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Van der Waals Heterojunction Based Self-Powered
Biomimetic Dual-Mode Sensor for Precise Object
Identification

Xu He, Xinxu Zhu, Zhaoan Hong, Bicheng Wang, Wenting Hong, Yu Yao, Fapeng Sun,
Qian Cai, Gang Xu,* and Wei Liu*

The design and fabrication of materials that can concurrently respond to light
and gas within the dual-modal recognition domain present a significant
challenge due to contradictory structural requirements. This innovative
strategy introduces a type-I heterojunction, combining the properties of
Sb2Te3 and WSe2 nanosheets, to overcome these obstacles. The
heterojunction is prepared through a precise stacking approach to create a
single-side barrier on the valence band and a near-zero offset on the
conduction band. The resulting Sb2Te3/WSe2 heterojunction demonstrates
unparalleled performance, showcasing the best integrated photoelectric and
gas sensing performance in a single device to date. Based on the above
features, the heterojunction successfully integrates visual and olfactory
sensing performance, achieving the first biomimetic visual-olfactory
dual-mode recognition in a single device. This simulation increased the
accuracy of distinguishing electric and fuel-powered cars from ≈50% to
≈96%. This work introduces a novel approach to creating efficient,
self-powered sensing materials, paving the way for next-generation
biomimetic dual-model devices with broad applications in environmental
protection, medical care, and other fields.

1. Introduction

The precise identification of objects is essential in fields such
as robotic vision, automated manufacturing, and autonomous
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driving.[1–6] These areas rely on sensors to
gather crucial data about objects, includ-
ing their shape, smell, dimensions, and
other attributes.[7–9] However, current sen-
sor technology, which often relies on a
single type of stimulus, frequently, falls
short in accuracy.[10–14] In contrast, ani-
mals integrate various sensory stimuli to
enhance recognition accuracy. For exam-
ple, dogs utilize both vision and smell to
accurately identify objects, such as track-
ing games or recognizing their owners.
Inspired by this natural dual-modal per-
ception, the development of sensors that
can process different types of stimuli is
becoming a significant trend in sens-
ing technology, aiming to achieve better
recognition accuracy and robustness.[15–19]

Current dual-modal recognition technol-
ogy often employs an array of sensors to
sense different stimuli.[20–23] However, this
strategy faces several obstacles, such as dif-
ficulties in signal synchronization, complex
data fusion algorithms, low real-time per-
formance, and high costs.[24–26] If a single

device with dual-modal recognition performance could be devel-
oped, it would significantly improve upon these issues. Nonethe-
less, designing sensitive materials to respond to different ex-
ternal stimuli needs to meet different requirements, which can
be inherently contradictory (Scheme 1, top). For example, de-
fects should generally be avoided in photodetecting materi-
als, as they can capture photocarriers and significantly reduce
sensitivity.[27–29] Conversely, in gas-sensing materials, surface de-
fect sites are beneficial for gas absorption and often lead to im-
proved gas sensitivity.[30–32] This contradiction makes it challeng-
ing to obtain dual-mode sensing material with high sensitivity for
both photo and gas detection in a single device.

To address this issue, we construct a carefully designed type-
I heterojunction structure that integrates excellent photoelectric
and gas detection performance into a single device (Scheme 1,
down). Specifically, a significant band offset is introduced in the
valence band of this heterojunction to form a single-side barrier,
which blocks the transport of hole carriers and effectively reduces
dark current, thereby improving the photodetection response.[33]

On the other hand, gas sensing in 2D TMD heterojunctions re-
lies on charge-transfer mechanisms induced by gas molecule
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Scheme 1. Scheme illustration of the type-I heterojunction design strategy for high light on/off ratio photodetector and high sensitivity gas sensor in
self-powered mode.

adsorption on their surfaces.[34–36] When gases like NO2 are in-
troduced, they act as electron acceptors, withdrawing electrons
from the adjacent layer. This electron withdrawal alters the band
structure, changing the device current and enabling gas detec-
tion. The response value of the heterojunction positively relates
to the ratio of the conduction band offset after and before gas ad-
sorption (Ec/Ec0). Accordingly, selecting semiconducting materi-
als with closely aligned conduction band positions for the hetero-
junction would minimize Ec0 (near-zero offset). This near-zero
offset design is crucial because even slight changes in the con-
duction band energy level after gas adsorption are significantly
amplified when Ec0 is minimal, enhancing the sensor’s sensitiv-
ity and selectivity. Consequently, superior photoelectric and gas
detection performance are simultaneously realized in a single de-
vice.

To validate the feasibility of the aforementioned strategy, we
select Sb2Te3 and WSe2 nanosheets to construct a type-I het-
erojunction featuring a single-side barrier. Interestingly, this
heterojunction can realize a desirable self-powered sensor. The
Sb2Te3/WSe2 heterojunction exhibits exceptional performance,
offering the highest integrated photoelectric and gas sensing per-
formance in a single device reported so far. Based on the excep-
tionally high-sensing performances, biomimetic vision-olfaction
dual-mode sensing is simulated by processing the sensory data
from the device and subjecting it to convolutional neural network
(CNN) training. This dual-mode detection effectively discerns be-
tween electric and fuel-powered cars with identical appearances.
The recognition accuracy has been substantially elevated from
50.5%, achievable with single-mode perception, to an impressive
96.4%. This innovation presents a novel paradigm for enhancing
the precision and robustness of sensory recognition systems.

2. Results and Discussion

The synthesis of Sb2Te3 nanosheets using a Chemical Vapor
Deposition (CVD) growth strategy is detailed in the methods
section and Figure S1 (Supporting Information). A Transmis-
sion Electron Microscopy (TEM) image (Figure S2, Supporting
Information) reveals the morphology of the Sb2Te3 nanosheets
and confirms its single-crystal feature aligning with the (1120)
plane.[37] Energy Dispersive X-ray Spectroscopy (EDS) measure-
ments suggest the Sb:Te ratio is 2:3, verifying the high quality of
the Sb2Te3 crystal. The synthesized Sb2Te3 nanosheets are trans-
ferred onto a SiO2/Si substrate using a wet transfer method.
WSe2 nanosheets, mechanically exfoliated from bulk crystals,
are subsequently placed atop Sb2Te3 using a PDMS-based trans-
fer technique. The resulting heterojunction device, comprising
Cr/Au (5/50 nm) electrodes on separate Sb2Te3 and WSe2 layers,
is shown in Figure S3 (Supporting Information). AFM measure-
ment confirms the thicknesses of Sb2Te3 and WSe2 nanosheets to
be ≈20 and 5 nm, respectively (Figure 1a; Figure S4, Supporting
Information).

Figure 1b displays Raman spectra for each component and
the corresponding heterojunction, indicating a high-quality as-
sembly post-wet transfer and exfoliation.[38,39] The PL spec-
tra (Figure 1c) reveal strong excitonic emission ≈776 nm for
bare WSe2. In the Sb2Te3/WSe2 overlap, significant fluores-
cence quenching suggests effective charge carrier transfer be-
tween WSe2 and Sb2Te3, hindering photogenerated electron-
hole recombination and enhancing non-radiative processes.[40]

This indicates efficient charge separation at the heterojunc-
tion, vital for improving the performance of the self-powered
device.
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Figure 1. a) Schematic and Atomic Force Microscopy (AFM) image of the Sb2Te3/WSe2 heterojunction device. The scale bar is 10 μm. b) The Raman
spectra of WSe2, Sb2Te3, and Sb2Te3/WSe2 heterojunction. c) Photoluminescence (PL) spectra of WSe2 and the Sb2Te3/WSe2 heterojunction. Ultraviolet
photoelectron spectra (UPS) of d) Sb2Te3 and e) WSe2 for the evaluation of work function and valence band edge. f) Schematic of the type-I band diagram
of the Sb2Te3/WSe2 heterojunction before contact.

The charge transport behavior in the Sb2Te3/WSe2 het-
erostructure is governed by its energy band alignment. UPS
analysis (Figure 1d,e) reveals the work functions of Sb2Te3 and
WSe2 to be 4.36 and 4.43 eV, respectively. The valence band en-
ergies of Sb2Te3 and WSe2 are found to be 4.41 and 5.27 eV,
respectively.[5] Kelvin probe force microscopy (KPFM) charac-
terization (Figure S5, Supporting Information) indicates a work
function difference of ≈70 meV between Sb2Te3 and WSe2, align-
ing with UPS findings. The transport behaviors and I–V charac-
teristics of pure Sb2Te3 and WSe2-based field-effect transistors
(FETs) reveal their typical p-type and n-type transport behaviors,
respectively (Figure S6, Supporting Information), consistent with
their band structures.

Considering bandgaps of 0.3 eV for Sb2Te3 and 1.2 eV for
WSe2, the band diagrams before contact (Figure 1f) suggest
a type-I band alignment.[39,41] The type-I heterojunction con-
struction only allows photogenerated carriers from the wide-
bandgap material to pass through, enabling effective modulation
of the photocurrent via the wide-bandgap material.[42–44] There-
fore, placing the wide-bandgap material on the upper layer in the
heterojunction facilitates its adsorption of gas for light-assistant
gas sensing. Upon contact (Figure S7a, Supporting Information),
electrons diffusion from Sb2Te3 to WSe2 align their Fermi lev-
els, forming a built-in electric field at the interface. Details of
the transfer characteristic curve (Figure S7b, Supporting Infor-
mation) and the corresponding in-depth analysis (Figure S7c,
Supporting Information) are provided in the Supporting Infor-
mation. Meanwhile, a single-side barrier in the valence band of

Sb2Te3/WSe2 heterojunction is observed, which can effectively
block hole carriers in Sb2Te3.[33,44] Consequently, the majority car-
rier dark current and surface leakage current are blocked by the
barrier, leading to a low dark current (<10−13 A when Vds = 0 V as
shown in Figure S8, Supporting Information). In particular, the
Sb2Te3/WSe2 heterojunction shows clear current rectification be-
havior with an ideality factor of 1.32, signifying a quality junction
interface.[45]

Figure 2a shows the device’s response when exposed to 532 nm
light. A key observation is the gradual increase in photocur-
rent corresponding to rising light power density, attributed to
the increased generation of electron-hole pairs under more in-
tense illumination. Under illumination (Figure S9, Supporting
Information), the photogenerated holes in WSe2 are collected
by the electrode driven by the built-in electric field. The pho-
togenerated electrons of WSe2 across the heterointerface, con-
tributing to a short-circuit current (Isc) that evidences the pho-
tovoltaic (PV) effect in the heterojunction.[46] On the other hand,
the photogenerated holes in Sb2Te3 are impeded by the valence
band single-side barrier, indicating that the photocurrent in the
Sb2Te3/WSe2 heterojunction primarily originates from carriers
in WSe2.[43] The wavelength dependent (635 and 1550 nm) of the
vdW Sb2Te3/WSe2 devices are provided in Figures S10 and S11
(Supporting Information). The spectral response shows negligi-
ble self-powered property when the device is exposed to 1550 nm
light. Since 1550 nm light can only be absorbed by Sb2Te3 ma-
terials (0.3 eV), this observation confirms that the photogener-
ated electron-hole pairs in the Sb2Te3 side recombine quickly and
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Figure 2. a) The logarithmic-scale Id-Vd curves of Sb2Te3/WSe2 photodetector under dark and 532 nm laser illumination of various power densities. b)
Extracted Isc and Voc under various laser power intensities. c) Light on/off ratio and fill factor (FF) under various laser power intensities at Vd = 0 V. d)
The time-resolved photoresponse of the device. e) Photoresponse cycles of the Sb2Te3/WSe2 photodetector. f) Current noise power density spectrum of
the Sb2Te3/WSe2 heterojunction photodetector. g) The resulting image obtained with Sb2Te3/WSe2 photodetector at zero-bias under 532 nm light with
the light intensities of 1, 10, and 100 mW cm2, respectively. The use of the abbreviation “FJIRSM” has been approved by the corresponding author’s
institution.

fail to generate photocurrent, further substantiating that WSe2
plays a dominant role in the photoresponse of the heterojunc-
tion. Extracted Isc and open circuit voltage (Voc) from the en-
larged Id-Vd curves as shown in Figure 2b and Figure S12 (Sup-
porting Information), demonstrates that the Isc increases linearly
with the light intensity and Voc exhibits a logarithmic depen-
dence, aligning with the expected behavior of photocurrent vari-
ations in PV effects.[47] The electrical power of the device is cal-
culated (Figure S13, Supporting Information), peaking at 3.7 nW
at 140 mW cm2.

Notably, due to the ultra-low dark current (<10−13 A), the pho-
toresponse on/off ratio reached 106 (Figure 2c), which endows
the device with a weak light signal detection capability.[48–50] The
maximum fill factor was 0.26. The response speed features a
rise time of 81 μs and a fall time of 160 μs (Figure 2d). Time-
dependent photocurrent measurements under periodic laser ex-
posure (140 mW cm2) demonstrated excellent stability and re-

producibility (Figure 2e). The photovoltaic responsivity of the de-
vice can reach 410 mA W−1 at the intensity of 0.01 mW cm2.
The current noise power density spectrum of the Sb2Te3/WSe2
heterojunction device is revealed in Figure 2f. The calculated
detectivity of our device is 3.6 × 1010 Jones (all of the formu-
las are described in Supporting Information). Details of the
power intensity-dependent behavior to calculate the linear dy-
namic range of the vdW Sb2Te3/WSe2 devices is provided in
Figure S14 (Supporting Information). These performance met-
rics are among the best-reported heterojunction photodetectors
in self-powered operation, as detailed in Table S1 (Supporting In-
formation).

To showcase the self-powered visual perception capability of
the Sb2Te3/WSe2 photodetector, it is used as a single-point sens-
ing pixel in a zero-bias imaging system. An introduction to the
single-pixel imaging process is provided in the Supporting Infor-
mation. The schematic of the measurement setup is displayed in
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Figure 3. a) Schematic of self-powered home-built gas sensing system under the illumination of the laser. b,c) Sensing response measurement of the
device for different ranges of NO2 concentrations d) Summarized NO2 concentration (25–1000 ppb) versus calculated response. e) Comparison of gas
limit of detection (LOD) and light response among the reported literature. The studies in the gray section exclusively provide gas LOD, while those in the
brown section focus solely on light response.[51–57] The sensing measurements are performed under a 532 nm laser with a light intensity of 10 mW cm2.

Figure S15 (Supporting Information). The images obtained un-
der different light intensities (1, 10, 100 mW cm2) at zero bias
(Figure 2g) demonstrate the device’s excellent self-powered vi-
sual perception capability, with clear and recognizable imaging
results.

The near-zero offset (70 meV) design in the conduction band
makes the Sb2Te3/WSe2 heterojunction highly susceptible to
the influence of gas absorption. The olfactory perception perfor-
mance of the specially designed device is assessed by detecting
NO2 using a custom-built gas sensing system (Figure 3a). The de-
vice’s self-powered sensing performance is characterized without
any external bias voltage.

To further demonstrate the practicality of the visual-olfactory
dual-mode sensor in real-world scenarios, we conducted tests un-
der complex light and color conditions, as well as in the pres-
ence of multicomponent gas interference. Specifically, we evalu-
ated the gas response under varying light intensities (Figure S16,
Supporting Information) and examined the impact of high-
intensity white light on the device’s performance during oper-
ation (Figure S17, Supporting Information). The experimental
results indicate that the dual-mode sensor exhibits strong re-
sistance to light interference. Impressively, the device still ex-
hibits a response of 120% to 1 ppm NO2 at a reduced light
intensity of 1 mW cm2, ≈1% of the 1-sun condition. This is
the highest reported response value for a self-powered NO2
sensor. As shown in Figure S18 (Supporting Information), the
device also exhibits response and recovery times of 107 and
248 s for NO2, respectively. To evaluate the device’s stability,
it is repeatedly exposed to 1 ppm NO2 and a consistent sens-
ing response for an extended period is observed in Figure S19
(Supporting Information). Additionally, we tested the sensor’s

response to seven commonly encountered interference gases
(Figure S20, Supporting Information), confirming that the de-
vice selectively responds to NO2, with no significant interference
from other gases. These results affirm the sensor’s reliability and
practicality.

The concentration-dependent response to NO2, ranging from
25 ppb to 100 ppm under 10 mW cm2 532 nm light illumi-
nation, is depicted in Figure 3b and c. A gradual increase in
sensing response is observed by increasing gas concentration,
with substantial recovery achieved after switching back to dry
air. Figure 3d demonstrates the high linearity of the response
to low-concentration NO2. The limit of detection (LOD) is deter-
mined to be 0.44 ppb (the formula is described in Supporting
Information),[51,58] which is currently the lowest reported for self-
powered gas sensors.

In Table S2 (Supporting Information), we provide a detailed
comparison of our device’s sensing performance with other re-
cently reported self-powered gas sensors. Our Sb2Te3/WSe2 gas
sensor demonstrates exceptional performance, with high sensi-
tivity (135%/1 ppm), the lowest LOD of 0.44 ppb, and robust
functionality independent of light intensity at room tempera-
ture. As illustrated in Figure 3e, the Sb2Te3/WSe2 heterojunction
demonstrates unparalleled performance, exhibiting the highest
integrated photoelectric and gas sensing performance reported
thus far. To confirm the repeatability of our devices, we tested
seven devices from different batches, all of which demonstrated
similar responses (Figure S21, Supporting Information).

The outstanding self-powered visual and olfactory perception
performance provide a possibility to improve perception accu-
racy by vision-olfaction dual-mode recognition, which is demon-
strated by simulation tests. Using photoelectric detection data
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Figure 4. The schematic diagrams for a) visual perception recognition and d) vision-olfaction dual-mode recognition, along with simulated sensory
perception images b,e) of bicycles, electric cars, and fuel cars under 10 mW cm2 light intensity and 1 ppm NO2 (fuel cars only), and the identification
accuracy c,f) obtained through CNN training of detection data.

under different light intensities, single-point imaging data, and
self-powered gas-sensitive detection data for different concentra-
tions of NO2, convolutional neural network calculations are per-
formed to simulate visual recognition and vision-olfaction dual-
mode recognition. Figure 4a depicts the schematic diagram for
visual perception recognition, where bicycles, electric cars, and
fuel cars were perceived under a 10 mW cm2 light intensity. The
simulated perception images are illustrated in Figure 4b, demon-
strating the device’s accurate perception of the external features
of the target objects. Furthermore, the device exhibited excellent
visual perception performance under different light intensities,
as depicted in the simulated perception images in Figure S22
(Supporting Information). Each of the three target objects com-
prised 50 images used for training, each image consisting of 600
pixels. After training with a convolutional neural network, this re-
sulted in the identification accuracy curve (Figure 4c). The results
indicate that visual perception recognition can accurately differ-
entiate between bicycles and cars with different external features,
achieving a recognition accuracy of 96.4% for bicycles. However,
for electric cars and fuel cars with similar external features, the
recognition accuracies were 50.5% and 50.3%, respectively. This
suggests that relying solely on visual perception recognition is
insufficient to effectively distinguish target objects with similar
external features, which is a major challenge in traditional opti-
cal recognition.

Combining visual and olfactory information for vision-
olfaction dual-mode recognition (Figure 4d) can effectively dis-
tinguish objects with similar external features, significantly im-
proving accuracy. Since only fuel cars emit NO2, an additional
1 ppm of NO2 was introduced during the simulation for their
recognition (Figure 4e). The testing methods are provided in the

Supporting Information. Furthermore, effective recognition was
achieved within the 1–100 ppm range, with results shown in
Figure S23 (Supporting Information). This dual-mode approach
combines traditional visual features with gas detection data, en-
abling the differentiation of objects with similar external features.
Additionally, due to the self-powered nature of the device, the ol-
factory sensing system remains inactive in the absence of light
(Figure S24, Supporting Information), preventing any interfer-
ence with the visual perception imaging. Figure 4f illustrates
the identification accuracy after CNN training of vision-olfaction
dual-mode perception images. Details of the CNN model are pro-
vided in the Supporting Information. The results demonstrate
that vision-olfaction perception recognition can accurately differ-
entiate between bicycles and cars with different external features,
as well as accurately identify electric cars and fuel cars with simi-
lar external features. The recognition accuracies for bicycles, elec-
tric cars, and fuel cars were 96.4%, 95.9%, and 96.4%, respec-
tively, surpassing the blind spots of traditional visual recognition
and providing a new approach to enhancing the accuracy and ro-
bustness of sensor-based recognition.

3. Conclusion

To overcome the contrary structure design requirement in tra-
ditional light and gas sensing materials, a type-I heterojunction
strategy is proposed for developing a dual-mode sensing mate-
rial. By strategically stacking the Sb2Te3 nanosheet and WSe2
nanosheet, a Sb2Te3/WSe2 type-I heterojunction is prepared and
endowed with a unique single-side barrier on the valence band
and near-zero offset on the conduction band. These unique
features in band structure remarkably suppress dark current
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and promote the response increment for sensing. As a result,
this heterojunction showcases the highest reported integrated
performance in photoelectric and gas sensing in a single device
to date. Furthermore, through integrating visual and olfactory
information to construct biomimetic vision-olfaction dual-mode
recognition, target objects with similar external features can
be effectively distinguished with recognition accuracies in-
creased from ≈50% to ≈96%. This work not only provides a
new strategy for designing high-performance, self-powered
dual-mode sensing material, but also opens up new horizons
for the development of advanced sensor technologies. Look-
ing ahead, we aim to further design the sensing materials to
detect a broader range of gases, allowing the visual-olfactory
dual-mode sensing system to be applied in a more diverse set of
scenarios.

4. Experimental Section
Chemicals: All the materials were purchased from commercial suppli-

ers and used without further purification.
Synthesis of Sb2Te3 Nanosheets on the Mica: The Sb2Te3 nanosheets

were grown on the mica using the CVD method. The Sb2Te3 powders and
the mica were placed at the center and downstream of the furnace tube,
respectively. Before heat, the furnace tube was purged with high-purity ar-
gon (Ar) for 5 min to purge the air inside. Then the furnace was heated to
520 °C at a rate of 40 °C min−1 and kept for 10 min. Ar flow of 50 sccm
was kept during the whole growth process. After the growth, the furnace
was cooled naturally to room temperature.

Devices Fabrication: The 2D WSe2 flakes were obtained by mechan-
ically exfoliating bulk crystals. The as-grown Sb2Te3 nanosheets were
first transferred on a SiO2/Si substrate using a PS-assisted wet trans-
fer method. Then, WSe2 was transferred onto the Sb2Te3 nanosheet us-
ing a PDMS-based transfer technique. The devices were fabricated us-
ing electron-beam lithography to define the electrode pattern and electron
beam evaporation to deposit Cr/Au (10/50 nm) contact electrodes on the
SiO2/Si substrates.

Characterization: Optical microscope images were recorded using a
Nikon Eclipse microscope. The thicknesses of the Sb2Te3 and WSe2
nanosheets were measured using a Bruker Dimension Icon in ScanAsyst
mode with Bruker ScanAsyst-Air probes. Transmission electron mi-
croscopy (TEM) characterization was performed using an FEI Titan F20
equipped with an energy dispersive spectroscopy (EDS) system. Raman
spectra were collected from the Sb2Te3/WSe2 vdWH using a confocal mi-
croscope (HORIBA, LabRAM, HR800) with a 532 nm laser as the exci-
tation source. The photoluminescence spectrum was measured using a
microfluorescence spectrometer (Mstarter 100).

Measurements: The electronic and photoelectronic measurements
were carried out by a semiconductor characterization system (Hewlett-
Packard 4155B) with a multi-wavelength optical-fiber laser on a probe sta-
tion. The gas sensing tests were performed in a home-built gas sensing
system.

Supporting Information
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