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ABSTRACT Atomically thin molybdenum disulfide (MoS,) offers potential for
advanced devices and an alternative to graphene due to its unique electronic and

optical properties. The temperature-dependent Raman spectra of exfoliated,
monolayer MoS; in the range of 100—320 K are reported and analyzed. The linear Suspended 1, Mo_S? :
temperature coefficients of the in-plane Ezg1 and the out-of-plane A,, modes for
both suspended and substrate-supported monolayer MoS, are measured. These
data, when combined with the first-order coefficients from laser power-dependent
studies, enable the thermal conductivity to be extracted. The resulting thermal
conductivity « = (34.5 £ 4) W/mK at room temperature agrees well with the first-
principles lattice dynamics simulations. However, this value is significantly lower

than that of graphene. The results from this work provide important input for the

design of MoS,-based devices where thermal management is critical.
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he discovery of graphene' > nearly a
Tdecade ago has stimulated intensive

research efforts in atomically thin,
two-dimensional (2D) crystals, such as
transition-metal dichalcogenide (TMD) semi-
conductors®>~® and boron-nitride (BN).* Com-
pared to graphene, the presence of a band-
gap in TMDs is more desirable for device
applications. Recent experimental and the-
oretical work shows that these layered
TMDs undergo a transition from indirect to
direct bandgap when their thickness is re-
duced from bulk to monolayer, leading to a
pronounced photoluminescence (PL).”°
Among this family, molybdenum disulfide
(MoS,) is one of the most stable layered
TMDs. Bulk MoS, consists of S—Mo—S layers
weakly bonded by van der Waals (vdW)
interactions and has been widely used in
commercial application as a dry lubricant.
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Transistors constructed from few-layer and
monolayer MoS, show potential for future
low-power device platforms.'®'" The indir-
ect gap at 1.2 eV in bulk MoS, gradually
evolves into a direct gap at 1.9 eV in the
monolayer form. As the layer number in-
creases, the presence of interlayer vdW
forces affects not only the band struc-
ture,''® but also the lattice vibrations.'*
As a result, Raman spectroscopy, which is
especially sensitive to phonon frequency
changes, is used to determine the layer
number of 2D crystals including graphene,'®
WS,,'® and MoS,."* Two prominent peaks,
the in-plane E3, and the out-of-plane A,,
modes, are observed in the Raman spec-
trum of MoS,. Moreover, the phonon fre-
quency difference between the two modes
is widely used as the thickness indicator.™ It
has also been shown that Raman spectral
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Figure 1. (a) Optical micrograph of exfoliated MoS, flakes placed on SisN,/SiO,/Si perforated grid. (b) AFM step height across
the edge of the monolayer MoS, flake on PMMA/PVA prior to being transferred to the final substrate, and the roughness
revealed by AFM largely stems from PMMA/PVA. (c) Sketch of monolayer MoS, on SizN,/SiO,/Si substrate. Here MoS, over the

holes in the 20 nm thick SisN, is suspended.

features can be used to characterize doping, the di-
electric environment, and strain effects of atomically
thin MoS, flakes by monitoring the change of peak
position and full width at half-maximum (fwhm) of
Raman-active phonons.'” 72 In this article, we present
a detailed temperature- and laser-power-dependent
Raman study of monolayer MoS,. To isolate the sub-
strate effects, we compare Raman measurements from
both suspended and supported monolayer MoS,
flakes. Such studies are of fundamental importance
for a comprehensive understanding of anharmonic
lattice vibrations, thermal expansion, and thermal
conductivity.?' 2> Qur temperature-dependent Ra-
man study can provide a powerful, noncontact method
to monitor the local temperature rise induced by light,
electrical currents, and so on. The combination of both
temperature and power dependence of optical pho-
non frequencies permits extraction of the thermal
conductivity x.°*?” The measured value and that cal-
culated from first-principles lattice dynamics simula-
tions show reasonable agreement. The relatively low
thermal conductivity value of MoS, should be carefully
considered in
the design of MoS, based electronics, optics, and
thermoelectronics.

RESULTS AND DISCUSSION

The optical micrograph of suspended monolayer
over a 20 nm thick, perforated SisN4 grid is shown in
Figure 1(a). The height profile measured by AFM at the
edge of the flake on rough PMMA/PVA surface before
the transfer process, presented in Figure 1(b), shows a
thickness of ~0.8 nm with a root-mean-square rough-
ness larger than 0.3 nm, confirming that the region of
interest is indeed monolayer MoS,. The cross-section of
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the SisN4/SiO,/Si substrate structure is shown in Figure 1(c),
where holes with a diameter of 1.2 um are defined by
e-beam lithography and patterned by an etching pro-
cess on SisN,. The suspended monolayer MoS, flake is
obtained on top of the holes in 20 nm thick SizN,.

The temperature-dependent Raman measurements
were collected using a Renishaw InVia micro-Raman
spectrometer employing an excitation laser with
wavelength of 514.5 nm. A long-working distance
50x objective lens (numerical aperture NA = 0.55)
provides a Gaussian beam width estimated to be
240/(TNA) ~ 0.6 um.>® The samples were mounted in
a cryostat cooled by liquid nitrogen. Throughout all of
the temperature-dependent measurements, the laser
power is maintained to be less than 0.14 mW.

Figure 2(a) shows four example Raman spectra and
their corresponding Lorentzian fits collected from
suspended monolayer MoS, while the cryostat tem-
perature ranges from 100 to 320 K. As seen in the
figure, two prominent peaks around 385 and 405 cm ™"
are observed, which correspond to the in-plane
E>gmode and the out-of-plane A; ; mode, respectively.'*
Vibration of the Eég mode involves the in-plane oppos-
ing motions of sulfur (S) and molybdenum (Mo)
atoms and that of A;; mode is the out-of-plane
relative motions of S atoms, as depicted in the insets
of Figure 2(a). As the temperature increases, both of
the Raman-active modes soften linearly and the A,
peak clearly broadens (see also Figure S1, Supporting
Information). Figure 2(b) shows the temperature de-
pendence of the Lorentzian-fit peak frequencies from
100 to 320 K for the A4 (blue squares) and E;g (red
circles) phonons. The evolution of the Raman peak
position @ (in cm™' units) as a function of lattice
temperature follows a linear dependence

VoL.8 = NO.1 = 986-993 = 2014 ACNANIC)

WWww.acshano.org

987



Aw = o(Ty) —w(T) = x(Ta —T) = 3 AT (1)

where y7, the slope of temperature dependence, is
the first-order temperature coefficient for the respec-
tive modes, and T is the absolute temperature. Non-
linear coefficients are not considered here, given that
they can only be observed at higher tempera-
tures.??7 It is worth noting that we observed non-
linear dependence in our laser power measurements
at room temperature (RT), which will be discussed
later in this paper. The extracted linear tempera-
ture coefficients yr from the slopes are —(0.011 +
0.001) em™~'/K and —(0.013 = 0.001) cm™~'/K for the
E;g and A,; modes, respectively. In the following, the
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Figure 2. (a) Four example Raman spectra of suspended,
monolayer MoS, collected at 100, 180, 260, and 320 K.
Spectra offset vertically for clarity. (b) Raman peak frequen-
cies of both A4 (blue squares) and E}g (red circles) modes as
a function of temperature. Fit lines and resulting linear tem-
perature coefficients y are shown.

value for A;; mode is used to extract the thermal
conductivity.

The observed linear evolution of phonon frequen-
cies in monolayer MoS, can be attributed to the
anharmonic vibrations of the lattice,”’ which mainly
includes contributions from the lattice thermal expan-
sion due to the anharmonicity of the interatomic
potential. As the lattice expands or contracts because
of temperature change, the equilibrium positions of
atoms and consequently the interatomic forces
change, which induces shifts in the phonon energies.?®
This linear behavior of Raman peak frequencies with
temperature is seen in many materials within a certain
temperature range.?>*>% |n Table 1, the linear coeffi-
cients of suspended monolayer MoS, (this work),
suspended few-layer MoS,, graphene, and graphite
are summarized. For comparison, we performed
similar temperature-dependent Raman measurements
on sapphire-supported monolayer MoS, (Table 1 and
Supporting Information) and found no significant
difference in the first-order temperature coefficients
for either mode. The small difference between yr
coefficients for the E; mode in suspended versus
sapphire-supported likely results from varied in-plane
strain applied by the substrate since Eig mode is prone
to strain in MoS, while A, is not.'"® As a result, the
temperature-dependent phonon frequency shift
determined in this study can be used to monitor local
temperature evolution in the MoS, nanostructure by
recording the change of A4 peak under various external
modifications, as was demonstrated with graphene.>°

Strong thermal effects induced by the excitation
laser power have been observed in the Raman spectra
from substrate-supported MoS, flakes.'”?° It is likely
that the substrate plays an important role in heat
dissipation; therefore, the previously reported beha-
vior might not be intrinsic to MoS,. To obtain a com-
prehensive understanding of the intrinsic MoS, prop-
erty, we further studied the laser-power-dependent
Raman spectra on suspended flake. These Raman

TABLE 1. First-Order Temperature Coefficients y;, Power Coefficients yp, and Thermal Conductivity « Obtained from

Raman Spectra“

material type mode
MoS, monolayer suspended E}g
Ay
MoS; monolayer SizN4-supported E}g
Ay
MoS; monolayer sapphire-supported E}g
Ay
MoS, few-layer suspended E}g
Ay
graphene monolayer suspended G
graphene monolayer supported G
graphene bilayer supported G
HOPG G

i ((em™)(K) 2 ((em™")/(mW)) & ((W)/(mK))
—0.01 ~12.8
—0.013 —10.9 345
—12.9
—10.0
—0.017 —0.09¢
—0.013 —2.2°
—0.013° —57 52
—0.012° —54
-1 5300 =+ 4807
—0.016°
—0.015
—0.011¢

“Bold entries represent data from our group including this work and ref 17. © ref 27. ref 17. 9 ref 26.  ref 25. ref 9. 9 ref 31.
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spectra are collected in a WITec Raman spectrometer
using a 488 nm solid-state laser for excitation with the
beam focused by a 100x objective lens (NA = 0.9).
The estimated Gaussian beam width is approximately
0.34 um. Here the Raman system with a high NA is used
to ensure the laser beam is smaller than the hole
diameter. Detailed analysis (shown in the later section)
confirms that the size of the holes is sufficiently large to
allow for extraction of the monolayer MoS, thermal
conductivity with high accuracy, though its diameter is
only about twice larger than the laser beam spot size. It
is because of the low thermal conductivity of mono-
layer MoS,. On the other hand, to measure flakes with
high thermal conductivity such as graphene or BN, it is
necessary to employ much larger holes.

Four representative room-temperature Raman spec-
tra collected at laser powers spanning from 0.040 to
0.164 mW are shown in Figure 3(a). As the laser power
increases, both of the Raman-active modes soften
because of local heating of the monolayer MoS,. To
avoid damage to the sample and to stay within the
linear dependence range, we kept the excitation laser
power below 0.25 mW. The Lorentzian-fit Raman peak
frequencies as a function of incident laser power are
plotted in Figure 3(b), where both the Ej, and A,
modes soften linearly with increasing power. Beyond
0.25 mW of laser power, this thermal behavior satu-
rates (see Figure S3, Supporting Information). The
appearance of nonlinear effects results either from
the nonlinearity of absorption or higher orders of the
temperature-dependent coefficients. In Figure 3(b), we
show the power-dependent peak positions in the
linear, low-power range, which is characterized by

Aw = oPy) —w(P1) = xp(P2 —P1) = 2pAP  (2)

Here yp, the slope of power dependence in the linear
region, is the first-order power-dependent coefficient
and P is the laser power. As with y7, the fitted coeffi-
cients yp for the E;g and A;, modes are very similar,
—(12.8 + 0.2) and —(10.9 & 0.4) cm™'/mW, respec-
tively. Note that these yp values significantly exceed
those reported'” for sapphire-supported monolayer
MoS; and exceed by a factor of 2 those for suspended
few-layer flakes.”” In Table 1, we also summarize
the laser power coefficients for various MoS, flakes.
For suspended monolayer MoS,, both modes behave
similarly in terms of the power-dependent slope,
while for the sapphire-supported monolayer flake,
thein-plane E;g mode shows much smaller laser power
dependence compared to the out-of-plane A4 mode."”
This is a strong manifestation of strain in MoS,. Strain is
induced since the expansion of the MoS; lattice due to
laser heating is hindered by the cooler sapphire substrate
(near RT, by assuming negligible absorption of the laser
by the substrate). This point is further supported by a
recent study on strain-dependent Raman spectra of
monolayer MoS, where only the E;Q mode is sensitive
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Figure 3. (a) Four example Raman spectra of suspended,
monolayer MoS, at increasing excitation laser power at RT
in air environment. Spectra offset vertically for clarity. (b)
Raman peak frequencies for A, (blue squares) and E}g (red
circles) modes as a function of laser power. Fit lines and
resulting linear power coefficients yp are shown.

to the strain variation, but the A;; mode does not
respond.'?

Taking advantage of the sensitive response of pho-
non frequency in MoS, to local heating by the laser, we
are able to estimate the thermal conductivity of this 2D
material in a noncontact method. Although the Raman-
active optical phonons do not play a significant role
in directly conducting heat along the flake, their
frequency of vibration is reasonably sensitive to the
local temperature fluctuations caused by external ef-
fects. The temperature increase of the suspended flake
under laser excitation is directly related to the thermal
conductivity of the material, assuming that the ab-
sorbed heat transfers radially through a small cross-
sectional area of the monolayer flake from the center to
the edge. The cross section of the substrate and sche-
matic of heat flow is shown in Figure 4(a). Therefore,
inside the hole region, we can write the heat dissipation
equation ignoring the heat conducted to the air as

1d[dno
rdr| dr

}—i—q(r):o forr <R (3)

where Ti(r) is the temperature distribution inside
the hole, r is radial position from the center of the
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Figure 4. (a) Cross section of the sample structure and
schematic of the heat flow in monolayer MoS, suspended
over a hole in 20 nm thick SisN, under laser illumination.
(b) Calculated temperature profile of the suspended MoS,
under a 0.1 mW laser excitation by assuming G = 50 MW/m’K,
and « = 34.5 W/mK. The temperature at the center of the
hole reaches about 390 K but drops to 295 K at the edge of
the hole because of the low thermal conductivity of MoS,.
The red dashed circle marks the region of suspended mono-
layer MoS;. (c) Calculated temperature profile along the x-axis
aty =0 for both graphene (red, at 5 mW laser power) and MoS,
(blue, at 0.1 mW laser) assuming in plan thermal conductivity
of graphene and MoS, are respectively 2000 W/mK®' and 34.5
W/mK. The temperature distribution of graphene is highly
sensitive to the interfacial conductance G, while that of MoS; is
not, because of the low thermal conductivity of MoS,.

hole, R = 0.6 um is the radius of the hole, and « is the
thermal conductivity of the suspended MoS,. In the
above equation, g(r) is volumetric Gaussian beam
heating and given as*®

la r?
qlr) = T exp( r02> (4)

where oo = (9 £ 1)% is the absorbance of monolayer
MoS; at 488 nm, which is extrapolated from Figure 4(a)
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in ref 8 t = 0.65 nm is the thickness of the flake,
ro = 0.17 um is the half of the Gaussian beam width,
I = P/(zry?) is the peak laser power per unit area at
the center of beam spot. Outside the hole, the heat
transports not only along the flake, but also into
the SisN, substrate, so its heat dissipation can be
described as

1 d[ dT)
K rdr d dr

] —%[(Tz(r) —TJl =0 forr>R (5)

where T,(r) is the temperature profile outside the hole,
Gis the interfacial thermal conductance bewteen MoS,
and SisN,4 substrate, T, is the ambient temperature, and
' is the thermal conductivity of the supported MoS,.
The solutions to egs 3 and 5 are

2
i) = &+ () +c3Ei< ’—2> ©)
o

To(y) = calo(y) + csKo(y) + Tq (7)

where ¢; are constants to be determined by boundary
conditions, Iy and K, are the zero-order modified bessel
function of the first and second kind, respectively,
y = (G/('D)"?, and Eilx) = —[Te “/u dt is the
exponential integral. With suitable boundary condi-
tions (see Supporting Information), the temperature
distribution T;(r) and T,(r) under various laser powers
can be solved with three unknown parameters
K, k', and G.

On the other hand, the weighted average tempera-
ture measured by Raman spectroscopy inside the
beam spot is*®>2

R
/ T1(Ng(r)rdr
OR— (8)

/ q(rrdr
0

Tm ~

By fitting this model with the T, vs P determined by the
Raman measurements, one can extract the thermal
conductivity « of suspended MoS, given the values of
«’ and G. Here the parameters extracted on mode are
used since it is less affected by strain.'® If we make an
assumption that the supported and suspended MoS,
have the same thermal conductivity (« = «) and
G =50 MW/m?K, a typical value for van der Waals inter-
faces,®® the thermal conductivity value is extracted to
be 34.5 W/mK. In fact, it is found that for a value of G
ranging from 10 to 300 MW/m?K, the extracted «
slightly changes by £0.4 W/mK only, suggesting that
the interface is not the dominant factor for thermal
resistance. Also if we set ¥ = 0.1« by taking the
reduction of thermal conductivity due to substrate
interaction into consideration, the fitted « only in-
creased slightly to be 35.3 W/mK. That is to say, values
of both «” and G affect « by less than 1 W/mK. This could
be attributed to the relatively low thermal conductivity
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of MoS,. Including the uncertainty of the Raman shifts
from measurement setups (£1 cm™), as well as errors
of fitted power- and temperature-dependent linear
coefficients,*' the extracted thermal conductivity is
Kk = (34.5 = 4) W/mK at RT. This low thermal conductiv-
ity value is very close to what was recently reported'®?’
for few-layer flakes MoS; ~ 52 W/mK and 2 orders of
magnitude less than that of monolayer graphene.?®
Besides the uncertainty due to measurement setup
and data analysis, the accuracy of the extracted
thermal conductivity could be also affected by any
remaining PMMA residues on the sample surface, air
surrounding the sample instead of a vacuum,** etc,
which need to be scrutinized in future work. It is worth
noting that the power dissipation through PL excited
by 488 nm laser is negligible because of the low PL
quantum yield (~4 x 1073) of monolayer MoS,.2

To justify that interfacial conductance and thermal
conductivity of the supported portion of the flake are
not playing a significant role in determination of the
thermal conductivity, we calculated the temperature
profile of suspended monolayer MoS, if the heat
source is placed on the suspended region, as shown
in Figure 4(b). To satisfy the experimentally observed
high temperature at the center of the hole (AT ~ 100 K),
the extracted thermal conductivity of suspended MoS,
has to be low. Moreover, the profiles shown in Figure 4
confirm that the 1.2 um diameter of the hole used in this
study, albeit small, is sufficiently large to extract the MoS,
thermal conductivity with high accuracy. Because of
the low thermal conductivity of the suspended MoS,,
the temperature drop is steep from the center of the
hole to the edge. At the edge, the MoS, temperature is
nearly at the ambient temperature; as a result, the
extracted thermal conductivity of suspended MoS, is
practically independent of the thermal conductivity of
the supported MoS, or the interface thermal conduc-
tivity between MoS, and Si3N,. To further illustrate the
difference between MoS, and the already widely stu-
died graphene, we also calculated the temperature
profiles of monolayer MoS; and graphene suspended
over 1.2 um holes, respectively, which are plotted in
Figure 4(c). Since graphene has a lower absorption
coefficient (2.3%)*® and an extraordinarily high in-plane
thermal conductivity («(graphene) = 2000 W/mK),>' a
much higher laser power of 5 mW was assumed in
the calculation, 50x that for MoS,, to induce appreci-
able temperature changes in graphene. It is observed
that for single layer graphene suspended over a small
hole, its temperature profile depends sensitively on G,
confirming the necessity to employ large holes for
studying materials with high thermal conductivity such
as graphene.

We also conducted a first-principles lattice dynamics
simulation to calculate the thermal conductivity of
monolayer suspended MoS,. The lattice thermal con-
ductivity « of a 2D crystal can be calculated using the

YAN ET AL.

phonon Boltzmann transport equation under the sin-
gle mode relaxation time approximation giving

1 2
K =— E Ck Vi 3T 9
‘/Nkk,/l k, 2k, 2 Yk, A ( )

where the subscript k refers to the wave-vector in
the first Brillouin zone, 4 refers to different phonon
branches, Vis the volume of the primitive unit cell with
its thickness set to be the same with the interlayer
distance in bulk MoS, (0.65 nm), N, is the number of
discrete k-points, c denotes the heat capacity per mode
derived from the Bose—Einstein distribution, v the
group velocity, 7 the phonon relaxation time, and
A = vt the phonon mean free path. To evaluate the
thermal conductivity, we obtained the heat capacity
per mode and the group velocity from harmonic prop-
erties of the phonons (phonon dispersion relation)
which are determined by the harmonic force con-
stants. The relaxation times due to intrinsic, three-
phonon scattering are calculated by Fermi's golden
rule using the anharmonic force constants.>® Higher
order scattering terms are not included since their
effects are typically much smaller than those from
the third order scattering.?” The force constants are
calculated using a finite difference method with the
forces computed from first-principles density func-
tional theory calculations. (See Supporting Information
for further information.)

Besides three-phonon anharmonic scattering, boun-
dary scattering also affects phonon relaxation times.
Therefore the total relaxation time can be calculated
using the Matthiessen's rule

-1 -1 v

T = Ton pn (10)

where the second term describes boundary scattering
rate and /, the limiting length for boundary scattering,
is dimension of the material. In our calculation, the
diameter of the hole (1.2 um) is used for the limiting
length to match the experimental condition. The cal-
culated thermal conductivity is 35.5 W/mK at RT. This
model closely reproduces the experimental value;
however, it does not yet account for possible phonon
scattering by defects such as PMMA residue, sample
oxidation, and other defects produced during sample
fabrication. All of such defects can scatter phonons and
reduce thermal conductivity. To further understand
whether the relatively small hole size in SisN4 used in
this work adversely impacts the measurement of «,
we also calculated « as a function of boundary scatter-
ing length / (Figure S7, Supporting Information). As ex-
pected, k increases with increasing /, but for/ > 1.2 um,
the increase in k becomes negligible. This observation
is expected since the calculated three-phonon anhar-
monic scattering mean free path is much smaller than
1.2 um. This provides another independent evidence,
in addition to what is presented in Figure 4, that a hole
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size of 1.2 um employed in this work, albeit small, is
sufficient in extracting the « value of monolayer MoS,.

It is well-known that both Mo and S have rich
isotopes. In this study, we used the weighted mass of
naturally occurring Mo and S. It is possible that the
thermal conductivity in isotopically pure MoS; is much
higher than that in naturally occurring MoS.. It is also
interesting to note that the thermal conductivity value
of exfoliated monolayer MoS, extracted in this study,
~34.5 W/mK, is smaller than that reported for the 11-
layer MoS, prepared by chemical vapor deposition,
~52 W/mK.?” This apparent trend is opposite to that in
graphene: the monolayer graphene possesses a higher
thermal conductivity than few-layer graphene because
of suppressed Umklapp scattering in monolayer gra-
phene. However, the direct comparison between these
two results is probably invalid since the samples were
prepared differently and the sample quality might not
be comparable. To understand thermal conductivity in 2D
MoS, more work in both experiments and theory is
necessary. Nevertheless, in this study we are able to
provide a useful estimate of thermal conductivity of
exfoliated monolayer MoS,; its value is low, especially

METHODS

Monolayer MoS, was exfoliated from naturally occurring bulk
MoS; and deposited onto a Si substrate covered with 270 nm
SiO,, on top of which polyvinyl alcohol (PVA) and polymethyl
methacrylate (PMMA) films were spin-coated.*®3® Once AFM
identified a monolayer flake, the sample was immersed in water
to dissolve the PVA film. The PMMA layer with target flake
attached then floated on the water. Next a glass slide was used
to extract the film and facilitate transfer to the previously
patterned SisN4/SiO,/Si substrate as shown schematically in
Figure 1(c). Finally, the sample was kept in a vacuum at 400 °C
for 4 h to remove the PMMA film.
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