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ABSTRACT

Thermal transport within nanostructures is highly confined by interfaces, and non-trivial physics can emerge at boundaries. Theoretical stud-
ies have shown that different phonon modes can exhibit varying thermal resistances at interfaces. Experimental observation of these varia-
tions, however, is lacking. Using the steady-state Raman thermometry, the E1

2g and A1g vibrational modes of MoS2 were utilized to
characterize the thermal transport properties across the MoS2/Si interface. Our results revealed distinct temperature rises associated with
different modes, indicating various mode contributions in the interfacial thermal conductance. Combining experimental and numerical simu-
lations, the out-of-plane mode in MoS2 was found to contribute less to the interfacial transport, by 21.5%, attributed to the less variational
mode mismatch of the in-plane phonon, compared to the in-plane mode. Furthermore, our results confirmed a 26.9% higher thermal con-
ductivity from the out-of-plane mode than the in-plane one.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0180595

Molybdenum disulfide (MoS2), a typical layered transition-metal
dichalcogenides (TMDs), has high current on/off ration (�108) and
ultra-low standby power dissipation, ideal for advanced devices.1–5

The MoS2/Si interface becomes even more crucial, when integrating
this novel Van der Waals material to existing Si-based electronics,
especially for the optoelectronics applications.6–8 However, with the
lower dimension and higher integration density, more interfaces exist
in those systems, impeding heat flow and causing heat accumulation
in micro/nanostructured devices.9,10 Managing heat flow across mate-
rial interfaces and achieving fast heat dissipation has become one of
the most important challenges in improving the performance and reli-
ability of those devices.

Recently, various studies have shown the presence of phonon
modes at the interface, which plays an important role in the interfacial
thermal transport.11–14 The in-plane modes are found to have a higher
temperature rise than the out-of-plane phonon modes in the laser-
irradiated single layer graphene using a computational approach.15

Ruan et al. further found that different phonon modes may have dif-
ferent interface resistance, via molecular dynamics.16,17 This will affect
the temperature change sensed by the different modes and the corre-
sponding interfacial thermal conductance. Overall, great progress has

been made in the theoretical study of the effect of different phonon
mode contribution on interfacial thermal transport. There is, however,
still a lack of relevant experimental research and work as a major
obstacle for understanding thermal transport in nanostructures.

Raman spectroscopy as a non-contact and fast characterization
method can achieve atomic-level spatial and spectral resolution.18,19

Based on the linear change between Raman shift and full width at half
maximum of characteristic peaks with temperature, Raman thermom-
etry is widely used in characterizing the interfacial thermal conduc-
tance and thermal conductivity of TMDs.20–24 In addition, Raman
spectroscopy can identify optical phonon patterns according to the
atomic displacement of lattice vibrations. There are two prominent
groups of Raman modes in MoS2, the out-of-layer and the in-plane
optical modes, related to the flexural optical phonon (ZO) and longitu-
dinal/transverse optical phonon (LO/TO) modes, respectively.19,25

Therefore, distinguish optical phonon mode contributions in thermal
transport can be achieved by the different Raman modes.

In this work, the interfacial thermal transport properties of the
MoS2 film supported by the c-Si substrate within two different phonon
modes were investigated by the Raman thermometry technique. MoS2
has two prominent peaks in the Raman spectrum, which relate to the
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in-plane (LO/TO) and out-of-plane (ZO) optical modes, respectively.
The thermal response of two different phonon modes under two dif-
ferent laser heating spot sizes was investigated, and the temperature
rise of phonon modes within different spot sizes was obtained. Full
thermal transport properties of this heterostructure, including the
interfacial thermal conductance and in-plane thermal conductivity
within different phonon modes, were further determined based on the
Raman thermometry and corresponding 3D finite volume simulation
of laser heating. Phonon density of states (PDOS) are calculated to
provide insights into the interfacial phonon transport mechanisms of
the MoS2/c-Si heterostructure. Those results further revealed the inter-
facial thermal transport properties under different phonon modes of
the MoS2 film supported on the c-Si substrate. In addition, this Raman
laser irradiation experiment can further mimic the thermal manage-
ment process in the MoS2/Si photodetector, providing potential ther-
mal constraints in the optoelectronics device design.

Figure 1(a) shows the schematic of the Raman experimental setup
for the MoS2/c-Si sample. Figure 1(b) shows the atomic structure of
the typical layered MoS2. The Mo atom is in the middle for each layer,
and the distance between each layer is around 0.65 nm. In our experi-
ment, the MoS2 film was stripped by a micromechanical cleavage from
bulk MoS2 crystals and transferred to the c-Si substrate (supplemen-
tary material, Note 1). The thickness of the prepared MoS2 film was
around 9.2 nm (supplementary material, Fig. S1). Figure 1(c) shows
the typical Raman spectra of the MoS2/c-Si sample excited by 532 nm
laser beam. The Raman spectra of the MoS2 film have two predominated
E1
2g and A1g Raman active modes surrounding 385 and 410 cm�1,

and the longitudinal optical phonon mode of c-Si nearing 522 cm�1.
The E1

2g mode corresponds to the in-plane vibration of Mo and S
atoms in the direction opposite to each other, which is related to the
longitudinal/transverse optical phonon mode. The A1g mode is asso-
ciated with the out-of-plane optical vibration of S atoms, related to
the flexural optical phonon mode.26 Therefore, the Raman results
from the E1

2g and A1g vibration modes are used to distinguish the

contribution of the in-plane and out-of-plane optical mode in inter-
facial thermal transport.

While the MoS2 film is excited by the Raman laser, the interfacial
thermal conductance (G) and in-plane thermal conductivity (ks) of the
supported MoS2 film satisfy the heat diffusion equation in the cylindri-
cal coordinate,27,28

1
r
d
dr

r
dT
dr

� �
� G
kSt

TM � Tað Þ þ _q
kS

¼ 0; (1)

where TM is the temperature rise of the MoS2 film upon laser heating,
Ta is the temperature rise of the c-Si substrate, r is the radial position
measured from the center of the laser beam, t is the thickness of the
MoS2 film, and _q is the volumetric heating power. The G and kS can be
extracted based on the known average temperature rise for two differ-
ent laser spot sizes (supplementary material, Note 4).

Based on the relationship between Raman shifts and sample tem-
perature, the temperature under laser heating in Raman experiments
can be determined. Thus, the calibration experiments of the MoS2/c-Si
sample at temperatures ranging from 296 to 382K are first conducted.
Figure 2(a) shows the eight temperature-dependent Raman spectra of
the MoS2/c-Si sample. The positions of the E1

2g and A1g modes are
both red-shifted with increasing temperature, and it can be attributed
to thermally driven bond softening.29,30 In addition, the Raman peak
near 522 cm�1 corresponds to silicon originating from the c-Si sub-
strate. Similar red-shift with increasing temperature is observed. Figure
2(b) shows the temperature-dependent Lorentzian-fit peak frequencies
for the E12g, A1g, and Si modes from the Raman spectra. The Raman
peak position x (in cm�1 units) shows a linear dependence with
lattice temperature and can be expressed as follows21 xðTÞ ¼ x0

þ vTðTx � T0Þ, where vT is the first-order temperature coefficient for
the respective modes, and T is the absolute temperature. The extracted
linear temperature coefficients vT from the slopes are �0.0135,
�0.0131, and �0.0218 cm�1/K for the E1

2g, A1g, and Si modes of the
MoS2/c-Si sample. The obtained temperature coefficient of the E1

2g

FIG. 1. (a) Schematic of the experimental
setup for the micro-Raman experiment of
MoS2/c-Si sample. (b) The atomic struc-
ture of the MoS2 film from a side view.
The distance between two adjacent layers
is around 0.65 nm. (c) Raman spectra of
the MoS2/c-Si sample are excited by the
532 nm laser and could be used to deter-
mine the temperature rise of the sample.
The E12g (385 cm�1) and A1g (410 cm�1)
modes of the MoS2 and c-Si (522 cm�1)
LO phonon mode are observed in the
sample.
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mode is very close to the A1g mode, indicating that the temperature
response of both phonon modes is not affected by interlayer interac-
tions and the substrate.

To extract the relationship between the temperature rise of the
MoS2/c-Si sample with the laser power, the laser power-dependent
Raman spectra were investigated. The power-dependent Raman spec-
tra of the MoS2/c-Si sample under 50� and 100� objective lenses are
shown in Figs. 3(a) and 3(c). The intensity of the Raman peak under
two objective lenses increases and red-shifts with laser power increas-
ing. It can be attributed to the Raman-active mode softening due to
local heating of MoS2 as laser power increases. The Lorentzian-fit
Raman peak position as a function of incident laser power is plotted in

Figs. 3(b) and 3(d). The power-dependent peak positions can be char-
acterized by a linear function,21

Dx ¼ vP Px � P0ð Þ ¼ vPDP; (2)

where vP is the first-order power-dependent coefficient, and P is the
incident laser power. Under 50� objective lens, the calculated vP is
�0.0298 and �0.0301 cm�1/mW for E12g and A1g modes, respectively.

The values of vP show no significant difference between E1
2g and A1g

modes, suggesting that both the in-plane transport and interlayer cou-
pling dominate thermal transport. However, under 100� objective
lens, the values of vP for E12g and A1g modes are �0.0930 and
�0.0875 cm�1/mW, respectively. The laser power coefficients for the

FIG. 2. (a) Raman spectra of the MoS2
film and the c-Si substrate at an increased
temperature during the Raman tempera-
ture coefficient calibration experiment. (b)
The Raman shift for the E12g and A1g
modes of MoS2 and the c-Si substrate as
a function of temperature in the calibration
experiment. Fitting results for linear tem-
perature coefficients are shown in the
figure.

FIG. 3. Raman spectra of the MoS2 film
and the c-Si substrate at increased excita-
tion laser power under (a) 50� and (c)
100� objectives in the ambient tempera-
ture. The Raman shift for E12g and A1g
modes of MoS2 and the c-Si substrate as
a function of laser power under (b) 50�
and (d) 100� objectives.
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two vibration modes under 100� objective lens increase compared to
those under 50� objective lens. The reason is that power density under
100� objective lens is higher, leading to more rapid temperature rise
determined by Raman spectra. In addition, larger values of vP for the
E1
2g mode compared to the A1g mode under 100� objective lens sug-

gested that in-plane thermal transport is more sensitive and responsi-
ble for thermal transport with smaller laser spot sizes.

In the experiment, the red-shift of the Raman peak position was
also observed in the Si modes of the MoS2/c-Si sample, indicating that
the substrate temperature rise was also caused by laser heating under
the two different objective lenses. The average temperature rise per
unit laser power of the MoS2 film and c-Si substrate could be experi-
mentally obtained by

DTMoS2 c�Sið Þ ¼ vP
vT

: (3)

Different temperature rise of the MoS2 film and c-Si substrate can
be obtained by 50� and 100� objective lenses, respectively. Here, the
temperature difference between the MoS2 film and c-Si substrate can
be further obtained by DT ¼ DTMoS2 � DT c�Si. Under the 50�
objective lens, the calculated temperature differences are 2.02 and
2.21K, corresponding to the E1

2g (blue line) and A1g (red line) modes,
respectively. Under the 100� objective lens, the calculated temperature
differences are 6.61 and 6.36K, which correspond to the E1

2g and A1g

modes, respectively.
To determine the G and ks of the MoS2 film supported on the

c-Si substrate, a 3D numerical modeling based on the finite volume

method was conducted to determine the temperature rise. The actual
size and thickness of the MoS2 film were applied in the 3D model as in
the experiment. The cross-plane thermal conductivity of MoS2 was
taken at 2W/mK,31 and the thermal conductivity of c-Si was
148W/mK. The incident laser power was 1 mW, and the laser spot size
was identical to the experiment. In addition, the laser beam was incident
vertically on the surface of MoS2/c-Si, and the multiple reflection at the
interface between MoS2 and c-Si was considered, as shown in Fig. 4(a).
According to the optical properties of MoS2 and c-Si, based on the trans-
fer matrix method (TMM),32,33 the transmitted power at the top surface,
the reflected power at the bottom surface of the MoS2 film, and the trans-
mitted power in the top surface of the c-Si substrate can be determined.

In the modeling process, a series of temperature differences
between the MoS2 film and c-Si substrate under laser heating focused
with two different objectives was calculated with a different combina-
tion of the G and kS. As mentioned earlier, the measured temperature
rise of the MoS2 film and c-Si substrate are the Raman-intensity
weighted average temperature rise of the MoS2/c-Si sample. The pene-
tration depth of the Raman laser can be calculated by s ¼ k=ð4pjÞ,
where k is the laser wavelength, j is the extinction coefficient of the
sample under this laser wavelength. For the MoS2 film, the extinction
coefficient value is 5.2, and the calculated penetration depth is
38.5 nm. For the c-Si substrate, similar to the MoS2 film, the tempera-
ture rise is an average temperature rise within the focal depth of the
Raman probe laser. At 532 nm laser wavelength, the extinction
coefficient value of c-Si is 1.1, and the calculated penetration depth
is 820 nm. Thus, the temperature rise of the MoS2 film and c-Si

FIG. 4. (a) Schematic of the laser trans-
mission. When the laser beam irradiates
the sample surface, multiple reflections
happen at the interface between the MoS2
film and the c-Si substrate. The I01, I02,
and I03 are the transmitted power at the
top surface, the reflected power at the bot-
tom surface of the MoS2 film and the
transmitted power in the c-Si top surface,
respectively. The Raman intensity-
weighted average temperature difference
for a serious G and kS is shown in (b)
under 50� objective and in (c) under
100� objective lens. (d) Determined G
and kS by using E12g and A1g modes as
well as the uncertainty region. The nor-
malized probability distribution function
contour shows the uncertainty distribution.
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substrate can be calculated by DT ¼ Ð Ð Ð
DTMoS2ðc�SiÞIRamandV=Ð Ð Ð

IRamandV . Among them, if the calculated temperature difference
simultaneously agrees with the 50� and 100� experimental results,
the corresponding pair of G and kS is taken as the true properties of
the MoS2/c-Si sample. The calculated average temperature difference
between the MoS2 film and c-Si substrate under the 50� and 100�
objective lenses in a series of G and kS space are shown in Figs. 4(b)
and 4(c). In both heating spot sizes, the lower kS or G lends to a higher
temperature rise. When kS is lower, the heat of the laser heating region
is difficult to diffuse laterally, leading to a higher local temperature rise
and temperature difference between the MoS2 film and c-Si substrate.
When G is lower, achieving the same heat from the MoS2 film to the
c-Si substrate as that at the higher kS requires a higher local tempera-
ture rise. In addition, under the 50� objective lens, the effects of G are
more sensitive to the average temperature rise, which can be observed
from the trend of the two isotherms. However, the effects of kS on the
average temperature rise is more significant for experiments using the
100� objective lens, especially at the lower value of G. This confirms
the power-dependent coefficient difference between the E1

2g and A1g

modes at 50� and 100� objective lenses.
For each laser heated spot size, the experimentally obtained tem-

perature difference between the MoS2 film and c-Si substrate (the iso-
lines) could be satisfied by many different combined values of G and
kS. Thus, the results from both cases and normalized probability distri-
bution function (X) can be used to determine the actual G and kS in
our experiments. X is defined as X ¼ exp ½�ðx � xÞ2=ð2r2Þ�, where
x, x , and r are the corresponding variable temperature difference,
its average, and standard deviation, respectively. As shown in

Fig. 4(d), a composite probability distribution function is defined as
XðG;kSÞ ¼ XDT 50x

� XDT 100x
in the G and kS space. The value of G and

kS is determined by the cross point of the 50� and 100� dashed curves.
To show the results with uncertainty, the value of XðG;ksÞ ¼ 0:6065
corresponding to the r probability is used to show the uncertainty of
the final results. Finally, the obtained G by E1

2g and A1g modes are
5:26þ1:27

�0:75 and 4:13þ1:46
�0:96 MW/m2K, respectively. The G obtained by

the out-of-plane optical phonon mode is 21.5% lower than that
obtained by the in-plane optical phonon mode; a similar phenome-
non was also observed in the MoS2/quartz interface.34 It can be
attributed to different acoustic phonon branches having different
interface resistance, which results in a difference in the temperature
rise and the measured G between the E1

2g and A1g modes.16 Our
results further indicated that for the 2D materials supported on the
substrate, the in-plane phonon mode has better cross-interface ther-
mal transport properties.

Phonon density of states (PDOS) are calculated to provide
insights into the interfacial phonon transport mechanisms of the
MoS2/c-Si heterostructure, as depicted in Fig. 5. The obtained results
are consistent with prior studies on MoS2 and c-Si, showing similar
peak positions.35,36 A higher PDOS indicates a greater number of pos-
sible phonons at a given frequency. In the case of c-Si, the total PDOS
at 385 cm�1 is higher compared to that at 410 cm�1 [Fig. 5(b)].
Consequently, more Si phonon modes exist at the E1

2g mode of MoS2,
and less phonon mismatch is formed at the MoS2/c-Si interface com-
pared to the A1g mode. We further decompose the PDOS of the Si sub-
strate into in-plane and out-of-plane vibrations, as shown in Figs. 5(c)
and 5(d). Similarly, more Si phonon in-plane vibration modes exist at the

FIG. 5. (a) Schematic diagram of the
MoS2/c-Si heterostructure. (b) Phonon
density of states of MoS2 and the c-Si
substrate. Phonon density of states of
MoS2 and the c-Si substrate from (c)
in-plane vibrations and (d) out-of-plane
vibrations.
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E1
2g mode of MoS2 compared to the out-of-plane vibration modes at the

A1g mode. Thus, the former shows less phonon mismatch, resulting in a
higher interfacial thermal conductance between the MoS2 film and Si
substrate. It should be noted that this mismatch in PDOS plays a crucial
role in interfacial thermal transport, as demonstrated in precious
research, and the mismatch results in a high thermal boundary resistance
for the graphite/graphene-Cu2Se interfaces,37 the SiC-GaN interfaces,38

and the Al–sapphire interfaces.39 Thus, our experimental results of the
21.5% lower interfacial thermal conductance from out-of-plane optical
mode than in-plane optical mode, which can be attributed to a lower
mismatch in PDOS at E1

2g mode of MoS2. In addition, the calculated kS
by A1g is 38:2

þ5:2
�6:2 W/mK, which is higher than the 27:6þ5:4

�4:6 W/mK cal-
culated by the E1

2g mode. It can be attributed to the fact that the ZO
mode was coupled strongly with the substrate for the in-plane thermal
transport, which does not contribute much to the vertical thermal trans-
port.16,40,41 Those results further indicate the existence of different ther-
mal transport properties among the phononmodes.

In summary, the interfacial thermal transport properties of the
MoS2 film supported on the c-Si substrate within two different phonon
modes were investigated by the steady-state Raman method. Both the
E1
2g and A1g modes of the MoS2 film soften linearly as the temperature

increases, with first-order linear coefficients of 0.0135 and
0.0131 cm�1/K, respectively. By studying the thermal response of the
MoS2/c-Si sample under two different laser heated spot sizes and com-
bining a 3D simulation, the interfacial thermal conductance G and
in-plane thermal conductivity kS of each mode were determined. The
extracted G using the A1g mode is 4.13MW/m2K, 21.5% lower than
the E1

2g mode of 5.26MW/m2K. In addition, the thermal transport dif-
ference between the two phonon modes is also reflected in kS. The kS
calculated using the E1

2g and A1g modes are 27.6 and 38.2W/mK,
respectively. The calculated result of PDOS shows that the E1

2g mode
has a less phonon mismatch at the MoS2/c-Si interface compared to
the A1g mode, leading to a high interfacial thermal transport property.
These results indicate that the influence of different phonon modes of
2D materials’ thermal transport cannot be ignored, further deepening
the understanding of thermal transport characteristics in substrate-
supported two-dimensional materials.

See the supplementary material for the experimental section and
corresponding figures.
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