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Abstract

An iodine vapor phase epitaxy (IVPE) system has been designed and built to grow high quality thick gallium nitride film at the growth
rate up to 80 lm/h with the deposition temperature of 1050 �C and the pressure of 200 torr. Numerical and experimental studies have
been performed to investigate heat and mass transport and reaction phenomena in a vertical reactor. Geometrical parameters and oper-
ating conditions are optimized to achieve high and uniform GaN deposition rate. Gas phase and surface reactions in the growth chamber
have been analyzed thermodynamically and kinetically, and primary transport species and important reactions are identified. The rate
expressions for different surface reactions are determined and their contributions to the GaN deposition rate are studied for different
V/III ratios. The sticking probability of the main reactants and adsorption activation energy are calculated.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

GaN is a wide-bandgap semiconductor with broad
applications in blue-green opto-electronic devices and
high-temperature transistors [1,2]. Due to unavailable of
GaN substrate, GaN thin films have been mainly deposited
onto a foreign substrate made by sapphire, silicon carbide,
LiGaO2 or LiAlO2 [3]. The use of a foreign substrate, how-
ever, will introduce large stresses and defects caused by lat-
tice and thermal expansion coefficient mismatches [4]. To
overcome this problem, significant efforts have been direc-
ted to produce a thick GaN film (100–200 lm) on a foreign
substrate. The deposited thick film is then separated from
the original substrate using laser or other means to obtain
a self-standing GaN substrate for subsequent growth of
epilayers and quantum structures. This technology, how-
ever, suffers from low growth rate, low quality and high
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defect density. This paper will focus on the growth rate
and film uniformity during iodine vapor phase epitaxy.

Hydride vapor phase epitaxy (HVPE) method has been
widely used to produce GaN thick films with the growth rate
up to 50 lm/h and acceptable thickness uniformity [5,6]. In
the HVPE system, GaN is grown from reactions of NH3/
GaCl or NH3/GaCl3. However, the use of HCl gas to obtain
GaClx in the reactor creates contamination due to corrosion
of HCl. To prevent this problem, Bliss and coworkers [7,8]
developed an iodine vapor phase epitaxy (IVPE) growth
system in which solid iodine vaporizes and reacts with gal-
lium source to form GaIx. Using a horizontal IVPE system,
GaN films at the growth rate on the order of 10 lm/h were
demonstrated with a low level of yellow luminescence in the
produced GaN films, indicating the beneficial effect of
reduced contamination in the process gases. To increase
the growth rate and improve the deposition quality, a verti-
cal up-flow IVPE system has been designed and built at
North Carolina State University to grow GaN thick films
on square SiC substrates. Experiments show that the prop-
erties of the deposited GaN films are largely affected by
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Nomenclature

Ap pre-exponential coefficient of reaction constant
(s�1 for a first order reaction)

C species concentration (mol/m3)
cP specific heat of gas (m2 s�2 K�1)
d diameter (m)
D binary diffusion coefficient (m2/s)
Dg

a gas phase Damkohler number ðrg
0Lc=V 0Þ

Ds
a surface Damkohler number ðrs

0Lc=V 0Þ
Ea activation energy (J/mol)
Fi surface incident of species i (kmol m�2 s�1)
g
*

acceleration due to gravity (m/s2)
Gr Grashof number gq2

0L3
cðT w � T inÞ=ðl2

0T 0Þ
h enthalpy (J/mol)
I radiation heat flux (w/m2)
Ib intensity of the black body (w/m2)
k thermal conductivity (J m�1 s�1 K�1)
kr reaction coefficient (m3/mol s)
L exposure length for diffusion (m)
Lc characteristic dimension (m)
_m species mass reduction rate (kg/s)
m exponent on pressure dependency of reaction

constants
n temperature exponent of reaction constants
Nu Nusselt number (h d/k)
P pressure (kg m�1 s�2)
PeT thermal Peclet number (q0cP0V0Lc/k0)
PeM mass Peclet number (V0Lc/D0)
Pr Prandtl number (l0cP0/k0)
Pref referent reactor pressure (kg m�1 s�2)
Q flow rate (m3/s)
r radius (m)
rg

0 gas phase reaction constant (mol m�3 s�1 for a
first order reaction)

rs
0 surface reaction constant (mol m�2 s�1 for a

first order reaction)
R gas constant (J kmol�1 K�1)

Re Reynolds number (q0V0Lc/l0)
ReD Reynolds number (q0V0d0/l0)
Ri surface adsorption rate of species i

(kmol m�2 s�1)
Si sticking probability of species i

Sh heat source due to reaction (w m�2 s�1)
T temperature (K)
Tamb ambient temperature (K)
Tin gas temperature at inlets (K)
Tm longitudinal average gas temperature (K)
Tw wall temperature (K)
Uav averaged velocity (m/s)
V vacant surface site of species adsorption
V
*

gas velocity vector (m/s)
Wi molecular weight of species i (kg/kmol)
_wg

i gas phase reaction rate (mol/m3 s)
_ws

i surface reaction rate (mol/m2 s)
X axial distance (m)
Yi mass fraction of species i

Greek symbols

a concentration exponents of species A for a sec-
ond order reaction

aT thermal expansion coefficient (k/q/Cp)
b concentration exponents of species B for a sec-

ond order reaction
q density (kg/m3)
l dynamic viscosity (kg m�1 s�1)
e radiative emissivity
s viscous stress tensor
d deposition coefficient
X direction of the radiation beam
j radiative absorption coefficient
r scattering coefficient
h silica nozzle angle (�)
hs surface coverage of species i
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process conditions such as reactor pressure, furnace temper-
ature, species concentration and flow rate.

Numerical simulation has become a vital tool to reveal
process characteristics of GaN growth. It has been used
to simulate metalorganic chemical vapor deposition
(MOCVD) and HVPE GaN growth [9–13] and study the
effects of growth parameters on uniformity and material
properties of the deposited GaN films. No simulation has
yet been published in the literature on IVPE GaN growth.
Understanding of the heat and mass transport in such reac-
tor and the GaN growth mechanism on a SiC substrate is
therefore poor. This paper will investigate heat and mass
transport and reaction phenomena in the vertical reactor
built in North Carolina State University (NCSU) using
an integrated modeling and experimental approach.
Geometrical parameters and operating conditions are
optimized to achieve high and uniform GaN deposition
rate. Gas phase and surface reactions in the growth cham-
ber are analyzed thermodynamically and kinetically, so as
to identify the primary transport species and important
reactions. The rate expressions for different surface reac-
tions are determined and their contributions to the GaN
deposition rate are studied for different V/III ratios. The
sticking probability of the main reactants and adsorption
activation energy are calculated.

2. Experimental setup

Schematic of the proposed vertical reactor is presented
in Fig. 1a. Iodine vapor is used to transport Ga from
source to substrate to grow GaN. Ammonia gas is intro-
duced to provide the nitrogen source for GaN growth.



Fig. 1. (a) Schematic of the reaction chamber and (b) measured temperature profile from top to bottom along the furnace wall.
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The reactor consists of four concentric tubes: furnace tube,
reactor tube, outer silica tube and inner silica tube. Iodine
is carried by nitrogen and hydrogen flowing upwards
through the inner silica. At the top of the inner silica tube
is the gallium source within a BN holder. The iodine reacts
with Ga melt to form GaIx. A silica nozzle is placed above
the gallium source to enhance Ga replacement. The gas
flowing out of the silica nozzle is, therefore, a mixture of
nitrogen, iodine, hydrogen, GaIx and gallium. Between
the inner and outer silica tubes, nitrogen is flowed to shield
the Ga from the ammonia in the gas phase and enhance
reactions on the substrate. Finally, the ammonia and nitro-
gen mixture flows through the space between the reactor
tube and the outer silica tube. The entire system is heated
by a resistant heater. The temperature calibration of the
furnace has been conducted under reactor pressure of
500 torr and nitrogen flow rate of 1 SLM. Fig. 1b shows
the temperature profile measured by thermocouple along
the furnace wall. By setting the growth temperature at
1200 �C, the uniform temperature zone achieved is about
38.1 cm. The gallium source (position A-A) and the sub-
strate (position B-B) are both positioned in the uniform
temperature zone. The gallium source is positioned close
to the bottom of the zone so as to ensure the entire growth
area is located in the uniform temperature zone.

3. Mathematical model for numerical simulation

3.1. Governing equations

The following assumptions are made in this paper:
(a) The system is axi-symmetric; (b) The gas mixture is



Table 1
Important dimensionless groups in the IVPE reactor

Dimensionless group Definition Value

Reynolds (Re) q0V0L0/l0 37.7
Grashof (Gr) gb0q

2
0L3

cðT w � T inÞ=l2
0 940.0

Prandtl (Pr) l0CP0K0 0.64
Schmidt (Sc) l0/q0D0 0.73
Thermal Peclet (PeT) Re � Pr 24.2
Mass Peclet (PeM) Re � Sc 27.4
Gas-phase Damkohler (Dag) rg

0Lc=V 0 /
Surface Damkohler (Das) rS

0Lc=V 0 /
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continuum; (c) The gases obey the ideal-gas law; (d) The
gas flow is laminar; (e) The gas mixture in the reactor is
transparent for thermal radiation; and (f) Viscous dissipa-
tion of the gas mixture is neglected. Based on the above
assumptions, the governing equations of vapor phase
deposition can be described as follows [14–16]:

Continuity equation:

oq
ot
þr � ðq V

*

Þ ¼ 0; ð1Þ

Momentum conservation:

o

ot
ðq V

*

Þ þ r � ðq V
*

V
*

Þ ¼ �rp þr � sþ q~g; ð2Þ

Energy conservation:

o

ot
ðqhÞ þ r � ðq V

*

hÞ ¼ r � ðkrT Þ þ Sh; ð3Þ

Species conservation:

o

ot
ðqY iÞ þ r � ðq V

*

Y iÞ ¼ r � ðqDrY iÞ þ _xg
i ; ð4Þ

where q is the density, ~g is the gravitational acceleration
vector, V

*

is the gas velocity, p is the pressure, s is the vis-
cous stress tensor, h is the enthalpy, T is the temperature,
k is the thermal conductivity, Sh is the additional source
due to reactions and radiation, D is the binary diffusion
coefficient of reactants in carrier gases, _wg

i is the gas phase
reaction rate of species i, and Yi is the mass fraction of spe-
cies i.

The integro-differential radiative heat transfer equation
used to calculate the energy source from radiation can be
described as follows [17]:

ðX � rÞIðr;XÞ ¼ �ðjþ rÞIðr;XÞ þ jIbðrÞ

þ r
4p

Z
X0¼4p

Iðr;XÞUðX0 ! XÞdX; ð5Þ

where X is the direction of propagation of radiation beam,
I is the radiation intensity, j is the absorption coefficient, r
is the scattering coefficient, Ib is the intensity of the black
body, and U is the phase function of the energy transfer
from the incoming X0 direction to the outgoing direction X.

As an additional constraint of the governing equations,
the ideal gas law can be described as

p ¼ qRT
X

i

Y i

W i
; ð6Þ

where Wi is the molecular weight of species i and R is the
gas constant.

3.2. Boundary conditions

Boundary conditions are prescribed as follows:

Wall on the graphite heater: V
*

¼ 0, T = 1323 K, e = 1.0;
Wall on the substrate holder: V

*

¼ 0, e = 0.65;
Top surface of the gallium source: _wgallium ¼ _w1, T =
700 K, e = 0.6;
Wall on the surface of the substrate: V
*

¼ 0, J i ¼ Mi _ws
i ,

e = 0.65;
Wall on the alumina tube: V

*

¼ 0, e = 0.7;
Wall on the quartz surface: V

*

¼ 0, e = 0.14;
Carrier gas at the inlet (ammonia and nitrogen): V

*

¼ ~V 1,
T = 700 K, Pin = Pref, Y NH3

¼ Y 1, Y N2
¼ Y 2, e = 0.15;

Iodine source at the inlet (I2, N2 and H2): V
*

¼ ~V 2,
T = 700 K, Pin = Pref, Y I2

¼ Y 3, Y N2
¼ Y 4, Y H2

¼ Y 5,
e = 0.15;
Shield gas at the inlet (nitrogen): V

*

¼ V
*

3, T = 700 K,
Pin = Pref, Y N2

¼ Y 6, e = 0.15;
Outlet: T = 300 K, Pout = Pref, e = 1.0.

Non-slip boundary condition, V
*

¼ 0, is applied for all
the walls. Since the growth cell simulated is positioned in
the uniform temperature zone, a constant temperature,
T = 1323 K, is assigned on the surface of the furnace wall
with radiative emissivity, e, of 1. The experimentally mea-
sured weight losses of iodine and Ga sources are converted
to mass flow rates in the model and used as inlet gas flow
rates. The surface reaction rate, _ws

i , is converted to the mass
flux, Ji, and treated as the boundary conditions on the sub-
strate surface. The pressure condition at outlet will only be
used when there is back flow.
4. Control parameters

The order-of-magnitude analysis is presented here to
provide fundamental understanding of heat and mass
transfer in the GaN iodine growth system. Important
dimensionless groups, definitions and calculated values in
the growth system are listed in Table 1. Lc is the character-
istic length, defined as the diameter of the alumina reactor,
V0 is the characteristic velocity, defined as the inlet process
gas velocity, and Y in

i is the characteristic mass fraction of
species i, defined as the inlet mass fraction of species i.
Noted that subscript 0 represents the value at the average
temperature of Tav = (Tw + Tin)/2, where Tw is the temper-
ature achieved on the furnace heater, which is about
1323 K, and Tin is the mean temperature of the inlet gases,
which is about 700 K.

According to the calculated values in Table 1, gas flow is
mainly laminar in the reactor, and heat and mass transfer
due to convection is more important than conduction/dif-
fusion. The ratio of the Grashof number, Gr, to Reynolds
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number square, Re2, is used to examine whether heat trans-
fer is mainly controlled by natural or forced convection.
Gr/Re2 = 0.66 is obtained for the system discussed here,
indicating that natural and forced convection heat transfer
are equally important.

5. Gas phase and surface reactions

5.1. Gas phase reactions

In the GaN epitaxy growth system, the carrier gas
mixture of N2 and H2 enters I2 source bubbler, where I2

(Tmelting = 385.9 K at 1 atm) is heated by a jacket heater.
I2 is vaporized and carried away by the carrier gas. I2

may react with H2 to form HI. The gas mixture of N2,
H2, I2 and HI will, therefore, flow over the gallium source.
Both I2 and HI may react with Ga to form GaIx, with
x = 1 or 3. On the substrate surface, NH3 will be adsorbed
and cracked to form the activated nitrogen atoms that will
react with GaIx to form GaN on the substrate [18]. It is
important to control the concentration of NH3 and GaIx

on the substrate surface. Gas species reaching the substrate
include NH3, HI, H2, N2, GaI, GaI3, I2 and Ga. The
detailed gas pathway is shown in Fig. 1a.

Before ammonia reaches the substrate, it may decom-
pose to nitrogen and hydrogen gases due to the high-tem-
perature environment in the growth reactor. The amount
of ammonia reaching the substrate is therefore reduced.
The global ammonia gas phase decomposition can be
expressed as follows:

NH3ðgÞ () 1=2N2ðgÞ þ 3=2H2ðgÞ: ðR1Þ

This is a mildly endothermic process (DH = 46 kJ/mol).
Thermodynamically, almost all the NH3 is decomposed
into N2 and H2 at the temperature higher than 300 �C. In
the experiments, the decomposition rate of NH3 is slow
and strongly depends on the growth conditions and furnace
geometry. This reaction may, in fact, be far from achieving
the equilibrium state.

The Damkohler number has been calculated for ammo-
nia gas phase decomposition to determine the importance
of this reaction under the current operating conditions.
The fluid flow resident time can be estimated as tF =
LF/Uav. LF is the distance between the gas inlet and the
substrate, which is about 0.16 m. The averaged velocity is
about 0.67 m/s with a typical flow rate of 3.0 SLM under
the pressure of 200 torr and the furnace wall temperature
of 1323 K. The resident time can then be calculated as
0.24 s. The detailed mechanism of NH3 homogeneous
pyrolysis can be found in [19]. The controlling step of the
reactions is found to be:

NH3 þM () NH2 þHþM; ðR2Þ

where M is the third party molecular that serves as a cata-
lyst. Reaction (R2) is a second order reaction with the reac-
tion coefficient kr = ApExp(�Ea/RT) and a reaction rate
_wg ¼ kr½NH3�½M�, where the pre-exponential coefficient,
Ap, is 2.2 � 1010, and the reaction activation energy, Ea,
is 3.93 � 105 J/mol. The value of kr is calculated as
2.55 � 10�5 m3/mol s. The third party molecular concen-
tration is about 1.17 mol/m3 when the molar ratio of
NH3 and N2 in the reactor is assumed to be 1. The reaction
constant is calculated as rg

0 ¼ kr � ½M� ¼ 2:98� 10�5 s�1.
The gas phase Damkohler number for ammonia pyrolysis
is about 7.12 � 10�6, which is much smaller than 1. It is
concluded from this analysis that gas phase ammonia
decomposition can be neglected under the current operat-
ing conditions.

Instead of reaction on the substrate surface, ammonia
may also react with GaIx in the gas phase. To reduce gas
phase reactions between NH3 and GaIx, the shield gas,
N2, is running between the inner and outer silica nozzle
to prevent direct mixing of NH3 and GaIx in the area above
the silica nozzle (see Fig. 1a), and meanwhile increase the
NH3 and GaIx concentrations on the substrate surface.
The gas phase reactions between NH3 and GaIx are
expected to be weak. This reaction can be neglected due
to the presence of the shield gas and the short reaction
time. It is estimated that the resident time for reaction is
about 0.09 s based on the substrate-nozzle distance of
0.0635 m and the gas speed of 0.67 m/s.

The gas phase reaction in the iodine source bubbler can
be described as follows:

1=2H2ðgÞ þ 1=2I2ðgÞ () HIðgÞ: ðR3Þ

The initial partial pressures of H2, I2, HI, and N2 are P 0
H2

,
P 0

I2
, P 0

HI and P 0
N2

, respectively, where the initial partial pres-
sure of HI equals zero. When reaction equilibrium is
reached, the equilibrium partial pressures of species can
be expressed as P e

H2
, P e

I2
, P e

HI, and P e
N2

. The total pressure
inside the bubbler is maintained at 1 atm and it remains un-
changed since the reduced partial pressures of H2 and I2

equal the produced partial pressure of HI in the reaction
R3. The partial pressure of N2 remains constant during
the reaction. Controlled by the mass flow controllers, the
initial molar ratio of H2 and N2 in the carrier gas is
9%:91%. At the time zero, the follow equations can there-
fore be obtained:X

P 0
i ¼ 1 ¼ P 0

H2
þ P 0

I2
þ P 0

N2
ð7Þ

P 0
H2

P 0
N2

¼ 9

91
ð8Þ

P 0
I2P
P 0

i

¼ ½I2� ð9Þ

The initial vapor pressure of the iodine over the source sur-
face, P 0

I2
, can be obtained from Ref. [20]. The equilibrium

expression of reaction (R3) can be written as follows:

K3 ¼ Exp �DG0
r

RT

� �
¼ P e

HIffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P e

I2
P e

H2

p ; ð10Þ

where K3 is the reaction equilibrium constant and DG0
r is

the Gibbs free energy change, the temperature dependence
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of which can be found in Refs. [21,22]. Two additional
equations derived from reaction (R3) are

P 0
H2
� P e

H2
¼ P 0

I2
� P e

I2
; ð11Þ

P e
HI ¼ 2ðP 0

I2
� P e

I2
Þ: ð12Þ

Given the initial partial pressure of iodine vapor, the equi-
librium pressure of each species in reaction (R3) can be
solved by combining Eqs. (7)–(12). Fig. 2a shows the equi-
librium partial pressures of different species at the inlet of
the reactor under different iodine concentrations in the
source. The highest iodine vapor pressure achieved in the
source bubbler is limited by the temperature of the valve
connected to the bubbler. Since gas temperature can not
exceed 150 �C for a regular needle valve, the highest I2 va-
por pressure is about 300 torr in the bubbler. It is revealed
that when equilibrium for reaction R3 is established before
the gas mixture flows over the gallium source, the concen-
tration of HI gas will be around 0.1. When the concentra-
tion of I2 in the source is larger than 0.3, I2 will be the main
species reacting with gallium to form GaIx.

The gas mixture coming out of the iodine source bubbler
enters the reactor through the inner silica tube and reacts
with gallium. Instead of reacting with Ga vapor, both I2
Fig. 2. (a) Equilibrium partial pressures with [I2] in source, and (b)
equilibrium partial pressure above liquid gallium at 1050 �C.
and HI will react mostly with gallium on its liquid surface
due to a low gallium vapor pressure of 0.01 torr [23] at the
current operating conditions. The reactions between I2 and
Ga can be written as follows:

GaðlÞ þ 1=2I2ðgÞ () GaIðgÞ; ðR4Þ
GaðlÞ þ 3=2I2ðgÞ () GaI3ðgÞ; ðR5Þ
GaIðlÞ þ I2ðgÞ () GaI3ðgÞ; ðR6Þ

and the reactions between Ga and HI can be written as
follows:

GaðlÞ þHIðgÞ () GaIðgÞ þ 1=2H2; ðR7Þ
GaðlÞ þ 3HIðgÞ () GaI3ðgÞ þ 3=2H2ðgÞ; ðR8Þ
GaIðlÞ þ 2HIðgÞ () GaI3ðgÞ þH2ðgÞ: ðR9Þ

At a typical growth temperature of 1050 �C, the calculated
reaction equilibrium constants for reactions (R4)–(R6) are
8900, 840,000, and 50, respectively. The equilibrium reac-
tion constants are 3400, 13,000, and 4 for reactions (R7)–
(R9), respectively. The formation of GaI3 in both cases is
strongly favored thermodynamically. It is, therefore, as-
sumed that only GaI3 will be formed at equilibrium. A
group of equations similar to the formation of HI can be
derived and the equilibrium partial pressures of species
above the gallium source can be calculated. Fig. 2b shows
the calculated partial pressures on the gallium source.
Comparing Fig. 2b with Fig. 2a, it is revealed that the par-
tial pressure of GaI3 is seen to track with the initial partial
pressure of iodine.

The favorability of reactions (R6) and (R9) indicates
that any GaI formed will further react either with I2 or
HI to form GaI3 at the equilibrium conditions. However,
thermodynamic calculations only provide an upper limit
of what to expect. Given the small surface area of the gal-
lium source (1.1 � 10�4 m2), and the relatively high veloc-
ity of carrier gas over the gallium source (order of 0.1 m/
s), it is unlikely that there is sufficient time for equilibrium
conditions to be established above the gallium source. The
thermodynamic model describing transport of iodine and
gallium species has to be compared with the experimental
data to evaluate its accuracy.

Fig. 3a shows the measured gallium loss rate compared
with the measured iodine loss rate. The data points by sym-
bols of diamond and square correspond to a carrier gas
mixture of 9% H2/91% N2, and by symbols of triangle
and circle correspond to carrier gas of pure hydrogen.
The data are measured based on 20-h growth runs. Also
the two lines represent iodine transport as GaI
(Ga/I2 = 2:1) and GaI3 (Ga/I2 = 2/3), respectively. It is
revealed that the measured iodine loss rate falls between
the values calculated based on two transport species. This
indicates that there is enough iodine loss to account for
GaI transport, but not enough iodine is lost to account
for GaI3 transport. It can be concluded that the dominant
transport species is GaI, with some GaI3 formed either on
the Ga surface, or through subsequent reaction with the
excess iodine species.



Fig. 3. (a) Measured gallium loss rate versus measured iodine loss rate
and (b) Gallium loss rate predicted from GaI3 based thermodynamic
equilibrium as shown in Fig. 2b (lines) and measured during experiment
growth runs (diamonds and triangles).
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Fig. 3b shows the predicted and measured rates of gal-
lium loss versus the flow rates of I2. The solid lines repre-
sent the results obtained based on thermodynamic
equilibrium of GaI3 reaction, and the diamond and triangle
dots represent the measured Ga loss with a pure H2 carrier
gas and a carrier gas mixture of 9% H2/91% N2. The exper-
imental values fall well below the equilibrium prediction,
and show no difference in measured loss rate of Ga between
a carrier gas of pure H2 and mixture of 9% H2/91% N2.
This indicates that the source does not operate near the
equilibrium as predicted by thermodynamics, and the reac-
tion of HI formation does not significantly increase the
transport of iodine. The thermodynamically calculated
iodine loss rate is about 10–30 times greater than the mea-
sured iodine loss. Even if the assumption is made that
iodine is transported from the source at the vapor equilib-
rium without any reaction to form HI, the calculated
iodine flow rate is still 6–9 times higher than the observed
loss rate from the iodine source. It is likely that the high
flow rate of carrier gas and the crystal shape change in
the iodine source as temperature fluctuates both will
contribute to the difficulty to achieve equilibrium iodine
vapor pressure in the source bubbler.

Based on direct measurement of weight loss from both
iodine and gallium sources after each experiment run,
Tassev at al. [8] reported that transport species in their
reactor was GaI, with a slight excess of I2. Furthermore,
Rolsten [24] reported that GaI can be formed by heating
either GaI3 or the reaction product of gallium and iodine.
Based on these results, along with the relatively high flow
rate of carrier gas and small volume for reaction, it is
assumed that all the measured gallium loss was transported
as GaI.

In the numerical model, only reaction R4 will be used to
describe the gas phase reaction for GaIx formation. Mea-
sured iodine and gallium mass reduction rates will be con-
verted to the flow rate of I2 and Ga, respectively. The gas
phase reaction rate of reaction (R4) can be described as

_xg ¼ ApT n expð�Ea=RT Þ p
patm

� �m

½A�a½B�bkmol=m3 s; ð13Þ

where Ap is the pre-exponential constant, n is the tempera-
ture exponent, Ea/R is the activation temperature, m is the
exponent on pressure dependency, A and B are the molar
concentrations of reactants Ga and I2, and a and b are
the concentration exponents of A and B, respectively.
Ea/R = 0 K and n = m = 0 are used in the simulation.
The value of Ap is used to determine the reaction rate
and it is estimated as 4 � 108 corresponding to more than
95% conversion of experimentally weighted Ga loss to
GaI. a = 1 and b = 0.5 are assigned, which correspond to
the stoichiometric coefficients of the reactants.
5.2. Surface reactions

The overall surface reaction rate depends on the partial
pressures of gas species such as GaI and NH3, available
free sites on the surface, surface concentrations of adsorbed
species, surface diffusion coefficients, rate constants of reac-
tion steps, and surface characteristics, etc. Unlike gas phase
reaction, predicting reaction paths and rate constants are
more difficult for heterogeneous surface reactions since
the interaction between gas phase and surface entities are
much more complicated than those between gas phase mol-
ecules. The semi-empirical approach is, therefore, usually
used to simulate the surface mechanisms and kinetics.

Tassav et al. [8] discussed surface reactions from GaI
and NH3. Based on the byproducts detected in their GaN
reactor, the one step reaction for the growth of GaN is
given as

GaIðgÞ þ 2NH3ðgÞ ! GaNðsÞ þNH4IðgÞ þH2ðgÞ:
ðR10Þ

However, NH4I detected in the cold react zone might be
formed from NH3 and HI with a temperature lower than
800 K since NH4I decomposes above 800 K [22]. In the
growth zone from silica nozzle to the substrate, gas temper-



Fig. 4. Free energy of reaction for GaN surface deposition in a vapor
growth system.
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ature will be close to 1323 K. It is, therefore, unlikely that
NH4I will present. Considering different product gases
which are stable at a temperature around 1323 K, the fol-
lowing analogs of element reactions to GaN growth from
GaCl/NH3 mixture in a halide vapor phase expitaxy system
[18,25] can be expressed as

VþNH3 () NH3ads; ðR11Þ
NH3ads () Nþ 3=2H2ðgÞ; ðR12Þ
NþGaI () NGaI; ðR13Þ
2NGaIþH2ðgÞ () 2NGa� IH; ðR14Þ
NGa� IH () NGaþHIðgÞ; ðR15Þ
2NGaIþGaIðgÞ () 2NGa�GaI3; ðR16Þ
2NGa�GaI3 () 2NGaþGaI3; ðR17Þ
where V is the vacant surface site for ammonia adsorption.

Since a very large NH3 partial pressure is maintained on
the substrate in the experiments, reaction (R11) will be
close to thermodynamic equilibrium, which means that
the NH3ads concentration on the substrate will be close to
a constant. The GaN deposition rate is mostly limited by
reactions (R13). This is supported by the experimental data
whereas GaN growth rate is independent of the NH3 par-
tial pressure, but strongly depends on the GaI concentra-
tion. Since it is difficult to obtain the reaction constant
for each elemental step, the simplified overall surface reac-
tions will be used here. Two overall reactions correspond-
ing to above element reactions are obtained as follows:

GaIðgÞ þNH3ðgÞ () GaNðsÞ þHIðgÞ þH2ðgÞ; ðR18Þ
3GaIðgÞ þ 2NH3ðgÞ () 2GaNðsÞ þGaI3ðgÞ þ 3H2ðgÞ;

ðR19Þ
which represent the most energetically favorable reactions
in the iodine vapor growth system. The following reaction
might also be energetically favorable since GaI3 is thermo-
dynamically preferred:

GaI3ðgÞ þNH3ðgÞ () GaNðsÞ þ 3HIðgÞ ðR20Þ
Reaction (R20) will also be considered in the numerical
model, although thermodynamics analysis shows the con-
tribution of reaction (R20) to the GaN deposition rate will
be less than 2%.

Fig. 4 shows the free energy of surface reaction for
(R18)–(R20) on substrate surface. Since GaI is assumed
as the dominant species of gallium transport, reactions
(R18) and (R19) are expected to be much more important
than reaction (R20). The free energies for reactions
(R18)–(R20) are all positive at a typical growth tempera-
ture of 1050 �C, which means that their equilibrium reac-
tion constants are smaller than unity, and none of the
reactions is spontaneous. A proper effective super-satura-
tion, r ¼ lnðP GaIP NH3

=P HIP H2
K18Þ, can still be achieved by

controlling the partial pressures of the reactants on the
substrate, which serves as the driving force for the GaN
deposition.

Since reactions (R19) and (R20) can be combined to
form reaction (R18), reaction (R18) will therefore be used
as the overall surface deposition step in our simulation.
The surface reaction rate of reaction (R18) is determined
by

_xs ¼ dApT n expð�Ea=RT Þ p
patm

� �m

½A�a½B�b kmol=m2 s;

ð14Þ
where d is the deposition coefficient of GaN on the sub-
strate surface. The rate constant, rs, for reaction (R18)
has not been reported in the literature. The activation en-
ergy of 1.03 � 105 J/mol is reported in reference to the data
from Shintani et al. [26] for the following surface reaction
of GaN HVPE growth:

GaClðgÞ þNH3ðgÞ () GaNðsÞ þHClðgÞ þH2ðgÞ:
ðR21Þ

Their data is obtained for the temperature range of 860–
1020 �C, which is similar to our growth temperature
(1050–1100 �C). The activation energy of 1.03 � 105

J/mol is, therefore, used for reaction (R18). n = m = 0
are used in the simulation. a = x and b = 0 are assigned
for concentration coefficients of GaI and NH3. The value
of a is underdetermined since the concentration depen-
dency of GaI should be among 1–3 according to reactions
(R18)–(R20). The ammonia concentration dependency is
set to zero due to the fact that in the experiment ammonia
is always excessive on the substrate surface. By matching
the experimental deposition rates with the simulation ones
at different NH3/GaI molar ratios, the value of dAp and a
can be determined by the optimization method.

To determine the importance of reactions (R18)–(R20)
for the GaN deposition rate, all three equations are there-
fore included in the simulations. The respective contribu-
tion of the three reactions to the GaN growth rate will be
determined based on the assumption that all of the reac-
tions are stoichiometric. No kinetic data for reactions
R19,R20 are available in published literatures. Shaw
et al. [27] reported that the activation energy of GaAs epi-
taxial growth is between 6.18 � 104 J/mol and 1.65 � 105



Table 2
Inlet gas conditions for the experiments

Species Initial volume
flow rate (SLM)

Adjusted volume
flow rate (SLM)

Inlet1 I2 0.008 0.008
H2 0.026 0.026
N2 0.5 0.25

Inlet2 N2 1.0 0.62
Inlet3 NH3 2.0 1.0

N2 / 1.25
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J/mol in the Ga–As–Cl3 system due to adsorption, reac-
tion, and diffusion at the surface. The activation energy
for reaction (R19) is thus chosen as Ea = 1.13 � 105

J/mol, which is the medium value of the above energy
range. Also for reaction (R19), n = m = 0, a = 3 and
b = 0, and the value of dAp is determined by fitting numer-
ical results with the experimental data. Ea = 1.16 � 105

J/mol is reported by Dollet et al. [28] for the following
surface reaction of AlN expitaxial growth:

AlCl3ðgÞ þNH3ðgÞ () AlNðsÞ þ 3HClðgÞ: ðR22Þ
This activation energy is used for reaction (R20). Also for
reaction (R20), n = m = 0, a = 1 and b = 0, and dAp = 0.36
reported by Cai et al. [29] for reaction (R22) of AlN expit-
axial growth with the temperature of 1050 �C and pressure
of 760 torr. Finally the GaN deposition rate can be calcu-
lated as

G ¼ _xsMA=qAðm=s or � 3:6� 109 lm=hÞ; ð15Þ
where MA and qA are molecular weight (84 kg/kmol) and
density (6.15 � 103 kg/m3) of GaN, respectively.

6. Results and discussion

Many parameters related to the reactor geometry and
mixed gas injection are important to optimal design of
IVPE reactors. In this paper, we will study the effects of
geometrical configurations and operating conditions on
mixing process, deposition rate and deposition uniformity.

6.1. Effect of total gas flow rate on the substrate temperature

Numerical simulations have been conducted by solving
the governing Eqs. (1)–(4) together with the ideal gas law
and gas and surface reactions. A commercial software,
CFD-ACE+, from ESI has been used. The first order
upwind differencing scheme (70%) blending with the
third-order differencing scheme (30%) is used to discretize
variables in transport equations. The Conjugate-Gradi-
ent-Squared plus Pre-conditioning solver is used to solve
the algebraic equations for each dependent variable. Simu-
lations are performed using different grid numbers for grid
independent study. 165 � 55 grids are used for most cases
presented in this paper.

A uniform and sufficient high temperature on the sub-
strate is required to achieve high growth rate, uniform film
thickness and good film quality. In the experiments, the
Table 3
Thermodynamic properties used in the simulations

Properties All gases

Specific heat (J/kg K) Mix JANNAF method
Density (kg/m3) Ideal gas law
Thermal conductivity (W/m k) Mix kinetic theory
Dynamic viscosity (kg/m s) Mix kinetic theory
Diffusivity Schmidt number = 0.72
Adsorption coefficient 0
temperature on the furnace wall is monitored using ther-
mocouples. In situ observation of temperature achieved
on the substrate surface, however, is difficult to realize.
Temperature difference between the substrate surface and
furnace wall, and the effect of total gas flow rate on the
temperature achieved on the substrate surface will be inves-
tigated numerically. Gas species at each inlet and their flow
rates used in the simulations are listed in Table 2.

The initial inlet gas conditions are tested both experi-
mentally and numerically. The measured gallium weight
reduction rate of 0.0133 SLM is used in the simulation.
This flow rate corresponds to a molar ratio of Ga/
I2 = 1.7/1, which favors the formation of GaI in the gas
phase. Temperature (1050 �C) on the heating unit and reac-
tor pressure (200 torr) remain unchanged for all the simu-
lations presented here. Gas phase and surface reactions
are not activated in the simulation unless it is noted, since
they are expected to have insignificant influence on the fluid
flow and heat transfer in the reactor. Thermodynamic
properties of different substances used in the simulations
are listed in Table 3.

Fig. 5a–b shows the streamline and temperature distri-
butions in the simulated system. Fig. 5a shows that a
reverse flow is formed near the alumina tube wall, which
means that the radial mixing of different species will be
enhanced there. The gas phase reactions from GaI/NH3

in the center part and the GaN deposition on the alumina
tube wall will therefore increase, and the GaN deposition
rate will decrease on the substrate. In addition, the reverse
flow might be unstable in the experiments, which could be
larger or smaller as the time passing. The GaN deposition
quality on the substrate could therefore be worsened. Due
to the above reasons, it is necessary to make sure that no
big reverse flow is formed in the reactor. Fig. 5b shows
the temperature distribution for the entire simulated sys-
tem. It is shown that the temperature of the gas mixture
Al2O3 GaN Silica BN

900 490 710 1610
3900 6150 2198 1900
30 130 1.38 28
/ / / /
/ / / /
1 1 0.145 1



Fig. 5. Distributions of (a) streamline and (b) temperature inside the VPE
reactor.

Fig. 6. Temperature distributions (a) from the gas inlet to substrate
surface along the reactor centerline and furnace heater wall, and (b) from
the center to periphery of the substrate surface, respectively.
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will be heated up to more than 1200 K above the silica noz-
zle. Due to such a high-temperature, chemical deposition
may occur on the surfaces of the reactor wall, substrate,
and substrate holder.

The velocity ratio of NH3 from inlet 3, shield gas N2

from inlet 2 and carrier gas from inlet 1 are 1:11:13 at
the height of the silica nozzle outlet. It can be concluded
that the reverse flow is formed mainly due to a large gas
velocity difference at the silica nozzle outlet. To prevent
the reverse flow, an adjusted inlet gas flow rates are used
in the experiment run (see Table 2). The velocity ratio
under the new inlet conditions is 1:6:6. Simulations results
show that the reverse flow is eliminated in this case.

Fig. 6a shows the temperature distributions from inlet to
the substrate surface along the reactor centerline and along
the substrate surface, based on the adjusted inlet gas condi-
tions. It is revealed that the mixing gases can be heated to
about 1250 K when it reaches the nozzle outlet and it fur-
ther increases to 1300 K at the substrate area. Fig. 6b
shows the temperature distribution from the periphery to
the center of the substrate surface. It is found that the tem-
perature on the substrate surface will be high at the periph-
ery but low in the middle. Temperature difference along the
substrate surface is only about 0.18 �C, and the substrate
temperature is about 17 �C lower than the temperature
on the furnace heater.

By reducing or increasing the flow rate at each gas inlet
with the same ratio, the effect of the total flow rate on the
temperature achieved on the substrate was investigated.
Fig. 7a shows the averaged temperature achieved on the
substrate with different total gas flow rates. It is revealed
that within a flow rate range of 1–10 SLM, the substrate
temperature drops from 1307 to 1283 K. Temperature
non-uniformity on the substrate also changes with total
flow rates. Temperature difference is defined as the highest
temperature minus the smallest one on the substrate. It is
revealed in Fig. 7b that a total flow rate of 3 SLM gives
the lowest temperature difference, or the best uniformity,
on the substrate surface. In the experiments, total flow rate
is controlled at around 3 SLM.

6.2. Effect of the shield gas flow rate

The shield gas, N2, is used to prevent Ga from mixing
with NH3 directly in the area above the silica nozzle so
as to reduce the gas phase reactions from GaI and NH3.
Four cases are presented, in which the shield gas flow rates
are 0.5 SLM, 0.8 SLM, 1.2 SLM and 1.5 SLM, respec-
tively. The only reaction activated is reaction R4. Fig. 8
shows the mass fraction change of NH3 with the shield



Fig. 7. Relationship of (a) averaged temperature achieved on the substrate
and (b) the largest temperature difference on the substrate with the total
flow rate in the growth reactor.

Fig. 8. Mass fraction distribution of NH3 along the centerline from the
silica nozzle to the substrate with different shield gas flow rates.

Fig. 9. Relationship of (a) averaged concentrations of GaI and NH3 on
the substrate and (b) the V/III ratios achieved on the substrate with the
shield gas flow rate.
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gas flow rate along the reactor centerline from the outlet of
the silica nozzle to the substrate surface. It is revealed that
at the silica nozzle outlet, NH3 concentration is zero. It
gradually increases with the distance. The concentration
of NH3 with 1.5 SLM shield gas flow rate is about half
of that with 0.5 SLM shield gas flow rate along the center-
line. Fig. 9a shows the averaged concentrations of GaI and
NH3 on the substrate surface. It is shown that the concen-
trations of GaI and NH3 decrease as the shield gas flow
rate increases. It is also observed that, the effect of shield
gas flow rate on the NH3 concentration is more significant
than its effect on GaI concentration. When the shield gas
flow rate increases from 0.5 SLM to 1.5 SLM, the concen-
trations of GaI and NH3 drop 17% and 34%, respectively.
This can be explained that the increase of the shield gas
flow rate causes the increase of the N2 concentration on
substrate surface, consequently reduces the GaI and NH3

concentrations. Furthermore, it also reduces the time
allowed for NH3 to diffuse into the center area, which fur-
ther reduces the NH3 concentration. Fig. 9b shows the
V/III ratios, or the molar ratios of NH3 and GaI, on the
substrate surface. The NH3 concentration reduces due to
the increase of the shield gas flow rate, consequently the
V/III ratio reduces with the shield gas flow rate.
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Experiments were conducted to study the shield gas flow
rate on the GaN deposition rate. The shield gas flow rates
of 0.62 SLM and 1.0 SLM are used in the experiments,
respectively. The flow rate of 0.62 SLM corresponds to
the velocity ratio of 1:1 between the shield gas and rest
gases at the outlet of the silica nozzle. The GaN deposition
rates at different iodine concentrations and shield gas flow
rates have been reported by Mecouch [30] and they are
shown in Fig. 10. It is seen that the shield gas flow rate
of 0.62 SLM produces higher GaN growth rate under dif-
Fig. 10. Change of the GaN deposition rate with the shield gas flow rate
under different iodine concentrations.

Fig. 11. Mass fraction distributions of (a) G
ferent iodine concentrations in the source bubbler. A shield
gas flow rate of 0.62 SLM is therefore used in the subse-
quent experiments. Fig. 11a and b shows the mass fraction
distributions of GaI and NH3 in the growth reactor. It is
revealed in Fig. 11a that the gas phase reaction between
Ga and I2 takes place mainly inside the inner silica nozzle.
Since the gas flow in the reactor is laminar (see Fig. 11b),
the transport of NH3 into the center area of the reactor
is due to mass diffusion.

The mass fraction, Yi, the molar concentration, Ci, and
the partial pressure, Pi, of species i on the substrate are
listed in Table 4 when a shield gas flow rate of 0.62 SLM
is used in the simulations.

The results show that the partial pressure of Ga is close
to zero, and the achieved partial pressure of GaI is around
1 torr on the substrate at a reactor pressure of 200 torr.
6.3. Effect of silica nozzle angle

The GaN growth rate is directly proportional to the par-
tial pressure of GaI achieved on the substrate. A silica noz-
zle is thus used in the experiments to force more GaI to the
substrate area. This will also help preventing ammonia
from diffusing towards the gallium source area because
ammonia reacts with Ga directly on the liquid gallium sur-
face to form polycrystalline GaN through the reaction
listed below:

2GaðgÞ þ 2NH3ðgÞ ! 2GaNðsÞ þ 3H2ðgÞ: ðR23Þ
aI and (b) NH3 inside the VPE reactor.



Table 4
Species concentrations on the substrate

Ga GaI H2 I2 N2 NH3

Yi 2.4E�06 0.042575 0.000855 0.005494 0.760977 0.190096
Ci (kmol/m3) 2.16E�09 1.36E�05 2.69E�05 1.36E�06 1.71E�03 7.02E�04
Pi (torr) 1.76E�04 1.11E+00 2.19E+00 1.11E�01 1.39E+02 5.73E+01

Fig. 13. Relationship of (a) averaged concentrations of GaI and NH3 on
the substrate and (b) the V/III ratio achieved on the substrate with
different silica nozzle angles.
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This reaction (R23) could terminate the transport of gal-
lium and stop the GaN growth on the substrate.

Design of silica nozzle angle, h (see Fig. 1a), is very
important. To test the effect of nozzle angle on concentra-
tion distributions of NH3 and GaI between the outlet of sil-
ica nozzle and substrate surface, four cases are simulated in
which h is selected as 77�, 81�, 86� and 90�. Fig. 12 shows
the mass fraction distribution of NH3 along the reactor
centerline from the silica nozzle outlet to the substrate sur-
face. It is found that at the silica nozzle outlet, the NH3

concentration for the cases with the angle smaller than
81� is close to 0. For angles larger than 81�, the achieved
ammonia mass fraction is up to 0.03 at the outlet of the
inner silica nozzle, which means that ammonia may diffuse
into the inner silica tube. It is also seen that a small angle,
such as 77�, can significantly reduce the NH3 concentration
in the area above the silica nozzle. The blocking effect,
however, reduces as the mixing gas approaching the sub-
strate, so the concentration of NH3 on the substrate is
maintained at a proper level even with a small nozzle angle.
Fig. 13a shows the average molar concentrations of GaI
and NH3 on the substrate surface. The concentration of
NH3 increases with the nozzle angle, while that of GaI
decreases with the nozzle angle. It is shown in Fig. 13b that
the V/III ratio on the substrate surface increases with the
nozzle angle.

The silica nozzle angle used in the experiment is 77�.This
design of silica nozzle can reduce the NH3 concentration in
the area above the silica nozzle outlet significantly. Diffu-
sion of NH3 into the inner silica nozzle is prevented. The
Fig. 12. Mass fraction distribution of NH3 along the centerline from the
silica nozzle to the substrate under different silica nozzle angles.
GaI concentration on the substrate can be increased by
about 10% compared with a silica nozzle angle of 90�.

6.4. Effect of the substrate-nozzle distance

The substrate-nozzle distance is one of the key parame-
ters that affect the GaN growth rate and deposition quality.
It controls the length and time allowed for different gases to
mix with each other. A proper substrate-nozzle distance
corresponds to a suitable V/III ratio above the substrate
for fast and uniform GaN growth. The simulated sub-
strate-nozzle distance ranges from 6.35 to 17.8 cm.
Fig. 14a shows the molar concentrations of GaI and NH3

as a function of the substrate-nozzle distance. The concen-
tration of GaI decreases with the substrate-nozzle distance
until the mixing is completed at the substrate-nozzle dis-
tance around 13.0 cm. The error bar in Fig. 14a indi-
cates the GaI concentration variation across the substrate



Fig. 14. (a) Averaged molar concentrations of GaI and NH3 and (b) the
V/III ratio achieved on the substrate under different substrate-nozzle
distances.

Fig. 15. Effects of changing ammonia flow rate and iodine vapor fraction
in the source on the GaN deposition rate.
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surface. It is found that even for a small substrate-nozzle
distance of 6.35 cm, variation of GaI concentration on
the substrate surface is small (around 0.6%), which means
that the species uniformity is not a problem. The concen-
tration of NH3 increases with the distance since more time
is available for ammonia to diffuse into the center area of
the reactor. Variation of V/III ratio with the substrate-
nozzle distance is shown in Fig. 14b. It is found that
when the substrate-nozzle distance is less than 13.0 cm, a
substrate-nozzle distance increase of 2.5 cm corresponds
to a V/III ratio increase of 10.

It is concluded that a complete mixing of different spe-
cies needs a substrate-nozzle distance larger than 13.0 cm.
Species concentration across the substrate surface is, how-
ever, fairly uniform even with a small substrate-nozzle dis-
tance such as 6.35 cm. In the experiments, a uniform GaN
deposition with a high growth rate is preferred. The sub-
strate-nozzle distance of 6.35 cm is used due to that species
concentrations are uniform across the substrate surface
and a high GaI concentration of 1.4 � 10�5 kmol/m3 can
be achieved. The V/III ratio in this case will be about 50.
For the growth of GaN from GaI1�3/NH3 or GaCl1�3/
NH3, the concentration of NH3 is maintained at a high
value on the substrate since it is easy to realize and it will
result in a proper super-saturation as the driving force
for the surface deposition. For the current GaN vapor
growth system, the V/III ratio is kept above 50 for most
experimental runs.

6.5. Deposition test

Combined with the experimental data, the GaN deposi-
tion rate at a constant growth temperature of 1050 �C is
tested numerically, while the flow rates at the inlets are
changed to obtain different reactant concentrations and
V/III ratios on the substrate. More importantly, simula-
tions are performed to test the surface reaction path of
GaN growth and the contribution of different reactions
to the final GaN growth rate.

The energetically preferred surface reactions on the sub-
strate for the GaN deposition have been obtained early.
Reaction (R18) is first used as the overall surface reaction
step on the substrate in numerical simulations. Fig. 15
shows the experimental data of the GaN deposition rate
at different ammonia flow rates and iodine vapor fractions.
The highest growth rate achieved is 65 lm/h. It is revealed
that the GaN growth rate is independent of the NH3 flow
rate but related strongly to the GaI concentration.

Experiments have been conducted to examine the effects
of V/III ratio on the GaN deposition rate. The V/III ratio
is changed through maintaining the NH3 flow rate at 1
SLM while changing I2 concentration in the source. Using
the same operating conditions as experiment, simulations
are conducted in which reaction (R18) is used as a bound-
ary condition. The surface reaction rate coefficient, dAp,
and the concentration dependency of GaI, a, are deter-
mined by fitting the simulation results with the experimen-
tal data. Fig. 16a shows the GaN deposition rate with the
V/III ratio.

The surface reaction rate of reaction (R18) used to
obtain the numerical results in Fig. 16a is determined by
the following equation:

_w ¼ 6:5� 109Expð�12390=T Þ½GaI�2:2: ð16Þ
It is concluded that when one overall surface reaction step
is used to predict the GaN deposition rate, the reaction rate



Table 6
GaN deposition rate and rate contribution from reactions R18 and R19

V/III
ratio

GaN deposition rate (lm/h) Growth rate contribution (%)

Reaction
(R18)

Reaction
(R19)

Reaction
(R18)

Reaction
(R19)

75 21.80 73.10 22.97 77.03
105 17.62 38.61 31.33 68.67
132 15.04 24.01 38.52 61.48
172 12.54 13.89 47.41 52.59
210 10.86 9.03 54.60 45.40
230 10.16 7.40 57.86 42.14

Fig. 16. GaN deposition rate as a function of the V/III ratio for (a) one
surface reaction and (b) three surface reactions.
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coefficient is 6.5 � 109 and the GaI concentration depen-
dency is 2.2.

When reactions (R18)–(R20) are all used in the simula-
tion, the reaction rate coefficient of each reaction is deter-
mined by matching the simulation results with the
experimental data. Fig. 16b shows the GaN deposition rate
calculated using all of three surface reactions and the depo-
sition rates from the experiment. The surface reactions and
their reaction rates used in this paper are summarized in
Table 5.

The calculated GaN deposition rate due to reactions
(R18) and (R19) is presented in Table 6. Since GaI is con-
sidered as the only medium for Ga source transport, the
contribution of reaction (R20) to the deposition rate is
found to be less than 0.1% for all cases and is therefore
Table 5
Surface reaction rates obtained by matching simulation result with experimen

Reaction

(R18) GaI(g) + NH3(g),GaN(s) + HI(g) + H2(g)
(R19) 3GaI(g) + 2NH3(g), 2GaN(s) + GaI3(g) + 3H2(g)
(R20) GaI3(g) + NH3(g),GaN(s) + 3HI(g)
not listed in Table 6. In the experiment, the contribution
of reaction (R20) to the GaN deposition rate might be lar-
ger. It is, however, not expected to be as significant as reac-
tions (R18) and (R19). It is revealed that, the contribution
of reaction (R18) to total GaN deposition rate increases
with the V/III ratio, while for reaction (R19) it decreases
with the V/III ratio.

The super-saturation of GaN growth on the substrate
can be calculated once the partial pressure of each species
is obtained. Fig. 17 shows the calculation results of the
super-saturation with different reactor temperatures. The
super-saturation is around 5. It is typical for an epitaxy
growth system which needs a relatively low super-satura-
tion to prevent the reactant partial pressures deviating
excessively from the equilibrium values. The super-satura-
tion reduces with the temperature slightly, which means
that the GaN deposition is diffusion controlled under the
current operating conditions.

Table 7 summarizes the sticking probability of the react-
ing species deduced from various simulations. The calcu-
lated sticking probabilities of the order of 10�3–10�6 are
reasonable for saturated compound. The sticking probabil-
ity of species i, Si, is defined by the following equation:

Si ¼ f ðhsÞi � exp½�EaiðhsÞ=RT � ¼ Ri=F i; ð17Þ

where f(hs)i is the function of the existing surface coverage
of adsorbed species i, hs is the Langmuir definition of sur-
face coverage of certain species, or the fraction of sites
which are occupied on the substrate surface, Eai is the acti-
vation energy for adsorption of species i, Ri (kmol/m2 s) is
the rate of adsorption of species i chemically, and
F i ¼ P w

i =ð2pRTMiÞ1=2 (kmol/m2 s) is the incident flux rate
of species i onto the substrate.

It is observed that the sticking probability decreases
with the increase of V/III ratio. This indicates that when
the I2 concentration decreases in the source, the species
reaction rate decreases more significantly compared with
its incident flux onto the substrate. The sticking probability
tal data

Rate expression (kmol/m2 s)

0.07exp(�12390/T)[GaI]
5.88E + 09exp(�13630/T)[GaI]3

0.36exp(�14000/T)[GaI3]



Fig. 17. Super-saturation of GaN growth under different reactor
temperature.

Table 7
Sticking probability of reactant i with different V/III ratios

V/III ratio Sticking probability

GaI (�103) NH3 (�106) GaI3 (�103)

75 2.66 6.50 4.15
105 2.07 4.10 3.12
132 1.75 3.02 2.69
172 1.43 2.08 2.07
210 1.22 1.55 1.86
230 1.13 1.38 1.77
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of ammonia is three orders of magnitude smaller than GaI
and GaI3, since ammonia concentration is kept much
higher than GaI on the substrate.

To determine the activation energy for adsorption of
species i, it is assumed that the sticking probability is
directly proportional to the concentration of vacant surface
sites, i.e. (1 � hs). So f(hs) is proportional to (1 � hs). This
assumption is a reasonable first approximation for non-dis-
sociative adsorption. The activation energy of adsorption is
Fig. 18. Activation energy of adsorption with a surface coverage range of
0–0.99.
assumed to be independent of the surface coverage. So the
sticking probability can be revised as follows:

Si ¼ ð1� hsÞ � expð�Eai=RT Þ: ð18Þ

Fig. 18 shows the calculated activation energy of adsorp-
tion for three species with a surface coverage range of 0–
0.99. The activation energy drops as the surface coverage
increases. The averaged activation energies of adsorption
for GaI, NH3 and GaI3 by calculation are 5.72 � 104

J/mol, 1.24 � 105 J/mol and 5.28 � 104 J/mol, respectively.
7. Conclusions

Numerical and experimental studies have been per-
formed to study heat and mass transfer in a vertical hot-
wall gallium nitride epitaxy growth system. The study of
gas phase reactions shows that instead of thermodynamic
indication of GaI3 as the main transport species for the gal-
lium source, GaI is kinetically favored due to the fact that
reactions between liquid gallium and I2 gas is far from
equilibrium on the gallium surface. The results obtained
from the surface reaction analysis show that the GaN
deposition rate is limited by the surface adsorption of
GaI. It is, however, independent of the ammonia concen-
tration on the substrate. The operating and geometrical
conditions for fast and uniform GaN growth have been
optimized numerically and experimentally. The optimum
total flow rate for a sufficient high-temperature with the
best uniformity on the substrate surface has been identified
to be 3 SLM. The preferred silica nozzle angle, shield gas
flow rate, and substrate-nozzle distance are determined as
77�, 0.62 SLM and 6.35 cm, respectively.

The super-saturation has been calculated to be around
5, and the fact that the value of super-saturation does
not change much with the substrate temperature reveals
that the growth rate is diffusion controlled. The kinetic
data for surface reactions are obtained by fitting the exper-
imental data with the simulation results. The contribution
of the three surface reactions to the GaN deposition rate
has been evaluated and the reaction (R20) is found to
account for less than 0.1% of the total deposition rate.
Reactions (R18) and (R19) are both important under the
V/III ratio range of 75–230. The sticking probabilities of
reactants are calculated and it is found that the sticking
probabilities for GaI and GaI3 are around 10�3. The stick-
ing probability of NH3 is about 3 orders of magnitude
lower than GaI and GaI3. The adsorption energies of the
species on the substrate surface have been evaluated and
the results reveal that the sticking activation energies for
GaI, NH3, and GaI3 are 5.72 � 104 J/mol, 1.74 � 105

J/mol and 5.28 � 104 J/mol, respectively.
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