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Abstract. The effect of typical extended defects in cubic Si carbide (3C-SiC), namely
Shockley partial dislocations and their complexes, on the melting behavior of this material
is studied by molecular dynamics simulations. The obtained results evidence a compelling
link between the presence of extended defects and the reduction in the 3C-SiC melting
temperature. The melting temperature is found to decrease with the concentration of single
partial dislocations with the tendency of saturation at ~ 165 K below the respective value
for the defect-free material. In their turn, extrinsic partial dislocations reduce the 3C-SiC
melting temperature by only about 50 K independently of the concentration, and the effect
of triple dislocation complexes is at all negligible. The mechanism of the observed
phenomena is discussed in terms of the strain and excess elastic energy introduced by the
defects under study. The obtained results have implications for development of 3C-SiC
based devices operating at extreme temperatures, from aerospace electronics to thermal

protection systems.
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1. Introduction

3C-SiC is a cubic polytype of Si carbide with substantial
potential for application in high-power and high-
frequency devices such as low-resistance diodes and
MOS transistors [1-5], power electronic converters for
electric and hybrid vehicles [6], and inverters and
converters for photovoltaic, wind and aircraft turbine
applications [7, 8]. Moreover, cubic Si carbide may be a
viable option for use in nano-electromechanical systems
such as high-frequency oscillators (up to 10 GHz),
nanoengines and modulators [9]. Furthermore, 3C-SiC is
viewed as a promising material for biosensors and
biomedical implants connecting human nervous system
to advanced prostheses [10]. These applications of 3C-
SiC are enabled by its appropriate mechanical, electronic
and thermal properties such as high electron mobility
(900 cm?/(Vxs)) and saturation velocity (2x10” cm/s),
excellent thermal conductivity of 3.2 W/(cmxK) and
indirect wide bandgap of about 2.36 eV [11-15]. Since
no reliable technological methods to grow 3C-SiC bulk

crystals exist, one has to resort to growing 3C-SiC films
hetero-epitaxially on Si substrates. A popular modern
technology for growing 3C-SiC on Si is based on the idea
of a multi-step chemical vapor deposition process [16,
17]. This process begins with substrate preparation
involving various cleaning steps and chemical etching or
thermal annealing, which result in a flat and atomically
clean surface. The next stage is the so-called
carbonization, at which a thin 3C-SiC buffer layer is
formed on the top of the Si substrate by interaction with a
gaseous carbon precursor such as C3;Hg or C,H,. This
buffer layer serves to accommodate the lattice mismatch
between the Si substrate and the 3C-SiC epitaxial layer.
The final stage is the growth of 3C-SiC layer on the top
of the carbonized Si substrate at temperatures close to the
melting point of silicon (1300-1400 °C) using both Si-
(typically, SiH,) and C-containing precursors.

However, growing 3C-SiC on Si substrates intro-
duces a high amount of structural defects into the epitaxial
layers [18, 19] primarily caused by two factors. The first
one is a large mismatch (about 20% at room temperature)
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in the lattice parameters of 3C-SiC (4.3589 A) and Si
(5.4311 A) [11]. The second one is the difference in the
material thermal expansion coefficients (~23% at
deposition temperatures and ~ 8% at room temperature)
[20]. These defects may be attempted to manipulate by
microwave radiation and weak magnetic field treatments
as was used for I11-V and 11-VI semiconductors [21-23].
However, no reliable methods to improve the defect
structure of 3C-SiC were proposed so far.

Using  cross-section  transmission  electron
microscopy, Mendez etal. [24] observed linear misfit
dislocations at the interface between the Si substrate and
the 3C-SiC epitaxial layer with the density of one
dislocation on each five {111} SiC planes. These
dislocations were identified as being mainly the Lomer
(90° type) ones. However, such misfit dislocations alone
are insufficient to fully accommodate the residual strain
in the epitaxial layers. Further strain release is achieved
by generation of perfect dislocations that dissociate into
30° and 90° Shockley partials connected by stacking
faults [25, 26]. At this, the 90° dislocations remain
mainly blocked at the 3C-SiC/Si substrate interface
during growing the epitaxial film, so that the extended
defect structure of the 3C-SiC layers is principally
created by propagation and interaction of the 30°
dislocations [27, 28]. There have been also indications of
multiple stacking faults terminated by dislocation
complexes generated by interaction of individual partial
dislocations, in 3C-SiC layers. In particular, high-
resolution transmission electron microscopy
investigations revealed the presence of dislocation
complexes made up by two and three partial dislocations
at double and triple stacking fault boundaries [29].

Large concentrations of extended defects in
3C-SiC epitaxial layers are expected to influence on all
the layer properties including electrical, mechanical and
thermal ones. At this, the role of extended defects on
modification of the thermal properties is important
because of perspective high-temperature applications of
this material. In particular, understanding the effect of
extended defects and their density on the melting
temperature of 3C-SiC may provide a key for predicting
and controlling its thermal behavior, which is especially
important for applications where high-temperature
stability is crucial. To the best knowledge of us, this issue
was not addressed before. Lowering the melting point in
the presence of defects (both point and planar ones) for
metal crystals such as Ni and Al was demonstrated
earlier by molecular dynamics simulations [30]. A
similar trend was obtained for copper, the melting point
of which decreased as the number of vacancies and
interstitial defects increased [31]. In this work, we use
molecular dynamics simulations to investigate the effect
of extended defects and their density on the melting point
and pre-melting structural evolution of 3C-SiC. We
choose this method because it enables obtaining the
dynamic characteristics of materials at the atomic level
and at extreme temperatures, which is beyond the
capabilities of in situ experimental techniques.

2. Method

Molecular dynamics (MD) simulations were performed
by the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [32] in the isobaric-isothermal
(NPT) ensemble. The interactions between the Si and C
atoms in the 3C-SiC phase were described by the
Vashishta potential [33]. This potential is known for its
accurate prediction of extended defects properties and
behavior in 3C-SiC, faster defect evolution as compared
to other potentials and account for atom interactions
beyond the first coordination sphere, which results in a
positive stacking fault energy in compliance with the
ab initio calculations [34]. Periodic boundary conditions
were applied to the simulation cells in all three
dimensions to mimic the bulk 3C-SiC material evolution.
The value of the time step was equal to 2 fs, which was
chosen based on energy conservation of the simulation
system in preliminary simulation runs. Analysis of the
crystalline structure and defect configurations of the cells
at different time steps was carried out using the Open
Visualization Tool (OVITO) software [35].

To model the effect of extended defects on the
melting temperature and pre-melting behavior of the 3C-
SiC material, a ca. 171x9x181 A® rectangular-shaped
ideal 3C-SiC simulation cell containing 27648 atoms
was first prepared. The cell orientation was

[112], [120] ,and [111] in the directions of the X-, Y-,
and Z-axis, respectively. 30° and 90° Shockley partial
dislocations were inserted in this cell by displacing all

the cell atoms by the following vectors calculated in the
framework of the dislocation theory [36]:

bedge -1 y Xy

= ltan Tty ———F2 |, 1)
2n [ X 20-v)(x* + y?)
bedge 1_2V 2 2 Xy
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b 2n {4(1—V) ( ) 4(1—v)(x2+y2)

u, = bscrew tan *ll , (3)
21 X

where begge and by, are the edge and the screw
components of the dislocation Burgers vector,
respectively, v = 0.25 is the 3C-SiC Poisson ratio [37],
and X, y, and z are the atom coordinates, respectively.
Dislocation dipoles consisting of 30° and 90°
Shockley partial dislocation pairs separated by stacking
faults were inserted in the [111] planes. Such defect
configurations correspond to the experimentally obtained
dipoles resulting from dissociation of perfect 60°
dislocations as mentioned in the Introduction section.
Moreover, they enable avoiding annihilation of the
dislocations during annealing. Pairs of dislocation dipoles
with swapped 90° and 30° sequences and opposite
dislocation Burgers vectors were always inserted to
ensure zero total Burgers vector of all the dislocations in
the simulation cell and, hence, to preserve the integrity
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Fig. 1. (@) An exemplary simulation cell with four dislocation
dipoles consisting of 30°-90° Shockley partial dislocations
separated by stacking faults. (b) Atomic configurations of 30°
and 90° Shockley partial dislocations in a dislocation dipole
and corresponding Burgers vectors. (c) Atomic configurations
of extrinsic partial dislocations and corresponding Burgers
vectors. (d) Atomic configurations of triple dislocation
complexes with zero Burgers vectors.

of the cell boundaries. The cells with one, two, three and
four pairs of 30°-90° dislocation dipoles were prepared
to study the effect of the concentration of dislocations on
the 3C-SiC melting behavior. An example of a cell with
two dipole pairs is shown in Fig. 1a. As can be seen from
this figure, the vertical distances between the neighboring
dislocation dipole planes were kept the same. Moreover,
the distance from the top and the bottom dipole plane to
the top and the bottom cell edge, respectively, was set to
about half the vertical dipole separation. The horizontal
distance from the dislocations to the left and the right cell
boundaries was about half the extent of the stacking
faults in each dislocation dipole. Such an arrangement
allowed equilibrating the interaction forces of the
dislocations with the neighboring ones and their images
resulting from the periodic boundary conditions.

Furthermore, simulation cells with one, two, three
and four dipoles consisting of dislocation complexes
made up by 90° and 30° partial dislocations (extrinsic
partial dislocations) each as well as one and two dipoles
consisting of triple dislocation complexes with zero total
Burgers vectors were prepared in a way analogous to the
cells with the dislocation dipoles. The atomic
configurations of the extrinsic partial dislocations and
zero-Burgers-vector triple dislocation complexes are
shown in Figs 1b and 1c, respectively. These complexes
were found to be stable in 3C-SiC and their formation is
favored during the 3C-SiC films growth [38, 39].
Therefore, their possible effect on the thermal behavior
of this material should be taken into account as well.

We simulated annealing of all the prepared cells
including the ideal one at a step-wise temperature
increase (AT = 50 K) starting from 2500 K. The cells
were annealed during 20 ps at each temperature. This
annealing time was chosen to be large enough to enable
reaching the steady-state regime of the system on the one
hand and to be not too large to affect the total
computation time on the other hand. At each temperature,
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Fig. 2. Temperature dependences of the volume of the 3C-SiC
cell with eight partial dislocation dipoles for different starting
temperatures of annealing.

the cell volume was monitored. In accordance with [33],
the melting temperature was considered as the one when
the cell volume sharply increased as may be seen from
Fig. 2. In this figure, the volume of the simulation cell
with eight 30°-90° dislocation dipoles (four dipole pairs)
versus temperature for the starting annealing tempera-
tures of 2000, 2500 and 3000 K is shown. Based on the
studies [30, 31], the lowest melting temperature for this
system as compared to the systems with smaller defect
numbers is expected. Therefore, we have chosen this cell
to validate the starting temperature of our simulated
anneals. As can be seen from Fig. 2, the melting behavior
of the cell does not differ for all three starting
temperatures. In this respect, the value of 2500 K was
chosen as being sufficiently below the melting
temperature on the one hand and ensuring reasonable
simulation time on the other hand.

3. Results and discussion

Fig. 3a shows the simulated temperature dependences of
the volume of the ideal cell as well as the cells with two,
four, six and eight single dislocation dipoles. It can be
seen from this figure that the simulated melting
temperature corresponding to the sharp increase of the cell
volume decreases with the number of dislocation dipoles
from 3325 + 25 K for the ideal cell to 3175+ 25 K for
the cell with eight dipoles. It should be noted that the
simulated melting temperature for the ideal cell has a
reasonable agreement with the corresponding value
of 3250+ 50 K obtained by molecular dynamics
simulations for a different cell size [33] as well as with
the experimental value of ~ 3103 K [40], which supports
the reliability of the obtained results. It can be further
seen from Fig. 3a that the higher is the concentration of
dislocation dipoles in the cell, the lower is the rate of the
melting temperature decrease pointing to a tendency of
saturation at high dislocation concentrations.

Fig. 3b demonstrates the simulated effect of
extrinsic partial dislocations on the 3C-SiC melting
temperature. It can be seen from this figure that the
temperature dependences of the volume of the cells with
inserted one, two, three and four extrinsic partial
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Fig. 3. (a) Temperature dependences of the volume of the ideal
3C-SiC cell (1) as well as the cells with two (2), four (3), six (4)
and eight (5) partial dislocation dipoles. (b) Temperature
dependences of the volume of the 3C-SiC cell with one (2), two
(3), three (4) and four (5) extrinsic partial dislocation dipoles.
For comparison, the temperature dependences of the volume of
the ideal cell (1) and the cell with two partial dislocation
dipoles (6) are also shown.

dislocation dipoles overlap, which indicates no
noticeable impact of such dislocation density on the
melting behavior. Besides, the melting temperature of the
cells with extrinsic partial dislocations amounts to
3275 + 25 K, which is higher than the respective value
for the cell with the smallest number of partial
dislocation dipoles (two), studied in this work. This
means that the effect of extrinsic partial dislocations is
anyways smaller as compared to that provided by single
dislocations. Finally, the results of the simulations for the
cells with inserted one and two dipoles containing triple
dislocation complexes show no difference in the melting
temperature of such cells from that of the ideal cell,
which indicates vanishingly small effect of triple disloca-
tion complexes on the 3C-SiC melting behavior. These
results are summarized in Fig. 4. It can be seen from this
figure that the dependence of the cell melting tempera-
ture on the number of single dislocation dipoles in it may
be approximated by the following analytical function:

T =159.3-exp(-0.384N )+ 3160, (4
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Fig. 4. Melting temperature versus number of partial
dislocation dipoles in the cell. The molecular dynamics
simulation results are shown by symbols and the line is
approximation by the expression (4). In addition, the melting
temperatures of the cells with extrinsic partial dislocations and
triple dislocation complexes are indicated.

where T is the temperature and N is the number of
dislocation dipoles in the cell, respectively. The obtained
results allow one to conclude that high concentrations of
partial dislocations in 3C-SiC would induce a decrease in
its melting temperature by up to ~ 200 K (T — 3160 K at
N — o). At the same time, extrinsic partial dislocations
cause substantially smaller decrease in the melting
temperature, by about 50 K, independently on their
concentration, while the effect by triple dislocation
complexes is at all negligible.

To get an insight into the mechanisms defining the
observed dependences of the 3C-SiC melting temperature
on the type and concentration of extended defects under
study, we considered the evolution of the cell dislocation
structures with temperature in more detail. Fig. 5 shows
simulated snapshots of the exemplary cell with four
dislocation dipoles at the temperatures approaching the
melting point. It can be seen from this figure that the
crystal structure at the dislocation cores starts to destroy
at much lower temperatures as compared to the ideal
lattice (see the top panels of Fig. 5), i.e. dislocation cores
are the centers of heterogeneous nucleation for
crystalline-to-amorphous transformation. The formed
disordered regions expand to the rest of the crystal with
the increase in temperature as shown in the bottom
panels of Fig. 5 finally leading to complete cell
amorphization. Such behavior is reasonable to attribute to
the strain and associated stress induced in the crystal
lattice by the dislocation cores. As a result, the energy
barrier for phase transition from the crystalline to the
amorphous state is reduced leading to the decrease in the
melting temperature.

To verify this hypothesis, we investigated the
distribution of strain and elastic energy in the cells with
different types and concentrations of dislocations. Fig. 6
illustrates the maps of volumetric strain as well as elastic
energy density in the exemplary 3C-SiC cells with two
partial dislocation dipoles (Figs 6a and 6b), two extrinsic
partial dislocation dipoles (Figs 6¢ and 6d) and two dipoles
consisting of triple dislocation complexes (Figs 6e and 6f).
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Fig. 5. Snapshots of the simulation cell with four partial
dislocation dipoles showing the pre-melting evolution of the
3C-SiC crystal structure.

As can be seen from this figure, the strain introduced by
single dislocations and, hence, the corresponding elastic
energy density are the highest among the studied cases.
These values decrease with the increase in the number of
dislocations in the dislocation complexes. Our earlier stu-
dies demonstrate that the tendency of reducing strain and
excess elastic energy constitutes the formation mechanism
of double and triple dislocation complexes from single
dislocations during 3C-SiC film growth [38, 39]. The strain
and excess energy fields created by single dislocations
are long-range, overlapping for neighboring dislocations
and affecting the entire 3C-SiC bulk structure. The inten-
sities of these fields in the crystal bulk strongly depend
on the concentration of dislocations at their low values
(hence, large distances between them). This dependence
becomes weaker as the dislocation concentration increases
finally leading to the state when adding one dislocation
dipole hardly influences the effect of strain and stress
induced by already present dislocations. This mechanism
explains the observed dependence of the rate of melting
temperature decrease on the number of dislocation dipoles
in the cell, when this rate is the highest at small numbers
of dislocation dipoles, decreases upon raising this number
and finally tends to saturate at N — co. On the other hand,
the strain and excess elastic energy induced by the
extrinsic partial dislocations span for only several
neighboring atomic shells around the dislocation cores,
while the triple dislocation complexes affect only the
core nearest-neighbors, as can be seen from Figs 6¢—6f.
Such findings explain the much smaller impact of
extrinsic partial dislocations on the 3C-SiC melting
temperature as compared to the effect of single
dislocations, and its independence on the dislocation
concentration as well as the negligible influence on the
melting temperature of triple dislocation complexes.

0 E o (Jmd) 4% 107
lE O |
-0.01 - 0.01

Fig. 6. Distribution of volumetric strain (a, c, €) and elastic energy
density (b, d, f) in the 3C-SiC cells with two partial dislocation
dipoles (a, b), two extrinsic partial dislocation dipoles (c, d),
and two dipoles consisting of triple dislocation complexes (e, f).

The obtained decrease of the melting temperature of
3C-SiC caused by extended defects and understanding its
mechanisms are important not only from the point of view
of expanding the fundamental knowledge about the mate-
rial properties but also have implications for device
application of this material. As was already mentioned in
the Introduction section, a modern technology uses growing
3C-SiC epitaxial layers on Si substrates with large lattice
mismatch of about 20% [11]. Such growth conditions
favor formation of high concentrations of extended defects,
especially partial dislocations and dislocation complexes,
in the 3C-SiC layers [18, 19, 28]. Understanding thermal
behavior of the real defect-rich 3C-SiC is vital for
designing and predicting functionality of 3C-SiC based
devices especially those intended for operation at
extreme temperatures. In particular, such devices include
jet engine control electronics and sensors for aerospace
applications, which should be placed as close as possible
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to the fuel combustion zone with the temperature reaching
~2000 °C [41]. The SiC based extreme temperature elec-
tronics is also demanded on the space-crafts operating in
the vicinity of the Sun to significantly reduce shielding
and heat dissipation installations and, hence, the space-
craft weight [42]. Moreover, such electronics may be also
used to control the performance of nuclear reactors on
future spaceships for exploiting the outer solar system
[43]. Tolerance of the SiC circuits to the action of high
temperatures will make possible reduction of their shielding
and allow placing them closer to the control areas.
Furthermore, non-electronic applications of Si carbide
such as for ceramic matrix composites for aerospace and
gas turbine engines also rely on material properties at the
temperatures near the melting points of their components
[44]. The discovered modification of the melting tempera-
ture due to the presence of extended defects hints that the
temperature-dependent characteristics such as electrical,
optical, and elastic ones, of the real 3C-SiC may be affected
as compared to those of the ideal material causing degra-
dation of the electronics operating at extremely high tempe-
ratures and voltages. In our forthcoming publications, the
effect of extended defects on the mentioned charac-
teristics of 3C-SiC material will be considered in detail.

We may compare now our findings with the
respective results known from the literature. A number of
publications were devoted to the studies of the influence
of different types of defects in various materials on their
melting points. It was demonstrated in particular [45] that
introduction of 1.47% of vacancy clusters reduces the
glass transition temperature of amorphous Si by about
12.4%. In [46], modelling the melting transition of vana-
dium by molecular dynamics simulations, the authors
detected the effect of interstitials and vacancies on its
melting temperature. They found out that increase of the
concentration of interstitials up to 1.2% shifted the melting
point from 2500 to 2360 K, while increase of the vacancy
concentration up to 1.2% decreased it by only about
20 K. Molecular dynamics simulations also revealed a
decrease of the melting temperature of metal crystals
such as Ni, Al, and Cu with the concentration of point
and planar defects [30, 31]. We may conclude therefore
that the melting behavior of 3C-SiC obtained in our
simulations has a good agreement with the patterns known
for other materials, for which presence of extended
defects reduces the melting temperature and the extent of
their impact strongly depends on the defect type and
material in question.

4,

In this work, the effect of typical extended defects in 3C-
SiC on its melting temperature is studied by molecular
dynamics simulations. Single partial dislocations are
revealed to have a much stronger influence on the 3C-
SiC melting properties than the complexes consisting of
two and three partial dislocations. The melting tempera-
ture is found to decrease with the concentration of single
dislocations finally tending to saturate at the value about
165 K below the melting point of the ideal crystal. On the
other hand, presence of extrinsic partial dislocations

Conclusion

reduces the 3C-SiC melting temperature by only ~ 50 K
independently on their concentration, while the effect of
triple dislocation complexes is at all negligible. The
mechanism of the observed phenomena is attributed to
the defect-induced strain and excess elastic energy and
difference in their values for single dislocations and
dislocation complexes. The obtained results may be
useful for the researchers and industries focusing on the
development of 3C-SiC based harsh thermal environment
electronics and thermal protection systems to enhance the
efficiency and safety of their products as well as to
expand the temperature range of their operation.
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BB npotskaux aedekTiB Ha nponec niasjeHHs 3C-SiC, oTpuMaHuii MOJeTIOBAHHSM MeTO/I0M MOJIEKYJISIPHOT
JTHHAMIKH

C. lImarJiii Ta A. CapikoB

AHoOTanisi. 3 BUKOPUCTAHHSIM METOJY MOJICKYISIPHOI JUHAMIKHM JOCIHIKEHO BIUIMB THIIOBHX HPOTSHKHUX JE(EKTIB y
KybiuHOMY Kap6iai kpemuito (3C-SiC), a came gacTkoBuX auciokaiiid [Iloxi Ta iX KOMIUIEKCIB, Ha MPOIIEC IIIaBICHHS
nporo Matepiany. OTpuMaHi pe3ylbTaTH CBiqUaTh HpPO YITKUKA 3B’SI30K MDK HASBHICTIO MPOTSDKHUX JC(EKTIB Ta
3HIDKCHHSIM TeMmIepaTypu miasneHHs 3C-SiC. BetaHOBICHO, O TeMIepaTypa ILIaBICHHS 3HIKYETHCS 31 3pOCTaHHIM
KOHIICHTpAIlii YaCTKOBUX JMUCIOKAIlIA 3 TEHICHIIIEI0 O HaCHYCHHsI Ha PiBHI ~ 165 K HIk4ue 3a BiAMOBigHE 3HAUCHHS
Uil Oe3nedeKTHOTO Marepiayly. Y CBOIO 4Yepry 4YacTKOBI AMCIIOKalii BIPOBAKEHHS IMPHUBOJATH 10 3HIKEHHS
temnepatypu 1miaieHHs 3C-SiC mpubnm3Ho Ha 50 K HesamexHO Bim iX KOHIEHTpalii, y TOW dYac K edexr,
BUKJIMKaHUH MPHUCYTHICTIO MOTPIHUX MTUCIOKAIITHUX KOMIUIEKCIB, € He3HAaUHUM. MexaHi3M CHOCTEepeKyBaHUX SIBUIIL
o0roBopeHo B TepMiHax Jedopmanii Ta HaUIMIIKOBOI NPY)KHOI eHeprii, CIPUYMHEHUX AOCIIKYBaHUMH JedexTamu.
OTpuMaHi pe3yibTaTH MarOTh 3HA4EeHHS Ui po3poOku nmpuctpoiB Ha ocHOBI 3C-SiC amst poOGOTH MpH eKCTpeMaIbHUX
TeMIIepaTypax — BijJ IPUIIA/IiB a6pOKOCMIYHOT €JIEKTPOHIKU JI0 CUCTEM TEIJIOBOTO 3aXHCTY.

Kiawuosi caosa: 3C-SiC, emitakcifiHUi Imap, NPOTSHKHUKA Ae(eKT, MUCIOKAIlis, MOJICIIOBAHHSI METOI0M
MOJIEKYJISIPHOT INHAMIKH.
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