝐂𝐢𝐧, 𝐇𝐂 = 0.5, 1.0, 3.0, 6.0 and 10.0 

cm, (d) constant 𝐇𝐂, 𝐂𝐢𝐧 = 4, 9, 14, 18 and 23 g/m3. 

For the actual reactor, the source gas was separately input into the growth zone from 

different nozzles as shown in Figure 2.8 (a). To make sure the source gas was fully 

mixed before reaching wafer surface, the input flow speed is limited. Besides, the 
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mixing of source gas is expected to be delayed from nozzles to prevent the strong 

parasitic deposition on nozzles. 

  

(a) (b) 

Figure 2.8 (a) Actual nozzle structure, three concentric cylinder, the dimension 

of each nozzle is labeled, (b) Gas mixing before GaCl nozzle schematic. 

Under this situation, it is hard to estimate the lateral diffusion distance by 1-D 

advection-diffusion equation because the lateral flow speed is increasing along z 

direction towards wafer surface according to the calculation. To make sure the flow can 

mix over 0.1s before reacting to the surface, the total flow is limited to 15 slm in the 

reactor. Three experiments and corresponding simulation were done to study the flow 

in the reactor. Their corresponded flow conditions are listed in Table 2.1. The N2 gas 

from barrier nozzle is always higher than the gas from GaCl and NH3 nozzles to make 

sure the source gas of GaCl and NH3 can diffuse to the other nozzles across the barrier 

curtain gas. The flow speed ratio of barrier gas is 1.5 to 2.0 time higher than the source 

gas based on the flow speed, the ratio is lower with a higher flow speed to make sure 

the gas has enough time to fully mix before reaching to wafer surface. 

To have a higher HCl conversion rate in Ga tank, pure H2 carrier is used in Ga tank. 

Because the diffusivity of H2 is 4 times higher than that of N2 
[2], the H2 ratio of total 

flow is expected to keep at a constant value. Although the H2 ratio in GaCl nozzle was 

different, the H2 ratio of total flow was kept constant at 5%. The insufficient H2 gas was 
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supplemented by dopant line as shown in Figure 2.8 (b), and the carrier gas in NH3 

nozzle was pure N2. 

Table 2.1 Experiment flow condition list, H2 gas ratio was kept constant at 5% for 

all cases to make sure the mixture gas has a similar diffusivity 

 Unit Condition 1 Condition 2 Condition 3 

Flow speed 

GaCl nozzle 
cm/s 

at 300K 

10 15 20 

N2 nozzle 20 25 30 

NH3 nozzle 10 15 20 

Flow rate 

GaCl nozzle 

GaCl 

Ga tank 

sccm 

30 30 30 

N2 

Ga tank 
0 0 0 

H2 

Ga tank 
65 65 65 

N2 

Dopant line 
202 393 633 

H2 

Dopant line 
381 530 630 

Flow rate 

N2 nozzle 
N2 3958 4948 5938 

Flow rate 

NH3 nozzle 

NH3 3000 3000 3000 

N2 299 1948 3597 

H2 0 0 0 

Total flow Gas mixture slm 8.925 11.903 13.892 

H2 ratio in GaCl nozzle a.u. 65.76% 58.47% 51.18% 

H2 ratio of total flow a.u. 5% 5% 5% 

Figure 2.9 shows the parasitic deposition result on nozzles with different flow 

conditions after 6 hours growth and 12 hours growth. 

Simulation was also used to study the flow condition in the reactor. And we employed 

commercially available computational fluid dynamics (CFD) simulator STR Virtual 

Reactor HVPE edition (HepiGANS). The simulator has the ability to calculate “2-D 

plane and axisymmetric rotational viscous gas mixture flows inside highly heated 

modern engineering devices like chemical vapor deposition (CVD) reactors” [5].  
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(a) (b) (c) 

   

(d) (e) (f) 

Figure 2.9 Nozzle deposition appearance after 6 hours growth with (a) flow 

condition 1, (b) flow condition 2 and (c) flow condition 3, and after 12 hours 

growth with (d) flow condition 1, (e) flow condition 2 and (f) flow condition 3. 

The physical models are used to describe the gas flow dynamics, heat transfer, and 

multi-species diffusion in the reactor. There are some preset conditions to simplify the 

physical model and well customize for the situation in the HVPE reactor for crystal 

growth.  
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(a) (b) 

Figure 2.10 (a) Simulation model, (b) Simulation model with mesh grid 

The Navier-Stokes equations were employed to describe the fluid dynamics of the 

gas mixture in the reactor. The gas mixture was treated as ideal gas. And the gas mixture 

was single phase fluid in which the possible phase conversion and vapor phase reaction 

during mass transfer were ignored. The involved species in the simulation were all in 

vapor phase, and crystallization on wafer surface was merely treated as the mass 
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generation and consumption boundary. The boundary shape changes due to crystal 

growth on crystal surface was ignored, and the wafer surface was treated as absolute 

flat surface. The crystallization reaction on wafer surface is exothermic (smaller than 

100 kJ/mol), but the reaction quantity (less than 100 μmol/s) was too small, so the heat 

of chemical reactions was ignored. The growth rate (smaller than 0.15 μm/s) of crystal 

was negligible compared with the flow speed, hence the flow field can be 

approximately considered at statistical equilibrium state, and all the time derivatives in 

the equations were set to zero. The parasitic deposition on reactor walls was neglected 

for simplification. All the reactor walls were treated as non-chemical surface. 

The simulation model is shown in Figure 2.10 (a) and the mesh grid of the model is 

shown in Figure 2.10 (b). The model is 1:1 ratio to actual reactor. To obtain accurate 

enough simulation result, the model is cut into 99680 cells and over 7815 boundary 

faces. The simulator control criterion were convergence and maximum number of 

iterations. Residual values can directly quantify the error in the solution of the system 

of equations and is used as convergence criterion. The residual criterion for temperature, 

chemical species, fluid velocity, growth rate and pressure were 10-3, 10-7, 10-5, 10-3 and 

10-3, respectively. The maximum number of iterations was 50000. The input flow 

condition at GaCl inlet, NH3 inlet, barrier gas inlet and purge gas inlet are the same as 

the experiment conditions listed in Table 2.1. The temperature of resistive heater (the 

red color boundary) is set to 800 ºC, and the power of RF coil is fitted to make the 

temperature at TC2 point to 1050 ºC. 
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(a) (b) 

  

(c) (d) 

Figure 2.11 (a) Simulation model with GaCl (left half side) and NH3 (right half 

side) molar fraction distribution; (c) NH3 molar fraction along GaCl nozzle 

outlet (along ①) in (b); (d) GaCl molar fraction along NH3 nozzle outlet (along 

②) in (b). 

The molar fraction distribution of GaCl and NH3 near the growth zone is shown in 

Figure 2.11 (a), left part (GaCl concentration) and the right part (NH3 concentration), 

respectively. From the simulation result (Figure 2.11 (a), (c) and (d)), GaCl and NH3 

diffusion to the other source gas nozzle is at 100 ppm level and can be ignored, but for 

long growth time like 12 hours, this slight diffusion will also be strong enough to pollute 

the nozzles. 

The growth rate and Ga yield from calculation, simulation and experiment were 

further compared as shown in Figure 2.12 (a). 
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The calculation is based on formula 2.22 and 2.23. In the experiment, nozzle size is 

40 mm, and wafer is 6.0 cm away from nozzle. The input flow speed is calculated by 

total flow (as listed in Table 2.1) and nozzle diameter of 40 mm (as shown in Figure 

2.11 (b)). The input source gas concentration (GaCl concentration, calculated by GaCl 

flow and total flow listed in Table 2.1). The parameters used for calculation are listed 

in Table 2.2. Because the calculation was only based on mass transportation by flow 

and diffusion without considering the growth at surface, to fit the calculated growth rate 

with the experiment result, a selected absorption ratio of 0.23 involved, which means 

23% of the source gas reached on wafer was absorbed by the crystal. The calculation 

result is plotted in Figure 2.12 (a) with dash lines. 

Table 2.2 Calculation input parameters calculated from experiment condition 1~3. 

Input parameters Unit Condition 1 Condition 2 Condition 3 

HC cm 6.0 

R mm 40 

Cin g/m3 17.738 12.898 10.133 

Vin m/s 0.05 to 0.25 

The growth rate distribution of experiment (with symbol) and simulation (dashed line) 

is shown in Figure 2.12 (b). The experimental growth rate was measured by SEM cross 

sectional with accuracy of ±1 µm. The simulation results were fitted with a ratio of 0.51, 

because in the simulation surface sticking coefficient was 1.0, but in the actual situation 

it is always smaller than 1.0. 

By comparing the calculation, simulation, and experiment growth rate, we can 

conclude that the different growth rate distribution under these 3 conditions are mainly 

caused by mass transportation. Both the growth rate and Ga yield of calculation curves 

have the biggest difference through condition 1 to 3 because the calculation only 

considered the mass transportation. The simulation results moderate the difference 

because the simulation involve the chemical reaction at surface, the reaction balance 
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weaken the effect of mass transportation once, but the simulation model did not 

consider surface kinetics. For the actual growth, surface kinetics further moderate the 

difference, so the difference in growth rate of condition 1 to 3 is much smaller than the 

simulation, as shown in Figure 2.12 (b). 

Besides, according to experiment result, the uniformity of condition 3 was not 

acceptable. This variation is attributed to the high flow speed of flow condition 3. 

Finally flow condition 2 was selected as the standard flow condition for further 

experiment. 

  

(a) (b) 

Figure 2.12 (a) growth rate and Ga yield comparison of experiment result (dot 

symbol), calculation result (dash lines) and simulation result (cross symbol) with 

different condition, (b) growth rate distribution of the experiment result with 

different flow condition 

2.4 Growth zone optimization 

The growth on wafer surface was also studied by thermodynamic calculation. The 

main chemical reactions and corresponded equilibrium constants are listed in formula 

2.26 to 2.27. 

𝐺𝑎𝐶𝑙(𝑔) + 𝑁𝐻3(g) ↔ GaN(s) + HCl(g) + 𝐻2(𝑔) 𝐊𝟏 =
𝐏𝐇𝐂𝐥𝐏𝐇𝟐
𝐏𝐆𝐚𝐂𝐥𝐏𝐍𝐇𝟑

 2.26 

𝐺𝑎𝐶𝑙(𝑔) + 2HCl(g) ↔ Ga𝐶𝑙3(g) + 𝐻2(𝑔) 𝐊𝟐 =
𝐏𝐆𝐚𝐂𝐥𝟑𝐏𝐇𝟐
𝐏𝐆𝐚𝐂𝐥𝐏𝐇𝐂𝐥

𝟐
 2.27 
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The pressure in the tank universally equals to 100 kPa, and Ga and N atom are equally 

absorbed into GaN crystal as shown in formula 2.28, where α denote the NH3 

decomposition ratio during mass transportation (α=0.03 in this calculation, because 

there is no stainless steel in the reactor and NH3 decomposition rate is low [6]). The A 

ratio and F ratio are shown in formula 2.30 and 2.31. 

∑𝐏𝐢 = 𝐏𝐆𝐚𝐂𝐥 + 𝐏𝐆𝐚𝐂𝐥𝟑 + 𝐏𝐇𝐂𝐥 + 𝐏𝐍𝐇𝟑 + 𝐏𝐇𝟐 + 𝐏𝐍𝟐 2.28 

𝐏𝐆𝐚𝐂𝐥
𝟎 − (𝐏𝐆𝐚𝐂𝐥 + 𝐏𝐆𝐚𝐂𝐥𝟑) = (𝟏 − 𝛂)𝐏𝐍𝐇𝟑

𝟎 − 𝐏𝐍𝐇𝟑 2.29 

𝐀 =
𝐏𝐆𝐚𝐂𝐥 + 𝟑𝐏𝐆𝐚𝐂𝐥𝟑 + 𝐏𝐇𝐂𝐥

𝟐𝐏𝐇𝟐 + 𝟑𝐏𝐍𝐇𝟑 + 𝐏𝐇𝐂𝐥 + 𝟐𝐏𝐍𝟐
 2.30 

𝐅 =
𝟐𝐏𝐇𝟐 + 𝟑𝐏𝐍𝐇𝟑 + 𝐏𝐇𝐂𝐥

𝟐𝐏𝐇𝟐 + 𝟑𝐏𝐍𝐇𝟑 + 𝐏𝐇𝐂𝐥 + 𝟐𝐏𝐍𝟐
 2.31 

By considering formula of 2.25 to 2.30, the partial pressure of 7 species of gases at 

equilibrium state can be solved. The thermal dynamic data of equilibrium constants for 

K1 and K2 can also be calculated by formula 2.5, and the thermal dynamic data for 

calculation are also listed in Appendix I. With the flow condition 2 in Table 2.1, the 

thermodynamic calculation results with dependence of temperature, input GaCl 

concentration, F ratio and V/III ratio are shown in Figure 2.13. 

The growth rate can be calculated from the decreasing of Ga atoms, and the growth 

rate dependence was then plotted in Figure 2.14. With flow condition 2 listed in Table 

2.1, the H2 ratio of total flow was kept constant at 5%, so the F ratio was fixed in the 

calculation. The growth rate decreases with increasing temperature, and increase with 

higher V/III ratio. With fixed V/III ratio, the growth rate increases linearly with 

increasing input GaCl concentration. Either increasing input GaCl with constant input 

NH3 or increasing input NH3 with constant input GaCl, the growth rate will increase 

following different curves. 
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(a) (b) 

  

(c) (d) 

Figure 2.13 Thermal dynamic calculation result, partial pressure of each species 

on the dependence of (a) temperature, (b) input GaCl concentration, (c) F ratio 

and (d) V/III ratio. 
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(a) (b) 

  

(c) (d) 

Figure 2.14 Thermal dynamic calculation result, partial pressure of each species 

on the dependence of (a) temperature, (b) input GaCl concentration, (c) F ratio 

and (d) V/III ratio.  

The experimental growth rate was fitted with the calculation result with different 

fitting coefficient k as shown in Figure 2.15. Different k can correct the differences 

introduced by mass transportation, Ga atom absorption rate at crystal interface and other 

aspects. 
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(a) (b) 

  

(c) (d) 

Figure 2.15 Fitting of experimental growth rate with thermal dynamic calculated 

growth rate, (a) constant input V/III ratio, dependence on input GaCl 

concentration, k=0.55 (b) constant input NH3 concentration, dependence on 

input GaCl concentration, k=0.73 (c) constant input GaCl concentration with 

different position of 0mm and 20mm, k1=0.75, k2=0.63 and (d) constant input 

V/III ratio, dependence on growth temperature, k=1.55. 

The growth rate dependence on input GaCl, NH3 and V/III ratio roughly follow the 

thermal dynamic calculation result, but for temperature lower than 1050 ºC, the surface 

kinetics control the growth rate, the experimental result deviates from calculation. 
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2.5 Summary of growth condition optimization 

In this chapter, thermal dynamic calculation was applied to help optimize the growth 

condition at pre-reaction zone and growth zone. The mass transportation of reactant gas 

through the advection and diffusion of flow was studied by solving a stagnation point 

flow model in cylindrical coordinates and by simulation study. 

In the pre-reaction zone, GaCl conversion rate is the key parameter. A higher GaCl 

conversion rate will result in a higher Ga yield and a higher growth rate. To obtain a 

higher GaCl conversion rate, the total flow rate was fixed to 95 sccm to ensure the 

reactant gas stay long enough time in the Ga tank. The carrier gas is fixed to pure H2 to 

improve the GaCl conversion rate. The pre-reaction zone temperature was set to 800 ºC 

to take a balance point between heating time and GaCl conversion rate. 

The mass transportation in the reactor can be simplified to a stagnation point flow 

model in cylinder coordinates. From the analytical solution of the model, input flow 

speed (total flow rate), input source concentration and the distance from wafer to nozzle 

are the variables. Ga yield (the ratio source gas reaching on wafer surface) and growth 

rate (the amount source gas reaching on wafer surface per unit time) are the key 

parameters. Firstly, a smaller distance from wafer to nozzle will result in a higher Ga 

yield and higher growth rate at the same time, but this will trade off the mixing distance. 

Because the source gas in HVPE reactor usually mixed after inject out from nozzles, so 

there is always a limitation for the minimum value of this distance. Secondly, by 

keeping the distance from wafer to nozzle, the growth rate and Ga yield is a pair of 

trade-offs by changing the input flow speed. Thirdly, by increasing the input source 

concentration, only the growth rate will increase but the Ga yield will remain. 

Another one important factor that needs to be taken care of is the parasitic deposition 

on the nozzles. In this reactor, the design with three concentric nozzles (see Figure 2.1) 
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was used, barrier gas flow from the middle nozzle to separate GaCl flow in the middle 

and the NH3 flow from outermost. The flow speed ratio among these three nozzles is 

important. The flow speed of barrier gas is preferred to be always faster than the rest 

two to ensure the source gas mixing is delayed from the nozzle outlet. Three different 

flow conditions with different input flow speed ratio (GaCl:barrier:NH3) of 1:2:1, 

1:1.67:1 and 1:1.5:1 and different total flow of 8.925 slm, 11.903 slm and 13.892 slm 

were studied by experiment, calculation and simulation. To ensure the separation effect 

the same and to ensure the gas have enough time to mix, for a higher total flow rate, the 

ratio of barrier is always higher. By considering the parasitic deposition on the nozzles 

and the epilayer thickness uniformity, flow condition 2 was selected as the optimized 

flow condition. 

In growth zone, the chemical reaction near wafer surface was studied by fitting the 

thermal dynamic calculation result and the experiment result with a proper fitting 

coefficient k (which can eliminate the difference due to difference between the 

calculation model and the experiment). The growth rate dependence on input GaCl 

concentration with either a constant V/III ratio or a constant input NH3 concentration. 

The growth rate dependence on input NH3 concentration with constant input GaCl 

concentration, fit well between the calculation and the experiment. For the growth rate 

dependence on temperature, the experiment result deviate from the calculation below 

1050 ºC. This indicates that the growth on the wafer surface below 1050 ºC is rather 

depend on surface kinetic model rather than thermal dynamic model. To ensure the 

growth is under source gas-controlled regime with a high growth rate, i.e., in thermal 

dynamic controlled regime but close to surface kinetic controlled regime, the growth 

temperature was set to 1050 ºC. 

Based on the analysis in this chapter, finally an optimized growth condition is 

summarized in Table 2.3. 
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Table 2.3 Optimized growth condition for long time growth 

Condition for pre-reaction zone Unit Values 

Total flow sccm 95 

HCl flow sccm 30 

H2 flow sccm 65 

N2 flow sccm 0 

HCl concentration % 31.6 

Flow residence time second 40 

Ga tank temperature ºC 800 

Condition for flow from nozzle Unit Values 

From all nozzles Total flow sccm 11903 

From GaCl nozzles 

Total flow sccm 1018 

GaCl flow sccm 30 

N2 flow sccm 393 

H2 flow sccm 595 

From NH3 nozzles 

Total flow sccm 4948 

NH3 flow sccm 3000 

N2 flow sccm 1948 

H2 flow sccm 0 

From barrier nozzles 
N2 flow sccm 4948 

H2 flow sccm 0 

Average flow speed cm/s 8.6 

From GaCl nozzles cm/s 15.0 

From NH3 nozzles cm/s 15.0 

From barrier nozzles cm/s 20.0 

Condition for growth zone Unit Values 

GaCl concentration % 0.27 

NH3 concentration % 27.49 

H2 concentration % 5.45 

V/III  100 

Growth temperature ºC 1050 

Rotation rpm 12 

Pressure atm 1.0 
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Chapter 3 

3 Bulk crystal growth 

In this chapter, the technics to achieve bulk GaN crystal growth by HVPE were 

discussed. 

Firstly, the seed for homo-epitaxial crystal growth is important because the 

crystallinity and dislocation density of the epilayer can be inherent from the seed. And 

in Section 3.1, homo-epitaxial crystal growth on seeds fabricated by different methods 

were proceeded and evaluated. The seed was selected due to the evaluation result, and 

stress in the epilayer was analyzed by calculation based on the evaluation result. 

Secondly, the stress which determines the thickness limitation of the epilayer is 

strongly influenced by the various edge effects ranging from spurious growth on the 

edges or formation of facets. In Section 3.2.2, protection rings made of different 

material were experimentally compared and the ring has the best performance for long 

time growth was selected based on the experiment result. 

Thirdly, pocket is not preferred in bulk crystal growth because the epilayer thickness 

is much larger than the pocket depth, so seed fixation becomes important. Besides, the 

growth time is usually very long for bulk crystal growth, so the backside protection is 

also important. In Section 3.2.3, cement and protection methods which are commonly 

used in sublimation were experimentally compared, and the fixation method was finally 

selected based on the experimental result. 

Finally, long time growth experiment was proceeded and described in Section 3.2.4, 

and to extend the thickness limitation, regrowth was described in Section 3.2.5. 
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3.1 Seed selection 

To achieve best bulk GaN crystal, the seed for homo-epitaxial crystal growth is 

important because the crystallinity and dislocation density of the epilayer can be 

inherent from the seed. Besides, the initial lattice bow of the wafer is also important 

because it not only influences the thickness limitation, but also influence the epilayer 

uniform growth and doping across the entire wafer, which is paramount for achieving 

high reliability and high yield. Therefore, a tight control of the surface offcut is required 

for all device layers, usually within 0.1° [1], which translates to a lattice curvature greater 

than 30 m for a 2 inch wafer [2]. 

3.1.1 Samples 

Commercially available 2-inch ammonothermal, HVPE (HVPE1 and HVPE2 from 

two different company) and Na-flux GaN (0001) wafers were chosen for this study to 

cover a range of initial dislocation densities, lattice bows, and doping conditions. All 

wafers were n-type and the pertinent wafer parameters are listed in Table 3.1 Various 

initial GaN wafer parameters; all wafers were 2 inch in diameter. All growth studies 

were performed on squares diced from the commercial 2-inch wafers.  

Table 3.1 Various initial GaN wafer parameters; all wafers were 2 inch in 

diameter 

Sample 

Electron 

density 

[cm-3] 

RMS 

roughness 

[nm] 

Offcut/ 

direction 

[deg] 

Thickness 

 

[µm] 

Dislocation 

density 

[cm-2] 

Ammono-

thermal 
< 1019 < 0.5 0.3/[11̄00]  500 < 5×104 

HVPE1 ~1019 < 0.35 0.3/[11̄00] 356 7.9×105 

HVPE2 1.3×1018 < 0.35 0.5/[112̄0] 415 4.6×106 

Na-flux < 1017 < 0.5 0.1/[11̄00] 399 < 5×104 

All the seeds were placed in the same susceptor pocket with same orientation during 

the growth procedure to make sure they were all prepared at same growth condition. 

Their placement position, as well as the dimensions label, is shown in Figure 3.1. 
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Figure 3.1 Sample placement position, orientation, and dimension 

3.1.2 Growth procedure 

The epilayers were prepared by our homemade HVPE reactor. The growth zone 

temperature was 1050 ºC and pre-reaction zone temperature was 750 ºC. The input V/III 

ratio was 30 with HCl flow rate of 13 sccm and NH3 flow rate of 390 sccm. With these 

parameters, the growth was at III-species limited regime, and the growth rate was 

proportional to III-species input flow rate. Flow condition 1 in Table 2.1 was used in 

this experiment because the growth time is not long, and flow condition 1 may lead to 

a better uniformity.  

Prior to growth, both the source and growth zones were preheated in the nitrogen 

atmosphere to 500 ºC. At this point, ammonia flow was initiated and heating to the final 

temperatures of the two zones continued at 12.5 ºC/min and 25 ºC/min, respectively. 

When the desired temperatures were reached, hydrogen and HCl flows were initiated 

and the crystallization process began. After a thickness of 40 µm was reached, the flow 

to the Ga source was switched off and the growth zone was cooled down at 20ºC/min 

in ammonia atmosphere until a temperature of 400 ºC was reached. The flow chart is 

shown in Figure 3.2. 
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Figure 3.2 Flow chart of the experiment 

3.1.3 Evaluation and result 

The macroscopic photographs of as-grown samples and differential interference 

contrast (DIC) micrographs of the morphology are shown in Figure 3.3 (a) and (b), 

respectively. All the samples are placed with the same orientation. On as-grown seeds 

surface, sub millimeter level hexagonal hillocks and macro-steps were observed on 

surface of epilayer on ammonothermal, Na flux and HVPE seeds. However, the hillock 

size, density and macro-step orientation are different on different samples. The hillock 

edge is parallel to a-axis, and the macro-step shows a trace of successive m- and a-

oriented steps. Hexagonal hillocks representing growth centers [3] and macro-steps, 

indicative of a low surface supersaturation process [4] dominated the growth surface. 

X-ray diffraction (XRD) measurements were carried out prior and after the growth 

using a Philips X’Pert Pro materials research diffractometer employing a Cu anode and 

a four-crystal monochromator in Ge×220 configuration. This diffractometer equipped 

a Eulerian-cradle and a xyz-stage for sample mount. Rocking curves of the symmetric 

(0002) and asymmetric (101̄2) reflections were recorded in a double-axis configuration 

with a four-bounce Ge (220) symmetrical monochromator to evaluate the tilt and twist, 

respectively. 
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(a) 

 

 

(b) 

Figure 3.3 (a) As-grown sample photos, (b) DIC optical micrographs of as-

grown GaN samples 
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Figure 3.4 Logarithmic plots of (0002) and (101̄2) XRCs, evaluating the tilt and 

twist, respectively, before and after the growth. 
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(a) 

  

(b) (c) 

Figure 3.5 (a) Curvature measurement setup, the sample is along [1 1̄ 00] 

direction, to measure along [112̄0] direction, the sample stage need to rotate 90°; 

(0002) peak shift along (b) [11̄00] direction and (c) [112̄0] direction. 

The (0002) and (101̄2) X-ray rocking curves (XRCs) of the samples before and after 

the growth are shown in Figure 3.4. The full width of half maximum (FWHM) values 

of the peaks are listed in the upper right corners of the figures. Generally, 

Ammonothermal sample showed narrower peaks, indicative of high crystalline quality, 

while HVPE1 and HVPE2 sample exhibited values typical for commercial free-

standing HVPE wafers. Special case appeared in Na-flux epilayer, the XRC of (0002) 

peak widened, even the XRC shape has changed. The twist values for HVPE1 and 

HVPE2 sample showed a measurable improvement after the growth. 
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Lattice bow, measured as the radius of curvature, RC, was evaluated using seven 

(0002) rocking curves taken along the orthogonal [11̄00] and [112̄0] directions at an 

interval of 1 mm, similar to the method described in Ref. [5]. Along each direction, 7 

X-ray rocking curves from (0002) plane were collected on the sample in a line with 

distance of 1 mm, the spot size was 0.3 mm × 3 mm with the longer dimension 

perpendicular to the diffraction plane, as shown in Figure 3.5 (a). 

Figure 3.5 (b) and (c) show the XRC peak shifting of (0002) plane measuring along 

[11̄00] and [112̄0] direction, respectively. Bottom curve series of each figure are the 

measurement results of seed, and top curve series of each figure are the measurement 

results of epi-layer. The color in each series of curve is corresponded to the different 

measurement positions in Figure 3.5 (a). 

Table 3.2 Radii of curvature measured along two orthogonal directions before and 

after the growth. Note: “-” designates convex bow 

Direction 

Ammonothermal 

[m] 
HVPE1 [m] HVPE2 [m] Na-flux [m] 

substrate epilayer substrate epilayer substrate epilayer substrate epilayer 

[11̄00] -677.3 -49.1 13.4 10.0 5.0 4.0 -56.4 -50.5 

[112̄0] -245.7 -72.3 14.0 11.8 5.0 4.5 -76.6 -82.3 

Table 3.2 lists the measured lattice bow as radius of curvature, RC, in two orthogonal 

directions ([11̄00] and [112̄0]) for all samples before (substrate) and after (epilayer) the 

growth. It is important to point out that the sample before growth is not the same ample 

with the sample after growth, but they are cut from the same 2-inch wafer from adjacent 

area, so their lattice bow and other property can be considered as the same. The RC 

values for the ammonothermally-grown substrate were generally several hundred 

meters in either direction, while those of the HVPE-derived wafers were in the low 

teens (HVPE1 sample) or even single digits (HVPE2 sample), which is typical for 

commercial HVPE wafers and commensurate with the specified dislocation density 

(see Table 3.1). The RC values for Na-flux grown substrate was several tens meters in 
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either direction. Following the growth, all radii of curvature further decreased, 

indicating an accumulation of additional stress in the epilayers.  

The lattice constant of each sample before (substrate) and after (epilayer) growth are 

shown in Table 3.3. The lattice constant is calculated from the 2theta scan peak position 

value of (0006) plane and (11̄03) plane. The accuracy of the lattice constant is ±0.0002 

Å in c and ±0.0002 Å in a. Lattice constant c varies in the fourth digit (0.0001 Å), while 

lattice constant a varies in the third digit (0.001 Å). 

Table 3.3 Lattice constant calculated from (0006) scan and (11̄03) scan 

Direction 

Ammonothermal 

[Å] 
HVPE1 [Å] HVPE2 [Å] Na-flux [Å] 

substrate epilayer substrate epilayer substrate epilayer substrate epilayer 

a 3.18899 3.18895 3.18867 3.18890 3.18874 3.18896 3.18890 3.18890 

c 5.18535 5.18536 5.18536 5.18536 5.18536 5.18533 5.18540 5.18530 

To make the lattice constant change clearer, the lattice constant was plotted in Figure 

3.6. Before growth, lattice constant a of HVPE1 and HVPE2 sample are smaller than 

ammonothermal and Na-flux sample, but the lattice constant crowded together for the 

epilayers on all the samples. 

 

Figure 3.6 Lattice constant plot with error bar of ±0.0002 Å in c and ±0.0004 Å 

in c 
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The dislocations in the substrates and epilayers were analyzed using two-photon 

excitation photoluminescence (2PPL) [6]. The method allowed for a direct visualization 

of dislocations as a function of the depth in the sample. The dislocation inclination 

angle, α, in the epi-layers was calculated from the 3D dislocation model built from 50 

× 50 μm2 2PPL slices taken at 1 µm depth intervals. The direction of the inclination and 

the inclination angle were calculated from the x-y coordinate change in the images 

taken 2 and 12 μm above the substrate–epilayer interface. 

Figure 3.7 shows a 3D view of dislocations in a volume 20 µm below to 20 µm above 

the homoepitaxial interface along with 2D slices taken 2 µm below (substrate) and 5 

µm above (epilayer) the interface. A perusal of these images reveals several 

observations: (1) most dislocations propagate from the substrate into the epilayer, (2) 

many dislocations incline at the interface, and (3) new dislocations or even dislocation 

bundles form at the homoepitaxial interface. Dislocation bundles were observed on both 

HVPE-derived wafers and Na-flux derived wafers, and are likely a consequence of 

some surface residue from the polishing process. The dislocation bundles will increase 

the dislocation density in the epilayer and worsen the crystal quality, and they are 

preferred to be eliminated by proper surface treatment before growth. 

The dark spot of each seed and the epilayer on them are all listed in Table 3.4. For 

HVPE samples and ammonothermal sample, dark spot of epilayer and seed have the 

same order of magnitude. Dark spot of epilayer on ammonothermal is slightly lower 

than dark spot in ammonothermal seed. Dark spot of HVPE epilayer is slightly higher 

than dark spot in HVPE seed. But for Na-flux sample, the dark spot in epilayer is much 

higher than seed due to high density of dislocation bundles generated at interface. 
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(a) 

  

(b) 

 
 

(c) 

  

(d) 

Figure 3.7 (left) 3D visualization of dislocation propagation through the 

interface; (right) 2D 2PPL images from the substrates and epilayers for (a) 

ammonothermal sample, (b) HVPE 1 sample, (c) HVPE 2 sample and (d) Na-

flux sample. 
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Table 3.4 Dark spot density as measured by 2PPL 

 Ammonothermal 

[cm-2] 

HVPE1 [cm-2] HVPE2 [cm-2] Na-flux [cm-2] 

Seed 4.80×104 3.60×105 5.36×106 0 

Epilayer 2.88×104 1.12×106 3.56×106 4.2×106 

 

 

Figure 3.8 Polar plots of dislocation inclination for the 3 samples. Each circle 

represents 5°; dashed hexagon illustrates the crystallographic directions 

The calculated values of the inclination angle, α, and direction of inclination are 

plotted in Figure 3.8. All individual dislocations visible in the 50x50 µm2 were included 

for ammonothermal samples and HVPE1 sample, while for HVPE2 sample, which has 

a much higher dislocation density, 25 dislocations were chosen at random for this 

analysis. Most dislocations in the GaN epilayer in ammonothermal propagated more or 

less perpendicular to the epilayer interface, as indicated by the cluster of measurement 

points in the center of Figure 3.8, while a few were inclined about 10° from the c-

direction. The α values measured in HVPE1 and HVPE2 sample were mostly around 

10°, although inclination as high as 20° was observed. Interestingly, the inclination 

direction seemed to be random, as can be seen in Figure 3.8. There is report about V-

shape dislocation generation at the interface of MOVPE-grown GaN on 

ammonothermal substrate [7], lack of dislocations and difference in the lattice constant 

between the substrate and the epitaxial layer are considered to be a cause of generation 

of V-shape dislocation. The lattice constant between the epilayer (a=3.18895 Å) and 

the substrate (a=3.18899 Å) are very close, hence the directional dependence of 

inclination, the result from ammonothermal sample may be statistically irrelevant. 
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3.1.4 Discussion 

In Figure 3.4, except for Na-flux sample, the tilt values for the substrates and 

epilayers were similar in all cases (similar FWHM of the symmetric reflection), but 

epilayers exhibited in the symmetric reflections a higher peak-tail intensity. This was 

attributed to the broadening of the specular reflection intensity due to slight lattice 

undulations caused by inhomogeneous, growth-related stress [8]. Besides, this 

phenomenon was also analyzed using a method proposed by Kaganer in Ref. [9]. For 

simplify the explanation, we plotted the XRC of (0002) of Sample C in log-log scale as 

an example, as shown in Figure 3.9.  

 

Figure 3.9 (0002) plane XRC of HVPE2 sample in log-log plot, the Gaussian part 

and the Lorentz part can be distinguished with this method. 

The XRD line broadening are mainly from four aspects: instrument, crystallite size, 

strain, and dislocations. Aside from broadening from instrument, size effect is related 

with Lorentz part, and strain effect is related with Gaussian part. The dislocation effect 

related with both as shown in Ref. [9]. We used the same instrument, and the dislocation 

density of the epilayer and substrate are in the same order. From Figure 3.10, the 

Lorentz part for (0002) plot is always bigger for the epilayer than the substrate. But for 

(101̄2) plane, the tail is more complex, the Lorentz part can be same (ammonothermal 

sample), smaller (HVPE1 sample) or bigger (HVPE2 sample) for the epilayer than 

substrate. Although the as-grown morphology is too big to interact with X-ray, but it 
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distorts the measurement area and enhanced the Lorentz part of (0002) XRCs. The 

incident angle is much bigger for (101̄2) plane than (0002) plane, so (101̄2) plane is 

less influenced by the different measurement area caused by surface morphology. 

 

Figure 3.10 (0002) and (101̄2) plane XRCs of ammonothermal, HVPE1 and 

HVPE2 sample in log-log plot. 

As shown in Figure 3.11 (a), if a film with thickness of tf is deposited on a substrate 

with thickness of ts, when the film is under stress of σf, and the radius of curvature is 

R. Then based on Stoney equation [10], they have relationship of 

𝜎 = (
𝐸𝑠

1 − 𝜐𝑠
) 𝜀 =

1

6
(𝐶11 + 𝐶12 −

2𝐶13
2

𝐶33
)(
𝑡𝑠
2

𝑡𝑓
) (

1

𝑅𝑠
−
1

𝑅𝑓
) 3.1 

where σ is the stress, ε is the strain, C11 , C12 , C13  and C33  are the hexagonal 

stiffness constants of GaN, ts is the substrate thickness, tf is the film thickness, Rs 

is the substrate radii and Rf is the film radii. 

The strain and stress in of ammonothermal sample, HVPE1 and HVPE2 sample can 

be calculated as shown in Table 3.5, where the stiffness constants C11 = 353.93 GPa, 

C12 = 82.59 GPa, C13 = 94.46 GPa and C33 = 380.44 GPa. 
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(a) (b) 

Figure 3.11 (a) Thin film deposit on a substrate, (b) lattice mismatch between 

film and substrate 

Although the change in the curvature of the ammonothermal sample appeared to be 

the largest, the additional stress induced by the epilayer was small as compared to the 

stress in the epilayers in HVPE1 and HVPE2 sample. 

Table 3.5 Calculated total strain and stress by Stoney equation 

Sample Ammonothermal HVPE1 HVPE2 

Item Unit 
along 

[11̄00] 

along 

[112̄0] 

along 

[11̄00] 

along 

[112̄0] 

along 

[11̄00] 

along 

[112̄0] 

𝒕𝒔 um 500 500 356 356 415 415 

𝒕𝒇 um 40 40 40 40 40 40 

𝑹𝒔 m -677 -246 13 14 5 5 

𝑹𝒇 m -50 -72 10 12 4 4 

𝜺 a.u. -1.9E-05 -1.0E-05 1.2E-05 6.3E-06 3.6E-05 3.6E-05 

𝝈 
GPa -7.5E-03 -4.0E-03 4.7E-03 2.4E-03 1.4E-02 1.4E-02 

MPa -7.52 -3.99 4.75 2.45 13.98 13.98 

In general, wafer bow in homoepitaxy can be influenced by: (1) slight lattice 

mismatch between the substrate and overgrowth due to different point defect densities 

(for example, void defect will reduce the lattice mismatch), (2) change in dislocation 

density and the associated strain energy due to dislocation inclination or generation of 

new dislocations, or (3) various edge effects ranging from spurious growth on the edges 

or formation of facets. For the first two cases, simple models exist to evaluate additional 
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stress and associated bow while the last case is related to some challenge in controlling 

the growth process and requires a system-specific solution. 

The total stain can be calculated from the sum of the strain sources discussed above 

by formula 3.2, 

𝜀 = 𝜀1 + 𝜀2 + 𝜀3 
3.2 

where 𝜀1 to 𝜀3 are corresponded to source (1) to (3). 

For source (1), to evaluate the contribution of the slight lattice parameter difference 

between the different substrates and overgrowth, i.g., the model shown in Figure 3.11 

(b), the lattice constant for substrate is as, and for the film is af, then the strain εf 

generated after they stacking together is 

𝜀𝑓 =
𝑎𝑠 − 𝑎𝑓

𝑎𝑓
 

3.3 

and the corresponded stress σf is 

𝜎𝑓 =
𝐸𝑓

(1 − 𝜈𝑓)
𝜀𝑓 

3.4 

From formula 3.3 and 3.4, we can calculated the require lattice constant difference 

of aepilayer − asubstrate is 0.0291 Å, -0.2049 Å and -0.4413 Å, and these values are 

too big for the lattice parameters of the wafers and epilayers determined from high 

resolution XRD scans as shown in Table 3.3 (lattice constant a varies from the third 

digit, i.e., 0.001 Å), and expected bow was calculated using the measured mismatch 

values and the Stoney equation (formula 3.1). The resulting maximum mismatch bow 

was calculated to result in radii of curvature larger than 1 km for all cases, which 

rendered the contribution from the point-defect-related mismatch insignificant. 

For source (2), Since each dislocation segment adds strain energy to the system, the 

total strain energy will increase with increasing dislocation density. This can happen by 

generation of new threading dislocations or by elongation of the existing ones via 

inclination (glide and climb). Figure 3.12 shows the expected bow as a function of 
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dislocation density (dashed curves) employing the model proposed in Ref. [5]. The 

radius of curvature R and threading dislocation density ρTD has the relationship of 

𝑅 =
4𝐵

𝜌𝑇𝐷 tan 𝛼
 

3.5 

where α is the inclination angle, and B is the fitting coefficient with unit of [m-1], this 

coefficient in Ref. [5] is 6.0×108 m-1. 

With the dark spot density as measured by 2PPL listed in Table 3.4, and TDI of 5º, 

9º and 5º as shown in Figure 3.8, the calculated strain in ammonothermal, HVPE1 and 

HVPE2 sample by the model in Ref. [5] was 4.2e-7, 2.96e-5 and 5.19e-5, the stresses 

were 0.16 MPa, 11.52 MPa and 20.22 MPa.  

For source (3), there is no analytical model to calculate this stress, only simulation 

result was found in Ref. [11]. The crystal at edges has a bigger lattice constant so it will 

provide a compressive stress to the crystal at center. This stress is related to growth 

time and crystal thickness. If we assume the compressive stress of the ammonothermal 

sample is all from source (3), i.e. -7 MPa, so the same compressive stress will also be 

applied to HVPE1 and HVPE2 sample. 

Finally, the total stress for ammonothermal sample, HVPE1 sample and HVPE2 

sample be -6.84 MPa, 4.52 MPa and 13.22 MPa. These calculation values are close to 

the measurement values in the Table 3.5. 

3.2 Thick epitaxy growth technologies 

3.2.1 HVPE GaN on ammonothermal GaN 

The first HVPE GaN grown on ammonothermal GaN (Am-GaN) substrate was 

proposed by Sochacki in 2013 [12,13]. Substrate fabricated by HVPE GaN grown on Am-

GaN substrate can repeat the crystallinity, but the lattice bow increased to 40 m. The 

growth rate of HVPE GaN epilayer on Am-GaN was studied in 2014 [14], maximum 

growth rate of 350 μm/h was achieved. Besides, the growth rate does not influence the 

structural properties of the growing crystal but will influence the purity of the 
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crystallizing material. HVPE GaN grown on Am-GaN substrate with different 

misorientation angle of 0.3, 0.5 and 1 degree to the [101̄0] direction and also to the [112̄

0] direction were studied [3]. It demonstrated that crystallization process firstly follows 

the macro-step flow growth mode caused by the misorientation, then spiral growth 

mode dominate after all the steps was filled. Besides, HVPE-GaN grown on the Am-

GaN seed misoriented to the [101̄0] direction have low etch pits density (EPD) at the 

level of the applied Am-GaN substrate, while crystal grown on that misoriented to the 

[11 2̄ 0] direction have EPD two order of magnitude higher. By studying with 

transmission electron microscopy [15], the difference in EPD was attributed to the 

formation of micro-steps on polar the (101̄0) plane which is edge-on only for the [112̄

0] direction but not to the [101̄0] direction. This is a slow growth plane, responsible for 

the formation of V-defects, where accumulation of a high density of impurities 

(especially oxygen). Later, the critical thickness of HVPE GaN/Am-GaN was studied 

[16]. If the HVPE GaN epilayer is thicker than 1.9 mm, then strain generated in the new 

grown material is too high and leads to the formation of many defects and finally the 

crystal was cracked. The increasing strain in HVPE epilayers on Am-GaN in the c-

direction was attributed to non-polar and semi-polar growth of “wings” by Raman 

spectroscopy [17]. The wings will lead to formation of large stress in the growing crystal, 

close to its edges. Avoiding the lateral growth during crystallization in the c-direction 

seems crucial for developing GaN bulk growth technology. 

3.2.2 Protection rings used for long time growth 

Rings was used to protect the edge to prevent poly crystal growth on seed edge. The 

schematic and the actual picture of the ring is shown in Figure 3.12. 
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Figure 3.12 Ring on susceptor to protect the edge and fix the seed, (a) schematic, 

(b) actual picture 

We have tested rings made of four different kinds of material, they are pyrolytic 

boron nitride (PBN), W, carbon, and Mo. The as-grown rings and rings during growth 

are shown in Figure 3.13. 

    

(a) (b) (c) (d) 

   

(e) (f) 

Figure 3.13 As-grown rings made of (a) PBN, (b) carbon, (c) Mo and (d) W; 

Rings during growth made of (e) Mo with poly crystal growth and (f) W without 

poly crystal growth  

PBN ring cannot couple with RF power and heated by eddy current, but carbon ring 

has high electrical conductivity and can be heated by RF power. By comparing the 

result of PBN ring and carbon ring, we can have two conclusions. Firstly, both rings 

have poly crystalline grown on ring surface, both two materials are not preferred for 
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long time growth. Secondly, the temperature at edge would be different by using these 

two rings, i.e., the temperature with using C ring will be higher than that with using 

PBN ring, but the morphology at edge of the wafer are similar, so temperature 

difference at edge seems not enough to have any influence for neither poly crystalline 

deposition on the rings nor the epitaxial growth at edge. PBN coated carbon ring was 

not included in this experiment because it will neither change the poly crystal deposition 

nor have any influence to edge crystal growth. 

Either W or Mo has catalytic effect to NH3 and the decomposed hydrogen radicals 

can decompose GaN crystal. So, W and Mo rings were compared to prevent parasitic 

deposition during growth. Although both as-grown rings have no poly crystalline grown 

on the surface after growth (see Figure 3.14 (c) and (d)), there was actually poly 

crystalline on Mo ring surface during growth (see Figure 3.14 (e)). However, these 

poly-crystalline will automatically drop during cooling down process. W ring had no 

poly crystal growth during the whole process. From the experiment result, W has 

stronger catalytic effect to decompose GaN crystal. 

W ring was finally selected for long time growth. However, the W ring cannot solve 

the lateral growth problem. There will also be laterally grown wings with W ring protect 

the seed edge, as shown in Figure 3.14. 

 

Figure 3.14 Laterally grown wings with W ring after 8 hours growth 
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In the future, we will try to upgrade current reactor and design a “growth channel” to 

fix the crystal size, then the lateral growth may be possibly fixed. The schematic 

diagram of the structure at growth zone is shown in Figure 3.15. A carbon susceptor 

with proper coating is surrounded by a W tube which can move up and down. The 

susceptor size should be just the same (or slightly bigger) with wafer, the channel 

between the W and susceptor should be as close as possible. The W tube thickness 

should select by experiment to achieve the following two goals. Firstly, it should be 

thin enough to ensure enough RF power that can penetrate the W tube and loaded on 

the susceptor. Secondly, it should be thick enough to make sure part of RF power can 

load on the W tube and ensure the W tube temperature higher than the susceptor. The 

top of the tube should be an inclined plane, so poly crystal deposited on the surface 

have change to slide down from the inclined surface. Based on current experiment, no 

poly crystal was observed depositing on the side surface of the ring, so there will be 

also no poly crystal depositing on the side surface of the tube. At beginning of growth, 

the tube is slightly higher than the susceptor, and the tube then slightly move upward at 

the same speed with growth rate to keep the distance of the tube top to wafer growth 

surface. With this design, the lateral growth can be prevented, and the growth mode 

should be always stable during the whole growth time. 

 

Figure 3.15 Schematic of the “growth channel” design. 

3.2.3 Seed fixation and backside protection 

In high temperature sublimation growth of SiC, the seed was chemically attached to 

the lid using molten sugar, while for AlN seed, AlN ceramic cement was always used. 

These two kinds of glue were tested to fix the seed in HVPE reactor as shown in Figure 

3.16. 
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5 mg of sugar was weighted and uniformly coated onto susceptor surface, the 

calculated thickness of molten sugar layer was 5 µm. After growth, molten sugar 

decomposed into carbon but the seed cannot bond with the susceptor through this 

process, so the wafer automatically separated from the susceptor after growth. Molten 

sugar cannot be used to fix GaN seed in HVPE reactor. In another experiment, 350 mg 

AlN ceramic cement was coated onto susceptor surface, the calculated thickness of 

cement was approximately 20 µm. After growth, the seed was still bonded onto carbon 

susceptor, but the susceptor cannot be reused anymore, so this way of fixation was 

eventually deposited, too. 

  

(a) (b) 

  

(c) (d) 

Figure 3.16 Seed fixation with (a) molten sugar, (b) AlN ceramic cement; Seed 

backside protection (c) with SiN coating and (d) without SiN coating  

At last, W ring was designed and used to fix the seed position on the susceptor. And 

then we tested the backside protection with sputtering 10 µm SiN film on seed backside. 

After growth, Si element from SiN coating layer diffused into susceptor and make color 
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the susceptor blue, this is harm to the susceptor. Seed without any treatment was 

directly placed on susceptor and fixed by W ring. 

Seed fixation and backside protection is important because for long enough growth 

time (typically several hundreds of hours), the edge of the bottom side of the seed may 

be decomposed and this will result in two problems. Firstly, temperature uniformity on 

the wafer growth surface may be changed. Secondly, threading dislocation may occur 

from seed backside and move upward to wafer surface and eventually worsen the 

growth morphology. GaN seed fixation is a new research area and there is not yet any 

relative report found. The commonly used cement does not fit the material and the 

growth atmosphere very well because there is HCl in the growth atmosphere so the 

cement should have strong corrosion resistance, or it will be decomposed during the 

growth. 

Currently, this is not yet a problem because the growth time is only below 10 hours. 

Therefore, seed fixation without cement or backside protection is acceptable, but for 

longer growth time, this problem will become a limiting factor. 

3.2.4 Long time growth of GaN on ammonothermal substrate 

To achieve a higher growth rate, the growth procedure discussed in Section 3.1.2 was 

further optimized. The input HCl and NH3 flow rate was increased to 30 and 3000 sccm, 

respectively, the pre-reaction zone temperature was 800 ℃, and the growth zone 

temperature was 1050 ℃. Flow condition 2 in Table 2.1 was selected for 8 hours growth. 

The total thickness after growth (including 350 µm seed) was 2.3 mm measured by a 

Vernier caliper. The estimated growth rate was 250 µm/h. 

The as-grown wafer outlook and surface morphology are shown in Figure 3.17. The 

dominant growth mechanism is in spiral growth mode for thick crystal growth, where 

a spiral originates from threading screw dislocations after all the steps were fixed [3]. 

Step bunching was also observed on wafer surface close to edge. This growth mode 

were also reported on the basal plane growth of SiC and AlN crystals [18,19]. 
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(a) (b) 

  

(c) (d) 

Figure 3.17 As-grown crystal after 8 hours growth, (a) reflection picture, (b) 

bird eye view and DIC image of (c) middle hillock and (d) edge step bunching. 

 

Figure 3.18 Rocking curve for substrate before growth and 2.3 mm epilayer on 

it. 
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The crystal quality degraded after growth. As shown in Figure 3.18, (0002) brodened 

and subpeaks appeared in (101̄2) scan. The lattice bows also increased, the epilayer RC 

was 6m (before growth, substrate RC was 600m). 

Surface with step bounching will stop growth because there is little low energy 

positions left on wafer surface (terrace or kink), which will further limit the growth 

time. Furthermore, regrowth method was also used for thick crystal growth. 

3.2.5 GaN regrowth on HVPE GaN on ammonothermal-grown substrate 

   
(a) (b) (c) 

 

 

 
(d) (e) (f) 

   
(g) (h) (i) 

Figure 3.19 Regrowth technic, (a)-(c) as-grwon wafer photos and DIC image of 

center after first growth, (d)-(f) wafer photos after cleaning and mounted on the 

susceptor, (g)-(i) as-grown wafer photos and DIC image of center after second 

growth. 
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With the same growth conditions and growth procedure discussed in Section 3.2.4, 

first growth procedure of 6 hours was proceeded. 1.8 mm thick crack free crystal was 

obtained. The wafer was ultrasonic cleaned in acetone, methanol, isopropanol and pure 

water in order, and the cleaning time was 5 mins for each step. Then the wafer was 

dried under nitrogen gun. After cleaning the as-grown wafer, a second growth with the 

same growth condition of another 6 hours was proceeded. Finally, crack appeared on 

wafer surface but merged later during growth. But the morphology was ruined due to 

the crack. The final total thickness of the sample was 3.2 mm. The wafer pictures during 

these procedures are shown in Figure 3.19. 

3.3 Summary of thick epitaxial growth technology 

In this chapter, the key factors that influence the thick epitaxial growth were surveyed. 

They are seed selection, edge protection, seed fixation, long time growth and regrowth. 

In seed selection section, homoepitaxial crystal growth on seeds fabricated by 

different methods were proceeded. The morphology, crystallinity, radii of curvature, 

dislocation density and dislocation propagation at interface were evaluated. Three facts 

are key to thick epilayer growth. Firstly, the epilayer can succeed the crystallinity from 

the substrate, i.e., epilayer on the substrate with higher crystallinity will also result in a 

better crystallinity. Secondly, the stress for all the seeds will increase after epilayer 

growth regardless of the substrate is under compressive stress or tensile stress. Thirdly, 

the dislocation bundles generated at interface will worsen the epilayer quality. 

Considering the above three facts, ammonothermal substrate was finally selected for 

thick epilayer owning to its supreme advantages in high crystallinity, flat lattice bow 

and no dislocation bundle generation at interface. 

In edge protection section, protection rings made of four kinds of different material 

were tested in the growth experiments. W ring was selected for long time growth owing 

to its catalytic effect in preventing parasitic deposition. 
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In seed fixation and backside protection section, different methods were tested 

including seed fixation by sugar or AlN ceramic cement, backside protection by SiN 

thin film. None of these methods work out well. Finally, W ring was temporarily used 

to fix the seed because the growth time is below 10 hours and seed fixation is not yet a 

serious problem. 

With the above preparation, long time growth on ammonothermal substrate was 

proceeded with W ring protecting the edge. The growth rate of 250 µm/h and thickness 

of 2.3 mm were finally achieved after 8 hours growth. 

Regrowth technic showed there is a limit thickness for the epilayer with the current 

configuration, epilayer thicker than this critical value will result in the crack in the 

epilayer. 
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Chapter 4 

4 Large size wafer growth 

4.1 Reactor structure 

The actual picture and schematic diagram of the home-built vertical reactor for large 

size wafer growth is shown in Figure 4.1. To avoid GaCl from spontaneously self-

reaction on the reactor wall at temperature lower than 500 ºC, which can form Ga metal 

and GaCl3, the vertical reactor has a classical hot-wall design with resistively heated 

multiple zone furnace systems. The heterogeneous GaN nucleation on showerhead can 

lead to GaN parasitic deposition, and small particles of parasitic deposition may 

frequently fall on as growing GaN layer surface. These particles may finally lead to 

small pits on GaN layer surface as reported in Ref. [1]. We designed the inverted wafer 

configuration to conquer this problem. With an inverted wafer design, the gravity is 

opposite to the direction of gas flow and can lead to better uniformity of species near 

the substrate [2]. The process-relevant gas inlets and the exhaust gas outlet are both 

located at the bottom. Two purge gas inlets are implanted at the top and the bottom, 

respectively. The purge gas can help to prevent back diffusion of exhaust gas. The flow 

is denoted by the arrows in the figure. The wafer is placed in a wafer holder which can 

rotate at a maximum speed of 10 rpm with either clockwise or counter clockwise. This 

slow rotation can help to improve the crystal growth uniformity. The Ga tank was 

equally split to two independent part, where pre-reaction of inner flow and outer flow 



CHAPTER 4. LARGE SIZE WAFER GROWTH 

 

76 

proceed independently. 

The reactor is heated by a resistively heated multiple zone (six zones, namely zone 1 

to 6 from top to bottom) furnace.3 sets of semitransparent quartz plate (set 1 to 3 from 

top to bottom) were used as thermal isolators to create two temperature zone for pre-

reaction and GaN crystal growth, respectively. 6 thermocouples planted in the middle 

of each zone are used to detect the temperature of each zone, a pyrometer on top is used 

to monitor the temperature on wafer back surface. The temperature distribution through 

zone 2 to zone 6 plotted on the left was measured along the center position with a 

dummy quartz showerhead. GaN crystal growth is in zone 2 and pre-reaction is between 

zone 4 and 5. The temperature was uniformly controlled along vertical direction. 

Besides, the semitransparent quartz plate thermal isolators are very effective. The 

temperature difference along radius is within 10 ºC. 

 

Figure 4.1 Schematic of the HVPE reactor for large wafer growth  
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Figure 4.2 shows the showerhead structure. The process-relevant gases flow onto 

wafer surface across the entire showerhead surface. The distance from showerhead to 

wafer is 30 mm. The gas inlets are well designed so that individual gases are separated 

by many narrow tubes up to the showerhead surface. The whole showerhead surface is 

divided into inner and outer regions. The flow of inner region (inner flow) and outer 

region (outer flow), separated by inner/outer region boundary line in the figure, are 

controlled by two sets of independent gas supply systems. This design brings additional 

control ability on the input mass flux. For each gas supply system, there are three kinds 

of nozzles, namely GaCl nozzles, NH3 nozzles and barrier nozzles. The distribution of 

the nozzle is shown in the figure. Each nozzle insists of a source gas nozzle and a 

surrounded ring type barrier nozzle. N2 from barrier nozzle can make the mixing of 

source gas far from showerhead surface in order to help preventing parasitic deposition 

on the showerhead. Showerhead was made of BN ceramic material. This material has 

high chemical stability. W plate was placed on showerhead surface to further 

decompose the slightly deposited GaN poly crystalline on showerhead surface.  

 

Figure 4.2 Showerhead structure. 
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The actual of the reactor, the wafer holder and the showerhead are shown in Figure 

4.3. 

 

Figure 4.3 Actual picture of the reactor, showerhead and wafer holder. 

4.2 Growth condition optimization 

The flow of the system was also optimized through dozens of experiments with the 

similar method introduced in Chapter 2. Because there are two independently controlled 

gas supply system in this reactor, flow balance from showerhead was especially studied, 

including the flow speed ratio of inner flow to outer flow, the flow speed ratio of barrier 

gas flow to source gas flow. However, the concentration of source gas for both inner 

flow and outer flow were the same to reduce the complexity. Different inner/outer 

source gas concentration was only studied by simulation, and will be introduced in 

Section 4.4. Eventually, the optimized growth condition is listed in Table 4.1. 
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Table 4.1 The optimized growth condition of the reactor for large size wafer 

growth 

Condition for pre-reaction zone Unit Inner line  Outer line 

Total flow sccm 400 400 

HCl flow sccm 38 102 

H2 flow sccm 0 0 

N2 flow sccm 362 298 

HCl concentration a.u. 9.5% 25.5% 

Flow residence time second 45 45 

Ga tank temperature ºC 850 

Condition for flow from showerhead Unit Inner line Outer line 

Inner + Outer Total flow sccm 13173 

Inner / Outer Total flow sccm 3654 9519 

From GaCl nozzles 

Total flow sccm 545 2182 

GaCl flow sccm 38 102 

N2 flow sccm 507 2080 

H2 flow sccm 0 0 

From NH3 nozzles 

Total flow sccm 1429 2857 

NH3 flow sccm 1200 1600 

N2 flow sccm 229 1257 

H2 flow sccm 0 0 

From barrier nozzles 
N2 flow sccm 1680 4480 

H2 flow sccm 0 0 

Inner + Outer Average flow speed cm/s 3.9 

Inner / Outer Average flow speed cm/s 3.5 4.1 

Inner / Outer From GaCl nozzles cm/s 32.1 48.2 

Inner / Outer From NH3 nozzles cm/s 42.1 63.2 

Inner / Outer From barrier nozzles cm/s 14.7 22.0 

Condition of growth zone Unit Inner line Outer line 

GaCl concentration % 1.0 1.0 

NH3 concentration % 32.8 16.8 

H2 concentration % 0.0 0.0 

V/III a.u. 20 

Growth temperature ºC 1080 

Rotation rpm 6 

Pressure atm 1.0 

The flow speed from each nozzle are calculated by dividing the flow rate with 

corresponded nozzle total area, respectively. The average flow speed was calculated by 
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dividing corresponded showerhead area. The ratio of showerhead total area to nozzle 

total area is 7.4. The GaCl line is similarly to the structure shown in Figure 2.8 (b), 

namely, the flow from Ga tank will mix with the flow from dopant line, and the mixed 

gas finally flow out through inner and outer GaCl nozzles on the showerhead, 

respectively. 

For the growth at pre-reaction zone, the residence time is enough for the reaction 

fully proceeding. Difference of HCl conversion rate is small enough to be omitted 

because the Ga tank temperature is high enough (within 5% as shown in Figure 2.2 (d)). 

NH3 is saturated and the growth rate is controlled by HCl flow. The GaCl concentration 

of inner and outer flow system are the same. The outer flow speed is slightly higher 

than the inner flow speed. 

With this optimized flow speed, growth rate of GaN film on big area of 4-inch 

diameter can be uniformly achieved as shown in Figure 4.4. The growth rate was 

measured by SEM cross sectional with accuracy of ±1 µm. 

 

Figure 4.4 Epilayer thickness distribution along the radius direction from wafer 

center (0 mm) to edge (50 mm). 

4.3 Showerhead with W surface 

W has catalyst effect to decompose GaN crystal which was studied with various of 

ELOG growth [3-5]. GaN crystal was decomposed under W mask and void was observed. 
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The reason was attributed to the generation of H2 molecules or their radicals by catalyst 

effect of W to NH3 
[6,7]. 

 
  

After 4th cycle of growth After 11th cycle of growth After 18th cycle of growth 

   
After 23th cycle of growth After 29th cycle of growth After 38th cycle of growth 

Figure 4.5 Photo of showerhead with W plate just after growth procedure, the 

dark color pattern is the GaN poly crystal deposited on W surface after growth, 

the dark color pattern area decreased with increasing of growth cycles. 

The showerhead has a W surface to decompose the GaN poly crystal synthesized on 

the surface of showerhead. We observed that the ability of W to decompose GaN will 

strengthen with the increasing number of cycles of aging as shown in Figure 4.5. Each 

cycle of aging including 1 hour of crystal growth procedure with flowing of 1% of GaCl 

and 20% of NH3 in N2 atmosphere under 1080 ºC, and 1 hour of baking procedure with 

flowing of 1% of HCl in H2 atmosphere under 1100 ºC. All the showerhead shown in 

Figure 4.5, the growth condition was the same, so the change of the deposition pattern 

can show the increasing ability of W decomposition on GaN. After the 4th cycle of 

growth, GaN poly will synthesize on the whole W plate surface. After 11th cycle, 
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surrounding area of GaCl nozzles on the showerhead have deposition and formed a big 

ring and a small ring. After 18th cycle, the big ring disappeared, and the small ring area 

decreased. After 23th cycle of growth and 29th cycle of growth, poly crystal deposition 

area kept decreasing, and eventually after 38th cycle of growth, no deposition on the 

surface was observed. 

Currently, why the GaN poly crystalline decomposition ability enhancement of W is 

still unknown. Possible estimation is the synthesis of WN on the W plate surface after 

several round of treating. 

 

 

(b) 

 

(a) (c) 

Figure 4.6 Photo of showerhead with W plate after 10 hours growth, (a) top 

view, (b) bird eye view, (c) side view. 

To further demonstrate the GaN crystal decomposition ability of W, 10 hours growth 

was proceeded. The showerhead after growth was shown in Figure 4.6. Although there 

is still region where GaN poly deposition remained, what is really exciting is that there 

is region that no deposition on W at all. Furthermore, the region with GaN poly 

deposition can be eventually improved by adjusting the flow speed of barrier nozzles 

and source gas nozzles. This result also demonstrate that W has the potential to 

decompose the poly crystal after long enough aging cycles without barrier gas to delay 

the gas mixing. Based on this concept, the showerhead version II was designed. 
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4.4 Design of new showerhead 

4.4.1 Design concept 

As discussed in last section, in the new showerhead, we cancelled the barrier gas, 

then the nozzle size can be decreased, nozzle density can be increased, and total flow 

can be decreased. These changes finally result to a much shorter mixing distance, so 

wafer can be placed closer to the showerhead. As discussed in Figure 2.7 (c), with 

decreasing HC, both growth rate and source gas yield can be improved. Besides, in new 

version of showerhead, GaCl nozzles and NH3 nozzles arrangement was also improved 

to further shorten gas mixing distance. 

4.4.2 Simulation model and calculation procedure 

An axisymmetric vertical reactor geometry with wafer face-down and showerhead 

configuration is taken into consideration here. A two-dimensional (2-D) simulation 

model for the growth zone of the reactor has been used for numerical modeling. The 

schematic illustration of the geometry and mesh grids of the model are shown in Figure 

4.7. 

The reactor has an inverse-flow showerhead configuration, and two purge gas lines 

were employed to speed up the flow speed of gas mixture to avoid additional parasitic 

deposition on the quartz wall. One geometrical irregularity of this model is the wafer 

holder which rotates the wafer. In numerical model, the influence of wafer holder to the 

flow is nontrivial due to its comparable thickness (3 mm) with the distance between 

showerhead and wafer surface (15 mm). The problem was further simplified by 

cancelling the gas mixing process after showerhead. The inner and outer input gas has 

been pre-mixed in the gas mixing blocks before being injected through ring shape 

nozzles on the showerhead. However, the input inner and outer source gas 

concentration and flow rate can be separately controlled. 
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The distance (H) between showerhead and wafer is 15 mm, wafer radius (R0) is 50.4 

mm (4 inch), effective wafer area radius (R) is 48 mm, showerhead inner region radius 

(SR1) is 24.5 mm, and showerhead outer region outer edge radius (SR2) is 48.5 mm. 

 

Figure 4.7 Simplified axial rotation 2-D simulation model. 

Both non-uniform and uniform mesh grids were used (in the mesh grid shown in 

Figure 4.7). And special care was taken in the regions where large variation of the 

velocity and chemical species were expected. We had totally over 50000 cells and over 

4000 boundary faces in each simulation. The simulator control criterion were 

convergence and maximum number of iterations. Residual values can directly quantify 

the error in the solution of the system of equations and is used as convergence criterion. 

The residual criterion for temperature, chemical species, velocity, pressure, and growth 

rate were 10−3 , 10−7 , 10−5 , 10−3  and 10−3 , and the maximum number of 

iterations was 50000. 

4.4.3 Parameters definition and simulation conditions 

The input concentration of GaCl 𝑪𝒊𝒏𝒑𝒖𝒕 is proportional to GaCl partial density in 

the gas mixture 𝝆𝑮𝒂𝑪𝒍 due to the pre-mixing. 
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𝐂𝐢𝐧𝐩𝐮𝐭 =
𝐐𝐆𝐚𝐂𝐥
𝐐𝐭𝐨𝐭𝐚𝐥

∝
𝐧𝐆𝐚𝐂𝐥
𝐧𝐭𝐨𝐭𝐚𝐥

𝐌𝐆𝐚𝐂𝐥

𝐕𝐦
=
𝐦𝐆𝐚𝐂𝐥

𝐕𝐭𝐨𝐭𝐚𝐥
= 𝛒𝐆𝐚𝐂𝐥 4.1 

where 𝑸𝑮𝒂𝑪𝒍 is the flow rate of input GaCl, 𝑸𝒕𝒐𝒕𝒂𝒍 is the total flow rate of the gas 

mixture, 𝒏𝑮𝒂𝑪𝒍 is the molar quantity of GaCl, 𝒏𝒕𝒐𝒕𝒂𝒍 is the molar quantity of the gas 

mixture, 𝑴𝑮𝒂𝑪𝒍  is the molar mass of GaCl (105.176 g/mol), 𝑽𝒎  is the standard 

volume of 1 mole of an ideal gas at standard temperature and pressure (22.4 L/mol), 

𝒎𝑮𝒂𝑪𝒍 is the mass of input GaCl, 𝑽𝒕𝒐𝒕𝒂𝒍 is the total volume of the gas mixture, and 

𝝆𝑮𝒂𝑪𝒍 is GaCl density of the gas mixture. 

The average input flow velocity 𝑽𝒊𝒏𝒑𝒖𝒕 of gas mixture from ring shape nozzles is 

another key factor that influence the GaCl arriving quantity on wafer surface, and is the 

same as GaCl velocity due to pre-mixing. 

𝐕𝐢𝐧𝐩𝐮𝐭 =
𝐐𝐭𝐨𝐭𝐚𝐥
𝐒𝐧𝐨𝐳𝐳𝐥𝐞

∝ 𝐯𝐆𝐚𝐂𝐥 4.2 

where 𝑺𝒏𝒐𝒛𝒛𝒍𝒆 is the total area of the ring-shape nozzles that are connected to inner or 

outer gas mixing blocks. 

The product of 𝑽𝒊𝒏𝒑𝒖𝒕 and 𝑪𝒊𝒏𝒑𝒖𝒕 (𝑽𝑪 𝒑𝒓𝒐𝒅𝒖𝒄𝒕) is proportional to mass flux of 

GaCl 𝑱𝒎,𝑮𝒂𝑪𝒍. 

𝐕𝐂 𝐩𝐫𝐨𝐝𝐮𝐜𝐭 = 𝐕𝐢𝐧𝐩𝐮𝐭 ∙ 𝐂𝐢𝐧𝐩𝐮𝐭 ∝ 𝛒𝐆𝐚𝐂𝐥 ∙ 𝐯𝐆𝐚𝐂𝐥 = 𝐉𝐦,𝐆𝐚𝐂𝐥 4.3 

For easy to use, we chose 𝑽𝒊𝒏𝒑𝒖𝒕 , 𝑪𝒊𝒏𝒑𝒖𝒕  and 𝑽𝑪 𝒑𝒓𝒐𝒅𝒖𝒄𝒕 as key simulation 

parameters. 

Due to the independent control of inner and outer flow, we define inner 𝑪𝒊𝒏𝒑𝒖𝒕 and 

inner 𝑽𝒊𝒏𝒑𝒖𝒕 as 𝑪𝒊𝒏𝒏𝒆𝒓 and 𝑽𝒊𝒏𝒏𝒆𝒓, outer 𝑪𝒊𝒏𝒑𝒖𝒕 and outer 𝑽𝒊𝒏𝒏𝒆𝒓 as 𝑪𝒐𝒖𝒕𝒆𝒓 and 

𝑽𝒐𝒖𝒕𝒆𝒓 for simplification. 

The carrier gas was pure nitrogen (N2). We only changed 𝑽𝒊𝒏𝒏𝒆𝒓, 𝑽𝒐𝒖𝒕𝒆𝒓, 𝑪𝒊𝒏𝒏𝒆𝒓 

and 𝑪𝒐𝒖𝒕𝒆𝒓 and kept other conditions constant. The common simulation conditions are 

shown in Table 4.2. 
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Table 4.2 Common simulation conditions used in all simulation experiments. 

Pressure Growth 

temperature 

Wafer 

rotation 

Growth 

time 

V/III 

ratio 

Top purge 

gas flow 

Bottom purge 

gas flow 

Pa K rpm min  slm slm 

101325 1330 6 60 20 1 1 

In simulation experiment one, we compared different flow conditions between the 

conventional showerhead reactor and this reactor by two subsets of simulation 

experiments. In subset one, for each 𝑪𝒊𝒏𝒏𝒆𝒓 = 𝑪𝒐𝒖𝒕𝒆𝒓 value of 1.00%, 0.75%, 0.50% 

and 0.10%, we had 10 different 𝑽𝒊𝒏𝒏𝒆𝒓 = 𝑽𝒐𝒖𝒕𝒆𝒓 values of 0.001, 0.002, 0.005, 0.01, 

0.02, 0.05, 0.1, 0.2, 0.4, 1 m/s. In subset two, 𝑪𝒊𝒏𝒏𝒆𝒓: 𝑪𝒐𝒖𝒕𝒆𝒓 = 2: 1, and for both 

𝑪𝒊𝒏𝒏𝒆𝒓  value of 1.58%, 1.19%, 0.79%, 0.16% and 𝑪𝒐𝒖𝒕𝒆𝒓 value of 0.79%, 0.59%, 

0.40%, 0.08%. The values for 𝑽𝒊𝒏𝒏𝒆𝒓 = 𝑽𝒐𝒖𝒕𝒆𝒓 are the same as subset one. 

  In simulation experiment two, we performed simulations with four different 

models (model I~IV), the inner/outer region area ratio of the showerhead changed from 

0.023 to 0.943, as shown in Figure 4.8. 

 

Figure 4.8 Four different showerhead configurations of the simulation models. 

The 𝑽𝑪 𝒑𝒓𝒐𝒅𝒖𝒄𝒕  of both inner flow and outer flow for all the simulations in 

experiment two were fixed to be 0.001, and the total input GaCl flow was fixed to be 

153.86 sccm. For each simulation model (model 1-4), 𝑪𝒊𝒏𝒏𝒆𝒓: 𝑪𝒐𝒖𝒕𝒆𝒓  includes 8 

different values of 1:1, 1.5:1, 2:1, 2.5:1, 3:1, 3.5:1, 4:1, and 5:1, 𝑽𝒊𝒏𝒏𝒆𝒓: 𝑽𝒐𝒖𝒕𝒆𝒓 were 

the corresponding reciprocals. 
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4.4.4 Results and discussion 

The results obtained by the simulator include flow field distribution, crystal growth 

rate on wafer surface, and chemical species composition distribution of the gas mixture 

in the reactor. However, to study the influence of the input mass flux to the crystal 

growth in the reactor, we developed three parameters to evaluate the simulation result. 

These three parameters are average growth rate 𝒈𝒓̅̅̅̅ , Ga yield 𝜼 and crystal thickness 

distribution uniformity 𝑫𝑼. They are defined in equations 4.4-4.6. 

𝐠𝐫̅̅ ̅ =
𝐕𝐆𝐚𝐍
𝐒 ∙ 𝐭

 4.4 

𝛈 =
𝐧𝐆𝐚𝐍
𝐧𝐆𝐚𝐂𝐥

 4.5 

𝐃𝐔 = 𝟏 − √
∑ (𝐠𝐫,𝐢 − 𝐠𝐫̅̅ ̅)𝟐
𝐍
𝐢=𝟏

𝐍− 𝟏
/𝐠𝐫̅̅ ̅ 4.6 

where 𝑽𝑮𝒂𝑵 is the grown GaN crystal volume with growth time of 𝒕, 𝑺 is the wafer 

area, 𝒏𝑮𝒂𝑵 and 𝒏𝑮𝒂𝑪𝒍 is the molar quantity of the GaN crystal and GaCl, 𝒈𝒓,𝒊 is the 

growth rate at ith point,  𝑵  is the total point number for calculating thickness 

distribution uniformity. 

In a HVPE reactor, the growth rate is limited by input GaCl flow if input NH3 flow 

is high enough. This is because that Cl atom has a relatively high adsorption speed, so 

the reaction rate is not limited by the surface kinetics. With the input V/III ratio being 

20, the arrival rate of GaCl molecule to wafer surface is the limiting factor that 

determines the growth rate. 
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(a) (b) 

 

Figure 4.9 Simulation results for 

experiment one, (a) growth rate, (b) Ga 

yield, (c) Uniformity. 

(c) 

According to the theory of stagnation point flow model in Ref. 34, the boundary layer 

thickness δ is independent of the radial position and can be given by  

𝛅 = 𝟑√𝛎
𝐇𝐜
𝐯𝐢𝐧

 

4. 7 

4.7 

where 𝝂 is the kinetic viscosity, 𝑯𝒄 is the distance between wafer and showerhead, 

and 𝒗𝒊𝒏  is the input flow speed from showerhead nozzles. The boundary layer 

thickness was calculated based on the assumption that 𝒗𝒊𝒏 is uniform on the whole 

showerhead, so it is no longer applicable in our reactor because the flow speed of inner 

and outer are independently controlled. However, the formula can still help to 

understand the mass transfer process taken place in the reactor. Boundary layer can 

approximately separate convection dominant region and diffusion dominant region. 

Mass transfer is more efficient through convection than diffusion, so a thinner boundary 

layer will have a higher surface arrival rate, i.e., a higher growth rate. 
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(a) (b) 

 

Figure 4.10 Simulation results for 

experiment two, (a) growth rate, (b) 

Ga yield and (c) uniformity. 

(c) 

In the current simulation model, the temperature, pressure, and geometry are fixed, 

and the input gas velocity 𝑽𝒊𝒏𝒑𝒖𝒕 is the main factor that determines the flow field 

distribution in the reactor. With the flow field being fixed, increasing GaCl 

concentration can only increase the growth rate without influencing Ga yield and 

uniformity because the latter two are only determined by the flow field. With increasing 

𝑽𝒊𝒏𝒑𝒖𝒕, more source gas can be transferred to diffusion boundary, diffused to wafer 

surface, and incorporated into the crystal. Figure 4.9 (a) showed that the growth rate 

increases with increasing 𝑽𝒊𝒏𝒑𝒖𝒕. But the increase in 𝑽𝒊𝒏𝒑𝒖𝒕 will also lead to higher 

lateral flow speed, and more source gas may exhaust with lateral flow before they reach 

the diffusion region. As a result, the Ga yield is decreasing with increasing 𝑽𝒊𝒏𝒑𝒖𝒕, as 

shown in Figure 4.9 (b). The uniformity is determined by both diffusion dominant 

region and the convection dominant region. The best uniformity can be achieved with 

an optimal input flow speed. The uniformity dependency on 𝑽𝒊𝒏𝒑𝒖𝒕 is shown in Figure 

4.9 (c). 
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According to the above analysis, in order to improve the Ga yield, we need to 

decrease the lateral flow and maintain the GaCl input mass flux. This can be achieved 

by simply increasing the ratio of 𝑽𝒊𝒏𝒏𝒆𝒓: 𝑽𝒐𝒖𝒕𝒆𝒓  and decreasing the ratio of 

𝑪𝒊𝒏𝒏𝒆𝒓: 𝑪𝒐𝒖𝒕𝒆𝒓 . We tried different ratios of 𝑽𝒊𝒏𝒏𝒆𝒓: 𝑽𝒐𝒖𝒕𝒆𝒓  in the four models with 

different ratios of 𝑺𝒊𝒏𝒏𝒆𝒓: 𝑺𝒐𝒖𝒕𝒆𝒓 to find the best balance point. The simulation results 

of 𝒈𝒓̅̅̅̅ , 𝜼 and 𝑫𝑼 are shown in Figure 4.10 (a)-(c), respectively. 

Both average growth rate and Ga yield are increasing with decreasing the ratio of 

𝑽𝒊𝒏𝒏𝒆𝒓 ∶ 𝑽𝒐𝒖𝒕𝒆𝒓, but uniformity is degraded with decreasing the ratio of 𝑽𝒊𝒏𝒏𝒆𝒓 ∶ 𝑽𝒐𝒖𝒕𝒆𝒓. 

Among the four models, model IV has the highest growth rate, Ga yield, and the best 

uniformity. 

 

Figure 4.11 Flow lines and GaCl isoconcentration lines for different models with 

the same input condition of 𝐕𝐢𝐧𝐧𝐞𝐫: 𝐕𝐨𝐮𝐭𝐞𝐫=1:3.5 (𝐂𝐢𝐧𝐧𝐞𝐫: 𝐂𝐨𝐮𝐭𝐞𝐫=3.5:1) 

The flow lines and GaCl isoconcentration lines were plotted for model I~IV at the 

same input condition of 𝑽𝒊𝒏𝒏𝒆𝒓: 𝑽𝒐𝒖𝒕𝒆𝒓 = 1: 3.5 (𝑪𝒊𝒏𝒏𝒆𝒓: 𝑪𝒐𝒖𝒕𝒆𝒓 = 3.5: 1), as shown in 
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Figure 4.11. The inner flow with high concentration and low velocity is the main source 

that provide GaCl source gas, and the outer flow with low concentration and high 

velocity is used to help to push the outgoing inner flow near wafer holder up to wafer 

surface. The GaCl isoconcentration lines uniformly get crowded near wafer surface and 

the thinnest diffusion boundary layer was achieved with proper inner/outer region area 

ratio. The optimized condition is the balance point between growth rate, Ga yield and 

uniformity. The Ga yield may be further increased by decreasing GaCl concentration 

in the outer flow, but this will surely be compromising the uniformity. To further 

optimize the uniformity, we need to upgrade the design by decreasing wafer holder size. 

4.5 New showerhead demonstration 

4.5.1 Design of showerhead version II 

  

Figure 4.12 Showerhead version I and II comparison 

The new showerhead was then designed as shown in Figure 4.12. Compared with 

showerhead version I, showerhead version II has following changes. Firstly, the source 

gas nozzle diameter was decreased from 2 mm to 1 mm. Secondly, the total source 

nozzle number was increased from 75 to 138. Thirdly, the ring type barrier nozzles were 
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canceled. Fourthly, the GaCl nozzles and NH3 nozzles arrangement was also changed. 

And at last, the area ratio of inner to outer region was increased to 0.91 from 0.43. 

4.5.2 Experimental demonstration of the new designed showerhead 

  

(a) (b) 

  

(c) (d) 

Figure 4.13 Comparison of simulation and experiment result with distance 

between wafer and showerhead of 10mm and 30mm, (a) growth rate 

distribution along wafer radius direction, circle is the experiment result, break 

line is the simulation result; distance dependence of (b) growth rate, (d) Ga yield 

and (e) uniformity, cross is the simulation result and circles are the experiment 

result 

The distance from wafer holder to showerhead was decreased from 30mm to 10mm 

with the new showerhead. With the optimized growth condition, 3 experiment with 

different growth time were carried out at each distance. The substrates were 2 µm 

MOVPE grown GaN on 4-inch sapphire template. The epilayer thickness was measured 

by SEM cross section view with accuracy of ±2µm, as shown in Figure 4.13 (a). The 
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calculated growth rate, Ga yield and uniformity as defined in Formula 4.4 to 4.6 are 

also plotted in Figure 4.13 (b) to (d). 

This result fit with the analytical model proposed in Section 2.3 and the simulation 

result shown in Section 4.4. The growth rate and Ga yield both increased with smaller 

distance between wafer and showerhead, with compromising the uniformity. The 

simulation was also carried out with the simulation model discussed in Section 4.4. The 

simulation used the same flow condition with the experiment, and the result are also 

compared in Figure 4.13. To fit the experiment with the simulation, fitting coefficient 

k was 0.44. 

4.5.3 Impurity in the crystal 

Table 4.3 SIMS result of epilayer grown with 10mm distance to W plate 

Element H C O Si Ca Fe Mg 

Unit cm-3 cm-3 cm-3 cm-3 cm-3 cm-3 cm-3 

Value <4×1016 <1×1016 <3×1015 <2×1015 1×1014 1×1015 5×1016 

With using W plate to prevent parasitic deposition, new impurities may also 

incorporate into the crystal from W plate. We tried experiment with wafer to 

showerhead distance of 10mm. The growth was on a 4-inch sapphire template with 2µm 

MOVPE grown GaN layer. The growth condition was the optimized one, and the 

growth time was 1 hour. SIMS result of the epilayer is shown in Table 4.3. The Ca 

impurity is from Ga metal, Fe is from stainless steel part of the reactor, and Mg is from 

the BN parts in the reactor. No impurity is specifically from W metal. 

4.6 Summary of large size wafer growth 

The reactor for large wafer growth was introduced, the optimized growth condition 

was obtained which can achieve film with good uniformity on large wafer area. W 

catalyst effect to decompose GaN can be enhanced by cycles of aging procedure.  

Simulation experiments were performed to study the flow in a vertical HVPE reactor 

with inner/outer flow independently controlled showerhead configuration. The flow 

field in the reactor become more complex with extra input flow, but both growth rate 

and Ga yield can be improved at the same time without compromising the uniformity 
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by controlling the balance between the two input flows. Besides, Area ratio of inner to 

outer region was optimized to 0.943, and showerhead version II was designed based on 

the result. 

The experiment result fitted with the simulation result with a fitting coefficient of 

0.44. Besides, based on the SIMS result of the epilayer grown 10mm distance away 

from W plate, it shows that there are no extra impurities from W metal. 
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Chapter 5 

5 Conclusions and future outlook 

5.1 Conclusions 

In this dissertation, I have achieved 2.3 mm thick GaN epilayer growth by halide 

vapor phase epitaxy method with (0002) and (101̄2) rocking curve of 72.7 and 32.0 

arcsec in a home-made reactor. The growth was achieved by optimizing of the growth 

condition, selecting the best seed, and protecting the edge with a W ring. 

There are mainly two goals for growth condition optimization, i.e., a higher growth 

rate and less parasitic deposition on the nozzle. To achieve these two goals, firstly the 

thermal dynamic calculation was proceeded to study the reaction near Ga liquid surface 

and wafer growth surface. Secondly analytical equations of the stagnation point flow 

model and a simulation model were used to study the mass transportation in the reactor. 

Thirdly experimental comparison of three different growth conditions was performed. 

The maximum growth rate was 280 µm/h and the parasitic deposition on the nozzles 

were minimized. 

By comparing the homoepitaxial crystal growth on seeds fabricated by different 

methods, three important facts were found out. Firstly, the epilayer can succeed the 

crystallinity from the substrate, i.e., epilayer on the substrate with higher crystallinity 

will also result in a better crystallinity. Secondly, the stress for all the seeds will increase 

after epilayer growth regardless of the substrate is under compressive stress or tensile 
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stress. Thirdly, the dislocation bundles generated at interface will worsen the epilayer 

quality. Considering the above three facts, ammonothermal substrate was finally 

selected for thick epilayer owning to its supreme advantages in high crystallinity, flat 

lattice bow and no dislocation bundle generation at interface. 

By comparing the protection rings made of four kinds of different material in the 

growth experiments. W ring was selected to protect the seed edge and fix the seed 

position for long time growth mainly owing to its catalytic effect in preventing parasitic 

deposition. 

Besides for thick epilayer growth, a reactor for large size wafer growth was also 

introduced. The reactor is a vertical one with independent inner/outer flow-controlled 

showerhead configuration. With an optimized growth condition, the reactor can achieve 

film with good uniformity on large wafer area. Simulation model was used to study the 

flow in the reactor and it demonstrated that both growth rate and Ga yield can be 

improved at the same time without compromising the uniformity by controlling the 

balance between the two input flows. By optimizing the inner/outer area ratio, 

increasing nozzle density, and decreasing nozzle size, new version of the showerhead 

was designed based on the result. 

W metal was used in both reactors owning to its catalyst effect to decompose GaN. 

It is found that this effect can be enhanced by cycles of aging procedure. Besides, based 

on the SIMS result of the epilayer grown 10mm distance away from W plate, it shows 

that there are no extra impurities from W metal. 

5.2 Future perspective 

5.2.1 Thick epilayer growth 

The key to further improve the critical thickness with current approach is to prevent 

lateral growth in non-polar and semi-polar directions. Although W ring was not 
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effective in this dissertation, but I still think physical fixation is not yet thoroughly 

studied. The “growth cannel” configuration shown in Figure 3.16 is expected. This 

design may both prevent the lateral growth and keep the flow filed stable during the 

whole growth time. 

The stress is currently limiting the critical thickness of the epilayer, and it is found 

that the stress will always increase regardless whether the stress in the seed is 

compressive or tensile. Micro-Raman and other evaluation methods should be used to 

further analyze the stress in the crystal. After understanding the mechanism of the 

generation of stress during epilayer growth, countermeasures can be taken to further 

decrease the stress increasing and enlarge the critical thickness of the epilayer. 

To further decrease the TDD in epilayers on native GaN seed, dislocation movement 

at interface need to be further studied. 

5.2.2 Large size wafer growth 

We have fitted the experiment result with simulation, and further effort need to be 

done in following aspects. 

1. Aged W catalytic effect to prevent parasitic deposition in long time growth. 

2. Higher growth rate for long time growth. 

Besides, further optimization of showerhead configuration design and flow condition 

is expected to combine with machine learning. This will greatly improve the research 

efficiency. 

Eventually, with thoroughly study the above aspects, large size (4-inch even 6-inch) 

bulk crystal with uniform thickness distribution, with thickness in centimeter level, and 

dislocation level lower than 104 cm-2 is expected. 
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Appendix 

Appendix I: Thermal dynamic data for species involved in a GaN 

HVPE reactor 

For an individual substance, its Gibbs free energy 𝐺(𝑃, 𝑇) is a function of pressure 

P and temperature T, and can be defined as formula I.1. 

𝐺(𝑃, 𝑇) = 𝐺0(𝑃0, 𝑇) + ∫ (
𝜕𝐺

𝜕𝑃
)
𝑇

𝑃

𝑃0

𝑑𝑃 I. 1 

where 𝐺0(𝑃0, 𝑇) is the Gibbs thermodynamic potential taken at the standard pressure 

of 1 atm. From Ref. [1,2], 𝐺0(𝑃0, 𝑇) can be approximated by a polynomial 

𝐺0(𝑃0, 𝑇) = 𝐻(298𝐾) − 𝑇 ∙ (𝜑 ln 𝜒 + ∑ 𝜑𝑘𝜒
𝑘

3

𝑘=−2

) I. 2 

and 

𝜒 = 𝑇 104⁄  I. 3 

For reaction shown in formula I.4 

𝑎𝐴 + 𝑏𝐵 ⟷ 𝑐𝐶 + 𝑑𝐷 I. 4 

its Gibbs free energy change Δ𝐺0(𝑃0, 𝑇) can be calculated by formula I.5 

Δ𝐺0 = 𝑐 ∙ 𝐺𝐶
0 + 𝑑 ∙ 𝐺𝐷

0 − 𝑎 ∙ 𝐺𝐴
0 − 𝑏 ∙ 𝐺𝐵

0 I. 5 

The thermodynamic properties of each species involved in GaN HVPE reactor is 

listed in Table I.1. All the data are applicable in the range of 298K to 3000K at the 

standard pressure of 1 atm. 
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Table I.1 Thermodynamic data of 10 species involved in HVPE reactor  

Species 
H 

298K 
𝜑 𝜑−2 𝜑−1 𝜑0 𝜑1 𝜑2 𝜑3 

Ga (l) 0 26.24945 0.001124 0.147769 126.5938 -3.3068 7.960486 -4.11799 

H2 (g) 0 29.50487 0.000168 0.860656 205.5368 -14.9531 78.18955 -82.7898 

N2 (g) 0 21.47467 0.001749 0.591004 242.8156 81.08497 -103.627 71.30775 

GaCl (g) -70553 37.11052 -0.00075 1.160651 332.2718 4.891346 -4.46759 5.506236 

GaCl2 (g) -241238 57.74584 -0.00227 1.875555 443.2976 3.66186 -9.35634 15.88245 

GaCl3 (g) -431573 82.03355 -0.00349 2.685592 526.8113 8.278878 -14.5678 12.8899 

Ga2Cl6 

(g) -957552 
180.9567 -0.00772 5.923436 945.776 14.74793 -26.2997 23.6243 

HCl (g) -92310 23.15984 0.00182 0.614738 243.9878 51.16604 -36.895 9.174252 

NH3 (g) -45940 20.52222 0.000716 0.767724 231.1183 244.6296 -251.69 146.6947 

GaN (g) -114000 52.86351 -0.00799 2.113389 160.2647 1.313428 -2.44113 1.945731 
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