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Transition-metal-doped WSe2
homojunctions for multifunctional logic
and optoelectronic devices
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Control of carrier polarity in two-dimensional van derWaals semiconductors is essential for integrated
electronic and optoelectronic systems. Here, we demonstrate that substitutional vanadium doping
enables robust p-typemodulation inmultilayerWSe2withpronounced thickness-dependent transport
behavior. The transfer curve of V-doped transistor reveals that increasing vanadium concentration
progressively enhances hole-dominant transport, in contrast to pristine WSe2, which evolves toward
ambipolar and n-type conduction with increasing thickness. Leveraging this thickness-engineered of
WSe2/V-WSe2 platform, we demonstrate three distinct device architectures: (i) Complementary logic
inverters, (ii) flexible photovoltaic devices, and (iii) gate-programmable in-sensor imaging devices.
Flexible photovoltaic homojunctions exhibit a fast response time of 1.36 µs, broadband
photodetection spanning the ultraviolet to near-infrared, and a high external quantum efficiency of up
to 51.3%, while maintaining stable performance under mechanical deformation. Separately,
complementary inverter devices demonstrate reliable logic functionality, whereas gate-tunable
homojunctions reversibly switch between negative and positive photocurrent through gate-
modulated band alignment, enabling programmable in-sensor image processing. Our results
establish vanadium doping as an effective strategy for carrier polarity control and for high-
performance WSe2/V-WSe2-based homojunction electronic and optoelectronic devices.

Two-dimensional (2D)materials have emerged as promising candidates for
advanced electronic and optoelectronic device applications owing to their
atomically thin body geometry, strong light-matter interaction, and highly
tunable electronic structures1–5. In addition, the absence of dangling bonds
further enables the formation of high-quality van der Waals (vdWs)
interfaces, allowing precise band alignment in both heterostructures and
homojunctions6. Among 2D materials, transition-metal dichalcogenides
(TMDs) exhibit pronounced thickness-dependent electronic and optical
properties, providing a versatile platform for diverse optoelectronic
functionalities7–11. While monolayer TMDs possess direct band gaps

suitable for light emission12, their limited optical absorption (~ 10%)13,14, and
enhanced surface scattering restrict performance in applications such as
photodetectors and photovoltaic devices, where multilayer configurations
are more favorable4,7. In contrast, multilayer TMDs provide enhanced
absorption7, higher current-carrying capacity4,15, and improved stability4,16,
offering a practical pathway toward scalable optoelectronic devices. Recent
studies have shown that multilayer TMDs provide a robust platform for
high-performance photodetectors, achieving ultrafast response17, broad-
band spectral sensitivity18,19, and mechanical robustness through vertical
carrier transport15,20, engineered homojunctions21,22, and asymmetric
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contact designs5,15,23. Beyond high-speed photodetection, gate-
programmable WSe2 architectures further enable in-sensor imaging by
allowing dynamic control of photoresponse polarity and responsivity at the
pixel level10,23. Additionally, owing to its flexibility, Zou et al. reported
multilayer WSe2 photodetectors exhibiting ultrahigh responsivity and
excellent mechanical stability under extreme thermal conditions16, while
Hong et al. demonstrated a vertical multilayer WSe2 photodetector with
silicon-competitive response speed and high responsivity by leveraging
enhanced optical absorption and efficient vertical carrier transport4. How-
ever, device performance remains constrained by factors such as limited
internal quantum efficiency arising from strong exciton binding energy24–26,
immature doping control7, and defect-induced carrier trapping27, high-
lighting the need for coordinated optimization of thickness engineering and
doping strategies to enhance built-in electric fields and enable efficient
photocarrier extraction in 2D optoelectronic devices.

Controllable carrier polarity is a key requirement for complementary
logic circuits and efficient optoelectronic devices based on 2D semi-
conductors. Among various doping strategies, substitutional doping pro-
vides a robust, thermodynamically stable route to modulate the carrier
polarity of 2DTMDsby replacing hostmetal atomswith aliovalent dopants,
thereby enabling precise control over the Fermi-level position and transport
characteristics28–30.Dopantswith fewer valence electrons than thehostmetal
(e.g., V or Nb substituting forW orMo) act as acceptors and induce p-type
behavior30–32, whereas dopants with excess valence electrons (e.g., Re)
introduce donor states, leading to n-type conduction30,33. Consequently,
substitutional doping provides an effective strategy for complementary
device integration in 2D semiconductors. Vanadium has emerged as an
effective substitutional dopant in 2D-TMDmaterials owing to its favorable
electronic configurationandchemical compatibilitywith thehost lattice34–37.
With one fewer valence electron than group-VI transition metals and a
comparable covalent radius, vanadium can readily substitute metal lattice
sites and act as an efficient acceptor dopant, enabling p-type transistor
operation, tunable electronic and optical properties34,38, and the emergence
of dopant-inducedmagnetic behavior inWSe2

39–42. To date,most studies on
V-doped TMDs have focused on monolayer-based devices, where vana-
dium incorporation has been optimized to control carrier polarity35,43,44,
band structure34, and induce device functionalities29,45,46. In addition, V
doping in monolayer WS2 and MoS2 enables continuous modulation of
carrier polarity and enhances electrical conductivity for complementary
logic applications30,44. However, the focus on monolayers has limited the
exploration of V-doped multilayer and bulk TMDs, whose optoelectronic
potential remains largely unexploited despite their advantages in optical
absorption, carrier transport, and environmental stability. For practical
photodetectors and photovoltaic devices, multilayer TMDs are inherently
more suitable, as efficient light harvesting and robust carrier collection are
essential for high-performance operation7. Extending vanadium doping
strategies to multilayer TMDs is therefore essential, as it enables thickness-
tolerant p-type modulation, reliable p-n homojunction formation, and the
establishment of built-in electric fields necessary for efficient photocarrier
separation. Such controlled vanadium doping in multilayer TMDs opens a
viable pathway toward high-performance device functionalities that surpass
the intrinsic limitations of monolayer-based devices.

In this study, we demonstrate thickness-dependent p-type WSe2
enabled by substitutional vanadium doping and investigate its imple-
mentation for integrated optoelectronic device applications. V-dopedWSe2
crystals with controllable V atomic incorporation are realized across a wide
range of multilayer thicknesses. In WSe2, vanadium doping provides a
robust and thickness-dependent route to p-type behavior, while pristine
regions naturally evolve toward n-type or ambipolar transport, allowing
deterministic p–n junction formation without changing the host crystal9,39.
ExploringWSe2 homojunctions by integrating pristine and V-dopedWSe2
within a single material platform is essential for advancing multifunctional
two-dimensional electronics and optoelectronics. By leveraging this well-
defined electrical modulation, we constructed pristine WSe2/ V-doped
WSe2 homojunctions and demonstrated three representative device

configurations to achieve different functionalities. First, lateral homojunc-
tion architectures are implemented as logic inverters, demonstrating com-
plementary logic operations enabled by controlled carrier polarity. Second,
homojunctions with identical thicknesses are configured as flexible photo-
voltaic devices, in which the built-in electric field facilitates efficient pho-
tocarrier separation and collection. Kelvin probe forcemicroscopy (KPFM)
directly visualizes the built-in electric potential at the homojunction inter-
face, confirming effective p-n junction formation, while the devices exhibit
fast photoresponse, broadband spectral sensitivity, and high external
quantum efficiency. Third, gate-tunable homojunction devices are engi-
neered to reversibly switch between negative and positive Iph responses via
gate-modulated band alignment, enabling programmable in-sensor image
processing. Together, these device configurations highlight the versatility of
V-doped WSe2 homojunctions for diverse electronic and optoelectronic
applications.

Results and discussion
Pristine and V-doped WSe2 growth and characterization
The pristine and V-doped WSe2 single crystals were synthesized by a two-
step chemical vapor transport (CVT) strategy, in which a controlled tem-
perature gradient drives material transport from the hot zone to the cold
zone. I2 was employed as the transport agent, enabling efficient vapor-phase
transport of bothW and V species without the need for salt treatment. The
salt-free approach yields high-quality single crystals, as illustrated in Fig. 1a
and described in the Method section. The V concentration corresponds to
the nominal V: W precursor ratio used prior to growth, with the formula
VxW1-xSe2. The X-ray diffractionmeasurements reveal a systematic shift of
the (002) peak toward higher angles with increasing V concentration
accompanied by a monotonic reduction in the interlayer spacing d, indi-
cating lattice contraction along the c-axis due to substitutional V incor-
poration (Fig. 1b). This contraction is attributed to enhanced interlayer
interactions arising from free holes introduced by V dopants, which
strengthen electron–electron interactions in substitutionallyV-dopedWSe2
in the absence ofV intercalation. Raman spectroscopy further confirms that
the overall lattice symmetry ofWSe2 is preserveduponVdoping (Fig. 1c), as
evidencedby the retentionof the characteristicA1g and2LA(M)modeswith
minor spectral changes across different V concentrations, as detailed in
Supplementary Fig. 1. X-ray photoelectron spectroscopy was also used to
provide direct chemical evidence for successful V substitution, with clear Se
3 d andW4 f core-level features retained and the emergence of V 2p signals
in doped samples, without signatures of secondary phases or metallic V
clusters (Fig. 1d).

The atomic structure of the exfoliated V-dopedWSe2 monolayer was
investigated by annular dark-field scanning transmission electron micro-
scopy (ADF-STEM) (Fig. 1e). The atomic-resolution image reveals isolated
V atoms substituting for W lattice sites, as evidenced by low-intensity
contrast (green) at positions normally occupied byW atoms. Atomic-scale
analysis was performed at five different regions to quantify the relative
densities of vacancies and substitutional V atoms at W sites, as shown in
Supplementary Fig. 2. Furthermore, the corresponding line-profile analysis
shows good agreement with simulated ADF contrast, providing direct
confirmation of substitutional V doping at the atomic scale.

Evolution in electrical transport of thickness-engineeredPristine
and V-doped WSe2 transistors
The electrical transport properties of pristine and V-doped WSe2 were
systematically investigated using back-gated field-effect transistor (FET)
devices to elucidate the effects of thickness and vanadium concentration on
carrier polarity. Figure 2 illustrates the evolution of electrical transport in
pristine and V-dopedWSe2 as a function of thickness and V concentration.
The corresponding optical micrograph and atomic force microscopy
(AFM) images of the FET devices are shown in Supplementary Figs. 3–8.
The transfer-curve measurements were carried out at a fixed drain-source
bias (VDS) of 3 V. The transfer characteristics measured at a lower VDS of
1 V, as shown in Supplementary Fig. 9, exhibit behavior consistent with
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those obtained at VDS = 3V. As shown in Fig. 2a, pristine WSe2 devices
exhibit a clear thickness dependence on their transfer characteristics.
Thinner pristineWSe2 flakes exhibit more predominantly p-type transport.
As thickness increases, ambipolar behavior gradually emerges, followed by
increasingly dominant electron conduction in thicker flakes. The thickness-
dependent evolution of carrier polarity originates from intrinsic changes in
the electronic structure of WSe2, including bandgap narrowing and
thickness-dependent shifts of the band edges, whichmodify their alignment
relative to the Fermi level. In addition, donor-like selenium vacancy states
become increasingly effective in thicker layers, shifting the Fermi level
toward the conduction band and driving n-type transport. In contrast,
V-doped WSe2 exhibits a transition toward hole-dominated transport. At
relatively low V-doped concentrations (0.3% and 0.5%; Fig. 2b, c), ambi-
polar behavior is markedly suppressed over the entire thickness range,
accompanied by a positive shift in threshold voltage, confirming effective
p-typemodulation.At higherVconcentration (1–5%; Fig. 2d–f), the devices
exhibit a pronounced p-type behavior, with the electron conduction branch
eliminated. Notably, in V-doped WSe2, increasing thickness enhances the
hole density, thereby reinforcing hole-dominated transport rather than
promoting ambipolar behavior. These results demonstrate that the p-type
transport characteristics of V-doped WSe2 are jointly governed by vana-
dium concentration and layer thickness. Increased flake thickness enhances
dopant incorporation efficiency and substitution probability, leading to a
higher effectiveV concentration in thickerWSe2 layers. However, achieving
a perfectly uniform dopant distribution in multilayer WSe2 remains

challenging. Local variations in vanadium concentration may lead to spa-
tially nonuniform electrical characteristics. For ultrathin flakes < 5 nm,
Fig. 2a–c, V-doped WSe2 exhibits electrical behavior nearly similar to
pristine WSe2, indicating that the dopant concentration is below the
threshold required to significantly influence carrier transport or that a
portion of the dopants remains electrically inactive. In thick flakes, with
certain flakes exhibiting stronger p-type behavior than others, this effect is
evident in Fig. 2f, where devices fabricated with 16- and 21-nm thick
samples exhibit nearly identical conductivities, whereas a thicker flake of
26 nm shows a markedly different conductivity.

To quantitatively evaluate the electrical performance of V-doped
WSe2, we systematically extracted the field-effect mobility (μFE), threshold
voltage (Vth), and on/off current ratio across a wide range of flake thick-
nesses and vanadium concentrations, as summarized in Supplementary
Fig. 10. The results reveal a clear doping-dependent transport behavior.
Pristine WSe2 exhibits relatively low mobility (< 2 cm2V−1 s−1) and strong
thickness dependence, while moderate V doping (0.5–1%) significantly
enhances carrier transport, yielding peakmobilities of ~10 cm² V−1 s−1 with
minimal thickness sensitivity. Concurrently, the on/off ratio improves at
low-to-moderate doping (up to ~107–108) but degrades at higher doping
concentrations (≥ 3%) due to increased off-state leakage and reduced gate
modulation. The threshold voltage systematically shifts toward more
positive values with increasingV concentration, confirming effective p-type
doping via substitutional vanadium incorporation. At higher doping levels,
the devices approach degenerate behavior, resulting in diminished

Fig. 1 | Structural characterization of pristine and V-doped WSe2 single crystal.
a Schematic illustration of the two-zone chemical vapor transport (CVT) growth
process used to synthesize pristine and V-dopedWSe2 single crystals. b Evolution of
the (002) X-ray diffraction peak position and the corresponding interlayer spacing
(d) as a function of vanadium doping concentration, indicating lattice contraction
along the c-axis upon V incorporation. c Raman spectra of pristine and V-doped
WSe2, showing the characteristic A1g and 2LA(M) modes with minor shifts upon

doping, confirming preservation of the crystal structure. d X-ray photoelectron
spectroscopy (XPS) spectra of the Se 3 d, W 4 f, and V 2p core levels for pristine and
1% V-doped WSe₂, evidencing successful substitutional V incorporation without
secondary phases. e Atomic-resolution annular dark-field scanning transmission
electron microscopy (ADF-STEM) image of V-doped WSe2, together with the
corresponding line-profile analysis, confirming substitutional vanadium atoms at
tungsten lattice sites.
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switching characteristics and less well-defined threshold voltages. These
combined trends identify an optimal doping window (~ 0.5–1%), where
enhanced mobility, high on/off ratio, and stable threshold behavior are
simultaneously achieved, highlighting the robustness and tunability of
V-doped WSe2 for electronic and optoelectronic applications.

Homojunction-based CMOS-like inverter using pristine and
V-doped WSe2 transistors
To evaluate the potential of V-doped WSe2 for integrated logic appli-
cations, we constructed a complementary metal-oxide-semiconductor
(CMOS) inverter by integrating a p-type V-doped WSe2 (p-FET) and an
n-type pristine WSe2 FET (n-FET) on the same substrate. As illustrated
in the schematic and circuit diagram in Fig. 3a, the 0.5% V-doped serves
as the p-FET, while the pristine WSe2 acts as the n-FET. The transfer
curves of the individual pristine and V-dopedWSe2 devices are shown in
Supplementary Fig. 11. Both FETs share a common Si/SiO2 back-gate,
which serves as the input voltage terminal (Vin), with the drain supply
voltage (Vdd) applied to the p-FET source, and the source of the n-FET is
grounded (GND). The voltage transfer characteristics of the inverter are
shown in Fig. 3b for various Vdd from 1 V to 5 V. The device exhibits
clear logic inversion, with full output-voltage swing across the entire Vdd

range, confirming effective complementary operation enabled by the
controlled carrier polarity of pristine and V-doped WSe2. The well-
defined transition regions indicate a robust switching behavior and
minimal noise margin. As shown in Fig. 3c, the voltage gain (dVin/dVout)
increases with the Vdd, with the switching threshold shifting slightly as a
function of Vdd. The sharp peaks in the gain profiles confirm high sen-
sitivity in the transition region, which is essential for maintaining signal
integrity in complementary logic circuits. Furthermore, we analyzed
CMOS power consumption in Fig. 3d. The peak power consumption
scales from approximately 18 nW atVdd = 1 V to roughly 35 nW atVdd =
5 V. These results establish V doping as a powerful strategy for realizing

high-performance, low-power homojunction-based electronic devices
and logic gates using two-dimensional (2D) semiconductors.

Flexible vdWs pristine/V-doped WSe2 p–n homojunction
Two-dimensional materials have emerged as promising platforms for
flexible optoelectronic devices. To further investigate the potential of
V-doped WSe2 for flexible photovoltaic applications, we fabricated flexible
photovoltaic devices based on pristine and V-doped WSe2 homojunctions
with an intentionally selected layer thickness. To isolate the effect of
vanadium-induced band modulation from thickness-related electrostatic
variations, the pristine andV-dopedWSe2 regionswere deliberately selected
to have identical thicknesses47,48.

Figure 4a, b shows the optical microphotograph and schematic illus-
tration of the pristine/0.5%V-dopedWSe2 homojunction device fabricated
on a flexible mica substrate (see Methods). The device was secured with
adhesive tape to facilitate controlled bending during electrical and optoe-
lectronic measurements. AFM image (Fig. 4c) confirms that both the
pristine-WSe2 and 0.5%V-dopedWSe2 possess nearly identical thicknesses
of approximately 10 nm. At this thickness, pristine WSe2 exhibits electron-
dominant transport, whileV-dopedWSe2 displays hole-dominant behavior
at gate voltage (VG) of 0 V, thereby enabling the formation of a p-n
homojunction. This thickness regime also ensures strong optical absorption
exceeding 50% with minimal reflection, thereby favoring efficient photo-
voltaic operation49. The cross-sectional scanning transmission electron
microscopy (STEM) of the device is shown in Supplementary Fig. 12,
indicating vdWs interface between the 0.5% V-doped WSe2 and pristine
WSe2. To directly probe the formation of a built-in potential at the 0.5%
V-doped / pristine WSe2 interface, KPFM measurements were performed,
as shown in Fig. 4d. The work-function (WF) difference between pristine
WSe2 and 0.5%V-dopedWSe2 can be estimated from themeasured contact
potential difference (CPD) using the relation: ϕSample = ϕTip−ΔCPD, where
ϕSample and ϕTip are theWF of the sample andWF of the tip, respectively50.

Fig. 2 | Thickness-dependent transfer characteristics of pristine and V-doped
WSe2. aTransfer characteristics of pristineWSe2field-effect transistors with varying
thicknesses, showing a gradual evolution from p-type to ambipolar and increasingly
n-type transport as the thickness increases. b–f Transfer characteristics of V-doped
WSe2 devices with vanadium concentrations of 0.3%, 0.5%, 1%, 3%, and 5%,

respectively, measured at different thicknesses. In contrast to pristine WSe2,
V-doped WSe₂ exhibits suppressed ambipolar behavior and increasingly dominant
p-type transport with higher vanadium concentrations. Notably, hole-dominated
transport is further strengthened with increasing layer thickness, highlighting the
thickness-tolerant nature of substitutional vanadium doping.
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According to this relation, a lower measured surface potential corresponds
to a higher sample WF. As shown in Fig. 4e and Supplementary Fig. 13,
before contact, the CPDof the 0.5%V-dopedWSe2 region is approximately
0.38 eV lower than that of pristine WSe2. This indicates that V doping
increases the WF of WSe2 and shifts its Fermi level downward toward the
valence band, consistent with enhanced p-type behavior.When the pristine
and V-doped regions are brought into contact, charge redistribution occurs
across the interface until the Fermi levels become aligned. This equilibration
results in band bending and establishes a built-in electric field at the
homojunction interface. To further verify the formation of a built-in
potential in the WSe2 homojunction, spatially resolved Iph mapping mea-
surements were performed atVDS = 0V, as shown in Fig. 4f. The excitation
laser was focused on a spot size of approximately 1 μm. The resulting Iph is
predominantly localized at the 0.5%V-doped/ pristineWSe2 overlap region,
indicating that the built-in electric field at the homojunction efficiently
drives photocarrier separation via a photovoltaic mechanism.

Broadband photovoltaic response of pristine/V-doped WSe2
vdWs p-n homojunctions
The power- and wavelength-dependent measurements were conducted to
further elucidate the photoresponse characteristics of the flexible WSe2
homojunction photovoltaic device. Figure 5a presents the output char-
acteristics under 458 nm laser illumination, with incident power densities
ranging from0.22 to 2.69 nW μm−2. The output characteristics of the device
measured under 375 and 811 nm laser illumination are shown in Supple-
mentary Fig. 14. Both the drain current and short-circuit current (ISC)
increase monotonically with increasing illumination intensity, reflecting
efficient photogeneration, carrier separation, and transport of electron-hole
pairs across the homojunction. To quantitatively analyze the photo-
response, the Iph atVDS = 0 Vwas extracted. The Iph is defined as Iph = ISC−
Idark, where ISC and Idark indicate the drain current under illuminated and
dark conditions, respectively. As shown in Fig. 5b, the Iph exhibits a near-
linear dependence on incident powerdensity, following the relation Iph≈ Pα,
with α ≈ 1.02. The linear scaling indicates that the Iph generation is domi-
nated by a photovoltaic mechanism rather than photoconductive gain.
Notably, the device achieves a photocurrent-to-dark-current ratio exceed-
ing 1 × 105 at zero bias, demonstrating a high signal-to-noise ratio and

efficient junction-assisted carrier separation. Additional 0.5% V-doped/
pristine WSe2 homojunction devices are shown in Supplementary Fig. 15
and exhibit performance comparable to that of the representative device
shown in the main text, thereby confirming the reproducibility of the fab-
rication process and device characteristics.

The mechanical robustness of the device is evaluated under bending
conditions, as shown in Fig. 5c, which presents the output characteristics of
the flexible 0.5% V-doped/ pristine WSe2 homojunction measured in the
dark and under illumination. The photovoltaic performance remains nearly
unchanged after bending, indicating that both the built-in electric field and
the interfacial band alignment of the vdWs homojunction are preserved
under mechanical deformation. Time-resolved Iph measurements at
VDS = 0 V before and after bending are shown in Supplementary Fig. 16,
indicating the stable switching under repeated light on/off cycles, with
negligible change in Iph amplitude after mechanical deformation. This
mechanical stability is attributed to the ultrathin device architecture, with a
total thickness below100 nm,which enables efficient strain accommodation
and minimizes mechanical stress during bending. Under 458 nm illumi-
nation with an incident power density of 0.88 nW μm−2, the device exhibits
an open-circuit voltage (VOC) of 0.35Vand ISC = 75.8 nA, extracteddirectly
from the illuminated output curve after the mechanical bending. The fill
factor (FF), defined as FF=Vm·Im/VOC·IOC, whereVm and Im correspond to
the voltage and current at the maximum power point, is calculated to be
0.365. The resulting power conversion efficiency (PCE) is determined using
PCE =VOC·IOC·FF/Pin, yielding 1.66%, where Pin denotes the incident
optical power on the active device area.

The device design highlights the intrinsic role of V-induced band
modulation in governing the photovoltaic behavior of WSe2 homojunc-
tions. Figure 5d schematically illustrates the band alignment and photo-
carrier separation mechanism in the 0.5% V-doped/ pristine WSe2
homojunction under illumination. Substitutional V doping shifts the Fermi
level of WSe2 toward the valence band, forming a p-type region adjacent to
pristineWSe2.As revealed byKPFM, a bandoffset of approximately 0.38 eV
is established at the interface (Fig. 4e), generating a built-in electric field
across the homojunction that enables photovoltaic operation without an
external bias. This internal field drives photogenerated electrons toward the
pristine WSe2 side and holes toward the V-doped WSe2 side, facilitating

Fig. 3 | Homojunction-based CMOS-like inverter
using pristine and V-doped WSe2. a Schematic
illustration (top) and equivalent circuit diagram
(bottom) of the complementary metal-oxide-
semiconductor (CMOS) inverter, employing 0.5%
V-doped WSe2 as the p-type field-effect transistor
(p-FET) and pristine WSe₂ as the n-type field-effect
transistor (n-FET). bVoltage transfer characteristics
of the inverter, showing full-swing logic inversion
for Vdd ranging from 1 to 5 V. c Corresponding
voltage gain ( | dVout/dVin | ) extracted from the
transfer characteristics, exhibiting pronounced gain
peaks near the switching threshold. d Power con-
sumption of the inverter during switching as a
function of Vdd (1–5 V).
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efficient photocarrier separation. The broadband spectral photoresponse of
the device is shown in Fig. 5e, which presents time-resolved Iph measure-
ments at different wavelengths. The device exhibits a stable photoresponse
across a wide spectral range, from the ultraviolet (375 nm) to the near-
infrared (1062 nm), demonstrating broadband photodetection capability.
The wavelength-dependent responsivity and external quantum efficiency
(EQE) are extracted (Fig. 5f, g). Responsivity is calculated using R= Iph/P·S,
where S denotes the active area. The EQE is determined from the respon-
sivity according to the formula EQE = R·h·c/ e·λ, where h is Planck’s con-
stant, c is the speedof light, and λ is the incident laserwavelength.Thedevice
achieves a high responsivity of 155.31mAW−1 and a peak EQE of 51.3% at
375 nm, reflecting efficient photocarrier conversion enabled by the homo-
junction. Figure 5h shows the device’s fast photoresponse measured at
458 nm. AtVDS = 0 V, where Iph generation is governed by the photovoltaic
effect, thedevice exhibits a fast rise timeof 1.56 μs andadelay timeof 1.36 μs.
The frequency-dependent Iph response of the device over 1-50 kHz (Sup-
plementary Fig. 17) shows stable, consistent Iph amplitudes across all
measured frequencies. The combination of high responsivity, high EQE,
rapid response speed, and broadband spectral sensitivity highlights the
suitability of V-doped WSe2 for homojunction devices in high-speed,
broadband optoelectronic applications.

Demonstration of in-sensor imagingwith pristine/V-dopedWSe2
homojunction
We further investigate the potential of the pristine/V-doped WSe2 homo-
junction for advanced optoelectronic applications, specifically in-sensor
imaging, by exploiting gate-controlled modulation of band alignment.
Figure 6a, b illustrates the operating concept in which the photoresponse
polarity and magnitude of individual devices can be electrostatically pro-
grammedby theVG. In this architecture, anarrayof devices is organized into
a 3×3matrix, referred to as a convolution kernel, where eachdevice serves as
an independently programmable sensing element (pixel). By applying

appropriate gate biases, the photoresponsivity of each device within the
kernel can be modulated in both magnitude and polarity. The gate-
controlled switching between positive and negative Iph (PPC and NPC)
enables the encoding of signed photoresponsivity values essential for image-
processing functions, which is demonstrated here using a degenerate V-
doped/pristine WSe2 homojunction operating as a single programmable
pixel within a convolution kernel. The electronic asymmetry enables con-
tinuousmodulation of the interfacial band alignment by theVG.At a critical
VG of approximately −27 V, the band bending approaches a quasi-flat
condition, minimizing Iph generation, whileVG applied above or below this
value induce opposite band bending due to the asymmetric gate response of
the degenerate V-doped and pristine WSe2 regions, thereby reversing the
direction of photocarrier separation and enabling reversible switching
between NPC (VG <− 27 V) and PPC (VG >− 27 V).

The optical image of the fabricated 0.5% V-doped/ pristine WSe2
homojunction device is shown in Fig. 6c, with the corresponding AFM
results shown in Supplementary Fig. 18. At a thickness of approximately
52 nm, the 0.5% V-doped multilayer WSe2 exhibits degenerate p-type
behavior, as evidenced by its transfer characteristics (Supplementary
Fig. 19). Figure 6d shows the semilogarithmic output characteristics of the
homojunction measured in the dark at different VG. A continuous reversal
of rectification polarity is observed as VG is swept from −40 to 40 V, indi-
cating gate-controlledmodulation of the interfacial band bending and band
alignment. Under laser illumination, the output characteristics shown in
Fig. 6e reveal a gate-controlled transition between NPC and PPC at
VG =− 27 V. Figure 6f shows the gate-dependent responsivity, extracted
from the Iphmeasured atVDS = 0 V (Supplementary Fig. 20), which defines
the programming voltage. The power-dependent photoresponse of the
device, shown in Supplementary Fig. 21, exhibits a linear dependence on
incident optical power.

To demonstrate in-sensor image processing, simulations were per-
formed using experimentally measured responsivity values from the V-

Fig. 4 | Flexible van derWaals p–n homojunction based on pristine and V-doped
WSe2. aPhotograph and schematic illustration of theflexible 0.5%V-doped/pristine
WSe2 homojunction device fabricated on a mica substrate. b Optical microscopy
image and c atomic force microscopy (AFM) topography of the device. The dashed
outlines mark the pristine WSe2 (blue) and 0.5% V-doped WSe2 (red) regions.
Height profiles extracted along the indicated lines confirm that the pristine and
V-doped WSe₂ regions have comparable thicknesses ( ~ 10 nm). d Kelvin probe

forcemicroscopy (KPFM) surface potential map of the 0.5%V-doped/pristineWSe2
homojunction. e Surface potential profile extracted along the dashed line in (d),
revealing a built-in potential difference of approximately 0.38 eV between the
pristine and V-doped WSe2 regions at identical thickness. f Spatially resolved Iph
mapping measured at VDS = 0 V under 532 nm laser illumination, showing that the
Iph is predominantly localized at the pristine/V-doped WSe2 junction, confirming
the homojunction as the active photoresponse region.
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doped/pristineWSe2 homojunction. Figure 6g, h present an input grayscale
image (256 × 256 pixels and 8-bit depth)51 and the corresponding processed
outputs, respectively. Each pixel intensity (0-255) is linearly mapped to an
incident optical power Pin. A 3 × 3 convolution kernel is implemented by
assigning specific VG to individual devices, defining a corresponding
responsivity matrix Rij. The output Iph is calculated as Ij =∑Rij × Pij fol-
lowing Kirchhoff’s current law in a crossbar configuration. The sign of Rij
arises intrinsically from gate-induced reversal of band bending, which
inverts the direction of photocarrier drift. Using the experimentally mea-
sured responsivity-gate-voltage relationship, standard image-processing
functions, including edge detection and image sharpening, are successfully
implemented, demonstrating simultaneous optical sensing and preproces-
sing at the device level.

Conclusions
In summary,wedemonstrate that substitutionalVdoping is an effective and
thickness-tolerant strategy for achieving p-type modulation in multilayer

WSe2 and for enabling homojunction-based electronic and optoelectronic
devices. Controlled vanadium incorporation via CVT allows the formation
of well-defined homojunctions with pristine WSe2 across a wide thickness
range. Leveraging this capability, we realize three representative device
architectures: flexible photovoltaic devices, complementary CMOS-like
inverters, and gate-tunable homojunction devices for in-sensor imaging.
The flexible photovoltaic devices exhibit broadband photodetection with a
high responsivity of 155.31mAW−1, a peak external quantum efficiency of
51.3%, and fast response times down to 1.56 μs, highlighting efficient
photocarrier separation enabled by the V-induced p–n homojunction. In
parallel, CMOS-like inverters demonstrate reliable complementary logic
operation, while gate-tunable homojunctions enable reversible switching
between positive and negative Iph responses for programmable in-sensor
image processing. These results establish V doping as a robust approach for
carrier polarity control in multilayer WSe2 and underscore its potential for
integrated, multifunctional device architectures based on 2D
semiconductors.

Fig. 5 | Photovoltaic response and broadband photodetection of pristine/V-
doped WSe2 van der Waals p–n homojunctions. a Output characteristics of the
flexible 0.5% V-doped/pristine WSe2 photovoltaic device measured under 458 nm
illumination at different incident power densities. b Short-circuit current (ISC) as a
function of incident optical power density, showing a near-linear dependence
indicative of photovoltaic operation. c Output characteristics of the flexible homo-
junction device measured before and after mechanical bending, both in the dark and
under illumination, demonstrating robust photovoltaic performance under

mechanical deformation. d Schematic energy band diagram of the pristine/V-doped
WSe2 homojunction, illustrating the built-in electric field ( ~ 0.38 eV) that drives
photocarrier separation. e Wavelength-dependent Iph response measured at
VDS = 0 V, together with the corresponding (f) photoresponsivity (R) and g external
quantum efficiency (EQE) extracted from the Iph data. h Temporal photovoltaic
photoresponse of the device measured at 458 nm, exhibiting a rise 599 time (τr) of
1.56 μs and a decay time (τd) of 1.36 μs.
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Methods
Single crystal synthesis
A single crystal of V-doped WSe2 was synthesized by a two-step CVT
process using iodine as a transport agent. The first step is the growth
of a polycrystalline sample, followed by the second step for the single
crystal growth. Highly pure reactant powders of tungsten (99.999%,
Sigma Aldrich), selenium (99.998%, Sigma Aldrich), and vanadium
(99.99%, Sigma Aldrich) were mixed and ground uniformly in an
atomic ratio of VxW1-xSe2 by weight. The V concentration denotes
the nominal V: W precursor ratio before material synthesis. The
mixed powder was compressed into a pellet, loaded into quartz

ampules, sealed under high vacuum, and annealed at 1000 °C for
24 h. The polycrystalline powder was collected and resealed after
iodine was added as a transport agent. The temperatures of the cold
and hot ends were 950 °C and 1050 °C, respectively, and were
maintained for over 200 h to facilitate sufficient diffusion and sta-
bilization for the single crystal growth. The pristine sample was
processed similarly, except that the reactant powders used were of
tungsten and selenium only. The dopant concentration is calculated
based on the initial precursor mass under the assumption of complete
decomposition and incorporation into the reaction, following
established practices in TMDs growth studies52,53.

Fig. 6 | Gate-programmable in-sensor imaging based on a pristine/V-doped
WSe2 homojunction. a Schematic illustration of the in-sensor imaging concept, in
which a gate-tunable homojunction device enables simultaneous optical sensing and
signal preprocessing. bGate-controlled band-alignment modulation at the pristine/
V-dopedWSe2 homojunction, enabling reversible switching betweenNPC and PPC
states and allowing each device to function as a programmable pixel within a con-
volution kernel. cOpticalmicroscopy image of the fabricated 0.5%V-doped/pristine
WSe2 homojunction device. d Semilogarithmic output characteristics measured
under dark conditions atVG ranging from−40 to 40 V, showing gate-tunable diode

behavior and reversible rectification. e Output characteristics under 458 nm illu-
mination measured at VDS = 0 V, revealing a gate-controlled transition between
NPC and PPC, with the dashed line indicating the open-circuit voltage. f Gate-
dependent photoresponsivity extracted from the Iphmeasured atVDS = 0 V, showing
a sign reversal near the programming voltage. g Input grayscale image used for in-
sensor image processing. h Simulated in-sensor image processing results, including
edge detection and image sharpening, based on experimentally measured gate-
programmable photoresponsivity of the homojunction device.
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Device fabrication
Flexible photovoltaic device on mica substrate. Multilayer pristine
WSe2 and V-dopedWSe2 crystals were first mechanically exfoliated onto
polydimethylsiloxane (PDMS) stamps. Selected flakes were subsequently
transferred into flexible mica substrates using a dry transfer process
assisted by optical microscope alignment. The pristine WSe2 layer was
transferred first, followed by the V-doped WSe2 to form the homo-
junction structure. After stack assembly, Au electrodes (150 nm) were
placed onto the device using a probe-tip-assisted transfer technique54,
enabling electrical contact without exposing the active layers to litho-
graphic processing.

Homojunction devices on Si/SiO2 (285 nm) substrate. First, the
pristine and V-doped WSe2 flakes were mechanically exfoliated onto
SiO2/Si substrates. Afterwards, multilayer pristine WSe2 flakes were
exfoliated onto PDMS and subsequently transferred onto selected
V-doped WSe2 flakes using a dry transfer system under optical micro-
scope guidance to ensure accurate alignment. Electrical contacts were
then defined by electron-beam lithography, followed by thermal eva-
poration of Cr/Au (5/50 nm) metal electrodes and standard lift-off
processing.

Material and device characterizations
Raman results were obtained by using a commercial NT-MDT system
equipped with a 532 nm excitation laser. XPS; K-Alpha, ThermoFisher
Scientific, was employed to determine the elemental composition and
chemical states.AFMandKPFMmeasurementswere carriedout usingPark
Systems NX10. TEM and STEM analyses were conducted using a JEOL
JEM-ARM300CF 200 kV. Electrical transport, response speed, and Iph
measurements of the fabricated devices were performed using a Keysight
B1500A parametric semiconductor device analyzer and a Keithley 2634B
sourcemeasurement unit. Laser sources at 375, 458, 532, 642, 811, 942, and
1062 nm wavelengths were used for optoelectronic characterization, with a
beam diameter of approximately 1mm. The incident optical power density
was calibrated using a PD300-BB silicon photodetector coupled to aNova II
power meter, with a 20 μm pinhole.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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