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Temperature dependent Raman intensity of 2D materials features very rich information about the

material’s electronic structure, optical properties, and nm-level interface spacing. To date, there still lacks

rigorous consideration of the combined effects. This renders the Raman intensity information less valu-

able in material studies. In this work, the Raman intensity of four supported multilayered WS2 samples are

studied from 77 K to 757 K under 532 nm laser excitation. Resonance Raman scattering is observed, and

we are able to evaluate the excitonic transition energy of B exciton and its broadening parameters.

However, the resonance Raman effects cannot explain the Raman intensity variation in the high tempera-

ture range (room temperature to 757 K). The thermal expansion mismatch between WS2 and Si substrate

at high temperatures (room temperature to 757 K) make the optical interference effects very strong and

enhances the Raman intensity significantly. This interference effect is studied in detail by rigorously calcu-

lating and considering the thermal expansion of samples, the interface spacing change, and the optical

indices change with temperature. Considering all of the above factors, it is concluded that the tempera-

ture dependent Raman intensity of the WS2 samples cannot be solely interpreted by its resonance behav-

ior. The interface optical interference impacts the Raman intensity more significantly than the change of

refractive indices with temperature.

1. Introduction

Thin two-dimensional transition metal dichalcogenides (2D
TMDs) in the form of MX2 (M = Mo, W and X = S, Se) have
been the topic of a large number of studies due to their
various extraordinary electrical, mechanical, and optical pro-
perties.1 In comparison with graphene, MX2 TMDs are semi-
conductors with an intrinsic band gap that undergoes a tran-
sition from indirect in bulk to direct in single layer material

due to the quantum confinement effects.2–6 This tunable band
gap energy, as well as large exciton binding energy,7 clear spin-
splitting of the valence band,8 and high photoluminescence
efficiency,9 make TMDs an attractive candidate for various
optoelectronic applications and field effect transistors.10–12

Besides the aforementioned properties, TMDs are among the
most stable 2D materials.13 The weak van der Waals (vdW)
force between atomic layers is another interesting feature of
these materials. These weakly bonded layers can be easily
mechanically exfoliated and stacked with other TMDs to
prepare several kinds of heterostructures.14,15

Raman spectroscopy has proved to be one of the most
promising non-destructive tools to characterize thermal, struc-
tural, and electrical properties of 2D materials.16–20 The temp-
erature and laser power dependence of Raman shift of main
TMDs’ Raman peaks are explored in several previous works to
characterize thermal conductivity,21–24 hot carrier diffusion
coefficient,25,26 and thermal expansion coefficient.27–29 Late
et al. observed a linear relationship between temperature and
Raman peak position of single- and few-layered MoSe2 and
WSe2, which is related to thermal expansion and anharmoni-
city.27 Sahoo et al. determined the thermal conductivity of sus-†These authors contributed equally to this work.
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pended few-layered MoS2 using the temperature dependent
Raman studies of A1g and E2g modes.22 Bhatt et al. conducted
a low temperature dependent Raman investigation on TMDs
and determined Grüneisen parameters.30 Although the temp-
erature dependence of Raman shift of TMDs has been con-
siderably studied, few works have been reported on tempera-
ture dependence of Raman intensity of TMDs’ Raman peaks.
Temperature dependence study of Raman intensity makes the
investigation of resonance Raman scattering possible. In fact,
there are two ways to performing resonance Raman study,
either by changing the sample’s temperature or changing the
photon energy of irradiating laser. Resonance Raman takes
place when the radiation photon energy equals electronic
absorption band and causes the Raman intensity to be
enhanced by several orders of magnitude. Resonance Raman
spectroscopy makes it possible to study the electronic infor-
mation for a molecule by providing more intense Raman
spectra near selected Raman bands. This potential is more
helpful when investigating materials with weak nature of
normal Raman spectra, such as proteins, nucleic acids, and
water.31 In resonance Raman, the closer the photon energy of
the irradiating laser is to the energy related to electronic tran-
sition, the higher will be the Raman intensity. It should be
noted that the difference between the laser photon energy and
electronic transition energy will never be zero due to the finite
width of the absorption band. As a result, the Raman intensity
cannot rise to infinity. The light scattering theory gives the
intensity of Raman scattering as:31

I ¼ Klα 2ω 4; ð1Þ

where K is a constant that consists of several other constants,
like speed of light. l and ω are intensity of incident light and
frequency of the irradiating laser, respectively. α indicates the
polarizability of electrons in a molecule. There are several ways
to describing the polarizability, such as time-dependent per-
turbation theory.32 Based on this theory and eqn (1), we
have:32,33

α/ hFjHe�phðωsÞjI′ihI′jHe�pjIihIjHe�phðωiÞjGi
ðEiI � Ei � iΓ1ÞðEI′F � Es � iΓ2Þ

����
����
2

; ð2Þ

where |F〉, |G〉, and |I〉 (or |I′〉) are final, initial (ground), and
intermediate states, respectively. ωi (or ωs) indicates the fre-
quency of the incident (or scattered) photon. He–ph and He–p

are electron–photon and electron–phonon interactions
Hamiltonians, respectively. Also, the energy difference
between initial and intermediate (or intermediate and final)
states is indicated by EiI (or EI′F). Γ1 and Γ2 are the line width
of excited states during scattering (damping constants) that
are related to the lifetime of the excited states at each tempera-
ture. Finally, Ei (or Es) is the energy of incident (or scattered)
light which is defined as hωi (or hωs). Based on the position of
intermediate states, EiI (or EI′F) could represent band gap or
excitonic excitation gap at each temperature. Resonance
Raman takes place when these band energies are very close to
Ei (or Es). In case the main intermediate state is the 1s exciton

state that contributes to Raman scattering in TMDs, and con-
sidering (1) and (2), the Raman intensity could be written as:33

I / 1
½EðTÞ � Ei � iΓðTÞ�½EðTÞ � Es � iΓðTÞ�
����

����
2

: ð3Þ

Here E(T ) and Γ(T ) are exciton’s temperature dependent
transition energies and damping constants, respectively. Note
that in a specific resonance Raman experiment, K, l, and ω in
eqn (1) are held constant. Also, the numerator of eqn (2) is
considered constant. Considering the equations above, reso-
nance Raman spectroscopy is a powerful tool to study the elec-
tronic properties of TMDs.

Gaur et al. studied the resonance Raman scattering of 1 L
and bulk WS2 by changing the temperature from 83 to 583 K.
They observed more intense second-order Raman bands with
B exciton on monolayer WS2 than bulk under resonance con-
dition. In addition, the intensity of 2LA(M) Raman peak is
observed to be maximum at room temperature (RT) due to the
wider difference between incident laser energy and band gap
energy at higher or lower temperatures than RT.34 Huang et al.
reported the same observation using supported monolayer
WS2 sample on silicon substrate.29 They observed that the
energy of B exciton is resonant with the energy of 514.5 nm
wavelength laser, and the maximum laser intensity emerges at
a temperature close to 223 K. In another work, Fan et al. per-
formed a resonance Raman scattering study of bulk and
monolayer MoS2 and bulk TMDs using different laser energies
and the resonance was tuned by varying the sample tempera-
ture.33 For WS2 and MoS2, the resonance energies coincide
with A and B exciton’s energy, while for WSe2 resonance
Raman was observed in a wider range of energy and could not
be explained with its excitonic energies.33

Besides the sample temperature that affects the electronic
band structure and subsequently intensity of the Raman mode,
the optical properties of a material and their evolution with the
temperature could also influence the Raman intensity.
Cherroret et al. investigated the effects of temperature on
refractive index of semiconductors and its relationship with the
band structure, as well as the thermal expansion.35 For sup-
ported samples on a substrate, naturally there is a spacing air
gap layer between the sample and substrate that contributes to
the Raman intensity due to the multi-reflections that happen
in this layer, and increases the intensity of the scattered light.36

In this work, we study the temperature-dependent Raman
intensity of nm-thick WS2 samples. By varying the temperature
from very low (77 K) to very high values (757 K), we are able to
observe the resonance Raman of the E2g and A1g Raman modes.
The Raman intensity of the A1g mode at several temperatures is
used to study the excitonic transition energy and broadening
parameter of the four WS2 samples under the resonance Raman
condition. Then, since the resonance Raman is not the sole
phenomenon that affects the Raman intensity (I), other
phenomena that contribute to the value of I are studied. Optical
interference and change in optical properties against tempera-
ture are the other main factors that influence I. To analyze these
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effects, a multi-reflection model is constructed and analyzed to
include the aforementioned effects. Also, thermal expansion of
the WS2 samples over a wide temperature range is estimated. It
is discovered that for the supported samples under resonance
condition, the Raman intensity carries the information about
all of the above factors significantly, and each of them needs to
be considered in the Raman study.

2. Experimental details and structure
of samples

Temperature dependent Raman measurement is conducted
using a BWTEK Voyage confocal Raman system. A 532 nm con-
tinuous wave laser (Excelesior-532-150-CDRH, Spectra-Physics)
is used to excite the Raman signal. In this work, a 20× objec-
tive lens is used to focus the laser spot on the WS2 sample.
Using this CW laser and a 20× objective lens, the laser spot
radius is around 1.4 µm. An optical cell chamber is used to
control the temperature of the sample. Rapid inlet and outlet
of N2 gas allows us to control the temperature inside the
chamber. More information about this Raman system and cell
chamber could be found in our previous works.37,38

Three few-layered and a bulk WS2 samples are prepared
using the mechanical exfoliation method and transferred to
the silicon substrate. This method has been used extensively in
our past works for 2D sample preparation, and details of the
preparation process can be found in those works.39,40 Fig. 1

shows the AFM images of these four supported samples. Fig. 1
(a1–d1) show the 2D images of these samples. The boundary
area of the WS2 sample and Si substrate is used to measure the
sample thickness. 3D AFM images over a 20 µm × 20 µm area
are shown in Fig. 1(a2–d2) to display the wrinkles on and the
bubbles underneath the samples. As shown in these four 3D
images, the first sample with 13 nm thickness is the least flat
one and more cracks can be observed on its surface. The thick-
ness profile of each sample is indicated in Fig. 1(a3–d3).
Thickness measurement is conducted along the direction of
the dashed arrow in Fig. 1(a1–d1). To check the sample’s flat-
ness, the roughness of WS2 layer is measured over the area that
the laser spot is located. These locations are displayed using
dotted arrows in 2D AFM images and roughness profiles are
shown in Fig. 1(a4–d4). Δlmax represents the biggest thickness
variation along the dotted arrow. For all of the samples, Δlmax

is less than 15% of the sample thickness which shows the flat-
ness of each layer. The bulk WS2 shown in Fig. 1 has a thick-
ness of 673 nm, which is thick enough that the Raman laser
light will not penetrate to induce optical interference effect.

3. Absolute Raman intensity variation
with temperature: resonance Raman
scattering

A room temperature Raman spectrum of a bulk WS2 film sup-
ported on Si substrate over the range of 100–750 cm−1 is

Fig. 1 AFM imaging of the four supported WS2 samples. (a1–d1) 2D AFM images of all samples. (a2–d2) 3D AFM images of all samples. (a3–d3)
Thickness profile of the samples that correlates to the white dashed arrows (labeled by T). (a4–d4) Roughness profile on the surface of WS2 that
corresponds to the white dotted arrows (labeled by R). These dotted arrows cover the location of laser spot.
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shown in Fig. 2. Bulk WS2 belongs to D4
6h point group and has

18 vibrational modes at the center of hexagonal Brillouin zone
(Γ), as:41,42

Γ ¼ A1g þ ð2B2gÞ þ E1g þ 2E2g þ 2A2u þ ðB1uÞ þ 2E1u þ ðE2uÞ:
ð4Þ

Several first-order and second-order modes are observed.
First-order peaks include LA(M), LA(K), E2g

1(Γ), E2g
2(Γ), and

A1g(Γ). Other observed peaks are second order modes that can
be combinations of other first-order modes, like 4LA(M).
Another peak (P9) at 525 cm−1 is assigned to the Si substrate.
Rest of the peaks can be interpreted as the combination of
optical and acoustic modes. The 2LA(M) mode is a second-
order longitudinal acoustic mode and its frequency is
348 cm−1 under 532 nm laser irradiation. This frequency is
very close to the frequency of the E2g

1(Γ) mode, and it causes
the overlapping of the two peaks, as shown in Fig. 2.
Therefore, it is not possible to use the multi-peak Lorentzian
fitting method to distinguish these two peaks exactly using our
Raman spectrometer with a spectral resolution of 1.9 cm−1 at
Raman shifts in proximity of these two peaks. Here, we use the
A1g(Γ) Raman active mode, and the very strong peak at
352 cm−1 which is a combination of both 2LA(M) and E2g

1(Γ)
peaks to perform our analysis. The A1g(Γ) Raman peak rep-
resents the out-of-plane vibrations of sulfur atoms, while 2LA
(M) and E2g

1(Γ) modes are associated with the in-plane
vibrations of tungsten and sulfur atoms. These vibration
modes are represented in Fig. 2. It should be noted that the
resulting Raman peak of both 2LA(M) and E2g

1(Γ) modes is
stronger than each of them due to the similar vibrational
direction of these two modes, while depending on the temp-

erature, each peak’s contribution to the resulting peak could
be different. This effect will be further discussed in the follow-
ing sections.

As mentioned earlier, resonance Raman effect occurs when
the energy of irradiating laser beam is close to the electronic
transition of an exciton. In case of bulk and nm-thick WS2
samples, electronic transition energies of A and B excitons at
room temperature are close to 1.9 and 2.4 eV, respectively.43,44

The energy gap for B exciton is very close to the photon energy
of the 532 nm laser (2.33 eV). The excitonic gaps can be tuned
and modified by manipulating external parameters, such as
temperature and pressure.45 Therefore, it is possible to change
the sample’s temperature to tune the energy of B exciton in
order to resonate with the exciting laser at 2.33 eV. Raman
spectra of such a study for the bulk WS2 is shown in Fig. 3. As
shown in Fig. 3(a), the Raman intensity of the two peaks
increases as the temperature increases from 77 K to around
360 K where resonance Raman occurs, and starts to decrease
after that. This effect is also shown as 2D contour of Raman
intensity against temperature [Fig. 3(b)]. In fact, as the temp-
erature increases, the energy of the B exciton approaches the
energy of the incident laser and resonance Raman happens.
And as the temperature further increases, the transition energy
of B exciton deviates from the photon energy of the laser light
and Raman intensity decreases. This observation is in very
good agreement with eqn (3) and will be analyzed in detail
later.

Fig. 4 shows the normalized Raman intensity (I*) and
Raman shift of the two modes versus temperature for all
samples studied in this work. I* is the absolute Raman inten-
sity divided by laser power and integration time for the Raman
experiment of each sample. The resonance Raman behavior is

Fig. 2 Raman spectrum of the bulk WS2 sample collected with 532 nm near resonance laser at room temperature. Three main vibrational modes
between WS2 layers are depicted and labeled as Pi, where i is the peak number, and green and black balls represent the sulfur and tungsten atoms,
respectively. The gray dashed lines between each layer of material show the weak van der Waals forces.
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obvious in Fig. 4(a) and (b) for both E2g
1 + 2LA(M) and A1g

peaks, respectively. Laser power and integration time values of
each sample are summarized in Table 1. Note this laser power
is just before irradiating the sample and includes all the trans-
mission effects of the Raman system, such as objective lens
and glass window of optical cell chamber. It should be noted

that under 20× objective lens, these laser powers are the
minimum values required to collect a good-quality Raman
peaks of both modes that could be fitted with high accuracy,
and further decrement of the laser power will damage the data
fitting. This effect is more significant at low temperatures.
Also, in this work, 20× objective lens is used to cover a larger

Fig. 3 Temperature dependent Raman intensity of bulk WS2 from 77 to 757 K indicated as (a) Raman spectrum, and (b) 2D contour, in the range of
300 to 450 cm−1. The resonant Raman effect is observable with the increased temperature of the sample and gradual increase of the Raman inten-
sity of both peaks in midrange temperature, and its decrease at higher temperatures.

Fig. 4 (a) and (b) show the temperature dependent Raman intensity of combined E2g
1 + 2LA(M) and A1g modes of all four samples, respectively. For

both cases, the Raman intensity reaches the maximum value at around 350 K. For each Raman mode, as the sample thickness increases, the I* at
each temperature increases, too. This behavior is attributed to the optical interference effect inside the WS2 layers and between the WS2 layer and Si
substrate. (c) and (d) show the temperature dependent Raman peak position of E2g

1 + 2LA(M) and A1g modes, respectively. The nonlinearity of E2g
1 +

2LA(M) curve is caused by the combined effects of 2LA(M) and E2g
1 mode. The 2LA(M) peak is dominant at low temperatures. As the temperature

increases, the E2g
1 mode becomes stronger and contributes more to the combined mode. This behavior is obvious at temperatures close to 450 K,

where the peak position indicates a blue shift which means at temperatures more than 450 K, Raman intensity of 2LA(M) is less than that of the E2g
1

mode and is not affecting the Raman intensity of combined mode significantly. The temperature dependent Raman peak position of A1g mode for all
four samples is almost linear for all temperatures and is consistent with the reference values. For the 13 nm sample, the peak position does not
follow the linear trend perfectly. This could be caused by experimental and fitting errors, and surface non-uniformity at different temperatures.
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area of the sample compared to 50× or 100× objective lens.
Under higher magnification lenses with smaller laser spot
size, the Raman intensity can be different at various locations
of the sample because the laser spot size is comparable to the
lateral size of the sample roughness. By using 20× objective,
we can make sure that the Raman intensity of different surface
characters are included in our Raman measurement. The
Raman intensity of E2g

1 + 2LA(M)mode has a non-zero value at
very low temperatures and reaches the maximum at room
temperature, and it goes to very low values at very high temp-
eratures [Fig. 4(a)]. In contrast, the Raman intensity of A1g
mode possess a very low value (close to zero) at low tempera-
tures and increases with the increased temperature, until it
reaches the maximum value at around 420 K. I* then decreases
against increased temperature at higher temperatures, but this
decrease of I* is less compared with that of E2g

1 + 2LA(M)
mode’s behavior at high temperatures [Fig. 4(b)]. Therefore,
there are two main differences between the I* changes versus
temperature for the two modes, which are the shape of the
curve at very high or very low temperatures and location of the
peak.

First, the 2LA(M) acoustic mode is stronger at lower temp-
eratures and contributes more to the combined mode and its
effects become less significant as temperature takes higher
values.29 This could also be understood by studying the
Raman peak position versus temperature relation, as shown in
Fig. 4(c). As shown in this figure, Raman peak position of this
curve starts to increase at higher temperatures, which shows
more significant contribution of E2g

1 peak at these tempera-
tures. As shown in Fig. 4(d), the temperature dependence of
A1g mode peak position is decreasing linearly with a tempera-
ture coefficient ∼−0.012 cm−1 K−1 for all samples that is very
close to reference values.29,46 At the temperatures higher than
the peak location in Fig. 4(a) and (b), the Raman intensity of
A1g mode decreases with a much slower pace in comparing to
the E2g

1 + 2LA(M) mode. This difference could be attributed to
the different effects of thermal expansion on Raman intensity
of each mode. In fact, the thermal stresses at higher tempera-
tures can lead to forming of wrinkles in WS2 sample due to
the different thermal expansion coefficients of WS2 and Si sub-
strate. As reported in previous works, A1g mode is more sensi-
tive to these effects than the E2g

1 + 2LA(M) mode and is
affected stronger. Another factor that can be resulted from this
thermal expansion mismatch between WS2 sample and sub-
strate is the optical effects and how it causes the increase in
Raman intensity. Another point that needs to be noted is the

difference between the Raman intensity of each mode for
different samples. It is shown that I* increases as the thickness
of sample increases. These two last effects will be discussed in
next sections.

As shown in eqn (2) and (3), resonance Raman effect
depends on both E(T ) − Ei and E(T ) − Es, which are related
to incident light and scattering light. This effect is well con-
sidered in our fitting calculation, as shown in next section.
Raman shifts of the E2g

1 + 2LA(M) and A1g modes are around
350 cm−1 and 420 cm−1, respectively. Therefore, the calcu-
lated Es based on each of these two modes is about 2.287 eV
and 2.279 eV, respectively. These two values are very close
and using them we can estimate the temperature difference
between the location of I*–T curve of each mode based on
these Es values using the calculated values of excitonic tran-
sition energies which are calculated in the following section.
This temperature difference between the location of two
peaks is less than 30 K. While the actual difference between
the peak locations, as shown in Fig. 4(a) and (b), is more
than 50 K. So, there should be other reasons that are contri-
buting to this phenomenon. Here we discuss about the
potential reasons. Again, one reason could be the effect of
2LA(M) mode in fitting the Raman intensity of the combined
E2g

1 + 2LA(M) mode. Especially at temperatures lower than
400 K, this acoustic mode is intense and affects the intensity
of the combined E2g

1 + 2LA(M) peak more. The other reason
could be the effect of thermal expansion on Raman intensity
of each mode. As we know, the existence of thermal expan-
sion will lead to decrement of Raman intensity by increasing
the phonons’ energy. This effect is more significant in the
A1g mode since its thermal expansion coefficient is larger
than the E2g

1 mode.29 On the other hand, we expect that
thermal expansion of the sample will increase the thickness
of the air gap layer between the WS2 film and substrate, and
leads to increment of the Raman intensity due to the inter-
face optical interference effect that will be discussed in the
next sections.

As mentioned in the introduction part and shown by eqn
(3), Raman intensity at each temperature depends on excitonic
transition energy (E) and damping constant (Γ) at that temp-
erature. The temperature dependence of EB (electronic tran-
sition energy of B exciton) for low and midrange temperatures
(<360 K) can be expressed using the Varshni empirical relation-
ship as:47,48

EBðTÞ ¼ EBð0Þ � αBT2

ðβB þ TÞ ; ð5Þ

where EB(0) is the electronic transition energy of B exciton at
0 K. αB and βB are Varshni coefficients and are related to the
electron (exciton)–phonon interaction and Debye temperature.
Note that under non-resonance condition, the temperature
dependence of excitonic transition energies could be expressed
by the Bose–Einstein thermal factor.43 In this case and under
resonance condition, resonance Raman contributes more to
the intensity of Raman signal than the phonon thermal popu-

Table 1 Laser power and integration time used in performing the
temperature dependent Raman experiment

Sample thickness (nm) Laser power (mW) Integration time (s)

13 4.56 3
38 1.77 1
45 4.56 3
Bulk 3.99 1
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lation.33 The temperature dependence of the broadening para-
meter (Γ) of B exciton is given by:49,50

ΓBðTÞ ¼ ΓB0 þ ΓBph

½expðΘBph=TÞ � 1� : ð6Þ

Here ΓB0 represents the temperature independent width
which is caused by mechanisms like e–e interaction, impurity,
and dislocation.43 ΓBph indicates the electron (exciton)–
phonon coupling strength and ΘBph is the phonon tempera-
ture. It is possible to find the electronic properties of WS2
samples as shown in eqn (5) and (6) by fitting the temperature
dependent I* [Fig. 4(a) and (b)] in the low temperature range
(below ∼360 K).48 Here, the Raman intensity of A1g mode is
used to perform this fitting. Note that since the data of E2g

1

mode is combined with the 2LA(M) mode, it is not accurate
enough to use them for finding the electronic properties.
Fig. 5(a) shows the fitting result for all the four samples.
Fig. 5(b) indicates the temperature evolution of excitonic tran-
sition energy and broadening parameter. As shown in this
figure, E decreases with increased temperature for all samples,
while Γ increases as temperature increases. Table 2 includes
the fitted parameters as indicated in eqn (5) and (6). These
values are in very good agreement with the reference values of
transition and damping energies, and Debye temperature of
WS2.

33,43 Especially, the transition energy at 0 K and Debye
temperature are around 2.4 eV and 220 K, respectively, which
is close to the reference values of B excitons of WS2 as 2.5 eV
and 200 K, respectively.43 However, the discrepancies observed

in other columns could be resulted from different factors,
such as different structure of the samples and subsequently
different defect effects, fitting uncertainties which is caused by
experimental uncertainty at lower temperatures, and interface
optical interferences that can affect the Raman intensity of
each mode.

So far, the temperature dependent intensity of the Raman
signal of four WS2 samples is discussed as well as the effects
of the resonance Raman. While, it should be noted that the
Raman intensity at each temperature depends on the optical
properties of the sample at that temperature. As shown in
Fig. 1 which represents the AFM images, it is obvious that the
top of the WS2 layer is not totally flat, and at least ∼1 nm
roughness exists. It is physically reasonable to claim that the
bottom surface of the WS2 layer has the similar roughness.
Therefore, we can expect that there is a default air gap layer
between the WS2 layer and substrate, even without any laser
heating. Additionally, the thermal expansion mismatch
between WS2 and Si substrate will cause a wider air gap layer
between them, and this effect is more significant at higher
temperatures. This spacing caused between the two materials
will lead to multi-reflection of incoming laser light and result
in the higher laser absorption. This air-gap effect, at this
moment, is extremely difficult to separately characterize.
However, it has been addressed dramatically and confirmed by
comparing the Raman intensity temperature measurement
and Raman shift and linewidth based temperature measure-
ment in the study of graphene–Si interface and MoS2–Si inter-
face. Tang et al. showed that the stress-induced Raman shift of

Fig. 5 (a) Experimental data of Raman intensity of the A1g peak of each sample in the range of temperatures less than 320 K is shown by symbols,
and the fitted values are shown using solid lines. (b) Theoretical values of E (left vertical axis) and Γ (right vertical axis) which are calculated using the
fitted parameters and (5) and (6). Solid and dashed lines represent the E and Γ values, respectively.

Table 2 Results of the fitting of the Raman intensity of the A1g peak versus temperature curves for all four WS2 samples

Sample thickness (nm) EB (0) (eV) αB (meV K−1) βB (K) ΓB0 (meV) ΓBph (eV) ΘBph (K)

13 2.496 0.996 190.85 35.75 0.795 752.67
38 2.392 0.430 211.85 18.81 0.189 712.71
45 2.412 0.601 229.85 29.00 0.193 684.12
Bulk 2.436 0.672 240.92 25.58 0.499 762.57
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graphene on Si substrate is less than 0.1 cm−1, which suggests
an extremely loose mechanical coupling between the two
materials.51 This loose contact makes it possible for the thin
layer (graphene) to expand at reduced temperature and causes
a wider air gap layer between two materials. Also, Yuan et al.
studied the interfacial thermal conductance (Gk) between few
to tens of layered-MoS2 and Si substrate and found that Gk at
room temperature increases with increased layer number of
MoS2.

39 Their measured Raman intensity intends to be much
higher than that predicted by optics modeling for thinner
MoS2, demonstrating the very strong interface spacing effect
for thinner 2D materials. Therefore, it is necessary to consider
these two effects when studying the temperature dependent
Raman intensity of WS2 samples.

4. Bulk-normalized Raman intensity
variation with temperature: effect of
optical properties and interface

In order to investigate the effect of optical properties of the
sample and Si substrate, like refractive index that changes with
temperature, the temperature dependent Raman intensity of
13 nm, 38 nm, and 45 nm samples is normalized using the
Raman intensity of bulk sample at each temperature and is
indicated as I*N. Temperature dependent I*N is shown in Fig. 6
for both E2g

1 + 2LA(M) [Fig. 6(a)] and A1g [Fig. 6(b)] modes.
Note that Raman intensity of bulk is used to normalize the
data as it has no interface optical interference effect. For the
A1g mode of WS2, as shown in Fig. 6(b), I*N increases from low
temperatures gradually until it reaches a maximum value at
temperatures close to 340 K. Then, it slowly decreases at temp-
eratures go higher and reaches a constant value that is shown
using the dotted arrows. This gradual decreasing trend and
reaching a constant value is attributed to the effect of optical
properties n (refractive index) and k (extinction coefficient)
variation with temperature. Both n and k increase with
increased temperature,35 and as it will be shown, it results in

decreased I*N. This trend is less obvious for the 13 nm sample,
which is probably due to offset effect by the interface spacing.
In fact, the thermal expansion of WS2 is more than that of the
Si substrate and this difference increases by increased temp-
erature. The difference in thermal expansion of two materials
at higher temperatures causes wider interface between them.
As a result, the Raman intensity increases as the interface
spacing becomes larger between WS2 layer and Si substrate,
which is in opposite direction of the effect of n and k at higher
temperatures. Details of the effects of interface spacing and
Raman intensity will be discussed in the next section. It
should be noted that the normalized intensity ðI*NÞ includes all
the effects of optical properties (n and k) and interface
spacing, which are very challenging to distinguish through the
experiment. In the following section, all these effects are inves-
tigated in detail.

Fig. 6(a) shows I*N of combined E2g
1 + 2LA(M) mode as a

function of temperature. Although it includes two modes, its
trend is very similar to the A1g mode that shows the interface
spacing effects. Optical effects theory applies to this com-
bined mode as well. One main difference between I*N of E2g

1 +
2LA(M) mode and A1g mode is: I*N of E2g

1 + 2LA(M) mode does
not decrease all the way at temperatures higher than 340 K,
and this observation could be attributed to the fact that this
mode is a combination of both acoustic and optical modes
and it is expectable to follow different trend. In summary,
comparing both figures, it can be seen that the average I*N
value of each sample that is shown by dotted arrows is almost
equal for both E2g

1 + 2LA(M) and A1g mode. This observation
confirms the idea that I*N does not include any effect of reso-
nance Raman.

5. Separated effects of (n, k) and
interface spacing on Raman intensity
5.1. Effect of interface optical interference

As mentioned in the previous section, there are two other
main factors besides the resonance Raman effect that con-

Fig. 6 Raman intensity of the three few-layered samples is normalized using the Raman intensity of bulk sample at each temperature in order to
take out the resonant Raman effects. Dotted arrows indicate the approximate average value of I*N over the all temperature range. For both E2g

1 + 2LA
(M) and A1g modes, these values are very close for a specific sample. It shows that regardless of the Raman mode, I*N only carries the information
about the optical (n and k) and interfaces spacing effects.
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tribute to the Raman intensity variation of each mode against
temperature: change in optical properties of WS2 and Si, and
change of spacing between them. It is worth noting that the
optical effect will remain significant even if we use suspended
samples instead of supported ones. In fact, the suspended
sample cannot be completely flat over a hole (or any other
configuration that guarantees the suspension), and the
center of the sample will be gravitated downward to the hole
and will have a cone-like shape. Also, the shape of the sus-
pended sample will be changed at higher temperatures due
to thermal expansion, and optical configuration (both
absorption and reflection) inside the sample will be altered.
This will lead to change in Raman intensity against tempera-
ture. Furthermore, when the sample is suspended and
cannot freely expand, the stress effects on Raman intensity
will be important too, and need to be taken into
consideration.

A multi-reflection model is constructed to investigate both
effects, as shown in inset of Fig. 7(b). The left side of the white
dotted line indicates the multi-reflections of the laser light
when it passes through the WS2 layer, air layer and reaches Si
substrate. This air layer represents the spacing between the
WS2 layer and substrate which is thicker at higher tempera-

tures. The multiple reflections that take place between several
layers result in multiple absorption by the WS2 sample. The
net amount of laser absorption at distance y from the WS2 top
surface can be calculated as:52

Fabs: ¼ T1
½1þ r2r3e�2iβ2 �e�iβy þ ½r2 þ r3e�2iβ2 �e�ið2β1�βyÞ

1þ r2r3e�2iβ2 þ ½r2 þ r3e�2iβ2 �r1e�2iβ1
; ð7Þ

where r1 = (n0 − n1)/(ñ1 + n0), r2 = (ñ1 − ñ2)/(ñ1 + ñ2), r3 =
(ñ2 − ñ3)/(ñ2 + ñ3), and T1 = 2n0/(ñ1 + n0) are the Fresnel
reflection and transmittance coefficients, respectively. n0,
ñ1, and ñ2 are refractive indices of air, WS2, and Si, respect-
ively. Other coefficients are defined as: βy = 2πyñ1/λ, β1 =
2πt1ñ1/λ, and βy = 2πt2ñ2/λ, where t1 and t2 are the thickness
of WS2 layer and air gap, respectively. Note that λ indicates
the wavelength of the incident laser light which is 532 nm in
this work.

The right side of the dotted line in inset of Fig. 7(b) rep-
resents the multi-reflections during the Raman scattering
process. This part of the figure shows that even the scattered
light inside the WS2 layer (indicated by black dotted arrows)
experiences several reflections that lead to a higher intensity of

Fig. 7 (a) Estimated temperature-dependent linear thermal expansion coefficient of four supported WS2 samples. Inset of this figure shows the
elongation of the WS2 layer due to the temperature rise and thermal expansion mismatch between the sample and substrate to show the air gap
spacing caused at higher temperatures. Here, only the linear elongation of the sample along a 10 µm line is considered to estimate the thickness of
spacing. Due to Gaussian distribution of the laser energy, it is assumed that WS2 layer will expand in Gaussian form, too. (b) Length of each sample
as a function of temperature. The inset shows the concept of the multi-reflection phenomenon inside the layers of WS2, air, and Si. t1 and t2 are the
thickness of WS2 layer and air gap, respectively. Left and right sides of the white dotted line correspond to the absorption and scattering processes,
respectively. (c) and (d) show the fitting process that is conducted to explore the effects of thermal expansion and phonon anharmonicities variations
and their contribution to frequency shift of the A1g mode. Hollow red points and solid black lines represent the experimental data and their fitted
values, respectively. Lower fitting quality of the 38 nm sample could be caused by the stronger non-linear behavior of the frequency shift in com-
parison with other three samples.
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the Raman signal. The enhancement factor of the scattered
light can be calculated similar to eqn (7) as:52

Fsc: ¼ T1;s
1þ r2;sr3;se�2iβ2;s
� �

e�iβy;s þ r2;s þ r3;se�2iβ2;s
� �

e�ið2β1;s�βy;sÞ

1þ r2;sr3;se�2iβ2;s þ r2;s þ r3;se�2iβ2;s
� �

r1;se�2iβ1;s
;

ð8Þ
where subscript “s” is used to show that all of the coefficients
used in this equation are calculated based on the wavelength
of the scattered light. Finally, the total enhancement factor is
calculated as: F ¼ Ð t1

0 Fabs:Fsc:j j2dy. All of the optical and physi-
cal properties that are involved in eqn (7) and (8), especially ñ1,
ñ2, and t2, are temperature dependent and affect the ultimate
value of F. Therefore, it is necessary to include all these effects
in our analysis.

5.2. Thermal expansion determination

As mentioned earlier, the thermal expansion mismatch between
WS2 layer and Si substrate causes the spacing between them. So,
it is necessary to know the thermal expansion coefficients of the
two materials at different temperatures to estimate the local air
gap thickness. The inset of Fig. 7(a) shows this phenomenon.
Here, a one-dimensional (linear) expansion due to the tempera-
ture rise of the WS2 and Si through an area with 10 µm dia-
meter is considered to estimate their spacing at temperatures
higher than 300 K. Since the thermal expansion coefficient of
WS2 is larger than that of Si, an air gap layer emerges and
becomes larger at higher temperatures. It is assumed that the
shape of this air gap layer follows the laser beam energy distri-
bution and has a Gaussian form [inset of Fig. 7(a)]. To simplify
the analysis without losing generality of conclusion, the air gap
layer in our optical calculation is assumed to be constant along
this line, therefore the average value of the Gaussian shape of
the spacing is used to estimate the thickness of air layer (t2).
The linear thermal expansion coefficient of bulk silicon from
references53,54 is used for analysis.

In order to determine the thermal expansion coefficient of
the WS2 samples, a physical model is used that relates the
temperature dependent Raman shift of a specific Raman
mode to the thermal expansion coefficient and three- and
four-phonon anharmonic effects, as below:55

ωðTÞ ¼ ω0 þ ΔωTE þ ΔωA þ ΔωM; ð9Þ
where ω0 is the Raman shift at 0 K. Also, ΔωTE and ΔωA are
changes in the Raman shift of the specific mode caused by
thermal expansion and anharmonic effects, respectively. ΔωM

represents the frequency change due to the thermal expansion
mismatch between the WS2 and Si. For bulk and multilayer
samples, ΔωM is negligible in comparison to the other
terms.29 The Grüneisen constant model describes the term
ΔωTE as:56

ΔωTEðTÞ ¼ ω0 exp �Nγ
ðT
T0

αWS2dT
� �

� 1
� �

: ð10Þ

Here N, γ, and αWS2 are degeneracy of the Raman mode,
Grüneisen parameter, and volumetric thermal expansion

coefficient, respectively. This term indicates that vibrational
frequency mitigates as the sample expands more due to temp-
erature rise. N takes 2 for the E2g

1 mode, and 1 for the A1g
mode. In this work, since the E2g

1 and 2LA(M) modes are com-
bined, only the temperature dependent Raman shift of the A1g
mode is used to calculate the thermal expansion coefficient. T0
in eqn (10) is set as the lowest experimental temperature and
is equal to 77 K. Here, the relationship between α, γ, and temp-
erature is defined as:

αWS2 ¼
Aþ BT

γ
¼ c0 þ c1T ; ð11Þ

where A and B are fitting constants. This linear relationship
between αWS2 and T simplifies the fitting process drastically,
while it does not damage the accuracy of the calculation. Since
we only consider the samples elongation at temperatures
higher than 300 K, this linear temperature dependent assump-
tion of αWS2 is reasonable. However, as it is shown in other
works,29,55,57 αWS2 experiences a non-linear behavior at low
temperatures. For temperatures below 300 K, the thermal
expansion mismatch will not induce WS2–Si spacing due to
the fact they will contract instead of expand.

The next term, ΔωA, represents the contribution of the cre-
ation of an optical phonon and its decay to two, three, or more
phonons via anharmonicity. Basically, the incident photons
irradiate the sample and cause the creation of the optical
phonons. Each optical phonon’s decay leads to the creation of
two or three phonons (or more). The later one is called four-
phonon process, and the former one is three-phonon
process.58 This term, which is related to pure temperature
effects, could be expressed as:58

ΔωA ¼ C 1þ 2
ex � 1

� �
þ D 1þ 3

ey � 1
þ 3

ðey � 1Þ2
" #

ð12Þ

where C and D are constants that are estimated by fitting the
Raman shift change against temperature. The first term at the
right hand side of this equation corresponds to the coupling
of an optical phonon to two identical phonons, and the
second term indicates the coupling to three identical
phonons. Parameters x and y are defined as: x = ħω/2kT, y =
ħω/3kT, where k and ħ are Boltzmann constant and Planck’s
constant, respectively.

Eqn (9)–(12) are used to fit the temperature dependent fre-
quency shift of the A1g peak [Fig. 4(d)]. Fig. 7(c–f ) show the
result of the fitting process, and the extracted fitting para-
meters are summarized in Table 3.

Regarding the fitting parameters C, D, and ω0 as summar-
ized in Table 3, it is shown that for the 13 nm, 45 nm, bulk
sample, they are very close to each other. This is reasonable
since for the multilayer and bulk samples it is expected to have
similar anharmonic effects. While for the 38 nm sample, these
parameters are somehow different from the other samples. It
could be caused by several reasons: First, it was assumed that
the thermal expansion coefficient of the WS2 sample changes
linearly with temperature, while this assumption may not be
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accurate enough for the 38 nm sample, especially that we can see
the non-linear trend of the frequency shift against temperature
for this sample is more significant than the other ones [Fig. 7(d)].
Therefore, it is needed to add more term to eqn (11) for this
sample, for instance it can be: αWS2 = c0 + c1T + c2T

2. Second, as
mentioned earlier, we made the assumption that the effects of
the thermal expansion mismatch between WS2 layer and Si sub-
strate is negligible. It can be another factor that contributes to
less accurate fitting of the 38 nm sample. Additionally, for all the
four samples, the value of D is about 10 percent of C. It shows
higher contribution of the three-phonon effect compared with
the four-phonon effect on temperature dependent Raman shift
of the A1g mode. This conclusion is in very good agreement with
previous work conducted by Huang et al.29

As mentioned earlier, αWS2 is the volumetric thermal expan-
sion coefficient of the WS2 layer, while we need to know the
linear thermal expansion in the in-plane direction of the sup-
ported sample in order to find the elongation of the sample.
The linear thermal expansion coefficient of TMD structures in
both in-plane and cross-plane directions obeys the following
equations:59

αWS2;kðTÞ
αWS2;?ðTÞ

¼ hγkðTÞi
hγ?ðTÞi

; ð13Þ

2αWS2;kðTÞ þ αWS2;?ðTÞ ¼ αWS2ðTÞ; ð14Þ

where αWS2,k and αWS2,⊥ are in-plane and cross-plane linear
thermal expansion coefficient, respectively. Additionally, 〈γk(T )〉
and 〈γ⊥(T )〉 indicate the mean Grüneisen constant in both
directions, that are 0.9176 and 2.1707, respectively.59 The in-
plane linear temperature-dependent thermal expansion coeffi-
cient of the WS2 samples are calculated using eqn (11), (13) and
(14) and fitted parameters c0 and c1, and are plotted as shown
in Fig. 7(a). The aforementioned discrepancy between the
38 nm sample’s αWS2,k and other samples is obvious in this
figure, too. The range of αWS2,k is about 5 × 10−6 to 8 × 10−6 K−1

at temperatures from 300 to 700 K, which is in good agreement
with reference values.29,59,60 Huang et al. reported the in-plane
thermal expansion coefficient of WS2 as around 4.5 × 10−6 K−1

at 300 K, and 5 × 10−6 K−1 at 400 K.29 Zhan-Yu et al. measured it
as 6 × 10−6 K−1 for monolayer WS2 for a wide temperature range
from 400 to 800 K.60 Now, using the known αWS2,k and αSi (from
references) it is possible to estimate the expanded length of the
WS2 layer at each temperature as:

LðTÞ ¼ L0 1þ
ðT
RT

ðαWS2;k � αSiÞdT
� �

; ð15Þ

where L0 is the initial length of the arbitrary sample and takes
10 µm in our estimation. The estimated length of each sample
at different temperatures is shown in Fig. 7(b). It shows that
for all of the samples, the maximum elongation is around
13 nm when the temperature is increased from 300 K to 700 K.
The average thickness of air layer [t2 in inset of Fig. 7(b)] is cal-
culated and shown in Fig. 8(a). For all of the samples, the
theoretical thickness of air layer at maximum temperature is
around 40 nm. This calculated air gap thickness is theoretical
since there are other effects that can affect size of t2, such as
the debris and residues on Si substrate and structure of each
sample that can restrain the elongation of the sample.
Therefore, this estimated theoretical t2 is the maximum value
of the air layer spacing, while in the real case it will be smaller.

5.3. Effect of temperature dependent refractive index

Using the estimated spacing (t2), and assuming that refractive
index and extinction coefficient of WS2 and Si increase by a
certain amount as the temperature increases from 300 K to
700 K, the Raman intensity enhancement factor at each temp-
erature could be calculated using eqn (7) and (8). As men-
tioned earlier, these two equations only include the effect of
air gap layer and change in refractive index on Raman inten-
sity, and are totally independent of the effect of resonance
Raman. Note that refractive index (ñ) is a function of both elec-
tronic band structure and thermal expansion coefficient at
higher temperatures, and it is increased by increased tempera-
ture.35 Li et al. reported the temperature dependent refractive
index of Si under laser irradiation with several wavelengths,
and showed that ñ increased by less than 5% under all laser
conditions over a 500 K temperature rise from 300 to 800 K.61

Since there is no reference value for the temperature depen-
dent ñ of WS2, and to avoid more complexities, we assume that
ñ of both WS2 and Si increases by 5% from RT to 700 K. In this
work, our aim is to investigate how the increment of ñ affects
the Raman intensity enhancement factor, regardless of its
actual value at each temperature. Fairness of this assumption
will be evaluated in the following sections.

Fig. 8(b–d) show the Raman intensity enhancement factor
(F) of the three thinner samples as a function of spacing (t2)
and Δñ, where both are functions of temperature. For the
13 nm-thick sample, F mostly depends on spacing and
increases as the air gap layer becomes wider, until t2 reaches
∼25 nm. At higher t2 values, it decreases with increased Δñ.
For the other two samples, the relationship between F and t2 is
not uniform, and it decreases with increased t2, and after a
certain point, it starts to increase. For these two samples, F is

Table 3 The fitting parameters c0, c1, C, D, and ω0 for A1g mode of four WS2 samples

Sample thickness (nm) c0 (×10
−5, K−1) c1 (×10

−8, K−2) C (cm−1) D (cm−1) ω0 (cm
−1)

13 1.714 2.422 −2.788 −0.288 428.71
38 0.892 4.590 −3.219 −0.719 428.28
45 2.031 1.636 −2.714 −0.214 428.78
Bulk 1.848 2.210 −2.798 −0.298 428.71
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lower at higher Δñ values, which is consistent with the 13 nm
sample. Note that for the bulk sample, since it is very thick,
the light cannot pass through the sample and regardless of the
spacing, no interface interference effect will be observed.
Comparing the three contours represented in Fig. 8, it is clear
that the estimated F of the 13 nm sample for a spacing layer
more than about 5 nm is much more than the other three
samples. This is in contrast with the fact that the higher the
thickness of the sample, the more will be the F value. In fact,
for the similar optical and electronic band properties, thermal
expansion coefficient, and t2, F only depends on t1, and it
reaches its maximum value for the bulk material. Therefore,
we can conclude that the actual increment of the air layer
thickness between the 13 nm sample and substrate is less
than the theoretical value as shown in Fig. 8(a).

To further illustrate this effect, F versus temperature is cal-
culated as shown in Fig. 9(a). In this plot, F at each tempera-
ture carries the information about both refractive index and t2
at that temperature. The blue line corresponds to FBulk, and is
higher than the 38 nm sample. Regarding the 45 nm sample,
it is very close to the bulk values. However, the Raman inten-
sity of the 13 nm sample increases drastically with increased
temperature. Fig. 9(b) shows the normalized value of enhance-
ment factor (F*), which is calculated as: F* = F/FBulk. As shown
in this figure, F* of 38 nm sample is less than 1, and for the

45 nm sample is very close 1 at different temperatures, and is
in very good agreement with the experimental result as shown
in Fig. 6. In contrast to these two samples, F* of the 13 nm one
is much more than the bulk one at temperatures higher than
400 K, which does not agree with the experimental data. It
points out that the theoretical estimation of t2 for the 13 nm
sample should be less than the real value.

To evaluate the assumption that ñ is changed 5% over
400 K temperature rise, three different values of Δñ are used to
calculate the F* of the three samples and compare them to the
former result that is shown as Fig. 9(b). Fig. 10(a) and (b)
shows this calculation using Δñ equal to 2%, 8%, which
means considering 60% uncertainty in our first assumption.
Comparing Fig. 9(b) to Fig. 10(a) and (b), it is obvious that F*
of the 13 nm sample decreases with increased Δñ. For the
other two samples, this trend is totally reversed, and F* takes
higher values as Δñ increases. A new parameter F*

N is intro-
duced as: F*

N ¼ F*
x%=F

*
5%, where x could take 2 or 8, to show the

uncertainty caused on final F* value in these two recent cases
with regard to the F* that is calculated using the 5% assump-
tion. Fig. 10(c) shows the result of this estimation. For both
2% and 8% assumptions, and for all three samples, the uncer-
tainty is 20% at most, which indicates that the first assump-
tion is reasonable. Considering this point and the contours
that were shown in Fig. 8, we can conclude that the spacing

Fig. 8 (a) Thickness of the air gap layer as a function of temperature. t2 is calculated as the average of height [h in inset of Fig. 7(a)] of Gaussian
shape of the expanded layer over a 10 µm line. (b)–(d) 2D contour of F versus Δñ and t2. All of these four contours are plotted based on the assump-
tion that refractive index of the materials increases 5% over a 400 K temperature rise from 300 to 700 K.
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caused between WS2 and Si layer possesses more significant
effect on Raman intensity than the change of optical pro-
perties with temperature.

It should be noted that the effect of refractive index is more
challenging to be considered solely. We can design the experi-
ment in a way to have this effect more significant compared
with other effects by using thicker (bulk) samples. By doing so,
the thermal stresses and interface optical interference effects
will be minimized. Also, we can eliminate the resonance effect
by choosing a laser whose photon energy is far from the exci-
tonic transition energy of WS2 samples. For instance, in a work
by Fan et al.,33 several lasers with different wavelengths in a
range of 488 to 633 nm are used to study the resonance
Raman effect of several materials. They used a 594 nm laser
with energy of about 2.09 eV which is far from the excitonic
transition energy of B exciton of WS2, as shown in our work in
the temperature range from 77 to 300 K. Another effective way
to mitigating the effect of resonance Raman is to find a
material that its excitonic transition energy is very far from the
laser’s photon energy (2.33 eV in this work). Then there will be
very weak effect of resonance Raman on the temperature
dependent Raman intensity. As a result, the only parameter

that contributes to Raman intensity will be the refractive index
of the sample. However, in order to investigate this effect more
quantitatively, it is necessary to include more information with
greater accuracy. For example, as shown in the work by
Cherroret et al.,35 it is possible to measure the temperature
dependent refractive index of different materials, which needs
information about other parameters, such as the temperature
dependent electronic band structure at constant pressure and
constant volume. The study of temperature dependent refrac-
tive index of nm-thick and bulk WS2 samples could be a topic
of interesting research. When those data are available, it will
be feasible to include the precise value of refractive indices in
Raman intensity enhancement calculation to explore the
effects of refractive index more accurately and quantitatively.

Another point that needs to be considered is the effect of
laser heating and local temperature rise of the samples on our
experiment and conclusions. Here, 3D modeling based on
control volume method is conducted to calculate the tempera-
ture rise of the samples under the laser heating at room temp-
erature. In-plane and out-of-plane thermal conductivities of
WS2 at room temperature take 35 W m−1 K−1 and 4 W m−1

K−1, respectively.25 Also, the interfacial thermal resistance

Fig. 10 (a) and (b) The estimated F* using the assumption that ñ increases 2% and 8% over the 300 to 700 K temperature range, respectively. The
default value that is used in previous discussion is 5%. Therefore, these two plots represent the F* value that is estimated with 60% uncertainty com-
paring to the default assumption. (c) The calculated F*

N regarding the 2% (left vertical axis) and 8% (right vertical axis). When the temperature is less
than 500 K, the uncertainty of the F* for both recent assumptions is less than 10%, and for higher temperatures, it does not exceed 20%.

Fig. 9 (a) Raman intensity enhancement factor (F) as the function of T. This plot includes the effects of both optical properties evolution and
thermal expansion at higher temperatures. (b) F* shows the normalized F with respect to FBulk. Note that spacing (t2) values that are used in this cal-
culation are based on theoretical values [Fig. 8(a)], which are obviously not consistent with the experimental I*N, as shown in Fig. 6(b).
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between the WS2 layer and Si substrate is assumed to be
5 × 10−8 K m2 W−1. This estimation is based on the previous
work by our group to study the interfacial thermal resistance
between MoS2 and Si substrate.39 The laser absorption depth
inside the WS2 layer is calculated as: τL = λ/4πk, where λ and k
are incident laser wavelength and extinction coefficient under
532 nm laser irradiation, respectively. Here, τL is 47 nm. The
thermal conductivity of the Si substrate is 148 W m−1 K−1.
Based on these thermal properties, and considering 2 µm
radius size of the laser spot, the temperature rise of each
sample is calculated. For 13, 38, 45 nm, and bulk samples, the
average temperature rise within the laser spot is calculated as
2.9, 2.7, 7.6, and 18 K, respectively. As we can see, for the first
three samples, this temperature rise is less than 2% of total
temperature range of the experiment. Also, it should be noted
that this estimation is based on the thermal properties at
room temperature, while at lower temperatures, the thermal
conductivity will be higher and these temperature rises will be
lower. Regarding the bulk sample, the error caused by the
heating effect on Raman intensity measurement and I*–T data
will be around 8% in average and will not affect our qualitative
conclusions.

6. Conclusion

In this work, the Raman intensity variation with temperature
for multilayered WS2 was systematically studied under 2.33 eV
laser irradiation. Tuning the sample temperature made it poss-
ible to study the resonance Raman effects of the B exciton of
WS2. Their excitonic transition energy and broadening para-
meter were evaluated in detail. It was shown that there are
other effects that contribute to the Raman intensity tempera-
ture variation of each mode, such as interface optical inter-
ference and temperature dependence of optical properties. To
analyze these two effects, the Raman intensity of multilayered
samples was normalized to the bulk one to take out the reso-
nance Raman effects. To investigate the interface optical inter-
ference effects, the linear thermal expansion coefficient of WS2
layer was calculated to perform a first order analysis of the air
layer thickness between WS2 and Si substrate. Using this
thermal expansion effect and presumed refractive indices
increase of 5% in our temperature range, the interface optical
interference effects were studied. It was found that the temp-
erature dependent Raman intensity of WS2 samples under
532 nm laser could not be interpreted only by the resonance
Raman effects. Comparing interface optical interference with
the temperature variation of refractive indices, the former one
contributed more to the Raman intensity variation with temp-
erature for WS2 films.
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