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Monolayer transitionmetal dichalcogenides exhibit remarkable electronic and optical properties,making them

candidates for application within flexible nano-optoelectronics, however direct experimental determination of

their thermal expansion coefficients (TECs) is difficult. Here, we propose a non-destructive method to probe

the TECs of monolayer materials using surface-enhanced Raman spectroscopy (SERS). A strongly coupled Ag

nanoparticle over-layer is used to controllably introduce temperature dependent strain in monolayers.

Changes in the first-order temperature coefficient of the Raman shift, produced by TEC mismatch, can be

used to estimate relative expansion coefficient of the monolayer. As a demonstration, the linear TEC of

monolayer WS2 is probed and is found to be 10.3 � 10�6 K�1, which would appear support theoretical

predictions of a small TEC. This method opens a route to probe and control the TECs of monolayer materials.
Two dimensional (2D) materials, such as transition metal
dichalcogenides (TMDs), have attracted much attention due to
their outstanding electronic and optical attributes.1–10 For
integration with existing semiconductor technology 2D TMDs
have a natural advantage over graphene, in that they typically
possess an energy bandgap, and yet can display high carrier
mobilities. The bandgaps of TMDs are thickness dependent,
typically displaying a transition from an indirect to direct-
bandgap when the thickness is reduced to a monolayer.2,3,11,12

However, a key physical consideration for the application of 2D
materials is their thermal expansion coefficient (TEC), which
relates changes in dimension to temperature. While many of
the optical and electronic properties of TMDs have been well
characterized, the thermal properties of many 2D materials
remain less explored due to the difficulties associated with
experimental measurements. Most materials exhibit positive
thermal expansion, expanding when heated and contracting
when cooled. However some materials do exhibit negative
thermal expansion, and an interesting few exhibit very low
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(less than 2 � 10�6 K�1) or zero thermal expansion within
specic temperature ranges.13 A small TEC is highly desirable
for applications where there is little tolerance for dimensional
change or for systems that experience rapid temperature vari-
ations but require consistency, such as for nano-electro-
mechanical devices14 or nanosensors.15 It is well known that
the origin of thermal expansion is anharmonic atomic lattice
interactions, where the average interatomic distances increase
as higher vibrational energy levels become available and are
occupied. Therefore, crystal structure can greatly affect the TEC,
for example, diamond is a positive TEC material,16 graphite
exhibits negative in-plane but positive out-of-plane TECs,17 and
from experiment and theoretical predictions, graphene is
recognized as having a negative TEC over a wide range of
temperatures.18–23 Other 2D materials such as monolayer
hexagonal boron nitride are also predicted to exhibit a negative
TEC.21,22 On the other hand, 2D TMDs are generally believed to
demonstrate positive TECs.23,24 Specically, recent rst princi-
ples calculations have indicated that the linear TEC of mono-
layer WS2 is very small.24 Bulk WS2 has an indirect bandgap of
1.3 eV, whereas a monolayer has direct bandgap of 2.1 eV,12 and
another notable feature is intense photoluminescence (PL)
found for monolayer WS2.25 These properties suggest that such
monolayers have potential for applications within exible 2D
nano-optoelectronics. However, the claim of a small TEC is yet
to be experimentally conrmed due to the difficulties associated
with measuring expansion at the length scales associated with
2D materials. For monolayer materials the thermal expansion
RSC Adv., 2016, 6, 99053–99059 | 99053
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coefficient can be ideally experimentally determined through
delicate nanoelectromechanical resonance measurements or
direct imaging of rippling of suspended monolayers.26,27

However these methods require intricate device fabrication or
extensive careful imaging.

Here we propose a relatively simple non-destructive method
to probe the TECs of monolayer materials using surface-
enhanced Raman spectroscopy (SERS). A strongly coupled
metallic nanoparticle (NP) over-layer is used to controllably
introduce strain in the monolayers. The vibrational modes of
the monolayer are sensitive to strain resulting from TEC
mismatch, which are probed in temperature dependent Raman
measurements. For monolayer WS2, the out-of-plane linear TEC
is found to be at most �10.3 � 10�6 K�1, which would appear
support theoretical predictions of a small TEC. We also use
monolayer MoS2 to show how the magnitude of the strain
corresponds to the degree of TEC mismatch. This experimental
study suggests how the thermal properties of monolayer mate-
rials could be tuned and how the TECs of monolayer materials
can be investigated in a nondestructive manner. The method
proposed here is robust, and would be suitable for probing the
TECs both for supported and freestanding monolayers.
Results and discussion

Fig. 1a shows a schematic of the proposed method. A strongly
coupled metallic nanoparticle (NP) over-layer with a compara-
tively larger TEC is added to introduce strain in the TMD
monolayer. Cooling induces contraction of metal NPs and
strains the TMD monolayer. The magnitude of this strain is in
proportion to the mismatch between the TECs. Thus the
vibrational modes of the monolayer with NPs will be shied
with respect to the bare monolayer, which can be clearly
observed during temperature dependent Raman measure-
ments.28,29 Since the origin of thermal expansion is anharmonic
atomic lattice interactions, a quasi-harmonic approximation
can be used to express the change in the phonon frequency (u)
with temperature (T) in terms of the contribution made by
thermal expansion in the lattice.30,31

vu

vT
¼ 2a0a

vu

va
(1)

where a0 is the equilibrium lattice constant, a is the linear
thermal expansion coefficient and vu/va is the variation of
phonon frequency with lattice constant a. The presence of the
NP over-layer should not affect the value of vu/va, which
describes the third-order coupling between phonons and long-
wavelength acoustic phonons for the monolayer, particularly as
metals such as Ag are widely used for SERS without notable
deleterious aberrations in the Raman spectra. This implies that
the dominant contribution to changes in phonon frequency is
from the thermal expansion, and it can be inferred that the
change is correlated to a change in a, i.e. vu/vT f a. Thus, the
change in the phonon frequency relates the TEC of the mono-
layer to the TEC of themetal, and by comparing the temperature
dependent Raman spectra of TMD monolayers with and
without metallic NPs we can estimate the TECs of the bare TMD
99054 | RSC Adv., 2016, 6, 99053–99059
monolayers. We would like to note that in ref. 30, Late et al.
suggested the possibility of measuring the TEC by temperature

dependent Raman spectra. In their method,
�
vu

vT

�
can be

determined from the Raman measurements, while the change

with lattice constant
�
vu

va

�
has to be effectively determined

through rst-principles density functional theory calculations.30

In our proposed method we measure the change in the Raman
frequency with temperature with (cML+NP) and without (cML)
metal nanoparticles. Since the metallic nanoparticles are
deposited by an e-beam evaporator and strongly coupled with
the monolayer underneath, the thermal expansion for coupled
system is mainly controlled by NPs. Thus with nanoparticles
eqn (1) becomes

vuMLþNP

vT
¼ 2a0aNP

vu

va
(2)

where uML+NP is the Raman frequency of the combined system
and aNP is the expansion coefficient of the metallic NPs. Since�
vu

va

�
should not change for SERS measurements, we can

calculate the expansion coefficient of monolayer from the
relative change

aMLx
cML

cMLþNP

aNP: (3)

As the thermal expansion coefficient of the metal is known, it
allows us to estimate the TECs of the bare monolayers using
SERS. The advantages of our proposed method can be
summarized as follows. First, the metallic NPs act as a reference
point to determine the TEC of the monolayer. Second, SERS
allows us to check for local strain within the monolayer to
ensure strong coupling between the nanoparticles and mono-
layer, and gives a better signal to noise ratio. Third, metal has
a high thermal conductivity; it can help prevent burning of the
monolayer when laser is switched on. Fourth, the approach we
propose could be used for wide variety of monolayers, even
layers with mixed compositions, provided there is strong
coupling with a nanoparticles over-layer. While it is known that
SERS can suffer from issues of reproducibility, in our proposed
method the nanoparticles are prepared by e-beam evaporation,
thus provided the same growth conditions are maintained the
distribution on the surface should be consistent. Furthermore,
it is the intensity of the SERS signal that typically suffers from
issues of reproducibility, which is not a factor within our
calculations. The relative change in the peak position is the
factor under consideration, and in fact similar consistent
behaviour was observed for more than ve different
experiments.

To demonstrate the proposed method, the TEC of monolayer
WS2 was probed using SERS, stimulated by a coating of Ag NPs
on top, which was deposited by e-beam evaporation. The large-
scale continuous WS2 monolayers were produced by sulfuriza-
tion of monolayer oxide lms, further details of sample prepa-
ration and characterization can be found in the methods
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 SERS of monolayer WS2 at room temperature. (a) Schematic drawing of the experimental setup of the SERS measurements of WS2. (b)
Raman spectra of monolayer WS2 with (Red) and without (Black) 5 nm nominally thick Ag NPs on top. Arrow indicates the splitting of the A0

1(G)
mode. (c) SEM image of 5 nm nominally thick Ag NPs onmonolayer WS2. (d) Simulated electric field cartography at the surface of the areamarked
in Fig. 1c with an excitation wavelength of 532 nm.
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section and elsewhere.32 Fig. 1b displays the room temperature
Raman spectra for monolayer WS2 without and with Ag NPs.
The Raman spectrum displays peaks for the in-plane active
modes E0(G) and out-of-plane modes A0

1(G) at around 356 cm�1

and 417 cm�1, respectively, and the second-order zone-edge
phonon peak 2LA(M) at approximately 353 cm�1. Compared
with bulk WS2,33 the out-of-plane mode A0

1(G) is red-shied
from 421 to 417 cm�1, resulting from the absence of van der
Waals interactions between the layers. As would be expected,
the addition of the 5 nm thick Ag NP layer leads to a clear
enhancement of Raman intensity, as shown in Fig. 1b. However,
this enhancement is also accompanied by a slight red-shi of
the E0(G) mode and additional peaks appear, caused by a strain
of approximately 1% in the WS2 induced by the NPs.32,34 The
modication of the Raman spectra by the Ag NP over-layer can
be can be understood considering two contributing factors;
strain and electric eld enhancement. First considering strain,
the application strain can frustrate the lattice symmetry,
leading to peak splitting in the Raman spectra. The application
of tensile strain will predominantly lead to changes in the in-
plane vibrational modes, while mechanical or compressive
strain, such as that exerted by the Ag NPs on top, will lead to
greater modication of the out of plane modes. The addition of
the Ag results in several sources of stress in the monolayers. The
Ag nanoparticles grow in an island formation, as seen in Fig. 1c,
were atom clusters nucleate on the monolayer surface and grow
forming isolated islands as long as there is exposed surface, and
since Ag is quite mobile even near room temperature, larger
islands will grow at the expense of the shrinking of small
This journal is © The Royal Society of Chemistry 2016
islands.35 The thermodynamic processes, such as surface
tension, that drive the formation of the NPs will introduce stress
between the Ag and monolayer. The area directly under the NPs
will be the most highly strained, with a gradient at the edges
towards uncovered areas. However, interestingly, it has been
experimentally observed that the degree mechanical strain is
largely independent of the NP size.34 Notably strain from lattice
mismatch is not expected to be a signicant contributing factor
to within Ag NP lms grown by e-beam.36 However, during
temperature dependent measurements strain can also be
generated due to the mismatch in the TECs of the materials. For
these experiments, the high thermal conductivity of Ag means
that a thermal gradient is not expected, and since the bonding
of WS2 to the Al2O3 substrate is quite weak it is expected that
strain from the Ag NPs will be the dominant factor.37

Considering the electric eld enhancement, in the vicinity of
the Ag NPs the electric eld will be enhanced due to the
collective oscillations of the conduction electrons. Thus the
scattering process is enhanced by a factor of (Elocal/E0)

4, where
E0 is the strength of the incident E-eld and Elocal is the strength
of the total local electric eld in the presence of the metallic
NPs.34,38,39 For example, the intensity of the 2LA(M) mode is
enhanced by a factor of 3. Using nite-difference time-domain
(FDTD) methods, we simulated the electrical eld distribution
of an area of monolayer WS2 containing several 5 nm nominal
thickness Ag NPs (Fig. 1d). It is clear from the gure that the
strength of the localized electric eld depends on the size,
shape and interactions between the individual NPs. The light-
ning rod effect is an important factor in determining the
RSC Adv., 2016, 6, 99053–99059 | 99055
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strength of the electric eld, which causes the eld to be
dramatically enhanced around sharp edges.

To assess the inuence temperature has on the expansion of
WS2 we focus on two Raman peaks, the in-plane E0(G) and the
out-of-plane A0

1(G) modes. The Raman spectra of both the E0(G)
and A0

1(G) modes blue shi to higher wave-numbers when the
temperature is decreased from 300 K and 120 K, as seen in
respectively in Fig. 2a and b for WS2 with Ag NPs. This trend can
be further illustrated by plotting the peak position of the Raman
shis against temperature as shown in Fig. 2c and d. It is worth
noting that the 2LA(M) mode (Fig. 2c) also follows a similar
dependence and that similar blue shis were observed for WS2
without Ag (Fig. 3a). The shi of the Raman peaks with
temperature is mainly due to thermal expansion and the
temperature contribution from anharmonicity. To quantify this
behavior, the temperature dependent Raman shi for the E0(G)
and A0

1(G) modes can be tted using the Grüneisen model:40

u(T) ¼ u0 + c T (4)

where u0 is the peak position at 0 K and c is the rst-order
temperature coefficient (i.e. vu/vT). Thus from linear ttings
of the plots, the rst order temperature coefficients for the E0(G)
and A0

1(G) modes of monolayer WS2 on sapphire without Ag NPs
are approximately �0.009 and �0.006 cm�1 K�1, respectively,
which are consistent with previously reported values.41–43 With
Fig. 2 Temperature dependent Raman shifts of monolayer WS2 with 5
nm nominally thick Ag NPs on top. Raman spectra for (a) E0(G) mode,
and (b) A0

1(G) mode recorded at various temperatures from 120 K to
300 K. Variation of Raman frequencies as a function of temperature for
(c) E0(G), 2LA(M) and (d) A0

1(G) modes.

Fig. 3 Temperature dependent Raman shifts of bare monolayer WS2.
(a) Raman spectra of A0

1(G) mode recorded for various temperatures
ranging from 110 K to 300 K. (b) Variation of Raman frequencies as
a function of temperature for the A0

1(G) mode for WS2 and WS2 + Ag
NP.

99056 | RSC Adv., 2016, 6, 99053–99059
the addition 5 nm of Ag NPs on top the rst-order temperature
coefficients for the E0(G) and A0

1(G) modes are signicantly
modied, becoming �0.011 and �0.011 cm�1 K�1, respectively.
Plotting the temperature dependence of the A0

1(G) mode with
and without Ag NPs clearly reveals the increasing difference
with decreasing temperature (Fig. 3b).

Considering the quasi-harmonic approximation discussed
previously,30,31 from eqn (1) we know c f a. It should be noted
that as the WS2 layer is only weakly bound to the Al2O3, the
Table 1 Thermal expansion coefficients and thermal conductivity of
Au, Ag, Pt, MoS2, and WS2

Material
aL
(10�6 K�1)

Thermal conductivity
(W (m K)�1)

Au 14.2a 314d

Ag 18.9a 406d

Pt 8.8a 71.6d

MoS2 24.4b 34e

WS2 15.96c 32f

a Ref. 45. b Ref. 24. c Ref. 24. d Ref. 51. e Ref. 48. f Ref. 41.

This journal is © The Royal Society of Chemistry 2016
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monolayer should be initially relaxed and not strained by the
substrate for both samples.35 The volumetric thermal expansion
coefficients of bulk Ag and the WS2 are relatively well
matched24,44,45 (see Table 1), however the change in c for the
E0(G) and A0

1(G) modes, with the addition of Ag NPs, suggests
compressive strain with decreasing temperature. This would
occur if the TEC of Ag was greater than that of the WS2 mono-
layer, as the Ag would contract at a faster rate, suggesting that
the TEC of monolayer WS2 is signicantly less than that of the
bulk. For the A0

1(G) mode the blue shi of 0.3 cm�1 corresponds
to compressive strain of approximately 3%.46 From the c values
of the A0

1(G) mode with (cAg) and without (cWS2) Ag, using eqn
(3) we can calculate that the out-of-plane a for monolayer WS2 is
at most 55% the TEC of Ag, which corresponds to a TEC of 10.3
Fig. 4 Temperature dependent Raman shifts of monolayer MoS2 with
5 nm nominally thick Ag NPs on top. (a) Raman spectra recorded at
various temperatures from 120 K to 300 K. (b) and (c) are variation of
Raman frequencies as a function of temperature for E0(G) and A0

1(G)
modes respectively.

This journal is © The Royal Society of Chemistry 2016
� 10�6 K�1. Our experimental results appear to support recent
rst principles calculations.24

To demonstrate the versatility of this approach, an analo-
gous experiment was also performed with monolayer MoS2,
where the thermal expansion coefficient of MoS2 (aMoS2) is
slightly larger than that of Ag (aAg) (Table 1). Fig. 4a shows the
temperature dependent Raman spectra for a monolayer of MoS2
with 5 nm of Ag NPs grown on top. Fig. 4b and c plot peak
position of the temperature dependent Raman shis for the
E0(G) and A0

1(G) modes with Ag NPs. As aMoS2 > aAg, dramatic
modication of c is not expected. From Fig. 4b and c, the
c values for the E0(G) and A0

1(G) modes are ��0.012 and
��0.018 cm�1 K�1 with Ag, which are consistent with reports
for MoS2 with Ag.47–50 The lack of a signicant change in c with
the addition of the NPs suggests the MoS2 is less strained at low
temperature and thus TECs of Ag and MoS2 are broadly similar.
Conclusion

We used temperature dependent SERS to probe the TECs of
monolayer TMDs. Temperature dependent strain in the
monolayer is induced by the TEC mismatch between the
monolayer and the strongly coupled Ag NP over-layer. This
allows used to access the linear TECs of the monolayers from
changes in the rst order linear thermal coefficients of in-plane
and out of plane modes. Using this approach we demonstrated
the small TEC of monolayer WS2. This method could be
expanded and rened for a broad range of NP and monolayer
materials, and also suggests how expansion of monolayers
could be controlled.
Methods

The monolayer WO3 was deposited on single crystal a-Al2O3

(0001) substrates at 400 �C using an e-beam heated WO3 source
in a MBE system (DCA) with in an oxygen partial pressure of 5�
10�6 Torr. Reection high electron diffraction (RHEED) was
employed to monitor and establish growth mode. Aer growth,
the WO3 monolayers were annealed at 650 �C, with the same
pressure for 30 minutes. The oxide samples were removed from
vacuum and sulfurized in a furnace using 10% H2 in argon gas
as the carrier. MoS2 was grown using a similar procedure. The
Ag nanoparticles with a 5 nm nominal thickness were deposited
on the monolayers at room temperature by e-beam evaporation.
The high quality and chemical composition of the samples was
veried before and aer sulfurization by X-ray photoemission
spectroscopy (XPS). Raman spectroscopy, and PL spectroscopy
were used to further evaluate the thickness of the WS2 layer.
Raman measurements were performed using a Renishaw
RM1000 spectrometer with an excitation wavelength of 532 nm.
The temperature of sample was controlled by a Linkam
LTHMS600E microscopy stage which has a temperature range
of �196 �C to 600 �C. During the measurement, we used 50�
Leica long-focus objective lens and the power of laser was set to
be 1%. A bandgap of �2 eV is observed indicating the grown
WS2 is monolayer in nature.25
RSC Adv., 2016, 6, 99053–99059 | 99057
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