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ABSTRACT: In recent years, two-dimensional (2D) nonlayered Bi2O2Se-based
electronics and optoelectronics have drawn enormous attention owing to their
high electron mobility, facile synthetic process, stability to the atmosphere, and
moderate narrow band gaps. However, 2D Bi2O2Se-based photodetectors
typically present large dark current, relatively slow response speed, and persistent
photoconductivity effect, limiting further improvement in fast-response imaging
sensors and low-consumption broadband detection. Herein, a Bi2O2Se/2H-
MoTe2 van der Waals (vdWs) heterostructure obtained from the chemical vapor
deposition (CVD) approach and vertical stacking is reported. The proposed
type-II staggered band alignment desirable for suppression of dark current and
separation of photoinduced carriers is confirmed by density functional theory
(DFT) calculations, accompanied by strong interlayer coupling and efficient
built-in potential at the junction. Consequently, a stable visible (405 nm) to
near-infrared (1310 nm) response capability, a self-driven prominent responsivity (R) of 1.24 A·W−1, and a high specific detectivity
(D*) of 3.73 × 1011 Jones under 405 nm are achieved. In particular, R, D*, fill factor, and photoelectrical conversion efficiency
(PCE) can be enhanced to 4.96 A·W−1, 3.84 × 1012 Jones, 0.52, and 7.21% at Vg = −60 V through a large band offset originated
from the n+−p junction. It is suggested that the present vdWs heterostructure is a promising candidate for logical integrated circuits,
image sensors, and low-power consumption detection.
KEYWORDS: Bi2O2Se, 2H-MoTe2, 2D van der Waals heterostructure photodetector, type-II band alignment,
gate-modulation photovoltaic effect

1. INTRODUCTION
To date, atomically thin two-dimensional (2D) materials
including graphene and transition metal dichalcogenides
(TMDs) have exhibited tremendous potential applications in
next-generation spintronics, polarization-sensitive detection,
optical communication, imaging sensor, and neuromorphic
computing, attributing to their dangling-bond free surface,
thickness-dependent physics, strong light−matter interaction,
and various confined structures.1−3 In particular, 2D
optoelectronics based on individual components are typically
insufficient for handling the trade-off between ultra-fast
response speed and high responsivity (R) owing to the
prolonged photocarrier lifetime caused by the defect levels or
filled trapping centers at high carriers’ concentration.4 For
instance, Hong et al. reported an active pixel image sensor
array with a bilayer MoS2 film. Although the maximum R of the
phototransistor can reach 119.16 A·W−1, the rise/decay time at
Vds = 5 V and Vg = −35 V are as slow as 119/122 ms under
405 nm excitation due to the S vacancy.5 Moreover, narrow-
band-gap materials such as multilayered black phosphorus

(BP) and tellurium possess a large dark current of 10−6−10−4

A at Vds = 1 V, resulting in low sensitivity, slow response speed,
and high noise interference.6,7 Alternatively, localized field
enhancement is an efficient strategy to modulate the
optoelectrical performance, but it may lead to high power
consumption, limited spectrum response, unexpected oper-
ation problems, and multiple stacking process. Fortunately, a
2D van der Waals (vdWs) junction provides a valid platform to
pursue high sensitivity, fast response speed, broadband
spectrum absorption, and high specific detectivity (D*) of
the photodetector.8−10 Regardless of lattice matching, diverse
materials’ family, and flexible stacking architecture, a type-II
band alignment vdWs heterojunction can be designed to form
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an effective built-in potential barrier to generate and separate
photoinduced carriers under photovoltaic and photoconduc-
tive mode with or without gate voltage.11 Meanwhile, distinct
advantages of individual components, strong interlayer
coupling effect, and efficient intralayer transition will also
lead to tunable multifunctions, wider spectrum response, ultra-
short photoluminescence lifetime, and unique charge transport
mechanism. For example, Fang et al. fabricated a type-II 2D
Cs2AgBiBr6/WS2/graphene heterostructure-based photodetec-
tor.12 The large energy offset reveals efficient electron
transport between a Cs2AgBiBr6 light absorption layer and
monolayer WS2. As a result, a maximum R of 0.52 A·W−1, a
high D* of 1.5 × 1013 Jones, and a fast response speed of 52.3/
53.6 μs can be achieved with a graphene electrode under 455
nm illumination.

In 2017, as an intriguing ternary semiconductor, 2D Bi2O2Se
composed of (Bi2O2)2n+ and (Se)2n− through a layer-by-layer
electrostatic force with an interlayer spacing of 0.608 nm, was
successfully synthesized by Peng et al.13 Instead of the
mechanical exfoliation method, large-scale, high-quality, and
atomically thin Bi2O2Se nanosheets can be obtained by the
chemical vapor deposition (CVD) method. Furthermore,
atmosphere-stable Bi2O2Se possesses a narrow band gap of

0.8 eV, a high Hall mobility of 20,000 cm2 V−1 s−1 at 2 K, a
broadband spectrum response of 360−1600 nm, a high on/off
ratio of >106, and so on. Recently, Li et al. first observed
Shubnikov-de Hass oscillations and linear magnetoresistance of
>500% in Se-poor Bi2O2Se.14 Nevertheless, because of high
carrier concentrations of 1018−1020 cm−3 and an intrinsic
bolometric effect, typical Bi2O2Se-based photodetectors exhibit
a large dark current of >10−6 A, a small Ilight/Idark ratio (<10),
relatively slow or unstable response speed, and persistent
photoconductive behavior. Although they can be alleviated via
a precise controllable synthetic process and top-gate
modulation, they will impede the potential application in
large-scale facile manufacture and fast-speed imaging regions.
In recent years, with the fast development of polymer transfer
technology, several Bi2O2Se nanosheets with high quality can
be entirely isolated from mica to overcome the interfacial
electrostatic force to construct 2D/2D, 2D/three-dimensional
(3D) vdWs heterojunctions or other structures, leading to the
improved properties and the exploration of novel functional
devices such as memristors, THz-detection, phototransistors,
resistance switching, photonic integrated circuits, and thermo-
electrics.15−17 As for Bi2O2Se/3D vdWs heterostructures, Wu
et al. transferred Bi2O2Se onto a silicon waveguide, resulting in

Figure 1. Characterization of Bi2O2Se nanoplates and the MoTe2/Bi2O2Se heterostructure: (a) Schematic illustration of the crystal structure of
Bi2O2Se with a tetragonal structure. (b) Typical OM image of the as-synthesized Bi2O2Se nanoplates on mica, the inset is an OM image of 2D
Bi2O2Se nanoplates after being transferred to SiO2/Si. (c) XRD patterns of Bi2O2Se nanoplates grown on mica (red), mica substrate (blue), and a
reference of Bi2O2Se (violet). (d) The low-resolution TEM and EDS elemental mapping for Bi, O, and Se. (e) Bi2O2Se/MoTe2 heterojunction on a
Cu grid. (f) HRTEM image of the Bi2O2Se nanoplate, indicating a d-spacing of 0.27 nm for (110) planes. (g) The SAED pattern of Bi2O2Se NSs
suggests its single crystallinity. (h) HRTEM image of the MoTe2 nanoplate. (i) The SAED pattern of MoTe2 NSs suggests their single crystallinity.
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a small dark current of 72.9 nA, a high R of 3.5 A·W−1, a fast
rise/decay time of 22/78 ns, and a low noise-equivalent power
of 15.1 pW·Hz−0.5 at a Vds of 2 V for communication
applications.18

Meanwhile, in terms of Bi2O2Se/2D vdWs heterostructures,
2D materials with ambipolar conducting behavior composed of
WSe2 and BP have been integrated with Bi2O2Se to suppress
the dark current, broaden the spectrum, and facilitate the
response speed. In 2021, a type-I Bi2O2Se/BP vdWs-based
broadband photodetector with a high R of 4.3 A·W−1 at 1310
nm and a response time of 9 ms was investigated by Liu et al.6

However, atmosphere-unstable BP and a relatively low
rectification ratio of 20 also limit further applications. In
contrast, Luo et al. developed a type-II Bi2O2Se/WSe2 vdWs
heterostructure with a broadband capability from 365 to 2000
nm by constructing efficient charge separation and strong
interlayer coupling.19 But a photovoltaic R of 284 mA·W−1

under 532 nm is less prominent. Up to now, another
atmosphere-stable ambipolar material, namely, 2H-MoTe2,
exhibits an indirect band gap range of 0.80−1.15 eV and a
strong bias voltage-tunable conductivity behavior from p-type
to ambipolar-type to n-type conducting behavior depending on
the thickness.20−22 However, the theoretical band alignment
calculation, characterization, and electrical and optoelectrical
performances have not been reported yet for the Bi2O2Se/
MoTe2 heterostructure.

Herein, Bi2O2Se with high crystalline quality is successfully
synthesized on f-mica by the CVD method. Meanwhile, the
electronic structures of bulk Bi2O2Se and bulk MoTe2 are
calculated. As expected, the corresponding charge density
difference conducted via the HSE06 method confirmed a type-
II staggered-type band alignment. Subsequently, a multilayered
Bi2O2Se/MoTe2 vdWs vertical heterojunction is fabricated on
the SiO2/Si substrate via the nondestructive transfer and
manual stacking method. Benefiting from the high light
absorption efficiency of Bi2O2Se, effective built-in electric
field, and strong interlayer coupling at the Bi2O2Se/MoTe2

interface, the device achieves a low dark current in the order of
∼0.9 pA at zero bias, accompanied by a moderate rectification
ratio of 102. Meanwhile, a significant ambipolar conducting
behavior can be achieved with an Ion/Ioff ratio of 103. Under
illumination, it shows a stable and continuous self-driven
photoswitching from 405 to 1310 nm. In particular, the
maximum R is as high as 1.24 A·W−1 and the corresponding
D* can reach 3.73 × 1011 Jones, indicating a strong
photoresponse for the n+−n junction under 405 nm
irradiation. Furthermore, an n+−p junction can be realized at
Vg = −60 V to enlarge the built-in potential difference. As a
result, the maximum R, D*, fill factor (FF), and PCE are
enhanced to 4.96 A·W−1, 3.84 × 1012 Jones, 0.54, and 7.21%,
respectively, with a fast response time of 157/141 μs. At last,
the broadband self-driven performance of the heterojunction
from visible to infrared light (405−1310 nm) was explored,
among which R and D* were 19 mA·W−1 and 5.72 × 109 Jones
at 1310 nm, respectively. The above results suggest that the
promising Bi2O2Se/MoTe2 vdWs heterojunction delivers a
potential application in solar cells and visible−near-infrared
imaging systems.

2. RESULTS AND DISCUSSION
2D Bi2O2Se nanosheets were constructed on freshly cleaved f-
mica [KMg3 (AlSi3O10) F2] substrates by the CVD
method.23,24 Bi2O2Se consists of alternative compensating
cations ((Bi2O2)2n+

n) and anions (Se2n−
n). As displayed in

Figure 1a, the layers are held together by weak electrostatic
forces with an interlayer spacing of about 0.608 nm along the c-
axis.25 Figure 1b shows the morphology of synthetic Bi2O2Se
on f-mica through optical microscopy (OM), in which the
sample presents square or rectangular shapes. The inset
displays one of the selected rectangular samples for
heterostructure construction that transferred from f-mica
onto a 300 nm SiO2/Si substrate by a polystyrene (PS)-
assisted transfer method. In Figure 1c, three orientation peaks
located at 14.47, 29.21, and 44.51° correspond to the lattice

Figure 2. Calculated band structures using the HSE method based on first-principles calculations: (a) Band structures of bulk Bi2O2Se. (b) Band
structures of bulk 2H-MoTe2. (c) 3D isosurface of the charge density difference across the Bi2O2Se/MoTe2 interface. (d) Schematic of the band
diagram of the Bi2O2Se/MoTe2 heterojunction before contact.
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planes of (002), (004), and (006) with a tetragonal phase of
Bi2O2Se (JCPDS = No.73-1316).26 To further investigate the
single-crystal nature and tetragonal structure of Bi2O2Se
nanoflakes, high-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED)
patterns are introduced. The energy-dispersive spectroscopy
(EDS) mapping is displayed in Figure 1d, which further
confirms the uniform chemical composition distribution of Bi,
O, and Se elements. Figure 1e presents a low-magnification
TEM image of the heterostructure on the copper grid
transferred by the polymethyl methacrylate (PMMA) wet
transfer method. As depicted in Figure 1f, the HRTEM image
shows clear lattice fringes, suggesting a single-crystal form for
the Bi2O2Se constituent. The lattice spacing of 0.27 nm can be
assigned to the (110) plane. The SAED pattern shows the
spots of (200), (110), and (11̅0) in Figure 1g, which is
consistent with the I4/mmm space group of c-axis [001]-
oriented Bi2O2Se.16 The HRTEM image (Figure 1h) and the
corresponding SAED pattern (Figure 1i) show the good single
crystallinity and hexagonal structure of exfoliated 2H-MoTe2 in
this heterostructure.27 Above all, our OM, X-ray diffraction
(XRD), HRTEM, and EDS results reflect the high crystal
quality of the as-prepared Bi2O2Se, MoTe2 nanosheets, and
heterostructure feasibility.

In theory, band alignment is crucial for a heterojunction, as
it dictates the migration of charge carriers near the interface. In
general, the band structure, theoretical charge density differ-
ence, and band alignment of Bi2O2Se/MoTe2 could be
demonstrated by the first-principles calculation based on
density functional theory (DFT). The specific calculated
details are demonstrated in the Supporting Information. In
Figure 2a, bulk Bi2O2Se exhibits a narrow indirect band gap of
0.847 eV, with its valence band maximum (VBM) located at
the N point and its conduction band minimum (CBM) located
on the Γ point. Similarly, bulk MoTe2 also possesses an
indirect energy band structure with a moderate band gap of

1.151 eV, and its VBM is located at the Γ point, while its CBM
is located along the Γ-K line, as shown in Figure 2b. To check
whether charge transfer occurs at the interface, it is necessary
to further investigate the charge redistribution Δρ(z) at the
time of interface formation. Here, the x−y plane-averaged
charge densities Δρ(z) are adopted for calculating Δρ(z) =
ρMo|Se(z) − ρMo(z) − ρSe(z). ρMo(z), ρSe(z), and ρMo|Se(z)
specify the charge densities of monolayer 2H-MoTe2, Bi2O2Se,
and Bi2O2Se/MoTe2 heterobilayer in the same configuration.
As depicted in Figure 2c, Δρ(z) is localized at the interface.
The charge accumulation (Δρ(z) > 0) mainly occurs at the
interface close to Bi2O2Se, while the MoTe2 layer is depleted
from electrons (Δρ(z) < 0) and becomes positively charged.
The sign of the interface dipole is consistent with the changes
in the Bi2O2Se work function upon contact with the MoTe2
layer. These results will predict the excellent optoelectrical
properties of the Bi2O2Se/MoTe2 vdWs heterostructure. In
addition, the band offsets of ΔEC and ΔEV are calculated to be
0.662 and 0.358 eV, respectively. Based on this, a type-II
energy band arrangement of the Bi2O2Se/MoTe2 hetero-
junction can be concluded, as shown in Figure 2d, which can
collect and facilitate the photogenerated carrier separation
without a potential barrier and prevent intralayer nonradiative
recombination at thermodynamic equilibrium. Their Fermi
level difference will be confirmed by Kelvin probe force
microscopy (KPFM) measurement.

To verify the theoretical prediction, a multilayered Bi2O2Se/
MoTe2 vdWs heterostructure is fabricated by the polystyrene
(PS) and poly(vinyl alcohol) (PVA) dry transfer method.
Figure 3a exhibits a three-dimensional (3D) scheme of the
field-effect transistor (FET) based on the Bi2O2Se/MoTe2
heterojunction. Four electrodes are designed to test the
individual channel (1−2, 3−4 pairs) and the heterojunction
channel (2−3 pairs). Figure 3b demonstrates the OM image of
the MoTe2/Bi2O2Se heterojunction device with four Cr/Au
electrodes. The area surrounded by the blue dashed line

Figure 3. Characteristics of the Bi2O2Se/MoTe2 heterojunction device: (a) 3D schematic of the Bi2O2Se/MoTe2 heterojunction device. (b) The
corresponding optical image of the fabricated MoTe2/Bi2O2Se heterostructure. (c) Normalized Raman spectrum of bare Bi2O2Se, MoTe2, and its
heterojunction. (d) Raman mapping peak of 232 cm−1 for MoTe2, in the white rectangle of (b). (e) The atomic force microscopy (AFM) image of
MoTe2 and Bi2O2Se. (f) KPFM image of the Bi2O2Se/MoTe2 heterojunction. The inset shows the potential profile along the blue line.
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represents exfoliated 2H-MoTe2; in contrast, the CVD-grown
rectangular Bi2O2Se is labeled in red. Raman spectra of
Bi2O2Se, MoTe2, and the overlapped junction are illustrated in
Figure 3c. For Bi2O2Se (blue line), a sharp peak at 159 cm−1

could be attributed to the out-of-plane A1g vibration mode.17

For multilayer MoTe2 (black line), two vibration Raman peaks
appear at 172 and 232 cm−1, corresponding to the as-known
out-of-plane A1g and in-plane E2g

1 phonon modes, respec-
tively.28 For the Bi2O2Se/MoTe2 overlapped region (red line),
all characteristic peaks of Bi2O2Se and MoTe2 can be observed.
In particular, the less intensive peaks can be attributed to
“Raman quenching” across the heterojunction, as a conse-
quence of strong interlayer coupling effects.29 In addition, a
slight red shift of the A1g peak position of Bi2O2Se in the
heterojunction is due to the effect of electron doping,
suggesting that the individual component in the heterojunction
was not contaminated after the PS and PVA dry transfer
process.30 As shown in Figure 3d, the Raman mapping of
MoTe2 at 232 cm−1 further intuitively confirms the uniform
distribution, homogeneity, and intensity reduction for the
component and the overlapped region in the white rectangle
from Figure 3b.

Next, the synchronous atomic force microscopy (AFM)
image in Figure 3e confirms the thickness of Bi2O2Se and
MoTe2 nanosheets in this device, which are about 10.67 nm
(16 layers) and 14.52 nm (19 layers) with a smooth and clean
surface, respectively.31 The surface potential difference (SPD)
at the Bi2O2Se/MoTe2 interface is harvested by Kelvin probe
force microscopy (KPFM) measurement. The corresponding
calculation details are provided in the Supporting Information.
Figure 3f displays the SPD mapping between the MoTe2/
Bi2O2Se heterojunction and the Pt/Ir coating KPFM tip. ΔEF

or the built-in potential difference is calculated to be 49.2 meV,
and the depletion width is about 1 μm as extracted from the
potential file along the blue line. It indicates that the electric
potential of Bi2O2Se was higher than that of MoTe2, and the
built-in electric field is pointed from Bi2O2Se to MoTe2.
Meanwhile, UPS measurements are also carried out, and the
results are shown in Figure S3a,b. The work functions (WF) of
MoTe2 and Bi2O2Se were determined to be about 4.83 and
4.78 eV, respectively, by subtracting the second electron cutoff
energy from the photo energy of the He I light source (21.21
eV). The valence band edges of MoTe2 and Bi2O2Se were
determined to be 0.64 and 0.82 eV, respectively, which are
lower than their Fermi level (EF; binding energy equals 0 eV).
50 meV is slightly different from KPFM’s results, probably due
to the adsorption of small molecules on the surface of the
sample during the KPFM test, resulting in a low value.

To investigate the electrical properties of the above
Bi2O2Se/MoTe2 heterostructure, voltammetric measurements
of the transistor are carried out in the darkness at room
temperature. At first, the symmetric linear characteristics of the
Ids−Vds curves in Figure 4a illustrate the Ohmic contact formed
between the Cr/Au electrode and individual MoTe2 and
Bi2O2Se. In particular, the output curves of Bi2O2Se displayed
a heavily n-type characteristic behavior in Figure S4a, and the
back-gate modulation is poor. Besides, the output curves of
MoTe2 exhibited ambipolar conducting characteristics in
Figure S4b. As shown in Figure 4b, the transfer curves at a
Vds of 1 V for bare MoTe2 FETs (3−4 electrodes) exhibit a p-
dominated ambipolar conducting behavior at Vg scanning from
−60 to 60 V. The hole current Ion/Ioff ratio is calculated to be
104, and the electron Ion/Ioff ratio is approximately 102. Thus,
the MoTe2 channel can be entirely depleted under back-gate

Figure 4. Electrical performance of Bi2O2Se/MoTe2 vdWs FET: (a) Ids−Vds curves of Bi2O2Se and MoTe2 at Vg = 0 V. (b) The transfer curves of
the Bi2O2Se and MoTe2 FET. (c) Ids−Vds curves of Bi2O2Se/MoTe2 vdWs FET at Vg = 0 V. (d) Direct tunneling (DT) plot extracted from the Ids−
Vds curves in (c). (e) The transfer curves of Bi2O2Se/MoTe2 FETs. (f) The output curves of Bi2O2Se/MoTe2 in the Vg range of −60−60 V at a
step of 20 V.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c01807
ACS Appl. Mater. Interfaces 2023, 15, 18101−18113

18105

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c01807/suppl_file/am3c01807_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c01807/suppl_file/am3c01807_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c01807/suppl_file/am3c01807_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c01807/suppl_file/am3c01807_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01807?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01807?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01807?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01807?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c01807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


modulation, and the concentration of electrons (n) per unit
volume at Vg = 0 V for the individual MoTe2 can be calculated
by the following equation:29

N
C V

qt
(MoTe ) 7.79 10 cmn

n
2

g th( ) 17 3=
| |

= ×

where q = 1.6 × 10−19 C, Cg = 1.23 × 10−8 F cm−2 for 300 nm
SiO2, and t is the thickness of MoTe2 at around 14.52 nm. The
threshold voltage (Vth) can be extracted based on the
extrapolation method, which fits the Vg-axis intercept of the
linear transfer curve at the first maximum point of the
transconductance.32 As shown in Figure S5, |Vth| = 14.73 V for
MoTe2 FET in an n-type conducting region. Moreover, the
hole or electron field-effect mobilities of MoTe2 were
estimated by the following equation:

I
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L
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0.48(3.58) cm V sn p
ds

g g ds

2 1 1= × =

where L and W present the length and width across the
channel, respectively. However, the Nn′ of Bi2O2Se cannot be
used in the same way. The bare Bi2O2Se nanosheet-based
device (1−2 electrodes) is difficult to pinch off during the
entire Vg scanning from −60 to 60 V, due to the high electron
concentration and a narrow band gap of 0.85 eV. Thus, the
concentration per unit volume at Vg = 0 V of electrons was
calculated by the following equation:

N
q

(Bi O Se) 7.29 10 cmn
n

2 2
20 3=

×
= ×

where μn′ ≈ 70.12 cm2 V−1 s−1 is extracted from the transfer
curve and σ ≈ 8.18 × 103 Ω−1cm−1, according to the output
curves at room temperature, as shown in Figure S4a.29 Thus,
an n+-Bi2O2Se/n-MoTe2 vdWs FET is successfully achieved at
Vg = 0 V. The Ids−Vds characteristics of the Bi2O2Se/MoTe2-
based FET (2−3 electrodes) are measured, as shown in Figure
4c. As expected, a significant diode behavior is observed with a
rectification ratio of 1.3 × 102 at Vds = +1/−1 V originating
from the depletion junction. The forward current variation of
the Ids−Vds curve can be fitted by using the following Shockley
diode equation:33
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B
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where Is is the reverse saturation current, kB is Boltzmann’s
constant, and Tn is the absolute temperature. An ideal factor
(n) of 1.47 (<2) is calculated in this n+−n diode, implying a
high-quality interface and diffusion-current domination. More-
over, it is noteworthy that a linear relationship with a positive
slope is found in ln(Ids/Vds

2 ) against the ln(1/|Vds|) plot (Figure
4d), which is in good agreement with the direct tunneling
(DT) equation.33 The equation for the DT mechanism is as
follows:34
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The reduced Planck’s constant, tunneling thickness, tunneling
barrier, and effective electron mass are given by the characters

Figure 5. Gate-modulation photovoltaic performance of the Bi2O2Se/MoTe2 vdWs photodetector under a 405 nm laser: (a) Schematic diagram of
the experimental setup for photocurrent measurement. (b) The light power density-dependent photocurrent mapping at Vg = 0 V. (c) The light
power density-dependent photocurrent mapping at Vg = −60 V. (d) The time-resolved photoresponse curves of the device under 405 nm
illumination with various light power densities at Vg = −60 and 0 V. (e) The dynamic response speed of the device at Vg = −60 and 0 V under 405
nm at P = 37.22 mW cm−2. (f) Responsivity and specific detectivity of the device under varying light power densities under 405 nm illumination
and Vg = −60 and 0 V.
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of ℏ, d, φ, and m*. It can be also reduced to ln(Ids/Vds
2 ) versus

ln(1/|Vds|) with a positive slope.
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This demonstrates that DT is the dominant mechanism rather
than F−N tunneling under forward or negative bias. The
contribution of DT tunneling current at forward bias is due to
the high doping concentration of Bi2O2Se.10

The transfer curves of the Bi2O2Se/MoTe2 FET at various
Vds values are presented in Figure 4e. Unusually, the hole
current Ion/Ioff ratio reaches 1.4 × 102 at Vds = 1 V. However, as
Vds increases from 1 to 3 V, the current Ion/Ioff ratio slightly
increases and the ambipolar characteristics become more
pronounced. Ids increases with a negative increase in Vg (−20
to −60 V), indicating the entire depletion of holes in the
MoTe2 channel, and stabilizes after Vg <−40 V. Meanwhile, an
enhancement of Ids is observed against a positive increase in Vg

(−20 to 60 V) due to the high electron concentration doping
of Bi2O2Se. Figure 4f shows the output curves corresponding
to the heterojunction at different Vg values. Collectively, the
devices exhibit p-dominated ambipolar characteristics.

We further provide more insights into the transport
mechanism of the Bi2O2Se/MoTe2 FET by estimating the
depletion widths on the MoTe2 (xp) and Bi2O2Se (xn) sides
using the following equations:19
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where ε1 and ε2 are the dielectric constants of Bi2O2Se and
MoTe2, respectively, and Vbi is the built-in potential at the
junction. According to the thickness, ε1 = 20, ε2 = 10.1,29 and
Vbi = 49.2 meV from the AFM-KPFM test results, the
calculated xn is 2.89 nm, and xp is 5.8 × 10−3 nm
approximately, indicating that multilayer Bi2O2Se and MoTe2
are both undepleted under Vds = 0 V, and the depletion region
is mainly located at the MoTe2 side.

As shown in Figure 5a, 400−1550 nm lasers are selected to
irradiate vertically and uniformly across the entire channel of
the device. Figure 5b illustrates 405 nm illuminated Ids
mapping dependent on various light power densities (P)
from 0.12 to 37.22 mW cm−2 at Vg = 0 V. At Vds = 0 V, Ids
tends to increase with increasing light power density, verifying
the existence of a photovoltaic effect in this n+−n
heterojunction. Meanwhile, illuminated Ids at negative and
forward Vds is enhanced significantly because of the photo-
conductive effect’s domination. On the one hand, the
relationship between ln(I/V2) and ln(1/V) at a forward bias
range under illumination can be extracted from Figure 5b,
according to eq 3 in Figure S6a. The positive slope of the
fitting curves in the whole range indicates the domination of
the photoinduced DT effect in the heterojunction. On the
other hand, the built-in electric field can be enhanced under
negative Vds with the same direction, leading to an increased

Figure 6. Gate-modulation photovoltaic properties and band alignment of the Bi2O2Se/MoTe2 vdWs photodetector under 405 nm irradiation: (a)
LDR of Bi2O2Se/MoTe2 with incident light power intensities ranging from 0.12 to 37.22 mW cm−2 at Vg = 0 and −60 V, respectively. (b) Output
electrical power generated by the Bi2O2Se/MoTe2 heterostructure as a function of Vds under various light power densities. (c) FF and PCE as a
function of light power density under 405 nm. (d) Extracted Isc and Voc under different light power densities of 405 nm. (e) Band alignment
diagrams of the Bi2O2Se/MoTe2 device at Vg = 0 V under light illumination. (f) Band alignment diagrams of the Bi2O2Se/MoTe2 device at Vg =
−60 V under light illumination.
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photocurrent toward that at Vds = 0 V. Moreover, in the
presence of Vg = −60 V, interestingly, the significantly
enhanced Ids mapping is monitored, as exhibited in Figure
5c. It is necessary to compare the photovoltaic performance as
a function of gate voltage. The intrinsic charge transport
mechanism of the gate-modulated photovoltaic behavior will
be discussed later.

Intuitively, the time-resolved photovoltaic response curves of
the Bi2O2Se/MoTe2 heterojunction with and without Vg =
−60 V are also investigated in Figure 5d. Noticeably, when P =
37.22 mW cm−2, the illuminated Ids monotonously increases
from 3.82 to 8.44 nA, and the Ilight/Idark ratio increases from
6.36 × 103 to 1.41 × 104 along with Vg changing from 0 to −60
V at the similar Idark of 0.6 pA. The long-term on/off curves
under 405 nm irradiation are measured in Figure S6b,c. After
over 300 cycles, the fast and repeatable on/off states indicate
the high reliability and reproducibility of Bi2O2Se/MoTe2
without spurious photoinduced charge at Vg = 0 and −60 V.
Besides, the photoswitching curves under various light power
densities at Vds = ±1 V are depicted in Figure S7a,b, also
indicating the stable operation process under photoconductive
mode.

As the key figures of merit of photodetectors, the response
speed (τrise: photocurrent increases from 10 to 90% of its final
value)/decay time (τdecay: photocurrent falls from 90 to 10% of
its beginning value), noise, and specific detectivity are also
characterized. As displayed in Figure 5e, τrise/τdecay values of
157/141 μs (Vg = −60 V) and 208/173 μs (Vg = 0 V) were
obtained at a frequency of 100 Hz in Figure S8a−d.35,36 The
Fourier transform of the dark current traces gives the noise
spectral density (Sn) as a function of frequency, as shown in
Figure S9b (Vg = 0 V) and Figure S9d (Vg = −60 V).4,37,38 At
low frequencies, a 1/f noise component is observed, attributed
to interface traps or defects,4,37 whereas at high frequencies
above 10 Hz, the device reaches a noise floor with very low
white noise, about 2 × 10−15 A Hz−1/2, which is independent of
the frequency and close to the scattered particle noise floor.
Moreover, at Vg = −60 V, a lower Sn was obtained, probably
due to MoTe2 in the heterojunction being electrostatically
tuned to P-type doping, creating a larger built-in electric field.

To estimate the level of the photodetection performance for
Bi2O2Se/MoTe2, key factors such as R = Iph/PA and D* =
R√A/Sn were calculated,39−42 where A is the effective area of
the photodetector and Sn is the noise spectral density.
Considering the fast speed of the device, Sn can be extracted
at a frequency of 20 Hz. Figure 5f demonstrates the curves of R
as a function of P with and without a Vg of −60 V. In general,
the R-value shows an overall decreasing trend as the P
increases.32 This phenomenon can be attributed to the gradual
filling of the trap states at the junction interface with increasing
light power density, weakening the Auger recombination
probability of photogenerated carriers.43 It is worth noting that
R and D* reach to their maximum values of 4.96 A W−1 and
3.84 × 1012 Jones under Vg = −60 V and P = 0.12 mW cm−2,
respectively.

Based on the ultra-high photoresponse switching ratio of the
photodetector, the linear dynamic range (LDR) at Vds = 0 V is
further analyzed.7 In general, the LDR characterizes the light
power density range of a photodetector with a constant R,
which can be given as follows:
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where Iph and Idark represent the photocurrent and dark current
at a maximum P of 37.22 mW cm−2, respectively. As shown in
Figure 6a, the LDR can be enhanced from 76 to 80 dB at Vg =
−60 V, which is superior to previously reported 2D
photodetectors.44 Under illumination, the accumulation of
photogenerated carriers in the Bi2O2Se and MoTe2 layers
breaks the equilibrium state, creating a forward open-circuit
voltage (Voc). Besides, in the short-circuit state of the device,
the separated photogenerated electrons and holes move to the
opposite electrodes and form a short-circuit current (Isc) under
the built-in electric field. The output electrical power (Pel)
generated by the Bi2O2Se/MoTe2 device at various P is
extracted from the equation Pel = IdsVds.

45 As depicted in
Figure 6b, the maximum Pel reaches 0.1 nW and 0.36 nW at Vg
= 0 and −60 V, respectively. Furthermore, considering that
photoelectric conversion efficiency (PCE) and fill factor (FF)
are key quality factors for photovoltaic solar cells, PCE = Pel

Max/
Pin and FF = Pel

Max/IscVoc are also calculated as a function of P,
as shown in Figure 6c.27 The maximum PCE and FF can reach
2.79/7.21% and 0.36/0.52 at Vg = 0/−60 V, respectively. This
indicates that our fabricated vdWs heterostructure possesses an
ultra-high PCE with a lower trapping and recombination rate
at the interface. Above all, our fabricated Bi2O2Se/MoTe2
heterostructure shows high gate-modulation photovoltaic
performance and great potential application in solar cells.

Figure 6d shows Isc relative to the light power density at Vg =
−60 and 0 V; the curves are fitted by the power-law equation
for Isc = A·Pin

α , where α is the fitting exponent.11 In summary,
Isc increases linearly with increasing light power density. α
increases from 0.64 to 0.69, which means that photons
absorbed are converted more efficiently into electron−hole
pairs at Vg = −60 V under the photovoltaic effect. Meanwhile,
Voc scales with ln(Pin), as expected from conventional p−n
junction theory. The carrier concentration is determined by
the balance between the photogenerated carriers (G ∝ Pin) and
interlayer recombination rates (Ra) under steady-state and
open-circuit conditions. The recombination rate can be
expressed by the empirical equation19 Ra = γ·nη, where η
denotes the recombination order. Generally, monomolecular
(Shockley−Read−Hall; SRH) recombination occurs at η = 1
and bimolecular (Langevin) recombination occurs at η =
2.46,47 By equating Ra and G, the expression is dVoc/d ln(Pin) =
(2KBT)/ηq, which concludes that carrier recombination is
dominated by the SRH at Vg = 0 V (η = 1.46), while the
Langevin recombination process dominates at Vg = −60 V (η =
2.08).

To understand the intrinsic charge transport mechanism
under gate modulation, the energy band alignment of the
heterojunction after contact under irradiation without bias is
given. As shown in Figure 6e, due to the different Fermi levels
of ambipolar MoTe2 and n+-type Bi2O2Se, the energy band
near the MoTe2 interface becomes downward bending to
accommodate the same Fermi energy level, resulting in a built-
in electric field with the theoretical type-II staggered band
alignment. Therefore, the dark current can be suppressed to as
low as 0.98 pA at zero bias. Under 405 nm laser illumination, a
large number of photogenerated carriers can be excited in both
MoTe2 and Bi2O2Se sides, subsequently separating efficiently
without the potential barrier through band edge transport by
the built-in electric field with a strong interlayer coupling
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effect. A large Ilight/Idark ratio over 104 at Vds = 0 V can be
achieved because of high photosensitivity. Moreover, Figure 6f
presents the energy band alignment at Vg = −60 V. Benefiting
from the p-dominated ambipolar conductivity characteristics of
individual MoTe2 (see Figure S5), the band bending near the
MoTe2 interface becomes more and more abrupt because of
the obvious movement of the Fermi level for MoTe2 close to
the VBM, while the Fermi level of Bi2O2Se is basically reserved
and provides high electron mobility owing to the heavily n-
doping type. Above all, the heterojunction type changes from
the n−n+ junction to the p−n+ junction at Vg = −60 V. It is
confirmed that the generation, collection, and separation
efficiency of the photogenerated carriers can be enhanced, and
the dark current can be further suppressed to 0.6 pA across
such a large potential difference.46 In addition, as shown in
Figures S11 and S12, to provide the statistics of device
characteristics, the other two devices at similar thicknesses are
also investigated under 405 nm illumination. It is confirmed
that the calculated photovoltaic R at a range of 1.12 + 0.19 A
W−1 and all the maximum D* are in the range of 1011 Jones.
The Ilight/Idark ratios for devices I, II, and III at P = 26.87 mW
cm−2 are 4.68 × 103, 2.90 × 103, and 3.96 × 103, respectively.
Most importantly, the maximum PCE and FF of devices II and
III at Vg = 0 V are 5.02 and 0.18% and 3.26 and 0.28%,
respectively. Above all, the photovoltaic performance of
devices II and III is similar to that of Device I. This indicates
that the Bi2O2Se/MoTe2 vdWs heterostructure shows good
repeatability at similar thicknesses, and it is believed that the
photovoltaic performance can also be enhanced with back-gate
modulation.

To highlight the advantage of the narrow band gap and near-
infrared light absorption efficiency of Bi2O2Se in this type-II
band alignment, the optoelectrical properties from the visible
to near-infrared range without Vg are also investigated. The
Ids−Vds curves at the logarithmic scale in the dark and under
different wavelengths are illustrated in Figure 7a. Obviously, it
exhibits significant photovoltaic and photoconductive behavior
under the 405−1310 nm range. The optimal wavelength is
obviously 405 nm because of the high light absorption
efficiency of the top 2H-MoTe2 layer. Meanwhile, as shown in
Figure 7b, rapid and stable photoswitching on/off curves are
demonstrated at zero bias under the 405−1310 nm range. In
summary, the remarkable photovoltaic effect of the Bi2O2Se/
MoTe2 photodiode provides a platform for broadband self-
driven photodetection. Subsequently, the self-driven photo-
voltaic performance in a short-wave infrared regime is
investigated in depth. Figure 7c shows a 2D false-color plot
of the photocurrent under 1310 nm laser irradiation with
various light power densities. It can be explained by the
moderate light absorption efficiency for Bi2O2Se and MoTe2
and the strong coupling effect across a wide depletion region.
As shown in Figure 7d, Pel reaches its maximum value of 18
pW at Vds = 58 mV when P = 221.71 mW cm−2. Figure S10a,b
demonstrates that both Voc and Isc increase monotonically as a
function of light power density, indicating that a good
photovoltaic effect dominates the near-infrared photocurrent
generation. On the other hand, we also calculated the
important indicators of FF and PCE. From Figure S10c, a
maximum FF of 0.23 and PCE up to 0.04% under 1310 nm
were obtained for the Bi2O2Se/MoTe2 heterostructure. The
periodic switching photocurrent without severe degradation

Figure 7. Broadband response and near-infrared photovoltaic performance of the Bi2O2Se/MoTe2 vdWs photodetector without gate voltage: (a)
Ids−Vds characteristics at the logarithmic scale in the dark and under various wavelengths. (b) Time-dependent photoresponse curves of the
Bi2O2Se/MoTe2 heterojunction photodetector under various wavelengths. (c) 2D false-color photocurrent plot under λ = 1310 nm. (d) Output
electrical power as a function of Vds under λ = 1310 nm at various light power densities. (e) Light power density dependence of Iph under λ = 1310
nm. (f) R and D* as a function of light power density under λ = 1310 nm.
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(Figure S10d) ensures good stability and reproducibility of the
photovoltaic response in near-infrared light.

Importantly, Figure 7e illustrates the relationship between
photocurrent and light power density. In particular, α = 1.51
(super-linear) and α = 0.70 (sub-linear) are obtained under
weak and strong light power densities for 1310 nm
illumination instead of 405 nm, respectively. Under weak
illumination, a small number of carriers are generated, and
some of them are trapped by the high-gain trap states.9 As a
result, electrons and holes hardly recombine, leading to a
super-linear behavior in Isc. At stronger illumination, the sub-
linear behavior originates from the reduced nonradiative
recombination probability of photogenerated carriers due to
fewer trap states, causing the decrease of responsivity. Figure 7f
illustrates R and D* curves as a function of laser power density,
with a maximum R of 19 mA·W−1 and a D* of 5.72 × 109

Jones at P = 44.17 mW cm−2 obtained under 1310 nm light,
which is comparable to the recently reported BP/Bi2O2Se
heterostructure.6,48

The comparison of performance between our Bi2O2Se/
MoTe2 heterostructure with individual Bi2O2Se and other
reported 2D vdWs heterostructures is shown in Table S1.
Compared with the individual 2D Bi2O2Se photodetector, the
dark current of our Bi2O2Se/MoTe2 photodiode is greatly
suppressed by 3 orders of magnitude, and the Ilight/Idark ratio is
pronounced, which is important for low-power consumption
and high sensitivity in practical applications. Interestingly, the
photovoltaic performance under 405−1310 nm is excellent and
can be further modulated by Vg because of the ambipolar
characteristics of 2H-MoTe2, the effective built-in electric field
at the Bi2O2Se/MoTe2 interface, the narrow band gap of
Bi2O2Se, and designed type-II staggered band alignment with
barrier-free band transport.

3. CONCLUSIONS
In summary, we constructed a vdWs heterojunction based on
the CVD synthesized n+-Bi2O2Se and exfoliated ambipolar 2H-
MoTe2 by the dry transfer method. DFT calculation illustrates
that the bulk Bi2O2Se/MoTe2 heterojunction forms a type-II
energy band arrangement. The electrical verification shows
that Bi2O2Se/MoTe2 possesses an n+−n junction and can be
regulated to an n+−p junction at Vg = −60 V. It is
demonstrated that DT is the main mechanism of electron
flow across the heterojunction under forward/backward bias.
As a self-driven phototransistor, the photodetector shows a
maximum R of 1.24 A·W−1 and a D* of 3.73 × 1011 Jones
under 405 nm illumination. The gate modulation allows a large
band bending to be formed across the interface; the R, FF,
PCE, and D* values can be enhanced to 4.96 A·W−1, 0.52,
7.21%, and 3.84 × 1012 Jones at Vg = −60 V, respectively. This
provides more possibilities for logic optoelectronic applica-
tions. Furthermore, the device also realizes broad-spectrum
photodetection in the range of 405−1310 nm, showing
excellent performance at 1310 nm with a maximum R of 19
mA·W−1 and a D* of 5.72 × 109 Jones. Considering its ease of
fabrication and ultra-high performance, the Bi2O2Se/MoTe2
heterojunction extends the potential of Bi2O2Se for self-driven,
high sensitivity, broadband response, and logic optoelectronic
applications.

4. EXPERIMENTAL SECTION
4.1. CVD Synthesis of Bi2O2Se and Device Fabrication of 2D

Bi2O2Se/MoTe2 Heterostructures. 2D Bi2O2Se was first synthe-

sized on mica by the CVD method, in which the Bi2O3 powder source
and Bi2Se3 powder (3:1) were placed at the hot center and 6 cm
upstream of the tube furnace, and the mica substrate was placed 12−
15 cm downstream. The center temperature of the tube furnace was
set to about 680−750 °C, with a heating time of about 30 min and a
holding time of 25 min, and finally cooled naturally to room
temperature. Prior to heating, the quartz tube was evacuated of
ambient contamination using high-purity Ar gas at high flow rates and
then used as a carrier gas for 200 sccm throughout the growth
process.

4.2. Bi2O2Se Transfer from Mica to the SiO2/Si Substrate
(Figure S13). PS was first spin-coated on the surface of f-mica and
then baked at 80 °C for 15 min. Then, the PS film was peeled off from
the f-mica together with Bi2O2Se with the help of deionized water.
The PS film was then placed on the Si substrate and baked at 70 °C
for 1 h. Finally, it was washed off with toluene, leaving the Bi2O2Se
sample on the Si substrate. The more hydrophobic surface properties
of the PS film and the harder film properties distinguish it from the
A10 PMMA film bought from Taizhou SUNANO New Energy Co.,
Ltd, which makes it easier to be peeled off from the f-mica substrate.
2H-MoTe2 nanosheets were stripped from the bulk single crystal (2D
semiconductor Co., Ltd. bought from Shanghai Onway Technology
Co., Ltd.) using 3M scotch tape and transferred to the 300 nm SiO2/
Si substrate. Subsequently, 2H-MoTe2 nanosheets were stacked onto
the top of Bi2O2Se nanosheets prepared on SiO2/Si substrates using a
PVA/PDMS dry transfer method via a 3D transfer stage (Shanghai
Onway Technology Co., Ltd.). Finally, Cr/Au (10/50 nm) contact
electrodes were prepared using a positive photoresist of AR-P 5350
and a developing solution of AR 300-26 (ALLRESIST GmbH
Company bought from Taizhou SUNANO New Energy Co., Ltd), an
Ultraviolet Maskless photolithography machine (TuoTuo Technology
(Suzhou) Co., Ltd.), and electron beam deposition techniques.

4.3. Characterization and Measurement. The morphology and
crystal structure of the Bi2O2Se/MoTe2 nanosheets were charac-
terized with an optical microscope (ECLIPSE LV150N, Nikon), X-ray
diffraction (PANalytical Empyrean), high-resolution transmission
electron microscopy (HRTEM), and energy spectrum EDS (JEOL-
2100F). The thickness and surface potential difference were measured
by AFM and KPFM (Dimension Fast Scan from Bruker Co., Ltd),
respectively. Raman spectra were obtained using a confocal
microscope spectrometer (Nost Technology Co., Ltd, with a laser
excitation of 532 nm and spot diameter of 1−2 μm). The electrical
and optical characteristics were measured by using a four-probe stage
equipped with a semiconductor device analyzer (Keithley 2636B) and
a four-channel Fiber Coupling Laser system. All of the measurements
were performed in ambient conditions.
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