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Enhancement of photodetection characteristics
of MoS2 field effect transistors using surface
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Recently, two-dimensional materials such as molybdenum disulfide (MoS2) have been extensively studied

as channel materials for field effect transistors (FETs) because MoS2 has outstanding electrical properties

such as a low subthreshold swing value, a high on/off ratio, and good carrier mobility. In this study, we

characterized the electrical and photo-responsive properties of MoS2 FET when stacking a p-type organic

copper phthalocyanine (CuPc) layer on the MoS2 surface. We observed that the threshold voltage of MoS2
FET could be controlled by stacking the CuPc layers due to a charge transfer phenomenon at the inter-

face. Particularly, we demonstrated that CuPc/MoS2 hybrid devices exhibited high performance as a

photodetector compared with the pristine MoS2 FETs, caused by more electron–hole pairs separation at

the p–n interface. Furthermore, we found the optimized CuPc thickness (∼2 nm) on the MoS2 surface for

the best performance as a photodetector with a photoresponsivity of ∼1.98 A W−1, a detectivity of

∼6.11 × 1010 Jones, and an external quantum efficiency of ∼12.57%. Our study suggests that the MoS2
vertical hybrid structure with organic material can be promising as efficient photodetecting devices and

optoelectronic circuits.

Introduction

Recently, transition metal dichalcogenide (TMD) two-dimen-
sional (2D) materials have gained considerable interest as a
candidate for next-generation nanoelectronic devices.1–6 TMD
2D materials have demonstrated several advantageous fea-
tures, such as a thickness-dependent electronic band struc-
ture, high photoconductivity, high transparency, and flexibility
in fabricating nanoelectronic devices. Among the various TMD
materials, MoS2 has been widely researched as a 2D FET and
has exhibited outstanding electrical properties, including a
low subthreshold swing value, a high on/off ratio, and good
carrier mobility.7–9 In contrast to graphene which lacks an
energy band gap, MoS2 has a direct band gap of 1.8 eV as a

single layer and an indirect band gap of 1.2 eV as a bulk
material.10–14 Therefore, many studies have used MoS2 to fabri-
cate transistors,15–18 memory,19,20 logic circuit devices,21,22

sensors,23,24 and phototransistors.25,27–29 Graphene has also
been studied for phototransistors for application in photo-
sensitive devices, but graphene-transistor-based photodetec-
tors have a limited photoresponsivity (∼6 mA W−1) due to
graphene’s low light absorption coefficient and the fast photo-
induced carrier recombination rate.26 In contrast, photodetec-
tors made with MoS2 have exhibited excellent photoresponse
properties. For example, devices based on single- and multi-
layer MoS2 films have demonstrated photoresponsivities up to
880 AW−1 (ref. 27) and ∼0.1 AW−1,28,29 respectively.

Beyond the structures of MoS2 FET alone, it has been
demonstrated that through stacking of other materials, MoS2-
based heterostructures can result in higher photo-
responsivity.30–35 For example, Kufer et al. demonstrated that
the photoresponsivity of MoS2 was enhanced by stacking
p-type PbS quantum dot materials on an MoS2 surface due to
the photo-generated charge transfer from the stacked p-type
PbS quantums to MoS2.

35 If p-type materials are to be used for
heterostructure MoS2-based photodetectors, organic materials
can be a good choice because p-type organic semiconductor
layers have been extensively studied and can be easily stacked
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on 2D films by spin-coating or deposition systems, and the
thickness of the organic layer on 2D films can be accurately
controlled. Among organic materials, CuPc is a p-type organic
semiconductor that has been widely used in organic and
hybrid optoelectronic devices.36 The structural properties of
the CuPc layer on the MoS2 surface have been studied. For
example, molecular orientation properties of the CuPc layer on
the MoS2 were studied using angular resolved ultraviolet
photoemission spectroscopy or atomic force microscopy,37

and a Raman enhancement effect of the CuPc/MoS2 was
reported.38 However, the effects of the CuPc hybrid structures
on the MoS2-based phototransistors have not yet been exam-
ined. Importantly, as the device consisted of a heterostructure
with n-type MoS2 and p-type CuPc materials, the efficiency of
photoresponse can strongly depend on the thickness of the
organic layer.

In this study, we have characterized the electrical and
photoresponsive properties of MoS2 FET-based photodetectors.
We investigated and compared the photodetection characteri-
stics of MoS2 FET devices before and after the devices were
stacked with p-type organic semiconductor (CuPc) layers on
the MoS2 surface. By varying the thickness of the CuPc layers,
we found an optimized condition for achieving higher photo-
responsivity in the CuPc/MoS2 hybrid device structures.

Results and discussion

Fig. 1a shows the optical images of a MoS2 flake and its device
fabrication into a MoS2 FET. Here, MoS2 flakes were mechani-
cally exfoliated from a bulk MoS2 crystal (purchased from SPI

Supplier, USA) and transferred onto a 270 nm-thick SiO2 layer
on a heavily doped p++ Si substrate that can be used as a back
gate of FET devices. Then, Ti metal (30 nm thick) patterns
were made into the source and drain electrodes using electron-
beam lithography to form ohmic contacts, as shown in
Fig. S1.† Since Ti electrode has a relatively lower work function
(∼4.3 eV) than the work function of MoS2 (4.5 to 5.2 eV), it can
form ohmic contact with MoS2.

39 Detailed information on the
device fabrication is explained in the ESI (Fig. S2†). Fig. 1b dis-
plays an atomic force microscopy (AFM) image of a MoS2 FET.
The thickness of the MoS2 flake channel was found to be
∼3.2 nm, corresponding to 5 layers of the MoS2 film (the thick-
ness of a single-layer MoS2 film is 0.65 nm). We fabricated
MoS2 FETs using 3 to 6 nm-thick MoS2 flakes, corresponding
to 5 to 9 layers of MoS2 films. After fabricating the MoS2 FET
devices, the CuPc organic material was deposited on the MoS2
surface using a thermal evaporator. Fig. 1c illustrates the
schematics of a CuPc/MoS2 photodetector illuminated by a
visible light laser. The molecular structures of the MoS2 and
CuPc are also shown in Fig. 1c.

First, we examined the stacking of CuPc layers on MoS2
flakes by Raman spectroscopy. We observed that the MoS2
flakes exhibited two Raman characteristic bands at 383 and
405 cm−1, corresponding to out-of-plane (A1g mode) and in-
plane (E2g mode) vibrations of MoS2 atoms, respectively (see
Fig. S3a in the ESI†). For CuPc, the most intense Raman bands
were observed at 1144, 1345, 1454, and 1531 cm−1 for the
pyrrole groups, phthalocyanine, the C–N bond, and the C–C
bond, respectively (Fig. S3b in the ESI†). The CuPc/MoS2 film
was further examined by X-ray photoelectron spectroscopy
(XPS). The XPS scans on a MoS2 flake confirmed the chemical

Fig. 1 (a) Optical images of a MoS2 flake before (left) and after (right) Ti electrodes were deposited. (b) AFM image (left) of a fabricated MoS2 FET
device using the MoS2 flake shown in (a, b). A cross-sectional topographic profile (right) indicated by the blue line shown in the AFM image. Dashed
line indicates the MoS2 flake. (c) Schematic of CuPc/MoS2 device illuminated by a laser. The molecular structures of the MoS2 and CuPc are also
shown.
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bonding states of the Mo and S. Also we compared the core-
level peaks of Mo and S in the MoS2 flake and CuPc/MoS2 film
(see Fig. S4a and S4b in the ESI†). And, the CuPc layer
showed element peaks of Cu, N and C in the XPS spectra (see
Fig. S4c–S4e in the ESI†).

Shift of the threshold voltage

Fig. 2a shows the transfer characteristics (i.e., drain–source
current versus gate voltage, IDS–VG) of a MoS2 FET device upon
which CuPc layers with different thicknesses, varying from 1 to
10 nm, were deposited. The thickness of the CuPc layer was
accurately controlled by a thermal evaporator with few ang-
stroms error (see Fig. S5 in the ESI†). The data were measured
at a fixed source–drain voltage (VDS) of 0.1 V in a vacuum
(∼10−4 Torr) at room temperature. The pristine MoS2 device
(labeled with w/o CuPc, the device before the CuPc layers were
coated) exhibited n-type FET behavior. In our work, the room
temperature mobility (µ) of the MoS2 FET was found to be as
low as ∼1.67 cm2 V−1 s−1. Here, the mobility was estimated by
using the formula µ = (dIDS/dVG) × [L/(WCiVDS)], where
W (∼4.3 µm) is the channel width, L (∼2.4 µm) the channel
length, and Ci = ε0εr/d ∼ 1.3 × 10−4 F m−2 the capacitance
between the MoS2 and p++ Si back gate per unit area. Here, ε0
is the vacuum permittivity, εr (∼3.9) is the dielectric constant
of the SiO2 dielectric, and d is the thickness (270 nm) of the
SiO2 layer. The on/off current ratio of this pristine MoS2 FET

was found to be ∼106. The low mobility of MoS2 FET devices is
mainly due to the charge traps or adsorbates at the interface
between the substrate and the MoS2 layer.1,7 It should be
noted that the CuPc layer was coated on the MoS2 layer after
Ti/MoS2 ohmic contacts were formed, and we measured the
electrical properties of the devices in a vacuum (∼10−4 Torr).
These indicate that the lower mobility is not due to the contact
properties of Ti/MoS2, instead we suspect that low mobility
of our devices was mainly attributed to the charge traps or
adsorbates at the interface between the SiO2 substrate and the
MoS2 layer.

The transfer characteristics of the same MoS2 FET device
after the CuPc layers were deposited on the MoS2 surface are
also plotted in Fig. 2a. When the CuPc layer was deposited, the
channel currents at the positive gate voltages decreased, and
the threshold voltage shifted towards the positive gate voltage
direction compared with the case prior to the CuPc coating
and as the thickness of the CuPc layer increased (see inset
graph in Fig. 2a). Throughout the process, we measured the
transfer characteristics of the MoS2 FET devices systematically
each time we coated the CuPc layers to increase their thick-
ness. For example, the threshold voltage of the pristine MoS2
FET was ∼0.45 V, and it shifted from 5.91 to 12.84 V when the
thickness of the CuPc layers increased from 1 nm to 10 nm.
The channel current of the pristine MoS2 FET was 1.46 × 10−7

A measured at VG = 40 V and VDS = 0.1 V. The channel current

Fig. 2 (a) IDS–VG curves on the semilogarithmic scale of the MoS2 devices without (labeled with “w/o CuPc”) and with CuPc layers of various thick-
nesses (1, 2, 3, 4, 5, and 10 nm) measured at a fixed VDS = 0.1 V. Inset is a linear plot of IDS–VG curves for a pristine MoS2 device without a CuPc layer
and a 10 nm-thick CuPc/MoS2 hybrid device. Arrows indicate shifts in threshold voltages and currents. (b) The contour plots of IDS as a function of
VG and VDS for a (left) pristine MoS2 device and (right) 10 nm-thick CuPc/MoS2 devices. (c) The threshold voltage and electron carrier concentrations
for a pristine MoS2 device and CuPc/MoS2 devices as a function of the thickness of the CuPc layers. (d) Schematics of energy band alignment of
CuPc/MoS2 (left) before and (right) after stacking on each other.

Paper Nanoscale

18782 | Nanoscale, 2015, 7, 18780–18788 This journal is © The Royal Society of Chemistry 2015



decreased from 1.25 × 10−7 to 1.09 × 10−7 A when the thickness
of the CuPc layers increased from 1 nm to 10 nm. Note that we
also studied the MoS2 FET by stacking thicker CuPc layers
(from 10 to 30 nm), and we observed consistent results, i.e.,
the current at the positive gate voltage range decreased, and
the threshold voltage shifted towards the positive gate voltage
direction (see Fig. S6 in the ESI†).

Additionally, it was observed that the current in the nega-
tive gate voltage range (for example, at VG = −40 V) increased
upon increasing the thickness of the CuPc layers. The
threshold voltage shift and current change in the MoS2 FETs
after the CuPc treatment can be seen more clearly in the
contour plots of the current. Fig. 2b displays the contour plots
of the channel current as a function of VG and VDS for the
MoS2 FET device. These plots were obtained from the transfer
characteristic curves measured within the range of 0.1 to 1 V
for VDS and −40 to 40 V for VG before (left) and after (right) the
10 nm-thick CuPc layer stacking. Here, one can clearly see that
the channel current decreased at the positive gate voltages and
that the threshold voltage shifted in the positive gate voltage
direction with increasing thickness of the CuPc layer. The
right panel of Fig. 2b representing the channel current of the
CuPc/MoS2 device also shows the hole conducting region near
the high negative gate voltage. These phenomena are due to
charge diffusion at the interface between the MoS2 and CuPc
layer. The mechanism of these phenomena will be explained
in detail later.

Fig. 2c summarizes the threshold voltage values of all the
MoS2 FET devices that were characterized with and without
CuPc layers of different thickness. The error bars in this plot
indicate the standard deviations of the threshold voltages from
at least four different MoS2 FET devices at each CuPc layer
thickness. One can see that the threshold voltages shifted in
the positive gate voltage direction with increasing thickness of
the CuPc layers. We estimated the electron carrier concen-
tration of all the MoS2 FET devices, and the results are also
plotted in Fig. 2c. Here, the electron concentration (ne) was
calculated by using the formula ne = Q/e = Cg × |VG − VTH|/e,
where Cg is the capacitance of the SiO2 dielectric layer, and e is
the elementary charge. In the calculation, we arbitrarily chose
the gate voltage VG = 20 V, at which none of the transfer charac-
teristics were in the off condition. The electron concentration
at VG = 20 V and VDS = 0.1 V decreased with increasing thick-
ness of the CuPc layers.

The observation of the threshold voltage shift and the
current decrease in the positive gate voltage range can be
explained by the effect of CuPc on MoS2. CuPc is known to
show a p-type organic semiconductor characteristic. Therefore,
when a p-type CuPc layer is stacked on an n-type MoS2, the
electrons in MoS2 can recombine with holes in the CuPc layer
at the interface. In case of stacking the CuPc thicker, more
electrons can recombine, which is responsible for the
threshold voltage shift and the current decrease in the positive
gate voltage range (see Fig. 2d). Such carrier recombination at
the interface between MoS2 and CuPc layers results in a
reduction of the electron carrier concentration in the MoS2

channel layer and threshold voltage shift in the FET device. In
our work, the carrier mobility in the MoS2 channel layer is not
changed much on increasing the thickness of the CuPc layer
(see Fig. S7 in the ESI†). At the same time, the current
increased in the negative gate voltage range due to the hole
conduction through the p-type CuPc layer between the source
and drain electrodes. This charge transfer behavior will
become more significant when the thickness of the CuPc layer
increases on the MoS2 film.

Enhancement of photoresponsive characteristics

We studied the photoresponsive characteristics of the CuPc/
MoS2 hybrid devices under different light intensity (the power
of the laser source) conditions (0.03, 0.05, 10, 25, 35, and
40 mW), and the results are shown in Fig. 3a. In this figure,
the data in black (labeled as Dark) were obtained in the dark
without laser illumination. Because the energy of the incident
light (∼2.38 eV, 520 nm wavelength) is greater than the band
gap energy of the multilayer MoS2 (∼1.2 eV) and the CuPc layer
(∼1.7 eV), it can be absorbed and can generate electron–hole
pairs in both the CuPc layer and the MoS2 channel film. In the
case of a pristine MoS2 FET without the CuPc layer, the inci-
dent light is absorbed by the MoS2 film, and the photo-gener-
ated electron–hole pairs contribute to the increasing current
in the MoS2 FETs. On the other hand, in the case of hybrid
CuPc/MoS2 FET devices, the incident light is absorbed by both
the CuPc layer and the MoS2 film. The photo-generated elec-
tron–hole pairs in the CuPc layer are separated at the interface
between the p-type CuPc layer and the n-type MoS2. Then, the
electrons migrating from the CuPc layer to the MoS2 contribute
additional current. Note that to check whether the electron–
hole pairs can be generated in the CuPc layer by the incident
light, we measured the photoconductive properties of the
CuPc-only FET without the MoS2 film in the device structure.
We observed that the incident light indeed generated the elec-
tron–hole pairs in the CuPc layer (see Fig. S8 in the ESI†).

From the experimental results (Fig. 3a), we observed two
main phenomena. First, the photoinduced current level
increased with increasing light intensity for both the pristine
MoS2 and hybrid CuPc/MoS2 FETs. This result is simply due to
a greater generation of electron–hole pairs by the more intense
light. Additionally, the photoinduced current in the CuPc/
MoS2 FET was higher than that in the pristine MoS2 FET due
to the photo-generated electrons in the CuPc layer transferring
from the CuPc layer to the MoS2, producing additional
current. These phenomena are summarized in Fig. 3b, where
we plotted the photoinduced current of the pristine MoS2 and
CuPc/MoS2 FETs measured at VG = −40 V and VDS = 0.1 V in
the dark and under 520 nm laser illumination at different
laser intensities. For example, the photocurrent (38.1 nA) of
the CuPc/MoS2 FET was approximately an order of magnitude
higher than that (3.13 nA) of the pristine MoS2 FET at 40 mW
laser illumination at VG = −40 V.

Fig. 3c shows the photoresponsive data of the pristine MoS2
and CuPc (2 nm-thick layer)/MoS2 FETs measured at VG =
(−40 V and VVDS = 0.1 V in the darkness and under laser
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illumination with different wavelengths and a fixed intensity
of 40 mW. Four different laser wavelengths (405, 520, 658, and
780 nm) were used for this experiment, and all of them
exceeded the band gap energy values of the multilayer MoS2
and CuPc. The photoinduced current increased as the wave-
length of the incident light became shorter, indicating that the
incident light having energy larger than the energy gap of the
CuPc and MoS2 can create electron–hole pairs more easily.
Moreover, similar to the results of Fig. 3a and b, we observed
that the photocurrent from the CuPc/MoS2 hybrid device was

higher than that of the pristine MoS2 device by an order of
magnitude throughout the wavelength ranges (Fig. 3d).

The performances of photodetectors are often evaluated
using photoresponsivity, detectivity, and external quantum
efficiency. The photoresponsivity (R) can be estimated from
the formula R = IPh/PLight, where IPh is the photocurrent and
PLight is the intensity of incident light. In the calculation, we
only considered the active area of the incident flux of laser illu-
mination (with a laser spot radius of 0.5 × 10−3 m). The calcu-
lated photoresponsivity values for the pristine MoS2 and CuPc

Fig. 3 (a) IDS–VG curves of pristine MoS2 and 2 nm-thick CuPc/MoS2 photodetectors measured at a fixed VDS = 0.1 V under dark and illuminated
conditions (wavelength = 520 nm) at different laser intensities. (b) Photocurrent of pristine MoS2 and CuPc/MoS2 photodetectors measured at VG =
−40 V and VDS = 0.1 V as a function of the laser intensity. (c) IDS–VG curves of pristine MoS2 and CuPc/MoS2 photodetectors measured under dark
and light illumination conditions at different wavelengths and a fixed laser intensity (40 mW). (d) Photocurrent, (e) photoresponsivity and detectivity,
and (f ) external quantum efficiency (EQE) of pristine MoS2 and CuPc/MoS2 photodetectors as a function of the wavelength of the illumination.
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(2 nm-thick layer)/MoS2 phototransistors are plotted in Fig. 3e.
One can see that the photoresponsivity increased with shorter
wavelengths of the illuminating light and was higher for the
CuPc/MoS2 than the pristine MoS2 devices. Moreover,
the detectivity (D*) parameter can be estimated using D* =
(RAD

1/2)/(2eID)
1/2, where AD is the effective detection area, ID is

the unilluminated current, and e is the elementary charge
(1.6 × 10−19 C). The determined detectivity values of the CuPc/
MoS2 and pristine MoS2 photodetectors are plotted in Fig. 3e.
The results in Fig. 3e indicate that both the photoresponsivity
and detectivity of the MoS2 devices increased by roughly an
order of magnitude with stacking of the CuPc layer on the
MoS2 surface. From the photocurrent values, we estimated the
external quantum efficiency (EQE), which is the efficiency of
converting electrons according to incident photons (Fig. 3f).
The EQE is defined as EQE = (IPh/e)/(PLight/hν), where hν is the
photon energy. The pristine MoS2 photodetectors displayed an
R of 0.25 A W−1, a D* of 1.49 × 1010 Jones (measured at VG =
−40 V and VDS = 1 V), and an EQE of 5.36% under 405 nm illu-
mination at 40 mW intensity (measured at VG = 0 V and VDS =
1 V). In contrast, the CuPc/MoS2 hybrid photodetectors exhibi-
ted an R of 1.98 A W−1, a D* of 6.11 × 1010 Jones, and an EQE
of 12.57% under the same measurement conditions as the
pristine MoS2 devices. With these photodetection results
shown in Fig. 3, we can confirm that the CuPc/MoS2 hybrid
devices exhibited a better photodetection capability than the
pristine MoS2 devices in the broad wavelength and optical
intensity ranges. In addition, we investigated the gate voltage
dependence of the photoresponsive characteristics (see Fig. S9
in the ESI†). We found that the photoresponsive properties
increased as the increasing gate voltage, which results in the
increase of electron carriers in the MoS2 layer and the
reduction of charge recombination.

Optical properties with different CuPc layers

Fig. 4a shows the photo-switching data before and after the
MoS2 FET devices were deposited with CuPc layers of different
thicknesses (1, 2, 3, 4, 5, and 10 nm). Note that in order to
clearly compare and emphasize differences in the time-
dependent photocurrent behavior, the photocurrents were nor-
malized, i.e., the light-off currents in the dark of each curve
were shifted by an equal distance (15 nA) in the y-axis. The
white areas represent the light-off current of the devices
(labeled “light off”), and the cyan areas indicate the light-on
current of the devices under 520 nm illumination (labeled
“light on”). We observed that there are striking differences in
the photocurrent ratio (a photocurrent-to-dark condition ratio)
as a function of the thickness of the CuPc layer while the light
turns off and on. From Fig. 4b, it is clearly seen that the photo-
current and photoresponsivity of the CuPc/MoS2 hybrid
devices strongly depended on the thickness of the CuPc layers
on the MoS2, and in particular the device conditions with the
2 nm-thick CuPc layer showed the largest photocurrent and
photoresponsivity. This indicates that the high efficient per-
formance between the light absorption and photodetection in
the CuPc/MoS2 heterostructures can be obtained by optimizing

the appropriate thickness of a p-type organic layer due to the
increase of charge recombination at the interface with in-
creasing hole carriers in the CuPc layer. The photo-generated
electrons in the CuPc layer can assist the increase of photo-
current in the hybrid device. However, the increase of hole
carrier density in the thicker CuPc layer than 2 nm (see Fig. S8
in the ESI†) leads to the increase of recombination with elec-
trons in the MoS2 layer at the interface (see Fig. 2 and S6†),
which can cause the reduction of photoresponsivity. After the
thin MoS2 and CuPc layers form a junction, the excitons from
the CuPc layer are generated upon light illumination. The
photo-generated electrons in the lowest unoccupied molecular
orbital (LUMO) level of the CuPc move to the interface and
then transfer to the MoS2 layer (black arrows in Fig. 4c and d)
due to the energy alignment (i.e., LUMO of the CuPc is higher
than the conduction band minimum of the MoS2). In contrast,
the photo-generated holes in the highest occupied molecular
orbital (HOMO) level of the CuPc could not move to MoS2 due
to the larger barrier. Here, the interlayer recombination pro-
cesses can occur at the interface between the thin MoS2 and
CuPc layers. These processes are described as trap-assisted
recombination (known as Shockley–Read–Hall recombination)
by inelastic tunneling of carriers into trap states in the forbid-
den gap (marked by the blue arrows in Fig. 4c and d) and as
Langevin recombination of the electron–hole carriers via the
Coulomb interaction (marked by the red allows in Fig. 4c and
d) across the interface.40–43 Both interlayer recombination pro-
cesses are proportional to the density of the major charge car-
riers in the MoS2 and CuPc layers.40,43 Interestingly, in Fig. 2a
and S8 of the ESI,† the current in the negative gate voltage
range for the CuPc/MoS2 hybrid and CuPc-alone FET devices
increased with increasing thickness of the CuPc layers, so that
the p-type behavior became stronger. This indicates that as the
thickness of the CuPc layer increases, the density of hole car-
riers in the CuPc layer increases, which results in the decrease
in the energy difference between the Fermi level and HOMO
level of the CuPc (Fig. 4c and d) with increased CuPc layer
thickness. Therefore, the thickness dependence of the density
of hole carriers can strongly affect the interlayer recombina-
tions for the CuPc/MoS2 devices. Compared with the smaller
energy difference (ΔEsmall) of thicker CuPc (Fig. 4d), the total
number of majority carriers that cause interlayer recombina-
tions is relatively smaller due to the larger energy difference
(ΔElarge) in the case of the junction between the MoS2 and the
relatively thinner CuPc layer, leading to the stronger enhance-
ment of photodetection performance (Fig. 4c). In addition,
when the CuPc layer is much thicker than the exciton
diffusion length (∼1.6 nm),44 the photo-generated electron and
hole pairs will recombine before they separate and will not
contribute to the photocurrent. Therefore, as an overall effect,
such as the contribution of photo-generated electrons in the
CuPc layer, recombination processes, and exciton diffusion
length, the relatively thinner CuPc/MoS2 devices (near the
2 nm CuPc) exhibited higher photoresponsivity than the rela-
tively thicker CuPc/MoS2 devices. Finally, the time-resolved
photocurrent of 2 nm-thick CuPc/MoS2 and pristine MoS2
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devices showed sufficiently short typical decay times (τ < 0.3 s).
The decay time might not be clearly measured due to the limit
of equipment capacity but which is faster than previously
reported MoS2 devices.

27

Conclusions

We investigated the photoresponsive properties of MoS2 FETs
when stacking a p-type organic semiconductor (CuPc) layer on

the MoS2 surface. The CuPc/MoS2 hybrid devices exhibited
better performance as photodetectors compared with the pris-
tine MoS2 FETs that did not contain CuPc layers, due to the
transfer of photo-generated charge carriers from the CuPc to
the MoS2. Furthermore, we observed that the photoresponsive
properties of the CuPc/MoS2 devices depended on the thick-
ness of the CuPc layer. The device with a relatively thinner
CuPc layer exhibited a better photodetection performance
than that with a relatively thicker CuPc layer, which can be

Fig. 4 (a) Normalized photo-switching data of pristine MoS2 and CuPc/MoS2 photodetectors with different CuPc layer thicknesses (1, 2, 3, 4, 5, and
10 nm) measured at VG = −40 V and VDS = 0.1 V while a light (wavelength = 520 nm, intensity = 40 mW) was on and off. (b) Photocurrent and photo-
responsivity of devices versus the CuPc layer thickness. (c, d) Energy band diagrams of (c) a relatively thinner CuPc/MoS2 device and (d) a relatively
thicker CuPc/MoS2 device. Blue lines and red lines indicate SHR and Langevin recombination processes, respectively. (e) Time-resolved photocurrent
data of 2 nm-thick CuPc/MoS2 and MoS2 devices show that both devices exhibited short decay times (τ < 0.3 s).
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explained by the CuPc layer thickness-dependent interlayer
recombination processes across the CuPc/MoS2 interface. We
found that the 2 nm-thick CuPc/MoS2 device presented the
highest photodetection performance, with a photoresponsivity
of ∼1.98 A W−1, a detectivity of ∼6.11 × 1010 Jones, and an
external quantum efficiency of ∼12.57%. This study suggests
an approach to creating MoS2-based heterostructures by
stacking with p-type organic semiconductors, resulting in an
efficient photodetecting device.

Experimental section
Materials and fabrication of MoS2 FET devices

The MoS2 FET devices were fabricated using multilayer MoS2
flakes that were exfoliated from a bulk MoS2 crystal using the
micromechanical exfoliation method. The multilayer MoS2
flakes were then transferred to 270 nm-thick SiO2 on a high
doped p++ Si wafer (resistivity ∼5 × 10−3 Ω cm−1) that can be
used as a back gate. After finding the location of the target
MoS2 flakes using an optical microscope, the height of the
MoS2 flakes was measured using an AFM system (NX 10 AFM,
Park Systems). To create electrode patterns, we spin-coated
double resist layers—methyl methacrylate (9% concentration
in ethyl lactate) and polymethyl methacrylate (5% concen-
tration in anisole; PMMA 950K A5) at 4000 rpm of each resist
layer. The samples were baked twice at 180 °C for 90 s on a hot
plate after spin-coating each resist layer. We used an electron
beam lithography system (JSM-6510, JEOL) to pattern the
source and drain electrodes. Pattern development was per-
formed using a MIBK/IPA (1 : 3) solution for 50 s. The electro-
des were deposited with an electron-beam evaporator system
(KVE-2004L, Korea Vacuum Tech). Finally, the devices were
annealed under 100 sccm Ar flow at 200 °C for 2 h.

Fabrication of CuPc/MoS2 photodetectors

To create the CuPc/MoS2 hybrid structure, copper phthalo-
cyanine (Lumtec (Sublimed product)) was deposited on the
MoS2 surface using a thermal evaporator system (GVTE1000,
GV-Tech).

Device characterization

All electrical characteristics of the devices were measured
using a probe station (JANIS, ST-500) and a semiconductor
parameter analyzer (Keithley 4200-SCS). The photoresponsive
characteristics of the devices were measured under laser
(purchased from Su Semiconductor, model MDE5240 V)
illumination at various wavelengths.
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