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ABSTRACT: Atomically thin two-dimensional tungsten disulfide (WS2)
sheets have attracted much attention due to their potential for future nano-
electronic device applications. We report first experimental investigation on
temperature dependent Raman spectra of single-layer WS2 prepared using
micromechanical exfoliation. Our temperature dependent Raman spectroscopy
results shows that the E1

2g and A1g modes of single-layer WS2 soften as tem-
perature increases from 77 to 623 K. The calculated temperature coefficients of
the frequencies of 2LA(M), E1

2g, A1g, and A1g(M) + LA(M) modes of single-
layer WS2 were observed to be −0.008, −0.006, −0.006, and −0.01 cm−1 K−1,
respectively. The results were explained in terms of a double resonance process
which is active in atomically thin nanosheet. This process can also be largely
applicable in other emerging single-layer materials.
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■ INTRODUCTION

Two-dimensional (2D) atomically thin layered materials such as
graphene1−6 and monolayer transition metal dichalcogenides
(TMDCs) such asMX2 (M =Mo,W and X = Se, S) are currently
an intriguing great interest as 2D semiconductors with rich
physical and chemical properties as native direct energy gap in
visible frequency range and has potential to be used in future
nanoelectronic device applications. Graphene-based transistors
have been extensively explored for their potential use in various
nanoelectronic applications such as logic and radio frequency
devices.5,6 The main advantage of single-layer graphene (SLG)
based field-effect transistors (FET) is high carrier mobility.5,6

However, due to absence of a bandgap, several problems still
remain with SLG, which is essential to make transistor device
on and off. Therefore, single layers of other TMDCs semi-
conductor layered materials such as MoS2,

7−16 WS2,
17−21

WSe2,
21−23 MoSe2,

24−27 GaS,11,28 and GaSe11,28 are gaining
increasing attention from scientific community in worldwide as
promising new materials for FET, integrated optoelectronic
circuits, photo detectors, sensors, etc. Another advantage of
single-layer TMDCs semiconductor materials is direct and wide
bandgap versus narrow and indirect bandgap in bulk form. There
are complete and exhaustive investigations on single-layer MoS2
including various properties such as optical and electronic
properties, strain effects, thermal effects, and so on. However,
investigation on WS2 has just begun, similar layered materials as
of 2H-MoS2, single-layer 2H-WS2 were made up of sandwiching
two sulfur atoms and one W atom through covalent bonds of
W−S, forming S−W−S structure. Bulk WS2 is an indirect semi-
conductor material when it is thin to a monolayer sheet, the
bandgap becomes wider and direct ∼2 eV at the corners (K and
K′ points) of the Brillion Zone as predicted by both theoretical
calculations and experimental investigations.21−23 All these

interesting properties revealed that WS2 is a potential candidate
for next generation nanoelectronic device applications.
The atomically thin WS2 nanosheet is a promising candidate

material from a technology point of view as it has been recently
reported as vertical FETs incorporating graphene−WS2 which
offer the possibility of flexible and transparent electronic
devices18 and photosensor devices.20 In view of gaining attention
of single-layer WS2 for possible application in various nano-
electronic devices, it is important to investigate the electron−
phonon (e−p) interaction and vibrational properties of single-
layer WS2 based various nanoelectronic devices. It is considered
that applying the bias and the back gate voltage results in self-
heating of the device which can affect performance of atomically
thin layered WS2 based nanoelectronic devices. The self-heating
may result in a change of the e−p interaction and vibrational
properties. It is important to know the changes in Raman spectra
peak positions and shape of the peak with temperature in order to
distinguish them from the changes due to the other factors such
as number of atomic layers, etc. However, temperature-dependent
Raman spectroscopy of single-layerWS2 has not been reported until
now in the literature. It is important to understand the physical,
mechanical, and chemical properties of a single-layer WS2 nano-
sheet. Raman spectroscopy is widely and nondestructively used to
measure the number of atomic layers and mechanical and thermal
properties of graphene and various inorganic layered materials.1−28

The temperature coefficients of the Raman-active peaks in
single-layered WS2 were different from those of the multilayer
sample. It can be used to differentiate single-layer WS2 samples
among multilayer sample in the device application point of view.
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Due to variation in temperature, the Raman-active peaks also get
affected with electron-phonon coupling. This can also lead to
affect the field effect mobility of theWS2 transistor based devices.
Here, we demonstrate for the first time temperature dependent
Raman spectroscopy of single-layer WS2 with temperature
ranging from 77 to 623 K.

■ RESULTS AND DISCUSSION

Figure 1a shows the optical image of the single-layer and multi-
layer sheet of WS2 prepared using micromechanical scotch tape
technique onto 300 nm SiO2/Si substrate. Figure 1b shows the
scanning electron microscope (SEM) image of the single-layer

Figure 1. Single-layer WS2 (a) optical image, (b) SEM image, (c) AFM image, and (d) corresponding AFM height profile.

Figure 2. (a) Room temperature Raman spectra of single-layerWS2. (b) High resolution TEM image of few layersWS2. (c) HRTEM image of few layers
WS2 and (d) corresponding SAED pattern of WS2.
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and multilayer WS2 sheet corresponds to optical image shown in
a. Figure 1c shows the atomic force microscopy (AFM) image of
single-layer WS2, and Figure 1d shows the corresponding AFM
height profile. The measured thickness of the sheet was observed
to be ∼0.9 nm which indicates the single-layer nature of WS2.
Raman spectrum of single-layer and multilayer WS2 show the
thickness dependence of in-plane (E1

2g ) and out-of-plane (A1g )
Raman modes along with both modes shifting away from each
other in frequency with increasing thickness as due to the double
resonance scattering which can be the spectral finger print of
single-layer WS2.

29 Figure 2a shows the typical Raman spectrum
of single-layer WS2 over a frequency range of 100−750 cm−1

recorded at room temperature using 514.5 nm laser. Raman
spectra of single-layer WS2 excited using 514.5 nm were consist

of many first-order and second-order peaks namely LA(M)
which appears at 173 cm−1, A1g(M)−LA(M) which appears at
230 cm−1, 2LA(M)−3E2

2g (M) which appears at 263 cm−1,
2LA(M)−2E2−2E2

2g (M) which appears at 295 cm−1, 2LA(M)
which appears at 349 cm−1, E1

2g appears at 355 cm
−1, A1g appears

at 419 cm−1, A1g (M) + LA(M) which appears at 583 cm−1, and

Figure 3. Raman spectra of single-layer WS2 with (a) E1
2g and (b) A1g mode measured in a temperature range from 77 to 623 K.

Figure 4. Effect of temperature variation on the Raman frequencies of single-layer WS2 for (a) 2LA(M), (b) E1
2g, (c) A1g mode, and (d) A1g (M) +

LA(M).

Table 1. Extracted Temperature Coefficient and Frequency
Difference for Single-Layer WS2 Nanosheet

single-layer WS2 χ (cm−1 K−1) Δω

2LA(M) −0.008 ± 0.0009 4.5 ± 0.50
E1

2g −0.006 ± 0.0005 3.3 ± 0.40
A1g −0.006 ± 0.0009 3.5 ± 0.45
A1g(M) + LA(M) −0.01 ± 0.006 7.4 ± 0.80
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4LA(M) which appears at 701 cm−1. The 2LA (M) mode and
E1

2g mode overlap with each other. Our Raman spectra of single-
layer WS2 are in good agreement with that reported earlier by
Berkdemir et al.19 Figure 2b and c show the low and high
resolution TEM images of few layer WS2 nanosheets prepared
using micromechanical exfoliation from bulk WS2 crystal
transferred directly onto Quanta foil TEM grid. TEM shows
high crystalline quality and the sheet like morphology with some
wrinkles on WS2 sheet surface. Figure 2d shows the
corresponding selected area electron diffraction pattern of few
layer thick WS2 sheet.
Figure 3a shows the Raman spectra of single-layer WS2 with

2LA(M) and E1
2g modes as a function of temperature from 77 to

623 K. Figure 3b shows the Raman spectra of single-layerWS2 for
A1g mode as a function of change in temperature. Raman spectra
of single-layer WS2 for A1g(M) + LA(M) are shown in the
Supporting Information Figure S1b. Further, it has been
observed that all Raman modes of single-layer WS2 2LA(M),
E1

2g, A1g, and A1g(M) + LA(M) change linearly as a function of
temperature variation as shown in Figure 4a−d. It is known that
the Raman spectroscopy is a four-phonon process which is
dominant over thermal expansion as well as the three phonon
process on E1

2g and A1g mode line shift with change in
temperature (Table 1). The changes in Raman mode frequencies
Δω, with temperature variation from 77 to 623 K were observed
to be 4.5 cm−1 for 2LA(M), 3.3 cm−1 for E1

2g, 3.5 cm
−1 for A1g,

and 7.4 cm−1 for A1g(M) + LA(M)mode, respectively. Some data
points spreading for the Raman peak positions were noticed
which may be due to change of laser spot on single-layer WS2
sheet, or local Raman stage vibration and low excitation power on
the single-layer WS2 sheet surface followed by extra attenuation
from cold-hot cell window. The temperature dependence Raman
spectra were yet carried out on several other single-layered WS2
sample, and all results were found to be similar in nature. The
observed data of the peak positions obtained from Lorentzian
fittings for 2LA(M), E1

2g, A1g, and A1g(M) + LA(M)mode versus
temperature were fitted using Gr ̈uneisen model30

ω ω χ= +T o T( ) (1)

where ωo is the peak position of vibration 2LA(M), E1
2g, A1g, or

A1g(M) + LA(M) modes at 0 K temperature and χ is the first-
order temperature coefficient of the 2LA(M), E1

2g, A1g, or
A1g(M) + LA(M) modes. The plot of 2LA(M), E1

2g, A1g, or
A1g(M) + LA(M) versus temperature gives slope of the fitted
straight line which depicts the temperature coefficient χ. The
temperature coefficients of the frequencies of the 2LA(M), E1

2g,

A1g, and A1g(M) + LA(M) bands of single- layer WS2 are
observed to be −0.008, −0.006, −0.006, −0.01 cm−1 K−1,
respectively. Table 1 depicts the summary of extracted
temperature coefficient and frequency difference for single-
layer WS2 nanosheet. It is important and surprising to note
herewith that the temperature coefficient of single-layer WS2 for
both E1

2g and A1g mode were observed to be identical. In other
hand temperature coefficient for A1g(M) + LA(M) mode were
observed to be high. Our temperature coefficient values of E1

2g

and A1g modes were observed to be one order smaller than those
reported for single-layer and few-layer MoS2 by Lanzillo et al.,

31

Sahoo et al.,32 and Najmaei et al.33 The presence of substrate
300 nm SiO2/Si which we have used in present investigation to
support single-layer WS2 may not contribute in final results of
temperature coefficients. We believe that E1

2g mode in single-
layer WS2 represents in-plane vibration mode which will restrict
motion of W and S atoms in plane of sheet. Also it is important
to note that the full width at half maxima (FWHM) of all
modes 2LA(M), E1

2g, A1g, and A1g(M) + LA(M) increases with
increasing temperature for single-layer WS2. The observed
behavior may be due to result of phonon−phonon interaction
which involves a phonon decaying into lower-energy phonons
and electron−phonon interaction which results from a phonon
generating an electron−hole (e−p) pair. Further, the variation in
the Raman spectra peak position as a function of temperature in
single-layer WS2 sheet is due to the temperature contribution
that consequences from anharmonicity and contribution from
the thermal expansion or volume contribution. This is also due to
the contributation from a double resonance phenomenon which
is active only in atomically thin sheet.

■ CONCLUSIONS

In conclusion, we have systematically investigated the temper-
ature-dependent Raman spectroscopy for single-layer WS2 with
wide temperature range from 77 to 623 K. All first- and second-
order modes of single-layerWS2 soften as a function of increasing
temperature. The calculated temperature coefficients of the fre-
quencies of the 2LA(M), E12g, A1g, and A1g(M) + LA(M) bands
of single-layer WS2 are observed to be −0.008, −0.006, −0.006,
−0.01 cm−1 K−1, respectively. The results were explained in terms
of a double resonance process which is active in single-layer sheet.
We believe that the work reported in this paper could be extended
to other two-dimensional single-layer materials and enrich the
knowledge of these promising materials for specific application.

Figure 5. Experimental setup of temperature dependent Raman spectroscopy of single-layer WS2 (a) schematic diagram and (b) optical photograph.
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■ EXPERIMENTAL METHODS
Preparation of Single-Layer WS2. Bulk WS2 crystal were Pur-

chased fromMoS2 crystal Supplies Inc., UK, (Crystal size small). Single-
layer and few layers of WS2 sheets were deposited at room temperature
in ambient conditions by mechanically exfoliating bulk WS2 crystal onto
pre-cleaned 300 nm SiO2/Si as described earlier for single-layer MoS2.

15

The only difference observed here was light brown color of WS2 flakes
on scotch tape. Finally, the scotch-tape which was trans-
ferred during exfoliation on substrates was removed by dipping the
substrates in acetone for 5 min.
Optical Microscope. Nikon LV150NL Trinocular upright optical

microscope with an imager M1m was used to locate the single-layer
of WS2 sheets deposited on 300 nm SiO2/Si substrates using specific
color contrast. The color images were acquired with LED illumination
and using bright field imaging modes with MTI plan EPI 100× ob-
jectives and 10× eyepiece. The exposure times were varied in the range
10−500 ms depending upon the filter used.
Atomic Force Microscope (AFM). AFM tapping mode images

were recorded using an ICON system (Bruker, Santa Barbara Ca.).
Raman Spectsocopy. The Raman spectra of single-layer WS2

prepared using micromechanical exfoliation of bulk WS2 crystal were
used to investigate temperature dependent Raman with a (LabRAM
HR) using Ar laser (514.5 nm) in the back scattering geometry. The
detector was a Synapse CCD detector with thermoelectric cooling to
−70 °C. A 50× objective were used to focus the laser beam and to collect
the Raman signal. The laser power on the sample was ∼500 μW for
514.5 nm, to avoid possible heating effect by the laser on sheet surface.
The size of the laser spot was ∼1 μm. Figure 5 shows the experimental
set-up of temperature dependent Raman spectroscopy of single-layer
WS2. All the Raman spectra were obtained under the same experimental
conditions, and the band positions and widths were obtained by fitting
them with a Lorentzian function.
FESEM. Field emission (FE) SEM images were collected using FEI

ESEM QUANTA Instruments.
HR-TEM.HR-TEM images were acquired using FEI TECNAI TF-30

(FEG) instrument.

■ ASSOCIATED CONTENT
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Temperature-dependent Raman spectra for single-layer WS2
with A1g (M) + LA (M) mode (Figure S1), comparative
Raman spectra of bulk and single-layer WS2 (Figure S2), and
AFM image of single-layer WS2 (Figure S3). This material is
available free of charge via the Internet at http://pubs.acs.org.
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