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ABSTRACT: In the classical sublimation growth of silicon carbide (SiC) single crystals, the supersaturation in the
surrounding of the seed is mainly controlled by pressure and temperature distributions within the growth cavity.
Precise control of the supersaturation is difficult, especially if it needs to be adjusted during the process. In the first
part of the paper, an experimental study performed in a continuous feed—physical vapor transport reactor (CF—
PVT) is shown. This process combines CVD for the feeding of the SiC source and PVT for the growth of the single
crystal. It is shown that the feeding gas flow rate (TMS diluted in argon) and/or the temperature allow precise
control of the supersaturation close to the seed, much more easily than in the classical sublimation process. In the
second part of the paper, the application of the supersaturation control to SiC polytype engineering is demonstrated.

1. Introduction

Single crystalline silicon carbide (SiC) ingots are
currently grown by the seeded sublimation method (PVT
for physical vapor transport; see for example refs 1-5).
This technique has proven its ability for processing large
dimension boules, up to 100 mm both in diameter and
in length.® Moreover, the possibility to eliminate differ-
ent kinds of structural defects and thus to obtain wafers
of small size with a dislocation density near 100 ¢cm 2
has been recently reported by using a sequence of
growth runs along two crystallographic directions.”
Another technique of interest is the high-temperature
chemical vapor deposition (HTCVD), which is able to
grow very high purity material.8 Although these tech-
niques have reached a maturity level high enough to
be industrialized, they would benefit by being further
improved so as to get longer ingots with higher purity
and higher structural quality. Along this line, the
continuous feed—physical vapor transport (CF—PVT)
method was recently proposed as a new process concept
to grow large boules of high purity. CF—PVT offers the
advantage to combine the maturity of PVT for single-
crystal growth and HTCVD for continuous feeding of
the high-purity polycrystalline SiC source. On the basis
of a coupled approach involving both numerical simula-
tion and experiments, this new concept has been
validated.®

In the growth of SiC from the vapor phase, the precise
control of the mass transfer within the growth cavity is
one of the key parameters as it fixes the supersaturation
close to the seed. Control of this transfer thus governs
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more or less closely the nature of the polytype and the
occurrence of different kinds of defects.1°~12 Most of the
defects are formed during the initial stage of the
growth.!3 In the classical sublimation method, the mass
transfer is controlled by pressure and temperature
distributions within the crucible. A precise control of
the supersaturation is difficult, especially if it needs to
be adjusted during the process. The perfect mass
transfer management remains a challenge first for the
nucleation step of the layer, for example, in the case of
heteropolytypic growth, and second for long-lasting
experiments.

The aim of this paper is to improve the knowledge of
the phenomena occurring during the transfer of SiC
across porous graphite foams, which delimitate the CVD
chamber from the sublimation chamber in the CF—PVT
process. In the first part of the paper, the study of
supersaturation will be shown, and the optimal experi-
mental parameters will be discussed. In the second part
of the paper, these results will be applied to two
examples: homoepitaxial growth of bulk 2 in. 4H—SiC
and heteroepitaxial growth of bulk 3C—SiC on 4H—SiC
seeds.

2. Experimental Details

The experimental setup is a modified sublimation reactor,
with inductive heating and a water-cooled quartz tube. The
crucible is totally made of graphite and thermally insulated
with graphite felts. A schematic representation of the crucible
is presented in Figure 1.

It is composed of three main graphite pieces: the heating
element, the sublimation chamber, and the CVD chamber,
which delimitate the three “reaction zones”. (1) The first one
is the feeding zone where the polycrystalline source is formed
from tetramethylsilane (TMS) diluted in argon. (2) The second
one is the transfer zone consisting of highly porous graphite
foam, which supports the CVD deposit and allows SiC transfer
to the sublimation area. (3) The third one is the sublimation
zone containing the SiC seed sticked on the top of the crucible.
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Figure 1. CF—PVT crucible setup. Pyrometric measurement.
(1) Feeding zone, (2) transfer zone, and (3) sublimation zone.

The crucible is indirectly heated as the maximum power
dissipation from the induction coil is reached in the heating
element. The three reaction zones are thus mainly heated by
radiation and convection phenomena. During the process, the
monitored parameters are temperature, pressure, and gas flow
rates. The growth pressure is always lower than 5 mbar.
Temperature measurements are performed by optical pyrom-
eters on the top of the crucible (Thign) and on the graphite foam
in the feeding area (To). The temperature monitoring is linked
to Thigh. This study was carried out in a temperature range
varying from 1850 to 2050 °C (Thign). The argon flow rate, 400
scem, is kept constant for all experiments presented in this
paper. Different TMS flow rates are investigated, from 16 to
64 sccm, corresponding to TMS/Ar ratios of 0.04 and 0.16. In
the following, we will refer to the TMS/Ar ratio. We selected
the TMS—Ar chemical system on the basis of a previous
work.'* Indeed, it has been demonstrated that this system
could lead to the best SiC deposition yield at high temperature
in the CVD area. The use of chlorinated precursors were
promising for the CVD step but appeared to be very harmful
concerning the SiC transfer by sublimation in both the transfer
zone and the sublimation zone.

For this study, the transfer zone is composed of four similar
pieces of graphite foam stacked one over the other. The
porosity of the foam is about 97%. The graphite foams are
numbered 1 to 4; 1 is the lower foam, which is fed by the CVD
step, and 4 is the upper one (Figure 1).

In the first experimental section (section 3), each graphite
foam is weighted before and after the experiment to get a
quantitative estimation of mass transfer. The same is done
for the sublimation crucible lid. Note that no seed is used in
these cases. SiC crystals directly grow on the graphite lid. Its
surface is systematically polished prior to the experiments to
start with the same surface and to compare the nucleation
trends. TMS is injected once the thermal equilibrium of the
crucible is reached. It is important to note that all the
measurements are done for deposition times shorter than 3
h. For longer growth time, modifications of geometrical
parameters such as the graphite foam porosity should be taken
into account in the mass transfer study.

In the second part of the paper (section 5), (0001) oriented
4H—-SiC seed are glued on the graphite lid. We used “epi-
ready” Si-face from the NOVASiIC StepSiC polishing as start-
ing surface. A piece of silicon is placed between the graphite
foam to maintain the Si partial pressure at the beginning of
the experiments and then to prevent seed graphitization.

3. Results

3.1. Temperature Distribution in the Crucible.
First, it is important to precisely determine how thermal
fields are distributed inside the crucible. Those have
been calculated taking into account electromagnetics,
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Figure 2. Temperature distribution (K) obtained from nu-
merical simulation.
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Figure 3. Weight gains or losses for the different foams and
for the crucible cover as a function of temperature. The TMS/
Ar ratio was kept about 0.08. The graphite foams were
numbered 1 to 4. 1 was the lower foam, which was fed from
the CVD step, and 4 was the upper one.

fluid mechanics, and heat transfer and are shown for a
half-crucible in Figure 2. Details on the models and data
used in the numerical simulation have been already
reported in a previous work.? As an example, temper-
atures calculated in Figure 2 are 1926 °C for Thigh, 1964
°C for the seed, 1971 °C for the top of the graphite foam,
and 2001 °C for the bottom of the graphite foam (T'4yw).
Temperature thus continuously decreases from the
lower foam to the seed. Even if we will refer only to Thign
in the whole paper, one must keep in mind that when
Thign is increased for a constant TMS flow rate, Tiow
increases as well. The difference (Tlow— Thigh) also
increases.

3.2. Limiting Steps of the Growth. Figure 3 shows
the weight gains or losses for the different foams and
graphite lid as a function of temperature. TMS and Ar
flow rates were kept constant with a TMS/Ar ratio of
0.08.

Three transport domains are evidenced as a function
of temperature.
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Figure 4. Evolution of the deposition rate on the top of the
sublimation chamber as a function of the temperature for three
TMS/Ar ratios 0.04, 0.08, and 0.16.

(a) Temperature Range: 1900—1925 °C. Deposi-
tion and/or infiltration occur in foam 1 by the CVD step.
Deposition is also observed both on foam 4 and on the
graphite lid. As the whole mass transferred to foam 4
did not reach the crucible top, it can be assumed that
in this temperature range, the growth is limited by the
sublimation step between foam 4 and the graphite lid.

(b) Temperature Range: 2000 °C and Over. There
is a mass gain in foam 1 and no mass change inside the
other foams and on the lid. As no mass gain was
measured on the lid, the growth is obviously limited by
the feeding step, i.e., the CVD step.

(c) Temperature Range: 1950—1975 °C. A mass
gain is measured for foam 1 and for the lid. Contrary
to case (a), there is no mass gain in foam 4. All the SiC

transferred to foam 4 is directly used and transferred
to the lid.

Finally, case (a) is observed at low temperature. When
the temperature is increased to 2000 °C, the limiting
step shifts toward case (b), passing through the inter-
mediate case (c). Similar observations have been done
by changing the TMS/Ar ratio. However, the limits
between cases (a—c) move to higher temperature when
the TMS/Ar ratio is increased.

3.3. Optimal Deposition Rate. The deposition rate
evolution on the top of the sublimation chamber (graph-
ite lid) is plotted as a function of temperature for three
TMS/Ar ratios: 0.04, 0.08, and 0.16 (Figure 4). For each
gas-phase composition, the deposition rate passes through
a maximum. This maximum moves toward higher
temperatures when the TMS/Ar ratio increases. For
example, the maximum deposition rate is obtained at
about 1900, 1950, and 1975 °C at TMS/Ar ratios of 0.04,
0.08, and 0.16, respectively. The evolution of these
maxima is described by the dashed line in Figure 4.
Moreover, for each temperature investigated, the depo-
sition rate increases when the TMS/Ar ratio increases.

For each experiment, a global yield of the process has
been calculated taking into account the number of moles
by hour of SiC formed on the graphite lid n(SiC) with
respect to the molar flow rate of TMS injected into the
feeding area n(TMS):

global process yield = n(SiC)/n(TMS) x 100
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Figure 5. Evolution of the nucleus density (the left axis) and
the size of the faceted crystals (the right axis) as a function of
temperature for two TMS/Ar ratios: 0.08 and 0.16.

For a fixed TMS/Ar ratio, the evolution of the yield
with temperature is quite similar to that of the deposi-
tion rate. The maximum rate obviously corresponds to
the maximum yield. However, when changing the TMS/
Ar ratio, the maximum yield reaches 7% for a TMS/Ar
ratio of 0.08 and 1950 °C. A further increase of the TMS/
Ar ratio leads to a slight decrease of the yield.

3.4. Nucleation and Growth. In Figure 5 the nuclei
density (left axis) and the size of the faceted crystals
(right axis) are presented as a function of temperature
for two TMS/Ar ratios: 0.08 and 0.16. It is important
to note that for a TMS/Ar ratio of 0.08 and a tempera-
ture of 2000 °C, no value is reported as no measurable
growth is observed. Both nucleus density and crystal
size are thus equal to zero. The same has been obtained
at 2050 °C and a TMS/Ar ratio of 0.16. The nuclei
density corresponds to the number of crystals per unit
area. The crystal size has been measured for the well-
faceted crystals per unit time and could thus be as-
similated to a crystal growth rate. Only the largest
crystals have been taken into account for the size
measurement. Those can be assumed to be nucleated
in the former time of the experiments.

For a constant TMS/Ar ratio, the growth rate in-
creases when temperature increases and follows an
exponential law. For the highest temperatures, the
crystal size does not increase any more. The limit of the
crystal size, at about 1950 and 1975 °C for TMS/Ar
ratios of 0.08 and 0.16, respectively, roughly corresponds
to the maxima of deposition rate plotted in Figure 4. In
contrast, the nuclei density decreases with increasing
temperature. At low temperature, a high density of
small crystals is observed. For example, about 800
crystals/mm? with a mean size of 25 um have been
obtained at 1900 °C and a 0.16 TMS/Ar ratio. At 2000
°C and with the same TMS/Ar ratio, crystals reach 500
um in diameter with a density of about 3 mm™2. This
evolution is illustrated in Figure 6 in which the deposits
are formed at (a) 1900 °C, (b) 1950 °C, and (c) 2000 °C
with a TMS/Ar ratio of 0.16 during 1 h.

When the TMS/Ar ratio rate is decreased at constant
temperature, the nuclei density is strongly reduced and
the crystal growth rate increases. In other words, both
nucleus density and crystal size curves are shifted to
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Figure 6. SEM pictures of the deposits formed on the
graphite lid at (a) 1900 °C, (b) 1950 °C, and (c) 2000 °C with
a TMS/Ar ratio of 0.16 during 1 h.

lower temperature with decreasing the feeding gas
concentration.

4. Discussion

As a function of experimental conditions, two bound-
ary cases can be evidenced for a chosen TMS flow rate.
(1) At low temperature, the growth is limited by the
sublimation step between the source and the seed (case
(a)). These conditions are observed for temperatures
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lower than the dashed line in Figure 4. In this case, the
CF—PVT process can be roughly assimilated to the
classical PVT technique. The activation energy related
to the growth rate dependence on temperature can be
calculated from an Arrhenius law. It is found about 600
kd/mol, quite close to the activation energy of the SiC
sublimation reaction.!®16 The growth rate on the lid is
thus directly correlated to the sublimation rate of the
source and should not be modified by changing in the
TMS flow rate. Actually, this was not observed as the
deposition rate on the lid increases from 0.09 to 0.2 g/h
for TMS/Ar ratios of 0.04 and 0.16, respectively. To
explain this trend, two parameters have to be taken into
account. The first one is the total area of the SiC source.
As discussed previously, the growth rate is limited by
surface kinetics at the source i.e., SiC deposited in the
upper foam, face to the graphite lid. Increasing the TMS/
Ar ratio at a constant temperature increases the total
amount of the SiC formed in the source and thus
increases the “emitting area” of the source. The second
parameter is related to the gas-phase composition. We
have presented in a previous study!* based on thermo-
dynamical calculations experiments and simulation of
the temperature distribution in the crucible. For a fixed
Thignh value, the temperature along the graphite foam
was higher when hydrogen instead of argon was used
as the carrier gas. As no significant difference in the
gas-phase composition between TMS—Ar and TMS—H,
systems were calculated in the sublimation zone, the
higher growth rate obtained with hydrogen has been
attributed to changes in the temperature distribution
inside the crucible and not to chemical phenomena. In
the present work, we can consider that an increase of
the TMS/Ar ratio increases the Ho/Ar ratio due to the
decomposition of TMS. From thermodynamics, the
decomposition of one mole of TMS liberates more than
five moles of hydrogen at 2000 °C. A TMS/Ar ratio of
0.16 would correspond to an Hy/Ar ratio of 0.8. The
hydrogen amount must thus not be neglected. According
to these statements, a higher Hyo/Ar ratio would lead to
an increase of the source temperature and consequently
of the growth rate.

(2) At high temperature, the process is limited by the
feeding step, i.e., the CVD deposition and infiltration
on the lower part of the source (cases (b) and (c)). As
far as both the SiC transfer rate inside the graphite
foam and the sublimation rate in the sublimation area
are high enough, the growth process is limited by the
deposition rate on the lower foam by CVD. These
conditions are observed for temperatures higher than
or equal to those described by the dashed line in Figure
4. In this range of temperature, the TMS—Ar system
leads to SiC and C co-deposition. When the temperature
increases, the deposition rate of SiC decreases to zero.
This has been observed at 2000 °C and a TMS/Ar ratio
of 0.08; only C deposition occurs on the lower foam
resulting in no SiC deposition on the lid. These trends
are in agreement with those calculated at thermody-
namic equilibrium.!?

The evolution of crystal size and nucleus density as
a function of process parameters can give a good
estimation of the supersaturation evolution close to the
“seed surface”, here the lid. It is well-known that an
increase of supersaturation leads to a decrease of the
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Gibbs free energy of formation of a nucleus together
with the decrease of the critical radius of the nucleus.
This means that a higher supersaturation will lead to
a higher density of small crystals.!® According to those
simple rules, it can be stated that supersaturation
decreases with increasing temperature for a constant
TMS flow rate. Supersaturation decreases as well with
decreasing the TMS flow rate at a constant temperature.

In the CVD limited conditions, i.e., conditions that
belong to the right part of the dashed line in Figure 4,
a very small supersaturation can be reached when the
deposition rate decreases while the temperature in-
creases. Under such conditions, facetted crystals of 650
um in diameter were obtained in 1 h with a density close
to 1/mm?2. The growth of SiC very close to equilibrium
conditions can thus be expected. If the temperature is
further increased, supersaturation falls to zero. When
the growth is limited by the sublimation step, i.e.,
conditions belonging to the left part of the dashed line
in Figure 4, it has been evidenced that supersaturation
could also be modified by changing the TMS flow rate.
However, in this domain, supersaturation is always
higher than in the CVD limited regime.

Finally, by a suitable choice of temperature (Thig) and
TMS/Ar ratio, it is possible to control very simply the
supersaturation close to the seed surface.

5. Applications

Control of the polytype at high temperatures usually
carried out for bulk SiC growth remains a challenge
considering the large number of parameters involved
in it. Among all, supersaturation and surface energy are
of first importance as they influence the nucleation and
growth modes. This has been detailed in the reviews.1920
Preceding sections are discussed for experiments di-
rectly performed on the graphite lid. Lids have been
systematically polished in the same way prior to the
processing. One can assume to start from the same
surface. In other words, the contribution of the graphite
surface energy to the nucleation and growth phenomena
is similar. In the case of seeded growth, for example,
by the use of a SiC single-crystal seed, the seed surface
energy contribution to the nucleation and growth phe-
nomena will be different. However, the general trends
discussed both for the deposition rate and for the
supersaturation evolution with process parameters
(temperature and TMS flow rate) would be similar.

In previous works, we have demonstrated the ability
of the CF—PVT process to grow a high-purity 0.5-mm-
thick 4H—SiC layer starting from an 8° off-axis 4H—
SiC substrate?! and a 0.4-mm-thick 3C—SiC layer on
on-axis 4H—SiC seed?? with the same temperature
(Thign) of 1950 °C and pressure. The first difference
between these two papers is the nucleation step, which
has been adapted either to maintain the 4H-SiC
polytype via a step-flow growth mode on off-axis seed
or to promote the complete 4H—3C heteropolytypic
transition via a 2D nucleation mechanism on the
terraces. The second difference is the TMS/Ar ratio
during the growth period, about 0.06 and 0.12 for the
4H-SiC and the 3C—SiC layers, respectively. This
corresponds to growth conditions limited by the CVD
step in the 4H case and conditions limited by the
sublimation step in the case of 3C. As a consequence,
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the growth of 3C—SiC has been performed under higher
supersaturation than for 4H—SiC. This is in agreement
with the results reported by Fissel.!? It is worth noting
that to our knowledge, with such supersaturation
control, we demonstrated for the first time a 30-mm-
diameter wafer of (111) oriented 3C—SiC free of double
positioning boundaries.

6. Conclusion

In the classical sublimation method, the mass transfer
and then the supersaturation close to the seed surface
are controlled by pressure and temperature distribution
within the crucible. In this paper, we have demonstrated
that an additional parameter could be of interest for the
simple and precise control of the supersaturation in the
CF—PVT process: the TMS concentration in the CVD
zone. For this, the effect on the deposition rate of both
temperature and TMS concentration has been experi-
mentally studied to get a better understanding of mass
transfer phenomena within the process. Depending on
the conditions, two different regimes were determined.
At low temperature and high TMS flow rate, the process
is limited by the sublimation step in the growth cavity,
corresponding to high supersaturation conditions. At
high temperature and low TMS flow rate, the process
is limited by the gaseous feeding via CVD, which
corresponds to lower supersaturation. Moving across
those two regimes by a simple tuning of external
parameters (temperature and TMS flow rate) permits
a precise adjustment of the supersaturation in the
growth chamber. Finally, this study has been applied
to the control of the polytype.
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