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a b s t r a c t

Photodetectors (PD) with high detectivity, high quantum efficiency and fast response are fundamental
units to achieve sensors, imagers, and many others functional optoelectronics. Here we demonstrate high
performance vertical stacked 2D MoS2/CuPc heterojunction based photodetectors with high sensitivity,
high external quantum efficiency and ultrafast response time. The functional p-type organic thin film of
CuPc was thermally evaporated on n-type two-dimension (2D) MoS2 monolayer to create an ideal type II
heterojunction interface, where ultrafast charge transfer (CT) occur in 16 ps, followed by effective exciton
separation and charge collection. As a result, photoresponse time as fast as 436 ms has been obtained for
2D MoS2/CuPc PDs, as well as a profound responsivity of 3:0� 103A/W and a detectivity of 2.0 � 1010

Jones with a peak external quantum efficiency (EQE) of 483%. This work suggests a feasible route to
develop ultrasensitive visible light photodetector by 2D materials.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

High performance photodetectors (PD) are fundamental opto-
electronic units for the construction of sensors, imagers, and many
others functional devices. Among many performance metrices,
high detectivity, high quantum efficiency and fast response are the
keys. As one of typical 2D transition metal dichalcogenide mate-
rials, the monolayer MoS2 with remarkable properties such as a
direct band gap, strong light-matter interactions and high carrier
mobility, exhibits promising application prospects on transistors
[1,2], integrated circuits [3], and photodetectors (PD) [4e8]. Typi-
cally, the practical application of 2D MoS2 film for PD devices
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requires physical construction of other semiconductor materials to
form uniform heterojunction structures [9e14]. Functional organic
molecules bonded together by weak van der Waals (vdW) have
feasible stackablity upon thermal vapor deposition and can readily
be deposited on 2D layers to create 2D/organic heterostructures
[15]. This unique heteojunction provides advantages of a versatile
selection of organic materials and structural design compared with
conventional semiconductors that require strict lattice match and
necessary semiconductor doping processing [16]. Recent advances
have been reported on varied organic molecules to integrate with
2D MoS2 to enhance their photoresponse such as 3,4,9,10-perylene
tetracarboxylic dianhydride (PTCDA) [17], pentacene [18], zinc
phthalocyanine (ZnPc) [19] and metal-free phthalocyanine (H2Pc)
[20] et al., enhancing their light-response nature and extending
spectral sensitivity.

Previous experimental [17,20] and theoretical works [19] have
suggested that the fundamental physics of the excitonic feature is
strongly correlated with the hybrid charge transfer (CT) excitons.
Femtosecond (fs) to picosecond (ps) CT can occur across thermo-
dynamically favorable 2D/organic interfaces through the func-
tionalization strategy, facilitating the separation of interfacial CT
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excitons into free electron-hole charges [13]. However, severe
interface recombination processes could compete if free charges
couldn't be swept off the interface quickly to their respective
electrode, inherently limiting realization of fast photoresponse in
PD devices. In fact, the on/off switching photoresponse time of the
typical 2D MoS2 is still limited in the range of ms [21,22] for
photosensitive PDs. Though the ultrafast response speed of about
3 ms and high detectivity up to 1013 Jones has been observed in bulk
MoS2/Si heterojunction PDs with MoS2 layer as thick as 150 nm
[23], it still remains challenging to reach high speed performance in
terms of 2D monolayer MoS2 devices so far. The critical bottleneck
remains on the exploration of a new conductive hole transport
layer (p-type) to stack with n-type 2D MoS2, as well as maintaining
an idealized energy offset for ultrafast exciton dissociation. The
family of the phthalocyanines (Pcs) with lowmolecular weight and
flat organic molecules, exhibits tremendous potential for photo-
electric devices [24]. As a typical p-type semiconductor material
with decent p-p stacking, copper phthalocyanine (CuPc) exhibits
excellent photoelectric response, which has been used as the
photoactive layer for holes transport in photoelectric device
[25,26].

In this work, the thermally vaporated CuPc film was stacked on
pre-patterned monolayer MoS2 with Au electrodes to create a type
II 2D MoS2/CuPc PD. This unique device stack could ensure Au
electrode have a direct contact with monolayer 2D MoS2 and CuPc
respectively, collecting photogenerated electrons from monolayer
2D MoS2 and holes from CuPc film efficiently. The novel 2D MoS2/
CuPc PD shows a profound responsivity of 3:0� 103 A/W, a high
detectivity of 2.0 � 1010 Jones, a high external quantum efficiency
(EQE) of 483% and an ultrafast respone time of 436 ms. The obtained
photoresponse time is faster by four orders of magnitude compared
with that of the pure monolayer MoS2 PDs. First, the introduced
organic CuPc thin layer has effectively smoothed out the surface of
2DMoS2 layer formultilayer device integration. Second, the created
p-n heterojunction of 2D MoS2/CuPc has significantly suppressed
dark current with more than two orders of magnitude lower than
pure monolayer MoS2 PD. Third, CT state has been formed at the
interface of 2D MoS2 and CuPc layers, facilitating ultrafast charge
transfer within 16 ps. As a result, fully separated free electron and
hole charges under light illumination are effectively swept off
through 2D MoS2 and CuPc layers to their respective electrode,
reaching photoresonse as fast as 436 ms. Systematic experimental
investigation and fundamental mechanicstic understanding of the
2D inorganic/organic structure and its charge transport illustrate
the key aspects of the PD. The results paves a newway for future 2D
MoS2 PD development.
2. Material and methods

The preparation of monolayer MoS2 was grown in a homemade
two-zone CVD furnace with a 1 in. diameter quartz tube. Sulfur
powder (100 mg) was located at the upstream zone, and MoO3
mixed KI (mass ratio 6:1, 5e10 mg) with a facedown SiO2/Si sub-
strate was placed downstream (8e10 cm). Before growth, the tube
was flushedwith Ar for 30e40min to remove the trapped air. Then,
the furnace was heated to 780 �C with a heating rate of 40 �Cmin�1

where it is was kept for 1e3 min for the growth of MoS2 with Ar
carrier gas (100 standard cubic centimeter per minute). After that,
the furnace was cooled down to room temperature [27]. Then the
Au electrodes were evaporated with the mask on monolayer MoS2.
Finally, the CuPc film was stacked on monolayer MoS2 through
physical vapor deposition (PVD) method. In the deposition process,
the vacuum of the chamber was below 6 � 10�4 Pa. The deposition
rate was ca. 0.1 Å s�1.
Channel length and width were obtained by optical microscopy.
The photoluminescence (PL) and Raman spectrumwas recorded on
Microscopic confocal Raman spectrometer (Horiba LabRAMHR800,
America) at room temperature. The atomic force microscopy (AFM)
and Kelvin probe forcemicroscopy (KPFM) was taken by Dimension
Icon (Bruker Innova,Germany) to obtain the thickness of CuPc film
andwork function of monolayer MoS2 and CuPc comparedwith Au.
The transient absorptions (TA) were measured in a standard pump-
probe configuration using a LabView-controlled home-build setup
with pump of 580 nm (600 mW) and probe of 630 nm (50 mW). All
IeV and current-time curves measurements were carried out with a
home-build system at room temperature which consisted of the
optical and electrical parts. The optical part includes SC-pro and
AOTF-PRO produced by OYSL and can produce 430e1450 nm light
which provide the illumination needed by photodetectors. The
electrical part consisits of probe and Keithley 2600B and can detect
the photodetectors’ current. The fast current-time curves were
measured using the semiconductor analyzing system and probe
station at room temperature (Keithley 4200A-SCS, USA, LakeShore,
USA).
3. Results

The 2D MoS2/CuPc PD was fabricated through CuPc film of
ca.7 nm thinckness stacking on monolayer MoS2 with the effective
area of 395 mm2 and the channel distance of 13 mm between two Au
electrodes (Fig. S1(aed)). Fig. 1(a) shows the illustration of 2D
MoS2/CuPc PD device followed fabrication process as shown in
Fig. S1(e) and respective transport path for photogerated free
electron through 2D MoS2 and holes through CuPc toward elec-
trodes. The dark and photocurrent were measured with the drain
voltage sweeping from �5 to 5 V (VDS) under the 500 nm incident
illumination intensity of 143 mW/cm2. For 2D MoS2 only device,
Fig. 1(b) shows the IeV curves exhibiting closely linear and sym-
metrical features, indicating ohmic contact was formed between
monolayer MoS2 and Au electrodes (VG ¼ 0 V). In contrast, the dark
current of 2D MoS2/CuPc PD was more than two orders of magni-
tude lower than that of pure monolayer MoS2 PD. The photocurrent
of 2D MoS2/CuPc PD was slightly higher than that of pure mono-
layer MoS2 PD. It is noted that the pure CuPc PD exhibited poor
photoelectric response, which was attributed to its intrinsic pho-
toelectric properties as shown in Fig. S2. Compared with pure
monolayer MoS2 and CuPc PDs, the ratio of on/off of 2D MoS2/CuPc
PD has been increased by ca. 100 times as shown in Fig. S3, indi-
cating significant advantage of 2D MoS2/CuPc PD.

Responsivity time, a direct indicator of response speed of an
effective PD, is the time required of current to increase/decrease
between the maximum and minimum under on/off laser illumi-
nation. Fig. 1(c) shows the rise/decay time is 8.1/15.9 s for pure 2D
MoS2 PD and 4.5/5.3 s for pure CuPc PD under 500 nm laser illu-
mination with 143 mW/cm2 (Fig. S4). In sharp contrast, the rise
time of 2D MoS2/CuPc PD is 436 ms (Fig. 1(d)), which is more than
four orders of magnitude faster than that of pure 2D MoS2 devices,
indicating that the ultrafast responsivity time has been obtained.

The responsivity (R) and detectivity (D*) are performance key
indicators of PD and calculated according to

R¼ Ilight � Idark
PA

(1)

D* ¼ Rffiffiffiffiffiffiffiffiffiffi
2eIdark

A

q (2)

where Ilight and Idark were light and dark currents, respectively. P



Fig. 1. (a) The illustration of 2D MoS2/CuPc PD. (b) The IeV curves corresponding to pure monolayer MoS2 and 2D MoS2/CuPc PDs. The response time (rise and decay) of pure MoS2
monolayer (c) and 2D MoS2/CuPc (d) PDs. Inserts: The corresponding PDs current-time curves.
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and A represented the power density of excitation light and channel
effective area of PD, respectively. The e is the electronic charge. The
channel effective area was 395 mm2. Fig. 2(a) shows the IeV curves
of 2D MoS2/CuPc PD under the laser light of 500 nm with varied
Fig. 2. (a) The IeV curves of 2D MoS2/CuPc PD dependence on power. Responsivity and Dete
(d) The EQE of 2D MoS2/CuPc PD dependence on wavelength.
power intensities (VDS ¼ 15 V and VG ¼ 0 V), exhibiting the grad-
ually increased photocurrent with incident power. Fig. 2(b) shows R
and D* reach to 3:0� 103A/W and 2.0 � 1010 Jones at incident
power of 0.28 mW/cm2, repspectively, then they decreases with
ctivity of 2D MoS2/CuPc PD dependence on power (b) and wavelength (c), respectively.
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power intensity. The responsivity and detectivity of this device
linearly decreases with the laser power, which indicates photo-
generated excitons are effectively dissociated and separated into
free electron and hole charges. With the incident light scanning
from 450 nm to 750 nm at fixed power of 143 mW/cm2, there were
two obvious peaks located at 603 nm and 648 nm in Fig. 2(c) which
are corresponding to absorption of A and B excitons in monolayer
MoS228. Fig. 2(d) shows the external quantum efficiency (EQE)
dependence on wavelength of excitation light, which was calcu-
lated by

EQE¼Rhc
el

(3)

where h represents Planck constant, c represents the speed of light
and represents the excitation light wavelength. The maximum of
EQE was up to 483% at 480 nm and the 2D MoS2/CuPc PD exhibits
broad visible light spectral response.
4. Discussion

As the typical p-type semiconductor of small organic mole-
cule with the hole mobility of 0.7 cm2 V�1 s�1 [29], CuPc is
stacked on monolayer MoS2 of n-type semiconductor to architect
the vertical p-n heterojunction [30]. Extra electron diffuses from
MoS2 to CuPc and holes from CuPc to MoS2 until local charge
concentration were equalized at the depletion zone [31] and the
built-in electric field was formed [32]. There are A exciton states
which include A� trions and A0 excitons in monolayer MoS2. The
A� trions consist of two electrons and one hole, and A0 excitons
consisted of one electron-hole pair [28]. Under light
Fig. 3. (a) The PL spectra dependence on temperature corresponding to pure monolayer Mo
2DMoS2/CuPc layers as function of 1/kbT. The dots represent measured data and the solid lin
represent pure monolayer MoS2, and red dots and solid line represent 2D MoS2/CuPc layers. (
tested by Kelvin probe force microscopy (KPFM). (d) Band diagram for CuPc and monolaye
illumination, there are more and more photogenerated electron-
hole pairs in monolayer MoS2 and they are more likely to bond
with one extra electron to form A� trion. On the other hand, if
no abundant electrons available, they are more likely to form the
neutral exciton A0 [33]. Meanwhile, the thermal activation (Ea)
of A� trions is lower than that of A0 excitons, [34,35] which
could be estimated by temperature-dependent PL spectra to
identify types of excitons. For comparison, both pure monolayer
MoS2 and 2D MoS2/CuPc layers were consistently measured as
shown in Fig. 3(a). Fig. 3(b) shows the integrated PL intensities
dependence on 1/kbT which was calculated from temperature (T)
and Boltzmann constant (kb). The integrated PL intensities of
pure monolayer MoS2 decreased rapidly with temperature
increasing, compared to 2D MoS2/CuPc heterojunction. The solid
lines were fitted with the equation [22,36].

IT ¼
I0

1þ Ae

�
� Ea

kbT

� (4)

where IT represents the measured integrated PL intensities; e is
natural constant; kb is the boltzmann constant; and T represents the
measured temperature. I0 and A are the fitting parameters. The
fitting results shows that the Ea of pure monolayer MoS2 is
38.6 ± 18.1 meV which agrees well with the Ea of A� trions in
monolayer MoS2, and the Ea of 2D MoS2/CuPc heterojunction is
increased to 62.7 ± 6.9 meV which is attributed to A0 excitons
[33,37]. Therefore, excess electrons generated from light excitation
of PL measurement could been effectively drifted away from the
MoS2 to CuPc layer by the built-in electric field, and more electrical
neutral A0 exciton exist in 2D MoS2/CuPc, indicating an ideal stack
S2 and 2D MoS2/CuPc layers. (b) Integrated PL intensities of pure monolayer MoS2 and
es represent fitting curves by the equation as shown in the text. Black dots and solid line
c) The potential difference of CuPc and monolayer MoS2 compared with Au which were
r MoS2. Black and white dots represent electrons and holes, respectively.
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for effective exciton dissociation.
The Highest Occupied Molecular Orbital (HOMO) level of

CuPc and valence band level of monolayer MoS2 are measured
through work function and potential difference with Au which
were tested by Kelvin probe force microscopy (KPFM) as shown
in Fig. 3(c) and the energy band alignment of 2D MoS2/CuPc
diodes is shown in Fig. 3(d). The lowest unoccupied molecular
orbital (LUMO) of CuPc and conduction band level of monolayer
were calculated with the PL and absorption spectra, respectively
(Fig. 4(a) and Fig. S5). The incorporation of the CuPc layer has
created an energy favorable p-n junction and the built-in po-
tential could effectively block the electrons or holes leaked from
Au electrodes in dark condition, leading to significantly sup-
pressed dark current.

The PL spectra in Fig. 4(a) at room temperature shows the A
exciton-states emitting of monolayer MoS2 located at 680.1 nm,
including A� trions and A0 excitons [38]. The PL peak of 2D MoS2/
CuPc heterojunction has slight blueshift to 673.8 nm and its in-
tensity decreased obviously due to the increased proportion of A0

excitons. The results suggest the existence of the charge CT state of
the heterojunction structure as shown in Fig. 3(d), where the CT
state has provided an intermediate state to dissociate coulombi-
cally bonded excitons. As a result, photogenrated electrons get less
chance to accumulate at the interface and transport fast to its
electrode, which is consistent with the higher Ea of 2D MoS2/CuPc
heterojunction as shown in Fig. 3(b). In the meantime, electron
mobility of monolayer MoS2 could be three orders of magnitude
higher than that of CuPc film [39,40], therefore, the electrons
mainly transport to Au electrode through monolayer MoS2.
Simultaneously, the absorption of CuPc could contribute the
photocurrent generation with exciton dissociated effectively at the
Fig. 4. (a) The PL spectra corresponding to pure monolayer MoS2 and 2D MoS2/CuPc heteroj
MoS2/CuPc heterojunction with pump of 580 nm (600 mW) and probe of 630 nm (50 mW),
laser of 500 nm. (d) The current-time curves of 2D MoS2/CuPc PD under the powder of 101
interfaces, increasing the photocurrent generation as shown in
Fig. 1(b).

To further investigate the CT state, the transient absorption
spectrum (TAS) were measured on monolayer MoS2, CuPc and 2D
MoS2/CuPc heterojunction with pump of 580 nm and probe of
630 nm as shown in Fig. 4(b). The DA/A was calculated from
DA¼(Aoff-Aon)/Aoff, where Aoff and Aon was absorption without and
with pump, respectively. Fig. 4(b) shows that the decay time of the
exciton-state absorption in monolayer MoS2 and Q-band absorp-
tion in CuPc are 48 ps and 74 ps, respectivity. For the 2DMoS2/CuPc
heterojunction, the probe of 630 nm is consistence with the
exciton-state absorption of monolayer MoS2 and Q-band absorp-
tion of CuPc. The positive signal shows the decay time of 16 ps (T1),
which is attributed to the ground-state bleaches in monolayer
MoS2 and CuPc [19,41]. The kinetic fitting of TA spectrum has
indicated that ultrafast CT occurred at 2D MoS2/CuPc hetero-
junction interface, where CT could effecitively be dissociated into
electron-hole pairs [42]. Therefore, the energy favorable CuPc layer
has facilitated the CT with MoS2 and ultrafast exciton dissociation
has been obtained, followed by effective charge separation and
collection. Consistently, photo respone time of 2D MoS2/CuPc PD as
fast as 436 ms has been realized as shown in Fig. 1(d), indicating an
ideal device architecture for high performance PDs.

Fig. 4(c) exhibits the current-time curves of the 2D MoS2/CuPc
PD dependence on laser power under the laser of 500 nm
(VDS ¼ 15 V, VG ¼ 0 V). The photocurrent increases with the increase
of the laser power, due to more free carriers are generated and
transport to Au electrodes under higher power laser illunimation.
The PD exhibits fast response time under different power. It is noted
that the photocurrent under 101 mW/cm2 and below are hori-
zontality after increasing rapidly. However, the photocurrent under
unction. (b) The normalized transient absorption (TA) of monolayer MoS2, CuPc and 2D
respectively. (c) The current-time curves of 2D MoS2/CuPc PD dependence on power at
and 113 mW/cm2.
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113 mW/cm2 is obliquely upward to peak value after increasing
rapidly (Fig. 4(d)), showing the “climbing phenomenon” near the
maximum. As the laser power increases, more and more photo-
generated carriers are accumulated at the interface due to unbal-
anced electron and hole mobilities in monolayer MoS2 and CuPc,
and non-radiative recombination occurs. Free carriers get slower to
reach the electrode, which results in the climbing rising curve. It is
worth mentioning that more conductive layers to stack with 2D
MoS2 may lead to even faster photoresponse.

5. Conclusions

In summary, a high-performance 2D MoS2/CuPc PD has been
developed with the response time, responsivity, detectivity and
EQE of 436 ms, 3:0� 103A/W, 2.0 � 1010 Jones and 483%, respec-
tively. Compared to pure monolayer MoS2 PD, the response rise
time has been reduced by more than four orders of magnitude. Due
to the unique heterojunction device architecture, the formed build-
in electric field at the interface of MoS2 and CuPc has significantly
suppressed the dark current. The energy favorable CuPc layer fa-
cilitates the CT state with the MoS2. The ultrafast CT within 16 ps
leads to the short photoresponse time of 436 ms for the 2D MoS2/
CuPc PD. It is noted that the “climbing phenomenon” of the
photocurrent under higher light intensity occurs, which suggests
that the non-radiative recombination of free carriers caused by
unbalanced electron and hole mobilities in the monolayer MoS2
and CuPc still limit further performance enhancement. This work
sheds light on the development of high-performance 2D inorganic/
organic PDs based on monolayer MoS2.
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