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Abstract

Bulk single crystals of GaN and AIN can be grown from supercritical fluids using the ammonothermal method, which
utilizes ammonia as fluid rather than water as in the hydrothermal process. In this process, a mineralizer such as amide,
imide or nitride is used to attack a bulk nitride feedstock at temperatures from 200°C to 500°C and pressures from 1 to
4 kbar. Ammonothermal systems have been modeled here using fluid dynamics, thermodynamics and heat transfer
models. The nutrient is considered as a porous media bed and the fluid flow is simulated using the Darcy—Brinkman—
Forchheimer model. The resulting governing equations are solved using the finite volume method. The effects of
particle size on flow pattern and temperature distribution in an autoclave are analyzed.
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1. Introduction

GaN and related materials can be used to
fabricate blue/green/UV emitters (LEDs and
LDs), and high temperature, high power electronic
devices [1]. Ideal substrates are needed for high
quality III-nitride epitaxy, which is an essential
step for the manufacture of light emitting semi-
conductor devices. SiC or Sapphire substrates
have been typically used thus far, but sapphire
has a large lattice mismatch with nitride-based
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films and SiC substrates are expensive. AIN or
GaN substrates are ideal to be lattice matched and
isomorphic to nitride-based films.

Due to high melting temperatures and high
dissociation pressures of IIl-nitride compounds,
bulk nitride crystals are difficult to be grown. III-
nitrides can decompose in metal and N, or
nitrogen atoms at high temperatures using melt
or sublimation growth. To counteract the decom-
position, a high nitrogen pressure or a high
ammonia pressure is required. Porowski [2—4] used
ultra-high-pressure method to synthesize gallium
nitride single crystals in the form of hexagonal
platelets with dimensions exceeding 1 cm from the
solution in liquid gallium at nitrogen pressures of
12-20kbar and temperatures of 1400-1700°C
[2-4]. Semiconductor GaN was obtained by
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introduction of Mg into the growth solution. The
surface area of pressure-grown GaN single-crystal-
line platelets has been increased to about 100 mm?
recently by these authors [2—4].

Callahan et al. [5] synthesized and grew GaN by
sublimation of ammonium chloride in a carrier
gas, which passes over gallium at temperatures of
approximately 900°C at near atmospheric pres-
sure. GaN single crystal c-plane platelets up to
2x2x 0.1 mm® were obtained.

Purdy [6] synthesized both bulk cubic (zinc
blende) and hexagonal GaN by ammonothermal
reactions of gallium metal and compounds under
acidic (NH4Cl, NH4Br, or NHyl) conditions.
Gallium metal reacted slowly with supercritical
NHj3; in the presence of NHyl, forming GaN as the
only crystalline product at temperatures above
250°C and pressure of 10,000 psi. Ketchum and
Kolis [7] grew single crystals of gallium nitride in
supercritical ammonia at 400°C and 2.4kbar.
Hexagonal GaN crystal of 0.5x0.2x 0. mm?
was obtained.

In the ammonothermal growth of nitrides
(GaN, AIN), the autoclave used is very similar to
that in the hydrothermal growth of high quality
oxides. Ammonia (NHj3) is used in the ammo-
nothermal growth method instead of water as in
the hydrothermal growth. Predetermined amounts
of ammonia, mineralizers and GaN particles are
loaded in the bottom of an autoclave, while seeds
are hanged on a ladder made from 1.0mm
diameter Ag wire from the top (see Fig. la). A
baffle made from 0.28 mm Ag foil is used to divide
the autoclave into two parts-upper and lower
portions. One-half of the cylindrical autoclave
used in Ref. [7] is shown in Fig. 1b, and the
temperature contours are also shown. The part of
the autoclave below the baffle is applied with a
high temperature, Ty, and the upper part of the
autoclave, above the baffle, is applied with a low
temperature, 7. The strap heaters on the sidewall
of autoclave are controlled to obtain the required
temperatures.

A temperature gradient is achieved on the
sidewall of the autoclave, e.g., 300-250°C from
the bottom to the top of the sidewall. A pressure of
2—4 kbar can be obtained with a 70-90% NH; fill.
For mineralizer of 1-2 N, the growth rate of GaN
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Fig. 1. (a) Schematic of an ammonothermal growth system and
(b) one-half section of the autoclave, conditions are the same as
in Fig. 2(b).

by ammonothermal method is only 1-50 mils/day,
about 1/10th of the growth rate of quartz by
hydrothermal growth. GaN platelets of 1 mm in
length can be produced by ammonothermal
growth after a typical run of 5-30 days.

2. Mathematical model

After the ammonothermal system is pressurized,
ammonia occupies most of the volume. Hence the
upper portion can be considered as a fluid layer
with the assumption of incompressible flow and
the Boussinesq approximation [8,9]. The GaN
particles in the bottom of the autoclave can be
considered as a porous medium. In this case, the
Darcy-Brinkman—Forchheimer model can be em-
ployed in the porous layer, while Navier—Stokes
equations can be used in the fluid layer [8,9]. The
non-dimensional parameters of the system are
listed below:

Ar=H/R, Gr=gBR Ty — T.)/v",
Pr=K/R*, Fs=bh/R,
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where Ar, Gr, Pr, Da, Fs denote aspect ratio,
Grashof number, Prandtl number, Darcy number,
and Forchheimer number, respectively. H is the
internal height of the autoclave, R the internal
radius of the autoclave, g the acceleration due to
gravity, f the isobaric coefficient of expansion, v
the kinematic viscosity, o the thermal diffusivity,
the permeability of porous matrix K =
dpe? [[150(1 — ¢)*] with d, as the average diameter
of the nutrient particles, and the Forchheimer
coefficient b = [1.75/(1/150&'5)]K*3. The porosity
¢ =01in solid, 0<e<1 in porous layer and ¢ = 1 in
fluid layer, respectively.

The governing equations in the porous and fluid
layers can be combined by defining a binary
parameter B as: B =0 in the fluid layer and B =
1 in the porous layer, respectively. The combined
governing equations in a cylindrical coordinate
system are [10,11]:

0
X0 5 (peuy =0, (1a)
ot
0
B+ 2w ) 2 = —Vp + prgz
e Ot e e
b
+V - (e Vu) — BIEE + 22 uju)], (1b)

K K

0
(pep)ea+ (pep)l( VIT] = V- (VT), (10

where p, u, k, ¢, denote density, dynamic viscosity,
thermal conductivity, and specific heat, respec-
tively. z is the unit vector in the z direction.
Subscript f, e denote fluid and effective, respec-
tively.

A temperature profile is set on the sidewall of
the autoclave, T = Ty, z<Hg — 0.567; T = Ty —
(TH — TL)/5T(Z — Hyg + 0551‘), T=TL,z>Hg+
0.507, where Hy is the height of the baffle, and 61
is the height of the wall where the temperature
changes from Ty to 7. The top and bottom of the
autoclave are considered adiabatic. The tempera-
ture distribution is considered axisymmetric,
0T /or =0, at r = 0. The following scales are used
to non-dimensionalize the governing equations:
length R; velocity, v/R; time, R?/v; pressure,
pv?/R?; and temperature, Ty — T1. The non-
dimensional coordinates and velocity components
are (r,Z)=(r/R, z/R), W/',w') = (u/R,w/R), re-

spectively. The primes are omitted in the following
analysis. Grid used here is 302 x 77, and time step
is dt =5x 107 Different grid sizes, such as
257 x 67 and 302 x 77, have been used to test the
grid independence, more details on grid indepen-
dence test can be found in Ref. [10]. More details
on numerical scheme can be found in Ref. [12].

3. Results

The critical properties of ammonia are
T. =405.5K, and P. = 11,280kPa. The reduced
pressure and reduced temperature at 2 kbar and
250°C  are P, =2000/1128 =177, 1T,;=
523/406 = 1.3. For P, =10, and 7, = 1.3, the
viscosity and conductivity of ammonia are p/u; =
4.3, k/ky = 5.0, where p; and k; are the dynamic
viscosity, and thermal conductivity at 250°C and
atmospheric pressure [13].

We consider a case in which the autoclave has
an internal diameter of 0.932 cm, external diameter
of 3.5cm, internal height of 18.4cm and external
height of 20.3cm (Tem-Press MRA 138R with a
volume of 12.5ml) [7]. The thicknesses of the
sidewall and bottom of the autoclave are 1.28 cm.
The charge height is 1 cm, and the charge particle
size is 0.6 mm. The gap between the baffle and
charge bed is 2cm, Ty — 71 applied on the
sidewall is 50K, and 67 = lcm. The baffle is
made of 0.28mm Ag foil. The aspect ratio,
Grashof number, Prandtl number, Darcy number
and Forchheimer number are, Ar =40, Gr=
4.46 x 10%, Pr=0.73, Da=22x 1075, Fs=
2.6 x 1073, respectively.

The flow pattern is shown in Fig. 2a. The flow in
the porous layer is much weaker than that in the
fluid layer. The modified Grashof number can be
used to measure the flow strength in the porous
charge, Gr* = Gr Da. In this case, the modified
Grashof number is Gr* = 98.2. The fluid flow
cannot penetrate the porous layer, and the heat
and mass transfer in the porous layer is mainly by
conduction and diffusion, respectively. The con-
straints for the ammonothermal growth include
dissolving of charge, transfer of nutrient from the
charge to seed, and growth of crystals. The mass
transfers between the porous layer and the fluid
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Fig. 2. (a) Fluid flow in the autoclave with internal diameter of 0.932cm, internal height of 18.4cm, particle size of 0.6 mm, and

AT = 50K, and (b) temperature distribution in the autoclave.

layer is important for the successful growth. The
flow strength in the fluid layer depends on Grashof
number, which is proportional to the temperature
difference on the sidewall and the cubic of the
internal diameter of the autoclave. It is obvious
that the flow strength will be greatly increased by
increasing the internal diameter of the autoclave.
On the other hand, the flow in the porous layer
depends on Grashof number and Darcy number,
which is proportional to the square of the diameter
of particles. For a fixed system, the flow strength in
the porous layer can be increased by increasing the
size of particles.

The temperature distribution is shown in Fig.
2b. The temperatures in the porous charge are
almost the same as the high temperature, Ty,
applied on the lower part of the sidewall of the
autoclave. Large temperature gradients appear
near the fluid/charge interface. The aspect ratio
in this case is about 40, the temperatures at z > 20
within the autoclave are almost the same as the
low temperature, T, applied on the upper part of
the sidewall of the autoclave.

Since the aspect ratio of the inner chamber of
the autoclave is 40, it is difficult to show the whole
picture of flow field inside the autoclave. We have

therefore plotted the flow field around the baffle in
Fig. 3a. We assume that the baffle has a central
opening of 20% in the cross-sectional area of the
autoclave, and a gap between the baffle and
autoclave of 10% in the cross-sectional area.
There are two flow cells rotating in different
directions under the baffle. The flow goes up along
the sidewall driven by the buoyancy, which is
caused by the high temperature applied on the
lower part of the sidewall. Some flow penetrates
through the gap between the baffle and the
sidewall of the autoclave, and some flow goes
inward along the baffle and then downward near
the central opening of the baffle.

The vertical velocity profiles with respect to
radius at different heights, z = 1, 5 and 6.45, within
the autoclave are plotted in Fig. 3b. The vertical
velocity is very small at z =1 in the porous layer
meaning the flow is weak in the charge. The flow
structure between the baffle and charge is complex
as depicted by the curve at z = 5. The flow goes up
through the gap between the baffle and sidewall as
shown by the curve at z = 6.45. The flow is highly
three-dimensional as the Grashof number is high.
For three-dimensional calculations in a hydrother-
mal system, one can refer to Ref. [11].
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Another case is considered in which the charge
particle size is 3mm. In this case, the Darcy
number in the charge is 25 times as much as in the
previous case. Figs. 4a and b show the flow pattern
and temperature distribution in the autoclave,
respectively. The modified Grashof number is
Gr* = 2455, and significant convective effects are
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seen occurring in the charge (Fig. 4a). As can be
seen from Fig. 4b, the temperature distribution in
the charge is in convection mode, and large
temperature gradients appear near the interface
between the charge and the sidewall of the
autoclave. It is obvious that the particle size is an
important factor to be considered for the success-
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Fig. 4. (a) Fluid flow and (b) temperature distribution in a growth system with particle size of 3mm and AT = 50 K. The autoclave has

an internal diameter of 0.932cm and internal height of 18.4cm.
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Fig. 5. (a) Enlarged picture of Fig. 4a, (b) velocity profiles along the radial direction at different heights within the autoclave.

ful growth of GaN by ammonothermal method,
especially when the ammonothermal growth sys-
tem is upscaled.

Similarly we plot the flow field around the baffle
in Fig. 5a. There are again two flow cells below the
baffle. The flow structure above the baffle is
complex and oscillating. The vertical velocity
profiles are plotted in Fig. 5b. The velocity is large
at z =1 in the porous layer as compared to Fig.
3b, since the modified Grashof number is 25 times
as much as in the previous case. The flow goes up
through the gap between the baffle and the
sidewall, and the flow is oscillating in the central
hole.

4. Discussions

An ammonothermal growth system is consid-
ered here in which the autoclave used has an
internal diameter of 0.932cm and internal height
of 18.4cm. For the case of particle size of 0.6 mm,
the flow in the charge is very weak, and the
temperature distribution in the charge is in
conduction mode. This may constrain mass
transfer in the charge and affect the growth of
GaN. The flow strength can be increased by
increasing the size of the particles, etc. from 0.6
to 3mm. The temperature distribution in the
charge is in convection mode with the particle size

of 3mm. The flow is highly three dimensional in
the fluid layer since the Grashof number is high
Two-dimensional calculations are suitable for
parameter studies.
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