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Abstract

A global transport model for the MOVPE of -V growth based on the finite volume solution of coupled fiow, heat
and mass transfer, including detailed radiative transfer, multicomponent diffusion and homogeneous and heterogeneous
chemical reactions, is presented. For radiative transfer modelling, a combined approach is used of grey-diffuse
view-factor based heat flux exchange between the semi-transparent reactor walls through the transparent reactor interior,
and a spherical harmonics approximation for the radiative—conductive heat transfer problem in participating massive
quartz elements with complex shapes. The described modelling approach is applied to the horizontal multiwafer radial
flow Planetary Reactor™, validated experimentaily and used for process improvements. The mutual interaction of
changing radiation properties at internal solid boundaries due to semiconductor coatings and thermal behaviour in that
particular MOVPE reactor is discussed.
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1. Introduction

MOVPE (Metalorganic Vapour Phase Epitaxy)
is a well-established technology to grow thin epi-
taxial layers of various compound semiconductors.
Progress in this field has been supported by model-
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ling of growth in particular reactor configurations,
e.g Ref. [1]. In recent times, MOVPE has turned
into a production oriented technique for large scale
manufacturing of e.g. optoelectronic devices. Re-
quirements to the growth process and reactor de-
sign in terms of layer thickness uniformity and
process stability and reproducibility are high.

In this work the global modelling of flow, conju-
gate heat transfer including detailed radiative
transfer, and multicomponent mass transfer with
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homogeneous and heterogeneous chemical reac-
tions of predominant species, is applied to the
process optimisation for III-V epitaxy on large
wafers (3”) in a commercial radial flow horizontal
multiwafer MOVPE reactor, the Planetary Reac-
tor™ [2]. This reactor is especially suitable for
large scale production of heterostructures for vari-
ous kinds of semiconductor devices, due to the high
degree of growth rate and compositional uniform-
ity across the wafer and good utilisation of precur-
sor materials [2]. In the reactor to be modelled,
several wafers are placed on rotating satellites
which, in turn, slowly rotate around the central axis
of the susceptor plate in order to increase growth
rate uniformity. Group III metalorganics and
group V hydrides, both diluted in the H, carrier,
are introduced through separate inlet channels at
the centre of the reactor, flowing radially outwards
along the growing layers. The ceiling plate is ther-
mally coupled to the water cooled reactor top by
a cooling gas mixture of Ar or N, and H.,, that
allows to control the ceiling temperature through
its composition. A schematic of the reactor config-
uration is given in Fig, 1. :

In the present work, emphasis is laid upon de-
tailed modelling of radiative transfer, since the ther-
mal behaviour during growth has a predominant
influence on growth results and, therefore, is a key
parameter in reactor operation. The objective of
this study is to elucidate the mutual interaction
of deposit formation on inner reactor walls and
transient thermal conditions during the MOVPE
process. '
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Fig. 1. Schematic of the Planetary Reactor™. Positions I and II
marked in the drawing refer to monitoring positions of the
temperature in Fig. 4a and Fig. 5, respectively.

2. Modelling
2.1. T ransport equations

The chemically reacting laminar gas flow is con-
sidered with large temperature gradients and very
low Mach numbers (the characteristic velocity of
the gas is small compared to the speed of sound).

The mathematical model used for gas phase
transport in the present study is based on the solu-
tion of the coupled flow, heat transfer and mass
transport equations, including multicomponent dif-
fusion and chemical reactions [3, 4]:

V- (pv) =0, (1)

V- (pw)= —Vp+pg+2V- (uS) — 3v (1V - ),
S 2

SV (ovT) =V - (JVT), (3)

o

P=§7i=zleMf> (4)

Vo pvw)=V - I:PD;(VCUL’ + o w; 'V?T):, + R;,

i=1,...,N—1, (5)

where p denotes the density, v the velocity vector,
T the temperature, p the dynamic (excess) pressure,
¢ the dynamic viscosity, / the thermal conductivity,
S the deformation rate tensor, g the gravitational
acceleration vector, ¢, the specific heat at constant
pressure, P, the constant operating (thermody-
namic) pressure, R the gas constant, w; the mass
fraction, x; the molar fraction, M; — molar mass,
D; the diffusion coefficient of species 7 in the carrier

_gas, %; the thermal diffusion factor, and R; the rate

at which species i is consumed or generated in the
gas phase.

For typical MOVPE conditions, the amount of
active components in the input flow is small and
energy contributions to the flow from released reac-
tion heat are insignificant. The whole problem can
be split into the gas flow calculations and mass
transfer calculations using the previously cal-
culated flow field [3]. But, at the inlet region of the
Planetary Reactor™ this simplification cannot be
done, because of large gradients of gas properties,
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such as the density, caused by large concentration
gradients. The gas mixture transport properties,
like viscosity, diffusion coefficients and thermal dif-
fusion coefficients, are determined by kinetic theory
{the Chapman-Enscog theory), either from experi-
mentally obtained or from estimated Lennard-
Jones potential parameters [4, 5]. Multicomponent
diffusion is accounted for by the Wilke approxima-
tion, that preserves the Fickian formulation of
diffusion, but uses effective mixture dependent
diffusion coefficients. The effect of the slow wafer
rotation on the flow is neglected in the two-dimen-
sional transport model.

The above transport equations have to be sup-
plemented with the appropriate boundary condi-
tions at solid walls, symmetry lines and inflow and
outflow sections. At the inlet, specified velocity and
temperature profiles and nutrient concentrations
are prescribed, while zero gradients (“soft” bound-
ary conditions) are assumed for all variables at the
outlet. Zero velocity components are chosen on
solid walls (no slip and no penetration). For the
energy transport Eq. (3), a detailed analysis is re-
quired to determine the boundary conditions along
nonisothermal walls interacting with thermal radi-
ation. All aspects related to radiative transfer
modelling will be discussed in more details in the
next subsection. Boundary conditions chosen for
chemical species transport on solid walls depend
on the growth mechanism. At chemically inert
walls zero net mass fluxes are assumed, at ki-
netically limited growth net mass fluxes are bal-
anced with a reaction rate for the surface reaction
of the respective species, and for mass transport
limited growth on the substrates zero boundary
concentrations are assumed for the growth limiting
species.

2.2. Modelling of radiation heat transfer

In MOVPE reactors, typical growth temper-
atures for the growth of conventional 111~V com-
pounds are around 650-750"C, and even higher for
GaN or SiC based materials. Therefore, radiation is
the predominant mode of heat transfer. The accu-
rate prediction of the temperature field due to radi-
ation is important for the calculation of the
precursor gas phase transport and decomposition

behaviour and for the formation of wall deposits
6,71

A unique combined approach of two radiation
models is used to account for the two distinct
situations of radiative transfer in nonparticipating
and participating media. It consists of (i) the com-
putation of grey-diffuse view-factor based heat flux
exchange between all internal boundaries of the
reactor enclosure, with a transparent gas mixture
and the balancing of heat flux contributions from
the interior and the ambient at the semi-transpar-
ent thin walls [8-10], and (ii) a spherical har-
monics approximation [11] for coupled conduc-
tive-radiative transfer in nongrey participating
massive solids with complex shapes, as the injector
cone at the inlet.

Along all the internal surfaces of the reactor
enclosure, total internal reflection and the signifi-
cant influence of the dielectric semiconductor or the
metalic wall coatings on the radiative properties
are taken into account. The strong spectral depend-
ence of the quartz absorptivity and the optical
properties of coated surfaces is accounted for by
a partitioning of the radiative transfer problem into
wavelength bands. To simplify the notation in the
following formulae, the band indices are omitted
and the weighing of all emissive power terms, ac-
cording to the Planck energy distribution, is not
indicated.

(i) Heat flux exchange in the reactor enclosure: In
this case, an enclosure is considered with semi-
transparent grey-diffuse spectrally dependent radi-
ating walls, and nonparticipating gas inside and
ambient outside. The energy flux to the internal
side of the wall is composed of two contributions:
radiative transfer from the surfaces facing the wall
and conduction through the gas. Energy is lost
from the wall to the ambient by radiation and
cooling by the surrounding (ambient) gas. Thus, the
wall boundary conditions take the following form:
Flow-wall:

n- {—)»V T)‘ =n"- ('—/)‘\,V T)w + Q:n - qjané (6)
Wall-ambient:
no (—AV T =hT, — T — ¢ + 4%, ™)

where the indices w and f are related to the wall and
the fluid, respectively, T, is the temperature of the
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ambient, i is the convective heat transfer coeffi-
cient, ¢°* and g™ are the radiation fluxes to the wall
(subscript i) and from the wall (subscript o) on the
outer and inner side, respectively, and » denotes the
unit vector orthogonal to the wall and directed
outwards. Along the thin walls, Eqs (6) and (7) are
combined to give o

( ;V T)—;Z(T T)_(qout out ;{_q;n_q‘i)n),
(8)

whereg?™ — g3** + gi* — ¢ = ¢, T is the bound-
ary temperatule along the inner side of the wall and
h is a heat transfer coefficient for external convec-
tion. With this “thin wall approximation” the effect
of the propagation of radiation into the finitely
thick wall is neglected and the flux balancing is
performed at the inner solid-gas interface. In the
case of a Planetary Reacto™, the cooling gas flow
on top of the reactor ceiling wall is not included
in the computational domain, and its effect is
modelled by the heat flux contribution H(T — T,).
The coolmg gas flow rate is low and thermal coup-
ling is mainly achieved by thermal conduction.
Therefore, the heat transfer coefficient h can be
estimated as

h~ 7/Ay, - 9

where 7 is the cooling gas mixture thermal conduct-
ivity, and Ay the height of the narrow cooling gas
gap.

The radiative heat fluxes for a particular sulface
element k on the right-hand side of Eq. (8) are
defined by a system of equations:

Q1 k= Z fl FA ~j (10)
g =E, 0T} + Ry qi% + TroTH, (11)
Gou = Ez 40T} + Ry g% + Try gl%, (12)

where F).. ; denotes the diffuse view—factor for heat
flux exchange between the surface elements & and
J=1,...,K.j#k, Ey{), is the hemispherical sur-
face emittance and Ry, the reflectance of the
surface element k, with subscript “1” denoting the
inner side of the wall and 2” the outer side facing
the ambient, Tr, stands for transmittance of the
wall, and ¢ is the Stefan-Boltzmann constant. The

resulting absorbed net heat lux becomes

(Esx + E2j) oTi + E5 0T,
(13)

. in
Gnet. k = Eqx qik —

leading to a nonlinear expression for the thermal

. boundary conditions. Along the upper wall, the

above heat flux relations have to be specially modi-
fied by a contribution that comes from the reflec-
tion of thermal radiation on the upper wall of the
narrow cooling gas gap (which is not included in
the computational domain).

(i) Conductive-radiative heat transfer in partici-
pating domains: For this case, a first-order spherical
harmonics expansion of the general radiative heat
transfer problem in participating media is em-
ployed (P,-approximation). The governing equa-
tions are the energy balance equation:

— AT +V g =0 (14)
and a radiation transport equation for the avéra‘ged
radiation intensity J(r)

1

QAJ =oJ —aT? (15)

for a nonscattering medium, where
J(r) =f Ir,Q)de. , (16)
4,

and where I(r, Q)is the directional radiation inten-
sity, Q = (sin 6 cos ¢, sin 0 sin ¢, cos 0) is the unit
directional vector, dQ = = d(cos 0) d¢, « denotes the
absorption coefficient of the medium, and ¢:aq the
radiative heat flux, I(r, £) can be approximated by

the Pl-expansmn

1.9 =2 +32 g (1)

The relation
__lyy (18)
qrad - 3(% ’

is put in the energy balance Eq. (14) and forms the
basis for the formulation of boundary conditions
for J in terms of radiative heat flux balancing.
Boundary conditions for the governing equations
of conductive-radiative transfer in participating
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Fig. 2. Definition of radiation heat fluxes and angles at the
surface of the participating solid domain.

solid domains have to account for the coupling of
both radiation models, namely, the effect of total
internal reflection and the presence of film deposits
at the surface of the participating solid. Fig. 2
shows the definition of fluxes at the gas-solid inter-
face.

For the boundary conditions of J at the gas—
solid interface, the normal to the wall component of
{18) is taken and the left hand side of it is expressed
as gi* — gi". These fluxes are written in terms of the
boundary radiation intensity (J), and the given
incident flux ¢?** by substituting for g the expres-
sion

gr =Tr g™ + Rog ™ + Rogi" + Epo T, (19)

where T is the boundary temperature, Tr, R,, R,,
E, are the boundary transmittance, the inward
reflectance at nonlight guide () and light guide
(7 )angular ranges, and the total inward emittance,
respectively. E, becomes nonzero, only if absorbing
layers are assumed on the solid—gas interface. The
evaluation of these radiative properties is ac-
counted for at the end of this section. The incident
fluxes 3i" and §¥* for both angular ranges are deter-
mined by

. ko 1 —. 3 1 — 2
go = — 271‘J Hpdy = ——— 0 gn + - £

J, (20)
0 3 2

gt = — 2’{ I(p du = “—OqN + 50, 21
—Ho 2 4

where u = cos 8, (cf. Fig. 2) and yo = cos 8g, i.e. the
cosine of the Brewster angle of total reflection.
Azimuthal symmetry is assumed and the P-expan-
sion of I{y), Eq. (17), is used.

For the coupling of the P,-approximation with
the view-factor based surface heat flux exchange,
the flux ¢2* is needed for every boundary surface
element, and the net absorbed heat flux on a surface
with coatings on it, gaps = g\> — g + g™ — 3%,
needs to be introduced into the heat flux balancing
at the solid—gas interface, Eq. (8). These fluxes are
obtained as expressions in terms of the boundary
value of J and the known incident flux ¢ by
appropriate flux balancing and substitution of the
above expressions.

The film optical properties are evaluated by com-
puting the propagation of thermal radiation in the
dielectric or metallic coatings, that are treated
as transversally symmetrical infinite planar layers.
In the case of the “thin wall approximation”, the
quartz wall is added to this analysis as an addi-
tional layer. These calculations result in values for
the hemispherical surface emittances, reflectances
and transmittances on all the internal solid—gas
interfaces, which are then introduced into the
above description of global radiative heat transfer.
This has already been described in more detail in
Refs. [12, 13] for the case of thin quariz walls that
are coated with polycrystalline semiconductor or
metallic arsenic films, where plots are also shown to
illustrate the dependence of surface emittances, re-
flectances and transmittances on various coating
conditions.

Two limiting cases appear for the calculation of
ray propagation in the thin layers, namely, the ge-
ometrical optics limit and the wave optics limit.
In Ref. [13] a criterion is given, when the wave
optics approach applies for incoherent thermal
radiation. It has been shown that, for thermal
radiation emitted at around T = 750°C, with
a wavelength range from 2-13um, a peak
spectral density at 2.9 um and a film consisting
of GaAs with a refractive index of n = 3.3, the
coherence length is [~ 0.11um. Therefore,
interference effects can be expected for film thick-
nesses less than a few hundred nanometers. At
those film thicknesses, absorption of thermal
radiation does not play a role. On the other hand,
for thick flm deposits, the geometrical limit
applies. In that case, the absorption along the
path of ray propagation through the film is
considered.
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3. Numerical method

The above described mathematical model has
been implemented in a numerical Finite-Volume
procedure [14] based on block-structured non-
orthogonal collocated grids for two-dimensional
axisymmetric and cartesian incompressible or low
Mach number chemically reacting laminar flows.
The block-structured discretisation serves as a
basis for the treatment of flow problems in complex
geometries and for distinguishing between solid
and fluid domains, and between optically trans-
parent and participating media.

The governing equations are solved sequentially.
The coupling of the equations is resolved through
outer iteration cycles with coefficients updating,
and the standard SIMPLE pressure correction al-
gorithm is employed for the flow equation. Non-
linearities, such as the emissive power term in the
energy equation for participating domains, are
linearised semi-implicitly. The nonlinear thermal
boundary conditions accounting for surface radi-
ation are solved iteratively, and the algebraic sys-
tem of equations describing the global heat flux
exchange between internal solid-gas interfaces is
solved by one Gauss-Seid! relaxation per outer
iteration cycle of the overall solution procedure [8].

A multigrid technique, based on the “Full Ap-
proximation Scheme” for the coupled nonlinear
system of equations, is used to speed up the conver-
gence rate [3]. Since the solution is available on
several grid levels, the grid independence of the
results could easily be checked. View factors are
determined by numerical integration for axisym-
metric geometries and by employing a shadowing
algorithm [8].

4. Experimental procedure

(Al, Ga)As layers (x = 0.2-0.3) were grown from
TMGa (Ga(CH3;)s), TMAI (A(CH;)3) and AsH; on
3" GaAs wafers, in a multiwafer Planetary Reac-
tor™ Aix-2000 described in [6]. The growth tem-
perature was between 650 and 750°C, the reactor
pressure was p = 0.2 bar and the total flow rate
F 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 composition of a H,
/N, cooling gas mixture and thus the thermal coup-
ling to the water-cooled top of the reactor. The
ceiling temperature was measured using a ther-
mocouple at a fixed radial position through a hole
in the reactor top of an upscaled Aix-2400 reactor.
Particular attention was paid to a good thermal
contact of the thermocouple tip with the ceiling
surface. Growth rate profiles on static and rotating
wafers in dependence on the growth parameters
were obtained from reflectance maps at room tem-
perature in a SPM-200 mapper.

5. Modelling results and verification

For modelling the growth of (Al, Ga)As layers in
the Planetary Reactor™, coupled flow, heat transfer,
mass transfer of gas phase species, with mass trans-
port limited deposition on the wafers and kinetically
limited deposition on the walls, are considered.
Heat transfer calculations are validated by temper-
ature measurements with a thermocouple introduc-
ed to the ceiling wall through a hole in the reactor
top. In Fig. 3, the calculated temperature distri-
bution on both sides of the quartz plate and the
measured value on the top of the plate are shown.
For the prediction of the growth rate distribution,

N
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distance from the center (m)

Fig. 3. Temperature distribution along the ceiling plate in
radial direction, and measured temperature at a fixed position
where the access for a thermocouple is given. (- - -) inner side of
ceiling wall, (—) outer side.






