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ABSTRACT: Bi,0,Se nanosheets, an emerging ternary non-van der
Waals two-dimensional (2D) material, have garnered considerable
research attention in recent years owing to their robust air stability,
narrow indirect bandgap, high mobility, and diverse intriguing
properties. However, most of them show high dark current and
relatively low light on/off ratio and slow response speed because of
the large charge carrier concentration and bolometric effect, hindering
their further application in low-energy-consuming optoelectronics.
Herein, a homotype van der Waals heterostructure based on : 400 500 600 700 800 900 1000 1100
exfoliated n-InSe integrated with chemical vapor deposition (CVD)- Wavelength (nm)

grown n-Bi,O,Se nanosheets that have type II band alignment was

fabricated. The efficient interfacial charge separation, strong interlayer coupling, and effective built-in electric field across the
heterointerface demonstrated excellent, stable, and broadband self-driven photodetection in the range 400—1064 nm. Specifically, a
high responsivity (R) of 75.2 mA-W™" and a high specific detectivity (D*) of 1.08 X 10'* jones were achieved under 405 nm
illumination. Additionally, a high R of 13.3 mA-W™" and a high D* of 2.06 X 10"! jones were achieved under 980 nm illumination.
Meanwhile, an ultrahigh I/l ratio over 10° and a fast response time of 5.8/15 ms under 405 nm illumination confirmed the
excellent photosensitivity and fast response behavior. Furthermore, R could be enhanced to 13.6 and 791 mA-W™! under 405 and
980 nm illumination at a drain—source voltage (V) of 1 V, respectively, originating from a lower potential barrier. This study
suggested that the Bi,O,Se nanosheet/InSe nanoflake homotype heterojunction can offer potential applications in next-generation
broadband photodetectors that consume low energy and exhibit high performance.

KEYWORDS: Bi,0,Se, InSe, van der Waals heterostructure, type 1I band alignment, photovoltaic effect
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B INTRODUCTION Recently, an n-type Bi,O,Se nanosheet, a novel ternary 2D
material with a narrow bandgap in the range 0.11-1.27 eV, an
interlayer spacing of 0.61 nm, and a small electron effective
mass of 0.14my, has garnered tremendous attention. This is
because it has an ultrahigh carrier mobility of over 20000 cm?*-
V~'s7! at 2 K and robust stability and other intriguing physical
properties, such as ferroelectricity, strong spin—orbit coupling,

Atomically thin two-dimensional (2D) materials including
graphene, MoS,, InSe, and black phosphorus (BP) with novel
physical properties such as moiré physics, valley effects, and
quantum Hall effect have shown promising applications in
optoelectronics, sensors, memristors, logic circuits, photonic

integrated circuits, meta-optics, and nanomechanical resona- piezoelectricity, bolometric effect, and high permittivity.'>~>°
tors over the past two decades. ™ Benefiting from the Furthermore, various approaches, such as mechanical exfolia-
dangling-bond free interfaces of 2D materials and synergistic tion, the chemical vapor deposition (CVD) method, the
effect, van der Waals (vdWs) heterojunctions formed by weak solution-assisted method, and molecular beam epitaxy have
vdWs forces offer considerable freedom to design multifunc- been reported for preparing Bi,O,Se nanosheets on different
tional devices with substantially improved performances

compared to individual components without the issue of Received: January 4, 2023 B s
lattice mismatching.”~'" Among them, p—n or n—n or p—p Accepted: February 22, 2023 i
vdWs heterojunctions with type II staggered band alignment Published: March 3, 2023

can considerably promote the separation of carriers and offer

numerous applications in the field of next-generation ultrafast

photodetection, sensing, and solar energy harvesting.12

© 2023 American Chemical Society https://doi.org/10.1021/acsanm.3c00054
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substrates.”’ ~**?%*” Recently, the vdWs heterostructures based
on Bi,0,Se nanosheets have demonstrated high photo-
detection performance.”*™*° For instance, Yang et al. reported
a 2D photodetector based on an n-MoSe,/Bi,0,Se homotype
heterostructure with a high responsivity (R) of 413.1 mA-
W13 However, the loss of a self-driven function, the
relatively slow response time of 0.79/0.49 s, and the limited
response spectrum from 405 to 808 nm of this photodetector
need to be improved. Meanwhile, Zhai et al. reported a p-
WSe,/n-Bi,0,Se vdWs heterojunction photodiode, achieving
an ultrahigh rectification ratio of 10° attributed to a large band
offset.’”® However, this excellent photovoltaic performance is
only focused on the visible wavelength without highlighting the
broadband light absorption of bare Bi,O,Se nanosheets.
Moreover, some insufficient phenomena such as self-driven
loss, ultralow R, ordinary specific detectivity (D*), and a
complicated transfer process have been seen in other Bi,O,Se
nanosheet-based heterostructures such as n-WS,/Bi,O,Se,
Bi,Te,Se/Bi,0,Se, Bi,Se;/Bi,O,Se, and p-Te/Bi,0,Se.””~*
Most of the 2D materials in few-layered or multilayered
structures integrated with Bi,O,Se always feature an indirect
bandgap, suffering from relatively weak light—matter inter-
action. Although BP is a direct bandgap 2D material that is
independent of the number of layers and the vdWs
heterojunctions based on Bi,0,Se/BP possess high photo-
detection performance,’ 3% the intrinsic instability of BP
hinders its wide application.*>*® Additionally, monolayer 2D
materials such as WS, and MoS, with direct bandgap show a
relatively low light absorption coefficient and low responsivity.
The multilayered -InSe nanoflake (>6 nm) with the merits of
tunable electronic properties, broadband photoresponse, and a
high light absorption coeflicient has a direct bandgap ~1.25
eV. Therefore, it can exhibit high light—matter interaction and
a strong photon excitation energy for high-performance
photodetectors.”’ >° According to the theoretical band
structure, incorporating the multilayered InSe nanoflakes can
directly improve the visible—near-infrared photodetection of
the Bi,O,Se nanosheets for designing a homotype vdWs
heterostructure with a theoretical type II band alignment.
Herein, a Bi,0,Se nanosheet/InSe nanoflake homotype
heterostructure was reported by directly stacking the exfoliated
multilayered InSe onto the CVD-grown Bi,O,Se nanosheet via
a dry transfer method, as shown in Scheme 1. The efficient
interlayer charge transfer, strong coupling effect, and type II
band alignment were confirmed by using the Raman
spectroscopy and photoluminescence (PL) measurements.
This photodiode exhibits a moderate rectification ratio of
230 and an ideal factor of 1.19. Additionally, the photodiode
had a fast response to the broadband spectrum (400—1064

Scheme 1. Left: Fabrication Process of the Homo-Type
Heterostructure via PDMS Transfer Method; Right: Crystal
Structures of InSe and Bi,0,Se

InSe
T

InSe nanoflake O In

PDMS
transfer

mica substrate
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nm) photodetection at zero bias because of the narrow
bandgap between the InSe nanoflake and the Bi,0,Se
nanosheet, theoretical type II band alignment, and a built-in
electric field at the high-quality interface. Particularly, a self-
powered R of 75.2 mA-W™, a high D* of 1.08 X 10'* jones, an
ultrahigh light on/off ratio over 10°, and a fast response speed
of 5.8/15 ms were achieved under 405 nm irradiation.
Additionally, the corresponding R and D* could be further
improved at forward bias with the help of the photoconductive
effect. Overall, the findings offer great opportunities to design
flexible nano-optoelectronics with the merits of low cost, self-
driven broadband photoresponse behavior, fast response
speed, and robust operational stability. The device may be
used in energy-saving, broadband, and highly sensitive
photodetectors.

B RESULTS AND DISCUSSION

The optical image of the as-grown Bi,O,Se nanosheets on an
F-mica substrate is shown in Figure la. In this study, Bi,O,Se
nanosheets were synthesized using the CVD method under
ambient pressure. A schematic of the experimental process has
been depicted in Figure S1, and the details have been
described in the Experimental Section. Moreover, the Bi,O,Se
nanosheet/InSe nanoflake heterostructure was prepared via a
dry transfer method using polydimethylsiloxane (PDMS). In
general, the mechanically exfoliated multilayered InSe flake on
PDMS was transferred onto the chosen Bi,O,Se nanosheet as
illustrated in Figure S2. As shown in Figure 1b, the X-ray
diffraction (XRD) pattern of the Bi,0,Se nanosheet with
lattice planes indexed as (002), (004), and (006) agreed with a
previous report,” demonstrating the high quality of the
synthesized Bi,O,Se nanosheet. The images of high-resolution
transmission electron microscopy (HRTEM) and patterns of
selected-area electron diffraction (SAED) for characterization
of the Bi,O,Se nanosheet are shown in Figures 1c and 1d. The
lattice spacing measured along the (110) plane was 0.28 nm.
Additionally, the SAED pattern conﬁrmed the single-crystal
nature of the prepared Bi,O,Se nanosheet.”’

Figure 2a illustrates the optical image of the Bi,O,Se
nanosheet/InSe nanoflake homotype heterostructure device
with Cr/Au (5/50 nm) electrodes. The atomic force
microscopy (AFM) images of the InSe nanoflake and
Bi,O,Se nanosheet are shown in Figures 2b and Ic.
Additionally, their corresponding height profiles are shown
along the red and white dotted lines in Figures 2b and 1c. As a
result, the thicknesses of the InSe nanoflake and Bi,O,Se
nanosheet were identified to be 332 and 7 nm with smooth
and clean surfaces, respectively. Moreover, as shown in Figure
2d, the normalized Raman spectra are used to confirm the
single crystalline quality and phonon vibration modes of bare
InSe, Bi,0,Se, and their overlapped region. The Raman peaks
of p-InSe at ~116, 177, and 226 cm™! correspond to the
vibration modes of out of-plane Alg, in-plane Ezg, and out-of-
plane Alg, respectively.®' Partlcularly, the representative Raman
peak of Bi,0,Se located at 159 ecm™" is correlated to the out-of-
plane A, vibration, 1nd1cat1ng a high single crystalline degree
of the CVD-grown sample.”” All the characteristic peaks
without obvious shifts were observed in the overlapped region,
indicating a high interfacial quality of the heterostructure after
the transfer process. The optical bandgap of the individual InSe
and the interlayer coupling of the heterostructure were verified
using the PL measurements. As shown in Figure 2e, #-InSe had
an asymmetric PL emission peak at ~988 nm, corresponding

https://doi.org/10.1021/acsanm.3c00054
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Figure 1. Characterization of the Bi,O,Se nanosheet. (a) Optical image of the as-grown Bi,O,Se nanosheet on F-mica substrate. The scale bar is
100 ym. (b—d) XRD, HRTEM image, and SAED pattern of the Bi,O,Se nanosheet.
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Figure 2. Characterization of the Bi,O,Se nanosheet/InSe nanoflake heterostructure. (a) Optical image of the devices. The scale bar is S0 ym. (b,
c) AFM images of InSe and Bi,0,Se nanosheet, respectively. (d) Raman spectra of the overlapping region, bare InSe, and Bi,O,Se nanosheet. (e)
PL spectra of individual InSe nanosheet and the Bi,O,Se nanosheet/InSe nanoflake heteorstructure.
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to the direct optical bandgap at ~1.25 eV.>” However, the PL
intensity was suppressed without a shift for the overlapped
region compared to the bare InSe. Hence, this PL quenching
effect indicates a rapid efficient separation of the photo-
generated electron—hole pairs and decreased PL radiative
recombination, resulting in the improvement in the optoelec-
trical performance of the Bi,O,Se nanosheet/InSe nanoflake
heterostructure.”

As shown in Figure 3a, the measured surface potential
difference (SPD) between InSe and Bi,O,Se on F-mica was

InSe

Bi,0,Se

-4.0 -4.25eV
-4.5
-5.0
-5.5

-6.0¢ Bi,0,Se

Energy (eV)

e =) ™~
e NS
—
Y ~—
_ Xr®® g
Zero bias V,,>0V V,<0V

Figure 3. KPFM measurement and energy band arrangement of the
Bi,0,Se nanosheet/InSe nanoflake heterostructure. (a) KPFM image
and the surface contact potential difference between Bi,O,Se and InSe
nanosheet. (b) Band arrangement of Bi,O,Se and InSe nanosheet
before contact. (c—e) Band diagrams at zero bias (c), V> 0 (d), and
V4 < 0 (e) in the dark.

~40 mV with a lateral depletion width of ~0.6 um along the
blue dashed line, which was obtained using a Kelvin probe
force microscope (KPFM). Furthermore, it unveiled an
effective built-in electric field pointing from InSe to Bi,O,Se
across the heterointerface. Accordingly, the theoretical band
alignment of the Bi,O,Se nanosheet/InSe nanoflake before
contact is shown in Figure 3b.’®** The conduction band
minimum (CBM) values for the Bi,O,Se nanosheet and InSe
nanoflake were approximately —4.25 and —4.6 eV, respectively,
resulting in a small CBM band offset of 0.35 eV. Additionally,
the valence band maximum (VBM) values for the Bi,O,Se
nanosheet and InSe nanoflake were approximately —5.05 and
—5.85 €V, respectively, resulting in a large VBM band offset of
0.8 eV. The PL quenching effect of the Bi,O,Se nanosheet/
InSe nanoflake heterostructure is attributed to the type II band
arrangement, which facilitates the generation and separation of
photogenerated carriers under laser illumination. As shown in
Figure 3c, because InSe has a higher Fermi level than that
Bi,0,Se, the electrons tend to diffuse from InSe to Bi,O,Se
after contact, accumulating positive and negative charge
centers at the InSe and Bi,O,Se sides, respectively. Thus, the
band edges at InSe and Bi,0,Se bend upward and downward,
respectively. Hence, a depletion region is formed at their
interface, and the Fermi level becomes equal.55 Therefore, InSe
and Bi,0,Se were reported to connect to the source and drain
terminals, respectively. As shown in Figures 3d and 3e, the
transport process in the dark is highly related to the barrier
height of the bias-modulation potential. When drain—source
voltage (Vy,) > 0V, the direction of Vy is opposite to the built-

4576

in electric field, leading to a decreased potential barrier height.
Owing to the low potential barrier height of the junction, the
electrons at the CBM of InSe can be effectively driven across
the small band offset and contribute to the electron-dominated
forward diffusion current. However, the holes in Bi,O,Se are
difficult to transmit across the junction owing to the large
VBM band offset. On the contrary, when Vy < 0, electrons in
Bi,0,Se are driven to the InSe side without any potential
barrier height while minority holes in the InSe side can drift
back easily to the Bi,O,Se side. Meanwhile, the transmission
process of the charge carriers is limited owing to increased
depletion strength, leading to an ultralow backward drift
current.*®

Figure 4a illustrates a three-dimensional (3D) schematic
diagram of the photodetector based on the Bi,O,Se nano-
sheet/InSe nanoflake under different illumination conditions.
The linear drain—source current—voltage (I4—Vy,) curves of
the Bi,O,Se nanosheet and the InSe nanoflake exhibited
Ohmic contacts, as shown in Figures S3a and 3b, respectively.
As shown in Figures S3c and S3d, the N-type transfer curves of
the Bi,0,Se nanosheet and InSe nanoflake confirm the N—N
homotype heterojunction of the photodetector. The photo-
response properties of the Bi,O,Se nanosheet and the InSe
nanoflake are shown in Figures S4 and SS, respectively.
Moreover, the conductivity of Bi,O,Se is considerably much
higher than that of InSe, resulting in a unilateral depletion
region. As shown in Figure S6, the diode exhibited a forward
rectification behavior with an approximate rectification ratio of
2.3 X 10% The rectification behavior is determined based on
the depletion region. Furthermore, the ideality factor (1) of the
heterostructure is extracted from the Shockley diode equation,
which is expressed as follows:*® I, = Is(eqvi‘/ T _ 1), where
I, represents the reverse saturation current, g represents the
electron charge, kg is the Boltzmann constant, and T is the
absolute temperature. The calculated ideality factor was about
1.19 (close to 1) in the 0—0.3 V range, indicating the
domination of diffusion current in the forward direction and
high-quality interface.”® Moreover, the I;—Vy, curves at the
semilogarithmic scale in the range of —1 to 1 V in the dark and
under broadband light illumination are shown in Figure 4b. As
expected, the device exhibited an obvious photovoltaic effect
characterized with a positive open—circuit voltage (V,.) and a
negative short—circuit current (I,.) in a wide spectral range of
405—1064 nm. In particular, the photoresponse behavior at
wavelengths >990 nm may be ascribed to the light absorption
by the narrow bandgap of Bi,O,Se and the effective built-in
electric field with type II band alignment. The photo-
conductive effect could also be achieved in the forward and
negative bias regions, leading to high photoresponsivity and
specific detectivity.

Furthermore, Figure 4c illustrates the time-resolved curves
under light irradiation ranging from visible to near-infrared
wavelength at a Vg of 0 V. The fast and stable switching on—
off curves confirm a fast and broadband spectral operation in a
self-driven mode. Specifically, as shown in Figure S7, the
photoresponse times of the self-powered Bi,O,Se nanosheet/
InSe nanoflake homotype heterojunction device at the
wavelengths of 635 nm (26.27 mW-cm™?), 808 nm (49.3
mW-cm™2), 980 nm (27.3 mW-cm™2), and 1064 nm (42.7
mW-cm™?) are estimated to be approximately 47.6/27.3, 46.6/
51.9, 37.6/31.5, and 297.2/328 ms, respectively. Furthermore,
a detailed discussion of the photoresponse properties of the
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Figure 4. Self-powered broadband photodetection performance of the Bi,O,Se nanosheet/InSe nanoflake heterostructure diode. (a) 3D schematic
image of the device under broadband light illumination. (b) I3;—Vy, curves in dark and under various light irradiations. (c) Time-resolved I curves
under 405, 635, 808, 980, and 1064 nm illumination. (d) Responsivity as a function of wavelength from 400 to 1100 nm. Schematic energy band
diagram and transport mechanism under light irradiation (e) at Vi =0V, (f) V4 >0V, and (g) Vg <0 V.

device at 405 and 980 nm will be presented later. The
broadband photocurrent spectrum without an external bias and
the corresponding incident light power spectrum in the 400—
1100 nm range are presented in Figure S8a,b. The photo-
detector exhibited an obvious broadband and zero-bias
photoresponse in the 400—1100 nm range, as shown in Figure
4d. The maximum R is calculated to be 71 mA-W ™! based on
the equation of R;. Therefore, the optimal wavelength is ~490
nm. With the longer incident light wavelength, the lower
photon energy results in a decreased light absorption
coefficient and a decrease in the value of R. The transport
mechanism of the photogenerated carriers with and without
external biases is discussed herein. Under visible and near-
infrared light illumination from 400 to 988 nm (hv > E,(InSe)
and Eg(BiZOZSe)), the band structures of InSe and Bi,O,Se can
excite the photons and be separated by the built-in electric
field of 40 meV (gray region). As shown in Figure 4e, at zero
bias, the photogenerated electrons located at the CBM of
Bi,0,Se can be drifted to the CBM of InSe while the holes at
the VBM of InSe can easily transmitted to the VBM of
Bi,0,Se, leading to a positive V. and a negative I,.. Moreover,
an intralayer transition can occur at the small band offset of
0.45 eV, leading to a photoresponse at the longer wavelength.
Under near-infrared light >988 nm, the band structure of
Bi,0,Se can primarily excite the photons, resulting in a low
photocurrent in the circuit. When the external electric field is
applied, the potential barrier height can be effectively
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modulated. As shown in Figure 4f, when Vy, > 0, the built-in
potential barrier region (gray region) can be reduced. The
photogenerated electrons at the CBM of InSe can be drifted
and transported to the CBM of Bi,O,Se through the small
CBM band offset of 0.35 eV. In contrast, most of the holes at
the VBM of Bi,O,Se find it difficult to cross the large VBM
band offset of 0.8 eV. Therefore, the diffusion photocurrent in
the forward bias region is dominated by the electrons in InSe.
As shown in Figure 4g, when Vy < 0, the built-in potential
barrier can be increased, resulting in an ultralow dark current
of 5.5 pA. The photogenerated electrons at the CBM of
Bi,0,Se can easily drift to the CBM of InSe at a large built-in
electric field. At the same time, the photogenerated holes at the
VBM of InSe can also drift to the Bi,O,Se side. Thus, the drift
photocurrent in the backward bias region is dominated by the
entire heterojunction. In brief, the experimental results and the
theoretical analysis indicate that the fabricated Bi,O,Se
nanosheet/InSe nanoflake homotype heterostructure can
serve as a fast and stable self-driven photodetector in the
entire range of —1 to 1 V.

Figure 5a shows the Ij,—Vy, curves of the heterostructure in
the dark condition and under 405 nm laser illumination at
different light power densities on a semilogarithmic scale. The
generation of photocurrent can be seen at a Vg, of 0 and +1 V.
As shown in Figure S9a, the V. and I extracted from Figure
Sa increase with light power density, with maximum values of
0.15 V and 67.45 nA, respectively, under the illumination
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Figure S. Self-driven photodetection performance of the Bi,O,Se nanosheet/InSe nanoflake heterostructure device under 405 nm light
illumination. (a) I—Vj, curves of the device in dark and under 405 nm light illumination with increasing light power densities. (b) Time-resolved
switching on—off curve with increasing light power densities. (c, d) R, EQE, D*, and light on/off ratio of the photodetector as a function of light
power density. (e) Time-resolved I with switching on—off at P = 35.82 mW-cm™ (f) Time-resolved curve in 20 cycles.

intensity of 70.06 mW-cm™> Moreover, I and the light power
intensity (P) can be fitted using a power law equation: I, o
P? The obtained value of the fitting exponent a was 0.87
(close to 1). The sublinear exponent indicates the existence of
defects, impurities, or adsorbed molecule-induced trap states
across the heterostructure, leading to the incomplete photo-
electric conversion.” Furthermore, the photogenerated output
electric power (P,;) can be extracted using the formula P, = I
X Vy.”® As shown in Figure S9b, P,, as a function of Vj is
plotted under varied P. P, reached a maximum value of 2.13
nW at a P of 70.06 mW-cm ™2 Furthermore, the fill factor (FF)
is an important parameter indicating the photovoltaic
conversion efficiency in solar cells and is defined as follows:
FF = P/ (I X V,.).*® As shown in Figure S10, a maximum
FF of 0.33 is obtained at a P of 0.03 mW-cm ™2 Moreover,
power conversion efficiency (PCE), another figure of merit of a
photovoltaic device, is defined as follows: PCE = P,/P,..>® The
calculated maximum PCE was 0.9% at a P of 35.82 mW-cm™2,
as shown in Figure S10. Furthermore, the maximum values of
FF and PCE of the photodetector based on the Bi,O,Se
nanosheet/InSe nanoflake photodetector are comparable to a
previously reported photodetector based on a Bi,O,Se-based
heterostructure.

Furthermore, the time-resolved switching of on—off curves
with different laser densities at Vy, = 0 and =1 V are shown in
Figures Sb, Sllc, and S12. The photocurrent values are

4578

consistent with the results in Figure Sa. Moreover, stable and
reproducible characteristics are achieved for the homotype
photodiode designed in this study. Typically, responsivity R;,
external quantum efficiency (EQE), D*, response speed, and
Lighe/ Iaanc Yatio are critical figures of merit, which evaluate the
performance of a photodetector. In general, R; is used to
characterize photoresponsivity, which is defined as follows:

I Ly oo —1
— _ph__ Lillumination ~ {dark :
Ry=4 = o , where I is the net photocurrent,
Lijtumination 18 the I3 under light illumination, Iy, is the I, in the

dark condition, and S is the effective area.”” The overlapped
region of the Bi,O,Se nanosheet/InSe nanoflake hetero-
structure is approximately 1560 ym® Moreover, EQE, which
describes the ratio of the number of photogenerated carriers to

that of the incident photons, is defined as follows: EQE = h:fi',

where h is the Planck constant (6.626 X 107** J-s), ¢ is the
speed of light (3.0 X 10® m-s™"), e is the elementary charge
(1.6 X 107 C), and 1 is the incident light wavelength.*®
Additionally, D* represents the ability of a photodetector to
detect a weak light signal and can be expressed as follows:

D¥ = RS ss The R, EQE, and D* of the Bi,0,Se

nanosheet/InSe nanoflake heterostructure photodetector, as a
function of P, are shown in Figure 5c,d. The values of R, EQE,
and D* fluctuate within a certain range of 42.0—75.24 mA-
W, 12.87%—23.05%, and S.17 X 10''—1.08 X 10" jones,
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Figure 6. Photoresponse characteristics of the Bi,O,Se nanosheet/InSe nanoflake heterostructure photodetector under 980 nm laser illumination.
(a) I4—Vy, curves of the photodetector in the dark and under 980 nm light irradiation with different light power intensities. (b) Time-resolved
switching on—off curves with increasing light power intensities. (c, d) Net photoresponsivity, photocurrent, EQE, and D* of the photodetector
varying with incident laser intensities under Vg = 0 V (dashed lines) and V4 = 1 V (solid lines). (e, f) Time-dependent I; and on—off
photoresponse of the heterostructure based photodetector under light power intensity of 174.67 mW-cm™ with 0 and 1 V bias voltages,

respectively.

respectively, within the entire range of light power density. The
maximum photovoltaic R, EQE, and D* values of 75.2 mA-
W', 23%, and 1.08 X 10" jones at a P of 70 mW-cm™?,
respectively, are obtained under 405 nm laser illumination.
This is because the photogenerated carriers at the high quality
interface (the ideality factor of 1.19) with few recombination
centers (a value of 0.87, which is close to 1) contribute to the
efficient photoelectric conversion under the type II band
alignment at high light density. Furthermore, R, EQE, and D*
can be further enhanced to their maximum values of 13.6 A-
W1 4.16 X 10%%, and 4.24 X 10" jones, respectively, at a P of
0.18 mW-cm ™2 and Vi of 1V, as shown in Figure S11a,b. The
Tigne/ Lgark 1atio at a Vi of 0 V is considerably enhanced from
10% to 3 X 10° with the increment in P from 0.03 to 70 mW-
cm™2. This is because the large photogenerated electron—hole
pairs are separated by the built-in electric field through the
type II band alignment at high light power density. Meanwhile,
an ultralow dark current of 0.28 pA is maintained in the
depletion region. As shown in Figures Se and S11d, the
response speed at Vy, of 0 and 1 V is characterized by rise time,
T4 (time needed for Iy to rise from 10% to 90% of the
maximum Iy), and decay time, 74, (time needed for Iy to
drop from 90% to 10% of the maximum Iy), which is
calculated to be 5.8/15 m/s and 37.2/91 m/s, respectively, at a
P of 35.82 mW-cm 2. The long decay time or recombination
rate may be attributed to the defect states induced by the
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environmental molecules, such as oxygen and water, across the
interface.”” In addition, Figure S5f illustrates the self-driven
switching on—off behavior with negligible deviation over 400 s,
indicating the repeatability and stability of the fabricated device
at zero bias.

The development of high-performance near-infrared photo-
detectors is of great importance for industry and communi-
cation. To ensure minimum damage and adequate safety of
fiber components, a large number of photodetectors are
equipped with a system of high-power fiber lasers using laser
diodes at the near-infrared wavelengths of 915 and 976 nm® as
the pumping sources. Herein, the performances of the
photodetector based on Bi,O,Se nanosheet/InSe nanoflake
in the near-infrared region are also discussed. Figure 6a shows
the I-V curves of the device under the dark condition and
under 980 nm laser illumination with different P at the
semilogarithmic scale. Furthermore, the time-resolved switch-
ing on—oft curves of the device with increasing P were
measured, as shown in Figure 6b. Moreover, R, I, EQE, and
D* of the device, as a function of P under 980 nm laser
illumination at Vg of 0 and 1 V are shown in Figures 6¢ and
6d, respectively. When P = 2.4 mW-cm™2, R reaches a value of
790 mA-W~!/8.87 mA-W™! at V,, of 1 V/0 V. Moreover, the
values of a values at Vy, of 0 and 1 V were calculated to be
approximately 0.63 and 0.29, respectively, indicating the
existence of high gain and photogating under an external
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field.*® As illustrated in Figure 6d, the maximum EQE and D*
values of 100%/1.68% and 4.07 X 10" jones/2.06 X 10" jones
are obtained at Vy of 1 and 0 V, respectively. In addition,
Figure 6e displays the time-dependent photoresponse under
980 nm light illumination at a P of 174.67 mW-cm™ and a Vy,
of 1 and 0 V. The device exhibits a fast response with 7, of 34
and 44 ms and T4,y of 69 and 32.4 ms at Vg, of 1 and 0V,
respectively. On the other hand, owing to the suppressed dark
current, the self-powered photodetector shows a large Ijgne/ Ik
ratio of 10° compared to 10> at a Vy bias of 1 V. The
corresponding fast and stable photoresponse behaviors are also
shown in Figure 6f. Additionally, the photoelectric conversion
performance under 980 nm light illumination is shown in
Figure S13. The maximum values of P, FF, and PCE are
~1.75 nW, 0.4, and 0.067%, respectively. Moreover, the self-
powered photoresponse properties under 1064 nm light
illumination (Bi,0,Se domination) are illustrated in Figure
S14, which demonstrates moderate photoresponse having a
Trise Of 307.2 M, @ Tgeeyy Of 217.4 ms, a high I/ Igon ratio of
10%, and robust repeatability. Furthermore, the figures of merit
affecting the photodetection performance of the photo-
detectors based on the proposed Bi,O,Se nanosheet/InSe
nanoflake and previously reported Bi,O,Se nanosheet-based
2D heterostructure are listed in Table S1.

B CONCLUSION

Herein, a homotype CVD-grown photodetector based on the
Bi,0,Se nanosheet/InSe nanoflake vdW heterojunction is
successfully fabricated. First, a rectification ratio of 2.3 X 10
can be achieved owing to the high quality heterointerface. The
photovoltaic and photoconductive effects enable the device to
act as an excellent, self-powered photodetector ranging from
visible (400 nm) to near-infrared (1064 nm) wavelengths
under a tunable built-in electric field using the designed type II
band alignment. Moreover, the synergistic effect comprising
the high light absorption coefficiency, direct bandgap of
multilayered InSe nanoflake, high carrier mobility, and
broadband photoresponse of the Bi,O,Se nanosheet con-
tributed to the high optoelectrical performance of the
photodetector in the Vy range of —1 to 1 V. The fast
photoresponse, high photosensitivity, and ultrahighljg/Ig.u
ratio of the self-powered photodetector based on 2D the
Bi,0,Se nanosheet/InSe nanoflake heterostructure has poten-
tial application in self-driven photodetectors, photodiodes,
imaging sensors, and rectifiers.

B EXPERIMENTAL SECTION

Preparation of Few-Layer Bi,0,Se Nanosheets. Bi,0,Se
nanosheets were synthesized via the CVD method under ambient
pressure. The schematic of the experimental setup is illustrated in
Figure S1. First, 150 mg of Bi,Se; powder and 450 mg of Bi,O;
powder were poured onto quartz boats and placed in a quartz tube,
where Bi,Se; was located at the upper stream region about 2—3 cm
away from the edge of the single temperature zone tubular furnace
and Bi,O; was located at the middle area (9—11 cm away from the
upstream edge of the furnace) of the furnace. Subsequently, four
freshly cleaved mica substrates (mica, 10 mm X 10 mm X 0.2 mm,
purchased from Tebo Technology Co., Ltd.) arranged as an array (2
X 2) were placed onto a piece of mechanically cleaved SiO,/Si
substrate in rectangular shape (2.2 cm X 4 cm). Then, SiO,/Si
substrate together with arrayed mica substrates were placed at
downstream, where the middle of the mica array was located at 22 cm
referenced by the upstream edge of the furnace. Note that the freshly
cleaved mica substrate plays a vital role in growing large scale Bi,O,Se
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nanosheet, which can be simply obtained by the assistance of
tweezers. Furthermore, the mica substrates arranged as an array could
improve the probability in growth of large-size few-layer Bi,O,Se
nanosheets. Next, the quartz tube was sealed and flushed by Ar gas
with a high flow rate for 10 min to eliminate the air atmosphere. After
that, the flow rate of Ar gas was set to be 200 sccm. The growth
temperature was set to be 700 °C under environmental pressure with
a ramp time of 60 min and held for 150 min. Finally, the furnace was
naturally cooled to room temperature. Besides, we also find that the
Bi,Se; and Bi,O; remaining in the quartz tube could be reused for
several times on epitaxial growth of 2D Bi,0,Se nanosheets.

Fabrication of the Bi,0,Se Nanosheet/InSe Nanoflake
Heterostructure Device. The Bi,O,Se nanosheet/InSe nanoflake
heterostructure was fabricated via a PDMS (17 mil, Gel Pak) assisted
all dry transfer method with merits of cleanliness, high quality
interface, and simple operation. The schematic diagram of the
heterostructure fabrication process is displayed in Figure S2. The InSe
nanoflake with chosen thickness was preciously transferred and
vertically stacked on Bi,O,Se nanosheet on mica substrate via a 2D
material transfer platform (Shanghai OnWay Technology Co., Ltd.)
equipped with an optical microscope. Then, contact electrodes (Ni/
Au, 5/50 nm) of the device were obtained using an ultraviolet
lithography technology (TuoTuo Technology Co., Ltd.) and electron-
beam evaporation (Anhui Jiashuo Vacuum Technology Co., Ltd.).

Characterization and Measurements. An optical microscope
(Motic Moticcam Pro 205A) was used to capture the optical images.
The thickness of the InSe nanosheet and Bi,O,Se thin flake was
measured via atomic force microscopy (AFM) (Dimension FastScan,
Bruker Co., Ltd.). Raman and PL spectra (Nost Technology Co.,
Ltd.) were recorded at room temperature equipped with a SO W, 532
nm laser. The electrical and photoresponse behaviors of the device
were tested using a four-probe station (PSAICPB6A, Precision
Systems Industrial Co., Ltd.) connected with a semiconductor
analyzer system (Keithley 2636B). The light source ranging from
400 to 1100 nm was provided via a broadband bromine tungsten
lamp. The photoresponse performances of the device were measured
under an ambient atmosphere using lasers with wavelengths of 405
and 635 nm with spot diameters of 4 mm and wavelengths of 808,
980, and 1064 nm with spot sizes of S mm X 1.5 mm. The
photoresponse times were extracted using a chopper controlled by
modulated functions.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.3c00054.

Details about the schematic diagram of the experimental
setup for preparation of Bi,O,Se nanosheets; schematic
diagram of the PDMS assisted dry transfer process of
Bi,0,Se nanosheet/InSe nanoflake heterostructure; I;,—
Vy, and transfer curve of bare Bi,O,Se nanosheet and
InSe nanosheet; photoresponse properties of individual
Bi,O,Se nanosheet; photoresponse properties of indi-
vidual InSe nanoflake; I4—Vy, curves of the Bi,O,Se
nanosheet/InSe nanoflake heterojunction device in
linear and semilogarithmic scale; photoresponse time
of the self-powered Bi,O,Se nanosheet/InSe nanoflake
homotype heterojunction device in broadband spectral;
broadband photocurrent spectrum of the Bi,O,Se
nanosheet/InSe nanoflake heterostructure device with-
out external bias; corresponding incident light power
density spectrum ranging from 400 to 1100 nm; V. and
I, of the Bi,O,Se nanosheet/InSe nanoflake device
versus light power intensity; output electrical power as a
function of Vg at various light power densities under
405 nm; FF and PCE of the heterostructure device as a
function of laser power intensity; photoresponse

https://doi.org/10.1021/acsanm.3c00054
ACS Appl. Nano Mater. 2023, 6, 4573—4583


https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00054/suppl_file/an3c00054_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00054/suppl_file/an3c00054_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00054/suppl_file/an3c00054_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00054/suppl_file/an3c00054_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00054/suppl_file/an3c00054_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00054/suppl_file/an3c00054_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00054?goto=supporting-info
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

performance of the Bi,O,Se nanosheet/InSe nanoflake
photodetector under 405 nm light illumination at V =
1 V; time-resolved I, curves of the device under 405 nm
light with various light power densities at V4, = —1 V;
photoelectric conversion performance of the device
under 980 nm light illumination; self-powered photo-
response properties of the Bi,O,Se nanosheet/InSe
nanoflake photodetector under 1064 nm light illumina-
tion; figure of merits of photodetection performance of
Bi,0,Se nanosheet-based 2D/2D heterostructures
(PDF)
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