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Abstract

An improved detailed model for the calculation of the temperature distribution in a multiwafer Planetary Reactor™ has
been developed. The temperature field of the reactor has been calculated in dependence of the reactor parameters for
(Al,Ga)As growth as well as on the kind and the thickness of the wall and susceptor deposits. The amount of parasitic wall
deposits can be minimized by a proper wning of the reactor temperature distribution. Calculated GaAs growth rate profiles
on 3 inch wafers show a strong dependence on the temperature field in the reactor and the amount of parasitic deposits.
These predicted relationships have been used to optimize the reactor temperature distribution in order to minimize parasitic
wall depositions. By this procedure a growth rate uniformity of < 1% on 3 inch wafers can be reproducibly achieved.

1. Introduction

The multiwafer Aix-2000 Planetary Reactor™ for
7X2 inch is a widely used growth system for
metalorganic vapour phase epitaxy (MOVPE) of var-
ious semiconductor device structures, which is espe-
cially suitable for large scale production due to the
high degree of growth rate uniformity, process repro-
ducibility and good utilization of precursor material
[1]. Mathematical modelling has become useful for
the investigation and understanding of the growth
mechanism and for growth process optimization. In
Refs. [2,3] the detailed dependence of growth rate
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distribution on diverse process parameters was stud-
ied experimentally and explained using modelling
calculations. Meanwhile the mathematical model has
been considerably improved as described in Ref. [4]
allowing more detailed studies, which include for the
first time details of reactor geometry, spectral depen-
dence of radiative heat transfer and wall effects.

The subject of this work is the temperature distri-
bution in the reactor and its interaction with growth
for the 5X 3 inch configuration. First the tempera-
ture distribution for typical reactor parameters and its
interdependence with deposits formed on the wall
and the susceptor during growth are described in
detail. Then the effects of the temperature distribu-
tion on the AlGaAs growth rate are studied. The
results of the modelling are utilized to improve and
optimize the growth process.
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2. Mathematical modelling

The mathematical model is based on the two-di-
mensional solution of coupled partial differential
equations describing conservation of total mass and
momentum, conjugate heat transfer and the chemical
species’ convective and diffusive mass transport in
the gas mixture [5]. Coupling of flow and the species’
mass transport is crucial for predicting flow be-
haviour in the Planetary Reactor, because the local
composition of the gas mixture is not uniform, espe-
cially near the entrance. The chemical model consists
of multicomponent mass transport equations for the
prevailing gas phase components including homoge-
neous decomposition reactions of the metalorganic
precursor [6], thermodiffusion and kinetically limited
reactions on the quartz walls as described in Ref. [3].
To predict the temperature distribution in the reactor,
heat transfer calculations assuming non-gray radia-
tive transfer through a non~-participating medium with
semitransparent diffusely reflecting walls [7,8] and
partitioning of the thermal radiation wavelength
spectrum into a series of finite bands are employed.
The formation of deposits on the quartz ceiling and
their influence on radiative properties of the wall due
to interference effects for thin films and absorption
and emission of radiation in thick films and the
quartz wall [9] are taken into account.

The numerical scheme consists of a finite volume
method using block-structured non-orthogonal collo-
cated grids for two-dimensional coupled flow, heat
transfer and mass transport. Convergence speed-up is
achieved by employing a multigrid technique.

3. Experimental studies

(Al,Ga)As layers (x = 0.2-0.3) were grown from
TMGa, TMAI and AsH; on 3 inch GaAs wafers in a
multiwafer Planetary Reactor™ Aix-2000 described
in Ref. [3]. Growth temperature was between 630
and 750°C, reactor pressure was p =200 hPa and
the total flow rate ' was varied between 11 and 17.2
slm. The ratio of the flow rates between the upper
and the lower inlet channel R = F(upper)/F(lower)
was varied between 12 and 56. The temperature of
the reactor ceiling was varied by changing the com-
position of a H,/Ar cooling gas mixture and thus
the thermal coupling to the water-cooled top of the

reactor. The ceiling temperature was measured using
a thermocouple at a fixed radial position through a
hole in the reactor top of an upscaled Aix-2400
reactor. Particular attention was payed to a good
thermal contact of the thermocouple tip to the ceiling
surface. Calculations and comparable experiments
for the Aix-2000 and the larger Aix-2400 reactor
show that the obtained results are valid for both
geometries.

Growth rate profiles on static and rotating wafers
in dependence of the growth parameters were ob-
tained from reflectance maps at room temperature in
a SPM-200 mapper. Demanding a difference of the
refractive index between the substrate and the layer
only ternary layers could be measured. As the uni-
formity of layer composition was generally at the
resolution limit of luminescence and X-ray measure-
ments (£0.1%) it could be concluded that the Al
and Ga precursors show the same reactor transport
behaviour under the observed growth conditions.
Calculated composition values fit well the measured
ones. Therefore, the modelling results will be shown
for GaAs only; growth rate values and uniformities
of AlGaAs are easily obtained by scaling.

4. Results and discussion

For typical growth conditions the temperature dis-
tribution in the reactor was calculated as shown in
Fig. 1 (inset). From these calculations the tempera-
ture profile on the inner and outer of the ceiling can
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Fig. 1. Calculated ceiling temperature distributions in the Plane-
tary Reactor AIX-2400 for the case of a clean ceiling, compared
with the temperature (0) measured at a fixed position with a
thermocouple. (---) Lower side of the quartz wall. (————)
Upper side. Inset: Isolines (AT = 100°C) of the calculated temper-
ature distribution.
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be extracted (Fig. 1). The calculated value for the
outside is well in agreement with the measured one.

4.1. Ceiling temperature effects

The coating of both ceiling and susceptor with
deposits has pronounced effects on the temperature
distribution in the reactor, although the amount of
deposits on the ceiling is orders of magnitude below
the susceptor coating. Dielectric semitransparent
polycrystalline GaAs layers formed on a relatively
hot ceiling cause a decrease of the calculated ceiling
temperature of up to about 50°C at film thicknesses
of up to a few hundred nanometres due to interfer-
ence phenomena (Fig. 2a). Beyond a film thickness
of 500 nm interference has a lower effect. For thick-
nesses over several wm absorption of thermal radia-
tion in the GaAs film becomes dominant over ab-
sorption in the quartz wall resulting in ceiling tem-
peratures above that of the clean ceiling. At opti-
mized growth conditions, however, this amount of
ceiling deposition is not reached. If the ceiling is
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Fig. 2. Dependence of the calculated maximum ceiling tempera-
ture in the Planetary Reactor AIX-2000 on (a) the thickness of
GaAs coating on the ceiling, and {b) on cooling gas composition
for two susceptor emittances. (0) € =0.9, (a) & =0.7, corre-
sponding to the case of a pure graphite surface and graphite
covered by a thick layer of GaAs, respectively.
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Fig. 3. (a) Calculated GaAs deposition rates on the ceiling plate at
various compositions of the ceiling cooling gas mixture {H, /Ar)
in the Planetary Reactor AIX-2000. (7 = 670°C, p = 0.2 bar). (b)
Calculated GaAs growth rate profile on a static and rotating
susceptor for these conditions,

relatively cold metallic arsenic can condense. Owing
to the high reflectivity of this metallic surface the
ceiling temperature drops drastically to a value which
is 100°C below that obtained for a thin GaAs coat-
ing. This cooling then enhances As deposition fur-
ther. In agreement with the calculations an optimized
adjustment of the cooling rate at the ceiling was
found to minimize any deposits almost to zero.
Adjacent to the deposition-free temperature range,
black, opaque As deposits indicate a too low temper-
ature, a dense brownish GaAs film is deposited at
temperatures above the optimum. Deposition rates of
polycrystalline GaAs on the ceiling were calculated
for various ceiling cooling rates including also non-
optimal conditions (Fig. 3a). Due to the Arrhenius-
like dependence of the rate of kinetically limited
deposition on temperature, an approximately expo-
nential reduction of the deposited layer thickness
with a linear increase of the cooling rate occurs.
According to Fig. 2a thin (Al,Ga)As deposits on the
ceiling can be expected to act self-stabilizing, be-
cause they lower the ceiling temperature, and thus
the parasitic deposition rate, whereas thick deposits
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on the ceiling lead to an unstable, increasing ceiling
temperature and deposition rate due to rising radia-
tion absorption. A further factor influencing the tem-
perature profile in the reactor is the coating of the
graphite susceptor, which leads to a reduced surface
emittance. During GaAs growth the emittance de-
creases from 0.9 for pure graphite to about 0.7 for
several tens of um of grown layer thickness. This
causes a drop of ceiling temperature of about 25°C
for any cooling gas composition (Fig. 2b). To com-
pensate for this drift the temperature of the ceiling is
adjusted via the cooling gas composition. This al-
lows for stable operation starting from a clean sus-
ceptor up to an accumulated growth of more than a
hundred pwm. The modelling results have been used
to implement an active ceiling temperature controller
(4£0.1°C) that compensates the drift in heat irradia-
tion due to changing surface emittance of the suscep-
tor during ongoing multilayer processes and keeps
the ceiling in the optimized temperature range where
it stays free from deposits. It has now been achieved
for the first time that the entire boundary conditions
in an MOVPE reactor are automatically controlled.

4.2. Growth rate effects

Changes in the reactor temperature field directly
affect the growth rate distribution on the susceptor.
Fig. 3b shows how calculated growth rate profiles
depend on the cooling gas composition above the
ceiling due to competing material losses on the
ceiling, as shown in Fig. 3a. At a hydrogen content
below 40% in the cooling gas a remarkable decrease
of the downstream side of the growth rate profile is
observed. The enhancement of diffusive transport by
a hotter reactor environment at low cooling rates
slightly increases the growth rate on the upstream
side. Due to both effects the resulting growth rate
profile on a rotating wafer becomes more convex.
This effect has been verified experimentally at 650
and 750°C.

In addition to the ceiling temperature adjustment,
as described above, the temperature profile was lo-
cally varied in the central area of the reactor near the
gas inlet by adjusting the heat flux density from the
IR-heater unit. As seen from Fig. 4 a lowering of the
temperature in the centre by AT = —100°C leads to
a remarkable increase of the growth rates upstream
of the wafer due to decreased losses in the central
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Fig. 4. Calculated GaAs growth rate profiles for a temperature
variation AT only in the centre of the reactor. The limiting case of
growth without deposition loss is also given.

area. For comparison a depletion profile without any
parasitic losses is shown. In our growth experiments
we found that this effect is the primary factor affect-
ing the rate profile. It has been found that a variation
of the temperature-dependent diffusivities of the
group-III precursors that determine the growth rate
changes the growth rate profile only in its medium
part slightly in the absence of competing ceiling
deposits (see Fig. 3). Only in the case of a drastic
temperature decrease associated with an arsenic cov-
erage of the ceiling is the growth rate influenced
remarkably. The general shape of the growth rate
profile is preserved. Under optimized practical
growth conditions, i.e. in the absence of ceiling
deposits and with a controlled ceiling temperature,
the effect of the temperature profile on diffusive
transport plays only a subordinate role.

Thus, the shape of the different parts of the
growth rate profile on a static susceptor can be
directly attributed to three different influences: to the
temperature in the inlet region and the resulting
losses (upstream part), to the temperature in the
reactor volume (medium part) and to possible ceiling
deposits (downstream part). A growth rate profile
free from material losses has been achieved by the
control and use of these interactions. This is demon-
strated in Fig. 5. In the case of a non-optimized
reactor temperature distribution, accumulating wall
depositions shift the temperature field within the first
runs creating an increasing loss in the upstream
growth rate profile. The rotating profile switches
from concave to convex and the homogeneity deteri-
orates in the further runs. In the case of an optimized
temperature distribution the formation of reactor wall
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Fig. 5. Comparison of the (a) static and (b} rotating growth rate profiles for non-optimized and optimized reactor temperature distributions.

deposits is minimized and layers with a constant
depletion profile on static wafers are grown. A growth
rate uniformity of < 1% on rotating 3 inch wafers is
reproducibly achieved.

5. Conclusions

An improved detailed model for the calculation of
the temperature distribution in a multiwafer Plane-
tary Reactor™ has been developed. The temperature

field of the reactor has been calculated in depen-
dence of the reactor parameters as well as on the
kind and the thickness of the wall and susceptor
deposits. The obtained results agree well with the
experimental findings. The amount of parasitic wall
deposits can be minimized by a proper tuning of the
reactor temperature, which is in turn remarkably
influenced by the deposits. Calculated GaAs growth
rate profiles on 3 inch wafers show a strong depen-
dence on the temperature field in the reactor and the
amount of parasitic deposits. These predicted rela-
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tionships have been used to optimize the reactor
temperature distribution in order to minimize para-
sitic wall depositions. Thus a growth rate uniformity
of < 1% on 3 inch wafers has been obtained repro-
ducibly.
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