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Lattice dynamics in monolayer and few-layer SnSe2
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Hexagonal tin diselenide (6Hb-SnSe2), a two-dimensional (2D) layered metal dichalcogenide from the IVA
and VIA groups, has recently drawn numerous attention in 2D nano-optoelectronics. In this paper, we investigate
characteristic lattice dynamics of mechanically exfoliated mono- and few-layer 6Hb-SnSe2 samples by Raman
spectroscopy. Bulk SnSe2 has all four Raman active modes of low-frequency shear E2

g and layer-breathing A2
1g

modes, and high-frequency intralayer vibrational E1
g and A1

1g modes observed around 18.9, 33.6, 107.9, and
182.1 cm−1, respectively. From polarized Raman measurements, we find that E1

g mode intensity is independent
of polarization configuration and increases linearly with layer number, which provides an effective approach
to determine sample thickness. From low-temperature Raman measurements, E1

g and A1
1g mode temperature

coefficients of one-layer, three-layer, and bulk SnSe2 are around −0.018 and −0.014 cm−1/K, whereas they have
almost zero values for low-frequency E2

g and A2
1g modes of bulk SnSe2 due to different thermal responses of

intralayer and interlayer vibrations. Using multiple excitation laser lines of 488, 514.5, 568, 647, and 785 nm, E1
g

and A1
1g mode intensities of bulk SnSe2 have a similar trend with weak maxima around 2.41 eV. Our work provides

valuable information about SnSe2 lattice vibrations for further fundamental research and potential applications
in 2D devices such as thermoelectric and infrared light detectors.

DOI: 10.1103/PhysRevB.96.035401

I. INTRODUCTION

After the discovery of graphene and its novel transport
properties [1–3], layered transition-metal dichalcogenides
(TMDCs) have attracted tremendous interest recently due
to their rich physics and wide two-dimensional (2D) device
applications. Semiconductor 2H-TMDCs are typically com-
posed of layered MX2 structure, with M as transitional-metal
elements (e.g., Mo and W) and X as chalcogenides (S, Se, and
Te). Perpendicular to the covalently bonded X-M-X trilayer,
the weak interlayer van der Waals (vdW) bonding enables
exfoliation of TMDCs down to a monolayer. Furthermore,
other layered TMDCs including ReS2 and ReSe2 possess
different crystal structures of lower symmetry and strong
in-plane anisotropy. Atomically thin TMDCs have novel
properties such as direct band gaps in visible and near-infrared
regions, relatively high carrier mobility up to 100 cm2 V−1 s−1,
and coupled spin-valley degrees of freedom. These properties
lead to intense investigation of TMDCs in optoelectronics
for high-efficiency solar cells, broadband photodetectors up
to the infrared range, and electronics for high-performance
field-effect transistors and spin valleytronics [4–8].

Different from TMDCs, hexagonal tin diselenide
(6Hb-SnSe2) has metal Sn atoms replacing the transitional-
metal W and Mo atoms, making it a similar but quite different
semiconductor with unique thermal, electronic, and optical
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properties. The group-IV element Sn has outer p electrons
rather than d electrons of Mo involved in the structural bond-
ing, leading to the indirect semiconductor nature of SnSe2 with
a smaller band gap around 1 eV and weak photoluminescence
which is hardly observable [9]. As a promising 2D material,
SnSe2 has been recently investigated as a thermoelectric
material comparable to Bi2Te3 and Bi2Se3 [10,11], field-effect
transistors [12–14], tunneling field-effect transistors [15],
phase change memory material [16,17], and high-performance
fast photodetectors [18,19] as reviewed in [20]. Furthermore,
SnSe2 has added new functions into vdW heterostructures such
as Esaki diodes by introducing the type-III broken gap band
alignment between SnSe2 and black phosphorus [21].

With increasing interest in SnSe2 in optoelectronics,
theoretical [22] and experimental investigation of its layer-
dependent optical, vibrational, and thermal properties are few.
In recent Raman investigation of SnSe2 nanosheets and bulk
samples, temperature and pressure coefficients of the out-of-
plane A1

1g mode were obtained [23,24]. However, the charac-
teristic in-plane E1

g mode was absent. Furthermore, there was
no similar phase transition of MoS2 observed under hydrostatic
pressure. We attribute these discrepancies to sample quality
and the relative weak E1

g mode. Mechanically exfoliated SnSe2

flakes are high-quality single crystals; the important in-plane
vibration information can be easier to access.

In this work, we report a systematical investigation of lattice
vibrations of mechanically exfoliated mono- to few-layer
SnSe2 samples by Raman spectroscopy. For bulk SnSe2,
we observe all four characteristic Raman modes, E2

g , A2
1g ,

E1
g , and A1

1g , around 18.9, 33.6, 107.9, and 182.1 cm−1.
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Polarized Raman measurements show two in-plane E modes
are polarization insensitive, and the linear thickness depen-
dence of E1

g mode intensity is useful to determine the SnSe2

layer number. We further investigate one-layer, three-layer,
and bulk SnSe2 lattice vibrations at a temperature range of
77–300 K. Temperature coefficients of SnSe2E

1
g and A1

1g

modes are around −0.018 and −0.014 cm−1/K, similar to
those of MoS2. However, low-frequency E2

g and A2
1g Raman

shifts and full width at half maximum (FWHM) have almost
no temperature dependence. Finally, to check electronic
states involved in phonon scattering, we perform Raman
measurements of bulk SnSe2 using multiple incident lasers;
E1

g and A1
1g modes are both nondispersive, with the same

intensity resonances for a 2.41-eV laser, which can be from
interband transitions.

II. EXPERIMENT

One- to three-layer (1–3L) 6Hb-SnSe2 samples are obtained
by mechanical exfoliation of bulk single-crystal SnSe2 (2D
semiconductors) onto Si substrates of 300-nm SiO2. SnSe2

flakes are first identified under a Zeiss optical microscope;
then an atomic force microscope (AFM, Bruker) using the
ScanAsyst mode is used to measure sample thickness. Raman
measurements are conducted on a Horiba-JY T64000 system
using backscattering geometry; the incident laser wavelength
is 514.5 nm with spot size about 2 μm in diameter. Laser power
is kept as low as 0.1 mW to minimize the heating damage. For
low-frequency polarized Raman experiments, the Horiba low-
frequency Raman suite is used. The incident laser polarization
direction is parallel to the polarizer initially; then we use a half
wave plate to rotate the incident laser polarization by 10° for
every spectrum. For low-temperature Raman experiments, a
Linkam stage lowers the temperature from 300 to 77 K before
measurements, and a vacuum pump keeps sample surfaces
clean from ice. We use multiple linear laser lines of 488, 514,
568, 647, and 785 nm to investigate E1

g and A1
1g modes of

bulk SnSe2. To avoid the influence from laser polarization, all
five incident lasers are polarized in the same [010] direction
and focused on the same sample spot [25]. Raman shifts and
FWHM are obtained by the Lorentzian fitting procedure.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the optical image of one exfoliated SnSe2

flake on the SiO2/Si substrate; the thicknesses of different parts
are measured by AFM with the corresponding height profiles
in Fig. 1(b). The ideal height value of monolayer SnSe2 is
0.62 nm [26]. At ambient conditions, a larger value of 1.2 nm
is reasonable for monolayer SnSe2 due to possible influences
from environments such as substrate smoothness, absorbed
molecules, and AFM measurement errors. Recently, a close
height value of 0.87 nm has been obtained for monolayer
SnSe2 [19] and 1.0 nm for SnS2 monolayer [27].

Composed of three Se-Sn-Se trilayer repeats, 6Hb-SnSe2

has its symmetry characterized by the space group
D3

3d (P 3̄m1), whose 27 normal modes contain Raman active
modes 4A1g and 4Eg [28]. In Fig. 1(c), we present Raman
spectra of few-layer SnSe2 samples above 100 cm−1; in-plane
E1

g and out-of-plane A1
1g modes are both obtained around 108.1

FIG. 1. (a) The optical image of one SnSe2 flake with 1L, 2L,
and 3L parts. (b) AFM height profiles of 1L (black), 2L (red), and 3L
(blue) SnSe2 along white line directions of the inserted AFM image.
(c) Raman spectra of 1–4L and bulk SnSe2; the vertical dashed lines
are a guide for the eyes. (d) SnSe2E

1
g mode intensity with respect to

layer number.

and 185.2 cm−1, similar to previous reports [28,29]. Due to
weak intensities of E1

g and A1
1g modes of 1–2L SnSe2 samples,

we observe no clear thickness dependence of Raman frequency
within the experimental error bar, similar to the “monolayer”
behavior of ReS2 [30]. Compared with few-layer SnSe2, bulk
SnSe2 the E1

g mode has almost no shift and the A1
1g mode
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FIG. 2. (a) Low-frequency Raman spectra of NL SnSe2 for
selected rotated laser polarization angles θ from the initial parallel
polarized configuration. (b) Normalized E2

g (black squares), A2
1g (red

circles), E1
g (blue upward triangles), and A1

1g (magenta downward
triangles) mode intensities of NL SnSe2 with respect to angle θ .
(c) Raman spectra of 3L SnSe2 for selected angle θ .
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FIG. 3. (a–c) 1L, 3L, and bulk SnSe2 Raman spectra of selected
temperatures from 77 to 300 K; the vertical dotted line in (a) is a
guide for the eye. Spectra are shifted vertically for clarity.

saturates around 184.1 cm−1, indicating the A1
1g mode

frequency redshifts with respect to increasing layer number.
This behavior is also quite different from that of MoS2,
where E1

2g and A1g modes redshift and blueshift, respectively
with increasing layer number. The Raman frequency trend
of 2H-TMDCs such as MoS2 [31] and MoTe2 [32] can
be ascribed to surface effects and inter- and intralayer
couplings. Whereas 1T′-TMDCs including ReS2 and ReSe2

have comparable interlayer couplings with 2H-TMDCs, their
layer-breathing and shear modes have different frequency
trends and can be rationalized by symmetry arguments [33].

SnSe2 Raman mode frequency shift trends are different
from those of 2H-TMDC MoS2; the underlying mechanism
including thickness and surface effects deserves further
experimental and theoretical investigation.

As shown in Fig. 1(d), E1
g mode intensity of SnSe2 increases

almost linearly for 1–4L samples; showing the increased
sample amount effect, similar behavior has been used to
determine SnSe2 and SnS2 sample thickness recently [19,27].
For thicker samples, we observed E1

g mode intensity is not
necessarily increased and can be even weaker than few-layer
samples due to the interference effect. From experimental and
theoretical simulation of MoS2 interference effect [34], Raman
mode intensity increases with sample thickness until reaching
a critical thickness depending on optical environments such as
substrates and lasers. To explore 2D effects, 1L to few-layer
samples can be determined empirically using this linear re-
lation. Considering measured Raman mode intensity depends
on many factors including laser power, focusing, integration
time, etc., Raman spectroscopy provides a proper method to
determine the relative rather than absolute sample thickness.
Furthermore, lasers used in Raman experiments are generally
linearly polarized, whereas SnSe2 Raman modes and the Si
characteristic Raman mode around 520.7 cm−1 can be polar-
ization sensitive. To use intensity ratios of E1

g and A1
1g modes

over Si 520.7 cm−1 mode as a proper approach to determine
SnSe2 sample thickness, the polarization configuration should
be specified and fixed during measurements, and the Raman
mode symmetry should be understood.

We then check the symmetry of Raman modes by low-
frequency polarized Raman experiments down to 15 cm−1.
At ambient conditions, the linear 514.5-nm laser of 0.1 mW
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triangles) SnSe2 samples. The three solid lines are linear fittings of data. The corresponding FWHM of A1

1g and E1
g modes are presented in

(c,d), respectively, where three lines connecting data points are a guide for the eye.
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is focused on the 2D plane of bulk SnSe2. Selected Raman
spectra of the bulk SnSe2 sample are shown in Fig. 2(a).
Symmetric Stokes and anti-Stokes modes can be identified as
E2

g (18.9 cm−1), A2
1g (33.6 cm−1), E1

g (107.9 cm−1), and A1
1g

(182.1 cm−1), respectively [28,29], where low-frequency shear
E2

g and breathing A2
1g modes (in-plane and out-of-plane inter-

layer relative motions) can hardly be resolved for few-layer
samples. We define θ as the rotated angle of the incident laser
polarization from the initial parallel polarized configuration.
For a clear view, we normalize four mode intensities by their
maxima and plot the obtained values with respect to angle θ in
Fig. 2(b). Two E mode intensities are polarization insensitive
whereas two A1g modes have intensity oscillations of period π ,
showing the same symmetries of in-plane E and out-of-plane
A1g modes of MoS2 [29,35–37]. Polarized Raman experiments
indicate that E1

g mode intensities rather than those of A1
1g

modes are more suitable for SnSe2 thickness determination.
The same E1

g and A1
1g mode intensity behaviors are obtained

for one 3L SnSe2 sample in Fig. 2(c). We then perform
polarized Raman measurements using the 3L SnSe2 sample
without analyzer; the E1

g mode intensity is still polarization
insensitive, but the A1

1g mode has an irregular intensity
fluctuation with respect to θ , which further supports that the
intensity of E1

g mode above 100 cm−1 provides a convenient
approach for thickness determination of SnSe2 on SiO2/Si.

Temperature-dependent lattice vibrations of SnSe2 are
important for thermal property research such as thermal

conductivity, and 2D nano-optoelectronics performance. In
Fig. 3, we present Raman spectra of 1L, 3L, and bulk SnSe2

at a temperature range from 77 to 300 K. With decreasing
temperature, E1

g and A1
1g modes of all samples blueshift

with sharpened profiles, showing the general thermal effect
of semiconductors. Within experimental error bars, the E1

g

and A1
1g mode positions of three samples have a similar linear

temperature dependence as shown in Figs. 4(a) and 4(b). From
77 to 300 K, the linear fitting procedure to obtain temperature
coefficients has been widely used for 2D materials including
SnSe2 nanosheets as well as mono- to few-layer MoS2 samples
[38,39]. The linear dependence of Raman shift with temper-
ature is described by the formula f (T ) = f0 + χT , where
f (T ) and f0 are Raman frequencies at temperature T and
0 K. Temperature coefficients χ of 1L, 3L, and bulk samples
are −0.0171, −0.0188, and −0.018 cm−1/K for E1

g mode
and −0.0138, −0.0137, and −0.0146 cm−1/K for A1

1g mode,
respectively. χ values of A1

1g mode are close to those of SnSe2

nanosheets of −0.0129 cm−1/K [24] and −0.016 cm−1/K
[40], comparable to those of mono- and few-layer MoS2 as
−0.016 and −0.011 cm−1/K [38,39]. χ values of E1

g mode
are also close to those of A1

1g modes, similar to those of MoS2.
One recent χ value of the SnSe2E

1
g mode is −0.006 cm−1/K,

where few-layer nanosheet samples were fabricated by the
one-step solvothermal route [40]. Mechanical exfoliated single
crystals used in our measurements could be the reason for this

FIG. 5. (a) Raman shifts and (b) FWHM of low-frequency E2
g (vacant squares) and A2

1g (filled circles) modes with respect to temperature
for bulk SnSe2. Solid lines are linear fittings of data. (c) Raman spectra of bulk SnSe2 using excitation laser lines of 488, 514.5, 568, 647, and
785 nm. (d) Laser power normalized intensities of A1

1g and E1
g modes with respect to excitation laser energy. Lines connecting data points are

a guide for the eye.
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difference. In Figs. 4(c) and 4(d), full width at half maximum
(FWHM) of three SnSe2 samples all decrease with decreasing
temperature almost linearly with slopes surprisingly smaller
than those of peak positions. However, FWHM values of 1L
SnSe2 are larger than those of 3L and bulk samples for both E1

g

and A1
1g modes, indicating a phonon scattering effect from the

substrate, similar to few-layer black phosphorus [41]. For 3L
and bulk SnSe2 samples, FWHM of E1

g and A1
1g modes are both

smaller than those of nanosheets [40], which shows the high
quality of the mechanically exfoliated single crystal samples.

In Figs. 5(a) and 5(b), we present bulk SnSe2 low-frequency
E2

g and A2
1g mode shifts and FWHM with respect to temper-

ature. The linear fitting gives temperature coefficients almost
zero values (one to two orders smaller than those of E1

g and A1
1g

modes), and the corresponding FWHM of no clear temperature
trend, consistent with one previous observation [28]. Also
different from the E1

g and A1
1g modes, the E2

g mode becomes
stronger with increasing temperature, which indicates in-plane
rigid-layer vibrations increase with temperature, similar to the
E2

g mode behavior of MoS2 [42]. A1
1g mode intensity is almost

invariant, showing out-of-plane interlayer vibrations are quite
insensitive to temperature. The different thermal behavior of
interlayer and intralayer lattice vibrations can be useful in
designing 2D devices.

Finally, we perform Raman measurements of bulk SnSe2

using multiple excitation lasers (488, 514, 568, 647, and
785 nm) at room temperature. The indirect band gap of
bulk SnSe2 is around 1.0 eV, generally not accessible by
lasers used in Raman experiments. In Fig. 5(c), Raman
spectra above 50 cm−1 are presented: E1

g and A1
1g modes

are both nondispersive; their intensities are normalized by
the incident laser power and plotted with respect to laser
energy in Fig. 5(d). The normalized mode intensities have
similar behavior and reach weak maxima at 2.41 eV, which
could be from interband transitions. Different from resonant
Raman scattering of TMDCs (including few-layer to bulk
TMDCs of indirect band gaps) [43–47], where laser energies
larger than band gaps lead to mode intensity resonances as
well as second-order combination or overtone Raman modes,
SnSe2 has no clear resonant Raman modes and excitons (using
a 488-nm laser) observed. Recently, to understand Raman
intensity with respect to incident laser energy for 1L and
3L MoTe2, first-principles calculations have shown quantum
interference and electron-phonon coupling contributions from

different electronic transitions of the Brillouin zone can be
constructive or destructive, and excitonic effects are also
important to explain the Raman mode intensity ratios [48].
The relation between lattice vibrations and electronic and
excitonic states of SnSe2 thus deserves more work because
of its fundamental importance.

IV. CONCLUSION

In conclusion, we have exfoliated mono- to few-layer
6Hb-SnSe2 samples and investigated their lattice dynamics by
low–wave-number, polarized, low–temperature, and varying
wavelength Raman experiments. We obtain Raman active
shear mode E2

g , breathing mode A2
1g , and intralayer E1

g

and A1
1g modes of bulk SnSe2 about 18.9, 33.6, 107.9, and

182.1 cm−1 at 300 K. SnSe2 in-plane E1
g mode intensity is

insensitive to incident laser polarization and increases almost
linearly with layer number, providing a convenient approach
for layer number determination. E1

g and A1
1g mode frequency

separation has no clear thickness dependence like MoS2,
indicating a different type of interlayer coupling of SnSe2.
We obtain temperature coefficients of E1

g and A1
1g modes

about −0.018 and −0.014 cm−1/K, comparable to those of
MoS2; for E2

g and A2
1g modes, Raman shifts and FWHM are

both insensitive to temperature due to their interlayer nature.
Multiple wavelength Raman measurements show E1

g and A1
1g

modes have only weak intensity maxima for a 2.41-eV laser.
Our investigation of SnSe2 provides useful information for not
only fundamental research, but also potential applications in
the emerging thermal and optoelectronic 2D devices of atomic
thickness.
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