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We investigate the growth mechanism and temperature dependent Raman spectroscopy of chemically vapor deposited 

large area monolayer of MoS2, MoSe2, WS2 and WSe2 nanosheets up to 70 μm in lateral size. Further, our temperature 

dependent Raman spectroscopy investigation shows that softening of Raman modes as temperature increases from 80K to 

593K due to the negative temperature coefficient and anharmonicity. The temperature dependent softening modes of 

chemically vapor deposited monolayers of all TMDCs were explained on the basis of a double resonance phonon process 

which is more active in an atomically thin sample. This process can also be fundamentally pertinent in other emerging two-

dimensional layered and heterostructured materials. 

Introduction 

The atomically thin transition metal dichalcogenides (TMDCs)
 1-6

 

materials such as MoS2, MoSe2, WS2, WSe2, MoTe2 etc have been 

gained much interest due to their prospective applications in 

nanoelectronics and optoelectronics devices.
 1-8

 For example, the 

bulk MoS2 is semiconducting in nature and possesses indirect band 

gap of 1.2 eV and while the monolayer has direct and wide band 

gap of 1.8 eV
9
. Similarly the monolayers of MoSe2, WS2, and WSe2 

possesses direct band gap of 1.58 eV, 
10

 2.1 eV, 
11

 and 1.6 eV 
12

 

respectively. The tuning of bandgap from monolayer to bulk affects 

the various properties such as electrical, optical, chemical, 

magnetic, mechanical properties which indeed show its potential 

applications in various nanoelectronics and optoelectronic devices. 

Recently chemical vapor deposition (CVD) method has been widely 

used to deposit the nanosheets of various inorganic and other 

emerging materials due to fast, large area and control growth of the 

materials.
13-14

 The sample prepared under identical conditions by 

various research groups shows that the variation in the mobility is 

due to the poor quality of the sample.
15-16

 It is important to 

understand the vibrational properties of these chalcogenides 

layered materials prepared in the identical condition and 

instrument. 
17
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 Raman spectroscopy is very appropriate and advanced 

technique to characterize the structural, optical and mechanical 

properties of layered material such as graphene,
18-24

 MoS2,
25-28

 

MoSe2,
28-30

 WS2,
24,31-32 

WSe2,
28,29,33

 MoTe2,
34

 WTe2,
35

 Black 

phosphorous,
36

 TiS3
37

 and other layered materials
38

. The Raman 

spectroscopy technique is widely used to identify the number of 

layers present in the graphene by monitoring 2D bands position and 

intensity ratio, as well used to find out diameter of single walled 

carbon nanotubes (SWNT’s) 
39-43

 and number of layers present in 

the 2D chalcogenide
16-26

. The investigations of the vibrational 

properties of chalcogenides layered materials is important to know 

electron-phonon interaction, which plays an significant role on the 

electronic behavior of the nanodevices and thus it can even affects 

the charge carrier mobility,
2,44

. The systematic study of the 

vibrational properties of CVD grown MoS2, WS2, WSe2 and MoSe2 at 

wide temperature range is still lacking in the literature. The Raman 

spectra of MoS2 shows strong out-of plane mode  and in-plane 

mode  as an prominent peaks corresponding to the excitation of 

(E
1

2g) and (A1g) Raman modes, whose frequencies exhibit a linear 

temperature dependence over the entire temperature range from 

80 K to 593 K. The first order temperature coefficients (χ) 

associated with each Raman mode has been calculated from the 

slope of straight line fitted with Raman shift as a function of 

temperature. 
23, 45

 This observed variation with temperature in 

Raman mode, is similar to that observed in other 2D systems 

including graphene.
46-48

 

We present here the CVD grown monolayer MoS2, MoSe2, WS2 and 

WSe2 under argon (Ar) atmosphere without using vacuum and 

present its temperature dependent Raman spectroscopy studies. 

Experimental Methods: 

Synthesis Method 

Chemical vapor deposition of single-layer MoS2: 

We have synthesized monolayer MoS2 by using CVD method 

containing two heating zones (as shown in supporting Information 

figure S1 (a)). In typical experiment, Sulfur (S) powder (99.9%, 

Sigma Aldrich) was placed in the first zone at upstream, and 

Molybdenum Oxide (MoO3) powder (99.5%, HPLC analytic reagent 

grade) was placed inside the quartz tube (50 mm dia.) in the second 

zone. A cleaned 300 nm SiO2/Si wafers were then placed face down 

on the alumina boat which contains MoO3 powder. The temperature 

of second zone was raised up to 750 °C with a heating ramp of 

10°C/min and the deposition was taken at 750°C for 10 min. During 

the same time, the temperature of the first zone was also reached at 

1200C so as to evaporate the sulfur powder.  After the deposition 

furnace was allowed to cool naturally to room temperature. During 

all the growth process, the argon flow rate was maintained at 50 

SCCM.  

Chemical vapor deposition of single-layer MoSe2:  

In typical experiment, Selenium (Se) powder (99.9%, Sigma 

Aldrich) was placed in the first zone at upstream, and MoO3 powder 

was placed inside the quartz tube (50 mm dia.) in the second zone. A 

cleaned 300 nm SiO2/Si wafers were then placed face down on the 

alumina boat which contains MoO3 powder. The temperature of 

second zone was raised up to 750°C with a heating ramp of 

10°C/min and the deposition was taken at 750°C for 10 min. Further, 

the temperature of the first zone was also reached at 2500C so as to 

evaporate the Se powder on same time of reaction.  After the 

reaction furnace was allowed to cool naturally to room temperature. 

During all the growth process flow rate of gas was maintained at 50 

SCCM (Ar 40 SCCM + 10 SCCM H2). 

Chemical vapor deposition of single-layer WS2: 

Page 2 of 17Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Nanoscale ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

In typical experiment, S powder was placed in the first zone of 

furnace at upstream and Tungsten Oxide (WO3) powder (99.5%, 

HPLC analytic reagent grade) was placed inside the quartz tube (50 

mm dia.) in the second zone. A cleaned 300 nm SiO2/Si wafers were 

then placed face down on the alumina boat which contains WO3 

powder. The temperature of second zone was raised up to 950 °C 

with a heating ramp of 10°C/min and the deposition was taken at 

950°C for 10 min. The care has been taken so as to reach the 

temperature of the first zone at 1200C on same time of reaction so as 

to evaporate the S powder. After the deposition furnace were 

allowed to cool down naturally to room temperature. During all the 

growth process, the Ar gas flow rate was maintained at 50 SCCM.  

Chemical vapor deposition of single-layer WSe2: 

In typical experiment, Se powder was placed in the first zone at 

upstream and WO3 powder was placed inside the quartz tube (50 mm 

dia.) in the second zone. A cleaned 300 nm SiO2/Si wafers were then 

placed face down on the alumina boat which contains WO3 powder. 

The temperature of second zone was raised up to 950 °C with a 

heating ramp of 10°C/min and the reaction were carried out at 950°C 

for 10 min. The temperature of the first zone was raised upto 2500C 

so as to evaporate the Se powder on the same time of reaction.  After 

the deposition the furnace was allowed to cool down naturally to 

room temperature. During all the growth process gas flow rate was 

maintained at 50 SCCM (Ar 40 SCCM +10 SCCM H2). 

Material Characterizations 

Chemical vapor deposited monolayer of MoS2, MoSe2, WS2, and 

WSe2 were characterized using Optical microscope, atomic force 

microscopy (AFM) and Raman spectroscopy. The temperature 

dependent Raman spectroscopy of all TMDCs were carried out 

using  Renishaw InVia microscope Raman system with laser 

wavelength 532 nm in the back scattering geometry. The detector 

used was CCD synapse with thermoelectric cooling to -70
0
C. A 50X 

objective was used to focus the laser beam and to collect the 

Raman signal. The laser power on the sample was ∼5 mW with 

laser spot size ~1 µm to avoid the possible heating effect by the 

laser on the monolayer samples. The peak positions, intensity and 

line widths were extracted by fitting the experimental data with 

Lorentzian functions. The Optical images were captured using Nikon 

Eclipse LV 150 NL optical microscope. Auto exposure times were 

used during the image recording, which can be varied in the range 

of 10-500 ms. The AFM images were acquired using Bruker’s multi 

code 8 instrument with tapping mode. 

Results and Discussion 

Growth mechanism of single-layer TMDCs and morphology 

analysis  

In present investigations, we have synthesized monolayer TMDCs 

by simple vapor solid mechanism using tubular furnace. Figure S2 

(a-b) shows the typical side view and top view of monolayer 

TMDC’s. The formation of triangular shape of TMDCs nanosheets 

and its growth mechanism is completely depends on four factors 

such as (i) gas flow rate, (ii) substrate temperature, (iii) substrate 

which also plays an important role, and finally (iv) the ratio of M: X  

powder (where M: Mo, W and X: Se, S etc ). Figure 1 (a) shows a 

typical optical image of triangular shape single layer MoS2 

nanosheet with typical lateral dimension of ~ 35 µm. The single-

layer and few layer natures of MoS2 and other TMDCs sample were 

identified by using specific color contrast of layers using optical 

microscope 
49, 50

. Further AFM image and AFM height profile were 

measured so as to confirm the number of layers present in the 

sample. Additionally, the Raman spectrum was analyzed to identify 

number of layers preset in the MoS2 nanosheet sample.  Figure 1(b) 
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shows the typical Raman spectrum for single layer MoS2 recorded 

at room temperature. Typical Raman spectrum of single-layer MoS2 

consist of two modes E
1

2g and A1g arises due to the in plane and out 

of plane mode. The in plane mode consist of vibration of two S 

atom in one direction and Mo atom in opposite direction. While in 

case of out of plane mode two S atoms vibrate opposite to each 

other while Mo atom remains stable
51

. The peak frequency 

difference can also be monitored to find out the number of layers 

present in the sample.  In present case, the Raman frequency 

difference of E
1

2g and A1g ~19.5 cm
-1

 were observed which indicates 

single layer nature of MoS2 nanosheets sample. 
51, 52

 Figure 1(c) 

shows a typical AFM image of single-layer MoS2 and figure 1(d) 

shows typical AFM height profile which shows the thickness of 

nanosheets ~ 0.8 nm which confirms the single layer nature of 

MoS2. Figure 1 (e-f) shows typical optical images of MoS2 

synthesized >750
0
C which shows stacking of layers. Figure 2 (a) 

shows a typical optical image of triangular shape single layer MoSe2 

with lateral dimension ~ 60 µm.  Figure 2(b) shows the typical 

Raman spectrum of single layer MoSe2 recorded at room 

temperature. The most prominent peak A1g is observed at 240 cm
-1

 

due to out of plane vibration which undergoes softening of A1g 

mode in monolayer due to decreasing inter-planar restoring force. 

52, 29
 Figure 2(c) shows a typical AFM image of single-layer MoSe2 

nanosheet sample and figure 2(d) shows typical AFM height profile 

with observed thickness of sample ~ 1.1 nm which confirms the 

single layer nature of MoSe2 nanosheet sample. Figure 2 (e-f) shows 

typical optical images of MoSe2 synthesized >750
0
C which shows 

stacking of layers. The evolution of interlayer coupling originates 

from the repulsive steric effects
53

 that lead to different interlayer 

separations between the two MoS2 layers in different stacking 

configurations as seen in the optical image Figure 1 (e-f). According 

to steric effect, each atom acquires a certain amount of space that 

strongly repel with each other due to a significant energy from 

overlapping of electron clouds. The strong repulsion between two S 

atoms of the two different layers occurs when the S atom of the top 

layer sits on the S atom of the bottom layer in an eclipsed fashion at 

the interlayer distance. The atomic size and interlayer distance are 

the key parameters for observing steric effect in layered 

materials.
53, 54 

 
Figure 3(a) shows a typical optical image for single layer WS2 

with lateral dimension of ~ 15µm. Figure 3(b) shows typical Raman 

spectrum of single layer WS2 recorded at room temperature which 

consists of E
1

2g first order mode at 356.6 cm
-1

 the Brillouin zone 

center and A1g zone edge mode at 420 cm
-1

 which has been 

observed as a longitudinal acoustic mode i.e. LA (M) at the M 

point.
31, 55 

The LA (M) mode at 175 cm
-1

 arises due to M-point 

phonon which refers to particular direction and magnitude q of the 

phonon. 
31, 55

 The other peaks in the spectrum arise due to multi-

phonon combinations of first order mode, zone edge mode and 

longitudinal acoustic modes. 
31, 56-57

 It is well known that intensity of 

2LA (M) peak increases with the decreasing number of layers and 

there is softening of A1g mode due  to the decreasing restoring force 

and fine stiffening of 2LA (M) and E
1

2g (Γ) modes accordant with the 

increasing restoring force arises due to the Van der Waals 

interactions between the layers.
57

 Figure 3(c) shows a typical AFM 

image of single-layer WS2 nanosheet sample and figure 3(d) shows 

the corresponding AFM height profile depicting thickness of sample 

~ 1 nm which confirms the single layer nature of WS2 nanosheet. 

Figure 3 (e-f) shows typical optical image of WS2 nanosheet 

synthesized >950
0
C showing few layer thick nature of hexagonal 

shape nanosheets sample along with monolayer triangles are also 

seen. Figure 4(a) shows a typical optical image of single layer WSe2 
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with lateral dimension observed to be 30-60 µm.  Figure 4(b) shows 

the typical Raman spectrum of single layer WSe2 recorded at room 

temperature depicting the first order peak E
1

2g arises at 247 cm
-1

  

due to Brillouin zone center and zone edge phonons, the second 

order peak 2LA(M) observed  due to longitudinal acoustic phonons 

at the M-point in the Brillouin zone. 
51, 29, 58-59

  Figure 4(c) shows a 

typical AFM image of single-layer WSe2 nanosheets synthesized 

under identical environment and figure 4(d) shows the 

corresponding AFM height profile with thickness 1.1 nm which 

indicates the single layer nature of WSe2 nanosheets sample. Figure 

4 (e-f) shows typical optical image of WSe2 nanosheets synthesized 

> 950
0
C showing few layer thick hexagonal shape nanosheets 

sample along with monolayer triangles are also seen. 
 

It is observed that if the growth temperature is (> 750 
0
C) for case 

of MoS2 and MoSe2 the monolayer along with bilayer sheets were 

also formed for 10 min of reaction time, which is shown in figure 1 

(e-f) and figure 2 (e-f) respectively. For temperature ~750 
0
C we 

observed monolayer MoS2 and MoSe2 which were shown in figure 

1(a) and figure 2(a) respectively for 10 min of reaction time. In case 

of WS2 and WSe2 we observed few layer hexagonal shape along 

with monolayer triangles at the temperature (> 950 
0
C) for 10 min 

of reaction time, which is shown in figure 3 (e-f) and figure 4 (e-f)  

respectively. While monolayer triangular shape of WS2 and WSe2 

were observed for the reaction carried out at temperature (~950 

0
C) for 10 min as seen from optical images shown in figure 3(a) and 

4(a). Bilu Liu et.al 
60

 reported that in case of monolayer WSe2 shape 

evolution completely depends on substrate temperature. It is also 

observed that lateral size of triangles are more on insulating 

substrates such as (SiO2 and quartz) as compared to conducting 

substrates such as p-Si and n-Si (See supporting information figure 

S3 for optical images). Shanshan Wang et.al 
61

 reported that, If 

Mo:S ratio is > 1:2 then it forms triangular shape nanosheet with 

Mo terminate boundary. The majority of monolayer sample are well 

aligned with the relative orientation of edges that can be termed as 

multiples of 60° which can be confirmed by measuring the area of 

equilateral triangle 
61

. If Mo:S ratio is equal to 1:2 then hexagonal 

shape of monolayer with Mo and S terminate boundary were 

formed. If Mo:S ratio is less than 1:2 then triangular shape of TMDC 

monolayer were formed.
61

  

Temperature dependent Raman spectroscopy of TMDCs  

Figure S1 (b) shows typical experimental set-up used to carry out 

the temperature dependent Raman spectroscopy studies of 

monolayer TMDC’s. Figure 5(a) and (b) represents the typical 

Raman shift versus temperature plot for the CVD grown monolayer 

MoS2 and MoSe2 nanosheet sample respectively. From the plot it is 

clearly seen that there is downshift in the Raman modes with the 

increasing temperature. Further, with increasing temperature an 

increase in the full width at half maximum (FWHM) of the peak 

were observed for all the monolayer TMDCs. Figure 5 (c) and (d) 

shows the typical plot for the Raman shift as a function of 

temperature for the CVD grown WS2 and WSe2 nanosheet sample 

respectively. The plot clearly shows the downshift in the Raman 

modes with the increasing temperature. Apparently, the 

temperature dependence of the Raman spectrum of all theses 

chalcogenides nanosheets is similar to graphene. 
46,

 
48  

Figure 6 (a-f) 

shows the typical plot for Raman spectra peak position as a function 

of temperature for the monolayer MoS2, WS2, MoSe2, and WSe2 

sample respectively. The possible vibrational modes seen in TMDCs 

are shown in supporting information figure S4. The Raman modes 

for MoS2, WS2, MoSe2, and WSe2 behave linearly with the 

temperature range from 80K to 593K. The Raman peak positions 
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were calculated by fitting the Lorentzian functions for each mode as 

function of temperature given by the equation (1), 
62

 

𝜔(𝑇) =  𝜔0 +  𝜒𝑇                              …... (1) 

Where, ω0 is the peak position of A1g, E
1

2g and B2g vibration modes 

at zero Kelvin temperature, χ be the first order temperature 

coefficient of the A1g, E
1

2g and B2g mode. The Raman modes A1g, E
1

2g 

and B2g behave straight line with temperature and the slope of the 

fitted straight line gives the temperature coefficient (χ). The 

calculated values for temperature coefficients and change in Raman 

frequency as a function of temperature for different modes are 

shown in table 1. The change in the Raman modes with the 

temperature is mostly due to the contribution from the thermal 

anharmonicity i.e. from thermal expansion and volume 

contribution. The Raman phonon frequency ω as a function of 

temperature and volume is as shown below,
 63

 

                          (
𝜕𝑙𝑛𝜔

𝜕𝑇
) 𝑃 = (

𝜕𝑙𝑛𝑉

𝜕𝑇
) 𝑃 (

𝜕𝑙𝑛𝜔

𝜕𝑙𝑛𝑉
) 𝑇 +  (

𝜕𝑙𝑛𝜔

𝜕𝑇
) 𝑉 

                           (
𝜕𝑙𝑛𝜔

𝜕𝑇
) 𝑃 = −

𝛾

𝑘
(

𝜕𝑙𝑛𝜔

𝜕𝑃
) 𝑇 +  (

𝜕𝑙𝑛𝜔

𝜕𝑇
) 𝑉            …… (2) 

Where, 𝛾 ≈ (𝜕𝑙𝑛𝑉 𝜕𝑇⁄ )𝑃 and 𝑘 ≈ −(𝜕𝑙𝑛𝑉 𝜕𝑃⁄ )𝑇 be the volume 

thermal coefficient and isothermal volume compressibility. The first 

term from the right hand side of the equation (2) gives the volume 

contribution at constant temperature and second term represents 

the temperature contribution at constant volume. The anharmonic 

contribution can be calculated from the values of isobaric 

temperature, isothermal pressure derivative of phonon frequencies 

of the modes, Υ, κ. The change in the FWHM, intensity and shift in 

the peak position as a function of temperature can be explained by 

using double resonance phenomenon which is very active in single 

layer sample.
 

The broadening in the Raman modes with the 

temperature is based on the phonon dispersion and many body 

theoretical calculations. The change in the FWHM is mainly due to 

the contribution from the decay of zone center optical phonon into 

one acoustic and one optical phonon and these two phonons were 

selected from the phonon density states of all the TMDC’s. The 

change in the line width as a function of temperature is given by the 

equation,
 64

 

          Г(𝑇) =  Г0  + 𝐴 [1 +  𝑛 (𝜔1 , 𝑇) +  𝑛 (𝜔2 , 𝑇)]           …… (3) 

Where, Г0 represents the background contribution, A is the 

anharmonic coefficient and 𝑛(𝜔, 𝑇) is the Bose-Einstein 

contribution function. The temperature dependent FWHM can be 

determined from the parameters such as Г0, A, ω1 and ω2. The 

change in the Raman frequency (∆ω) for the Raman modes E
1

2g, A1g, 

in monolayer MoS2 was found to be 8 and 6.11 cm
-1

 respectively 

also for A1g in MoSe2 it was 4.75, in case of WS2 for E
1

2g and A1g the 

calculated values were 4.51 and 6.43 cm
-1

. The change in the 

Raman frequency for the Raman modes A1g in monolayer WSe2 was 

found to be 3.81 cm
-1

. 
 

Conclusion 

In conclusion, we have systematically reported the CVD growth of 

large area single layer MoS2, MoSe2, WS2 and WSe2 and studied its 

temperature dependent Raman spectroscopy. We have extracted 

the values of temperature coefficient and observed the change in 

Raman peak position with varying temperature for monolayer 

TMDC’s. The shifts in the Raman spectra of TMDCs were mainly 

contributed from the thermal and an anharmonic property. The 

softening of all the Raman modes were further explained in terms 

of double resonance phenomenon which is very active in single 

layer sample. The temperature dependent Raman spectroscopy 

method can also be applicable in monitoring the device 
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performance and other emerging properties of various other 

layered materials.   
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Figure 1:  

 

 

Figure 1: Chemical vapor deposited single layer MoS2 (a) Typical optical image, (b) Raman spectrum, (c) 

AFM image, (d) corresponding AFM height profile and (e – f) Optical images of stacked triangular shape 

atomically thin MoS2 layers grown  > 7500C. 
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Figure 2: 

 
 

Figure 2: Chemical vapor deposited single layer MoSe2 (a) Typical optical image, (b) Raman spectrum, (c) 

AFM image, (d) corresponding AFM height profile and (e – f) Optical images of stacked triangular shape 

atomically thin MoSe2 nanosheets grown > 7500C. 
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Figure 3: 

 

Figure 3: Chemical vapor deposited single layer WS2 (a) Optical image, (b) Raman spectrum, (c) AFM 

image, (d) corresponding AFM height profile and (e-f) Optical images of atomically thin hexagonal along 

with triangular shape of WS2 nanosheets grown > 9500C.  
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Figure 4: 

 

Figure 4: Chemical vapor deposited single layer WSe2 (a) Typical optical image, (b) Raman spectrum, (c) 

AFM image, (d) corresponding AFM height profile and (e-f) Optical images of atomically thin hexagonal 

along with triangle shape of WSe2 nanosheets grown > 9500C.  
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Figure 5: 

Figure 5: Raman shift as a function of temperature for chemical vapor deposited single layer (a) MoS2, 

(b) MoSe2, (c) WS2 and (d) WSe2. 
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Figure 6: 

 

Figure 6: Raman spectra peak position as a function of temperature for chemical vapor deposited 

monolayer MoS2 with (a) E1
2g and (b) A1g mode, WS2 (c) E1

2g and (d) A1g mode. For MoSe2 (e) A1g mode 

and for WSe2 (f) A1g mode respectively. 
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Table 1: 

 

Monolayer 

TMDCs 

Raman Modes Observed Temp. coefficient χ 

(cm-1K-1) 

Δω (cm-1) 

MoS2 E1
2g -0.0136 8 

A1g -0.0113 6.11 

MoSe2 A1g -0.0096 4.75 

WS2 E1
2g -0.0098 4.51 

A1g -0.014 6.43 

WSe2 A1g -0.0071 3.81 

 

Table 1: The temperature coefficients and frequency difference for chemical vapor deposited single-

layer TMDCs. 
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