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ABSTRACT The use of unipolar barrier structures that can
selectively block dark current but allow photocurrent to flow
unimpededly has emerged as an effective strategy for con-
structing high-performance photodetectors. In particular,
two-dimensional (2D) materials with tunable band structures
and self-passivated surfaces not only satisfy band-matching
requirements but also avoid interface defects and lattice mis-
matches, which are attractive for designing unipolar barriers.
Here, we demonstrate a mixed-dimensional WS,/WSe,/p-Si
unipolar barrier photodetector, in which 2D WS, acts as the
photon absorber, atomically thin WSe, as the unipolar barrier,
and 3D p-Si as the photogenerated carrier collector. The in-
tercalated WSe, not only mitigates detrimental substrate ef-
fects but also forms a high-conduction band barrier to filter
out several dark current components with the photocurrent
flowing unimpededly. Driven by tunneling and carrier mul-
tiplication effects, the WS,/WSe,/p-Si device exhibits a high
light on/off ratio above 10°, a high detectivity of 2.39 x
10"* Jones, and a fast rise/decay time of 8.47/7.98 ms. These
figures of merit are significantly improved over the conven-
tional WS,/p-Si device, opening up an effective scheme for
designing high-performance optoelectronic devices.

Keywords: unipolar barrier structure, mixed-dimensional de-
vice, WS,/WSe,/p-Si heterojunctions, photodetector, dark cur-
rent suppression

INTRODUCTION

Due to their distinctive properties, including strong light-matter
coupling [1,2], tunable band structure [3-5], self-passivated
surface [6,7], and high carrier mobility [8-10], two-dimensional
(2D) materials have reignited enthusiasm for designing novel
optoelectronic devices. In recent years, various 2D material-
based photodetectors have demonstrated unique optoelectronic
properties through appropriate material selection and device
structure design [11-14]. 2D material-based photodetectors

operated in the photoconductive mode tend to feature high
responsivity with high photogain, but these devices suffer from
large dark current, low detectivity, and slow response speed
[15,16]. Although constructing p-n junctions or p-i-n junctions
is an effective scheme to suppress device dark current and
improve detectivity, the depletion regions sacrifice device
responsivity [7,15]. For popularized applications, photodetectors
should simultaneously possess high responsivity, high light on/
off ratio, high detectivity, and fast response speed [17]. To satisfy
these requirements, photodetectors with unipolar barrier struc-
tures provide an innovative avenue through carefully engineer-
ing band structures [18,19]. To date, numerous unipolar barrier
photodetectors have been successfully assembled through epi-
taxial growth or layer stacking techniques [20]. For example,
infrared photodetectors employing all-3D III-V and HgCdTe
materials have demonstrated advanced photodetection cap-
abilities [18,21,22]. In addition, unipolar barrier photodetectors
based on all-2D WS,/h-BN/PdSe, achieve a high light on/off
ratio of 10° and detectivity of 2.7 x 10" Jones [7]. Despite the
considerable progress, few attempts have been made to construct
2D/3D mixed-dimensional unipolar barrier photodetectors. In
fact, a 2D/3D mixed-dimensional structure offers an opportu-
nity to combine their respective advantages to explore funda-
mental carrier transport phenomena and exploit them in devices
[23-27]. 3D Si technology is very mature, and it is easy to
transfer 2D materials onto 3D Si substrates. The combination of
2D materials with 3D semiconductors has paved the way for the
future large-scale production of high-performance optoelec-
tronic devices compatible with mainstream semiconductor
processes. In addition, the layer-dependent tunable band
structures of different 2D materials can meet the stringent
requirements for band alignment in unipolar barrier hetero-
structures. Moreover, conventional unipolar barrier photo-
detectors are based on nBn or pBp structures (n- or p-type
photon absorber, barrier layer, and n- or p-type photogenerated
carrier collector) [7,19,22,28], where photogenerated carriers are
easy to recombine with the majority carriers in the collectors.
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In this work, a mixed-dimensional WS,/WSe,/p-Si unipolar
barrier photodetector was demonstrated, in which 2D multilayer
WS, was used as the photon absorber, atomically thin WSe, as
the unipolar barrier for electrons, and 3D p-Si as the photo-
generated carrier collector. The detector has an nBp structure,
and the rational barrier arrangement allows the efficient transfer
of photogenerated holes in 2D n-WS; to 3D p-Si while blocking
several dark current components. Driven by tunneling and
carrier multiplication effects, the WS,/WSe,/p-Si device presents
outstanding photodetection capabilities, including a light on/off
ratio above 10°, responsivity of 3.72 A W™, detectivity of 2.39 x
10" Jones, and rise/decay time of 8.47/7.98 ms. These values are
far superior to their counterparts in conventional WS,/Si devi-
ces, depicting a unique landscape of revolutionary advancement
in mixed-dimensional optoelectronic devices.

EXPERIMENTAL SECTION

Preparation of WSe, flake

WSe, nanoflakes with a large size and high quality were pre-
pared in a tube furnace through a modified physical vapor
deposition (PVD) process. High-purity WSe, powder (99.99%,
Aladdin) was used as the growth source and placed in the central
region of the heating zone. Then, clean SiO»/Si (300 nm/500 pm)
substrates were placed on the edge of the heating zone. Next,
argon gas (99.999%) at a flow rate of 100 standard cubic cen-
timeter per minute (sccm) was introduced into the tube furnace
for 20 min to purge the impurities and excess gas, ensuring a
clean environment for material growth. Subsequently, the tube
furnace was heated to 1100-1150°C. During the heating process,
reverse argon gas (pointing from the substrates to the growth
source) was introduced at a flow rate of 50 sccm to avoid
uncontrolled nucleation. Once heated to the growth tempera-
ture, argon gas flowed forward (pointing from the growth source
to the substrates) at a flow rate of 110 sccm for 10 min. Finally,
the system was naturally cooled to room temperature.

Device fabrication

The WS,/WSe,/Si device was fabricated on a SiO,/p-Si wafer (p-
Si resistivity: 1-10 Q cm™, p-Si thickness: 500 pm, SiO, thick-
ness: 300 nm). First, a photoresist (ARP-5350, Taizhou Sunano
New Energy Co., Ltd.) was spin-coated onto the wafer, followed
by baking at 100°C for 4 min. Second, a square window (100 pm
x 100 um) was defined by ultraviolet (UV) photolithography
(maskless photolithography machine of TuoTuo (Suzhou)
Technology Co., Ltd.) in the photoresist. Then, reactive-ion
etching (Oxford Estrelas) processes were performed to etch away
the SiO, layer inside the square window, and the bottom p-Si
was exposed. Similarly, several square windows in the
SiO,/p**-Si wafer (p-Si resistivity: < 0.001 Q cm™, SiO, thick-
ness: 300 nm) were also etched. Third, PVD-grown WSe, flakes
were transferred onto the edge of square windows with the
assistance of poly(methyl methacrylate) [29]. Next, WS, flakes
with various thicknesses were mechanically exfoliated from bulk
WS, crystals (Shanghai Onway Technology Co., Ltd.) and
transferred onto the WSe,/Si heterostructures aligned by an
optical microscope. Electrical contacts on WS, flakes were pat-
terned by UV photolithography. Afterward, Ti/Au (10/60 nm)
electrodes were deposited via electron beam evaporation. Ag
(100 nm) electrodes on the back of Si were fabricated via sput-
tering. Finally, the devices were annealed at 150°C for 1.5h to
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remove stresses and impurities from the materials.

Device characterization

The morphology, structure, and composition of the samples
were analyzed by a microscope (Motic, BA310MET), a trans-
mission electron microscopy (TEM) system (FEI, Thermo Sci-
entific Talos F200S), and an X-ray photoelectron spectroscopy
(XPS) system (Thermo Fisher, Escalab 250Xi). The atomic force
microscopy (AFM) and Kelvin probe force microscopy (KPFM)
measurements were performed using a scanning probe micro-
scope (Bruker, Dimension FastScan). Raman and photo-
luminescence (PL) spectra were collected using a confocal
microscope (HORIBA Jobin Yvon, LabRAM HR Evolution) with
a 532-nm laser excitation. The optoelectronic properties of the
prepared devices were characterized using a Keithley 2636b
source table with a probe station. The response time was
recorded by an oscilloscope (Tektronix, DPO4102B). The inci-
dent light source was a 405-nm laser (CNIlaser) and a tungsten
bromine lamp (Zolix). The spot diameter was up to 3 mm,
which can irradiate the entire photosensitive area (exposed
WS,).

RESULTS
A typical optical microscopic image of the PVD-grown WSe,
flakes is shown in Fig. la, which clearly shows a triangular
geometry with a domain size of approximately 120 um. To
further investigate the structural properties and crystal quality of
the as-grown WSe, flakes, PL, AFM, XPS, and TEM character-
izations were performed. As shown in the inset of Fig. 1b, WSe,
presents conspicuous PL emission with a peak at 755 nm, which
can be attributed to the indirect bandgap emission of WSe;, [30].
Fig. 1b presents the PL intensity mapping at 755 nm. The PL
intensity of the whole flake is uniform, indicating the high
homogeneity of WSe,. The AFM morphological image at the
edge of the WSe, flake shows a thickness of approximately
1.3 nm (Fig. 1c), which indicates its bilayer nature [31]. Then,
XPS measurements were performed to investigate the con-
stituent element and binding energy. The survey scan XPS
spectrum in Fig. Sla shows the presence of only Se, W, C, and O
elements. High-resolution XPS scans of the W 4f and Se 3d
signals are presented in Fig. S1b, ¢, respectively. Deconvolution
analysis results reveal that the peaks at 32.8 and 34.9 eV can be
ascribed to W*" 4f;;, and W** 4f;),, respectively [32]. Moreover,
two peaks at 35.3 and 36.1 eV were observed, which are the
footprints of W 4f;, and W 4fs),, respectively. The two peaks
may originate from the sporadical oxidation reaction of WSe,
during exposure to air [33,34]. This slight oxide layer has been
reported to prolong the lifetime of photogenerated carriers and
lead to increased photoresponse [35,36]. Furthermore, the peaks
at 54.7 and 55.8 eV can be assigned to Se 3ds;, and Se 3dsp,
respectively, confirming the formation of Se*~ [33].
Sequentially, TEM measurements were performed to investi-
gate the microstructure of WSe,. Fig. 1d shows the low-magni-
fication TEM image of a trigonal WSe, flake transferred onto a
copper grid. The high-resolution TEM (HRTEM) image in
Fig. le presents a perfect honeycomb atomic structure, which fits
the hexagonal-phase model of WSe,. The lattice spacing was
measured to be 0.279 nm, corresponding to the (-1100), (01-10),
and (10-10) planes of WSe,. The selected-area electron diffrac-
tion patterns in Fig. 1f exhibit a single set of sixfold symmetric
electron diffraction, confirming its single-crystal feature.
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Figure 1 Morphology and structure of the PVD-grown WSe,. (a) Typical optical image of a PVD-grown WSe, flake. (b) PL mapping at 755 nm of the WSe,
flake. The inset shows the PL spectrum of WSe,, which shows a PL peak at 755 nm. (¢) AFM morphological image at the edge of the WSe, flake. The extracted
height profile reveals that the thickness of WSe; is approximately 1.3 nm. (d) Low-magnification TEM image of a WSe, flake. (¢) HRTEM image and (f) the

corresponding Fourier transform pattern of the WSe, flake.

Next, such high-quality WSe, flakes were employed to con-
struct mixed-dimensional WS,/WSe,/p-Si unipolar barrier
photodetectors. As schematically shown in Fig. 2, the oxide layer
on SiO,/p-Si was selectively etched off to expose the p-Si
underneath. Then, a PVD-grown WSe, and mechanically exfo-
liated WS, were sequentially transferred to the edge of the p-Si
window. Finally, the Ti/Au drain and Ag source electrodes were
patterned and deposited.

Then, the structural properties of the unipolar barrier pho-
todetector were explored. Fig. 3a shows an optical image of the
device with each component labeled. The Raman spectra of the
WS,/WSe,/p-Si heterostructures are shown in Fig. 3b. Typical
Raman peaks for WSe, and WS, can be observed, and the
positions of these peaks are consistent with previously reported
values [37,38]. The enlarged Raman features of WSe, are shown
in Fig. S2a, which is consistent with the reported bilayer WSe,
[39]. This phenomenon further confirms its bilayer nature. In
addition, the significant quenching of the Raman peaks of WSe,
in WSe,/Si is observed, which could be attributed to the inter-
facial coupling between the mixed-dimensional heterojunctions
[40]. Furthermore, the Raman peaks of WSe, in WS,/WSe,/Si
almost disappeared, which could be due to the thickness of the
multilayer WS, larger than the penetration depth of the excita-
tion laser [38,41,42]. To investigate the dynamics of the photo-
generated carriers in the heterostructures, PL measurements
were conducted. As shown in Fig. S3, the PL peak of WS, is
significantly quenched after being transferred onto p-Si. This PL
quenching is attributed to two reasons. On the one hand, the
recombination centers in the interface of WSe, and p-Si can
promote the quenching of PL [11]. On the other hand, the
transfer of photogenerated holes from WS, to p-Si can also bring
about the quenching of PL [29]. However, with the insertion of
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WSe,, the PL peak of WS, recovered. Because the intercalated
WSe, still allowed the unimpeded transfer of photogenerated
holes in 2D WS, to p-Si, the unfavorable substrate effects were
effectively suppressed. In addition, the PL peaks of WSe, in WS,/
WSe, and WS,/WSe,/p-Si were clearly quenched and redshifted
(Fig. 3c), indicating a strong interfacial coupling around WSe,
[43]. Next, the AFM measurement in Fig. 3d illustrates that the
thickness of the top WS, is 84.9 nm. The synchronized KPFM
image in Fig. 3e indicates that the Fermi level difference (AEy)
between WS, and WSe, is 64.1 meV (the calculation process is
detailed in Note S1). Moreover, the thickness of the transferred
WSe, is 1.53 nm (Fig. S2b, c), and AE; between WSe, and p-Si is
101 meV (Fig. 3f).

Afterward, the optoelectronic properties of the WS,/WSe,/p-Si
unipolar barrier photodetector were characterized. Fig. 4 dis-
plays a schematic diagram of the device together with electrical
connections. In this architecture, the resistance of multilayer
WS, is much lower than that of atomically thin WSe, (Figs S4-
S6). Thus, as schematically depicted in Fig. S5, the current enters
the WSe,/p-Si heterostructure mainly through WS,. The cur-
rent-voltage (I-V) curves of the device in the dark and under
illumination are presented in Fig. 4b and Fig. S7. An obvious
photoresponse was observed, especially in the forward-biased
region, revealing the strong photosensitivity of the device. To
explore the inner tunneling mechanism, Fowler-Nordheim plots
were used. In an optoelectronic device, the direct tunneling (DT)
and Fowler-Nordheim tunneling (FNT) effects can be expressed
by the following relationships and alternative forms [15,44,45]:

[_ 4nd2m* qb]
h >

Inr o< Vexp

or
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Figure 3  Structural properties of the WS,/WSe,/p-Si device. (a) Optical image of the WS,/WSe,/p-Si device. The WSe; and WS, flakes are marked in white
and black dashed lines, respectively. The right electrode is the drain, and the metal pad on the left is a marker of the p-Si window. (b) Raman spectra and
(c) PL spectra of WSe, and WS,/WSe; on SiO; and 3D Si substrates. Synchronous measurements for (d) the AFM topography and (e) KPFM images at the red
solid line in (a). The thickness of WS, is 84.9 nm, and the potential difference between WS, and WSe, is 64.1 mV. (f) KPFM image at the blue solid line in (a).

The potential difference between WSe, and p-Si is 101 mV.

1 1 4nd2m* @
{125 o [ 1| - G2, M)
2 8nd2m* P3
Teny < V7exp T 3V |
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1 8nd2m * &
e @

where @, d, h, m*, and q represent the barrier height, tunneling
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barrier width, Planck constant (~1.0545 x 1073*]s), effective
mass of the electron, and electronic charge (1.6 x 107 C),
respectively. According to the above formulas, the DT and FNT
can be separated by the different relationships of In(I/V?*) and
1/V. As shown in Fig. 4c, the device exhibits a DT behavior in all
forward-biased regions in the dark. Under 405-nm light illu-
mination (Fig. 4d), the device exhibited a DT behavior at a bias
voltage (V) less than 0.57 V, while it converted to an FNT
behavior as the voltage became greater than 0.57 V.
Subsequently, several key performance metrics, including
responsivity (R), detectivity (D*), external quantum efficiency

2357



ARTICLES

SCIENCE CHINA Materials

a =L ¢ €. —Ws,si
-18.0 .
WS, | Drain : DT 525.85 nm —— WS,/WSe,/Si
-20.0
<
@) 2 20
£
-24.0
-26.0
Source 2 4 6 8 10 400 500 600 700 800 900 1000 1100
1V (V1) Wavelength (nm)
b 350.0n d -5 T v f 1om :
|
16.0p ieide 1 00 PENTT 0 0ok - - e . . - - o
280.0n 4 light 4edNENT ! DT 100.0k
. 8.0p : 1 WS,/WSe,/Si
< 2000 . , 10.0k s
4= 8.0p < 1 = E Ae
[ Slope=-21.33 -9 10k & ]
2 140.0n9 160p % " = D =g B ,
5 £ 18 : o !
o -24.0p - 1 = 100.0 |
70.0n4 ! | 057V —_— ; €
43 12 41 10 09 08 : 19 1 10.0 | A
0.0 1 & = 1
dark L M (ii) 1.0 !
20 L
45 40 05 00 05 10 15 1 2 3 9 10 0 500 1000 1500 2000 2500
-1
Voltage (V) NV (v EQE (%)

Figure 4 Schematic and characterization of the WS,/WSe,/p-Si unipolar barrier photodetector. (a) Schematic diagram of the device structure together with
electrical connections. The top WS, connects the drain, and the bottom p-Si connects the source. (b) Plots of I-V curves under dark and 405-nm light
irradiation. Inset is the enlarged I-V curves under a negative bias. Fowler-Nordheim plot at the forward drain voltage (c) under dark and (d) 405-nm light
illumination. (e) Spectral responsivity of the WS,/p-Si device and WS,/WSe,/p-Si device. (f) Comparison of Ion/Ios and EQE for different operating mechanism
devices. These figures of merit are extracted at V4, = 1.5 V. A, B, C, D, and E represent WS,/p-Si devices with WS, thicknesses of 14, 35, 55, 78, and 190 nm,
respectively. F represents the pure WS, (79 nm) device. G represents the 73 nm WS,/WSe,/p**-Si device. H represents the WSe,/p-Si device.

(EQE), light on/off ratio (I,n/Iy), and response time (i and
Tdecay)> Were calculated to illustrate the photoelectric properties of
the constructed photodetectors (the detailed calculation is
available in Note S2). Fig. 4e shows the normalized responsivity
of the WS,/p-Si and WSe,/WS,/p-Si devices under different light
wavelengths. Both devices exhibit sensitivity in the visible-light
regime, and the WSe,/WS,/p-Si device exhibits a high respon-
sivity. As shown in Figs S8 and S9, the counterpart WSe,/p-Si
heterostructure exhibits little photosensitivity to visible light,
and the Si device also shows low responsivity with a maximum
of 965 nm light. Therefore, the photogenerated carriers in the
WSe,/WS,/p-Si device are mainly in the top WS; layer, which is
defined as the photon absorber. To compare the differences
between the unipolar barrier and conventional p-n hetero-
structure devices, the optoelectronic properties of the WS,/p-Si
devices with different thicknesses of WS, were measured. As
presented in Figs S10-S14, all devices manifest a distinct pho-
toresponse in the forward-biased region, and the device with
~78 nm WS, (Fig. S13) exhibits the fastest response time and
largest potential difference. After inserting atomically thin WSe,
(unipolar barrier device), the EQE and I,/I,¢ of the device
significantly increased, far superior to the counterpart photo-
voltaic effect-based devices, as shown in Fig. 4f. Specifically, at a
bias voltage of 1.5V, /I is higher than 10°, which outper-
forms most photoconductive mode-based photodetectors [46—
48], and it is even comparable to many state-of-the-art devices
based on the photovoltaic effect [29,49-51]. Beyond this, such a
design scheme is universally applicable to constructing WS,/
WSe,/p**-Si devices, which also exhibit outstanding photo-
detection capability, including a high I,./I,¢ and fast response
speed (G in Fig. 4f and Fig. S15). Although the pure WS, device
operated in the photoconductive mode exhibits a high EQE (F in
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Fig. 4f), the low I,n/I and slow response speed (Fig. S6) restrict
its further applications. Fig. S16 shows the typical photo-
switching characteristics of the device with and without atom-
ically thin WSe, inserted. Compared with the original WS,/p-Si
device, the insertion of WSe, not only enhances the photo-
response but also significantly suppresses the dark current.

To further understand the photoresponse properties of our
WS,/WSe,/p-Si unipolar barrier device, Fig. 5a demonstrates the
voltage-dependent photocurrent (Ipn = Iiight — Jaark) under 405-
nm light illumination at 102.69 mW cm™. A self-driven (Vg =
0 V) photoresponse was observed (Fig. S17), and the photo-
current presented a superlinear dependence on the bias voltage.
In photoconductive effect-based devices, high-bias voltages
provide strong electric fields to accelerate the separation of
photogenerated carriers, featuring a linear increase in the mea-
sured photocurrent with the applied bias voltage [35,52]. Clearly,
it is not the case for our results. In previous reports, Liao et al.
[53] and Zhou et al. [54] suggested that this superlinear voltage-
dependent photocurrent was attributed to the tunneling effect at
the metal/semiconductor Schottky junction. Considering the
ohmic contacts between the p-Si and Ag electrode [29] and the
WS, flake and Ti/Au electrodes (Fig. S6¢) [55], the voltage-dri-
ven tunneling effect is not the origin of this phenomenon either.
Actually, this superlinear voltage-dependent photocurrent can
be attributed to the voltage-driven carrier multiplication and
tunneling effects (the detailed process is described in the DIS-
CUSSION section). Similar to previous reports [56-58], we
assume that the shot noise from the dark current dominates the
total noise, and R and D* of the WS,/WSe,/p-Si device under
different bias voltages are calculated in Fig. 5b. Voltage-depen-
dent superlinear R and D* were observed, and the best figures of
merit were obtained at a bias voltage of 1.5 V. Fig. 5¢ shows

June 2023 | Vol.66 No.6



SCIENCE CHINA Materials

ARTICLES

1
a bis c
560,05} @~ 405 nm X —°—R' 26 Ly ~PO.67
9 ——D 7 = ph
240.0n 1 5.0 2 < 100n
/ o 13 © E
< 180.0n+ s b
== ] <, = 5 1on
—2120.0n 4 ,*;g/ o " |e0eecaaccescccccsee? 0 E 8 °
60.0n 4 P a 2 1n )
0.04900000000000000000009 o Y
2030309 13 l,~P1.44
00{ 990000009 ph
. <«
100p
0.0 0.3 0.6 0.9 1.2 15 -1.6 -0.8 0.0 0.8 1.6 0.1 1 10 100
Voltage (V) Voltage (V) Power Density (mW/cm?)
d 5 e
—%~— 405 nm 3.2 ~O)= 405 nm 1400 == 405 nm
41 - 1200
*x 7 ™ O
N g4 O 1000 py
— 34 \ o / = \
/ - N\ 53
§ \ & ! " = 800 ! \
<, / \ =18 % W )
['4 / N * ] 3 o so0 ; \\
* x
1 /* = bk [ o8] O~ O Som 400 /<> O O(XZ)
200
04 * 0.0 d . &
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100
Power Density (mW/cm?) Power Density (mW/cm?) Power Density (mW/cm?)
g e h
250 cycles of on/off switching
= N 3 ™ X 5
e
& 8
et -
c t
©0.61 g
= 3
3 g
=} °
- 0.3 4 £
<}
= JUUULL 1 &
0.0 4 L - = = = J S
0246 810 0 100 200 300 400 500 430 495 500 10 15 20 25 30 35
Time (s) Time (s)

Figure 5 Optoelectronic characteristics of the WS,/WSe,/p-Si unipolar barrier photodetector. (a) Photocurrent of the WS,/WSe,/p-Si device along with the

bias voltage. (b) Bias voltage-dependent R and D* of the WS,/WSe,/p-Si device. (c) Power-dependent photocurrent at Vg,
EQE with different light intensities at V4 = 1.5 V. (g) Photoswitching characteristics of the device under pulse light. (h) Response time of the device at Vy,

1.5 V. The corresponding T and 7uccay are 8.47 and 7.98 ms, respectively.

photocurrents extracted under different incident intensities at a
bias voltage of 1.5 V. The photocurrent increased as the light
intensity increased, and it followed the equation Iphocpl‘44 for
weak light and IncP* for strong light. This inhomogeneity of
the power exponent originates from the chemical adsorbates on
the WS, surface (the details are described in Note S3). Power-
dependent R, D*, and EQE are shown in Fig. 5d-f, respectively.
Shoulder peaks were observed, which can be attributed to the
different light intensity dependences of the photocurrents (the
details are described in Note S3). Remarkably, our device
achieved a high R of 3.72 A W™, along with a high D* of 2.39 x
10 Jones and a high EQE of 1140% at a light intensity of
2.19 mW cm™. In addition, based on the measured noise spec-
tral density (Snoise) in Fig. S18, the highest D* was calculated to
be 2.1 x 10" Jones.

Then, the stability and response speed of the unipolar barrier
device were also investigated. Fig. 5g shows the normalized time-
dependent photocurrent curve under a periodic 405-nm light
stimulation. Our device exhibited definite switching character-
istics, and the photocurrent remained nearly unchanged after
250 operation cycles, suggesting the high durability of the
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1.5 V. (d-f) Calculated R, D*, and

photodetector. To evaluate the response time, the dynamic
photocurrent signal of the unipolar barrier device was recorded
through an oscilloscope. As presented in Fig. 5h, the rise time
(Tese) and decay time (Tgecay) Were calculated to be 8.47 and
7.98 ms, respectively, which are slightly faster than those of the
original WS,/p-Si device (Trse/Tdecay = 15.09/8.68 ms). This
response speed is not prominent, which is affected by the thick
p-Si. It can be further accelerated by reducing the thickness of p-
Si. For an explicit comparison, Table 1 summarizes the key
parameters of our WS,/WSe,/p-Si photodetector and other WS,-
based devices. The photoresponse of our device at 405 nm
reflected a typical photoresponse level (Fig. 4e), and the para-
meters of other devices were extracted from the wavelength with
the highest photoresponse. The typical photoresponse of our
unipolar barrier device is at the top level compared with the
highest photoresponse of other WS,-based devices, revealing the
superiority of our unipolar barrier structure for photodetection
applications.

DISCUSSION

Sequentially, the working mechanism for the outstanding pho-
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Table 1 Key parameters of the WS,/WSe,/p-Si device and other WS,-based devices®
Devices Bias (V) R(AW™) EQE (%) D* (Jones) Ton/Loit relc‘gile’f;‘ifr/n . A (nm) Ref.
WS,/WSe,/Si 1.5 3.72 1140 2.39 x 10" >10° 8.47/7.98 ms 405 This work
WS, 30 9.2 x 107° ~0.025 N/A N/A 5.3/5.3 ms 458 [37]
WS, 20 0.0188 ~4.39 N/A <10 60/190 ms 532 [36]
WS, 9 0.70 137 2.7 x 10° N/A 9.8/8.7 s 635 [59]
WS, 1 3.07 763 N/A <6 0.37/5.02 s 500 [60]
Gr/WS,/Gr 5 3.50 933 1.6 x 10 N/A N/A 532 [61]
WS,/PbS QDs 1.5 14 ~2150 3.9 x 108 <10 153/226 us 808 [62]
WS,/MoS, 436 x 1073 ~1.02 4.4 x 108 10? 4/4 ms 532 [63]
WS,/Ge 0 0.6345 50.8 43 x 10" ~10° 42.9/29.6 s 1550 [64]
WS,/Si -2 1.10 ~216 5 x 101! N/A 42/76 ms 631 [65]
WS,/Si =5 5.70 ~1090 N/A 10? 670/998 ps 660 [66]
Bi/WS,/Si 2 0.42 ~82.2 1.36 x 10%* 10° 100/100 ms 635 [67]
a) Ref: reference; Gr: graphene; N/A: no data.
o Collector UB Absorber Collector UB Absorber
Reinjected current
b Photocurrent - ~
Si e— Surface leakage current
E. WS, Hole diffusion current . >
— s o Electron diffusion current
B m o — - >
E Auger current
? «—mm—Q
UB: Unipolar barrier mmmm Passing == Blocking
c d

Collector uB

Absorber +

Collector UB Absorber ++

Figure 6 Dark current and photocurrent mechanisms of the WS,/WSe,/p-Si unipolar barrier photodetector. (a) Energy band arrangement of the WS,/WSe,/
p-Si heterojunction before contact. E, Ey, and E, are the conduction band minimum, Fermi level, and valence band maximum, respectively. (b) Dark current
components in this unipolar barrier photodetector. (c) Energy band arrangement of the WS,/WSe,/p-Si unipolar barrier photodetector under a small-bias
condition. A large conduction band barrier is demonstrated, in which electrons in the conduction band are impeded by the barrier, while the photoexcited
holes’ flow is unimpeded. (d) Energy band arrangement of the WS,/WSe,/p-Si device under a high-bias condition. The flow of photogenerated electrons and
holes is accelerated, and thermal electrons on the conduction band of the p-Si tunnel move into WS,.

todetection performance of our unipolar barrier device was
qualitatively elucidated. Based on the above KPFM analysis and
relevant reports [67-69], the band alignments of the WS,/WSe,/
p-Si heterostructure were established before contact. As shown
in Fig. 6a, the large bandgap of the atomically thin WSe, brings
about a high-conduction band barrier and zero valence band
offset from the surrounding p-Si and WS,. Here, the inserted
WSe, plays a critical role in device operation. First, in a tradi-
tional WS,/p-Si p-n heterostructure photodetector, the traps in
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the depletion region contribute numerous dark current sources,
resulting in a considerable reverse current (Fig. S19) [7]. For the
WS,/WSe,/p-Si structure, several dark current components, such
as electron diffusion current, reinjected current, and surface
leakage current, were blocked by the high barrier and the
absence of depletion regions (the schematic process is illustrated
in Fig. 6b and Fig. S20). Moreover, the DT behavior contributes
to the low dark current. Accordingly, such a unipolar barrier
structure was designed to suppress the dark current. Second,
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several electron-hole pairs were generated in the WS, layer
under light illumination (as marked by the black arrow in
Fig. 6¢). Subsequently, driven by the applied forward-bias vol-
tage, these photogenerated carriers were separated in opposite
directions (as marked by the blue and brown arrows in Fig. 6¢).
During this process, some electron-hole pairs were bounded by
the emerging exciton binding and defect traps (as marked by the
green arrows in Fig. 6c). Under a small-bias condition, these
bounded carriers were hardly ionized and eventually recom-
bined, which cannot contribute to the photocurrent. The other
photogenerated electrons were quickly extracted by the drain
electrode, and holes flowed unimpeded to the p-Si across a
nearly-zero valence band offset. In principle, the photogenerated
holes collected in p-Si are majority carriers with a low prob-
ability of recombining with electrons (minority carrier),
enabling a high photocurrent (Figs S21 and S$22). When a high
forward bias voltage was applied, the velocity of the photo-
generated carriers was very fast. These energetic carriers strongly
impinged on bounded carriers, causing their continuous ioni-
zation (purple arrows in Fig. 6d). Thus, the number of photo-
generated carriers was multiplied, greatly enhancing the
photocurrent [70]. Fig. S23 shows the voltage-dependent I,n/Ios
of the unipolar barrier device. Obviously, In/Is sharply
increased with the increase in the bias voltage, further demon-
strating that the superlinear photocurrent is driven by the carrier
multiplication effect [70]. Furthermore, under illumination, the
Fowler-Nordheim curve in Fig. 4d illustrates that the device
operating behavior changed from DT to FNT when the bias
voltage was greater than 0.57 V. Therefore, the thermal electrons
in the p-Si (as marked by the red arrow in Fig. 6d) can tunnel to
WS, through the FNT under a high-bias condition (as marked
by the blue dashed arrow in Fig. 6d), bringing about additional
photocurrents. Such voltage-driven carrier multiplication and
electron tunneling effects result in the superlinear voltage-
dependent photocurrent in Fig. 5a. In addition, the photo-
response speed depends on the photogenerated carrier transport
rate, which is severely influenced by the collision of carriers with
interfacial defect states [71]. In the WS,/WSe,/p-Si unipolar
barrier device, the unfavorable substrate effect around WS, was
effectively suppressed, which promotes the migration of pho-
togenerated carriers and improves the photoresponse speed.
Then, the photodetection performance of this unipolar device is
inferior to the reported all-2D device [7], which can be attrib-
uted to the adoption of a thick p-Si. The thick p-Si extends the
moving distance of photogenerated holes, leading to the con-
sumption of the collected holes. However, this 2D/3D mixed-
dimensional device brings about many advantages. On the one
hand, the combination of novel 2D materials with mature Si
technology lays the foundation for the practical application of
the device in the future. On the other hand, different from
previous reports using nBn or pBp heterojunctions
[7,19,21,22,28], we propose an nBp structure to construct the
unipolar barrier photodetector. This structure not only broadens
the family of unipolar barrier photodetectors but also provides
inspiration for building other high-performance optoelectronic
devices. To further improve the device performance, experi-
mental explorations face further challenges, such as using an
optimized p-Si layer to passivate its internal defect states.
Third, a large number of defect states exist on the surface of p-
Si, which act as recombination centers for photogenerated car-
riers, resulting in severe recombination losses. In our WS,/WSe,/
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p-Si device, the intercalated WSe, separates WS, from p-Si,
which mitigates the detrimental substrate effects [72]. This
condition is beneficial to reducing the recombination loss of
photogenerated carriers and enhancing the photoresponse speed
(Fig. 5h). Meanwhile, WSe, underneath WS, preserves the
intrinsic optoelectronic properties in WS,, which corresponds to
the recovered PL peak in Fig. S3. In addition, the atomically thin
WSe, enables the interaction of the carrier wave function in WS,
and p-Si, enabling the quantum tunneling of carriers through
the WSe, layer [72]. Therefore, the alliance of the above favor-
able factors brings about the outstanding photodetection cap-
abilities of our WS,/WSe,/p-Si unipolar barrier photodetector.

CONCLUSIONS

In summary, we constructed a mixed-dimensional WS,/WSe,/p-
Si unipolar barrier photodetector via sequentially transferring
PVD-grown WSe, and mechanically exfoliated WS, onto the p-
Si window. In this device, 2D WS, acts as the photon absorber,
atomically thin WSe, as the unipolar barrier, and 3D p-Si as the
photogenerated carrier collector. This unipolar barrier structure
has many advantages. On the one hand, it can filter out several
dark current components without suppressing the photocurrent.
On the other hand, the insertion of WSe, effectively mitigates
the adverse substrate effects and allows the top WS, to preserve
its intrinsic optoelectronic properties. Benefiting from these
favorable factors, the photodetection performance metrics of our
WS,/WSe,/p-Si device have been significantly improved com-
pared with the conventional WS,/p-Si device, shedding light on
advancing the revolutionary design of 2D material-based
optoelectronic devices.
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