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 ABSTRACT 

We report the thermal conductivities of monolayer (1L) and bilayer (2L) WS2

grown by chemical vapor deposition (CVD), which are determined by use of

temperature and excitation dependences of 1

2g
E

 
and 

1g
A Raman modes. The 

first-order temperature coefficients of 1

2g
E  and 

1g
A  modes in both supported 

and suspended WS2 layers were extracted. The frequency shift of the 
1g

A  mode 

with temperature is larger than that of the 1

2g
E  mode for 1L-WS2, which is 

attributed to stronger electron–phonon coupling for the 
1g

A  mode than that for 

the 1

2g
E  mode. Moreover, by use of the shift of the phonon mode induced by

laser heating, the thermal conductivities at room temperature were estimated to

be 32 and 53 W/(m·K) for 1L- and 2L-WS2, respectively. Our results provide 

fundamental information about the thermal properties of WS2 layers, which is 

crucial for developing applications of atomically-thin WS2 devices. 

 
 

1 Introduction 

Two dimensional (2D) transition metal dichalcogenides 

(TMDs) have recently gained much interest due to their 

superior properties [1–3]. Unlike graphene, TMDs such 

as MoS2, MoSe2, WSe2 and WS2 have intrinsic bandgaps. 

In particular, these TMDs exhibit a transformation 

from an indirect- to direct-bandgap when the thickness 

is reduced to a monolayer [4–7], opening up various 

opportunities for electronic and optoelectronic device 

applications. Monolayer MoS2 (1L-MoS2), which has 

been more intensively studied than other TMD monl-

ayers, exhibits strong photoluminescence (PL), and 

its field-effect transistors present high mobility and 

large on–off ratios [8]. Another interesting 2D TMD 

of 1L-WS2 has a direct bandgap with a theoretical 

value of ~2.1 eV [9], slightly larger than that of 1L-MoS2, 

while its bulk has an indirect band of ~1.3 eV [1, 9]. 

Ultrathin WS2 layers recently have been fabricated by 

several techniques such as mechanical exfoliation 

[7, 10], chemical exfoliation [11] and chemical vapor 

deposition (CVD) [12–14]. The synthesis of TMDs via 
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CVD offers large single domain sizes and isolated 

samples, which make it more feasible for researchers 

to investigate the fundamental properties of the 

material. We have demonstrated optically that the 

intrinsic PL of 1L-WS2 triangles synthesized by CVD, 

is much more intense than that of 1L-MoS2 [15], 

comparable with the results for the exfoliated 1L-WS2 

from bulk crystals [7]. Electrically, the field-effect 

transistors based on thin layers of WS2 extracted from 

single crystal and CVD-grown 1L-WS2 are found   

to have attractive in-plane mobilities and effective 

conductance modulation [16, 17]. In view of its 

remarkable optical and electrical properties, atomically 

thin WS2 is a promising material to be explored for 

various applications such as light-emitting diodes 

and optical sensors. In addition, because of the unique 

symmery and strong spin orbital coupling in 1L-WS2, 

it is also regarded as a natural candidate for the 

valleytronic research [18–20]. 

Experimental studies of temperature and excitation 

dependences of the vibrational modes are very helpful 

to interpret anharmonicity between phonons and in 

electron–phonon interactions [21, 22]. These measur-

ements can provide the fundamental parameters of 

the material properties such as temperature coefficient 

and thermal conductivity, which are important for 

device applications. For instance, a material with a 

high thermal conductivity can rapidly dissipate heat, 

which is very helpful for preventing the breakdown 

of devices. Conventionally, the thermal conductivity 

can be measured by several methods, e.g. thermal 

bridge technique [23]. Nowadays, Raman spectroscopy 

is another effective approach to evaluate the thermal 

conductivities of 2D materials such as graphene 

[24, 25] and MoS2 layers [26], through the shifts of 

Raman modes induced by laser heating. Meanwhile, 

Raman spectroscopy can provide a wealth of in situ 

information about the number of layers [27, 28], 

doping concentration [29, 30] and strain effect [31] in 

graphene and TMDs. To date, experimental studies 

of the thermal conductivities of TMD materials for 1L, 

2L and even few layers have been limited [26, 32]. 

Very recently, values for the thermal conductivities of 

34 [26] and 52 W/(m·K) [32] have been obtained for 

1L- and few-layer MoS2, respectively. A temperature- 

dependent Raman study of supported 1L-WS2 recently 

has been reported [33], although its thermal conduc-

tivity has not been reported. To our best knowledge, 

direct experimental investigation of the thermal 

conductivities of suspended 1L- and 2L-WS2 has not 

been reported so far.  

Here we present temperature and excitation-power- 

dependent studies of the vibrational modes for CVD- 

grown suspended 1L- and 2L-WS2 using micro-Raman 

spectroscopy, which allow us to determine their 

thermal conductivites. The excitation dependence 

has been measured by laser heating of the suspended 

sample and monitoring the frequency shift of the 

phonon mode. By analysing the changes of Raman 

modes in both temperature- and power-dependent 

measurements, the thermal conductivities of suspended 

1L- and 2L-WS2 have been evaluated. Our results 

provide basic information about the heat conduction 

in atomically thin WS2 layers, which is very necessary 

for thermal manangement in various nanoelectronic 

applications. 

2 Results and discussion 

Figure 1(a) presents an optical image of a WS2 island 

grown on the SiO2/Si substrate by CVD. The individual 

triangle includes 1L at the outer and 2L at the centre 

of the island. The topological atomic force microscope 

(AFM) image is presented in Fig. 1(b), showing the 

smooth and clean surface of the as-grown sample. 

According to the AFM height profile, 1L-WS2 typically 

has a thickness varying between 0.7 to 1 nm and 

~1.4 nm for 2L, which is consistent with the S–W–S 

length. Figure 1(c) shows the fluorescence image of 

the same island in which the 1L region displays 

stronger emission than that of mechanically exfoliated 

1L-MoS2 recorded under identical conditions (Fig. S1 

in the Electronic Supplementary Material (ESM)).  

In PL measurements, the samples were excited by 

a 532 nm laser, if not otherwise specified. It is known 

that bulk WS2 is an indirect bandgap semiconductor 

with a ~1.3 eV bandgap [1, 34], whereas 1L-WS2 has a 

direct bandgap of 2.1 eV [1, 9]. In Fig. 1(e), one sharp PL 

peak centered at 1.96–1.98 eV is observed for 1L-WS2, 

and the peak intensity becomes very weak with a 

slight red-shift for 2L-WS2. The PL intensity in the 

measured spectral range nearly vanishes for the bulk  
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Figure 1 (a) Optical micrograph of a CVD-grown 1L-WS2 
triangular island with a second layer grown at the center of the 
island on SiO2/Si substrate. (b) AFM image of the region 
highlighted in (a) and line scan along dashed line. Fluorescence 
image (c) and photoluminescence intensity mapping (d) exhibiting 
intense and spatially homogeneous contrast throughout the 1L 
region. (e) Photoluminescence spectra from 1L- and 2L-WS2. 

WS2. When the thickness decreases to 1L, the dramatic 

increase of the PL intensity is a signature of the trans-

formation from indirect to direct bandgap structures. 

In Fig. 1(d), the corresponding mapping of the PL 

intensity shows a spatial homogeneity over the 1L 

region. Uniform and intense emission indicates that 

these CVD samples have high crystalline quality [15].  

Figure 2(a) shows the Raman spectrum of 1L-WS2 

at λex = 532 nm. Most of the Raman modes for bulk 

and 1L-WS2 [35–37] have previously been assigned. 

Raman active modes of bulk WS2 comprise of 
1g

A , 

1g
E , 1

2g
E , and 2

2g
E  at the centre of the Brillouin zone 

[35, 36], but 
1g

E  is forbidden in our back-scattering 

configuration and the 2

2g
E  mode is less studied due 

to its low frequency out of most conventional Raman 

spectral ranges. Note that, according to lattice symmetry 

analysis [38], the precise notation of Raman modes in 

1L-, 2L- and bulk WS2 should be different. For 

simplification, the same notation of 
1g

A ( )  and 1

2g
E ( )  

was used for 1L-, 2L- and bulk WS2 here. In 1L-WS2, 

both 
1g

A ( )  and 1

2g
E ( )  appear as an out-of-plane 

vibrational mode of sulphur atoms and an in-plane 

vibrational mode, respectively. The corresponding  

atomic vibration models are shown in the inset of 

Fig. 2(b). At λex = 532 nm, the 
1g

A ( )  mode was 

observed at 417 cm–1 and a dominant 2LA(M) mode 

observed at ~350 cm–1 overlapping with the 1

2
E ( )

g
 

mode (355 cm–1), which was acquired by multi- 

Lorentzian fitting, in agreement with other reports 

[35, 37]. Particularly, the perfect matching of the fitted 

curve to our experimental data was achieved when 

another additional peak (marked by the star (*)) at 

~345 cm–1 was added. This peak is assigned to the 
1

2g
E (M)  mode according to theoretical phonon 

dispersion curves [39]. Moreover, Raman peaks at 296 

and 320 cm–1 are the combination modes, which are 

attributed to 2LA(M) – 2 2

2g
E ( )  and 2LA(M) – 2

2g
E ( )  

modes, respectively. The Raman intensity of the 

2LA(M) mode is much stronger than that of the 

1

2g
E ( )  mode at λex = 532 nm, owing to the double 

resonance process [37]. At λex = 488 nm (Fig. 2(b)), the 

intensity of the 2LA(M) mode is weaker than that   

of the 1

2g
E ( )  mode. It is clearly shown that several 

peaks including second-order and combination modes 

become more apparent at λex = 532 nm than those 

obtained at λex = 488 nm. In detail, the Raman peaks 

at λex = 532 nm in the ranges of 100–280 cm–1 and 

560–730 cm–1 were enlarged as shown in the two 

insets of Fig. 2.  

Figure 2(c) shows Raman spectra of 1L- and 2L-WS2 

at λex = 532 nm. On the one hand, the 
1g

A ( )  mode 

blue-shifts with the increasing number of layers, 

similar to what is observed for MoS2 layers [40], as van 

der Waals interactions between the layers increase 

the restoring force in thicker layers. On the other 

hand, the 1

2g
E ( )  mode red-shifts with the increasing 

number of layers, which has also been observed in 

previous work. The decrease of phonon frequency 

has been attributed to increment of the dielectric 

long-range Coulomb interactions among the effective 

charges [39]. Raman intensity and frequency mappings 

of the 
1g

A ( )  mode for a triangular island are shown 

in Figs. 2(d) and 2(e), respectively. When the thickness 

increases, the integrated intensity of the mode increases 

and the peak blue-shifts, corresponding to the lighter 

colour region. As seen above, Raman spectra and 

mapping can be used as a fast approach to identify the 

thickness of thin layer WS2.  



 

 | www.editorialmanager.com/nare/default.asp 

4 Nano Res.

Temperature-dependent Raman measurements of 

supported 1L- and 2L-WS2 were carried out at 

80–380 K under 532 nm laser excitation. Figure 3(a) 

presents normalized Raman spectra of supported 

1L-WS2 in the peak regions of 1

2g
E ( )  (left panel) and 


1g

A ( )  (right panel) collected at various temperatures. 

These Raman modes were analysed by multiple-peak 

Lorentzian fitting. The dependence of 1

2g
E ( )  and 


1g

A ( )  peak frequencies on the temperature is plotted 

in Fig. 3(b). As expected, both 1

2g
E ( )  and 

1g
A ( )  

modes significantly red-shift with increasing temper-

ature, analogous to what is observed for MoS2 layers 

[26, 32, 41], and the changes of the G peaks in 1L and 

2L graphene [22]. The temperature dependence of 

both Raman modes are linearly fitted by the following 

equation  

   
0

( )T T                (1) 

where 0 is the frequency of the 1

2g
E ( )  or 

1g
A ( )  

mode at 0 K and  is the first-order temperature 

coefficient. The slopes of the dependences extracted 

from the linear fitting define the  value, which are 

–1.25 × 10–2 and –1.49 × 10–2 cm–1/K for the 1

2g
E ( )  and 


1g

A ( )  modes, respectively. In addition to the shifts 

of Raman peak frequency, Raman spectra before 

normalization (Fig. S2 in the ESM) show increasing 

 

Figure 2 Raman spectra of 1L-WS2 under different excitation wavelengths: 532 (a) and 488 nm (b). (c) Raman spectra of 1L- and 
2L-WS2 under 532 nm excitation laser line, showing a blue-shift and red-shift of the 1gA ( )

 
and the 1

2gE ( )  peak, respectively with an 
increase of thickness. Raman mappings for integrated intensity (d) and frequency (e) of the 1gA ( )  peak, showing that the Raman peak 
intensity in the 2L region is relatively stronger and the peak is blue-shifted with respect to 1L. 
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Raman peak intensities when the temperature is 

raised, which is similar to that observed for 1L-MoS2 

and can be attributed to an increase in electron– 

phonon coupling [41].  

Temperature effect measurements were also con-

ducted on supported 2L-WS2, and the typical red-shift 

behaviours of the 1

2g
E ( )  and 

1g
A ( )  modes were 

observed (Fig. 4). For the 2L sample, the obtained 

temperature coefficient values of 1

2g
E ( )  and 

1g
A ( )  

modes are –1.33 × 10–2 and –1.21 × 10–2 cm–1/K, respec-

tively. According to previous studies [22, 32, 42, 43],  

 
Figure 4 Temperature dependence of the 1

2gE ( )  and 1gA ( )  
peak frequencies for supported 2L-WS2. 

the influence of temperature on these phonon modes 

includes two components: The intrinsic temperature 

contribution due to the anharmonicities of the phonon 

modes and the volume contribution caused by the 

thermal expansion of the crystal.  

Moreover, in order to examine the potential substrate 

effect, similar temperature-dependent Raman measu-

rements were performed for suspended 1L- and 2L-WS2 

samples. The as-grown WS2 layers were transferred 

onto the substrates with holes of 3–6 μm in diameter 

as shown in Fig. 5(a). The laser beam size was 

approximately ~1 μm. Only 1L and 2L samples on the 

holes with the larger diameter of 6 μm were studied 

in order to minimize the undesired effects from the 

side wall of the hole, and to affirm that Raman signal 

is fully collected from the suspended layers rather 

than the supported region. In the temperature- 

dependent measurement for the suspended samples, 

it was found that both of the 1

2g
E ( )  and 

1g
A ( )  

modes show a linear red-shift with increasing 

temperature. The first-order temperature coefficients 

of the two modes for 1L and 2L are similar to those of 

the supported sample as shown in Figs. 5(c) and 5(d), 

respectively. This verifies that the substrate has a 

negligible effect on the temperature coefficients of 

Raman modes. The previous studies [26, 32] on 

suspended and supported MoS2 layers are consistent 

with our observations here. Note that, the measu-

rements have been conducted several times on different 

 

Figure 3 (a) Raman spectra of supported 1L-WS2 showing Raman modes in the range of 240–400 cm–1 (left panel) and the 1gA ( )
mode (right panel) at various temperature in the 80–380 K range. (b) Frequencies of the 1

2gE ( )  and 1gA ( )  modes as a function of 
temperature. The linear fit to experimental data and slope values are shown. 
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supported and suspended samples to confirm the 

temperature dependence of the Raman modes and  

values. In comparison with the Raman peak frequencies 

of the supported samples, the peak frequencies of 

1

2g
E ( )  and 

1g
A ( )  modes from both suspended 1L 

and 2L samples shift by ~1–2 cm–1 (Fig. S3, in the 

ESM). For a 1L TMD, electrical doping causes a change 

of the A1g peak frequency [29], whereas the frequency 

of the 1

2g
E ( )  mode is found to be sensitive to strain 

[31, 44]. Thus, the small shifts of 1

2g
E ( )  and 

1g
A ( )  

frequencies between suspended and supported 

samples possibly arise from the slight differences of 

charge carrier concentration, and biaxial strain [44, 45] 

caused by the substrate effect, respectively. Further 

investigation is needed to clarify the effect of strain 

and doping. 

It is worth noting that the linear dependence of the 

Raman peak frequencies with temperature has also 

been observed in graphene, MoS2 layers and supported 

1L-WS2 [22, 26, 32, 33, 41]. A detailed summary of 

temperature coefficients () of atomically thin TMDs 

and graphene is shown in Table 1. By comparison,  
values of the 1

2g
E ( )  and 

1g
A ( )  modes in both 

supported- and suspended 1L- and 2L-WS2 are of the 

same order as those for MoS2 and graphene layers 

(for the G band). Note that, our  values for Raman 

modes from 1L and 2L samples are approximately 

double those reported for supported 1L-WS2 by 

another group [33]. In particular, in their results [33], 

the Raman frequencies of 1

2g
E ( )  and 

1g
A ( )  modes 

barely change with temperature in the range ~80–250 K, 

whereas a linear dependence was observed throughout 

this temperature range in our samples. The discrepancy 

could be related to dielectric environment, temperature 

control, or the contact between sample and heat sink. 

Moreover, the response of Raman peak frequencies to 

temperature in 1L is different from that of 2L. The  
value of the 

1g
A ( )  mode for 1L-WS2 is larger than 

that of the 1

2g
E ( )  mode and vice versa for 2L-WS2, 

similar to what was previously reported for 1L-MoS2 

 

Figure 5 (a) Optical microscopy images of CVD-grown WS2 layers transferred onto SiO2/Si substrates chemically etched with an 
array of holes ~3–6 µm in diameter. The number of layers is labeled. (b) Schematic of the temperature-Raman measurements showing 
suspended WS2 on SiO2/Si substrates and the excitation laser light. Temperature dependence of 1

2gE ( )  and 1gA ( )  peak frequencies of 
suspended (c) 1L- and (d) 2L-WS2, including linear fit and  values. 
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[26, 41], few-layer and bulk MoS2 [32, 41]. The larger 

phonon frequency shift of the out of plane 
1g

A ( )  

mode in 1L has been attributed to stronger coupling 

between 
1g

A ( )  phonons and electrons than the 

electron– 1

2g
E ( )  phonon coupling [41]. 

Furthermore, the thermal conductivities of suspended 

1L- and 2L-WS2 were investigated. In order to obtain 

the intrinsic thermal conductivities of WS2 layers, it  

is necessary to exploit suspended samples because 

the substrate may influence the heat dissipation due 

to the phonon leakage in the vicinity of interfaces 

between the material and the substrate as observed 

for supported graphene samples [25, 46]. Micro-Raman 

spectroscopy has previously been used to study the 

thermal conductivities of 2D materials [24, 26]. The 

hole and the laser beam sizes are important parameters 

to determine the accurate thermal conductivity. In 

our case, the hole size is ~6 μm in diameter (Fig. 5(a)), 

which is much larger than the laser spot size (~0.5 μm). 

The laser-induced heat flows radially from the centre 

of the suspended WS2 layers towards the edge of the 

hole, as evidenced by the theoretical simulation. Raman 

spectra for the 
1g

A ( )  peaks of 1L- and 2L-WS2 at 

various laser powers are shown in Figs. 6(a) and 6(b), 

respectively. As the laser power increases, the 
1g

A ( )  

peak intensity increases and its frequency red-shifts. 

The power dependences of the 
1g

A ( )  peak positions 

for 1L- and 2L-WS2 are shown in Figs. 6(c) and 6(d), 

respectively. The linear red-shifts of the 
1g

A ( )  peaks 

in both 1L- and 2L samples reflect the local temperature 

rise in suspended layers. The slopes of  / P  are 

–7.85 ± 0.3 and –3.74 ± 0.2 cm–1/mW for 1L- and 2L-WS2, 

respectively. 

It should be noted that the 1

2g
E ( )  mode also shows 

a red-shift behaviour with increasing laser power (the 

data are not shown here) but its peak overlaps with 

other Raman peaks, and thus, the 
1g

A ( )  peak was 

selected for determining the thermal conductivity of 

the WS2 flake.  

The thermal conductivity can be evaluated by  

use of the experimental data from temperature- and 

power-dependent Raman measurements together 

with a recently developed heat diffusion model    

for 2D materials of graphene [25] and 1L MoS2 [26]. 

The heat diffusion in the suspended region can be 

expressed as 


 

  
 

i
d ( )1 d

( ) 0
d d

T r
r q r

r r r
 for r <0      (2) 

where  is the thermal conductivity of suspended 

WS2 layers, Ti(r) is the temperature distribution inside 

the hole, r is the position measured from the centre  

of the hole and R = 3 μm is the radius of hole. The q(r) 

in Eq. (2) represents the volumetric optical heating, 

where the absorbed excitation power at 532 nm (~4% 

Table 1 First-order temperature coefficients of the Raman modes from WS2, MoS2 and graphene layers 

Sample Comments  (cm–1/K) T (K) λex (nm) Ref. 

1L-WS2 Supported, CVD –0.0125 –0.0149 80–380 532 This work 

1L-WS2 Suspended, CVD –0.0117 –0.0144 80–380 532 This work 

2L-WS2 Supported, CVD –0.0133 –0.0121 80–380 532 This work 

2L-WS2 Suspended, CVD –0.0128 –0.0114 80–380 532 This work 

1L-WS2 Supported, exfoliated –0.0006 –0.0006 77–623 514.5  Thipuranthaka and 
Dattatray [33] 

1L-MoS2 Supported, CVD –0.013 –0.016 ~300–450 532 Lanzillo et al.[41] 

Bulk MoS2 Supported, CVD –0.015 –0.013 ~300–450 532 Lanzillo et al. [41] 

1L-MoS2 Suspended, exfoliated –0.011 –0.013 100–320 514.5 Yan et al. [26] 

1L-MoS2 Supported, exfoliated –0.017 –0.013 100–320 514.5 Yan et al. [26] 

Few layer MoS2 Supported, CVD –0.0132 –0.0123 ~83–523 532 Sahoo et al. [32] 

1L graphene Supported, exfoliated –0.0162 (G) – 83–373 488 Calizo et al. [22] 

2L graphene Supported, exfoliated –0.0154 (G) – 113–373 488 Calizo et al. [22] 
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per layer) is used [15] (see the ESM for details). Note 

that, no additional metallic heat sink layers [25] (e.g. 

Au film) are used in our case, since metals may 

significantly modify the properties of 1L TMD [47]. 

Instead of using an additional heat sink, the heat 

transfer outside the suspended region and the 

boundary conditions have been considered in order 

to calculate the temperature profile, following to the 

method used in a recent study [26]. More details are 

given in the ESM. Figures 7(a) and 7(b) show the 

temperature profiles across the hole of 1L- and 2L-WS2, 

respectively, simulated under various laser powers 

used in the measurements. The focused laser spot  

at the centre of the suspended region results in a rise  

of local temperature and the heat dissipates from  

the centre towards the edge of the hole due to the 

temperature difference. In the area near the boundary 

of the hole, the temperature nearly reaches the ambient 

temperature of 300 K. The spatial distributions of 

temperature over the suspended 1L and 2L WS2 at 

the maximum laser powers used were calculated, as 

shown in Figs. 7(c) and 7(d), respectively. Temperature 

changes caused by the excitation beam mostly occur 

within the suspended areas with the diameter of 6 μm.  

To build a relationship between the Raman data and 

the temperature calculations, the average temperature 

(inside the laser spot) induced by the laser excitation 

in our Raman measurements has been formulated as 

[25, 26] 





i0

m

0

( ) ( )d

( ) d

R

R

T r q r r
T

q r r r
           (3) 

where Ti(r) is related to the thermal conductivity of  

 

Figure 6 Raman spectra of suspended (a) 1L- and (b) 2L-WS2, recorded at different excitation laser power. Power dependence of
the 1gA ( )  peak frequencies (spheres) for suspended (c) 1L- and (d) 2L-WS2, including linear fits of experimental data. The inset in (c) is a 
cross-section schematic of the thermal conductivity measurement, illustrating the suspended WS2 layers and the size of the excitation 
laser beam compared with the diameter of a hole. 
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as described in Eq. (2). Furthermore, the dependences 

of δTm/δP on the thermal conductivities of 1L and 2L 

WS2 have been calculated, as shown in Figs. 7(e) and 

7(f), respectively. The experimental values of δTm/δP 

for 1L- and 2L-WS2 are 5.45 × 105 and 3.28 × 105 K/W, 

respectively, as determined by using the slopes from 

both temperature- and power-dependent Raman shifts 

of the A1g modes. By use of these experimental values 

of δTm/δP and the theoretical relationships (the solid 

curves in Figs. 7(e) and 7(f)) between δTm/δP and  for 

1L- and 2L-WS2, values of the thermal conductivity of 

32 and 53 W/(m·K) are extracted for 1L- and 2L-WS2, 

respectively.  

Previous studies have shown that the thermal 

conductivities for suspended layered samples may be 

affected by the fabrication process, the method of 

determination, the sample size (i.e. thickness and 

area), and environmental contamination [25, 48, 49]. 

For instance, the reported thermal conductivities for 

suspended graphene samples at room temperature 

vary over a broad range from 1,500–5,000 W/(m·K) 

[25, 48, 49]. To acquire an intuitive understanding of 

the values we obtained for  in 1L- and 2L-WS2, Table 2 

summarizes thermal conductivities of 2D materials, 

including suspended WS2, MoS2, h-BN and graphene 

flakes. The thermal conductivities of 1L- and 2L-WS2  

 

Figure 7 Calculated temperature profiles for (a) 1L- and (b) 2L-WS2 at various excitation powers (units of mW). Simulated spatial 
temperature distributions for (c) 1L- and (d) 2L-WS2 at the excitation powers of 0.32 and 0.6 mW. Plots of δT/δP versus  for (e) 1L-
and (f) 2L-WS2. Solid curves are the theoretical predicted relationships. Blue dots are the positions corresponding to experimental 
observations. 
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are comparable with those of exfoliated 1L-MoS2 

(34 W/(m·K)) and few layer MoS2 (52 W/(m·K)) grown 

by a vapor-phase method [26, 32], and are one/two 

orders smaller than that of BN/graphene [23, 24]. A 

knowledge about the thermal conduction properties 

of 1L- and 2L-WS2 will significantly promote their 

applications in semiconducting devices. As an alterna-

tive to conducting graphene, the recent developments 

in 2D semiconductors (e.g. TMD monolayers) could 

play a revolutionary role in the future development 

of electronics and optoelectronics. 

3 Conclusions 

We report the temperature and excitation dependences 

of the first-order 1

2g
E ( )  and 

1g
A ( )  Raman modes of 

CVD-grown 1L- and 2L-WS2. It was found that 

1

2g
E ( )  and 

1g
A ( )  peak frequencies decrease with 

increasing temperature for both supported and 

suspended samples. The temperature coefficient of 

the 
1g

A ( )  mode is larger than that of the  mode in 

1L-WS2. This is due to stronger electron–A1g phonon 

coupling in 1L-WS2 than that of the 1

2g
E ( )  mode. 

Employing the local heating effect of the laser power 

on the suspended samples, the thermal conductivities 

at room temperature were estimated to be 32 W/(m·K) 

for 1L-WS2 and 53 W/(m·K) for 2L-WS2. Our experi-

mental results provide an understanding of the heat 

dissipation and fundamental thermal parameters in 

atomically thin WS2 layers, which should make a 

significant contribution to the development of device 

applications based on 2D semiconductors.  

4 Experimental 

1L- and 2L-WS2 samples were grown by CVD on 

SiO2/Si substrates [13, 15]. For the suspended samples, 

the as-grown WS2 layers were transferred onto the 

substrates with holes of 3–6 μm in diameter prepared 

by the reactive ion etching technique. The depth of 

the hole on the substrate is ~3 μm. The transfer 

procedure was carried out according to previous 

work [50]. The thicknesses of the samples were 

measured by AFM and confirmed by PL and Raman 

spectrometers. Micro-Raman and PL measurements 

were carried out using a WITEC Raman system with 

488 and 532 nm excitation lasers. The laser spot size 

was determined by the line-scan profile of the Raman 

signal across the sharp sample edge. In the tem-

perature-dependent Raman measurements, a 50× 

objective lens with a long working distance and a 

numerical aperture (NA) of 0.55 was used. The laser 

beam size was ~1 μm. The temperature was controlled 

by a thermal stage (Linkam) in a vacuum chamber 

cooled by the liquid nitrogen. To avoid heating 

induced by the excitation laser, the laser power was 

maintained at ~40 μW throughout all the measu-

rements. In the power- dependent measurements, a 

100× objective lens with NA = 0.95 was used. The 

laser beam spot was approximately 0.5 μm. The 

Raman spectra were taken from suspended 1L and 

2L samples, in which the samples were excited by 

different laser powers varying from 0.02 to 0.6 mW, 

which are known not to damage the WS2 layers [32]. 
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Table 2 Thermal conductivities of 2D materials at around room temperature 

Sample type Comment  (W/(m·K)) Methods Ref. 

1L-suspended WS2 CVD (transferred) 32 Raman This work 

2L-suspended WS2 CVD (transferred) 53 Raman This work 

1L-suspended MoS2 Pristine (exfoliated) 34 Raman Yan et al. [26] 

Few layer-suspended MoS2 CVD (transferred) 52 Raman Sahoo et al. [32] 

5- and 11-layer h-BN Pristine (transferred) 250, 360 Microbridge Jo et al. [23] 

1L-suspended graphene Pristine (exfoliated) 4,840–5,300 Raman Baladin et al. [24] 

1L-suspended graphene CVD (transferred) ~1,450–3,600 Raman Cai et al. [25] 

2L-suspended graphene CVD (transferred) ~560–620 Thermometer Pettes et al. [48] 
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