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Layer-dependent electronic structure, dynamic stability, and phonon properties of few-layer SnSe
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There is still a lack of fundamental understanding of the structural properties and thermal conductivity of
few-layer SnSe, although it is the current recording material for thermoelectric conversion efficiency. From
first-principles molecular dynamics and lattice dynamics, the electronic structure, structural properties, and
lattice vibrational properties of few-layer SnSe are thus investigated in this study. The results show that SnSe
exhibits semiconducting characteristics with the optical absorption mainly concentrated in the visible and
near-ultraviolet regions. The band gap varies from 0.90 to 1.35 eV as the number of atomic layers decreases from
bulk to single layer (1L). Four-layer (4L) SnSe shows typical bulk characteristics in terms of phase stability and
electronic and vibrational properties. On further reducing the number of atomic layers, the quantum confinement
effect becomes significant. At room temperature, the Pnma structural symmetry of 4L SnSe is dominated by
the Jahn-Teller effect, consistent with the bulk phase. The second-order phase transition from Pnma to Cmcm
driven by the phonon anharmonic effect occurs in 1L SnSe. A competitive picture of these two effects can be
observed in 3L and 2L SnSe. At the enhancement temperature, the distribution peak of the phonon density of
states between 3.5 and 4.5 THz shows a significant redshift relative to the harmonic case, exhibiting strong
phonon anharmonicity. Correspondingly, the Raman-active normal modes B1

3g and A2
g, which contribute to the

peak, present significant frequency softening, consistent with the experimental observations. The reduction in
the number of atomic layers will aggravate the frequency softening of these modes. Due to the strong phonon
anharmonicity and dynamic instability of the Pnma phase, the lattice thermal conductivity of few-layer SnSe at
room temperature is significantly lower than that of the bulk phase.

DOI: 10.1103/PhysRevB.106.104301

I. INTRODUCTION

Due to their physical behavior, IV-VI semiconductors have
aroused great interest in next-generation optoelectronic, ther-
moelectric, and photovoltaic devices [1–7]. As an important
member of this family, SnSe compounds exhibit superior
thermoelectric properties in the medium-temperature region,
holding promise for thermoelectric and photovoltaic technolo-
gies [8,9]. Bulk SnSe crystallizes in an orthogonal layered
structure and experiences a second-order displacement phase
transition from Pnma to Cmcm above 600 K. The high-
temperature Cmcm phase shows a much higher figure of merit
than the low-temperature Pnma phase, which is mainly at-
tributed to the enhanced coupling of phonon anharmonicity
and high band degeneracy [8–10].

The out-of-plane layered structure with van der Waals
interactions facilitates the experimental preparation of SnSe
flakes or the exfoliation of single-layer SnSe from the bulk
phase. Experimentally, single-crystal SnSe nanosheets with
four atomic layers (1 nm) were first synthesized by the one-pot
synthesis method [11]. The fabrication of SnSe thin films
has been offered as an effective way to improve thermo-
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electric and photoelectric properties. For example, a hybrid
photodetector based on SnSe nanosheets with a thickness
of 1 nm has a response time of 0.19 s. Compared with
the three-dimensional SnSe nanoflower hybrid photodetector
with a response time of 11.76 s, the SnSe nanosheets ex-
hibit superior charge dissociation and transmission due to the
two-dimensional (2D) properties [11]. Similarly, Zhao et al.
[12] synthesized single-crystal orthorhombic SnSe nanoplates
of different sizes with controllable side lengths from 1 to
6 μm by vapor transport deposition, showing a high pho-
toresponsivity of 0.06 μA under a bias of 0.1 V. Ju and
Kim [13] fabricated SnSe nanosheet composites, which show
extremely low thermal conductivity and significant improve-
ment in power factor. Ren et al. [14] prepared 2D SnSe
nanosheets via a simple hydrothermal intercalation and exfoli-
ation route. Photoelectrochemical tests demonstrated that the
photocurrent density of SnSe nanosheets is greatly improved
compared with the bulk phase. Recently, the rectangular
SnSe flakes were reported to grow with a thickness of 6.8 ±
1.4 Å, which is close to the value of a single-layer SnSe
(5.749 Å) [15]. These nanostructures are of great significance
for the manufacture of devices due to their low dimensions
and relatively high performance.

Significant developments in the fabrication and manipu-
lation of ultrathin SnSe films have also prompted theoret-
ical studies of multilayer SnSe focusing on the electronic
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structure, heat transport behavior, doping, and strain effects
[16–20]. In particular, since the number of scattering centers
decreases as the thickness of SnSe flakes reduces to a level
close to the single layer, the intensity of the Raman signal van-
ishes due to the limitation of the Raman spectrometer [15,21].
Clarifying the electronic, structural, and vibrational proper-
ties of these ultrathin films is crucial for device application.
Although there has been much research on and understanding
of the electronic properties of few-layer SnSe, less is known
about its structural properties and lattice thermal conductivity.
In particular, 2D SnSe has different properties than the bulk
phase in terms of surface and boundary effects and quantum
size effect. With the decrease in the number of atomic layers,
there is still a lack of sufficient understanding of the compet-
ing relationship between the bulk and the two-dimensional
characteristics of structural stability and vibrational proper-
ties of SnSe, which is an obvious obstacle to its application.
Therefore, in this study, we will use the advantages of theo-
retical methods to study the microscopic quantum properties,
mainly focusing on the layer-dependent structural proper-
ties, dynamic stability, and lattice thermal conductivity of
few-layer SnSe. The phonon quasiparticle approach based on
first-principles molecular dynamics (MD) simulations is used
to deal with the anharmonic phonon properties [22,23], which
is fundamentally different from the most commonly used den-
sity functional theory (DFT) phonon-based methods that use
third-order force constants calculated from the static structure
at 0 K. In this approach, temperature-dependent phonon fre-
quencies and lifetimes are extracted from the phonon power
spectrum calculated using the velocity autocorrelation func-
tion, thereby implying thermal effects and anharmonicities.
Since the heat transport and optical properties have great sig-
nificance for the characterization of materials, we also predict
the lattice thermal conductivity and the optical absorption
spectra of these compounds. Then the competing relationship
between the properties of the bulk and 2D phases is revealed
with the decrease of the number of atomic layers. It is ex-
pected that these results can provide an important theoretical
reference for experimental verification and device application
of SnSe.

II. METHODS AND COMPUTATIONAL DETAILS

The first-principles total energy and electronic structure
calculations were carried out using density functional theory
with the projector augmented-wave method [24] as imple-
mented in the VASP package [25–27]. The electron exchange
and correlation potential was described by the generalized
gradient approximation parametrized by Perdew, Burke, and
Ernzerhof [28]. The plane-wave cutoff was set to 300 eV.
A Monkhorst-Pack 8 × 8 × 1 mesh was used in Brillouin
zone integration [29], which is sufficient to converge the re-
sults to less than 1.0 × 10−4 eV/atom. In order to correct
the underestimation of the semiconductor band gap in DFT
calculations based on the Kohn-Sham equations, the DFT-
1/2 self-energy correction method was employed [30], which
adds a self-energy correction to the standard potential. This
approach differs from the Heyd-Scuseria-Ernzerhof (HSE06)
approach commonly used in previous studies [31–33]. It is
inspired by the simple half-ionization method, which reliably

describes the excited states in solids, giving band-gap energies
and band structures in very good agreement with experi-
ment. The harmonic second-order interatomic force constant
matrix was calculated using a 4 × 4 × 1 supercell and the
finite displacement method with a displacement amplitude of
0.01 Å for bulk and few-layer SnSe. Then the harmonic
phonon frequencies and polarization vectors were obtained
with the postprocessing software PHONOPY [34].

All the first-principles MD simulations were performed
using the 4 × 4 × 1 supercell at 300 K. Only the � point is
considered in the Brillouin zone integration. The canonical
ensemble (NVT) was used and the temperature oscillations
during the simulation were controlled by the Nosé thermostat
[35]. The simulation time was 60 ps for each MD run with a
2 fs time step.

The phonon quasiparticle is defined by the power spectrum
projected on the normal mode (q, s) [22,23]

Gq,s(ω) =
∫ ∞

0
〈V(0) · V(t )〉q,se

iωt dt . (1)

For a normal mode, its typical power spectrum follows a
Lorentzian-type line shape, from which both the quasiparticle
frequency ω̃q,s and linewidth �q,s can be extracted. The veloc-
ity autocorrelation function (VAF) in Eq. (1) can be calculated
as

〈V(0) · V(t )〉q,s = lim
t0→∞

1

t0

∫ t0

0
Vq,s(t

′)Vq,s(t
′ + t )dt ′, (2)

in which the mode-projected velocity of the normal mode
(q, s) is

Vq,s(t ) =
N∑

i=1

V(t )e−iq·Ri · êq,s. (3)

V(t ) = {v1(t )
√

M1, . . . , vN (t )
√

MN } is the mass-weighted
velocity containing 3N components, and vi(t ) (i = 1, . . . , N)
are atomic velocities obtained from the first-principles MD
simulation with N atoms per supercell. Mi and Ri are the
atomic mass and coordinates of atom i in the supercell. êq,s

is the polarization vector of the harmonic phonon mode (q, s).
The lattice thermal conductivity κlat based on the Boltz-

mann transport equation and phonon gas model can be
calculated as [36]

κ
αβ

lat =
∑
q,s

Cv (q, s)vα
q,sv

β
q,sτq,s, (4)

where v
α(β )
q,s is the group velocity component along the α

(β) direction and τq,s is the phonon lifetime of mode (q, s).
Cv (q, s) is the mode-specific capacity of the expression,

Cv (q, s) = kB

N�

(
h̄ω

kBT

)2

f0( f0 + 1), (5)

where kB is the Boltzmann constant, h̄ is the reduced Planck
constant, ωq,s is the phonon frequency, N is the number of q
points, � is the volume of the unit cell, and f0 is the Bose-
Einstein statistics.

According to the dielectric theory, the optical properties
were determined by the complex dielectric function ε(ω),
which can be calculated by the independent particle approxi-
mation as implemented in VASP [37]. The dielectric function
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FIG. 1. The crystal structure of bulk SnSe in the Pnma phase
and the stripped single-layer SnSe along the out-of-plane direc-
tion. Atomic structures for different crystal directions are provided,
namely, the x axis (zigzag direction), the y axis (armchair direction),
and a top view.

gives the linear response of an electronic system submitted
to an applied external electric field and can be written as
ε(ω) = ε1(ω) + iε2(ω). The imaginary part of the dielectric
function is obtained from the momentum matrix elements
between the occupied and unoccupied wave functions within
the selection rules and is given by [38,39]

ε2(ω) = 2e2π

�ε0
�

∣∣〈ψc
k

∣∣û × r
∣∣ψν

k

〉∣∣2
δ
(
Ec

k − E ν
k − E

)
, (6)

where � is the unit cell volume and ψc
k and ψν

k are the
conduction band and valence band wave functions at k, re-
spectively. The real part of the dielectric function follows from
the Kramers-Kronig relationship [40]. The absorption coeffi-
cient α(ω) can be derived from ε1(ω) and ε2(ω) according to
the following equation [41]:

α(ω) =
√

2ω

c

[√
ε2

1 (ω) + ε2
2 (ω) − ε1(ω)

] 1
2 , (7)

where c is the vacuum speed of light.

III. RESULTS AND DISCUSSION

A. Atomic and electronic structures

The atomic structures of layered SnSe are shown in Fig. 1.
Bulk SnSe crystalizes in the orthorhombic structure of space
group Pnma (No. 62) [36]. The few- or single-layer SnSe can
be directly stripped from the bulk phase along the normal
direction (c axis) due to the weak van der Waals interac-
tion between the layers. SnSe structures with atomic layer
thicknesses ranging from four layers (4L) to a single layer
(1L) are considered in the present study and have the P21/m
(No. 11) phase for 4L and 2L SnSe and the Pmn21 (No. 31)
phase for 3L and 1L SnSe. The optimized lattice parameters a
(zigzag direction) and b (armchair direction) are summarized
in Table I. For the bulk phase, the lattice constants a and
b are 4.219 and 4.524 Å, respectively, in agreement with
experimental values of 4.15 and 4.45 Å [8,11]. The lattice
parameters of 4.221 and 4.511 Å for 4L SnSe are very close
to the values of the bulk phase. As the number of atomic
layers decreases from 4L to 1L, the lattice parameters along
the zigzag direction a and the armchair direction b increase
and decrease, respectively. As listed in Table I, the b/a ratio
decreases from 1.069 to 1.032, indicating that the anisotropy
between the lattice parameters is reduced with the decrease in
the number of atomic layers.

The orbital-resolved electronic density of states (DOS) of
the few-layer SnSe were calculated and are shown in Fig. 2.
We have tested the effect of van der Waals interactions on
the electronic structure of bulk and few-layer SnSe using
the optimized Becke88 van der Waals (optB88-vdW) method
[44]. The calculated DOSs without and with van der Waals
interactions are compared in Fig. S1 in the Supplemental
Material, and the valence band maximum (VBM) levels, con-
duction band minimum (CBM) levels, and band gaps are
collected in Table S1 [42]. The van der Waals interactions
are found to have little effect on the electronic structure of
bulk and few-layer SnSe, including energy levels at the VBM
and CBM, electron orbital occupancy, and energy band gap.
Therefore, in the following studies, we did not include van
der Waals interactions. All these compounds show semicon-
ductor characteristics with a considerable band gap. Detailed
band structure calculations indicate that these compounds are

TABLE I. Optimized lattice constants (Å) and energy band gaps Eg (eV) for bulk and few-layer SnSe. Experimental results in Ref. [11]
and previous theoretical results [31–33,43] are also listed for comparison. The energy band gaps of Ref. [43] were calculated using the DFT
method with a scissor of 0.5 eV. Data from Refs. [31–33] were calculated using the hybrid HSE06 functional method.

Type a (Å) b (Å) b/a Eg (eV) Eg (eV) [11,31–33,43]

Bulk 4.150a 4.450a 1.072a 0.90a

Bulk 4.219 4.524 1.072 0.90 0.93b,0.86c,1.12d,1.00e

4L 4.221 4.511 1.069 0.92
3L 4.237 4.486 1.059 0.99 1.10c

2L 4.241 4.479 1.056 1.08 1.15b,1.39d,1.20e

1L 4.287 4.385 1.023 1.35 1.79b,1.32c,1.43d,1.44e

aReference [11].
bReference [43].
cReference [31]
dReference [32].
eReference [33].
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FIG. 2. The orbital-resolved electronic density of states (DOS)
of bulk and few-layer (4L to 1L) SnSe. The Fermi level is set to zero.

indirect semiconductors (see Fig. S2 in the Supplemental
Material) [42]. The VBM and the CBM appear in the �-Y
and �-X directions, respectively, in agreement with previous
reports [31–33,43]. For the bulk phase, the predicted band
gap of 0.90 eV from the DFT-1/2 approach is in accordance
with the experimental value of 0.90 eV [11]. The valence
and conduction bands are significantly composed of the Se
p orbital and the Sn p orbital, respectively. High hybridization
between the Se p orbital and the Sn s orbital can be observed
near the VBM. The electronic DOS distribution of the 4L
SnSe is similar to that of the bulk phase with a very close band
gap of 0.92 eV. As the number of atomic layers decreases, the
contribution of the Sn s orbital to the Sn-Se bond near the
VBM becomes weaker. Then, the 2D quantum confinement
effect becomes significant, which is manifested in a more
discrete peak distribution of the DOS. This is particularly true
in 1L SnSe with an enlarged band gap of 1.35 eV. As shown
in Table I, the band gap predicted by the DFT-1/2 method is
consistent with the previous results calculated by the HSE06
approach [31–33], which presents an increasing trend with the
decrease in the number of atomic layers. In addition, the Bader
effective charges are +1.888 for Sn and −8.109 for Se in the
4L phase, very close to the values of +1.881 and −8.119 for

the bulk phase. As the number of atomic layers decreases, the
Bader charges increase to +1.893 for Sn and −8.100 for Se
in the 1L phase, indicating the reduced ionicity of the Sn-Se
bond.

B. Dynamic stability at finite temperature

First-principles MD simulations were performed to elu-
cidate the structural stability of few-layer SnSe at 300 K.
Figure 3 shows the calculated atomic displacement probability
distribution functions of Sn and Se atoms projected on the
xy plane (in plane). For 4L SnSe, all Sn and Se atoms vi-
brate around the equilibrium lattice point with the probability
distribution function showing only one main peak, as shown
in Figs. 3(a)–3(d). Relative to the ideal Pnma structure, the
maximum appears at zero displacement, indicating phase sta-
bilization. The Pnma phase of bulk SnSe is known to be more
energetically stable at low temperature than the Cmcm phase.
This is mainly due to the Jahn-Teller effect, which leads to
a boost in state degradation by breaking the symmetry of the
structure [10]. At high temperature, the phonon anharmonic
effect becomes more important than the Jahn-Teller effect,
promoting the stability of the high-symmetry Cmcm phase.
It can be seen that 4L SnSe exhibits the same characteristics
as the bulk phase not only in terms of electronic structure but
also in terms of phase stability. However, in the 1L SnSe, the
vibrations of all atoms deviate from the equilibrium position.
As shown in Figs. 3(m)–3(p), Sn and Se atoms tend to move
opposite each other along the y axis (armchair direction).
This corresponds to a second-order displacive phase transi-
tion from the Pnma to Cmcm phase, consistent with previous
theoretical findings [36]. Unlike the bulk phase, the atomic
structure is not limited by the Jahn-Teller effect in 1L SnSe,
but the phonon anharmonic effect plays a major role in the
phase transition. Deviations from the equilibrium position can
also be observed in 2L and 3L SnSe, as shown in Figs. 3(e)–
3(l). Unlike in 1L SnSe, Sn and Se atoms do not move along
a direct phase transition path from the Pnma phase to the
Cmcm phase but move along the x and y axes simultaneously.
The instability of the Pnma phase should be attributed to the
coupling of the Jahn-Teller effect to the phonon anharmonicity
in 2L and 3L SnSe.

To evaluate the phonon anharmonicity in SnSe, the phonon
DOSs at 300 K were calculated from the Fourier transform of
the atomic VAF, as shown in Fig. 4. Four typical peaks labeled
P1, P2, P3, and P4 are marked in Fig. 4(a), the frequencies of
which are distributed from low to high. Typical peaks in the
phonon DOSs are contributed by different phonon vibrational
modes. We identify these typical peaks, namely, P1–P4, by
combining the phonon frequencies and the polarization vec-
tors of the typical normal modes. At 0 K, the peak positions
of P1 to P4 are located at 2.21, 3.76, 4.48, and 5.22 THz,
respectively, in bulk SnSe. When the temperature increases to
300 K, the change in the low-frequency P1 peak is subtle. The
phonon anharmonicity is mainly reflected in the intermediate-
frequency and high-frequency regions. The P2 and P3 peaks in
the intermediate-frequency region show a significant redshift,
the frequencies of which decrease by 0.27 and 0.15 THz,
respectively. The distinct high-frequency P4 peak disappears
with increasing temperature. Instead, the phonon DOS in this
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FIG. 3. Probability distribution function of atomic displacements projected onto the xy plane relative to the ideal Pnma phase at 300 K.
Distribution functions (a)–(d) for 4L SnSe, (e)–(h) for 3L SnSe, (i)–(l) for 2L SnSe, and (m)–(p) for 1L SnSe. The subscripts 1 and 2 stand for
Sn or Se atoms on the lower and upper surfaces of the layered SnSe. The color scale represents the distribution probability (%).

region becomes flatter compared to the harmonic case. In 4L
SnSe, the positions of the P1, P2, and P3 peaks change little
compared to the bulk phase. The main difference is that the
P4 peak does not disappear at the enhancement temperature,
the position of which is lowered by 0.12 THz. With a further
reduction of the layer thickness, the P1, P2, and P3 peaks show
significant layer dependence. The P1 and P3 peaks present a
clear blueshift, while the P2 peak shows a redshift. Especially
in 1L SnSe, the changes in the P2 and P3 peaks are more
pronounced. The position of the P2 peak is 0.70 THz lower
than in the bulk phase. In contrast, the position of the P3 peak
is greatly enhanced and incorporated into the P4 peak. As a
result, the effect of the phonon anharmonic effect on the P4

peak in 1L SnSe is different from that in bulk and few-layer
SnSe. That is, the position of the P4 peak in 1L SnSe is shifted
upwards at enhanced temperature, while in other few-layer
SnSe it is shifted downwards.

The phonon power spectrum in reciprocal space was cal-
culated according to Eq. (1) to reveal the layer-dependent
behavior of specific normal modes at finite temperature.
Since the bulk Pnma SnSe belongs to the D2h point
group, the normal modes at the � point can be ex-
pressed as � = [3B1u(IR) + B2u(IR) + 3B3u(IR) + 4Ag(R) +
2B1g(R) + 4B2g(R) + 2B3g(R)] [45] according to the irre-
ducible representation. IR and R represent the infrared-active

and Raman-active vibrational modes, respectively. Based on
group theory, there are 12 Raman-active modes, all of which
are even-parity optical phonon modes with inversion symme-
try. The calculated frequencies of all Raman-active modes are
listed in Table II. There are also seven IR activation modes, the
frequencies of which are listed in the Supplemental Material
in Table S2 [42] for comparison with experimental data [48].
In Figs. 5(b)– 5(e), we depict the phonon power spectra of four
typical Raman-active modes, A1

g, B1
3g, A2

g, and A3
g, which have

been experimentally detected using a Raman spectrometer
[31,46,47]. Compared with bulk SnSe, these few-layer struc-
tures have a lower group symmetry. Therefore, we identify
these normal modes by combining the phonon frequency and
polarization vector and label them uniformly using the same
representation as the bulk phase. According to the polarization
vector in Fig. 5(a), Raman modes A1

g and A3
g belong to the

interlayer vibration modes, while B1
3g and A2

g belong to the
in-plane vibration modes.

For a well-defined phonon quasiparticle, its power spec-
trum Gq,s should have a Lorentzian-type line shape, from
which the frequency and linewidth of each individual vibra-
tion mode can be unequivocally identified. At 300 K, all
these phonon power spectra show a Lorentzian-type line shape
with a single peak, indicating the validity of the phonon
quasiparticle concept. The anharmonic phonon frequency ωq,s
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TABLE II. The harmonic (0 K) and anharmonic (300 K) phonon frequencies (THz) of all Raman-active normal modes of bulk and few-layer
SnSe. The experimental results of the A0

g, A1
g, B1

3g, A2
g, and A3

g modes from Refs. [31,46,47] are listed for comparison. Note that the harmonic
experimental data were measured at 77 K.

Mode T (K) 1L 2L 3L 4L Bulk Expt.

A0
g 0 0.524 0.701 0.758 0.805

300 0.456 0.576 0.632 0.782 0.891c

B0
3g 0 0.915 0.744 0.973 0.811

300 0.960 0.580 0.906 0.820
B0

2g 0 1.360 1.454 1.680 1.267 1.342
300 1.352 1.398 1.660 1.242 1.534

B1
2g 0 1.380 1.481 1.690 1.526 1.781

300 1.144 1.462 1.588 1.450 1.826
A1

g 0 1.563 1.746 1.928 1.944 2.054 2.181b

300 1.694 1.728 1.874 1.960 2.080 2.085a, 2.127b, 2.025c

B2
2g 0 1.580 1.624 1.783 1.853 1.950

300 1.344 1.630 1.638 1.712 1.836
B1

3g 0 2.070 3.248 3.211 3.346 3.603 3.537b

300 1.712 2.614 2.674 2.752 3.430 3.270a, 3.249b

B0
1g 0 2.567 3.404 3.665 3.667

300 2.210 3.314 3.444 3.622
B1

1g 0 3.188 3.629 3.749 3.757
300 2.522 3.506 3.274 3.522

B3
2g 0 3.424 3.669 4.090 4.020

300 3.432 3.134 3.828 3.874
A2

g 0 3.111 3.878 3.874 3.964 4.131 4.254b

300 2.982 3.542 3.632 3.540 3.960 3.918a, 3.897b, 3.921c

A3
g 0 4.779 4.545 4.558 4.542 4.348 4.614b

300 4.916 4.574 4.472 4.528 4.256 4.485a, 4.520b, 4.410c

aReference [31].
bReference [46].
cReference [47].

and lifetime τq,s can be obtained from the peak position
and linewidth �q,s with the relationship τq,s = 1/(2�q,s), re-
spectively. Phonon frequencies for these modes are gathered
in Table II. Experimental results [31,46,47] and calculated
harmonic data for bulk SnSe are also listed for comparison.
Overall, the calculated harmonic frequencies of bulk SnSe are
in agreement with the experimental results at 77 K, with a
maximum error of less than 6% [46]. After accounting for
temperature effects, the B1

3g, A2
g, and A3

g modes exhibit sig-
nificant frequency softening, while the A1

g mode is insensitive
to temperature in the bulk phase, consistent with experimental
observations [31,46,47]. With the decrease in the number of
atomic layers, these normal modes show clear layer depen-
dence. Modes other than A3

g are significantly redshifted. This
is particularly true for the B1

3g and A2
g modes in 1L SnSe,

the frequencies of which drop significantly. This is consistent
with the above phonon DOS results. Since the B1

3g and A2
g

modes mainly contribute to the P2 peak of the phonon DOS,
it exhibits a notable redshift in 1L SnSe. On the contrary,
the A3

g mode shows a blueshift a decrease in the number of
atomic layers. The A3

g mode is an interlayer mode caused by
the vibrations of two rigid layers relative to each other. This
normal mode is involved in the P4 peak of the phonon DOS,
which is shifted by a substantial 0.66 THz in 1L SnSe relative
to the bulk phase. As the number of atomic layers decreases
from 4L to 1L, the linewidths of the A1

g and B1
3g modes are

significantly enhanced, indicating a decrease in the phonon
lifetime of these two modes. Conversely, the lifetime of the A2

g

and A3
g modes is slightly enhanced according to the decreased

linewidth in the 1L SnSe.

C. Heat transport and optical absorption properties

After obtaining the linewidth �q,s from the power spec-
trum Gq,s, the phonon lifetime τq,s is then obtained with
the relationship τq,s = 1/(2�q,s), as shown in Fig. S3 in the
Supplemental Material [42], which can be used to calculate
the lattice thermal conductivity κlat according to Peierls-
Boltzmann theory [49,50]. κlat of few-layer SnSe is calculated
using the anharmonic phonon frequency and phonon life-
time based on the phonon quasiparticle method according
to Eq. (4). For 4L SnSe, a large anisotropy of κlat is ob-
served along the zigzag and armchair directions, as shown
in Fig. 6(a). The κlat value of 0.65 W m−1 K−1 along the
zigzag direction is much higher than that of 0.32 W m−1 K−1

along the armchair direction, which is attributed to the sig-
nificant anisotropy of the phonon group velocity in the two
directions, as shown in the Supplemental Material in Fig. S4
[42]. For both directions, the optical branch provides a major
contribution to the lattice thermal conductivity with respect
to the acoustic branch. In 3L and 2L SnSe, the κlat values in
the zigzag direction decrease to 0.46 and 0.45 W m−1 K−1,
respectively. Along the armchair direction, the κlat values
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FIG. 4. The calculated phonon density of states of bulk and few-
layer (4L to 1L) SnSe at 0 and 300 K.

increase by 0.06 and 0.04 W m−1 K−1, respectively, mainly
attributed to the increased contribution of the acoustic phonon
modes. In 1L SnSe, the κlat value increases in both directions.
The contribution of the acoustic branch to thermal conduc-
tivity becomes equivalent to that of the optical branch. The
increase in the acoustic mode intensity mainly comes from
the contribution of the first transverse acoustic (TA1) mode,
the lifetime of which increases significantly with decreasing
the number of atomic layers, as shown in Fig. 6(b). Com-
pared with the experimental values for the bulk phase, the
thermal conductivity of few-layer SnSe decreases. Especially
for 3L and 2L SnSe, the thermal conductivity decreases by
nearly half along the armchair direction. This is attributed
to the instability of the electronic structure, which increases
the phonon anharmonicity in 3L and 2L SnSe. The Jahn-
Teller effect tends to stabilize the low-symmetry Pnma phase
by breaking structural symmetry, whereas the phonon anhar-
monicity prefers the high-symmetry Cmcm phase. A delicate
competition between the two effects exists in 3L and 2L SnSe
at room temperature, resulting in the instability of the Pnma
phase. In 3L and 2L SnSe, the vibration amplitudes of atoms

FIG. 5. Phonon polarization eigenvectors and power spectrum
Gq,s of the Raman-active normal modes A1

g, B1
3g, A2

g, and A3
g at the

point q = �(0, 0, 0). The calculation temperature is 300 K. Phonon
polarization eigenvectors are marked by colored arrows in (a).

away from the equilibrium position are larger than those in
4L and 1L SnSe, which would give rise to stronger lattice
anharmonicity.

Optical properties are highly dependent on the electronic
structure, which provide a feasible means to identify structural
information and to characterize electronic structure through
optical response of a material. The optical absorption coeffi-
cients α(ω) of these compounds are calculated according to
Eq. (7) and are shown in Fig. 7, where the visible regions are
marked as shaded regions for convenience. The absorption re-
gion is mainly concentrated in the visible and near-ultraviolet

FIG. 6. (a) Lattice thermal conductivity of few-layer (4L to 1L)
SnSe calculated along the zigzag and armchair directions. The contri-
butions of the transverse acoustic branch (TA1 and TA2), longitudinal
acoustic branch (LA), and optical branch (LO+TO) are indicated
with different colors. Experimental results in Ref. [8] for the bulk
SnSe are marked by the red dashed line (zigzag direction, zig.) and
blue dotted line (armchair direction, arm.). (b) Phonon lifetimes of
1L and 4L SnSe as a function of frequency.
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FIG. 7. Calculated optical absorption coefficients α(ω) for bulk
and few-layer (4L to 1L) SnSe. Visible light absorbing regions are
shaded. Ax and Zx (x = 1, 2) represent different absorption peaks
along the armchair and zigzag directions in the visible region,
respectively.

regions with absorption onsets in the infrared range for bulk
and few-layer SnSe. After analyzing the electronic DOS in
Fig. 2, this is mainly assigned to the contribution of electronic
transitions from the Sn p orbital to the Se p orbital. The
anisotropy of the optical absorption spectra along the zigzag
and armchair directions is prominent in the bulk phase. A
distinct absorption peak can be observed along the zigzag and
armchair directions, which are located at 2.52 eV (labeled
Z1) and 1.87 eV (labeled A1) in the visible region, respec-
tively. The characteristics of 4L SnSe are similar to those of
bulk SnSe, including the location and intensity of absorption
peaks. Further reducing the number of atomic layers, the
absorption curve in the visible region presents a multimodal
distribution, which can be attributed to the enhanced quantum
confinement effect. The A1 peak is slightly redshifted with
the decrease in the number of atomic layers. In 3L SnSe, a
new absorption peak along the armchair direction (labeled A2)

appeared at 2.15 eV, which was not observed in bulk and 4L
SnSe. Reducing to the 2L SnSe, the A2 peak is blueshifted
to 2.32 eV. At the same time, another new absorption peak
at 1.75 eV (labeled Z2) appeared along the zigzag direction.
After a further reduction to 1L SnSe, the A2 and Z2 peaks are
further blueshifted to 2.71 and 1.86 eV, respectively. The A2

and Z2 peaks almost coincide. As a result, the anisotropy of
the optical absorption spectrum along the zigzag and armchair
directions is greatly weakened. Only the discrete A2 and Z2

peaks are clearly identifiable for the armchair and zigzag
orientations.

IV. SUMMARY

In summary, we investigated the electronic and structural
properties, phonon vibrational properties, and lattice thermal
conductivity of few-layer SnSe through a combination of first-
principles MD and lattice dynamics. The results indicate that
the band gap increases from 0.90 to 1.35 eV as the number
of atomic layers decreases from bulk to single layer, showing
typical layer-dependent characteristics. From the electronic
DOS, optical absorption spectrum, and phonon vibrational
properties, 4L SnSe mainly shows characteristics of the bulk
phase. The quantum confinement effect becomes significant
when the number of atomic layers is lower than four. At room
temperature, the Jahn-Teller effect and phonon anharmonicity
play a major role in the phase stability of 4L and 1L SnSe,
respectively. The competitive coupling between them exists in
3L and 2L SnSe, resulting in the instability of the Pnma phase.
Due to the phonon anharmonicity, the Raman-active normal
modes B1

3g and A2
g show significant frequency softening in

bulk and few-layer SnSe, in agreement with the experimental
observations. With the decrease in the number of atomic lay-
ers, the two modes show a significant redshift. Compared with
the harmonic vibrations, the phonon anharmonic effect mainly
originates from the frequency softening of the phonon modes
between 3.5 and 4.5 THz, corresponding to the redshift of the
characteristic peaks in the phonon DOS. The predicted lattice
thermal conductivity of few-layer SnSe is significantly lower
than that of the bulk phase at room temperature. This is partic-
ularly true for 2L and 3L SnSe due to the strong coupling of
phonon anharmonicity and phase instability. These theoretical
results show us a clearer physical picture of few-layer SnSe in
terms of electronic, structural, and phonon properties, which
are expected to provide valuable references for the precise
design and fabrication of nanodevices.
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