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Two-dimensional (2D) materials have been a great interest as high-performance transparent and flexi-

ble electronics due to their high crystallinity in atomic thickness and their potential for variety applica-

tions in electronics and optoelectronics. The present study explored the wafer scale production of

MoS2 nanosheets with layer thickness modulation from single to multi-layer by using two-step method

of metal deposition and CVD process. The formation of high-quality and layer thickness-modulated

MoS2 film was confirmed by Raman spectroscopy, AFM, HRTEM, and photoluminescence analysis.

The layer thickness was identified by employing a simple method of optical contrast value. The image

contrast in green (G) channel shows the best fit as contrast increases with layer thickness, which can

be utilized in identifying the layer thickness of MoS2. The presence of critical thickness of Mo for

complete sulphurization, which is due to the diffusion limit of MoS2 transformation, changes the line-

arity of structural, electrical, and optical properties of MoS2. High optical transparency of >90%, elec-

trical mobility of �12.24 cm2 V�1 s�1, and Ion/off of �106 characterized within the critical thickness

make the MoS2 film suitable for transparent and flexible electronics as compared to conventional

amorphous silicon (a-Si) or organic films. The layer thickness modulated large scale MoS2 growth

method in conjunction with the layer thickness identification by the nondestructive optical contrast

will definitely trigger development of scalable 2D MoS2 films for transparent and flexible electronics.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905476]

Two dimensional (2D) transition metal dichalcogenide

(TMD) materials have received considerable research inter-

est in the past few years because of their unique properties

and wide applications in transparent and flexible electronics,

sensors, and sustainable energy.1–4 In particular, molybde-

num dichalcogenide (MoS2), a 2D semiconductor material

has proven to be a very interesting material for future trans-

parent and flexible optoelectronic device applications due to

its high mobility (�200 cm2 V�1 s�1), high current on/off

ratio (�108), and quantum confinement effects observed in

atomic layer thickness.5,6 Its layer thickness-dependent

band gap, for example, changing from 1.3 eV for bulk MoS2

(indirect bandgap) to 1.9 eV for single layer MoS2 (direct

band gap), opens avenues for highly efficient opto-electronic

devices.7–10 There have been considerable efforts for the

scalable synthesis and thickness control of MoS2 films that is

necessary for the development of practical and efficient devi-

ces. Most of the reports are dealing with the mechanical

exfoliation of bulk MoS2 as it is bonded with relatively weak

van der Waals force between each layer.11,12 However, this

method results in the formation of sub-micrometer size

MoS2 flakes with arbitrary distribution of film thickness.13,14

Recently, a direct growth method of MoS2 monolayer using

vapor-phase reaction of MoO3 and sulfur (S) powders in a

CVD furnace has been demonstrated.15–17 This method dem-

onstrated the formation of small size single layer MoS2 with

poor mobility and without a clear control over the film thick-

ness. Besides this, the reaction of MoO3 with S results in the

formation of byproducts like MoO2, MoS2 nanoparticles, or

nanorod structures instead of forming continuous MoS2

layers during the synthesis.18 Lin et al.19 fabricated a wafer-

scale few layer MoS2 on sapphire substrate by a two-step

thermal process on evaporated MoO3 layers in the presence

of sulfur. However, there still lacks of controlling the layer

thickness of MoS2 film. Therefore, it is imperative to de-

velop a method that can precisely control the thickness of

MoS2 over a large scale to make it suitable for various elec-

tronic and optoelectronic applications via the band gap

engineering.

Apart from controlling the layer thickness, it is required

to grow atomic-layer MoS2 in large area for its practical use

in electronic devices while keeping its compatibility with

standard micro-fabrication technology. Ma and Shi20

attempted to grow large area MoS2 by using thermal evapo-

ration technique, but it resulted mainly in the island growth.

Similarly, Hu et al.21 reported the MoS2 nanoparticles for-

mation by using pulsed laser deposition technique. Several

groups reported very poor mobility in large area MoS2 films

grown by CVD methods.22,23 However, they did not report

on the thickness modulation of MoS2 films. In this work, we

report on the synthesis of wafer scale (�2 in.) layer

thickness-modulated MoS2 thin films and their thickness

identification. The layer thickness control from multi-layer

(12.20 nm) to single layer (0.72 nm) was achieved by con-

trolling Mo deposition times. In order to identify the layer
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thickness of MoS2, we employed a simple and nondestruc-

tive method utilizing camera image of MoS2 films deposited

on glass substrates. Our method is better than the previously

reported white light contrast spectroscopy where continual

white light source, spectrometer, and expensive charged

coupled device (CCD) detectors are required.24 Furthermore,

the high field effect mobility in large-scale MoS2 film in

addition to its high optical transmittance (�95%) and Ion/off

ratio will make it suitable candidate for future transparent

and flexible optoelectronic devices.

Large area growth and thickness modulated MoS2 films

were synthesized by using the two-step synthesis method.

First step involves the sputter deposition of Mo films on

(100)-oriented doped Si substrates with 300 nm thick SiO2

top layer. A high purity (99.99%) Mo target was sputtered at

different deposition times, such as 4 (L1), 10 (L2), 30 (L3),

60 (L4), and 180 (L5) s to control the Mo film thickness. sec-

ond step involves the subsequent vapor phase sulfurization of

Mo films in a low pressure chemical vapor deposition

(LPCVD) system at 600 �C, 5 Torr by using argon as a carrier

gas to convey sulfur vapor species to the downstream Mo

films. Thickness measurement of Mo and MoS2 films was

performed by an AFM (Parks NX-10) system and TECNAI

F20 S-Twin (FEI Co, The Netherland) Transmission Electron

Microscope (TEM). Raman spectra of MoS2 thin films were

collected in Almega XR Raman spectrometer equipped with

an Olympus BX51 microscope. The electrical measurements

were performed at room temperature by using an Agilent

B2912A precision source/measure unit connected to a probe

station. Room temperature photoluminescence (PL) and visi-

ble spectroscopy were employed to characterize the quality

and optical transmittance of MoS2 films.

Fig. 1(a) shows the Raman spectra corresponding to

samples L1�L5 measured at 532 nm excitation laser line to

assess the presence and quality of the MoS2 films. Raman

peaks for the E1
2g and A1g vibration modes could be seen in

all the samples. A peak frequency difference (Dk) of

19.7 cm�1 between two characteristic Raman modes E1
2g

(385.5 cm�1) and A1g (405.2 cm�1) in sample L1 indicates

the presence of single-layer MoS2.25 A gradual increase in

Dk from 19.7 cm�1 (sample L1) to 27 cm�1 (sample L5) rep-

resents an increase in the number of MoS2 layers from single

to bulk-like nature.26 Raman peak broadening is also

observed (Fig. 1(a)) when thickness is increased from SL

MoS2 (sample L1) to bulk MoS2 (sample L5). The increment

of lateral inhomogeneity present over the film with increas-

ing film thickness is the major cause of the Raman peak

broadening.27 In order to assess the semiconducting phase

and optical quality of SL MoS2, we carry out PL spectros-

copy on sample L1 as shown in the inset of Fig. 1(a). The

peak at photoluminescence energy of �1.89 eV at K point in

the visible region confirms the presence of single-layer

MoS2.28 However, two additional peaks in PL spectra with

smaller energies below the bandgap could be attributed to

the presence of trap levels between conduction and valence

band arising from imperfections of MoS2 lattice.29 The number

of MoS2 layers present in the MoS2 samples was also deter-

mined by AFM height profile measurement as shown in

Fig. 1(b). The thickness of MoS2 as estimated by AFM height

profiles was found to be 0.72, 3.01, 5.40, 7.16, and 12.69 nm

for L1, L2, L3, L4, and L5, respectively. Fig. 1(c) shows the pho-

tograph of MoS2 nanosheet transferred on the flexible polyeth-

ylene terephthalate (PET) substrate confirming its feasibility in

flexible and transparent electronic device applications.

We observed that Mo films were fully sulfurized into

MoS2 only up to a critical thickness in our CVD process. The

extent of sulfurization in Mo films was performed by a simple

calculation based on the lattice parameters of Mo (bcc) and

MoS2 (hcp) materials. Theoretically, when Mo films are com-

pletely sulfurized, lattice constant (�3.147 Å)30 of Mo crystal

is changed into MoS2 lattice constant (�12.29 Å),31 as shown

in the inset of Fig. 2(a). The expected thickness change dur-

ing Mo to MoS2 transformation can be estimated by

TMo � 3:91 ¼ TMoS2
; (1)

where TMo and TMoS2 are the thicknesses of Mo and MoS2

films, respectively. Fig. 2(a) compares the theoretically

(Eq. (1)) and experimentally measured (AFM) thickness of

MoS2 films corresponding to samples L1�L5. It is evident

from the figure that up to sample L3, the MoS2 thicknesses

are in agreement with the theoretical calculations demon-

strating that the Mo films are completely transformed into

MoS2. However, a significant deviation is observed for sam-

ples L4 and L5. It could be explained that during sulfuriza-

tion, sulfur vapor diffusion is the rate-limiting process.

Hence, the sulfur atom could not react with Mo molecules

beyond a certain thickness of MoS2 film at given temperature

and time. Therefore, the thicknesses for L4 and L5 were

lower than the calculated values. Figs. 2(b)–2(d) show the

cross-sectional HRTEM images for samples L1, L2, and L4,

respectively. The thickness of MoS2 film for sample L1, as

determined by HRTEM, was �0.69 nm, which is in agree-

ment with our AFM results. The inset of Fig. 2(b) clearly

shows the formation of SL MoS2. The HRTEM image of

sample L2 shows the formation of 3–4 layers of MoS2. It is

FIG. 1. (a) Raman spectra of MoS2 thin films for different layered samples

of L1–L5. The peak frequency differences (Dk) are �19.7, 21.2, 23.4, 24.7,

and 27 cm�1 for samples L1, L2, L3, L4, and L5, respectively. Inset shows

the PL spectra of single layer MoS2 on Si/SiO2. (b) AFM height profiles of

samples L1 (inset) and L2–L5. (c) Photograph of SL MoS2 film transferred

on a flexible (PET) substrate demonstrating flexibility and transparency.
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worth noting that the cross-sectional HRTEM image of sam-

ple L4 shows the presence of two different materials (differ-

ent contrasts in Fig. 2(d)) with a wavy type layered structure

of MoS2 on top-section while a thin interfacial structure on

the bottom-section. It seems that the interfacial structure is

not fully sulfurized and affects its electrical and optical prop-

erties. A similar image was observed in case of sample L5.

The electrical properties of MoS2 films were determined

by characterizing MoS2-field effect transistor (FET) devices

using 50 nm thick Au as source and drain electrodes, 300 nm

thick SiO2 served as dielectric layer, and doped silicon as the

back gate. Electrical measurements on sample L1 showed a

very high resistance without an indication of FET behavior

or gate biasing effect. It could be attributed to the large spa-

tial constraints imposed by the substrates for very thin layers

of MoS2 and/or grain discontinuity across the film. The elec-

trical characterization (Id-Vg curve) of MoS2 thin film corre-

sponding to samples L2 and L3 (Fig. 3(a)) exhibits p-type

conductance which could be attributed to the presence of

localized trap states at the interface of Si/SiO2 substrate and

MoS2 film.32 The inset of Fig. 3(a) shows the Id-Vg curves of

L2 on L3 on logarithmic scale. The field effect mobility is

calculated using formula: l¼ (L/WCox)DG/DVg,33 where

G¼ IDS/VDS is the conductance, L¼ 10 lm is the length,

and 30 lm is the width of the MoS2 channel. DG/DVG

¼ (1/VDS)(DIDS/DVG) is determined from the slope of a

linear-fit of the data ranging from Vg¼þ15 V to Vg

¼�15 V. Cox¼ e0er/d is the capacitance per unit area, where

the thickness of the SiO2 layer d¼ 300 nm, the free-space

permittivity e0¼ 8.854 � 10�12 F m�1, and the relative per-

mittivity of Si er¼ 3.9. The average value of field effect mo-

bility (l) and current on/off (Ion/off) ratio for sample L2, as

determined from Fig. 3(a), is 12.24 6 0.741 cm2 V�1 s�1 and

1.57� 106, respectively. It is important to note that the meas-

ured mobility in our sample is higher than the previous

reports of exfoliated single-crystal MoS2 and CVD grown

MoS2, and it is comparable with the mobility of amorphous

silicon (a-Si) and organic materials.34,35 For sample L3, the

values for l and Ion/off are 0.44 6 0.062 cm2 V�1 s�1 and

5.7� 104, respectively. However, samples L4 and L5 show a

conducting nature of MoS2 films with very low resistance

(�102 X), which could be attributed to the presence of

un-transformed interfacial layer at the bottom of film. The

spectral transmission for the MoS2 films with different thick-

nesses, samples L1�L5, was also measured over the wave-

length range of 300–800 nm (Fig. 3(b)). An average optical

transmittance value up to 95% was observed in the single

layer MoS2 film and the value was decreased with increasing

film thickness. The very low transmittance from L4 and L5

MoS2 film is attributed to the presence of the interfacial layer

as explained above. The high optical transmittance with high

field effect mobility and Ion/off ratio in sample L2 makes it

suitable for optoelectronic devices.

To identify the number of layers in thickness-modulated

CVD grown MoS2, we introduced a method of using the

contrast of a photographic image, which is a simple and non-

destructive characterization method. Fig. 4(a) shows a typi-

cal camera image of the MoS2 films (L1�L5) on glass. The

photographic image (Fig. 4(a)) was decomposed into its red

(R), green (G), and blue (B) channels shown in Figs.

4(b)�4(d) by using scientific python, which allows to deter-

mine the contrast of each channel.36 The contrast of MoS2

films on glass/paper can be calculated using the following

equation:24

C ¼ I0 � I

I0

; (2)

where I0 and I are the reflected light intensities from the air-

glass (substrate) interface and air-MoS2 interface, respec-

tively. Our definition of contrast (Eq. (2)) is modified slightly

to instantiate a definition for the contrast of each separate

channel (R, G, and B)

CRGB ¼
I0;RGB � IRGB

I0;RGB
; (3)

where I0;RGB and IRBG are the channel intensities of either

red, green, or blue channel from light that interacts with sub-

strate and MoS2, respectively. The calculated results by

using Eq. (3) for all three channels, R, G, and B, across the

FIG. 3. (a) Electric charge transfer characteristics (Id-Vg curve) for samples

L2 and L3 at Vd¼ 0.5 V. Inset shows the corresponding curves on logarith-

mic scale. (b) UV-vis optical transmittance spectra of MoS2 films corre-

sponding to samples L1 (0.72 nm)–L5 (12.69 nm).

FIG. 2. (a) Theoretical and experimental thickness values of Mo and MoS2

thin films corresponding to samples L1–L5. Inset shows the crystal structure

and lattice constants of Mo and MoS2. Cross-sectional HRTEM images of

MoS2 films for samples (b) L1, (c) L2, and (d) L4.
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five thicknesses are shown in Fig. 4(e). These contrast values

were calculated by taking the statistical mean of I0;RGB and

IRGB across rectangular domains from the substrate and each

MoS2 film to account for variations (see Fig. 4(c)) for an

example of the rectangular domains. This data is plotted as a

function of MoS2 thickness (measured from AFM) so that a

linear regression (solid lines) can be fit to the experimental

data. The linear regression then provides the link between

contrast and expected thickness. It is clear from Fig. 4(e) that

blue channel has the largest range with the worst linear fit of

R2 ¼ 0:7237. The green channel has the best linear fit of

R2 ¼ 0:996 making it the most accurate channel for thick-

ness identification. The corresponding linear regression of

the green channel is

CG ¼ 0:06894x� 0:0259; (4)

where CG is the contrast of the green channel and x is the

MoS2 thickness. This yields the critical link between the

layer thickness of the MoS2 layer, x, and the contrast of the

green channel, CG. Thus, an explicit relationship between x
and the green intensities, IG and I0;G, can be acquired by

substituting the green configuration of Eq. (3) into Eq. (4),

and solving for x

x ¼

I0;G � IG

I0;G

� �
þ 0:0259

0:06894
; (5)

with this Eq. (5), the MoS2 thickness can be predicted by

simply knowing the I0;G and IG values, which can be easily

determined from any color image by using its green channel.

We found that the image contrast in green (G) channel shows

the best fit as contrast increases with layer thickness, which

can be utilized for identifying the layer thickness simply by

taking an optical image of MoS2. Fig. 4(f) shows the three

dimensional thickness distribution of MoS2 samples (L1�L5)

obtained by iterating Eq. (5). Contrast differences for the

MoS2 samples with different thicknesses can clearly be seen

in this figure.

We report the synthesis of layer-thickness modulated

MoS2 film from multilayers to single layer and its optical

and electrical properties towards its application in transpar-

ent and flexible electronics. The formation of high quality

and layer thickness modulated MoS2 film was confirmed by

Raman spectroscopy, AFM, HRTEM, and PL analysis. The

characterized high optical transparency of >90%, electrical

mobility of �12.24 cm2 V�1 s�1, and Ion/off of �106 of the

large scale MoS2 film are suitable for transparent and flexible

electronics as compared to conventional amorphous silicon

(a-Si) or organic films. We observed the presence of critical

thickness of MoS2 over which Mo film was not fully sulfur-

ized due to its diffusion limit in phase transformation. A sim-

ple layer thickness identification method based on calculated

contrast values in green channel is very well matched with

the experimental data confirming its utilization in layer-

thickness identification in CVD grown MoS2 film. The layer-

thickness modulated MoS2 growth in conjunction with the

layer-thickness identification method will definitely trigger

development of scalable 2D MoS2 films for transparent and

flexible electronics.
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