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Probing phonons, quasiparticle excitations, and their coupling has enriched our understanding of two-
dimensional (2D) materials and proved to be crucial for developing their potential applications. Here, we report
comprehensive temperature 4–330 K and polarization-dependent Raman measurements on monolayer (1L)
and bilayer (2L) MoSe2. Phonon modes up to the fourth order are observed, including forbidden Raman and
infrared modes, and understood considering the Fröhlich mechanism of exciton-phonon coupling. Most notably,
anomalous variations in the phonon linewidths with temperature point at the significant role of electron-phonon
coupling in these systems, especially for the out-of-plane (A1g) and shear modes (E 2

2g), which is found to
be more prominent in the narrow-gapped 2L than the large gapped 1L. We deciphered the ambiguity in
symmetry assignments, especially to the peaks ∼170 and ∼350 cm–1 via polarization-dependent measurements.
Temperature-dependent thermal expansion coefficient, an important parameter for device performance, is care-
fully extracted for both 1L and 2L by monitoring the temperature dependence of the real part of the phonon
self-energy parameter. Our temperature-dependent in-depth Raman studies pave a way for uncovering the deeper
role of phonons in these 2D layered materials from a fundamental as well as application point of view.
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I. INTRODUCTION

Group-VI transition metal dichalcogenides (TMDCs) in
their naturally obtained bulk form have been studied for
decades due to their rich physics and industrial applications
[1,2]. These TMDC materials have gained much research at-
tention after the successful isolation of single-layer graphene
from graphite [3]. These are the layered materials belonging
to the family of two-dimensional (2D) materials with a com-
mon atomic formula MX 2, where M is the transition-metal
atom (Mo or W), and X is the chalcogen atom (S, Se, or Te)
[4–8]. TMDCs with monolayer (1L) thickness have attracted
considerable attention due to their unique electronic, optoelec-
tronic, spin, and valley properties, making them promising
materials for the future high-performance devices [6,9,10].

MoSe2 is one of the crucial members of the TMDC family
with small direct bandgap, high carrier mobility, and on-off
ratio >106 [4,6]. Bulk (1L) MoSe2 shows an indirect (di-
rect) bandgap with a value of 1.1 eV (1.54 eV) [11]. The
performance of electronic and optical devices based on the
MoSe2 and other 2D materials will be significantly influenced
by the change of thermal properties such as their thermal
expansion coefficient (TEC) and thermal conductivity with
temperature. Generally, 2D materials are supported by some
substrates, like SiO2/Si for device applications, which induce
strain into the system due to the TEC mismatch between
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MX 2 and the substrate, and it significantly impacts the fun-
damental properties of these 2D materials [12,13]. Therefore,
to increase the performance and reliability of electronic and
optical devices based on these TMDCs, it becomes pertinent
to understand the behavior of TEC as a function of temper-
ature and induced strain or stress due to the TEC mismatch
between MX 2 and the substrate. The Raman spectroscopic
technique has proved to be very useful for probing 2D as well
as bulk systems and their various aspects such as layer stack-
ing geometry, strain effect, thermal properties, defects, and
number of layers [5,7,12–20]. Several authors have employed
temperature-dependent Raman scattering to estimate thermal
properties like TEC and thermal conductivity by monitoring
the behavior of the phonon modes as a function of temperature
[14–16]. Additionally, anharmonicity present in the material
affects the dynamics of the charge carriers by controlling the
strength of electron-phonon and phonon-phonon interactions,
which may also significantly impact the functioning of the
device. Electron-phonon coupling in 2D materials plays a cru-
cial role in controlling ballistic transport and dynamics of an
excited state. Anharmonicity, resulting from phonon-phonon
interactions and electron-phonon coupling, may be under-
stood by monitoring the temperature-dependent behavior of
the phonon modes.

Here, we report an in-depth temperature-dependent Raman
study on layered MoSe2, grown by the chemical vapor de-
position (CVD) method, in a wide temperature range of 4 to
330 K. The measurements were done on both 1L and bilayer
(2L) MoSe2. We extracted the TEC by monitoring the tem-
perature dependence of the first-order optical phonon modes.
We have also focused on the temperature-dependent behavior
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FIG. 1. Raman spectra of (a) monolayer (1L) and (b) bilayer (2L) MoSe2 at 4 K. Insets in the yellow shaded area show the amplified
spectra. Insets in the green shaded area show the intensity polar plot of the E 2

2g, E1g, A1g, E 1
2g, and A2

2u modes; solid red lines are the fitted curves
as described in the text. Insets in gray area illustrate the two-dimensional (2D) color contour maps of the Raman intensity vs Raman shift and
as a function of the polarization angle for 1L and 2L MoSe2.

of the low-frequency interlayer modes, forbidden Raman- or
infrared (IR)-active modes, and especially the second- and
higher-order phonon modes. Interestingly, we observed the
broadening of the A1g and E2

2g shear phonon modes in the
low-temperature window attributed to the electron-phonon
coupling. We believe that our detailed studies will pave the
way for further studies on MoSe2 and other 2D materials in
this direction.

II. RESULTS AND DISCUSSIONS

A. Multiphonon Raman scattering in MoSe2

Details about the synthesis, Raman, and photolumines-
cence (PL) measurements are given in the Secs. 1–3 in the
Supplemental Material [21]. We used Raman and PL to iden-
tify the number of layers of the flakes, as has also been done
in the previous reports on TMDC systems [7,19,22,23], and
thickness of the flakes is determined using atomic force mi-
croscopy (AFM), see the Supplemental Material [21] for more
details. Figures 1(a) and 1(b) show the Raman spectrum of 1L
and 2L MoSe2 at 4 K, in a spectral range of 10–640 cm–1,

respectively. In the yellow shaded area, insets show the am-
plified spectra in the spectral range of 80–200, 260–500, and
540–640 cm–1. The spectra are fitted with a sum of Lorentzian
functions to extract mode frequency (ω), full width at half
maximum (FWHM), and intensity of the individual mode. For
convenience, we have labeled the observed modes as S1–S20,
which along with their corresponding symmetries are listed in
Table I. For details about the phonon modes at the � point,
see Supplemental Material Secs. 2–3 [21]. The symmetry
assignment of the modes is done according to the previous
reports and our polarization-dependent measurements. The
observed modes are in excellent agreement with the recently
published reports on high-quality MoSe2 samples grown by
vapor phase chalcogenization and the mechanical exfoliation
method [19,24]. However, the observed modes in our case
using 532 nm laser excitation are relatively weak compared
with the observed modes with excitation energies in the range
of 2.41–2.81 eV [25]. The E2

2g (S1) mode is observed at
17.4 cm–1 for 2L (absent for 1L). A1g (S7) and E1

2g (S8)
are observed at 242.3, 242.2 cm–1 and 287.9, 285.9 cm–1 in
1L and 2L, respectively. Observed Raman modes ∼170 and

085419-2



ELECTRON-PHONON COUPLING, THERMAL EXPANSION … PHYSICAL REVIEW B 105, 085419 (2022)

TABLE I. List of the experimentally observed modes along with
their symmetry assignments and frequency at 4 K for the 1L and 2L
MoSe2. Units are in cm–1.

Frequency (ω)

Mode assignment 1L 2L

S1 [E 2
2g(�)] – 17.8 ± 0.02

S2 [TA(M − K)] 124.8 ± 0.8 121.9 ± 0.3
S3 [ZA(M − K)] 129.7 ± 0.5 127.6 ± 0.4
S4 [E 1

2g − LA(M )] 140.7 ± 0.8 137.8 ± 0.3
S5 [LA(M)] 152.1 ± 0.3 147.3 ± 0.3
#1 160 ± 1.0 –
S6 [E1g(�)] 174.1 ± 0.6 168.8 ± 0.4
S7 [A1g(�)] 242.3 ± 0.1 242.2 ± 0.02
S8 [E 1

2g(�)] 287.9 ± 0.2 285.9 ± 0.2
#2 298.0 ± 0.5
S9 [2LA(M)] 305.5 ± 0.3 302.8 ± 0.4
#3 312.7 ± 0.8 –
S10 321.2 ± 0.1 318.9 ± 0.2
S11 – 342.5 ± 0.5
S12 [A2

2u(�)] 355.1 ± 0.4 354.0 ± 0.03
S13 [A1g(M ) + LA(M )] 364.3 ± 1.0 362.8 ± 0.7
#4 387.4 ± 2.5 389.2 ± 2.5
S14 [TA(M ) + 2LA(M )] 414.6 ± 1.2 411.4 ± 0.6
S15 [E 1

2g(M ) + LA(M )] 432.7 ± 0.3 430.2 ± 0.2
S16 A2

2u(M ) + LA(M ) 444.6 ± 0.2 441.7 ± 0.3
S17 [3LA(M )] 457.2 ± 0.1 453.9 ± 0.1
S18 [TA(M ) + 3LA(M )] 569.7 ± 0.4 567.0 ± 0.4
S19 [E 1

2g(M ) + 2LA(M )] 584.6 ± 0.2 581.6 ± 0.1
S20 [4LA(M )] 598.2 ± 0.1 595.4 ± 0.4

∼352 cm–1 have been assigned as E1g and A2
2u modes, re-

spectively, in earlier studies [19]. However, the peak observed
∼352 cm–1 is also assigned as B1

2g/A2u [23,26], suggest-
ing some ambiguity in assigning proper symmetry to this
mode. E1g mode is Raman active but is normally forbidden
in backscattering Raman measurements, while the A2

2u mode
is IR active and is associated with the out-of-plane vibration
of both the Mo and Se atoms, see inset in Fig. S1(e) in
the Supplemental Material [21]. E1g (S6) and A2

2u (S12) are
observed at 174.1, 168.8 cm–1 and 355.1, 354 cm–1 in 1L and
2L, respectively.

In addition to the well-known first-order optical modes,
E2

2g, E1g, A1g, E1
2g, and A2

2u, we also observe first-order longi-
tudinal acoustic (LA), transverse (TA), and out-of-plane (ZA)
modes near M or K symmetry points in the Brillouin zone
(BZ) along with a large number of second- or higher-order
phonon modes. The first-order LA mode near the M point of
the BZ is observed at 152.1 and 147.3 cm–1 in 1L and 2L
MoSe2, respectively. Toward the low-frequency side of the
LA(M) (S5) mode, two weak modes S2 and S3 are observed
at 124.8 (129.7) and 121.9 (127.6) cm–1 in 1L (2L) and are as-
signed as TA and ZA, respectively, along the M-K direction in
the BZ [19]. In the case of the 1L, overtones and combinations
of optical and acoustical phonon modes from the M symmetry
point of the BZ are observed at 140.7 cm–1 [E1

2g − LA(M );
S4], 305.5 cm–1 [2LA(M); S9], 364.3 cm–1 [A1g(M ) +
LA(M ); S13], 414.6 cm–1 [TA(M) + 2LA(M); S14],

432.7 cm–1 [E1
2g(M ) + LA(M ); S15], 457.2 cm–1 [3LA(M);

S17], 569.7 cm–1 [TA(M)+3LA(M); S18], 584.6 cm–1

[E1
2g(M ) + 2LA(M ); S19], and at 598.2 cm–1 [4LA(M); S20].

In the case of the 2L, the observed second- and higher-order
phonon modes and their corresponding symmetry assign-
ment are given in Table I. Further, we notice a mode S16
at ∼444.6 (441.7) cm–1 in 1L (2L) at 4 K, while at room
temperature, this mode is observed at ∼441.5 (339.1) cm–1

in 1L (2L) MoSe2. The energy of this mode is close to
the sum of A2

2u (S12) and LA (S5) modes from M point
of the BZ. Interestingly, this mode is absent when the
spectra are excited using a 632.8 nm laser, see inset in
Fig. S2(b) in the Supplemental Material [21]. The appearance
of these forbidden and IR-active phonons modes from the BZ
center and multiphonon Raman scattering from other parts
of the BZ may be understood via resonance effect [23,27],
Fröhlich mechanism of exciton-phonon coupling [28], and
cascade theory of inelastic light scattering [29], see Sec. 6 in
the Supplemental Material [21] for detailed discussion on the
origin of these modes.

To decipher the symmetry assignment and to understand
the angle-dependent nature of the phonon modes with respect
to the polarization direction of the incident photon, especially
for E1g (S6) and A2

2u (S12) modes ∼170 and 350 cm–1, respec-
tively, we carried out a detailed polarized Raman scattering
measurements for both 1L and 2L of MoSe2. The polarization-
dependent measurements were done by rotating the direction
of the incident light at an angle (θ ) by keeping the position
of the sample and direction of the scattered light fixed, as
described in Refs. [30,31]. Insets in the green shaded area,
see Figs. 1(a) and 1(b), are the angular dependence of the
intensity polar plots of the modes E2

2g (S1), E1g (S6), A1g (S7),
E1

2g (S8), and A2
2u (S12) for both 1L and 2L. The intensity of

the E2
2g (S1) mode shows isotropic nature with respect to the

polarization angle, i.e., intensity is invariant with respect to
the rotation of polarization angle. However, the intensity of
the A1g mode shows a twofold symmetric nature, i.e., it has
a maximum intensity at both 0° and 180°, while the intensity
approaches zero at 90° and 270°. The angular dependence of
the intensity of the mode E1g (S6) is like the E2

2g mode. The
polarization-dependent results discussed above could also be
seen in the 2D color contour maps of the Raman intensity vs
Raman shift and as a function of polarization angle, which are
shown as insets for (a) A1g and (b) E2

2g and E1g in Fig. 1 in
the gray area for 1L and 2L MoSe2, respectively. Intensity of
the E1

2g (S8) mode showed dependence on the rotation angle
against the expected isotropic behavior; its intensity is more
at 0° than at 90°, while angular dependence of the intensity
of the mode A2

2u (S12) is like that of the A1g mode. Based
on our polarization-dependent Raman observations and IR
measurements from literature [2], we attribute modes ∼170
(S6) and ∼350 cm–1 (S12) to the first-order Raman-active E1g

mode and IR-active A2
2u mode, respectively.

The observed variation in intensity as a function of po-
larization angle may be understood within a semiclassical
approximation. As the incident and scattered polarized light
lie in the xy plane, the unit vector associated with incident (êi)
and scattered (ês) light of polarization may be decomposed as
[cos(θ + θ0), sin(θ + θ0), 0] and [cos(θ0), sin(θ0), 0], respec-
tively, where θ0 is an arbitrary angle from the x axis, and
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θ varies from 0° to 360°. Within the semiclassical approxi-
mation, Raman scattering intensity of the first-order phonon
modes is given as Iint = |êt

sRêi|2, where R is the Raman tensor
[32,33]. Using the above expression and Raman tensor [33],
the intensities of the E1g, A1g, and E1

2g modes for our exper-
imental geometry are given as IE1g = 0, IA1g = a cos2θ , and
IE1

2g
= d2(cos2θ + sin2θ ), respectively. Within the semiclassi-

cal approximation, the following observations can be made:
(i) Intensity of the E1g mode is zero, suggesting it should be
absent in the backscattering geometry. (ii) Intensity of the
A1g mode is maximum when êi and ês are parallel to each
other, i.e., θ = 0◦, and it reduces to zero when θ = 90◦. (iii)
Intensity of the E1

2g mode remains invariant with respect to the
rotation of polarization angle. From our above discussions, we
may conclude that, within the semiclassical approximation,
the modes with E -type symmetry are not affected by polar-
ization configuration and are either observed or forbidden in
both parallel and cross-polarization configuration. However,
modes with A-type symmetry are strongly affected by the
polarization configuration and can be observed only in parallel
configuration. The solid lines are the fitted curves from the
above expressions, suggesting that the experimental results
are in very good agreement with the semiclassical approxi-
mation. The intensity pattern of the E1

2g mode in both 1L and
2L MoSe2 is slightly smaller in cross-configuration than the
parallel configuration and forms a semilobe kind of structure
[see Figs. 1(a) and 1(b)]. The observed deviation of the E1

2g
mode intensity from the predicted one may arise due to the
electron-photon-phonon coupling, which may be understood
within the quantum mechanical picture [31]. We also did
polarization-dependent measurements on the additional 1L
and 2L flakes of those shown in Fig. S3 in the Supplemental
Material [21]. Intensity polar plots of the modes E2

2g (S1), E1g

(S6), A1g (S7), E1
2g (S8), and A2

2u (S12) are shown in Fig. S5 in
the Supplemental Material [21] and are found to be like those
shown in Fig. 1.

B. TEC and temperature-dependent frequency
of the first-order optical modes

To understand the temperature dependence of the phonon
modes quantitatively, we plotted the self-energy parameters
such as mode frequency (ω) and FWHM (�) of the phonon
modes as a function of temperature. Figure 2(a) illustrates
temperature dependence of the frequency of the A1g (S7) and
E1

2g (S8) phonon modes for 1L MoSe2. Both these modes, i.e.,
A1g and E1

2g, stiffen with the decreasing temperature down to
∼80 K, and below this, a slight rise (drop) in frequency is
observed for the case of A1g (E1

2g). On further cooling, until
4 K, both these modes remain nearly temperature indepen-
dent. Figure 2(b) illustrates temperature dependence of the
frequency of A1g and E1

2g phonon modes for 2L MoSe2. Both
A1g and E1

2g modes stiffen with the decreasing temperature
down to ∼80 K; interestingly, a softening in frequency is
observed for both the phonon modes on further cooling. Fig-
ure 3(a) shows the temperature dependence of the frequency
forbidden E1g (S6) mode for 1L. We observed that variations
in the frequency of E1g in the temperature window 330 to ∼80
K is normal, and at ∼80 K, a drop in frequency is observed for

the case of the E1g mode, and <80 K, it again starts to harden
on further cooling until 4 K. Figure 3(b) shows the temper-
ature dependence of the frequency of the E2

2g (S1), E1g (S6),
and A2

2u (S12) modes for 2L. Temperature-dependent behavior
of the mode A2

2u is like that of A1g and E1
2g modes for 2L [see

Fig. 2(b)]. The temperature-dependent shift in the frequency
of the E2

2g and E1g modes is interesting, probably arising from
the temperature effect on the interlayer strength. The tem-
perature dependence of these forbidden and IR-active modes
needs further theoretical understanding. Details about the tem-
perature dependence of the first-order acoustic, second-, and
higher-order phonon modes are given in the Supplemental
Material Sec. 7 [21].

The temperature-dependent shift in frequency of the
phonon modes of the freestanding MoSe2 may be understood
via (i) anharmonic effect, which arises due to change in the
self-energy parameter because of phonon-phonon coupling, or
(ii) quasiharmonic effect, which arises due to thermal expan-
sion of the lattice. The change in the phonon mode frequency
as a function of temperature considering the above two effects
may be given as

�ω(T ) = �ωAnh(T ) + �ωE (T ). (1)

The first term in Eq. (1) arises due to a change in
phonon self-energy because of the anharmonic effect and
is given as [34] �ωAnh(T ) = ωAnh(T ) − ω0 = D(1 + 2

ex−1 ),
where x = h̄ω/2kBT , and D is a self-energy constant pa-
rameter, representing the contributions from the three-phonon
anharmonic effect. In the simplest Klemens model, consid-
ering only the three-phonon process, an optical phonon is
assumed to decay into two phonons with equal frequency
and opposite momentum. Furthermore, with the variations
in temperature, the lattice parameter of the MoSe2 would
change due to thermal expansion, resulting in a variation
in the phonon mode frequency as a function of tempera-
ture. The contribution of thermal expansion effect to the
shift in phonon mode frequency is given as [35] �ωE (T ) =
ωE (T ) − ω0 = ω0 exp[−3γ

∫ T
T0

αMoSe2 (T )dT ] − ω0, where γ

is the Gruneisen parameter of a particular mode and αMoSe2 (T )
is the temperature-dependent TEC of MoSe2. We note that
both positive and negative TEC have been reported for MoSe2

[36–38]. In the present case, MoSe2 is not freestanding but is
supported by the SiO2/Si substrate, and SiO2 has a negative
(positive) TEC at low (high) temperature [39]. Therefore, in
addition to the abovementioned two effects (i.e., anharmonic
and thermal expansion effects), thermally induced strain re-
sults from TEC mismatch between MoSe2 and substrate
should also be considered to understand the net change in
the phonon mode frequency with temperature. Change in the
phonon mode frequency, considering these effects, as a func-
tion of temperature is given as [15,34,35]

ω(T ) = ω0 + �ωAnh(T ) + �ωE (T ) + �ωS (T ). (2)

The last term �ωS (T ) is the change in the mode frequency
corresponding to the strain effect due to the TEC mismatch. It
can be expressed as [15] �ωS (T ) = ωS (T ) − ω0 = βε(T ) =
β

∫ T
T0

[αSiO2 (T ) − αMoSe2 (T )]dT , where ε is the induced strain
due to the TEC mismatch between the MoSe2 film and the
substrate, β is the strain coefficient of a particular mode,
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FIG. 2. (a) and (b) Temperature dependence of the frequency of A1g and E 1
2g modes for monolayer (1L) and bilayer (2L) MoSe2,

respectively. The error bars for frequencies are extracted using Lorentzian fitting. Solid red lines are the fitted curves as described in the
text, and the solid green lines are a guide to the eye. The shaded part illustrates the region where the mode frequency shows anomalous
behavior. (c) and (e) Linear thermal expansion coefficient (TEC) corresponding to the A1g (red) and E 1

2g (blue) modes. (d) and (f) Volumetric
TEC in the temperature range of 80–330 K for 1L and 2L MoSe2, respectively. (g) and (h) Individual contributions to the frequency from
three-phonon anharmonic effect (black), thermal expansion effect (purple), and strain effect due to TEC mismatch (orange) for 1L and 2L,
respectively.

and αSiO2 (T ) is the temperature-dependent TEC of SiO2. To
estimate αMoSe2 (T ), we have used the value of (β = ∂ω

∂ε
)

as βA1g = −3.7 cm−1/% and βE1
2g

= −1.2 cm−1/% [12]. The
TEC of SiO2 was taken from Ref. [39] and was integrated out
while estimating TEC for MoSe2. The product of the mode
Grüneisen parameter and the TEC may be expressed by a
polynomial of temperature and is given as

γαMoSe2 (T ) = p0 + p1T + p2T 2, (3)

where p0, p1, and p2 are the constant parameters, whose
values are obtained as a fitting parameter by the best fit to

the temperature dependence of the frequency of the modes.
To extract the TEC of MoSe2, we have fitted the frequency of
A1g and E1

2g modes in the temperature range of 80–330 K for
1L and 2L using the Eqs. (2) and (3). The above Eq. (3) can be
used to estimate the TEC as a function of temperature. Since
there are no experimental values available in the literature for
the mode Grüneisen parameter for MoSe2, we have adopted
the average value of the Grüneisen parameter (∼0.2 for A1g

and ∼0.8 for E1
2g modes) for 2D TMDCs to estimate the TEC

of MoSe2 in both out-of-plane and in-plane directions [40].
Figures 2(c) and 2(e) show the temperature-dependent

TEC of the in-plane (E1
2g) and out-of-plane (A1g) modes for
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FIG. 3. Temperature-dependent (a) frequency and (c) full width
at half maximum (FWHM) of the E1g mode for the monolayer (1L).
Temperature-dependent (b) frequency and (d) FWHM of E 2

2g, E1g,
and A2

2u modes for the bilayer (2L). Solid red lines are the fitted
curves described in the text, and solid green lines are a guide to the
eye. Inset black and red plots in (d) describe individual contributions
to the linewidth from phonon-phonon and electron-phonon coupling,
respectively.

1L and 2L MoSe2 in a temperature range of 80 to 330 K,
respectively. Our temperature-dependent results show that the
TEC of the A1g mode for both systems (1L and 2L MoSe2)
decreases with decreasing temperature starting from 330 to
∼200 K; on further cooling, an increase in TEC is observed
for 1L and 2L. While the TEC corresponding to the E1

2g mode
decreases with decreasing temperature from 330 to ∼200 K,
surprisingly, <180 K, an increase is seen on further lowering
the temperature. We also estimated the volumetric TEC given
as αν = 2αa + αc [37], where αa and αc are the linear TEC
for in-plane and out-of-plane directions. Figures 2(d) and 2(f)
show the volumetric TEC as a function of temperature. Room
temperature linear TEC corresponding to the E1

2g and A1g

modes, together with volumetric TEC, is listed in Table II.
The volumetric TEC values at room temperature are found to
be 42.7 × 10−6 and 54.3 × 10−6 K−1 for 1L and 2L MoSe2,
respectively (see Table II). The estimated volumetric TEC
results are ∼2–3 times larger than that of the reported value for
1L MoSe2 supported by SiO2/Si substrate [41]. Our estimated

TABLE II. Room temperature linear and volumetric TEC for
1L and 2L MoSe2 extracted using E 1

2g and A1g modes. Units are in
10–6 K–1.

MoSe2 α(E 1
2g) α(A1g) αν = 2αa + αc

1L 4.1 34.5 42.7
2L 9.1 36.1 54.3

linear in-plane TEC value for the 1L is very close to the
theoretically calculated TEC for 1L MoSe2 [38], while it is
nearly 10 times smaller than that of experimentally reported
in-plane TEC for freestanding 1L MoSe2 [42]. Furthermore,
the TEC corresponding to the A1g mode is larger than that of
the E1

2g mode for 1L, which is in line with earlier reports on
other TMDCs [43,44]. The larger TEC of the A1g mode may
be understood as, in layered materials, the out-of-plane direc-
tion is confined weakly compared with the in-plane direction;
therefore, it is easier to deform the out-of-plane direction than
the in-plane direction [45]. For 2L, an increment in TEC of
the E1

2g mode is observed compared with that of the 1L, which
differs from the earlier report on MoSe2 [42].

Now we will focus on the observed anomalies in the mode
frequencies at low temperature. The observed kink in fre-
quencies of the modes at low temperature for 1L, as shown
in Figs. 2(a) and 3(a), may be due to induced strain owing
to TEC mismatch between MoSe2 and the substrate. The
induced strain due to the TEC mismatch may affect the weak
van der Waals forces, leading to the slippage, realignment,
or change in the surface topology of MoSe2 films on the
substrate and formation of wrinkles or ripples, which may
affect the frequency of the modes. Similar anomalies are
also observed in the case of other MX 2 systems [44,46]. To
confirm the slippage and/or realignment of MoSe2 films, we
did AFM characterizations after the temperature-dependent
Raman measurements of the same flake, as optically shown
in Fig. S2(a) in the Supplemental Material [21]. Figure S2(i)
in the Supplemental Material [21] shows the AFM image, and
the insets depict the step height profile. The step height profile
along the white line shows the height of 1L MoSe2 from the
substrate. The average thickness of 1L (F1 region) from the
substrate is observed to be ∼3 nm, which is larger than that of
the actual thickness of 1L MoSe2 from the substrate, reflecting
the slippage or realignment of MoSe2. The step height profile
along the blue line shows the height of the 2L along with
1L MoSe2 from the substrate. The average thickness of 2L
from the substrate is ∼2 nm, reflecting a weak deviation from
the reported thickness for the 2L MoSe2 from the substrate,
suggesting the weak effect of induced strain due to TEC
mismatch between 2L and substrate. It is in line with the fact
that induced strain due to TEC mismatch gradually decreases
with the increasing number of layers and becomes negligible
for the bulk. To reconfirm this anomalous increase in the
1L height after temperature run, we did AFM measurements
on another set of flakes (both 1L and 2L of those shown in
Fig. S3 in the Supplemental Material [21]) after temperature
run and found 1L and 2L thicknesses of ∼2.4 and ∼1 nm from
substrate and 1L, respectively, which are in qualitative agree-
ment with measurements on flakes, as shown in Fig. S2(i) in
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the Supplemental Material [21]. We note that this increase in
AFM height for 1L after temperature run is slightly different
at two different spots and may affect the overall results, see
Figs. S2(i), S3(e), and S3(f) in the Supplemental Material
[21]; this may be due to different magnitude of interaction
of the 1L with the substrate at different spots. For 2L, we
observed a decrease in the mode frequency, see Figs. 2(b)
and 3(b), <∼80 K. We note that the negative TEC for MoSe2

in the low-temperature regime (<30 K) has been estimated
theoretically [38], which may give rise to tensile stress <30 K
on lowering the temperature, resulting in the mode frequency
softening <30 K. However, we do observe a decrease in the
mode frequencies <∼80 K, suggesting that MoSe2 may have
a negative TEC even >30 K and may result in an anomalous
decrease in the mode frequency <80 K.

C. Electron-phonon coupling and lifetimes
of the first-order optical modes

Strong electron-phonon coupling, which limits the elec-
tronic mobility of semiconductors, can significantly affect
the self-energy parameters of the phonon modes, and this
may be captured through a detailed temperature-dependent
Raman measurement. The temperature-dependent mobility in
MoSe2 was attributed to the scattering of carriers by opti-
cal phonons, which corresponds to the fluctuations of the
layer thickness [47], implying that the A1g phonon mode
with atomic displacements along the c axis and E2

2g phonon
mode with interlayer shear mode may be involved in con-
trolling the mobility of the carriers. In this section, we focus
our attention on the temperature dependence of the FWHM
of the phonon modes and the role of electron-phonon cou-
pling. In a high-quality sample, FWHM of the phonon modes
at finite temperature may be affected by the contributions
of two factors: (i) phonon-phonon coupling (γph-ph) and (ii)
electron-phonon interactions (γe-ph). Therefore, the tempera-
ture dependence of the FWHM of the phonon modes may be
given as [48,49]

γ (T ) = γph-ph(T ) + γe-ph(T ). (4)

The first term γph-ph(T ) arises from phonon-phonon inter-
actions. Contributions of the three-phonon anharmonic effect
to the FWHM of phonons as suggested by Klemens [34]
is given as γph-ph(T ) = γph-ph(0) + C(1 + 2

ex−1 ), where x =
h̄ω/2kBT , C is a constant parameter, and γph-ph(0) is the
FWHM at 0 K, and γph-ph(T ) is expected to dominate at high
temperature. The second term γe-ph(T ) arises because of con-
tributions from the electron-phonon interactions. Contribution
from electron-phonon interactions to the FWHM may be
given as [48,49] γe-ph(T ) = γe-ph(0)[( 1

e−x+1 ) − ( 1
ex+1 )], where

x = h̄ω/2kBT , and γe-ph(0) is the FWHM resulting from the
electron-phonon coupling effect at 0 K, and the term γe-ph(T )
is expected to dominate at low temperature. The expression,
γe-ph(T ) represents the difference in occupations of states
below and above the Fermi energy level and may be used
to understand the temperature-dependent shift in the FWHM
of the phonon modes. Occupations of the filled states below
the Fermi level decrease with increase in temperature, while
empty states above the Fermi level are occupied more and
may result in narrowing (broadening) of the FWHM with

FIG. 4. Temperature-dependent full width at half maximum
(FWHM) of the A1g mode for (a) the monolayer (1L) and (b) the
bilayer (2L). Solid red lines are the fitted curves described in the
text. Inset black and red plots in (b) describe individual contributions
to the linewidth from phonon-phonon and electron-phonon coupling,
respectively.

increasing (decreasing) temperature [48]. Here, renormaliza-
tion of the phonon modes may be understood via invoking
phonon-induced electron-hole pair creations. With increasing
temperature, empty states above the Fermi level start filling
up, and this blocks the generation of the phonon-induced
electron-hole pairs and hence affects the phonon self-energy.
It is expected that, at low (high) temperature, the phonon life-
time will be less (more), and as a result, linewidth will be more
(less); based on the pure electron-phonon coupling effect, one
expects that linewidth will be more at low temperature and
less at a higher temperature. Also, the bandgap in 1L MoSe2

is significantly higher than in the 2L; therefore, the effect of
electron-phonon coupling is expected to be more visible in 2L
owing to the reduced bandgap.

Figure 3(c) shows the temperature dependence of the
FWHM of the E1g mode for 1L MoSe2 showing normal
temperature dependence, i.e., decreasing with lowering tem-
perature, which may be understood within the phonon-phonon
anharmonic interaction picture. Figure 3(d) shows FWHM
of the E2

2g, E1g, and A2
2u modes for 2L. The FWHM of the

E2
2g mode shows normal temperature dependence from room

temperature to ∼120 K; quite surprisingly, on further lowering
of the temperature, it starts to increase until 4 K, attributed
to the strong electron-phonon coupling. We note that similar
behavior is also observed for the shear modes in graphene
[49]. The FWHM of the E1g mode shows normal temperature
dependence until ∼100 K, and it increases slightly <100 K.
On the other hand, the FWHM of the A2

2u mode shows nor-
mal temperature dependence in the entire temperature range.
Figures 4(a) and 4(b) show the temperature dependence of
the FWHM of the A1g mode for 1L and 2L MoSe2, respec-
tively. For 1L, the FWHM of the A1g mode shows normal
temperature dependence. For 2L, the FWHM of the A1g mode
shows normal temperature dependence from 330 to ∼100 K;
interestingly, <100 K, an increase in FWHM is observed
down to 4 K. The FWHM of the modes as a function of
temperature are fitted using the above Eq. (4); the solid red
lines in Figs. 3(c), 3(d), 4(a), and 4(b) are the fitted curves,
and it is in very good agreement with our experimental data.
In the 1L, fitting parameters γph-ph(0) and γe-ph(0) of the A1g

mode are 1.4 and 0.02 cm–1, respectively, suggesting that the
dominating factor is the phonon-phonon anharmonic effect.
However, in the case of 2L, γph-ph(0) and γe-ph(0) of the
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TABLE III. List of the fitting parameters obtained from FWHM of the first-order optical phonon modes for 1L and 2L MoSe2. Units are
in cm–1.

Electron-phonon + phonon-phonon coupling model

1L 2L

Modes C γph-ph(0) γe-ph(0) C γph-ph(0) γe-ph(0)

E 2
2g(�) – – – 0.007 ± 0.001 1.1 ± 0.04 1.3 ± 0.3

E1g(�) 1.1 ± 0.3 3.5 ± 1.5 0.06 ± 1.5 0.9 ± 0.2 2.8 ± 0.9 1.0 ± 0.9

A1g(�) 0.2 ± 0.1 1.4 ± 0.02 0.02 ± 0.01 0.3 ± 0.02 0.6 ± 0.1 0.7 ± 0.08

E 1
2g(�) – – – – – –

A2
2u(�) – – – 0.5 ± 0.3 1.9 ± 0.8 0.1 ± 0.6

A1g mode obtained from the fitting are 0.6 and 0.7 cm–1,
respectively, suggesting a significant role of electron-phonon
coupling at low temperature. It may also explain the observed
increase in the FWHM with decreasing temperature <100
K. Overall, γe-ph is substantial in comparison with γph-ph for
the 2L system, as anticipated earlier. The fitting parameters
obtained from the FWHM for other first-order optical phonon
modes are summarized in Table III. Our observation of an
anomalous increase in FWHM at low temperature, especially
in the 2L, deviating from normal temperature behavior may
be understood by keeping the finite role of electron-phonon
coupling in these systems.

III. CONCLUSIONS

In conclusion, we performed a comprehensive tempera-
ture and polarization-dependent Raman study on CVD-grown
MoSe2 supported by SiO2 (∼300 nm)/Si in a wide tempera-
ture and broad spectral range of 10–700 cm–1. Many phonon

modes were observed, up to the fourth order as well as
forbidden Raman and IR modes, understood by considering
the resonance effect, Fröhlich mechanism of exciton-phonon
coupling, and cascade theory of inelastic light scattering. The
TEC is extracted for both 1L and 2L MoSe2 as a function of
temperature, and the effect of induced strain from the under-
lying substrate is found to be significant for the case of a 1L.
The observed temperature evolution of the linewidth of the
A1g and E2

2g modes suggests that electron-phonon processes
are involved in addition to the phonon-phonon anharmonicity
and is found to be dominating in the case of 2L.
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