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ABSTRACT

Two-dimensional materials exhibit great potential for high-performance electronics applications and the knowledge of their thermal proper-
ties is extremely necessary, since they are closely related to efficient heat dissipation and electron-phonon interactions. In this study we report
the temperature-dependence of the out-of-plane A;, Raman mode of suspended and supported CVD-grown single-crystalline tungsten dis-
elenide (WSe;) monolayer. The A;; phonon wavenumber is linearly red-shifted for temperature ranging from 98 to 513 K, with first-order
temperature coefficients f8 of -0.0044 and -0.0064 cm™'/K for suspended and supported monolayer WSe,, respectively. The higher 8 module
value for supported sample is attributed to the increase of the phonon anharmonicity due to the phonon scattering with the surface roughness
of the substrate. Our analysis of the temperature-dependent phonon dynamics reveal the influence of the substrate on thermal properties of
monolayer WSe; and provide fundamental information for developing of atomically-thin 2D materials devices.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5118004

The remarkable electronic and optical properties of two-
dimensional (2D) materials, which come from the in-plane quantum
confinement effect, have attracted great attention of the scientific
community for exploiting these systems. These 2D materials include
graphene, hexagonal boron nitride (hBN), transition metal dichalco-
genides (TMDs) and phosphorene' * among others. TMDs with a

common composition of MX, (M=Mo, W, Nb, Ta, Re; X=S, Se, Te)
offer a wide range of electronic properties, from superconducting to
semi-metallic, and also to semiconducting behaviour.” In particu-
lar, semiconducting TMDs have received considerable attention due
to their tunable energy band gaps (from 1 to 3 eV). These particu-
lar characteristics offer opportunities for the development of novel
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electronic, optoelectronic, chemical and biomedical devices for
which semi-metallic graphene is not suitable for.””” Both WS,
and MoS, have emerged as essential components of photoactive
devices with various functionalities, such as field effect transis-
tors (FETs),'”"" photoconductors,"” '* photovoltaics,'”' rewritable
memories,]7 etc.

WSe, exhibits an electronic band structure similar to its sul-
fide counterpart, i.e. it experiences an indirect-to-direct band gap
transition as the crystal is reduced from bulk to monolayer.'"'"” The
unique band structure along with the reduced dimensionality of
few-layer WSe; enables atomically thin systems to display numer-
ous novel phenomena, such as pronounced photoluminescence and
the manipulation of the valley degrees of freedom of charge car-
ries."*"*" The strong light-matter interactions observed in WSe,
thin layers make them excellent candidates to be used in optoelec-
tronic circuits.”” ** All these remarkable electronic properties are
related to the thermal characteristics and therefore an efficient heat
dissipation is necessary to reach high-performance on electronic
devices. Therefore, the detailed knowledge of thermal properties of
few-layered TMDs is extremely relevant.”*°

In order to understand the vibrational properties of TMDs,
it is important to correlate them with the phonon transport and
the electron-phonon interactions, which can determine the per-
formance of electronic devices, due to non-harmonic effects in
the lattice potential energy. Thus, the changes promoted by the

(@
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temperature variation in the band positions of Raman spectroscopy
can give us information about the thermal properties of 2D
materials.””

Raman spectroscopy is a widely used technique to identify the
number of atomic layers and thermal properties of TMDs layers.” *’
Previous reports have shown the dependence of Raman modes and
thermal properties when the TMDs layers were suspended or sup-
ported, thus showing that the surface effect plays an important
role to TMDs devices functionalities.””” ***'""*’ Thus, to the best
of our knowledge, temperature-dependent Raman spectroscopy of
suspended monolayer WSe; has not been investigated yet and the
thermal properties study of this suspended TMD it is very important
for future applications based on WSe,.

In this work, we report a temperature-dependent study of
the Raman spectra of suspended and supported monolayer WSe,
obtained by Chemical Vapor Deposition (CVD). The changes
observed in the Aj, mode wavenumber data with temperature
were measured and the first-order temperature coefficient for sup-
ported and suspended samples were calculated within the frame-
work of phonon decay mechanism. The differences in the phonon
anharmonicity were interpreted as being due to the scattering of
phonons by the surface roughness of the substrate. Our findings
provide fundamental information about the phonon dynamics of
monolayer WSe; from the extraction of temperature coefficients of
the suspended and supported samples, which is useful for thermal
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FIG. 1. (a) Optical and (b) AFM images of monolayer WSe;.
The white dotes are the position where the Raman spec-
tra were recorded on suspended (P;,) and supported WSe,
sample (P,ut). (c) Height profile acquired along the dashed
lines shown in the inset. (d) PL and (€) Raman spectra of
the WSe, sample.
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management in various optoelectronic devices and applications of
WSez.

Suspended single-crystalline monolayer WSe, sample, grown
through CVD on SiO,/Si substrate, was purchased from 2DLayer
company. The sample thickness was estimated by atomic force
microscopy (AFM), Raman and photoluminescence (PL) spectro-
scopies. AFM measurements of WSe, samples were performed using
a Multimode 8 microscope (Bruker, Santa Barbara, CA) in Quanti-
tative Nanomechanics (QNM) mode using probes model Scanasyst
Air, with nominal spring constant of 0.4 N/m and nominal tip radio
of 2 nm approximately. Images resolution were of 512 samples per
lines. Sample analysis was performed with NanoScope Analysis1.50
software. Figure 1 (a) shows an optical image of a selected region
with suspended monolayer WSe; on a hole with ~ 5 ym of diam-
eter. Topographic image recorded in tapping mode of a character-
istic WSe; flake is shown in Figure 1 The thickness measured on
the borders of the flake was found as being 1.6 nm thick (Figure 1
(¢)), which correspond to two layers.']1 On the other hand, PL and
Raman spectra, (Figures 1 (d) and (e), respectively) of the same
flake are characteristic of monolayer WSe,.'**” The overestimated
height measured by AFM could be attributed to possible polymer
contaminants presents on the sample surface due to the transfer
process of the sample.

scitation.org/journal/adv

Raman spectroscopy experiments were performed using a
Bruker Senterra spectrometer with a spectral resolution of 3 cm™".
To focus the laser beam and to collect the Raman signal it was
used an Olympus BX5 microscope equipped with a 50X (0.35 NA)
objective lens mounted in a backscattering geometry. A solid-state
laser line with 2.33 eV (532 nm) excitation energy was used for
measuring the Raman spectra with the power kept below 500 yW
to avoid sample overheating. Each spectrum was recorded with 10
coadditions with 10 seconds of integration time. The temperature-
dependent measurements were performed in a Linkam thermal stage
THMS600.

PL measurements were done through a T64000 Jobin Yvon
spectrometer equipped with nitrogen cooled charge-coupled-device
detector and a diode pumped solid state laser with 2.33 eV (532 nm)
excitation energy. An Olympus BX41 microscope coupled with a
100X objective lens (0.9 NA) was used to focus and acquire the
backscattered signal.

In the bulk form, WSe; crystal belongs to space group P63/mmc
and it is expected the existence of seven first-order Raman-active
modes at the center of the Brillouin zone, distributed among the
irreducible representations as Egg, Eig, E%g and Aj, (the modes
labeled with the letter “E” are doubly degenerate in the layer
plane™®).””** The Egg mode corresponds to a shear mode between
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two rigid layers against each other. The E;; mode is an in-plane
vibration related to Se displacements and its observation is forbid-
den in a backscattering geometry perpendicular to the basal plane.
The Eég mode corresponds to a in-plane movement of Se and W
atoms, whilst the Ajg mode involves an out-of-plane vibration of Se
atoms."”” These two modes exhibit similar frequencies and the E;g
mode is observed as a weak shoulder located at lower energy side of
the A, band. The frequencies of these modes, denoted from now

on as wg! and wa,, are located at about 249 ecm™! and 251 cm™},
8

respectively.””"” Our study is focused on the most intense A;; mode
for the excitation energy used.

Figure 2 (a) shows the Raman spectra of suspended monolayer
WSe; in the of 230-270 cm™! spectral range measured at temper-
atures varying from 98 to 513 K. For clarity all spectra were nor-
malized regarding the maximum intensity and vertically shifted. An
intense peak is observed at about 251 cm™ " and it is associated to the
A1, phonon mode. Upon increasing temperature, this phonon mode
experiments a red-shift as well as an increasing in the full width at
half maximum (FWHM) of the peak, in agreement with previous
studies on supported monolayer and bulk WSe,.""”""* A similar
result is observed for monolayer WSe, supported on SiO,, as can
be seen in Figure 2 (c).

For a more accurate analysis of the temperature-dependent
Raman wavenumber (w), we performed a line-shape analysis of
the Ajg phonon mode using a Lorentzian profile for each tem-
perature value. The temperature-dependence of w is showed in
the Figure 2 (b) and (d), for suspended and supported monolayer
WSez.

In order to fit the temperature-dependence of the A;, mode,
we used a simplified anharmonic phonon decay model, based on
Balkanski’s approach,” where higher order temperature coefficients
have not been taken into account, since they are not significant in
the temperature range that we measured:"***

w(T) = wo + BT, (1)

where wo is the Raman wavenumber of Ajy; mode at absolute
zero temperature (T = 0 K) and f is its first-order temperature
coefficient.

The displacement of the Raman modes with the temperature at
constant pressure is mainly due to thermal expansion and volume
contributions. Considering that w (Raman phonon frequency) as a
function of the temperature and volume as shown below, 1,54

ARTICLE scitation.org/journall/adv

(alnw) B (6an) (8lnw) (8lnw)
ar ), \"ar ),\"av ), "\"o1 ),
:z(alnw) +(61nw) 2
k\ OP T orT v
Where, y ~ (0InV/OT)p is the volume thermal coefficient and
k ~ - (OInV/OP)r is the isothermal volume compressibility. The
first term from the right-hand side of the equation 2 provide the
volume contribution at constant temperature and the second term
express the temperature contribution at constant volume. The values
of isobaric temperature and isothermal pressure from the phonon
frequencies of the modes can provide the anharmonic contribution.
The double resonance phenomenon is very active in single layer
sample and can explain changes in the intensity and shift in the peak
position as a function of temperature.”’

Table I shows the obtained wg and § for our suspended and sup-
ported monolayer WSe;. The results obtained in supported mono-
layer WSe; and bulk WSe; taken from the Refs. 41, 50, 51 and 52,
respectively, were listed for comparison. The Raman data for sus-
pended monolayer WSe; presented the smallest 8 value as compared
to supported monolayer and bulk WSe;.

The Griineisen parameter y is an important thermoelastic value
which relate the thermodynamic properties of a solid to its vibra-
tional frequencies in a material.” It describes the changes of cell
volume caused by temperature and pressure, and indicates the
anharmonic effects on the phonon spectrum.’’ The isobaric mode
Griineisen parameter y;p is associated to temperature coefficient f
by means of the equation:”

1
Yyip = _Twﬁi’ (3)

where w; is the Raman wavenumber of the ith phonon mode (in this
study is wa,, and it is calculated from the intercept on the wy,, versus
temperature plot, as shown in Figures 2 (b) and (d)) and « is the
thermal expansion coefficient.

As a first approximation, we used the thermal expansion coef-
ficient & from bulk WSe,™ to calculate the y;p and the results are
shown in Table . We also compared our findings with those for sup-
ported monolayer and bulk taken from the Refs. 51 and 52, respec-
tively. Since the thermal conductivity (x) is proportional to y~2,” the
suspended monolayer WSe; presents higher .

The scattering by optical phonons has been observed to limit
electrical transport and heat dissipation.”* " Therefore, we attribute

TABLE I. Ajg mode Raman wavenumber at T = 0 K (wp) and first-order temperature coefficient () of supported and sus-
pended monolayer and bulk WSe,. The isobaric mode Griineisen parameter ya, P Was calculated according to Eq. 3, by

using in a first approximation the expansion coefficient alfa from bulk WSe,.*”

Sample Mode wp (cm™ ) B (cm™ 1/K) ya,p  Temperature range (K)
Suspended monolayer WSe; ~ Ajq 251 —-0.0044 0.73 98-513
Supported monolayer WSe; Agg 251 —-0.0064 1.06 98-513
Supported monolayer WSe,”  Ajq 252 -0.009 1.39 175-575
Supported monolayer WSe,"'  Ajg 248 -0.0071 - 80-539
Supported monolayer WSe;” Ay, 255 -0.0067 - 77-623
Bulk WSe, Aig 251 -0.0085  1.39 80-300
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the higher y4,, (higher anharmonicity and lower «) for supported
WSe; as being due to decreasing of the phonon life-time (which is
closely related to phonon coherence length) caused by the scatter-
ing with the surface roughness of the substrate, as has been recently
proposed for monolayer gallium sulfide (GaS).”

In summary, we performed a temperature-dependent study of
the Raman spectrum of suspended and supported monolayer WSe,
in order to probe the influence of the substrate in the phonon anhar-
monicity and thermal properties. Our results show that the Aj,
mode wavenumber experiments a linear downshift in 98-513 K tem-
perature range. The first-order temperature coefficient  was esti-
mated as being -0.0044 and -0.0064 cm ™' /K for suspended and sup-
ported monolayer WSe;, respectively. The observed differences in
B is explained as due to the increase of the phonon anharmonic-
ity caused by the scattering with the surface roughness of the sub-
strate. The results presented here are important to shed light on
the influence of the substrate on the thermal conductivity of 2D
systems.
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