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On the whole, it seems not improbable that the form of very minute crystals in equilibrium with
solvents is principally determined ... by the condition that Y (o S) shall be a minimum for the
volume of the crystal except so far as the case is modified by gravity or the contact of other
bodies, but as they grow larger (in a solvent no more supersaturated than is necessary to make
them grow at all), the deposition of new matter on the different surfaces will be determined
more by the nature (orientation) of the surfaces and less by their size and relations to the
surrounding surfaces. As a final result, a large crystal, thus formed, will generally be bounded
by those surfaces alone on which the deposit of new matter takes place least readily, with
small, perhaps insensible truncations. If one kind of surfaces satisfying this condition cannot
form a closed figure, the crystal will be bounded by two or three kinds of surfaces determined
by the same condition. The kinds of surface thus determined will probably generally be those
for which o has the least values. But the relative development of the different kinds of sides,
even if unmodified by gravity or the contact of other bodies, will not be such as to make Y (o's)

a minimum. The growth of the crystal will finally be confined to sides of a single kind.

-J. Willard Gibbs, On the Equilibrium of Heterogeneous Substances (Concluded)
Transactions of the Connecticut Academy of Arts and Sciences, Vol. 111 (1878)
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Abstract

Bulk Group-I11 Nitride Crystal Growth in Supercritical Ammonia-Sodium Solutions

Steven Herbert Griffiths

Gallium nitride (GaN) and its alloys with indium nitride (InGaN) and aluminum nitride
(AlGaN), collectively referred to as Group-1ll Nitride semiconductors, have enabled white
solid-state lighting (SSL) sources and power electronic devices. While these technologies have
already made a lasting, positive impact on society, improvements in design and efficiency are
anticipated by shifting from heteroepitaxial growth on foreign substrates (such as sapphire, Si,
SiC, etc.) to homoepitaxial growth on native, bulk GaN substrates.

Bulk GaN has not supplanted foreign substrate materials due to the extreme conditions
required to achieve a stoichiometric GaN melt (temperatures and pressures in excess of 2200°C
and 6 GPa, respectively). The only method used to produce bulk GaN on an industrial scale is
hydride vapor phase epitaxy (HVPE), but the high cost of gaseous precursors and relatively
poor crystal quality have limited the adoption of this technology. A solution growth technique
known as the ammonothermal method has attracted interest from academia and industry alike
for its ability to produce bulk GaN boules of exceedingly high crystal quality. The
ammonothermal method employs supercritical ammonia (NH3) solutions to dissolve, transport,
and crystallize GaN. However, ammonothermal growth pressures are still relatively high (~200
MPa), which has thus far prevented the acquisition of fundamental crystal growth knowledge

needed to efficiently (i.e. through data-driven approaches) advance the field. This dissertation
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focused on addressing the gaps in the literature through two studies employing in situ fluid
temperature analysis.

The first study focused on identifying the solubility of GaN in supercritical NHs-Na
solutions. The design and utilization of in situ and ex situ monitoring equipment enabled the
first reports of the two-phase nature of supercritical NHs-Na solutions, and of Ga-alloying of
Ni-containing autoclave components. The effects of these error sources on the gravimetric
determination of GaN solubility were explored in detail.

The second study was aimed at correlating autoclave dissolution and growth zone fluid
temperatures with bulk GaN crystal growth Kinetics, crystal quality, and impurity
incorporation. The insights resulting from this analysis include the identification of the barrier
between mass transport and surface integration-limited GaN growth regimes, GaN crystal
shape evolution with fluid temperature, the sensitivity of (0001)-orientation crystal quality
with fluid temperature, and impurity-specific incorporation activated from the dissolution and
growth zones of the autoclave.

The results of the aforementioned studies motivated a paradigm-shift in
ammonothermal growth. To address this need, a fundamentally different crystal growth
approach involving isothermal solutions and tailor-made Group-111 alloy source materials was
developed/demonstrated. This growth method enabled impurity incorporation reduction
compared to traditional ammonothermal GaN growth, and the realization of bulk, ternary

Group-I11 Nitride crystals.
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Chapter 1 Introduction

Single crystal semiconductor materials are to modern society what iron and steel were
to the industrial revolution. They have provided a “materials vehicle” by which the electronic
age was born. From computers and cell phones, to electrical grid infrastructure and
transportation, it is difficult to imagine the 21% Century without the wonders of
semiconductors. Although the single crystal semiconductor era began with germanium and
silicon, which enabled the construction of the first transistor devices, the story told in this work

starts with an even older concept: light.

1.1 Lighting: The Engine of Enlightenment for Mankind

The synonymous nature of the lightbulb with ideation goes back to Thomas Edison’s
prolific number of inventions (exceeding 1000 in the US alone), the most famous of which was
the incandescent lightbulb in 1879. However, lighting has played an essential role in human
evolution well before the time of Edison. The first control of fire dates back to the Homo
erectus era (ca. 1,000,000 years ago) [1], where immense cultural innovation was realized by
extending ancestral human activity into the night. Given the broad variety of light sources that
have been utilized since mastering fire, a standard metric of the effectiveness of visible light
production is required to compare these light sources. Luminous efficacy is a measure of how
efficiently a source produces light at wavelengths that are perceptible to the human eye, which
is quantified by the ratio of luminous flux to radiant flux, expressed in Im/W. For example,
since the sensitivity of the human eye peaks at 555 nm light (green), light sources efficiently

producing radiation in this spectral range have a higher luminous efficacy than light sources



efficiently producing radiation in the infrared region of the spectrum. The first “engineered”
light source could be considered the oil lamp (ca. 15000 B.C.) which had ~0.1 Im/W luminous
efficacy [2]. Kerosene lamps have not improved much beyond this, and are considerably
dangerous to use from a flammability and air pollutant perspective. Fast-forward millennia
later to the 19" century, and the development of the incandescent lightbulb yielded far cleaner
and more efficient lighting at ~16 Im/W [2]. The fluorescent bulb yielded higher efficiency yet
in the 20" century, achieving ~70 Im/W [2]. However, these technologies are still a far cry
from an ideal white light source, such as black body radiation from the sun (5800 K), which
when truncated to the visible spectrum produces light at ~250 Im/W. Fundamentally different
technology is required to reach luminous efficacies in this range: that of solid-state lighting
(SSL).

The beginning of the SSL revolution occurred in 1907, when electroluminescence was
discovered by Henry Joseph Round with the passage of current through small silicon carbide
(SiC) crystals [3]. Electroluminescence is the process by which photons are emitted by a
material due to the recombination of electrons and holes. A light-emitting diode (LED)
operates using this principle, with the color of the light emission determined by the bandgap
of the semiconductor material in the device. The first visible LED (which emitted in the red
region of the spectrum) was invented by Nick Holonyak Jr. in 1962 [4]. By 1972, orange,
yellow and green LEDs had been demonstrated [5]. These LEDs were produced from alloys
of gallium arsenide (GaAs) and gallium phosphide (GaP). However, the last primary color,
blue, cannot be achieved with these materials. With the goal of combining the primary colors
into a white SSL source, scientists raced to achieve blue emission using three different material

systems: SiC, zinc selenide (ZnSe), and gallium nitride (GaN). Although SiC could be grown



with decent crystal quality in bulk and epitaxial form, it is an indirect bandgap semiconductor,
implying radiative recombination is coupled with heat evolution, which makes it an inefficient
light source [6]. ZnSe is a direct bandgap semiconductor, and could also be grown with very
high crystal quality (it is lattice-matched to GaAs), but p-type doping was (and still is) very
difficult to achieve, limiting the capability of scientists to create an efficient p-n diode structure
[7]. Herbert Maruska was the first to demonstrate faint blue/violet emission using GaN grown
on a sapphire substrate in a metal-insulator-semiconductor (MIS) LED architecture [8] , but

once again, the inability to grow p-type GaN made bright blue emission impossible.

A flurry of GaN activity occurred in Japan in the late 1980’s and early 1990’s which
made the bright blue LED possible. At Nagoya University, Isamu Akasaki and Hiroshi Amano
pioneered the low temperature aluminum nitride (AIN) buffer layer on sapphire substrates in
1985 [9] and p-type activation of GaN by electron beam irradiation in 1989 [10], which enabled
the first p-n homojunction GaN LED. At Nichia Corporation, Shuji Nakamura invented the
two-flow metal organic chemical vapor deposition (MOCVD) reactor in 1991 [11], which
enabled the growth of high quality GaN buffer and epitaxial material on sapphire substrates
later that year [12]. By discovering hydrogen passivation as the cause of p-type conductivity
suppression [13], Nakamura then developed p-type activation by thermal annealing in 1992
[14]. Using Zhores Alferov and Herbert Kroemer’s double heterostructure (DH) concept [15],
and the improved ability of the two-flow MOCVD reactor to grow high quality indium gallium
nitride (InGaN) of tunable composition, Nakamura achieved the first room temperature band-
to-band emission from InGaN active layers in 1992 [16], and the first candela-class
InGaN/AlIGaN DH LED in 1994 [17]. After a string of subsequent device demonstrations by

Nakamura, including: green and yellow InGaN DH LEDs in 1995 [18], a pulsed violet InGaN



DH laser diode (LD) in 1996 [19], and then a continuous wave (CW) violet InGaN DH LD
later that year [20]; Nichia released the first commercial white phosphor-converted (PC) LED
utilizing a blue InGaN DH LED in 1996. The challenges and implications associated with SSL
were so immense that Akasaki, Amano, and Nakamura were awarded the 2014 Nobel Prize in
Physics “for the invention of efficient blue light-emitting diodes which has enabled bright and
energy-saving white light sources” [2]. The era of SSL had begun thanks to the Group-III

Nitride semiconductor revolution.

1.2 Bulk Group-Ill Nitride Semiconductors

As previously mentioned, GaN and its alloys with InN (InGaN) and AIN (AlGaN),
collectively referred to as Group-I1l Nitride semiconductors in this work, have enabled white
SSL sources. While white LED technology has made a lasting, positive impact on society,
commercial LED performance is still hampered by fundamental barriers, which include
efficiency droop of blue LEDs for PC-LED architectures, and inefficient green emitters (the
“green gap”’) for color-mixed LED light sources [21]. These challenges have limited the current
generation of commercial white LED packages to luminous efficacies on the order of 130 —
160 Im/W at 35 A/cm? [22]. One potential solution to reach commercial LED packages with
250 Im/W is to shift from heteroepitaxial growth on foreign substrates (such as sapphire, Si,
SiC, etc.) to homoepitaxial growth on native, bulk GaN substrates. Nonpolar (and semipolar)
substrate orientations cut from bulk GaN boules enable high quality growth of thick quantum
wells. This results in devices with lower carrier density in the active region and zero (or
reduced) spontaneous and piezoelectric polarization fields, and thus higher efficiency at high
current density and longer wavelengths due to reduction of non-radiative Auger recombination

[21][231[241[25].



Furthermore, LDs have a potential role to play in SSL because they do not suffer from
current efficiency droop above threshold current, they emit collimated light (lower beam
divergence over long distances), and they allow for increased light emission per wafer area
than LEDs. Bulk GaN substrates are essential for LD production, as the deleterious effects of
high dislocation density in heteroepitaxial films (resulting from lattice and coefficient of
thermal expansion mismatch with respect to the foreign substrate) reduces laser lifetime to
impractical values for commercial applications (~10° hours for epitaxial lateral overgrowth on
sapphire substrates with 105-10" cm dislocation density in the epitaxial layers) [26][27]. It is
important to note that these are only the justifications for bulk GaN in optoelectronic
applications. There are also immense performance improvements realized by transitioning
from Si and SiC power electronic device layers to GaN, including increased breakdown voltage
and decreased specific on-resistance. Furthermore, by utilizing a bulk GaN substrate (as
opposed to a SiC substrate, for example) avalanche capability is realized, as are vertical device
architectures (as opposed to lateral) [28].

The reason GaN devices are not largely-produced on GaN substrates is because it is
not commercially-feasible to grow bulk GaN boules from the melt, as Si is grown by the
Czochralski method, for instance. The temperature and pressure required to crystallize GaN
from a stoichiometric melt (no decomposition of GaN into N2 gas and liquid Ga) is ~2200°C
and ~6 GPa, respectively [29]. Although GaN can be grown in bulk from solution (e.g. by high
nitrogen pressure solution growth, HNPSG) and liquid metal fluxes (e.g. sodium flux), the only
truly commercial bulk GaN growth method is from the vapor phase. This technique, known as
hydride vapor phase epitaxy (HVPE, sometimes also referred to as halide vapor phase epitaxy),

is analogous to MOCVD. Ammonia (NHs) provides the N-species, and is supplied in excess



over a seed (which is typically either sapphire or GaAs) at appropriate flow rates to achieve a
desirable boundary layer. The Ga-species (or other Group-I11 constituent) is supplied as GaCl
gas, which is produced by bubbling HCI through liquid Ga. Bulk GaN boules have been
produced by HVPE at growth rates exceeded 2.4 mm/day [30], up to 6” in diameter. However,
HVPE suffers from some of the same ill-effects of heteroepitaxy, with typical threading
dislocation density (TDD) from 10° — 107 cm, and high boule strain limiting the maximum
achievable growth thickness before cracking to ~6 mm [27]. Furthermore, it has proven too
costly to become truly cost-competitive with sapphire and Si due to the large amounts of NH3
and HCI gas used in the process. Thus, the realization of a scalable, truly bulk GaN growth
process would have a momentous impact on all GaN technologies, including LEDs and power-
electronics, through defect reduction and enabling large area nonpolar and semipolar GaN
substrates.

As previously mentioned, HNPSG and sodium flux have both been used to produce
high quality GaN crystals. Both methods rely on the ability of liquid metal (pure Ga for
HNPSG, and a Na:Ga atomic ratio of ~3:1 for sodium flux) to crack N2 gas, thereby dissolving
atomic N-species into the melt, wherein a GaN seed is placed and supersaturation is achieved
(according to Sievert’s Law), driving GaN growth. HNPSG requires process pressures which
are only modestly lower than the equilibrium melt pressure (~1 — 2 GPa), which limits the size
of the growth systems to impractical volumes [31]. Sodium flux, however, only employs ~1 —
10 MPa N2 pressure, and has been demonstrated very recently to grow large-area GaN boules
(up to ~7” diameter, in a hybrid technique with HVPE [32]) at growth rates exceeding 50 um/hr

[33]. However, no commercial products currently exist using either of these techniques.



This landscape brings us to the focus of this work. The need for bulk GaN, and
generally bulk Group-111 Nitride crystals, is real. The solutions put forth to grow bulk GaN are
either too costly or ineffective to compete with foreign substrate materials to allow the true
potential of Group-I11 Nitride semiconductor devices to be realized. Therefore, what follows
is an introduction to the descendent of the hydrothermal growth technique, which has been
used to grow oxide crystals for decades. This analogous technique for nitride crystals is known

as the ammonothermal method.

1.3 The Ammonothermal Method

The ammonothermal method is a NHz solution growth technique which has received
great interest from academia and industry alike for its ability to produce bulk GaN boules of
exceedingly high quality. It is part of a family of solution growth techniques, described in
general as solvothermal processes, meaning "any chemical reaction in the presence of a
nonaqueous solvent or solvent in supercritical or near-supercritical conditions” [34]. Crystal
growth through the solvothermal method can be further described using the transport growth
model. Transport growth entails dissolution of the nutrient in a solvent (usually through the
presence of mineralizer species), followed by transport of soluble intermediate species to seed
crystals, and crystallization on said seed crystals through transformation of the intermediate
species.

As previously indicated, the inspiration for ammonothermal growth comes from
another successful solvothermal technique: hydrothermal growth. Hydrothermal growth was
first demonstrated by Schafthaul in 1845 with the transformation of silicic acid into quartz
crystals [35]. Further development of the technique was carried out by many scientists in

France and Germany, one of them being Henri Saint-Claire Deville, who is reportedly the first



person to use a mineralizer (NaOH) to alter growth chemistry in his pursuit to transform
bauxite to corundum [36]. In parallel with the development of hydrothermal growth, Weyl
and Seely independently demonstrated the solubility of alkali metals in liquid NH3 in 1864 and
1871, respectively [37]. Their studies of metal-NHs solutions enabled the hydrothermal-
ammonothermal growth analogy. After relatively slow progress in the early 20" century,
hydrothermal growth of quartz exploded during World War I1, with a shortage of natural quartz
crystals from Brazil fueling demand for synthetic production to power the electronics industry.
Captured reports heralded the growth of the first large-sized quartz monocrystal (> 1"
diameter) by German scientist, Nacken, in 1946 [34], while A. Walker and E. Buehler founded
the hydrothermal quartz manufacturing facility at Bell Labs in 1950 [38]. With the
commercialization of oxide crystals in full-swing, R. Juza and H. Jacobs were the first to
demonstrate nitride growth using the ammonothermal method by producing BesN> crystals and
alkaline earth amides in 1966 [39]. Jacobs went on to work with R. Dwilinski, who
demonstrated GaN synthesis by the "Ammono™ method in 1995 [40].

Laudise states that transport growth can be achieved if the solubility of the desired
solute approaches 3% in the hydrothermal system [41]. To understand the significance of this
principle for GaN in the ammonothermal system, a comparison of the physical properties of
NHs and water, as shown in Table 1-1, is required. Both molecules are polar, but water has a
higher dielectric constant and dipole moment than NH3, making it a better solvent for ionic
species. NHs has a higher heat of neutralization (enthalpy required to form a neutral molecule
from its conjugate acid and base), which is inversely proportional to the dissociation constant,
thus it is easier for water to solvate ionic species [42]. GaN, however, has roughly 51% ionic

bonding character, making it a good candidate for dissolution in a polar solvent [42]. Also, the



addition of mineralizers to the NHs solution enables greater solubility of GaN through the
formation of soluble Ga-containing intermediate species. In addition to the mineralizer effect
on solubility, achieving the supercritical state of NH3z enhances its transport properties over
that of a normal liquid (by increasing convection and diffusion to gas-like levels), and enhances

the dissolution properties over that of a normal gas (by increasing the dielectric constant to

values approaching that of a liquid).

Table 1-1. Physical properties of ammonia and water [43][42].

Physical Properties of Ammonia and Water
Property Ammonia Water
Boiling Point (°C) -33.4 100
Freezing Point (°C) -17.7 0
Critical Temp. (°C) 132.5 374.2
Critical Press. (bar) 113 221
Density (g/cm?) 0.68 (-33°C) 0.96 (100°C)
lonic Product 10 104
Heat of VVaporization (kJ/mol) 23.35 40.67
Heat of Fusion (kJ/mol) 5.65 8.37
Heat of Neutralization (kJ/mol) -109.20 -56.11
Viscosity (cP) 0.135 (25°C) 0.891 (25°C)
Dielectric Constant 22 (-33°C) 80 (0°C)
Dipole Moment (D) 1.46 1.84
Polarizability (104 cm?®) 2.25 1.49
Conductivity ('cm™) 4x 1071 (-15°C) 4x10%

The concepts of mineralizers, solubility, and chemical potential driving force will be

discussed in depth in Chapter 2 . However, to draw distinctions between acidic and basic




ammonothermal growth, it will suffice to say that a basic mineralizer is a compound that forms
amide ions (NH>") in the NHjs solution, whereas an acidic mineralizer forms ammonium ions
(NH4") in the NHz solution. The behavior of basic and acidic ammonothermal systems are very
different with respect to corrosion, solubility, mass transport, and crystal growth kinetics. In
general, acidic ammonothermal chemistry results in the corrosion of Ni-base superalloy
autoclaves, which is the standard material used in ammonothermal growth due to its creep
rupture resistance at the typical process pressures (~100 — 400 MPa) and temperatures (~400
— 700°C) of interest. This has resulted in the use of costly noble metal liner materials in acidic
ammonothermal growth to prevent autoclave degradation and growth environment poisoning.
To address this problem, various materials stability studies have been performed in different
ammonothermal chemistries to identify universally-stable autoclave/liner materials, with some
amount of success [44][45][46][47]. However, the first demonstrations of ammonothermal
GaN growth were conducted using basic mineralizers to circumvent this problem, as were most
of the experiments that were part of this work. As such, the history of basic ammonothermal
growth is reviewed in detail in the following sections, delineated by the major institutions that

performed the research.

1.3.1 The Ammono Company

The synthesis of GaN powder was first demonstrated using basic mineralizers (LiNH:
and KNH>) by R. Dwilinski et al. in 1995 at Warsaw University [40]. They determined that
with ratios of LiNH2:NHz of 1:10, at temperatures less than 550°C and pressures lower than 5
kbar, transformation of Ga to GaN went to completion and resulted in a well-shaped grain
structure, as opposed to incomplete, inhomogeneous formation of GaN with a mineralizer ratio

of 1:240. Also, the higher activity of KNH> with respect to LiNH> was realized as GaN

10



formation occurred faster, but resulted in less uniform, needle-like poly GaN morphology [48].
Dwilinski et al. also performed crystallization studies in which they doped the Ga nutrient with
rare earth metals, such as erbium (Er), as they hypothesized that this would reduce oxygen
incorporation in the GaN product through complexation of forward-solubilized Er-oxynitrides
[49]. With an Er:Ga nutrient ratio of 1:10, shallow donor concentration was reduced to 5 x 10%°
cm2 in the GaN, as determined by electron spin resonance (ESR). Photoluminescence (PL)
spectra also demonstrated the perceived reduction of oxygen, as yellow band emission
diminished and exciton recombination increased [49]. Zajac et al. attempted to grow GaN
doped with manganese (Mn) to form magnetic material suitable for spintronic applications, but
they realized the formation of MnsN; precipitates throughout the GaMnN material [50].
While the work on transition metal doping of GaN through the basic ammonothermal
method was being carried out at Warsaw University, Dwilinski and his team formed the
Ammono Company in collaboration with Nichia Corporation. Their first patent for
monocrystalline growth of GaN was published in 2003, revealing dislocation densities of 10*
cm? for GaN films greater than 200 pum thick (for a 2 cm? area), with full width at half
maximum (FWHM) <60 arcsec from the omega rocking curve of the 002 reflection [51]. They
disclosed that metallic Ga is co-loaded with HVPE GaN feedstock so that dissolution and
supersaturation of the basic ammonothermal environment occurs in two steps (although they
moved away from a two-step nutrient dissolution approach later in the literature). An Ammono
patent in 2004 demonstrated the use of azides as basic mineralizers [52]. By 2008, Ammono
had grown a crystal of nearly perfect structural quality, with a dislocation density of ~ 102
cm2, and FWHM of the 002 reflection reaching 17 arcsec (which decreased to 10 arcsec when

interrogated by a synchrotron microbeam, due to low beam diameter and high
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monochromaticity and collimation) [53]. The low FWHM is evidence that there is no mosaicity
or low angle grain boundaries present in the crystal. Arguably their most important
improvement came by increasing the radius of curvature of their GaN crystal to 102 - 10° m (a
normal value for HVPE GaN is closer to 2 - 12 m), which results in nearly strain-free epitaxial
growth [53].

After their demonstration of a nearly-perfect crystal, Ammono published on other
landmark advancements, including: demonstration of a 2" c-plane substrate in 2008 [54], m-
plane substrates reaching 17 x 8 mm? of near perfection in 2009 [55], and the effects of
Ammono substrate surface preparation on epitaxial growth in 2010 [56]. Of course their
methods are proprietary, so details on the production of the substrates were not included in

these publications.

1.3.2 University of California, Santa Barbara (UCSB)

The first publication for bulk GaN growth at UCSB involved parallel solubility and
seeded growth studies in 2004. Hashimoto et al. used HVPE GaN platelets and a 1 molar (M)
solution of NaNH> mineralizer, with the addition of 0.05 M Nal comineralizer, to confirm
retrograde solubility of GaN in the basic ammonothermal regime [57]. A 3-day seeded growth
employing Ga nutrient and HVPE seeds (under the conditions above) yielded growth
asymmetry, with faster (0001)-orientation (Ga-face) growth than (000T1)-orientation (N-face)
growth. It was also noted that there were many pits and facets covering the Ga-face, indicative
of island growth behavior [57]. In 2005, UCSB demonstrated the first seeded growth on a seed
exceeding 1". The crystalline quality was not spectacular (with FWHM of the 002 reflections
for the Ga-face and N-face achieving 2000 and 1700 arcsec, respectively) but dominant band

edge luminescence was reported for the N-face under room temperature PL [58]. In 20086,
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Hashimoto et al. performed a powder growth study to investigate the thermodynamic and
kinetic stability of the metastable zinc-blende (cubic) GaN phase. According to their
calculations, the difference in free energy of formation between the wurtzite phase and zinc-
blende phase is 8 meV at 600 K, and its magnitude decreases with decreasing temperature [59].
This energy difference is small enough to allow for kinetic formation of zinc-blende GaN if
high formation rates are realized. This was experimentally observed at 525°C with neutral and
acidic mineralizers, but an order of magnitude less with basic mineralizers, reportedly due to
the difference in reaction pathway in the basic ammonothermal regime.

Tremendous progress was made in GaN crystal quality in 2008 by increasing the
mineralizer content and using poly GaN nutrient instead of metallic Ga. The FWHM of the
002 reflections for the Ga-face and N-face were reduced to 290 and 840 arcsec, respectively,
while the TDD dropped from ~10° cmto ~10° cm™ on the Ga-face and ~10” cm™ on the N-
face [60]. It is expected that the previous use of Ga as a nutrient resulted in a premature
supersaturation of the solvent, which initiated growth at the seed interface at a lower
temperature, resulting in inferior crystal quality [60]. Multiple grain domains were confirmed
by XRD and etching along the grain boundaries, with the higher crystalline quality of the wing
region suggesting that lattice bending of the seed was to blame for the grain structure.

Significant research efforts have been made to understand the plane-dependent growth
of GaN in the basic ammonothermal environment at UCSB. To this end, thickness and XRD
measurements were performed on seeded GaN samples grown in different orientations under
uniform ammonothermal conditions (NaNH2 mineralizer, 500 - 600°C, 150 - 250 MPa) [61].
It was determined that the fastest growth rate (87 um/day) and best quality (on-axis FWHM of

65 arcsec) was obtained for the semipolar plane, (1122), while both c-plane polarizations
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achieved high growth rates but poor quality due to their tilted columnar grain structure along
the c-axis [61]. This columnar grain structure leads to pipe diffusion of impurities (e.g. Na)
from the substrate to epilayers, which in turn may affect device performance [62]. (1010) (m-
plane) had the slowest growth rate (11 um/day) [61]. In general, growth rate and crystal quality
were found to increase with small off-orientation angle of the seed from the m-plane. More
recently published results show different surface morphologies of nonpolar planes as a function
of off-orientation angle from m-plane (to a-plane). A mound morphology is observed for m-
plane, whereas for slight off-orientation angles, a slate-like morphology occurs, and for off-

orientation angles from 20 - 30°, a pyramidal morphology is observed [63].

1.3.3 Air Force Research Laboratory (AFRL) and Clemson University

Ketchum and Kolis began work on the ammonothermal growth of Group-111 Nitrides
soon after Dwilinski et al. started their investigations. The focus in the beginning of their work
was on fluoride-ammonia adduct formation with In and Al in the acidic ammonothermal
regime [64]. In 2001, they attempted growth using GaN as a nutrient with KNH; as a
mineralizer, due to its increased solubility in NH3 as compared to NaNHz [65]. They were the
first group to use a halide comineralizer in basic ammonothermal growth, adding Kl to the
KNH: charge in small quantities, which they hypothesized would attack the GaN nutrient first,
forming a halide complex, which would later be displaced by amide to form Ga-amide-imides
or GaN-amines as soluble intermediates [65]. In 2004, Clemson University teamed up with
AFRL to begin growth experiments on both poly GaN and HVPE single crystal GaN seeds.
Once again, growth asymmetry was encountered, resulting in greater Ga-face thickness than
N-face. The FWHM of the omega rocking curve for the 002 reflection was 535 and 859 arcsec

for the Ga-face and N-face, respectively [66]. As part of the Multidisciplinary University
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Research Initiative (MURI), Kolis attempted to link structural and optical characterization
techniques for the study of basic ammonothermal GaN films. He confirmed the correlation
between low temperature PL peaks in the 3.30 - 3.45 eV region to the presence of basal plane
stacking faults (BPSF), as identified by TEM [67]. Additionally, stacking mismatch
boundaries, inversion domains, and screw dislocations were ruled out as being optically-active
defects in this PL range [67].

In another collaboration between Clemson and AFRL, Wang et al. predicted the soluble
intermediates in the basic ammonothermal regime. For mineralizers such as KNHz, the tertra-
amidogallates, KGa(NH.)4, are thought to form; whereas for NaNH, mineralizer, the penta-
amidogallates, Na>Ga(NH.)s, are thought to form [68]. This is expected to be the case due to
the sterics of the solvated ternary amide, as the increased size of K disallows greater amide
complexation, which has been experimentally verified recently by researchers from FAU for
particular pressure-temperature regimes [69]. Callahan et al. (AFRL) later demonstrated very
high GaN solubility in 2 - 4 M alkali amide solutions (14% at 350°C), with growth rates up to
40 um/day [70]. He hypothesized that columnar growth on the Ga-face occurs due to a lower
edge free energy, which favors kink and step face growth. Also, the presence of Ga,Os at the
seed interface may impede the morphological stability of the ammonothermal GaN material
[70]. To reduce the issues of impurity incorporation and columnar morphology due to the
presence of oxygen complexes in GaN, AFRL demonstrated growth of GaN in the presence of
Er [71] under the same principals as Dwilinski et al. [49]. The Er-oxynitride was found to
contain many metallic impurities, but incorporation of Er in the GaN crystal resulted in color
centers [71]. AFRL also performed an in-depth morphological study of GaN growth in the

presence of NaNHz and KNH> mineralizers (2 - 6 M) [72]. Their study yielded similar results
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to Hashimoto et al. [73], with GaN displaying dominant Ga-face, N-face, m-plane, and
pyramidal-plane {1011} faceting, although the larger pyramidal planes were oriented towards

the N-face, as opposed to the Ga-face [72].

1.4 Research Challenges Addressed in This Work

As previously indicated, bulk GaN crystals of extremely high quality have been
realized by a number of researchers in the ammonothermal field. However, the relatively high
system pressures have thus far prevented the acquisition of fundamental crystal growth
knowledge needed to efficiently (i.e. through data-driven approaches) advance the state of the
art. What follows in this work are two studies employing in situ fluid temperature analysis to
determine the solubility of GaN in supercritical NHz-Na solutions (in Chapter 2 ) and the effect
of dissolution and growth zone fluid temperature on bulk GaN crystal growth (in Chapter 3 ).
The insights resulting from these analyses led to the development/demonstration of a
fundamentally-different approach to crystal growth (in Chapter 4 ), which not only addresses
impurity incorporation reduction and poly GaN source material dependence in
ammonothermal GaN growth, but also enables the growth of bulk, ternary Group-Il11 Nitride

crystals.
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Chapter 2 On the Solubility of Gallium Nitride in
Supercritical Ammonia-Sodium Solutions

2.1 Motivation

As stated in Chapter 1 , the ammonothermal method has received great interest from
academia and industry alike for its ability to produce bulk GaN boules of exceedingly high
quality. Conventional ammonothermal growth of GaN proceeds by establishing a temperature
gradient between two zones (“dissolution” zone and “growth” zone) of an isobaric autoclave.
The autoclave is filled with a NH3 solution, enriched with additional chemical species called
mineralizers to increase the solubility of GaN in the system, and is heated above its critical
point (T > 132 °C, P > 11.3 MPa). Polycrystalline GaN source material is dissolved in the
dissolution zone at a fluid temperature of T, and is transported to the growth zone, where
the dissolved GaN crystallizes on single crystal GaN seeds at a fluid temperature of T/,
Traditionally, due to the moderately high pressure (> 200 MPa) and temperature (>500 °C)
inherent to the technique, T and TZ* are not typically measured or controlled directly, rather
an external wall temperature gradient of the autoclave (TE*¥t- TE*') is established and
controlled. The ammonothermal method is pursued with either acidic or basic chemistries. In
acidic ammonothermal growth, halide species (such as ammonium fluoride (NH4F),
ammonium chloride (NH4Cl), etc.) are added as mineralizers, thereby shifting the dissociation
reaction of NHs towards ammonium (NH4"); whereas, in basic ammonothermal growth, alkali
or alkaline earth species (such as sodium (Na), potassium amide (KNH>), etc.) are added as
mineralizers, thereby shifting the dissociation reaction of NH3z towards amide (NH2"). Both

techniques have demonstrated growth of 2 inch diameter boules, with threading dislocation
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density as low as 10° — 10* cm™, but the state-of-the-art polar <0001> and nonpolar <10T0>
growth rates (the highest of which are near 1 mm/day) are thought to be too slow to supplant
hydride vapor phase epitaxy (HVPE, with growth rates > 2.4 mm/day) as the industry-preferred
growth method [74][75][76][771[78][79][80].

One potential method to increase growth rates in the ammonothermal system is to

increase the chemical potential driving force for dissolved GaN to crystallize on seeds in the
growth zone. The chemical potential driving force (Au ) is given by Equation 2-1, in which y
refers to the activity coefficient of GaN in the supercritical NHz solution at the specified

3(Tlnt) NH3( lnt)

'y Yean ), and S refers to the solubility of GaN in the

temperatures (yG aN

Hs (") oNHs(T6™

supercritical NHsz solution at the specified temperatures (SGaN , GaN ))

Therefore, understanding solubility in the ammonothermal system is paramount in

understanding the chemical potential driving force for bulk GaN crystal growth.

Equation 2-1
NHs(T§") | NHs(74*
NH3(TE) « sNHs(Tg (Tént
GaN GaN

Many research groups have studied the solubility of GaN in both the acidic
ammonothermal environment (with NH4F [81], NH4CI [81][82][83], NH4Br and NHal [84] as
mineralizers), and in the basic ammonothermal environment (with KNHz [53][68] and NaNH:
[85] as mineralizers). For reference, all reported solubility curves measured in the basic

ammonothermal environment are summarized in Figure 2-1. Most GaN solubility experiments
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have consisted of gravimetric measurements, in which the mass of GaN (either polycrystalline
material or HVPE single crystal seeds) added to the autoclave is measured before and after
being exposed to an isothermal NHs solution, with the resulting mass change considered to
have been dissolved in the NHz solution during the experiment. The temperatures recorded for
these solubility measurements typically refer to the temperature of the external wall of the
autoclave. More recently, Schimmel et al. performed solubility measurements using an in situ
X-ray tomography technique with internal temperature measurement capability, which could
resolve dimensional changes of an HVPE seed in real time during etch back, thereby allowing
for dynamic determination of the GaN solubility [81]. In general, it has been determined that
acidic chemistry exhibits forward, or normal solubility with respect to temperature (i.e.,
increasing solubility with increasing temperature), whereas basic chemistry exhibits retrograde
solubility with respect to temperature (i.e., decreasing solubility with increasing temperature).
Notable exceptions to this trend exist for NH3-NH4F solutions in the 550-650 °C range, and
for NH3-NH4Cl solutions above 650 °C, both of which exhibit retrograde GaN solubility

[78][86].
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Figure 2-1. Summary of previously measured GaN solubility curves, normalized by NH3 amount, in basic
ammonothermal systems as a function of temperature and pressure. “%” mineralizer content refers to mol.%
mineralizer, normalized by NHa. Lines connecting data sets are added to guide the reader’s eye, and are
therefore not experimentally-determined. When appropriate, the original data submitted in the referenced
work was digitized so as to ensure proper nhormalization by NHs amount.

Our research group has developed expertise with bulk GaN growth in the supercritical
NHs-Na system, including the ability to measure fluid temperatures in the dissolution (T4
and growth zones (T™) [79]. It was found that crystal growth readily occurs at T5*'= 451 + 8
°C and TE*= 505 + 4 °C, which implies retrograde solubility according to Equation 2-1, but
corresponds to the region of forward solubility for the reported NaNH2 mineralizer solubility
curve, shown in Figure 2-1 [85]. To resolve this discrepancy and better understand the
fundamental driving force for GaN growth in basic ammonothermal systems, further
investigations into the solubility of GaN in supercritical NH3-Na solutions are needed, with a
focus on reducing sources of error for a more accurate assessment of the GaN solubility curve

under relevant growth conditions: nominally isobaric conditions (peak total system pressure
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~200 MPa), with a constant molar NH3:Na fill ratio (20:1), and a varying internal (actual)
fluid temperature (415—650 °C). This paper presents the experimental determination of an
improved GaN solubility curve, including corrections for two previously unreported sources

of error in the gravimetric determination of GaN solubility.

2.2 Experimental Methods

The solubility of GaN in supercritical NHsz-Na solutions was determined
gravimetrically for systems under the relevant ammonothermal conditions previously
identified. The mass change of a polycrystalline GaN charge (Wt gy — wgaN) was measured as
a function of experiment soak time, autoclave free volume, and fluid temperature by
performing 23 experiments under varying conditions. The apparent solubility of GaN,
normalized by fill NH; (Sqox"'"3), was determined in mol. % according to Equation 2-2, in
which w{;! refers to the weight of fill NH; added to the autoclave, and MWy, and MW,y

refer to the molecular weight of NHz and GaN, respectively.

Equation 2-2

J f
: Wéan — W, MW,
Se Vs (96) = mol GaN /mol Fill NHs (%) = ( Gal\:} i Gan) MW:H; « 100
NH, a

Errors in determination of the mass change of the GaN charge were reduced by
evacuating the supercritical NHz-Na solution at working pressure and temperature in less than

1 second, thereby nearly-instantaneously ending the experiment. This experimental design
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prevented the possibility of both the dissolution of the GaN charge or nucleation of dissolved
GaN on the charge during cooldown.

A dense, white powder was always observed at the bottom of the autoclave after
completion of the experiments. The powder is known to contain Na based on its reactivity with
water. Evidence will be given which suggests that this powder crystallized from a liquid phase
which was present (in addition to the supercritical NHs-Na solution) during the experiment. It
is therefore assumed the Na was present in this second phase during the run as well, and
therefore this phase will be referred to as the Na-rich phase throughout this work. Although
the Na-rich phase was not analyzed in detail and is still under investigation, significant
evidence has been presented in the liquid NHz and ammonothermal literature to suggest that it
is primarily composed of NaNH. [87][88][42].

Error in the determination of the temperature dependence of GaN solubility was
reduced by directly probing the fluid temperature (rather than measuring the external autoclave
wall temperature). Corrections to the apparent solubility curve were made by accounting for
additional Ga sinks and sources in the autoclave. This was performed by analyzing the mass
and chemical composition changes of autoclave components exposed to the ammonothermal
environment, in addition to analyzing the mass and chemical composition of the Na-rich phase
collected upon unloading the autoclave.

The polycrystalline GaN charge was sourced from Mitsubishi Chemical Co. (MCC),
and was produced through parasitic growth on the susceptor and reactor walls during
production of HVPE GaN boules. The polycrystalline pieces were crushed and sieved. Special
care was taken to select > 3 mm pieces for the GaN charge in each experiment to avoid losing

pieces while handling the material. The GaN charge mass was measured using a high precision
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balance (Mettler Toledo AB135-S/FACT, precision: = 0.01 mg). The total mass of the GaN
charge was kept above 7 g to ensure that the supercritical NH3z-Na solution was saturated in
dissolved GaN, and that dissolution was not surface-limited. The GaN charge was added to a
basket constructed of either nickel or nickel-chromium wire mesh (Ni-Cr, with composition
80-20 wt.%, respectively). The GaN-containing basket was placed in a Rene 41 Ni-Cr
superalloy autoclave on top of an Inconel 625 standoff, which elevated the basket to ~ 2.5 cm
above the bottom of the inner surface of the autoclave wall. Autoclaves of two different sizes
were used for these experiments to ensure that the measured solubility did not depend on
reactor dimensions (i.e. to prove that the measurements were intensive). The small autoclaves
had internal free volumes of 60-70 mL, while the large autoclave had an internal free volume
of ~120 mL.

After charging with the GaN-containing basket, the autoclave was placed in a nitrogen-
filled glovebox (ambient containing < 1 ppm O and H20), where the Na (sourced from Alfa
Aesar, 99.95% metals basis purity) was prepared, weighed, and added to the autoclave
according to procedures described in Ref. [79]. A high pressure, stainless steel head assembly
was attached to the autoclave, which consisted of a feed-through containing an Inconel 625
sheathed Type K thermocouple (accuracy: + 0.4% of reading), a pressure transducer
(Honeywell model with = 3 MPa accuracy, or Omegadyne model with + 0.3 MPa accuracy),
and a high pressure needle valve. The autoclave was sealed through compression of a nickel

gasket (Ni 200/201, > 99% purity).

Once loaded and sealed, the autoclave assembly was taken out of the glove box and

weighed with a precision balance (Sartorius MSA14202S, precision: + 10 mg). The free
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volume of the autoclave assembly was measured to within + 0.1 mL according to procedures
described in Ref. [89]. The NHz fill was estimated using the NH3 equation of state previously
presented in the literature for the given free volume, target fluid temperature, and target peak
total system pressure of 200 MPa [89]. After filling the autoclave assembly with NH3 (Denko
K.K., 99.99995% purity and further purified to < 1 ppb H20, Oz, and CO using a Japan Pionics
purifier and a SAES MicroTorr point-of-use purifier) and allowing it to warm to room
temperature, a post-fill autoclave mass was recorded (Sartorius MSA14202S, precision: £ 10

mg) permitting an additional determination of the NHs fill (w,’\;ﬁi). The filled autoclave

assembly was placed in a ceramic insulated, resistive heater stack and connected to exhaust via
stainless steel tubing, a 0.5 um pore size line filter, and a normally-off, remote-controlled
pneumatic valve.

Each experiment was executed by heating the autoclave assembly at a rate of 2 °C/min,
and isothermally holding at a target soak temperature for 45—316 hours. A schematic of the
complete autoclave assembly at the soak temperature is shown in Figure 2-2, depicting the
experimentally-supported, two-phase ammonothermal environment (supercritical NHs-Na
solution phase and dense, Na-rich phase) as is described in the Results and Discussion section.
At the conclusion of the desired soak time, the gaseous contents of the autoclave assembly
were purged to exhaust by opening the remote-controlled pneumatic valve while the system
remained at the soak temperature. The pneumatic valve was closed after approximately 10
seconds to prevent contamination from exhaust. The autoclave assembly was allowed to cool
to room temperature over the course of ~ 6 hours, after which it was removed from the
containment vessel. In some instances the autoclave assembly was opened in a nitrogen-filled

glove box, where the remaining Na-rich powder at the bottom of the autoclave was collected
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for further analysis. It should be noted that GaN decomposition (whether in the supercritical
NHz-Na solution, or in the evacuated autoclave post-purge) is expected to be negligible in the

temperature range explored for this study (< 650 °C) [90].

1- Internal Thermocouple (T™)

2- External Thermocouples (T 1
3- Pressure Transducer

4- Needle Valve

5- Insulation

6- Heater

7- Autoclave

8- GaN-Containing

Basket

9- GaN Charge

10- Standoff

11- Supercritical
Na-NH, Solution

12- Na-Rich Phase

Figure 2-2. Autoclave assembly schematic for GaN solubility experiments in supercritical NHs-Na solutions
at soak temperature. The GaN charge (9) is placed in a Ni (or Ni-Cr) GaN-containing basket (8), atop an
Inconel 625 standoff (10) in a Rene 41 autoclave (7). After filling with Na, a stainless steel head assembly is
added to the autoclave. The head assembly includes a pressure transducer (3), needle valve (4), and Inconel
625-sheathed internal thermocouple (1). After filling with NHs, the autoclave assembly is placed in a
resistive heater stack (6), in which external thermocouples monitor the external temperature of the autoclave
wall (2), and around which insulation (5) is added, so as to maintain a uniform temperature throughout the
autoclave volume. The autoclave assembly is then heated to the desired soak temperature, during which
evidence suggests that the ammonothermal environment forms two distinct phases: a supercritical NHs-Na
solution phase (11, in which the GaN charge is immersed) and a dense, Na-rich phase (12).

After opening the autoclave, all parts exposed to the supercritical NHz-Na solution were
neutralized in a mixture of deionized water and isopropanol followed by sonication in pure
deionized water, then isopropanol. Special care was taken during cleaning to look for pieces
of GaN which may have fallen out of the basket, or spontaneously nucleated during the run,

though no such pieces were ever observed (including in the tubing leading to the line filter, or
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in the line filter itself). After drying, the GaN charge, GaN-containing basket, and standoff
were weighed (Mettler Toledo AB135-S/FACT, precision: £ 0.01 mg) to determine their mass
change. Heavier parts (the autoclave, stainless steel head assembly, pressure transducer,
internal thermocouple, high pressure tubing, and line filter) were weighed using a less precise
balance (Sartorius MSA14202S, precision: £ 10 mg).

Cross-sectional samples of the 80-20 Ni-Cr wire mesh (composing some of the GaN-
containing baskets) and the Inconel 625 standoff were prepared for chemical analysis. These
samples were mounted in epoxy, polished, and then examined using a scanning electron
microscope (SEM, FEI XL40 Sirion FEG Digital Scanning Microscope) with energy-
dispersive X-ray spectroscopy (EDX) capability (Oxford INCA X-ray system).

The chemical composition of the Na-rich phase collected from the bottom of the
autoclave post-experiment was investigated using an inductively coupled plasma (ICP) atomic
emission spectrometer (Thermo Scientific, Model: iCAP 6300). The powder was removed
from the autoclave in a nitrogen-filled glovebox, ground and mixed using a ceramic mortar
and pestle, and weighed in the glovebox (Mettler Toldeo, Model: B303-S, Precision: £0.5 mg).
A portion of the powder was digested in a solution composed of 2 wt.% nitric acid in water.
The ICP was calibrated using an acid blank (2 wt.% nitric acid in water, with no dissolved
solids added) and a certified 100£1 pg/mL standard solution for elements of interest (Ga, Na,
Ni, Cr, etc.) dissolved in a 2% nitric acid matrix (High Purity Standards, Product: ICP-AM-
MISAG, Lot: 1511720). A 10x dilution of the certified standard was performed to more

narrowly bracket the concentration of dissolved solids in the unknown samples.
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2.3 Results and Discussion

Two previously-unreported errors for the gravimetric determination of the solubility of
GaN in supercritical NHz-Na solutions were identified in our study. One error is due to the
propensity of Ga to alloy with Ni-containing components in the system. A second error is due
to Ga dissolution in the Na-rich phase present at the bottom of the autoclave during the
experiment. The presence of a Na-rich phase implies that the solubility limit of Na in
supercritical NHz was exceeded under the experimental conditions tested. These two
phenomena had the ability to act as Ga sinks with respect to the supercritical NHs-Na solution,
while the Ni-containing components could act as either Ga sinks or sources, depending on the
experimental conditions. It is assumed these contributions operate concurrently and therefore
each must be carefully considered to correct the apparent solubility values determined purely
by mass change of the GaN charge.

In the following, each error contribution will be independently discussed. An apparent
GaN solubility curve will be presented based on the mass change of the GaN charge.
Additionally, temperature-dependent error contributions are provided in Ga solubility plots,
for which positive values indicate that Ga was added to the supercritical NH3-Na solution, and
negative values indicate that Ga was removed from the supercritical NH3-Na solution. The
cumulative effect of all Ga solubility error contributions is given in a refined GaN solubility

curve as a function of fluid temperature in Figure 2-13.

2.3.1 Gravimetric GaN Charge Measurements

The determination of GaN solubility as a function of temperature by exclusively

monitoring mass change of the GaN charge, as is conventionally done for gravimetric
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experiments, can be calculated according to Equation 2-2, which normalizes GaN solubility by
the NHs fill. This is the proper normalization for systems in which the mineralizer has exceeded
its solubility limit in supercritical NH3, as is the case for Na in this study, in which the Na
amount dissolved in supercritical NH3 is not equivalent to the fill Na. The apparent GaN
solubility, determined in this fashion, is plotted as a function of fluid temperature in Figure

2-3.
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Figure 2-3. Apparent GaN solubility, normalized by fill NHs, in supercritical NH3-Na solutions as a function
of fluid temperature, as determined exclusively by the mass change of polycrystalline GaN charge.

By only considering the mass change of the GaN charge, the solubility of GaN in the
supercritical NH3-Na solution would appear to be normal. There is significant scatter in the
data, well in excess of the anticipated experimental error range (indicated as error bars,
typically +/- 0.02%). Additionally, mass gains on the GaN charge were sometimes measured
at low fluid temperatures, indicating that GaN was deposited on the charge during these

experiments. There should have been no driving force for GaN deposition on the charge from
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the supercritical NHs-Na solution due to the presumed equilibrium between the charge and
the solution under isothermal conditions. This implies that Ga (or GaN) had to exist at a
higher activity somewhere else in the system, thereby acting as a Ga (or GaN) source which
supersaturated the solution, allowing for GaN deposition on the charge. This Ga (or GaN)

source behavior is examined in the following.

2.3.2 Gallium Diffusion in Nickel-Containing Components

The previous gravimetric studies of GaN solubility in the basic ammonothermal
environment were performed in Ni-based autoclaves, and as such one may speculate on the
possibility of Ga-Ni compound formation, given known binary Ga-Ni phase behavior at
temperatures relevant to ammonothermal growth [91]. A study on the corrosion behavior of
Inconel 718 autoclaves in the basic ammonothermal growth environment identified the
formation of a surface nitride layer on the inner autoclave wall using EDX, but the authors did
not report on the presence of Ga in the alloy [45]. Ga was however identified in all Ni-
containing components in this study, and an attempt to quantify the effect of Ga-alloying in

each component on the solubility of GaN in supercritical NHz-Na solutions was conducted.

2.3.2.1 Gallium in GaN-Containing Basket (Ni and 80-20 Ni-Cr wires)

EDX analysis was performed on 80-20 Ni-Cr wire cross-sections, cut normal to the
axial direction of the wire. The wires originated from woven mesh parts of two GaN-containing
baskets which were exposed to supercritical NHz-Na solutions at various temperatures for over
1000 hours each. A representative SEM micrograph near the surface of the Ni-Cr wire is shown
in Figure 2-4a), with the chemical composition measured using EDX given as a function of

depth into the wire in Figure 2-4b).
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Figure 2-4. a) Representative Ni-Cr wire cross-section SEM micrograph, showing the path (in white) along
which the b) corresponding chemical composition was measured using EDX. For clarity, some dilute
contaminate elements are excluded from the plot.

As can be seen in Figure 2-4, there are three distinct regions of the Ni-Cr wire: an outer
region near the wire surface, characterized by high relative concentrations of Ni and Ga; a

region of voids roughly 5-10 um from the wire surface, characterized by high relative
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concentrations of Cr and N (and reduced Ni and Ga); and a bulk region with high, relatively
uniform concentrations of Ni and Cr (and reduced Ga and N). The composition of the outer
region indicates that the wire did not continuously nitride, as one would anticipate a decreasing
N-concentration gradient into the wire if the process was diffusion driven. What is instead
observed is a high N-concentration solely in the void region, which scales with Cr
concentration, suggesting chromium nitride formation. This nitride layer may have formed
upon initial exposure to a heavily-nitriding environment. Subsequent experiments may have
caused Ga to deposit on the surface and to alloy with Ni which diffused from the bulk through
the nitride layer (possibly forming the voids shown in Figure 2-4). While further investigations
are needed to determine the underlying mechanisms of initial formation of the Ga and Ni-
containing surface, its presence is unambiguous evidence that Ga and Ni alloy under
ammonothermal conditions.

For this study, it is assumed that Ni is not soluble in the NH3-Na solution, that the Ga-
Ni alloy presents a considerable diffusion barrier for inward N diffusion (to form additional
chromium nitride), and that the Ga-Ni alloy was already present for the first solubility
experiments, as the baskets were exposed to supercritical NH3z-Na solutions containing Ga-
species prior to this study for at least 450 hours. With these assumptions, the mass change of
the GaN-containing basket can be completely associated with Ga uptake or loss to/from the

Ga-Ni alloy.
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Figure 2-5. Ga solubility, normalized by fill NHs, added to (or subtracted from, if negative) the supercritical
NHs-Na solution as a function of fluid temperature, based on the mass change of the GaN-containing
basket.

Figure 2-5 presents the moles of Ga, normalized by fill NH3, added to (or subtracted
from, if negative) the supercritical NHs-Na solution based on the mass change of the GaN-
containing basket for each experiment. It is reasonable to assume that the extent to which
dissolved Ga from the supercritical NHs-Na solution can alloy with the Ga-Ni surface of the
wire is dependent on at least three factors (if diffusion-limited): the temperature of the system
(this dependence is shown in Figure 2-5), the exposure time of the wire to the solution, and
the difference in chemical potential between Ga in the solution and Ga in the wire.
Additional experiments are required to elucidate the effect of exposure time on the mass
change of the GaN-containing basket. It is more complicated to understand the chemical
potential gradient of Ga between the solution and the wire, as one would need a priori
knowledge of the solubility of Ga in supercritical NHs-Na solution. However, the effect of

this chemical potential gradient can be thought of qualitatively in terms of a memory effect.
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All previous experiments dictate how much Ga has alloyed with the GaN-containing basket
prior to each subsequent experiment, thereby fixing the chemical potential of Ga in the wire
once the wire reaches thermal equilibrium with the solution. Therefore, the scatter observed
in Figure 2-5 is expected, as most solubility experiments were conducted at different soak
times, and most GaN-containing baskets were exposed to different temperatures and soak

times in previous experiments.

2.3.2.2 Gallium in Standoff (Inconel 625)

Inconel 625 is a Ni-Cr alloy with additional alloying constituents. It contains a
comparable amount of Cr as the 80-20 Ni-Cr alloy (~ 20—23 wt. %) and as such it could
behave similarly to the previously discussed 80-20 Ni-Cr wire. EDX analysis of an Inconel
625 standoff cross-section sample suggests Ga-alloying occurred in the surface layer (see

Figure 2-6).

—— Ni Cr — N —— Ga

(9% B W
o o] (e

[\
o

Concentration (atomic %)

S
=

0 2.5 5.0 7.5 10.0
Depth (um)
Figure 2-6. Representative chemical composition (measured by EDX) of an Inconel 625 sample cross-

section, which was exposed to supercritical NHs-Na solutions with dissolved Ga. For clarity, some dilute
alloying elements are excluded from the plot.
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In contrast to the 80-20 Ni-Cr wire, the Inconel 625 material exhibited a smooth tail of
N into the bulk and a depletion of Ni and Cr on the surface. As continuous nitriding of Inconel
625 may be possible, mass changes of the Inconel 625 standoff can be attributed to Ga uptake
or depletion from/to the supercritical NH3-Na solution, N uptake, and leeching of alloying
elements into the NHs-Na solution. Given the uniform distribution of alloying elements as a
function of depth (not shown in Figure 2-6) and the larger atomic mass of Ga as compared to
N, it will be assumed for the purposes of this study that any mass change of the Inconel 625
standoff is only due to Ga uptake or depletion.

Figure 2-7 presents the moles of Ga, normalized by fill NH3, added to (or subtracted
from, if negative) the supercritical NHz-Na solution based on the mass change of the Inconel
625 standoff for each experiment. As is evident in comparing Figure 2-5 and Figure 2-7, the
effect is substantially smaller than the contributions from the GaN-containing basket, partially
due to the ~20—40x smaller surface area of the standoffs. There is also scatter in the
temperature dependence of Ga solubility attributed to the standoff, which can once again be
explained by the memory effect of Ga in the standoff from previous experiments, and from

various soak times at different temperatures.
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Figure 2-7. Ga solubility, normalized by fill NH3, added to (or subtracted from, if negative) the
supercritical NHz-Na solution as a function of fluid temperature, based on the mass change of the Inconel
625 standoff.

2.3.2.3 Gallium in Autoclave Wall (Rene 41)

Experimental verification of the Ga-alloying effect in Rene 41 was conducted to
determine if correction to the apparent GaN solubility curve was necessary for the autoclave
wall. After conducting a 600 °C solubility experiment, an autoclave was neutralized, rinsed
with deionized water and isopropanol, and allowed to dry. A pure Ni foil (99.5% metals basis
purity) was then placed inside the empty autoclave and re-run at the previous experimental
conditions (600 °C, 164 hour soak time, 20:1 molar NHz:Na fill ratio) to act as a Ga sink for
dissolved Ga from the autoclave wall. The mass change of the Ni foil was +47.04 mg. EDX
analysis was performed on a cross-section of the Ni foil sample (see Figure 2-8). It is evident
that the mass increase of the Ni is primarily due to Ga-uptake, which could only have been

sourced from the Rene 41 autoclave wall in this experiment.
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Figure 2-8. Representative chemical composition (measured by EDX) of a Ni foil sample cross-section,
which was exposed to supercritical NHs-Na solution at 600 °C. The Ga observed in the surface layer could
only originate from the autoclave wall. For clarity, some dilute contaminate elements are excluded from the

plot.

Knowledge of the memory effect of Ga in the autoclave wall was only gained towards
the end of this study, and mass change of the autoclave can be attributed to several factors,
making it impossible to determine its effect on Ga solubility by direct mass change
measurements of the autoclave. Given accurate information on the mass change of the Inconel
625 standoff, and assuming the Rene 41 autoclave wall material behaves comparably (they
have similar amounts of Ni: ~55-69 wt. % and ~47-59 wt. %; and similar amounts of Cr: ~20-
23 wt. % and ~18-20 wt. %, for Inconel 625 and Rene 41, respectively), the mass change of
the Inconel 625 standoff was extrapolated to the nominal surface area of the autoclave inner
wall for each experiment. Estimated errors for this extrapolation are ~50% due to the surface

roughness of both components. The moles of Ga, normalized by fill NHs, added to (or
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subtracted from, if negative) the supercritical NHs-Na solution based on this extrapolation are
shown in Figure 2-9. An experimentally-determined lower bound estimation of ~0.05 mol. %
Ga (normalized by fill NH3) dissolved in the autoclave wall from the supercritical NH3-Na
solution at 600 °C can be calculated using the mass gain of the Ni foil, as previously described.
Therefore, it is likely that the Ga solubility plotted in Figure 2-9 is an underestimation as it
pertains to autoclave wall effects.
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Figure 2-9. Ga solubility, normalized by fill NH3, added to (or subtracted from, if negative) the supercritical
NHz-Na solution as a function of fluid temperature, based on the mass change of the Inconel 625 Standoff
which was extrapolated to the surface area of the Rene 41 Autoclave wall.

It should be noted that the cleaning process of the autoclave after each experiment was
inconsistent: for certain runs abrasives were used to remove the nitride surface layers, whereas
for others abrasives were not used. Removal of the surface layer is anticipated to remove an
unverified amount of retained Ga from the autoclave wall. For runs performed in previously

abrasive-cleaned autoclaves, the autoclave wall was not treated as a Ga-source for the
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supercritical NHs-Na solution, and as such the autoclave wall extrapolation was taken as 0 in

Figure 2-9.

2.3.3 Gallium in Sodium-Rich Phase

Although the solubility of Na in liquid NHs has been extensively studied, there has
been no published effort to measure the solubility of Na in supercritical NHz [92][93]. The
following evidence collected in this study would suggest that the 20:1 NHz:Na molar filling
concentration used in these GaN solubility measurements exceeded the solubility limit of Na
in supercritical NHs under the explored conditions, thereby allowing for the presence of a Na-
rich second phase (most likely through the reaction of Na with NHz to form NaNH>) in the
autoclave during each experiment. Due to the rapid evacuation (< 1 second) of the autoclave
at elevated temperatures at the conclusion of each experiment, the corresponding momentum
of the supercritical NHs-Na solution being evacuated, and the lack of visible streaking down
the autoclave wall (which would be present if molten Na-species came out of solution and fell
to the bottom of the autoclave), we believe the Na-containing powder was present in the liquid
state during each experiment. This material present at the bottom of the autoclave (on the order
of grams) excludes the small amount of Na-containing powder (on the order of milligrams)
which was observed in the tubing connecting the autoclave to the line filter, and the Na-
containing powder in the line filter itself (on the order of tens to hundreds of milligrams). The
Na-containing powder observed in the tubing was thought to be transported from the autoclave
during each experiment due to the large temperature gradient between the autoclave and the
initial length of tubing. However, the Na-containing powder in the line filter was thought to be
crystallized from the rapid evacuation process, as the temperature gradient between the final

length of tubing and the line filter during the experiment was small, and the only interaction of
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hot gas effluent with the high surface area line filter occurred during the evacuation process.
Further evidence for the presence of the Na-rich second phase includes consistently observed
changes in surface coloration across a distinct interface on the Inconel 625 standoff, which
varies in height with varying fill Na content. Similar observations suggest that this second
phase is present during growth experiments as well.

As the ability of the Na-rich phase to absorb Ga is unknown, six dedicated experiments
at different temperatures were performed to collect the Na-rich powder post-run. ICP analysis
was then conducted on two sample dilutions from each powder, so as to determine the precision
of the Ga-concentration measurement of the tool. The moles of Ga dissolved in the Na-rich
powder (determined from the ICP Ga-concentration measurement and the mass of the powder,
normalized by the moles of fill Na) is plotted as a function of the fluid temperature of each of

these six experiments in Figure 2-10.
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Figure 2-10. Ga solubility in the Na-rich powder, normalized by fill Na, as a function of the fluid
temperature. The dashed line provides an exponential fit to the data.
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It should be noted that the 550 °C experiment was conducted in the large volume
autoclave, while all other experiments in this series were conducted in the small volume
autoclaves. Additionally, the mass of Na added to each autoclave was adjusted to provide a
nominal NHz:Na molar fill ratio of 20:1, with the fill NH3 being adjusted to target a nominal
total system peak pressure of 200 MPa. As such, the mass of Na added to the autoclaves was
different for each temperature. It is apparent from Figure 2-10 that Ga dissolution in the Na-
rich phase has an intensive, exponential correlation with temperature, indicating Arrhenius
behavior.

It is assumed that the measured Ga dissolution in Figure 2-10 is repeatable and can be
applied (with an exponential fit to the data) to all other solubility experiments. As such, Figure
2-11 shows the moles of Ga, normalized by fill NHs, lost from the supercritical NH3-Na
solution (represented by negative values) based on the Na-rich phase sink behavior. The
contribution to error in Ga dissolution is estimated from the accuracy of the ICP tool, as this
value exceeds the error calculated from the coefficient of determination (R?) based on the
exponential fit to the data. It should be noted that the mass of the aforementioned Na-containing
powder observed in the tubing connecting the autoclave to the line filter was too small to
support an appreciable dissolved Ga mass (<10 mol. % Ga, normalized by fill NH3), and as
such its contribution as a Ga sink was neglected in this study. As the Na-containing powder in
the line filter was thought to be transported from the solvent during the rapid evacuation

process, its contribution as a Ga sink was also neglected.
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Figure 2-11. Ga solubility, normalized by fill NHs, lost from the supercritical NHz-Na solution
(indicated by negative values) as a function of fluid temperature, based on the mass of Ga measured in the
Na-rich powder.
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2.3.4 GaN Dissolution Kinetics

Kinetic GaN solubility series were performed as a function of soak time at two
temperatures, 450 °C and 600 °C, to ensure that the treatment of the solubility data was correct

(including the correction of GaN solubility for all known Ga sources and sinks) and that the
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supercritical NHs-Na solutions reached saturation. Figure 2-12 displays these kinetic series at

the specified temperatures.
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Figure 2-12. Refined GaN solubility, normalized by fill NHs, as a function of soak time for experiments
performed at 450 °C and 600 °C.

As is apparent in Figure 2-12, there is no obvious positive correlation of GaN
solubility with soak time at either temperature. This suggests that the supercritical NH3z-Na
solution was saturated with GaN in less than 45 hours for the 600 °C experiments, and less
than 164 hours for the 450 °C experiments. All GaN solubility experiments were therefore
conducted for longer durations than these soak times to ensure saturation of the supercritical
NHs-Na solution. It is possible that that the apparent drop in GaN solubility with increasing
soak time at 600 °C indicates an overestimate for the Ga-alloying effect in the autoclave wall

at long soak times, or an underestimate for this same effect at short soak times.
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2.3.5 Refined Solubility Curve

The various contributions of dissolved Ga to supercritical NHs-Na solutions discussed

in this work are summed in Figure 2-13, yielding a more accurate GaN solubility curve.
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Figure 2-13. Refined GaN solubility in supercritical NH3-Na solutions, normalized by fill NHs, as a function
of fluid temperature, accounting for all discussed data corrections for Ga sources/sinks.

It is apparent from Figure 2-13 that the GaN solubility magnitude measured in this
study is lower than previously measured by Hashimoto et al [85]. Furthermore, a clear
retrograde dependence of GaN solubility with respect to temperature (as one would anticipate
from growth conditions) cannot be determined from Figure 2-13, due to the scatter and
experimental errors in the data. Two dominant, temperature-dependent, competing trends can
be noted from Figure 2-5 and Figure 2-11, respectively: the GaN-containing basket depletes

Ga from the supercritical NHs-Na solutions at temperatures above 475 °C (while enriching the
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supercritical NHz-Na solutions with Ga below 475 °C), and the Na-rich phase depletes less Ga
from the supercritical NHs-Na solutions at high temperatures as compared to low temperatures
(as dictated by an exponential dependence). These trends act to flatten the refined solubility
curve with respect to fluid temperature, as shown in Figure 2-13.

There are a few possibilities that might result in the scatter observed in Figure 2-13. As
discussed previously, there are memory effects present in all Ni-containing components in the
system. These effects were explicitly measured for the GaN-containing basket and the Inconel
625 standoff, but not for the autoclave wall. Evidence was presented to suggest that the
extrapolation of the Inconel 625 standoff was insufficient to correct for uptake/depletion of Ga
to/from the Rene 41 autoclave wall, thus it is likely that Ga-alloying of the autoclave wall
played a significant factor in this scatter. It is also possible that the extrapolation used for the
Ga dissolution in the Na-rich phase was not sufficiently accurate to correct all of the solubility
data with. The experiments used to generate the Na-rich powder, which was further analyzed
using ICP as the basis for this extrapolation, were all conducted in autoclaves which were
treated with abrasives prior to use. It is possible that some additional Ga from the autoclave
wall was dissolved in the Na-rich phase in experiments with autoclaves not treated with
abrasives.

The evolution of Hz through the anticipated formation of NaNH2, NHz decomposition,
and related loss of Hx from the system due to outward diffusion at higher temperatures were
not considered for this study and could also affect the results. While all solubility data for this
study was normalized by the initial fill NHz3, further investigations are needed to determine the

equilibrium chemical composition of the supercritical NH3-Na solution. This will enable the

44



determination of true GaN solubility with respect to Na concentration in the supercritical fluid,

and with respect to the equilibrium solvent composition (NHz, N2, and H>).

24 Summary

An accurate determination of GaN solubility in supercritical NH3-Na solutions has been
reported through the course of 23 gravimetric solubility experiments under ammonothermal
conditions (T = 415-650 °C, P = 200 MPa, molar NHz: Na fill ratio = 20:1). The band of GaN
solubility, mostly within 0.03-0.10 mol. % GaN, normalized by fill NHs, was found to be lower
than the previously reported range: 0.023-0.245 mol. % GaN, normalized by fill NH3 (for 1.5
mol% NaNHz in NHs) [85]. This analysis indicated that there was no peak in GaN solubility
at 600 °C (within the precision of these measurements), which was previously reported in the
NaNH> study [85]. The target total system peak pressure in our study was 200 MPa, whereas
the previous NaNH> study targeted 83 MPa, which could also impact the disparity in solubility

results [85].

Two previously unreported error sources were identified in the gravimetric
determination of GaN solubility in the NH3z-Na system under the explored ammonothermal
conditions: Ga-alloying of Ni-containing components (identified using EDX), and Ga
dissolution in the Na-rich, second phase (identified using ICP). In general, Ni-containing
components depleted Ga from the supercritical NH3-Na solution at high temperatures (> 475
°C), while the Na-rich phase depleted more Ga from the NH3-Na solution at lower temperatures
than at higher temperatures. The aforementioned error sources, and corrections thereof, are
thought to be mostly responsible for the accurate refinement of the gravimetric solubility curve
from an operational standpoint (i.e. excluding solubility dependence on the equilibrium solvent

composition). While new sources of error cannot be ruled out, the observed scatter which was
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introduced in the refined GaN solubility curve is thought to be a result of the inability to
measure Ga-alloying of the exposed autoclave wall for each experiment. This led to the

inability to measure a clear temperature dependence of GaN solubility.
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Chapter 3 The Effect of Fluid Temperatures on Bulk
Gallium Nitride Crystal Growth in Supercritical Ammonia-
Sodium Solutions

3.1 Motivation

As previously described, the ammonothermal literature has many reports
demonstrating then-record growth rates, impurity incorporation, crystal quality, and defect
structures. In addition to “hero” result demonstration publications, sometimes an attempt to
correlate these metrics with externally-controlled experimental parameters (such as external
autoclave temperature gradients, autoclave/liner material selection, etc.) is made [78][79].
Also, there has been an extensive effort to measure the properties of supercritical ammonia
solutions, including viscosity [94], GaN solubility and dissolution kinetics [81][95], the effect
of solution chemistry on material stability [45][47], and the ammonia equilibrium constant in
the ammonothermal growth regime [89]. Despite these growth metric and fluid
characterization publications, at present there exist no reports attempting to correlate directly-
measured internal fluid temperatures with bulk GaN growth metrics. The reasoning for this
may be two-fold: 1) introducing thermocouple probes into the growth environment is
challenging due to the high system pressure and flow-restriction baffle geometry, and 2)
researchers may wish to withhold this information from the scientific community at large in
order to maintain a competitive advantage over other research groups, especially if they are

part of a commercial enterprise.
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The lack of available information linking growth metrics of bulk GaN crystals with the
specific fluid properties they were grown in makes scaling and improving the ammonothermal
method very challenging. For instance, if researchers desire to increase bulk GaN boule
thickness, the autoclave bore diameter provides an upper bound for allowable boule size. When
this was attempted at UCSB by scaling autoclave size from a one inch diameter bore to a two
inch diameter bore, it was found that growth rates were dramatically reduced. This is
presumably because the fluid temperatures will vary by heater and insulation placement,
autoclave material and wall thickness, baffle open area and placement in the bore, and bore
size. This scenario is also applicable to research groups at different institutions comparing
growth metrics with one another. Unless the same exact experimental setup and procedure is
utilized, the possibility of different dissolution and growth zone fluid temperatures cannot be
excluded.

For a scientist to fully understand a crystal growth process, they must know the
thermodynamic and kinetic limitations of the system they are utilizing. Thermodynamic
knowledge, such as the temperature coefficient of solubility, can allow one to change the
chemical potential driving force for crystal growth in the ammonothermal system (if
independent control of dissolution and growth zone temperatures is possible) [95]. Chemical
potential driving force determines whether it is thermodynamically favored for crystals to grow
from or dissolve into solution, it affects the size of critical nucleus formation, and it can
determine the growth mode by which seeded crystal growth occurs [96]. Kinetic processes in
ammonothermal crystal growth include source dissolution rate, solute diffusivity, surface
attachment and desolvation of mineralizer and solvent species from growth intermediates,

growth unit diffusion along crystal surfaces, incorporation of growth units into kink sites, and
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the transport of the heat of crystallization from the crystal surface [97]. The aforementioned
thermodynamic and kinetic processes are functions (directly or indirectly) of fluid
temperatures, and as such, a direct measurement of fluid temperatures in the growth
environment may elicit a greater understanding of the limitations of ammonothermal crystal
growth. What follows in this chapter is an attempt to correlate the dissolution and growth zone
fluid temperatures with as-grown bulk GaN crystal growth kinetics, crystal quality, and

impurity incorporation.
3.2 Experimental Methods

Ammonothermal crystal growth was performed on {0001} and {1010} orientation
HVPE GaN seed crystals in supercritical NHs-Na solutions at various internal fluid
temperature conditions. It should be noted that the {1010} crystals had a nominal 2° miscut
towards <0001> to allow nucleation to occur more readily. In total, 12 week-long growth
experiments were performed, with varying quantities and positioning of the aforementioned
seed crystal orientations. The total system peak pressure ranged from 181 MPa to 263 MPa for
these experiments.

To measure the internal fluid temperature in the dissolution and growth zones of the
autoclave, Inconel-sheathed type K thermocouple probes were inserted into each respective
zone. The convection baffles and crystal hanging stand described in previous UCSB
publications, and the loading procedure itself, were therefore redesigned to allow access of
these thermocouple probes into the growth environment [79]. Traditionally, holes in seed
crystals were drilled such that they could be a hung on a stand placed at the bottom of the
autoclave blind bore. The baffles were then placed on top of the crystal hanging stand, above

which a basket filled with polycrystalline GaN was placed. This stacking sequence of crystals

49



and components is sufficient to grow in a retrograde solubility regime, but it suffers from two
key disadvantages: 1) the stand, baffles, and basket are only held in place by gravity, and it is
possible that each component may shift with respect to each other during manipulation of the
autoclave and during the experiment in the presence of strong fluid flow, thereby potentially
changing fluid temperatures and flow patterns, and 2) there is no way to probe the growth zone
fluid temperature, as the autoclave is designed with a blind bore (permitting only access from
the top). In this study, the crystal hanging stand and baffle plates were assembled as a
monolithic piece, referred to as the furniture assembly, and fixed in space with respect to the
autoclave nozzle. The furniture assembly was held together by Ni99 alloy rods, running almost
the entire axial length of the autoclave bore, and preventing movement of any of the component
pieces. By inserting the thermocouple probes through the nozzle and furniture assembly,
loading the requisite chemistry (GaN seed crystals, polycrystalline GaN source material, and
Na mineralizer), sealing the autoclave, and finally filling with NHs, measurement of each
temperature zone was made possible.

In this study, the baffle open area and hole pattern was kept the same as previous UCSB
growth efforts. Also, the baffle plate spacing and positioning with respect to the external
resistive heater stack was maintained to be consistent with previous UCSB growth studies. The
origins of this design come from reports in the quartz hydrothermal growth literature [98][99].
A cross-section of the experimental setup is shown in Figure 3-1. The furniture assembly
includes three baffle plates, separated from each other by 0.75 inches. The top-most baffle
plate has four holes drilled off-center, clocked at 90° with respect to one another. The holes
and annulus between the autoclave bore and baffle plate outer diameter combine to yield an

8% open area with respect to the 1 inch autoclave bore opening. The middle baffle plate has
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one large hole drilled at the center, yielding a 10% open area (also including the annulus
formed between the autoclave bore and baffle plate outer diameter). The bottom-most baffle
plate has the same design as the top-most baffle plate. A consequence of this baffle stack design
is that there is no line-of-site down the axis of the autoclave bore, excluding the area left open

between each baffle plate outer diameter and the autoclave inner wall.
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Figure 3-1. Cross-section of the experimental setup, showing the resistive heater stack, autoclave assembly,
and furniture assembly. The blue circle in the top portion of the autoclave (located inside the poly GaN
basket) represents where the dissolution zone fluid temperature is measured, while the red circle represents
where the growth zone fluid temperature is measured.
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To determine the range of achievable dissolution and growth zone fluid temperatures
using this baffle scheme, a temperature series was conducted at different top heater and bottom
heater external temperatures with the experimental setup shown in Figure 3-1. It should be
noted that, as indicated in Figure 3-1, the grand nut was neither directly heated nor insulated.
The external temperature range has an upper bound determined by an increased likelihood of
creep rupture of the autoclave. For the Rene 41 autoclaves used in this study, this temperature
was limited to 650°C at the ammonothermal pressures of interest. Figure 3-2 and Figure 3-3
show the dissolution zone and growth zone fluid temperatures, respectively, as a function of
top and bottom heater temperature setpoint. The solid black points which appear on the contour
plots indicate conditions that were directly measured, with the contours between said points
linearly interpolated. Figure 3-4 demonstrates the difference between growth and dissolution
zone fluid temperatures (positive values indicate that the growth zone was hotter).
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Figure 3-2. Dissolution zone fluid temperature contours as a function of top and bottom heater setpoint with
uninsulated grand nut configuration.
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Figure 3-3. Growth zone fluid temperature contours as a function of top and bottom heater setpoint with
uninsulated grand nut configuration.
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Figure 3-4. Fluid temperature gradient contours (growth — dissolution) as a function of top and bottom

heater setpoint with uninsulated grand nut configuration.
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It can be observed from the above figures that there is a significant deviation in external
autoclave temperature and internal fluid temperature. Both the dissolution and growth zone
fluid temperatures are functions of top and bottom heater setpoint, but it is clear that the largest
temperature deviation exists between the external autoclave temperature in the top heater zone
and the dissolution zone fluid temperature. This is likely due to the heat lost through the
unheated/uninsulated grand nut. This heat loss mechanism limits achievable global
temperatures, and also limits the system from achieving large negative temperature gradients
(hotter dissolution zone than growth zone), which may be desirable for etch-back steps before
seeded crystal growth occurs [79]. A second temperature series was conducted by directly
heating the grand nut to the same temperature as the top heater zone to examine the effects of
removing this heat loss mechanism. The dissolution zone fluid temperature, growth zone fluid
temperature, and temperature gradient for a heated grand nut configuration are shown in Figure

3-5, Figure 3-6, and Figure 3-7, respectively.
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Figure 3-5. Dissolution zone fluid temperature contours as a function of top and bottom heater setpoint with
grand nut heated to the top heater setpoint.
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Figure 3-6. Growth zone fluid temperature contours as a function of top and bottom heater setpoint with
grand nut heated to the top heater setpoint.
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Figure 3-7. Fluid temperature gradient contours (growth — dissolution) as a function of top and bottom
heater setpoint with grand nut heated to the top heater setpoint.

The aforementioned temperature series (or “calibration” runs) were used to select top
and bottom heater setpoints to achieve the desired fluid temperature conditions for the 12
growth runs in this study. Nevertheless, thermocouple probes were still included in each
growth run, as some deviation from the calibration runs was expected. The loading sequence
for each growth run was carried out as follows. Epi-ready, double-side polished HVPE GaN
seed crystals, of the aforementioned crystallographic orientations, were procured from
Mitsubishi Chemical Co. and Suzhou Nanowin Science and Technology Co., Ltd (Nanowin).
The crystal quality of the {0001} orientation seeds was analyzed using a high resolution X-ray
diffractometer (Philips X Pert Panalytical MRD Pro) in double-axis geometry by collecting
four o-rocking curve (o-XRC) scans on each face of the seed: the Ga-face, or (0001)

orientation, and the N-face, or (000T) orientation. The beam spot for this analysis was
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approximately 10 mm x 1 mm. The four o-XRC scans included two symmetric reflections
(satisfying the 002 reflection condition) at orthogonal incident beam angles (so || [1120], and
so || [1010]), in addition to two asymmetric reflections (satisfying the 112 and 102 reflection
conditions), with the incident beam projected along [1010] and [1120], respectively. The figure
of merit for each w-XRC scan was the full-width at half maximum (FWHM) of the reflection,
which was compared to the value of the ammonothermally-grown resultant crystal after each
growth run.

After ®-XRC analysis, each seed was cut down to the desired size using a diamond
scribe, with each resultant seed crystal section drilled using a 0.75 mm diameter diamond-
coated drill bit in order to be hung on the furniture assembly. The seeds were then solvent
cleaned in subsequent baths of acetone, isopropanol, and de-ionized water. The thickness and
mass of each seed was then catalogued using a micrometer (Mitutoyo No. 293-765-30,
accuracy: = 1 um) and high precision balance (Mettler Toledo AB135-S/FACT, precision:
0.01 mg), respectively. The same high precision balance was used to measure the mass of the
polycrystalline GaN (poly GaN) feedstock, which was sourced from MCC as a parasitic
byproduct during their production of HVPE GaN boules. The poly GaN was also solvent
cleaned prior to use in each growth run. The average grain size of the poly GaN was
approximated to be 2 mm in diameter.

As previously mentioned, the GaN seed crystals were hung on the furniture assembly
using 80-20 Ni-Cr wire in the growth zone of the autoclave, and the poly GaN feedstock was
placed in an 80-20 Ni-Cr mesh basket in the dissolution zone of the autoclave. After positioning
the thermocouple probes in immediate proximity to both the poly GaN feedstock and the seed

crystals, the autoclave assembly was moved to a nitrogen-filled glovebox (ambient containing
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<1 ppm O and H20), where the Na (sourced from Alfa Aesar, 99.95% metals basis purity)
was prepared, weighed, and added to the autoclave according to procedures described in [79].
The amount of Na added to the autoclave was selected to form a 20:1 NH3z:Na molar fill ratio
to be consistent with Ref. [95]. After the Na was added, the autoclave assembly was weighed,
the free volume was measured, and the autoclave assembly was filled with high-purity NH3
(Denko K.K., 99.99995% purity and further purified to < 1 ppb H20, O, and CO> using a
Japan Pionics purifier and a SAES MicroTorr point-of-use purifier) according to procedures
described in [95]. It should be noted that the NHzs fill density was adjusted to target a total
system peak pressure of 200 MPa for each experiment. After the autoclave assembly was filled
with NHz and allowed to warm back up to room temperature, it was placed in a resistive heater
stack (shown in Figure 3-1) with either a heated or open grand nut depending on the target
internal fluid temperatures. The top and bottom heaters were then gradually ramped up to their
target temperature setpoints at a maximum rate of 2 °C/minute, as measured by Type K
thermocouples (accuracy: = 0.4% of reading) placed in contact with the external autoclave
wall. These temperature setpoints were maintained for growth runs of roughly one week,
during which the total system pressure was monitored with a pressure transducer (Honeywell
model with £ 3 MPa accuracy, or Omegadyne model with + 0.3 MPa accuracy) and the internal
fluid temperatures in the dissolution and growth zones were monitored using the
aforementioned Inconel-sheathed Type K thermocouple probes (accuracy: + 0.4% of reading).
It should be noted that the internal thermocouple probes did fail on occasion. The typical failure
mode was a short across the wires before the junction, which resulted from a crushed Inconel-
sheath (due to the high system pressure, and pinch points in the furniture assembly), and could

be recognized by large, non-physical temperature fluctuations. Rarely did the crushed sheath
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result in appreciable NHzs loss, as these leaks tended to self-seal. If the thermocouples failed
before the fluid temperature reached equilibrium, the reported fluid temperature was
extrapolated from the ramp step before failure, and the external thermocouple temperature-
time trace. The error bars were extended in measurements resulting from failed thermocouples,
where appropriate.

After the week-long growth run, the autoclave assembly was allowed to cool down to
room temperature. This assembly was then vented, opened, neutralized, and cleaned according
to procedures described in Ref. [95]. The post-run mass of the poly GaN feedstock and
ammonothermally-grown crystals was recorded using the same precision balance as before the
run. Due to surface roughness of the as-grown crystals (particularly on the Ga-face of the
{0001} orientation crystals), a less-accurate drop micrometer with a finer probe tip (Mitutoyo
No. 543-252, accuracy: £ 3 um) was used to record the post-run thickness of the crystals by
averaging over a large number of measurements. The {0001} orientation crystals were then
measured in the same fashion as the seeds, using m-XRC analysis on both the Ga-face and N-
face. After -XRC analysis, impurity incorporation in the ammonothermally-grown {0001}
crystals was quantified by secondary ion mass spectrometry (SIMS) using a high depth
resolution tool (Cameca IMS 7f Auto SIMS) equipped with high density cesium and oxygen
primary ion beam sources for atmospheric and metallic impurity identification, respectively.
To avoid measuring surface contamination, the Ga-face and N-face of each of these crystals
was ablated until bulk level impurity concentrations were measured, as identified by an

asymptotic concentration-depth profile.
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3.3 Results and Discussion

The key experimental parameters for each of the 12 growth runs in this study are

presented in Table 3-1.

Table 3-1. Key experimental parameters for the growth runs in the “Effect of Fluid Temperatures” study.

Heated | Top Bottom | Dissolution | Growth Peak Soak | # #
Grand | Heater | Heater | Zone Fluid | Zone Fluid | Pressure | Time | {0001} | {1010}
Nut? Setpoint | Setpoint | Temp. Temp. (MPa) (hr) | seeds seeds
(YIN) | (°C) Q) Q) W)

N 450 525 410 486 200 168 |1 1

N 590 525 479 529 180 151 |1 1

N 250 600 341 534 218 168 |3 1

N 515 560 443 545 228 151 |1 1

N 545 575 466 551 226 168 |1 1

N 545 575 454 558 225 168 |3 1

N 650 500 532 565 209 168 |1 1

N 545 575 460 568 211 168 |1 1

N 440 625 401 571 239 168 |1 1

N 460 650 419 591 259 168 |1 1

N 590 600 497 600 261 168 |2 2

Y 550 610 554 606 220 168 |1 1

The reason for the considerable spread in pressures across all experiments is likely the
result of under-valuing the contribution of the growth zone fluid temperature on the average
fluid temperature in the entire autoclave. To clarify this point, a “global” average temperature
for the fluid in the autoclave was estimated by equally-weighting the target dissolution and

growth zone fluid temperatures (which had roughly the same internal volumes). This global
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average temperature was then used in accordance with the NIST-extrapolated NHz equation of
state to select a target NHs fill density to achieve a total system peak pressure of 200 MPa. It
would appear that the measured total system peak pressure scaled somewhat with growth zone
fluid temperature, implying that the growth zone should have had a greater weight in
determining the global average fluid temperature. Additional factors contributing to pressure
deviation could include errors in free volume measurement of the autoclave assembly, errors
in obtaining the proper NHs fill, and not obtaining the target internal fluid temperatures during
the experiment. As can be seen in Table 3-1, there was some deviation in dissolution and
growth zone fluid temperatures even when the same top and bottom heater setpoints were used
in conjunction with the same furniture assembly. This shows that internal fluid temperature
control is very difficult, and further motivates the use of internal thermocouple probes as an
additional feedback loop for fine-tuning the growth process. Furthermore, as indicated in the
calibration runs and in Table 3-1, on occasion an inverse external temperature gradient (hotter
top heater setpoint than bottom heater setpoint) was used to achieve small retrograde fluid
temperature gradients (hotter growth zone fluid temperature than dissolution zone fluid
temperature). This is of note, because prior to thermocouple probe access of the fluid
temperatures, these setpoints were intended to be used for etch-back processes. What follows
in the subsequent sections is an analysis of the effect of internal fluid temperatures on crystal
growth Kinetics, crystal quality, and impurity incorporation for the 12 growth runs utilized in

this study.
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3.3.1 Crystal Growth Kinetics

Ammonothermal crystal growth, and other solution crystal growth techniques, can be
thought of as a sequence of chemical processes which fall into three general categories:
dissolution, dissolved mass transport, and crystallization. Crystal growth kinetics are limited
by the slowest of these processes, therefore it is important to understand the limitations of the
ammonothermal system so as to improve metrics such as growth rate. As elucidated in this
section, knowledge of the fluid temperatures is key in understanding each of these processes.
Figure 3-8 and Figure 3-9 display the cumulative growth rates (taking into account growth on
each side of the seed, determined by thickness measurements) of the {0001} and {1010}
orientation crystals, respectively. The growth rates are represented by density plots with the
relevant magnitude indicated by color on the adjacent bar legend, and the growth zone and
dissolution zone fluid temperatures shown on the abscissa and ordinate axes, respectively. It is
helpful to visualize the results in this way, as it gives the reader some sense of the dependence
of the quantity of interest on both independently-controlled fluid zone temperatures. As
previously indicated in the calibration run contour plots, the black points represent
experimentally-measured quantities, with the parameter space between them determined

through linear interpolation.

62



{0001} Growth Rate (um/day)

(92
W
(=]

W
=2
(=}

450

Dissolution Zone Fluid Temperature (°C)

400 r

98]
W
(=]

150

100

50

500 525 550 575 600
Growth Zone Fluid Temperature (°C)

Figure 3-8. {0001} growth rate density plot as a function of dissolution and growth zone fluid temperatures.
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Figure 3-9. {1070} growth rate density plot as a function of dissolution and growth zone fluid temperatures.
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Three important observations can be made from Figure 3-8 and Figure 3-9. First, there
is a large difference in growth rate magnitude between {0001} and {1010} orientation crystals,
with the {0001} crystals having a far greater peak growth rate. This is a common observation
within the basic ammonothermal literature [61][72][73]. Second, there is a peak growth rate
observed for each crystallographic orientation within the parameter space explored (i.e. growth
rate does not increase or decrease indefinitely with either dissolution or growth zone fluid
temperature), implying growth rate optimization may be able to be achieved within this
parameter space. Third, as anticipated from previous reports, growth appears to occur under
retrograde conditions, except for low retrograde temperature gradients where etching is
actually observed. This was realized for the {0001} and {1010} crystals at a growth zone fluid
temperature of 606°C and a fluid temperature gradient of 52°C, and for the {1010} crystal at
a growth zone fluid temperature of 565°C and a fluid temperature gradient of 33°C. Etching
cannot be explained by the temperature coefficient of solubility at these conditions, as growth
was realized for larger retrograde temperature gradients at comparable growth zone
temperatures, assuming the absence of some local maximum in solubility in this regime. A
likely explanation for etching at these conditions is mass transport stagnation between the
dissolution and growth zones. In order to analyze the mass transport capability of the
ammonothermal system, one typically starts from the continuity, momentum and thermal
energy conservation equations, which are shown in Equation 3-1, Equation 3-2, and Equation

3-3, respectively (under the assumption of incompressible, Newtonian fluid flow) [100].

Equation 3-1

1(6p+ V)+V =0
oo u-Vp u=
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Equation 3-2

Ju 5 T
p<a+u-Vu)=Apg—Vp+uV u+Vp- (Vu+vu')

Equation 3-3

aT
pC, (EJ’ u- VT) = V- (kVT)

The symbols in the above equations refer to the following quantities: density (p), time
(1), fluid parcel velocity (u, with transpose, u'), gravitational acceleration (g), pressure (p),
dynamic viscosity (u), heat capacity at constant pressure (Cp), temperature (T), and thermal
conductivity (k). Equation 3-2 is also called the Navier-Stokes equation. Most fluid dynamic
treatments of ammonothermal growth utilize the Boussinesq approximation when solving the
Navier-Stokes equation, which is useful for describing systems which utilize fluid temperature
gradients to support buoyancy-driven transport [100][101][102][103]. This approximation
neglects variations in fluid properties with temperature, with the exception of density in the
body force term of Equation 3-2 (Apg). Typically a linear dependence on temperature is
assumed for density (with respect to some reference density, po, at temperature To), according

to Equation 3-4, resulting in a simplified form of the Navier-Stokes relation, given in Equation

3-5 [100].

Equation 3-4
P14 pr-Ty
p

Equation 3-5

Ju
Po (E +u- Vu) = —poB(T —Ty)g — Vp + poV’u
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In the limit of axisymmetric heating (in this case, a temperature gradient existing only
along the autoclave axis, i.e. parallel to gravitational acceleration), Equation 3-5 indicates the
possibility of fluid stagnation if the buoyancy force counteracts the hydrostatic pressure
contribution. This is the critical condition which when exceeded by an increasing temperature-
driven density gradient, results in heat transport transitioning from pure conduction to (at least
partially) convection. Above this point, nonzero fluid velocity can result in convective mass
transport [100]. This simplified case is known as the Rayleigh-Benard problem, and excludes
axial autoclave wall heating, which is clearly present during ammonothermal crystal growth.
The analogy to this simplified problem is valid however, where a critical density gradient must
be present between the dissolution and growth zones to drive convective mass transfer across
the baffle plates. Below this critical density gradient, it is anticipated that fluid flow stagnates,
and both source poly GaN and GaN seed crystals are dissolved in their respective zones to
satisfy the solubility limit at each respective temperature. To quantify the critical density
difference that must be present for convective mass transport to occur, Figure 3-10 illustrates
the NIST-extrapolated fluid density differences in each of the twelve growth experiments

(taking into account the temperatures in each zone, and total system peak pressures).
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Figure 3-10. NIST-extrapolated fluid density gradient plot as a function of dissolution and growth zone fluid
temperatures.

As can be seen in Figure 3-10, NHz density gradients exceeding 1.2 mol/L tended to
result in crystal growth, while density gradients below this value resulted in etching of at least
one of the seeds present. Due to the large peak pressure variation in these experiments (181 -
263 MPa), and the inaccurate accounting for NHs decomposition through extrapolation of the
NIST fluid density data, the linear interpolation between experimental measurements can only
be viewed as qualitatively accurate. However, it is clearly apparent when comparing Figure
3-8 and Figure 3-9 with Figure 3-10 that the greatest growth rates do not coincide with the
greatest fluid density gradient. This implies that convective mass transport does not completely
limit crystal growth kinetics in the explored fluid temperature range, excluding the
aforementioned conditions where etching of seed crystals occurred. To further understand the
limitations crystal growth Kkinetics, one must independently analyze dissolution and

crystallization processes as a function of dissolution and growth zone fluid temperatures.
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3.3.1.1 Polycrystalline GaN Source Loss Flux

The poly GaN source material had roughly the same particle size distribution for each
experiment. However, defining/analyzing a poly GaN source loss flux, as opposed to a simple
source mass loss, enables one to account for variations in growth run time (see Table 3-1) and
initial source mass. To calculate the source loss flux, the poly GaN mass change and growth
run time were directly measured, while the total surface area was approximated by treating the
poly GaN charge as a population of 2 mm diameter spheres (with standard deviation estimated
at 0.4 mm). The source loss flux density plot is shown in Figure 3-11, excluding the runs where
seed etching was observed (per discussion in 3.3.1).

Source Loss Flux (g/cm2 —hr)
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Figure 3-11. Source loss flux density plot as a function of dissolution and growth zone fluid temperatures,
showing strong correlation with dissolution zone flud temperature.

It is apparent from Figure 3-11 that the poly GaN source loss flux is more closely
correlated with dissolution zone fluid temperature than growth zone fluid temperature (with

Pearson correlation coefficients of -0.89 and -0.36, respectively). Source loss flux is plotted
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directly against dissolution zone fluid temperature in Figure 3-12 to give the reader a better
understanding of the expected errors associated with this analysis. The aforementioned best-
fit line is included in the plot. The noise in the data is anticipated to come from the dependence
of source loss flux on the extrapolated fluid density difference (with a Pearson correlation
coefficient of 0.70), which is clearly a function of both dissolution and growth zone fluid
temperatures, as shown in Figure 3-10. The behavior of source loss flux is consistent with both
a retrograde solubility curve, and mass transport which is at least partially limited by
convection. However, poly GaN mass loss includes contributions from dissolution alone (in
both the supercritical fluid and in the Na-rich phase), parasitic nucleation/growth on autoclave
components, and seeded growth. Therefore, the correlation between seeded crystal growth and
source loss must be further explored.

Mass Transport vs. Dissolution Zone Temperature
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Figure 3-12. Source loss flux as a function of dissolution zone fluid temperature, with error bars and best fit
line included (R? = 0.79).
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3.3.1.2 Seeded Growth Flux

The standard metric used in the literature to report crystal growth kinetics is growth
rate. As explained in the Experimental Methods section, this quantity was measured by
micrometer, but significant error was introduced due to the surface roughness of the as-grown
crystals. Furthermore, it is fairly common to observe different growth rates on seed crystals of
the same orientation depending on their position in the autoclave. This could be caused by
many factors, but temperature stabilization in the growth zone is thought to be the most likely
determinant. In order to compare growth runs which contained different numbers of seed
crystals of {0001} and {1010} orientations (which can be viewed in Table 3-1) with a less
“noisy” metric, a seed mass flux analysis was employed. Similar to source loss flux, the starting
mass and thickness measurement of each seed allows one to very accurately estimate its surface
area (neglecting the small surface area of edges). This surface area of each seed can be summed
for the entire batch, which when coupled with mass change and experiment time, yields a
cumulative seed mass flux for each experiment. This quantity is plotted in Figure 3-13, again

excluding experiments where seed etching occurred.
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Figure 3-13. Seed mass flux density plot as a function of dissolution and growth zone fluid temperatures,
showing similar qualitative behavior as the analogous growth rate density plots.

As one might expect, Figure 3-13 is qualitatively similar to Figure 3-8 and Figure 3-9,
as seed mass flux is analogous to growth rate, but averaged over each orientation and includes
GaN added through faceting. Once again, enhanced seeded growth kinetics are realized within
a specific dissolution and growth zone fluid temperature range, with no obvious dependence
on one of these temperatures in particular. However, given that source loss flux is almost
exclusively dependent on dissolution zone fluid temperature and extrapolated fluid density
difference, and that both measured fluxes do not covary, one plausible explanation is that seed
mass flux is surface integration limited.

Growth from solution in the surface integration limit is characterized by rapid dissolved
mass transport. In this limit there is effectively no boundary layer thickness in the solution
around the crystal, pinning the concentration of the solute at the seed-solution interface to the

solubility limit in the dissolution zone [96]. There have been many derivations of rate equations
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for surface integration limited growth, the boundary conditions of which typically depend on
the growth mode (spiral, step-flow, etc.). One such rate equation, elucidated by Doherty et al.
from the work of Vekilov and De Yoreo for spiral growth (typically at low supersaturation) is

shown in Equation 3-6 [96].

Equation 3-6

VB (Cor = Cog)
SI — y

The symbols in Equation 3-6 refer to the following quantities: surface integration
limited perpendicular growth rate of a crystallographic face (Gsi), step height (h), molecular
volume (Vwm), step kinetic coefficient (), distance between steps (y), concentration of the bulk
solution, which in this case is the solubility in the dissolution zone (C..), and equilibrium
concentration, which in this case is the solubility in the growth zone (Ceq). The step kinetic
coefficient is defined in Equation 3-7 [96].

Equation 3-7

—AU)
RT

ﬁ=%m%m<

The symbols in Equation 3-7 refer to the following quantities: step propagation distance
through addition of a row of molecules (ap), kink site density (px), frequency factor (v),
incorporation energy barrier (AU), the ideal gas constant (R), and growth zone temperature
(T). It is clear that Equation 3-7 (and therefore Equation 3-6) has an Arrhenius dependence on
growth zone fluid temperature, as do most rate equations derived for surface integration limited
growth [104]. Therefore, the natural log of seed mass flux is plotted against inverse growth

zone fluid temperature in Figure 3-14 to ascertain whether a characteristic incorporation energy

barrier is observed.
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Figure 3-14. Arrhenius behavior of seed mass flux as a function of inverse growth zone fluid temperature,
with error bars and best fit lines included for the seemingly endothermic region (from 529 — 568°C, with R? =
0.956) and exothermic region (from 568 — 600°C, with R? = 0.996).

As can be seen in Figure 3-14, utilizing seed mass flux allows one to limit the ordinate
error bar magnitude (they are included in the plot, but are generally smaller than the size of the
data markers), thereby enabling a clear temperature analysis. There are two distinct regions of
the Arrhenius plot, both of which display strikingly linear behavior (as indicated in the figure
with best fit lines). From 529°C to 568°C there appears to be an endothermic activation energy
of 143 kJ/mol (with coefficient of determination, R? = 0.956), and from 568°C to 600°C there
appears to be an exothermic activation energy of -311 kJ/mol (with coefficient of
determination, R? = 0.996). It should be noted that the lowest growth zone fluid temperature
run, at 486°C, was excluded from Figure 3-14 as there were not enough measurements

collected at comparable temperatures to ascertain a temperature dependence. The presence of
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two different activation energies implies that at least two different Arrhenius processes are in
competition to limit seed mass flux. A simple knowledge of the growth zone fluid temperature
dependence cannot identify these processes, but candidates may include: the presence of two
different intermediate species, limited adsorbed growth unit diffusion at low temperatures,
limited transport of the heat of crystallization at high temperatures, and increased NHz
decomposition with subsequent increased H» diffusion out of the autoclave at high
temperatures [96][97]. Too many assumptions about the system must be made to quantify the
effects of growth unit diffusion and heat of crystallization transport, but competing
intermediate species and NHs decomposition/ Hz diffusion are discussed below as they might
pertain to the observed seed mass flux behavior.

The suspected intermediate species present during ammonothermal growth in NHs-Na
chemistry are sodium tetra-amidogallate (NaGa(NHz)4) and sodium penta-amidogallate
(Na2Ga(NH2)s). The anticipated reactions to form GaN from these intermediate species are
shown in Equation 3-8 and Equation 3-9 for the tetra-amidogallate and the penta-amidogallate,
respectively, under the assumption that the stable Na-species is NaNHz. These species were
identified in powders produced by isothermal ammonothermal experiments post-run, and
therefore have not been detected in situ [69]. However, in comparing their prevalence with run
parameters, the tetra-amidogallate species tends to dominate at high pressure (>200 MPa) and
low temperature (<450°C), while the penta-amidogallate tends to dominate at low pressure and
high temperature [69]. While the bonding structures of these compounds are known in their
crystalline form, no information could be found in the literature on their energetics (i.e.
enthalpies of formation) and behavior when solvated. An attempt was made to calculate the

enthalpy of formation of each intermediate species using Born-Haber analysis, with lattice
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energies estimated from a quantitative structure-property relationship (QSPR) model for
inorganic species [105]. However, the resultant enthalpies of formation were both
endothermic, and too large (~6.3 MJ/mol for the tetra-amidogallate, and ~7.5 MJ/mol for the
penta-amidogallate) to put much faith in this analysis. Using these enthalpies of formation, the
enthalpies of reaction for Equation 3-8 and Equation 3-9 are approximately -6.7 MJ/mol and -
8.0 MJ/mol, respectively, which are clearly too high to be compared to the activation energies
derived from Figure 3-14. It is likely that the size and partially-covalent nature of these
compounds makes Born-Haber type analysis invalid, to say nothing of the validity of the QSPR
model, therefore additional information about the nature of these intermediate species is

required to assess their likelihood to kinetically-control GaN growth.

Equation 3-8

NaGa(NH2)4(Sol) \_—\ NaNHz(Sol) + 2NH3(g) + GaN(S)

Equation 3-9

Na,Ga(NHy)ssor = 2NaNHy(sory + 2NHs(g) + GaNs)

As elucidated by Pimputkar and Nakamura, NHs decomposition is significant under
the explored experimental conditions, with equilibrium concentrations on the order of 80-90%
of the fill amount between 500-600°C for pure NHz [89]. Additionally, chemical reactions,
such as the formation of NaNH., will further decrease the amount of NHs present. It is not
clear what effect a loss of solvent might have on ammonothermal crystal growth, but a
reasonable conjecture is that it would adversely affect the ability of the fluid to transport
intermediate species to the seed crystal interface, thereby hindering growth. NHz formation is

an exothermic process (with enthalpy of formation equivalent to -46 kJ/mol), therefore
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increasing the temperature of the autoclave biases the NHs formation reaction towards the
reactants (H> and N2) according to La Chatelier’s principle. Loss of H. due to diffusion out of
the autoclave would additionally push the aforementioned reaction towards favoring NHs
decomposition. H diffusion through structural materials has been thoroughly explored, which
enables one to assign activation energies to this process, assuming Arrhenius behavior.
Unfortunately, most of these analyses were performed at low pressure for pure Ni (5-10 kPa)
in the temperature regime of interest (600-900 K), but the resultant activation energies were
roughly 69 kJ/mol [106]. As for the effect of alloying, no studies could be found for Ha
diffusion through Rene 41, but the activation energy for Inconel 625 at similar conditions was
60 kJ/mol [107]. This implies that H2 diffusion may occur more readily in Ni-Cr superalloys,
such as Rene 41, than in pure Ni. While the diffusive activation energies for Ni-base autoclaves
do not align with those derived from Figure 3-14, it is of note that they are significantly lower
than the activation energy for Hz diffusion through Ag (which has been reported at 126 kJ/mol
for 2 kbar from 923-1084 K) [108]. This might explain why the use of a Ag capsule permits
enhanced growth rates in the NH3-Na system, although other catalytic processes cannot be

ruled out [79].

3.3.1.3 Crystal Shape Evolution

The growth rates as determined by thickness measurements are shown as a function of
dissolution and growth zone fluid temperatures for {0001} and {1010} orientation crystals in
Figure 3-8 Figure 3-9, respectively. Based on the appearance that overall seed mass flux is
surface integration limited, plane-specific growth rates must be analyzed in greater depth for a

growth zone fluid temperature dependence. Of particular interest is how crystal shape evolves
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with growth zone temperature. Therefore, the {0001}:{1010} growth rate ratio (including
errors associated with surface roughness) is plotted against growth zone fluid temperatures in
Figure 3-15 for all runs excluding those in which seed crystals were etched.

Boule Shape vs. Growth Zone Temperature

{0001}/{1010} Growth Rate Ratio

+

500 525 550 575 600
Growth Zone Fluid Temperature (°C)

Figure 3-15. {0001}:{1070} growth rate ratio as a function of growth zone fluid temperature, with error bars
and best fit line included (R? = 0.89).

It is clear from Figure 3-15 that the {0001}:{1010} growth rate ratio decreases with
increasing growth zone fluid temperature (with best fit line indicated in the figure, R? = 0.89).
It is unclear, however, whether the {0001}:{1010} growth rate ratio levels off at 1 (yielding
an equiaxed crystal shape), or at 0 (indicating that {1010} growth rates far exceed {0001}
growth rates, resulting in platelet-like crystal shape). There are many plausible explanations
for this trend that fit within the Kinetic arguments made in the previous section. For example,
if two competing intermediate species were present with different adsorption character on polar

and nonpolar planes (due to their own bond character), then it is possible that {1010} growth
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is enhanced at high temperature through the growth zone temperature dominance of one
intermediate over the other. Further study is of course needed to definitively state the cause of
the {0001}:{1010} growth rate ratio temperature dependence.

Another important aspect of bulk GaN crystal shape evolution is polar axis anisotropy.
Many research groups operating with NaNH. and KNH. mineralizers have reported an
enhancement of (0001), or Ga-face, growth rates over (000T), or N-face, growth rates. Still,
other research groups utilizing the same chemistry report enhanced N-face growth rates over
Ga-face growth rates. This is surprising, as one would expect that similar intermediates
(negatively-charged amidogallate species) should show uniform polar axis anisotropy (likely
incorporating on the partially-positive Ga-face), with all other conditions being equal. With
the added benefit of in situ temperature probes, the (0001):(000T) growth rate ratio is plotted
against growth zone fluid temperatures in Figure 3-16 for all runs excluding those in which

seed crystals were etched.
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Polar Axis Growth vs. Growth Zone Temperature
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Figure 3-16. (0001):(0007) growth rate ratio as a function of growth zone fluid temperature, with error bars
and best fit line included (R? = 0.28).

Unlike the {0001}:{1010} growth rate ratio, there is not a strong correlation of the
(0001):(000T) growth rate ratio with growth zone fluid temperature (with best fit line indicated
in Figure 3-16, R? = 0.28). Instead, the (0001):(000T) growth rate ratio appears to be somewhat
randomly distributed around an average value of ~ 1. It is possible that the resolution of the
measurement technique was not sufficient to accurately determine a temperature dependence
(as can be seen with the substantial ordinate error bars), or that there is no dominant polar
growth anisotropy that scales with temperature. The specific Ga-face and N-face growth rates
were determined by observing the perpendicular growth distance from the seed interface
utilizing dark field optical microscopy. As shown in Figure 3-17, this was accomplished by
collecting/measuring micrographs with a sight-line along <1010>, since the as-grown {1010}

facets were smooth enough to enable the distinction of each growth-front from the seed. The
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N-face material is typically darker than the Ga-face material, and semipolar faceting is

typically observed on the Ga-face but not on the N-face.

[0001]

[1010] [T210]

Figure 3-17. Dark field optical micrograph of a {0001} crystal looking along the <1070> direction, with
perpendicular growth thicknesses of the (0001) and (0007) ammonothermal material measured from the
interface of the (transparent) HVPE GaN seed.

3.3.2 Crystal Quality

As previously indicated, the crystal quality of the (0001) and (000T) orientation
ammonothermally-grown material was assessed by o-XRC analysis. As one might anticipate
based on the discussion in 3.3.1, there was a much stronger correlation of crystal quality with
growth zone fluid temperature than with dissolution zone fluid temperature. Therefore, what
follows in this section are plots of the FWHM of symmetric and asymmetric reflections of the
as-grown material as a function of the growth zone fluid temperature. It should be noted that
there was a spread in initial seed crystal quality, which is reflected by the red-dashed lines in
the following plots, providing an upper and lower seed crystal quality bound for each reflection
analyzed. Although fractional change of the FWHM with respect to the seed was quantified,
the absolute FWHM of the resulting crystal was much more closely-correlated with growth
zone fluid temperature, which is why the data is reported in this way. Although twist and tilt
of grains in crystalline films displaying some degree of mosaicity can be quantified according

to the broadening of symmetric and asymmetric reflections, respectively, the goal of this work
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is to display generalized trends with growth temperature. As such, quantification of specific
broadening factors (twist, tilt, dislocation density, lattice plane curvature, etc.) will not be

attempted.

3.3.2.1 (0001) Orientation

Ammonothermal growth on (0001) orientation seeds has presented a challenging
problem for the field. Although the specific reasoning for generally poor crystal growth on this
orientation has eluded researchers, it is commonly noted that growth proceeds in a columnar
fashion, thereby leading to high mosaicity. As can be seen in Figure 3-18 - Figure 3-21, growth
zone fluid temperatures in excess of ~575°C are required to match (and occasionally improve
upon) the quality of the HVPE seed. This might explain why (0001) crystal quality has been
slow to improve, as achieving these temperatures in the fluid pushes the limit of externally-

heated Ni-base superalloy autoclave materials at high pressures.
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Figure 3-18. 002 peak width vs. growth temp, with error bars and best fit line included (R? = 0.72).
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Figure 3-19. 002 peak width vs. growth temp, with error bars and best fit line included (R? = 0.79).
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Figure 3-20. 112 peak width vs. growth temp, with error bars and best fit line included (R? = 0.65).
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Figure 3-21. 102 peak width vs. growth temp, with error bars and best fit line included (R? = 0.62).
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3.3.2.2 (0001) Orientation

The crystal quality of the (0001) orientation ammonothermal growth is far less
correlated with growth zone fluid temperature (or any other parameter) than is the (0001)
orientation growth. Once again, the specific reason for this is unknown. As is shown in Figure
3-22 - Figure 3-25, the crystal quality of the grown material typically falls within the range of
seed crystal quality independently of the growth zone fluid temperature. This would suggest
that the crystal quality of the seed can safely be extended into the (0001) ammonothermal

material, but that crystal quality improvement beyond that of the seed is not well understood

with respect to growth zone fluid temperature.

FWHM 002 Reflection, s¢||[1120] (arcsec)

Figure 3-22. 002 peak width vs. growth temp, with error bars and best fit line included (R? = 0.21).
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Figure 3-23. 002 peak width vs. growth temp, with error bars and best fit line included (R? = 0.03).
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Figure 3-24. 112 peak width vs. growth temp, with error bars and best fit line included (R? = 0.13).
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Figure 3-25. 102 peak width vs. growth temp, with error bars and best fit line included (R? = 0.01).

3.3.3 Impurity Incorporation

SIMS was performed on the as-grown (0001) and (0001) orientation ammonothermal
crystals to probe the correlation of dissolution and growth zone fluid temperatures with plane
dependent impurity incorporation. As such, the resulting impurity incorporation magnitudes
are represented by logarithmic density plots as a function of both internal fluid temperatures.
Please note that the color scale associated with each plot should be read in base 10 units (e.g.
a color represented by “18.5” on the scale bar indicates impurity incorporation of ~3.2E18
at/cm?). The Pearson correlation coefficients for each internal fluid temperature are included

in the caption of each plot. The specific metallic impurities that were quantified include: Na,
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Al, Si, Fe, Mn, and Mg. The specific atmospheric impurities that were quantified include: O,
C, and H.

While some of the data is noisy, some general trends exist for both orientations.
Impurities which incorporated in the ammonothermal material with a greater dissolution zone
fluid temperature correlation than growth zone fluid temperature correlation, as determined by
Pearson coefficients, include: Al, Si, and Mn. All of these impurities increased with increasing
dissolution zone fluid temperature. Impurities which incorporated in the ammonothermal
material with a greater growth zone fluid temperature correlation than dissolution zone fluid
temperature correlation, as determined by Pearson coefficients, include: Na, Fe, O, C, and H.
All of these impurities decreased with increasing growth zone fluid temperature, with the
exception of C in the (000T) orientation crystals. While the incorporation magnitudes differ by
orientation, these trends are consistent with Al, Si, and Mn either originating in the dissolution
zone (i.e. introduced to the growth environment from the source poly GaN), or becoming
activated from a greater autoclave volume (i.e. being driven off the wall in the dissolution zone,
and transported to the growth zone at higher temperatures). Furthermore, the negative
correlation of Na, Fe, O, and H impurity incorporation with growth zone fluid temperature is
consistent with defect-site incorporation, especially given the greater magnitude of the Pearson
coefficients for O and H in (0001) orientation crystals compared to (000T) orientation crystals,

and the increasing (0001) crystal quality with growth zone fluid temperature.
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3.3.3.1 (0001) Orientation

LoglO[Na(at/cm3 )] Incorporation in (0001) GaN
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Figure 3-26. Na incorporation in (0001) GaN. Dissolution temp. r = -0.23; Growth temp. r = -0.74.

Log,o[Al(at/cm?)] Incorporation in (0001) GaN

o

o 0 Logo
5 b

§ 19.0

2.

=

S

- 450 18.5

=

—

2

1) 18.0

N 400+

o

.8

b=

e 175

[75]

A 350

500 520 540 560 580 600
Growth Zone Fluid Temperature (°C)

Figure 3-27. Al incorporation in (0001) GaN. Dissolution temp. r = 0.71; Growth temp. r = 0.32.

88



Log,[Si(at/cm?)] Incorporation in (0001) GaN

)
E500 Logio
=
2 15.5
=
=
g 450 15.0
R
(S
()
g 14.5
N 400+ :
c
e
2 14.0
2
A 350

500 520 540 560 580 600 13.3

Growth Zone Fluid Temperature (°C)
Figure 3-28. Si incorporation in (0001) GaN. Dissolution temp. r = 0.25; Growth temp. r = 0.16.
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Figure 3-29. Fe incorporation in (0001) GaN. Dissolution temp. r = 0.12; Growth temp. r = -0.48.
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LoglO[Mn(at/cm3 )] Incorporation in (0001) GaN
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Figure 3-30. Mn incorporation in (0001) GaN. Dissolution temp. r = 0.65; Growth temp. r = 0.05.
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Figure 3-31. Mg incorporation in (0001) GaN. Dissolution temp. r = -0.06; Growth temp. r = -0.19.
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LoglO[O(at/cm3 )] Incorporation in (0001) GaN
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Figure 3-32. O incorporation in (0001) GaN. Dissolution temp. r = -0.58; Growth temp. r = -0.82.
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Figure 3-33. C incorporation in (0001) GaN. Dissolution temp. r = -0.55; Growth temp. r =-0.78.
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Figure 3-34. H incorporation in (0001) GaN. Dissolution temp. r = -0.55; Growth temp. r = -0.89.

3.3.3.2 (0001) Orientation
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Figure 3-35. Na incorporation in (0007) GaN. Dissolution temp. r = -0.09; Growth temp. r =-0.61.
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Figure 3-36. Al incorporation in (0007) GaN. Dissolution temp. r = 0.65; Growth temp. r = 0.47.
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Figure 3-37. Si incorporation in (0007) GaN. Dissolution temp. r = 0.64; Growth temp. r = 0.60.
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Figure 3-38. Fe incorporation in (0007) GaN. Dissolution temp. r = -0.24; Growth temp. r = -0.78.
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Figure 3-39. Mn incorporation in (0007) GaN. Dissolution temp. r = 0.70; Growth temp. r = 0.32.
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Figure 3-40. Mg incorporation in (0007) GaN. Dissolution temp. r = 0.25; Growth temp. r = 0.02.
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Figure 3-41. O incorporation in (0007) GaN. Dissolution temp. r = -0.02; Growth temp. r = -0.13.
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Figure 3-42. C incorporation in (0007) GaN. Dissolution temp. r = 0.42; Growth temp. r = 0.56.
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Figure 3-43. H incorporation in (0007) GaN. Dissolution temp. r = -0.41; Growth temp. r = -0.82.
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3.4 Summary

Bulk GaN crystal growth kinetics, crystal quality, and impurity incorporation were
correlated to ammonothermal dissolution and growth zone fluid temperatures in supercritical
NHz-Na solutions through the course of 12 week-long crystal growth experiments. To allow
direct measurement of the supercritical fluid, a novel baffling assembly was developed in
tandem with internal thermocouple probes. These fluid temperature measurements provided
direct experimental evidence to confirm the retrograde solubility of GaN in supercritical NH3-
Na solutions in the temperature and pressure regimes of interest (~350 — 600°C and ~180 —
260 MPa, respectively).

Two dominant bulk GaN growth regimes were identified in this system: a mass
transport limited regime at low extrapolated fluid density gradients (<1.2 mol/L), and a surface
integration limited regime above this critical fluid density gradient. In surface integration
limited growth, two different Arrhenius processes appear to dominate, one above and one
below ~570°C. Further analysis is needed to ascertain the specific Arrhenius processes at play.
Knowledge of polar {0001} and nonpolar {1010} growth kinetics enabled the assessment of
crystal shape evolution with growth zone fluid temperature. It was found that equiaxed crystals
(equivalent {0001} and {1010} growth rates) are favored at high growth zone temperature,
and needle-like crystals (high {0001} growth rates compared to {1010}) are favored at low
growth zone temperature. Additional experiments are needed to determine if {1010} growth
rates will exceed {0001} at temperatures beyond those measured in this study.

The crystal quality of (0001) orientation ammonothermal material was found to be
highly correlated with growth zone fluid temperature, requiring temperatures in excess of

~575°C to match or improve the quality of the HVPE seed crystal. The crystal quality of the
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(0001) orientation material, by comparison, was not obviously affected by growth zone fluid
temperature. Al, Si, and Mn impurities, identified using SIMS, were found to incorporate in
the growing crystals more readily at high dissolution zone fluid temperature, implying they
either originate in the poly GaN source material, or become activated from a greater autoclave
volume at elevated temperatures. Na, Fe, O, and H impurities were reduced with increasing

growth zone fluid temperature, in a consistent fashion with defect-site incorporation.
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Chapter 4 Growth of Bulk Group-I11 Nitride Crystals from
Group-I111 Alloy Source Materials in Supercritical Ammonia-
Sodium Solutions

4.1 Motivation

As outlined in the previous chapters of this work, ammonothermal growth is typically
practiced with poly GaN source material and single crystal GaN seeds. The temperature
dependence of the GaN solubility curve is utilized to dissolve, transport, and crystallize GaN
on the seed crystals. The purpose of utilizing the temperature dependence of solubility as a
crystal growth “knob”, as opposed to the pressure dependence for instance, is a matter of
convenience when growing from solution in a nominally-isobaric system. As long as the source
material is the same composition as the desired crystalline product, supersaturation in the
growth zone must be achieved by manipulating some parameter that modulates solubility. This
constraint limits both the design of the growth system, and the type of crystal that can be grown
in said system. For example, it was shown in Chapter 3 that extreme forward and reverse
internal fluid temperature gradients, and high global fluid temperatures, were difficult to
achieve due to the geometry and material selection (Rene 41) of the autoclave, in addition to
the baffling design. One might be able to adjust the aspect ratio of the autoclave to increase the
achievable temperature gradients and global temperatures, but there will inevitably be some
fundamental limit reached, whether it is in the production of a Rene 41 ingot of suitable
size/grain structure, or in the thermal management of an autoclave with poor heat transport

properties.
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An even greater challenge, as previously alluded to, is the development of a crystal
growth method that does not rely on a competing technique for source material and seed
crystals. The standard at UCSB, and presumably in the ammonothermal community at large,
is HVPE-produced source and seed GaN. Early on in the development of ammonothermal
growth, Ga metal was attempted as a source material, but it was found to be too difficult to
control supersaturation in the system, as GaN is always more stable than Ga in the presence of
NHs at these conditions [49][57]. Eventually the field moved on to limited success with in situ
conversion of Ga to GaN in the dissolution zone before growth was initiated, or to source
materials produced by competing techniques, such as HNPS or HVPE. Seeds were/are
produced either through heterogeneous nucleation on the autoclave wall, or from the same
competing techniques.

While the ammonothermal growth of GaN has enjoyed many research successes by
utilizing HVPE source/seed materials, there have also been many shortcomings. It has been
verified in this work, and in others, that HVPE materials act as impurity sources (for some, but
not all observed impurities) for ammonothermally-grown material [79]. Furthermore, the
crystal quality of HVPE GaN seeds, while improving, may be a limiting factor in the resultant
ammonothermally-grown crystals. Another challenge, which has been ignored by the bulk
GaN community at large, is that of an application specific, lattice-matched substrate. Since
most Nitride devices are actually composed of a stack of materials in a ternary alloy system
(e.g. InGaN/GaN for visible optoelectronics, and AlGaN/GaN for UV optoelectronics and
power electronics), the lack of a bulk ternary Group-I11 Nitride substrate limits device design.
Interest in tailor-made ternary Group-I11 Nitride substrates has been expressed, but little work

has been done to realize them. The aforementioned shortcoming of ammonothermal growth
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leads one to ask: 1) how can ammonothermal GaN growth be dramatically improved over the
competing techniques it relies on, and 2) how will bulk ternary Group-I11 Nitride crystals be
produced ammonothermally if competing techniques cannot/will not produce them to begin
with? The answers to these questions clearly entail removing the dependence of
ammonothermal growth on competing techniques, like HVPE, for source material production.
What follows in this chapter is the theoretical foundation of a new supercritical NH3-Na
solution growth technique for bulk GaN crystals. This technique introduces the Ga (or other
Group-I111 species) in the form of an alloy, and relies on the supercritical NH3-Na solution to

provide the N-species. Initial growth demonstration results will be discussed.

4.2  Thermodynamic Growth Model

The chemical potential driving force for ammonothermal growth by means of
establishing a temperature gradient between GaN source and seed materials in the dissolution
and growth zones, respectively, is given in Equation 2-1. As previously described, this growth
model (referred to in the remainder of this chapter as “traditional ammonothermal growth”)
utilizes the temperature dependence of the GaN solubility curve to establish supersaturation in
the growth zone. When one replaces GaN source material with metallic Ga-species, the
equilibrium shown in Equation 4-1 implies that a temperature gradient is no longer required to
crystallize GaN. As stated previously, this reaction resulted in Ga not being used as a source
material in traditional ammonothermal growth because GaN was always thermodynamically
favored over Ga [109]. Indeed, GaN growth is not useful if it occurs in a polycrystalline fashion
over the source material, as opposed to the growth of a single crystal layer on a seed. However,

if Ga-species can be dissolved in the supercritical NH3-Na solution without spontaneously
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nitriding, then Equation 4-1 implies that GaN growth on the seed is possible in the absence of
a temperature gradient, should the dissolved Ga be transported to the seed by means of a

concentration gradient in the supercritical solution.
Equation 4-1

3
+=H

Ga o1 + NHj ) = GaN () + 5 H, )

To prevent spontaneous nitriding of Ga, Ga-metal can be alloyed with another species,
referred to in the remainder of this chapter as an “excipient alloying element”. As further
discussed in 4.3, the purpose of the excipient alloying element is to effectively dilute the Ga-
species to prevent its nitridation, while still enabling Ga to be solvated by the supercritical
NHz-Na solution. This phenomenon has been realized before, as outlined in Ref. [95], with
metallic-Ga transport to/from Ni-components. The use of a Ga-alloy source, as compared to
pure metallic-Ga, is immensely important since it enables continuous isothermal growth on
GaN seed crystals. A new chemical potential driving force equation for GaN growth can
therefore be derived, which is source composition and temperature-modulated, instead of
modulation by the temperature dependence of GaN solubility. The chemical potential driving
force (Ap) is now pinned between the chemical potential of Ga in GaN (u&2N, which represents
the lower potential if growth is to occur) and the chemical potential of Ga in the source alloy
(ne2<¢, which represents the higher potential if growth is to occur), assuming NHs is added
in excess with respect to Ga. An idealized expression for Ap is shown in Equation 4-6, which

is derived through simple thermodynamic analysis of the end-point Ga chemical potentials in

Equation 4-2 - Equation 4-5.
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Equation 4-2

—_ —_ — 3
GGa+GNH3 = G gan +_GNH3

2
Equation 4-3
Vel 0 0 3 0 3
Gga + Wnn, T RT * In[pp,| = nEan + > M, + ERT *In[py, |
Equation 4-4
3 p3/z
- H
Gga = HGa' = HGan + 5 Mir, — MR + RT xIn|—=
PNH;
Equation 4-5
HEQUTCE = g, + RT - In[yZguree « Xgouree
Equation 4-6
3 YSGOaUI‘CG * X?}%urce * XNH
Ap = pE"™* — HEE" = MGa — Hean — 5 Mir, + MR, + RT % 1n VAT
P/ 2xX /2
Tot HZ

The symbols used in Equation 4-6 refer to the following quantities: the standard state
partial molar Gibbs free energy of each component (u?), the ideal gas constant (R), the fluid
temperature (T), the activity coefficient of Ga in the Ga-alloy source (yg2""“®), the mol fraction
of Ga in the Ga-alloy source (Xg3""“®), the mol fraction of NHjs in the fluid (Xyy,, as defined
by Equation 4-7), the mol fraction of Hz in the fluid (Xy,, as defined by Equation 4-8), and the
total system pressure (Pr,, equivalent to the sum of the NHs and H: partial pressures, pyy,
and py,, defined in Equation 4-9 and Equation 4-10, respectively). It should be noted that

Equation 4-9 and Equation 4-10 assume ideal mixing of each component gas.
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Equation 4-7

_ _ Dnng
Xnn, = n +n
NHj H,
Equation 4-8
Ny,
Xn, = n +n
NH; H,
Equation 4-9

PnH, = XNH, Prot

Equation 4-10

sz = XHZ PTOt

To first order, the fluid composition can be assessed by assuming that two reactions
proceed to completion. The first reaction was given by Equation 4-1, which allows one to
assess how much NHs is consumed and how much Hz is evolved, given the amount of Ga
added to the system (again, NHz is added in excess). The second reaction that is assumed to
take place involves the formation of NaNH2 from Na-metal. This reaction is shown in Equation
4-11, with the NHz added in excess (allowing a similar calculation of NH3 consumption and
H> evolution if the reaction proceeds to completion). The gas contributions from each reaction
are summed, which allows for the mol fractions of NHz and H to be quantified by the amount
of each species added to the autoclave, shown in Equation 4-12 and Equation 4-13,
respectively. The initial molar fill of NHzis represented by n}'\,HS, while ng, and ny, represent
the added molar quantities of Ga and Na, respectively. Equation 4-12 and Equation 4-13 are
substituted into Equation 4-6 to yield an expanded form of the chemical potential driving force
expression in Equation 4-14 (where the standard state contributions are summed in the term

Ap®, defined by Equation 4-15). It should be noted that the effects of NH3; decomposition and
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Ho> diffusion are neglected for simplicity in this analysis. In reality, there will also be N2 present

in the fluid due to these processes.

Equation 4-11

1

Equation 4-12

i
NyH, — Ngg — Nyg

XNH, = —
n,‘VH3 + EnGa — 7nNa
Equation 4-13
3 1
7 nGa + i nNa
Kh, = i 1 1
TLNH3 + inGa - inNa
Equation 4-14
source source i i 1 1 1/2
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Equation 4-15

A = Ga — HGan — ; MR, + 1R,

There are two important consequences that can be realized through this derivation of
the chemical potential driving force. First, as previously mentioned, it is now clear that GaN
growth can be achieved isothermally, and that the magnitude of the driving force can be
changed by altering the composition of the Ga-alloy source, the total system temperature and

pressure, and the amount of additional chemistry (Na mineralizer, and NHz added to achieve

said pressure). Secondly, it is clear that the addition of excipient alloying elements reduces the
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driving force by the natural logarithm term in Equation 4-6, when comparing growth from a
pure Ga source to growth from a Ga-alloy source. The driving force reduction is required to

prevent spontaneous nitriding of Ga in the supercritical NH3-Na fluid.

4.3  Selection of Excipient Alloying Elements

The choice of the proper excipient element to form the Ga-alloy source is critical for
the success of any isothermal growth experiment in supercritical NH3-Na solutions. There are
three primary requirements of the excipient alloying element: 1) that it is chemically-stable in
the supercritical NHs-Na solution (i.e. it will not dissolve or react), 2) that it does not form a
competitive nitride with Ga, and 3) that is sufficiently miscible with Ga to form an alloy. An
additional preference is that the excipient alloying element poses no extreme health hazards to
humans, for ease of handling.

The stability criterion can be addressed by a study which was performed at UCSB in
2013. The purpose of this study was to survey a broad range of materials (ceramics, metals,
and metalloids) to assess their behavior in basic (NHs-Na), acidic (NH3-NH4Cl), and neutral
(NHs) ammonothermal chemistries. The cumulative results of this survey study are given in
Appendix A, but the elements which were found to be unstable in supercritical NH3-Na
solutions include: Al, Au, Cu, Ge, Mg, Pd, Pt, Si, Ta, Ti, W, Y, and Zr [47]. The alkali, alkaline
earth, and halide elements are also excluded from the list of candidate excipient alloying
elements because they tend to modify the NHs dissociation reaction as effective mineralizer
species. Also, for practical reasons, the gaseous and non-earth-abundant elements are also
excluded. Many of the aforementioned unstable elements form nitride compounds, but some
elements excluded from that list also form nitride compounds, the majority of which are

considered more stable than GaN by Ellingham diagram analysis. These potentially-stable,
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competitive nitriding elements include: B, Ce, Cr, Fe, Mo, Nb, and V. Also, elements which
are considered by the National Fire Protection Association (NFPA) as a health hazard of 3 or
4 are excluded as potential excipient alloying elements due to safety/handling concerns, and
these include: As, Cd, Hg, and Po. The remaining candidate elements which meet the
aforementioned criteria are listed in Table 4-1, along with specific data obtained from their

respective binary phase diagrams with Ga.

Table 4-1. Binary phase data from potential excipient alloying elements. Represented are the liquidus and
solidus compositions at 600°C, the eutectic compositions (and temperatures), and largest liquid miscibility
gap composition range (at the lowest temperature it exists).

Element | Liquidus Solidus Eutectic Points Liquid Miscibility
at 600°C at 600°C at.% Ga (°C) Gap Range
(at.% Ga) (at.% Ga) at.% Ga (°C)
Bi [110] | - — 39 (222), 92 (222), 39-92 (222)
99 (29)
Pb[111] | -- -- 6-98 (317)
Sn[112] | -- -- 92 (21), 99 (29) --
TI[113] | -- - 2-96 (286)
Ag[114] | 30 23 99 (26) --
Co[115] | 97 75 99 (29) -
Gd [116] | 98 78 20 (850), 99 (29) --
Hf [117] | 96 75 20 (1477), 43 (1677),99 | --
(29)
Ni[91] |91 62 31 (1217), —
99 (29)
Sb[118] |88 50 12 (589), 99 (29) -
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Sc[119] | 96 75 20 (1060), 57 (1070), 99 | --
(29)

Te[120] | 99 50 10 (440), 44 (785) -

Yb[121] | 90 80 22 (605), 54 (880), -
99 (27)

It should be noted that the values given in Table 4-1 are generally measured at
atmospheric pressure, so it is difficult to say with great confidence if these quantities increase
or decrease at ~200 MPa. The liquidus and solidus compositions at 600°C are meant to give
the reader an impression of the composition range over which the binary alloy systems will
have solid phases in equilibrium with liquid solution at realistic ammonothermal temperatures.
Ga has a low melting point (~30°C) by comparison to these excipient alloying element
candidates, which is why the liquidus and solidus compositions at 600°C are generally at high
Ga concentrations, and also why the low temperature eutectic compositions are very nearly
pure Ga. Bi, Pb, Sn, and TI also have fairly low melting temperatures, so their binary phase
equilibria favor liquid solutions over the entire composition range for realistic ammonothermal
temperatures (>400°C). Liquid phase miscibility gaps are realized across large composition
ranges for Ga alloys with Bi, Pb, and TIl. The values given in Table 4-1 to represent this
behavior refer to the lowest temperature, and widest composition range, that the two-phase
liquid is observed. The miscibility gap composition range narrows with increasing temperature
until it disappears at 262°C for Bi [110], ~610°C for Pb [111], and 576°C for TI [113],
respectively. It should be noted that Ir, Os, Rh, and Ru appear to pass the aforementioned

excipient alloying element criteria, but no binary phase diagrams could be found for them with
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Ga (although various intermediate species have been synthesized for each, suggesting some
miscibility with Ga), therefore they were excluded from Table 4-1.

An important consequence of excipient alloying element selection is that it enables
precise control of the phase(s) present in the Ga-alloy source. If one selects a composition that
is nominally single-phase, the source will lose Ga to the supercritical fluid as growth occurs,
thereby reducing the chemical potential driving force for growth as the process proceeds
(according to Equation 4-14). It is possible that if a solid, single-phase source is used, that
crystal growth kinetics may be limited by the diffusion of Ga in the bulk of the alloy to the
surface, where it is dissolved by the supercritical fluid. It is likely that Ga-diffusion would
proceed faster in a liquid single-phase source.

It is also possible to structure the Ga-alloy source as a two-phase system. It is expected
that if this were the case, Ga would be depleted from the phase in closest proximity to the
supercritical fluid by means of traversing the “tie-line” in the two-phase region of the relevant
phase diagram. Traversing the tie-line entails the Ga-poor phase present in the source growing
at the expense of the Ga-rich phase by means of Ga and excipient element redistribution, until
the Ga-rich phase completely disappears. This implies that while the Ga-alloy source is two-
phase, ug2" ¢ is pinned by the composition of the Ga-poor phase, and that growth occurs under
constant chemical potential driving force. This might be desired for crystal growth uniformity.
Two-phase sources can be designed with two solid phases (if operating below the solidus
composition), two liquid phases (if a liquid miscibility gap is present), and a solid and liquid
phase (if operating between the solidus and liquidus compositions). It is important to note that
any choice of excipient alloying element will most likely entail deviations from binary phase

behavior with Ga. As mentioned before, an idealized Ga-alloy source would not interact
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chemically with the supercritical fluid or autoclave components, but by means of intimate
contact with the ammonothermal environment it is likely that Na, N, Ni, and other elements
will be present in the source (whether at a contamination level, or to the extent of forming a

ternary or higher order alloy).

4.4  Experimental Methods

Isothermal crystal growth was performed on HVPE GaN seed crystals in supercritical
NHz-Na solutions from various Ga-alloy source materials. The molar fill ratio of NH3:Na
(20:1) and the target total system peak pressure (200 MPa) were kept the same as the studies
in Chapter 2 and Chapter 3 . These growth runs were typically conducted for one week or
less, as the primary focus of this study was to determine if growth from these alloys was
possible. The experimental setup was nearly identical to that which was described in 2.2,
shown schematically in Figure 2-2, in which an internal thermocouple probe was used to
measure the supercritical fluid. Small Rene 41 or Inconel 625 autoclaves (with free volumes
of ~60-70 mL) were utilized, as it was easier to establish a uniform internal temperature
condition than with taller, large volume autoclaves.

The Ga-alloy source materials used in this study were produced by a variety of
methods. A tube furnace (Thermolyne 79300) was utilized to prepare Ga-Ni alloys in the first
generation of experiments. For these alloys, Ga pellets (99.9999% pure) and Ni foil pieces
(99.5% pure) were measured using a high precision balance (Mettler Toledo AB135-S/FACT,
precision: £ 0.01 mg). The Ni was subsequently solvent cleaned in sonicated baths of acetone,
isopropanol, and de-ionized water. The raw metals were then added to a pyrolytic boron nitride

(PBN, 99.99% pure) crucible, which was held in the tube furnace at 1000°C for 3 days in a N2-
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ambient. The mass of each alloy was checked after tube furnace heat treatment, which verified
that negligible mass was lost during the alloying process. The second generation of alloys were
prepared using an Ar-ambient arc melter (Centorr Series 5 Bell Jar). These alloys employed
Ag (99.99% pure) as the excipient alloying element, with either Ga or Al (99.99% pure) as the
Group-I11 species. The raw metals were measured and cleaned using the processes previously
described. The metals were then added to either a PBN crucible or Fabmate (99.9995% pure
C) crucible and placed in the arc melter. Alloying was performed by striking an arc across the
crucible, letting the crucible contents melt, then rapidly quenching the melt by extinguishing
the arc and allowing the crucible to equilibrate with a water-cooled copper heat sink. The alloy
was then flipped-over in the crucible, and the melting process was repeated. This “melt-
quench-flip” process was repeated 3-4 times per alloy to target a homogenous structure,
however, coupled XRD-scans of the top and bottom of selected alloy “slugs” indicated that
some inhomogeneous grain structure remained (perhaps because the quench process was not
rapid enough). Again, post-processing mass measurements indicated that negligible mass was
lost during the alloying process. Growth utilizing a third generation of alloys, with Pb
(99.999% pure) as an excipient element, was also attempted. Due to the moderate toxicity of
Pb and its low melting point, this alloying process was attempted in a N2-ambient glovebox
using a conventional hotplate. This time, however, the raw metals were melted in a Ti-Zr-Mo
alloy (TZM) crucible. Once again, post-processing measurements suggested that negligible
mass was lost during alloying.

As previously stated, the experimental setup was nearly identical to Figure 2-2. In these
experiments, however, the poly GaN basket was replaced within either a PBN or TZM crucible

which contained the Ga-alloy source material. This crucible was also placed on an Inconel 625
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standoff, so as to keep the source material from being submerged in the Na-rich phase. GaN
seed crystals were prepared as previously described in 3.2. These crystals were hung on Ni-Cr
wire directly above the Ga-alloy source-containing crucible. The Na and NH3 were added to
the autoclave assembly as previously described in this work. After the isothermal growth run
was complete, the contents of the autoclave were extracted in an attempt to separate the source
material from the crystalline products produced on the seed(s) and autoclave wall. EDX and
powder XRD analyses were performed on these products to determine their composition (and

phase-identification, where appropriate).

4.5 Results and Discussion

What follows in this section is a brief description of bulk Group-Ill Nitride growth
results, organized by the desired crystalline product and excipient alloying element. The
nominal initial alloy source composition is shown on each respective binary phase diagram
according to the masses of the raw metals used in production of the alloy, and the temperature
that the growth experiment was conducted at. It should be noted that additional intermediate
phases may be present in the alloy source materials (i.e. other phases than one would anticipate
by the masses and growth temperature, alone), which could be the result of slow quenching
from the melt during the alloying process. The resulting crystals are shown in each section,
with the added growth thicknesses indicated. Additional characterization results are presented
where appropriate. It is important to emphasize that these results are only intended to
demonstrate the feasibility of isothermal, bulk Group-11l Nitride crystal growth from alloy
source materials. Further studies are required to make definitive statements on the specific
growth mechanisms at play, and the fundamental limits of this technique as a bulk crystal

growth method.
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45.1 Growth of Bulk GaN

4.5.1.1 From Nickel-Containing Sources

A Ga-Ni alloy source, of nominal composition GasNi, was prepared using a tube
furnace as previously described. The growth experiment was conducted at 500°C, which as
indicated by Figure 4-1, should have resulted in a Ga-rich liquid phase in equilibrium with
GasNiz. It should be emphasized once again that imperfect alloying is to be expected
(especially at the temperatures that the tube furnace can achieve), therefore the phase behavior
of the alloy with respect to the binary phase diagram should not be considered absolute.
However, it is likely that multiple phases were present under ammonothermal conditions,

therefore the constant chemical potential driving force scenario should have been achieved.
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Figure 4-1. Ga-Ni binary phase diagram, with nominal Ga-alloy source initial composition at the growth
temperature [91].
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[T270]

[0001] [10T0]

Figure 4-2. {0001}-orientation crystal resulting from the Ga-Ni alloy source experiment. The hole present in
the crystal was intentionally-drilled to position it above the source material in the autoclave.

As can be seen in Figure 4-2, a total growth thickness of 67 um was achieved on both
sides of the {0001} seed crystal over one week. Inclusions in the crystal (as can be seen on the
top left corner of the crystal in Figure 4-2) and polycrystalline deposition throughout the
autoclave suggest that some amount of heterogeneous, non-epitaxial nucleation occurred.
SIMS was performed on the (0001) face of the crystal, revealing a surface O impurity
incorporation of ~1E19 at/cm?®. It should be noted that the O incorporation seemed to be
dropping with increasing crystal thickness (i.e. not asymptoting to a constant value) from a
peak magnitude of ~2E21 at/cm?® at a depth of ~8 pum into the crystal. This was also the trend
for other impurities, such as: C (surface: ~1E17 at/cm?®, peak: ~1E19 at/cm? at ~8 um depth),
Na (surface: ~2E18 at/cm? and dropping, peak: ~4E21 at/cm? at ~8 um depth), Mn (surface:
~2E19 at/cm?® and dropping, peak: ~3E20 at/cm?® at ~6 um depth), and Fe (surface: ~1E17

at/cm?® and dropping, peak: ~1E18 at/cm? at ~6 um depth), and Cr (surface: ~2E15 at/cm?®,
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peak: ~3E17 at/cm? at ~10 um depth). Al and Ni incorporation were uniform as a function of
depth in the grown crystal, with magnitudes of ~3E19 at/cm?® and ~5E17 at/cm?, respectively.

The extremely high peak Na and O impurity incorporation and stoichiometry may
suggest the presence of an initial Na;O layer which forms on the crystal. However, by
comparing the impurity incorporation at the (0001) surface with the crystals characterized in
3.3.3.1 at a comparable growth zone fluid temperature (500°C), it is clear that O, C, Na, and
Fe are reduced with respect to traditional ammonothermal growth. This would suggest that
impurities incorporate in the growing crystal early in the process, but steady state impurity
transport to the crystal is reduced with respect to traditional ammonothermal growth, with the
exception of Al and Mn impurities (although their concentrations may be reduced with
increasing crystal thickness). Impurity incorporation early on in the growth process may be
reduced by purifying the source material. Also, the depth at which the impurities increase from
that of the seed layer (near 10-12 um from the surface) suggests that most of the growth

thickness was added to the (0001) face.

4.5.1.2 From Silver-Containing Sources

Ga-Ag alloy sources of various compositions were prepared using an arc melter as
previously described. Two week-long growth experiments were conducted at 500°C, which
as indicated by Figure 4-3, were grown from sources of nominally the liquidus composition
(~32 wt.% Ga) and single phase liquid solution (~60 wt.% Ga). Figure 4-4 and Figure 4-5 show
the crystals grown from the liquidus composition source and single phase liquid solution

source, respectively.
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Figure 4-3. Ga-Ag binary phase diagram, with nominal Ga-alloy source initial composition at the growth
temperature shown in blue for the liquidus composition and in red for the single phase liquid solution [114].

[1070]

[0001] [1210]

Figure 4-4. {0001}-orientation crystal resulting from the Ga-Ag liquidus composition experiment, shown in
plan view and in perspective (demonstrating semipolar faceting on the (0001)-face). The hole present in the
crystal was intentionally-drilled to position it above the source material in the autoclave.

116



[0001]  [1070]

Figure 4-5. {0001}-orientation crystal resulting from the Ga-Ag single phase liquid composition experiment.
The hole present in the crystal was intentionally-drilled to position it above the source material in the
autoclave.

The total thickness added to both sides of the {0001} seed crystals was 40 um for the
liquidus composition source, and 105 pum for the single phase liquid solution source. Once
again, inclusions in the crystal and polycrystalline deposition in the autoclave were realized
for the single phase liquid solution experiment. However, there were neither crystalline
inclusions nor deposition in the autoclave in the liquidus composition experiment. This may
indicate that there is a threshold Ga concentration in the liquid phase (> 32 wt.% Ga), which
when exceeded, causes the formation of GaN nuclei. These nuclei may form on any surface in
the autoclave (due to the high pg2""“®) including the seed crystal. Alternatively, GaN
nucleation may occur in the source material itself, which then may be transported in the
supercritical fluid to the growing crystal, where it incorporates as non-epitaxially grown
particles with arbitrary orientation. This explanation is consistent with the Ga-Ni source
growth, which should have been composed of ~95 wt.% Ga liquid solution in equilibrium with

Ga3Ni2.
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Although the thickness of the crystal grown from the liquidus source was less than
those grown from the Ga-Ni and single phase liquid solution Ga-Ag sources, it appears that
the transparency was significantly improved over the other crystals beyond what one would
anticipate due to the thickness reduction. Therefore, SIMS was conducted on the (0001) face
of the crystal to determine if there was a reduction of impurities to match the improved
transparency of the crystal. A similar impurity reduction trend with growth thickness was
realized as the crystal grown from the Ga-Ni source, but all of the impurities seemed to
asymptote to a steady state value at the surface, and the peak impurity incorporation occurred
at a depth of only ~3 um (which is consistent with a thinner growth layer). The magnitudes of
impurity incorporation are as follows: O (surface: ~1E18 at/cm?, peak: ~7E18 at/cm? at ~2.5
um depth), C (depth independent: ~4E16 at/cm®), Na (surface: ~1E18 at/cm?, peak: ~3E19
at/cm?® at ~3 um depth), Mn (surface: ~3E18 at/cm?, peak: ~7E18 at/cm? at ~2.5 um depth), Fe
(surface: ~1E17 at/cm?, peak: ~3E18 at/cm® at ~3 pm depth), Cr (surface: ~1E15 at/cm?, peak:
~2E19 at/cm? at ~3 um depth), Al (depth independent: ~1E18 at/cm?), and Ni (surface: ~1E17
at/cm?®, peak: ~2E20 at/cm? at ~3 um depth).

It is apparent that both the peak impurity incorporation and surface impurity
incorporation were significantly reduced in the crystal grown from the Ga-Ag liquidus source
as compared to the crystal grown from the Ga-Ni source for O, C, Al, and Mn. Furthermore,
the peak Na impurity incorporation was reduced for the Ga-Ag liquidus experiment, suggesting
that a Na2O layer did not form. However, the impurities seemed to be continuously dropping
with increasing growth thickness for the Ga-Ni experiment, therefore the steady state impurity
incorporations cannot be compared. Given that XRD analysis was not conducted on these

crystals, and that SIMS was not performed on the crystal grown from a single phase liquid Ga-
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Ag solution, the origin of the transparency change cannot be definitively stated. Similarly to
the Ga-Ni growth experiment, the depth at which the impurities increase from that of the seed
layer (near 3 um from the surface) suggests that most of the growth thickness was added to the

(000T) face for the Ga-Ag liquidus experiment.

45.2 Growth of Bulk AlGaN

Given the success of growing transparent, low impurity GaN using the liquidus
composition of the Ga-Ag alloy system at 500°C, Ag was selected as an excipient alloying
element for the growth of AlGaN. Unfortunately, the ternary phase diagram is not known for
the Al-Ga-Ag system. However, given the complete miscibility of Al and Ga above ~30 at.%
Ga at 500°C (as shown in Figure 4-6) [122], an attempt was made to grow AlosGagsN using a
1:1 mol ratio of Al:Ga at the same Group-IlI liquidus composition as the Ga-Ag system (~32
wt.%). It is likely that the liquidus composition of the ternary Al-Ga-Ag system will increase
with respect to the Ga-Ag system, given the increased melting point of Al as compared to Ga,
meaning the presence of a single phase liquid solution is unlikely. The constituent metals were
alloyed using an arc melter as previously described. Since the purpose of this experiment was
to determine if AlGaN growth would occur at all, a semipolar {1122} GaN seed was utilized,
as it has been found that growth on this plane is less kinetically-limited than {0001} or {101

0} [79]. Growth was conducted at 500°C for 3 days.
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Figure 4-6. Al-Ga binary phase diagram, showing the nominal Group-111 initial composition at the growth
temperature [122].

[1121]

[1122]  [T100]

Figure 4-7. {1122}-orientation crystal resulting from the Al-Ga-Ag alloy source experiment. The hole present
in the crystal was intentionally-drilled to position it above the source material in the autoclave, indicating
that the bottom of the crystal, as viewed in the figure, was closest to the source during growth.

As can be seen in Figure 4-7, very little growth occurred on the seed. Similarly to the
growth from Ga-Ni and the single phase liquid Ga-Ag solution, polycrystalline deposition was

found throughout the autoclave. The bottom edge of the crystal as depicted in Figure 4-7 was
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closest to the Al-Ga-Ag source, and as such, that region achieved the largest growth thickness
of 16 um. The center of the crystal grew ~12 um, while the top of the crystal grew <1 um. The
presence of an axial thickness gradient (with respect to where the source material was in the
autoclave) on a less kinetically-limited seed crystal supports the speculation of mass transport
limited growth. Figure 4-8 shows a secondary electron micrograph and a panchromatic-CL
micrograph of the growth layer at the bottom edge of the crystal. It is apparent that growth did

not occur in a uniform layer, but there are regions showing hexagonal symmetry.

Figure 4-8. Secondary electron microgaph (left) and pan-CL micrograph of the bottom of the {1122}-
orientation growth layer, with areas of the seed visible beneath.

XRD analysis was used to identify the composition of the grown material. Due to the
uneven nature of the growth (which, for example, is depicted in one region of the crystal in
Figure 4-8), line focus geometry enabled sampling of both the GaN seed and the growth layer
of unknown composition. Thus, a coupled »-26 scan was sufficient to identify reflections for
both the substrate and the film. The peak positions of the 00¢ family of asymmetric reflections
(where €= 2, 4, and 6) were identified by scanning from @ = 15° - 67°, with the incident beam

projected along [1100], as shown in Figure 4-9. After accounting for the -0 detector offset,
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the 0-positions of the substrate peaks (indicated by blue markers in Figure 4-9) and film peaks
(indicated by red markers in Figure 4-9) were used to calculate the d-spacing of each family of
planes according to Bragg’s Law. As shown in Figure 4-10, linear regression was used to match

the d-spacings to the inverse-€ index according to the Bragg condition for hexagonal 00 planes,

as shown in Equation 4-16.
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Figure 4-9. Coupled w-20 scan showing the 002, 004, and 006 reflections (from lowest to highest angle,
respectively) for the GaN substrate (identified by blue lines) and the growth film (indentified by red lines).

Equation 4-16
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Figure 4-10. d-spacing as a function of inverse-¢ index (as calculated by Equation 4-16) for the GaN

substrate (in blue) and the growth film (in red). Linear regression enables calculation of the c-lattice
parameter:5.176 A for the substrate, and 5.069 A for the growth film.

This linear regression approach, which resulted in perfect best fit lines, enabled
correction of the XRD stage zero-point error to calculate the c-lattice parameter of both the
substrate and the film. Using Vegard’s Law, with ¢ = 5.185 A for GaN and ¢ = 4.982 A for
AIN, the composition of the film was determined to be 57 at.% Al on the Group-I1I site. The
composition of the substrate was determined to be 4 at.% Al, which may indicate the order of
magnitude of the error for this approach (by not considering the stress state of the substrate or
film, etc.). Given the apparent poor quality of the film, as is evident in Figure 4-8, the film was
thought to be completely relaxed.

The composition of the film was also inspected using EDX. Quantitatively accurate

detection of N is difficult using EDX at high accelerating voltages (~15 kV), which are useful
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for the quantifying metallic species, such as Al and Ga. Therefore, EDX was performed on
HVPE GaN material and other ammonothermal crystals to determine a baseline for an
anticipated N-signal. The N-content of these reference crystals ranged from 36-38 at.%, which
matched the two measurements taken from the AlGaN crystal (37 at.% N and 36 at.% N for
measurements taken in the middle and bottom of the crystal, respectively). Therefore, it was
determined that the Al and Ga signals could yield accurate information regarding the Group-
[11 site occupancy. The resulting Group-111 site compositions were determined to be 56 at.%
Al and 55 at.% Al for the middle and bottom of the AlGaN crystal, respectively. Clearly, both
measurements closely match the composition determined by XRD, and are close to the desired
crystal composition of AlosGagsN. To the best of our knowledge, this is the first demonstration

of seeded, bulk ternary Group-I11 Nitride crystal growth.

45.3 Remaining Challenges

In addition to traversing the binary phase space in temperature and composition to
change Ay, the effect of total system pressure on growth from Ga-alloy sources must be
explored. There may be deviations from the behavior of the relevant binary phase diagrams,
which are typically collected at 1 atm, at ammonothermal pressures of interest. Furthermore,
it is unclear if appreciable Group-lll species are dissolved at low pressure, thereby
bottlenecking the growth process at the mass transport stage. Some survey experiments were
conducted at less than 100 MPa in this work, which realized etching of the seed crystal, thus
supporting this speculation. An additional concern is control over the growth of ternary Group-
I11 Nitrides by employing ternary (or higher order) alloy sources, without established phase

diagrams. To completely understand this growth process, or more importantly to pick a
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reasonable starting point, the phase behavior of the constituent element solutions must be well-
understood. This includes experiments to determine the activity coefficient of the Group-III
species in these solutions, which may be a crucial aspect in tuning Ap.

In addition to required knowledge of the aforementioned intensive thermodynamic
parameters, there are many engineering challenges which must still be addressed. Perhaps the
most obvious challenge with this method is surface area limited alloy source material, and a
fixed NHz volume to supply the N-species to the crystal. In order to grow large Group-Iil
Nitride boules, continuous feeding of these materials should be explored. Additionally, many
of the low melting point excipient alloying elements (Bi, Sn, Pb, etc.) are known to exhibit
rapid grain boundary diffusion in structural materials [123]. With little known about the
behavior of these elements in Ni-base superalloys, it is important to investigate their
compatibility in the temperature, pressure, and chemical regimes of interest. Furthermore, In
has been shown to contribute to stress corrosion cracking in Inconel 718 [45], which makes
the growth of InGaN in Ni-base autoclaves a technical challenge. Short corrosion studies were
conducted with In and Pb contained in TZM crucibles within Inconel 625 autoclaves, with no
obvious corrosion products observed. However, an in-depth study on the diffusion length of
these materials in coupons of Ni-base superalloys should be conducted for completeness. As
previously outlined in this work, the propensity of Ni-components to take-up Ga from
supercritical NHsz-Na solutions remains a problem [95], therefore alternative autoclave

materials and liner systems should be explored to strictly control Group-I11 mass transport.

4.6 Summary

A novel supercritical NHs-Na solution growth method for the production of bulk

Group-I11 Nitride crystals was theorized and demonstrated to address the challenges associated
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with ammonothermal growth from source materials produced by competing techniques (e.g.
poly GaN produced by HVPE). This method utilizes Group-Il1 alloy source materials under
isothermal conditions to establish a chemical potential driving force for crystal growth.
Although very few experiments have been performed to date, impurity reduction with respect
to traditional ammonothermal growth of GaN from supercritical NHs-Na solutions has been
achieved. Furthermore, seeded growth of bulk AlGaN has been demonstrated, indicating this

method may be applicable for the production of bulk ternary Group-111 Nitride crystals.
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Chapter 5 Conclusions

Confronted with a lack of fundamental crystal growth data/knowledge for the
ammonothermal production of bulk GaN, two studies employing in situ fluid temperature
analysis were conducted. In the first study, an accurate determination of GaN solubility in
supercritical NHz-Na solutions was reported through the course of 23 gravimetric solubility
experiments under ammonothermal conditions (T = 415-650 °C, P ~ 200 MPa, molar NHz:
Na fill ratio = 20:1). GaN solubility was found to be lower than the previously reported range
[85]. Two previously unreported error sources were identified in the explored ammonothermal
conditions: Ga-alloying of Ni-containing components (identified using EDX), and Ga
dissolution in the Na-rich, second phase (identified using ICP). In general, Ni-containing
components depleted Ga from the supercritical NH3z-Na solution at high temperatures (> 475

°C), while the Na-rich phase depleted Ga from the NHs-Na solution at low temperatures.

The second study focused on identifying bulk GaN crystal growth kinetics, crystal
quality, and impurity incorporation as they pertain to supercritical NHs-Na solution
temperatures by extending the in situ fluid temperature measurement capability to both the
dissolution and growth zones of ammonothermal autoclaves. These fluid temperature
measurements provided direct experimental evidence to confirm the retrograde solubility of
GaN in supercritical NHs-Na solutions in the temperature and pressure regimes of interest
(~350 — 600°C and ~180 — 260 MPa, respectively).

Two dominant bulk GaN growth regimes were identified in this system: a mass
transport limited regime at low NIST-extrapolated fluid density gradients (<1.2 mol/L), and a

surface integration limited regime above this critical fluid density gradient. In surface
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integration limited growth, two different Arrhenius processes appear to dominate, one above
and one below ~570°C. Knowledge of polar {0001} and nonpolar {1010} growth Kinetics
enabled the assessment of crystal shape evolution with growth zone fluid temperature. It was
found that equiaxed crystals (equivalent {0001} and {1010} growth rates) are favored at high
growth zone temperature, and needle-like crystals (high {0001}:{1010} growth rate ratios) are
favored at low growth zone temperature. The crystal quality of (0001) orientation
ammonothermal material was found to be highly correlated with growth zone fluid
temperature, requiring temperatures in excess of ~575°C to match or improve the quality of
the HVPE seed crystal. The crystal quality of the (000T) orientation material, by comparison,
was not obviously affected by growth zone fluid temperature. Al, Si, and Mn impurities,
identified using SIMS, were found to incorporate in the growing crystals more readily at high
dissolution zone fluid temperature, implying they either originate in the poly GaN source
material, or become activated from a greater autoclave volume at elevated temperatures. Na,
Fe, O, and H impurities were reduced with increasing growth zone fluid temperature, in a
consistent fashion with defect-site incorporation

Knowledge of Ga-alloying of Ni-containing components, coupled with impurity
incorporation correlated with poly GaN source material, motivated the exploration of Ga-alloy
sources for the growth of bulk Group-I11 Nitride crystals. The chemical potential driving force
for this system was derived, and growth was demonstrated. Impurity reduction with respect to
traditional ammonothermal growth of GaN (without noble metal liner materials) from
supercritical NHs-Na solutions has been achieved. Furthermore, seeded growth of bulk AlGaN
has been demonstrated, indicating this method may be applicable for the production of bulk

ternary Group-I11 Nitride crystals.
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Appendix A Stability of Materials in Supercritical Ammonia

Solutions

A detailed review of the stability of materials in supercritical-NHz solutions (NHs-Na,
pure NHs, and NHz-Cl) was conducted in Ref. [47]. The analysis was based on the chemical
and mechanical stability of the materials in each of the three solutions, and a summary of
notable observations specific to each material was reported. The chemical stability of materials
was determined by their relative mass change, thickness change (when accurately obtained
with sufficiently small experimental error), and color change. In some cases, EDX was also
used to determine chemical stability. Chemical stability is defined here as the absence of any
measurable chemical changes that compromised the integrity of the sample. For example, a
sample can change color and lose a small amount of mass but still be considered chemically
stable if the changes are such that the expected lifetime of the sample would be long compared
to the length of a typical ammonothermal run. The mechanical stability of materials was
determined by observable changes in mechanical properties (such as embrittlement) and

macroscopic defects (such as crack formation, spalling, etc.).

A general “recommendation” was made for each material in each solution based on the
aggregate knowledge collected for the material and is presented using a checkmark (v'), a circle
(O), or a cross (X) in the following tables. A checkmark indicates that the material has good
to excellent chemical and mechanical stability in the indicated supercritical NHz-solution and
should be considered for future in-depth studies for chemically inert components (for example,
internal components, liners, etc.). A circle indicates that the material could potentially be used

under certain circumstances, though it should not necessarily be considered simultaneously
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chemically and mechanically stable. A cross suggests the material is not stable for the given

environment as it severely degraded, though it may be suitable as a solute.

A.1 Ceramics

A.1.1 Oxides
Recommendation Weight Change (%)
Name
NH;-Na NH; NH;-Cl NH;-Na NH; NH;-ClI
Aluminum Silicate
X O v -1.62 -0.49 +0.11
Aly31Si21.0F€0.8Ko 6 Ti0.4064.1
Fused Silica
X v 4 -100.00 -0.02 -0.90
SiO;
Glass Ceramic
Siz0.7Al76Li32MQ1.4Ca14Nag 6 X v O -21.58 +0.02 -0.07
TiosZN0sBaosKo4Zr04O618
Glass Mica
X @) O -4.61 +0.05 -0.44
Si15,4Mg&5F44ZAI3‘2K2‘1BZ.0064,5
Machinable Alumina Ceramic
X v O -92.53 -0.89 +4.60
Al,O3
Magnesium Oxide
X v X -4.05 N/A -100.00
MgO
Quartz
X v v -100.00 -0.13 0.00
SiO,
Sapphire -51.82 0.00 -0.01
X v v
Al,O3 -47.14 -0.03 0.00
Sintered Alumina
X 4 4 -4.07 -0.05 -0.04
A|203
Soda lime
X O O -100.00 N/A -1.43
Si2s.4AlosKosMQ23Na;0,0Ca,50s07
Yttria-stabilized Zirconia
O v v -0.05 -0.04 -0.30
ZrY5066
Zirconia
v v O -0.01 0.00 -0.10
Zr0O,
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A.1.2 Nitrides

Recommendation Weight Change (%)
Name
NH;-Na NH; NH;-Cl NH;-Na NH; NH,-ClI
Hot-Pressed Boron Nitride
X O O -5.51 -0.54 -0.20
BN
Pyrolytic Boron Nitride
X O O -19.77 -1.55 +0.84
BN
Silicon Nitride
X v v -1.56 -0.02 -0.02
Si3N4
A.1.3 Carbides
Recommendation Weight Change (%)
Name
NHz-Na NH; NH;-Cl NH;-Na NH; NH,-ClI
Silicon Carbide
O v v -0.97 -0.05 0.00
SiC
Tungsten Carbide
v v v 0.00 0.00 -0.16
(WC)g0.04C06.10F €0.4
A.2 Metals
A.2.1 Pure
Recommendation Weight Change (%)
Name
NH;z-Na NH; NH;-Cl NH;-Na NH; NH,-ClI
Aluminum
X X -100.00 -100.00
Al
Gold
X 4 4 -8.76 +0.13 +0.09
Au
Iridium
X -27.55
Ir
Lanthanum
X +77.00
La

145



A22

Magnesium
X X -27.28 -100.00
Mg
Niobium +0.71
O O O +0.88 +0.89
Nb -0.44
Palladium
X v v -55.17 +0.21 +0.97
Pd
Scandium
v +3.18
Sc
Silver
v v X -0.04 0.00 -5.49
Ag
Tantalum
O O X +0.32 -5.40 +1.17
Ta
Titanium +3.29
X v O +0.20 +0.50
Ti N/A
Vanadium
O O v +1.45 +1.29 -0.42
\Y
Yttrium -100.00
X X X -100.00 N/A
Y -100.00
Zirconium
X v X -0.28 +0.31 N/A
Zr
Cobalt and Cobalt Alloys
Recommendation Weight Change (%)
Name
NHz-Na NH; NH3-C| NHz-Na NH; NH3'C|
Cobalt -40.98
v v X +0.04 -0.01
Co -41.54
Co-W-Al Alloy
v v v -0.02 +0.07 -0.05
CogoWig6Alo4
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A.2.3 Copper and Copper Alloys

Recommendation Weight Change (%)
Name
NH;-Na NH; NH;-Cl NH;-Na NH; NH;-Cl
Brass 260
X O X -53.64 -9.29 -100.00
CuznZngg
Constantan (TC J-, TC E-)
O v X +2.00 -0.09 -100.00
CussNisz
Copper
X O X -100.00 -6.36 -100.00
Cu
A.2.4 1Iron and Iron Alloys
Recommendation Weight Change (%)
Name
NHz-Na NH; NH;-Cl NH;-Na NH; NH,-ClI
1018 Steel
O O X +2.58 +0.86 -66.95
Fegs sMnNo.sCoo
15-5PH
O O X +0.27 +0.88 -1.22
Fe75.9Cr16.1Ni45Si20MnNy1,6Co.3NDo 2P0.1S0.1
17-4 PH
O O X +0.25 +0.86 -1.96
Fe75.6Cr17.1Ni3.7Si16Mny ¢Co.3NDo 2P0.1S0.1
+0.81
316L Stainless Steel +0.81 -0.08
@) @) X +0.24
Fees7Cri81Ni113MnN2,0Si20M01.4C04P0.1S01 +2.46 +0.80
+0.27

A.2.5 Molybdenum and Molybdenum Alloys

Recommendation Weight Change (%)
Name
NH;-Na NH; NH;-ClI NH;-Na NH; NH;-Cl
Molybdenum
v v v +0.01 +0.03 0.00
Mo
TZM
v v v 0.00 0.00 0.00
MoggsTio3Zr01
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A.2.6 Nickel and Nickel Alloys

Recommendation Weight Change (%)
Name
NH;-Na NH; NH;-Cl NH;-Na NH; NH;-Cl
Chromel C (TC K+) /
Alumel (TC K-) Junction O O X +0.02 +0.36 -63.62
NiagCrll/ NigzanA|4Si2
Hastelloy C-276
NisggCrig7M010.4F€52C027 Wi 3 v v O +0.02 +0.05 -0.01
Mn11V0.4Si0.2P0.1S0.1Co.1
Nickel
v v X +0.01 +0.05 -52.22
Ni
Nicrosil (TC N+) /
Nisil (TC N-) Junction
O O X +0.03 +0.28 -59.18
Nig1.2Cr15.7Si26 Mo /
Ni91.28i848
A.2.7 Platinum and Platinum Alloys
Recommendation Weight Change (%)
Name
NHs-Na NH; NH;-Cl NH;-Na NH; NH;-Cl
Platinum (TC R-)
X v v -100.00 +1.83 +1.63
Pt
Platinum-Rhodium (TC R+)
X v v -86.38 +1.70 +1.26
Pt"/BRhZZ
Platinum-Ruthenium
v v v +2.27 +2.50 +5.06
Pto:Rug
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A.2.8 Tungsten and Tungsten Alloys

Recommendation Weight Change (%)
Name
NH;-Na NH; NH;-Cl NH;-Na NH; NH,-ClI
High-Strength Durable
Tungsten v v O -0.10 -0.01 -0.32
Wo47Ni156CUg g
Tungsten 0.00
v v O -0.94 0.00
W +0.05
Tungsten-Rhenium (TC C-)
v v v -0.02 -0.04 +0.10
WzRey
Tungsten-Rhenium (TC C+)
v v v -1.29 -0.04 +0.07
WoagsRes
A.3 Metalloids
Recommendation Weight Change (%)
Name
NHz-Na NH;3; NH;-Cl NH3-Na NH; NH,-ClI
Germanium
X O X N/A -6.92 +42.33
Ge
Silicon
X v X N/A -0.07 +1.53
Si
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