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ABSTRACT: Two-dimensional (2D) transition-metal dichalcogenides
(TMDCs) have gained considerable attention as an emerging semi-
conductor due to their promising atomically thin film characteristics with
good field-effect mobility and a tunable band gap energy. However, their
electronic applications have been generally realized with conventional
inorganic electrodes and dielectrics implemented using conventional
photolithography or transferring processes that are not compatible with
large-area and flexible device applications. To facilitate the advantages of
2D TMDCs in practical applications, strategies for realizing flexible and
transparent 2D electronics using low-temperature, large-area, and low-cost
processes should be developed. Motivated by this challenge, we report fully
printed transparent chemical vapor deposition (CVD)-synthesized mono-
layer molybdenum disulfide (MoS2) phototransistor arrays on flexible
polymer substrates. All the electronic components, including dielectric and
electrodes, were directly deposited with mechanically tolerable organic materials by inkjet-printing technology onto
transferred monolayer MoS2, and their annealing temperature of <180 °C allows the direct fabrication on commercial
flexible substrates without additional assisted-structures. By integrating the soft organic components with ultrathin MoS2,
the fully printed MoS2 phototransistors exhibit excellent transparency and mechanically stable operation.
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In recent years, two-dimensional (2D) transition metal
dichalcogenides (TMDCs) have attracted considerable
attention as an emerging semiconductor for realizing

field-effect transistor (FET), sensor, and optoelectronic
applications due to their atomic thickness, high surface-to-
volume ratio, tunable band gap, etc.1−7 Specifically, ultrathin
monolayer molybdenum disulfide (MoS2) is one of the
promising channel materials in optoelectronics devices, such
as photosensors, photodetectors, and photodiodes.8−15 How-
ever, it is still difficult to produce large-area monolayer TMDC
films, by widely used top-down methods, such as mechanical
exfoliation,16 thinning,17 and liquid intercalation.18 In this
regard, many bottom-up synthesis methods, including metal−
organic chemical vapor deposition (MOCVD),19 physical vapor
deposition (PVD),20 and atomic layer deposition (ALD)21 have
been reported to realize large-area optoelectronic devices.
Among these candidates, the one-step chemical vapor
deposition (CVD) method has been widely used to yield
high-quality and large-area MoS2 films.22−24 CVD-synthesized
MoS2 films allow atomically thin, uniform, and large-area

semiconducting properties with a direct band gap energy of 1.9
eV22−24 and thus offer promising opportunities in high-
performance wearable optoelectronics.
However, other electronic components, including electrodes

and dielectric layers, have been typically deposited with
inorganic materials using ALD, thermal evaporation, and
electron beam evaporation,11−16 which are not compatible
with large-area flexible platforms. Specifically, unnecessary
procedures, such as a photoresist deposition or ultraviolet
exposure, can degrade the electrical characteristics of MoS2
channel layers. Recently, the use of graphene electrodes or
hexagonal boron nitride dielectric layers to introduce dangling-
bond free interfaces on MoS2 has been suggested.25,26

However, these layers require complicated and time-consuming
etching and transferring processes with additional supporting
layers. Therefore, an approach to implement functional layers
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on flexible platforms is highly desirable for large-area MoS2
applications. Furthermore, to fully utilize the excellent trans-
parency and flexibility of monolayer MoS2, the use of
transparent organic materials is an attractive strategy to
implement electronic components on flexible platforms.
Herein we fabricated flexible and transparent MoS2 photo-

transistor arrays with all-organic components using drop-on-
demand inkjet-printing technology. The CVD-synthesized
monolayer MoS2 channel layers were transferred onto flexible
and transparent substrates using a polymer-assisted transfer
method. Highly transparent organic electrodes and dielectric
layers were directly deposited on the defined MoS2 channel
layer using cost-effective inkjet-printing technology without
masks or assisted layers.27−30 By integrating ultrathin MoS2 and
mechanically tolerable organic layers, the printed transparent
phototransistors exhibited good stability under repetitive
bending cycle tests. By conducting the carefully optimized
printing processes, the fabricated fully printed phototransistors
exhibited comparable photocharacteristics, including photo-
responsivity and external quantum efficiency (EQE), to those
of previously reported phototransistors with inorganic
components fabricated by conventional photolithographic
processes on rigid SiO2/Si substrates.

RESULTS AND DISCUSSION

Figure 1a schematically illustrates the device fabrication
processes. First, a large-area monolayer MoS2 film was
synthesized with MoO3 and sulfur (S) powders in the presence
of Ar carrier gas.30 The heating temperatures were 700 and 200

°C for MoO3 and S powders, respectively. Then, the MoS2 film
synthesized on the SiO2/Si substrate was patterned using a
reactive ion etching (RIE) system in an O2 plasma. To define
the channel region, the MoS2 film was covered with a shadow
mask. The patterned CVD-synthesized MoS2 film was trans-
ferred onto a polyethylene−naphthalate (PEN) substrate using
the poly(methyl methacrylate) (PMMA)-assisted transfer
method.31 After attaching thermal tape as a supporting layer,
the entire structure (supporting tape/PMMA/MoS2/SiO2/Si)
was immersed in a potassium hydroxide solution (∼25%) to
detach the MoS2 film from the SiO2/Si substrate. Then, all the
other components, including dielectric and electrodes, were
inkjet-printed onto the patterned MoS2 array without any
surface treatments under ambient conditions. Specifically,
poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PE-
DOT:PSS) source/drain (S/D) electrodes, a cross-linked
poly(4-vinylphenol) (PVP) gate dielectric layer, and a
PEDOT:PSS top-gate electrode were sequentially inkjet-
printed on the desired positions of the device substrate. The
maximum processing temperature of 180 °C facilitated the
direct integration of a wide range of printable organic materials
onto the flexible substrate. It should be noted that the ultrathin
MoS2 channel layer was extremely sensitive to the surface
roughness of underlying layers; therefore, a top-gate config-
uration was employed in this work because of the relatively
poor surface roughness of the inkjet-printed PVP gate dielectric
(rms roughness of ∼4 nm) compared with that of the PEN
substrate (rms roughness of ∼1 nm). The contact properties of
the PEDOT:PSS and PVP inks on the MoS2 film and PEN
substrate were optimized with a consideration of the ink

Figure 1. (a) Schematic illustration of the fabrication processes for fully printed, flexible, and transparent CVD-synthesized MoS2
phototransistors. (b) Contact angle measurements of PEDOT:PSS (top) and PVP (bottom) ink on the MoS2 film (left) and PEN substrate
(right). (c) Digital images of the transparent MoS2 phototransistor arrays. In the left image, the device arrays (marked with a red square) were
placed on a piece of paper with university symbols. The right image was taken in front of a building. (d) Photographic image (inset) and
schematic of the devices under laser illumination. The ‘P’ indicates the PEDOT:PSS gate and source/drain electrodes. Seoul National
University logo reprinted with permission.
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chemistry that allowed well-defined printed layers while
preventing undesirable dewetting issues on the underlying
layers (Figure 1b). Owing to the use of ultrathin MoS2 and
transparent organic layers, the fully integrated phototransistors
exhibited high transparency (Figure 1c). Photographic images
of our devices are shown on a piece of paper (left, Figure 1c)
and in front of a building (right, Figure 1c). In particular, the
laser-light transmitted the entire device structure without
reflection or scattering (Figure 1d).

The uniformity of the synthesized monolayer MoS2 film on a
SiO2/Si substrate was evaluated by Raman and photo-
luminescence (PL) spectroscopy techniques. The Raman
peak difference (∼20.7 cm−1) between in-plane E1

2g and out-
of-plane A1g (Figure 2a) and a distinct PL peak A (∼670 nm;
∼1.85 eV) at the K point of the Brillouin zone (Figure 2b)
provided evidence that the CVD-synthesized MoS2 film is an
uniformly grown monolayer.11,12,32 Interestingly, the blue-
shifted PL signal of the transferred MoS2 film on the PEN
substrate was observed due to a slight tensile strain that was

Figure 2. (a) Raman spectrum of a CVD-synthesized monolayer MoS2 film on a SiO2/Si substrate. (b) PL spectra of CVD-synthesized
monolayer MoS2 films on SiO2/Si and PEN substrates. The inset shows a PL intensity mapping at 670 nm (=1.85 eV). Scale bar is 5 μm. (c)
EDS data of Mo (blue line) and S (yellow line) and a cross-sectional STEM image of a CVD-synthesized MoS2 film on a SiO2/Si substrate.
Scale bar is 5 nm. (d) Optical images of a CVD-synthesized MoS2 channel before (top) and after (bottom) selective patterning processes.
Scale bar is 400 μm. (e) XPS spectra of a CVD-synthesized monolayer MoS2 film on a SiO2/Si (top) substrate and transferred MoS2 film on
the PEN (bottom) substrate. (f) Transmittance spectra of a bare PEN substrate (blue line) and fully stacked films (red line). Inset shows the
schematic of the stacked layers (PEDOT:PSS/PVP/PEDOT:PSS/MoS2/PEN) of our devices.
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induced in the MoS2 layer during the CVD synthesis process
because of the difference in thermal expansion coefficients of
the SiO2/Si and MoS2 layers.

33,34 For the further investigation,
PL mapping over an area of 20 μm × 20 μm was performed, as
shown in the inset of Figure 2b. The color distribution
indicated that the CVD-synthesized MoS2 channel layer has
uniform band gap energy at 1.85 eV. Cross-sectional scanning
transmission electron microscopy (STEM) with energy
dispersive X-ray spectroscopy (EDS) also supported that the
MoS2 layer was uniformly synthesized showing confined Mo
and S signals (Figure 2c). To implement phototransistor arrays,
the MoS2 film was selectively patterned using RIE in an O2
plasma (Figure 2d). Note that the CVD-synthesized monolayer
MoS2 film typically has a dark violet color on 270 nm-thick
SiO2.

24,30,32 The white-dashed rectangles indicate the patterned
MoS2 channels after the RIE process. By exploiting the
optimized PMMA-assisted transfer method, the patterned
CVD-synthesized MoS2 array was successfully transferred
onto a PEN substrate without physical damage. The transferred
patterned MoS2 array films on the PEN substrate maintained its
structural quality (Figure 2b,e); however, relatively weak PL
and X-ray photoelectron spectroscopy (XPS) signals were
observed because of light scattering from the PEN substrates.
The XPS spectra depicted in Figure 2e indicate the binding
energies of the Mo 3d and S 2p orbitals (229.9, 233, 162.6, and
163.9 eV for Mo 3d5/2, Mo 3d3/2, S 2p3/2, and S 2p1/2,
respectively). The difference between the binding energies of
each orbital (3.1 and 1.3 eV for Mo 3d and S 2p, respectively)
were consistent with the previously reported values24 of CVD-
synthesized monolayer MoS2. In addition, the S/Mo atomic
ratio of 1.95 estimated from the XPS, suggests that our
synthesized MoS2 film is stoichiometric. The lower binding
energy of transferred MoS2 film originated from the transferring
process. The fully printed MoS2 phototransistors with organic
materials showed a high transmittance over 76% in the visible
wavelength range, whereas the bare PEN substrate exhibited a
transmittance of ∼87% in the same wavelength range (Figure
2f). Noticeable absorption peaks at 1.87 and 2.02 eV (marked
as arrows in Figure 2f) were observed. These peaks were
attributed to the direct transition from the spin−orbit split
valence band to the conduction band of MoS2 monolayer,
which is consistent with the previously reported results for both
mechanically exfoliated11,12 and CVD-synthesized MoS2
monolayers.35 In particular, the wavelength of the onset of
the absorption should correspond to the band gap energy. The
PEDOT:PSS and PVP layers evenly reduced the optical
transmittance by ∼5% over the whole visible range. Because
the fully transparent printed organic layers do not exhibit

specific absorption peaks in the visible wavelength range, the
photocharacteristics were entirely determined by the atomically
thin MoS2 channel layer without interference (Figure S1,
Supporting Information, SI). To consider the worst-case in
transmittance, the measured films were prepared by sequen-
tially printing all phototransistor layers over the entire PEN
substrate in the following order: MoS2, PEDOT:PSS, PVP, and
PEDOT:PSS on the PEN substrate (see the inset illustration of
Figure 2f).
Figure 3a exhibits the transfer (source drain current versus

gate voltage, IDS−VGS) characteristics of a fully printed MoS2
phototransistor measured in air. In particular, the gate leakage
(IGS), which can cause significant interference in the photo-
current,36 was greatly suppressed by removing the PMMA
supporting layer very carefully and optimizing the inkjet-
printing conditions for the PVP dielectric layer formation.
These efforts were necessary because the hydrophobic PMMA
residue causes a critical dewetting issue during the PVP printing
process, resulting in a high gate to source leakage current. As a
result, the gate leakage current was drastically suppressed to <1
nA after removing the PMMA layer with the optimized steps
(Figure S3, SI). The extracted field-effect mobility in the linear
regime (μ) was found to be ∼0.27 cm2/V·s using the following

equation, μ = ∂
∂( )I

V
L

W C V
1

i

DS

GS DS
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∂
∂( )I

V
DS

GS
, L, W, Ci, and VDS

denote the transconductance, channel length, channel width,
capacitance between the channel and gate per unit area. and
source-drain voltage, respectively. The grain boundaries of the
CVD-synthesized MoS2 film,23 the low-conductivity of the
PEDOT:PSS electrode, and the low-k PVP dielectric
deteriorated the electrical performance of the fully printed
CVD-grown MoS2 phototransistors. Although the difference in
the electron affinity of monolayer MoS2 (∼4.0 eV) and the
work function of the printed PEDOT:PSS layer (∼5.07 eV)
(Figure S5, SI), resulted in a high Schottky barrier, an ohmic-
like contact property was exhibited with a good linearity of IDS
near low VDS due to the chemical reactions at the
PEDOT:PSS/MoS2 interfaces.37 Furthermore, it should be
noted that because the large-area MoS2 channel also had a
relatively high resistance due to the long-channel length of
∼100 μm and large number of MoS2 grain boundaries on the
film,30 which resulted in an on-state current of ∼10−7 A, the
contact resistance of PEDOT:PSS with the MoS2 channel
(∼1.9 MΩ determined from the Y-function method,38 Figure
S10, SI) was acceptable.39,40

Owing to the use of soft organic materials, the electrical
performance was not degraded during a mechanical stability
test over 1000 repetitive bending-relaxation cycles at a bending

Figure 3. (a) IDS−VGS curves using a log scale at VDS = 1 V. Inset represents the IDS−VGS curves using a linear scale. The change in mobility (μ)
and subthreshold swing (SS) versus (b) number of bending cycles with a bending radius = 5 mm and (c) bending radii of 5, 7.5, 11, 15, and
∞.
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radius (R) of 5 mm, which corresponds to a uniaxial tensile
strain of 1.26% along the channel length (Figure S11, SI)
(Figure 3b). The atomically thin MoS2 layer allowed superior
durability under a mechanical strain of 11% compared with
widely used engineering materials, such as carbon nanotubes
and oxide-based semiconductors.41,42 In contrast to the good
mechanical stability under repetitive bending cycles, the μ and
subthreshold swing (SS) measured in a bent state (R of 15 mm,
11 mm, 7.5 mm, and 5 mm) increased as R decreased (Figure
3c). These enhancements can be attributed to a reduction in
the band gap energy of CVD-synthesized MoS2 when
mechanically deformed (Figure S12, SI).6,34,41,43

Figure 4 shows the photocharacteristics of the MoS2
phototransistors under laser illumination. The measurements
were executed after the devices were maintained on a 400 K
hot-chuck in vacuum for 20 h to provide successfully
suppressed IGS by eliminating adsorbed water and oxygen
molecules on the MoS2 and gate dielectric layers. To investigate
the contribution of the photocurrent (Ilight = Iph+ Idark) to IDS,
the ratio of Ilight to Idark in ON and OFF states was measured for

different wavelengths with a fixed laser power density of 717
W/m2 at VDS = 10 V (Figure 4a). The ON and OFF states are
measured at VGS = 80 and −80 V, respectively. Under laser
illumination, the ratio in the OFF state drastically increased
from ∼101 to ∼104, whereas in the ON state, the ratio was
below 10 (see the blue-shaded region in Figure 4a).44 In
particular, the Ilight/Idark ratio was increased from 10 to 1000 as a
function of wavelength. An increase in the large Iph in the OFF
state was observed in our study compared with that of the
previously reported phototransistors with mechanically ex-
foliated MoS2 due to the relatively large channel area (W/L =
400 μm/100 μm).14 This advantage of CVD-synthesized MoS2
offers opportunities for large-area optoelectronics applications
with a good photosensitivity. Moreover, the ratio of currents in
the ON and OFF states also showed good linearity in the laser
power density (ranging from 0.43 to 717 W/m2 at λ = 520 nm),
which is an important characteristic for photosensor
applications (Figure 4b).
The photodecay time (τdecay), which depends on VGS, was

also investigated by measuring the time-resolved photocurrent

Figure 4. (a) The ratio of Ilight (= Iph + Idark) to Idark in the ON and OFF states as a function of (a) wavelength and (b) laser power at a fixed VDS
= 10 V. Insets of (a) and (b) exhibit Iph versus VGS and the change in Vth with respect to the laser power, respectively. As the laser power
increased, Vth shifted in the negative voltage direction, which indicates an increase in Iph in the subthreshold regime. (c) Time-resolved
photocurrent measurement under laser illumination (λ = 520 nm). The green-shaded regions indicate laser illumination for 20 s. (d)
Responsivity of phototransistors as a function of power density under laser illumination (λ = 520 nm).

Figure 5. (a) Photoresponsivity, photodetectivity, and (b) external quantum efficiency as a function of wavelength at a fixed VGS = 80 V, VDS =
10 V, and laser power density = 57.3 W/m2.
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before and after laser illumination for 20 s with VGS values of
−40, 0, and 40 V at λ = 520 nm (Figure 4c). The decay curves
were fitted by a stretched exponential equation,

τ
= −

β
⎜ ⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥I I

t
expDS ph,intial

where Iph,initial, t, β, and τ denote Idark, time, the fitting
parameter, and relaxation time, respectively. After laser
illumination with a power density of 717 W/m2, τdecay
decreased from 6.7 to 1.7 s as VGS increased from −40 to 40
V because the photocurrent contribution was weak at high VGS,
as previously mentioned. The shorter decay time compared
with that of conventional CVD-synthesized MoS2 photo-
transistors fabricated on a SiO2/Si substrate is attributed to
fewer interfacial traps between printed PVP dielectric and
transferred MoS2 layers.

14,45 It should be noted that the effect
of interfacial traps produced at MoS2/SiO2 during the high-
temperature CVD-synthesis for large-area MoS2 films

46,47 could
be suppressed by the release and transfer processes onto other
substrates. The monotonic decrease in responsivity with
increasing incident photopower indicates that the trap states
of CVD-synthesized MoS2 are saturated (Figure 4d).8,45

The responsivity and detectivity were also characterized for
various laser wavelengths (Figure 5a). The fully transparent
MoS2 phototransistors exhibited comparable photoresponsivity
and photodetectivity over the entire visible range from 400 to
800 nm compared with that of mechanically exfoliated MoS2
phototransistors on opaque platforms.48,49 Moreover, the
wavelength-dependent external quantum efficiency (EQE)
(up to ∼6.6%) also supports the fully printed transparent
phototransistors, which exhibit good photocharacteristics, even
though a top-gate configuration was employed (Figure 5b).49

Note that the wavelength-dependent EQE is dominantly
attributed to the absorbance peaks in the MoS2 layer (Figure
S1, SI). Also, despite the use of the inkjet-printed electrodes
and dielectric and transfer-printed MoS2, our flexible and
transparent MoS2 phototransistors showed reasonable photo-
responsivity compared to some of the previously reported
values (Figure 6).9,44,48,49 Better photoresponsivity could be
expected using a more optimized photocharacterization setup,
for example laser density and the beam spot size of the laser.

CONCLUSIONS
We have successfully demonstrated fully printed, transparent
MoS2 phototransistor arrays on flexible platforms. The CVD-
synthesized monolayer MoS2 and organic dielectric and
electrode components were deposited directly onto flexible

substrates using the optimized polymer-assisted transfer and
inkjet-printing technologies, respectively. By employing ultra-
thin MoS2 and transparent organic layers, the fully printed
phototransistors exhibited excellent transparency and tolerance
while maintaining electrical characteristics under tensile strain.
Our work presents an opportunity to realize 2D TMDC-based
low-cost wearable device applications beyond conventional
electronics that employ brittle components.

METHODS
MoS2 Thin Film Synthesis. A dual-heating zone CVD system was

used for synthesizing monolayer MoS2 films. Two crucibles were
placed in a quartz tube. One crucible that contained the S powder
(99.5%, Sigma-Aldrich) was heated to ∼200 °C, and the other crucible
that contained the MoO3 powder (99.98%, Sigma-Aldrich) and SiO2
substrate was heated to ∼700 °C. Ar gas was used as a carrier gas.

Inkjet-Printing for Organic Electrodes and Dielectric Layers
Formation. The patterned CVD-synthesized monolayer MoS2 film
was transferred onto a transparent and flexible PEN substrate. It
should be noted that the expression, “fully printed” can be widely
accepted from direct printing via nozzles to the polymer-assisted
transfer methods. Then, all the other components, including
transparent conductive polymer electrodes and dielectric layers, were
deposited by an inkjet-printing technique without any surface
treatment under ambient conditions. For the S/D electrode formation,
a PEDOT:PSS ink (1 wt % in H2O, Sigma-Aldrich) was inkjet-printed
in one pass on the MoS2-transferred PEN substrate with a drop
spacing of 40 μm and a drop velocity of 10 m/s at room temperature
using an inkjet printer (DMP-2831, Dimatix Corp., Fujifilm, USA).
After printing, they were annealed at 130 °C for 30 min in an
atmospheric environment. It should be noted that 2 wt % of
fluorosurfactant Zonyl FS-300 (Sigma-Aldrich Corp.) was added to the
PEDOT:PSS ink to improve both the conductivity and ability to
withstand tensile strain.52 The defined channel width and length were
400 and 100 μm, respectively. On the inkjet-printed PEDOT:PSS S/D
electrodes and transfer-printed MoS2 channel layer, a PVP solution,
which contained 10 wt % of PVP powder (Mw ≈ 25 000) and 2 wt %
of poly(melamine-co-formaldehyde) (PMFM) as a cross-linking agent
dissolved in propylene glycol methyl ether acetate (PGMEA, ≥99.5%),
was inkjet-printed in two passes with a drop spacing of 25 μm and a
drop velocity of 8 m/s for the formation of a well-defined gate
dielectric layer. To minimize the formation of pin holes on the surface
of the cross-linked PVP gate dielectric, ramped curing (ramping at 5
°C/3 min and sequential soaking at 100 °C for 20 min and 180 °C for
30 min) was conducted.53 Finally, for the gate electrode formation, the
same PEDOT:PSS ink added to 2 wt % of Zonyl FS-300 (Sigma-
Aldrich Corp.) was inkjet-printed onto the gate dielectric layer in two
passes with the same printing and annealing conditions used for the
formation of the S/D electrodes. The thicknesses of the device
components were 125 μm, 1 μm, and 100−180 nm for the PEN
substrate, PVP dielectric layer, and PEDOT:PSS contact electrodes,
respectively.

Optimization of PMMA Supporting Layer Removal Process.
The PMMA/MoS2/PEN structure was immersed into 70 °C acetone
and isopropyl alcohol for 2 h. Then, the structure was annealed in a
tube furnace for 4 h with 100 sccm Ar gas flow rate, which corresponds
to a few mTorr in pressure. Finally, the structure was immersed again
into acetone at 70 °C for 1 h. It should be noted that the well-known
PMMA eliminating methods that use ultraviolet oxygen exposure or
reactive ion etching cannot be employed in this work because these
treatments can easily physically damage the MoS2 monolayer.
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