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The authors proposed and treated quantitatively a kinetic model for deposition of epitaxial
GaAs layers prepared by reaction of trimethylgallium with arsine in hydrogen atmsosphere.
The transport of gallium to the surface of the substrate is considered as the controlling process.
The influence of the rate of chemical reactions in the gas phase and on the substrate surface on
the kinetics of the deposition process is neglected. The calculated dependence of the growth
rate of the layers on the conditions of the deposition is in a good agreement with experimental
data in the temperature range from 600 to 800°C.

The metalorganic chemical vapour deposition (MOCVD) method represents nowa-
days the most frequently used method for the preparation of epitaxial layers and
structures of semiconductors of the type A™BY used in electronics and optoelec-
tronics, especially on the production scale'2. A great attention is therefore paid
to the study of both fundamsntal processes and technical aspects of the deposition
of epitaxial layers.

Our preceding work® was devoted to results of a detailed thermodynamic analysis
of the Ga-As—C-H system. On the assumption that a local thermodynamic equi-
librium is established between the formed solid phase and the adjacent gaseous
phase, it is possible to find from equilibrium calculations such initial conditions,
at which the desired solid phase (GaAs) is the only thermodynamically stable phase
in the studied system. However, equilibrium calculations do not enable us to predict,
in most cases, the rate of deposition, but only to estimate its upper limit. Therefore,
our present work is devoted to a kinetic model of deposition of epitaxial GaAs
layers prepared by the MOCVD method.

The results of a kinetic analysis of the deposition process for various types of
epitaxial reactors were published by a number of authors*~!7, especially during the
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last years. Various models are distinguished mainly by the extent of treatment of
hydrodynamic conditions in the reactor and of the chemical conversion of the
system under study. The most elaborated model appears to be that of Tirtowidjojo
and Pollard!3~ 1% involving, besides multicomponent heat and mass transfer, as
many as 232 chemical reactions which can proceed homogeneously in the gas phase
and 115 reactions proceeding at the substrate surface. Also Jensen etal.”’® and
Coltrin and Kee'” consider a simultaneous influence of transport and kinetic pro-
cesses on the deposition rate of GaAs layers. Based on these sophisticated models,
it is possible to predict or to correlate the growth rates of the GaAs layers in a wide
range of the deposition conditions (e.g. temperature from 450 to 1 050°C). In the
temperature range about 600—800°C, the growth rate can be predicted by using
simpler models based on the assumption that the kinetic characteristic of the deposi-

tion process is governed mainly by transport of gallium to the substrate sur-
face5,6.11,12.

The aim of the present work is the formulation and quantitative treatment of the
diffusion model for the deposition of epitaxial GaAs layers on the assumption that
the transport of gallium to the substrate surface is the controlling process. The
commonly used type of a rectangular reactor with a cold wall will be assumed and the
starting substances are trimethylgallium (TMGa), arsine, and hydrogen.

THEORETICAL

The results of experimental studies of the growth rate of GaAs layers at various
deposition conditions'®~2% suggest that at the usual conditions (atmospheric pres-
sure, 600—800°C, x°(TMGa) = 10"*—10"7, initial ratio of AsH,;/TMGa =
= 10—100) the growth rate is little dependent on the temperature, increases almost
linearly with the initial concentration of TMGa but is independent of the initial
AsH; concentration, increases with the rate of flow of the gas phase, and is inde-
pendent of the crystallographic orientation of the substrate. These results suggest
that the transport of gallium to the substrate surface has a dominant influence on the
deposition rate.

Trimethylgallium is very unstable at elevated temperatures and may undergo
partial or complete decomposition during transport to the surface of the substrate.
Its thermal decomposition was studied by many authors*¢~34, however only some
partial steps of the complicated mechanism were satisfactorily elucidated. Since
sufficiently accurate data for evaluation of the kinetics of thermal decomposition
of TMGa are not available and the coefficients of diffusion and thermal diffusion
of decomposition products can only roughly be estimated, the transport of gallium
is involved in our model only in the form of TMGa.
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A two-dimensional model (2D model, Fig. 1) is used to determine the distribution
of the deposition velocity along the reactor axis. The 2D model does not take into
account the deformation of the velocity and temperature fields by the side walls
of the reactor and the formation of turbulence as a result of thermal convection.
We assume that a Poiseuille velocity profile is established in the flowing gas, so
that the solution of Navier—Stokes equations, which would be tedious, is unnecessary.
The simplified system of partial differential equations describing stationary heat and
mass transfer in the reactor reads®® (cf. Symbols)

%(Q“) =0 (1)

u = 6uo(y[h) (L = y[h) )

] 0 (0
Qui(cpT)=L e +£ ka—T (3)
ox ox

Ox dy dy

0X1mG 0 0X1MGa olnT
u——:"=2 = cDryga | — + k +
ox  ox| MO ax T ox

+ ‘(2‘ [CDTMG;I <%{9 + ky gln T>] > (4)

Jy dy dy
where
o = Mp/RT (5a)
and
¢ = p/RT. (5b)

The boundary conditions for this system can be written as (Fig. 1)

y=0,x<0u=00=0T=T,Nmyg. =0 (6a)
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b 10 > Schematic representation of a 2D epitaxial
T T xu reactor
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y=0,x20u=0,0v=0,T= T, Xrmga =0 (6b)
y=hu=0,0=0T=T, Nyyg. =0 (6¢)
0<y=hx=—5hu=6uy(yh)(l —ylh),v=0.

T =T, Xrmga = x‘?MGa (6d)

and the flux of TMGa along the y axis with respect to the fixed coordinates is given
by the equation

0XTMGa dinT
Nimca = —¢Drmca [ —ooS2 + ky . (7)
dy dy
The boundary condition (6d) is formulated for x = —5h (ref.!!), enabling a realistic

modification of the velocity profile at a discontinuous change of the temperature
of the reactor bottom (for x = 0) to be effected.
The growth rate of the GaAs layer can be calculated as

G(p.m/s) = 104 (MGaAs/QGaAs) (NTMGa,\yuo ’ (8)

where Mg,as = 144-64 gmol ™! and gg,a, = 531 gcm™ (ref.>®).

COMPUTATION AND DATA

The system of equations (1)—(5) was solved by the finite-difference method®” with
the usual choice of Ax = 0-05—0-1 mm and Ay/h = 0-02—0-04 taking into account
the stability of the solution. It turned out that when the derivatives with respect to
x on the right-haad sides of Eqs (3) and (4) are neglected, the results are not appre-
ciably changed and the implicit scheme used is stable for any choice of Ax and Ay.
A considerable simplification follows from the fact that the concentrations of the
starting substances (TMGa and AsH,) are very low. Accordingly, the physical
properties of the gaseous mixture can be approximated by the properties of pure
hydrogen, and further the calculation of the velocity and temperature fields in the
reactor can be separated from the calculation of the concentration gradient of
TMGa in the region above the subsrate.

The temperature dependence of the heat conductivity of hydrogen was expressed as
k(W/cm K) = 1:05.1073 + 3:21.107°T + 2:5. 107172 9

and the specific heat capacity of hydrogen cp(H,) = 14:824 J /g K (mean value in the
temperature range 300—1 100 K) (ref.?®). Since the gaseous mixture is very dilute,
the effective values of the diffusion coefficient and thermal diffusion coefficient of
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TMGa can be replaced by the values for the binary system TMGa/H,. The value
of Dyycayn, at 300 K was calculated from the equation following from the Chapman-—
-Enskog kinetic theory3°. Based on the parameters of the Lennard-Jones potential
for hydrogen®® and TMGa (Ref.*?), we found Dyygamu, = 0-349 cm?/s. This value
is in good agreement with Dryg,u, = 0-373 cm?/s calculated from the Fuller equa-
tion3® with the use of the diffusion volume of hydrogen3® and of that of TMGa
calculated by adding the contributions for hydrogen, carbon®® and gallium*'. The
Fuller equation can also be used to estimate the upper limit of the diffusion coeffi-
cient of TMGa in such a way that the contribution for gallium is neglected in cal-
culating the diffusion volume of TMGa. The resulting value is 0438 cm?[s. In this
connection, the experimentally found value*? Dryyg./n, = 0-598 cm?/s at 300 K
seems to be too high. We employed the temperature dependence of the diffusion
coefficient

Dryigam,(cm?[s) = 1:614 , 107 5T'875 (10)

derived from the above value of Dryga/m, = 0-349 cm?[s (300 K) and the temperature
dependence of the diffusion coefficient given by the Fuller equation. The thermal
diffusion coefficient ky in Eq. (4) depends on the composition; in binary gas mixtures
we have

ky = ax;(1 = x;). (11)

The temperature dependence of the thermal diffusion coefficient was expressed by the
equation

« =093 + 644 .1074T — 2:57.107"T? — 3-82.10*T "2 (12)

which was obtained by correlating the values of « calculated by Halstein*® with the
simplified relation obtained from the Chapman-Enskog kinetic theory.

RESULTS AND DISCUSSION

Our model was tested by using a set of deposition conditions taken from the litera-
ture®. The calculated dependences of the layer growth rate on the distance from the
leading edge of the substrate were compared with experimental data (Figs 2 and 3).
It can be seen from the diagrams that the calculated values are at higher gas flow
rates always lower than the experimental ones, especially at the inlet portion of the
substrate in a reactor in which the ratio of the width to the depth, b/h, is smaller.
Ouazzani et al.!! introduced a correction in calculating the deposition rate, involving
the influence of b/h on the mean linear velocity of the gas phase (for the 2D model,
the ratio of b/h is considered infinite). For b/h = 6'3 (Fig. 2), the effective linear
velocity of the gas phase is given by ug = 1-11 u, and for b/h = 2-8 (Fig. 3) by
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uy = 126 u,. The deposition rates thus calculated are for various x values sum-
marized in Table I together with the experimental values and the values calculated
without the mentioned correction. It can be seen that the correction leads to a mode-
rate increase of the deposition rate along the substrate.

To obtain an idea about the role of the diffusion coefficient of TMGa in the cal-
culations and about the possible error in the deposition rate due to neglection of any
other gaseous gallium compounds, some calculations were carried out with the dif-
fusion coefficient value increased by 50% (Table I). It can be seen that this higher

value leads to an increase of the deposition rate at the inlet portion of the substrate,
i.e. to a stronger exhaustion of Ga from the gas phase, which in turn leads to a de-
crease of the deposition rate in the region of higher x values. We estimated the
diffusion coefficients of dimethylgallium, Dpyga/m, = 0422 cm?[s, and of methyl-
gallium, Dyg,u, = 0503 cm?[s, in hydrogen at 300 K based on the Fuller equation.
These are, respectively, by 14 and 35% higher than the value for TMGa.

As mentioned above, neglection of the derivatives with respect to x on the right-
-hand sides of equations (3) and (4) (representing the heat transport by conduction
and diffusion of TMGa in the direction of the gas flow) does not lead to significant
deviations in the calculated deposition rate. This circumstance was studied by
Ouazzani et al.'!, who concluded that the axial diffusion of TMGa can be neglected
if the Peclet number is at least equal to 5. This condition was satisfied in our case.

0-60 T T T T T T T T T
0:40 -
Fe -1 (e}
6 i 6
pm/min um/min
020 +
020 -
1 1 A |
0 1
8 0 6 X, Cm 18
FiG. 2 FiG.3
Comparison of calculated (—--—) and ex- Comparison of calculated (- -——) and ex-
perimental (@) dependence of the growth perimental (@, O) dependences of the growth
rate of GaAs layers, G, on the distance rate of GaAs layers on the distance from
from the substrate border. Parameters: the substrate border. Parameters: b = 5 cm,
= Scm, h= 0-8cm, p= 1013 kPa, T, = h=18cm, p=101-3kPa, T,= 300K,
= 300 K, T,= 973K, uy=69cm/s, T, = 973 K, uy = 2:0cm/s (@) and 92 cm/s
Imga = 5:92.107% (0), ¥9mGa = 493.107%
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To find out whether our kinetic model can predict the growth rate of the GaAs
layers at widely varying deposition conditions, the growth rates were calculated at
atmsopheric pressure in the temperature range 500 —900°C for linear velocity of the
gas phase u, = 1—20cm/s and initial concentration x%yg, = 10"*—1072. The
height of the reactor was 2 cm. The results of calculations are illustrated in Figs 4—6.
The following conclusions can be drawn:

1. Inthe temperature range about 600 —800°C, our model describes well the experi-
mental dependence of the deposition rate on the temperature. The apparent activa-
tion energy, about 0-8 kJ, corresponds to the value measured in the interval 0—10 kJ

‘(refs®:12:29:22), At other temperatures, however, the model does not give the experi-
mentally found decrease of the deposition rate.

2. At 700°C, the model describes well the dependence of the deposition rate on the
linear velocity of the gas phase in the reactor. The calculated data are in accord

TABLE I

Comparison of calculated and experimental values of the growth rate of GaAs layers at various
deposition conditions (p = 101-:325 kPa and T, = 973 K in all cases)

G(calc), pm/min®

QY] 2 (3)

x G(exp)
cm um/min

h= 0-8cm; ug = 6:9 cm/s; xXyga = 592.107%

1-0 0-49 0:436 0-456 0-554
60 0-16 0-102 0-119 0:074
160 0-02 0-008 0-012 0-002

h = 1-8 cm; ug = 2-0 cm/s; xPppga = 4°93.1074

15 0-23 0-158 0-164 0-182
5:0 0-08 0-073 0-088 0-073
140 0-02 0-015 0-025 0-007

h= 1-8cm; uy = 9-2cm/s; XIyga = 493 . 1074

1-5 0-38 0-279 0-297 0-341
5-0 0-24 0-170 0-187 0-211
14-0 0-11 0-102 0-116 0-115

4 (1) Calculated values; (2) calculated values with correction for finite value of b/h; (3) calculated
values for Dyygau, = 2:421.107° T'-7% (diffusion coefficient by 50% higher) without cor-
rection for finite value of b/h.
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with experiments!® 22 indicating that beginning from a certain value the dependence

of the deposition rate on the square root of the linear velocity is practically linear.

3. At 700°C, the model gives the correct dependence of the deposition rate on the
initial concentration of TMGa, which is practically linear®'9:29:25,

4. As follows already from the formulation of the model, the calculated deposition
rate does not depend on the initial concentration of AsH; and crystallographic
orientation of the substrate.

It is apparent from our results that in the temperature range about 600—800°C,
commonly used for the deposition of epitaxial GaAs layers, a relatively simple dif-

900 800 700 s00 *'C 500

016 T T T T T
6 I
pm/s 7
01 F -
Fic. 4
Dependence of the growth rate of GaAs L2 -
layers on temperature. Parameters: x%MGa =
=5.10"%, up=5cmfs; 1 x=4cm, 2
x = 12cm 006 : : : :
0-8 10 7.4‘103’ K 13
025 03 T T T T
1
6 G
pmeroin um/min
- 2 —
10 -
01+ B
¥ - 7]
1 1 1 - 1 L 1
" 4 10
° 2 el 3 ° b X0
FiG. § FiG. 6
Dependence of the growth rate of GaAs Dependence of the growth rate of GaAs
layers on the linear velocity of gas phase in layers on the initial concentration of TMGa.
the reactor. Parameters: t = 700°C, x2yga = Parameters: ¢t = 700°C, uy = S5cm/s; 1 x =

=5.107% 1 x=4cm, 2x= 12cm =4cm, 2 x=12cm
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fusion model can be used to predict the deposition rate, assuming that the transport
of gallium to the substrate surface is the controlling step. In a wider temperature
range, the chemical reaction rates proceeding in the gas phase and on the substrate
surface become important for the description of the deposition kinetics and therefore
they should be taken into account.

SYMBOLS

width of reactor, cm

molar concentration, mol/cm?

specific heat capactiy at constant pressure, J/g K
effective diffusion coefficient of species i, cm? /s
binary diffusion coefficient, cm2/s

linear growth velocity of a layer, um/min
reactor height, cm

QY ST

=

k heat conductivity, W/cm K
ky thermal diffusion coefficient
M, molar mass of species 7, g/mol
M mean molar mass of a gas mixture, g/mol
N; flux of species i referred to fixed coordinates, mol/s cm?
p pressure, kPa
Pe Péclet number, equal to ugh/D
R universal gas constant (8-314 J/mol K)
T absolute temperature, K
T, temperature of the cold wall of the reactor, K
T, temperature of the substrate, K
t temperature, °C
u x-component of the linear velocity of flow, cm/s
U mean linear velocity of flow of the gas phase, cm/s
ul effective value of ugy, cm/s
v y-component of the linear veloctiy of flow, cm/s
x coordinate parallel to the reactor axis, cm
X; molar fraction of species i
y coordinate normal to the substrate, cm
z dimensionless coordinate, equal to y/h
o thermal diffusion coefficient
0 density, g/cm>
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