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ABSTRACT: Molybdenum disulfide (MoS2), which is one of the representative transition metal dichalcogenides, can be made
as an atomically thin layer while preserving its semiconducting characteristics. We fabricated single-, bi-, and multilayer MoS2
field-effect transistor (FET) by the mechanical exfoliation method and studied the effect of deep ultraviolet (DUV) light
illumination. The thickness of the MoS2 layers was determined using an optical microscope and further confirmed by Raman
spectroscopy and atomic force microscopy. The MoS2 FETs with different number of layers were assessed for DUV-sensitive
performances in various environments. The photocurrent response to DUV light becomes larger with increasing numbers of
MoS2 layers and is significantly enhanced in N2 gas environment compared with that in atmospheric environment.

KEYWORDS: MoS2, transition metal dichalcogenides, electrical measurement, deep ultraviolet light, photocurrent response

1. INTRODUCTION
Two-dimensional (2D) materials have facilitated new possibil-
ities for electronic materials. For example, graphene is an
appealing 2D material that has significant potential for
application in electronic materials because of its superior
electrical, photoelectrical, and biosensing properties.1 However,
graphene is a gapless material that has limitations in
photodetecting and switching device applications. Transition
metal dichalcogenide (TMDC) is an alternative material that
has attractive properties, such as band gap and atomically thin-
layered structure.2−6 Several 2D layered materials, such as
molybdenum disulfide, gallium sulfide, gallium selenide, and
tungsten diselenide,4,7−21 provide many advantages for photo-
electrical devices.
MoS2 is one of the most promising 2D TMDCs because of

its layer-dependent band gap and sensitivity to surface
adsorbents.22 Multilayer (ML) MoS2 has an indirect band gap
of ∼1.2 eV, whereas single-layer (SL) MoS2 has a direct band
gap of ∼1.8 eV. The dependence of energy band gap to the
thickness of MoS2 layer has been examined in theoretical
studies.4,23−29 The layer-dependent light spectral response of
MoS2 sheets suggests that both ML and SL MoS2 materials
provide valuable properties for field-effect transistors (FETs).9

One of the advantages of ML MoS2 films is a capability of high
current flow. A sufficiently high current can flow in the ballistic
limit of ML MoS2 films because the density of states in ML
MoS2 is three times higher than that in SL MoS2.

30 The layer-

dependent band gap in MoS2 films is also useful for
optoelectronics,16,17,31−34 and a high surface-to-volume ratio
is suitable for gas sensing.35−37 Although several studies have
been performed on atomically thin-layered MoS2 devices for
photocurrent response and possible gas sensing perform-
ance,38−45 intensive investigations are still required to under-
stand the photocurrent saturation−relaxation behavior and the
effects of environments.
In this paper, we fabricated exfoliated SL, bilayer (BL), and

ML MoS2 FETs. The thickness of MoS2 flakes was determined
by optical microscopy and further confirmed by Raman
spectroscopy. We investigated the electrical transport proper-
ties of MoS2 FETs, which showed n-type semiconductor
behavior. Photocurrent response was studied for different drain-
source bias voltages by irradiation of a 220 nm dominant
wavelength of deep ultraviolet (DUV) light. The time-
dependent photocurrent response was studied for different
layers of MoS2 FETs. We also investigated the photocurrent
response of MoS2 FETs in air and nitrogen (N2) gas
environments.
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2. EXPERIMENTAL SECTION
SL, BL, and ML MoS2 flakes were obtained by mechanical exfoliation.
The MoS2 flakes were placed on p-type doped Si substrates with 300
nm-thick SiO2 cap layer.4,46,47 The SL, BL, and ML flakes were
identified by optical microscopy, Raman spectroscopy, and atomic
force microscopy (AFM). The number of layers of MoS2 was
determined using Renishaw Raman spectroscopy with laser wave-
length of 514 nm. As first step of photolithography photoresist (SPR)
and ethyl lactate (EL) were spin-coated on Si substrates. After
developing the patterns by photolithography oxygen (O2) plasma was
applied for 5 min to remove residues of SPR and EL. The large
patterns were made by evaporation of Cr/Au (10/30 nm). The fine
electrode patterns were made by e-beam lithography and subsequent
deposition of Cr/Au (10/60 nm) by thermal evaporation technique.
Figure 1a shows a schematic view of the MoS2 FET for photocurrent
response measurement under DUV light.

3. RESULTS AND DISCUSSION
Raman spectroscopy is a sensitive and nondestructive tool that
provides accurate, plausible, and fine information on properties
such as fine structure, thermal conductivity, strain effect, and
chemical and impurity adsorption on material surfaces.48−55

Vibrational properties, particularly electron−phonon interac-
tions of MoS2, are important for Raman spectroscopy
characterization because such properties have significant effects
on the performance of MoS2 FETs. The Raman spectra of our
MoS2 layers were analyzed at room temperature by keeping the
laser wavelength at 514 nm and small laser power at 1.0 mW to
avoid heating effect. Figure 1b shows the Raman spectra for
different layers of pristine MoS2 flakes, and the results show the
number of layers. The SL has strong bands at ∼386 and ∼404
cm−1, which are attributed to in-plane vibrational (E1

2g) and
out-of-plane vibrational (A1g) modes, respectively. When the
number of layers was increased from SL to ML, the E1

2g bands
moved toward lower wavenumbers, whereas the A1g bands
moved toward higher wavenumbers. The E1

2g and A1g bands of
BL are observed at ∼385 and ∼406 cm−1, respectively.
Similarly, the E1

2g and A1g peaks of ML are found at ∼384
and ∼408 cm−1. The approximate gaps between E1

2g and A1g
bands of SL, BL, and ML MoS2 flakes are ∼18, ∼21, and ∼24
cm−1, respectively. These observations are consistent with those
of previous reports.38,47,56 The MoS2 layers were identified by
optical images and shown in Figure 1c. The AFM images of SL,
BL, and ML MoS2 flakes are shown in Figure 2a−c,
respectively. The measured thicknesses of SL, BL, and ML
MoS2 flakes are ∼0.9, 1.72, and 8 nm, respectively (Figure 2d−
f, respectively); these results are also consistent with those of
previous reports.20,26

The electrical properties of MoS2 FETs were investigated in
vacuum by applying back-gate voltage (Vg). We measured the
transfer and output characteristics of SL, BL, and ML MoS2
FETs. Figure 3a shows the transfer characteristics of SL, BL,
and ML MoS2 FETs. Transfer characteristics (drain-current ID
as a function of Vg) were measured at fixed drain-source voltage
(Vds) = 1 V. The ID increased by a few orders of magnitude
with increasing Vg. Figure 3b−d shows the output character-

Figure 1. (a) Schematic drawing of MoS2 FET. (b) Raman spectra of
pristine SL, BL, and ML of MoS2 flakes. (c) Optical images of SL, BL,
and ML of MoS2.

Figure 2. AFM images of (a) SL, (b) BL, and (c) ML MoS2 flakes. Height profiles of (d) SL, (e) BL, and (f) ML MoS2 flakes along the green lines in
AFM images.
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Figure 3. (a) Transfer characteristics of pristine SL, BL, and ML MoS2 FETS. (b) Output characteristics of (b) SL, (c) BL, and (d) ML MoS2 FETs
at Vg ranging from −30 V to +30 V with change of 10 V step. All measurements were performed at room temperature in vacuum.

Figure 4. Photocurrent response after switching on and off the DUV light with Vds of 0.5, 2.0, and 5.0 V for (a) SL, (b) BL, and (c) ML MoS2 FETs,
respectively. (d) Comparative photocurrent generation of SL, BL, and ML MoS2 FETs as a function of Vds. All measurements were performed at Vg
= 0 V in atmospheric environment.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506716a | ACS Appl. Mater. Interfaces 2014, 6, 21645−2165121647



istics of SL, BL, and ML MoS2 FETs. The output characteristics
(ID vs Vds) were measured at fixed Vg ranging from −30 to +30
V (bottom to top) with a step of 10 V. The Vg-dependent
output characteristics of MoS2 FETs indicate the characteristics
of an n-type transistor. The field-effect mobilities of the
different MoS2 layers were obtained using μ = [L/(WCgVds)]-
[(dIds/dVg)], where (dIds/dVg) is slope of linear region of
transfer curves, Cg is the gate capacitance (∼115 aF/μm2) of
the Si substrate with 300 nm thick SiO2 cap layer, Vds is the
drain-source current for each device, L is the channel length
and W is the channel width. The mobilities of SL, BL, and ML
devices are 0.8, 6, and 17 cm2 V−1 s−1, respectively. The ML
FET showed higher ID and larger mobility than BL and SL
FETs. The charge carrier densities (n) of MoS2 layers were
calculated by using the relation, n = Cg(Vg − Vth)/e, where Vth

is the threshold voltage of SL, BL, and ML MoS2 devices and e
is the electronic charge. The threshold voltage of SL, BL, and
ML MoS2 FETs are at −21, −20, and −8 V, respectively. The
charge carrier densities of SL, BL, and ML MoS2 devices at Vg =
30 V were 3.6 × 1012, 3.5 × 1012, and 2.7 × 1012 cm−2

respectively. The Ion/Ioff ratios of SL, BL, and ML MoS2 FETs
at room temperature were found to be ∼1 × 105, ∼1 × 103, and
∼1 × 103, respectively.
We have investigated the hysteresis in transfer characteristics

of (a) SL, (b) BL, and (c) ML MoS2 FETs in vacuum. When Vg

was swept from −40 V to +80 V, the threshold voltages of SL,
BL, and ML MoS2 devices were found around −21, −20, and
−8 V respectively. However, when Vg was swept from +80 V to
−40 V, the threshold voltage were found around 0, −5, and 1 V
respectively. So the hysteresis in SL, BL and ML MoS2 FETs
was ∼21, ∼15, and ∼9 V, respectively. Because the charge
impurities, such as oxygen molecules, can be captured at the
surface of MoS2, the surface-to-volume ratio of MoS2 flake is an

important factor to the occurrence of hysteresis in the transfer
characteristics. The large hysteresis in SL MoS2 FET is related
with the large surface-to-volume ratio. The hysteresis of MoS2
FETs in air and N2 gas flow remains almost same as in vacuum,
which indicates that charge impurities cannot be easily removed
or added at the surface of MoS2 by normal gas flow.
Figure 4a−c shows the photocurrent [Iph = ID(time) −

ID(initial state)] of SL, BL, and ML FETs as a function of
exposure time of DUV light in atmospheric environment at
different bias voltages (Vds = 0.5, 2.0, 5.0 V). The intensity of
DUV light was 11 mW/m2. We kept Vg = 0 and switched the
DUV light on and off for cycles of 60s each. When the DUV
light was turned on, the photocurrent increased to higher values
for 60s and decreased to lower values after turning off the DUV
light for another 60s. The photocurrent also depends on the
drain-source bias voltage applied to MoS2 FETs. The
photocurrent of SL MoS2 FET showed Iph of 7.5, 25.0, and
48.5 μA at Vds of 0.5, 2.0, and 5.0 V, respectively. The
photocurrent of BL MoS2 FET showed Iph of 9.3, 40.0, and 67.8
μA at Vds of 0.5, 2.0, and 5.0 V, respectively. Similarly, the
photocurrent of ML MoS2 FET showed Iph of 13.4, 107.0, and
189.6 μA at Vds of 0.5, 2.0, and 5.0 V, respectively. The
photocurrent of ML MoS2 FET is larger than those of SL and
BL MoS2 FETs (Figure 4d). This finding is attributed to the
higher density of states and small energy band gap (∼1.29 eV)
in ML MoS2 FET.
Photodetector performance can be estimated by the

responsivity of the device to light illumination.57 Photo-
responsivity is defined as photocurrent per unit area per
illumination power. In this study, we measured the photo-
responsivity for DUV light at 11 mW/cm−2 and Vg = 0 V.
Figure 5a shows the photoresponsivity of SL, BL, and ML
MoS2 FETs as a function of Vds. The ML MoS2 FET showed

Figure 5. (a) Photoresponsivity of SL, BL, and ML MoS2 FETs as a function of Vds. Relaxation of photocurrent of (b) SL, (c) BL, and (d) ML MoS2
FETs at Vds = 1 V after switching DUV light on and off. All measurements were performed at Vg = 0 V in atmospheric environment.
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better photoresponsivity at ∼401 μAW−1 than those of SL and
BL MoS2 FETs. When the Vds was increased, the photocurrent
and photoresponsivity also increased for all the MoS2 FETs.
The dependence of photocurrent and photoresponsivity on Vds

is related to charge carrier drift velocities in different Vds.
58

We examined the detailed response behavior of photocurrent
by 220 nm dominant DUV light. We illuminated the MoS2
FETs with DUV light until photocurrent was saturated as
shown in Figure 5 and then turned off the DUV light to
observe the photocurrent decaying behavior. The saturation
photocurrents of SL, BL, and ML MoS2 FETs are ∼14, ∼36,
and ∼66 μA at Vds = 1 V and Vg = 0 V (Figure 5b−d,
respectively). The photocurrent decaying behavior of SL, BL,
and ML MoS2 FETs is shown in Figure 6a−c, respectively. The
photocurrent decaying measurements were performed at
ambient condition. The decaying behavior of SL, BL, and ML

MoS2 FETs are fitted using the stretched-exponential
function:38,59

τ= − βI t I t( ) (0)exp[ ( / ) ]ph ph (1)

where Iph(0) is the photocurrent when the DUV light is
switched off, τ is the relaxation time, and β is the exponent that
reflects the relaxation mechanism. The time constants of SL,
BL, and ML MoS2 FETs are 59, 49, and 29 s, respectively. The
black solid circles show the experimental data, and the red line
shows the result fitted by eq 1. The relaxation time of SL MoS2
FET is larger than that of ML MoS2 FET according to band gap
size. Defects and impurities can induce extra energy levels
inside the energy band gap, which affects the relaxation
behavior. However, the observed relaxation time shows a
consistent dependence on the number of layers in MoS2 FETs,
which suggests that the main mechanism of photocurrent
relaxation is closely related to the energy gap of the MoS2 layer.
The environmental effect of photocurrent response of MoS2

FETs was investigated to assess the performance of these
devices as DUV light detectors (see Figure 7). We measured
the photocurrent while the SL, BL, and ML MoS2 FETs were
illuminated by DUV light in atmospheric and N2 gas
environments at room temperature. The measurement was
performed at Vds = 1 V and Vg = 0 V. We observed more
enhancement of photocurrent generation in the N2 gas
environment compared with that in atmospheric environment.
This observation is ascribed to the presence of oxygen in the
air, which affects the charge-carrier density of MoS2 layers.

60,61

The enhancement of photocurrent response in N2 gas
environment is more dominant for SL MoS2 FET. This finding
is attributed to the higher surface-to-volume ratio than that of
BL and ML MoS2 FETs.

4. CONCLUSION

We fabricated SL, BL, and ML MoS2 FETs. The MoS2 flakes
obtained via mechanical exfoliation were identified using an
optical microscope and further confirmed by Raman spectros-
copy and AFM. The electrical properties of SL, BL, and ML
MoS2 FETs were examined in vacuum. The ML MoS2 FET had
higher ID and larger mobility than BL and SL MoS2 FETs. The
photocurrent responses of SL, BL, and ML MoS2 FETs were
studied using 220 nm dominant DUV light at Vg = 0 V. The
photocurrent was proportional to the drain-source bias voltage,
which was applied to the devices. The ML MoS2 FET showed
larger photocurrent than SL and BL MoS2 FETs because of its
small band gap and higher density of states. The relaxation of
photocurrent response after turning off the DUV light was also
studied for SL, BL, and ML MoS2 FETs. The relaxation time of
ML MoS2 FET was shorter than those of SL and BL MoS2
FETs, which was attributed to the size of energy band gap. The
environmental effect of the photocurrent response of MoS2
FETs was investigated to compare device performances in
atmospheric and N2 gas environments. The photocurrent
generation was enhanced for MoS2 FETs in the N2 gas
environment compared with that in the atmospheric environ-
ment. The sensitivity of photocurrent response in N2 gas
environment was prominent for SL MoS2 FET compared with
those for BL or ML MoS2 FET. The surface-to-volume ratio
could have a crucial effect in determining the dependence of
environmental effect.

Figure 6. Photocurrent relaxation of (a) SL, (b) BL, and (c) ML MoS2
FETs with Vds = 1 V after switching DUV light off in atmospheric
environment. Red curves are results fitted by eq 1
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