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ARTICLE INFO ABSTRACT

Keywords: We theoretically investigate the thermal conductivity of freestanding silicene under isotropic tensile strain in a
Lattice thermal conductivity wide range of temperature and in the presence of important scatterings. Based on the phonon Boltzmann
Silicene transport equation within the relaxation time approximation and using the strain-dependent force constants
Strain

obtained from the first-principle calculations, we calculate the variations of thermal conductivity of strained
infinite and finite-size silicene with the single-vacancy defects and boundary scatterings and compare them with
those in the case of unstrained silicene. Particularly, we are interested in exploring the competition between the
two opposing effects; strain induces enhancement and vacancy defects cause reduction in thermal conductivity.
We show that the presence of vacancy defects has a more remarkable and much stronger effect in strained
silicene and is able to remove or shift the peak created by strain in the thermal conductivity of infinite silicene.
Interestingly, we find that the thermal conductivity suppression due to the vacancy defects varies with strain.
Furthermore, presented results indicate that by increasing the temperature, the thermal conductivity becomes
less sensitive to the strain and the difference between infinite and finite size samples gradually disappears.
Finally, our calculations show that the effect of specularity parameter of boundary scattering is more pronounced
at intermediate strain values.

Boltzmann transport equation
Vacancy defect

1. Introduction

Since the discovery of graphene [1], two-dimensional (2D) mate-
rials have extensively been studied, owing to their unique and sur-
prising physical and chemical properties as well as vast potential ap-
plications [2-13]. Silicene, a member of 2D materials family, having a
buckled honeycomb lattice structure composed of Si atoms, exhibits
exotic and particular characteristics [14-16]. Its buckled (rather than
planar) structure breaks the inversion symmetry and produces intrinsic
non-zero spin-orbit coupling interaction that opens up its energy
bandgap [17,18]. The bandgap size can be controlled by applying an
electric field. In addition, inequivalent Dirac points of silicene, which
can be utilized by applying an exchange field, provide another degree of
freedom for the carriers, i.e. valley [19,20]. On the other hand, the
outstanding stretchability of 2D materials, allows direct tuning of their
electrical, optical and thermal properties through strain engineering.
For example, by applying an in-plane strain larger than 7.5% to silicene,
a transition from semi-metal to metal is occurred [21]. These aspects
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and its compatibility with existing silicon-based technology, make si-
licene a promising material for nanoelectronics, valleytronics and
thermoelectrics.

Despite extensive studies on the structural and electronic properties
of silicene [3,5,22-33], its thermal transport characteristics are still
open for further explorations. Although the high thermal conductivity is
an appealing feature of a material for some applications such as elec-
tronic cooling and heat spreading [34,35], the thermoelectric applica-
tions demand materials with low thermal conductivity. Among various
2D materials, silicene with a small lattice thermal conductivity is an
appropriate candidate for thermoelectrics.

To date, several theoretical studies using molecular dynamics (MD)
and first principle-based solution of Boltzmann transport equation
(BTE) have calculated the thermal conductivity of silicene [36-43]. Gu
and Yang investigated the phonon transport in silicene and estimated a
thermal conductivity of about 26 W/m.K at room temperature[36].
Using a modified Stillinger-Weber potential and anharmonic lattice
dynamics (ALD) calculations, Zhang et al. found a thermal conductivity

Received 15 August 2019; Received in revised form 31 October 2019; Accepted 11 November 2019

Available online 21 November 2019
0927-0256/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09270256
https://www.elsevier.com/locate/commatsci
https://doi.org/10.1016/j.commatsci.2019.109407
https://doi.org/10.1016/j.commatsci.2019.109407
mailto:t-vazifeh@sbu.ac.ir
https://doi.org/10.1016/j.commatsci.2019.109407
http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2019.109407&domain=pdf

M. Barati, et al.

smaller than 12 W/m.K while the ALD results (without Stillinger-Weber
potential) predicted even smaller thermal conductivity [37]. In another
computational study on the 2D group IV materials by Peng et al., a
value of 28.3 W/m.K was obtained for the room-temperature thermal
conductivity of silicene [38]. The effect of substrate on the thermal
conductivity of silicene has also been reported in a few studies [41,42].
Wang et al. studied the thermal conductivity of free-standing and SiO,
supported silicene by conducting MD simulations and concluded that
the substrate leads to a 78% reduction in thermal conductivity at room
temperature [41]. On the other hand, Zhang et al. realized that the
thermal conductivity of silicene can be either enhanced or suppressed
depending on substrate [42]. A review of some works on the thermal
conductivity of silicene can be found in the first chapter of ’Silicene’
[44]. The impacts of isotopic doping [45,46], boundary scattering [43]
and vacancy defects [43,47] on phononic heat transfer have also been
explored. In our previous work, we calculated the lattice thermal con-
ductivity of unstrained silicene using BTE within the relaxation time
approximation (RTA) and comprehensively investigated the effects of
sample size, boundary scattering and single vacancy defects for a wide
range of temperatures [43]. Our results indicated that the thermal
conductivity of silicene is significantly suppressed by vacancy defects.
We also showed that the phonon-boundary scattering is important in
defectless and small-size silicene samples, specially at low tempera-
tures.

The strain effects on the thermal conductivity of silicene have pre-
viously been investigated [39,40,45,48] and it was shown that small
strain causes a significant increase in the thermal conductivity. Based
on MD simulations, Pei et al. found that while small tensile strains lead
to an increase in the thermal conductivity of silicene at room tem-
perature, a reduction in thermal conductivity is achieved for strain
values larger than 10% [45]. Hu et al. [48] predicted an anomalous
thermal response to uniaxial tensile strain; first increases significantly
with applied tensile strain and then fluctuates around some value. The
first principles lattice dynamics calculations performed by Kuang et al.
[40] showed that the tensile strains give rise to strong size effects for
silicene thermal conductivity with a peak near 7% strain for large si-
licene samples. Xie et al. [39] computed the strain-dependent thermal
conductivity of silicene under uniform biaxial tension at room tem-
perature by solving the phonon BTE both in the RTA scheme and
iteratively. They extracted the interatomic force constants from first-
principles calculations for the strained silicene. Both RTA and iterative
methods resulted in similar trends in the change of thermal con-
ductivity with tensile strain. They found that the thermal conductivity
of silicene which increases significantly with strain, has a clear de-
pendency on the sample size so that it exhibits a peak at 4% strain for
infinite silicene.

Motivated by the dramatic variations of silicene thermal con-
ductivity with temperature, vacancy defects and strain, in this study, we
consider silicene structure under uniform biaxial tensile strain (in this
situation when strain becomes larger, the lattice constant is uniformly
increasing) and examine both separate and combined effects of tem-
perature, phonon-boundary and phonon-vacancy defect scatterings on
the thermal conductivity. We are particularly interested in looking for
the dominant effect on the thermal conductivity in strained silicene
case. We employ the RTA method which has been successfully applied
to the strained silicene [39] by using the strain-dependent harmonics
and anharmonic force constants obtained from first-principles calcula-
tions.

This paper is organized as follows: in Section 2 the theory is given
and the method is explained, briefly. In Section 3 the results are pre-
sented and discussed, in detail. Finally, findings of this work are sum-
marized in Section 4.

2. Theory and method

We consider a free-standing monolayer silicene with an unstrained
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Fig. 1. (a) Top view of silicene in the x-y plane: a; and a, are the lattice vectors.
(b) side view of unstrained (blue and white circles) and strained silicene (red
and white circles) in the x-z plane.

buckling of 0.45 A. We assume that silicene is under an uniform biaxial
tensile strain which decreases the buckling height (Fig. 1). Due to the
small amount of electronic contribution to the thermal conductivity, we
consider only the phononic part of the thermal conductivity of silicene.
We use RTA solution of the phonon BTE to compute the thermal con-
ductivity of free-standing monolayer silicene.

The phonon thermal conductivity of silicene, x, including con-
tributions from of all phonon modes can be expressed as [43]:

2

x= % ZA: wvind (1 + nd)1, W
Here, h, kg, V, T, v, nj’ and 7; are the Plank constant divided by 27,
Boltzmann constant, volume of the unit cell, temperature, phonon ve-
locity of mode 1 (1 = (q, s), where q stands for the phonon wave vector
and s denotes branch index), equilibrium distribution function and
phonon lifetime, respectively. The phonon frequency, w,, is obtained
from the square root of the s-th eigenvalue of the dynamical matrix of
the system, which its («f) Cartesian component, D*(q), is given by:
[36,43]:

1 iqQ.R'
D (@) = —— Y, dohye ™
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where ¢(f‘j§7, is the harmonic interatomic force constant. As it is ex-

pected, the changes of both harmonic and anharmonic interatomic
force constants due to strain have an important effect on the thermal
conductivity results. So, we use the strain-dependent harmonic intera-
tomic force constants extracted from the first-principle calculations
performed by Xie et al. [39] and obtain the phonon dispersion of
monolayer silicene at some typical strains. It is worth pointing out that
the correctness of phonon dispersion was verified by comparing our
results with those reported in [39]. The dispersions of different phonon
branches of 3% and 8% strained silicene are shown in Fig. 2 where ZA,
TA and LA refer to the flexural or out-of-plane, transverse and long-
itudinal acoustic branches and ZO, TO and LO denote the flexural,
transverse and longitudinal optical branches. For comparison, the re-
sults for the unstrained silicene are also displayed in this figure. The
major changes due to the strain are shifting the optical modes down-
wards and making the acoustic branches closer to each other. These
effects, as shown later, increase the contributions of these modes to the
thermal conductivity through the strain-dependent phonon scattering
processes.
The phonon lifetime, 7;, is expressed as [49,50]:

T =10(1 + Ay). 3)

In the above equation A; reflects the inelastic nature of three-phonon
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Fig. 2. Phonon dispersions of unstrained and strained silicene of 3% and 8%
strains.

scattering, which couples nonequilibrium A phonon modes to other
phonon modes (1', 1”). Detailed discussion on A; is given in [49,50].
Here, we employ the strain-dependent parameters to compute 7. Set-
ting A; to zero (7; = ©3), yields the RTA phonon lifetime. Earlier study
on thermal conductivity in strained silicene [39], has shown that RTA
gives relatively good results that do not differ much from the fully
iterative solution of the BTE. So we can treat the problem of scattering
within the RTA.

It is well known that different scattering processes may contribute to
the thermal conductivity. The phonon-phonon, phonon-boundary,
phonon-isotope and phonon-vacancy scatterings are the main me-
chanisms for the phononic transport. Using Matthiessen’s rule, 7§ can be
obtained as [51,52]:

1 1 1 L

1
O &)
where 7", 7, 7/ and 7} are the phonon-phonon [36], phonon-
boundary [52-54], phonon-isotopic impurity [55-57] and phonon-va-
cancy [58] scattering lifetimes, respectively. In our previous study for
unstrained silicene, we have described each one in detail [43]. In the
case of non-zero strain, all above scattering lifetimes will change and
result in new thermal conductivity values.

In order to keep this work reproducible, details of ab initio har-
monic and anharmonic force constant calculations performed in Ref.
[39] is given in Supplementary Information.

3. Results and discussion

We first calculate the effect of tensile strain on the total thermal
conductivity and contributions from the distinct phonon branches of
naturally occurring silicene (silicene structure with natural composition
of silicon isotopes) in the absence of defects.

Increasing strain has two effects on the silicene structure. The Si-Si
bond length increases with enhancing strain. On the other hand, the
structure becomes more planar under larger strain. Increasing the Si-Si
bond length will weaken the interatomic interactions in the in-plane
direction. As a result of these effects, the group velocity of the phonons
will undergo changes in different branches. These variations can modify
the branches contributions to the thermal conductivity. However, the
main reason for the change in silicene thermal conductivity with strain
enhancement turns out to be the buckling reduction (the structure
flattening). As the silicene structure flattens, the coupling of the in-
plane and out-of-plane modes decreases. As a result of these changes,
the scattering channels for phonons, specially out-of-plane modes are
reduced. That gives rise to a significant increase in thermal
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Fig. 3. Thermal conductivity of silicene and contributions from different
branches as a function of strain at room temperature. The bold (dashed) lines
are related to infinite (finite-size, L = 3 um) silicene.

conductivity. In Fig. 3, we display the room temperature total thermal
conductivities of the infinite and finite-size (L = 3 um) silicene mono-
layers as functions of tensile strain computed within the RTA and
compare contributions from different phonon branches. It can be seen
that while the thermal conductivity of finite-size silicene increases with
strain; for infinite sample, by strain enhancement, the thermal con-
ductivity first increases to a maximum value, then decreases and finally
reaches to an almost constant value. In the latter case, the maximum of
the thermal conductivity appears at 4% strain, and its value is about
one order of magnitude larger than that for the unstrained silicene. This
size-dependent behavior can be understood from the changes of the
distinct modes contributions to the thermal conductivity. As one can
observe, while the contributions of optical modes to the thermal con-
ductivity are mostly small and equivalent in both sample sizes, the LA
and TA modes have dominant contributions when the strain is small
and lead to a maximum value at 4% (3%) strain and then decrease (first
decrease and again increase with a second peak at 8%) in the infinite
(finite-size) silicene. Moreover, the thermal conductivity contributed by
the ZA mode, first enhances with the strain up to 6%, then exhibits a
reduction from 6% to 8% and again an increase from 8% to 10%. Since
in infinite silicene, the important LA and TA contributions exhibit only
one maximum and the mode-dependent variations are more pro-
nounced, a peak in total thermal conductivity can be observed.

An important factor that significantly affects the thermal con-
ductivity is temperature. The changes of lattice thermal conductivity
with strain at different temperatures for finite-size (L = 3 um) and in-
finite silicene are illustrated in Figs. 4 and 5, respectively. As expected,
with growing temperature, the thermal conductivity decreases but,
interestingly, this reduction varies with strain and becomes larger be-
yond 2% strain. In addition, in the case of infinite silicene, the peak in
thermal conductivity at 4% strain, gradually disappears by increasing
the temperature. This can be explained by this fact that the size or
boundary effect weakens at high temperatures, thus, the behavior of
phononic thermal conductivities becomes less sensitive to the size and
appears to be similar for both infinite and finite-size silicene. To support
this discussion, one may notice that, the difference between the results
of infinite and finite-size slicene is about 20 percent at high strain value
(10%) at room temperature, while this is reduced by about 10 percent
around T = 600 K. For a better understanding, we illustrate the varia-
tions of thermal conductivity with both strain and temperature for some
different sizes of silicene (L = 0.3, 3, 30 um and infinite) in Fig. 6 and
show how the temperature rise governs the thermal conductivity of
strained clean silicene.
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Fig. 4. Thermal conductivity of the finite-size (L = 3 um) clean silicene as a
function of strain at different temperatures.
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Fig. 5. Thermal conductivity of the infinite clean silicene as a function of strain
at different temperatures.

As pointed out in Introduction, we are also interested to investigate
the changes of the phononic thermal conductivities of strained silicene
in the presence of important phonon-boundary and phonon-vacancy
defect scattering mechanisms. First, we calculate the variations of
thermal conductivity of a defectless silicene with strain at different
specularity parameters to study the effect of phonon-boundary scat-
tering. Fig. 7 shows the room temperature thermal conductivity of fi-
nite-size silicene (L = 3 um) as a function of strain for some typical
specularity parameters, P = 0, 0.4, 0.8 and 1. It can be seen that by
increasing the specularity parameter from zero to unity and changing
the nature of boundary scattering from diffusive to specular, a peak in x
at 4% appears and grows gradually. This behavior can also be observed
when the sample size is increased [39]. In the case of completely
specular sample, P = 1, where the boundary scattering has no effect on
the thermal conductivity, the result is exactly the same as for the in-
finite silicene. Also, it is visible that the effect of specularity parameter
is more pronounced at intermediate strain values.

It is well known that the shape and location of vacancy defects have
considerable effect on the thermal conductivity [47,59]. In our previous
work [43], we studied the effect of a single vacancy defect (see Fig. 8)
on the thermal conductivity of unstrained silicene. We assumed that
these defects were uniformly distributed in the material and not
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Fig. 6. Thermal conductivity of the finite-size clean silicene as a function of
temperature and strain for some sample sizes.

200
—— P=1
—eo— P=038
160} o P=0.4

K (W/im.K)

0 1 1 1 1
0 2 4 6 8 10

Strain (%)

Fig. 7. The variations of thermal conductivity of the finite-size (L = 3 um) si-
licene with strain for some typical specularity parameters at T = 300K.

Fig. 8. Schematic description of silicene with a single vacancy defect.

accumulated in a particular sample location, such as the edges or only
the center. To make the point clearer, if we had only one defect, it
would be located at the sheet center. However, as the number of
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Fig. 9. The variation of thermal conductivity of the vacancy defected finite-size,
L = 3 um, silicene with strain at room temperature. Here, the single vacancy
concentration percentages are 0, 0.5, 1 and 2.
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Fig. 10. The variation of thermal conductivity of the vacancy defected infinite
silicene with strain at room temperature. Here, the single vacancy concentra-
tion percentages are 0, 0.5, 1 and 2.

vacancies increases, the missing silicon atoms are uniformly distributed
throughout the sample. We found that the presence of single vacancy
defects significantly decreases the thermal conductivity values in sili-
cene. Our results showed that at the smallest single vacancy con-
centration studied there, 0.25 %, i.e. the case in which only one of the
every 400 atoms of Si is removed, the reduction in the thermal con-
ductivity is highly significant being about 42%. So, it is also interesting
to investigate the impact of the single vacancy defects on the strained
silicene in which the thermal conductivity has already much increased
by the tensile strain. Figs. 9 and 10 demonstrate the changes of room
temperature thermal conductivities as functions of strain at different
single vacancy defect concentrations for finite-size (L = 3 um) and in-
finite silicene, respectively. In general, the reduction of thermal con-
ductivity due to the vacancy defects not only apparently varies with
strain magnitude but also is much stronger in silicene under strain. Our
calculations show that the suppression of the thermal conductivity of
strained silicene by the vacancy defects is quite remarkable in such a
way that removing one of every 100 Si atoms (1% vacancy con-
centration) leads to a substantial reduction of about 87% in thermal
conductivity at 8% strain while it has a maximum value of 75% in
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Fig. 11. Thermal conductivity of the silicene as a function of strain and tem-
perature. The lower (upper) surface belongs to the vacancy defected (clean)
infinite silicene. Here, the single vacancy concentration is set to 1%.

unstrained silicene. Also, as Fig. 9 displays, contrary to the mono-
tonically increase of x in clean finite-size (L = 3 um) silicene, thermal
conductivity of vacancy-defected silicene first increases and then slowly
decreases with strain.

In addition, compared to the finite-size silicene, the infinite strained
sample is even more affected by the vacancy defects. A noteworthy
point, as observed in Fig. 10, is that by increasing the vacancy defect
concentration, the peak of thermal conductivity at 4% strain, first
vanishes and then reappears at a higher strain value, i. e. 6% strain.
This behavior is a consequence of the competition between two oppo-
site effects; while the increase of the strain, first brings about an en-
hancement and then a slow reduction, the phonon-vacancy defect
scattering always has a decreasing effect on the thermal conductivity.
So, considering a small amount of vacancy defect centers which usually
found in real crystals, can completely remove the previously predicted
peak from the x curve in infinite silicene. To complete the discussion,
we demonstrate the phononic thermal conductivity changes of vacancy-
defected (clean) infinite silicene with both the strain and temperature
in lower (upper) surface of Fig. 11. According to this figure, with rising
the temperature and as a result, intensifying the phonon-phonon
scattering, the difference between the clean and defected silicene re-
duces for all strain values. At high temperatures, the vacancy-defect
scattering still plays an important role but the calculated thermal
conductivity becomes less sensitive to the strain. While high lattice
thermal conductivity is useful in some applications such as electronic
cooling, in thermoelectric devices materials with low thermal con-
ductivity, like silicene, is required. By adjusting these system para-
meters, we can probably achieve the desired conditions.

4. Conclusions

In summary, we have theoretically studied the behavior of thermal
conductivity of strained silicene in the presence of important scattering
mechanisms. Based on a solution to the linearized phonon BTE within
the RTA, we calculate the separate and combined effects of tempera-
ture, specularity parameter and defects on the thermal conductivity of
silicene under an uniform biaxial tensile strain. We compare our results
for infinite and finite-size samples. These calculations are intended to
describe how the strain-induced variation of the thermal conductivity is
affected by temperature, boundary scattering and single-vacancy de-
fects. Our results have demonstrated that by rising temperature, the
effect of strain gradually weakens and even the peak at 4% strain is
clearly diminished in infinite silicene. In addition, the behaviors of
thermal conductivity of infinite and finite-size strained silicene become
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similar at higher temperatures and almost strain independent at large
values of strain. Moreover, it was found that the influence of the
specularity parameter is noticeable at intermediate strain values. On
the other hand, our calculations have shown that the suppression of
thermal conductivity by the vacancy defects is quite remarkable and
much stronger in strained silicene in such a way that, by removing one
of every 100 Si atoms (1% vacancy concentration) a maximum reduc-
tion of about 87% in thermal conductivity of silicene sample at 8%
strain is achievable at room temperature. Also, the increasing behavior
of finite-size silicene thermal conductivity with strain is affected by the
single-vacancy defects. Finally, we have shown that at larger vacancy
concentrations, the peak of thermal conductivity is shifted towards
higher strains, in an infinite sample. Considering important scattering
mechanisms and a detailed analysis on system parameters have enabled
us to present a more complete picture of the thermal conductivity in
silicene, which can probably be useful in phononic engineering and
nanotechnology.
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