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Abstract. An approach is presented to optimizing the growth of graphene on silicon carbide
(SiC) substrates by using numerical simulation methods. The presented models in axisymmetric
approximation show good convergence with experimental results and allow the studies of tem-
perature fields inside closed growth cells. It is concluded that the use of numerical calculation
methods is promising for optimizing the design of a technological setup for graphene growth
by sublimation of the SiC surface.
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YucneHHoe MogesiMpoBaHMe pacnpepesieHus TeMneparypHoro
nons B 30He pocTa rpadeHa, BbipauiMeaeMoro Ha SiC nognoxkax
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Annoraumua. B nmanHoi paboTte mpeacTaBieH MOAXOJ K ONTUMU3ALMU pocTa rpadeHa Ha
nomoxkkax Kapounaa kpemHus (SiC) ¢ ucrnoyib30BaHMEM METOIOB YMCJIEHHOTO MOICIMPOBAHMSI.
IIpencraBieHHble MOJEIM B OCECMMMETPMYHOM IIPUOIMKEHUU TOKAa3bIBAIOT XOPOIIYIO
CXOIMMOCTh C DKCITEpUMEHTAJIBHBIMU pe3yJbTaTaMM M TTO3BOJISIOT MPOBOIUTH MCCIIEIOBAaHIE
TeMIIepaTypHBIX TOJIelf BHYTPM 3aKpBITEIX sgYeeK. CrmeraH BBIBOA O IEPCIEKTUBHOCTHU
MIPUMEHEHUST YUCIICHHBIX METOAOB pacyeTa ISk ONTUMU3AINN KOHCTPYKIMY TEXHOJIOTUIECKOM
YCTAaHOBKM pocTa rpadeHa MeToaoM cyosmMannu moBepxHoctu SiC.
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Introduction

One of the promising ways to obtain two-dimensional graphene films is the method of thermal
decomposition (sublimation) of the surface of SiC substrates [1]. This method makes it possible to
obtain high-quality graphene/SiC structures suitable for creation of various devices, for example,
high-sensitivity sensor elements, whose principle of operation is based on change of resistance
of graphene upon adsorption on its surface of low concentrations of bimolecular complexes
and gaseous chemical compounds [2—4]. The creation technology of such devices imposes high
requirements on the crystal perfection and uniformity of the thus produced graphene.

Growth of graphene layers by SiC surface sublimation flows in high-frequency (HF) induction
heating systems at temperatures of 1500—2000 °C [5]. The temperature control in such technological
setup is only possible on the surface of the closed growth cell with an optical pyrometer. At the
same time, the distribution of the temperature field in the substrate area, which is not available
for pyrometric measurements, plays a significant role on the quality and the uniformity of the
grown graphene. It is especially important to control the temperature field while making larger
the SiC substrates used.

One of the ways to solve this problem is to simulate the processes that take place in a growth
setup with the help of specialized mathematical programs. For example, such approach has been
successfully used to analyze and correct the growth of bulk crystals in closed systems [6—7]. The
data obtained during the simulation describes a number of parameters, including the distribution
of the temperature field in the growth area. Thus, this approach can be applied to the study of
graphene growth conditions by sublimation of the SiC surface.

The aim of this study was to analyze the possibility of using numerical methods to calculate the
thermal fields in the epitaxial graphene growth setup for the further optimization of the existing
technology.

Construction of the model

The epitaxal graphene growth setup is a water-cooled quartz chamber with equipment made of
graphite elements arranged inside (Fig. 1, a). The main element of the internal equipment, which
is heated in the electromagnetic field of the inductor, is a heater made of dense grades of graphite.
The heater is located inside the porous carbon material insulation. The insulation provides more
uniform heating of the growth cell and protection of the external elements of the setup from
overheating. The correctness of numerical simulation data depends on the accuracy of setting the
parameters of materials and the geometric dimensions of all setup elements.

The COMSOL Multiphysics package was chosen as the working environment for calculating
the growth cell heating conditions. A number of simplifications were made at the simulation
which do not significantly change the results of calculation. An axisymmetric approximation
was used to obtain the 3D structures by rotating the cross-cut of the model configuration [8—9].
Thus, the initial spiral configuration of the HF inductor was converted into a ring set. A number
of internal boundaries were excluded for the internal equipment of the growth setup. These
simplifications made it possible not only to reduce the dimension of the model by going over to
simple 2D domains, but also to include additional physical modules and extend the parameters
of solvers. This in turn resulted in an improved accuracy and speed of data acquisition, as well as
reduced computing capacity requirements. Fig. 1, b shows an example of simulated 3D-image of
the graphite equipment heated inside the growth setup.

© Jlebene C.I1., TNpuobpaxkenckuii C.1O., [lnotHukoB A.B., Mbbaesa M.T., Jlebene A.A., 2023. Wznarens: CaHKT-
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Fig. 1. Image of the epitaxal graphene growth setup (a), simulated 3D-image of the graphite equipment
heated inside the growth setup (b)

Two configurations of the internal graphite equipment of the setup, which were applied in
experiments to obtain epitaxial graphene, were used for calculations. In the first configuration,
the heater is a graphite flat washer on which surface a growth cell with a substrate SiC is placed.
In the second configuration, the heater has the shape of a tube, inside which a growth cell with a

substrate is situated. Both heaters were made of graphite of the same grade and placed in thermal
insulation made of fibrous graphite material.

Simulation results

To study the heating process, the temperature range from 1000 °C to 2000 °C was chosen, since
all stages of graphene formation on the SiC surface occur in this temperature interval.

First stage of the study was to compare the simulation data with experimental heating data.
The calculated temperatures were taken from the area of the growth cell, which is available
for experimental pyrometric measurements. Experimental data was obtained using a Raytek
Marathon MRI1S infrared optical pyrometer operating in a two-color mode. The temperature
measurement error does not exceed = 0.5% over the entire operating range. Fig. 2 shows
heating and cooling graphs for two different equipment configurations. The simulation data
show a fairly close similarity with the pyrometric data, which indicates that the model and the
specification of the main characteristics of the materials used in the installation are correct. Small
disarrangements between simulation and experimental data may be due to the imperfection of
the design of real thermal insulation, as well as the use of some simplifications in the model,
which were discussed above. Nevertheless, the convergence of the experimental and simulation

curves and the coincidence of the key points allow further analysis of the thermal fields inside
the growth setup.
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Fig. 2. Comparison of simulation and experimental heating curves for flat heater (a), tube heater (b)
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The second stage of the study, the temperature distribution at the location of the SiC
substrate in the growth cell for two heaters was compared. The growth cell is a flat graphite cup
with a disk cover. The substrate is located in the cell in a special circular recess at the bottom,
the diameter of which is 16 mm. The temperature value of 1700 °C in the central region of
the substrate location was chosen as a general parameter for comparing the operation of two
heaters, since this temperature is characterized by the onset of the formation of a graphene film
on the SiC surface. Fig. 3 shows the temperature distribution of the cell cross-section heated
by two heater configurations.
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Fig. 3. Temperature distribution in growth cell heated in flat heater (a), tube heater (b)

Fig. 4, a shows images of the temperature distribution at the bottom of the growth cell obtained
by simulation heating with different heaters. Fig. 4, b, for greater clarity, shows a graph of the
temperature distribution in the substrate area. Based on these images, it can be concluded that the
heating of the growth cell in the tube heater is much more uniform. At 1700 °C, the temperature
differential in the substrate location for a tube heater is only 2—2.5°C, and for a flat heater, this
value increases to 15—16 °C. Thus, based on simulation data, it is possible to make a clear choice
in favour of heating the cell in a tube heater.
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Fig. 4. The temperature distribution at the substrate location in the growth cell heated by flat and tube
heaters (a), the temperature distribution graph by the cross-section of the bottom of the cell (b)

Another important heating parameter of the growth cell is the temperature difference
between the area where the SiC substrate is situated (bottom of the growth cell) and the area
where the temperature is measured with a pyrometer (growth cell cover). A large discrepancy
between the temperatures in these regions may give no way of choosing the optimal mode
for heating the SiC substrate to the graphene growth temperature, if being guided only by
the pyrometer measurements. Simulation data make it possible to estimate the temperature
difference and take it into account during the real growth process. Fig. 5 shows the temperature
distribution for the substrate location and the growth cell cover. According to this graph, the
temperature difference between the cover and the substrate during the growth of graphene
should be about 7 °C.
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Fig. 5. Temperature distribution in different areas of the growth cell

Conclusion

The possibility of applying numerical methods for calculating thermal fields in the epitaxial
graphene growth setup for the subsequent optimization of the existing technology is considered.
A good convergence between the calculated and experimental curves of the growth cell surface
temperature at the given generator power was demonstrated, which confirms that of the model
construction and setting of the basic materials parameters of the setup are correct. Numerical
simulation made it possible to compare different configurations of the internal graphene growth
equipment, to determine a number of parameters of the thermal field in the growth cell for each
case, and to identify the most optimal configuration.

The obtained results demonstrate the promise of using numerical simulation methods not only
for determining the parameters of the thermal field in the growth setup, but also for optimizing
the design of the setup for graphene growth by the SiC surface sublimation method. Through the
use of the COMSOL Multiphysics package, it is possible to study many different options for the
setup design and the features of its heating in a relatively short period of time. This factor may
play a significant role in the development of this graphene growth technology and its transition
from research to industrial production.
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