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Using density functional theory, we systematically investigate the lattice thermal conductivity and carrier
mobility of monolayer SnX, (X = S, Se). The room-temperature ultra low lattice thermal conductivities
found in monolayer SnS; (6.41 W m™ K% and SnSe, (3.82 W m~! K™) are attributed to the low phonon
velocity, low Debye temperature, weak bonding interactions, and strong anharmonicity in monolayer SnX,.
The predicted values of lattice thermal conductivity are lower than those of other two-dimensional
materials such as stanene, phosphorene, monolayer MoS,, and bulk SnX,. High phonon-limited carrier
mobilities are obtained for the monolayer SnX,. For example, the electron mobility of monolayer SnS,
is 756.60 cm? V™! st and the hole mobility is 187.44 cm? V~* s~ The electron mobility of these
monolayers is higher than their hole mobility due to the low effective mass of electrons and low
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DOI: 10.1039/c7cp03748a deformation constants, which makes them n-type materials. Due to their ultra low lattice thermal

conductivities coupled with high carrier mobilities, monolayer SnX, materials may be promising materials

rsc.li/pccp for thermoelectric applications.

1 Introduction

After the exploration of graphene, the search for new two-
dimensional materials started both for fundamental research
and device applications in the field of optoelectronics and
energy conversion and storage. ™ Monolayer MoS,-like transi-
tion metal dichalcogenides have gained tremendous interest
due to their variety in band gaps, mechanical and chemical
properties, and applications in thin film solar cells, metal
ion batteries, and thermoelectric devices.”'° Thermoelectric
materials convert waste heat energy directly into useful electrical
energy. The thermoelectric performance of a material is scaled in

w’eT

terms of figure of merit (27), defined as ZT = , where o is

Ke + KI
the Seebeck coefficient, ¢ is the electrical conductivity, T is the
absolute temperature, k. is the electronic thermal conductivity,
and r; is the lattice thermal conductivity.""** This definition
recommends materials having low lattice thermal conductivity
and high carrier mobility for efficient thermoelectrics.

One of the crucial problems in thermoelectric materials is
the high lattice thermal conductivity which decreases the ZT.
Materials having low lattice thermal conductivity are more
significant in thermoelectrics. Since the electronic thermal
conductivity has a direct dependence on the electrical conductivity,
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reducing the electronic thermal conductivity by reducing the
electrical conductivity is not an effective method. According to
Slack’s theory of nonmetallic crystals, the requirements for low
lattice thermal conductivity are strong anharmonicity (large
Grineisen parameters), weak interatomic bonding interactions,
structural complexity, and materials containing heavy elements."?
For example, because of the high lattice thermal conductivity
(2200 W m ™" K™ ") of graphene, its use in thermoelectric devices
is not attractive.'* On the other hand, several two-dimensional
materials like stanene, silicene, phosphorene, MoS,, MoSe,,
WSe,, SnSe, and Bi have been reported for low lattice thermal
conductivities at room temperature.'> >

In semiconductor devices, the carrier mobility by holes
and electrons plays an important role. The lattice thermal
conductivity can be reduced by producing vacancies or doping
heavy elements, but they decrease the carrier mobility as well.
However, high carrier mobility coupled with low lattice thermal
conductivity is required for efficient thermoelectric materials.
Graphene, phosphorene, silicene, and monolayer MoS,, TiS;,
SnSe, GeS, PbS, and PbSe have been reported to have high carrier
mobility.>*” Monolayer SnX, (X = S, Se) have been recently
synthesized and their structural parameters and electronic band
structures are well studied.”® Several recent reports show that the
bulk SnX, has very low lattice thermal conductivity,>*° but the
lack of research into the lattice thermal conductivity and carrier
mobility of their monolayer phases motivated us to study them.
Since these monolayers contain heavy elements such as Sn and
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Se with weak interatomic bonding, it is expected that these
materials will have low lattice thermal conductivity.

This paper explores the phonon transport properties such as
phonon dispersion, phonon group velocities, Griineisen para-
meters, lattice thermal conductivities, and phonon-limited
carrier mobilities of the monolayer SnX,, using the phonon
Boltzmann transport equation and deformation potential theory.
It is found that the lattice thermal conductivity of monolayer
SnSe, at room temperature is as low as 3.82 Wm™ ' K !, which is
attributed to the heavy atomic masses of Sn and Se and its strong
phonon anharmonicity. The calculated lattice thermal conduc-
tivities are lower than the in-plane lattice thermal conductivity of
their bulk phases unlike in MoS, and MoSe,.*** The carrier
mobility of the monolayer SnS, at room temperature is as high
as 756.60 cm”> V' s~ for electrons and 187.44 cm® V' s~ for
holes. The contribution of each mode to the lattice thermal
conductivity is evaluated; the longitudinal acoustic (LA) mode is
found to be the main contributor in monolayer SnS, while the
transverse acoustic (TA) mode is the main contributor in mono-
layer SnSe,. The size effects on lattice thermal conductivity are
also discussed. Owing to their ultra low lattice thermal conduc-
tivity and high carrier mobility, monolayer SnS, and SnSe, are
promising for thermoelectric applications.

2 Computational methods

All the density functional theory calculations are performed by
adopting the Vienna Ab initio Simulation Package®® with the
projector augmented wave method.** The generalized gradient
approximation in the form of Perdew-Burke-Ernzerhof® is used
as an exchange correlation functional. The kinetic energy cutoff is
set to 500 €V. The Monkhorst-Pack k-mesh of 15 x 15 x 1 is used
and the structure is optimized until the largest Hellmann-
Feynman force component on each atom is less than 0.001 eV A~
The Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional is used to
calculate the band structure and carrier mobility. Phonopy code is
used to calculate the phonon spectra, phonon group velocities,
Griineisen parameters, and harmonic force constants with a super-
cell of 6 x 6 x 1 using the finite displacement method."*® Lattice
thermal conductivity is calculated by solving the Boltzmann
transport equation for phonons as implemented in the ShengBTE
code.””*® The anharmonic force constants are obtained using a
supercell of 5 x 5 x 1 including five nearest neighbors.

3 Results and discussion
3.1 Structure optimization and phonon spectra

The energetically and dynamically stable 1T phase of monolayer tin
dichalcogenides (SnX,) lies in the P3m1 space group (No. 164), as
shown in Fig. 1. The optimized lattice parameters of a hexagonal
primitive unit cell are a = b = 3.69 A for monolayer SnS, and a = b =
3.86 A for monolayer SnSe,. The lattice parameters are in good
agreement with the previously reported values.*>*® Monolayer SnX
can be derived from the distorted tetrahedra of Sn(u) atoms with a
lone pair. In this monolayer three Sn-X bonds form with two
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Fig. 1 (a) Top and (b) side views of the monolayer SnX, (X = S, Se). The
dashed lines show the primitive unit cell (with lattice vectors @ and b).

different bond lengths. However, monolayer SnX, is derived from
the octahedral coordination of Sn(w) to form a hexagonal structure.

The phonon spectra of the monolayer SnX, are shown in
Fig. 2. The absence of imaginary frequencies in the phonon
band structure for monolayer SnX, guarantees its dynamical
stability. Among the total nine vibrational modes for the three
atoms in a primitive unit cell, the lowest three modes are
acoustic (LA, TA, and ZA (flexural acoustic mode)) modes and
the other six modes with relatively high frequencies are the
optical ones. The maximum frequency of vibration is 347.85 cm ™"
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Fig. 2 Phonon band structure of (a) monolayer SnS, and (b) monolayer
SnSe,. The red, black, green, and blue lines represent the ZA, TA, LA, and
optical modes, respectively.
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Table 1 Percentage contribution of acoustic modes (ZA, TA, LA) and optical modes toward lattice thermal conductivity and total lattice thermal

conductivity (k) at room temperature, and the Debye temperature (Op)

System ZA (%) TA (%) LA (%) Optical (%) ki (Wm 'K Op (K)
SnS, 36.26 25.56 33.89 4.29 6.41 136.9
SnSe, 29.85 32.32 29.53 8.30 3.82 107.8
SnS 27.07%2 19.79%? 25.97%2 27.17%% 3.21%2 —
SnSe 31.39%2 25.16% 14.90% 28.55%% 2.95%% —
MoS, 29.1° 30.4° 39.1° 1.4° 101° 262.3%
Graphene 76" 15" 8" 1Y 3288 2300
Stanene 13.5" 26.9" 57.5% 21" 11.6"° 725
Silicene 38.98" 21.63" 20.97¢ 18.42¢ 27.72% 798.1%¢

for monolayer SnS, and 249.36 cm ™' for monolayer SnSe,. The
phonon band gap between the acoustic and optical modes for
monolayer SnS, is larger than that for monolayer SnSe, because
of the higher mass ratio of Sn to S than Sn to Se. The LA and
TA modes are linear and the ZA mode is nearly quadratic at
the gamma point. The phonon spectra of these monolayers
are very similar, but the frequencies of monolayer SnSe, are
slightly shifted downward compared to that of monolayer SnS,
because of its larger reduced mass. Monolayer SnX, has higher
phonon frequencies than monolayer SnX due to the difference
in the oxidation state of Sn in both these cases, as reported
in ref. 22. The optical bands in phonon dispersion of the
monolayer SnX are dispersive, which significantly increases
the contribution of these branches to the lattice thermal
conductivity (see Table 1).

3.2 Phonon group velocities, Griineisen parameters, and
Debye temperatures

In order to understand the lattice thermal conductivity of the
monolayer SnX,, we explore the phonon-related properties such
as phonon spectra, phonon group velocity, Griineisen parameter,
and the Debye temperature. Phonon group velocities are com-
puted from the phonon spectra along the I'-M and I'-K direc-
tions, as shown in Fig. 3. The phonon group velocity of each mode
9w (q)
Oq
tional frequency, the vibrational mode index, and the wave vector

is given by v, = , where o, k, and q represent the vibra-

SnS, SnSe,
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Fig. 3 Phonon group velocities along the (a) I'-K, and (c) I'-M directions
for monolayer SnS, and along the (b) I'-K, and (d) I'-M directions for
monolayer SnSe,.

This journal is © the Owner Societies 2017

respectively. The phonon group velocities of monolayer SnS, at
low frequency limit are 1948 m s~ in the ZA mode, 3222 m s~
in the TA mode, and 5160 m s~ ' in the LA mode. For monolayer
SnSe, the group velocities are 1604 m s ' in the ZA mode,
2514 m s~ in the TA mode, and 4044 m s~ in the LA mode. The
phonon group velocity of monolayer SnX, in the LA mode is
smaller than that of graphene*" (22 000 m s™'), phosphorene*
(8640 m s~ '), and silicene'® (9520 m s~ '), and larger than that of
stanene’® (3600 m s~ ) and monolayer MoS," (1108 m s~ ).

The Griineisen parameter y is calculated for each phonon
mode in order to quantify the anharmonicity of monolayer SnX,,
as plotted in Fig. 4. The Griineisen parameters are evaluated
using the definition:**

) ap Owi(q)
7k(q) = 7wk(q) da

Optical modes
-10 ZA mode
TA mode
LA mode

Gruneisen parameter

200 250 300

Gruneisen parameter

_40 1 1 1 1 1
0 50 100 150 200 250

Frequency(cm'l)

Fig. 4 Mode-dependent Gruneisen parameters of (a) monolayer SnS,
and (b) monolayer SnSe,.
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where a, is the equilibrium lattice constant. Very large absolute
values of the Griineisen parameter are found at the long wave-
length limit, which shows large phonon anharmonicity of
monolayer SnX,. The Slack’s equation for lattice thermal
conductivity"? is:

 AMOpN

Kl = T

where A is a constant and M, @y, J, N, y, and T are average
atomic mass, Debye temperature, volume per atom, number
of atoms per unit cell, Griineisen parameter, and tempera-
ture, respectively. Therefore, strong anharmonicity (or large
Griineisen parameter) is required for low lattice thermal con-
ductivity. Low Griineisen parameter is reported for germanene,
stanene, and silicene, and high for monolayer WS,, MoS,, and
MoSe,.>*! Finally, we calculate the Debye temperature (@p)
that is defined as™

VAR B
Op'  3\0za®  O1ad  OrA3

where 0; = ho"*/kg is the Debye temperature for each mode
(i =ZA, TA, LA) and o™ is the maximum frequency of the ith
mode. The Debye temperatures for SnX, are listed in Table 1,
which are smaller than those of graphene, silicene and mono-
layer MoS,, and larger than that of stanene.”™>*' Small Debye
temperatures for SnS, and SnSe, mean that many phonon modes
are activated at room temperature, which leads to increasing
phonon population and phonon scattering rate*” to reduce the
lattice thermal conductivity.

3.3 Lattice thermal conductivity (x;)

Lattice thermal conductivity is calculated using both the itera-
tive and single mode relaxation time approximation (SMRTA)
methods, as shown in Fig. 5. We find very low lattice thermal
conductivity for monolayer SnS, (6.41 W m™' K ' for the
iterative method and 5.44 W m~" K~ for the SMRTA method)
and SnSe, (3.82 W m~ " K ' for the iterative method and
3.23 Wm ' K * for the SMRTA method) at room temperature.
The difference in the lattice thermal conductivity between the
two methods for SnS, is larger than that for SnSe, because
the SMRTA method is usually a good approximation for low
thermal conducting materials. In the SMTRA method, the
individual phonon mode is excited and has no memory of the
initial phonon distribution. This approach only works when
normal processes are dominated over the Umklapp processes.
It is not a good approximation for high thermal conducting
materials such as graphene or GaN. The iterative method solves
the Boltzmann transport equation exactly and gives a fully
converged value of the lattice thermal conductivity. It is equally
applicable for high and low lattice thermal conducting materials.*®
The lattice thermal conductivities of the monolayer SnX, are
compared with other well-known two-dimensional materials
in Table 1. The low lattice thermal conductivities of the
monolayer SnX, are due to their low phonon velocities, strong
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Fig. 5 Calculated lattice thermal conductivities as a function of tempera-
ture for the monolayer (a) SnS, and (b) SnSe,.

anharmonicity, and low Debye temperatures compared to other
two-dimensional materials.

Contributions of acoustic and optical modes to the lattice
thermal conductivity are tabulated in Table 1. The contribution
from the ZA mode of SnX, is smaller than that of graphene,
because graphene has reflection symmetry which does not allow
the ZA-mode anharmonic phonons to scatter. Approximately
60% contribution to the lattice thermal conductivity of mono-
layer SnX, comes from the TA and LA modes (unlike graphene)
because of the strong anharmonic interactions. The contribu-
tion of SnX, is compared with well-known two-dimensional
materials in Table 1.

The cumulative lattice thermal conductivity as a function
of phonon mean free path (MFP, A) is plotted in Fig. 6. The
cumulative lattice thermal conductivity shows the dependence
of lattice thermal conductivity on the size of the sample and the
lattice thermal conductivity reaches its saturation value when
the size of the sample is equal to or larger than that for the
maximal phonon MFPS (A,,y)- It also gives information regard-
ing which phonon (long MFP or short MFP) contributes more to
the lattice thermal conductivity. It is a very useful property in
order to get information about how nanostructuring can
decrease the lattice thermal conductivity.**>' A for monolayer
SnS, is 486.2 nm and 278 nm for monolayer SnSe,. The values
of Amax of SnS, and SnSe, are very large, which means that
nanostructuring can be effectively modulated by the lattice
thermal conductivity. In order to find an important parameter

This journal is © the Owner Societies 2017
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Fig. 6 The cumulative lattice thermal conductivity as a function of
phonon MFP for (a) monolayer SnS, and (b) monolayer SnSe, at room
temperature.

for designing nanostructuring, called the representative phonon
MFP (A,), the data are fitted to a single parametric function:**

Kmax

Ki(A < Amax) = m7

where Ky is the maximal lattice thermal conductivity. The
values of A, for monolayer SnS, and SnSe, are 67.7 nm and
34.1 nm, respectively.

3.4 Carrier mobility (u)

Bardeen and Shockley proposed the deformation potential
theory to evaluate the carrier mobility,>® and the deformation
potential theory has been extensively used to calculate the
mobility of two-dimensional materials.>*° In this theory, the
mobility of single layer material u,p is defined as

gh.’»CzD
Fap = kg Tm*myE\?
. * 2 d2E . .
where T is temperature, m* = h 2 is the effective mass

obtained from the curvature of the band at the band edge
2

dk>
quadratic function, and myq = \/mj_,,m),_ is the average effective
mass. C" is the elastic constant defined by C* = [0°E/05”)/Ao, where

E is the total energy after applying uniaxial strain (6 = Al/l,) and
Ay is the area at equilibrium. The deformation potential

JOAR .
whereas curvature ( ) is calculated by least squares fit to a
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Fig. 7 Electronic band structure of monolayer (a) SnS, and (b) SnSe,
along high symmetry points I', K, and M. (c) Shift in the valence band
maxima under uniaxial strain and (d) shift in the conduction band minima
under uniaxial strain.

constant E; is defined as E; = AV/o, where AV represents the
shift in band edge (conduction band minima or valence band
maxima) by applying uniaxial strain J. The calculated electronic
band structures for the monolayer SnS, and SnSe, are shown in
Fig. 7(a and b) with indirect band gaps of 2.38 and 1.39 eV,
respectively. Band structure and carrier mobility calculations
are based on the HSE06 method, a more accurate but compu-
tationally more expensive method. In both the monolayers, the
conduction band maxima (CBM) are located at the M point and
the valence band minima (VBM) are located between the I" and
M points. The VBM and CBM positions with respect to uniaxial
strain are plotted in Fig. 7(c and d). The deformation potential
constants are obtained by linear fitting of the CBM (for electrons)
or VBM (for holes) versus the strain curve as listed in Table 2.
The effective masses of an electron and a hole listed in Table 2
are calculated by fitting the bands near the CBM and VBM to
quadratic functions. Our effective mass values are consistent
with the previously reported ones.”” The effective masses of the
holes in the monolayer SnX, are heavier than those of the

Table 2 Effective mass (mpr_m*, mg_m*), average effective mass (my),
in-plane stiffness (C2P), deformation constant (£;), and mobility (u) for
holes and electrons in single layer SnX, at 300 K. The unit of effective
masses is Me

Carrier  mp_p* Mg® mq Ep (€V) p(em? Vv 'sT!) 1 (fs)
SnS, Electron 0.73 0.30 0.46 —2.344 756.60 314.03

Hole —-2.12 —-0.40 0.92 —-1.97 187.44 225.93
SnSe, Electron 0.71 0.31 0.47 —-2.79 462.61 186.74

Hole —-2.06 —0.39 0.89 —2.37 115.65 135.46

Phys. Chem. Chem. Phys., 2017, 19, 20677-20683 | 20681
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electrons due to the flatness of the valence band. The small
effective masses of the electrons indicate that the electron
mobility would be high. The elastic constants (C*") are calculated
directly from the strain-stress relationship and the calculated
values of C*" for monolayers SnS, and SnSe, are 66.86 N m™ " and
56.32 N m™ ', respectively, and they are consistent with previous
studies.””® The monolayer SnS, has higher elastic constants
compared to monolayer SnSe, due to the Sn-S bond being
stronger than the Sn-Se bond.

The electronic properties of the monolayer SnX, are driven
by carrier mobilities and strongly held by their effective masses.
The carrier mobilities are determined by applying the standard
two-dimensional model, the so-called acoustic phonon-limited
mobility model in which acoustic phonon scattering is the
fundamental process.>***>® The carrier mobility and relaxation
time (t = um*/e) for the electrons and holes of monolayer SnX, are
computed on the basis of the calculated effective mass, elastic
constant, and deformation potential constant as listed in Table 2.
Predicted carrier mobilities of electrons and holes are highly
asymmetric: a high mobility of 756.60 cm”> V"' s~ for electrons
and 187.44 cm® V' s~ for holes in monolayer SnS,. The electron
carrier mobilities of the SnX, are higher than those of monolayer
MoS, (60.32 cm®> V' s~ ) and Ti,CO, (611 cm> V' s~ ') because of
the lower effective mass and lower deformation potential constant
of monolayer SnX,. It is lower than that for monolayer SnSe
(1200 em® V™' s71) and phosphorene (1100 cm?® V! 57 1),2326:35,59
Such large electron carrier mobilities grant n-type electronic
properties to monolayer SnX, materials.

4 Conclusions

In conclusion, we have explored ultralow lattice thermal con-
ductivity and high carrier mobility in monolayer SnS, and SnSe,
using first principles calculations. In order to explain the
ultralow lattice thermal conductivities, we have calculated the
phonon spectra, phonon group velocities, Griineisen para-
meters, and Debye temperatures. Monolayer SnSe, has lower
lattice thermal conductivity than SnS, due to its low phonon
group velocity, heavy mass of Se, strong anharmonicity, and low
Debye temperature. The contribution of each vibrational mode
to the lattice thermal conductivity is calculated and the size
dependence of the lattice thermal conductivity is also discussed.
The phonon MFPs for these materials are so large that phonon
transport properties can be changed more efficiently by nano-
structuring. The electron and hole mobility of monolayer SnSe,
is higher than that of monolayer SnS, because of the low
effective masses. The ultralow lattice thermal conductivity and
high carrier mobility of monolayer SnS, and SnSe, suggest that
they are good candidates for thermoelectric applications.
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