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Abstract

In this paper, an integrated model considering induction heating, thermal system design, mass transport and growth
kinetics has been developed to study temperature distribution in an aluminum nitride (AIN) growth system and evo-
lution of the crystal interface and source surface. The electromagnetic field and induction heat generation are calculated
by the Maxwell equations. Temperature distribution in the growth chamber is simulated by energy equation accounting
for conduction/radiation. Simulation results are in good agreement with experimental measurements. Both of them
show that temperature difference between the top and bottom of the crucible is almost independent of power. The
effects of RF coil current on temperature distribution is investigated. The maximum temperature is located at about the
center of the coils. Effects of pressure and temperature gradient on the growth rate are studied. The growth rate in-
creases linearly with temperature gradient and decreases with pressure. Since the AIN source powder is porous, the
effects of the powder porosity on the shapes of the crystal interface and source surface and the growth rate are also

investigated.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Due to its high electrical resistivity (10'° Qm), high
thermal conductivity (340 W/m K), large band gap (6.28
eV), high acoustic wave velocity and excellent lattice and
thermal expansion match with GaN [1], AIN is an
attractive candidate for electronic, optical and opto-
electronic applications. It can be used to fabricate elec-
tronic and optoelectronic devices capable of operation at
high temperature, high power and high frequency, such
as solar blind UV light detectors, blue light emitting
diodes (LEDs), UV laser diodes, and microwave devices
[2]. The structure of AIN possesses the same wurzite
hexagonal (2H) crystalline structure as that of GaN with
a lattice mismatch along the c-plane of approximately
2.4%. Also, the thermal expansion coefficient of AIN is
smaller than that of GaN at temperature below 300 °C
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and it is larger at temperature beyond 300 °C. Conse-
quently, the integrated thermal expansion mismatch ap-
proaches zero at approximately 1000 °C, and it is highly
desirable to avoid cracking of the epitaxial structure
during the cooling process in device fabrication [3].
Many groups have worked on growing AIN bulk
crystals and improving the crystal quality. AIN crystals
are typically produced by sublimation from an AIN
source at a temperature above 1800 °C under a nitrogen
environment [4,5]. Singh et al. [6] have grown an AIN
boule of 25 mm in diameter and 15 mm in length using
induction heating sublimation growth process under the
conditions of source temperature: 2250 °C, N, pressure:
500 Torr and temperature difference between the source
and seed surface: 30-90 K. The study has revealed that
AIN single crystal boules can possess a high structural
quality with dislocation density in the range of 800-1000/
cm?; the distribution of dislocations is inhomogeneous
and large areas of the wafer are free from dislocations [7].
In a sublimation growth system, the time-harmonic
electromagnetic field induces eddy current in the graph-
ite susceptor that has a high electrical conductivity, and
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Nomenclature

AAN growth area (m?)

Agas evaporation area (m?)

constant in Egs. (10) and (17)

magnetic vector potential (Wb/m)

in-phase component, real part (Wb/m)
out-phase component, imaginary part (Wb/m)
constant in Egs. (10) and (17)

constant in Eq. (17)

isobaric specific heat (J/kg K)

diameter of crucible (m)

average particle diameter of AIN powder
diffusion coefficient (m?/s)

dimensionless rotational frequency, fd*/v
frequency (Hz)

view factor

gravitational acceleration (m/s?)

Grashof number, p?gBL3AT [y

free energy (J/mol)

AH enthalpy (J/mol)

AH, latent heat (J/mol)

Jo current density (A/m?)

Jal Mole flux of Al vapor (mol/m?s)

k thermal conductivity (W/m K)

K, equilibrium constant
L
M
P

S

R N T N N 2 NN

> Q
QY

distance between the source and seed (m)
molecular weight
pressure (Pa)

Py “thermodynamic” partial pressure (Pa)
Pe mass Péclet number, UL/D

Pr Prandtl number, uc,/k

(0] heat (W)

q" heat power by eddy current (W/m?)

q" radiative heat flux (W/m?)

r radial coordinate (m)

R universal gas constant, 8.314 (J/mol K)
Ry resistance of mass diffusion (kg/m mol)
R kinetic resistance (kg/m mol)

s stoichiometric factor

AS entropy (J/K mol)

t time (s)

T temperature (K)

AT temperature difference between the source
and seed (K)

U gas velocity (m/s)

Ve growth rate (mm/h)

z axial coordinate (m)

Greek symbols

o absorptivity, sticking coefficient

p isobaric expansion coefficient (1/K)

e emissivity

&m permittivity (F/m)

& porosity

u viscosity (kg/m s)

. magnetic permeability, 4 x 107 (H/m)

v kinematic viscosity, p/p (m?/s)

p density (kg/m?)

Oc electrical conductivity (1/Qm)

c Stefan—-Boltzmann constant (W/m? K*)

) angular frequency of the AC current (rad/s)

Subscripts

Al aluminum

AIN aluminum nitride

avg average

coil induction coil

eddy eddy currents

eff effective

insu insulation material

latent  latent heat related parameter

N, nitrogen

radi radiative

real real part of complex quantity

seed seed interface

source source material

Stefan  Stefan flow related

total total pressure

heat is generated by the RF coils following Joule’s law.
The growth process consists of several steps: sublimation
of source material, transport in the gas phase, impinge-
ment of atoms at the seed surface, surface diffusion, and
surface adsorption/desorption. The analysis of the vapor
deposition at the growth interface includes the under-
standing of thermodynamics, mass transport, and sur-
face kinetics phenomena [8]. Thermodynamic study of
the phase equilibria during vapor growth provides a
basic understanding of the process. The feasibility of
reaction, the composition and amount of the solid and
gaseous species presence in the growth system can be

determined from the calculation of thermodynamic
equilibrium at a given set of processing conditions such
as deposition temperature, pressure and reactant con-
centration. Thermodynamics analysis will provide
maximum growth rate. The surface kinetics is the most
challenging task as it involves the crystalline structure of
the material, supersaturation, atom stickiness and
movement on the surface. Kinetic Monte Carlo simu-
lation is needed to accurately predict the deposition rate
for this case. The overall growth rate is limited by the
slowest reaction step [9]. The transport of growth species
from the source to the growing interface is often the
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rate-limiting step in sublimation vapor growth process.
The understanding of the vapor transport and the
interplay between vapor transport and surface kinetics is
important for the optimization of the sublimation
growth process.

Numerical simulation has been widely used to study
the vapor growth process because of the difficulty in in-
situ measurements. A multidimensional model was
developed and used to simulate the chemical vapor
deposition (CVD) of silicon nitride in a low-pressure
hot-wall reactor by Evans and Greif [10]. Irreversible
surface reactions were used to model the deposition
chemistry. They found that except for the high flow rate
conditions, significant upstream diffusion occurs,
resulting in dilution of the reactants [10]. A finite-volume
model has been developed to study gas flow and heat
transfer of an optical fiber as it travels through a CVD
reactor by Iwanik and Chiu [11]. The study showed that
the draw speed significantly affected the fiber tempera-
ture inside the reactor. Other parameters affecting fiber
temperature included fiber radius, fiber coating emis-
sivity, and gas flow velocity at the inlet [11]. Yoo and
Jaluria [12] studied the continuous chemical vapor
deposition of silicon in a horizontal cold wall reactor
and paid special attention to a moving susceptor. A
two-dimensional numerical model that accounted for
variable properties, thermal diffusion, radiative heat
exchange among surfaces, and conjugate heat transfer
between the gas and susceptor was developed and vali-
dated. They found that the stationary deposition effi-
ciency was determined by the conductance ratio when
the susceptor was motionless. The efficiency monotoni-
cally decreases as the ratio increases. When the susceptor
was in motion, the deposition efficiency was a function
of the susceptor parameter. Numerical simulation was
also used to investigate transient behavior during sub-
limation growth of SiC by physical vapor transport
(PVT) [13]. The simulations were based on a transient
model for heat transport, together with radio frequency
(RF) induction heating. Temperature distributions for
different heating powers and induction coil positions
were presented.

In this paper, we will utilize the knowledge we have
learned on modeling of PVT/CVD growth processes to
design an AIN vapor growth system. The order of the
magnitude analysis will be performed to determine the
primary parameters that control the process. A thermal
model will be developed and used to design an
induction heating sublimation system for bulk AIN
crystal growth. The transport of growth species from
the source to the growing interface will be investigated
and the growth model will be provided. An integrated
heat transfer and growth kinetics model will be
developed to predict the growth rate and the evolution
of the AIN growth interface for various operating
conditions.
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Fig. 1. Schematic of an induction heating sublimation growth
system.

2. Experimental setup

The growth experiments are usually performed in the
radio frequency (RF) induction heated sublimation
reactor. Fig. 1 shows the schematic of an induction
heating sublimation growth system. The powder source
sublimes at the hot part—the bottom of the crucible,
and the gaseous species are then transported to the cool
part of the crucible—the cap where the crystal grows by
re-crystallization. Cylindrical crucible, made of graphite,
with the inner diameter of 1" and the height of ~2.5" is
used in the growth experiments. A short axial distance
between the source and the seed is used to increase the
vapor transport and decrease the buoyancy convection
effect. Temperature in the growth system can be changed
by adjusting the power level and the temperature dif-
ference between the source and the seed surface can be
modified by adjusting the position of the coils.

The growth experiments were performed in North
Carolina State University (NCSU) in temperature range
from 1800 to 2400 °C, temperature difference between
the top and the bottom of the crucible from 30 to 120
°C, pressure from 400 to 800 Torr, ultra-high purity
(UHP) nitrogen flow rate of 100 sccm, and run times
from 16 to 50 h. Since the growth process is taken place
under a nitrogen environment, the reacting gas in the
gap between the source and seed is made up mainly by
N,.

3. Scale analysis

The order-of-magnitude study is presented here to
provide basic understanding of the complex thermal
transport phenomena in the AIN growth system. The
strength of buoyancy flow is quantified by the Grashof
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number, Gr = and the Prandtl num-
ber, Pr =£2.

The typical growth conditions include that the
growth temperature is 2400 K, the temperature differ-
ence between the AIN source surface and growth inter-
face is about 30 K, the inner crucible diameter is 25 mm
and the distance between the source surface and growth
interface is 10 mm for the induction heating AIN sub-
limation growth system developed in NCSU. The Pra-
ndtl number is evaluated as 0.45, and the Grashof
number is 10.47 based on the reference length scale of
the inner crucible diameter. The value of Gr = 10.47 is
below the threshold at which natural convection can be
considered important.

For the vapor crystal growth, rotation may be used
as a control parameter for the growth of high quality
crystals. The dimensionless rotational frequency
F = fd*/v is used to define the importance of the rota-
tion. The calculation results are presented in Table 1.
From the open literature [14], when Gr'/?/F decreases,
i.e. the rotation rate increases, the growth rates tend to
decrease, meanwhile the morphology stability is im-
proved. When Gr'/?/F reaches a critical number about
3.3-5.5[14], the growth rate becomes saturate. Based on
the critical number of Gr'/?/F =4.43, the optimal
rotation rate is estimated around 30 rpm (see Table 1). If
the rotation rate is greater than 30 rpm, even though the
morphology might be improved, the growth rate will
decrease. On the other hand, if the rotation rate is less
than 30 rpm, the growth rate remains unchanged, the
morphology may, however, become worse. Since no
experimental data is available for AIN rotation growth,
we use the data from [14], in which the vapor deposition
of ZnSe in a rotating horizontal growth reactor is
studied. It should be noted that the critical number may
not be the same for the case of AIN growth. It can,
however, be concluded that the rotation is an important
control parameter for the AIN growth process.

Another important issue being addressed is the effect
of the Stefan flow on mass transport and global heat
transfer. If the only movement assumed inside the gap
between the source and seed is the transport of Al vapor
and N, from the source to the seed, the magnitude of the
advective velocity, induced by the sublimation of AIN,
can be estimated from the growth rate

U= pan V:gAAlN/pNzAgaw )

where U denotes the gas velocity and py, is the density
of nitrogen gas calculated by the ideal gas law. This
leads to the Péclet number for mass transfer

Pe = UL/D, )

where the diffusion coefficient D is obtained from Liu
and Edgar [15]

D = Dy(T/T,)" (Py/P), (3)

where Dy =5 x 107 ~ 2 x 10~* m?/s, n = 1.8, T, = 300
K, P =1 atm=760 Torr. Combining Egs. (1)—(3) to-
gether with ideal gas law py, = PM/RT, the Péclet
number can be rewritten as

Pe — PAIN VgLRTOn (4)

D()M N, T "71P 0
with the assumption of AN = Ag,. It is interesting to
know that the Péclet number is independent of the gas
pressure, P. Using Dy =1 x 107 m?s, T, =300 K,
Py=1 atm and L =10 mm for the induction heating
system, the Péclet number at the growth temperature
from 2100 to 2700 K are summarized in Table 2 for a
given growth rate of 1.0 mm/h, which is the growth rate
recently achieved in NCSU. The value of the Péclet
number indicated that the Stefan flow may be important
for AIN growth at a high growth rate.

If the buoyancy effect is neglected, the energy ex-
change in the gap between the source and seed is gov-
erned by radiative heat transfer, Stefan flow (advective
mass transport), and latent heat released during depo-
sition (or absorbed during sublimation). The amount of
heat transferred by these three modes can be estimated
as

Qlatcnt = PAIN V:‘D’AA]NAHVSv (53)
Ostetan = PaVeAaNc, AT, (5b)
Oradi = eAANG (T2 o — Tk (5¢)

source seed ) .

For a growth rate of 7, = 1.0 mm/h, a crucible diameter
d =25 mm, AT =40 K, £¢=0.8, Tieqg = 2400 K, and

Table 2
Péclet number for different temperatures with the growth rate of
1 mm/hour

Table 1

Scaling analysis on rotational effects Temperature (K) Pe
T (K) 2400 2100 0.167
AT (K) 30 2200 0.161
d (mm) 25 2300 0.156
RPM 20 30 60 2400 0.150
F 0.487 0.7304 1.461 2500 0.146
Gr 10.47 2600 0.141
Gr'?/F 6.64 443 2.21 2700 0.137
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AH,, = 630.1 KJ/mol [15]. The results of Quaents Ostefan
and Qg are 6.81, 0.023 and 50.49 W, respectively.
Ostefan 18 much smaller than Q4. It is, therefore, rea-
sonable to neglect the heat transfer by Stefan flow in
modeling of the global temperature distribution. It has
also been commonly assumed that chemical reactions,
both exothermic and endothermic, will not contribute
significantly to heat transfer and temperature distribu-
tion in the AIN growth system.

4. Mathematical model of induction heating system

An induction heated AIN bulk sublimation growth
system has been simulated in this paper. Fig. 1 is the
schematic of an induction heating sublimation growth
system. The electromagnetic field and Joule’s heat pro-
duced by the induction heating coils are calculated by
the Maxwell equations, and the transient temperature
distribution in the growth chamber is simulated by en-
ergy equation accounting for the conduction and radi-
ation within and between various components.

The azimuthal component Ay (4o = 4, + i4;) of the
magnetic vector potential is solved for induction heating
coils. The Maxwell equations in terms of 4, and 4; can
be written as follows [16,17]:

21 1 2 A
(6 + 0 +a )(—r>+8mw2Ar+wacAi

w e 77 )\,

= *J(), (63)

6—2+lg—i+6—2 AN 4 o4 — 0o, = 0
o2 ror 1 0z My Fm@ A 00 =T
(6b)

where the real part 4, is referred as the in-phase com-
ponent and the imaginary part 4; is termed as the out-of-
phase component, and J; is the current density in the
azimuthal direction in the induction heating coils.

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

or
(pcp)eff 5 =V (keffvT) + qgéldy + qi;{tent +V- q:',adh

(7a)

where ¢, represents the radiative heat flux on the
surfaces of inner enclosure. The generated heat by the
eddy current in the graphite susceptor can be expressed
as G, = 30.0° (47 +47). The effective heat capacity
(pcp)or and thermal conductivity ker for the porous
medium are estimated from

(pcp)eff = gﬁ(pc[’)gas + (1 - sﬁ)(pcl’)solid7 (7b)

32
keff =& (kgas + ?80T3dp> + (1 - SP)kSQIid, (70)

where 0 < ¢, < 1 is the porosity of the AIN powder and
d, is the average particle diameter of the powder [18].
Within a non-porous solid or the gas, (pc,). and ke are
the heat capacity and thermal conductivity of the solid
or the gas, respectively.

In the radiation model, the nitrogen gas and vapor
species are considered as fully transparent, and all the
surfaces are grey, opaque and diffusive. The grid-to-grid
gray-diffusive method requires the faces in the compu-
tational domain to be divided into grids. The radiation
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 will be
used to relate the temperature at the grid with the heat
flux ¢, [19], while ¢/, is calculated by solving the
following radiation equation for grey and diffuse sur-
faces [20]

q// N 1 s N

radi,j %k _ 4 4

& - E ;F}k Gradifx = GZ} - E :F}vkoT}M (8)
J k=1 k=1

Sk

where Fj is the view factor from ring j to ring k, and ¢ is
the emissivity of radiative surface. The electromagnetic
and energy equations are solved by using an in-house
developed software [16,17,21].

5. Growth model

For the AIN sublimation crystal growth, the follow-
ing reaction is considered:

Allg) + 3 Na(g) — AIN(s). 9)

Table 3
Order-of-magnitude analysis of kinetic resistance and diffusion
resistance

Average temperature (K) Ry Ry
2000 106.22 2.88x10°
2200 111.41 2.67x10°
2400 116.36 2.49x10°
2600 121.11 2.33x10°

Table 4

Thermophysical properties used in the analysis and modeling
Properties AIN N, (at 2000

°C, | atm)

Specific heat (J/kg K) 1080 1297
Density (kg/m?) 3250 0.1502
Thermal conductivity (W/mK) 220 0.1859
Viscosity (kg/ms) - 642.6x 1077
Kinematic viscosity (m?/s) - 427.8x107°
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For the reversible reaction (9), the “thermodynamic”
partial pressures of aluminum vapor and nitrogen gas
satisfy [15]

RT
AS AH B

The parameters in Eq. (10) can be calculated according
to the thermodynamics data, 4 = 27.055 and B = 75788
[15].

The dissociation of AIN source material happens on
the source surface. The mole flux of the aluminum vapor
at the source surface can be estimated by the Hertz—
Knudsen model

AG
Py(P)"? = K, = exp ( _ )

Ja — OlAL [P/:l‘source - PALS"”TCC] (1 la)
Al 2TEMA1RT ’

where Py is the Al vapor pressure at the source interface.
My, is the molecular weight of Al a,; is the sticking
coefficient of Al on AIN source and growth surface.
oa1 = 1is used in this paper [22]. The transport rate from
vapor to solid phases at the growth interface is related to
supersaturation at the growth interface by the Hertz-
Knudsen model

oA1[Patsced — PAjseed

Jay =
Al IMaRT

(11b)

If the mass transport is driven by the pressure difference
between the source and seed ends, the rate of mass
transport for Al vapor can be calculated from

P, souce P, see
JA] _ Als Al,seed (1 IC)
LRT,,/D

For the steady-state case, three mole fluxes in Eqgs.
(11a)—(11c) are equal to each other. Based on the net-
work concept in heat conduction, the following expres-
sion can be obtained by combining Egs. (11a), (11b) and
(11c) to predict the mole flux Jy:

% 1+
PAl,source B PAl,seed

a Vv 2TUVIAIRTsource/aAl + LRTavg/D + v ZHMAIRTseed/(xA] '
(12)

JAl

Since Ja; = Jan, the growth rate ¥, can then be ex-
pressed as

= JAlN = JAl . (1 3)
¢ PAIN PaiN

The summation of 2nRMaTyouce and +/2MRMa; Tyeed
represents the kinetic resistance at the source and seed
surfaces, denoted by R;; LRT /D represents the resistance
of mass diffusion, denoted by R4. The following
expression can be obtained:

Rk,source =V 2'TCR]V[AlTsource»
Rk‘seed =V 27-‘:RA4AlTseeda

Ry = LRT/D = LRT,,/D, (14)

where Ty, = (Tiource + Tieea)/2 and D is the diffusion
coefficient defined in Eq. (3) with Dy =1 x 10~ m?/s.
For a typical operating pressure P = 400 Torr, L = 10
mm, the order-of-magnitude analysis has been carried
out to examine the significance of the growth kinetics
and mass transport in a temperature range from 2000 to
2600 K (see Table 3). Due to temperature difference
between the charge surface and the seed surface is usu-
ally less than 100 K, R; can be approximated by
2,/2nRMu Toye. It is seen in Table 3 that the kinetic
resistance is much smaller than the diffusion resistance
for the pressure of 400 Torr. It may be concluded that
the kinetic resistance at the source or seed plays a minor
role at medium and high pressures, and it is therefore
reasonable to neglect R; in the mole flux equation.

In the open literature [15], the supersaturation at the
surfaces for the high pressure case (>200 Torr) is really
low and can therefore be neglected. The mass transport
is dominated by the Stefan flow. If the process can be
approximated by a one-dimensional model, the follow-
ing formulation for mole flux is proposed considering
the Stefan flow [15]:

o DPlolal 1 < Plotal/s - PAl.seed )

Ja =
Al RTsL Ptolal/s - PAl,source

(15)

where s is the stoichiometric factor which is equal to 3/2
in this case. An approximation can be derived at con-
ditions that the system pressure is sufficient high and the
temperature difference is small, e.g. Py < Potal = Pn,,
the mole flux at the surface can be expressed as

DPtolal PAl,source - PALseed
In{l+———"—
RTangL Plolal /S - PAl,source

~ DPlotal . PAl,source - PAl,seed
o RTangL Ptolal /S - PALsource
D

 RTyL

Jar =

: [PAl.source - PALseed]~ (16)

A linear relation of Eq. (11c) has been resolved, which
means that at the high pressure case, the Stefan flow
controlled flux rate is the same as the diffusion con-
trolled one. Combining Egs. (16) and (10), the final
expression of the growth rate can be expressed as:

exp(4 — B/T) AT

Ve=c plsTi2 I’

(17)
where ¢ = 407.54 by interpolating the experimental
data in Liu and Edgar [15]. All the thermal properties
used in calculations and simulations are listed in Table 4
[23].
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6. Results and discussion

Fig. 2(a) shows the distributions of in-phase (4,) and
out-of-phase (4;) components at the current of 980 A
and frequency of 10 kHz designed for the growth system
in NCSU. The top of the coils is lower than the top

A; (Wh/m)

15 -5.33E-06

14 -1.07E-05

13 -1.60E-05

12 -2.13E-05

11 -2.66E-05

10 -3.20E-05

9 -3.73E-05

8 -4.26E-05

7 -4.80E-05

6 -5.33E-05

5 -5.86E-05

4 -6.40E-05

3 -6.93E-05

2 -7.46E-05 R

1 -7.99E-05
Out-of Phase

insulation disk by 1.3 in. The in-phase component has
the maximum value around the coils, and the contour
shape is obviously influenced by the geometry of the
coils, while the maximum absolute value of the out-of-
phase component concentrates in the graphite crucible.
Interestingly, their absolute values are about the same

A, (Wb/m)
15 1.70E-03
14 1.59E-03
13 1.48E-03
12 1.36E-03
11 1.25E-03
10 1.14E-03
9 1.02E-03
8 9.09E-04
7 7.95E-04
6 6.82E-04
5 5.68E-04
4 4.54E-04
3 3.41E-04
2 2.27E-04
1 1.14E-04
In Phase

-10 -8 -6 -4 -2 0 2 8 10

radius (in)

(a)

T(K)

20 2590
19 2550

18 2468
17 2347
16 2225
15 2103
14 1982
13 1860
12 1738
11 1617
10 1495
1373
1252

L9 |

1130
1008
887

765
643
522
400

o o s s

e SV ¥ SRV - NI

radius (in)

(b)

Fig. 2. (a) Electromagnetic field distribution and (b) temperature distribution in the AIN growth system in NCSU.
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order of the magnitude in the crucible. Therefore, both
in-phase and out-of-phase components need to be con-
sidered in the heat generation.

Because of the axial position of the coils, the bottom
part of the crucible produces more heat than the top
part. The temperature distribution in the entire growth
system after it reaches quasi-steady state is presented in
Fig. 2(b). The highest temperature takes place at the
lower part in the crucible wall, whose axial position
corresponds to the center of the induction coils. The
temperature difference between the source surface and
crucible lid is about 40 K. The radial temperature dif-
ference between the center and periphery is very small
(<10 K). The explanation is that the diameter of the
system is small and a top enclosure located above the
crucible (see Fig. 1) acts as a black hole for radiation.
The axial temperature gradient is closely related to the
axial position of the coil and the diameter of the top

B. Wu, H. Zhang | International Journal of Heat and Mass Transfer 47 (2004) 2989-3001

window size, from which heat is transferred out of the
chamber.

Fig. 3(a) is the comparison between the experimental
and simulation results. The dashed and dash-dotted
lines are the top and bottom temperatures measured by
optical pyrometers from the top and bottom windows.
The symbols are the simulation results for the current
density of 800, 900 and 980 A, respectively. The fre-
quency used in all three cases is 10 kHz. The simulation
results match well with experiments. Both the experi-
mental and simulation results show that the temperature
difference between the top and bottom of the crucible is
almost independent of power. Fig. 3(b)-(d) are the
temperature distributions within the crucible for 800,
900 and 980 A, respectively. The maximum temperature
appears in the graphite crucible, and is always located at
about the geometric center of the induction coil. In the
source powder, the maximum temperature is at the
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Fig. 3. (a) The top and bottom temperature and the temperature difference as a function of heating power in an AIN growth system in
NCSU; temperature distributions in the crucible with current density of (b) 800 A; (c) 900 A and (d) 980 A, respectively.
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lower middle portion near the crucible wall. The positive
temperature difference between the AIN source surface
and the crucible lid allows the sublimation of AIN
powder in the source and deposition of AIN on lid. As
shown in Fig. 3, the temperature has a slightly lower
value at the center of the lid because of the cooling effect
due to the presence of the top window. The lower tem-
perature at the center of the lid ensures a convex shape
of the crystal interface, which benefits to defect reduc-
tion.

Fig. 4(a) and (b) is the temperature profiles along the
axial and radial directions with different current densi-
ties. The center-line temperature profiles (Fig. 4a) reveal
that the temperature difference between the top and
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P - Crucible bottom | | ~ 4
g M0 .
I P I | .
2 ¢ e ]
§ 8O |--—- 800A, 1879W [ P
s C R — 900A, 2380W s
= Co 980A, 2822W L 7
é 2200 — — — — 980A, 2822W, no radiation .
] r 1
2100 | | T~L 7
2000 — % — | .
Crucible height (in)
(a)
T 1 1 T | T 1 T 1 | T 1 1 T | 1 1 1 | T T 1 1
2500 = m mm i mm e T
2400 -
2 L i
= L i
1= - -
2 L ___ -~
S 20— - - - - E
S . -
-3
g- L u
5 L i
= | 800A i
2200 - ggg: —
2100 |
Il Il Il Il | Il Il Il Il I Il Il Il Il I Il Il Il Il I Il Il Il Il
0 0.1 0.2 0.3 0.4 0.5
b) Crucible Width (in)

Fig. 4. (a) Axial temperature distribution in the crucible; (b)
radial temperature distribution in the crucible.

bottom of the crucible will vary slightly with the heating
power. For the current of 980 A, the calculation results
without radiation between the source and seed is also
presented. The result is very different from that predicted
considering radiation. It can be concluded that radiation
inside the growth cell is very strong and has to be in-
cluded in the model. The maximum temperature is lo-
cated inside the AIN source powder along the center
line, which is decided by the coil position. Fig. 4(b)
shows that temperature along the crucible lid is quite
uniform.

Fig. 5(a) and (b) shows the temperature distributions
in the crucible for the current of 980 A and the distance
from the source surface to the crucible lid is varied from
20 mm and 30 mm, which are two or three times as the
original in Fig. 3(d). Fig. 5(c) shows the temperature of
crucible lid and source surface when the distance chan-
ges from 10 to 30 mm. With the increase of the distance,
the temperature difference increases from 47 to 63 K. On
the other hand, the temperature gradient decreases from
4.7 to 2.1 K/mm. The growth rate as a function of
average temperature is presented in Fig. 6. The growth
rate increases exponentially with temperature and line-
arly with temperature gradient; and it decreases with
pressure.

In this paper, the effects of the powder porosity on
the growth process are also investigated. To satisfy the
mass conservation, the mass of the as-grown crystal
should equal to the powder consumption. We assume
that the source material will evaporate from the top
surface. Fig. 7 shows the predicted crystal and source
shapes at different time for ¢, = 0.2. Due to the porous
powder, the distance between the crystal and powder
surface increases, and the growth rate decreases with the
process time. Along the radial direction, the temperature
on the crucible wall is higher than that at the center (see
Figs. 3 and 4), therefore, the powder near the crucible
wall evaporates earlier than that at the center. Conse-
quently, the growth rate in the center portion is higher
than that near the wall. Fig. 8(a) and (b) shows the
predicted crystal and source interface shapes after 10 h
for different porosities. With the larger porosity, the
crystal growth rate is smaller; meanwhile more powder
will be consumed during the growth. Fig. 8(c) shows that
the average growth rate decreases with the process time.
The porosity will not affect the growth rate significantly
at this condition. For the larger porosity, the growth
rate is only slightly smaller because of the larger distance
between the source surface and growth interface. The
calculation results are in the same range with the
experimental data. Fig. 8(d) demonstrates the crystal
interface shapes when the growth process is terminated
for different porosities. It is interesting to find out that
the growth will stop at different time for different rea-
sons. For the solid powder (g, = 0), the growth will stop
after 13 h growth because of the center portion of the
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crystal will reach the top surface of the powder. For
& = 0.2, the growth will be after 20 h, since the tem-
perature at the crystal interface at this time equals to
that at the power surface. For e, = 0.4, the crystal
growth will be terminated after 18 h because all powders
are consumed.

7. Conclusions
The order of the magnitude analysis is performed to

understand transport phenomena in an AIN sublima-
tion growth system. A comprehensive process model

for aluminum nitride vapor growth has been devel-
oped that accounts for induction heating, heat and
mass transfer, and growth kinetics. The model has
been successfully applied to the AIN sublimation
growth.

The temperature distribution is predicted for a sub-
limation growth system. The dependence of temperature
distribution on RF coil current has been demonstrated
by the numerical results. The simulation results are in
good agreement with the experimental data. The results
show that the temperature difference between the top
and bottom of the crucible is virtually independent of
the heating power.
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A growth rate formulation has been proposed and
used to examine the effects of temperature, temperature
gradient and pressure. When the distance between the
source surface and the lid bottom is changed from 10 to
30 mm, the temperature gradient changed from 4.7 to
2.1 K/mm. The growth rate is larger for a smaller gap
between the source surface and the lid bottom.

The effects of the powder porosity on the growth
process have also been investigated. The crystal growth
rate is smaller for a larger porosity. The crystal
growth for different powder porosities will be terminated
at different time for different reasons. The predicted
growth rate is in the same level as the experimental data.
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