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1. Introduction

In recent years, transition metal dichalcogenides (TMDCs) are
considered promising thermoelectric (TE) materials due to their
low-dimensional properties.[1,2] TMDCs are a family of graphene-
like 2D materials with the formula of MX2, where M represents
a transition metal element (such as Mo, W, and so on), and
X refers to a chalcogen (S, Se, or Te). Unlike graphene lacking
bandgap, several TMDCs prove to possess sizable bandgaps
around 1–2 eV, making them suitable for use in electronic
and optoelectronic devices.[3–6] Molybdenum diselenide (MoSe2)
is one of the most studied TMDCs, and considerable device
designs related to MoSe2 have been proposed.[7–10] TE materials
can directly convert heat into electrical energy, and their

efficiency is determined by the dimension-
less figure of merit ZT (ZT¼ S2σT/κ),
where S is the Seebeck coefficient, σ is
the electrical conductivity, T is the absolute
temperature, and κ is the thermal conduc-
tivity.[11] Recent reports suggested that
reducing the material dimensions can
increase ZT due to suppressed thermal
conductivity through boundary phonon
scattering.[1,12,13] Thus, 2D materials, such
as TMDCs, provide a new direction on
enhancing TE performance. MoSe2 was
predicted to be a good TE material,[14] in
which low thermal conductivity is pre-
ferred. Although the thermal properties
of TMDCs are different between the bulk
and few-layer, the trends of temperature-
dependent thermal conductivity are the
same.[15,16] It is essential to investigate

the thermal properties of bulk MoSe2 to achieve its commercial
applications.

The crystal thermal properties are governed by lattice vibra-
tions, that is, phonon transport. Anharmonic lattice forces lead
to phonon anharmonicity, and from this perspective, one pho-
non vibration mode can decay into two or more modes to main-
tain the equilibrium of energy and omentum.[17,18] The phonon
anharmonicity is critical to the thermal conductivity of crystals.
In general, the thermal conductivity is primarily contributed by
acoustical phonons, and little relates to optical phonons due to
their short mean free path. However, when the specimen size
decreases to nanoscale considering phonon scattering, optical
phonons are no longer negligible.[19,20] In recent years, many the-
oretical studies pointed to the importance of optical phonons
on thermal transport from different perspectives. For example,
Zhu and Zhang found that the optical modes remarkably sup-
press the thermal conductivity of diamane via selecting suitable
functional groups.[21] Lan et al. indicated that the low thermal
conductivity of rare-earth pyrochlores is caused by the interfer-
ence between the optical phonons and the acoustic phonons.[22]

For experimentally studying optical phonons, Raman spec-
troscopy is a powerful technique with its non-invasive and non-
destructive properties to samples. Raman spectrum can reflect
the optical phonon frequency in the center of the crystal
Brillouin zone, providing an effective way for the study of
phonon scattering mechanism. Temperature-dependent Raman
spectra are able to extract a phonon anharmonic scattering
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The solid-state-based thermoelectric (TE) materials have attracted considerable
interest for their potential application in energy conversion. In general, high-
frequency optical phonon modes are always thought to have a negligible con-
tribution to thermal transport due to their short mean free path. Herein, the
optical phonons effect in bulk molybdenum diselenide (MoSe2) is studied using
advanced low-wavenumber Raman spectroscopy with a wide temperature range.
It is found that the cubic anharmonicity is dominant at low temperatures, and
quartic anharmonicity becomes gradually stronger with increasing temperature.
The obtained E12g mode is the most susceptible to the anharmonicity effect and
has high phonon density of states (DOS). This is an effect that cannot be
explained by previous TE models and, therefore, offers new insight into the
nature of phonon transport in 2D materials. The results reveal that the thermal
transport can be regulated via high-frequency phonon scattering.
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process from Raman shift and evolution of full-width at
half-maximum (FWHM), illuminating the thermal transport
behaviors in crystals. This method has been widely used to study
the anharmonicity of silicon,[23] graphene,[24] PdS,[25] MoS2,

[26]

WS2,
[27] and so on. However, there is a lack of systematic

research on the anharmonicity of MoSe2 over a wide temperature
range. In addition, the variation of the shear mode E2

2g of MoSe2
with temperature is absent in current experimental works, which
may be important to know the anharmonic effect of MoSe2.
Therefore, the systematic study on temperature-dependent
Raman spectra of MoSe2 is imminent.

In our work, an experimental study on the temperature depen-
dence of the frequency and linewidth of MoSe2 probed by Raman
spectroscopy is performed. The temperatures widely range from
4 to 1000 K, and the wavenumber is down to 10 cm�1. The pho-
non anharmonicity of MoSe2 is extracted from the Raman shift
and the evolution of FWHM with temperature. In addition, the
phonon dispersion curves and phonon density of states (DOS) of
MoSe2 are calculated by the first-principles theory. Based on
experimental data and calculated results, the phonon scattering
mechanism and its influence on thermal conductivity are dis-
cussed in detail.

2. Results and Discussion

2.1. Structure and Raman Properties of MoSe2

MoSe2 consists of three structure polytypes according to its
different symmetrical features, including 2H, 3R, and 1T.
Schematic diagrams of 2H-MoSe2 from three views are shown
in Figure 1a–c, which show that the 2H type is hexagonal sym-
metry, possessing two Se–Mo–Se layers with a total of six atoms
per unit, and the layers are connected by weak van der Waals

force with a distance of 6.5 Å.[28] It should be noted that the
MoSe2 discussed in this article is all 2H-MoSe2. Figure 1d is
the sketch of the homemade Raman system, which can get
low wavenumber Raman spectra down to 10 cm�1. The incident
light (the red solid line) emitted by the laser is reflected by the
BragGrate notch filter (BNF) and mirror, and then focused by the
lens onto the sample. The scattered light of the sample (the pur-
ple dotted line) returns to the original path and is incident on a
pair of convex lens groups after BNF. A pinhole is placed in the
confocal point of the convex lens to remove incident laser light
from the scattered light. The scattered light then passes through
a pair of BNF again to reduce Rayleigh scattered light and
improve spectral quality. The BNF used in the Raman system
was first reported by Tan et al. to investigate the shear mode
of graphene.[29] After that, the light is dispersed by the grating,
collected by the charge-coupled devices (CCDs) finally.

The experiments on bulk MoSe2 of Raman scattering were
carried out, which can provide a reference for future research
about 2D MoSe2. Bulk MoSe2 comprises 18 phonon vibration
modes, including 3 acoustical modes and 15 optical modes.
The irreducible representations of optical modes at Γ point in
Brillouin zone are[30]

A1g þ E1g þ 2E2g þ 2A2u þ 2E1u þ E2u þ 2B2g þ B1u (1)

Among them, E2
2g, E1g, A1g, and E1

2g are Raman active
modes, which are all observed in our Raman spectra shown
in Figure 2. Figure 2a gives the evolution of Raman peaks excited
with 488 nm laser with temperature from 4 to 1000 K. The upper
panel of Figure 2b gives 2D presentation of temperature-
dependent Raman spectra of MoSe2, and the bottom panel shows
the three typical Raman spectra at 4, 300, and 1000 K. The four
first-order Raman modes E2

2g, E1g, A1g, and E1
2g are 27.0, 168.4,

242.2, and 284.6 cm�1 at 300 K, respectively, consistent well with

Figure 1. The schematic diagrams of MoSe2 from the a) front view, b) side view, and c) top view. The crystallographic directions and interlayer spacing are
marked. d) Sketch of the low-wavenumber Raman system. The red solid line represents incident light, and the purple dotted line indicates the scattered
light. BNF is BragGrate notch filter, and CCD is charge-coupled device.
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previous reports.[31] The representations of Raman vibration
modes of E2

2g, A1g, and E1
2g are given in the insets of

Figure 3a–c. We can clearly see that the Ei symmetry modes root
in the lattice vibration in-plane, and the Ai modes result from the
out-of-plane vibration along the c-axis. The low-frequency mode
E2
2g is interlayer shear mode, which is rarely acquired in experi-

ments due to the high requirements of Raman equipment. The
shear mode is susceptible to the symmetry, stacking, and layer
number of materials. For bulk, according to linear chain model,
the shear modulus is obtained once the frequency of shear mode
is detected.[32,33] The shear mode E2

2g is observed to intensify
obviously with increasing temperature, and it exhibits similar
behavior under the excitation of 660 nm laser (see Figure S1,
Supporting Information), which may be caused by temperature
effect.[34] The E1

2g mode becomes unclear excited with 488 nm
laser at more than 500 K, which does not mean that this mode
disappears. The E1

2g mode can be identified excited with 660 nm
laser over 500 K (see Figure S1, Supporting Information). In
addition, the second-order Raman mode E1g–E2

2g is clearer at
high temperatures owing to the enhancement of the E2

2g mode.

2.2. The Behaviors of Temperature-Dependent Frequency and
Linewidth of Optical Phonons

From 4 to 1000 K, the frequencies of all observed modes show
redshift, and the linewidth gets broadened. To analyze the red-
shift and broadened linewidth qualitatively, the evolutions of
frequencies and FWHM of E2

2g, A1g, and E1
2g modes with

temperature are given in Figure 3. The FWHM is utilized to
depict the linewidth. Figure 3a–c shows that the frequency of
E2
2g mode shifts from 27.6 to 25.6 cm�1, and A1g mode decreases

from 243.7 to 236.5 cm�1 with temperature from 4 to 1000 K.
From 200 to 600 K, the linear change of A1g mode is
�0.0074 cm�1 K�1, and the values of monolayer MoSe2 reported
in previous works are �0.0054 and �0.012 cm�1 K�1.[35,36] From

4 to 500 K, the frequency of E1
2g mode decreases from 287.4 to

282.5 cm�1. Meanwhile, from 4 to 1000 K, the FWHM of A1g

mode broadens from 1.3 to 3.6 cm�1, and from 4 to 500 K,
the FWHM of E1

2g mode broadens from 2.8 to 12.7 cm�1, which
are shown in Figure 3d–f. The variation of FWHM of E2

2g with
temperature exhibits irregularity, possibly caused by limitations
in the resolution of the Raman system.

The temperature-dependent frequency shifts can be interpreted
as the contribution of phonon anharmonic effectΔωA and thermal
expansion of the lattice ΔωE. Hence, the temperature-dependent
phonon frequency can be expressed as[27,37]

ωðTÞ ¼ ω0 þ ΔωAðTÞ þ ΔωEðTÞ (2)

in which ΔωE(T ) can be written as

ΔωEðTÞ ¼ ω0 exp

0
@�γ

ZT

0

αdT

1
A� ω0 (3)

where T is the Kelvin temperature, ω0 is the intrinsic frequencies
of optical phonons at T¼ 0 K, γ is the Grüneisen parameter,
and α is the thermal expansion coefficient. Ding et al. calculated
the mode Grüneisen parameters and the thermal expansion coef-
ficient of bulk MoSe2 using the first-principles theory. We
extracted the Grüneisen parameters of E2

2g, A1g, and E1
2g modes

are 1.33, 0.35, and 0.38, respectively. The thermal expansion coef-
ficient is 2.7� 10�5 K�1 when temperature is above 200 K.[38]

According to the calculation results, the product of Grüneisen
parameter and thermal expansion coefficient can be regarded
as a constant from 0 to 1000 K. Thermal expansion is vital to
temperature-dependent Raman shifts, and the similar studies
on thermal expansion were also discussed in other works.[39–41]

According to Klemens model, in anharmonic interaction, the
optical phonon can decay into two or three lower energy pho-
nons. Considering the difference of phonon energy in decaying,
it can be expressed as[17,23]

Figure 2. The Raman spectra of MoSe2 from 4 to 1000 K and the wavenumber down to 10 cm�1 excited with 488 nm laser. a) The evolution of E22g, A1g,
and E12g modes with temperature. After 500 K, the E12g mode is no longer clearly visible. b) Top: 2D presentation of temperature-dependent Raman spectra.
The colors from blue to red indicate the intensity of Raman peaks. Bottom: the typical Raman spectra at 4, 300, and 1000 K. The peaks are fitted using
Lorentz function. All the visible modes exhibit redshift and broaden.
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ΔωAðTÞ ¼ A
�
1þ

X2
m¼1

1
eℏωm=kBT � 1

�

þ B
�
1þ

X3
n¼1

�
1

eℏωn=kBT � 1
þ 1
ðeℏωn=kBT � 1Þ2

�� (4)

where the second and third terms represent cubic and
quartic anharmonic processes, respectively. In the equation,
ħ is the reduced Planck constant, and kB is the Boltzmann
constant. A and B are cubic and quartic anharmonic coefficients,
which are related to three- and four-phonon scattering processes,
respectively. ωm (m¼ 1, 2) and ωn (n¼ 1, 2, 3) are the frequen-
cies of decaying phonons, satisfying ω0¼ω1þω2 and
ω0¼ω1þω2þω3 in three- and four-phonon processes, respec-
tively. The Klemens model assumes that one optical phonon
decays into acoustic phonons with average frequencies
ω1¼ω2¼ω0/2 for the cubic process and ω1¼ω2¼ω3¼ω0/3
for the quartic process.[17] It is reasonable to deal with the anhar-
monicity of MoSe2 in this way on the basis of the phonon disper-
sion and DOS shown in Figure 4a. Based on Equation (2)–(4), the
experimental data of frequencies shifts with temperature are fitted,
as shown in Figure 3. The yellow dashed-dotted line indicates the
contribution of thermal expansion. The blue and red dashed lines
represent the three- and four-phonon anharmonic processes,
respectively. The red solid line is total fitting. For all the three
modes, thermal expansion has a non-negligible effect on
Raman shifts. Meanwhile, the nonlinear changes in frequency

are mainly caused by anharmonicity. At low temperatures, the
trend of fitting curves is mainly influenced by the thermal expan-
sion and three-phonon anharmonic process. As the temperature
rises, the quartic anharmonic effect increases, and the final fre-
quencies are determined by the thermal expansion, three-phonon,
and four-phonon processes together. It is noticed that the cubic
anharmonic coefficient of the E2

2g mode is positive, and its quartic
coefficient is negative, which are determined by the magnitudes
and signs of the anharmonic terms in the interatomic potential.[41]

The cubic and quartic anharmonic coefficients are extracted and
listed in Table 1. The anharmonic coefficient of the E1

2g mode over
a wider temperature range is obtained with the help of 660 nm
laser (see Figure S2, Supporting Information). It shows that the
cubic and quartic anharmonic coefficients of the E1

2g mode are
�0.3 and �0.0071, respectively. Only by three-phonon processes
and thermal expansion fitting, the anharmonic coefficients
are also extracted (see Figure S3 and Table S1, Supporting
Information). The result of the fitting is worse than considering
the four-phonon process. All the results show that the anharmonic
coefficient of the E1

2g mode is the largest, which indicates that the
anharmonic effect of E1

2g is the strongest.
The following is focused on a Ramanmode linewidth analysis.

In the case of ideal harmonicity, the linewidth of Raman peaks is
infinitesimally narrow, but in reality, the peaks always display a
certain linewidth. The cause of this result can be divided into the
influences of impurities Γi and anharmonic scattering process Γa
in crystal, and thus, we can get[42]

Figure 3. a–c) The frequency and d–f ) the FWHM of E22g, A1g, and E12g modes versus temperature. The corresponding modes are marked in the
sub-figures. The blue and red dashed lines represent the theoretical fitting according to three- and four-phonon anharmonic processes, respectively.
The yellow dashed-dotted line represents the contribution of thermal expansion. The red solid line is total fitting. The insets of (a–c) give the diagrams of
corresponding Raman active vibration modes.
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Γ ¼ Γi þ Γa (5)

where Γ represents the FWHM of Raman peaks. Due to the high-
quality single crystal MoSe2, the first term Γi is not considered.
Consequently, anharmonic phonon scattering plays a dominant
role in the broadening. In general, the FWHM gets broadened, as
the temperature increases on account of the enhancement of
anharmonic effect. According to an anharmonic model, the evo-
lution of FWHM with temperature can be expressed as[23]

ΓðTÞ ¼ Γ0 þ C
�
1þ

X2
m¼1

1
eℏωm=kBT � 1

�

þD
�
1þ

X3
n¼1

�
1

eℏωn=kBT � 1
þ 1
ðeℏωn=kBT � 1Þ2

�� (6)

where Γ0 is the FWHM at T¼ 0 K, and C and D are the anhar-
monic coefficients. The values of ωm and ωn are consistent with
them in Equation (4).

Using Equation (6), the variations of FWHM of MoSe2 with
temperature are fitted, which are exhibited in Figure 4. Due
to the irregularity of the E2

2g mode, it was not fitted. The constants
C as well as D are extracted and summarized in Table 1, unveil-
ing the contribution of three- and four-phonon processes to
FWHM. From Table 1, the constants C are 0.088 and 0.26 cm�1

for A1g and E1
2g modes, respectively. The constants D are 0.00066

and 0.021 cm�1 for A1g and E1
2g modes, respectively. These

results demonstrate that the anharmonic effect of E1
2g mode is

stronger than A1g, which is consistent with the results of the
above-mentioned frequencies anharmonicity (the coefficients A
and B).

2.3. Analysis of Anharmonic Influence on Thermal Conductivity

The anharmonic effect has a great influence on the thermal con-
ductivity of the crystal, especially in the high-temperature range.
In general, the total thermal conductivity originates from the lat-
tice vibration and electric transport. Due to the low electrical con-
ductivity of MoSe2, thermal conductivity is mainly contributed by
the lattice vibration, that is, phonon transport. Thus, we focus
entirely on the lattice contribution κl, which follows the formula
κl¼ 1/3 cv2τ, where c is the lattice specific heat capacity, v is the
phonon group velocity, and τ is the phonon lifetime. Among
them, the phonon lifetime can be expressed as

τ ∝
1
Γ

(7)

Therefore, the anharmonic effect can effectively reduce the
phonon group velocity, thereby reducing the lattice thermal con-
ductivity. To further understand the effect of phonon anharmo-
nicity on thermal conductivity, the previous works on thermal
conductivity of MoSe2 are given in Figure 4b.[14,15,43–45] At low
temperatures, thermal conductivity rapidly rises to a maximum
value with increasing temperature, yet after about 100 K, it
begins to drop slowly. The anharmonic effect can well account
for this phenomenon. At low temperatures, the phonon anhar-
monic effect is weak, and thermal conductivity is mainly deter-
mined by the lattice specific heat capacity, which is subject to the
relationship of c ∝ T3. In high-temperature regions, the lattice
specific heat capacity no longer changes with temperature. As
the number of phonons increases to participate in thermal trans-
port, phonon anharmonic scattering plays a dominant role in the
evolution of thermal conductivity with temperature. Even though
the main contribution to thermal conductivity is acoustical
phonons, according to related researches, optical phonons con-
tribute more than 20% at the nanoscale and can no longer be
ignored.[19,20] In our results about MoSe2, the anharmonicity
of E1

2g optical mode is strongest. In addition, from the calculated
phonon dispersion curves and DOS of MoSe2 shown in Figure 4,
one can see that the DOS is highest near E1

2g mode. This shows
that the thermal conductivity of MoSe2 is very likely to be affected
by high-frequency acoustic branches such as E1

2g mode, through
the interaction between optical and acoustical phonons.

Figure 4. a) The phonon dispersion curves and DOS of MoSe2. The red
shaded area indicates the DOS near E12g mode. The three- and four-pho-
non process diagrams are marked on the curves. b) Temperature-depen-
dent change in in-plane and out-of-plane thermal conductivities of MoSe2
from previous works.[14,15,43–45]

Table 1. Cubic and quartic anharmonic coefficients of MoSe2.

Mode A [cm�1] B [cm�1] C [cm�1] D [cm�1]

E22g 0.0027� 0.00072 �0.000024�
0.0000027

– –

A1g �0.077� 0.011 �0.0045� 0.00033 0.088� 0.0019 0.00066� 0.00004

E12g �0.17� 0.06 �0.016� 0.0039 0.26� 0.07 0.021� 0.005
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3. Conclusion

In conclusion, a home-made low wavenumber Raman experi-
mental study on temperature-dependent Raman spectra of 2D
molybdenum diselenide was performed. The temperature ranges
from 4 to 1000 K with low wavenumber down to 10 cm�1. The
temperature-dependent Raman shift is determined jointly by
thermal expansion and anharmonicity. For the A1g and E1

2g
modes, the cubic anharmonicity is predominant at low temper-
atures, whereas quartic anharmonicity become stronger with the
increasing temperature. For the E2

2g mode, it shows a little cor-
relation with anharmonicity. Phonon dispersion curves and DOS
of MoSe2 were calculated, and it is found that the high optical
branches possess high DOS. It reveals that the thermal conduc-
tivity is related to optical phonons through the interaction
between optical and acoustical phonons. The effect of high-
frequency optical phonons is non-negligible.

4. Experimental Section

Experimental Detail: High-quality bulk MoSe2 was purchased from HQ
Graphene. A 50 μm� 50 μm� 10 μm sample was used for in situ variable
temperature Raman experiment. The sample was placed in a cryogenic
chamber with flowing liquid helium for measurement from 4 to 300 K.
Platinum resistance sensor was used for detecting real-time temperatures
with a precision of �0.5 K. For the high-temperature range (300–1000 K),
the sample was placed on a sealed heating stage and continuous flowing
of argon prevented it from being oxidized. A K-type thermocouple
was used to measure the temperatures with a precision of �1 K.
The 488 nm exciting laser with a power of 2 mW was focused on the
new exfoliated surface of MoSe2 to obtain better Raman spectra. The scat-
tered light passed through 1800 gmm�1 grating and then recorded with a
Princeton CCD.

Method of Calculation: Phonon dispersion calculations are performed
in the framework of density functional theory and density functional pertur-
bation theory, as implemented in the Quantum Espresso package.[46]

We used the Perdew–Burke–Ernzerhof revised for solids (PBEsol)[47,48]

and optimized norm-conserving Vanderbilt (ONCV) full-relativistic
pseudopotentials.[49,50] We choose and the plane-wave basis expansion
was set to 520 eV, with a k-point grid taken as 8� 8� 8. The spin–orbit
coupling is considered during all the calculations.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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