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ABSTRACT 

 

High-Temperature Growth of Bulk Gallium Nitride by the Sodium Flux Method 

by 

Mohammed Abdullah Abo Alreesh 

 

The progress in optoelectronics and power electronics devices and their industrial 

applications has been remarkable since the beginning of the 21st century. Gallium nitride 

(GaN) based devices have shown high efficiency and good reliability, but their full potential 

is hindered by the shortage of native substrates. The Na-flux technique has the ability to 

produce high quality and low cost bulk GaN. At UCSB, a novel Na-flux system was 

designed by Von Dollen et al. to monitor GaN growth in-situ.[79],[80] In addition, they 

demonstrated the fastest growth rate (>50 μm/h) reported for this technique. However, the 

main challenges such as low structural quality, high impurity, and opaqueness were usually 

noticed in the grown GaN. Furthermore, the poor control of growth and the low 

reproducibility of experiments limited the reliability of the system. The focus of this 

dissertation is on understanding the reasons behind these challenges, finding possible 

solutions, and testing the capability of the system to monitor and control the growth in-situ. 

Higher structural quality and lower impurity transparent GaN growth was noticed on 

some regions of the seed related to its position within the system. First, higher structural 

quality was linked to the switch from 3D to 2D growth mode as was evident from the optical 

microscope images. For 2D growth, the full width half maximum (FWHM) of the (0002) 

and (112 ̅0) rocking curves were as low as 89 and 44 arcseconds respectively. This switch – 

from 3D to 2D – occurred at a late growth stage and the reason for the observed crystal 



 

 

ix 

quality improvement is speculated to be decreased thermodynamic driving force as growth 

progressed. Second, in optically transparent regions, concentrations of oxygen, sodium, and 

carbon were as low as 7×1016, 2×1016, and 5×1016 atoms/cm3, respectively, while the 

concentration of molybdenum was below the detection limit. In addition, the area, the 

thickness, and the reproducibility of transparent regions were increased by controlling the 

seed position and omitting the addition of carbon (a common additive in the Na-flux 

method). Furthermore, the opaqueness was found to correlate with oxygen impurity as it was 

established by secondary ion mass spectrometry (SIMS) analysis. GaN growths which 

contain oxygen concentrations above 1019 atoms/cm3 were highly absorbing regardless of 

the presence of other impurities. Thus, the effect of three oxygen getters – i.e. magnesium, 

aluminum, and titanium – on the GaN transparency was investigated but was not significant. 

However, polycrystalline GaN was found to preferentially form on titanium sheets; and the 

reproducibility of growth conditions was enhanced with titanium sheets in the Na flux 

reactor. The effective solution to grow transparent GaN was by depleting oxygen impurity in 

the system via extended GaN growths. Extended growth typically consisted of two 

consecutive single growth experiments; and it was found that the all second experiments 

were thermodynamically limited in contrast with many of the first or single experiments. 

Third, the second experiments of extended growths were used to inspect the 

thermodynamics of GaN growth in-situ using the UCSB system. The ability of the system to 

determine equilibrium pressure and temperature for a specific sodium-gallium melt 

composition was demonstrated. Furthermore, positive deviation of the melt from ideality 

was noticed and the gallium activity and activity coefficient were calculated based on 

experimental data. Finally, some changes and improvements to the system – based on the 
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outcomes of this dissertation – were suggested for better monitoring and controlling of GaN 

crystal growth.    
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Chapter 1    Introduction 
 

1.1 GaN the semiconductor 

 In 1947, the invention of the first transistor announced the beginning of a new era; 

the semiconductor era.[1] Since then, the semiconductor industry has revolutionized our 

modern life. Personal computers, televisions, mobile phones, and the internet – to name a 

few – are clear examples of how semiconductors play a central role at daily life. 

Semiconductors are a class of materials which have electrical conductivity between 

conductors and insulators. They can be doped intentionally with impurities to increase the 

electrical conductivity and/or change the carrier type. This doping can be tailored in amount, 

type, and position – within semiconductors – to produce essential devices such as diodes and 

transistors. Although germanium (Ge) was the major semiconductor material during the 

early 1950s, silicon (Si) has dominated the semiconductor industry since the early 1960s. 

This dominance over the last sixty years can be mainly attributed to the silicon abundance, 

material properties (e.g. stable native oxide and an outstanding oxide/silicon interface), and 

the availability of near perfect large native substrates. However, since silicon bandgap is 

moderate and indirect, it is not favored for high-power devices and optoelectronics. Other 

semiconductors such as gallium arsenide (GaAs), silicon carbide (SiC), and gallium nitride 

(GaN) with direct and/or wider bandgap have been used in these devices.[2]-[4] GaN – 

alloyed with aluminum nitride (AlN) and indium nitride (InN) – has been widely 

incorporated in light emitting diodes (LED) and laser diodes (LDs) as well as power 

electronics.[5]-[7] Its structure, properties, and applications will be discussed in this section 

with a focus on the strong need for native GaN substrate.  
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1.1.1 Structure and properties 

GaN is one of the III-nitride binary compounds which include AlN and InN. 

Although GaN can be found in the metastable zinc blende cubic structure,[8] wurtzite is the 

stable crystal structure for GaN as well as AlN and InN. Wurtzite is a hexagonal crystal 

system with the space group P63mc (for GaN the fractional coordinate for Ga atoms are 

(0.333,0.667,0.000); (0.333,0.667,0.500) and for N atoms are (0.333,0.667,0.375); 

(0.333,0.667,0.875)). Wurtzite consists of two hexagonal close-packed (HCP) sublattices 

with an offset along the c-axis. Each sublattice represents one of the two atoms of the binary 

compounds (e.g. gallium (Ga) or nitrogen (N) atoms for GaN). Since the HCP stacking layer 

is of the form “…,a,b,a,b,a,b,...“ , wurtzite GaN –with two sublattices – is of the form 

“…,a(Ga),a(N),b(Ga),b(N), a(Ga),a(N), b(Ga),b(N)...“. The conventional and primitive unit-

cell of wurtzite GaN are shown in Figure 1-1. The bonds between an atom and its nearest 

neighbors construct a tetrahedron. The Ga-N bond length – which equals the two the 

sublattices offset – and strength are 1.949 Å and 2.264 eV respectively.[9][10] The primitive 

unit-cell contains 2 Ga and 2 N atoms and is defined by three primitive vectors i.e. �⃗�1, �⃗�2, 

and 𝑐; their magnitudes and directions are listed in Table 1-1. 
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Figure 1-1. The conventional (left) and primitive (right) unit-cell of wurtzite GaN. 

 

parameters |�⃗⃗⃗�𝟏| 

(Å) 

|�⃗⃗⃗�𝟐|=|�⃗⃗⃗�𝟏| 

(Å) 

|�⃗⃗�| 

(Å) 

α 

(°) 

β 

(°) 

γ 

(°) 

Values 3.189 3.189 5.185 90 90 120 

Table 1-1. Primitive lattice parameters for wurtzite GaN.[11] 

GaN is a direct wide bandgap semiconductor with 3.4 eV at 300 K. Direct-bandgap 

materials can emit or absorb photons directly without the need for phonon assistance (lattice 

vibration) as in indirect-bandgap materials. Thus, photon emission and absorption are at 

much higher rate in direct-bandgap materials. GaN can emit or absorb photons just above 

violet wavelength. In addition, InN and AlN bandgaps are direct and significantly have 

different value (~ 0.7 and 6 eV respectively). Since III-nitrides have the same crystal 

structure, GaN can be alloyed with InN or/and AlN at different ratios to achieve different 

bandgap values. These values can represent a wide range of the electromagnetic spectrum 

including the visible spectrum (see Figure 1-2). Therefore, GaN and III-nitrides are 

promising semiconductors for optoelectronic devices such as LEDs, LDs, and solar cells. 
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Figure 1-2. Bandgap energies and chemical bond lengths of compound semiconductors. Blue circles 

represent direct while black circles represent indirect bandgap. The visible spectrum is shown with relation 

to the energy gap of the semiconductors. Data is from [12] 

 

GaN electrical properties are promising as well, especially with n-type doping. 

Typically, n-type GaN is doped with silicon (Si) or oxygen (O) while p-type GaN is doped 

with magnesium (Mg) or zinc (Zn). The electron mobility and the electron saturation 

velocity can reach ~1400 cm2 V-1 s-1 and ~30x106 cm s-1 respectively.[13][14] In addition, 

the breakdown voltage can be > 4x106 V cm-1 at 300 K.[15] These properties with GaN wide 

bandgap, which decreases the intrinsic carrier thermal generation, are suitable for high-

power, high-frequency, and high temperature application.[16] Electrical and material 

properties comparison between Si, SiC, and GaN is listed in Table 1-2. Except for thermal 

conductivity, GaN have better properties for power electronic.  

Material property Si 4H-SiC GaN 

Bandgap (eV) 1.12 3.26 3.4 

Breakdown voltage (106 V cm-1) 0.3 3.5 3.3 
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Carrier mobility (cm2 V-1 s-1) 1500 650 990-2000* 

electron saturation velocity (106 cm s-

1) 

10 20 25 

Thermal conductivity (W cm-2 K-1) 1.5 5 1.3 

Table 1-2. Material and electrical properties of Si, SiC, and GaN.[16]*in bulk GaN and 2D electron gas 

region respectively. 

 

1.1.2 GaN in light emitting diodes, laser diodes, and power electronics  

The rise of GaN and III-nitrides resulted from the search for blue light emitting diodes 

(LEDs). LED emits photons when electrons fall across the bandgap from the conduction 

band and recombine with holes at the valence band. Each electron – as it falls to a lower 

energy state – emits a photon with energy equals the bandgap energy. This process is known 

as electroluminescence and was first observed by Henry Round who passed electrical 

current through SiC crystals in 1907.[17] However, it was not until the 1960s and 1970s 

when the first red and then yellow and green LEDs were made by alloying GaAs and 

Gallium phosphide (GaP).[18]-[19] To make blue LEDs, semiconductors with direct and 

wider bandgap such as zinc selenide (ZnSe) and GaN were potential candidates. Both 

candidates suffered from poor acceptors doping but ZnSe has the advantage of high-quality 

GaAs substrate with negligible lattice-mismatch. On the other hand, GaN films were grown 

directly on sapphire with a high lattice-mismatch ~16%, which resulted in poor quality 

films.[20] The defected films and poor p-type conductivity resulted in very low power 

efficiency of the first GaN based violet LEDs.[21] Thus, in the quest for high emission blue 

LED, most researchers focused on ZnSe, of which films can be grown at higher quality than 

GaN. However, during the 1980s, GaN films were enhanced by the introduction of AlN 

buffer layer on the sapphire substrate.[22]-[23] In addition, p-type conductivity was 

enhanced by Amano et al. using electron beam treatment.[24] By the early 1990s, 
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remarkable progress in improving the quality of GaN films and the p-type GaN was 

achieved by Shuji Nakamura at Nichia Corporation. Nakamura designed a novel metal 

organic chemical vapor deposition (MOCVD) system which was used to grow higher 

quality GaN film on GaN buffer layer.[25]-[26] Furthermore, Nakamura demonstrated better 

p-type activation by annealing. [27] With high p-type conductivity and high quality film, 

Nakamura was able to demonstrate high-brightness blue, green, and yellow InGaN 

LEDs.[28]-[29] Soon after, commercial white LED, which was a blue LED with yellow 

phosphors, became available. The progress of the blue LED was the pivot point after which 

GaN use in optoelectronics as well as in power-electronics increased rapidly in research and 

industry.   

After the introduction of white LEDs, the use of solid state lighting (SSL) has been 

increasing across the globe. LEDs have been largely replacing conventional lighting 

(incandescent, fluorescent, and halogen) due to their higher efficiency (see Figure 1-3). 

Also, LEDs are widely used in backlighting and automotive lighting. In addition, micro 

LEDs (μ-LEDs) have the potential to replace the conventional liquid crystal display (e.g. 

LCD and OLED) with higher brightness, contrast, resolution, reliability and efficiency.[31] 
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Figure 1-3. the history of luminous efficacy for different light sources. Data is from [30] 

 

Nakamura also demonstrated pulsed and continues wave violet InGaN LDs.[32] GaN 

based LDs introduced colors (violet, blue, and green) which were not available before 

(violet and blue) or available with low efficiency (green). Violet LDs are used for blue-ray 

DVDs which provided a boost for optical storage capacity. Blue LDs with yellow 

phosphorus are used in Luxury cars headlights to produce white light with higher 

illumination and longer visual range. In addition, GaN based LDs are used in overhead 

projectors and large displays. 

GaN has a wide bandgap, high breakdown voltage, high electron mobility, and high 

saturation velocity. These properties are suitable for high power and high frequency 

applications which include RF power amplifiers for communications and radar, motor 

controls, and satellite power system. In addition, GaN is robust against damage by ionizing 

radiation which increases the efficiency and lifetime of solar cells of for space applications. 

As a summary, GaN based applications are listed in Table 1-3.  
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LED application LD applications Power applications 

Backlighting (mobile 

devices, LCD displays) 

μ-LED for better screen 

display and high efficiency 

interior and exterior 

automotive lighting 

lighting for general 

illumination 

Optical and data storage 

Projectors 

Headlights 

Displays 

Testing and measurement 

(spectroscopy, sensing) 

RF power amplifiers for 

communication and radar 

Switch mode power supplies 

Motor controls 

Satellite power systems 

High-temperature 

electronics 

Table 1-3. Applications for GaN-based LED, laser, and power devices.[33] 

 

1.1.3 The need for bulk GaN 

Although GaN has excellent materials and electrical properties, the GaN-based 

optoelectronics and power electronic devices are far from their full potentials. They are 

usually limited by the lack of native GaN substrates for homoepitaxial growth. The scarce 

availability and high cost of GaN substrates have hindered their commercial use. Thus, thin 

film GaN is usually grown on foreign substrates (heteroepitaxial growth) such as sapphire, 

GaAs, silicon, or SiC. Theses substrates have different physical properties (e.g. lattice 

parameters, thermal expansion coefficient, thermal conductivity, …) (see Table 1-4). Due to 

the mismatch between the grown GaN and foreign substrates, defects (especially threading 

dislocations (TD) [34]) and residual stress arise and propagate into device actives areas and 

have a deleterious impact on performance (see Figure 1-4). In research, the use of bulk GaN 

substrate has demonstrated many benefits for device applications (see Table 1-5). Therefore, 

low cost and high quality GaN substrates can boost the performance of GaN based 

electronics, especially LDs and power electronics. 
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substrate Crystal 

structure 

Growth 

plane 

Surface 

lattice 

parameter 

(Ao) 

Lattice 

mismatch 

to GaN 

(%) 

Thermal 

expansion 

coefficient 

(10-6 K-1) 

Thermal 

conductivity 

(W/cmK) 

GaN wurtzite (0001) 3.189 __ 5.6 1.3 

Al2O3 wurtzite (0001) 4.758 16.1 7.5 0.42 

SiC wurtzite (0001) 3.08 -3.54 4.2 4.9 

GaAs zincblend (111) 2.54 -20.2 6.03 0.55 

Table 1-4. difference in lattice constants and thermal expansion coefficients between Al2O3, SiC, GaAs 

substrates and GaN. 

 

 

Figure 1-4. Schematic of GaN grown on sapphire substrates showing threading dislocations.[34]   

 

Device 

application 

benefits 

LED Reduction of nonradiative recombination centers; reduced leakage 

current; improved thermal conductivity; improved efficiency; 

decreased in segregation associated with dislocations; reduced aging 

effects caused by electromigration of metals along dislocations 

LD Increased lifetime; reduced threshold current; higher output power; 

reduced leakage current; improved thermal conductivity; reduced 

dislocation enhanced diffusion 
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RF FET Greater channel mobility, greater channel charge, greater channel 

mobility ⤫ charge product; reduced buffer leakage; reduced surface 

states 

Power switches 

and diodes 

High breakdown voltage; faster switching speed; higher efficiency; 

reduced reverse recovery time 

Photodetectors, 

solar cells 

Low dark currents in photodetectors and solar cells; Geiger mode 

photodetector operation 

Table 1-5. Summary of bulk GaN substrate demonstrated benefits for device applications.[33] 

 

1.2 Bulk GaN growth techniques 

GaN crystals do not occur naturally but can be grown artificially. In addition, it is 

impractical to grow GaN from its melt (such as Si) due to the required extreme growth 

conditions. GaN decomposes at atmospheric pressure to Ga and nitrogen gas (N2) above 

1000 °C.[35][36] In order to grow GaN from its melt, N2 pressure and growth temperature 

must be above 6 GPa and 2200°C respectively (see Figure 1-5). To avoid these extreme 

conditions, other techniques such as HVPE, high pressure nitrogen solution, 

Ammonothermal, and Na-flux are used to grow GaN substrates.  

 

Figure 1-5. GaN phase diagram under high temperature and pressure. Data is from [35] 



 

 

11 

 

 

1.2.1 HVPE 

HVPE is an acronym for halide vapor phase epitaxy. In HVPE reactors, GaN is 

usually grown on foreign substrates (e.g. sapphire or GaAs) by the reaction of gallium 

chloride (GaCl) and ammonia (NH3) gases. The HVPE reactor usually contains two zones; 

the source-zone which is kept at 800 - 900 °C, and the growth-zone which temperature 

ranges between 1000 -1100 °C. These two zones are located inside a quartz tube that is 

heated with separated heaters. In the source-zone, HCl gas flows above a Ga boat to form 

GaCl gas and flows with carrier gases (such as N2, He, Ar, or H2) toward the growth zone 

where it reacts with NH3. As a result of this reaction, GaN solid is deposited epitaxially on 

the substrate as follow:  

GaCl(g) + NH3(g) → GaN(s) + HCl(g) +H2(g) 

The remaining gases are pumped out through the exhaust. 

In comparison with other techniques for bulk GaN growth, HVPE has two main 

advantages. It is the most mature, first reported in 1969 [20], and its growth rate is the 

highest, typically between 300 – 400 μm/h but can reach ~2000 μm/h.[37] Therefore, HVPE 

is commercially the leading technique for bulk GaN production. However, since the GaN 

crystal is typically grown on a foreign substrate, its structural quality is generally less than 

the other techniques. Threading dislocation density (TDD) in HVPE GaN is usually between 

108 – 106 cm-2 which is too high for LDs and power electronics. Furthermore, the strain in 

the grown GaN, due to heteroepitaxial growth and thermal expansion differences, limits its 

thickness to 6 mm before cracks develop.[38] Furthermore, NH4Cl formation caused 

clogging in the exhaust which limit the growth time. In addition, HVPE yields are typically 
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low, because the precursors –especially ammonia- are not fully utilized. Thus, the cost of 

commercially HVPE GaN substrates is significantly higher than silicon or sapphire 

substrates. The low crystal quality and high cost of HVPE GaN has driven the search for 

other growth techniques. 

 

1.2.2 High pressure nitrogen solution 

High pressure nitrogen solution growth is a liquid phase epitaxy. Instead of growing 

crystals from molten GaN, this technique offers relatively less extreme conditions by 

growing crystals from saturated Ga melt. Typical growth temperature and N2 pressure values 

are >1200 °C and 1-2 GPa respectively. In 1975, Madar et al. demonstrated the first growth 

of high quality GaN from high pressure nitrogen solution.[39] After, a group from the 

institute of high pressure physics – at Warsaw, Poland – has specialized in this method.[40]-

[41] The main advantage of this technique is the high crystal quality of the grown GaN with 

< 102 cm-2 TD.[42] However, the growth rate is typically two orders of magnitude slower 

than HVPE.[43] In addition, the growth condition is too extreme for commercial large-scale 

production.  

 

1.2.3 Ammonothermal 

Ammonothermal is a solution growth technique that uses super critical NH3 as a solvent for 

dissolution and subsequent precipitation of GaN. The growth is driven by temperature 

difference between two zones within Ammonothermal reactors. The temperature difference 

causes different GaN solubilities in the two zones. In the higher solubility zone, 

polycrystalline GaN feedstock is dissolved in and transported by super critical NH3 to the 
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other zone. In the lower solubility zone, the dissolved GaN is deposited on a GaN substrate. 

Mineralizers (basic such as Na, K, ... or acidic such as F, Cl, ...) are added to increase the 

GaN solubility in the super critical NH3. The temperature and pressure values of super 

critical NH3 are dependent on the mineralizers but generally >500 °C and >100 MPa. In 

1995, the first GaN growth by Ammonothermal was demonstrated by Dwiliński et al.[44] 

High crystal quality GaN was grown by this technique with ~103 cm-2 TD.[45] However, the 

growth rates are usually one order of magnitude less than HVPE,10-30 μm/h.[46] 

Commercially, The slower growth rate and the high pressure are the main challenges for this 

technique.  

 

1.2.4 Sodium-flux 

The sodium-flux is a solution growth technique. The solution is a mix of molten Na 

and Ga. The growth is driven by the N2 gas pressure which over saturates the Na-Ga melt 

with nitrogen and results in GaN deposition on the seed. The sodium flux method is 

conceptually similar to the high pressure nitrogen solution technique; the main difference is 

the presence of Na which markedly reduces the severity of growth condition and increases 

the growth rate. The role of Na is not fully understood but it could be considered as a 

catalyst. In this technique, typical temperature and N2 pressure range is 700-900 °C  and 3-5 

MPa respectively. 

The progress in the sodium flux method started in the 1995. A group from Cornell 

University led by Yamane and DiSalvo investigated the growth of nitride compounds by the 

sodium flux method.[47]-[51] At Cornell, the addition of alkaline earth and alkaline metals 

(such as Magnesium, Calcium, Strontium, Barium, and Lithium) showed an enhancement in 
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the crystal size. Yamane continued the investigation, especially the growth of GaN, in 

Tohoku University.[52]-[57] At Tohoku, a range of growth conditions (700-850 ℃, 1-5 

MPa), the melt composition, and their effect on the growth morphology of GaN (platelets, 

pyramids, and prisms) were investigated. In the late 1990s, a group from Osaka University – 

led by Yusuke Mori – started investigating the GaN growth by the Sodium-Flux 

technique.[58] They retested the additives calcium and lithium and claimed an increase 

nitrogen solubility and hence the GaN crystal yield and transparency.[59]-[61]. In addition, 

the group demonstrated – in 2006 – a significant reduction in dislocation density as a result 

of the dislocation bending when growth was switched from (10-11) to (0001) direction; and 

dislocation lines were reduced to 104 cm-2.[62] In the same year, the Osaka group was 

successful to grow a two-inch GaN wafer for the first time with 2.4×105 cm-2 TD.[63] Two 

years after, the effect of carbon on the growth was investigated by the Osaka group. Carbon 

addition increased the growth rate (to 20μm/h) and suppressed the polycrystalline GaN 

nucleation; and a 3 mm thick 2" wafer was grown.[64] Growth on a-plane GaN crystals and 

the effect of barium addition were tested as well. [65][66] In 2012, the group introduced the 

necking technique and a cm-size of high quality GaN crystal was demonstrated.[67] A year 

after, the Osaka group examined the stirring effect. The stirring increased the growth rate to 

46 μm/hour and suppressed the formation of polycrystalline GaN. [68] In 2014, the point 

seed technique was used to grow high quality 1 cm size GaN with FWHM of the (0006) 

rocking curve as low as 2.1 arcsec.[69]-[70] In 2017, the tiling technique produced the 

largest GaN wafer up to date with175mm in diameter. The Osaka group grew 2-inch GaN 

wafers using Na-Flux technique. Then, Yoshida et al. connected them mechanically and re-
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grew the connected wafers with HVPE to produce a 175 mm diameter single wafer with 106 

cm-2 TD.[70] 

 The Na-flux method achievements, through the last twenty years, highlight the 

production of high quality GaN substrates (TDD 105-103 cm-2) with a moderate growth rate 

(30-50 μm/h). In addition, the technique has a higher efficiency in converting precursors to 

GaN than HVPE technique and less growth pressure than the Ammonothermal. Therefore, it 

is a promising candidate for low cost and high quality GaN substrates. Such substrates have 

been in growing demand especially by the LD and power electronics industries. 

 

1.3 Solution growth fundamentals 

GaN crystallization by the Na-flux method is a high temperature solution growth. A 

crystal grows by consuming its dissolved constituents from a supersaturated liquid solvent 

without consuming the solvent. The growth can be spontaneous or seeded and the 

supersaturation can be reached by either increasing the solute concentration (e.g. increasing 

solute’s partial pressure or solvent evaporation) or decreasing the solvent solubility (e.g. 

temperature change). Crystal growth from high-temperature solution is known as flux 

growth – hence the Na-flux growth – and is used to grow crystals below their melting points. 

This is an advantage for materials that melt incongruently, e.g. GaN decomposes before it 

could be melted. Another advantage is the higher crystal quality – relative to melt growth – 

because of the lower flux temperature. On the other hand, slower growth rate and flux 

impurity and inclusions in the grown crystal are the main disadvantages with respect to melt 

growth. Since the Na-flux method is the focus of this thesis, thermodynamics and kinetics 
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basics of solution growth will be discussed briefly in this section and GaN growth by Na-

flux will be used as an example (see Figure 1-6).   

 

Figure 1-6. Schematic of the Na-flux growth of GaN. Three phases are indicated with their main 

constituents. 

 

1.3.1 Thermodynamics 

Thermodynamics defines a system in equilibrium. If the system is not in equilibrium, 

it determines the spontaneous direction of evolution to reach equilibrium. The rate of 

evolution is determined by the kinetics. Assume that our system – in Figure 1-6 – is in 

equilibrium, this means each specie’s chemical potential (𝜇𝑁 or 𝜇𝐺𝑎) is the same in the three 

phases (i.e. solid, liquid, and gas). To start GaN crystal growth, the equilibrium must be 

broken such that reaching equilibrium again favors the solid growth. For example, by 

increasing the chemical potential of nitrogen and gallium in the gas phase (such as 

increasing their partial pressures) more nitrogen and gallium will diffuse to the Na-Ga liquid 

and then to the GaN solid (i.e. crystal growth) until equilibrium is reached again. This is, 

briefly and conceptually, the thermodynamics of the Na-flux method. 
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 In this technique, the liquid is gallium rich with extremely low nitrogen solubility. 

In addition, gallium partial pressure is less than nitrogen by many orders of magnitude. The 

thermodynamics – as a result – can be approximated by considering the nitrogen; mainly the 

nitrogen equilibrium pressure and the nitrogen solubility in the Na-Ga liquid. Nitrogen 

solubility (𝑋𝑁
𝑒𝑞

) is defined as the mole fraction of nitrogen in the Na-Ga liquid at 

equilibrium. Generally, solubility depends on temperature and pressure as well as the 

physical and chemical properties of the solvent and solutes. 

 

Nitrogen Solubility and equilibrium pressure: 

The dissolved nitrogen from gas in the Na-Ga melt could be in the molecular or 

atomic form. However, many reports indicated the presence of atomic nitrogen in the Na-Ga 

melt.[71][73] Thus, the molar fraction of atomic nitrogen in the melt (𝑋𝑁
𝑒𝑞

) can be related to 

the nitrogen pressure at equilibrium (𝑃𝑁
𝑒𝑞

) as: 

𝑋𝑁
𝑒𝑞 = (𝐾 𝑃𝑁

𝑒𝑞)
1
2 

Where K is the equilibrium constant. This is known as Sieverts’ law which states that the 

solubility of diatomic gasses is proportional to the square root of their equilibrium partial 

pressure. In our example, 𝑋𝑁
𝑒𝑞

 represents the nitrogen solubility.  

Nitrogen solubility and Na-Ga melt composition: 

The solubility of nitrogen in liquid metals is extremely low including Na and Ga. 

However, the Osaka group reported a significantly higher solubility when Na and Ga are 

mixed. Although the discrepancy – between two reported data [74] and [75] – in solubility 
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values and Na-Ga mix ratio at which the maximum nitrogen solubility is achieved, the 

enhancement in nitrogen solubility was generally noticed in diluted Ga mix (See Figure 1-

7).  

The reason of this enhancement has not been fully investigated. Yet, two 

explanations were proposed based on theoretical and experimental data. The first one was 

offered by Yamane et al. as the Na catalytic role in disassociating the strongly bonded N2 

molecule to atomic N.[71] The second explanation was proposed by the Osaka group as the 

Na segregation role which increases the Ga activity in the melt. Using first-principle 

calculations, density functional theory, and molecular dynamics simulation, they 

demonstrated the tendency of sodium and gallium atoms to cluster; this tendency increases if 

gallium is diluted. Thus, the gallium activity to bond with nitrogen in the melt is increased. 

[74][77] The two explanations do not contradict, and the sodium could be playing the two 

roles. 

 

Figure 1-7. Nitrogen solubility in the Na-Ga liquid at 800°C and 3 MPa.  Data is from Mori et al.[74]  and 

Kawahara et al.[75] Data is converted by Von Dollen.[76] 



 

 

19 

 

 

Nitrogen solubility and temperature: 

Solubility can increase or decrease with temperature. If the dissolution reaction is 

endothermic, the solubility increases with temperature; and if the dissolution is exothermic, 

it decreases with increasing temperature. The nitrogen solubility – in Na-Ga melt – increases 

with temperature as reported by the Osaka group.[73][78] The high solubility is favored 

especially with the low solubility of nitrogen in Na-Ga melt and the high temperature is 

favored to enhance the growth kinetics. However, since the nitrogen equilibrium pressure 

𝑃𝑁
𝑒𝑞

 increases exponentially with temperature, all reported growths were under 900℃. 

Supersaturation, nucleation, and metastable region: 

Na-Ga melt is supersaturated when it contains dissolved nitrogen above its solubility 

limit. Thus, the melt is not in equilibrium until it precipitates the excess amount of nitrogen. 

Supersaturation (σ) is a dimensionless number that quantifies the driving force for 

precipitation (e.g. GaN crystal growth) as:  

𝜎 =
𝜇𝑁 − 𝜇𝑁

𝑒𝑞

𝑅𝑇
= ln (

𝛾𝑁𝑋𝑁

𝛾𝑁
𝑒𝑞𝑋𝑁

𝑒𝑞) ≈
𝑋𝑁 − 𝑋𝑁

𝑒𝑞

𝑋𝑁
𝑒𝑞  

Where 𝜇𝑁, 𝛾𝑁, and 𝑋𝑁 are respectively the chemical potential, activity coefficient, 

and mole fraction of actual nitrogen in the melt; and 𝜇𝑁
𝑒𝑞

, 𝛾𝑁
𝑒𝑞

, and 𝑋𝑁
𝑒𝑞

 are respectively the 

chemical potential, activity coefficient, and mole fraction of nitrogen in a saturated melt (i.e. 

at equilibrium). The supersaturation can be approximated at low driving force by the 

difference between the actual and the equilibrium nitrogen molar fraction in the melt over 

the equilibrium molar fraction (note that  𝛾𝑁 ≈ 𝛾𝑁
𝑒𝑞

 at low 𝜎 ). The melt is supersaturated if 
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𝜎 > 0, saturated if 𝜎 = 0, and undersaturated if 𝜎 < 0; and a GaN seed would grow, not 

change, or dissolve, respectively.  

Nucleation is the formation of the smallest stable crystals. Below this size crystals 

are not stable due to the high surface energy (relative to their volume). According to the 

classical nucleation theory (CNT), the Gibbs free energy required to form a nucleus of 

radius r is:  

𝛥𝐺(𝑟) = −
4𝜋𝑟3

3𝑉𝑠
𝑘𝐵𝑇𝜎 + 4𝜋𝑟

2 𝛾 = −𝐴𝜎𝑟3 + 𝐵𝑟2 

where 𝑉𝑠 is the specific volume, 𝑘𝐵 is Boltzmann constant, γ is the surface energy, and A 

and B are constants. The critical size and energy to form a stable crystal are: 

𝑟∗ =
2𝐵

3𝐴𝜎
 

𝛥𝐺∗ =
4

27

𝐵3

𝐴2𝜎2
=
𝐶

𝜎2
 

Where C is a constant. Since nucleation rate (𝐽) is proportional to 𝛥𝐺∗, it is also proportional 

to supersaturation (σ) as:  

𝐽 𝛼 𝑒
−
𝛥𝐺∗

𝑘𝐵𝑇      𝑜𝑟   𝐽 𝛼 𝑒
−

𝐶
𝑘𝐵𝑇𝜎2    

At low σ values, the nucleation rate is insignificant but as σ increases the rate exponentially 

increases with the production of many stable small crystals. This is known as polycrystalline 

nucleation and is usually not favored. The small stable ploy-crystals compete with the seed 

crystal as they grow and deplete the solutes from the solution. Thus, the supersaturation 

value needs to be low enough to prevent significant polycrystalline nucleation but high 

enough to initiate significant seeded growth. This convenient range of σ is known as the 

metastable region in which seeded growth dominate. 
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 In 2009, Kawamura et al. studied the metastable region of the Na-flux method 

between 790 - 900℃.[78] The metastable region was determined by the amount of seeded 

(LPE) as oppose to seeded and polycrystalline growth (Poly-GaN).[78] The increase in the 

nitrogen solubility and the width of the metastable region with temperature can be seen in 

Figure 1-8. The reason of the width increase was not known. 

 

Figure 1-8. Nitrogen solubility in a 73 mol% sodium-27 mol% gallium melt as a function of temperature. 

Area between dotted and solid lines represents the metastable region. Data is from Kawamura et al.[78] 

 

1.3.2 Kinetics 

For a system not in equilibrium, thermodynamics determines the evolution direction 

and kinetics determines the evolution rate to reach equilibrium. Controlling the kinetics, 

which can hinder or practically stop the crystal growth, is of major importance. However, 

the kinetics involves many factors (such as energy barriers, mass and heat transport, reactor 

geometry, impurity, …) and is usually harder to control than the thermodynamics. Even 

determining the actual kinetics – for growth – is challenging. Nevertheless, general kinetic 

steps in the Na-flux can be identified as in Figure 1-9. The first step is the dissociation and 
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dissolution of N2 in the Na-Ga melt. The second step is the diffusion of nitrogen and Ga 

through the melt to the GaN crystal. And the third step is the attachment of nitrogen and Ga 

to the GaN crystal surface. These are the main three steps but other crucial steps may be 

presented. In this thesis, we found that one of the major kinetic barriers might be related to 

the inhomogeneity of the Na-Ga mix. This barrier will be discussed in Chapter 2, 3, and 4. 

 

Figure 1-9. Schematic of the Na-flux growth of GaN. Three main kinetics steps are indicated with red 

arrows and numbered I, II, III. 

 

1.4 Na-flux at UCSB 

At UCSB, a novel system for the Na-flux technique has been developed by Von 

Dollen et al. since 2012. The system has been used to grow GaN for all experiments in this 

thesis. Therefore, it is important to highlight its initial results and challenges. Furthermore, 

the system and its main components are briefly described as they will be mentioned 

frequently through the thesis.  In addition, the system typical procedure for a GaN growth 

experiment is demonstrated as a reference for all experiments in the thesis. Finally, two 
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quantitative examples which shows the system ability to monitor the growth in-situ are 

given. Although this section represents a sufficient introduction to the thesis, more detailed 

information about the system can be obtained from previous reports.[76][79][80] 

 

1.4.1 Previous growth results and challenges 

Von Dollen et al. demonstrated GaN seeded growth with high rate >50 µm/h (the 

highest reported by any group). However, the grown crystal was black with high level of 

impurity. Analysis by secondary ion mass spectrometry (SIMS) showed that 1020 cm-3 atoms 

of oxygen, 1017 cm-3 atoms of carbon, 1019 cm-3 atoms of sodium, and 1019 cm-3 atoms of 

molybdenum were present in the opaque crystal. In addition, the crystal structural quality 

was worse than the seed. The (0002) FWHM of X-ray rocking curve measurements of the 

grown crystal indicated the presence of multiple grains with total value of 500 arcsec. [80] 

 Although the high growth rate was encouraging, high impurity concentration and the 

poor structural quality were the main challenges. These issues were generally consistent 

with all growth experiments. In addition, the amount of uncontrolled nucleation and growth 

of polycrystalline GaN on the capsule wall was usually large. The use of carbon to suppress 

polycrystalline gallium nitride formation was ineffective.[64] Furthermore, determining the 

optimal growth conditions (pressure, temperature, and melt composition) was another 

challenge. Experiments, which started with the same growth conditions, usually had 

different results. These results could be different growth rates, different amount of 

polycrystalline, and even the growth of GaN in the first place. At the time the reproducibility 

of the UCSB system was a major issue.  

The main challenges for sodium-flux growth at UCSB are summarized below: 
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I) Seeded crystal challenges which includes high impurities, opaqueness, and low 

structural quality. 

II) Growth control challenges which includes polycrystalline GaN formation and 

low reproducibility of growth results. 

 

1.4.2 Growth system 

The UCSB Na-flux growth system has many advantages. The system allows us to 

monitor the GaN growth in situ using the pressure decay of nitrogen as it is consumed by the 

growing GaN. Such monitoring can be used to estimate the growth rate and to terminate the 

experiment at a particular growth stage of interest. Another feature of this new system is the 

use of molybdenum-based components, which can be re-used for multiple runs with 

negligible corrosion or degradation. The system consists of two main components: a 

pressure vessel and a capsule. 

 

Figure 1-10. Schematic of the customized vessel showing the ceramic insulation, the internal heater, and 

the capsule. 
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The vessel is based on commercially available autoclaves. A stainless-steel pressure 

vessel (Parr Instrument Co., Moline, IL) was customized – by Von Dollen et al. – to 

accommodate the high growth temperature (700 - 900 ℃) of the sodium-flux method.[76] 

The vessel working temperature is 350 ℃, thus, it was redesigned to be internally heated to 

1000 ℃, and its internal walls were thermally insulated by alumina ceramics to maintain the 

vessel below its working temperature. Hence, the temperature gradient is significant 

between the internal core of the vessel and its walls (~ 700 ℃). This gradient is utilized to 

confine the sodium in the core region (growth region). Sodium has high vapor pressure at 

the growth temperature and can migrate and condense uncontrollably inside the vessel. To 

prevent sodium form condensing on the vessel internal wall, a knife-edge sealed capsule was 

designed with a long stem to contain the Na-Ga melt. The capsule is placed in the hot core 

region and its stem extends to the top of the vessel. The gradient along the stem (~ 650 ℃) 

forces sodium vapor to condense to liquid which is pulled back by gravity to the capsule. 

This design ensures nitrogen access to the capsule while preventing sodium migration from 

it (see Figure 1-10).  
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Figure 1-11. Schematic of the TZM capsule showing (a) the capsule’s parts, (b) capsule’s load (TZM tube 

protects the TC), and (c) the sealed loaded capsule (Na-vapor raises along the stem and condenses back to 

the capsule). 

 

The capsule consists of four parts: the body, the nickel gasket, the stem, and the nut. The 

Ni gasket is sandwiched between the two knife-edges of the body and stem. The capsule 

load typically contains the Na-Ga melt, a GaN seed, a seed mount, and a protective tube for 

the thermocouple (TC). The capsule, the seed mount, and the tube are machined from a 

titanium zirconium molybdenum (TZM) alloy which is resistive to the corrosive sodium-

gallium melt.[79] After the capsule is loaded, the capsule body and nut are tightened 

together to seal the capsule (see Figure 1-11). 

The temperature of the Na-Ga melt is measured by a type K thermocouple which is 

inserted inside the TZM tube. This melt temperature (Tmelt) is typically maintained within 

+/- 0.5 ℃. Although temperature gradient along the vertical axis of the capsule is significant 

(> 30 ℃), the difference between the measured and the actual growth temperature is 
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probably small (> 2 ℃). The Na-Ga melt high thermal conductivity cannot support a 

significant gradient along the short distance between the thermocouple and seeded growth 

(<0.5 cm on average). The vessel working pressure (~1500 psi) is more than the targeted 

growth pressure (300 - 800 psi). The vessel pressure is measured by strain gauge-based 

transducers (Super TJE, Honeywell, Inc., Morris Plains, NJ, USA) ±0.5 to ±0.7 Psi 

depending on the model.  Furthermore, since nitrogen gas can be exchanged freely between 

the capsule and the vessel (via the stem), a pressure gradient buildup is unlikely between 

them, especially at thermal equilibrium. Therefore, the growth temperature and pressure of 

GaN can be directly measured by the UCSB Na-flux system. 

 

1.4.3 Process of typical GaN growth experiment  

Generally, all GaN growth experiments in this thesis followed this procedure unless 

differently specified. The procedure contains three main parts: the loading process, the 

running and monitoring process, and the unloading process respectively.   

Loading process: 

This process starts inside an N2-filled glove-box with < 1 ppm of O2 and H2O. The TZM 

capsule is filled with Na and Ga melt which contained typically 84 - 80 at. % sodium (Sigma 

Aldrich, 3N purity), and 16 - 20 at. % gallium (Alfa Aesar, 6N purity). A 1 cm × 1 cm × 

~370 µm or a 1 cm × 0.5 cm × ~370 µm thick c-plane oriented HVPE GaN is usually used 

as a seed. The seed is mounted vertically at the bottom of the capsule by the seed mount. 

Then, the capsule is sealed, weighed, and installed in the vessel (see Figure 1-8 and 1-9). 

Next, the vessel is sealed with a Teflon gasket and removed from the glove-box. Finally, the 
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vessel is pressurized at ambient temperature to 200 - 300 psi with N2 gas (Praxair, 6N 

purity).  

Running and monitoring process: 

This process starts directly after the loading process. The vessel is internally heated until 

the temperature of the Na-Ga melt (Tmelt) reaches the targeted growth temperature (750-

900℃). Then, Tmelt is kept for a period of time (40-200 hours) through which GaN growth 

occurs. In this process, the vessel pressure can change as it is not connected to a pressure 

reservoir. Both Tmelt and the pressure are monitored during the whole process. At the end, 

the vessel is cooled to room temperature.  

Unloading process: 

After the vessel is cooled to room temperature, it is depressurized and transferred to the 

glovebox to weigh and open the sealed TZM capsule. The sodium is removed using a mix of 

water and isopropyl alcohol. Since sodium reacts vigorously with water, subsequent rinses 

of 5 vol. %, 20 vol. %, and 50 vol. % water in isopropyl alcohol are used to remove the 

sodium from the capsule and retrieve the GaN crystal. The crystals were usually 

encumbered by the polycrystalline GaN attached to the seed mount and had to be broken 

free. After retrieving the crystal, its thickness is measured using a micrometer (Mitutoyo 

series 293, +/- 1 µm). 

 

1.4.4 Quantitative examples of the monitoring process 

1.4.4.a Pressure monitoring 
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To demonstrate the GaN growth monitoring ability of the UCSB Na-flux system, 

experiment 2-C will be used as an example (see Chapter 2). The experiment growth 

parameters are listed in Table 1-6.  

Cold Pressure 

(psi) 

Melt Temperature 

(℃) 

Maximum Pressure 

(psi) 

Na 

 (g) 

Ga 

 (g) 

349 800 578 2.65 1.89 

Table 1-6. Growth parameters for experiment 2-C. 

The measured temperature (Tmelt) and pressure (P) with respect to time is plotted in Figure 

1-12. After the targeted temperature was reached (800 °C), the vessel average temperature 

was still increasing – and hence the nitrogen pressure – for about 6 hours until the system 

reached thermal equilibrium and the maximum pressure. Then, nitrogen pressure was 

constant for 7 hours. Next, the pressure decayed over 24 hours and then remained constant 

for 20 hours. Finally, the system was cooled down to room temperature.  

 

Figure 1-12. Temperture and pressure profile for experiment 2-C. 



 

 

30 

 

 

Assume the N2 pressure decay is mainly due to nitrogen consumption by the growing 

GaN crystal. Then, this decay will continue – under sufficient driving force – until most 

gallium is consumed; and the consumed moles of N2 should equal half the Ga moles. To test 

this assumption, the N2 mole change from the pressure decay should be calculated and 

compared to the Ga moles. Nitrogen gas deviation from ideality is insignificant under the 

sodium-flux growth temperature and pressure. Therefore, ideal gas law can be used to 

calculate the amount of consumed nitrogen as follow: 

∵   𝑷𝒊 𝑽 = 𝒏𝒊 𝑹 𝑻   &    𝑷𝒇 𝑽 = 𝒏𝒇 𝑹 𝑻                                    (eq 1.4 − 1) 

Where 𝑷𝒊 and 𝒏𝒊  are respectively the N2 pressure and number of moles before growth. 𝑷𝒇 

and 𝒏𝒊  are respectively the N2 pressure and number of moles after growth. 𝑽 is the vessel 

volume, 𝑹 is the gas constant, and 𝑻 is the vessel average temperature. 

→ 𝒏𝒇 = 𝒏𝒊
𝑷𝒇

𝑷𝒊
  

→ 𝒄𝒐𝒏𝒔𝒖𝒎𝒆𝒅 𝑵𝟐 = 𝒏𝒊 (𝟏 −
𝑷𝒇

𝑷𝒊
) 

→ 𝒄𝒐𝒏𝒔𝒖𝒎𝒆𝒅 𝑵 = 𝟐 𝒏𝒊 (𝟏 −
𝑷𝒇

𝑷𝒊
)                               (eq 1.4 − 2) 

𝒏𝒊  was calculated when the vessel was pressurized with nitrogen (349 psi) at room 

temperature to be 0.949 (+/- 0.003) mole. The consumed N calculated by (eq 1.4-2) and the 

initial Ga moles in the melt are listed in Table. 1-7. In addition, projected increase in the 

capsule weight – calculated from the consumed N – and the actual increase in the capsule 
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weight – as measured after growth inside the glovebox – are listed in the same table. The 

close agreement (>94%) between the calculated consumed N and the initial Ga amounts as 

well as the projected and actual increase in the capsule weight indicates the high correlation 

between the decay in pressure and gallium nitride formation. The nitridation of the capsule 

can contribute the small difference between difference the projected and actual increase in 

the capsule weight.  

 𝐏𝐢  

(psi) 

+/- 0.1 

𝐏𝐟  

(psi) 

+/- 0.1 

Consumed N  

(mol) 

+/- 0.0005 

Initial Ga 

(mol) 

Projected increase 

in capsule weight 

(g)  

+/- 0.007 

Actual increase 

in capsule weight 

(g) 

578.0 569.6 0.0276 0.0271 0.386 0.402 

Table 1-7. Pressure before and after N2 decay, the consumed N calculated from eq 1.4-2, the initial Ga 

amount in the melt, and the projected and actual increase in capsule weight. 

 

This experiment demonstrates the ability of the system to detect and monitor GaN 

growth in-situ via N2 pressure decay. However, there are two main factors which can affect 

the monitoring. First, N2 leakage from the vessel can be convoluted with growth decay or, in 

case of significant leakage, over dominate the decay. Only 32% of all experiments I have 

conducted were sealed. Second, the instability of the system average temperature over time 

can affect the pressure readout. Although the system is not isothermal, an average 

temperature – at thermal equilibrium – can represent the system virtual isothermal 

temperature and can be used in the ideal gas law. This average temperature is mainly 

dependent on the targeted growth temperature and mostly remains constant at a constant 

growth temperature. Nevertheless, it can fluctuate due to the electrical resistance instability 

of the heater and its electrical power fluctuation. Large fluctuations, which usually occur 

near the end of the heater lifetime, could greatly affect the pressure readout. Nevertheless, 
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when the vessel gas leakage and the heater power fluctuation are not significant, the nitrogen 

pressure decay can be used to monitor the GaN growth in-situ with high accuracy. 

 

1.4.4.b Sodium-Gallium alloy monitoring 

 

The phase diagram of the Na-Ga melt is presented in Figure 1-13.[81] It contains two 

intermetallic alloys Ga4N and Ga39Na22 as well as a miscibility gap – in the liquid phase – 

with two liquid compositions L1 and L2. Note that there is no experimental data for the 

miscibility gap. 

 

Figure 1-13. Na-Ga phase diagram at 0.1 MPa. The red dash line shows the typical melt composition of the 

Na-flux method. Data is from [81] 
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Another useful tool to monitor and approximate the growth is the ability of the system to 

detect the Ga4Na alloying temperature (504°C). The formation enthalpy of Ga4Na is -100.5 

kJ/mol (exothermic reaction).[82] Thus, as the system is controllably cooled (0.2 °C/s), the 

electrical power of the heater decreases at T~ 500°C and then spike after as the system 

overshoot to keep the temperature cooling rate constant. The integration of the decrease plus 

the spike over time (see Fig 1-14) should lead to the amount of energy that was released by 

Ga4Na formation. Since the amount of released energy is proportional to gallium moles in 

the melt, its value can be used to determine the remaining gallium amount – if any – after a 

period of growth. The profile in Figure 1-14 was monitored for an experiment with 1.887 g 

of gallium. The energy release was calculated by integration to be 0.7 kJ which is equivalent 

to the to the Ga4Na formation from 2 g of Ga. The agreement between the actual and 

calculated Ga amount is close in this example. However, since the uncertainty is typically 

high, the integration can be used to approximate the Ga amount. This monitoring tool can be 

of great value when the vessel leak dominates the N2 decay. 
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Figure 1-14. Electrical power profile of the heater as the vessel is controllabaly cooled down. The dash line 

is the average power line. The inset showes the area of the dips (blue) and the spike (green). 

 

One might think that for a long time (average experiment time > 75 h) and high 

temperature the sodium and gallium should mix uniformly to form a random solution. Then, 

the alloy that would form when cooling the melt is Ga39Na22 not Ga4Na and hence the 

temperature that should be detected is 524 °C (see Figure 1-13). However, the detected 

temperatures from many experiments scattered around 500°C (see Figure 1-15). The 

deviation from 500°C could be due the temperature gradient within the capsule and different 

position within the capsule where the alloy formed. The formation of Ga4Na instead of 

Ga39Na22 suggests that sodium and gallium are clustered and do not easily mix. The mix 

deviation from ideality will be discussed more in Chapter 5. 
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Figure 1-15. The temperature values detected when the Na-Ga alloy formed in 35 experiments. 
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Chapter 2    GaN growth with carbon addition 

The main challenge to the UCSB Na-flux system was optimizing the growth 

parameters. Reported values of pressure and temperatures at which GaN growth occurred 

were tested and usually resulted in no growth. Thus, a wide range of growth temperatures 

and pressures were explored. Another challenge was the formation of polycrystalline GaN. 

As reported by the Osaka group, the addition of ~1 at. % of carbon significantly suppressed 

the polycrystalline formation and enhanced the seeded growth rate > 20 𝜇m/h.[64] 

Therefore, the first experiments of this research contained carbon. Although high growth 

rates were achieved (~ 100 𝜇m/h), polycrystalline generation remained significant. These 

challenges and achievements will be discussed in three experiments which demonstrated the 

highest growth rate and transparent GaN. This chapter will be concluded by a comparison in 

purity and structural quality between the opaque and transparent GaN.  

 

2.1 General view on experiments and optimization of growth conditions  

The growth conditions of twenty-two experiments were within the ranges presented 

in Table 2-1. The actual pressure and temperature values of the 22 experiments are indicated 

in Figure 2-1. Each experiment is represented by one of two marker shapes according to the 

occurrence of GaN growth. Some experiments have more than one value of temperature 

and/or pressure. Only 8 of the 22 experiments had significant GaN growth and are located 

on the top-left quarter of the plot (at T < 860 ℃ and P > 550 psi). The thermodynamics 

driving force is supposed to be the highest in top-left corner (high pressure and low 

temperature). Thus, the growth or no growth of GaN is generally related to the sufficiency of 
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the driving force as expected. However, few experiments contradicted this general relation 

with no gallium nitride growth even with high driving force. The reason behind this 

contradiction is unknown but it is probably attributed to a kinetic barrier.  

Melt 

Temperature 

(°C) 

Maximum 

Pressure (psi) 

Na 

 (g) 

Ga  

(g) 

C 

 (g) 

750 - 975 570 - 750 2 - 3 1 - 2.5 0.01 

Table 2-1. Growth parameters range for experiments with C addition. 

 

 

 

Figure 2-1. Pressure and temperature values of all experiments with carbon addition. The triangle marker 

represents GaN growth while the cross marker represents no significant GaN growth. 
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2.2 Experiments 

Three of the eight experiments, which had gallium nitride growth, demonstrated 

promising results such as high growth rate, some transparent growth, and the ability of the 

UCSB system to monitor growth in-situ via pressure decay. On the other hand, they 

presented the challenges faced by the system such as opaque GaN, polycrystalline 

formation, and long incubation time that preceded the growth.  

2.2.1 Experiment 2-A 

In this experiment, a 1 cm × 1 cm × ~370 µm (0001) seed was mounted vertically (see 

section 1.4.3). However, it was partially immersed in the sodium-gallium melt with ~3 mm 

of the seed exposed above the melt. The experiment temperatures, maximum pressures, and 

melt composition are presented in Table 2-2. 

Melt 

Temperature 

(℃) 

Maximum Pressure 

(psi) 

Na 

 (g) 

Ga 

 (g) 

C 

 (g) 

825 & 810 594 & 588 3.087 2.178 0.009 

Table 2-2. Growth parameters for experiment 2-A. 

The experiment pressure and temperature changed with time as shown in Figure 2-2. There 

was no significant pressure decay at 825℃ for ~50 h. The temperature was lowered from 

825 to 810℃ to increase the thermodynamic driving force. However, the nitrogen pressure 

decay (indicating GaN growth) started after 40 h at 810℃. The pressure decayed in ~28 h 

and then remained constant for 45 h confirming no significant nitrogen leak from the vessel. 

The 40 h period, which preceded the gallium nitride growth, is called the incubation time. 

Out of the seven experiments, it occurred in four with different lengths (12-100 h). 

Incubation time is usually connected to heterogeneous and homogeneous nucleation. It is the 

time needed for super-saturated liquid to form a stable crystal nucleus before the crystal 
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growth starts. However, since the sodium-gallium melt contained a gallium nitride seed, the 

presence of this incubation time in our system is not understood. Furthermore, three out of 

the eight experiments grew gallium nitride without delay. Therefore, this incubation time is 

not likely related to crystal nucleus formation. We suspect the incubation time is another 

kinetic barrier to GaN growth in our system.  

The possibility of long incubation time (~100 h) could explain the contradiction 

mentioned in section 2.1. The few experiments which had no GaN growth with high 

thermodynamics driving force may had long incubation time. Thus, the growth was 

probably kinetically – not thermodynamically – limited. If this hypothesis is correct, the no 

growth points in Figure 2-1 cannot be used confidently in thermodynamic analysis.   

 

Figure 2-2. Temperture and pressure profile for experiment 2-A. 

 

The post-growth analysis of this experiments revealed significant seeded GaN 

growth with high rate (see Table 2-3). The time of nitrogen decay – from Figure 2-2 – was 
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used to estimate the growth rate. Generally, the thickest grown part of the seed was in the 

melt in all experiment with carbon addition. This was expected since the Osaka group found 

that carbon addition suppressed gallium nitride formation at the melt-gas surface.[64] 

Nevertheless, there was some transparent growth of GaN on the seed part above the melt 

surface (Figure 2-3). The transparent growth thickness was about a sixth of the opaque 

growth thickness below the melt (see Table 2-3). Although carbon was added, 

polycrystalline gallium nitride was formed on the capsule surfaces which were under the 

surface of the gas-melt interface.  

  

  
Figure 2-3. Optical microscope images of seed, grown crystal, and poly-GaN from experiment 2-A. Top left: 

the seed. Top right: the grown crystal (mostly black). Bottom left: the transparent GaN. Bottom right: poly-

GaN. 
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Maximum Growth Thickness 

(mm) 
Growth rate (μm/h) 

Opaque GaN 3.15 113 

Transparent GaN 0.5 18 

Table 2- 3. Maximum thickness and growth rate for opaque and transparent GaN in experiment 2-A. 

 

2.2.2 Experiment 2-B  

The GaN seed and the setup of this experiment was similar to experiment 2-A. The 

seed was mounted vertically to be partially above the melt. The melt composition and 

growth parameters are presented in Table 2-4. Both the growth maximum pressure and the 

melt temperature were respectively 50 psi and 10 °C more than experiment 2-A. Since the 

thermodynamic driving force is affected more by temperature (the effect of 10 °C ≈ 150 psi 

at typical growth conditions, see Chapter 5), it was less for this experiment. Yet, there was 

no incubation time and the pressure decay (i.e. GaN growth) was monitored as soon as the 

vessel reached thermal equilibrium (see Figure 2-4). This supports our claim that the 

incubation time – in our growth system – is unrelated to nucleation time which is inversely 

proportional to the thermodynamic driving force. 

Melt 

Temperature 

(°C) 

Maximum Pressure 

(psi) 

Na  

(g) 

Ga 

 (g) 

C  

(g) 

825 648 2.772 2.049 0.007 

Table 2-4. Growth parameters for experiment 2-B. 
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Figure 2-4. Temperture and pressure profile for experiment 2-B. 

 

Although the GaN growth surface was smoother in this experiment, the after-growth 

analysis outcomes were similar to those from experiment 2-A (see Figure 2-5). Both 

experiments had significant seeded growth and high growth rate (see Table 2-5). Similarly, 

the time of nitrogen decay – see Figure 2-4 – was used to estimate the growth rate. In 

addition, there was also a thin transparent growth of GaN on the seed part above the melt 

surface but the opaque growth in the melt was thicker (see Table. 2-5). Furthermore, 

polycrystalline gallium nitride was formed even with the addition of carbon. In this 

experiment, however, significant growth rate along the a-direction (30 μm/h) was noticed. 

 Maximum Growth Thickness 

(mm) 

Growth rate (μm/h) 

Opaque GaN 3.34 90 

Transparent GaN 0.6 16 

Table 2-5. Maximum thickness and growth rate along the c-direction for opaque and transparent GaN in 

experiment 2-B. 
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Figure 2-5. Optical microscope images of seed, grown crystal, and poly-GaN from experiment 2-B. Top left: 

the seed. Top right: the grown crystal (mostly black). Bottom left: the transparent GaN. Bottom right: poly-

GaN. 

 

2.2.3 Experiment 2-C 

The melt composition and growth parameters of this experiment are presented in 

Table 2-6. The setup of this experiment was planned to be similar to the previous two with a 

vertically mounted GaN seed which is partially out of the sodium-gallium melt. However, 

the gallium nitride seed fell off the mount – when loading the capsule – and was totally 

immersed in the melt. Thus, the after-growth analysis showed no transparent growth on the 

top part of the seed. However, an optically smoother and less opaque growth occurred along 

the a- and m-direction (see Figure 2-6). Furthermore, growth rate along the a-direction is 

comparable to the c-direction (see Table 2-7). Therefore, growth along these directions 
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should be investigated more with a- and m-plane oriented seeds. Finally, polycrystalline 

GaN – similar to previous experiments – was formed on the capsule base and wall which 

were under the surface of the gas-melt surface. 

Melt Temperature 

(°C) 

Maximum Pressure 

(psi) 

Na  

(g) 

Ga 

 (g) 

C 

 (g) 

800 578 2.650 1.890 0.009 

Table 2-6. Growth parameters for experiment 2-C. 

 

 

  

  

Figure 2-6. Optical microscope images of seed, grown crystal, and poly-GaN form experiment 2-C. Top left: 

the seed. Top right: the grown crystal (mostly black). Bottom left: the smoother and more transparent GaN 

along the a-direction. Bottom right: poly-GaN on the TZM capsule base. 
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 c-direction a-direction m-direction 

Maximum growth rate 

(μm/h) 

57 52 36 

Table 2-7. Maximum growth rates along c-, a-, and m-direction in experiment 2-C. 

 

2.3 Opaque vs Transparent GaN  

 Gallium nitride is a wide-bandgap semiconductor (3.4 eV) and, thus, a perfect crystal 

should be optically transparent with respect to visible light. However, gallium nitride 

crystals grown by the sodium-flux method can be black and the cause was suspected to be 

the nitrogen vacancy or impurities in the grown crystals.[85][86] Initial analysis by 

secondary ion mass spectrometry (SIMS) reveals higher impurities incorporation in black 

than transparent GaN (see Figure 2-7). The impurities levels are two to three order of 

magnitudes lower in transparent than black GaN. The initial SIMS data supported the 

suspicion that impurities are the cause of blackness which will be investigated in detail in 

Chapter 4.  

 

Figure 2-7. Impurity concentrations derived from SIMS for black and transparent GaN on crystal 2-B.  
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The structural quality of the grown crystals is inspected by X-ray analysis of the +c 

GaN (0002) reflection. The FWHM of the (0002) rocking curve of the grown crystals – in 

our system – is usually worse (200 - 500 arcseconds) than the seeds (20 - 60 arcseconds). 

Yet, the transparent GaN growth (0002) ω-scan rocking curve FWHM was close to the seed. 

As shown in Figure 2-8, The FWHM of the (0002) rocking curve of the transparent growth 

is ~ 90 arcseconds while it is ~ 500 arcseconds (across multiple peaks) for black growth. 

The improvement in the structural quality for growth above the melt surface will be 

discussed more in detail Chapter 3. 

 

Figure 2-8. XRD pattern for crystal 2-B showing the rocking curve. FWHM of transparent and black GaN 

are 90 and 500 arcseconds respectively. 
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2.4 Chapter conclusion 

 Four main points were acquired from the first 22 experiments. First, a wide range of 

temperatures and pressures were investigated to optimize the growth conditions. GaN 

generally formed at temperature < 860 ℃ and pressure > 550 psi. These values were used in 

next experiments. Second, the UCSB system could accurately monitor the gallium nitride 

growth in-situ via monitoring the pressure decay. This monitoring revealed the random 

existence of incubation time which is a kinetic barrier. This barrier is suspected to be the 

main reason behind the poor optimization of growth conditions. Third, polycrystalline GaN 

formation, especially under the melt surface, was not suppressed in our system by the 

addition of carbon. Fourth, promising GaN growth with better structural quality and less 

impurities were observed mainly above the Na-Ga melt surface. However, this growth was 

less in thickness than the opaque growth under the melt surface. We suspect that the use of 

carbon suppressed the seeded growth above the melt surface. Therefore, GaN growth above 

the melt surface (i.e. melt-gas interface) was investigated without carbon addition in next 

chapter. 
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Chapter 3    Investigation of growth above the melt-gas interface 

 GaN growth with improved structural quality and reduced impurity levels was 

observed in some experiments from Chapter 2. This growth was above the Na-Ga melt 

surface and less in thickness than black GaN growth within the melt. The addition of carbon 

was suspected to suppress the seeded growth above the melt-gas interface (see experiment 2-

A). In addition, growth along the a-direction was found to be optically smoother and less 

opaque than growth along the c-direction with comparable growth rate (see experiment 2-C). 

In this chapter, the effect of no carbon addition on the seeded growth above the melt-gas 

interface was investigated on c- and a-plane oriented seeds. In addition, the method of GaN 

growth above the melt surface was inspected. The method can be vapor or liquid phase 

epitaxy (wetting behavior of the melt) and was determined at the end of this hapter. 

 

3.1 General view on experiments and optimization of growth conditions 

26 experiments were conducted without carbon addition. The ranges of their growth 

conditions and melt compositions are presented in Table 3-1.  

Melt Temperature 

(°C) 

Maximum Pressure  

(psi) 

Na 

(g) 

Ga 

(g) 

750 - 860 380 - 690 2 - 3.8 1 - 2.2 

Table 3-1. Growth parameters range for experiments without C addition. 

 

The pressure and temperature values of the twenty-six experiments are indicated in Figure 3-

1. Each experiment is represented by one of two marker shapes according to the occurrence 

of gallium nitride growth. Many experiments had more than one value of temperature and/or 

pressure during the growth run; hence, the number of points in Figure 3-1 is more than 26. 
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Growth conditions were limited to the optimized growth range obtained from Chapter 2 (see 

2.1). Thus, 22 experiments had significant GaN growth in comparison with only 8 from the 

previous chapter. However, 9 of the 22 experiments did not grow at initial conditions which 

were sufficient for GaN growth in other experiments.  These 9 experiments grew when 

growth conditions (pressure and/or temperature) were changed (see examples in section 

3.2.2).  

 

Figure 3-1. Pressure and temperature values of all experiments without carbon addition. The triangle 

marker represents GaN growth while the cross marker represents no significant GaN growth. The green 

dashed inset shows the overlapped points at 850°C. 

 

Similar to Chapter 2, some experiments did not grow even when growth conditions 

were changed to increase the thermodynamic driving force (i.e. by decreasing the 

temperature and/or increasing the pressure). The temperature and pressure change – in one 
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of these experiments – is illustrated by the dashed line in Figure 3-2. The dashed red line 

connects four points on the plots which represent different pressure and temperature values 

during the experiment. In comparison with other growth points, three points should have had 

growth especially at the point (810 °C, 681 psi). When cooling, the formation temperature of 

Ga4Na alloy (~500 °C) was detected. After unloading the capsule and removing the sodium, 

gallium (in the form of Na-Ga alloy) was noticed as a cluster in the center of the capsule 

(see Figure 3-3).  

 

Figure 3-2. Pressure and temperature values of experiments which grew GaN. The red crosses and dash 

line represent one experiment which did not grow GaN regardless of the driving force. 
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Figure 3-3. An image of the capsule after removing some of the pure Na. Notice the Na-Ga alloy is clustered 

in the center of the capsule. 

 

We suspect that the kinetic barrier is probably related to the inhomogeneity of the 

Na-Ga melt. The nitrogen solubility in pure gallium or sodium is less than the solubility in 

Na-Ga mix by almost four orders of magnitude.[74][75] Consequently, the growth would 

significantly slowdown if the sodium and gallium are not mixed. In many experiments 

which did not grow GaN – even with high driving force – gallium was noticed to be 

clustered – in the form of Na-Ga alloy – instead of spreading uniformly throughout the melt. 

Furthermore, the temperature detected by the system when cooling down were around 

500 °C which is the formation temperature of Ga4Na. However, the temperature of Ga39Na22 

should be detected if the melt is homogenous. These evidences support our suspicion about 

the melt inhomogeneity as the kinetic barrier. Yet, it is not known why inhomogeneity 

occurred in some experiments but not in other even though they nominally had the same 

growth conditions and melt composition.  

  

3.2 GaN growth above the melt surface with no carbon addition 



 

 

52 

 

In some experiments with carbon addition, transparent GaN with less impurity and 

higher structural quality grew above the nominal melt-gas interface. However, the opaque 

growth below the interface was more reproducible with higher growth rate and thickness. 

Less than 25% of experiments with opaque growth had transparent growth above the melt-

gas interface. In addition, the growth above the interface rate was <20 μm/h (see Chapter 2, 

section 2.2). With no carbon addition, the reproducibility of transparent GaN growth, the 

rate, and the thickness were significantly enhanced. About 75% of growth experiments 

without carbon showed some transparent GaN growth above the melt-gas interface. In 

addition, the growth rates above the interface increased to 20-80 μm/h and decreased below 

the interface to < 10 μm/h. Without carbon, GaN growth (polycrystalline and seeded) was 

mostly above the interface. These results are discussed in detail in following experiments. 

3.2.1 c-plane seed experiments 

Three experiments – denoted 3-A, 3-B, and 3-C – were conducted sequentially to 

grow GaN crystals (crystals 3-A, 3-B, and 3-C, respectively) without carbon. In each 

experiment, a 1 cm × 1 cm × ~370 µm thick (0001) oriented HVPE GaN seed was used (see 

Figure 3-4-a). In experiments 3-A and 3-B, each seed was mounted vertically inside the 

capsule as shown in Figure 3-4-b. In experiment 3-C, the same setup as in Figure 3-4-b was 

used, but the seed was raised by an additional 4 mm from the bottom of the capsule (see 

Figure 3-4-c). The growth parameters are presented in Table 3-2.  
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Figure 3-4-a. Optical image of a +c (0001) oriented HVPE GaN seed. Similar seeds were used for all 

experiments. 

 

Figure 3-4-b. Cross-section of TZM capsule showing the seed mounted vertically in experiments 3-A and 3-

B. The red dashed line represents the Na-Ga melt surface. 

 

Figure 3-4-c. Cross-section of setup for experiment 3-C, with the seed raised by an additional 4 mm with 

respect to experiments 3-A and 3-B. The red dashed line represents the Na-Ga melt surface. 
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Experiment Melt Temperature 

(°C) 

Maximum Pressure 

(psi) 

Na 

(g) 

Ga 

(g) 

3-A 850 602 3.40 2.13 

3-B  850 603 3.35 2.17 

3-C 850 603 3.44 2.16 

Table 3-2. Growth parameters, growth thickness, and growth rates for the three experiments. 

 

Results and analysis: 

Two main growth regimes were evident for all three GaN crystals: 1) black; and 2) 

transparent (see Figure 3-5). In all cases, the black growth was the closest to the bottom of 

the capsule while the transparent growth was near the top. When loading the vessel, the Na-

Ga melt nominally covered the lower three quarters of the seed in experiments 3-A and 3-B 

but covered only the lower half of the seed in experiment 3-C (see Figure 3-4-b and c). 

Moreover, after growth, the transparent part was above the solidified meniscus line of the 

remainder of the melt. This is shown with experiment 3-B as an example in Figure 3-6, but 

the appearance was the same for all experiments with transparent growth. Thus, it is likely 

the transparent growth occurred above the melt surface. However, since the wetting 

behavior of the melt is not understood, it is unclear if the growth above the melt is a gas 

phase epitaxy or wetting-layer growth (the method of this growth will be discussed and 

determined in section 3.3). Crystals 3-A and 3-B had only 1-2 mm of transparent growth 

above the melt surface (transparent GaN in Figure 3-5), which motivated raising crystal 3-C 

by 4 mm from the bottom of the capsule. As a result, the height of the transparent growth 

was 4-6 mm in the case of experiment 3-C.  
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Crystal 3-A Crystal 3-B Crystal 3-C 

   
Figure 3-5. Optical microscope image of the GaN crystal after growth, with transparent part at the top and 

black at the bottom. 

 

 
Figure 3-6. Schematic cross-section of the TZM capsule and crystal 3-B after unloading. The Na-Ga melt 

meniscus line separates the transparent and the black growth. The crystal is missing pieces that were broken 

as the crystal was retrieved. 

 

The measured growth rates and thickness for the three crystals are presented in Table 

3-3. It can be noticed that the growth rate in the c-direction on the part above the melt is 

about 3-5 times the growth rate for the crystal within the melt. This was the opposite in 

experiments with C addition (see Table 2-3, and 2-5). This switch of GaN growth from 

below to above the melt surface is probably due to the absence of C. The Osaka group 

demonstrated that C addition suppresses the formation of polycrystalline GaN formation 

especially at the gas-melt interface. As discussed in Chapter 2, the formation and the amount 
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of polycrystalline GaN was not decreased in our system with C addition. Yet, polycrystalline 

and seeded growth occurred mainly inside the Na-Ga melt. Without carbon, GaN growth 

(polycrystalline and seeded) was mostly above the interface. In addition, we suspect that the 

growth above the melt is either by a gas phase epitaxy or wetting-layer growth. In both 

cases, the growth would be less limited by the atomic nitrogen diffusion to the crystal 

surface than the case of growing under the melt which would result in the faster growth rate 

observed above the melt. 

 Maximum Growth Thickness 

(mm) 

Growth rate (μm/h) 

Experiment Transparent GaN Opaque GaN Transparent 

GaN 

Opaque 

GaN 

3-A 1.35 0.5 25.6 9.5 

3-B 1.90 0.4 40 8.4 

3-C 4.04 0.9 27 - 45 6 - 10 

Table 3-3. Maximum thickness and growth rate for transparent and opaque GaN in the three experiments. 

 

X-ray analysis: 

X-ray analysis of the +c GaN (0002) reflection was done on all three crystals. Two 

locations were chosen on each crystal; one on the transparent GaN above the melt and the 

other on the black GaN below the melt. On the transparent GaN the FWHM value of the ω 

rocking curve decreased from 540 (crystal 3-A) to 237 arcseconds (crystal 3-C) as the 

thicknesses of grown material increased from 1 to 4 mm (see Table 3-4). FWHM values for 

the black areas ranged from 503 (crystal 3-A) to 239 arcseconds (crystal 3-C), which 

indicates no significant structural quality difference between the black and the transparent 

GaN. This was not the case for crystal 3-B (see Figure 3-7), but we suspect this difference in 

crystal 3-B is due to thin growth of the black part in comparison with the transparent part 

(Table 3-3). Moreover, the thickness of the black part of 3-B is close to the thickness of the 



 

 

57 

 

black part of crystal 3-A and hence they both have similar FWHM values. We have noticed 

that thinner GaN growth usually has higher FWHM values than thicker growth. The as-

received seed FWHM values of the +c GaN (0002) plane rocking curve were between 20-60 

arcseconds. Thus, there was a degradation in quality in all three crystals relative to the seed. 

This degradation in quality can be related to the high level of impurity that was presented at 

the early stage of growth.  

In experiments with carbon addition, the structural quality of transparent GaN was 

clearly better than black GaN. However, these three experiments showed similar quality of 

transparent and black GaN. Thus, we concluded that the structural quality is not directly 

connected to the transparency of the growth.   

Crystal Crystal 3-A Crystal 3-B Crystal 3-C 

FWHM value of Transparent GaN 

(arcsec) 
540 306 237 

FWHM value of Black GaN  

(arcsec) 
503 522 239 

Table 3-4. XRD pattern of +c GaN (0002) plane with the beam aligned along the a-direction for all three 

crystals. 
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Crystal 3-A 

 

Crystal 3-B 

 

Crystal 3-C 
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Figure 3-7. XRD pattern for crystal 3-A, 3-B, and 3-C showing the rocking curve of transparent and black 

(0002) GaN. 

 

Conclusion: 

With no carbon addition, growth above the melt was 3-5 times faster than growth 

below it. In addition, the area of transparent growth on the seed was increased by raising the 

seed which increased the seed part above the melt. Finally, the structural quality of 

transparent GaN was close to black GaN. Thus, the enhancement of transparent GaN, which 

was noticed in experiments with carbon addition, is not directly related to the transparency. 

The cause of this enhancement is discussed in next section. 

 

3.2.2 c-plane seed experiments with 2D growth  
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Without carbon, the structural quality of transparent growth above the melt was 

generally similar to the black growth below it (see section 3.2.1). However, high structural 

quality growth was noticed in some experiments (5 out of the 22 experiments). Two of these 

experiments will be discussed in this section.   

Two experiments – denoted 3-D, 3-E – were conducted to grow GaN crystals 

(crystals 3-D and 3-E, respectively) from a Na-Ga melt. In experiment 3-D, a 1 cm × 1 cm × 

~370 µm thick c-plane (0001) oriented HVPE GaN seed was used. In experiment 3-E, an 

irregular piece from the same c-plane oriented HVPE GaN wafer was used as a seed. In 

experiments 3-D, the seed was mounted vertically inside the capsule, while it was leaned 

against the capsule wall in experiment 3-E. In both experiments, the top part of the seed was 

above the Na-Ga melt. The capsule was then loaded in the vessel. The growth parameters 

and measured growth rates are presented in Table 3-5. 

Experiment Melt 

Temperature 

(°C) 

Pressure 

(psi) 

Na  

(g) 

Ga  

(g) 

Maximum 

Growth 

Thickness 

(mm) 

Growth 

rate 

(μm/h) 

3-D 850 607 3.431 2.230 5.79 45 

3-E 850 600 2.586 1.831 1.06 23 

Table 3-5. Growth parameters, growth thickness, and growth rates for the two experiments. 

 

Results and analysis: 

In experiment 3-D and 3-E, the crystals were encumbered by the polycrystalline 

GaN (poly GaN) attached to the seed mount and/or the TZM thermocouple tube. Each 

crystal showed the general behavior of growth without carbon addition. GaN growth was 

more transparent and thicker above melt-gas interface than below it (see Figure 3-8-a). In 

addition, some areas of the grown crystals, which were all above the nominal melt surface, 
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showed a 2-dimensional (2D) growth. This growth usually emerged in the form of terraces 

which grew on top of each other with no faceting (see Figure 3-8-b and c). The 2D growth 

appeared to form on top of the 3D growth, which is in the form of black hexagonal islands, 

but it did not cover it. Therefore, we suspect the switch from 3D to 2D happened at a late 

stage of growth. This behavior was noticed in all five experiments with 2D growth. 
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 crystal 3-D crystal 3-E 

a) 

 

 

b) 

  

c) 

  
Figure 3-8. Optical microscope image of GaN crystals 3-D and 3-E after growth. a) transparent part at the 

top and black at the bottom. b) higher magnification (5×) showing the 2D and 3D growth. c) higher 

magnification (20× & 40×) showing the terraces. 
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It is interesting to notice that the transparent growth above the melt (in experiments 

from Chapter 2 with carbon addition) showed the same 2D terraces (see Figure 3-9). 

However, 2D growth initiated from the beginning with no 3D growth above the melt.  

 

crystal 2-B 

  
Figure 3-9. Optical microscope image of crystal 2-B (see section 2.2). Left: transparent GaN at the top. 

Right: higher magnification (10×) of the transparent part showing the terraces. 

 

With or without carbon addition, it is not known why this 2D growth happened only in few 

experiments. Additionally, when it happened, it is not known why it started initially in all 

growth above the melt with carbon and lately in some growth without carbon. We suspect 

that this 2D growth is correlated with low driving force. 2D growth is usually a sign of low 

supersaturation at which layer by layer growth is more favorable than 3D-growth. Super 

saturation is dependent on the solubility which is dependent – in the Na-flux method – on the 

melt compositions.[74][75] If the melt was inhomogeneous, then the solubility of nitrogen 

and, hence, the driving force will be different at different position and/or different 

experiments. This may explain the random occurrence of 2D growth. Furthermore, toward 

the end of an experiment Ga, due to GaN growth, is diluted which leads to a possible 
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significant increase in the solubility.[75] This could explain the switch to 2D at late stages 

growth.   

 

X-ray analysis: 

X-ray analysis of the +c GaN (0002) reflection was done on a 2D-growth location 

and a 3D-growth location all above the melt for crystal 3-D. The areas which contained 2D 

or 3D-growth were larger than the 2×1 mm2 cross-section incident beam. The FWHM value 

of 2D-growth was 89 arcseconds and as expected close to the FWHM of 2D growths in 

experiments with carbon addition. The 3D growth FWHM value was 203 arcseconds (see 

Figure 3-10).  

  

Crystal 3-D 

 
Figure 3-10. XRD pattern for crystal 3-D showing the rocking curve. FWHM of 2D and 3D growth are 89 

and 203 arcseconds respectively. 
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Conclusion: 

The structural quality of the grown GaN above the melt surface is usually similar to 

the GaN growth in the melt; the rocking curve FWHM of (0002) is usually between 150-600 

arcseconds. In some experiments, the growth above the melt appeared to switch from 3D to 

2D growth (steps growth) with structural quality close to the seed (60-100 arcseconds). 

When carbon was not added, the steps growth only occurred above the melt at a late stage of 

the growth. Although high structural quality is linked to 2D and not to the transparent 

growth, all 2D growths which occurred above the nominal melt-gas interface were 

transparent. 

 

3.2.3 a-plane seed growth experiments 

Some of the c-plane seeded growth experiments showed comparable growth along 

the a-direction. In addition, the growth surface was optically flatter and less opaque (see 

section 2.2, experiment 2-C). Therefore, four experiments were conducted with a-plane 

oriented seeds. The seeds were mounted vertically to test the GaN growth above and below 

the melt-gas interface. the growth conditions and melt compositions are presented in Table 

3-6. 

Experiment 
Melt Temperature 

(°C) 

Maximum 

Pressure (psi) 

Na  

(g) 

Ga  

(g) 

3-F 850 606 2.739 1.834 

3-G 850 - 780 -850 606 - 574 - 594 2.959 1.744 

3-H 850 - 780 598 - 581 2.980 1.821 

3-I 850 - 780 597 - 575 2.600 1.837 

Table 3-6. Growth parameters for the four experiments. 
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During growth monitoring:   

All experiments started with nominally the same growth conditions 850 °C and 600 

psi. Next, the pressure decay rate was monitored by the UCSB system (see section 1.4.3). 

According to the nitrogen pressure decay, experiment 3-F grew GaN at 850°C. Experiments 

3-G, 3-H, and 3-I, however, did not grow until the temperature was decreased to 780°C. The 

growth temperature was reduced to increase the thermodynamic growth driving force. In 

experiment 3-G, growth continued for about 23 h and then temperature was increased to 850 

°C at which growth continued until pressure stopped decaying. In experiment 3-H and 3-I, 

the temperature was kept at 780 °C until the pressure decay stopped. Although growth did 

not start initially for experiments 3-G, 3-H, and 3-I, the thermodynamic growth driving 

force should be sufficient to grow GaN. This was evident form experiment 3-F which grew 

at similar initial condition. In addition, experiment 3-G continued the growth when the 

temperature was increased to 850 °C. Therefore, we suspect that initially the growth was 

kinetically limited in experiment 3-G, 3-H, and 3-I. This kinetic barrier was overcome by 

increasing the thermodynamic driving force as it can be inferred from experiment 3-G.  

Results and analysis: 

After unloading and inspecting, crystal 3-F had the smoothest grown surface followed by 

crystal 3-G. Crystals 3-H and 3-I had the roughest growth which was in the form of 

transparent hexagonal plates aligned along the a-direction (Figure 3-11). The difference in 

growth roughness may be related to the different thermodynamics driving forces. Higher 

driving force at 780 °C might explain the rougher growth especially in crystals 3-H and 3-I. 

In addition, the growth above the melt-gas interface was thicker (similar c-plane growth 
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with no C) than below it except of experiment 1 (see Table 3-7). The growth outcome in 

experiment 3-F was similar to growths with carbon addition in two main aspects. The 

thicker seeded growth below the gas-melt interface and the all transparent growth (without 

initial black growth) above the gas-melt interface. Experiment 3-F was the only experiment 

without carbon which showed these aspects and the reason is not known. 

 

 Crystal 3-F Crystal 3-G Crystal 3-H Crystal 3-I 

a)  

 

   

 

 

b) 

    

Figure 3-11. Optical microscope image of the a-plane GaN crystals after growth. a) transparent part at the 

top and black at the bottom. b) Optical microscope images of the surface of the four crystals showing the 

hexagonal plates especially in crystals 3-H and Crystal 3-I. 
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Experiment 

Maximum Growth Thickness 

(mm) 

Growth rate (μm/h) 

Transparent GaN Opaque GaN Transparent 

GaN 

Opaque 

GaN 

3-F 0.190 2.5 2 27 

3-G 3 1.2 22.5 9 

3-H 2 0.850 87 37 

3-I 4.5 0.950 204 40 

Table 3-7. Maximum thickness and growth rate for transparent and opaque GaN in the four experiments. 

 

X-ray analysis: 

The structural quality of the crystal 3-F was inspected via X-ray analysis of the a-

plane (11 ̅20) reflection. Three position on the crystal were chosen: the 2D transparent, 3D 

transparent, and the black part (see Figure 3-12). Both the 2D and the 3D transparent parts 

were above the melt-gas interface while the black part was below it. The FWHM values of 

the (11 ̅20) are presented in Table 3-8. As discussed in section 3.2.2, the FWHM of 3D 

transparent and black growth were similar. Furthermore, the FWHM of the 2D growth was 

the narrowest and the closest to the seed. 
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Figure 3-12. XRD pattern for crystal 3-F showing the rocking curves of (11 ̅20) for the seed and the three 

regions of crystal 3-F. 

 

Crystal 3-F seed 2D transparent 3D transpsrent black 

(11 ̅20) FWHM 

(arcseconds) 
21 44 108 120 

Table 3-8.  FWHM values of the rocking curve for the seed and the three regions of crystal 3-F. 

 

Conclusion:  

The growth rate and transparency of the a-plane GaN growth were comparable to the 

c-plane growth. However, we observed the highest growth rate in experiment 3-I, although 

it was mainly in the form of hexagonal plates. The structural quality of a-plane GaN is also 

comparable to c-plane growth and confirmed the correlation between the 2D growth and 

narrower FWHM. 
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3.3 Mechanism of growth above the melt  

The Na-flux technique is a liquid phase epitaxy. Typically, a GaN seed is completely 

immersed in the Na-Ga melt and seeded growth occurs below the melt-gas interface. 

Gallium and the dissolved nitrogen precipitate from the supersaturated melt on the seed. 

However, significant seeded growth – without the addition of carbon – occurred above the 

melt-gas interface when the seed was partially immersed. When unloading the capsule, most 

of the seeded growth was clearly above the interface (see section 3.2), thus, it can be 

inferred that the growth might occur from the gas phase. However, the Na-Ga melt strong 

wetting behavior could result in wetting the top part of the seed and growth might also be 

from the liquid phase.  

To verify the growth method (gas or liquid phase epitaxy) above the melt-gas 

interface, two GaN seeds should be used in an experiment. One should be immersed 

partially in the Na-Ga melt while the other should be suspended above it. If GaN growth is 

from the gas phase, both GaN seeds should have some GaN growth. On the other hand, if 

the growth is strictly from liquid (wetting layer), only the seed that is partially immersed in 

the melt would have GaN growth. Due to the challenges of drilling and suspending GaN 

seeds (easy to be fractured), titanium sheet was used as heterogeneous seeds. Polycrystalline 

GaN preferentially forms on titanium sheet (as it will be demonstrated in Chapter 4). 

Although heterogeneous growth is different from homogenous, the growth method should 

not be affected accordingly. The experiments with titanium sheets indicated GaN growth 

was only from the liquid phase with no evidence for gas phase epitaxy. 
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Experiments: 

Two experiments with similar growth conditions were conducted independently (see 

Table 3-9). Each had a long and a short rectangular titanium piece which were cut from the 

same titanium sheet. The long one was immersed about halfway in the Na-Ga melt. The 

short piece was punctured in the middle and suspended by a molybdenum wire above the 

melt (see Figure 3-13-a and b). Note that the suspended piece and the top part of the 

partially immersed piece are relatively at the same height from the bottom of the capsule. 

Thus, if growth is mainly from the gas phase both pieces should have comparable amount of 

polycrystalline GaN.  

experiment 

Melt 

Temperature 

(°C) 

Maximum 

Pressure 

(psi) 

Na 

 (g) 

Ga 

 (g) 

in melt 

Ti 

piece 

(g) 

suspended 

Ti piece 

(g) 

3-J 800 582 3.121 1.639 0.214 0.103 

3-K 800 533 3.256 1.441 0.185 0.105 

Table 3-9. Growth parameters for the two experiments. 
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Figure 3-13-a. Schematic cross-section of the loaded TZM capsule showing the suspende and the partially 

immersed Ti pieces. 

 

 

Figure 3-13-b. Optical image of the expermint components before loading showing the TZM capsule and its 

components, molybdenum wire, and two Ti pieces. 

 

Results and analysis: 

In experiment 3-J, polycrystalline GaN only formed on the partially immersed 

titanium piece. The suspended piece had no polycrystalline growth (see Figure 3-14). This 

was a clear indication that growth was from the liquid. Furthermore, almost all GaN growth 
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– on the partially immersed titanium piece – was on the part above the melt-gas interface. 

This might be explained by the fast diffusion of atomic nitrogen through the thin wetting 

layer. In addition, since the temperature gradient between the melt and the gas is significant 

(~30°C), the thermodynamic driving force of growth would be higher on the part above the 

melt.       

 

 

 

 

Figure 3-14. Optical images of the capsule components after experiment. Left: when opening the capsule 

and before removing the Na showing the partially immersed Ti piece with most GaN growth above melt 

surface and the suspended Ti piece above the melt with no GaN growth. Middle and Right: the partially 

immered and suspended Ti pieces after removing Na respectively. 

 

In experiment 3-K, polycrystalline GaN mainly grew on the titanium piece that was 

partially immersed in the Na-Ga melt. However, there was a thin crust of polycrystalline 

GaN on some parts of suspended titanium piece. At close inspection, the polycrystalline 

growth on the suspended piece was from wetting. The Na-Ga melt wetted the TZM tube and 

reached the suspended titanium piece; polycrystalline growth formed along the wetting trail 

(see Figure 3-15). This also confirms that GaN growth is mainly from liquid wetting layer. 
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Figure 3-15. Optical images of the capsule components after experiment. Left: when opening the capsule 

and before removing the Na. Middle: the poly-GaN trail on the TZM tube which extended from the Na-Ga 

melt to the susupended Ti piece. Right: thin crust of poly-GaN on the suspended Ti piece. 

 

Conclusion: 

Both experiments confirmed that the method of GaN growth above the melt-gas 

interface is mainly a liquid phase epitaxy. Experiment 3-K also highlighted the strong and 

random wetting behavior of the Na-Ga melt. This randomness along with the thermal 

gradient within the capsule could limit the optimize growth conditions with this growth 

system. This limitation will be discussed later in Chapter 5.  

 

 

3.4 Chapter conclusion 

Without carbon addition, seeded transparent growth above the nominal melt-gas 

interface was thicker and the rate of this growth was higher than growth below the interface. 

Furthermore, the area of transparent growth was increased by additional raise of the seed 

above the melt. However, the reason behind the transparency above the melt was not known 

and will be investigated next in Chapter 4. In addition, most of the transparent growths 

above the melt were 3D growth and worse in structural quality than the seed. Yet, in some 
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experiments the growth switched to 2D at late stage and showed comparable structural 

quality to the seed. This switch is suspected to be a result of a lower driving force for 

growth. Understanding and controlling the system’s thermodynamics – which will be 

presented in Chapter 5 – is essential to control the driving force. Finally, growth above the 

nominal melt-gas interface was found to be from liquid epitaxy. 
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Chapter 4    Impurities and transparency 

GaN crystal grown by the Na-flux method can be opaque. Although the cause of 

such opaqueness was not fully investigated, it was speculated by different research groups to 

be nitrogen vacancies or oxygen impurity in the grown GaN. In this chapter, we investigated 

the major impurities and their effect on the GaN transparency. Oxygen was the only 

impurity that highly correlates with such opaqueness. Furthermore, oxygen getters 

(magnesium, aluminum, and titanium) and their effect on the transparency of GaN growth 

were tested. Titanium enhanced the reproducibility and decreased the incubation time for 

GaN growth. Finally, the effectiveness of oxygen depletion by long GaN growth was studied 

via consecutive experiments which resulted in more transparent GaN crystals. 

 

4.1 Oxygen & opaqueness 

Several impurities in bulk GaN crystals grown by the sodium flux technique were 

investigated.[96] In our system, black GaN is in general associated with oxygen, sodium, 

and molybdenum concentrations in excess of 1019 atoms/cm3 (see section 2.3), all of which 

are generally undesirable.[80] In particular, oxygen is a shallow donor in GaN and can lead 

to high unintentional electron concentrations. Moreover, the transparency of GaN substrates 

is beneficial for light extraction from homoepitaxial optoelectronic devices. In this section, 

the correlation of high levels of oxygen with opaque crystals will be established. GaN 

growths that contain oxygen concentrations above 1019 atoms/cm3 were highly absorbing 

regardless of the presence of other impurities. The analysis of experiments 3-A, 3-B, and 3-

C (from section 3.2.1) indicated material grown mainly above the nominal Na-Ga melt 
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surface was more transparent. The analysis in this section showed that transparent growth 

had a generally lower impurity concentration, especially oxygen. In optically transparent 

regions, concentrations of oxygen, sodium, and carbon were as low as 7×1016, 2×1016, and 

5×1016 atoms/cm3, respectively, while the concentration of molybdenum was below the 

detection limit.      

Experiments:  

The three experiments 3-A, 3-B, and 3-C (from section 3.2.1) had transparent GaN 

growth above the melt. Their crystals were cross-sectioned using a wire-saw (Takatori, 

WSD-K2). The cross-sections were mechanically polished using 3 µm polycrystalline 

diamond suspension. Next, secondary ion mass spectrometry (SIMS) was used to measure 

impurity concentrations for crystal 3-C using a Cameca IMS 7F Secondary Ion Mass 

Spectrometry system. SIMS relative sensitivity factors (RSFs) were calculated from known 

ion implanted standards. The photoluminescence (PL) was measured for two spots on crystal 

3-C using a 355 nm laser with 15 mW average power (Teem Photonics, SNV-05P-1C0) and 

a spectrometer (Ocean Optics, USB2000+).  

Results and analysis: 

Images from the polished cross-sections of all three crystals are shown in Figure 4-1. 

All three grown crystals presented the same pattern; the transparent HVPE seed was at the 

center of each cross-section followed by the initial growth of black GaN and then an outer 

layer of transparent grown GaN. This pattern suggests that the dark coloration may be 

related to one or more impurities which were depleted during the GaN growth. The most 

probable impurities in our system are oxygen, molybdenum, sodium, and carbon. 
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Crystal 3-A Crystal 3-B Crystal 3-C 

   

   
Figure 4-1. Optical microscope images of the GaN three crystals after growth (top), and their cross-section 

showing the seed in the middle followed by black growth and then transparent growth at the end stage 

(bottom).[96] 

 

To characterize the impurity profiles more fully, the cross-section of crystal 3-C, 

which had the largest total area, was examined by SIMS. Two sets of scans were analyzed. 

In the first set of scans, four locations were selected: I. seed; II. black region below the melt 

line; III. black region above the melt line (transition region); and IV. transparent region 

above the melt. The regions are identified in Figure 4-2-a and the SIMS analysis is shown in 

Figure 4-2-b. The concentration of molybdenum was under the detection limit (1×1016 

atoms/cm3) in all scans except the one below the melt line (location II), where it measured 

5×1018 atoms/cm3. Since location II was an early stage of the growth (closest to the seed) 

and molybdenum is present in the melt as was suggested in a previous report [80], 

molybdenum was incorporated in this location while gradually decreasing (as measured by 
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subsequent scans between regions I and III) until no molybdenum was detectable in both 

locations III and IV, which grew later (further from the seed). The carbon concentration 

fluctuated within one order of magnitude between 3×1016-2×1017 atoms/cm3 for all locations 

and showed no systematic trend. The sodium concentration was around 5×1019 atoms/cm3 at 

the black location under the melt (II), 9×1017 atoms/cm3 at black location above the melt 

(III), and 8×1017 atoms/cm3 at the transparent location (IV). The fact that almost the same 

sodium concentration was present in both black (III) and transparent (IV) locations indicates 

that sodium was not the main impurity affecting the transparency of the seed. The oxygen 

concentration varied from 1×1017 atoms/cm3 at the seed (I) and 6×1017 atoms/cm3 at the 

transparent location (IV) to 1×1020 atoms/cm3 at black locations under and above the melt (II 

and III). This indicates that oxygen is the main impurity correlated with the blackness. O-Na 

and O-Mo complexes are less likely to be the cause of black coloration since sodium and 

molybdenum concentrations were orders of magnitude less than that of oxygen in the black 

region above the melt (III).   
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Crystal 3-C 

 

Figure 4-2-a. Optical microscope image of the cross-section of crystal 3-C showing the four regions prior to 

performing SIMS analysis. The insets show the craters in each region after SIMS, magnified 3X.[96] 

 

 
Figure 4-2-b. Impurity concentrations derived from SIMS for the four regions on the cross-section of 

crystal 3-C shown in Figure. 4-2-a Molybdenum was below the detection limit in regions I, III, and IV and 

was only detected in region II, the black region under the melt surface.[96] 

 

In the second SIMS set, a series of four scans (see Figure 4-3-a and b) in a line traversing 

the boundary from transparent to black GaN were done on the same cross-section of crystal 
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3-C to confirm the role of oxygen in the coloration. Going from transparent to black GaN (1 

to 4 in Figure 4-3-a), the sodium concentration increased about one order of magnitude from 

2×1016 to 7×1017 atoms/cm3 while the concentration of oxygen increased by over three 

orders of magnitude from 7×1016 to 1×1020 atoms/cm3. The carbon concentration fluctuated 

between 5×1016 and 9×1016 atoms/cm3 and molybdenum was not detected at all. Although 

there was an increase of one order of magnitude in the sodium concentration, the first set of 

scans showed the transparent region (IV) with higher sodium concentration than all points (1 

to 4) in the second set of scans. On the other hand, both the first and second sets of scans 

showed strong correlation between oxygen and the black coloration. Furthermore, the black 

GaN regions show high electrical conductivity when tested by two-point probe measurement 

compared with the transparent growth. Hall measurements on black GaN growths showed n-

type conductivity. Therefore, this blackness can be explained by the phonon-assisted free 

carrier absorption, with the free carriers a result of unintentional oxygen doping.[81] 

Measuring the absorption coefficient of the four points on cross-section C (1 to 4 in Figure 

4-3-a) is difficult due to the size limitation. However, qualitatively there is an agreement 

between the transparency of these points and the extrapolated absorption coefficients 

from.[81] By assuming a linear dependence on free carrier concentration for highly doped 

GaN [81][84], it could be shown that for cross-section 3-C, which has a thickness of 600 

µm, high 1019 to low 1020 free carrier concentration will result in > 90% absorption while for 

low 1018 free carrier concentration will result in < 10% absorption. In the second SIMS set, 

the first two points are in the transparent regime with [O]< 4×1018 while the last two points 

are in the black regime with [O]>7×1019 (see Figure 4-3). It is important to note that the total 
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absorption of the GaN depends not only on the free carrier concentration, but on the sample 

thickness as well.  

Crystal 3-C 

 
Figure 4-3-a. Optical microscope image of the cross-section of crystal 3-C showing the SIMS craters for the 

series of points 1 to 4.[96] 

 

 
Figure 4-3-b. Impurity concentrations derived from SIMS for the series of scans from transparent to black 

GaN on the cross-section of crystal 3-C. Spots correspond to labels shown in Figure. 4-3-a.[96] 
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Previous studies in the sodium flux method had reported black GaN and connected it 

to the nitrogen vacancies [85][86] or oxygen impurities.[85] Sodium flux crystal growth 

likely takes place under nitrogen-deficient (gallium-rich) conditions due to the low solubility 

of nitrogen (~1 at. % or less) compared to the ~20-30 at. % of gallium in the melt.[87] 

Although such low solubility of nitrogen may support the nitrogen vacancy theory, the root 

of the evidence cited for the nitrogen vacancies mechanism is unpublished data (see [86], 

[88], and [89] respectively) from 1962. The lack of any reported data and the fact that this 

was early in the development of GaN reduce the relevance to the current results and allow 

for alternative explanations. More recently, theoretical calculations have shown that nitrogen 

vacancies are energetically unfavorable in n-type GaN compared to incorporation of oxygen 

on the nitrogen sites.[90][91] Thus, although nitrogen vacancies cannot be excluded from 

the data presented in this dissertation, they are unlikely to form. In addition, it has been 

shown that the transparency of GaN crystals can be improved by increasing the growth 

temperature after which both oxygen impurity and free carrier concentration are 

reduced.[92][93] This correlation between transparency and reduction of oxygen impurities 

supports our claim. We suspect that the oxygen source in our system is finite, and as a result 

its concentration decreases and the incorporated concentration likewise decreases as the 

growth proceeds. This explains the appearance of transparent material towards the end of the 

growth period. 

 

The PL analysis on the transparent part (location IV) of crystal 3-C showed a peak at 

365 nm, which corresponds to the bandgap of wurtzite-GaN (see Figure 4-4). The PL 

spectra also shows a yellow luminescence band and a peak around 546 nm which 



 

 

84 

 

corresponds to green. Both yellow luminescence and the green peak have been correlated 

with carbon impurities in GaN [94], but these bands have not previously been reported for 

material grown using the sodium flux method. The black part of the crystal (location III) 

was absorbing and showed no luminescence. 

 
Figure 4-4. PL spectrum of the transparent GaN region of crystal 3-C at room temperature.[96] 

     

Conclusion: 

 The blackness in GaN crystals grown by sodium flux method was found to be 

strongly correlated with high concentrations of oxygen impurities. Measured oxygen 

concentrations in highly absorbing GaN were above 1019 atoms/cm3. In addition, impurity 

incorporation was reduced as the growth progressed mainly above the melt, where 

concentrations of oxygen, sodium, and carbon were decreased to 7×1016, 2×1016, 5×1016 

atoms/cm3 respectively, and molybdenum was not detected.  
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4.2 O-getter: Mg, Al, Ti 

Three oxygen getter magnesium (Mg), aluminum (Al), and titanium (Ti) were tested 

as additives. In the Mg and Al experiments, a crust was formed on the melt surface and 

prevented further GaN growth. Furthermore, seeded GaN growth was insignificant. 

However, in the Ti experiment, transparent seeded GaN growth was substantial. Yet, the 

majority of the growth was in form of polycrystalline GaN on the Ti piece. 

Experiments: 

Magnesium, aluminum, and titanium pure metals were added respectively to three 

independent experiments (4-A, 4-B, and 4-C). Each experiment contained a scrap from an 

HVPE (0002) oriented GaN wafer. The growth conditions and melt compositions are 

presented in Table 4-1. In experiment 4-A, GaN growth was not detected by the growth 

system at initial conditions. Therefore, the melt temperature and maximum pressure were 

decreased and increased respectively to increase the driving force. Yet, no significant 

growth was detected by the system.  

 

experiment 

Melt 

Temperature 

(°C) 

Maximum 

Pressure 

(psi) 

Na (g) Ga (g) Added 

oxygen 

getter 

Getter 

weight 

(g) 

4-A 850 - 780 599 - 558 2.362 1.708 Mg 0.384 

4-B 850 534 1.977 1.418 Al 0.08 

4-C 850 548 2.677 1.541 Ti 0.147 

Table 4-1. Growth parameters for the three experiments. 

 

Results and analysis: 
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When capsules were opened in experiment 4-A and 4-B, there was a crust on the 

melt surface (see Figure 4-5-b and e). In experiment 4-A (Mg getter), the crust was made 

mainly of magnesium nitride. Mg3N2 is stable for temperature above 800 °C: 

𝟑 𝑴𝒈 + 𝑵𝟐
𝟖𝟎𝟎 𝒐𝑪 
→    𝑴𝒈𝟑𝑵𝟐 

In addition, when sodium was removed by water there was yellow-green coloration related 

to the presence of ammonia when water reacted with Mg3N2 (see Figure 4-5-c): 

𝑴𝒈𝟑𝑵𝟐 + 𝟔 𝑯𝟐𝑶 → 𝟑 𝑴𝒈(𝑶𝑯)𝟐 + 𝟐 𝑵𝑯𝟑 

MgO is known for its stability and is more stable than Mg3N2 at normal conditions. Thus, 

we were expecting both, some consumption of oxygen impurity and considerable formation 

of Mg3N2. However, the formation of Mg3N2 as a crust isolated the melt and prevented 

nitrogen diffusion. Therefore, this experiment had insignificant growth of GaN, growth was 

not detected by the system. Furthermore, the seed was encumbered by the crust and broke 

into pieces (see Figure 4-5-c)  

In experiment 4-B (Al getter), the crust was made of fine polycrystalline GaN, as it 

was evident from the increase in capsules weight (due to nitrogen fixation) and optical 

microscope inspection. The GaN growth was mainly in the form of a thin crust of fine 

polycrystalline crystals with insignificant seeded growth (see Figure 4-5-e and f).   

 In experiment 4-C (Ti getter), there was no crust of polycrystalline GaN. Almost all 

the polycrystalline GaN grew on the Ti piece. In addition, the maximum seeded growth was 

about 1.5 mm in thickness. Both the polycrystalline and seeded GaN growth were 
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transparent above the melt (see Figure 4-5-i), as it had been noticed with growth above the 

nominal Na-Ga melt surface. 

 

Before growth After growth Crystal 

Experiment 4-A 

 
  

Experiment 4-B 

  

 

Experiment 4-C 

a b c 

d e f 
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Figure 4-5. Optical images of the capsule and its contents before and after growth and the crystals of the 

three experiments. (Before growth): each capsule contained the scrap seed and the added metal. (After 

growth): a crust formed on the surface of the melt in experiments 4-A and 4-B. (Crystal): the crystal of 

experiment 4-A was broken to pieces when removing the Na inside the capsule. For experiment 4-C, both 

seeded and polycrystalline crystal are shown on the scrap seed (top) and Ti piece (bottom). 

 

Conclusion: 

Magnesium and aluminum were ineffective as oxygen getters since GaN was not 

formed with Mg and the formed polycrystalline GaN was not transparent with Al. With 

magnesium and aluminum addition, a crust formed on the melt surface which prevented 

nitrogen diffusion and, thus, the seeded growth was insignificant. Therefore, magnesium and 

aluminum were not promising candidates. On the other hand, titanium addition has more 

potential. Although GaN transparency was not improved significantly, the polycrystalline 

GaN formation was mainly on the Ti pieces rather on the capsule wall and other capsule 

furniture.  

 

4.3 Ti and GaN growth 

g h i 
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 The addition of titanium to the growth environment had little impact on the grown 

GaN transparency and thickness. However, the presence of titanium did change the growth 

of polycrystalline GaN. The concentration of polycrystalline GaN on the Ti piece was not 

expected as polycrystalline GaN grows randomly on the capsule wall and furniture. 

However, six similar experiments with titanium pieces showed generally the same behavior 

of most polycrystalline growth occurring on Ti pieces rather than the capsule wall and 

furniture (see an example in Figure 4-6-a, b, c, and d of one of the six experiment which are 

not reported here). 

  

  

Figure 4-6. Optical image of (a) capsule after growth with most of grown GaN on Ti piece, (b) the seed 

before (left) and after growth (right) with transparent GaN at the top, (c) the Ti piece with transparent poly 

Gan growth only at the top; Note the goldish coloration of TiN at the bottom of the piece, and (d) the 

capsule after removing Na, no noticeable poly-GaN growth on the capsule wall or bottom. 

 

a b 

c d 
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The cause of GaN preferential growth on titanium is not known. Titanium can crack 

the notoriously strong nitrogen triple bond to form titanium nitride, and the goldish 

coloration of titanium nitride was observed in all experiments with titanium metal (see 

Figure 4-6-c). In addition, both gallium and nitrogen have about 12 at. % solubility in α-

titanium at growth temperature. Thus, we speculated that titanium might act as catalyst 

(similar to the first hypothesis of the sodium role) and can dilute gallium (similar to the 

second hypothesis of the sodium role). This speculation was tested with an experiment 

which contained Ti and Ga but no Na. Unfortunately, there was no GaN growth. However, 

the high diffusivity of Ga in Ti (almost 3 g of melted Ga diffused inside 0.175 g of Ti piece 

in 85h) was noticed (Figure 4-7-a, b, and c). The preferential growth of GaN on titanium 

could be related to this high diffusivity. As gallium diffuses into the titanium piece, the Na-

Ga melt would be richer in sodium at the Ti-melt interface. Since the nitrogen solubility in 

the melt is considerably higher when gallium is diluted [75], GaN growth is more probable 

to form on the titanium piece surface. Another reason of such high cluster of polycrystalline 

GaN on the titanium piece might be the temperature gradient. The temperature difference in 

the capsule between the melt and the nitrogen gas can reach 30°C. The titanium piece is 

partially submerged in the melt – in growth experiments – but almost all GaN growth 

occurred on the part above the melt which is probably colder. The driving force is higher at 

the colder part resulting in more growth on the titanium piece. A third possible reason is that 

surface energy barrier of nucleation may be less for Ti or TiN than molybdenum. It is also 

possible that two or all the three reasons caused the cluster of polycrystalline on the 

titanium.  
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Figure 4-7. Optical image of (a) the capsule before experiment with Ti piece and melted Ga in a BN cup, (b) 

the capsule after experiment with Ti piece swollen by the diffused Ga, and (c) the swollen Ti piece as it 

melted when temperature was increased above 30℃ revealing the Ga inside it. 

 

The reproducibility of GaN growth experiments was enhanced with titanium metal. 

The pressure and temperature values of eleven experiments with Ti are presented in Figure 

4-8. Each experiment is represented by one of two marker shapes according to the 

occurrence of GaN growth. Some experiments have more than on temperature-pressure 

value and represented by more than one point. 10 experiments grew GaN at initial growth 

condition and only one experiment grew when the reactor temperature was decreased (i.e. 

higher driving force). In addition, there was only one experiment with an incubation time 

(~75 h) before growth started. A comparison between Figure 4-8 and Figure 3-1 highlights 

the enhancement in growth reproducibility. With Ti addition, all points (in Figure 4-8) with 

growth temperature ≤ 850 °C and pressure > 550 psi represented a growth. However, 

without Ti, less than half of the points (in Figure 3-1) represented GaN growth. The reason 

of this enhancement is probably related to the preferential growth of GaN on Ti metal pieces 

which was discussed earlier.  

a b c 
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Figure 4-8. Pressure and temperature values of all experiments with Ti piece. The triangle marker 

represents GaN growth while the cross marker represents no significant GaN growth. 

  

4.4 Ti-coated seed 

The preferential growth of GaN on titanium encouraged us to coat GaN seeds with titanium 

to enhance the seeded growth and limit the GaN formation on the capsule wall and furniture. 

Two experiments, each with a GaN seed coated with 25 nm of Ti, showed a substantial 

seeded growth with almost 3mm of transparent GaN growth above the melt. However, both 

experiments showed significant amount of poly GaN on the capsule wall and furniture. 

Experiments: 

Two independent experiments 4-D, and 4-E contained a 1 cm × 0.5 cm × ~370 µm 

thick c-plane oriented HVPE GaN seed each. The seeds were coated with 25 nm of titanium 
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by electron beam evaporation. The nitrogen face of the GaN seed was coated in experiment 

4-D, while the gallium face was coated in 4-E. The growth conditions and melt 

compositions are presented in Table 4-2.  

 

experiment 

Melt 

Temperature 

(°C) 

Maximum 

Pressure 

(psi) 

Na 

(g) 

Ga 

(g) 

growth 

Thickness 

(mm) 

Growth 

rate 

(μm/h) 

4-D 850 555 3.510 1.753 2.689 14 

4-E 850 587 3.397 1.890 2.813 23 

Table 4-2. Growth parameters for the two experiments. 

 

Results and analysis: 

When unloading the capsules, it was evident that substantial polycrystalline GaN 

formed on the capsule wall and furniture (see Figure 4-9-a). In experiment 4-D, the crystal 

was encumbered by polycrystalline GaN and had to be broken free. Both crystals showed 

significant and more transparent growth above the melt (see Figure 4-9-b). The optical 

microscope inspection of the grown crystals showed a rough growth of GaN on the nitrogen 

face of crystal 4-D (see Figure 4-9-b). 
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Experiment 4-D Experiment 4-E 

  
Figure 4-9-a. Optical image of the capsule when unloading showing the significant amount of poly GaN. 

Experiment 4-D Experiment 4-E 

 
 

Figure 4-9-b. Optical microscope image of the coated GaN crystal after growth, with thick transparent 

growth at the top. (top) and (bottom) images show +c and -c faces respectively. 

 

X-ray analysis: 
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 The rocking curve of c+ and c- planes were measured along the a- and m- direction for the 

seeds and the grown crystals for both experiments (see Figure 4-10 and 4-11). The vertical 

penetration length of Cu Kα radiation into the sample for (0002) reflection is around 4 μm. The 

FWHM of the c- plane was significantly more than the c+ plane as we had noticed from previous 

growths. The rocking curve of the c- plane of crystal 4-D showed multiple peaks. The FWHM of all 

curves are listed in Table 4-3.   
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Seed and Crystal 4-D 

 

 

 
Figure 4-10. XRD pattern for the seed and crystal of experiment 4-D showing the rocking curve for +c and -

c planes alonge a- and m-direction. 
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Seed and Crystal 4-E 

 

 

Figure 4-11. XRD pattern for the seed and crystal of experiment 4-E showing the rocking curve for +c and -

c planes along a- and m-direction. 
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experiment FWHM of +c (arcsec) FWHM of -c (arcsec) 

a-direction m-direction a-direction m-direction 

seed crystal seed crystal seed crystal seed crystal 

4-D 62 140 88 173 115 NA 123 NA 

4-E 58 547 64 517 102 1162 99 1873 

Table 4-3. FWHM of +c and -c GaN (0002) rocking curve with the beam aligned along the a- and m-

direction for the seeds and crystals from experiments 4-D and 4-E. 

 

Conclusion: 

Although seeded growth thickness was significant, the poly GaN formation on the 

capsule, seed mount, and thermowell was substantial as well. Furthermore, the structural 

quality of the grown GaN is generally similar to the growth on uncoated seeds. In future 

experiments, carbon addition should be tested since it suppressed polycrystalline GaN 

formation above the melt. If titanium coating still – with C – enhances the GaN growth 

above the melt, seeded growth could increase considerably. 

 

4.5 Consecutive growths (O-depletion) 

If oxygen impurity is relatively finite in our system, longer GaN growths can deplete 

it. As the finite oxygen impurity is consumed in the early growth, the GaN crystal evolves to 

be more transparent. Although we have noticed the depletion in growth above the melt 

surface (see section 4.1), this evolution is not guaranteed. If oxygen impurity level is high 

only long runs can deplete it. Long GaN growths are not feasible in our growth system due 

to the size limitation and the amount needed of gallium. However, when an experiment ends, 

the growth system can be recharged with gallium. Then, the GaN growth continues as an 

extension of the previous experiment. The two experiments are named as a consecutive 



 

 

99 

 

experiment. A consecutive growth experiment usually contains two but sometimes three 

single growth experiments. 

Experiment: 

A consecutive growth experiment 4-F which contained two single growth 

experiments were conducted. The first growth experiment (i.e. experiment 4-F-I) had the 

conditions and melt composition presented in Table 4-4. In addition, it contained a Ti piece 

and a scrap of (0002) GaN wafer. The vessel was pressurized, heated to growth temperature, 

and kept for 60 h. By the end of experiment 4-F-I, all Ga was consumed by the grown GaN 

as confirmed by the pressure decay and the absence of the Ga4Na alloy formation energy. 

Then, the vessel was cooled and opened in the nitrogen filled glove-box and the sealed 

capsule was weighed. The calculated moles of nitrogen from the increase in the capsule 

weight (due to nitrogen fixation) was equal to the gallium moles and confirmed again the 

consumption of Ga. To start the second experiment (4-F-II), the sealed capsule was 

recharged with gallium through the capsule-stem by a long syringe. No sodium was added to 

the melt as it should not be consumed by the grown GaN and its amount was assumed to be 

the same as experiment 4-F-I. Then, the capsule was transferred to the vessel which was 

sealed, pressurized, and heated to the same growth temperature as experiment 4-F-I. The 

growth conditions and added gallium of the second experiment are presented in Table 4-4. 

After 30 h, all Ga was consumed by the grown GaN as confirmed by the pressure decay and 

the absence of the Ga4N alloy formation energy. Then, similar to experiment 4-F-I, the 

vessel was cooled and opened in a nitrogen filled glove-box and the sealed capsule was 

weighed and confirmed the consumption of gallium. The sealed capsule was opened after 

experiment 4-F-II and the GaN growth was investigated.  
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experiment 

Melt 

Temperature 

(°C) 

Maximum 

Pressure 

(psi) 

Time 

(h) 

Na 

(g) 

Ga 

(g) 

growth 

Thickness 

(mm) 

Growth 

rate 

(μm/h) 

4-F-I 850 613 60 3.203 1.473 
1.380 23 

4-F-II 850 601 30 3.203 1.880 

Table 4-4. Growth parameters for the two experiments. 

 

Results and analysis: 

Although there was transparent GaN growth above the melt on the seed (Table 4-4), 

most of the GaN growth was on the Ti piece above the melt (see Figure 4-12-c and d). 

Furthermore, the effect of these consecutive experiments on the transparency of the grown 

GaN was well demonstrated by the growth on the Ti piece. In general, the growth started as 

opaque (black) and then evolved to be more transparent as we have noticed before in most 

growths above the Na-Ga melt. However, the thickest and most transparent GaN growth on 

the Ti piece was on the part facing the center of the capsule (see Figure 4-12-b and d). On 

the other hand, the thinnest and less transparent GaN growth on the Ti piece was on the part 

facing away from the center (see Figure 4-12-e). Since the Ga was injected (through the 

stem) at the center of the capsule before the second experiment, most of the second growth 

occurred on the Ti side that faced the center of the capsule. Therefore, GaN growth of the 

first experiment probably depleted most of the oxygen impurity, while most of the second 

run growth was the thick transparent growth toward the center. 
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Figure 4-12-a. Optical image of the 

capsule before experiment 4-F-I with 

a Ti- piece, GaN seed, Na, and Ga. 

 
Figure 4-12-b. Optical image of the 

capsule after experiment 4-F-II (i.e. the 

second growth) with most GaN growth 

on the titanium part which is facing the 

center of the capsule. 

 
Figure 4-12-c. Optical 

image of the GaN seed 

with transparent growth 

at the top. 

 
Figure 4-12-d. Optical image of 

mostly transparent GaN on the Ti-

piece part which faces the center. 

 
Figure 4-12-e. Optical image of the GaN 

on the Ti-piece part which faces the 

capsule wall. Notice that the right side 

was closer to the capsule center and, 

thus, has thicker growth and more 

transparent GaN. 

 
Figure 4-12-f. Optical 

image (top view) of the 

GaN on the Ti-piece 

showing the part which 

faced the center (right) 

and the part which faced 

the capsule wall (left) 

 

Conclusion: 

All consecutive runs we have conducted resulted in transparent GaN confirming the 

effectiveness of this method. Furthermore, we have noticed that GaN growth temperature 

and pressure of the first part of a consecutive experiment varies from run to another and may 

contain an incubation period similar to previous single runs. However, all second and third 
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parts of a consecutive experiment continued the growth without any incubation period and 

with extremely high repeatability. This repeatability was essential to conduct the 

thermodynamic study in Chapter 5. 

 

4.6 Chapter conclusion 

The reason of GaN opaqueness was found to be directly correlated with oxygen 

impurity concentration. Thus, the use of oxygen getter such as Mg, Al, and Ti were 

inspected. However, the use of these getters failed to increase the transparency of grown 

GaN.  Titanium, however, was found to provide a surface on which polycrystalline GaN 

preferentially formed. In addition, GaN growth reproducibility was enhanced by the addition 

of Ti. Depleting oxygen impurity by consecutive experiments approach was more successful 

and all consecutive experiments showed eventually transparent GaN growth. Furthermore, 

there was always no incubation time in the second experiment in all consecutive 

experiments. It appears that growth can be continued without this time if the growth 

conditions of the second experiment are kept as the first one.      
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Chapter 5    Experimental analysis of growth Thermodynamics  

One of the most important thermodynamics property of solution crystal growth is the 

solubility. In the Na-flux method and at a specific melt composition, the solubility is defined 

by equilibrium pressure-temperature pairs (see Figure 1-8). Experimentally, if growth can be 

detected by pressure decay, a specific pair can be determined as follow. First, we start with 

an undersaturated Na-Ga melt, and then we fix the pressure or temperature and slowly 

change the other until pressure starts decaying. The pressure-temperature pair – just before 

decaying – would represent an equilibrium point along the solubility curve. This is only true 

if growth is thermodynamically not kinetically limited. In this chapter, we will demonstrate 

the ability of the UCSB system to determine the growth temperature and pressure in-situ as 

well as the ability to decompose GaN and regrow it in-situ. One of the main challenges to 

this demonstration was the incubation time (i.e. kinetic barrier) which occurred in many 

single growth experiments. However, we have noticed no incubation time in the second 

growth part of all consecutive experiments (see section 4.5). Thus, the second part of 

consecutive experiments provided an important starting point for the thermodynamics 

analysis at which the growth appears to be thermodynamically limited. 

 

5.1 GaN thermodynamic stability 

In thermodynamics, equilibrium is reached when the total entropy (i.e. entropy of the 

system and its environment) reaches a maximum. Considering only the system, equilibrium 

is reached when the appropriate thermodynamic potential (Gibbs free energy, Enthalpy, …) 

reaches a minimum. If the system is not at equilibrium, the potential change would be 
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negative as the system moves to equilibrium. The infinitesimal change in Gibbs free energy 

(G) is defined as: 

𝒅𝑮 = 𝑽 𝒅𝑷 − 𝑺 𝒅𝑻                                                 (eq 5 − 1) 

Where 𝑽, 𝑷, 𝑺, and 𝑻 are the volume, pressure, entropy, and temperature respectively of a 

closed system with one specie in one phase. If temperature is constant (as in typical growths 

by Na-flux), then the infinitesimal change is: 

𝒅𝑮 = 𝑽 𝒅𝑷 

Since nitrogen in the conditions of interest can be approximated as an ideal gas, then the 

change from an initial state to a final state is defined as: 

𝒅𝑮 =
𝒏 𝑹 𝑻

𝑷
 𝒅𝑷 

→ 𝜟𝑮 = 𝑮𝒇 − 𝑮𝒊 = 𝒏𝑹𝑻 ln
𝑷𝒇

𝑷𝒊
                                              (eq 5 − 2) 

Where 𝑮𝒊, 𝑮𝒇, 𝑷𝒊, and 𝑷𝒇 are the initial and final Gibbs free energy and pressure 

respectively. Equation (eq 5-2) only considers one specie (i.e. N2) in one phase. However, in 

the Na-flux system there are three main species (N2, Ga, and Na) and three phases (solid, 

liquid, and gas), thus, more terms must be added to equation (eq 5-2). In addition, the UCSB 

closed system – i.e. the vessel – is not isothermal which makes equation (eq 5-2) more 

complex as dT in equation (eq 5-1) is not eliminated. Yet, GaN growth in the capsule may 

be assumed to occur at a constant temperature. Thus, it is more convenient to use the GaN 

reaction equilibrium constant and the change in Gibbs free energy of GaN rather than the 

closed system. The balanced chemical equation for a mole of GaN is: 



 

 

105 

 

𝟏

𝟐
𝑵𝟐
𝒈
+ 𝑮𝒂𝒍 ← 

→𝑮𝒂𝑵𝒔 

Thus, the reaction equilibrium constant (𝑲) for this reaction can be expressed as: 

𝑲 =
𝟏

{𝑵𝟐}
𝟏
𝟐{𝑮𝒂}  

=
𝟏

(
𝑷𝑵𝟐
𝑷𝟎
)

𝟏
𝟐
 𝒂𝑮𝒂
  

                           (eq 5 − 3) 

Where 𝑷𝟎, 𝑷𝑵𝟐,and 𝒂𝑮𝒂
 

 are the nitrogen standard pressure (usually taken to be 1 atm), the 

nitrogen equilibrium pressure, and gallium activity respectively. The molar Gibbs free 

energy change for GaN formation is defined as: 

 𝜟𝑮𝒇
𝒐 = −𝑹𝑻 𝒍𝒏𝑲 =

𝟏

𝟐
𝑹𝑻 𝒍𝒏

𝑷𝑵𝟐
𝑷𝟎
 𝒂𝟐𝑮𝒂

 
 

→ 𝑷𝑵𝟐 = 𝑷𝟎
𝒆
𝟐𝜟𝑮𝒇

𝒐

𝑹𝑻

𝒂𝑮𝒂
𝟐                           (eq 5 − 4) 

The gallium activity can be expressed as: 

𝒂𝑮𝒂
 = 𝜸𝑮𝒂 

 𝑿𝑮𝒂                             (eq 5 − 5) 

Where 𝜸𝑮𝒂
  is the gallium activity coefficient and 𝑿𝑮𝒂 is the molar fraction of Ga in the melt. 

𝜸𝑮𝒂
  in the Na-Ga melt has not been measured experimentally in the conditions of interest 

and would equal one if the melt is ideal.  

To plot equation (eq 5-4), 𝛥𝐺𝑓
𝑜 values were obtained from Jacobs et al.[95] Equation 

(eq 5-4) was plotted for different gallium activity in Figure 5-1. If the activity is ideal, then 

the plotted values would represent the Ga composition in the melt at equilibrium. To 
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investigate the plot experimentally, there are three parameters to be controlled which are the 

melt compositions, pressure, and temperature. Nitrogen equilibrium pressure curves can be 

determined by fixing two of the three parameters and varying the remaining one slowly – to 

reduce the kinetic influence – until growth starts or stops. 

 

Figure 5-1. Nitrogen equilibrium pressure as a function of temperature for different Ga activity. For a 

specific activity curve, GaN can grow at any point which lies on the left region of the curve while 

decomposes at any points on the right region of the curve. (𝜟𝑮𝒇
𝒐 values are obtained from Jacobs et al,[95]) 

 

5.2 Experimental approach to investigate the GaN thermodynamic stability 

UCSB Na-flux growth system can be used to monitor the vessel nitrogen pressure as 

well as to control the growth temperature in-situ. We have been able to monitor GaN growth 
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in-situ by monitoring the pressure decay as the N2 gas is consumed by GaN formation, (see 

section 1.4.3). In addition, since each half mole of N2 will react with a mole of Ga to form a 

mole of GaN, the consumption of gallium is directly related to the consumption of nitrogen. 

Thus, the change in the melt composition can be monitored in-situ via the monitored 

pressure decay. This monitoring can be used to investigate the plot in Figure 5-1 

experimentally as follow. At a constant temperature of GaN growth, the N2 pressure and the 

melt composition would be changing. During growth, we would monitor the decay in 

pressure, and calculate the change in the melt composition until growth stops. Growth would 

stop if an equilibrium pressure line is reached (see Figure 5-1). On the line, the temperature, 

pressure, and melt composition values are known (i.e. monitored or calculated). This process 

can be repeated for different growth temperatures and the equilibrium lines in Figure 5-1 can 

be constructed experimentally.  In addition, these values – with 𝛥𝐺𝑓
𝑜 – can be used in 

equation (eq 5-4) to calculate the gallium activity in the melt and then in equation (eq 5-5) to 

determine the activity coefficient.  

To minimize the kinetic barrier effect, only the second parts of two consecutive 

experiments were used in this analysis. In addition, the first part was used to grow large 

amount of polycrystalline GaN which acts as many seeds for the second part. Large surface 

of poly crystalline GaN can help in detecting the pressure change as it leads to more 

nitrogen consumption.    

Experiments: 

A consecutive experiment (5-A) of two parts (5-A-I and 5-A-II) was prepared as 

follow. The first part 5-A-I contained a melt with 85 at. % Na and 15 at. % Ga, 0.5 at. % 
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Ca3N2, and a Ti piece (Ca3N2 and a Ti were added to enhance the poly GaN growth). The 

growth temperature was kept at 850 °C and the maximum pressure was 336 psi. After GaN 

growth was verified by the N2 pressure decay, the vessel was cooled down and transferred to 

a N2-filled glove-box. The increase in the capsule weight due to N2 fixation confirmed GaN 

growth. The capsule was not opened but was recharged with Ga through the stem by a 

syringe to start the second part (5-A-II) of the consecutive experiment. The initial melt 

composition was 86 at. % Na and 14 at. % Ga with the previous additives. The vessel was 

pressurized and heated to a higher growth temperature. The temperature varied during this 

part (5-A-II) and the change in pressure with time was monitored as in Figure 5-2-a. First, 

N2 pressure decayed at 875 °C. Then, the temperature was raised to 900 °C at which the 

pressure remained constant. Next, the temperature was lowered back to 875 °C, and the N2 

pressure decayed again. Then, the temperature was raised to 885 °C and the pressure was 

almost constant. When the temperature was lowered to 880 °C, the pressure decayed at a 

lower rate than at 875 °C and the temperature was kept at 880 °C until the decay stopped. 

The temperature was dropped to 400 °C to check the formation heat of the Ga4Na alloy. The 

formation heat can be detected by the system around 500°C (see section 1.4.3) and it 

confirmed the existence of Ga in the melt. Thus, the temperature was increased to 860 °C 

and pressure decay continued. After the decay stopped, the temperature was decreased again 

to 400 °C and no Ga4Na alloy heat was detected. Then, the vessel was cooled and unloaded 

in the N2-filled glove-box where the capsule weight was measured and opened. This 

consecutive experiment was repeated (5-B), with similar composition and conditions, and 

the second part (5-B-II) showed similar behavior as (5-A-II) (Figure 5-2-b). 
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Figure 5-2-a. Pressure and temperature vs time for experiment 5-A-II. 
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Figure 5-2-b. Pressure and temperature vs time for experiment 5-B-II. 

 

Results and analysis: 

If the total nitrogen pressure decay was a result of GaN growth (rather than a vessel 

leak), the increase in the capsule weight – by the consumed nitrogen – can be calculated 

from the decay. The calculated and the measured increase agree within the uncertainty of 

measurements. The exact calculated and measured value agree to > 95%. The high 

agreement validates the assumption that the nitrogen pressure decay is mainly due to GaN 
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growth (see section 1.4.3). As a result, this decay can be used to calculate the in-situ 

composition change of the melt. In both experiments (5-A-II and 5-B-II), the temperature, 

maximum pressure, change in pressure, the calculated consumed gallium, and the calculated 

melt composition of each period are presented in Table 5-1. 

period 1 2 3 4 5 6 

Experiment 5-A-II 

T (°C) 

+/- 0.5 

875 900 875 885 880 860 

Max P (psi) 

+/- 0.5 

344.6 347.7 342.9 343.6 342.8 337.4 

Δ P (psi) 

+/- 0.1 

1.7 0.0 1.4 0.1 

 

1.0 1.3 

Calculated Δ Ga (g) 

+/- 0.02 

0.38 0.00 0.31 0.02 0.22 0.29 

Ga at. %  

+/- 0.9 

13.7 - 10.4 10.4 10.4 - 7.3 7.3 - 7.1 7.1 - 4.8 4.8 - <1 

Experiment 5-B-II 

T (°C) 

+/- 0.5 

875 900 875 885 880 860 

Max P (psi) 

+/- 0.5 

338.1 341.0 336.5 336.9 335.8 331.6 

Δ P (psi) 

+/- 0.1 

1.8 0.0 1.3 0.4 1.1 1 

Calculated ΔGa (g) 

+/- 0.02 

0.40 0.00 0.29 0.09 0.24 0.22 

Calculated Ga at. % 

+/- 0.9 

15.3 - 11.3 11.3 11.3 - 8.1 8.1 - 7.1 7.1 - 4.2 4.2 - <1 

Table 5-1. The temperature, maximum pressure, change in pressure, consumed gallium, and melt 

composition of each period in experiment 5-A-II and experiment 5-B-II 

 

At 900 °C, growth stopped – in both experiments 5-A-II and 5-B-II – at 347.7 and 341 

psi respectively. Since growth continued after at 875 °C, we concluded that the activity lines 

of 0.385 and 0.389 were reached respectively, as calculated by (eq 5-4). Similarly, at 880 

°C, the activity lines of 0.307 and 0.310 were reached at 341.8 and 334.7 psi respectively. 
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The gallium activity coefficients are calculated (see eq 5-5) using the gallium activity values 

and the calculated composition of the melt (see Table 5-2).  

 Experiment 5-A-II Experiment 5-B-II 

T (°C) 

+/- 0.5 

𝒂𝑮𝒂
 

 

+/- 0.002 

𝜸𝑮𝒂 
 

 

+/- 0.38 

𝒂𝑮𝒂
 

 

+/- 0.002 

𝜸𝑮𝒂 
 

 

+/- 0.38 

900 0.385 3.701 0.389 3.44 

880 0.307 6.40 0.310 7.38 

Table 5-2. The gallium activity values and the gallium activity coefficients 

 

After unloading and inspecting both capsules, poly GaN was found to form closer to 

the top part of the capsule wall. The temperature gradient is significant within the capsule as 

reported before.[79] Test experiments with extra thermocouples positioned at the top of the 

capsule measured a temperature difference of 30 °C +/-2 °C which is less than the monitored 

temperature. Thus, the actual growth temperature was in between the monitored value and 

the value measured at the top of the capsule. This uncertainty of the growth temperature is 

reflected in Table 5-3 and Figure 5-3. The four values of the activity coefficient are 

indicated on the theoretical plot (see Figure 5-3) which is based on data provided by Wang 

et al.[82]  

 Experiment 5-A-II Experiment 5-B-II 

T (°C) 

+ 0.5/- 30 

𝒂𝑮𝒂
 

 

+0.002/- 0.12 

𝜸𝑮𝒂 
 

 

+0.37/- 1.29 

𝒂𝑮𝒂
 

 

+0.002/- 0.12 

𝜸𝑮𝒂 
 

 

+0.37/- 1.29 

900 0.385 3.701 0.389 3.44 

880 0.307 6.40 0.310 7.38 

Table 5-3. The gallium activity values and the gallium activity coefficients with larger uncertainty in their 

values. 
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Figure 5-3. A theoretical plot showing the Ga activity values with Ga mole fraction. The activity values from 

experiments 5-A-II and 5-A-II are plotted on the plot. The theoretical plot calculation is based on data from 

Wang et al.[82] 

 

Both the theoretically and experimentally calculated gallium activity showed a 

positive deviation from ideality at relevant Na-Ga melt composition. In addition, the 

coefficients value at 880 °C and 4 - 5 at. % of gallium are almost twice the values at 900 °C 

and 10 – 11 at. % of gallium. Since the relative change of the melt composition – about 60% 

– is more significant than the relative change in temperature – about 2% –, we suspect that 

this increase in the activity coefficient is mainly due to the composition change. This 

suspicion is supported by the higher segregation of dilute Ga in a Na-Ga melt calculated by 

the Osaka group.[75] 
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Challenges to the experiments: 

1) If the additives – titanium and calcium – have a significant effect on the activity 

coefficient, its values are not valid for a pure Na-Ga melt. However, the 

agreement between the theoretical and experimental calculation suggests 

otherwise. Even if the effect is significant, the concept and ability of measuring 

the activity coefficient are valid for any mix and can be used to study the effect 

of additives on the gallium activity.  

2) The meniscus of the Na-Ga melt resulted in poly GaN growth at higher position 

on the capsule wall. Since the temperature gradient within the capsule can reach 

>30 °C, the actual and measured growth temperatures can be significantly 

different. As a result, the uncertainty of the growth temperature is reflected on 

determining the activity equilibrium lines. 

 Conclusion: 

 We were able to calculate the Ga activity in the Na-Ga melt base on experimental 

measurements at relevant temperatures and pressures to the Na-flux method. The melt 

positive deviation from ideality agrees with theoretical calculation within the range of 

uncertainty. Moreover, the gallium activity positive deviation increased at lower 

concentration of Ga in the Na-Ga melt. Generally, we have shown that the UCSB system 

can be used to effectively monitor and thermodynamically control the GaN growth in-situ 

which is of a great importance for high temperature high pressure growth. 
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5.3 The control of growth and decomposition in-situ  

Growth experiments which followed the two experiments in section 5.2 showed 

similar behavior, and GaN growth was stopped and/or started by changing growth 

temperature. However, since temperature gradient can reach > 30°C between different 

position within the capsule, the growth temperatures were different for experiments which 

had similar nitrogen pressure and melt composition. Figure 5-4 shows different experiments 

with almost same composition – same color – and pressure but different growth temperature. 

The growth temperature varied within 30 °C due to the different position within the capsules 

where poly GaN grew. 

 

Figure 5-4. GaN growth (circles and triangles) and no growth (crosses) temperature and pressure. Points 

color represent the composition of the melt and the corresponding activity curve assuming ideality. 
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In some experiments we were able to grow poly GaN, decompose it, and then regrow 

it again in-situ. This ability of growth and decomposition in-situ can be beneficial for seeded 

growth. If the temperature gradient within the capsule is minimized, the seed can be partially 

decomposed and then regrown to minimize the effect of surface impurities. Furthermore, in 

mapping the equilibrium nitrogen pressure curves experiments, poly GaN can be 

decomposed in-situ after the experiment is finished. Then, the vessel pressure can be 

increased or decreased to start a new experiment. This can save time and material.  

The temperature and pressure values from Chapter 2, 3, and 4 are plotted over Figure 

5-1 (see Figure 5-5, 5-6, and 5-7). The points are color coded and each color represents 

different melt composition. The melt composition and activity line are matched assuming 

ideality.  

 

Figure 5-5. Temperature and pressure of GaN growth (triangles) and no growth (crosses) with carbon 

addition. Points color represent the composition of the melt and the corresponding activity curve assuming 

ideality. 
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With carbon addition, the positive deviation from ideality is not clear (see Figure 5-

5). If the melt is ideal, all growth points above 825 °C should have had appreciable Ga 

leftover. However, since almost all Ga was converted to GaN in all experiments with 

growth, the deviation of the melt must be positive from ideality. 

 

Figure 5-6. Temperature and pressure of GaN growth without carbon addition. Points color represent the 

composition of the melt and the corresponding activity curve assuming ideality. 

 

Without carbon addition, the positive deviation from ideality can be noticed (see 

Figure 5-6). All growth above 840°C – except red triangles – should not have any GaN 

growth if the melt was ideal. The positive deviation from ideality is also clear in GaN 

growth with Ti pieces addition (see Figure 5-7).  All experiments above 840°C had 

significant GaN growth as a result of the positive deviation. 
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Figure 5-7. Temperature and pressure of GaN growth with Ti addition and without carbon addition. Points 

color represent the composition of the melt and the corresponding activity curve assuming ideality. 

 

5.4 Chapter conclusion 

We demonstrated the ability of the UCSB system to determine the equilibrium 

pressure and temperature of GaN growth. in addition, we found that Na-Ga melt positively 

deviate from ideality and the Ga activity and activity coefficient were calculated for relative 

temperature and pressure. The main challenge was the temperature gradient within the 

capsule which increased the uncertainty of the measurements. The gradient with the witting 

behavior of the melt can hinder the control of seeded growth with lower driving force. At 

low driving force (i.e. relatively high temperature and lower pressure) the colder part of the 

capsule (at the top) can be reached by the melt (witting) and poly GaN can form 
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significantly. Thus, the minimization of the temperature gradient or/and witting behavior of 

the melt is crucial for controlled seeded growth.  
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Chapter 6    Conclusion 

 GaN growth by UCSB Na-flux system had much potential as well as challenges. The 

main advantage was the ability to monitor growth in-situ via pressure decay. It provided 

better and direct estimation as well as better understanding of the GaN growth and its 

challenges. The main challenges were divided into two main categories seeded crystal 

challenges and growth control challenges. The crystal challenges include the high 

impurities, opaqueness, and low structural quality. The growth control challenges include 

the low reproducibility of growth results and the uncontrolled formation of polycrystalline 

GaN. In this thesis, we tried to meet or at least understand these challenges. 

 First, we established the correlation between the opaqueness and the oxygen 

impurity. Then, we demonstrated the high reproducibility of growing transparent GaN above 

the Na-Ga melt surface with significantly reduced impurity concentration. In addition, 

consecutive experiments with one capsule always resulted in transparent GaN. Second, high 

structural quality was linked to 2D growth. Although we have demonstrated many 

experiments with high quality 2D growth, the understanding and control of this growth 

mode is not adequate. We suspected that the 2D growth was probably linked to low driving 

force which leads to the second category of challenges. First, we highlighted the presence of 

incubation time in our system before growth can start as one of the main control challenges. 

The incubation could last 100 hours, and the occurrence was random. In addition, it was not 

related to the driving force and thus most probably not related to nucleation. We suspected 

that this time is linked to the inhomogeneity of Na-Ga melt. Furthermore, we demonstrated 

the decrease of incubation occurrence with the addition of titanium and its absence in the 

second part of all consecutive experiments. With the absence of this time the growth became 
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thermodynamically limited and the system was used to explore the thermodynamic 

properties of GaN growth. Equilibrium pressure and temperature were determined by the 

system and consequently the gallium activity and activity coefficient. The result showed the 

melt positive deviation from ideality which may explain the inhomogeneity of the melt. 

Finally, the polycrystalline is still a challenge but it can be reduced with better control of the 

driving force.     

In the future, the main challenge to be faced is the significant temperature gradient 

within the capsule. It generates polycrystalline GaN at colder parts and reduces the system 

ability to determine accurate growth temperature and pressure. On the other hand, one of the 

main potentials to be utilized is the wetting behavior of the melt. Better purity and structural 

quality GaN grew above the melt. Thus, GaN seed can be dipped or rotated in and out of the 

melt to increase the witting behavior as well as better mixing. Lastly, the system can benefit 

from resealable capsule. It appears that most of the oxygen impurity came from capsule after 

machining. With uniform temperature and mixing, more wetting, and resealable capsules the 

UCSB Na-flux growth system could produce better crystal quality with high control and 

reproducibility.  
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