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Self-Driven WSe,/Bi,O,Se Van der Waals Heterostructure
Photodetectors with High Light On/Off Ratio and Fast

Response

Peng Luo, Fakun Wang, Jingyu Qu, Kailang Liu, Xiaozong Hu, Kewei Liu,

and Tianyou Zhai*

Benefiting from the superior electron mobility and good air-stability, the
emerging layered bismuth oxyselenide (Bi,O,Se) nanosheet has received
considerable attention with the promising prospects for electronics and opto-
electronics applications. However, the high charge carrier concentration and
bolometric effect of Bi,O,Se give rise to the high dark current and relatively
slow photoresponse, which severely impede further improvement of the
performance of Bi,O,Se based photodetectors. Here, a WSe,/Bi,0,Se Van der
Waals p-n heterostructure is reported with a pronounced rectification ratio of
10° and a low reverse dark current of 107" A, as well as an enhanced light on/
off ratio up to 618 under 532 nm light illumination. The device also exhibits

a fast response speed of 2.6 us and a broadband detection capability from
365 to 2000 nm due to the efficient charge separation and strong interlayer
coupling at the interface of the two flakes. Importantly, the built-in potential
in the WSe,/Bi,0,Se heterostructure offers a competitive self-powered photo-
detector with the light on/off ratio above 10° and a photovoltaic responsivity
of 284 mA W~'. The WSe,/Bi,O,Se heterostructure shows promising poten-

abundant properties.'! Numerous efforts
have been devoted to predict and prepare
new 2D materials, facilitating the rapidly
growing family of 2D materials including
graphene,>7! black phosphorus (BP),51
perovskite, ™3] and  transition metal
dichalcogenides."  Very recently, a
new 2D semiconductor Bi,0,Se reported
by Peng et al. has gained wide interest
due to its excellent electron mobility
and good ambient stability.'%"] Tremen-
dous progress has been achieved in the
structural analysis,”"! controlled syn-
thesis,?%231  precision etching,” non-
corrosive transfer,?*?! and large area
growth2677] of 2D Bi,0,Se, which paved
the way for advanced electronics and
optoelectronics device applications.?8-31
The 2D Bi,0,Se exhibits an ultra-high
mobility (=20 000 cm? V7 s7) compa-

tials for high-performance self-driven photodetector applications.

1. Introduction

2D materials as the superior candidates for next-generation
electronics and optoelectronics integrated devices are drawing
increasing attention for their unique confined structure and
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rable to graphene and proper band gap
of 0.8 eV, it is thus worth exploring its
merits in high-performance photodetec-
tion applications.[?>2>32-3¢] For example, Liu et al. fabricated
ultrasensitive phototransistors based on Bi,0,Se nanosheets
with a responsivity and a detectivity up to 3.5 X 10* A W' and
9.0 x 10** Jones, respectively, which were among the best per-
formance of 2D materials photodetector.?’] Xu et al. achieved
a sensitive and broadband phototransistor for 360-1800 nm
based on high-quality CVD-grown Bi,0,Se nanosheets.*l More
recently, our group expanded the detection range of 2D Bi,0,Se
up to 2 wm with a responsivity greater than 10> A W~ by com-
bining with the PbSe colloidal quantum dots.’* However, the
high dark current (>107 A at 1 V) and relatively slow photo-
response (=ms) caused by the high charge carrier concentra-
tion (=10-102° cm=3)* and bolometric effect!3%l have become
obstacles for further development of high optical on/off ratio
and fast response Bi,O,Se photodetectors. Although several
attempts have been made to alleviate such bottleneck through
the optimizations of synthesis processi?! and regulation of
gate voltage, 222! effective reduction of the dark current of 2D
Bi,0,Se with a simple configuration and low power consump-
tion remains challenging.

Toward this end, we design a Van der Waals (vdW) vertical
heterostructure to regulate the photoelectric performance of
2D Bi,0,Se by manually stacking suitable materials. Taking
advantage of the type II staggered band alignment p-n junction,
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Figure 1. Characterization of WSe,/Bi,O,Se heterostructure. a) Schematics illustration of WSe,/Bi,O,Se heterostructure device. b,c) Optical image
and AFM image of the fabricated WSe,/Bi,O,Se heterostructure. d,e) Raman and PL spectra of the WSe,/Bi,O,Se heterostructure, individual WSe, and
Bi,O,Se. f,g) Raman mapping images for Bi,O,Se and WSe,, respectively. h) PL mapping image for WSe,.

the channel current can be greatly suppressed by the inter-
face potential barrier in the dark state, and the electrons and
holes are likely to transit to different materials rapidly under
light stimulation.[”38 Therefore, we construct a Bi,O,Se based
2D/2D vdW p-n heterostructure with p-dominant ambipolarity
semiconductor WSe, due to its desirable band gap and out-
standing photoelectric properties (Figure 1a).3%#0 Ultraviolet
photoelectron spectra (UPS) evidenced the proposed type II
band alignment, the Raman and photoluminescence (PL) meas-
urements further confirmed the strong interlayer coupling and
efficient charge transfer at the WSe,/Bi,0,Se interface. The low
reverse current about 107! A and the high rectification ratio
of 10° indicated a large potential barrier in our WSe,/Bi,0,Se
heterostructure, which contributed to a high sensitivity pho-
todiode with a great light on/off ratio up to 618 and the high
responsivity of 638 mA W under 532 nm light. Continuous
and stable photoresponse from 365 to 2000 nm indicated the
promising potential application in broadband photodetection
of the heterostructure. The type II interfacial band offset
between WSe, and Bi,0,Se sped up the response time to 2.6 us,
which was much faster than other Bi,0,Se devices.[2>323436]
Furthermore, the self-driven photodetection was first achieved
in WSe,/Bi,0,Se heterostructure with a photovoltaic respon-
sivity of 284 mA W~ and a light on/off ratio up to 10° at room
temperature (10° at 77 K). Our results suggest that the WSe,/
Bi,0,Se heterostructure offers a simple yet effective approach
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to realize low dark current, fast response, broadband, and self-
driven photodetectors.

2. Results and Discussion

2.1. Characterization of WSe,/Bi,0,Se Heterostructure

To construct the WSe,/Bi,0,Se heterostructure, we first syn-
thesized the few-layer Bi,O,Se nanosheets on freshly cleaved
fluorophlogopite mica [KMg;(AlSi3Oy)F,] through chemical
vapor deposition (CVD) as previously reported?’34 and trans-
ferred them to SiO,/Si substrate by the wet transfer method.!"®!
The multilayer WSe, nanosheets were mechanically exfoliated
on the transparent stamp poly (dimethylsiloxane) (PDMS) and
target-transferred on the top of the prepared Bi,0,Se nanosheet
as shown in Figure Sla, Supporting Information (more details
can be found in Experimental Section). Figure 1b illustrates
the optical microscope (OM) image of a typical heterostructure
device on SiO,/Si substrate with the Cr/Au (5/50 nm) elec-
trodes on the separated Bi,O,Se and WSe,. The thicknesses
of the CVD synthesized Bi,O,Se and mechanically exfoliated
WSe, nanosheets were about 6.6 nm (=10 layers) and 70 nm
(=11 layers), respectively, as confirmed by the atomic force
microscopy (AFM) (Figure lc and Figure S1b, Supporting
Information).

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Second Electron -3.51
@) 3 o) -3.77 Bi,0,Se
8 ® Wse,
2 16.65 eV
z -4.04
£ - 4.25
3 % —
2 oA i 4 5 16 17 18 19 = | asep = FEm==o=
Binding Energy (eV) 5 -4.54 _‘4_5_6_ o -4.37
(0]
Valance Band Second Electron| Lﬁ
e u/ Bi,0,Se
% 0.68 eV 16.84 eV 5.0- F
: -5.05
: /
T WSe,
40 1 5 16 17 18 1 -5.5-

-2
Binding Energy (eV)

9

Figure 2. The band alignment of WSe,/Bi,O,Se heterostructure. a) Ultraviolet photoelectron spectra of WSe, and Bi,O,Se for work function and valence
band edge. b) Band alignment of WSe,/Bi,O,Se heterostructure before contact.

The coupling effect and charge transfer at WSe,/Bi,0,Se
interface can be verified via the optical measurements.*!! The
Raman spectra collected from isolated WSe,, Bi,0,Se, and the
overlapped junction are exhibited in Figure 1d. No obvious shift
was observed for the characteristic peaks in the overlapped
heterostructure region, indicating high quality of the vdW
heterostructure after the wet transfer, exfoliation, and target-
transfer processes.l Apparent reduction of Raman intensity
called “Raman quench” indicated a strong interfacial coupling
between the two flakes.[**243] The Raman mapping of Bi,0,Se
(159 cm™) and WSe, (256 cm™) (Figure 1f,g) further confirms
the high-quality of the heterostructure, exhibiting a great homo-
geneity of each component. We also collected the PL spectra
from different areas (Figure le) and found no obvious PL
signal was observed for bare Bi,0,Se due to the intrinsic indi-
rect optical bandgap,!'®2°! but strong excitonic emission around
775 nm of bare WSe,.* Similar quenching effect of PL can also
be clearly observed at the heterostructure area (Figure leh),
indicating the efficient separation and transition of photo-
generated electrons and holes, which resulted in the increase of
non-radiative recombination and the decrease of PL emission
recombination.!*

2.2. The Band Alignment of WSe,/Bi,O,Se Heterostructure

The charge transport behavior at vdW heterostructure is intrin-
sically determined by the energy band.[¥’*l We thus carried out
the UPS measurement to obtain the energy band alignment of
the WSe,/Bi,0,Se heterostructure as seen in Figure 2a. The
work functions (W) of WSe, and Bi,0,Se were determined to
be 4.56 and 4.37 eV, respectively, by subtracting the second elec-
tron cutoff energy from the photo energy of He I light source
(21.21 eV).2¥ The valence band edges of WSe, and Bi,0,Se
were 0.41 and 0.68 eV, lower than their Fermi level (Fg) (binding
energy equals to 0 eV). Therefore, a type II band alignment was
suggested in Figure 2b if we take the bandgap of multilayer
WSe, and Bi,0,Se to be 1.2 and 0.8 eV.?**] When the WSe,
and Bi,0,Se were brought into contact, the higher Fermi level
of Bi,O,Se would facilitate electrons transfer to WSe, until
the whole system reaches its thermal equilibrium state with a
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unified Fg, which is consisted with the Kelvin probe force
microscopy results (Figure S2, Supporting Information).
The leaving holes and electrons accumulated at Bi,O,Se and
WSe, side, respectively, formed a built-in potential across
the heterojunction impeded further diffusion of the carriers
(Figure 3d-(i)), which benefits the electrical transmission and
photodetection performance by modulating the applied bias, as
will be discussed later.

2.3. Electronic Characteristics of WSe,/Bi,O,Se Heterostructure

As construction of heterostructure aims at the suppression of
Bi,0,Se dark current, we first studied the electrical characteri-
zation of WSe,/Bi,0,Se heterostructure in dark as schemati-
cally shown in Figure 3a. The voltage (Vg) was applied across
the WSe, terminal (Drain) to the bottom Bi,0,Se (Source) on
the SiO,/Si substrate. Our heterostructure device demonstrated
strong rectification behavior with an ideality factor of 1.59
(Figure 3b), indicating good junction interface.*! The recti-
fication ratio (|Ifoward/Ireverse|) increased rapidly, and tended to
saturate as the increase of |V, ultimately reached to 10° when
|Vasl = 2V, which is competitive among the reported WSe,-
based heterostructure as shown in Figure 3c.*-% Such a high
rectification ratio can be attributed to the large conduction
band offset between Bi,0,Se and WSe, in Figure 2b.*] The
isolated few-layer Bi,0,Se and WSe, exhibited nearly symmet-
rical linear curve with electrodes metal (Figure S3, Supporting
Information), which rules out the influence of the Schottky
barrier for the heterostructure.?>*! From the transfer curves
in Figure S4a, Supporting Information, the intrinsic Bi,0,Se
demonstrated n-type conductivity with the current increasing
from 107 to 107 A (V, from —50 to 50 V), and the WSe, dem-
onstrated p-dominant ambipolarity with current varying during
107 to 10" A. The carrier concentration and mobility were
estimated by n (p) = g7'Cg|Vin| = 2.04 X 10" (1.67 x 10'?) cm™?,
Al
and e ) = EX WC, Ve,
1.6 x 107 C, C; = 1.23 x 10® F cm™ for 300 nm SiO,, |Vy| =
25.85 (21.72) V extracted from Figure S4b, Supporting Informa-
tion, L and W presented the length and width of channel 344051

= 544.8 (2.1) cm? V! 7%, where q =
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Figure 3. Electronic characteristics of WSe,/Bi,O,Se heterostructure. a) Schematic illustration of WSe,/Bi,O,Se heterostructure diode. b) I-V curves
of the heterostructure. c¢) Comparison of rectification ratio between this work with different diodes reported in literature like MoS,/WSe, 1 WS,/
WSe,, [ ReS,/WSe,,*) MoSe,/WSe,,*% and Bi,Tes/WSe,.[*l d) Schematic of the band diagrams of WSe,/Bi,0,Se heterostructure under i) zero bias,

ii) forward bias, and iii) reverse bias.

On the other hand, the WSe,/Bi,0,Se device presented p-type
conductivity dominated ambipolarity in different forward bias
similar to WSe,. The observed carrier transport polarity can be
explained by dividing the total resistance of the WSe,/Bi,0,Se
heterostructure into three parts: the resistance of overlapped
p-n junction, the remaining Bi,0,Se and WSe, part as shown
in the inset of Figure S4c, Supporting Information, since the
relatively small contact resistance of metal/Bi,O,Se and metal/
WSe, could be neglected.>? Therefore, the WSe,/Bi,0,Se
device exhibited off-state under forward V, due to the depletion
of WSe,, then switch to on-state under negative V, due to the
accumulation of carriers in both Bi,O,Se and WSe,.

We also take a step further to provide more in-depth insight
into the operation of WSe,/Bi,0,Se diode by estimated the
depletion width in WSe, and Bi,0,Se side with the formula:[*0-#!

PARGEALS 2N.&&V
%o = o S N e @
gN. (&N, +&Ny) qNq4 (&N, +&Ny)
where the N, g represents the concentration of the acceptor
(donor), which could be calculated by Ny = 1 (p)/tgiz02se (Wse2),
& and g, are the dielectric constants of Bi,O,Se and WSe,, V};
is the built-in potential at the junction and equals to the
difference of work function. According to the thickness
ti202se (We2) = 6.6 (70) nm, & = 20,2 & = 1174 Vi; ~ 0.19 eV from
the UPS test results, the % and x, were calculated about 3.1 and
2.7 nm, indicating the multilayer Bi,O,Se and WSe, were both
undepleted as shown in Figure 3d-(i). When the diode operated
under the reverse bias (Figure 3d-(ii)) (i.e., the same direction as
the built-in electric field), the potential barrier increased greatly
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to block the transportation of majority carriers. As a result, only
the minority carriers (holes in Bi,O,Se and electrons in WSe,)
could drift across the interface and obtained ultralow reverse
current (=10 pA). On the contrary, when a forward bias was
applied in WSe, (Figure 3d-(iii)), the decreased potential bar-
rier promoted the majority carriers (electrons in Bi,O,Se and
holes in WSe,) to transfer across the junction region easily
and obtain large diffusion current.?>>* It should be noted that a
linear region with negative slope was found in the In(Iy/ Vas?)
against 1/Vy, plot (Figure S5, Supporting Information), which
matched well with the Fowler-Nordheim (FN) tunneling equa-
—4d\2m" ¢’
3hqV
tunneling current under the forward biasi*! due to the high
doping concentration.[*0>°]

tion | IeVZexp and evidenced the contribution of FN

2.4. Photoresponse Properties of WSe,/Bi,0,Se Heterostructure

Taking advantage of the good rectification property and low
reverse current, we further explored the optoelectronic char-
acteristics of the WSe,/Bi,0,Se heterostructure without gate
voltage. When the light (532 nm) illuminated on the device,
the photogenerated electrons and holes in both Bi,0,Se layer
and WSe, layer were expected to separate and transfer into
different materials by the built-in electric field at the interface
(inset of Figure 4a). These charge carries transferred laterally
between electrodes and contributed an additional current which
called photocurrent Iy, (The difference between I4s with and
without illumination). Figure 4a presents the -V curves on a
logarithmic scale under dark and different power intensity of

© 2020 Wiley-VCH GmbH
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Figure 4. Photoresponse characteristics of WSe,/Bi,0,Se heterostructure. a) l3—Vg4s measurements under different laser powers intensity of 532 nm
for WSe,/Bi,0,Se heterostructure, inset: schematic diagram of the separation process of photogenerated carries on the interface of WSe,/Bi,O,Se
heterostructure under laser illumination. b,c) Responsivity and light on/off ratio of WSe,/Bi,O,Se heterostructure under varied light intensities at
Vgs = +5 V and Vg, = =5V, separately. d) The photocurrent dependence of laser power intensity at V4, = =5 V and +5 V. e,f) Photoresponse of the
heterostructure under different visible light wavelengths (365, 532, and 680 nm) and shortwave infrared light wavelengths (980, 1456, 2000 nm) at
Vgs =—5 V. g,h) Photoresponse of the heterostructure under 532 nm with a frequency of 100 Hz and 20 kHz at V4 = —5 V. i) Rise and decay curves of

the heterostructure under 532 nm (20 kHz) at V4o =—-5V.

532 nm light from -5 to +5 V. Apparently, the device main-
tained good rectifying characteristics under illumination and
presented distinct photoresponse characteristics at reverse and
forward bias. When the Vy, > 0, the device operated in on-state,
a large number of free carriers could across the heterostructure
and contributed to the overall current, thus the light induced
electron-hole pairs only took a small part (i.e., a low light on/
off ratio). On the other hand, when the Vj; < 0, the device
worked in off-state and the photogenerated carriers became
dominated. Therefore, the photocurrent was much higher than
the dark current, and high sensitivity photodiode with a sig-
nificant light on/off ratio was obtained. Furthermore, we calcu-
lated the responsivity (R) of the WSe,/Bi,0,Se heterostructure
device with the formula R = on/ PS, where S is the active area
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of illumination.’® When Vy, = +5 V in Figure 4b, a high photo-
responsivity with R = 443.83 A W (532 nm @ 1.12 mW cm™2)
was achieved, which is competitive in most intrinsic 2D metal
chalcogenides and their vdW photodetectors.*”] On the contrary,
when WSe,/Bi,0,Se heterostructure device operated under
-5 V as shown in Figure 4c, the light on/off ratio enhanced to
618 (532 nm @ 52.37 mW cm™2) and a decent photoresponsivity
of 638 mA W (1.12 mW cm™2) in the WSe,/Bi,0,Se photodiode
is also comparable to those of reported literature.*1434:5257 By
fitting the light intensity (P) dependent I, through the equa-
tion of I, < P* (Figure 4d), it was found that I, at Vgg=+5V
was relatively larger than 107 A level with the o = 0.38, which
indicated the existence of photogating effect and high photo-
gain.B¥ Therefore, the WSe,/Bi,0,Se heterostructure could

© 2020 Wiley-VCH GmbH
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Figure 5. Self-driven photoresponse characterization of WSe,/Bi,O,Se heterostructure. a) Enlarged I4—Vys measurements of Figure 4a. b) Extracted
Isc and V. under different laser powers intensity of 532 nm. c) Electrical power generated by the WSe,/Bi,O,Se heterostructure as a function of Vy;.
d) Responsivity and light on/off ratio of WSe,/Bi,O,Se heterostructure under varied power intensities at Vg4 =0 V. e) FF and EQE as a function of laser
powers intensity under 532 nm. f) Time-resolved photovoltaic response of the heterostructure under 532 nm at Vg =0 V.

operate as photodiode with high photoresponse and high sen-
sitivity as the photoswitching characterization in Figure S6a,b,
Supporting Information. With the increase of power intensity
of 532 nm light, the photoresponse of the photodiode kept
increasing while the dark current maintained relatively low
when Vg, = =5V, which outperformed the intrinsic Bi,O,Se
based photodetector with high dark current.[?5323¢]

The ultra-low dark current and remarkable photoresponse
of the WSe,/Bi,0,Se photodiode also provided a platform for
the broadband photodetection. As shown in Figure 4e(f, the
WSe,/Bi,0,Se photodiode demonstrated rapid and stable
photoresponse from 365 to 2000 nm. It should be noted that
the photoresponse at 2000 nm was beyond their individual
response range, which may be attributed to the interlayer cou-
pling of Bi,0,Se and WSe,.’#>°! Furthermore, we measured the
response speed of the WSe,/Bi,0,Se heterostructure by varying
the laser switching frequency from 100 Hz to 20 kHz (equip-
ment limit) and found no significant current decay at higher
frequency as demonstrated in Figure 4g,h and Figure S7, Sup-
porting Information, which indicated the frequency band-
width is much higher than 20 kHz. Therefore, we estimated
the frequency bandwidth (f345) of the heterostructure from the
response time 7= 0.55/f345.%° Since the rise time was 2.4 s and
the fall time was 2.6 us (Figure 4i), the frequency bandwidth of
W Se,/Bi,0,Se heterostructure was calculated = 10> Hz.

When focusing on photoresponse around zero bias, we
found the WSe,/Bi,O,Se heterostructure also exhibited
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excellent self-driven properties. Figure 5a zooms in the -V
curves of Figure 4a, in which obvious photovoltaic response is
presented with the curves pass across the four quadrants. When
the WSe,/Bi,0,Se heterostructure was illuminated by 532 nm
laser in open circuit, photogenerated electron-hole pairs could
separate rapidly by build-in potential and drift to different side
layers (electrons to Bi,0,Se, holes to WSe,). The accumulated
electrons and holes in Bi,0,Se layers and WSe, layers broke
the thermal equilibrium of dark state and formed forward open
circuit voltage (V,). Once the device was short circuited, the
separated photogenerated carries could recombine and result in
short circuit current (I). Figure 5b demonstrates the V. and
I both monotonically increased with the light power intensity
without reaching a saturation. The V,. followed a logarithmic
dependence on the intensity and I, followed a linear depend-
ence, indicating the good photovoltaic effect dominated the
photocurrent generation.®® The electrical power (P) gener-
ated by the WSe,/Bi,0,Se device under various power intensity
was extracted by the formula Py = I4Vys (Figure 5c). The Py
increased with the light power intensity and reached 224 pW
when P = 52.37 mW cm™2. The transient photovoltaic response
of 532 nm under varied light intensities (Figure S8, Sup-
porting Information) demonstrated a stable ultralow dark cur-
rent (107® A) and provided a high light on/off ratio around 10°.
What's more, the photovoltaic responsivity is up to 284 mA W~!
when the WSe,/Bi,0,Se device operated under 1.12 mW cm™
as shown in Figure 5d. On the other hand, we calculated the
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Figure 6. Low temperature performance of WSe,/Bi,O,Se heterostructure as the photoelectric and photovoltaic devices. a) I4.—Vys characteristics under
different light irradiation powers for WSe,/Bi,O,Se heterostructure at 77 K. b) Photovoltaic response under 77 and 300 K.

important indicators of photovoltaic energy conversion: fill
factor (FF) and external quantum efficiency (EQE) for our
WSe,/Bi,0,Se self-driven detector by the formula: FF = P 1,/
(I Vo) and EQE = (I,n/P)(hc/qA) = R(hc/qA) (where h is the
Planck constant, q is the unit charge and A is the excitation
wavelength).*1%0 From the Figure 5e, the WSe,/Bi,0,Se hetero-
structure obtained maximum FF of 0.24 and EQE up to 66.27%
under 52.27 and 1.12 mW cm™2, respectively, which is compa-
rable to reported values based on MoS,/WSe, (1.5%, 34%),:>]
MoS,/BP (0.3%)*!l and AsP/InSe (1.5%).1*”l The power conver-
sion efficiency defined as 1py = P/ P;,, was calculated = 0.428%
under 52.27 mW cm™2. The periodically switched photocurrent
without severe degradation (Figure 5f) guaranteed the good sta-
bility and reproducibility for the photovoltaic response of our
WSe,/Bi,0,Se heterostructure device with the response speed
about 20 us.

The electrical transport and photoelectric detection per-
formance of WSe,/Bi,0,Se heterostructure could be further
improved at low temperature (77 K). As shown in Figure 6a, the
forward dark current at 77 K slightly decreased compared to the
case at room temperature due to the suppressed thermal emis-
sion and lower carrier density.’?l The two-order of magnitudes
smaller current at reverse dark current (107 A) indicates the
enlarged build-in potential at the interface of WSe,/Bi,0,Se at
low temperature.[®!l The ultra-low reverse dark current not only
magnified the rectification ratio of WSe,/Bi,0,Se diode to 107,
but also increased the light on/off ratio of the photodiode to
nearly 10°, which were among the highest value ever reported
in two-terminal device without gate modulation.*!l Besides, the
WSe,/Bi,0,Se photovoltaic response in 77 K (Figure 6b) dem-
onstrated a higher I}, comparing to the result at room tempera-
ture due to more effective separation of photogenerated carries
in the strengthened build-in potential.l!

The comparison of performance between our WSe,/Bi,0,Se
heterostructure with individual Bi,0,Se and other reported 2D
vdW heterostructure is shown in Table S1, Supporting Informa-
tion. The dark current of our WSe,/Bi,O,Se photodiode was
greatly suppressed by more than four orders of magnitudes
compared to reported 2D Bi,0,Se photodetector, which is signif-
icant for low power consumption in practical applications. The
light on/off ratio and response speed were both improved due
to large built-in barrier and fast separation of photogenerated
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carriers at the interface of Bi,0,Se and WSe,.[°”l Meanwhile, the
high electron mobility and novel optoelectronics properties of
2D Bi,0,Sel®?] also contributed to the excellent photodetection
performance of our WSe,/Bi,0,Se heterostructure device com-
pared to other 2D vdW heterostructure.

3. Conclusion

In summary, a WSe,/Bi,0,Se p-n heterostructure with type-II
band alignment has been constructed to improve the photo-
detection performance of 2D Bi,0,Se nanosheet. Strong interlayer
coupling effect and large interfacial band offset between WSe,
and Bi,0,Se were verified by UPS, Raman, and PL tests, which
provided high rectification characteristics with a ratio up to
10° and a low dark current of 107" A. As a result, the photo-
detector shows a decent responsivity of 638 mA W, a high
light on/off ratio of 618, fast response speed of 2.6 us, and
broadband photodetection from 365 to 2000 nm. More impor-
tantly, the self-driven photodetection was first achieved in
WSe,/Bi,0,Se heterostructure with a light on/off ratio up
to 10° and a responsivity of 284 mA W' Ultra-low reverse
current about 1073 A at low temperature (77 K) further improved
the performance of the WSe,/Bi,0,Se backward diode and
photodetecor. The proposed 2D WSe,/Bi,0,Se heterostructure
extends the promising potentials of Bi,O,Se in the self-driven,
high sensitivity, broadband, and fast photodetection.

4. Experimental Section

Device Fabrication of 2D WSe,/Bi,O,Se Heterostructure: 2D Bi,O,Se
was first synthesized on mica by CVD method in which the source
Bi,O; powder and Bi,Se; power were placed in the hot center and 6 cm
upstream of a tube furnace, respectively, and mica substrates were
placed in 12-15 cm downstream. The center temperature of the tube
furnace was set about 680-750 °C with ramping time about 30 min and
hold time of 25 min, and final cooled to room temperature naturally. The
high purity Ar gas was used to evacuate the ambient contamination of
the quartz tube with high flow before heating, and then acted as carrier
gas at 200 sccm during the whole growth process. Then, the prepared
Bi,O,Se was transferred from mica to SiO,/Si substrate by a wet
transfer method supporting by poly methyl methacrylate in a dilute HF
solution (1%) and final cleaned by acetone. The 2D WSe, was exfoliated
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on a PDMS transparent stamp and transferred to the top of prepared
Bi,0,Se nanosheet on SiO,/Si substrate by micromanipulation transfer
system equipped OM. Finally, the contact electrodes were patterned
by standard electron-beam lithography (FEI Quanta 650 scanning
electron microscope and Raith Elphy Plus) and deposited with Cr/Au
(5/50 nm) metal by a thermally evaporating system (Nexdep, Angstrom
Engineering).

Characterization: The fabricated WSe,/Bi,0,Se heterostructure was
characterized by OM (BX51, OLMPUS), the thickness and surface
potential difference were evaluated by atomic force microscope
(Dimension Icon, Bruker), the Raman and PL spectra were both
measured by a confocal microscope spectrometer (Alpha 300R, WITec).
The energy band alignment was tested by UPS (Axis Ultra DLD, Kratos).
The electronic and photodetection measurement were carried out by
semiconductor analyzer (B1500A, Agilent) and probe station (TTPX,
Lakeshore) under illumination of laser sources (365, 532, 680, 980, 1456,
and 2000 nm) with adjustable power intensity which were calibrated by
powermeter (FieldMaxII-TO, Coherent).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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