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Recent theoretical works on two-dimensional molybdenum disulfide (MoS2) with sulfur vacancies predict that
the suppression of thermal transport in MoS2 by point defects is more prominent in monolayers and becomes
negligible as the layer number increases. Here, we investigate experimentally the thermal transport properties
of two-dimensional (2D) molybdenum disulfide crystals with inherent sulfur vacancies. We study the first-order
temperature coefficients of interlayer and intralayer Raman modes of MoS2 crystals with different layer numbers
and stacking orders. The in-plane thermal conductivity (κ) and total interface conductance per unit area (g) across
the 2D material-substrate interface of mono-, bi-, and trilayer MoS2 samples are measured using micro-Raman
thermometry. Our results clearly demonstrate that the thermal conductivity is significantly suppressed by sulfur
vacancies in monolayer MoS2. However, this reduction in κ becomes less evident as the layer number increases,
confirming the theoretical predictions. No significant variation is observed in the κ and g values of 2H and 3R
stacked bilayer MoS2 samples.
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I. INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides
(TMDs), an advancing class of layered materials, have re-
cently become a fertile ground for investigating fundamental
properties and emergent device applications. Among these,
2D crystals of molybdenum disulfide (MoS2) have gained
significant importance due to their unique properties, such
as direct band gaps in monolayers [1], high carrier mobility,
significant light-matter interactions [2], reasonable spin-orbit
interactions [3], good valley selectivity [4–6], and a high
Seebeck coefficient [7–9]. This makes them potential mate-
rials for applications in electronics [10–12], optoelectronics
[13–15], valleytronics [4,5,16], and energy harvesting [9,17].
However, the number and stacking order of layers and the
defects and impurities in MoS2 can significantly impact its
properties and the device’s performance [18].

Monolayer MoS2 comprises the hexagonal arrangement of
molybdenum (Mo) and sulfur (S) atoms sandwiched to form
an S-Mo-S structure. These monolayers can be stacked in dif-
ferent configurations to form different polytypes of multilayer
MoS2. Previous studies on the most common configurations,
the 2H (hexagonal) and 3R (rhombohedral) phases, reveal that
stacking order is vital in various applications such as piezo-
electricity, nonlinear optics, and catalytic activity [19–21].
Similarly, structural defects in MoS2, such as vacancies,
substitutions, dislocations, grain boundaries, and edges, can
significantly influence its properties due to their impact on
the atomic structure and electronic behavior [11,18,22,23].
However, depending on the targeted application, their impact
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can be either detrimental or beneficial. For example, the mo-
bility of carriers in electronic devices can get reduced by the
collision with defects. In contrast, the presence of defects can
enhance the performance of MoS2 in various fields, including
catalysis, energy storage, and sensing [17].

Understanding the effect of stacking order and structural
defects on thermal transport in MoS2 is crucial for opti-
mizing its thermal properties and thermoelectric applications
and designing efficient thermal management strategies in var-
ious applications. The thermal conductivity of monolayer
and multilayer MoS2 in its suspended and substrate-bound
form has been reported [24–27]. However, most of these
works do not account for the possibility of structural de-
fects or differences in the stacking order of MoS2 crystals.
Recently, there have been theoretical studies on the ther-
mal transport in MoS2 with various defects such as grain
boundaries, vacancies, and substitutions [28–35]. A recent
experimental work explored the phonon thermal transport in
few-layer MoS2 flakes with various point defect concentra-
tions enabled by helium ion (He+) irradiation [36]. They
observed that Mo vacancies significantly reduce the thermal
conductivity of few-layer MoS2 compared to S vacancies.
Similarly, recent work on thermal transport in chemical va-
por deposition (CVD)-grown monolayer MoS2 with grain
boundaries also showed a lower thermal conductivity of the
sample [37].

In this paper, we report a systematic study of thickness
dependent thermal transport in supported MoS2 crystals with
sulfur vacancies, including the 2H and 3R stacked bilayers.
The in-plane thermal conductivity (κ) and total interface con-
ductance per unit area (g) across the 2D material-substrate
interface are obtained using Raman thermometry. For this,
in the first part of this paper, we provide a detailed analysis
of the first-order temperature coefficients for both intra- and
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interlayer Raman modes. Here, we will report on the evolu-
tion of first-order temperature coefficients of low-frequency
interlayer Raman modes of MoS2 with layer number. In the
second part, we utilize the first-order temperature coefficient
of the Raman mode to calibrate the sample temperature during
laser heating and, consequently, determine the thermal trans-
port parameters of the sample. Our experimental results show
that the κ decreases as the layer number increases, whereas
the g increases. Our results also demonstrate that the thermal
conductivity is significantly suppressed by sulfur vacancies in
monolayer MoS2. However, this reduction in κ becomes less
evident as the layer number increases. Hence our results con-
firm the recent theoretical predictions that the suppression of
thermal transport in MoS2 by point defects is more prominent
in monolayers and becomes negligible as the layer number
increases due to the smaller density of the sulfur vacancies.
No significant variation is observed in the κ and g values of
the 2H and 3R stacked bilayer MoS2 samples.

II. RESULTS AND DISCUSSIONS

The 2D crystals of MoS2 samples are prepared from a
bulk crystal by mechanical exfoliation and transferred on
silicon wafers covered by 285-nm-thick SiO2. The numbers
of MoS2 layers are first identified by optical contrast and
then confirmed by Raman spectroscopy. The stacking order
of bi- and trilayer samples is determined using interlayer
phonon modes in their Raman spectra. Previous works identi-
fied sulphur vacancies as the dominant category of defects in
mechanically exfoliated MoS2 samples [38]. In our work, the
exfoliated MoS2 samples are annealed in an H2-Ar environ-
ment for 3 h at 350 ◦C. It has been shown that the annealing
of MoS2 crystals in an H2-Ar environment above 300 ◦C re-
sults in the creation of additional sulfur vacancies [39]. The
stoichiometry of the molybdenum disulfide (Mo:S ratio) is
obtained in the range of 1:1.70–1:1.93 from scanning electron
microscopy energy dispersive spectroscopy (SEM-EDS) and
in the range of 1:1.71–1:1.76 from the x-ray photoelectron
spectroscopy (XPS) measurement which confirms the pres-
ence of sulfur vacancies in the sample [40]. The 15% sulfur
vacancies corresponding to a stoichiometric ratio of 1:1.7 are
considered as the upper limit since the exposed area covers
the sample edges. To confirm further, a transmission elec-
tron microscopy–energy dispersive spectroscopy (TEM-EDS)
analysis is performed, and an Mo:S ratio of 1:1.80 is obtained.
Additional details on sample preparation and characterization
can be found in Ref. [40] and in the Supplemental Material
[41].

The thermal transport properties of 2D crystals of MoS2

are measured using Raman thermometry [43]. This method
benefits from its noncontact and nondestructive nature and
relatively simple implementation. The experiment involves
the application of a localized heat source to the material and
measuring the resulting temperature changes. In the context
of optothermal Raman techniques, the first-order temperature
coefficient can serve as a valuable tool for calibrating the
average sample temperature when exposed to laser heating.
Later, a steady-state heat conduction model is used to extract
the κ and g values of the 2D materials bound to a substrate.

Initially, a low-power (∼200 µW ) 532-nm laser beam is
used to acquire the Raman spectra of uniformly heated MoS2

samples at different temperatures. Figures 1(a)–1(e) represent
the Raman spectra of MoS2 samples recorded at different tem-
peratures. The peaks around 384 and 406 cm−1 correspond
to the intralayer E1

2g and A1g modes, respectively. The E1
2g

mode originates from the in-plane vibrations of the molybde-
num (Mo) and sulfur (S) atoms, and the A1g mode originates
from the out-of-plane vibrations of S atoms [44]. In all sam-
ples, the Raman mode frequency redshifts with increased
temperature, as shown in Figs. 1(a)–1(e). This observed red-
shift in phonon frequency is mainly due to the contribution
from thermal expansion and anharmonic coupling of phonon
modes at higher temperatures [25]. The Raman mode frequen-
cies corresponding to an increase in temperature are fitted
with a linear function [ω(T ) = ω0 + χT × T ] to determine
the first-order temperature coefficient (χT ) of each phonon
mode. A comparison of the first-order temperature coefficient
of E1

2g and A1g modes of MoS2 flakes with different layer
numbers and stacking orders is provided in Fig. 2. For all
layer numbers and stacking orders under study, the magni-
tude of the χT value of the E1

2g mode is higher than that of
the A1g mode, which agrees with previous reports [25,45].
This difference in temperature coefficients between the E1

2g
and A1g Raman modes in MoS2 can be attributed to their
different symmetries and vibrational characteristics. Since the
E1

2g mode corresponds to the in-plane vibration of S and Mo
atoms, it is particularly sensitive to the thermal expansion and
anharmonic effects in the in-plane direction, contributing to
its higher-temperature coefficient. We observed that the χT

values of the E1
2g mode exhibited a monotonous decrease in

its magnitude as the layer number increased, whereas that of
the A1g mode exhibited a sharp reduction from monolayer to
bilayer and then increased with layer number.

Other than the E1
2g and A1g modes, the Raman spectrum

of the MoS2 samples contains interlayer phonon modes that
appear in the low-frequency range (below 50 cm−1). The
shear mode (SM) and layer breathing mode (LBM) originate
from the in-plane and out-of-plane vibrations of both S and
Mo atoms, respectively, as shown in Fig. 3(a). These modes
are absent in the monolayer. The temperature coefficients of
these interlayer modes in MoS2 are not extensively studied as
other Raman modes, primarily due to their relatively weaker
intensity and the requisite of a more complex experimental
setup with access to ultralow frequencies and better spectral
resolution [45,46]. Here, we analyze the temperature depen-
dence of the low-frequency Raman modes of bi-, tri-, and
few-layer MoS2 flakes. Figure 3(b) displays the variation in
the peak position of the low-frequency modes as a function
of temperature and the values of the first-order temperature
coefficients are given in Table SI [41]. Both shear and layer
breathing modes show redshifts due to anharmonicity and
thermal expansion at higher temperatures [46]. However, the
χT values of the interlayer modes are much smaller than those
of the high-frequency intralayer modes since these layers
are coupled via a weak van der Waals force. The thermal
expansion along the out-of-plane direction is negligible be-
cause the effect of temperature on the interlayer distance is
considerably weak. Therefore, the contribution of crystal ther-
mal expansion to the temperature coefficient can be ignored

245411-2



LAYER NUMBER AND STACKING ORDER DEPENDENT … PHYSICAL REVIEW B 108, 245411 (2023)

FIG. 1. The high-frequency range of the Raman spectrum acquired at different temperatures using a 532-nm excitation wavelength for
(a) monolayer, (b), (c) bilayer, (d) trilayer, and (e) few-layer MoS2 crystals exfoliated on a Si/SiO2 substrate. The dashed vertical lines indicate
the position of E 1

2g and A1g modes at 303 K.

for the layer breathing mode [45]. This justifies the small
temperature coefficient value of the layer breathing mode. In
contrast, the shear mode is affected by thermal expansion,
giving rise to a relatively larger temperature coefficient than
the breathing mode. Additionally, the temperature coefficients
of the low-frequency modes can also depend on the interlayer
interaction strength. The difference in the first-order temper-
ature coefficient of the shear mode for 2H and 3R polytypes
could be a manifestation of the difference in their interlayer
coupling strength. The χT value of the shear mode reduces
their magnitude as the layer number increases.

Since both E1
2g and A1g modes have higher-temperature

coefficients, it allows for the measurement of the local tem-
perature rise of the supported MoS2 crystals due to a change
in the incident laser power by employing changes in the
phonon frequency. Raman measurements are performed with
different laser powers for two different spot-size objectives in

FIG. 2. The value of the first-order temperature coefficient of E 1
2g

and A1g modes for mono-, bi-, tri-, and few-layer MoS2 crystals on
a Si/SiO2 substrate. Different data points indicate different samples
and the triangles indicate a 3R stacked bilayer.

ambient conditions. A 532-nm laser excitation is used with a
step variable neutral density filter and 1800 lines/mm grating.
The incident power is measured with a power meter, and the
absorbed power is calculated by considering the layer number
dependent optical absorption for the 532-nm wavelength. The
variation of the peak position of E1

2g and A1g phonon modes
with absorbed laser power is displayed in Fig. 4. For all
samples, the peak position redshifts with increased absorbed
laser power. The fitting of data points with a linear function
gives the power coefficient (dω/dQ = χp) of each Raman
mode. The χp of the A1g mode appears more sensitive to
variations in layer number than that of the E1

2g mode (Fig. S3
[41]). Since the A1g mode is insensitive to in-plane strain and
its power coefficient is more sensitive to layer number, the
temperature-induced softening of the A1g phonon mode is

FIG. 3. (a) Schematic of the interlayer vibrational modes of
MoS2. (b) The peak position of the layer breathing mode (LBM)
and shear mode (SM) at different temperatures for bi-, tri-, and few
layer MoS2 crystals exfoliated on a Si/SiO2 substrate (X and Y axis
in linear scale). The dashed lines represent a linear fit to the data
points.
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FIG. 4. The peak position of the A1g and E 1
2g phonon modes at different absorbed laser powers for mono-, bi-, and trilayer MoS2 crystals

exfoliated on a Si/SiO2 substrate (X and Y axis in linear scale). The dashed lines represent linear fit to data points.

used to estimate the local temperature rise and extract the
thermal parameters.

The modeling of thermal transport in supported 2D mate-
rials subjected to laser heating has been reported previously
[43,47,48]. A laser beam with a Gaussian intensity distribu-
tion is used for the local heating of the sample, as shown in
Fig. 5. Under the steady-state condition, laser-induced heating
is compensated by the heat flow towards the low-temperature
heat sink. By assuming diffusive phonon transport, the heat
conduction equation for a supported 2D material can be writ-
ten as [43]

1

r

d

dr

(
r

dT (r)

dr

)
− g

κt
[T (r) − Ta] + q′′

0

κt
exp

(
− r2

r2
0

)
= 0.

(1)

The temperature distribution T (r) in the plane of the 2D
material has radial symmetry and a Gaussian profile. Through-
out the thickness (t) of the 2D material the same temperature
profile is assumed. The layer thicknesses of the mono-, bi-,
and trilayer samples used for the calculations are 0.65, 1.4,
and 2.4 nm, respectively. The substrate is assumed to be at
ambient temperature (Ta) and acts as a heat sink. Here, q′′

0 is
the peak absorbed laser power per unit area at the center of
the beam. The absorbed laser power Q = q′′

0 πr2
0 , where r0

is the laser beam radius. The laser beam radius for the 50×
and 100× objectives is measured using the modified knife
edge method [49] and the values are 0.495 and 0.297 µm,
respectively. Details of the laser beam size measurement are
included in Sec. S6 of the Supplemental Material [41]. The
optical absorption coefficients of mono-, bi-, and trilayer
samples are taken as 5.8%, 12.1%, and 17%, respectively.
The local temperature rise in the 2D crystal is defined as
�(r) = T (r) − Ta, and the average temperature rise is given

FIG. 5. Schematic of the laser heating and thermal transport in
MoS2 with sulfur vacancies exfoliated on a Si/SiO2 substrate.

by

�m(κ, g, r0, Q) =
∫ ∞

0 �(r) exp
( − r2

r2
0

)
rdr∫ ∞

0 exp
( − r2

r2
0

)
rdr

. (2)

The thermal resistance which impedes the flow of heat
in the system is obtained as Rm = �m/Q. The ratio of Rm

for two distinct laser beam sizes depends only on the mate-
rial parameters κ and g. Hence on solving Eq. (1) for two
beam sizes, we are able to estimate κ and g uniquely. The
estimated in-plane thermal conductivity and interface con-
ductance values, along with the Rm ratios, are presented in
Table I. Since the convection through air accounts for less
than 0.15% of the total heat conduction, its effect is ignored
in the estimation of thermal parameters [26]. The in-plane
thermal conductivity decreases as the layer number increases,
whereas the total interface conductance per unit area across
the 2D material-substrate interface increases. The reduction
in in-plane thermal conductivity for an increased layer number
is primarily attributed to the intrinsic scattering mechanism of
phonons [50].

In this work, the measured value of κ of the monolayer
MoS2 sample is less than the previously reported value of
55 ± 20 W/mK in samples without any structural defects
[26]. However, in the case of bilayer samples, our mea-
sured value of κ is close to their reported value of 35 ± 7
W/mK [26]. In this context, it is essential to note that our
MoS2 samples contain sulfur vacancies which can alter their
thermal transport properties. In our MoS2 crystals, the ad-
ditional surface vacancies created during annealing in an
Ar/H2 environment are mostly concentrated on exposed sur-
faces. Given the monolayer’s high surface-to-volume ratio and
larger exposed area, it contains the maximum defect density.
Consequently, the highest reduction in thermal conductivity
due to sulfur vacancies is observed for monolayer samples.

TABLE I. Thermal resistance ratio, in-plane thermal conduc-
tivity, and interface thermal conductance (at room temperature) of
mono-, bi-, and trilayer MoS2 crystals on a SiO2/Si substrate.

Sample Rm ratio κ (W/mK) g (MW/m2 K)

1L 2.282 ± 0.037 40 + 8/ − 6 1.02 ± 0.03
2L (2H ) 2.137 ± 0.084 33 + 10/ − 7 1.09 + 0.04/ − 0.05
2L (3R) 2.15 ± 0.13 32 + 13/ − 10 1.07 + 0.13/ − 0.15
3L (2H ) 2.082 ± 0.068 28 ± 6 1.23 ± 0.05

245411-4



LAYER NUMBER AND STACKING ORDER DEPENDENT … PHYSICAL REVIEW B 108, 245411 (2023)

Additionally, as the layer number increases, there might be a
reduction in sulfur vacancy density in MoS2 crystals. Hence,
the observed lesser reduction in the thermal conductivity of
MoS2 with sulfur vacancies in crystals with higher layer
numbers could be due to their lesser defect density. Our ob-
servations align with recent theoretical predictions indicating
that the presence of sulfur vacancies substantially reduces
the thermal conductivity of monolayer MoS2 primarily due
to strong phonon localization and increased scattering by
defects [31,33]. However, the impact of sulfur vacancies on
the thermal conductivity of bulk MoS2 is expected to be less
significant due to the lower sulfur vacancy density in bulk
crystals compared to monolayer crystals [33]. Additionally,
no significant variation is observed in the κ and g values of
2H and 3R stacked bilayer MoS2 samples. It is essential to
acknowledge that the specific impact of sulfur vacancies on
thermal transport in MoS2 can depend on additional factors
such as vacancy type, concentration, and distribution.

III. CONCLUSIONS

In conclusion, we investigated the first-order tempera-
ture coefficients of interlayer and intralayer Raman modes
of MoS2 crystals with inherent sulfur vacancies exfoli-
ated on a Si/SiO2 substrate. Later, the κ and g values of

mono-, bi-, and trilayer MoS2 crystals were measured us-
ing Raman thermometry. The κ value decreased, and the g
value increased as the layer number increased. Importantly,
we observed that the thermal conductivity is significantly
suppressed by sulfur vacancies in monolayer MoS2. However,
this reduction in κ became less evident as the layer number
increased. Our results agree with a previous theoretical report
that the suppression of thermal transport in MoS2 by point
defects is more prominent in monolayers and becomes negli-
gible as the layer number increases. This lesser reduction in
thermal conductivity with increasing layer number could be
attributed to the lower sulfur vacancy density at higher layer
numbers. No significant variation was observed in the κ and g
values of 2H and 3R stacked bilayer MoS2 samples.
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