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Abstract

Microwave heating of 3C-SiC significantly influences its thermos-physical and
electromechanical properties. However, the role of pre-existing vacancies in
microwave heating of 3C-SiC systems remains inadequately understood. In this work,
a molecular dynamics approach has been used to study the effect of pre-existing
Si-vacancy on microwave interaction with the 3C-SiC system at Si-vacancy
concentrations (0.5%, 1.0%, 1.5%, and 2.0%). The Si vacancy-induced 3C-SiC system
was exposed to microwaves at different electric field strengths of 0.1 and 0.5 V/A and
frequencies of 100 GHz, 150 GHz, 200 GHz, 250 GHz, and 300 GHz. It was observed
that microwave heating accelerates with increases in Si vacancy concentration,
electric field strength, and frequency. Mean square displacement, diffusion coefficient,
and radial distribution function were analysed to assess the physical properties and
phase change in the 3C-SiC system during microwave exposure. The 2% Si vacancy
provides the highest self-diffusion coefficient at 0.5 V/A and 300 GHz than
concentrations 0.5% (thrice), 1.0% (twice), and 1.5% (1.33 times). The phase and
structural (40% to 50%) changes were observed during microwave exposure of the

3C-SiC system having 1.5% and 2.0% Si-vacancies for 4.985 ns and 4.49 ns,



respectively, at 0.5 V/A and 300 GHz. Comparative performance evaluation of Si
vacancy with C vacancy revealed that microwave heating of C-vacancies (1.5%, and
2% C) induced 3C-SiC system occurs at higher rates 95.5% and 142.2% respectively at
0.5 V/A and 300 GHz as compared to same Si vacancies. Additionally, beyond 1000K,
microwave heating in a C vacancy-based 3C-SiC system is driven by structural

changes induced by vacancies as compared to the thermal conductivity of the system.

Keywords: microwave energy, atomistic modelling, silicon carbide, vacancy, thermal

property
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1 Introduction

Microwave processing of materials has attracted the research community globally due
to the unique ability of microwaves to penetrate into the core of the material directly,
resulting in rapid and volumetric heating of the target materials [1-4]. Moreover,
microwave energy-based processing of the material is well-known for its low energy
consumption, more uniform heating and short processing time as compared to
conventional heating methods [5,6]. However, the efficient use of microwave energy
for material processing is not as straightforward as it might seem, owing to the

unpredictable interaction behaviour of microwaves when exposed to different



materials and their constituents [6,7]. Metallic materials, polymers, and their
composites tend to behave as reflectors, transparent, or partial absorbers of
microwave irradiation. On the contrary, ceramics such as SiC, and ZnO are excellent
absorbers of microwave energy [8,9] due to their high thermal stability, excellent
mechanical strength, chemical resistivity and wide band gap [10-13]. Subsequently,
SiC is often utilised as a susceptor material in processing microwave non-absorbing
materials, often in a microwave hybrid heating configuration, to achieve coupling of
microwaves with non-microwave absorbing materials [14]. In addition to its
microwave processing capabilities, the excellent mechanical and thermal
characteristics of SiC and its ability to function in extreme environments [15,16]
position it as a promising material for various applications including advanced
electronic devices for power electronics, cladding material in light water reactors,
photonics bridging quantum technologies [17] and energy applications [18], sensors,
biosensors [16,19] and quantum sensor [20]. These applications are significantly
affected by the presence of internal and extrinsic imperfections inside the SiC crystal.
Vacancy point defects are the most studied defects to reduce their concentration or, in
some cases, to control their concentrations by deliberately irradiating the pure
material with accelerated ions or electrons or laser to control the formation from a
single vacancy to an ensemble of them [21]. Furthermore, it is a well-known fact that
no material is entirely devoid of defects (i.e. flawless) in the real world; some

concentration of vacancies invariably exists within a crystal structure. Investigating



the impact of vacancy defects on the thermal and structural properties of 3C-SiC
during its heating poses a considerable experimental challenge. Fortunately, recent
advancements in computational and characterisation techniques have made it
feasible to theoretically analyse thermal and structural properties at the atomic level
[22]. Atomistic-level modelling techniques such as molecular dynamics have emerged
as viable tools for simulating 3C-SiC with various concentrations of defects during
microwave irradiation. Several computational studies have already reported on the
impact of vacancies on the thermal and mechanical properties of 3C-SiC [23-25]. Li et
al. [26] reported that while point defects had minimal impact on heat capacity and
thermal expansion coefficient, the presence of vacancies in 3C-SiC led to a significant
decrease in thermal conductivity. This reduction in thermal conductivity with
increasing vacancy concentration was primarily attributed to the predominant
mechanism of defect scattering of phonons. Samolyuk et al. [27] investigated the
impact of single vacancies and microvoids on the thermal properties of 3C-SiC
through a molecular dynamics approach. It was reported that thermal conductivity
decreased by five-fold as the vacancy concentration increased from 0 t0 0.46%. On the
other hand, Mao et al. [28] explored the effect of eight distinct types of point defects
on the thermal behaviour of 3C-SiC at various temperatures. It was reported that there
was a rapid decrease in thermal conductivity at low defect concentrations, which
stabilised at higher concentrations. However, any study on microwave heating of

vacancy-induced 3C-SiC systems was hardly reported.



In recent years, few studies have been reported on microwave heating characteristics
of different materials using the atomistic simulation method. Most of these studies
are primarily limited to organic compounds like water [29,30], polyacrylonitrile (PAN)
[31], toluene [32], and epoxy resin [33]. A few handful studies have explored the
microwave heating characteristics of ceramic materials. Nukano et al. [34] conducted
directional microwave heating simulations of a-alumina (Al,O3) using molecular
dynamics and concluded that the rapid melting of a-Al,03 by microwave energy
occurred due to the high anisotropic mobility of aluminum (Al) atoms. Another study
compared the microwave heating profiles of two different SiC models [35]. It was
reported that the microwave heating of the 3C-SiC slab is directionally dependent on
the direction of microwave exposure, whereas the heating in bulk 3C-SiC is
directionally independent of microwaves [35]. A numerical relationship between
electrical field strengths and frequencies was developed while microwave heating the
3C-SiC system to forecast the thermal behaviour and phase changes possible in the
material [36]. Limited literature availability on microwave heating of 3C-SiC provides a
scope to study the influence of vacancy defects on the thermal and structural
properties of 3C-SiC at the molecular level during microwave exposure. In this work, a
molecular dynamics-based approach has been used to investigate the effects of
pre-existing Silicon (Si) vacancies in microwave heating of the 3C-SiC system. Thermal
and microstructural evolution of the 3C-SiC system during microwave exposure has

been analysed using mean square displacement (MSD) and diffusion coefficient.



Further, properties related to structural changes were examined in detail using the
radial distribution function (RDF) and the identified diamond structure (IDS) modules
in OVITO. Moreover, the influence of Si vacancy and C-vacancy was studied, and a

comparative analysis has been presented for heating rate.

2 Computational methodology

In this work, three different models of the 3C-SiC system, including pristine, Si-vacancy
and C-vacancy, have been used to study the microwave heating characteristics of the
3C-SiC system. In this section, model development and simulation strategy are

discussed.

2.1 Pristine model

2.1.1 Model development

The pristine model of 3C-SiC was developed by considering the bond dynamics and
interatomic interactions between Si and C atoms. The study implemented a three-body
Vashishta interatomic potential proposed by Vashishta et al. [37]. The effectiveness of
this potential has been previously demonstrated through accurate predictions of
dislocation behaviour [38—40], diffusion behaviour [41], and microwave irradiation in

SiC systems [35].



A periodic pristine 3C-SiC structure was constructed using ATOMSK platform [42]. The
pristine 3C-SiC model has a dimension of 8.72x8.72x8.72 nm?3, consists of 64000

atoms residing in a zinc-blende structure.

2.1.2 Model validation

Simulations were conducted using the open-source Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) platform provided by Sandia National
Laboratories (USA) [43]. Analysis of atomic configurations, structural changes, and
post-processing of simulation results was conducted using the open visualisation tool
(OVITO) software [44]. The pristine model was validated by comparing experimental
XRD results with the simulated XRD profile (Fig. 1). The XRD analysis of pristine
structure was carried on a Bruker D2 Phaser with Cu-Ka X-ray at a scanning rate of 1°
min'. The XRD patterns of the pristine 3C-SiC were obtained before (Fig. 1(a)) and
after microwave exposure (Fig. 1(b)), as illustrated in Fig. 1. Fig. 1(a) displays the XRD
pattern of pristine 3C-SiC prior to microwave exposure. At the same time, Fig. 1(b)
exhibits the XRD pattern after exposure to microwave energy (at 900 °C). From the
experimental study, the (101), (111), (103), (200), (220), (311) and (222)
crystallographic planes for 3C-SiC were detected at scattering angles of 33.52°,35.53°

, 37.86°,40.88°, 59.44°,71.28° and 74.8°, respectively.

In the simulation study, five peaks were identified at scattering angles of 35.76°, 41.52

° 60.08°, 72.24°, and 75.44°, corresponding to (111), (200), (220), (311), and (222)



planes, respectively. The XRD pattern observed in the simulation study before
microwave exposure closely resembled the experimental results depicted in Fig. 1(a).
A similar trend was also seen in previous XRD studies on 3C-SiC conducted at room
temperature [45,46]. Upon application of microwave energy, the system's temperature
began to rise. Subsequently, the heights of the (111), (220), and (222) peaks
decreased, and these peaks became broader and flatter, as depicted in Fig. 1(b).
These changes in peaks confirm the heating of 3C-SiC structures via microwave
energy. This study indicates that the developed model and simulation results for the
pristine 3C-SiC structure agree well with the literature and experimental results.

Therefore, the pristine model was used further to develop the vacancy-based models.



Fig. 1 The XRD patterns of pristine 3C-SiC during experimental and simulation studies in

conditions (a) before MW exposure and (b) After MW exposure.

2.2Vacancy-based Models

The initial computational model (i.e. pristine 3C-SiC) was obtained using the
above-mentioned approach. To generate varying percentages of Si vacancies, nj
atoms were randomly eliminated from the original model. The selection of vacancy
concentration was completely based on the available literature on MD study of 3C-SiC
[23,27,47-49]. The percentage of vacancy and their corresponding atoms are detailed
in Table 1. All simulation models were constructed using the ATOMSK software [42],
maintaining a lattice constant of 4.36A and adopting a zinc-blende structure. Fig. 2
depicts the initial configuration of the vacancy-induced 3C-SiC model, including its
dimensions. In-plane periodic boundary conditions were applied from all the three
directions to ease the impact of unbound edges. The C-vacancy based model was
developed using the similar approach as a model was developed for Si vacancy. The

details of the model are givenin Table 1.
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Fig. 2 A schematic representation of generated Si-vacancy induced 3C-SiC structure
(simulation box size: 87.2x87.2x87.2 A3) and microwave (MW) heating of the structure along

x-direction

Table 1: Si-vacancy and C-vacancy concentration of 3C-SiC structure

Type of vacancy
Model Attributes

Si-vacancy C-vacancy

Vacancy concentration(%)| 0.5 | 1.0 | 1.5 | 2.0 0.5 1.0 1.5 | 2.0

No. of atoms removed (n;) | 160 | 320 | 480 | 640 | 160 | 320 | 480 | 640

2.3 Simulation

The initial equilibrium configuration of Si/C vacancy-induced 3C-SiC is attained by

conducting system energy minimization through the conjugate gradient (CG)



algorithm [50,51]. This is performed in the LAMMPS software using the command

“wn

‘min_style” and “"minimize”. Thereafter, all the energy minimized model is equilibrated
at 300 K with the help of canonical NVT ensemble [52,53] for 1.5 ns with a time step 1
fs. After relaxation of the system, the external alternating electric field with sine
waveform was applied in x-direction in an microcanonical NVE ensemble to produce

the microwave heating effect with amplitude of 0.1 and 0.5 V/A. The associated

alternating electric field can be expressed as follow [54]:

E

= E sin(wt)

where, E s electric field strength or the amplitude applied in x-direction, w is the

angular frequency expressed as 211 f, f is the frequency and t is the elapsed time for

microwave exposure. The external electric field was applied to the system using the

“fix efield” command provided in LAMMPS package, which will add a force of F = qE

to each charged atom [55,56]. Since 3C-SiC is non-magnetic in nature, it absorbs the
electric field of microwave energy for heating. Frequency of the microwave considered
for this study ranges from 100 to 300 GHz at an interval of 50 GHz. During the study,
microwave irradiation on all the system was carried out for 5 ns. An individual charge
of 1.201 and -1.201 was assigned to Si and C atoms respectively before applying the

electric field [35,37].



Atomic motion within the system during microwave exposure was analysed in terms

of MSD, which is commonly referred to as the extent of particle movement over time

[57,58].

—T.(0)| (2)

The self-diffusion coefficient (D) of the microwave-exposed 3C-SiC system was

calculated from the slope of the MSD versus time data using the Einstein equation as

follows [59]:

—T.(0)|” (3)

where N represents the number of atoms, r; represents the position vector of ith

particle and t represents the simulation time.

Structural changes during the microwave irradiation of Si/C vacancy induced 3C-SiC

was measured utilizing the RDF, which can be expressed as [60,61]:



gopr) =

niﬁ(r)

L3 SN
N N, “i=1 4mr2ar

where a and B are the two kinds of atoms in the system, and N, and Nj are the
respective numbers of a and 3, respectively. njg(r) is the number of 8 with the radial of r
- r + Ar, which is centered on the ith atom of a. The average probability of finding the
particle 8 at the distance r from a is denoted by gqg(r), with a considered as the origin

of coordinates.

3 Results and discussion

Molecular Dynamics simulations of MW heating of 3C-SiC models containing varying
percentages of Si vacancies, ranging from 0.5 to 2.0%, were conducted. The results

obtained are discussed in this section.

3.1 Analysis on Si vacancy-induced 3C-SiC

3.1.1 Evolution of temperature

The temperature evolution with time is illustrated in Fig. 3 under different electric field
strengths (0.1 and 0.5 V/A) and frequencies (100 — 300 GHz). It is evident from Fig.
3(a — d) that the temperature remains relatively stable across all systems under an
electric field strength of 0.1 V/A. It is apparent that higher the frequency and the
electric field strength, the rise in temperature is higher in all cases. However, upon

increasing the electric field strength from 0.1 to 0.5 V/A at 300 GHz, a significant rise



in temperature can be observed, particularly in the 3C-SiC structures which have 1.5%
and 2.0% Si vacancy. In the presence of an electric field strength of 0.5 V/A and a
frequency of 300 GHz, the 1.5% and 2.0% Si vacancy-containing structures reached
their respective melting points at 4.985 and 4.5 nanoseconds, respectively. A similar
temperature evolution pattern was observed in the pristine 3C-SiC system when
microwave irradiated at 0.5 V/A and 300 GHz [36]. It is worth noting that the Si
vacancy-induced 3C-SiC system reaches the melting point of 3300 K at 0.3% and
10.2% early for 1.5% and 2% Si vacancy-induced 3C-SiC system, respectively as
compared to the pristine system. Furthermore, the frequency at which the Si
vacancy-induced 3C-SiC system reached the melting point was approximately 40%
lower than pristine system. Further discussion on the increase in temperature and the

associated phase change was conducted in subsequent sections of the study.
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Fig. 3 Variation of temperature with time during microwave heating of 3C-SiC at different
electric field strengths (V/A) and frequencies (GHz) while varying Si vacancy concentrations

(@) 0.5% (b) 1% (c) 1.5% and (d) 2.0%.

3.1.2 Microstructural evolution

A comprehensive depiction of atomic-level structural changes at an electric field
strength of 0.5 V/A and frequencies of 300 GHz for 1.5% and 2.0% Si vacancy-induced
3C-SiC structures is presented in Fig. 4(a-b). To facilitate a clearer understanding of

the behaviour of defects and phase changes over time within the defect-induced



system during microwave irradiation, the structure was sliced from the middle using

the OVITO platform.

Fig. 4 Snapshots of atomic-level structural analysis of Si-vacancy induced 3C-SiC structure

during microwave exposure at Si vacancy concentrations (a) 1.5% and (b) 2.0 %.

For a Si-vacancy concentration of 1.5% (Fig. 4(a)), a slight movement of vacancies
was observed until 3.0 ns during microwave exposure. At 4.5 ns, some vacancies were
accumulated within the system and some of the cubic diamond structures got
converted to cubic diamond (1st neighbour) and cubic diamond (2nd neighbour)
structures. With further increase in microwave exposure time (at 4.985 ns), a sharp
increase in vacancy concentration was observed and approximately 30.1% and 8.8%
of atoms converted to cubic diamond (1st neighbour) and cubic diamond (2nd

neighbour) structures, respectively.



For the 2.0% Si-vacancy concentration (Fig. 4(b)), a similar movement of atoms was
observed until 3.0 ns, but the atom mobility was notably unstable and intense. This
instability might account for the higher diffusion of atoms at this point. As microwave
exposure continues till 4.49 ns, a sharp rise in temperature occurred (as observed in
Fig. 3) and only 50% of the cubic diamond structure remained in the system, while the
rest consisted of cubic diamond (1st neighbour), cubic diamond (2nd neighbour), and
other structures. Further microwave exposure up to 4.5 ns, the Si-vacancy induced

system had completely lost its crystallinity and converted into a liquid structure.

The abrupt phase structure transition occurring at 4.985 ns and 4.49 ns for 1.5% and
2.0% Si-vacancy 3C-SiC could account for the considerable temperature escalation
during microwave exposure. This temperature surge in these structures surpasses
that of pristine 3C-SiC, indicating a pronounced influence of defects on the
temperature rise. Previous studies have indicated that the presence of defects
enhances microwave absorption efficiency by inducing a thermal shock effect in the
material [62]. The primary mechanism that drives the microwave absorption involves
either the generation of frictional heating or the induction of eddy currents within the
system [62]. Additionally, the rise in temperature in defect-induced 3C-SiC may be due
to the excitation of non-thermal phonons and localized resonant coupling of point

defects [63].

3.1.3 Radial distribution function



The pre-existing vacancy, along with the electric field strength and frequency,
undoubtedly influence the intricate temperature elevation in 3C-SiC during microwave
exposure. To comprehend the structural alterations, the Radial Distribution Function
(RDF) of the Si vacancy-induced 3C-SiC system before and after exposure to the
microwave field was computed and depicted in Fig. 5(a-b). The RDF plots obtained
after equilibration with various vacancy percentages are illustrated in Fig. 5(a). Each
plot exhibits a distinct peak at the equilibration point, indicating that the system
maintained its bulk crystalline order and the structure is stable. Following microwave
exposure for 1 ns, a slight decline in the Si-C peak was noted, as depicted from
Supplementary Fig. S1. As the electric field strength and frequency increase, the first
peak tends to reduce. It is evident from the figures that the elevation of the peaks
decreases with an increase in vacancy percentage. It is obvious to compute and
analyse RDF at vacancy concentrations 1.5% and 2.0% in Si vacancy-induced 3C-SiC
during microwave exposure as a sharp increase in temperature occurs in these
concentrations at 0.5 V/A and 300 GHz (Fig. 3 (c—d)). The RDF was computed and
plotted as depicted in Fig. 5(b). At an electric field strength of 0.1 V/A, each RDF peak
appears sharp and relatively higher, similar to the RDF peak observed in Fig. S1.
However, when the electric field strength increases to 0.5 V/A, the peaks begin to
weaken in terms of intensity. Moreover, the length of the peak decreases and the width
increases with the rise in frequency at 0.5 V/A. The peak shifting towards a straight

line at higher electric field strengths and frequencies confirms that the system is



approaching its melting point. This decrease in peak intensity mainly attributed to the

structural changes occurring within the system and its decrease in crystallinity, since

the system is moving towards melting region [64].
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Fig. 5 RDF plots of Si-vacancy induced 3C-SiC during microwave irradiation (a) at equilibration

point and (b) at 4.985 ns and 4.49 ns for 1.5% and 2.0% Si-vacancy respectively (Si-C)

3.1.4 Mean square displacement and diffusion coefficient

Fig. 6(a-d) illustrates the MSD of the microwave-irradiated Si vacancy-induced 3C-SiC
system. Qualitatively, the MSD plots (Fig. 6) for different Si vacancies exhibit similar
trends as observed in the case of temperature variation (Fig. 3). It is evident from Fig.
6 that the MSD value increases with an increase in vacancy concentration. This finding
is consistent with previous literature on Si clusters with varying percentages of
vacancy defects [65]. For 0.5% and 1.0% of Si vacancy, the MSD values remained
almost constant over time, indicating minimal surface disorder within the system,
maintaining a solid state. However, with an increase in Si vacancy concentration,
particularly at an electric field strength of 0.5 V/A and a frequency of 300 GHz, a
sudden rise in MSD value was observed just after 4 ns. This abrupt increase in MSD
values is primarily attributed to the formation of a liquid phase or surface disorder
within the system. Additionally, the system undergoes a first-order melting transition,

where the crystallinity of the system begins to collapse.
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Fig. 6 Mean squared displacement (MSD) of Si-vacancy induced 3C-SiC system during

microwave irradiation at vacancy concentrations (a) 0.5%, (b) 1%, (c) 1.5% and (d) 2.0%.

The diffusion coefficient obtained at an electric field strength of 0.5 V/A and at a
frequency of 300 GHz for the 3C-SiC system with different vacancy concentrations
were calculated and presented in Fig. 7. Until 2 ns, the temperature and MSD variation
for 0.5 V/A at 300 GHz, was almost linear for the all the vacancy concentration. The
slope of the MSD curve during this time interval was measured and plotted in Fig. 5.
The diffusion coefficient of the Si vacancy-induced 3C-SiC increases with an increase
in vacancy concentration during microwave irradiation. The diffusion coefficient
obtained at 2.0% Si vacancy, was around approximately 195%, 90.4% and 15.59%

higher than 0.5, 1.0 and 1.5% Si vacancy concentration respectively. This increase in



diffusion is mainly attributed to the amount of point defect concentrations and their

mobility inside the 3C-SiC system [63].
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Fig. 7 Diffusion coefficient of Si-vacancy induced 3C-SiC system during microwave irradiation

at 0.5 V/A and 300 GHz.

3.1.5 Evolution of Si vacancies during microwave irradiation

The significant temperature elevation was observed in 3C-SiC systems with 1.5% and
2.0% Si-vacancy at high electric field strengths (0.5 V/A) and frequencies (250 and
300 GHz) as evident from Fig. 3. Therefore, in this section, the study is focused on the
evaluation of vacancy concentrations 1.5% and 2.0% and Figs. 8(a-b) illustrate the
evolution of the distribution of Si vacancies at specific time intervals during

microwave exposure, while the results for the remaining cases have been presented in



the supplementary Fig. S2. The microwave heating effect was studies on two specific
Si-vacancies, V1 and V; (Fig. 8) for 1.5% and 2.0% Si-vacancy. Initially (at t=0 ns), both
Si-vacancies were surrounded by four C-atoms, occupying the cubic diamond (2nd
neighbour) phase, while these C-atoms were further encircled by 8 Si-atoms in the
cubic diamond (15t neighbour) phase. In case of 1.5% Si-vacancy at 250 GHz and 300
GHz, vacancies move within the system without altering the structure up to time span
of 4.5 ns as depicted in Fig. 8(a). Once the temperature reaches 1200 K at 4.61 ns (at
250 GHz) and 4.5 ns (at 300 GHz), the vacancies began to diffuse within the system. It
results in the transition of almost all carbon atoms to Cubic diamond from the cubic
diamond (2"9 neighbour) phase. It was observed that an increase in microwave
exposure time results in a decrease in the size of the vacancy. Subsequently, as the
microwave exposure time increased (especially at 300 GHz frequency), nearing the
melting region, the atoms began to displace from their original positions, ultimately
transforming into amorphous (other) structures (Fig. 8(a)). Similar phenomena were
also observed in the case of 2.0% Si-vacancy (Fig. 8(b)); however, the diffusion of
vacancies occurred before 4.5 ns during microwave exposure as compared to the
1.5% Si-vacancy. In this case also, the diffusion of vacancies started beyond 1200 K
which was attained at 3.91 ns and 3.77 ns for 250 GHz and 300 GHz, respectively.
Further, increase in microwave exposure time results in the breaking of the bonds and
movement of atoms from their initial position due to increase in system temperature.

In a previous experimental study on SiC, it was reported that there was no alteration in



the type of vacancy defects at annealing temperatures up to 873 K. However,

vacancies began to anneal out when the temperature exceeded 1273 K [66]. A similar

annealing behaviour of vacancies was observed during migration studies of vacancies

at higher temperatures [67]. The migration of Si-vacancies is evident in this study and

it is in good agreement with the previous report [59].
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Fig. 8 The distribution of Si-vacancies at an electric field strength of 0.5 V/A and frequencies

250 GHz and 300 GHz for (a) 1.5% Si-vacancy and (b) 2.0% Si-vacancy.

3.2 Analysis of C and Si vacancies induced 3C-SiC systems



Interaction of microwaves with 3C-SiC systems having different concentrations of C
and Si vacancies (0.5%, 1.0%, 1.5%, and 2.0%) was studies for 1.5 ns at 0.5 V/A and
frequencies 100 GHz, 150 GHz, 200 GHz, 250 GHz, and 300 GHz (Fig. 9(a)). It is evident
from Fig. 9(a) that up to 1.5 ns of microwave exposure, all the Si-vacancy induced
system exhibits approximately linear relationship of temperature variation with
frequency and the evolved temperature for C-vacancies remain higher than
Si-vacancies for all frequencies. In case of 3C-SiC with lower C-vacancy percentages
(0.5%, and 1.0%), the temperature varies linearly with frequency, whereas, for the
C-vacancy concentrations 1.5% and 2.0%, the temperature maintains a linear
relationship with frequency up to 200 GHz and the structure attains 607 K (1.5%
C-vacancy) and 779 K (2.0 % C-vacancy). Beyond 200 GHz, a rapid increase in
temperature of C-vacancy concentrations 1.5% and 2.0% was observed for higher

frequencies like 250 GHz and 300 GHz.

Further, to understand the microwave heating behaviour of both the vacancies in
3C-SiC system, the thermal-conductivity 2.0% C vacancy and 2.0% Si vacancy induced
3C-SiC systems was analysed and compared with the thermal-conductivity of pristine
3C-SiC structure using the non-equilibrium molecular dynamics (NEMD) simulation.
The obtained results for thermal conductivities for 3C-SiC system having no vacancy,
2.0% C vacancy and 2.0% Si vacancy were plotted as a function of temperature as
shown in Fig. 9(b). It is indicated by Fig. 9(b) that the thermal conductivity of pristine

3C-SiC is higher as compared to vacancy induced systems, which is in agreement with



the previous studies [25,26]. Thermal conductivity shows a rapid increase for all the
3C-SiC systems up to 500K, thereafter, it decreases with increase in temperature for all
systems. It can be concluded from Fig. 9(b) that the thermal conductivity plays a
significant role in increase in temperature till 1000 K during microwave exposure. The
Si and C-vacancies induced 3C-SiC system exhibit almost similar trend of thermal
conductivity beyond 1000 K. However, the temperature evolution in C-vacancy induced
3C-SiC is significant as compared to Si-vacancy 3C-SiC system. Reasons for such

microwave heating behaviour have been discussed in subsequent section.

Fig.9 (a) Variation of temperature with frequency during microwave irradiation at 0.5 V/A
electric field strength (b) Calculated thermal conductivity with respect to temperature for

pristine, 2.0% Si-vacancy and 2.0% C-vacancy induced 3C-SiC system.

A significant evolution of temperature was demonstrated by 3C-SiC systems containing
C vacancies (1.5% and 2.0%) during microwave exposure (Fig. 9(a)). Therefore, the

microwave heating behaviour of 3C-SiC system was further analysed for 3C-SiC



structures containing 1.5% and 2.0% of Si and C vacancies at 0.5 V/A and various
frequencies (100 to 300 GHz). The obtained results for temperature evolution are
shown in Figs. 10 (a-d). In both the cases of C and Si vacancies, the 2.0% vacancy
offers higher temperature evolution during microwave exposure than 1.5% vacancy.
Additionally, C-vacancy enhances temperature evolution as compared to Si-vacancy.
The Si-vacancy induces heating rates of 91.2 Kns, 145.8 Kns™, 213.4 Kns™, 309.1
Kns7, and 750.2 Kns™! at frequencies 100 GHz, 150 GHz, 200 GHz, 250 GHz and 300
GHz, respectively. It is evident from Fig. 10 that the presence of C-vacancy enhances
the rate of microwave heating of the 3C-SiC system as compared to Si-vacancy at
each frequency approximately beyond 1 ns. For example, at a frequency of 300 GHz,
the time taken to reach the melting point for 1.5% and 2.0% C-vacancy-induced 3C-SiC
was approximately half that of the Si-vacancy-induced 3C-SiC system. Moreover, the
C-vacancy induces 221.8%, 489.0%, 425.0%, 361.2%, and 142.3% higher heating rates
at frequencies 100 GHz, 150 GHz 200 GHz, 250 GHz and 300 GHz, respectively as

compared to Si-vacancy based systems.
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Fig. 10 Variation of temperature with time during microwave heating of 3C-SiC at different
vacancy concentrations (a) 1.5% Si (b) 2.0% Si (c) 1.5% C and (d) 2.0% C at 0.5 V/A and

different frequencies ranging from 100 to 300 GHz (indicated by colours in the legend).

The temperature increase beyond 1000 K during microwave exposure of all the 3C-SiC
systems was further analysed using mean square displacement (MSD) and diffusion
coefficient. The MSD plots at 0.5 V/A and 300 GHz are shown in Fig. 11(a) for pristine,
1.5% and 2.0% C and Si-vacancies induced 3C-SiC. Variation in diffusion coefficient of
1.5% and 2.0% C and Si-vacancies induced 3C-SiC systems is depicted in Fig. 11(b) at

different frequencies. For pristine 3C-SiC, it was reported that temperature reaches up



to 550 K during microwave exposure for 5 ns at 0.5 V/A and 300 GHz [36].
Consequently, the MSD of pristine 3C-SiC is almost linear over the period of
microwave exposure as shown in Fig. 11(a). It is evident from Fig. 11(a) that with the
introduction of vacancies, the particle mobility enhanced significantly especially for
C-vacancy induced 3C-SiC up to 0.66 A2 and 0.75 A2 at 1.5% and 2% vacancies,
respectively. On the other hand, Si-vacancy of 1.5% and 2.0% could reach 0.024 A2 and
0.029 A? respectively in similar time of microwave exposure. In case of 2.0%
Si-vacancy, the mobility of particle is linear until 3.5 ns of microwave exposure time i.e.
at 1000 K (also depicted in Fig. 3) then a sudden increment was noticed. Similar
behaviour can be observed in other cases of vacancies. Previous studies have
reported higher mobility of C-antisites than Si-antisites [67]. This was further verified
though diffusion coefficient analysis (Fig. 11(b)) for the vacancy induced system. It is
indicted by Fig. 11(b) that the diffusivity of C-vacancy induced 3C-SiC systems are
higher than the corresponding Si-vacancy induced 3C-SiC systems. The 2.0%
C-vacancy induced 3C-SiC system have 83.9%, 87.1%, 158.5%, 195.3%, and 386.4%,
higher diffusion coefficient value than 2.0% Si-vacancy induced 3C-SiC system at 100
GHz, 150 GHz, 200 GHz, 250 GHz, and 300 GHz, respectively. It can be concluded that
the C-vacancy provides scopes for higher diffusion of atoms during microwave

heating.



Fig. 11 (a) Particle mobility during microwave exposure at an electric field strength of 0.5 V/A
and frequency of 300 GHz (b) Diffusion coefficient of 1.5% and 2.0% Si and C-vacancy at 0.5

V/A electric field strength and different frequencies

It can be concluded from previous section that C- vacancy expedites the microwave
heating of 3C-SiC systems as compared to Si-vacancy at 0.5 V/A and 300 GHz. The
rapid heating behaviour of 2.0% C and Si-vacancies behaviour was further analysed to
understand the atomic structural changes that occur during microwave exposure. Fig.
12(a) shows time-temperature profile of 3C-SiC system having 2.0% Si and 2.0% C
vacancies. The atomic structural changes for 2.0% Si (indicated by points A, B, and C
in Fig. 12(a)) and 2%C (indicated by points A', BT, and C'in Fig. 12(a)) vacancies are
presented in Fig. 12(b) and 12(c), respectively. Up to 1 ns, all the atoms in the vacancy
remains intact to their position (as indicated by point A in Fig. 12(b) and A in Fig.
12(c)). Once the microwave exposure time reaches at 1.4 ns, i.e. at point B (Fig. 12(b)),
one of the Si atoms from the Si-vacancy moves out from its position; consequently, the

structure transits from a cubic diamond (2" neighbour) phase to an amorphous



structure. On the contrary, at the point B! (Fig. 12(c)), no transition behaviour was
observed for C-vacancy. With further microwave exposure up to 1.85 nanoseconds,
the structure containing Si-vacancy remains in in a state (C in Fig. 12(b)) similar to 1.4
ns state (B in Fig. 12(b)), whereas, atoms within the C-vacancy structure showed
transition to an amorphous phase (C' in Fig. 12(c)) due to achieving their melting
point. It can be concluded from the discussion that microwave heating is driven by

structural changes induced by vacancies in the 3C-SiC structures.
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Fig.12 (a) Time-temperature profile for 3C-SiC system with 2.0% Si and 2.0% C vacancies
during microwave exposure at 0.5 V/A and 300 GHz, and atomic structural change for (b) 2.0%
Si-vacancy at points A, B and C indicated on temperature profile of 2% Si in Fig 12(a), and (c)

2.0% C-vacancy at points A, BT to C' indicated on temperature profile of 2% C in Fig 12(a).

4 Conclusion

Classical MD simulation was employed to investigate the impact of varying

concentrations of Si vacancy defects on the thermal and physical behaviour of the



3C-SiC system under microwave exposure. Microwave heating was applied to the
system at different electric field strengths (0.1 and 0.5 V/A) and frequencies (100,

150, 200, 250, and 300 GHz). The following key findings emerged from the study:

e As the Si-vacancy concentration increased, the 3C-SiC system approached its
melting point at a faster rate. The diffusivity at 2.0% Si was almost 195%, 90.4%
and 15.59% higher than 0.5%, 1.0% and 1.5% Si vacancy.

e The RDF analysis indicates reduction in crystallinity by 66.67% and 72.22% for
1.5% and 2.0% Si-vacancy with the application of microwave energy. Loss in
crystallinity is mainly attributed to the change in phase from cubic diamond to
other (amorphous) structures at 0.5 V/A and 300 GHz for both the vacancies.

e Annealing of Si-vacancy induced 3C-SiC starts at 900 K and at around 1500 K
most of the Si-vacancy starts to anneal out. Annealing of Si-vacancy occurred
at a lower temperature than the C-vacancy.

e |DS analysis revealed sharp change in phase for above mentioned vacancies at
4.985 ns and 4.49 ns, respectively. Additionally, the 2.0% Si-vacancy induced
3C-SiC system attained the melting point at just 4.5 ns of microwave exposure
time.

e Heating in 3C-SiC with vacancy during microwave exposure occurred due to
two mechanisms. At the initial phase thermal conductivity plays a major role in
increase in temperature, later particle mobility helps to sudden increment in

temperature.



e Compared to Si-vacancy, 2.0% C-vacancy exhibits a higher microwave heating
rate of 221.8%, 489.0%, 425.0%, 361.2%, and 142.3% at 100 GHz, 150 GHz, 200

GHz, 250 GHz, and 300 GHz, respectively.
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