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Tunable Bipolar Photothermoelectric Response from Mott
Activation for In-Sensor Image Preprocessing

Bowen Li, Ning Lin, Zhaowu Wang, Baojie Chen, Changyong Lan, Xiaocui Li, You Meng,
Weijun Wang, Mingqi Ding, Pengshan Xie, Yuxuan Zhang, Zenghui Wu, Dengji Li,
Fu-Rong Chen, Chi Hou Chan, Zhongrui Wang,* and Johnny C. Ho*

In-sensor image preprocessing, a subset of edge computing, offers a solution
to mitigate frequent analog-digital conversions and the von Neumann
bottleneck in conventional digital hardware. However, an efficient in-sensor
device array with large-scale integration capability for high-density and
low-power sensory processing is still lacking and highly desirable. This work
introduces an adjustable broadband photothermoelectric detector based on a
phase-change vanadium dioxide thin-film transistor. This transistor employs a
vanadium dioxide/gallium nitride three-terminal structure with a gate-tunable
phase transition at the gate-source junctions. This design allows for
modulable photothermoelectric responsivities and alteration of the
short-circuit photocurrent’s polarities. The devices exhibit linear gate
dependence for the broadband photoresponse and linear light-intensity
dependence for both positive and negative photoresponsivities. The device’s
energy consumption is as low as 8 pJ per spike, which is one order of
magnitude lower than that of previous Mott materials-based in-sensor
preprocessing devices. A wafer-scale bipolar phototransistor array has also
been fabricated by standard micro-/nano-fabrication techniques, exhibiting
excellent stability and endurance (over 5000 cycles). More importantly, an
integrated in-sensor convolutional network is successfully designed for
simultaneous broadband image classification, medical image denoising, and
retinal vessel segmentation, delivering exceptional performance and paving
the way for future smart edge sensors.
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1. Introduction

Edge computing is gaining prominence
due to the proliferation of smart cameras,
watches, glasses, and earbuds, which col-
lectively drive the rapid advancement of
Internet of Things (IoT) technologies.[1–5]

Nevertheless, the considerable real-time
data produced by these IoT sensors fre-
quently necessitates transfer to comput-
ing units employing von Neumann archi-
tecture. This data transfer incurs substan-
tial data movement to processing units, re-
sulting in high energy consumption and
latency overhead.[6–9] Conversely, human
vision’s capacity for concurrent sensing,
memory, and low-level signal processing
enables the efficient execution of com-
plex image tasks in real-time, diminish-
ing power consumption and latency. This
strategy could yield significant advantages
for intelligent edge devices.[10–14] For in-
stance, advances in 2D materials have led
to successes in in-sensor or near-sensor
dynamic computing, in which simultane-
ous broadband image sensing and con-
volutional processing were achieved in
2D heterojunction photodetectors by the

B. Li, B. Chen, C. H. Chan, J. C. Ho
State Key Laboratory of Terahertz and Millimeter Waves
City University of Hong Kong
Hong Kong SAR 999077, P. R. China
N. Lin, Z. Wang
Department of Electrical and Electronic Engineering
The University of Hong Kong
Hong Kong SAR 999077, P. R. China
E-mail: zrwang@eee.hku.hk
Z.Wang
School of Science
HebeiUniversity of Technology
Tianjin 300401, P. R. China

Adv. Mater. 2025, 2502915 © 2025 Wiley-VCH GmbH2502915 (1 of 14)

http://www.advmat.de
mailto:johnnyho@cityu.edu.hk
https://doi.org/10.1002/adma.202502915
mailto:zrwang@eee.hku.hk
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202502915&domain=pdf&date_stamp=2025-04-25


www.advancedsciencenews.com www.advmat.de

electrically tunable band structures.[15–19] However, the opera-
tive voltages of these devices are excessively high, which can be
energy-consuming for large-scale IoT applications.[20] Moreover,
since the photoresponse of these heterogenous devices is sen-
sitive to the growth conditions, interface contacts, layer thick-
ness, and even the measurement environment, scaling up these
technologies with mainstream IC manufacturing processes will
be challenging.[21–23] Alternatively, the phase-change heterostruc-
ture devices based on Mott materials offer the ability to fab-
ricate low-power, large-scale neuromorphic electronic and op-
toelectronic devices that have already been demonstrated.[24–26]

However, the characteristics of broadband spectrum responsive-
ness and adjustable positive and negative photoresponsivity in
these devices are still absent, which produces great obstacles for
high-density and energy-efficient in-sensor image preprocessing
(ISIP) applications due to the need for the same physical pro-
cesses in broadband sensing and convolutional computing.
On the other hand, vanadium dioxide (VO2), a classic Mott

material, undergoes a unique phase transition from the mono-
clinic insulating phase to the rutile metallic phase under exter-
nal stimuli such as temperature, electric field, and laser irradi-
ation near room temperature.[27,28] This phase transition signif-
icantly changes VO2’s optical, electrical, thermal, and magnetic
properties.[29,30] These properties are now being leveraged for var-
ious applications, including smart windows,[31,32] radiative cool-
ing coatings,[33] infrared detection bolometers,[34] self-adaptive
metasurfaces,[35] and thermalmemristor devices.[36] While an en-
hanced photothermoelectric (PTE) device leveraging this phase
transition has been reported,[37] the dynamic interplay between
phase transition and PTE effect in VO2 remains unexplored. This
unexplored area presents an opportunity for adjustable broad-
band PTE detection. Furthermore, the dynamic phase-change
regulation at the interface of VO2 heterostructures can be gate-
tunable, paving the way for novel electronic and optoelectronic
devices that extend beyond traditional complementary metal-
oxide-semiconductor systems.[38–43] Examples include hybrid-
phase-transition field-effect transistors,[38,40] infrared-sensitive
avalanche photodetectors,[41] and electric-double-layer Mott tran-
sistors with ionic liquid.[42,43] These findings suggest the po-
tential for achieving ISIP with VO2-based phase transformation
heterostructures by exploring broadband and gate-tunable PTE
photoresponses and wafer-scale array fabrication. Additionally,
broadband ISIP devices with tunable bipolar responses can com-
plement bio-inspired artificial eye designs by providing adaptive
light perception in dynamic environments, similar to retinal gan-
glion cells.[44]
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In this article, we introduce a three-terminal PTE detector us-
ingVO2/GaN thin-filmheterostructures. By artificially regulating
the width of the space-charge region near the source and con-
trolling the phase transition of VO2 with different polarity gate
voltages, we can alter the local phase distribution and adjust the
PTE performance of the VO2 channel near source regions. This
adjustable PTE performance near the source can disrupt the sym-
metry of the electric potential in the heterostructure devices, re-
sulting in a broadband linear gate-dependent photoresponsivity
and a gate-tunable positive and negative photoresponse, which
physically implements convolution with ultralow energy con-
sumption of 8 pJ per spike. We successfully realized a wafer-
scale PTE device array with integrated sensing in VO2 grown on
a GaN/Al2O3 substrate. Furthermore, we demonstrated excep-
tional performance in hyperspectral image classification using
in-sensor computing based on the VO2 technotron arrays. The
Mott activation in-sensor dynamic processing proved highly ac-
curate and energy-efficient in complex medical image denoising
and retinal vessel segmentation, yielding results nearly identi-
cal to those obtained from state-of-the-art software convolutional
models.

2. Results and Discussion

2.1. Device Fabrication and Bipolar Photocurrent Behaviors

The device fabrication began with the epitaxial growth of high-
quality VO2 films on a p-type GaN (001) crystal surface using
a plasma-enhanced RF magnetron sputtering system. Standard
microfabrication processes were then employed to create the
source, drain, and gate electrodes. To ensure optimal ohmic con-
tact and adhesion, Au/Ti was chosen as the electrode material
prepared by e-beam evaporation (Figure S1, Supporting Infor-
mation). In the Mott technotron, an n-type VO2 channel layer
forms a p-n junction with p-GaN, generating a space-charge re-
gion modulated by the gate voltage, inducing a local phase tran-
sition of the VO2 layer near the source region as illustrated
in Figure 1a. The cross-sectional TEM and corresponding en-
ergy dispersive spectroscopy (EDS) images (Figure 1b,c) display
the clear VO2/GaN thin-film heterostructure and its evenly dis-
tributed constituent elements. Further device characterization
was conducted using an X-ray diffractometer to analyze the out-
of-plane growth behavior of the VO2 thin film on a p-GaN/Al2O3
substrate. As reported previously,[45] the peak located at 2𝜃 =
39.8° is attributed to VO2 (020) or (002) diffraction, while the
2𝜃 peak at 34.72° and 41.68° are from the GaN (002) and Al2O3
(006) layers, respectively (Figure S2a, Supporting Information),
which demonstrates the highly oriented growth of the VO2 epi-
taxial film. Interestingly, we find that the peak position of the
20 nm VO2 film shifts to a lower 2𝜃 value of 39.6°, while the
peaks of the 4-nm and 40-nmVO2 films are at 39.3° and 39.8°, re-
spectively, indicating that themodulation difference for the phase
transformation of VO2 film with different thickness is limited by
the width of the intrinsic space-charge region in the VO2/GaN
heterojunction (Figure S2b, Supporting Information). The spher-
ical aberration-corrected high-resolution transmission electron
microscopy (ACTEM) also visualized the epitaxial growth of VO2
(100)R films on GaN (0001) crystal layers and two types of VO2
domains (4–6 nm dimension) parallel to the GaN [0-11-1] direc-
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Figure 1. Device characterization of the three-terminal VO2/GaN heterostructure detectors. a) The schematic of the PTE device with n-VO2 film epitaxial
growth on the p-GaN layer to form a p-n junction, source and drain electrodes are set on the VO2 surface, and the gate electrode is on the GaN surface.
The local magnification diagram explains that the space-charge region can be regulated by the gate voltage, causing the localized electrons of VO2 to be
delocalized to maintain the dynamic balance of junction carriers (hole and electron), finally resulting in a positive or negative PTE response under light
illumination. Green & red sphere, positive tetravalent V ion, and blue sphere, positive trivalent N ion. b) Cross-sectional TEM image of the heterostructure
constructed by VO2 and GaN film layers. c) EDSmaps of VO2 and GaN layers (b), respectively. All scale bars are 10 nm. d) Resistance-temperature curves
of the VO2 channel regulated by the gate voltage range from +3 V to −4 V when the source-drain voltage of 0.5 V is applied. The illustration presents an
optical image of the actual device. Scale bar, 50 μm. e) Time-resolved short-circuit photocurrent response of (d): negative and positive currents without
applied source-drain voltage (Vds = 0 V, 𝜆 = 405 nm). f) Response relationship of negative and positive Isc with laser irradiation power ranging from 0.06
to 0.73 nW μm−2 under the gate voltages of +2 and −2 V, respectively. g) Power consumption summary of recent comparable ISIP devices.

tion, demonstrating the atom-matching crystallinity of the het-
erogeneous VO2/GaN interface (Figure S3, Supporting Informa-
tion). Near-perfect heterogeneous interfaces exhibit higher mo-
bility due to the negligible defects.[46] Additional characterization
of the phase and chemical composition of these VO2 film sam-
ples was carried out with Raman and XPS instruments (Figures

S4 and S5, Supporting Information). Further details on device
fabrication and characterization can be found in the Experimen-
tal section.
Figure 1d shows the dynamic resistance-temperature charac-

teristics of the VO2 channel layer in our PTE device. As demon-
strated above, the initial resistance of the 20-nm VO2 channel is
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in the middle state at room temperature due to dynamic charge
injection originating from the intrinsic depletion region in the
VO2/GaN p-n junction. When the gate voltage is set to +3 V, the
space-charge region narrows, resulting in more VO2 converting
to an insulating state, and the resistance of the VO2 channel in-
creases to a more insulated state. However, when the gate volt-
age is set to −4 V, the space-charge region widens, causing more
of the VO2 to convert to a metallic state, and the resistance of
the VO2 channel continues to decrease to a more metallic state.
Correspondingly, the time-resolved photocurrent characteristics
of the VO2 PTE detector are shown in Figure 1e. The PTE de-
tector exhibits a negative photocurrent with a positive gate volt-
age. In contrast, when the negative gate voltage is applied, the
PTE detector exhibits a positive photocurrent. This gate-tunable
bipolar photoresponsivity is desirable for ISIP. In Figure 1f, the
dynamic photocurrent further demonstrates its tunable polari-
ties under the gate voltage with different polarities and values,
which also shows a linear photoresponsivity with the irradiation
power ranging from 0.06 to 0.73 nW μm−2 of the 405 nm laser.
Furthermore, the response speeds of the positive and negative
PTE effects under illumination at a wavelength of 405 nm were
measured via a phase-locked amplification technique. Both rising
and falling times for the positive or negative photoresponse are in
the range of 1.7–3.7 μs, including other illumination wavelengths
at 365, 532, and 808 nm (Figure S6, Supporting Information),
which shows well co-frequency and broadband detection poten-
tial for ISIP, as well as the lower parasitic photomemory effect
that is another requirement for constructing fast broadband im-
age sensors. In addition to being able to possess important ISIP
functions, an ideal edge vision sensor should also achieve fast
response speed and low energy consumption for a light spike,
so we summarized the recent data regarding the response times
and energy consumption of ISIP devices based on VO2 and other
2D materials.[14,17,24–25,47–60] As shown in Figure 1g, based on our
device structure’s unique design, our device’s lowest energy con-
sumption is as minimal as ≈8 pJ per spike. By contrast, the en-
ergy consumption is an order of magnitude lower than that of
the previous VO2-based ISIP devices. It is on par with other 2D
materials-based devices, offering a new hardware solution for
battery-powered and high-speed issues in edge analog comput-
ing. If we further consider the ultrafast phase transition poten-
tial of VO2, we can get an optimized minimum energy equal to
≈40 fJ based on the previous research.[24,61] It should be noted
that here, we only consider the dynamic energy consumption of
a single pixel when the photodetector is excited about each expo-
sure (Further explanations can be found in Note S1, Supporting
Information).

2.2. Gate-Tunable Photocurrent Characteristics

The gate-tunable photocurrent characteristics of the PTE device
were studied using a three-terminal JFET configuration, with
source and drain electrodes deposited on the VO2 surface and the
gate on the GaN surface. We collectedmultiple self-powered pho-
tocurrent states (Isc) by applying a stationary light intensity under
short-circuit conditions. To investigate the tunable polarity and
strength of the photocurrent, we conducted photocurrent map-

ping measurements by scanning the laser spot across the drain,
channel, and source (Figure 2a–c). As shown in Figure 2b(i,ii),
the photoresponse, without applying the gate voltage, was locally
observed at the metal-VO2 contact (dashed square) with a similar
strength but opposite signs, where the drain photocurrent was
negative. In contrast, the photocurrent at the source was posi-
tive. However, by applying a gate voltage of +2 V, the same de-
vice showed a significantly reduced positive photocurrent at the
source. In contrast, the negative photocurrent at the drain was
almost unchanged, as shown in Figure 2a(i,ii). Furthermore, the
same device with a reversed gate voltage applied but the same am-
plitude (−2V) showed the opposite photocurrent behavior: that
is, the positive photocurrent at the source greatly enhanced while
the negative photocurrent at the drain was improved slightly, as
shown in Figure 2c(i,ii). Figure 2a–c(iii) shows the correspond-
ing I-V characteristics of the same device in the dark and under
global illumination. Initially, the device showed a net-output Isc
of −0.17 nA and a Voc of 0.03mV under 405-nm laser irradia-
tion (green line of Figure 2b(iii)). Similarly, by applying a positive
gate voltage of 2 V, the device immediately exhibited enhanced I-
V behaviors with an Isc of −3.17 nA and a Voc of 1.38mV (blue
line of Figure 2a(iii)). On the contrary, the same device with an
Isc of −0.17 nA and a Voc of 0.03mV could be immediately reg-
ulated to an opposite I–V behavior with an Isc of 3.3 nA and a
Voc of −0.08mV by applying a gate voltage of −2 V (red line of
Figure 2c(iii)). Similar gate-tunable I–V characteristics were ob-
served at another wavelength (from UV–vis to near IR) under
dark and light-illuminating conditions (Figure S7, Supporting
Information).
In order to explain the mechanism of the gate-tunable PTE ef-

fect in the heterojunction devices, the operation states of the de-
vice under different gate voltages are illustrated in Figure 2d–f.
In the initial state, as shown in Figure 2e, the electric field in
space-charge region will induce the electron state transition from
localized state to delocalized state at the interfacial VO2 layer to
maintain the dynamic balance of space charges existed in the n-
VO2/p-GaN heterojunction, and the photocurrent generated at
both sides of the drain and the source is almost equal with a net-
output Isc of −0.17 nA (Figure 2b). Then, by applying a positive
gate voltage of 2 V, as displayed in Figure 2d, the space-charge
region will be narrowed to make the interfacial VO2 near the
source side transition back to the localized state, resulting in a
significantly reduced positive photocurrent in the source side. In
contrast, the drain side remains almost unchanged, so the net-
output Isc is −3.17 nA at this state (Figure 2a). Nevertheless, with
the applied gate voltage of −2 V, as depicted in Figure 2f, the
depletion region will be widened to make more VO2 near the
source side transform into the delocalized state, ultimately result-
ing in an enhanced positive photocurrent in the source side while
the drain side is only changed a little; thus the net-output Isc of
3.3 nA is shown in Figure 2c. Additionally, to demonstrate the
non-uniform regulation of gate voltage on the space charge re-
gion between the source and the drain terminals, we simu-
lated the potential distributions in the VO2/GaN heterostruc-
ture devices with the COMSOLMultiphysics software (Methods).
The results indicate that the space charge region can be signifi-
cantly regulated near the source. At the same time, the effect is
weak near the drain (Figure S7, Supporting Information). More
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Figure 2. Photocurrent mapping characterization and schematic diagram of VO2 PTE device under different gating states. a–c) Photocurrent mapping
of the drain (i) and source (ii) region of the three-terminal VO2 heterostructure detector at gate voltages of +2 V (a), 0 V (b), and −2 V (c), respectively.
Corresponding I–V characteristics with and without laser irradiation are shown behind them, representing the net output short-circuit current (Isc)
generated by PTE effects of the VO2 channel near the source and the drain (iii). The white-rectangular selections of the inset show the actual mapping
areas on the device: scale bar, 100 μm. The photocurrent mapping is all performed under short-circuit conditions with irradiation (𝜆= 405 nm, 0.5
nW μm−2 laser power). It is worth noting that the same device was used in the test from (a–c), and the photocurrent scale of each map remains at an
absolute intensity to accommodate the change in channel resistance caused by the phase transition of VO2. (d–f) Schematic diagram of the tunable
VO2 PTE detector operating at negative and positive states when the gating voltages (Vgs) varied from 0 V (e) to +2 V (d) and −2 V (f), respectively.
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simulation and mechanistic analyses for the positive and nega-
tive photocurrent maps were attached to Notes S2 and S3 (Sup-
porting Information).

2.3. The Coupling Principle of PTE and Phase Transition

As a strongly correlated transition metal oxide, there is a strong
coupling relationship between the crystal phase of VO2 and its
electronic state. To understand the microscopic mechanism be-
hind the gate-tunable and broadband responsivity of VO2 PTE de-
vices, we performed systematic experiments and thorough theo-
retical calculations. We observed the in situ distribution of crystal
phases in the VO2 channel by applying different gating voltages,
creating an out-of-plane electric field of ≈104 V cm−1. The red
signal in the Raman map shows the distribution of the mono-
clinic VO2 phase in the insulated state, and the blue signal rep-
resents the distribution of rutile VO2 in the metallic state in
Figure 3a–c. The Raman map and corresponding phase-section
profile demonstrate uniformphase distribution of the initial state
along the VO2 channel before gate voltage is applied, as shown in
Figure 3b(i,ii). However, using a positive voltage of 2 V on the gate
electrode (with source grounded, Figure 3a(i)), the VO2 channel
showed the apparent absence of pristine insulating VO2 phase
near the source side, indicating the transition of VO2 phase from
initial semiconducting state to pristine insulating state, consis-
tent with the phase section profile in Figure 3a(ii).
To demonstrate the opposite phase transition in VO2 PTE de-

vices, a constant negative (−2V) voltage was applied to the gate
electrode; the VO2 channel near the source transformed into the
metallic phase distribution, indicating the opposite phase-change
direction from the initial semiconducting state to semi-metallic
state (Figure 3c(i)). The uniform distribution of the metallic VO2
phase was also observed in the phase section profile, as shown
in Figure 3c(ii). The device schematics illustrate the gate-tunable
phase transition of the VO2 layer near the source and drain re-
gions (Figure 3a–c(iii)). Combined with in situ absorption spec-
trum characteristics (Figure S9a, Supporting Information), we
further reveal the phase-change states of VO2 near the source re-
gion. In the initial state, all VO2 film in the channel was semi-
conducting induced by the intrinsic space-charge region, consis-
tent with a band gap of 0.46 eV as determined from the Tauc plot
(Figure S9b, Supporting Information). However, when applying
the positive gate voltage of 2 V, the VO2 near the source recovered
from the semiconductor to the pristine insulating state regulated
by the space-charge region, and the band gap was also retrieved
from 0.46 to 0.68 eV. In contrast, the space-charge region was
broadened by the negative gate voltage of −2 V, which caused the
VO2 near the source to transform into a semi-metallic state, and
the corresponding band gap was reduced to 0.27 eV. The changes
in Fermi energy (EF) levels and energy band arrangements are il-
lustrated in Figure S9c (Supporting Information).
Furthermore, first-principles simulations using density func-

tion theory (DFT)were also performed to unravel themicroscopic
mechanism. First, the work function of VO2 and GaN were cal-
culated, as shown in Figure 3d. According to the experimental
results, the VO2(010) surface and GaN(001) surface were con-
structed (Figure S10, Supporting Information). The calculated
work function values of the VO2(010) surface and GaN(001) sur-

face were 5.89 and 6.43 eV, respectively. Hence, the electrons flow
to GaN from VO2 when GaN contacts VO2. Computed differen-
tial charge distribution at the GaN/VO2 interface also shows that
VO2 donates electrons to GaN (Figure 3e), consisting of the cal-
culated work function values. Then, the effect of charge trans-
fer in the heterostructure on the bandgap of VO2 was exam-
ined in Figure S11 (Supporting Information). For the pristine M-
VO2, the calculated bandgap is 0.68 eV, consistent with previous
work.[62] When VO2 is doped with holes, the bandgap changes, as
shown in Figure 3f. Specifically, during the increasing hole den-
sity, the bandgaps of VO2 decrease gradually and become 0 eV.
The bandgap of VO2 in the heterojunction is smaller than pris-
tine VO2 since holes of GaN flow to VO2. When a voltage is ap-
plied to the heterostructure, the charge transfer between VO2 and
GaN changes, causing a further bandgap shift of VO2. If the di-
rection of applied voltage is the same as the built-in electric field,
more holes will be injected into VO2; this way, the bandgap of
VO2 decreases further. While the direction of the applied voltage
is opposite to the built-in electric field, fewer holes flow to VO2,
and the bandgap of VO2 increases. The results of the DFT calcu-
lations are in agreement with the experimental results. Overall,
our results demonstrated that the gate-tunable PTE responsivity
of VO2/GaN heterostructure photodetectors was due to the gate
voltage-driven changes of space-charge regions, which dynami-
cally regulated the phase distribution and PTE coupling in the
VO2 channel.

2.4. Gate-Dependent Broadband Photoresponse from Device to
Array

Achieving ISIP in PTE heterostructure sensors requires a gate
dependence and linear light intensity dependence for the broad-
band photocurrent. We measured the relationship between the
light intensity and broadband photoresponse, as well as the gate
voltage at different wavelengths. Figure S12a (Supporting In-
formation) presents the gate-dependent negative and positive
photoresponse under a fixed light intensity at a wavelength of
365 nm, and Figure S12b (Supporting Information) demon-
strates the negative and positive photoresponses under different
light intensities at a wavelength of 365 nm (indicated by shadow
zones). It is essential to have a linear intensity dependence on the
photocurrent to represent the pixels in broadband images using
the light intensity. We replot the power-dependent short-circuit
photocurrent and fit these curves with the formula of Isc∝P

𝛼 at
different wavelengths (Figures S12c–e and S13b,d, Supporting
Information). The fitted results indicate that the extracted values
for 𝛼 are almost equal to 1 for all the wavelengths used in the
experiment. The excellent linear mapping between the photocur-
rent and laser intensity ensures sensing precision. Similarly, we
replot the experimental data for the gate-tunable negative and
positive photoresponse for different wavelengths (Figures S12f–h
and S13a,c, Supporting Information) and fit these data to linear
equations. Under the same gate voltage and light intensity, the
photoresponse for irradiation at 365, 532, and 808 nm is tunable
from −110 to 240 μA W−1, from −120 to 220 μA W−1, and from
−115 to 210 μAW−1, respectively. The fitting results show that the
photocurrent can be linearly regulated by the applied gate voltage
for the given light intensities and wavelengths. It is worth noting

Adv. Mater. 2025, 2502915 © 2025 Wiley-VCH GmbH2502915 (6 of 14)
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Figure 3. In situ Raman mapping of the gate-tunable VO2 PTE devices and DFT simulation. a–c) The Raman mapping images (i) for phase distribution
along the drain and source regions, corresponding mapping section profile (ii), and schematic diagram (iii) of the tunable VO2 PTE device working at
different states when the gate voltage is +2 V (a), 0 V (b) and −2 V (c), respectively. Raman map shows varied phase distribution in the VO2 channel
regulated by positive or negative gating voltages with Vds = 0 V. Scale bar, 50 μm. Green sphere, monoclinic vanadium; red sphere, rutile vanadium;
golden and blue rectangle, metal. d) Computed potential energy with workfunction value for VO2 (010) and GaN(001). The Fermi level is set to zero. e)
Computed differential charge distribution at VO2(010)/GaN(001) interfaces. Blue and yellow bubbles represent hole and electron charges, respectively.
Gray, red, green, and silvery beads represent V, O, Ga, and N atoms, respectively. f) Bandgaps of monoclinic VO2 doped with hole.

that a linear window can be maintained for a voltage of ≈6 V.
This characteristic enables simple and fast tuning of convolution
kernels of ISIP.
In addition, broadband gate-tunable VO2 PTE devices exhibit

the potential for large-scale array fabrication compatible with
standard CMOS foundry processes. As a demonstration, we fab-
ricated, in-house, 900 of the gate-tunable VO2 PTE detectors on
a two-inch commercial GaN wafer (Figure 4a, left) using CMOS-
compatible fabrication (Methods). The fabricated wafer features

3 × 3 = 9 reticles, each containing 10 × 10 = 100 PTE detectors
(Figure 4a, right). We randomly selected 200 devices from the
arrays and examined their channel resistance and gate-tunable
photoresponsibility (Figure 4b–d). As shown in Figure 4b, the I–
V curves distribution of the devices is relatively narrow, and the
resistance histogram (Figure 4b inset) shows that the overall de-
vice resistance of VO2 on the GaNwafer is≈60 kΩ, which reflects
the uniformity of the film growth. Figure 4c shows the photocur-
rent maps obtained by irradiating a 405 nm laser with a fixed

Adv. Mater. 2025, 2502915 © 2025 Wiley-VCH GmbH2502915 (7 of 14)
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Figure 4. Wafer-scale arrays of the gate-tunable VO2 PTE devices. a) Optical images of a fabricated two-inch wafer containing 30× 30 PTE devices (left)
and a magnified image of nine examples of the PTE devices (right). b) I–V curves of 200 devices selected from the arrays. Inset: Statistics histogram of
the channel resistance for these extracted devices. c) Photocurrent map of a random reticle (10× 10 PTE detectors) with gate voltage varied from −2 to
2 V with a 1 V step. d) Histogram of the photocurrent data collected in (c), with gate voltage from −2 V (blue) to 2 V (red) shown in 1 V increments for
clarity. e) Time-resolved positive and negative photoresponses of the VO2 PTE detector for 5000 cycles operation at a gate voltage of −2 V and +2 V,
respectively. f) Local enlarged image of (e) for the last ten light responses. All the measurements in this figure were performed with a 405 nm laser
source at a power density of 0.73 nW μm−1.

power density of 0.73 nW μm−2 serially, device by device, across
an example reticle containing 100 PTE detectors, for varied gate
voltage from −2 to 2 V with a 1 V step. These maps show that the
responsivity programming within the reticle is highly uniform
from device to device. Figure 4d shows the distribution of the
100 photocurrents for selected gate voltage values (−2 to 2 V with
a 1 V step), where the variations from device to device are more

pronounced than those of the single reticle, which is standard at
the wafer scale. Concretely, as we sweep the gate voltage, the pho-
tocurrents of the 100 devices, in response to the 405 nm laser ir-
radiationwith a fixed power density of 0.73 nW μm−2, varied from
−5.8± 0.3 to 6.2± 0.5 nA, although there is relatively low energy-
conversion efficiencywith the Isc of−5.5 or 5.7 nAwith applying a
gate of 2 or −2 V, respectively, the weak PTE behavior can enable

Adv. Mater. 2025, 2502915 © 2025 Wiley-VCH GmbH2502915 (8 of 14)
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the present device to function as a self-powered photodetector,
producing obvious photoresponse (Figure 4e). Further photore-
sponse analysis in Figure 4f reveals that the VO2 PTE detector
can be easily switched between on and off states with perfect re-
producibility and stability by repeatedly turning light (405 nm)
on and off, even after 5000 cycles of operation at positive or nega-
tive gate voltage state. Unlike other dual-mode devices induced by
ionic migration or ferroelectric polarization subject to inherent
limitations, such as defect accumulation and structural collapse,
the VO2-based detector shows more constant bipolar photocur-
rent signals due to the distinct Mott phase transition characteris-
tics, which do not cause structural damage.

2.5. Implementations of ISIP

By modulating the bias voltages of the gate of VO2 PTE devices
(PTEDs), we demonstrate broadband ISIP. As a proof of concept,
we used a single device to receive each pixel image one by one
and perform the ISIP. We first validate this by extracting spectral
and spatial features in remote sensing images fromUrban hyper-
spectral datasets,[63] encompassing components, such asAsphalt,
Grass, Trees, and Roofs (Figure 5a). Here, we employ three popu-
lar image-processing convolutional kernels: original, sharpness,
and edge enhancement. They are simulated by 3 × 3 VO2 PTED
arrays with gate voltages shown in Figure 5b. For the original ker-
nel, as the gate voltages are zero, no discernible information con-
tent is observed in the input of the UV band, Vis band, and NIR
band, leaving only the original information displayed (Figure 5b).
For the sharpness kernel, a voltage of 3 V is applied around the
perimeter and −3 V in the center, which enhances image clar-
ity across different wavelengths of UV, Vis, and NIR (Figure 5c).
For the edge enhancement kernel, the gate voltage patternsmake
the summed PTED output currents, enhancing the difference be-
tween adjacent pixels and enhancing edges (Figure 5d). The per-
formance of different wavelength inputs under different voltages
can be seen in Figure S14 (Supporting Information). In addition,
we also conducted a generalization ability validation on the Jasper
Ridge dataset, which can be found in Figure S15, Supporting
Information.
Beyond simple feature extraction, we use broadband PTED

convolutional kernels with a deep neural network (DNN) for
hyperspectral image classification. Our classification framework
comprises two main operations: convolution and fully connected
layers. The convolution utilizes PTE kernels to extract features of
the University of Trento (UT) dataset[64] across the UV, VIS, and
NIR wavelength channels. Once extracted by the PTE, these fea-
tures are processed through the fully connected layers executed
on a computer. The PTED-based neural network shows classifica-
tion accuracy close to that of the software. Specifically, Figure 5f
displays the 2D distribution of in-sensor broadband DNN fea-
tures following t-Distributed Stochastic Neighbor Embedding (t-
SNE) dimensionality reduction, unveiling a distinct separation
between various categories, including Woods, Apples, Vineyards,
Buildings, Roads, andGround. Figure 5g showcases the confusion
matrix of different categories on the test dataset, dominated by di-
agonal elements, indicative of high accuracy. The t-SNE and con-
fusion matrix without the PTEDs array can be found in Figure
S16, Supporting Information. Figure 5h presents the accuracy

of each category and the overall accuracy. Compared to software-
based methods, our system exhibits similar accuracy in both in-
dividual categories and overall accuracy. The training process for
software-based models and those with the PTEDs array can be
found in Figure S17, Supporting Information.
In addition to image classification, we validate our system

on image denoising, a representative reconstruction task.[65,66]

Figure 6a underscores the significant potential of in-sensor neu-
romorphic denoising within the medical imaging domain by uti-
lizing an in-sensor VO2 PTED array. Our approach involves a
model structure comprising the in-sensor PTED array, simu-
lated to implement the first convolutional layer of a UNet. The
input consists of noisy medical images from the Med-MNIST
dataset.[76] At the same time, the output is denoised images for
bettermedical diagnosis (Figure 6a). For the denoising task, noisy
input images (Figure 6b) are converted to the optical illumination
pattern to the VO2 PTED array. The conductance of each device
within the array is modulated by the gate voltage to physically
implement convolutional kernels. The extracted feature maps,
in the form of currents, are subsequently digitized and sent to
a digital computer to go through the rest of the encoder and de-
coder layers (Figure 6c). Ultimately, denoisedmedical images are
displayed from top to bottom as HeadCT, BreastMRI, and Ab-
domenCT images. Our analysis reveals that the denoising effect
of the VO2 sensor is consistent with the state-of-the-art software
(Figure 6d).
Furthermore, we demonstrate the medical segmentation for

bio-retinal blood vessels using the Digital Retinal Images for Ves-
sel Extraction (DRIVE) dataset,[67] which comprises 40 color fun-
dus images, including seven abnormal pathology cases. The vis-
ible light optical image (Figure 6e) is received by the VO2 PTED
array, which simulates the implementation of the first convolu-
tional layer of the UNet, similar to the denoising case. The dig-
itized PTED array outputs pass through the rest of the UNet
and produce segmented output. The VO2-based segmentation
(Figure 6e) aligns closely with the software and Ground Truth.
Figure 6f presents the VO2-based receiver operating character-
istic (ROC) results, achieving a performance of up to 0.9799
based on the VO2 PTED array, comparable to the 0.9791 of
the state-of-the-art software baselines. Additionally, the confu-
sion matrix reveals a robust, dense classification performance of
98.10% for the VO2 PTE-based array and 98.28% for the software-
based model, consistent with state-of-the-art results. The PTED
exhibits lower energy consumption compared to a digital com-
puter performing denoising (segmentation) tasks, in which the
experimental/optimal energy consumption can be reduced by
≈315.49/≈63098.59 times and ≈709.85/≈141971.83 times, re-
spectively. A detailed comparison of energy consumption be-
tween the PTEDs array and software processes, specifically for de-
noising and segmentation tasks, is provided in Figure S18, Sup-
porting Information.

3. Conclusion

In summary, we have reported reconfigurable and broadband
PTE detector devices based on a simple planar JFET architecture
with VO2/GaN p-n heterojunctions. The regulation of phase dis-
tribution near the source caused by gating voltage in the devices
results in a gate-tunable, polar-variable PTE response, which can

Adv. Mater. 2025, 2502915 © 2025 Wiley-VCH GmbH2502915 (9 of 14)

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202502915 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [09/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 5. PTE devices for in-sensor imaging processes. a) Demonstrating various image processing operations, including sharpness and edge enhance-
ment, using UV, Vis, andNIR wavelengths. b) Original image. c) Images showcasing sharpness. d) Images highlighting edge enhancement. e) PTE-based
deep learning models featuring convolutional and fully connected layers for hyperspectral image classification. f) The t-SNE distribution of PTE-based
DLs. g) Confusion matrix for classifying the University of Trento (UT) test dataset. h) A comparison of each class accuracy and Top1 accuracy between
the PTE-based hardware system and the pure digital computer system, where Top1 accuracy refers to the percentage of times the model’s top prediction
matches the true label.
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Figure 6. Denoising and semantic segmentation on PTE-based in-sensor arrays. a) The VO2 PTE in-sensor array-based autoencoder system for human
medical diagnosis. b) Noisy CT images affected by environmental factors. c) VO2 PTEDs arrays for preprocessing the noisy input images, with autoen-
coder parameters mapped on digital computers. d) Denoised images produced by the VO2 PTE-based and software convolution kernels-based denoising
system. e) Retinal images comparing vessel extraction between the VO2-based UNet, software convolutional-based UNet, and the ground truth. f) ROC
curve and confusion matrix of VO2-based UNet and software-based convolutional-based UNet for pixel-wise blood vessel classification, characterized
by prominent diagonal elements, where the ROC curve is plotted by calculating the True Positive Rate (TPR) and False Positive Rate (FPR) at different
classification thresholds to evaluate the performance of a binary classifier.
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be used to build optical in-sensor hardware for simultaneous
broadband sensing and convolutional processing. The energy
consumption for a single event of this device is one order of mag-
nitude lower than that of comparable VO2-based ISIP devices.
Furthermore, we fabricated a wafer-scale integrated PTE sensor
array and proved that the VO2 film on the commercial wafer also
achieves stable and repeatable PTE imaging capabilities. The lin-
ear relationship between broadband photocurrent, light intensity,
and gate voltage allows for a convolutional network utilizing the
VO2 heterostructure sensor in broadband image classification,
medical image denoising, and vessel extraction for retinal im-
ages. Compared to software processes, our PTED can save hun-
dreds times of energy consumption. These applications lay the
groundwork for implementing future ISIP with Mott-transition-
based PTE activation.

4. Experimental Section
Device Fabrication: First, the commercial p-type GaN (Mg-doped, hole

concentration ≈1.4 × 1017 cm−3) on c-plane sapphire grown by MOCVD
was chosen as the epitaxial substrate. The monoclinic VO2 films were de-
posited on this p-GaN (0001) layer by an RF-plasma-enhanced reactive
magnetron sputtering under a power of 100 W with argon-oxygen flow ra-
tio of 10:1 at a pressure of 3 mTorr. The growth thickness and rate were
monitored by a crystal oscillator (SQC-310, INFICON). Then, the VO2 pat-
tern arrays were fabricated by the standard wet-etching process with a
phosphoric acid solution. After that, the position of electrode patterns was
defined by UV lithography and then exposed to the phosphoric acid etch-
ing solution, while the VO2 channel was protected by a photolithography-
patterned photoresist. Finally, the 5 nm Ti and 50 nm Au layers were de-
posited on VO2 by electron beam and thermal evaporations with a base
pressure of 2× 10−6 Torr and a deposition rate of 1 Å s−1, followed by the
standard lift-off process.

STEM Imaging and EDS Mapping: High-resolution transmission elec-
tron microscopy (JEOL JEM-ARM300F2) analysis was conducted to ob-
tain the cross-sectional image of the device with an operation voltage of
300 kV. HAADF-STEM was performed on a spherical-aberration-corrected
mode to observe the clear atomic image of the samples. The sample was
sliced by a focused ion beam (FEI, Helios NanoLab650) with a C passiva-
tion layer for the TEM analysis. The distribution of elements was obtained
from the EDS mapping in the materials.

Raman and Absorption Measurements: In-situ Raman spectra were
performed by the WITec Alpha 300R Raman system. The excitation wave-
length was 532 nm, and the laser power was 2 mW. Raman imaging mea-
surements were carried out using the ultrafast mapping mode with an
integrated intensity range from 166 to 246 cm−1. All spectral data were
imaged using the pinch-peak method after deducting the back base us-
ing WITec Project 5 software. In situ absorption spectra were collected
using a Hitachi UH4150 UV-Vis-NIR spectrophotometer equipped with a
commercial microprobe station (MPS-PTH, NEXTRON). All gate voltages
for in situ tests were supported by a Keysight B2912A source meter. All
the measurements were carried out in an ambient environment at room
temperature.

XRD and XPS Measurements: The crystal structure of all samples was
characterized by an X-ray Diffractometer (SmartLab 9 kW, Rigaku) with
Cu K𝛼 radiation (𝜆 = 1.54178 Å). The VO2/GaN heterostructure device
morphology was characterized by optical microscopy (BX53M, Olympus).
XPS (ESCLABXi+, Thermo Fisher) characterizationswere performed using
an Al K𝛼 X-ray with photon energies of 1486.6 eV working under a base
vacuum lower than 10−10 Torr. The source was operated at 15 kV with an
emission current of 4.5mA.

Device Characterization: The electrical measurements of the devices
were conducted using a commercial semiconductor analyzer (B1500A,
Keysight) in a Lake Shore probe station. The lasers used in this work were

guided by an optical fiber focused on the device with a microscope sys-
tem and calibrated by a power meter (PM400, Thorlabs). A homemade
light chopper and an attenuator were used to control the laser on/off and
its intensity. The response time data were acquired using an oscilloscope
(MDO3014, Tektronix). An optoelectronic testing system (ScanPro Ad-
vance, METATEST) was employed to obtain photocurrent mapping data,
using a 405 nm multimode laser as the light source.

COMSOL Simulations: Simulations using the finite-element method
(FEM) were performed with Comsol 5.4 (COMSOL, Inc.) using the built-in
AC/DC model. Where needed, the cell geometries were rebuilt in 3D from
the design values and optical images. The room-temperature conductivity
and relative dielectric constants of the VO2 and GaN thin-film layer were
≈1.0 S.cm−1, ≈0.07 S.cm−1, ≈36, and ≈8.9, respectively, combined with
the previous reports.[68–71] More details of the FEM simulations are pro-
vided in Figure S8 and Note S2 (Supporting Information).

First-Principles Calculations: All calculations were performed with den-
sity functional theory (DFT) using the Vienna ab initio simulation package
(VASP) code.[72] The exchange and correlation terms were described using
general gradient approximation (GGA) in the scheme of Perdew–Burke–
Ernzerhof (PBE).[73] Core electrons were described by pseudopotentials
generated from the projector augmented-wave method,[74] and valence
electrons were expanded in a plane-wave basis set with an energy cutoff of
450 eV. The VO2(010) surface, GaN(001) surface and VO2(010)/GaN(001)
interface were modeled by slab method. VO2(010)/GaN(001) interface

was constructed by (1 × 1) VO2(010) and (
√
3 ×

√
3) GaN(001). The

thickness values of the vacuum in the surface and interface model were
set to be larger than 15 Å. The DFT+U method was employed for VO2,
and the value of U was used as 3.4 eV. The geometry relaxation was car-
ried out until all forces on the free ions were converged to 0.01 eV Å−1.

Datasets Used for Experimental Measurements: Figure 5a’s urban
dataset, widely used in hyperspectral unmixing studies, contains 307 ×
307 pixels (each 2 × 2 m2) and 210 wavelengths (400–2500 nm) with a
10 nm resolution. 405 nm UV, 532 nm Vis, and 808 nm NIR channel im-
ages were extracted for experimentation. The UT dataset in Figure 5e, col-
lected with an AISA Eagle sensor in southern Trento, Italy, had 600 × 166
pixels and 63 spectral bands (0.42–0.99 μm), featuring six exclusive vege-
tation land-cover classes, a 9.2 nm spectral resolution, and a 1MPP spatial
resolution. 405 nm UV, 532 nm Vis, and 808 nmNIR channel images were
used for convolution operations. Figure 6b’s MedMNIST dataset (https:
//www.kaggle.com/datasets/andrewmvd/medical-mnist) includes 58954
MNIST-style 64 × 64 medical images across six classes: AbdomenCT,
BreastMRI, CXR, ChestCT, Hand, and HeadCT. HeadCT, BreastMRI, and
AbdomenCT images were selected for denoising experiments. The DRIVE
dataset in Figure 6e, designed for retinal vessel segmentation, comprises
40 JPEG color fundus images, including seven abnormal pathology cases.
Obtained through a diabetic retinopathy screening program in the Nether-
lands, images were captured using a Canon CR5 non-mydriatic 3CCD cam-
era with a 45-degree FOV. Each image had a 584× 565 resolutionwith eight
bits per color channel (3 channels) and was equally divided into training
and testing sets (20 images each). ForMedMNIST andDRIVE datasets us-
ing visible light range input images, PTE in-sensor processing was applied
at 450, 532, and 635 nm across the three channels.

Simulation Details: In Figure 5e’s classification task on the UT dataset,
the PTE array-based model comprises two downsampling Conv2d layers
and one fully connected layer, with the PTE method implementing the first
Conv2d layer. For the MedMNIST denoising task in Figure 6b, the em-
ployedUNet consists of two downsampling Conv2d layers and two upsam-
pling ConvTranspose2d layers. In Figure 6e’s image segmentation task,
the UNet utilizes the state-of-the-art LADDERNET.[75] In these processes,
the first layer for both tasks was implemented by PTE, while the compari-
son tasks employ software-based Conv2d. All simulations were conducted
using Python and PyTorch and executed on a GPU.

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