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Temperature-dependent Raman properties calibration and laser absorption evaluation are two significant
sources of error in measurement of nm-thick materials thermal conductivity based on steady state
Raman spectroscopy. A new Raman probing technique, frequency-domain energy transport state-
resolved Raman (FET-Raman), is developed to resolve these issues and improve the measurement preci-
sion significantly. The FET-Raman uses a steady-state laser and an amplitude-modulated square wave
laser for heating the material and simultaneous exciting Raman signals. Under these two energy trans-
port states, Raman-shift power coefficients for both states are determined, and their ratio is used to
determine the in-plane thermal conductivity of nm-thick material. Four MoSe2 samples with different
thicknesses (5–80 nm) suspended on a circular hole are used to explore the capability of this new tech-
nique. The in-plane thermal conductivity of these samples increases from 6.2 ± 0.9 to
25.7 ± 7.7 W�m�1�K�1 with increased thickness. This is attributed to the increment of surface phonon
scattering effect for thinner samples. The FET-Raman technique provides a novel way to measuring ther-
mal conductivity of nm-thick materials with high accuracy and great ease of implementation.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal characterization of 2D atomic-layer materials [1] such
as graphene [2–6], black phosphorous [7–10], molybdenum disul-
fide [11–13], and molybdenum diselenide [14] has been the focus
of several recent research. The optothermal method based on
Raman spectroscopy has proved nondestructive for thermal prop-
erties measurement with a high spatial resolution, easy sample
preparation, and simple experiment setup [5,6,15–22]. To date,
several research groups have used this method to measure the
thermal conductivity of suspended samples. Lee et al. [23] reported
the thermal conductivity of suspended single-layer graphene as a
function of temperature using this method. Peimyoo et al. [24]
determined the thermal conductivity of suspended mono- and
bilayer WS2 by Raman spectroscopy. Luo et al. [25] measured the
anisotropic in-plane thermal conductivity of suspended black
phosphorus samples using the micro Raman technique. However,
while using this method, a relationship between temperature
and Raman spectrum needs to be established using calibration to
measure a temperature coefficient. Also, laser absorption needs
to be determined with high accuracy. The measurement of temper-
ature coefficient and laser absorption are significant sources of
error.

To fix the abovementioned drawbacks, a time-domain differen-
tial Raman (TD-Raman) was developed in our lab by modulating
the excitation laser and probing transient Raman scattering during
the pulsed laser heating [26]. Instead of studying the instant speci-
fic temperature of sample, it only needs the normalized variation
of the temperature rise to be studied using TD-Raman. Li et al.
[27] determined the thermal diffusivity and thermal conductivity
of carbon nanotube fiber by TD-Raman. However, when the heat-
ing time is too short, it becomes very challenging to study the ther-
mal transport phenomena. Also, the materials with less crystalline
structure, it makes it difficult to do TD-Raman measurement [27].

To overcome the drawbacks of TD-Raman on short time thermal
probing, Wang et al. [28] developed a frequency-resolved Raman
(FR-Raman) method. To characterize the thermal diffusivity of a
microscale silicon cantilever, the steady state laser is modulated
in square-wave form in a wide range of frequencies. Using the
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fitted values of wavenumber, Raman intensity, and emission
against frequency, the thermal diffusivity of the sample is deter-
mined. In addition, Wang et al. [29] put one more step forward
and determined the anisotropic thermal conductivity of suspended
black phosphorus sample using the FR-Raman method. In this
work, an ‘‘as transferred” and a ‘‘laser modified” samples are used
to do the experiment. Using the ratio of the power differential of
the wavenumber of these two samples, the ratio of the armchair
thermal conductivity (jAC) and zigzag thermal conductivity (jZZ)
is obtained. After that, the absolute values of jAC and jZZ are
extracted from the normalized average temperature, which is
determined from the measurement of wavenumber against differ-
ent frequencies.

Yuan et al. [30] measured the hot carrier diffusion coefficient
(D) and the interface thermal resistance (R) using the energy trans-
port state-resolved Raman (ET-Raman) technique that they devel-
oped in our lab. With this great method, D and R of few-layered
MoS2 are measured without the need of laser absorption evalua-
tion and Raman property temperature coefficient calibration. In
this method, sample is irradiated with a picosecond laser as the
near zero-transport case and a CW laser as the steady state case.
D and R are determined by comparing the Raman wavenumber
shift measured from different energy transport states. Yuan et al.
[31] took one more step forward and simultaneously determined
the in-plane j, R, and D of MoS2 thin films that are supported on
glass substrate. In this work, five-state ET-Raman with energy
transport in both space and time domains is developed to take into
account the effects of interface thermal resistance and electron dif-
fusivity on measurement of in-plane j. Wang et al. [32] employed
this ET-Raman method to measure the in-plane thermal conductiv-
ity of suspended 2D atomic-layer materials. However, since a
strong heat accumulation happens during the irradiation of the
suspended samples with ps laser, a nanosecond pulsed laser is
used. By studying the power differential of Raman shift under
these two energy transport states, the thermal conductivity of sev-
eral 2D MoS2 and MoSe2 samples is measured.

In this work, we developed a Frequency Domain Energy Trans-
port state-resolved Raman (FET-Raman) technique based on the
FR-Raman and ET-Raman techniques for measuring the thermal
conductivity of nm-thick materials. In this technique, unlike the
ET-Raman that we need two different lasers to perform the exper-
iment, we just do that with a CW laser and a modulator to modu-
late the steady state laser in a square-wave form in a specific
frequency. Therefore, the experiment setup is significantly simpli-
fied. Using this novel method, the in-plane thermal conductivity of
suspended MoSe2 is measured. The effect of sample thickness on
in-plane thermal conductivity of this material in the range of 5–
80 nm is reported. Also, the effects of laser absorption coefficient
and modulation frequency on the measured in-plane thermal con-
ductivity are studied in detail to prove the robustness of the
technique.
2. Physical principles and experimental details

In the FET-Raman technique, we probe the thermal response of
the material by irradiating the samples using a steady-state (CW)
laser with 532 nm wavelength. Fig. 1 shows the physical principle
of this technique. In the first step as shown in Fig. 1(a) and (b), the
steady state case, the center of suspended sample is irradiated with
the CW laser. During the irradiation, the sample absorbs the laser
energy and its temperature increases. The amount of temperature
rise of the sample is related to its thermal conductivity. By collect-
ing the excited Raman signals during the laser heating, we can
obtain the temperature profile of the suspended sample. Note here
we do not need to measure the real temperature rise of the sample.
Using different laser powers (P), we can get the Raman shift power
coefficient (RSC) in the steady state case which is dependent on
laser absorption coefficient (a), temperature coefficient of Raman
shift (@x=@T), and the in-plane thermal conductivity (j):
wCW ¼ @x=@P / a @x=@Tð Þ=j.

In the second step as shown in Fig. 1(c) and (d), we utilize a
square-wave modulated laser with a specific frequency to induce
the heating effect and excite Raman scattering. In each period of
this modulated laser, there is a laser-on time (sh) and a laser-off
time (sc). sh is equal to sc . Note here sh and sc do not need to be
equal. Making them equal will ease the Raman measurement sig-
nificantly and significantly simplify the data processing. If sh and
sc are not equal, the TD-Raman method can be used, which is
detailed in our previous work [26]. Based on the frequency of the
modulated laser, two possible states can exist: (1) quasi-steady
state, and (2) steady-state (Fig. 1(e) and (f)) [28]. When the fre-
quency is very high, the temperature variation during the sh and
sc is very small, so the temperature can be regarded as a constant.
This state is the quasi-state and the average temperature rise dur-
ing sh is hqs. When the frequency is very low, during sh the temper-
ature reaches the steady-state and during the sc returns to the
initial point. This case is called steady-state and its average tem-
perature rise during sh is hs. From a high frequency to a low fre-
quency, thermal response changes gradually from ‘‘quasi-steady
state” to ‘‘steady-state” case and the average temperature rise dur-
ing sh varies from hqs to hs. It is proved that hqs ¼ hs=2 [29]. As
shown in Fig. 1(f), during each laser-on time, there is a transient
state (tt) for temperature rise and if the frequency is low enough,
it can reach the steady state (ts). After several heating and cooling
states, the sample reaches a steady periodic thermal state [29].
Under frequency-modulated laser irradiation, the effective thermal
diffusion length in the thickness direction (Ld?) could be estimated
as: Ld? ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pa?=f

p
, where a? (m2/s) and f (Hz) are thermal

diffusivity in cross-plane direction and modulation frequency,
respectively. The diffusion length of MoSe2 is about 7 mm for
f = 100 kHz. Since the thickness of the sample, which is less
than 100 nm, is much less than Ld?, the thermal transport in the
cross-plane direction can be neglected. Therefore, it is physically
reasonable to take a constant temperature in the thickness
direction. Such constant temperature also has been proved by
our detailed modeling as discussed in Section 3.1. By choosing
an appropriate frequency and collecting the Raman signals
during the heating time using different laser powers, we can
obtain the RSC value in frequency-resolved Raman state:
wFR ¼ @x=@P / a @x=@Tð Þ= qcp

� �
f j=qcp
� �

. In this work, the modula-
tion frequency takes 100 kHz. This frequency is around the middle
of quasi-steady state to steady state range based on our prelimi-
nary study. Using the wCW and wFR, a normalized RSC value could
be calculated as: H ¼ wFR=wCW . By doing so, the effect of laser
absorption coefficient and Raman temperature coefficient is elim-
inated. In addition, since the volumetric heat capacity (qcp) of
the suspended sample has negligible size effect and can be readily
obtained from Refs. [33,34], the value of H is only dependent on
the in-plane thermal conductivity as:

wFR

wCW
/ a @x=@Tð Þ= qcp

� �
f j=qcp
� �

a @x=@Tð Þ=j ¼ j
qcp
� �

f j=qcp
� � ð1Þ

To find the unknown in-plane thermal conductivity of the sam-
ple, a 3D heat conduction model is used to simulate the tempera-
ture rise under the two energy transport states. Using this
simulation, we can find the theoretical relationship between the
ratio of temperature rise in the two cases and in-plane thermal
conductivity. Finally, the in-plane thermal conductivity of different
thickness samples could be determined based on the measured.

For the steady-state heating, the governing equation is [23,35]:



Fig. 1. Illustration of physical concept of the experiment. (a) Examined MoSe2 nanosheets are placed onto a silicon substrate with a circular hole and irradiated with a 532 nm
continuous-wave (CW) laser. (b) Schematic of MoSe2 sample suspended on c-Si substrate under CW laser and (c) under frequency-modulated laser. (d) Concept of FET-Raman
technique. (e) The quasi-steady state under very high modulation frequency. (f) The steady state under very low modulation frequency.
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jr2TCW þ _q ¼ 0 ð2Þ
where TCW is temperature rise in steady-state case, j (W�m�1�K�1)
is in-plane thermal conductivity, and _q is the volumetric Gaussian
beam heating as below [32]:

_q r; zð Þ ¼ I0=sL exp �r2=r20
� �

exp �z=sLð Þ ð3Þ
where I0 ¼ P=pr20 is the laser power per unit area in center of laser
spot, r0 lmð Þ is the radius of the laser spot, sL is laser absorption
depth. And sL ¼ k= 4pkLð Þ [36] where k is the laser wavelength
(532 nm), and kL is the extinction coefficient of the sample. So, sL
(MoSe2) = 20:6 nm [37,38]. Note although we need this extinction
coefficient for data processing, any uncertainty in kL will have neg-
ligible effect in our final measured j for two reasons. First, the over-
all laser absorption is canceled in H calculation. Second, since the
sample is very thin (few to tens of nm), the temperature is uniform
in the thickness direction, and has negligible effect from the volu-
metric laser absorption.

The temperature distribution induced by absorption of laser
irradiation in the frequency-resolved Raman state is determined
by the following equation [39]:

jr2TFR þ _q ¼ qcp @TFR=@tð Þ ð4Þ
where TFR is the temperature rise in the transient state and _q could
be calculated as Eq. (3). Here we take qcp constant because the tem-
perature rise by the laser heating is moderate (discussed in Sec-
tion 3.3). As a result, using the last two governing equations, the
ratio of temperature rises as a function of in-plane thermal conduc-
tivity of the sample is obtained. In the experiment, this ratio is equal
to normalized RSC value.

Fig. 2 shows the Raman system setup of the experiment. The
atomic structure of MoSe2 is shown in Fig. 2(b). Two vibrational
modes exist: A1g out-of-plane modes and E1

2g in-plane mode
[40,41]. In the A1g mode, two Se atoms oscillate with respect to
the Mo atom which is in the center [40]. E1

2g mode exists at higher
wavenumbers than A1g mode and its intensity is weaker than A1g.
Tongay et al. [41] measured the ratio of the intensity of these peaks
(IA1g=IE12g ) using a 488 nm laser and observed that this ratio

increases from 4.9 for few-layer (�10 layers) to 23.1 for single-
layer MoSe2. As shown in Fig. 2(c), we could not observe the E1

2g

peak under 532-nm laser excitation. Therefore, here we use the
A1g peak to determine the RSC value based on the acquired Raman
spectra.

As shown in Fig. 2(a), the FET-Raman system consists of a 532-
nm CW laser (Excelsior-532-150-CDRH Spectra-Physics) as an
energy source, a Raman spectrometer (Voyage, B&W Tek, Inc.),
and a microscope (Olympus BX53). This laser source is modulated
in a square-wave form using an electro-optics modulator (EOM).
Using a function generator, the laser could be modulated in various
frequencies as high as 20 MHz. In addition, a motorized neutral-
density (ND) filter (CONEX-NSR, Newport Corporation) is utilized
to adjust the laser power. The ND filter and Raman spectrometer
are controlled by a LabVIEW-based software. As a result, the



Fig. 2. Schematic of FET-Raman experimental setup. (a) A MoSe2 sample is illuminated by the CW laser and its frequency-modulated case. The modulation frequency could be
controlled by a function generator. A ND filter is used to adjust the laser power. A LabVIEW-based program is used to control the ND filter and Raman spectrometer. (b) The
atomic structure of MoSe2. The big green balls are Mo atoms, and small blue atoms stand for Se atoms. (c) Raman spectrum of MoSe2 excited by 532 nm laser. A1g (�240 cm�1)
mode is observed for all four samples and is employed to explore the temperature rise. (d) The spatial energy distribution of the laser beam and spot size are measured with a
CCD camera. The black points are laser beam intensity data taken from the CCD camera images. The red curve shows the data fitting using the Gaussians function. The laser
beam radius (at e�1) on the sample is determined as 1.473 lm under 20 � objective lens.
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accuracy of the experiment is improved significantly, and its time
is reduced considerably. The laser beam is focused by a 20� objec-
tive lens (NA = 0.4). The hot carrier diffusion length for MoSe2 is
estimated based on equation Lc ¼

ffiffiffiffiffiffi
sD

p
, where s is the lifetime of

the hot carriers and D is hot carrier diffusivity. Since s is in order
of 100 ps [42,43] and D ¼ 11� 10�6 m2/s [44], the hot carrier diffu-
sion length is in the order of 10 nm. Since this diffusion length is
much shorter than the laser spot size under 20� objective lens,
the effect of hot carrier transfer becomes negligible. The optical
images of the laser spots are captured with a CCD (charge-
coupled-device) camera (Olympus DP-26, Olympus Optical Co.,
Ltd.). Then these images are analyzed based on a Gaussian fitting
method to calculate the radius of the laser spots. Fig. 2(d) shows
the laser spot size measurement of the 36 nm sample. The spot
radius is defined at the location where the laser intensity decays
to e�1 of the peak value.

Four few-layered MoSe2 samples are prepared by mechanical
exfoliation. This technique is one of the simplest and most reliable
ones to prepare highly crystalline and atomically thin nanosheets
of layered materials [12,45]. These samples are transferred to a
clean silicon substrate with a circular hole, D = 10 lm and depth
of 3 lm, on its center. Details of sample preparation could be found
in the previous works of our group [29,30].
3. Results and discussion

3.1. Thermal conductivity determination

Fig. 3(a)–(d) show AFM images of four suspended MoSe2 sam-
ples. To avoid damaging the samples on suspended areas, the
thickness of supported area near the suspended area is measured.
The height profile below each image is corresponding to the red
dashed line in that AFM image. The samples have a thickness of
5, 36, 55, and 80 nm, respectively. In addition, the roughness pro-
file of each surface is included for each sample surface. Dlmax is the
biggest thickness variation along a line on the sample surface. For
the sample with 36 nm thickness, Dlmax is larger than that of two
thicker samples. It could be due to the wrinkles on this sample.
The 36 nm-thick sample is used to illustrate the results. Table 1
indicates the laser power range and laser spot size for this sample
as well as other three samples. The obtained values of the radius
(at e�1 of the center intensity) of the laser spots on the four sam-
ples are also listed in Table 1. There are some differences among
the laser spot on different samples. These differences are mainly
induced by the slight variation in focusing level for each sample.
However, since these actual values are used to do numerical calcu-
lation for each sample, this variation in laser spot size does not
affect the results.

Fig. 4(a) and (b) show the 3D contour map of the MoSe2 Raman
peak under different laser powers. The Raman intensity increases
linearly with the increased laser power. Errors in the Gaussian fit-
ting of the Raman spectra and the effect of laser heating are two
possible reasons that can cause deviation from linearity. As the
laser irradiates the sample, the local temperature of the sample
increases, and as a result, the detected Raman intensity will
decrease. Additionally, Fig. 4(c) and (d) show the contour maps
of Raman peak and indicates the redshift of laser peak with
increased laser power. Five representative room temperature
Raman spectra of this sample for both CW and FR cases are shown
in Fig. 5(a) and (b), respectively. It also indicates the redshift of
Raman peak with the increased laser power.

Fig. 5(c) and (d) show the linear dependency of Raman shift and
laser power in low-power range for both CW and FR cases. The lin-
ear fitting results RSC of A1g mode under CW laser is
�1.155 ± 0.017 cm�1/mW, and for the FR case is
�0.983 ± 0.022 cm�1/mW. RSC values for all the four MoSe2 sam-
ples are included in Table 2. As shown in Table 2, the RSC value
of both CW and FR cases decreases with increased sample thick-
ness. This trend indicates the increase of j with increased sample
thickness. This is because whenw is lower, it means the sample has
a lower temperature rise under the same laser heating, meaning
the sample has a better capability (higher j) to dissipate the
absorbed laser energy.

The normalized RSC values (H) of all four samples are indicated
in Table 2. As shown in Table 2, H increases with increasing of
thickness. For each sample, H indicates how fast the suspended
sample reaches the steady state. In fact, higher H values mean a
shorter transient time. Therefore, it is reasonable for the thicker



Fig. 3. AFM measurement results of four MoSe2 samples. (a1–d1) AFM images of all samples. Gray dashed line in (a1) indicates the boundary between MoSe2 film and
substrate. (a2–d2) Thickness profiles corresponding to the red dashed line in figures (a1–d1). (a3–d3) Thickness profiles to indicate the roughness of measured area.

Table 1
Laser power range for four samples and laser spot radius for each one.

Sample
thickness (nm)

Laser spot
radius (lm)

Laser power range under
20� objective lens (mW)

5 1.634 0.084–0.405
36 1.473 0.392–1.897
55 1.549 0.426–2.063
80 1.993 0.458–2.219
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samples that have a higher j to reach the steady state temperature
faster than the thinner ones.

To obtain the theoretical values of temperature rise for both
steady state and transient state, 3D modelling based on the finite
volume method is conducted. During the simulation, the measured
laser spot sizes are used, as shown in Table 1. Also, the volumetric
absorption of the laser beam is considered rigorously. Since the
temperature ratio of two cases is not relevant to _q and cross-
plane thermal conductivity, this ratio can be calculated under the
arbitrary setting values of _q and cross-plane thermal conductivity.
Raman intensity weighted average temperature over space and
time domain for both CW and FR cases are considered. For the
CW case, over the space domain, the average temperature is calcu-
lated using the following equation [32]:

�TCW ¼
Z V0

0
Ie�z=sL Tdv=

Z V0

0
Ie�z=sL dv ; ð5Þ

where T is the temperature of each point of the sample, and I is the
laser intensity that is given by Eq. (3). The term e�z=sL in Eq. (5) is for
the Raman signal attenuation when it leaves the original scattering
location. For the FR case, the Raman intensity weighted average
temperature is calculated over time domain as well as the space
domain as [32]:

TFR ¼
Z t

0

Z V0

0
Ie�z=sL Tdvdt=

Z t

0

Z V0

0
Ie�z=sL dvdt: ð6Þ

Fig. 6 shows the temperature rise of the 36 nm sample under
laser heating at different time using its determined thermal con-
ductivity of 10.8 W�m�1�K�1 and an arbitrary heating power of
_q ¼ 0:01 mW. For this case, heating time is equal to 5 ls because
the modulation frequency is 100 kHz. Here, the cross-plane ther-
mal conductivity takes 3 W�m�1�K�1 [33,46]. Fig. 6(a1)–(h1) show
the top view and Fig. 6(a2)–(h2) show the cross-sectional view of
the sample. The sample reaches the steady state within the half
of the heating time. It is also noted although the laser heating at
different depth is different due to the volumetric absorption, the
heat transfer in the thickness direction is very fast with respect
to the very small thickness. Therefore, the temperature distribu-
tion in the thickness direction is very uniform. In our data process-
ing using Eq. (6), the temperature evolution and distribution as
demonstrated in Fig. 6 all are considered.

3.2. Effect of film thickness on thermal conductivity

Using the ratio of �TCW and �T FR, the theoretical curve of H versus
j is determined. As shown in Fig. 7(a), using this theoretical curve
and experimental H, the value of in-plane j could be interpolated.
Table 3 shows the measured thermal conductivity of four MoSe2



Fig. 4. Contour maps of MoSe2 Raman peaks. The 36 nm-thick sample is used to illustrate the results. (a) and (b) The variation of Raman intensity against laser power for both
CW and FR cases, respectively, using 3D contour maps. (c) and (d) Indicate 2D contour maps of Raman shift against laser power for both CW and FR cases, respectively.
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samples against their thickness. In order to elucidate how the j
value changes with MoSe2 thickness, we have plotted the mea-
sured j values of MoSe2 in this work and other works as a function
of MoSe2 thickness, from monolayer to bulk, as shown in Fig. 7(b)
[17,33,46–49]. For monolayer and few-layered samples, both theo-
retical and experimental results show a decreasing trend for jwith
increased number of layers. One of the parameters that affects the
phonon scattering is crystal anharmonicity which can be evaluated
by Umklapp scattering rate. According to Slack’s theory, low anhar-
monicity leads to a higher thermal conductivity [50]. In monolayer
MoSe2, the phonon scattering is mostly affected by boundary scat-
tering and not by Umklapp scattering, while the effect of Umklapp
scattering becomes more significant in few-layered samples that
leads to lower thermal conductivity. In addition, due to the effect
of imperfections such as point (vacancies, anti-sites, surface con-
taminants, etc.) and extended defects (grain boundaries, disloca-
tions, edges, etc.) that are not considered completely in
theoretical calculations, the measured j based on experimental
measurements is generally lower than the theoretical results
[48]. For thicker samples, j increases with increased thickness.
This trend is attributed to the variation of significant surface scat-
tering of long mean free path phonons. For thicker samples, this
surface scattering effect becomes less predominant, so the thermal
conductivity is higher. The effect of surface scattering for thicker
samples can be illustrated by analyzing the phonon Boltzmann
equation using the Landauer approach. Using this approach,
the thermal conductivity of the thin film could be written as
[25,51–53]:

j ¼ K0

Z
Mph eð Þkph e; Tð ÞWph e; Tð Þde ð7Þ

where K0 ¼ p2k2BT=3h is the quantum of thermal conductance with
T being the lattice temperature and Wph is a ‘‘window function”

given by: Wph e; Tð Þ ¼ 3e=p2k2BT
� �

@nBE e; Tð Þ=@T½ �. Also, Mph is the

number of conducting modes per cross-sectional area and kph is
phonon mean free path for both Umklapp phonon-phonon scatter-
ing and surface scattering. Here, e and nBE are the phonon energy
and the Bose-Einstein distribution, respectively. Since in this work
experiments are conducted at room temperature, laser heating
effect is moderate, and phonon dispersion is almost similar for sam-
ples with different thickness, the effects ofWph(e,T) andMph(e,T) are
negligible [32]. Therefore, kph is the only parameter that needs
to be considered. Theoretically, kph can be determined using the



Fig. 5. Raman spectra of 36 nm-thick sample. (a) Five representative Raman spectra of MoSe2 at increased excitation laser power under 20� laser objective lens with CW laser
at room temperature. The total variation of Raman shift for this case is 1.80 cm�1. (b) Five representative Raman spectra of MoSe2 at increased excitation laser power under
20� laser objective lens with frequency-modulated laser at room temperature. The total variation of Raman shift for this case is 1.50 cm�1. (c) and (d) The Raman shift for A1g

mode of MoSe2 as a function of laser power under 20� objective lens with CW laser and frequency-modulated laser, respectively. Their corresponding linear fitting to obtain
the linear power coefficient is also shown in the figures.

Table 2
Summary of the A1g mode RSC values for both CW and FR cases.

Sample thickness (nm) wCW (cm�1/mW) wFR (cm�1/mW) H

5 �3.558 ± 0.087 �2.694 ± 0.067 0.757 ± 0.026
36 �1.155 ± 0.017 �0.983 ± 0.022 0.851 ± 0.023
55 �0.812 ± 0.019 �0.729 ± 0.016 0.898 ± 0.029
80 �0.645 ± 0.019 �0.602 ± 0.012 0.933 ± 0.033
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Fuchs-Sondheimer approach which includes the effect of surface
scattering [51,54,55]:

kph Eð Þ ¼ kbulk 1� 3 1� pð Þ
2d

Z 1

1

1
x3

� 1
x5

� �
1� e�dx

1� pe�dx
dx

	 

ð8Þ

where d � 4=3ð Þ t=kbulkð Þ, t is sample thickness, kbulk is the bulk MFP,
and p is the specularity parameter in the range 0–1 for completely
diffuse to completely specular boundary scattering, respectively. Eq.
(8) indicates that for thicker samples, MFP is longer. This means sur-
face scattering is less effective for thicker samples. Conclusively, the
in-plane thermal conductivity of thicker samples is higher than the
thinner ones. The above two mechanisms combine together to give
the nonmonotonic distribution of the thermal conductivity versus
thickness: with increased thickness from monolayer to bilayer,
the thermal conductivity decreases and reaches a local minimum.
After that, with the increased thickness, the thermal conductivity
increases. This effect of surface scattering on thermal conductivity
is also observed for few-layered supported and suspended MoS2
and MoSe2 [31,32,56], black phosphorous [25], and few-
quintuple-layered Bi2Te3 [51]. As shown in Fig. 7(b), the error bar
of measured in-plane thermal conductivity becomes larger with
increased sample thickness. For thicker samples, since the in-
plane thermal conductivity is higher than that of thinner ones, their
transient time to reach the steady-state is shorter. As a result, the
simulation plot, like Fig. 7(a), becomes flatter when in-plane j
and temperature rise ratio are higher. Therefore, a same amount
of uncertainties in RSC value causes larger uncertainties for thicker
samples. This effect can be mediated by implementing a higher
modulation frequency, like 200 kHz. By doing so, sample has less
time to reach the steady-state during each laser on-time period
and the wFR value will be lower. This will result in a lower error
bar for measured j. Fig. 7(c) shows the thickness dependence of
A1g Raman mode of MoSe2 samples. The samples are excited with
0.46 mW CW laser under 20� objective lens and integrated for
10 s. The blue Raman shift of this peak indicates the increase of
interlayer Van der Waals force in MoSe2 with increased sample
layer number [19]. As shown in Fig. 7(c), with the increased thick-
ness from 5 nm to 36 nm, the Raman intensity decreases and then
roughly increases for the 55 nm-thick one. This effect is ascribed
to several interferences of laser excitation and emitted Raman sig-
nal [57–59]. These interferences could be constructive and result
in increased the intensity, or destructive that causes decreased
the Raman intensity.



Fig. 6. Temperature rise of the 36 nm sample under laser irradiation as a function of time. The total heating time in each cycle is 5 ls. Figs. a1–h1 show the temperature rise
of the sample top (size: 10 lm � 10 lm). Figs. a2–h2 show the temperature rise of the sample side (cut through the middle of the sample) [size: (horizontal: 10 lm), (vertical:
36 nm)].

Fig. 7. (a) Results of 3D numerical simulation for the 36 nm-thick MoSe2 sample. The solid curve demonstrates the theoretical value of temperature rise ratio of FR case to CW
case against the in-plane thermal conductivity. Using this curve and the experimental value of temperature rise ratio, the in-plane j could be interpolated, as indicated with
green dashed line. Two blue dashed line demonstrate the uncertainties for in-plane value. (b) Summary of the in-plane j for the MoSe2 films in this work and previous
studies. (c) The blue shift of Raman peaks with increased sample thickness. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Table 3
In-plane j values for all four samples.

Sample thickness (nm) j (W�m�1�K�1)

5 6.2 ± 0.9
36 10.8 ± 1.7
55 16.4 ± 4.7
80 25.7 ± 7.7
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3.3. Discussion of measurement sensitivity: Optical properties,
modulation frequency, and sample thickness

In our work, the qcp and j are taken constant in modeling. Here
the 36 nm-thick sample is used for assessing this assumption. The
Raman shift change (Dx) of this sample under laser irradiation is
1.80 cm�1 in CW case. Using this value and Raman temperature
coefficient (a) from the references, which is around 0.015 cm�1�K�1

[17,60,61], we can calculate the temperature rise of the sample
under laser spot as TRa ¼ Dx=a ¼ 120 K. The average temperature
rise of the entire sample determines the level of the thermophysi-
cal properties’ change. This average temperature is calculated as
below

Ts ¼
Z r0

0
T rð Þrdr=

Z r0

0
rdr; ð9Þ

where r0 is the radius of the sample. Using these two values and TCW

that is calculated by Eq. (5), average temperature rise of the sample
in all domain under laser irradiation is given by
Tsa ¼ Ts � TRa=TCW

� �
. Using this equation, Tsa is calculated as

46.7 K. Tsa is small enough to make constant j assumption for all
domains. Also, as shown in Fig. 5(c) and (d), the Raman shift change
of the FR case is less than the CW’s one. Therefore, the average tem-
perature rise of the sample in all domains for FR case (Tfa) is even

less than Tsa. Kiwia et al. [62] measured the qcp of MoSe2 at different
temperatures. While temperature changes by less than 46.7 K, qcp
changes by less than 2%. It is physically reasonable to assume qcp
constant during the thermal characterization.

The temperature rise of the sample under laser irradiation
depends on both laser propagating downward into the sample
Fig. 8. (a) The transmitted power of at the top surface (Itras), and the reflected power at
downward and dotted lines represent the reflected laser power. (b) and (c) Temperature
plane thermal conductivity (j) under both CW and FR laser, respectively. Temperature ri
with j (right vertical axis) while sL ¼ 20:6 nm and percentage error in H when sL chan
and the laser reflected from the bottom. Fig. 8(a) shows this phe-
nomenon. As shown in Fig. 6, the temperature distribution in the
thickness direction is uniform despite the volumetric absorption
and the fact that the laser is coming downward. Therefore, it does
not matter which direction the laser goes through the sample, the
temperature rise is always uniform in the thickness direction, and
it is proportional to the laser power. As a consequence, in the FET-
Raman technique, the amount of laser reflected does not affect the
results and it cancels out during the ratio calculation as below

DTtras;FR

DTtras;CW
¼ DTref ;FR

DTref ;CW
¼ DTtras;FR þ DTref ;FR

DTtras;CW þ DTref ;CW
; ð10Þ

where DTtras;CW and DTtras;FR are the temperature rise of sample
induced by the laser coming downward under both CW and fre-
quency modulated cases, respectively. DTref ;CW and DTref ;FR are the
temperature rise of sample induced by the laser coming upward
under CW and frequency modulated cases, respectively.

In our FET-Raman, although we use volumetric absorption, the
optical absorption depth in fact has very little effect on the deter-
mined j. To demonstrate this, the temperature rise of a sample
(36 nm thickness) for different laser absorption depth sL and j val-
ues are calculated. Fig. 8(b) shows the temperature rise under CW
and FR laser heating, respectively. Both Figures indicate that lower
sL values cause higher temperature rise because of the higher
absorption. Fig. 8(c) shows the theoretical value of temperature
rise ratio of FR case to CW case against the in-plane thermal con-
ductivity (left vertical axis) while sL ¼ 20:6 nm, and percentage
change in H for several j and sL values (right vertical axis). H0 is
regarding the case that sL ¼ 20:6 nm. This plot shows that effect
of sL on our calculation is less than 0.4% when the absorption depth
is changed from 10 nm to 60 nm. As a result, absorption depth vari-
ation changes the thermal conductivity very little and this effect
can be neglected. As for the refractive index n, it affects the laser
transmitted to the sample and the laser reflected from the bottom.
This effect affects both the CW and FR cases with the same ratio,
and it will not change H nor the final determined j.

In this work a modulation frequency of 100 kHz is used for all
the samples, and we observed a higher uncertainty when the
measured thermal conductivity is larger. To explore the effect
of modulation frequency on the measurement uncertainty, the
bottom surface (Iref) of MoSe2. Dashed lines represent the laser power propagating
rise of the 36 nm sample as a function of both laser absorption depth (sL) and in-

se reaches the maximum value when both sL and j are minimum. (d) Variation ofH
ges from 10 nm (very low) to 60 nm (very high) (left vertical axis).
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uncertainty of measured j for the 36 nm sample versus different
frequencies is calculated, as shown in Fig. 9. Fig. 9(a) shows the
theoretical curve H versus j for several frequencies and how the
uncertainty of in-plane thermal conductivity is calculated. Here,
the uncertainty of H for all different frequencies is considered to
be 2.7% which is the percentage uncertainty of H for the 36 nm
sample (Table 2). Also, all the uncertainties are calculated for
j ¼ 10:8W�m�1�K�1 (Table 3). Fig. 9(b) shows the uncertainty of
determined j versus various frequencies. For very low f, as men-
tioned earlier (in Section 2), sample reaches the steady state tem-
perature. Also, for very high f, since the heating and cooling time is
very short, and temperature evolution is very small, so the temper-
ature can be regarded as constant. Therefore, for both high and low
Fig. 9. (a) Theoretical value of normalized RSC (H) against the in-plane thermal con
uncertainty of resulting j for a constant percent uncertainty of H is determined. (b) Perc
low f values, Dj=j becomes larger, while for the f close to 200 kHz, it reaches a minimu
sample experiences steady state or quasi-steady state that results in an almost constan

Fig. 10. (a) 3D numerical modeling results for the sample with a thickness 36 nm and D
and thermal diffusivities (a). It shows that for materials with a higher a, the optimized fr
RSC (H) (right vertical axis) of several arbitrary samples with thicknesses in range 5–10
frequencies, temperature remains constant and as a result, theoret-
ical curve of H versus j looks very flat and this causes higher
uncertainties. As shown in Fig. 9(b), at f = 190 kHz, the uncertainty
reaches a minimum. In this case, the sample has enough time to
experience the complete temperature evolution during the tran-
sient state and it is not too long to make this transient time negli-
gible in comparison to the whole heating (or cooling) time. Under
this optimum frequency, the ratio H is 0.75. Therefore, for future
FET-Raman studies, it is recommended to adjust the modulation
frequency soH falls between 0.7 and 0.8 to have a small measure-
ment uncertainty.

The optimized frequency is determined by the combination of
thermal conductivity, specific heat, density, and sample lateral
ductivity under different modulation frequency cases. Also, it indicates how the
ent uncertainty of calculated j against modulation frequency. For very high or very
m value. This trend can be justified using the fact that for very high or very low f,
t temperature. The thermal diffusivity has negligible effect under such scenarios.

= 10 mm. Normalized RSC (H) is calculated for different modulation frequencies (f)
equency takes larger values. (b) Temperature rise (left vertical axis) and normalized
0 nm. In this calculation, j ¼ 10:8W�m�1�K�1 and f ¼ 100 kHz.
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size. More specifically, the thermal diffusivity directly determines
the optimized modulation frequency. To further illustrate the
capability of FET-Raman for measuring the thermal conductivity
of different materials with various thermal properties, especially
thermal diffusivity, we calculated the optimized frequency for sev-
eral arbitrary materials of different thermal diffusivity. The contour
in Fig. 10(a) shows the normalized temperature rise (H) as a func-
tion of both modulation frequency and a for the 36 nm sample.
Also, as mentioned above and illustrated in our previous works,
whenH is in the range of 0.7–0.8, it is most sensitive to f. The solid
line indicates the H ¼ 0:75. Dashed lines represent the optimized f

for two arbitrary materials when a changes from 2� 10�5 m2=s
� �

to 3� 10�5 m2=s
� �

. Therefore, for materials with a higher a, like
graphene, the optimized f would be higher than materials with
lower a.

To investigate the effect of sample thickness on uncertainty of
normalized RSC (H), the temperature rise under both CW and FR
cases and RSC values (H) against several arbitrary thicknesses
are calculated, as shown in Fig. 10(b). In these calculations, in-
plane k and f are set as 10.8 W�m�1�K�1 and 100 kHz. The left ver-
tical axis in this figure indicates the temperature rise of the sample
under both CW (steady state) and FR cases and it is obvious that by
increasing the thickness, they both experience decreasing trends.
However, the normalized RSC (H) for each thickness (right vertical
axis) does not change with thickness. This concludes that the thick-
ness does not affect the measurement of thermal diffusivity in our
technique.
4. Conclusion

In this work, a frequency-resolved energy transport technique
was successfully developed for characterizing the in-plane thermal
conductivity (j) of nm-thick suspended MoSe2 samples with dif-
ferent thicknesses. By using this technique, thermal characteriza-
tion was done by using only one continuous laser source instead
of two laser sources. Samples were irradiated under steady-state
case using a CW laser and frequency-modulated case using a
square-wave modulator. A physical model was developed to simu-
late both CW and FR cases. Based on the experimental and simula-
tion results, the in-plane thermal conductivity of four MoSe2
samples were measured using the ratio of two Raman shift power
coefficients without knowing the temperature coefficient and laser
absorption. j of MoSe2 was observed to increase from 6.2 ± 0.9 to
25.7 ± 7.7 W�m�1�K�1 when the sample thickness changes from 5
to 80 nm. Thickness dependency of j values was explained by
the effect of surface phonon scattering which is more dominant
for thinner samples. In addition, the larger uncertainties of mea-
sured j for thicker samples were interpreted by effect of modula-
tion frequency on the transient time of temperature evolution. Our
sensitivity study showed that the determined j can be regarded
independent of the optical properties. Also, for each sample, there
is an optimum modulation frequency under which the measure-
ment has the smallest uncertainty. It is recommended that in
FET-Raman characterization, the modulation frequency should be
selected to make H fall within the range of 0.7–0.8.
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