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We present a combined experimental and computational study of two-dimensional molybdenum
disulfide and the effect of temperature on the frequency shifts of the Raman-active Ey, and Ay,
modes in the monolayer. While both peaks show an expected red-shift with increasing temperature,
the frequency shift is larger for the A, mode than for the E>, mode. This is in contrast to previously
reported bulk behavior, in which the E, mode shows a larger frequency shift with temperature.
The temperature dependence of these phonon shifts is attributed to the anharmonic contributions
to the ionic interaction potential in the two-dimensional system. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4819337]

Molybdenum disulfide (MoS,) is a transition-metal
dichalcogenide consisting of covalently bound S-Mo-S
layers held together by the weak van der Waals interaction
and is of great research interest due to its potential uses in
electronic and optical devices. MoS, shows a number of
interesting features when confined to a single monolayer—
most notably an indirect-to-direct electronic band gap
transition' *—accompanied by an large increase in the pho-
toluminescence (PL) quantum yield.* The room-temperature
mobility of MoS, is comparable to that of graphene nanorib-
bons, and has been predicted theoretically to be as high as
400 cm® V™' 57! when optical phonon scattering and intra/
intervalley deformation potential couplings are included,’
although fabricated transistors have shown a more modest
mobility of around half this value.®

The vibrational properties of bulk, few layer, and mono-
layer MoS, have been studied both experimentally’~'? and
theoretically.">™'> One of the most pronounced effects of
confining the system to a strictly 2-dimensional geometry in
the monolayer is the redshift of the Raman-active A;; mode
and blueshift of the Raman-active E,, phonon mode with
decreasing number of layers.'* The unexpected blueshift of
the E», peak was shown to be due to dielectric screening of
the long-range Coulomb interaction,'® while the redshift of
the Aj, mode is in line with the classical picture of a har-
monic potential. Work involving the effect of strain shows
that the in-plane E,, mode is sensitive to strain, while the
out-of-plane A;, mode shows a weak strain dependence.’
These two Raman-active mode also show distinct doping de-
pendence; with the Aj; mode decreasing in frequency with
increased electron concentration and the £, mode showing
an overall weak dependence on electron concentration.” This
difference is attributed to the stronger coupling to electrons
of the Aj; mode compared with the £, mode.

While the temperature dependence of the Raman active
peaks has been investigated for the bulk crystal,® the temper-
ature effect on the monolayer has not been studied. In the
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bulk crystal, both the A, and E,, peaks shift toward lower
frequencies with increasing temperature, and the temperature
coefficient of the E», mode is larger in magnitude than that
of the A;, mode. Here, we show using Raman spectroscopy
along with finite-temperature molecular dynamics simula-
tions that for the monolayer, both peaks show a redshift with
increasing temperature but the magnitude of the frequency
shift is larger for the A;, mode than for the E,, mode. Our
molecular dynamics simulations were performed with the
Car-Parrinello Molecular Dynamics (CPMD) code'® using
Hartswigen-Goedecker-Hutter (HGH) gradient-corrected
pseudopotentials'’ and a plane wave cutoff energy of 80
Rydberg. Our supercell contained 48 atoms and k-point sam-
pling was restricted to the I'-point of the Brillouin Zone. We
have included 14 A of vacuum separating periodic images of
the monolayer. The geometry was relaxed until the forces on
the atoms were less than 1072 eV/ A, and we have found the
average Mo-S bond length to be 2.41 A, which is within
0.05A of the optimized structures found in the previous
work.'*'* In order to investigate the effect of temperature on
the phonon spectra, we have performed Car-Parrinello'®
CPMD simulations for the system in the crystal phase. The
system was kept close to the Born-Oppenheimer surface
through repeated quenching. The simulations were allowed
to evolve for 100 ps using a timestep of 4 a.u. and a fictitious
electron mass of 400 a.u. The phonon spectrum was derived
from the Fourier transform of the velocity auto-correlation
function. The resolution in frequency space is on the order of
2cm ', These calculations were run on 1024 processors of
the IBM BG/L supercomputer.

Single layer MoS, films were grown directly on 285 nm
Si0,/Si substrate by chemical vapor deposition (CVD) using
the procedure described in detail by Najmaei er al.'®*°
Hydrothermally grown MoO; nanoribbons were dispersed
onto auxiliary silicon substrates and placed inside a tube fur-
nace surrounded by the growth substrate. Sulfur powder was
sublimated upstream near the opening of the furnace at an

© 2013 AIP Publishing LLC
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FIG. 1. AFM image of a typical MoS,
crystal (a), step height measurement of
the monolayer to bilayer step (0.7 nm)
(b), step height measurement from sub-
strate to monolayer (0.9 nm) (c), PL in-
tensity map of the same MoS, crystal
(d), and individual spectra for the
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approximate temperature of 600°C while the furnace was
heated to a peak temperature of 850 °C under a constant flow
of nitrogen and was held at this set point for 10 to 15 min
and then cooled to room temperature. This resulted in incom-
plete growth of triangular MoS, domains which were primar-
ily monolayer but occasionally contained a small bilayer
region in the center.

Micro-Raman and PL measurements were performed
with a WITec Alpha 300RA system using the 532 nm line of
a frequency-doubled Nd:YAG laser as the excitation source.
The spectra were measured in the backscattering configura-
tion using a 100x objective and either a 600 or 1800
grooves/mm grating. The spot size of the laser was ~342 nm
resulting in an incident laser power density of ~140 uW/
pm?. This laser power was found to be sufficiently low not to
cause any shifting in the both the in-plane and out-of-plane
modes of the Raman signature.zl Single point Raman meas-
urements were performed on the same location in the sample
over the temperature range from 30 to 175 °C using a heating
stage. The location was determined via Raman mapping the
selected crystal at each temperature set, after allowing at
least 30 min for thermal stabilization of the sample and
optics. In addition, atomic force microscopy (AFM) was uti-
lized to confirm the thicknesses of the CVD material.

Figure 1 shows AFM and PL images of a typical mono-
layer crystal with a small bilayer region at its center. The
AFM images indicate that the deposited MoS, films are
monolayer with a typical thickness of 0.9 nm. In addition,
the enhancements of the PL signal emanating from the
monolayer regions are indicative of the indirect-to-direct gap
transition observed in MoS, as the layer count is reduced

from two or more layers to a single layer." Single spectra
recorded at 30 and 175°C are shown in Figure 2, and
extracted values of the temperature coefficient for the Eég
and A;, modes for both CVD grown monolayer and bulk
(<100 nm thick) exfoliated MoS, are presented in Figure 3
and in Table I. An increased phonon coupling in the MoS, is
observed at elevated temperatures, as shown in the increased
intensity of the peaks for both monolayer (Figure 2) and bulk
(not shown).

Any temperature-dependent changes in the calculated
phonon density of states are due to the anharmonic terms in
the lattice potential energy. In contrast to strictly harmonic
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FIG. 2. Raman spectra of CVD monolayer MoS, taken at 30°C and 175°C
plotted on the same scale showing the position of the E,, in-plane and Ay,
out-of-plane modes as well as an anomalous increase in intensity of the
Raman signature.
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FIG. 3. Position of the E,, (a) and A, (b) peaks as a function of temperature for CVD monolayer (red square) and exfoliated multilayer (blue circle) MoS..

or quasi-harmonic calculations, anharmonic frequency shifts
are the result of coupling between phonons having different
momentum ¢ and band index j, as well as thermal expansion
of the lattice. The calculated phonon density of states from
molecular dynamics simulations at representative tempera-
tures of 50K and 300K are shown in Figure 4.

At both temperatures, the Raman-active A;, and Ej,
peaks are well-defined, although slightly redshifted in fre-
quency relative to estimates made in the harmonic approxi-
mation."? Tt is clear that as the temperature is increased by
several hundred Kelvin, both peaks shift toward lower fre-
quencies, and that the frequency shift of the A, peak is more
pronounced than that of the E,, peak.

This temperature dependent shift of both peaks is
due to the anharmonic contributions to the interatomic
potential energy, mediated by phonon-phonon interactions.
Intuitively, it makes sense that the out-of-plane A;, mode
shows a stronger temperature response in the monolayer,
where there are no weak interlayer interactions restricting
the vibrations away from the basal plane. While thermal
expansion of the crystal is technically considered an anhar-
monic effect, it is a distinct physical phenomenon from the
anharmonic coupling between phonons.”> Because the size
of the supercell is held fixed during simulations at different
temperatures, we expect thermal expansion to play a mini-
mal role since the in-plane structure does not change
appreciably.

We note that the A;, mode has a stronger coupling to
electrons than the E,, mode, which could explain the larger
frequency shift of the phonons. We can compare this to the

TABLE I. Comparison of the experimentally determined temperature coeffi-
cients (in units of cm ™ '/K) for both bulk and monolayer MoS, as well as the
frequency shifts calculated via molecular dynamics for the monolayer.

Xg Xy Ay
Al —0.013 —0.016 6ecm™!
En, —0.015 —0.013 3em™!

case of superconducting MgB,, in which the anharmonic
renormalization is greatest for the modes that couple most
strongly to electrons.?

In summary, we have used a combination of Raman
spectroscopy and first-principles molecular dynamics simu-
lations to study the temperature dependence of the Raman
active peaks in monolayer MoS,. We have investigated the
temperature dependence of the E,, and A;, peaks in the
Raman spectra of monolayer MoS, grown by CVD on Si/
SiO, substrates. Micro-Raman spectroscopy was carried out
using the 532 nm laser excitation over the temperature range
from 30 to 175°C. The extracted values of the temperature
coefficient of these modes are X=—0.013cm '/°C and
X =—0.016cm™'/°C for monolayer, and X = —0.015cm™ ec
and X =—0.013cm ™ '/°C for bulk, respectively. Simulation
results agree qualitatively with experiment, predicting a
larger temperature-dependent shift for the A, than for the
E |, mode.

We see that both the A, and E,, peaks are redshifted
with increasing temperature, and the magnitude of the A,
temperature coefficient is larger than that of the E,, mode.
The temperature dependent shift of both peaks is attributed
to anharmonic contributions in the interatomic potential
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FIG. 4. The calculated phonon density of states for monolayer MoS, at tem-
peratures of 50K and 300 K.
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energy due to phonon-phonon interactions. The larger anhar-
monic frequency shift of the A;, mode is due to the stronger
electron-phonon coupling relative to other Raman-active
modes.

This study suggests that since the temperature coeffi-
cients of the Raman-active peaks in monolayer MoS, are dis-
tinct from those of the bulk, they can be used to positively
identify single-layer samples in device applications. The
temperature dependence of the Raman-active peaks will also
affect the electron-phonon coupling, since the strength of the
interaction is frequency dependent. This will in turn add a
temperature dependence to the electron mobility in MoS,-
based field effect transistors. Future work will look at the
temperature effects of few-layer MoS, as well as monolayers
containing Mo defect sites.
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