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Van der Waals Integration of 1D Nb,Pd;Se; and 2D WSe, for
Gate-Tunable In-Sensor Image Processing

Vu Khac Dat, Minh Chien Nguyen, Byung Joo Jeong, Ngoc Thanh Duong, Van Dam Do,
Chengyun Hong, Duong Hai Phuong, Van Tu Vu, Jinsu Kang, Xiaojie Zhang,
Robert A. Taylor, Kwangseuk Kyhm, Woo Jong Yu, Jae-Young Choi,* and Ji-Hee Kim*

1D and 2D integrations provide significant promise for machine vision

by enabling compact, power-efficient optoelectronic devices. However, the
potential of 1D materials in mixed-dimensional structures for convolutional
image processing remains largely unexplored. Here, high-quality 1D-
Nb,Pd,Se; is synthesized and integrated with 2D-WSe, to form self-powered
photodetectors, exhibiting gate-tunable bi-directional photoresponse for
image processing. Utilizing the narrow band gap and favorable work function
of 1D-Nb,Pd;Seg, a type-l junction and 1D van der Waals interface are
established with transition metal dichalcogenides. The gate tunable built-in
electric field enables switching between n-p and n-n" configurations, allowing
the drift photocurrent direction to be reversed, achieving both negative

and positive photocurrent. Furthermore, efficient conversion of high-energy
photons along one dimension enhances sensitivity at 375 nm. The

device achieves a responsivity of 232 mA W', external quantum efficiency of
77% at 375 nm illumination, rapid response time of ~3 ps, detectivity of 6.35
x 10'° Jones, and broadband photodetection from ultraviolet to near-infrared.
The demonstrated gate-controllable, bi-directional photoresponse with

linear power dependence in a 1D heterojunction offers a promising platform
for in-sensor convolutional processing with high integration and portability.

1. Introduction

Conventional image sensors rely on a
physical separation between image sens-
ing and processing, which introduces
challenges such as power consumption in-
efficiency, latency, and increased hardware
complexity.}*] In-sensor image processing
allows for simultaneous visual data acqui-
sition and preliminary processing, making
it a promising approach for machine vi-
sion applications such as autonomous
vehicles, robotics, and environmental
analysis.l*!?]  Recent advancements in
in-sensor optoelectronic computing have
demonstrated that implementing edge
extraction directly within the front-end
photodiode array enhances object tracking
and recognition efficiency while improving
economic feasibility.!*] This process relies
on the use of both positive and negative
weights for effective edge extraction, mak-
ing it a critical requirement for in-sensor
image processing.”*] To meet this
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requirement, extensive research has explored various ap-
proaches, including ferroelectric-defined sensor arrays,!”]
gate-tunable band alignments,'>! and electrostatically doped
semiconductors.*3] However, these devices face significant
design complexity, particularly when employing dual-gate ar-
chitecture. Moreover, semi-metallic narrow gap materials in
heterostructures exhibit inefficient gate-tunable photocarrier
collection due to their short photocarrier lifetimes and high dark
currents.!'7] Additionally, while in-sensor image processing
offers significant benefits such as power savings, reduced redun-
dant vision data, and increased processing speed, it also comes
with certain trade-offs. The complexity of designing efficient
analog in-sensor systems that seamlessly integrate sensing and
computing remains a significant challenge.l"®! To overcome
these limitations, significant innovations in materials, comput-
ing architectures, and scalable device fabrication are essential
for advancing in-sensor image processing technologies.

Van der Waals (vdW) heterostructures recently exhibit
significant potential in electronic and optoelectronic device
applications.[1*2] The integration of mixed-dimensional struc-
tures within these heterostructures not only advances funda-
mental nanoscience research but also enables the development
of high-performance nanoscale devices.l”’ %l Among these, 2D
transition metal dichalcogenides (TMDs) have gained significant
attention due to their exceptional optical properties, scalability,
and dangling bond-free surfaces, allowing seamless integration
with materials of different dimensions.[2-2227-35] While 2D ma-
terials provide excellent tunability and interface compatibility, 1D
materials offer unique advantages for charge carrier confinement
and efficient transport, particularly in optoelectronic applica-
tions. The confined active area in 1D quantum structures enables
high charge carrier concentration and directed propagation, mak-
ing them ideal for achieving high-resolution image sensing.[36-7]
Although 1D nanowires have limited light absorption due to their
small active area (2-200 nm diameter), this challenge can be mit-
igated by arranging multiple nanowires side by side, thereby en-
hancing the light-absorbing area and collection efficiency.[*®] By
scaling the active region to a 1D heterojunction within 1D/2D
mixed-dimensional structures, novel image sensing can be re-
vealed by simultaneously leveraging the unique advantages of
both 1D and 2D materials. Recently, 1D ternary vdW materials
with a narrow bandgap, excellent scalability, and dangling bonds-
free surface have garnered significant attention in advanced op-
toelectronic devices.[313%#l Among them, 1D ternary Nb,Pd, Se,
stands out due to its semiconducting behavior, narrow bandgap,
air stability, and work function well-aligned with 2D-TMDs such
as WSe,, MoS, and MoSe,.[**?] The Nb,Pd,Se;/2D-TMDs het-
erostructure is particularly advantageous for achieving a unilat-
eral depletion region, which is critical for high-efficiency pho-
tovoltaic and optoelectronic devices.!***3] Despite its promising
properties, the potential of 1D-Nb,Pd;Se, in heterostructure-
based optoelectronic devices remains largely unexplored.

In this work, we demonstrate a gate-tunable bipolar photore-
sponse in self-powered photodetectors (Vg = 0 V) based on
a 1D-Nb,Pd,Se;/2D-TMDs (WSe,, MoSe,, MoS,) heterostruc-
ture, designed for convolutional image processing. The high-
quality Nb,Pd,Seq is synthesized via the chemical vapor trans-
port (CVT) method, and a high-performance Nb,Pd,Ses-based
photodetector with high responsivity, fast response speed, and
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broadband photodetection is exhibited. This reveals the potential
of Nb,Pd;Seg as a promising candidate for applications in opto-
electronic devices. To construct the self-powered photodetectors,
Nb,Pd,Sey is synergistically integrated with 2D-TMDs, forming
atype-I band alignment that creates a unilateral depletion region,
enabling efficient photocarrier separation and collection at Vg =
0 V. Leveraging the gate-tunable band alignment and the differ-
ent influences of electrostatic doping to Nb,Pd;Se; and TMDs,
we successfully achieve a modulation of built-in potential and
photodiode behavior. This results in the reverse of band bending
and photocurrent flow direction between the two layers. The gate-
controlled negative and positive photocurrents switching with
linear power-dependent is utilized to show the pixel in the con-
volution layer, performing multiple tasks such as edge detection
and sharpness for in-sensor image processing. Furthermore, the
active region is confined to a 1D vdW interface, resulting in the
concentration of light into deep-subwavelength scales. This con-
finement leads to an enhanced accumulation of hot carriers, fa-
cilitating the efficient collection of high-energy photons!**+! for
high device performance. Consequently, the device achieves re-
markable responsivity under illumination at 375 nm, a fast re-
sponse time, high detectivity, and a broad spectral detection range
from 375 to 1062 nm.

2. Results and Discussion

The gate-controllable negative and positive photoresponse is es-
sential to emulate positive and negative weights for extracting
important features from the input image signal in the in-sensor
convolutional processing.l”*! Consequently, we concentrate on
modulating the bipolar photoresponse, and the potential of 1D
vdW heterojunction is also revealed in our device. To construct
a 1D vdW interface for an individual pixel in the image sen-
sor, the self-powered photodetectors (Vg = 0 V) based on a 1D-
Nb,Pd;Sey/2D WSe, mixed-dimensional heterostructure were
fabricated via a dry transfer system-assisted heterostructure stak-
ing process, as illustrated in Figure 1a. Further details on the de-
vice fabrication process and Nb,Pd, Se; synthesis are provided in
the Methods section. In a 3 x 3 kernel, all devices share the same
drain-source electrodes;”8! therefore, self-powered photodetec-
tors (Vps = 0 V) with gate-tunable bipolar photoresponse allow
for efficient photocurrent summation, making them well-suited
for convolutional in-sensor imaging. The device is equipped with
four-terminal electrodes, each serving distinct functions to inde-
pendently characterize the electronic and optoelectronic proper-
ties of Nb,Pd,Se;, WSe,, and the heterostructure. Figures 1b,c
present the scanning electron microscope (SEM) and atomic
force microscopy (AFM) images of the device with the white
scale bar corresponding to 5 um. The Raman characterization of
Nb,Pd,Se; and WSe, was examined, as shown in Figure S1 (Sup-
porting Information). Further characterization of Nb,Pd,Sey is
presented in Figure S2 (Supporting Information), which in-
cludes X-ray diffraction (XRD), SEM image, and AFM analy-
ses, and Figure S3 (Supporting Information), which provides
scanning transmission electron microscopy (STEM) images of
the Nb,Pd, Se, surface. XRD results confirm the successful syn-
thesis of single-crystal Nb,Pd,Seg, while the crystal photograph
highlights its needle-like wire structure in bulk form. The SEM
and AFM analyses provide quantitative data on the nanowire
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Figure 1. Electrical and material characterizations of 1D Nb,Pd;Seg/2D WSe, heterostructure photodetectors. a) Schematic of the fabricated
Nb,Pd;Seg/WSe, vdW heterostructure device. b) SEM and c) AFM image of the device with the white scale bar is 5 um. The white profile inset in
the AFM results corresponds to the material thickness. d) The schematic illustration of Nb,Pd;Seg and WSe, crystal structures. e) The cross-sectional
STEM image of the device reveals a vdW gap of ~0.8 nm, indicating a clean interface between two materials and the zigzag morphology of the Nb,Pd; Se,
nanowire; the scale bar is 2 nm. f) The elemental mapping results via STEM energy dispersive spectroscopy, with the scale bar corresponding to 50 nm.
g) The KPFM surface potential image of Nb,Pd;Seg/WSe, 1D heterojunction with the scale bar is Tum, and h) the potential profile of the green dashed
line from the KPFM image. i) Output characteristics of the Nb,Pd;Seg /2D WSe, heterostructure photodetectors with V5 = =30V (red curve) and Vg =
30V (blue curve) under dark conditions.

dimensions, including diameter and length. The STEM images =~ WSe, and Nb,Pd;Se, is described in Figure 1d. A single-layer
illustrate the stacking arrangement of individual 1D nanowires =~ WSe, includes a tungsten (W) atom that is hexagonally encir-
within the bulk material. The mechanical exfoliation process cled by six other W atoms, sandwiched by two hexagonal close-
used to obtain nanowires from the bulk material is described in ~ packed planes of selenium (Se) atoms, with the Se atoms adopt-
detail in the Methods section. The crystal structure schematic of  ing trigonal prismatic coordination around the W atom, and each
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layer is bonded together by weak van der Waals forces. Bulk
Nb,Pd, Seg unit ribbons are connected in a zigzag shape, the unit
ribbon with two niobium (Nb)-centered, edge-sharing Se trigo-
nal prisms linked by palladium (Pd) atoms and flanked by addi-
tional Pd atoms, where the inter-ribbon bonding through termi-
nal Pd and trans-Se atoms exhibits a weak van der Waals inter-
action with a binding energy of 0.39 eV per atom.[*#?] Figure 1e
shows the cross-sectional STEM image of the WSe, /Nb,Pd, Se,
heterostructure, illustrating the heterojunction formed through
van der Waals interactions with an interlayer spacing of ~0.8 nm.
The STEM analysis reveals an atomically clean interface between
two layers devoid of detectable residues, gaps, or contaminants.
The clean interfacial condition enables efficient charge transfer
between each functional layer. Additionally, the homogeneous
spatial distribution of each constituent element was confirmed
through STEM energy dispersive spectroscopy (EDS) for elemen-
tal mapping, as depicted in Figure 1f.

To accurately verify 1D type-I junction formation, we con-
duct the kelvin probe force microscopy (KPFM) measurement.
Figures 1g,h presents the surface potential imaging and the ex-
tracted potential line profile of Nb,Pd;Se; /W Se, heterostructure,
respectively. The Nb,Pd,Se; surface potential is ~0.22 eV lower
than that of WSe,. Based on the results, the narrow bandgap
Nb,Pd;Se; and WSe, band alignment is provided (Figure S4,
Supporting Information). The 1D overlapping heterojunction re-
gion exhibits a sharp surface potential gradient, serving as the
principal active area for photocurrent generation via the pho-
tovoltaic effect. The photoresponse mapping using conductive-
AFM (C-AFM) under 375 nm laser illumination, shown in
Figure S5 (Supporting Information), confirms that photocur-
rent generation is primarily localized at the 1D vdW hetero-
junction. This corresponds to the 1D surface potential gradi-
ent observed in the KPFM results, indicating subwavelength
confinement of the active region. The transfer characteristics
of Nb,Pd;Se;, WSe, and 1D heterojunctions are revealed as
shown in Figure S6 (Supporting Information). Nb,Pd,Se, ex-
hibits n-type semiconductor characteristics, while WSe, demon-
strates ambipolar behavior with carrier density significantly in-
fluenced by the gate voltage (V). In all measurements of the
Nb,Pd,Se;/WSe, photodetector conducted in this study, the
Nb,Pd, Seg terminal served as the grounded electrode. Figure 1i
illustrates the output curve characteristics under applied neg-
ative (—30 V) and positive (30 V) V. for the conducted mea-
surements. As a result of gate-controlled band alignment, the
heterojunction can switch from an n-type (Nb,Pd,Se;)/p-type
(WSe,) configuration to an n-type (Nb,Pd,Seg)/n*-type (WSe,)
configuration, leading to reverse rectification. As demonstrated
in our electrostatic simulation results using COMSOL Multi-
physics, we modeled the Nb,Pd,Se,/WSe, heterostructure un-
der back-gate voltages (Figure S7, Supporting Information). The
simulation results demonstrate that the electrostatic potential
in the WSe, and the heterojunction region is strongly mod-
ulated by the gate, while Nb,Pd;Se; connected to ground ex-
hibits much weaker potential variation. As a result, the band
bending occurs primarily in the WSe, channel and heterojunc-
tion, enabling reconfiguration of the heterojunction under vary-
ing V. Therefore, the gate-tunable built-in electric field (re-
verse bending) facilitates the photocarrier transfer in the opposite
direction.
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2.1. High-Performance Nb,Pd,;Se; Photodetector

Despite its potential for a 1D integrated optoelectronic device,*!!
there is a lack of reports on the electrical properties of Nb,Pd,Seq
at temperatures below 77K and the response speed of Nb,Pd, Se,
photodetectors. Therefore, we first present the study detail-
ing the performance of the Nb,Pd;Se; photodetector and its
temperature-dependent electrical characteristics to provide the
potential of Nb,Pd;Se; for advanced optoelectronic device ap-
plications. Figure 2a displays the transfer characteristics of the
Nb,Pd;Se; field-effect transistor (FET) with temperature de-
pendence ranging from 30 to 300 K. As the temperature de-
creases, there is a gradual reduction in the current level, indica-
tive of semiconductor-like transport behavior. The Nb,Pd, Se; ex-
hibits n-type behavior across various temperatures, with a de-
cline in temperature leading to a decrease in “off’-current lev-
els due to the diminished thermionic injection and suppressed
trap-assisted transport.[*) The photocurrent response of the
Nb,Pd, Seg-based photodetector under various laser exposures is
depicted in Figure 2b. The photocurrent I, is determined as I,
= Dign — lgano Where Iy, and Iy, denote the drain-source cur-
rent (Ipg) with and without light illumination, respectively. The
Nb,Pd,Seg photodetector exhibits a wide range of photodetec-
tion (375-1062 nm) due to its narrow bandgap. When Vg =1V,
the release of photocarriers under 375 nm laser illumination ex-
hibits a slower response than that observed in other lasers due to
the photogating effect being dependent on the wavelength of the
laser.[”]

The photocurrent and the responsivity with power density de-
pendence under applied Vs =1V and 642 nm laser wavelength
illumination are demonstrated as shown in Figure 2¢,d. The pho-
tocurrent and power density (P) relationship can be well-fitted us-
ing the formula I;, & P*. An a value of 0.88 is obtained, with & <
1 implying that the device is influenced by the photogating effect,
in which the photo-induced charging and trapping contribute to
the recombination processes.[*’] The responsivity is obtained by
the formula R = I,/ PS where P denotes the light power den-
sity and S is the active area.[*®] The responsivity of the Nb,Pd, Se,
photodetector under 640 nm laser illumination is up to 5.3 A
W-!, corresponding to an incident laser power of 0.3 nW um=2.
To explore the trap-induced trade-off between responsivity and
response speed, we demonstrate the fast photocurrent response
measurement as shown in Figure 2e. The Nb, Pd, Seg-based pho-
todetector achieves a high responsivity whereas ensuring a fast
response speed of 68.8 ps, indicating that Nb, Pd, Se, is desirable
for a broadband photodetector with high performance and fast re-
sponse time. Nb,Pd,Seg-based photodetector demonstrates sig-
nificant potential for miniaturizing optoelectronic devices. Nev-
ertheless, the photovoltaic effect, which enables the switching of
negative and positive photocurrent, is not observed in photode-
tectors that are solely composed of Nb,Pd,Se; nanowires.

2.2. Gate-Tunable Broadband Bi-Directional Photoresponse
Our study substantiates the consistent bi-directional photore-
sponse in Nb,Pd,Se;/WSe, self-powered photodetector (Vpg

= 0 V) by fabricating an additional device with different
WSe, and Nb,Pd,Se, thicknesses and higher performance. The
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Figure 2. Electrical and photoresponse properties of the Nb, Pd; Seg phototransistor. a) Transfer curves with temperature-dependent ranging from 30 to
300 K at Vpg of 2V plotted in a logarithmic scale. b) The photoresponse as a function of time at different laser wavelengths illumination under applied Vg
=1Vand P=1nW um~2. ) The time-dependent photocurrent of the photodetector under 642 nm laser wavelength illumination with different power
intensities at Vg = 1V. d) The top is the power dependence of the measured photocurrent at Vg = 1V and 642 nm illumination with an exponential
fitting between photocurrent and power densities. The bottom is the calculated R with power dependence. e) Fast time-resolved photocurrent response
at Vps = 1V and A = 642 nm, which is read out by an oscilloscope. The rise time 7, = 68.8 ps and decay times 74 = 104 s.

bipolar photoresponse capability of the device shown in Figure 1
is demonstrated in Figure S8 (Supporting Information). The op-
tical image of the new device is shown in Figure 3a, where the
red line indicates the 1D Nb,Pd;Se, and WSe, is denoted by
the green contour part. The scale bar corresponds to 10 um. The
corresponding AFM and KPFM results are detailed in Figure
S9 (Supporting Information), where they demonstrate that the
work function of Nb,Pd,;Se; remains lower than that of WSe,,
thereby maintaining the formation of a type-I junction and uni-
lateral depletion region.*] Figures 3b,c exhibit the photocur-
rent response under varying laser wavelengths (375, 642, 811,
942, and 1062 nm) at V; = —20 and 0 V, respectively, for the
newly constructed device. The results illustrate stable and repro-
ducible broadband photocurrent modulation. The negative and
positive photocurrents are exhibited under varying applied V.
(Vo = —20 V for negative photocurrent and V; = 0 V for pos-
itive photocurrent). The gate-tunable reverse diode rectification
switching, as well as the transfer characteristics, are shown in
Figures S10,S11 (Supporting Information), indicating the gate-
tunable reverse rectification behavior under dark current. The
photocurrent induced by the photovoltaic effect results in a min-
imal dark current of ~4.8 x 107> A at V. = =20 V and 5.2 x

Adv. Mater. 2025, €00011 e00011 (5 of 1)

10715 A at V; = 0 V (Figure S9, Supporting Information), facili-
tating distinct on-off behavior and an on-off current ratio above
10® under illumination at 375 nm (photon energy ~ 3.3 eV). To
further evaluate the device performance, we directly measured
the noise spectral density of the Nb,Pd;Se;/WSe, heterostruc-
ture photodetector under dark conditions at room temperature
and zero bias (Vpg = 0 V). The measured noise spectrum is pre-
sented in Figure S12 (Supporting Information), from which the
specific detectivity (D*) was calculated using the standard expres-
sion: D* = (RV/A)/(V/NPSD), where NPSD ~ 4 x 102 A2 Hz"!
(measured noise power spectral density). The calculated detectiv-
ity is 26.35 X 10'° Jones confirms the operational capability and
functionality of the device.

Corresponding to photocurrent values, the calculated respon-
sivity with laser wavelength dependence at V; = =20 and 0 V
is shown in Figures 3d,e, respectively. The predominant pho-
tocurrent generation occurs at the overlapped heterojunction,
as depicted in Figure S13 (Supporting Information), the pho-
tocurrent mapping. In our devices, the photocurrent genera-
tion mechanism originates primarily from the photovoltaic ef-
fect. The contributions from the Giant bulk piezophotovoltaic ef-
fect and asymmetric Schottky contacts!’>*! cannot be avoided.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Gate-controlled broadband negative and positive photocurrent response of a new Nb,Pd;Seg/ WSe, heterostructure photodetector. a) The
optical image of the new Nb,Pd;Seg/ WSe, device, with the scale bar corresponding to 10 um. b,c) Negative and positive photoresponse under different
laser wavelengths (375, 642, 811, 942, and 1062 nm) illumination at Vps = 0 V and P = 3 nW um~2 with applied Vg = —20 and 0 V, respectively.
d,e) The calculated R with different lasers at fixed P = 3 nW pm~2 corresponds to V = —20 and 0V, respectively. f) Gate-tunable negative and positive
photocurrent switching under illumination at 642 nm with P = 3 nW um~2. g) The rise and decay times for negative (Vg = —20 V) and positive (Vg =
0V) photovoltaic effects. h,i) The schematic of Nb,Pd;Seg/ WSe, band alignments at different Vg < —8 V h) and V > —8 V i) for negative and positive
photoresponse, respectively. The red arrows correspond to the movement direction of electrons, while the blue arrows are the direction of holes.

However, their signals and influences on the overall photocur-
rent generation are significantly lower in comparison to the pho-
tovoltaic effect of heterojunction.['>*’! The active area is there-
fore defined as the 1D overlapped heterojunction region of the
device for responsivity calculation,[?®?°] with the estimated ac-
tive area being ~3 pm.2 The 1D active area enables light con-
finement at deep-subwavelength scales, enhancing hot carrier
accumulation and facilitating efficient high-energy photon col-
lection. Consequently, the device achieves high responsivity of
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up to 232 mA W' and external quantum efficiency (EQE)
of 77% (Figure S14, Supporting Information) under 375 nm
laser wavelength illumination. Furthermore, the results reveal
a gate-tunable spectral response, attributable to variations in
the absorption spectra of the constituent flakes and the gate-
induced modulation of band alignment.[*>!] Exploiting this char-
acteristic may broaden the device application to miniaturized
spectrometers.5®>%! Figure 3f illustrates the gate-manipulable
transition between negative and positive photocurrent under a
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power density of P = 3 nW pm~2 at 642 nm, with the switch-
ing point estimated to be V; = —8 V. The gate bias value is de-
termined by the original band alignment between Nb,Pd,Seq
and WSe, at Vo = 0 V. At V; = —8 V, the band bending ap-
proaches a nearly flat configuration, resulting in a minimal pho-
tocurrent generation. Variations above and below this V, value
trigger an inversion in band bending, thereby reversing the di-
rection of photocarrier transport. The response times for both
negative and positive photocurrents at a wavelength of 642 nm
are depicted in Figure 3g. With photocurrent generation driven
by the photovoltaic effect at Vg = 0V, we achieve rapid response
and decay times for both negative and positive photocurrents,
making the device highly suitable for high-speed broadband im-
age sensors. Additionally, persistent photoconductivity remains
negligible, even under 375 nm laser illumination, as shown in
Figures 3b,c.

To elucidate the operational principles of the device, we il-
lustrate the band alignment for negative and positive photocur-
rent generation mechanisms in Figure 3i, respectively. The V
induces the modulation of the Fermi levels in Nb,Pd,Se; and
WSe,, effectively manipulating the built-in electric field and
thereby directing the drift current under light illumination. Un-
der applied V; < —8 V, the band bending toward Nb,Pd,Ses,
the configuration of an n-type Nb,Pd, Se; and p-type (or n—type)
WSe, heterostructure is formed. Consequently, electrons move
toward Nb,Pd;Se; and the holes transfer in an opposite direction
under light illumination (negative photocurrent in Figure 3b).
For V; > —8 V, WSe, becomes more n-type behavior, this re-
configures the heterostructure gradually to be n-type Nb,Pd, Seg
and n*-type WSe, heterojunction, leading to the band bending
toward WSe,. As a result, electrons migrate toward WSe,, and
direct holes transport oppositely under light illumination (posi-
tive photocurrent in Figure 3c). Additionally, depending on the
wavelength of laser excitation, electron-hole pairs may acquire
sufficient energy to overcome the potential barrier, resulting in
an enhanced photocurrent signall® (the high photocurrent re-
sponse at a laser wavelength of 375 nm at both V; = —20 and
0V in Figures 3b,c). The efficient collection of high-energy pho-
tons (3.3 eV) is facilitated by the confinement of the charge car-
riers within a 1D active area. Photocarriers are concentrated into
deep-subwavelength volumes, thereby enhancing the possibility
of achieving a higher concentration of hot carriers.[**] Addition-
ally, the narrow bandgap Nb,Pd, Seg not only serves as an absorp-
tion layer but also acts as a carrier-selective layer within a unilat-
eral depletion region, resulting in high-performance photovoltaic
devices.["?]

2.3. Linear Power-Dependent Photovoltaic Response

The laser power-dependent measurement of Nb,Pd;Se,/WSe,
1D heterojunction was investigated to further elucidate its pho-
tovoltaic characteristics. Figure 4a,b illustrate the Ig-Vpg curves
at V = —20 and 0V, respectively, with varying light power den-
sity under 375 nm laser wavelength illumination. As the light
power intensifies, the short-circuit current (Isc) correspondingly
escalates, demonstrating both negative and positive I3 modula-
tions in alignment with the observed positive and negative pho-
tocurrent responses in Figure 3b,c. Under illumination at an in-
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tensity of 3.9 nW um=2, an I of —2.6 nA and an open-circuit
voltage (Vo) of 0.3 V are obtained at a gate V; of —20 V. Sim-
ilarly, at V; = 0V, the device exhibited an Iy = —2.67 nA and
a Voo = —0.41 V. The correlation between photocurrent and
power density for both V; is illustrated through fitted curves us-
ing the formula I, ~ P* as shown in Figure 4c. The extracted
a is close to 1, confirming the linear relationship of I, and
incident P.

Figures 4d,e show the power-dependent output characteris-
tics of the device under illumination at 642 nm when V, =
—20 V (d) and 0 V (e) were applied. At V; = 0V, a large V.
of up to 0.63 V is achieved under P = 15 nW um~2. The V.
at Vo = —20 V is notably lower than at V; = 0V, this out-
come differs markedly from the results under 375 nm illumi-
nation. This variation is attributed to the lower photon energy
of 642 nm (~1.94 eV) laser wavelengths, where photocarriers
lack sufficient energy to overcome the barrier. Additionally, at
Ve = 0V, a unilateral depletion region is established, leading
to a high V,.."1 However, at V; = —20 V, gate-tunable band
alignment induces the gradual formation of a type-II heterojunc-
tion at the Nb,Pd;Se; and WSe, interface, resulting in a de-
crease in both V. and I as well. The power-dependent out-
put characteristics at an 811 nm laser wavelength are presented
in Figure S13 (Supporting Information), demonstrating a high
Voc at Vg = 0 V and a significantly lower Vo at Vo = =20V,
mirroring the trends observed under 642 nm illumination. No-
tably, at V, = —20 V, the device exhibits a significantly higher
Voc and I under 375 nm illumination in comparison to the
performance at 642 and 811 nm laser wavelengths. These find-
ings suggest that our device architecture is conducive to efficient
high-energy photon collection.!**] The linearity of I;, on Pis con-
firmed for 642 nm laser wavelengths, as shown in Figure 4f,
the photocurrent with power dependence. The photocurrent ex-
hibits a linear increase with P in which a ~ 1. Additionally,
within the defined variations of wavelengths and gate bias (V
can range from —20 to 0 V), the photocurrent displays a lin-
ear dependency on illumination intensity. The linear dependence
on P is essential for convolutional processing, facilitating accu-
rate analog multiplication between P and a programmed value
of R

We display the gate-dependent photoresponsivity for different
laser wavelengths 642, 375, and 811 nm as shown in Figure 4g—i,
respectively, to denote the programming voltage (Vp). The dif-
ference in the influences of laser wavelengths on negative and
positive weight is attributable to the distinct absorption spectra
of Nb,Pd,Se; and WSe, coupled with variations in photon en-
ergy (Figures 3h,i the mechanism schematic). These factors are
instrumental in modulating the modulation of I, and the open-
circuit voltage (V,.) (Figures 4a—f; S15, Supporting Information).
Additionally, the reproducibility of gate-tunable bipolar photore-
sponse in MoSe, and MoS, is also demonstrated in Figures
S16-S20 (Supporting Information). Need to note that Nb,Pd, Seg
exhibits a well-suited band alignment with various TMDs, par-
ticularly MoSe, (Figure S20, Supporting Information), enabling
negative and positive photocurrent switching. The Nb,Pd,Se,
/MoSe, heterostructure demonstrates an optimal balance of neg-
ative and positive photocurrents, with a switching gate voltage
close to 0 V, making it desirable for high-performance in-sensor
imaging.
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Figure 4. Photovoltaic response of Nb,Pd;Seg/ WSe, 1D vdW photodetector. a,b) The output curve of Nb,Pd;Seg/ WSe, photodetector with different
power densities under illumination at 375 nm, a) V5 = —20V, b) Vi = 0 V. c) The dependence of the extracted I, from Is¢ for different gate voltages
under 375 nm laser wavelength illumination with linear fitting curve. d,e) The power-dependent output characteristics of the devices under 642 nm
illumination with applied Vi = —20 and 0V, respectively. f) I, with power-dependent under illumination at 642 nm. Linear power dependence is crucial
for accurately depicting pixel grayscale levels through variations in light power densities. g-i) The calculated R for g) 375 nm, (h) 642 nm, ma which is
used for convolutional kernel demonstration, and i) 811 nm laser wavelengths with V in the range from —40 to 40 V.

2.4. In-Sensor Image Processing with 1D vdW Heterostructure

Figure 5a schematically depicts the operational mechanism of
in-sensor image processing utilizing a gate-tunable photovoltaic
heterostructure photodetector. For demonstration purposes, a
top 3 X 3 matrix corresponding to optical input and a central 3 x
3 filter kernel are programmed to extract features from the object
for processing purposes. The individual pixel device in the con-
volutional kernel is fabricated by utilizing the gate-tunable neg-
ative and positive photoresponse in a 1D-Nb,Pd;Se;/2D-WSe,
self-powered photodetector (Vs = 0 V). For optimal photocarrier
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collection and accurate estimation of the effective light absorp-
tion area, it is recommended that the contact electrodes of the
heterojunction device penetrate through the material and be posi-
tioned as close as possible to the 1D vdW junction. The input sig-
nals related to the incident laser power P, , where P, = Px A. The
output photocurrent is achieved by I; = 3 R; X P; where the to-
tal current is derived by a cross-bar array (Figure S21, Supporting
Information), leveraging Kirchhoff’s law for its computation.*#!
The targeted output can be achieved by electrostatically mod-
ulating photoresponsivity, where specific photoresponsivity val-
ues correspond to negative and positive values required for the
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Figure 5. The simulation of Nb,Pd;Seg/ WSe, 1D vdW heterostructure for in-sensor image processing. a) Schematic of in-sensor image processing
with the kernel pixels utilizes the gate-tunable negative and positive photocurrent switching in Nb,Pd;Seg/ WSe, heterostructure device. The incident
illumination serves as the input signals while photocurrent output is gate-tunable negative and positive weights. As a result, the R of each kernel can
be dynamically modulated via V;, facilitating the adaptation to diverse filter kernel functionalities. b) The 8-bit grayscale original image is derived from
the analog conversion of laser intensity, with the inset 3 x 3 patch demonstrating the correlation between grayscale contrast and the resultant incident
power. c) Simulation of the hardware for different image processing results using achieved R results (including vertical Sobel, horizontal Sobel, combined
Sobel, sharpen, and Gaussian blur) with in-sensor computing (top) and simulation (bottom).

implementation of in-sensor optoelectronic computing. By ap-
plying the local V to each 1D vdW heterostructure device, it is
feasible to obtain both negative and positive values of R;;. This ap-
proach enables the creation of a reconfigurable in-sensor system
capable of simultaneously capturing and processing image data.
Consequently, the weights essential for the convolutional process
are encoded within the matrix of gate voltages.

To validate this concept, we demonstrate the in-sensor image
processing simulation using the achieved results from a 642 nm
laser wavelength (visible light). We have used a single device’s
result to perform each pixel within a 3 x 3 kernel for the sim-
ulation process. Utilizing the linearity of power-dependent, the
contrast of each image pixel, set to 255 out of 255, is converted to
the corresponding input signal P, with power ranging from 0.45
to 45 nW. Figure 5b displays the grayscale representation of the
original image, featuring a resolution of 256 x 256 pixels with an
8-bit depth, sourced from the USC-SIPI image database.>*! The
inset 3 X 3 top patch shows the greyscale contrast linearly reflects
the corresponding optical input signals of P, (bottom). Figure 5c
shows the in-sensor processing results using the achieved R in
our device (Figure 4h) for pixel manipulation within the kernels.
This simulation includes various filter kernels, including verti-
cal Sobel, horizontal Sobel, a combination of both vertical and
horizontal Sobel, image sharpening, and Gaussian blurring fil-
ters. The application of the 3 X 3 matrix of Vj; is designed to ob-
tain the appropriate 3 X 3 responsivity matrices, and the simula-
tion results using the standard kernels are depicted in Figure S22
(Supporting Information). The simulated hardware result vividly
demonstrates edge feature extraction, image sharpening, and im-
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age blurring, closely matching the simulation using the standard
kernels. These findings reveal the effectiveness of our 1D vdW
heterostructure photosensor for in-sensor image processing.

3. Conclusion

We have demonstrated the gate-tunable broadband bipolar pho-
toresponse in 1D vdW heterojunction via utilizing the novel 1D
Nb,Pd,Se;/2D TMDs heterostructure for in-sensor image pro-
cessing. The 1D Nb,Pd,Seg has been successfully synthesized,
showing its application in a photodetector with impressive per-
formance: a high R up to 5.3 A W~!, a fast response speed of
68.8 us, and a detectivity of 6.35 x 10'* Jones. This highlights
the potential of our Nb,Pd;Se, for advanced optoelectronic de-
vice applications. Additionally, Nb,Pd,Se; exhibits impressive
optical properties, a suitable Fermi energy, and optimal band
alignment with various 2D-TMDs (WSe,, MoSe,, and MoS,), en-
abling gate-tunable negative and positive photocurrent switching
in 1D/2D heterostructures. The self-powered photodetector has
been achieved by integrating Nb,Pd;Se; with 2D-TMDs, estab-
lishing a type-I junction and a unilateral depletion region. The
active area has been confined to a 1D scale, concurrently address-
ing the high performance, including fast response speed and
broadband photodetection (UV to NIR). The 1D active area en-
ables deep-subwavelength light confinement, enhancing hot car-
rier accumulation and facilitating the efficient collection of high-
energy photons, thereby increasing the sensitivity under 375 nm
laser illumination. The tuning of band alignment controlled by
the gate voltage results in the modulation between n-p and n-n*
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heterojunction configurations. This strategic adjustment enables
us to precisely tune the direction of the generated photocurrent,
facilitating the transition between negative and positive photocur-
rent weight for in-sensor image processing demonstration. Our
study also reveals the gate-tunable spectral response facilitated by
adjustable band alignment in our 1D vdW heterojunction. The re-
sults demonstrate the versatility of our 1D vdW architecture for a
wide range of applications, including machine vision, miniatur-
ized spectrometers, and artificial intelligence.

4. Experimental Section

Synthesis of Bulk Nb,Pd;Seg Crystal: First, single crystals of
Nb,Pd;Seg were synthesized via the CVT method, and iodine was
used as a transport agent. A stoichiometric blend of Nb, Pd, and Se
powders underwent heat treatment within the temperature range of
500-700 °C to attain a pure phase of Nb,Pd;Seg powder, serving as a
precursor for the subsequent CVT reaction. Then, Nb,Pd;Seg powder
was loaded into a 12 cm-long quartz ampoule alongside iodine and
subjected to heating at 700 °C for 7 days within a horizontal tube furnace.
Post-reaction, elongated needle-like crystals were deposited on the cold
end of the quartz ampoule, where a temperature gradient of 80 °C was
established.l*]

Mechanical Exfoliation of Nb,Pd;Seg: The Nb,Pd;Seg crystal was
placed on wafer dicing tape (BT150E-KL, Nitto) and laminated 5-6 times to
facilitate exfoliation. A SiO, /Si substrate was cleaned by ultrasonication in
acetone for 3 min, followed by drying at 110 °C for 10 min to remove resid-
ual moisture. The polymer tape was then firmly adhered to the substrate
using a finger for a few seconds to ensure uniform contact. After that, the
tape was slowly peeled off, transferring Nb,Pd;Seg nanowires onto the
substrate. The AFM analysis confirmed that most structures maintain a
linear morphology (Figure S2, Supporting Information).

Device Fabrication: The obtained Nb,Pd;Seg bulks were mechani-
cally exfoliated on 300 nm thick SiO,/Si substrates. The few-layer TMDs
(WSe,, MoSe,, MoS,) (2D Semiconductors) were exfoliated onto the poly-
dimethylsiloxane and then transferred onto the Nb,Pd;Seg flakes via the
dry transfer system under an optical microscope-assisted alignment. Fi-
nally, the designated electrical electrodes were patterned using electron-
beam lithography, and Cr/Au (5/100 nm) metal contacts were deposited
via thermal deposition.

Characterization of the Sample (XRD, AFM, KPFM, STEM, Electrical Mea-
surement, Photocurrent Measurement, And Noise Spectral Measurement):
X-ray diffraction (XRD, D8 Advance, Bruker) was performed using Cu K,
radiation (4 = 0.154 nm) at a scanning rate of 5 ° min~'. The Raman spec-
tra were conducted using a commercial NT-MDT instrument equipped
with a 532 nm laser. AFM, C-AFM, and KPFM topographical imaging were
performed with a Park Systems NX 10. The SEM result was acquired us-
ing a JEOL JSM-6510. Cross-section STEM imaging and EDS mappings
were achieved with a JEM-ARM300CF from JEOL, Japan. The electrical
characteristics and the photocurrent measurement of the fabricated de-
vices were evaluated employing an SMU Keysight/B1500A system along-
side laser sources at wavelengths of 375, 642, 811, 942, and 1062 nm
provided by RGB Lambda, featuring a beam diameter of ~1 mm. The
photocurrent and electrical measurements were performed under ambi-
ent conditions. Measurements of power density were undertaken with a
PD300-BB silicon detector coupled to a Nova Il Power Meter, using a
20 um pinhole. The temperature-dependent transfer characteristics of the
Nb,Pd;Seg FET were investigated using a Lakeshore cryogenic probe sta-
tion, with signal detection facilitated by a Keithley 4200-SCS parameter
analyzer. The response time of the device was determined using an SR570
pre-amplifier, with data capture conducted via a DSO-X 2002A oscilloscope
from Agilent Technologies. Noise current was measured using a DC volt-
age source, a low-noise current preamplifier (SR570, Stanford Research
Systems) to amplify the current signal, and a data acquisition system (NI
DAQ-4431) to digitize and record the data (see Figure S23, Supporting
Information).
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