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Two-dimensional (2D) material-based van der Waals (vdW) heterostructures with exotic semiconducting
properties have shown tremendous potential in next-generation photovoltaic photodetectors.
Nevertheless, these vdW heterostructure devices inevitably suffer from a compromise between high
sensitivity and fast response. Herein, an ingenious photovoltaic photodetector based on a WSe,/WS,/p-
Si dual-vdW heterojunction is demonstrated. First-principles calculations and energy band profiles
consolidate that the photogating effect originating from the bottom vdW heterojunction not only
strengthens the photovoltaic effect of the top vdW heterojunction, but also suppresses the
recombination of photogenerated carriers. As a consequence, the separation of photogenerated carriers
is facilitated and their lifetimes are extended, resulting in higher photoconductive gain. Coupled with
these synergistic effects, this WSe,/WS,/p-Si device exhibits both high sensitivity (responsivity of 340 mA

W™, a light on/off ratio greater than 2500, and a detectivity of 3.34 x 10™ Jones) and fast response time
Received 17th August 2022 (rise/decay time of 657/671 us) under 405 nm light illumination in self d mode. Finally, high
Accepted 26th November 2022 rise/decay time o us) under nm light illumination in self-powered mode. Finally, high-
resolution visible-light and near-infrared imaging capabilities are demonstrated by adopting this dual-

DOI: 10.1039/d2na00552b heterojunction device as a single pixel, indicating its great application prospects in future optoelectronic
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1. Introduction

Benefitting from their exotic properties, including strong light—
matter interactions," magnificent in-plane carrier mobility,*
atomic layer thicknesses,® and flexible integrability,® two-
dimensional (2D) materials have attracted extensive attention
in both academia and industry. In particular, 2D materials with
naturally passivated surfaces enable the integration of any
desired van der Waals (vdW) heterojunction without the
compatibility and lattice matching constraints that plague 3D
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silicon (Si) platforms.>” vdW heterojunctions combine the
advantages of disparate 2D materials and endow them with
more functionalities.>® To date, a variety of artificial 2D vdW
heterojunctions have been constructed through vdW epitaxy or
layer stacking methods, such as WSe,/Bi,Tej3,' Te/In,S;,'" PtS,/
WSe,,”” and WS,/h-BN/PdSe,.” These vdW heterojunctions
exhibit fascinating electronic and optoelectronic properties,
which hold promising applications in future optoelectronic
devices, especially in photodetectors. An ideal photodetector
should simultaneously possess high sensitivity (responsivity,
light on/off ratio and detectivity), fast response time, and free
energy consumption.*'* However, these reported 2D vdW het-
erojunction photodetectors usually suffer from an inevitable
trade-off between high sensitivity and fast response time.™* On
one hand, 2D vdW heterojunction photodetectors based on the
photovoltaic effect can work in self-powered mode, and the
built-in fields endow the devices with high light on/off ratios
and fast response time.>** For example, by leveraging the type-II
interfacial band offset between Bi,0,Se and WSe,, the self-
driven device achieves a light on/off ratio above 10°> and
a response time of 2.4 ps.'® Unfortunately, the responsivities of
these devices are always unsatisfactory due to the absence of
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internal gain.”"” On the other hand, 2D vdW heterojunction
photodetectors with high responsivity are operated in photo-
gating mode.® One type of photogenerated carrier acts as a local
gate, which prolongs the lifetime of the other, resulting in high
photogain accompanied by large dark currents and slow
response times."”'

To enable practical application of 2D vdW heterostructure
photodetectors, considerable effort has been devoted to
construct devices that simultaneously achieve high sensitivity
and fast response time. For instance, the PdSe,/MoS, junction
field-effect transistor exhibits both high sensitivity (responsivity
of 600 AW and detectivity of 10'* Jones) and a fast response
time of 100 ms through dual-gate modulation.” However, these
studies have to introduce additional electric extra fields, leading
to static power dissipation. Furthermore, thus far, investiga-
tions of photovoltaic and photogating effects in 2D vdW heter-
ostructure photodetectors have been conducted independently
since different device structures and material compositions are
usually required. In addition, due to the stability and maturity
of Si technology, 2D materials are unlikely to completely replace
the Si market.”*** Therefore, it is well documented that hybrid
dimensional heterostructures constructed from 2D materials
and 3D Si are an effective strategy for optimizing photo-
detection performance.***

Herein, an ingenious photovoltaic photodetector based on
a hybrid dimensional WSe,/WS,/p-Si dual-vdW heterojunction
(named HDH) is constructed, which can realize the coupling of
the photovoltaic effect and photogating effect to overcome
previous limitations. In this HDH device, p-Si is floating and not
connected to any electrodes, resulting in a photogating effect in
the bottom WS,/p-Si heterojunction. Such an effect not only
strengthens the photovoltaic effect of the top WSe,/WS, heter-
ojunction and facilitates the separation of photogenerated
carriers, but also delivers a higher photoconductive gain.
Consequently, this HDH device demonstrates both high sensi-
tivity (responsivity of 340 mA W, a light on/off ratio greater
than 2500, and a detectivity of 3.34 x 10" Jones) and fast
response time (rise/decay time of 657/671 ps) under 405 nm
light illumination in self-powered mode. Specially, outstanding
visible-light and near-infrared imaging capabilities of the HDH
device are demonstrated, revealing the versatile roles that 2D
vdW heterojunctions can play in future optoelectronic
applications.

2. Results and discussion

Fig. 1 illustrates the fabrication procedure of the HDH device
(details are described in the Experimental section). Briefly, the
underlying p-Si is exposed by selectively etching off the oxide
layer on SiO,/p-Si. Then, WS, and WSe, flakes are exfoliated
from the bulk single crystal and stacked sequentially onto the
edge of the p-Si window. Next, drain (Ti/Au) and source (Au)
electrodes are patterned and deposited on the WS, and WSe,
flakes, respectively. The detailed preparation procedure is
described in the Experimental section.

Fig. 2a shows an optical microscope image of the HDH
device, where WSe, and WS, flakes are highlighted in blue and
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red dotted lines, respectively. High-resolution transmission
electron microscope (HRTEM) images of the WS, and WSe,
flakes are presented in Fig. 2b and c, respectively. Evident lattice
fringes without defect atoms are observed, indicating that the
flakes are well crystallized. The lattice spacing in WS, and WSe,
is 0.27 nm and 0.28 nm, respectively, corresponding to the
(1010), (0110), and (1100) planes. The fast Fourier transform
(FFT) patterns in the insets of Fig. 2b and c exhibit a single set of
hexagonally symmetric diffractions with sharp diffraction
points, disclosing their single-crystal feature. Energy dispersive
X-ray spectroscopy (EDS) characterization studies of the flakes
are shown in Fig. S1.1 The elemental distributions are uniform,
validating the high homogeneity of the WSe, and WS, flakes.
Fig. S21 shows the Raman spectra of the WSe,/WS,/p-Si device.
The typical Raman peaks obtained for WS, and WSe, are in
agreement with previously reported values.?®?” Moreover, the
Raman spectra of WSe,/WS,/p-Si is the sum of WSe, and WS,,
indicating that high quality vdW heterostructures are con-
structed after transfer processes.’® In addition, the Raman
peaks of WS, in the overlapping region are significantly
quenched, which can be attributed to the interfacial coupling
effect and the absorption of excitation light by top WSe,."”
Atomic force microscopy (AFM) measurements for the WSe, and
WS, flakes are shown in Fig. 2d, and the thicknesses of WS, and
WSe, are obtained as 76.4 nm and 79.1 nm, respectively. Fig. 2e
and f show the Kelvin probe force microscope (KPFM) images
obtained from the interfaces of WS,/p-Si and WSe,/WS,,
respectively. The Fermi level difference (AEf) between WSe, and
WS, is calculated to be 25.6 meV, and the AE; between WS, and
p-Si is up to 109.1 meV (detailed calculation process is
described in Note S17).

Afterward, optoelectronic performance of the WSe,/WS,/p-Si
device is systematically characterized. Fig. 3a depicts the elec-
trical connections of the device, where D and S denote the drain
and source, respectively. Fig. 3b shows the PL spectra recorded
from different areas. Both the WS, and WSe, present two PL
peaks, which are located at around 650 nm and 863 nm (for
WS,), and 780 nm and 893 nm (for WSe,). These peaks can be
related to the direct and indirect band excitation in multilay-
ered WS, and WSe,.*®*** In the overlapping region, the PL peaks
exhibit obvious quenching and a slight redshift, manifesting
the efficient separation of photogenerated carriers in the WSe,/
WS,/p-Si device.'****' The spectral photoresponse of the HDH
device shown in Fig. 3c reveals that the device demonstrates
a broadband photosensitivity from the visible to the near-
infrared region. In addition, the HDH device shows two pho-
toresponse peaks at 630 nm and 765 nm, which corresponded
to the photoresponse peaks of WS, and WSe, (Fig. S21). Due to
the low responsivity of the Si device and the photoresponse peak
at 965 nm (Fig. S37), it can be inferred that the photogenerated
carriers in the WSe,/WS,/p-Si device are mainly generated from
the WSe, and WS, layers. The current versus voltage (I-V) curves
of the HDH device in the dark and under 405 nm light (102.69
mW cm %) are demonstrated in Fig. 3d. The counterpart devices
with other architectures are also measured for comparison, as
shown in Fig. S5 and S6.f Under dark, pronounced rectifying
behavior is observed in the HDH and WS,/p-Si devices. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic drawing of the fabrication procedure of the HDH device.
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Fig. 2 Structural properties of the HDH photodetector. (a) Optical micrograph of the HDH device. The WSe, and WS, flakes are highlighted in
blue and red dotted lines, respectively. (b and c) HRTEM images of WS, and WSe, and the insets show the corresponding FFT patterns,
respectively. (d) AFM image measured at the green solid line in (a). The inset shows the height profile across the white line in (d). The thicknesses
of WS, and WSe; are 76.4 nm and 79.1 nm, respectively. KPFM images obtained from the interfaces of (e) WS,/p-Si and (f) WSe,/WS,. The inset
shows the potential profiles across the corresponding white lines. The potential difference between WS, and p-Si is 109.1 mV, and the potential

difference between WSe, and WS, is 25.6 mV.

measured results (Fig. S7 and S8f) and widely reported
results®>** show that both Au-WSe  and Ti/Au-WS, are ohmic
contacts. Therefore, this rectification behavior indicates the
formation of a built-in electric field in the device. Besides, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

minimum dark current is not at Vg = 0 V, which can be
attributed to the surface adsorption of the channel. The
absorbate induces charge injection into the channel, which
increases the dark current. At a small reverse bias, the carrier

Nanoscale Adv., 2023, 5, 675-684 | 677
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Fig. 3 Optoelectronic characteristics of the HDH photodetector. (a) Electrical connections of the device. (b) PL spectra collected from WSe,,
WS,, and HDH. (c) Spectral photoresponse of the device under the illumination of 400-1100 nm light. (d) /-V curves in the dark and under
405 nm light (102.69 mW cm™2). The maximum light on/off ratio exceeds 40 000. (e) Comparison of the light on/off ratio of the devices with
different architectures at a bias of 0 V. (f) Plots of electrical power under different intensities of 405 nm light.

diffusion increases and recombines with the injected charge,
reducing the dark current. At high reverse bias, the diffusion
current dominates, and the dark current increases rapidly. This
phenomenon is also observed in other 2D material
devices.'**** Under 405 nm light illumination, the HDH device
exhibits an obvious photoresponse, and the maximum light on/
off ratio (defined in Note S2t) exceeds 40 000. Moreover, the
light on/off ratio of the HDH device is still greater than 2500 at
0 V bias, showing excellent self-powered photodetection prop-
erties. Fig. 3e compares the light on/off ratio at 0 V bias for
devices with different architectures, which shows that our dual-
heterostructure device exhibits clear advantages. In addition,
the light on/off ratio of the WS,/p-Si device is lower than that of
the WSe,/p-Si device. In the WS,/p-Si device, the top WSe, layer
is not connected to the circuit. As a result, the electron-hole
pairs generated in WSe, cannot be effectively converted into
photocurrent, which makes the photocurrent of the WS,/p-Si
device much lower than that of the WSe,/p-Si device. Fig. 3f
presents the photovoltaic characteristics of the HDH device
under different intensities of 405 nm light. The maximum open-
circuit voltage (Vo) is 0.19 V and the maximum output electrical
power (Pej, Pop = Igs X Vgs) is 740 pW. To further increase the
output power, more work will be carried out, such as optimizing
electrode contact and channel thickness.

Then, photodetection metrics of the HDH device in self-
powered mode are systemically investigated under 405 nm
light illumination. These metrics include responsivity (R),
detectivity (D*), photoconductive gain (Gain), light on/off ratio
(Ion/Iogr) and response time, and their detailed calculation

678 | Nanoscale Adv,, 2023, 5, 675-684

process is described in Note S2.1 Based on the I-V curves shown
in Fig. S5d-f and S6,f the power-dependent photocurrents of
devices with different architectures are extracted and displayed
in Fig. 4a and S5g-i.T These photocurrents are positively related
to the incident light power, since the number of photogenerated
carriers increases with the incident photons. Furthermore, the
power density (P) dependent photocurrent (I,,) follows a power-
law relationship (I, « P%). The power factors, «, are calculated
to be 0.77, 0.65, 0.24 and 0.48 for the HDH, WSe,-WS,, WSe,/p-
Si and WS,/p-Si devices, respectively. The highest o of the HDH
device indicates that the dual-vdW heterojunction structure can
effectively reduce the recombination rate of the photoexcited
carriers.*>*® Fig. 4b-d compare the light intensity dependent
responsivity, detectivity, photoconductive gain and light on/off
ratio of the HDH device and conventional WSe,-WS, device.
Notably, all of these metrics show a decreasing tendency with
increasing light intensity. Under intense light illumination, the
photosensitive state of the device tends to saturate, which
increases the recombination of photogenerated carriers. This
phenomenon is widely observed in 2D material devices.*>***
Under a relatively weak light intensity of 150 uW cm ™2, the HDH
device achieves high sensitivity (responsivity of 340 mA W,
a detectivity of 3.34 x 10" Jones, a Gain of nearly 1, and a light
on/off ratio greater than 2500). These values are much superior
to those of the conventional WSe,-WS, device. Besides, Fig. 4e
presents the comparison of R and D* of our HDH device against
those of other reported self-driven devices. Obviously, the
performance of our HDH device takes the lead, revealing the
advantage of this dual-vdW heterojunction architecture. In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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addition, Fig. S9f compares the photodetection metrics of the
HDH device under different bias voltages. The photoresponse
properties are enhanced at positive bias and weakened at
reverse bias, which is in good agreement with the reported
behavior of p-n junction devices.'***** Therefore, this HDH
device does not work in transistor mode, but works in photo-
voltaic diode mode.

Sequentially, response time represents the ability of a device
to track rapidly changing optical signals. Fast response time is
important for a wide range of applications including image
sensing, optical communications, and so on.** Fig. 4f shows the
transient photoresponse of the HDH device to a 405 nm pulsed
light. The rise time (yis¢) and decay time (tqecay) are deduced to
be 657 us and 671 s, respectively. This response time is not
only significantly faster than that of the counterpart WSe,-WS,
device (Fig. S6¢c and df), but also faster than those of most
devices reported in the literature (=4 ms).***’ Fig. S10t presents
the time-dependent photoresponse of the HDH device under
periodical 405 nm light stimulations. As can be seen, the
photocurrent rapidly increases to its maximum value when the
light is on, and it quickly returns to the dark state when the light
is off. Moreover, the photocurrent remains almost unchanged
after more than 300 photoswitching cycles, indicating the
outstanding reproducibility and durability of the HDH device.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Then, the underlying operation mechanism for the excellent
photoresponse properties of the HDH device is investigated.
First, first-principles calculations are carried out (calculation
process is available in Note S37). Fig. 5a and b show the band
decomposed charge densities for the conduction band
minimum (CBM) and valence band maximum (VBM), respec-
tively. Both of the lowest-energy holes and electrons are located
on the bottom p-Si layer, indicating the strong interfacial
coupling effect, which corresponds to the large AE; between
WS, and p-Si in Fig. 2e. To further analyze the charge transfer
behavior in the WSe,/WS,/p-Si structure, the charge density
difference (CDD) and the plane-averaged charge density differ-
ence (Ap) along the z direction are calculated and presented in
Fig. 5c and d. In Fig. 5c, the yellow and cyan areas denote the
electron accumulation and depletion, respectively, visually
demonstrating the charge transfer at the two heterointerfaces.
In Fig. 5d, the difference in electronegativity at the two heter-
ointerfaces reveals that WSe, and p-Si lose electrons, suggesting
that the formation of a WSe,/WS,/p-Si dual-heterojunction can
effectively promote the spatial separation of charge carriers.
Based on the above analysis and by referring to other literature
reports,***%® energy band structures of the WSe,/WS,/p-Si
structure are shown in Fig. 5e, where two type-II band align-
ments (staggered gap) are observed. Based on the Fermi level
difference, two depletion regions and two oppositely directed

Nanoscale Adv., 2023, 5, 675-684 | 679
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Egating-

built-in electric fields (E; and E,) are formed, as depicted in
Fig. S11.7 Thereinto, the E; will be larger than E, due to the
higher AE; at the WSe,/p-Si interface.*® In addition, these two
depletion regions will turn the sandwiched WS, into a high
resistance region, which is beneficial to obtain low dark current.
When light irradiates the HDH device, electron-hole pairs are

680 | Nanoscale Adv., 2023, 5, 675-684

excited in the WSe, and WS, layers (black arrows in Fig. 5f).
Driven by the opposite E; and E,, the photoexcited electrons in
the conduction band of top WSe, will be swept into the sand-
wiched WS,, while the photoexcited holes in the valence band of
WS, are divided into WSe, and p-Si. Since E; is larger than E,,
more photoexcited holes will be transferred to p-Si. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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segregation of photoexcited carriers at the WS,/p-Si interface
splits the Fermi level into two quasi-Fermi levels (Eg, and Eg, in
Fig. 5f), resulting in an open circuit voltage (V,. in Fig. 5f).
Meanwhile, as depicted in Fig. 5g, the source and drain elec-
trodes come into contact with WSe, and WS,, respectively,
which extract the photoexcited carriers and generate self-
powered photocurrent. Besides, the bottom p-Si is floating
without connecting electrodes. Thus, the photoexcited holes in
p-Si are accumulated, which generates another built-in electric
field (Egating), as shown in Fig. 5f and g. Egating provides a pho-
togating effect to the middle WS,, forming an additional open
circuit voltage (Vgating in Fig. 5f and g), which strengthens the
photovoltaic effect of the top vdW heterojunction and enhances
the photocurrent.””*® Moreover, photoexcited holes are trapped
in p-Si suppressing the recombination of photogenerated
carriers. Besides, the defect states on the surface of crystalline p-
Si are much less than those of amorphous SiO,, which reduces
the memory effects originating from the traps and speeds up
the response time.

Considering the high sensitivity of the HDH device in the
visible to near-infrared region, its image sensing capability is
further investigated using a single-pixel scanning imaging
system. Fig. 6a schematically illustrates the measurement setup,
which mainly consists of three components, namely a sensing
pixel, a mask, and a light source. Here, the HDH device is used as
an individual sensing pixel, hollow masks with “Li” and “GDUT”
patterns can be moved along the X-Y directions controlled by

© 2023 The Author(s). Published by the Royal Society of Chemistry

a computer, and lasers with wavelengths of 405 nm and 808 nm
are used as light sources. A light beam passing through the
hollowed-out pattern would illuminate the HDH device,
producing a higher current. With the movement of the mask, the
current of the HDH device is synchronously recorded by the
source table, producing a position-dependent current mapping
image. As demonstrated in Fig. 6b and c, both of the resulting
“Li” and “GDUT” images generated under visible (405 nm) and
near-infrared (808 nm) illumination are legible with large
contrast. This result reveals that the HDH device holds great
potential for high-resolution imaging applications.

3. Conclusion

In summary, we have proposed a mixed-dimensional WSe,/
WS,/p-Si dual-vdW heterojunction to achieve high sensitivity
and fast response simultaneously. In self-powered mode, the
device delivers a responsivity of 340 mA W™, a light on/off ratio
greater than 2500, a detectivity of 3.34 x 10! Jones and a rise/
decay time of 657/671 ps under 405 nm light illumination. First-
principles calculations and energy band profiles confirm that
the photogating effect stemming from the floating vdW heter-
ojunction facilitates the separation of photogenerated carriers
in the other vdW heterojunctions, resulting in high perfor-
mance. Moreover, high-resolution visible and near-infrared
image sensors based on this WSe,/WS,/p-Si device have been
further demonstrated, which verifies its outstanding imaging
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capability. These results signify the versatility of the dual-vdwW
heterojunction architecture, showing bright prospects for
future optoelectronic systems.

4. Experimental section
4.1 Device fabrication

The HDH device was constructed on a SiO,/Si wafer (p-Si resis-
tivity: 1-10 Q cm > and SiO, thickness: 300 nm). Firstly,
a photoresist (ARP-5350) purchased from Taizhou SUNANO New
Energy Co., Ltd. was spin-coated onto the wafer and then baked
at 100 °C for 4 minutes. Next, a square window (100 x 100 pm)
was defined on the photoresist using a maskless UV lithography
machine (purchased from TuoTuo Technology (Suzhou) Co.,
Ltd). Then, the processes of reactive ion etching (RIE, Oxford
Estrals) were conducted to etch out the SiO, layer within the
square window and the p-Si at the bottom was revealed.
Secondly, with the help of polyvinyl alcohol (PVA), a WS, flake
mechanically stripped from the bulk WS, crystal (purchased
from Shanghai OnWay Technology Co., Ltd.) was transferred to
the edge of the square window. Next, a mechanically exfoliated
WSe, flake was transferred onto the WS,/Si heterostructure
arranged using an optical microscope. Thereafter, electrical
contacts on the WS, (Ti/Au, 10/60 nm) and WS, (Au, 70 nm)
flakes were produced by alternating UV lithography and lift-off
processes. The Ag electrode (100 nm) on the back of the Si was
produced by sputtering. Finally, the device was annealed at 150 °©
C for 1.5 hours to eliminate stresses and contaminants.

4.2 Device characterization

Morphology of the device was observed using a microscope
(Motic, BA310Met), and lattice structures and elemental
compositions of the WS, and WSe, flakes were characterized
using a TEM system (FEI, Thermo Talos F200S). The AFM and
KPFM images were taken on a scanner-probe microscope
(Bruker, Dimension FastScan). PL and Raman measurements
were performed on a confocal microscope (HORIBA Jobin Yvon,
LabRAM HR Evolution) under a 532 nm laser stimulation. The
electric and optoelectronic measurements were performed by
using a Keithley 2636b source table combined with a probe
station. The light sources included a 405 nm laser (CNIlaser), an
808 nm laser (CNIlaser) and a tungsten bromide bulb (Zolix),
whose powers were calibrated through a power meter (Thorlabs,
S120VC). High-resolution response speed was recorded through
an oscilloscope (Tektronix, DPO4102B).
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