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Abstract

Sublimation crystal growth technique is widely used for the growth of optoelectronic materials, such as aluminum nitride (AlN). In
this paper, an integrated model is developed to study the effects of powder geometry on crystal growth rate whereas induction heating,
powder charge sublimation, vapor transport, and porosity evolution are considered. The mechanism of vapor transport is proposed by
introducing a driving force arising from the temperature difference in AlN sublimation growth system. Powder porosity evolution and
sublimation rate variation are predicted based on the vapor transport mechanism. In addition, a new method by optimizing the initial
powder porosity and creating holes in the packed powder is proposed to increase the crystal growth rate. Simulation results for the sub-
limation of powder with and without central hole are presented. It is found that the powder sublimation rate is higher when hole is pres-
ent. This is also validated experimentally. Effects of initial porosity, particle size and driving force on the sublimation rate are also
studied. Finally, the powder geometry is optimized based on numerical simulations. The findings from this investigation can also be
applied to SiC since SiC sublimation growth is similar to AlN.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Group III nitrides (AlN, GaN, InN) are wide band-gap
materials with superior physical and electronic properties
for blue/UV lasers, optical sources and detectors, and
high-power and high temperature devices [1–4]. AlN is a
promising candidate for electronic, optical and opto-elec-
tronic applications due to its high thermal conductivity,
high electrical resistivity, high acoustic wave velocity and
large band gap [1–3]. It can be used in producing blue-emit-
ting LEDs and second harmonic generators for its highly
non-linear optical susceptibilities [5].

Sublimation technique is recognized as the most promis-
ing method to produce large bulk AlN single crystals at
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present [1,6–9]. In a sublimation system, AlN crystals are
produced from AlN source at a temperature above
1800 �C in a nitrogen environment. Sublimation growth
process consists of following steps: sublimation of source
material, transport in the gas phase, impingement of atoms
at the seed surface, surface diffusion, and surface adsorp-
tion or desorption [10].

In the past decades, many research groups have worked
on the growth of AlN bulk crystals to increase crystal
growth rate. Traditional approaches for enhancing the
growth rate are to increase furnace temperature or change
pressure. High cost of inert crucible that can sustain high
temperature and impurity caused by crucible degradation
set limit on the maximum growth rate. Presence of certain
chemical species in the crucible material can alter the crys-
tal growth habit by changing the fastest growth direction.
Incorporation of impurities from crucible can also generate
stresses and defects in the crystal. Moreover, existence of
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Nomenclature

A0 magnetic vector potential (Wb/m)
Ar in-phase component, real part (Wb/m)
Ai out-phase component, imaginary part (Wb/m)
cp isobaric specific heat (J/kg K)
dp average particle diameter of AlN powder (m)
Fj,k view factor
DG free energy (J/mol)
H height of the crucible (m)
DH enthalpy (J/mol)
J0 current density (A/m2)
k thermal conductivity (W/m K)
K permeability (m2)
Kp equilibrium constant
Ld distance between source and side (m)
lth reaction zone thickness (m)
q0 radiative heat flux (W/m2)
P pressure (Pa)
r radial coordinate
R universal gas constant, 8.314 (J/mol K)
_R reaction rate
DS entropy (J/mol K)
t time (s)
T temperature (K)
DT temperature difference between source and seed

(K)
u velocity vector
z axial coordinate
Z pre-exponential in Eq. (25)
Zth constant in Eq. (28)

Greek symbols

r Stefan–Boltzmann constant (W/m2 K4)
rc electrical conductivity (1/X m)

e emissivity
em permittivity (F/m)
ep porosity
l viscosity (kg/m s)
lm magnetic permeability (H/m)
m kinematic viscosity, l/q (m2/s)
q density (kg/m3)
x angular frequency of the AC current (rad/s)

Subscripts
Al aluminum
AlN aluminum nitride
df driving force
e equilibrium
eddy eddy current
eff effective
latent latent heat related parameter
N2 nitrogen
r radial
radi radiative
s source
seed seed
solid solid
s,side side surface of source
s,top top surface of source
total total

Superscripts

s source
seed seed
s,side side surface of source
s,top top surface of source
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crucible and other components in the furnace is no longer
passive at high temperatures as their gas pressure may be
significant, or they may react with the source material
(AlN powder) and nitrogen.

Geometry and properties of the powder source are
believed to affect the sublimation growth significantly as
a whole. Little has been known so far to the mechanisms
of species transport inside the powder because the sublima-
tion growth is operated at an extremely high temperature in
a closed enclosure. This prevents in situ monitoring and
measurement of key process parameters which are neces-
sary for understanding the growth process. To determine
optimal growth conditions for large diameter crystal with
high quality and growth rate, it is important to thoroughly
understand the interplay between vapor transport and
powder sublimation, in particular powder porosity evolu-
tion and gas transport during powder sublimation.

This paper will present comprehensive studies of powder
geometric effects on the sublimation rate. A physics-based
computational model will be developed considering pow-
der sublimation and porosity evolution. Based on the pro-
posed model, the effect of a central hole in the powder on
the sublimation rate is studied and the result is compared
to the case of powder without a hole. The effects of initial
porosity, particle size and driving force on the sublimation
rate are also studied. Optimal powder geometry is pro-
posed based on numerical simulations.

2. System description

Fig. 1a shows an AlN sublimation growth system being
studied here. AlN growth is driven by temperature differ-
ence DT = Ts � Tseed between the AlN powder material
source (Ts) and single crystal AlN seed (Tseed). The growth
cell contains a substrate with seed and AlN powder as the
source material separated by a stream of nitrogen gas. It is
placed into a special crucible with a temperature gradient
zone where the growth of AlN crystal is initiated. The sub-



Fig. 1. Schematic of powder sublimation and porosity evolution in a sublimation crystal growth system: (a) no hole and (b) a central hole is created.
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strate temperature is maintained at 1800–2300 �C during
growth. The temperature difference between the source
and substrate varies within 30–90 �C. It is noted that the
side surface of powder is sublimed first as the result of rel-
atively higher temperature at the lower portion of crucible.
The gas phase in the crucible is constituted by two major
species, i.e. aluminum vapor (Al) and nitrogen gas (N2).
These two species only react with each other on the source
and seed surfaces. The species fluxes are directed from the
source to the seed. Depending on temperature differences
between the seed, top and side surfaces of powder charge,
the top surface of the powder may sublime to produce
vapor species for crystal growth; may be deposited by
vapor species, subsequently retard growth at the seed.
The growth process is usually carried out in a nitrogen
environment at 50–760 Torr [11].
3. Scale analysis

To provide basic understanding of the complex vapor
transport phenomena in AlN growth system, and deter-
mine control properties for vapor transport in AlN pow-
der, the importance of dimensionless parameters, e.g.,
Darcy and Reynolds numbers in the system is analyzed.
To quantify the gas transport in the porous material, the
Darcy number is defined as

Da ¼ DP � 2D0

qu2L
ð1Þ

where DP is the pressure drop, D the diameter, q the fluid
density, u the fluid velocity, and L the length over which
the pressure drop is measured. Using DP = 100 Pa,
u = 0.2 m/s from simulation based on Eqs. (13) and (16),
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and D0 = 1 � 10�5 m, q = 0.1502 kg/m3, and L = 1.9 �
10�2 m, the Darcy number is estimated as 175, indicating
that vapor produced can escape the porous media with
the given pressure gradient.

To quantify the flow intensity, the value of the Reynolds
number is estimated from

Re ¼ quL
l

ð2Þ

where l is dynamic viscosity. Using l = 6.426 � 10�5 kg/
m s and u = 2 � 10�1 m/s, the Reynolds number is calcu-
lated as 9.0, indicating the gas transport in porous media
follows laminar flow behavior and the viscous force domi-
nates the flow.

It is common understanding that chemical reactions,
both exothermic and endothermic, will not contribute sig-
nificantly to heat transfer and temperature distribution in
the AlN growth system [11]. This assumption will also be
used in this study.
4. Induction heating system model

In the AlN growth, an induction heating is used. To esti-
mate the heating power to the growth unit, the electromag-
netic field and the Joule heat produced by induction
heating coils are calculated by the Maxwell equations,
and the heat flux to the growth unit is obtained from tem-
perature distribution for the entire growth system by solv-
ing the energy equation accounting for conduction and
radiation within and between various components.

For a frequency lower than 1 MHz, the electromagnetic
field can be assumed as quasi-steady and axisymmetric, and
the current in the coil is time harmonic. The Joule heat is
generated solely by the eddy current in the crucible. The
azimuthal component A0 (A0 = Ar + iAi) of the magnetic
vector potential is solved for induction heating coils. The
Maxwell equations in terms of Ar and Ai can be written
as follows [12,13]:

o2

or2
þ 1

r
o

or
� 1

r2
þ o2

oz2

� �
Ar

lm

� �
þ emx2Ar þ xrcAi ¼ �J 0 ð3Þ

o
2

or2
þ 1

r
o

or
� 1

r2
þ o

2

oz2

� �
Ai

lm

� �
þ emx2Ai � xrcAr ¼ 0 ð4Þ

where the real part, Ar, and the imaginary part, Ai, are re-
ferred as the in-phase and out-of-phase components,
respectively, and J0 is the current density in the azimuthal
direction in induction heating coils. The heat generated by
the eddy current in the graphite susceptor can be expressed
as q00eddy ¼ 1

2
rcx2ðA2

r þ A2
i Þ.

It is assumed that the contribution of convective heat
transfer inside the gas phase is negligible. The energy trans-
port equation can be written as follows:

ðqcpÞeff

oT
ot
¼ r � ðkeffrT Þ þ q000eddy þ q000latent þr � q00radi ð5Þ
where q00radi represents the radiative heat flux on the surfaces
of inner enclosure. For sublimation growth, the source
material is porous media. The effective heat capacity
ðqcpÞeff and thermal conductivity keff can be estimated from

ðqcpÞeff ¼ epðqcpÞgas þ ð1� epÞðqcpÞsolid ð6Þ

keff ¼ ep kgas þ
32

3
erT 3dp

� �
þ ð1� epÞksolid ð7Þ

where 0 6 ep < 1 is the porosity of AlN powder (the void
fraction of gas in the powder) and dp is the average particle
diameter of the powder. kgas and ksolid are thermal conduc-
tivities of gas and solid, respectively.

In the crucible, gas and gas species can be considered as
transparent, and all the surfaces are gray and diffusive. The
grid-to-grid gray-diffusive method requires the faces in the
computational domain being divided into grids. The radia-
tion surfaces are thus divided into a number of rings, each
with uniform properties. The rings coincide with the grids
defined in the curvilinear finite volume method, and the
view factors between each pair of rings are calculated.
The total exchange factor method, one of the zonal meth-
ods, has been used to relate the temperature at the grid
with the heat flux q00radi [14], while q00radi is calculated by solv-
ing the following radiation equation for gray and diffusive
surfaces:

q00radi;j

ej
�
XN

k¼1

F j;k
1� ek

ek
q00radi;k ¼ rT 4

j �
XN

k¼1

F j;krT 4
k ð8Þ

where Fj,k is the view factor from ring j to k, and e is the
emissivity of radiative surface.

5. Powder sublimation and porosity evolution model

Key components in the growth system have been clearly
depicted in Fig. 1a. The crucible is 3.8 cm in diameter (D)
and 5.4 cm in height (H). The temperature of the seed is
Tseed, and the temperatures of the side surface and top sur-
face of the powder source are Ts,side and Ts,top, respectively.
Tseed is usually 30–90 �C lower than Ts,side and Ts,top to
ensure the atoms produced by the powder sublimation
being adsorpted or desorpted on the seed surface.

Sublimation of AlN can be represented by

AlN (s)$Al (g) + 1/2 N2 (g) ð9Þ

Powder density is defined as the mass of the powder di-
vided by the volume the mass occupies. This volume does
not include the void volume of gas in the powder. Porosity
is defined as the void fraction of gas in the porous media.
The powder size distribution changes with process due to
sintering, however, porous media model based on Darcy’s
law is unable to describe such distribution or change.
Therefore, the particle size and void changes due to sinter-
ing during crystal growth are neglected in this paper. In
addition, the following assumptions are made for the pow-
der sublimation and porosity evolution model: (1) particles
have uniform size, (2) powder density remains constant, (3)
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gas and solid phases are in thermal equilibrium locally, and
(4) radiation heat transfer within the powder can be incor-
porated into an effective thermal conductivity.

Based on the above assumptions, the mass conservation
equation is simplified as follows:

oqsolidð1� epÞ
ot

¼ � _R ð10Þ

where qsolid is the mass density of the solid (AlN), ep the
powder porosity, and _R the sublimation rate, i.e. the
powder mass loss rate. According to assumption (2),
the following equation can be derived from Eq. (10):

oep

ot
¼

_R
qsolid

ð11Þ

The equation of continuity in the cylindrical coordinate
is [15]

o

ot
qsolid 1� ep

� �
þ qgep

� 	
þ 1

r
o

or
repqgur

� �
þ o

oz
epqguz

� �
¼ 0

ð12Þ

where qg is the mass density of gas N2 and Al vapor, and ur

and uz are radial and axial gas velocities, respectively.
Gas pressure in the powder can be derived from the

Darcy’s law:

rP ¼ l
K
~u ð13Þ

where K is the local permeability of the powder and given
by

KðepÞ ¼
d2

pe
3
p

175ð1� epÞ2
ð14Þ

where dp is the mean diameter of particles.
Reaction starts from both side and top surfaces of the

powder, and two reaction zones (reaction zones I and II)
are formed. It is assumed that vapor produced in reaction
zone I escapes from the top surface of the powder with an
axial velocity only, and the radial velocity ur is negligible in
Eq. (12). Therefore, for gases in reaction zone I, the
momentum equation can be simplified as

P ðr; zÞ ¼ P s;topðrÞ þ
Z

l
Kðr; zÞ uzðr; zÞdz ð15Þ

where Ps,top(r) is the gas pressure at the top surface of the
powder. We define DP(r,z) as the pressure difference be-
tween the location (r,z) and reaction zone I:

DP ðr; zÞ ¼ P ðr; zÞ � P s;topðrÞ ð16Þ

Similarly, it is assumed that vapor produced in reaction II
escapes from the side surface of the powder with a radial
velocity only. Therefore, for gases in reaction zone II, the
momentum equation can be simplified as

P ðr; zÞ ¼ P s;sideðzÞ þ
Z

l
Kðr; zÞ urðr; zÞdr ð17Þ
where Ps,side(z) is the gas pressure at the side surface of the
powder and DP(r,z) is the pressure difference between the
location (r,z) and reaction zone II:

DP ðr; zÞ ¼ P ðr; zÞ � P s;sideðzÞ ð18Þ

Powder sublimation is related to both powder tempera-
ture and vapor (Al vapor and N2 gas) transport. Vapor can
be transported from the powder source to the seed by the
driving force arising from the temperature difference
between the source and seed surfaces. For the sublimation
growth, it is widely assumed that the total pressure inside
the crucible is higher than that outside the crucible. There-
fore, diffusion rate of nitrogen gas is low. Thus, the pres-
sure of nitrogen gas at the seed and source surfaces is
close to the stoichiometric partial pressure. Therefore, the
driving force, designated by Pdf, can be formulated by equi-
librium total gas pressure difference between the source and
seed surfaces. In reaction zones I and II, the driving forces
are expressed as Eqs. (19) and (20), respectively:

P df ¼ P s;side
e;total � P seed

e;total ð19Þ
P df ¼ P s;top

e;total � P seed
e;total ð20Þ

where P s;side
e;total and P s;stop

e;total are the equilibrium total pressures
on the side and top surfaces of the source, respectively.
P seed

e;total is the equilibrium total pressure on the seed surface.
The equilibrium total pressure satisfies:

P e;total ¼ P e;Al þ P e;N2
ð21Þ

where Pe,Al and P e;N2
are the equilibrium partial pressures

of aluminum and nitrogen, respectively. According to sub-
limation reaction (9), the relationship between two partial
pressures satisfies:

P e;Al ¼ 2P e;N2
ð22Þ

From thermodynamics, two partial pressures satisfy:

P e;Al

P a

P e;N2

P a

� �1=2

¼ Kp ¼ exp �DG
RT

� �

¼ exp
DS
R
� DH

RT

� �
¼ exp A� B

T

� �
ð23Þ

where DS, DH and DG are the entropy, enthalpy and Gibbs
free energy of sublimation, respectively. Using published
data DH = 630.1 kJ/mol and DS = 224.9 J/mol K [1,16],
constants A and B in Eq. (23) can be calculated as

A ¼ DS
R
¼ 27:055 and B ¼ DH

R
¼ 75; 788 ð24Þ

Thus, Pdf can be computed via Eqs. (19)–(24).
This model assumes that vapor can escape from powder

source only when the diving force is greater than DP(r,z),
the pressure barrier for vapor to escape from the powder.
Since the pressure increases from the outer surface towards
the center of the powder, powder near the crucible and
crystal seed sublimes first. Therefore, reaction zones I
and II, propagate from the outer surface of the powder
to the center and their sizes are controlled by the driving



Table 1
Thermophysical properties used in the simulations

Properties AlN N2 (at 2000 �C, 1 atm)

Specific heat (J/kg K) 1080 1297
Density (kg/m3) 2500 0.1502
Thermal conductivity (W/m K) 220 0.1859
Viscosity (kg/m s) – 642.6 � 10�7

Kinematic viscosity (m2/s) – 427.8 � 10�6

1226 X. Wang et al. / International Journal of Heat and Mass Transfer 50 (2007) 1221–1230
force, porosity and permeability of the powder, and reac-
tion rate (see Fig. 1a).

To obtain the solution, the formulation describing the
sublimation rate of reaction Eq. (9), is needed. Given by
the Arrhenius relation, the sublimation rate can be
expressed as [10]

_R ¼ Z
exp DS

R � DH
RT

� �
P 1:5T 1:2

DT
Ld

ð25Þ

where Z = 407.54 is the pre-exponential factor determined
from the experimental data [10], DT is the temperature dif-
ference between the source and seed. P is the pressure, and
Ld is the distance between source and seed.

According to the mechanism of powder sublimation and
porosity evolution, a central hole (Fig. 1b) is created in the
powder such that vapor generated during sublimation can
escape from both outer and inner surfaces of the powder.
As a consequence, the reaction zone size can be increased
and the sublimation rate is increased, which has also been
adopted and proved by the experimental study.
6. Results and discussion

Basic thermophysical properties used in the simulation
are taken from Refs. [11,17] and summarized in Table 1.
The reaction zone thickness is defined as the length from
the powder side surface to a location where 10% of powder
is sublimed at a common axial coordinate H/2. The thick-
ness represents the reaction zone size, as well as the subli-
mation rate. The history of the reaction zone thickness,
the total sublimed AlN mass for powder with different
initial porosities, particles sizes and driving forces are pre-
sented. In addition, the sublimed AlN mass is normalized
Fig. 2. Electromagneti
to the maximum possible, e.g., the initial amount of AlN
powder without porosity.

The electromagnetic field distribution in the entire fur-
nace is shown in Fig. 2. The steady state temperature distri-
bution in the furnace, the powder with and without a
central hole is shown in Fig. 3. The highest temperature
occurs at the lower part of the powder, which is related
to the coil position of induction heating. Since the direction
of heat transfer is from the crucible to the powder, temper-
ature is higher at the crucible wall than at the center of the
powder. Thus a higher reaction rate is achieved near the
crucible wall.

To understand key transport phenomena, case studies
are presented here. First, the effect of a central hole in
the powder charge on the powder sublimation rate is
studied. Fig. 4 shows the comparison of porosity distribu-
tion of AlN powder without a hole and with a central hole
having different diameters: 1.0 cm and 1.6 cm. The initial
porosity is set to be 0.2 and the sublimation time is 10 h.
It is seen that AlN powder evaporates from the side sur-
face of the hole, the outer and top surfaces of the powder.
The pressure barrier DP(r,z) decreases when the hole is
present, making vapor escape easier. Therefore, the reac-
tion zone size and the sublimation rate are increased. Con-
sequently, crystal growth rate will be increased. The total
c field distribution.



Fig. 3. Predicted temperature distributions (a) in the entire furnace (�C), (b) in the growth cell with the packed powder (�C), and (c) in the growth cell with
a hole in the packed powder (�C).
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and normalized sublimed AlN powder mass is presented in
Fig. 5. After 30 h, the sublimed powder mass is increased
by 80% and 85% for the powder with hole diameter of
1.0 cm and 1.6 cm, respectively. The experiments have also
been performed for both cases with and without hole, and
results show that the growth rate is increased by about 30%
[18]. The discrepancy between the experimental and numer-
ical results may be explained by crucible leakage. It is
concluded that the powder sublimation rate remains the
highest when the diameter of the hole is 1.6 cm for the first
10 h according to Fig. 5. However, the total mass of the ini-
tial powder decreases by increasing the initial size of the
hole, which results in a decreased crystal size. In summary,
both sublimation rate and total crystal size should be
accounted for optimizing the sublimation process.

If surface reaction is assumed, e.g., the reaction rate is
very fast and the permeability is low, the reaction area ratio
and total mass ratio for powder with a central hole and
without hole can be estimated as

a ¼ pDH þ pdH þ pðD2 � d2Þ=4

pDH þ pD2=4
ð26Þ

b ¼ pðD2 � d2ÞH
pD2H

ð27Þ

where d is hole diameter. Using D = 3.8 cm and H =
5.4 cm, a and b are plotted as a function of d(d < H/2),
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as shown in Fig. 6. The reaction area increases as d
increases, however, the total powder mass decreases.
Considering both a and b, the optimal diameter of the
hole is between 0.8 cm and 1.6 cm, as shown in the shaded
area.

Second, the effect of initial powder porosity on the
growth rate is investigated. Fig. 7 shows the comparison
of the reaction zone thickness for powder with initial
porosities of 0.18, 0.20, 0.22, 0.25 and 0.30, respectively.
The simulation results show that the reaction zone thick-
ness depends strongly on powder porosity. A slight
increase in the porosity will result in large increase in the
reaction zone thickness. Fig. 8 shows the comparison of
both sublimed and remaining AlN powder mass. The sub-
limation rate is the highest for powder with an initial
porosity of 0.3 in the first 20 h, and decreases after 20 h
due to less availability of remaining powder. Therefore, a
large system is needed to maintain high sublimation rate.
It is concluded that the initial porosity between 0.25 and
Fig. 6. Variation of a and b as a function of the hole diameter d.
0.3 is favorable since they show the pronounced enhance-
ment in total gasification rate compared with the powder
with initial porosity 0.18.

Third, the effect of particle size on the growth rate is
investigated. Fig. 9 shows the comparison of the reaction
zone thickness for particles with diameters of 0.001,
0.005, 0.01, 0.015, 0.02 and 0.025 cm, respectively. The
reaction zone thickness is the highest for the powder with
the particle diameter of 0.025 cm. It is revealed that the
reaction zone thickness also depends strongly on the parti-
cle size, although the influence of particle size on the reac-
tion zone thickness is not as strong as that of the porosity
by comparing Fig. 7 with Fig. 9. Fig. 10 shows the compar-
ison of the sublimed AlN powder mass. It is concluded that
the powder sublimation rate increases as the particle size
increases. The reaction zone thickness and sublimed
powder mass are the same for particles with diameter of
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0.001, 0.005, 0.01, and 0.015 cm; it is due to the fact that
the surface reaction is dominant in these cases.

Last, the effect of driving force on the growth rate is
investigated. Fig. 11 shows the comparison of the reaction
zone thickness for the diving forces of 0.5pdf0,1.0pdf0,1.5pdf0

and 2.0pdf0 respectively. It is concluded that the reaction
zone thickness also depends on the driving force. A higher
driving force results in a larger reaction zone. The influence
of driving force on the reaction zone thickness is, however,
weaker than porosity or particle size when comparing
Fig. 11 with Fig. 7 and Fig. 11 with Fig. 9. Fig. 12 shows
the comparison of the sublimed AlN powder mass. The
powder sublimation rate increases as the driving force
increases.

The reaction zone thickness lth is determined by DP(r,z)
and the diving force, and can be expressed analytically as a
function of porosity, particle size, driving force, reaction
rate, and time. Based on simulations, lth can be formulated
by interpolation as



0 10 20 30
0

20

40

60

80

100

120

140

pdf =  0.5 pdf0

pdf = pdf0

pdf = 1.5 pdf0

pdf = 2.0 pdf0

Sublimation time (hour)

Su
bl

im
ed

 A
lN

 p
ow

de
r 

m
as

s 
(g

)

0.0

0.2

0.4

0.6

0.8

1.0

N
om

alized sublim
ed A

lN
 pow

der m
ass

Fig. 12. Comparison of sublimed AlN powder mass for different driving
forces. The initial powder porosity is 0.2 and particle diameter is 0.02 cm.
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lth ¼ Zth

d2
pe

3
p

ð1� epÞ2
P 1:8

df
_Rt1:48 ð28Þ

where Zth is a constant.
Considering the influence of both initial porosity and

hole size on the sublimation rate, it is concluded that the
optimal initial porosity should be between 0.25 and 0.3,
and optimal hole diameter is between 1.0 cm and 1.6 cm,
e.g., about 1/3 of crucible diameter in order to increase
AlN powder evaporation rate and crystal growth rate.

7. Conclusions

A process model combining heat transfer, powder subli-
mation, vapor transport, and powder porosity evolution is
presented. The temperature distribution in the AlN powder
is calculated. It is found that the highest temperature
occurs at the lower part of the powder and is close to the
crucible wall, and the sublimation is expected to be the
highest there. The mechanism of vapor transport is
described by introducing a driving force. A novel approach
of creating a central hole in the packed powder is proposed
in order to increase crystal growth rate. The effect of the
central hole on the sublimation rate is investigated. The
simulation results indicate that the growth rate can be
increased significantly (80–85%). The effects of initial
porosity, particle size and driving force on the sublimation
rate are also studied. Based on numerical simulations, opti-
mal geometry of powder is determined. Optimal initial
porosity is between 0.25 and 0.3 and optimal hole diameter
between 1.0 cm and 1.6 cm, e.g., about 1/3 of the crucible
diameter. The finding of this investigation can also be
applied to SiC since SiC sublimation growth is similar to
AlN.
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