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technique, polycrystalline films are quite likely to be produced, and the existence of Kapitza thermal
resistance along grain boundaries could result in substantial changes of their thermal properties. In
the present study, the thermal transport along polycrystalline silicene was evaluated by performing
a multiscale method. Non-equilibrium molecular dynamics simulations (NEMD) was carried out to
assess the interfacial thermal resistance of various constructed grain boundaries in silicene. The
effects of tensile strain and the mean temperature on the interfacial thermal resistance were also
examined. In the following stage, the effective thermal conductivity of polycrystalline silicene was
investigated considering the effects of grain size and tensile strain. Our results indicate that the
average values of Kapitza conductance at grain boundaries at room temperature were estimated

to be nearly 2.56 x 10°W/m?K and 2.46 X 10°W/m?2K through utilizing Tersoff and Stillinger-Weber
interatomic potentials respectively. Also, in spite of the mean temperature, whose increment does
not change Kapitza resistance, the interfacial thermal resistance could be controlled by applying
strain. Furthermore, it was found that by tuning the grain size of polycrystalline silicene, its thermal
conductivity could be modulated up to one order of magnitude.

Nowadays, novel two-dimensional materials (2D Materials) have attracted widespread research interest due
to their promising application potential in nanotechnology'~*. The successful exfoliation of graphene™®, as a
one-atom-thick planar sheet with fascinating properties’~®, has served as a milestone in experimental attempts to
synthesize the new class of 2D materials'®!>.

Silicene, a honeycomb structure of silicon elements, has emerged as a favorable monolayer material because of
its outstanding physical and chemical properties®>!*!> as well as its compatibility with current silicon-based elec-
tronics'®. Although theoretical possibility of silicene was predicted by Takeda et al.'” in 1994, it was successfully
grown on various metal substrates in the recent decade®'*-%°.

Owing to the structural similarity of silicene and graphene, silicene can be a satisfactory alternative to
graphene. Furthermore, the slightly buckled structure of silicene and the existence of mixed sp*-sp® hybridization
lead to some new features®'. For instance, despite graphene, the band gaps of silicene can be opened and tuned
when exposed to an external electric field, proposing it as desirable building-blocks such as field effect transis-
tors?®%, solar cells**?*, reusable molecule sensors? and Li-ion batteries””. In addition, the physics in quantum
phase transition can be explored with the interaction between the electromagnetic field and spin-orbit coupling
in silicene?®. Moreover, this slightly buckled structure will significantly alter the thermal conductivity of silicene
due to breaking the symmetry of the out-of-plane direction. Thus, unlike graphene, silicene exhibits a low ther-
mal conductivity®®. Because the effective procedure to improve the thermoelectric performance is to reduce the
thermal conductivity with maintaining the electronic transport features, silicene may show a great advantage asa
promising thermoelectric material®**!.

It is notable that the reported distinguished properties of silicene belong to single crystal and defect-free sam-
ples, while various types of defects are typically formed during the fabrication process which may considerably
affect electrical, mechanical, thermal, and other properties of silicene®>~34.

Among all the developed fabrication methods, the chemical vapor deposition (CVD) is a common approach
to synthesize different types of two-dimensional atomic crystals due to its simplicity, the potential large-scale
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application, high-quality production and its rather low expenses®*. It is worth mentioning that CVD process
inevitably lead to the formation of polycrystalline structures. In the polycrystalline morphology, grain boundaries
appear where grains with different crystalline orientations face each other. The grain boundaries expand across
the structure and because of their more distinct lattices than that of pristine grains, are regarded as topological
defects. These topological defects can scatter the phonons and can also drastically change the thermal, mechan-
ical and electronic features of the constructed polycrystalline product®”’->°. As a consequence, a fundamental
understanding of the effects of grain boundary on the physical properties of polycrystalline samples is of crucial
importance for the potential applications of these polycrystalline structures.

During the past decades, thermal transport exploration on 2D polycrystalline structure were often concen-
trated on graphene, hexagonal boron nitride and polycrystalline MoS,*-*%. As an instance, Mortazavi et al.**
investigated the thermal transport of polycrystalline MoS, by developing a multi-scale method. They first per-
formed the molecular dynamics simulations in order to explore Kapitza thermal conductance of different types of
grain boundaries, detectable in CVD constructed MoS,. Next, in order to study the effective thermal conductivity
of polycrystalline samples at macroscopic level, they designed continuum models of MoS, films utilizing the finite
element method. Consequently, they found that thermal conductivity of samples can be modulated by changing
their grain size. Bazrafshan et al.** developed a combined NEMD atomistic-continuum multi-scale modeling to
thermal transport engineering in polycrystalline graphene. They also examined the impact of nitrogen and boron
doping, grain size, and mechanical strain on the effective thermal conductivity of polycrystalline graphene films.
Their results indicated that Kapitza conductance and the thermal conductivity of polycrystalline graphene with
nano-sized grains was not affected by nitrogen and boron doping. Also, they represented that the interfacial ther-
mal resistance had a significant role in thermal transport within polycrystalline graphene with small grain sizes.

Although many potential applications are foreseen for silicene in the realm of thermoelectricity, thermal man-
agement and energy storage, to date, some limited number of research lines have been devoted to the thermal
properties of polycrystalline silicene. As the pioneers of the field, Ju et al.** performed the molecular dynamics
simulations in order to explore the out-of-plane thermal conductivity of polycrystalline silicon nanofilm. They
examined the effect of temperature, film thickness, and average grain size in the out-of-plane thermal conduc-
tivity of polycrystalline sample by the Muller-Plathe method. They observed that the polycrystalline thermal
conductivity was lower than that of the silicon single crystal nanofilm and the out-of-plane thermal conductivity
of polycrystalline silicon nanofilm was sensitive to the grain size.

Recently, Gao et al.** carried out Green-Kubo equilibrium molecular dynamics simulations to measure the
thermal conductivity of polycrystalline silicene with grain size of up to 50 nm. According to their report, poly-
crystalline silicene demonstrates extremely low thermal conductivity compared with both amorphous silicene
and one-dimensional polycrystalline silicon nanowires with the identical grain size. They carried out phonon
spectral energy density analysis and revealed that ultralow thermal conductivity of polycrystalline silicene origi-
nates from the phonon scattering through the boundary of grains.

As another instance, Roy et al.*® used the non-equilibrium molecular dynamics simulation to study the role of
grain size in the thermal conductivity of polycrystalline Silicene. Their findings revealed that the thermal conduc-
tivity of the polycrystalline silicene with ultra-fine nano-grained was more sensitive to the grain size compared
with a larger grain size sample. Therefore, with the increase in the grain size, the thermal conductivity increased
and finally converged to a certain value.

Among few issues in polycrystalline silicene, which are based on molecular dynamics (MD) simulations, var-
ious investigations are concentrated on grains with small sizes. However, 2D polycrystalline structure, produced
by CVD method, consists of grains with larger size (typically few hundred nanometers). Since the high compu-
tational costs of MD simulations limits the modeling of polycrystalline silicene with microscale grain sizes, we,
in the current study, investigated the thermal properties of polycrystalline silicene through a multiscale model-
ling, consisting of non-equilibrium molecular dynamics simulations (NEMD) and continuum heat conduction
method. We first applied classical NEMD simulations in order to compute the interfacial thermal resistance
(Kapitza thermal resistance) of six different constructed grain boundaries in silicene. Following that, we inten-
sively explored the effect of tensile strain and the mean temperature on the interfacial thermal resistance. Finally,
based on the MD provided data, we made a continuum model of polycrystalline silicene and examine the effective
thermal conductivity of the model by taking into consideration the effects of grain size and mechanical strain.

Simulation Method

Based on first-principles calculations and experimental evidence via high-resolution electron micros-
copy®®!, various types of dislocation cores may exist in the grain boundaries of the two-dimensional polycrys-
talline materials. It is worth noting that the existence of a wide variety of dislocation cores depends on grains
orientation as well as distances between the atoms in the two sides of the grain boundary. Among these diverse
configurations, we explored a common pentagon-heptagon defect pairs with different defect concentrations along
the grain boundaries. Figure 1 illustrates the atomic structures of six different grain boundaries consisting of
pentagon-heptagon defect pairs. Also, we evaluated both the symmetrical and asymmetrical grain boundaries
for pentagon-heptagon defect pairs. As depicted in Fig. 1, for both the symmetrical and the asymmetrical grain
boundaries, the defect concentration along the grain boundaries gradually increased. There were two hexagonal
rings which separated the two 5-7 defect pairs for the least defective ones, and for the most defective cases, there
existed no hexagonal rings which separated the two 5-7 dislocation cores. Also, all constructed structures were
periodic along the grain boundary direction.

In this research, molecular dynamics simulation was performed using the Large Scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) package™ in order to calculate the interfacial thermal resistance of
various grain boundaries in silicene. In the MD method, the employment of appropriate potential functions is
required for the accuracy of predictions. Previous studies have shown that Stillinger-Weber and Tersoff potentials

34,47-49

SCIENTIFIC REPORTS |

(2019) 9:5684 | https://doi.org/10.1038/s41598-019-42187-w 2


https://doi.org/10.1038/s41598-019-42187-w

www.nature.com/scientificreports/

@) (b) ©

Figure 1. Top and side views of atomic structures of six different grain boundaries consisting of pentagon-
heptagon defect pairs with different defect concentrations: (a) 5-7-6-6-s, (b) 5-7-6-s, (¢) 5-7-5-7-s, (d) 5-7-6-6-a,
(e) 5-7-6-a, and (f) 5-7-5-7-a.

have been widely utilized to evaluate the thermal properties of the silicon-based materials. Unfortunately, in
the case of silicene, the commonly used Stillinger-Weber potential cannot maintain the structure of the sili-
cene. Therefore, it is not proper for investigating the thermal conductivity of monolayer silicene. As a result, we
employed optimized Stillinger-Weber potential which is recently reparametrized by Zhang et al.** which can
precisely reproduce the buckled structure of silicene and the phonon dispersion computed from ab initio. On
the other hand, to evaluate the sensitivity of the results to the chosen interaction potential, we employed Tersoff**
potential as another potential to compare the results. In addition, Newton’s equations of motion were integrated
via the velocity Verlet algorithm® with a time step of 0.5 fs. In the next stage, the periodic boundary condition was
employed in the X direction and the free boundary conditions were set in Y and Z directions.

In order to rearrange the atoms at grain boundaries and get the stable structures, energy minimization was
performed and the systems were annealed from 1 to 10K for 150 ps in an NVE ensemble using Langevin ther-
mostat. Then, the structures were relaxed at room temperature (300 K) for 1 ns under NVT ensemble and cou-
pling to Nose-Hover temperature thermostat. In order to generate the temperature gradient, and consequently,
non-equilibrium heat current across the system, the sample was partitioned into 35 slabs along Y direction
and the atoms at the two ends were fixed. Adjacent to these fix regions, there existed hot and cold slabs which
were coupled to Nose-Hoover thermostat using NVT ensemble to set the temperature at T+ AT/2 (315K) and
T — AT/2 (285K) respectively. Besides, NVE ensemble was applied to the rest of the slabs. The mentioned con-
dition was applied to the system so that the steady-state regime was achieved and led to a constant heat-flux.
It is worth mentioning that the system was simulated for the entirel0 ns and the first 4 ns were discarded as
pre-equilibration step.

Molecular dynamics setup for calculating the boundary resistance of the grain boundary is shown in Fig. 2.
Considerable phonon scatterings at the grain boundary lead to a local temperature drop along the heat flux direc-
tion. The temperature drop at the grain boundary, AT, can be related to the heat flux according to the following
equation®>¢;

_ Alsg
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Figure 2. Molecular dynamics setup for calculation of the boundary resistance of the grain boundary. Top
panel: the side view of the system with 5-7-5-7-a defect type. Bottom panel: the top view of the system with 5-7-
5-7-a defects type.

where Ry is known as interface thermal resistance or Kapitza resistance (discovered by P. L. Kapitza as a resistance
to the heat flow across the interface between liquid helium and a solid)*”. ATz can be obtained from the dis-
continuity of the 1D temperature profile along the sample length, and in order to calculate the heat flux along Y
direction, Jy, the accumulative energy added and subtracted from baths were recorded every 1000 timesteps and
plotted versus time. The slopes of the linear fitting to energy diagrams are equal to the heat current. We assumed
the thickness of 4.65 A for single-layer silicene.

Finally, the acquired interfacial thermal resistance values were used in two models: 1D thermal resistance
model and continuum modeling for the exploration of effective thermal conductivity of polycrystalline silicene
sheet.

In the 1D thermal resistance model, the thermal resistance of polycrystalline silicene sheet can be considered
as the sum of the thermal resistance of the grain and the interfacial thermal resistance along the grain boundary
according to the following equation**:

—nXGS:nE—i-(n—I)L,

Keff kg Kgp 2)

where n is the average number of grains along the Y direction, x is the thermal conductivity of the grain, r¢j is
the Kapitza thermal conductance and GS is grain size which is defined as GS = A/N (A is the total area of the
silicene sheet and N is the number of grains in polycrystalline silicene sample).

When the number of grains is very large (n — 00), Eq. 2 can be simplified and effective thermal conductivity
of polycrystalline silicene sheet can be calculated by**:

r . = fig X Kgp X GS
T kg + gy % GS (3

where an equal thermal conductivity of 41 W/mK (one of pristine silicene sheets)*® was assigned for all grains
and the average value of the Kapitza thermal conductance for the six constructed grain boundaries -which are
computed through the MD- is considered as the thermal conductance of the grain boundaries.

In the 2D heat conduction continuum model, we utilized Voronoi algorithm to produce polycrystalline sili-
cene sheets with the grain size of 2 to 1000 nm. In this algorithm, some seeds (the number of seeds equals the
number of grains) were randomly placed in the plane and atomic configuration with a random orientation was
formed around each seed. Then, the distance between the generated atom and a seed in this grain was compared
with other seeds. If this distance was the shortest one, this atom belonged to the grain, otherwise the generated
atom had to be deleted®. After constructing the polycrystalline samples, finite element simulation was carried
out.
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Figure 3. The steady-state 1D temperature profiles of different constructed grain boundaries along Y direction
with the same lengths of 35nm at T=300K and AT=30K.

At steady state, the heat equation was reduced to Fourier Law of Heat Conduction, therefore, in order to cal-

culate the effective thermal conductivity, one dimensional form of the Fourier 1aw( = ]Y ) was used, where
Kegis the effective thermal conductivity of the sample and ]y is the heat flux along Y firection "

As was already discussed, the thermal conductivity of 41 W/mK (the one of pristine silicene sheets)*® was
assumed for all grains and in order to define the thermal conductance of the grain boundary, the NEMD results
for six different grain boundaries averaged. Also in accordance with NEMD setup, temperatures at the left and
right boundaries of polycrystalline silicene were set to Ty =315 K and T-= 285 K respectively. Besides, a trian-
gular mesh was generated for the system and by numerically solving heat conduction via finite volume method,
effective thermal conductivity of polycrystalline silicene sheet was obtained.

Results and Discussions

In this study, we used a multiscale method consisting of non-equilibrium molecular dynamics simulations and
solving continuum heat conduction equation in order to intensively investigate the effects of grain size and tensile
strain on the thermal transport along the polycrystalline silicene.

The steady-state 1D temperature profiles of different constructed grain boundaries along with Y direction
were presented in Fig. 3. A linear temperature gradient was observed in the area away from the heat baths.
Additionally, in view of phonon scattering with the heat baths, there existed nonlinearity close the two ends. Also,
the most distinguished features of the all temperature profiles were the discontinuity at the middle of the sample
due to the existence of the grain boundary. The established temperature jump for all the samples are represented
in Fig. 3. It can be seen that for both the symmetric and non-symmetric grain boundaries, with the increase in the
defect concentration along the grain boundary, the temperature gap slightly increased. Furthermore, the temper-
ature jump of the non-symmetric grain boundaries was explored to be higher than that of symmetric ones at the
identical defect concentration.

In Fig. 4, accumulative added energy to the hot segment and subtracted energy from the cold layer of the
samples consisting of non-symmetric grain boundaries with different defect concentration are illustrated.

Besides, the heat current (%£ ) was computed for each sample as the slope of the linear fitted to energy profile. The

results are depicted in Fig. 4. As expected, by increasing the defect concentration, the magnitude of energy flux
slightly decreases. As it is observed, the gradient of added energy with respect to time for each sample is equal to
its rate of subtracted energy, which confirms the conservation of energy in the NEMD simulations.

The interfacial thermal resistance of different constructed grain boundaries at room temperature is repre-
sented in Fig. 5. We used both Stillinger-Weber®!' and Tersof* potentials to explore the sensitivity of the results
to the chosen interaction potential. The values of the Kapitza thermal resistance obtained from Tersoff potential
for symmetric grain boundaries varies from 28.540.3 (x 1071 m?K/W) to 43.8 + 1.6 (x 10" m?K/W) at the
least and most defect concentration respectively. Furthermore, the amounts of Kapitza thermal resistance for
non-symmetric grain boundaries ranges from 32.7+ 0.4 (x 10" m?K/W) to 49.9+ 2.4 (x10~"' m?K/W) at the
least and most defect concentration respectively. As expected, by increasing the defect concentration along the
grain boundary the thermal resistance increases for both the symmetric and non-symmetric grain boundaries.
The previous change happened because of the phonon-defect scattering. Also, it was found that the thermal
resistance of each non-symmetric grain boundaries was higher than the symmetric one at identical defect con-
centration. This higher interfacial thermal resistance is because of the higher phonon-phonon scattering through
the non-symmetric grain boundaries, which arises from the difference of the phonon spectrum in two sides of
the grain boundary. The findings are both reliable and in line with the results of Mortazavi et al.*’. Furthermore,
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Figure 4. Accumulative added energy to the hot layer and subtracted energy from cold layer as a function
of simulation time of the silicene films consisting of non-symmetric grain boundaries with different defect
concentration at T=300K and AT=30K.
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Figure 5. The interfacial thermal resistance of different constructed grain boundaries at T=300K and
AT = 30K using Stillinger-Weber and Tersoff MD potentials.

Stillinger-Weber and Tersof potentials revealed the average values of Kapitza thermal conductance at grain
boundaries at room temperature nearly 2.46 x 10°W/m?K and 2.56 x 10° W/m?K respectively.

In order to have a better understanding of the impact of grain boundary on the thermal transport of the sam-
ple, we calculated phonon density of states of two groups of atoms, belonging to two sides of the grain boundary.
The phonon power spectral density was obtained by computing the Fourier transform of autocorrelation function
of the velocity of atoms corresponding to two sides of the grain boundary as follow>:

m_ o0 .
P(w) = i <y (). v(0) > dt,
(@) Z T fo eI < (). v(0)

)

where w is the angular frequency, m; is the mass of atom i and v is the velocity of the ith atom.

Figure 6(a,b) show the phonon density of states of two sides of the most defected symmetric and
non-symmetric samples (5-7-5-7-s and 5-7-5-7-a). As illustrated in figures, there exist mismatches between the
two spectra of left and right sides of the grain boundary for each samples. Thus, it can be concluded that the
interfacial thermal resistance leads to the phonons scattering through the interface, which is in line with previous
results in the literature®’.

In order to explore the sensitivity of the Kapitza thermal resistance to the mean temperature in silicene grain
boundaries, we raised the mean temperature from 300 to 700 K using the Stillinger-Weber potential. In Fig. 7, the
NEMD predictions for the interfacial thermal resistance of various constructed grain boundaries as a function
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Figure 6. Phonon power spectral density of states at two sides of 5-7-5-7-s (a) and 5-7-5-7-a (b) grain
boundaries at T=300K.
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Figure 7. The Kapitza thermal resistance of different constructed grain boundaries as a function of mean
temperature using the Stillinger-Weber potential; AT =30K.

of mean temperature are demonstrated. It is found that by increasing the temperature up to 700K, no significant
alteration was observed in the Kapitza thermal resistance of various silicene grain boundaries. The interfacial
thermal resistance in all six types of grain boundaries depicted no changes, and a slight fluctuation was in the
range of the statistical uncertainties of calculations. It is worth mentioning that Jhon et al.%? reported that the
boundary resistance in polycrystalline graphene decreased as the temperature increased, but it is not found in the
case of poly crystalline silicene. The reason could be the differences of silicene with graphene in terms of thermal
properties. Also, as discussed before, the 5-7-5-7-a, which is the most defective non-symmetric sample, exhibits
the highest interfacial thermal resistance and 5-7-6-6-s that is the least defective symmetric structure illustrates
the lower Kapitza resistance.

Studying the interfacial thermal resistance of silicene grain boundaries under an extreme condition such as
strain is required for empirical applications. Therefore, in this step, we investigated the effect of tensile strain on
the Kapitza thermal resistance of the constructed grain boundaries.

The strain is defined as®:

d
y L ’ (5)
where L is the initial length of the silicene sheet and dL is the change in length because of stretching one or both

ends of the sample along the Y-direction. For imposing the tensile strain, the first segment of the silicene sheet
was fixed and the last segment started to stretch along the sheet length with the stretching velocity of 0.005 A/ps.

€
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Figure 9. NEMD/2D continuum multiscale modeling results for the comparison of grain size effect on the
temperature profile for polycrystalline silicene with grain sizes of 2nm (a) and 1000 nm (b) at T=300K and
AT =30K; ks and k¢p were set to 41 W/mK and 2.46 x 10° W/m?K respectively.

Increment of the Kapitza resistance (%) | 30 19 41 31 77 50

Table 1. Values of imposing tensile strain which causes the maximum increment in the Kapitza thermal
resistance of the samples.

In Fig. 8, the results of NEMD simulations for constructed grain boundaries under the tensile strain are illus-
trated. It should be further said that, we also applied strain from 0.01 to 0.08 to each sample but critical value
of tensile strain in some structures was less than 0.08. For instance, the 5-7-6-6-a structure stands tensile strain
just up to 0.06. It was found that the tensile strains, which were applied to the heat flux directions, increases the
Kapitza thermal resistance of the silicene grain boundaries and the minimum interfacial thermal resistance of the
all samples is approximately found in strain-free constructions. Table 1 indicates the values of imposing tensile
strain which causes the maximum increment in the Kapitza thermal resistance of the constructions.

Figure 9 represents the temperature profiles for two polycrystalline silicene sheet with grain sizes of GS=2 and
1000 nm, considering a grain thermal conductivity of x;=41 W/mK and a Kapitza thermal conductance at grain
boundaries of 2.46 x 10° W/m?K. It is obvious that for a sample with small grain size of 2nm, the temperature
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Figure 10. The effective thermal conductivity of polycrystalline silicene with various grain sizes based on 2D
heat conduction and 1D thermal resistance models grain sizes are set to 1, 2, 3, ..., 10, 20, 40, ..., 100, 200, 400,
..., 1000 nm.

distribution is approximately uniform inside each grain and a constant temperature can be assigned to individual
grains. In contrast, for polycrystalline silicene film with large grain sizes, the temperature profile is not uniform inside
each grain and a temperature gradient can be almost seen inside individual grains. These observations imply the fact
that at grain sizes lower than 10 nm the thermal resistance at grain boundaries dominates over the grains’ thermal
resistance but when the grain size increases, the effect of grain boundaries resistance is considerably weakened.

In the present study, the thermal conductivity of polycrystalline silicene as a function of grain size was evalu-
ated by the 2D continuum multiscale model and 1D thermal resistance approach. In Fig. 10, the effective thermal
conductivity of polycrystalline silicene with various grain sizes based on proposed models are represented. It can
be observed that the effective thermal conductivity of polycrystalline silicene exhibits increment with an increase
in the sizes of grains. Furthermore, for samples with the grain sizes lower than 100 nm, the thermal conductivity
increases drastically by increasing the grain size, but by increasing the grain size in the range of 100 to 1000 nm,
the increase in the thermal conductivity declines and eventually achieves a plateau, close to the thermal conduc-
tivity of pristine silicene. As mentioned earlier, since we supposed identical thermal conductivity for all grains
(41 W/mK)®®, the key factor which assign the effective thermal conductivity of polycrystalline film is thermal
conductance of the grain boundaries. Besides, it is demonstrated that when the grains sizes increase, the thermal
conductivity of polycrystalline silicene changes nearly from 4.9 to 40.5 W/mK, specifying that by tuning the grain
size of polycrystalline silicene, its thermal conductivity can be modulated up to one order of magnitude.

Also, as represented in Fig. 10, the results based on 1D thermal resistance approach are in line with findings of
2D continuum multiscale model showing more suitability of the 1D thermal resistance model due to its simplic-
ity. Our results are in line with refs*>*%.

Eventually, we examined the effect of tensile strain on the thermal conductivity of polycrystalline silicene.
To this aim, we used a NEMD-2D continuum multiscale model. Figure 11 depicts the thermal conductivity of
polycrystalline silicene with different grain size of 2, 6, 10, 60 and 600 nm under tensile strain from 1% to 6%.
It is important to declare that for the grains, we assumed the thermal conductivity of under strain pristine sili-
cene®® and for the thermal conductance of grain boundaries, we averaged the NEMD results for the under strain
constructed samples. As it is represented, when the grain size increases, polycrystalline silicene exhibits thermal
response to tensile strain similar to pristine silicene, in a way that the thermal conductivity of polycrystalline
silicene with grain size of 60 and 600 nm, increase with applying tensile strain up to 6%. This distinct response
of silicene to tensile strain can be attributed to its buckled structure. When silicene started to stretch, at first its
bucked structure started to become less buckled and in-plane stiffness of silicene increased. Consequently, the
thermal conductivity enhanced. Following that, with more increase in the tensile strains, the buckled structure
of silicene would become flattened; thus, the in-plane stiffness of silicene decreased and led to the decrement of
the thermal conductivity.

It is obvious that for the polycrystalline silicene with grain size smaller than 10 nm, by applying the strain up
to 6%, no remarkable changes were observed on the effective thermal conductivity. As discussed earlier, the grain
boundaries play the main role on the thermal conductivity of polycrystalline silicene with grain sizes smaller than
10 nm, and the dominant factor that defines the thermal conductivity is the thermal conductance of the grain
boundarijes*>*.

Conclusions
In the present study, the thermal transport through polycrystalline silicene with performing a multiscale method
consisting of classical NEMD and solving continuum heat conduction equation were intensively explored.
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Figure 11. The thermal conductivity of polycrystalline silicene with different grain size of 2, 6, 10, 60 and
600 nm under tensile strain at T =300K and AT =30K.

Extensive NEMD simulations were conducted so as to investigate the interfacial thermal resistance of six
various constructed grain boundaries in polycrystalline silicene, as well as to examine the effects of tensile strain
and the mean temperature on the thermal resistance. The average values of Kapitza conductance at grain bound-
aries were computed as almost 2.56 X 10° W/m?K and 2.46 x 10° W/m?K by using Tersoff and Stillinger-Weber
interatomic potentials respectively. Furthermore, the results revealed that increasing the mean temperature of
the sample does not affect the Kapitza resistance of the grain boundaries. Also, it was found that the interfacial
thermal resistance of the grain boundaries can be tuned by applying tensile strain.

In order to examine the thermal properties of polycrystalline silicene film, the continuum model of poly-
crystalline silicene was constructed and its effective thermal conductivity was explored by taking the effects of
grain size and tensile strain into consideration. It is worth mentioning that the NEMD obtained results were used
to determine the thermal conductance of grain boundaries of polycrystalline sample. The results revealed that
the thermal conductivity of polycrystalline silicene changes from 4.9 to 40.5 W/mK for the grains sizes of 2 to
1000 nm. Consequently, the effective thermal conductivity of polycrystalline silicene is adjustable by one order
of magnitude with tuning its grain size. Also, the acquired results of the 2D continuum multiscale model were
compared with those acquired from 1D thermal resistance approach, through which an acceptable agreement
was observed.

Moreover, the thermal conductivity of polycrystalline silicene with large grain size (60 and 600 nm) increased
after applying tensile strain up to 6%. For the sample with small grain size (less than 10 nm), the strain did not
affect the thermal conductivity because the thermal conductance of grain boundaries plays a crucial role in the
thermal transport properties of polycrystalline samples.

References
1. Radisavljevic, B., Radenovic, A., Brivio, J., Giacometti, I. V. & Kis, A. Single-layer MoS, transistors. Nat. Nanotech. 6, 147 (2011).
2. Hong, Y., Zhang, J., Huang, X. & Zeng, X. C. Thermal conductivity of a two-dimensional phosphorene sheet: a comparative study
with graphene. Nanoscale. 7, 18716-18724 (2015).
3. Vogt, P. et al. Silicene: compelling experimental evidence for graphenelike two-dimensional silicon. Phys. Rev. Lett. 108, 155501
(2012).
4. Derivaz, M. et al. Continuous germanene layer on Al (111). Nano Lett. 15,2510-2516 (2015).
5. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science. 306, 666-669 (2004).
6. Geim, A. K. & Novoselov, K. S. The rise of graphene. In Nanoscience and Technology: A Collection of Reviews from Nature Journals.
11-19 (2010).
7. Avouris, P. & Dimitrakopoulos, C. Graphene: synthesis and applications. Mater. Today. 15, 86-97 (2012).
8. Balandin, A. A. Thermal properties of graphene and nanostructured carbon materials. Nat. Mater. 10, 569 (2011).
9. Ghasemi, H., Rajabpour, A. & Akbarzadeh, A. H. Tuning thermal conductivity of porous graphene by pore topology engineering:
Comparison of non-equilibrium molecular dynamics and finite element study. Int. J. Heat Mass Transf. 123, 261-271 (2018).
10. Song, L. et al. Large scale growth and characterization of atomic hexagonal boron nitride layers. Nano Lett. 10, 3209-3215 (2010).
11. Das, S., Demarteau, M. & Roelofs, A. Ambipolar phosphorene field effect transistor. ACS nano. 8, 11730-11738 (2014).
12. Mannix, A. J. et al. Synthesis of borophenes: Anisotropic, two-dimensional boron polymorphs. Science. 350, 1513-1516 (2015).
13. Zhu, E F. et al. Epitaxial growth of two-dimensional stanine. Nat. Mater. 14, 1020 (2015).
14. Kara, A. et al. A review on silicene—new candidate for electronics. Surf. Sci. Rep. 67, 1-18 (2012).
15. Houssa, M., Dimoulas, A. & Molle, A. Silicene: a review of recent experimental and theoretical investigations. J. Phys. Condens.
Matter. 27, 253002 (2015).
16. Pei, Q. X., Zhang, Y. W, Sha, Z. D. & Shenoy, V. B. Tuning the thermal conductivity of silicene with tensile strain and isotopic doping:
A molecular dynamics study. J. Appl. Phys. 114, 033526 (2013).
17. Takeda, K. & Shiraishi, K. Theoretical possibility of stage corrugation in Si and Ge analogs of graphite. Phys. Rev. B. 50, 14916 (1994).
18. Meng, L. et al. Buckled silicene formation on Ir (111). Nano Lett. 13, 685-690 (2013).
19. Lalmi, B. et al. Epitaxial growth of a silicene sheet. Appl. Phys. Lett. 97,223109 (2010).

SCIENTIFIC REPORTS |

(2019) 9:5684 | https://doi.org/10.1038/s41598-019-42187-w 10


https://doi.org/10.1038/s41598-019-42187-w

www.nature.com/scientificreports/

27.
28.
29.
30.
31.
32.

33.
34.

35.
36.
37.
38.

39.
. Huang, P. et al. Imaging Grains and Grain Boundaries in Single-Layer Graphene: An Atomic Patchwork Quilt. Microsc Microanal.

41.
42.
43.
44.

45.

55.
56.
57.
58.
. Lukes, J. R. & Zhong, H. Thermal conductivity of individual single-wall carbon nanotubes. J. Heat Transfer. 129, 705-716 (2007).
60.
61.
62.

63.

. Fleurence, A. et al. Experimental evidence for epitaxial silicene on diboride thin films. Phys. Rev. Lett. 108, 245501 (2012).

. Wei, W. & Jacob, T. Strong many-body effects in silicene-based structures. Phys. Rev. B. 88, 045203 (2013).

. Ni, Z. et al. Tunable bandgap in silicene and germanene. Nano Lett. 12,113-118 (2011).

. Tao, L. et al. Silicene field-effect transistors operating at room temperature. Nat. Nanotech. 10, 227 (2015).

. Huang, B. et al. Exceptional optoelectronic properties of hydrogenated bilayer silicene. Phys. Rev. X. 4, 021029 (2014).

. Hussain, T., Chakraborty, S., De Sarkar, A., Johansson, B. & Ahuja, R. Enhancement of energy storage capacity of Mg functionalized

silicene and silicane under external strain. Appl. Phys. Lett. 105, 123903 (2014).

. Hu, W,, Xia, N., Wu, X,, Li, Z. & Yang, J. Silicene as a highly sensitive molecule sensor for NH;, NO and NO,. Phys. Chem. Chem.

Phys. 16, 6957-6962 (2014).

Mortazavi, B., Dianat, A., Cuniberti, G. & Rabczuk, T. Application of silicene, germanene and stanene for Na or Li ion storage: A
theoretical investigation. Electrochim. Acta. 213, 865-870 (2016).

Cai, Y., Chuu, C. P,, Wei, C. M. & Chou, M. Y. Stability and electronic properties of two-dimensional silicene and germanene on
graphene. Phys. Rev. B. 88, 245408 (2013).

Mahdavifar, M. & Khoeini, F. Highly tunable charge and spin transport in silicene junctions: phase transitions and half-metallic
states. Nanotechnology. 29, 325203 (2018).

Barati, M., Vazifehshenas, T., Salavati-Fard, T. & Farmanbar, M. Phononic thermal conductivity in silicene: the role of vacancy
defects and boundary scattering. J. Phys. Condens. Matter. 30, 155307 (2018).

Zhang, X. et al. Thermal conductivity of silicene calculated using an optimized Stillinger-Weber potential. Phys. Rev. B. 89, 054310
(2014).

Berdiyorov, G. R. & Peeters, F. M. Influence of vacancy defects on the thermal stability of silicene: a reactive molecular dynamics
study. RSC adv. 4, 1133-1137 (2014).

Li, H. P. & Zhang, R. Q. Vacancy-defect-induced diminution of thermal conductivity in silicene. Europhys. Lett. 99, 36001 (2012).
Sahin, H,, Sivek, J., Li, S., Partoens, B. & Peeters, E M. Stone-Wales defects in silicene: Formation, stability, and reactivity of defect
sites. Phys. Rev. B. 88, 045434 (2013).

Gao, Y., Zhou, Y., Zhang, X. & Hu, M. Extremely Low Thermal Conductivity of Polycrystalline Silicene. J. Phys. Chem. C. 122,
9220-9228 (2018).

Hahn, K. R, Melis, C. & Colombo, L. Structural, vibrational, and thermal properties of nanocrystalline graphene in atomistic
simulations. J. Phys. Chem. C. 120, 3026-3035 (2016).

Peer-Mohammadi, H., Rajabpour, A. & Khanaki, M. Grain size facilitating the heat transfer between graphene and silica substrate.
Comput. Mater. Sci. 149, 348-353 (2018).

Liu, N, Pidaparti, R. & Wang, X. Abnormal linear elasticity in polycrystalline phosphorene. Phys. Chem. Chem. Phys. 20, 8668-8675
(2018).

Liu, N., Hong, J., Pidaparti, R. & Wang, X. Abnormality in fracture strength of polycrystalline silicene. 2D Mate. 3, 035008 (2016).

17, 1496-1497 (2011).

Mortazavi, B., Pétschke, M. & Cuniberti, G. Multiscale modeling of thermal conductivity of polycrystalline graphene sheets.
Nanoscale. 6, 3344-3352 (2014).

Sledzinska, M. et al. Record Low Thermal Conductivity of Polycrystalline MoS, films: Tuning the Thermal Conductivity by Grain
Orientation. ACS Appl. Mater. Interfaces. 9, 37905-37911 (2017).

Mortazavi, B. et al. Strong thermal transport along polycrystalline transition metal dichalcogenides revealed by multiscale modeling
for mos,. Appl. Mater. Today. 7, 67-76 (2017).

Bazrafshan, S. & Rajabpour, A. Engineering of thermal transport in graphene using grain size, strain, nitrogen and boron doping; a
multiscale modeling. Int. J. Heat Mass Transf. 123, 534-543 (2018).

Ju, S., Liang, X. & Xu, X. Out-of-plane thermal conductivity of polycrystalline silicon nanofilm by molecular dynamics simulation.
J. Appl. Phys. 110, 054318 (2011).

. Roy, A. K, Das, S., Shahriar, M. E, Biswas, G. K. & Das, S. July. Relation between the thermal conductivity and grain size in a

polycrystalline silicene shee. AIP Conf. Proc. 1980, 050018 (2018).

. Ghosh, D, Parida, P. & Pati, S. K. Stable line defects in silicene. Phys. Rev. B. 92, 195136 (2015).

. Li, S. et al. Defects in silicene: vacancy clusters, extended line defects, and di-adatoms. Sci. Rep. 5, 7881 (2015).

. Yazyev, O. V. & Louie, S. G. Topological defects in graphene: Dislocations and grain boundaries. Phys. Rev. B. 81, 195420 (2010).

. Zhou, W. et al. Intrinsic structural defects in monolayer molybdenum disulfide. Nano Lett. 13, 2615-2622 (2013).

. Najmaei, S. et al. Vapour phase growth and grain boundary structure of molybdenum disulphide atomic layers. Nat. Mater. 12, 754

(2013).

. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 117, 1-19 (1995).
. Tersoff, J. Modeling solid-state chemistry: Interatomic potentials for multicomponent systems. Phys. Rev. B. 39, 5566 (1989).
. Swope, W. C., Andersen, H. C,, Berens, P. H. & Wilson, K. R. A computer simulation method for the calculation of equilibrium

constants for the formation of physical clusters of molecules: Application to small water clusters. J. Chem. Phys. 76, 637-649 (1982).
Rajabpour, A., Vaez Allaei, S. M. & Kowsary, F. Interface thermal resistance and thermal rectification in hybrid graphene-graphane
nanoribbons: a nonequilibrium molecular dynamics study. Appl. Phys. Lett. 99, 051917 (2011).

Rajabpour, A. & Volz, S. Universal interfacial thermal resistance at high frequencies. Phys. Rev. B. 90, 195444 (2014).

Kapitza, P. L. Heat transfer and superfluidity of helium II. Phys. Rev. 60, 354 (1941).

Hu, M., Zhang, X. & Poulikakos, D. Anomalous thermal response of silicene to uniaxial stretching. Phys. Rev. B. 87, 195417 (2013).

Khalkhali, M. & Khoeini, E Impact of torsion and disorder on the thermal conductivity of Si nanowires: A nonequilibrium
molecular dynamics study. J. Phys. Chem. Solids. 112, 216-221 (2018).

Khalkhali, M., Khoeini, F. & Rajabpour, A. Thermal transport in silicene nanotubes: Effects of length, grain boundary and strain. Int.
J. Heat Mass Transf. 134, 503-510 (2019).

Jhon, Y. I. & Jhon, M. S. Temperature dependence of thermal conductivity of polycrystalline graphene: thermally enhanced Kapitza
conductance. arXiv preprint, 1304.6947 (2013).

Bazrafshan, S. & Rajabpour, A. Thermal transport engineering in amorphous graphene: Non-equilibrium molecular dynamics
study. Int. J. Heat Mass Transf. 112, 379-386 (2017).

Author Contributions

M.K. carried out the simulations, analyzed the data and drafted the manuscript. A.R. conceived of the study,
participated in its design and coordination, verified the analytical methods and revised the manuscript. EX.
supervised the project and were in charge of overall direction and planning. Besides, FX. revised the final
manuscript. All authors read and approved the final manuscript.

SCIENTIFICREPORTS| (2019) 9:5684 | https://doi.org/10.1038/s41598-019-42187-w 11


https://doi.org/10.1038/s41598-019-42187-w

www.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

. | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:5684 | https://doi.org/10.1038/s41598-019-42187-w 12


https://doi.org/10.1038/s41598-019-42187-w
http://creativecommons.org/licenses/by/4.0/

	Thermal transport across grain boundaries in polycrystalline silicene: A multiscale modeling

	Simulation Method

	Results and Discussions

	Conclusions

	Figure 1 Top and side views of atomic structures of six different grain boundaries consisting of pentagon-heptagon defect pairs with different defect concentrations: (a) 5-7-6-6-s, (b) 5-7-6-s, (c) 5-7-5-7-s, (d) 5-7-6-6-a, (e) 5-7-6-a, and (f) 5-7-5-7-a.
	Figure 2 Molecular dynamics setup for calculation of the boundary resistance of the grain boundary.
	Figure 3 The steady-state 1D temperature profiles of different constructed grain boundaries along Y direction with the same lengths of 35 nm at T = 300 K and ΔT = 30 K.
	Figure 4 Accumulative added energy to the hot layer and subtracted energy from cold layer as a function of simulation time of the silicene films consisting of non-symmetric grain boundaries with different defect concentration at T = 300 K and ΔT = 30 K.
	Figure 5 The interfacial thermal resistance of different constructed grain boundaries at T = 300 K and ΔT = 30 K using Stillinger-Weber and Tersoff MD potentials.
	Figure 6 Phonon power spectral density of states at two sides of 5-7-5-7-s (a) and 5-7-5-7-a (b) grain boundaries at T = 300 K.
	Figure 7 The Kapitza thermal resistance of different constructed grain boundaries as a function of mean temperature using the Stillinger-Weber potential ΔT = 30 K.
	Figure 8 The interfacial thermal resistance of six constructed silicene grain boundaries under tensile strain at T = 300 K and ΔT = 30 K.
	Figure 9 NEMD/2D continuum multiscale modeling results for the comparison of grain size effect on the temperature profile for polycrystalline silicene with grain sizes of 2 nm (a) and 1000 nm (b) at T = 300 K and ΔT = 30 K κG and κGB were set to 41 W/mK a
	Figure 10 The effective thermal conductivity of polycrystalline silicene with various grain sizes based on 2D heat conduction and 1D thermal resistance models grain sizes are set to 1, 2, 3, …, 10, 20, 40, …, 100, 200, 400, …, 1000 nm.
	Figure 11 The thermal conductivity of polycrystalline silicene with different grain size of 2, 6, 10, 60 and 600 nm under tensile strain at T = 300 K and ΔT = 30 K.
	Table 1 Values of imposing tensile strain which causes the maximum increment in the Kapitza thermal resistance of the samples.




