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Recently, Janus two-dimensional (2D) materials as a new member of 2D derivatives have been receiving
much attention due to their novel properties. In this work, the lattice thermal conductivity k. of the Janus
SnSSe monolayer is investigated based on first-principles calculations, while that of the SnS, monolayer is
studied for comparison. It is found the the x_ values of SnSSe and SnS;, are 13.3 and 11.0 W m K at
room temperature, and acoustic branches dominate their thermal transport. Weaker phonon anharmonicity
in SnSSe leads to a slightly higher k., though it has weaker phonon harmonicity. The smaller Grineisen

Received 10th April 2020, parameters of TA and LA phonons lower than 1 THz in SnSSe indicate weaker phonon anharmonicity,

Accepted 23rd June 2020 resulting in a higher k.. Finally, the size effect and boundary effect are also investigated, exhibiting that the
K can further decrease at the nanoscale. Our work suggests that Janus SnSSe and SnS, have a much lower

k. compared with conventional transition metal dichalcogenides (TMDs) and are potential competitors in the
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Introduction

The successful exfoliation of graphene has opened up new
fields in the study of two-dimensional (2D) materials since
2004." Stimulated by graphene, many other 2D materials have
been synthesized experimentally or predicted theoretically,
such as hexagonal boron nitride,” transition metal chalcogen-
ides (TMDs),>® group-V 2D materials,” *® and group-Vl 2D
materials."’ > Among these 2D materials, TMDs attract remark-
able attention due to their distinctive physical and chemical
properties, such as finite direct band gaps, high on/off ratios (as
high as 10°~10°), high carrier mobilities and strong optoelectronic
responses, as well as their various potential applications.>?*™
In ancient Roman mythology, Janus was the god of gates,
time, duality, and doorways, who is characterized by two faces.
Recently, as a new member of 2D derivatives, Janus 2D materi-
als have been receiving much attention, since the Janus mono-
layer MoSSe is synthesized by well-controlled sulfurization of
the MoSe, monolayer, in which the top Se layer is substituted
by vaporized sulfur.>®*° Compared to perfect 2D materials,
Janus monolayers with a broken reflection symmetry allow
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out-of-plane intrinsic electric polarization. Thus, Janus mono-
layers display many novel properties, such as large Rashba
effect, chiral effect, and spatial isolation of charge carriers.>*™*
Furthermore, theoretical investigations show that the thermal
transport properties of Janus monolayers are also significantly
affected. For instance, the thermal conductivities of MoSSe and
PtSSe are suppressed much more compared to those of MoS,
and PtS,.>*?” The thermoelectric performance is measured by
using the figure of merit ZT, which is expressed as ZT = ST/
(ke + ). Here, S°c means the power factor, while «. and « are the
electrical and lattice thermal conductivities. For a semiconductor,
K. is much smaller than x;, and it is concluded that low thermal
conductivity leads to high thermoelectric efficiency.

In this work, we systemically investigate the thermal transport
properties of Janus SnSSe monolayers, which are constructed
based on the synthesized 1T structure of SnS,/SnSe,.***° The
thermal transport properties of the SnS, monolayer are also
studied, to explore the effect of the Janus structure on thermal
transport. Based on first-principles calculations, the lattice ther-
mal conductivity x;, is obtained by solving the linearized phonon
transport Boltzmann equation (BTE). We found that they are
13.3 and 11.0 W m~ ' K at room temperature, while acoustic
branches dominate the thermal transport of both the monolayers.
Different from other Janus monolayers,*®*’ the two monolayers
have x;, close to each other, showing that the Janus structure does
not have a remarkable effect on thermal transport. The harmonic
properties, such as phonon spectra, and mechanical properties,
Debye temperature, and phonon group velocities, are exhibited.
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To explore the underlying physical mechanisms of the approxi-
mately identical xy, of the two monolayers, anharmonic proper-
ties are also investigated, such as relaxation times, the total
phase space for three-phonon processes, and Griineisen para-
meters. It is found the smaller Griineisen parameters of TA and
LA phonons with low frequency in SnSSe result in a slightly
higher x;, in SnSSe, though it exhibits weaker harmonic proper-
ties. Comprehensively, the weaker anharmonic properties
enhance the thermal transport in Janus SnSSe, making its &,
close to that of SnS,. To study the size and the boundary effect,
the cumulative and size-dependent x;, are also exhibited.

Computational methods

Based on density functional theory (DFT), all the first-principles
calculations are performed by using the VASP package.**™*>
Generalized gradient approximations parameterized by Perdew,
Burke, and Ernzerhof (PBE) are chosen for exchange-correla-
tion functional.*> A plane-wave basis set with a kinetic energy
cutoff of 500 eV is used. During the structural relaxation, a
Monkhorst-Pack** k-mesh of 15 x 15 x 1 is used to sample the
Brillouin zone (BZ), while the energy and the Hellman-Feyn-
man force convergence thresholds are 10 ™° evVand 10~ eV A,
respectively. A vacuum space of at least 20 A is maintained
along the z direction, which is enough to eliminate the inter-
actions between the adjacent layers.

Due to the isotropic in-plane structure of the SnSSe mono-
layer, the in-plane xy, is also isotropic and can be calculated as:

1
KL = ;Z CiVin’Tias )

where V is the cell volume and Z is the phonon mode which
comprises both the wave vector index g and the phonon branch
indexj. Furthermore, C; is the heat capacity in each mode;v,, is
the group velocity of the phonon along the o direction, with the
mode index 4; and 7,, is the relaxation time of the phonon with
/A mode along the same direction. Based on eqn (1), ky, is
determined based on both harmonic and anharmonic proper-
ties. The harmonic interatomic force constants (IFCs) were
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calculated using a 6 x 6 x 1 supercell and a 2 x 2 x 1 k-mesh
within a finite displacement scheme, as implemented in the
open-source software package PHONOPY.*® Then the phonon
dispersion relation can be obtained using the harmonic IFCs.
The anharmonic IFCs were calculated using ShengBTE code,*®
considering up to the ninth-nearest neighbor. After careful
parameter testing, the converged «;, was obtained with a g-mesh
of 201 x 201 x 1, and a scale broadening parameter of 0.1 was
used for Gaussian smearing. Note that an effective thickness
should be defined to calculate the thermal properties for 2D
materials. For SnSSe, the thickness of 6.78 A was considered as
the summation of the buckling height # and the van der Waals
radii of the S and Se atoms.*”™° And for SnS, the thickness was
6.55 A under the same definition.

Results and discussion

The optimized structure of the Janus SnSSe monolayer is shown
in Fig. 1(a), while that of the SnS, monolayer is exhibited in
Fig. 1(b). It is found that they share a similar structure; never-
theless, in SnSSe the Sn atom layer is sandwiched between the S
and Se atom layers, with a broken reflection symmetry along
the out-of-plane direction. Thus, its structure belongs to the
P3m1 (156) symmetry group, whose symmetry is lower than
P3m1 (164) for SnS,. Note that they belong to the same trigonal
crystal system but with different subgroups due to the broken
reflection symmetry, which could induce piezoelectric proper-
ties in Janus materials, such as SnSSe. The lattice constant
a and the buckling height / are 3.78 and 3.08 A for SnSSe, while
the corresponding values are 3.70 and 2.96 A for SnS,. These
results are in good agreement with those in previous researches.**>'
In general, a larger lattice constant implies weaker interatomic
bonding in SnSSe.

Usually, we can estimate k;, based on the Slack model:>*

@ porp’

o ®)

Ky, ~

where a@’, p, wp and T are the average volume occupied by one
atom of the crystal, the density, the Debye frequency, and the

Fig. 1 (a) Structure of the Janus SnSSe monolayer and (b) the structure of the SnS, monolayer. Both top and side views are exhibited. The primitive cells

are marked in solid lines.
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Fig. 2 Phonon dispersions for SnSSe (a) and SnS; (b) monolayers. Three acoustic phonon branches, which correspond to an out-of-plane (ZA) mode, an
in-plane transverse (TA) mode, and an in-plane longitudinal (LA) mode, are marked in green, red and blue colors.

absolute temperature. The Griineisen parameter y is expressed
dlnw

~dinp’
indicates that both stronger harmonicity and weaker anharmo-

nicity lead to a higher x;. The phonon dispersions for the
monolayers SnSSe and SnS, are displayed in Fig. 2, which show
the phonon harmonicity of the materials. There is no imaginary
frequency indicating the dynamic stability of the two struc-
tures. For both the monolayers, there are 9 branches as each
primitive cell possesses 3 atoms. On the whole, the phonon
dispersions are very similar to each other. However, the phonon
frequencies for each branch are lower in SnSSe, resulting from
the heavier average atomic mass M, as listed in Table 1. In
general, the average phonon frequency is inversely proportional
to the average atomic mass, the same as the maximum vibrational
frequencies. Furthermore, there is no phonon gap in Janus SnSSe,
whereas it appears in the phonon dispersion of SnS,. It should be
noted that the phonon gap generally can suppress phonon
scattering, and hence enhance thermal transport.>

The 2D elastic constants and Young’s moduli are calculated, as
shown in Table 1. It should be noted that the calculated elastic
constants satisfy the Born criteria of mechanical stability.>* The
2D Young’s modulus E is calculated based on elastic constants
with the following expression: E = (C1;> — Cy,%)/C11.> It is found
that the 2D elastic constants and Young’s moduli for SnSSe are
slightly smaller than those for SnS,, due to the larger lattice
constant and weaker interatomic bonding in SnSSe. Their E

as y= exhibiting phonon anharmonicity. This

Table 1 2D elastic constants and Young's moduli (in N m™), Debye
temperature (in K), average atomic mass M (in amu), and group velocities

of the three acoustic phonons (in km s around the I' point

Cn Cia Cee E Vza Vra Via M 0p

SnSSe 63.8 15.9 239 59.8
SnS, 69.7 17.0 26.3 65.6

0.263 2.521 3.992 76.6 190
0.139 3.052 4.788 60.9 233
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are close to those of a-selenene and B-arsenene,’® but smaller
than those of blue phosphorene, the MoS, monolayer, and
graphene.’®>® Furthermore, our results are in good agreement
with those in previous work.”®

The group velocity is denoted as v = dw/dg, while the Debye
temperature 0p is denoted as 0p = hwp/ks, where wp can be
considered as the maximum acoustic phonon frequency.”"*%>°
The group velocities of the acoustic phonons around the I’
point and Debye temperature 0y, for SnSSe and SnS, are also
listed in Table 1. The phonon group velocities of TA and LA
modes for SnSSe are smaller than that for SnS,, whereas the
phonon group velocity of ZA phonons is larger in SnSSe. 0 is
smaller in SnSSe than in SnS,, to the benefit of lower k; in
SnSSe based on eqn (2).

The intrinsic x; of the monolayers SnSSe and SnS, are
calculated by ShengBTE with an iterative scheme,’® as dis-
played in Fig. 3. The «y, of the monolayer SnSSe is higher than
that of SnS, in the whole temperature range. For instance, the
values are 13.3 and 11.0 W m ™' K™ ! at 300 K, which are close to
each other. The intrinsic «y, for both the monolayers show an
inverse dependence on temperature 7, implying the dominant
Umbklapp process of phonon-phonon scattering in the thermal
transport. It is found that the x; of the monolayer SnS,
is slightly lower than the in-plane x; of 12.1 W m * K * for
bulk SnS,,* which does not follow the unique trend of 2D SnS,
that #; decreases with decreasing thickness.®' The reason for a
slightly higher x;, of the SnSSe monolayer which has lower
harmonic properties than SnS, will be discussed later. The values
are much smaller than that of MoS, with 131 W m~* K *,*
implying potential competitors in the thermoelectric field. For
instance, previous work shows an excellent power factor of
about 65 pW cm ™' K~ 2 with a doping level of 0.0248 at 700 K in
the SnSSe monolayer.>® Considering that the lattice thermal
conductivity is 5.0 W m~' K" at the same temperature, SnSSe
possesses a high ZT of about 0.9.

This journal is © the Owner Societies 2020
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Fig. 3 Temperature-dependent k| of the monolayers SnSSe and SnS,. 1/T
fittings are shown in solid lines.

Furthermore, we also use thermal sheet conductance (‘2D
thermal conductivity”) with the unit W K™ ' as it is more
meaningful and physical for 2D materials.®>®* Then we obtain
values of 8.99 and 7.17 nW K ' for the SnSSe and SnS,
monolayers at 300 K, respectively. For comparison, it was reported
that the thermal sheet conductances are 57.04, 34.25, and
28.44 nW K ' for the MoS,, MoSSe, and MoSe, monolayers,
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respectively.®® It can be seen that Janus SnSSe possesses much
lower thermal sheet conductance than Janus MoSSe.

It is found that the acoustic phonons contribute most to the
total x;. For SnSSe, we found that ZA, TA and LA modes
contribute 27.1%, 35.7% and 35.3% to the total k; at room
temperature, while all the optical branches contribute 1.9%
only. For SnS,, the normalized contributions of ZA, TA, and LA
modes are 33.5%, 30.7%, and 31.3%, respectively, while the one
of all the optical modes is 4.5%. It is found that the contribu-
tion of ZA mode is lower in SnSSe than in SnS,. Note that the
contribution of the ZA mode is much lower than that in
graphene (about 75%), and it is believed that the domination
comes from the unique symmetry of flat graphene along its
c-axis.®®®® There is a symmetry selection rule in flat graphene
that only an even number of ZA modes can be involved in
scattering processes. This rule originates from the reflection
symmetry about the c-axis in the structure. The thermal resis-
tance originates from the anharmonic phonon scattering. Due
to the selection rule, the ZA mode contributes mainly to the
total thermal conductivity in graphene. However, the lattice
does not have a reflection symmetry along the c-axis in Janus
SnSSe and SnS,. As a result, the selection rule is broken and the
contribution of the ZA mode in the thermal transport of the two
materials is much lower than that in graphene.

To further understand the underlying physical mechanisms
of k1, in these two monolayers, we investigate the phonon group
velocity and the relaxation time, as shown in Fig. 4. On the

3 ° ZA (b)
4x10° 0 b SnSSe
« TA [
_ © LA D10 e
@ 1 2 1 P
£ 3x10° »  Optical =
- D
£ £
: 5
2 2x10° g 100
g E
S- 20!
1x10°
107
° .l.
o g
0 07 . LA N
8 1 0 2 4 6 8 10
10*
5x10° @
X1V o
o -
o 4x10 2
E -
~ @
=30 £
o= 3x10° -
g =
o 2
> =
£ 2x10° ]
S o)
St
> -4
1x10°
0

Frequency (THz)

Frequency (THz)

Fig. 4 Phonon group velocities and relaxation times of the two monolayers at room temperature; (a) and (b) display the group velocity and relaxation
time of SnSSe, while (c) and (d) show the group velocity and relaxation time of SnS,.
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whole, the phonon group velocities of the two monolayers are
similar, whereas those of SnSSe are lower. The range of group
velocity is from 0 to 4000 m s~ for SnSSe, while it is from 0 to
5000 m s~ * for SnS,. Furthermore, compared to Janus SnSSe,
the phonon group velocity of phonons with a low frequency is
as high as 5500 m s~ ' in the MoSSe monolayer, leading to a
higher thermal conductivity in MoSSe.*® This also confirms
that heavier M leads to weaker phonon harmonicity in SnSSe, as
mentioned previously. The phonon group velocities of acoustic
modes are higher than those of optical modes because of the
relative flatness of optical modes.

The relaxation time is inversely related to the strength of
anharmonic interaction, which is in the range of 107 to 10 ps
for both the monolayers as displayed in Fig. 4(b) and (d).
However, there are remarkable differences between TA and
LA phonons with a low frequency between the two monolayers.
The relaxation times of TA and LA phonons below 1 THz for
SnSSe are one order higher than those for SnS,. Based on
eqn (1), the kg, is mainly determined based on the group velocity
and the relaxation time. It is mentioned above that TA and LA
modes contribute more than 60% to the k;, in both the mono-
layers. Therefore, the much smaller relaxation time of TA and
LA phonons below 1 THz determines the smaller x;, in SnS,,
though SnS, possesses stronger phonon harmonic properties.
Furthermore, the relaxation times of many phonons show a
large decrease near 4 THz in SnSSe, which is the cross-region of
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acoustic and optical branches. However, there is no such
situation near the acoustic-optical gap (5 THz) in SnS,, con-
firming the effect of enhancing the thermal transport for the
acoustic-optical gap.>

The intrinsic phonon scattering rate 1/19 (inversion of the
relaxation time) determined by three-phonon transition prob-
abilities can be expressed in the following equations:

e (zr«mzrw ) )

1 i

hn(o fo)

V’”+5 3 — " 4
T e Vi oot oy —op), @

Fiirl/rJr =

(A
T :TM| P

W50 ;W o(w; — @y — o) (5)
LA A

where f, means Bose-Einstein statistics of the phonon mode 4,
I and Iy~ stand for the absorption and emission
processes, and N is the number of g points in BZ.*® Further-
more, V,,/,»= means the scattering matrix elements, which are
proportional to anharmonic IFCs.***® As mentioned previously,
the Griineisen parameter y indicates the anharmonicity of the
materials, thus 7 is proportional to V,,/,»* and the scattering
rate. It is also in agreement with the Slack model in eqn (2),
which implies that x;, is inversely proportional to y. Based on

10
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SnSSe

(d

3 SnS,
107

1 0-8 L 1 1 L L

Frequency (THz)

Fig. 5 Gruneisen parameter y and Pz for the monolayers SnSSe and SnS;; (a) and (b) show y and Pz of SnSSe, while (c) and (d) display those quantities of

SnS,.

16800 | Phys. Chem. Chem. Phys., 2020, 22,16796-16803

This journal is © the Owner Societies 2020


https://doi.org/10.1039/d0cp01939a

Published on 01 July 2020. Downloaded by National University of Singapore on 7/8/2021 7:30:56 AM.

Paper

0.8
—
¢
el
Q
N
g 0.6
(=}
Z
0.4
0.2
1 | 1
10! 10? 103 10* 10°
L (nm)

View Article Online

PCCP
b
op ® ==
1 1 T
1 | /7 y
g 0.8 |- v
5 i
E g
= 06} Ry
3 o
< g
8 J
: I\ 1
g 0.4 | i/
) o
Z /I ) :
0.2 Y
/ Lo
, b
, Lo
0_0 E 1 .‘ :I 1 1
10° 100 102 100 10*  10°
MPF (nm)

Fig. 6 (a) Normalized x| as a function of the sample size L at 300 K. (b) Normalized cumulative k as a function of the phonon MPF of the monolayers
SnSSe and SnS; at 300 K. The dashed lines in (b) indicate the fitting data. The vertical lines indicate the position of [y for the two monolayers.

eqn (3)-(5), it is also found that the scattering rate is propor-
tional to the number of Dirac delta distributions, which can be
denoted by the volume of the scattering phase space P; for
three-phonon processes.’® We have calculated y and P;, as
exhibited in Fig. 5. For P, a significant increase near 4 THz
in SnSSe can be seen, while there is a decrease near 5 THz in
SnS,. This indicates the suppression effect on scattering for the
acoustic-optical gap, thus the acoustic-optical gap can enhance
the relaxation time as displayed in Fig. 4. However, it cannot
lead to lower x;, in Janus SnSSe, as most of the contributions to
Ky, come from phonons with a low frequency. We found that
there are obvious distinctions for y of TA and LA phonons with
low frequency. Specifically, y is around 1.6 for TA and LA
phonons with a frequency lower than 1 THz in SnSSe, while it
shows negative values with a very large absolute value in SnS,.
Therefore, y leads to a discrepancy of the relaxation time of
these low-frequency phonons in two monolayers, and finally
suppresses the xj, of SnS,, though it possesses higher phonon
harmonicity than SnSSe, such as group velocity, Young’s mod-
ulus, and Debye temperature. In conclusion, the much weaker
phonon anharmonicity in SnSSe compensates the weaker har-
monicity, and even leads to a slightly higher ;.

In practical applications, all materials have a finite size
which can suppress x;, significantly through boundary scatter-
ing of different sample sizes, especially at the nanoscale. Here,
an empirical formula is used to describe the boundary scatter-
ing, expressed as: ri” = %, where L means the size of the

2
material.®”°® The calculated results are shown in Fig. 6(a).
The x;, of the two monolayers reduces following an exponential
function of increasing L due to the strong boundary effect, which
has been experimentally verified in suspended graphene.® 1t is
found the the x;, of the Janus SnSSe monolayer decreases more
quickly than that of the SnS, monolayer with diminishing size.
For instance, the normalized x;, of the SnSSe monolayer is 0.53 at

This journal is © the Owner Societies 2020

a size of 100 nm, while that of the SnS, monolayer is 0.73. When
the L is 1000 nm, the data are 0.86 and 0.96, respectively.

To estimate the size effect, we also evaluate the normalized
cumulative xp, with respect to the phonon mean free paths
(MFPs) for both the monolayers, as shown in Fig. 6(b). The
phonon MFPs which contribute mainly to x;, span from 1 to
1000 nm for SnSSe, whereas the range is from 1 to 100 nm for
SnS,, much narrower than the former. This indicates that
phonons with a low frequency contribute more to x, in SnS,
than in SnSSe. In order to obtain the characteristic length, we
introduce a single parametric function:*°

Kmax

< , _ =
KL(I >~ lmdx) 1 ¥ l()/lmax7 (6)

where [,.x and K.« are the maximum MFP and the ultimate
cumulative lattice thermal conductivity. /, is the only parameter
to be determined, and can be regarded as the representative
MFP. It is found that [/, values are 80.9 and 30.2 nm for the
SnSSe and SnS, monolayers, respectively, corresponding to the
positions of 50% of the total ;. This is in good agreement with
the curves shown in Fig. 6(a), indicating a much weaker size
effect in the phonon transport of the nanoscale SnSSe than
SnS,. It can be expected that the w;, will significantly decrease
when the size is of the order of 100 nm. This information is very
useful for the thermal management design of micro-/nano-
electronic devices based on these monolayers.

Conclusion

In summary, the lattice thermal conductivities x; of Janus
SnSSe and SnS, monolayers are investigated based on first-
principles calculations. The «y, values of SnSSe and SnS, are
13.3 and 11.0 W m ™' K" at room temperature, which are close
to each other. Acoustic branches dominate the thermal trans-
port of the two monolayers. The harmonic and anharmonic
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phonon properties together determine the x;, of the materials,
thus they are further investigated. It is found that the SnS,
monolayer possesses stronger harmonic properties than the
Janus SnSSe monolayer, such as higher elastic constants,
Young’s modulus, phonon group velocity and 6,. However,
the SnSSe monolayer has a slightly higher x;, than SnS, due
to the weaker anharmonic scattering than the former. Smaller
Griineisen parameters of LA and TA phonons within 1 THz are
found in SnSSe, exhibiting lower anharmonicity of these pho-
nons. And this finally leads to higher relaxation times and «y, in
the Janus SnSSe monolayer. At last, the size and boundary
effects are studied by cumulative x; and size-dependent ki,
respectively. This provides important information for the future
design of micro-/nano-devices. It can be expected that our work
may contribute to the understanding of the thermal transport
of 2D materials, as well as the practical applications of SnSSe
and SnS, monolayers.
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