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GRAPHICAL ABSTRACT

Gate-Tunable Ultrasensitive Photodetection via Mix-Dimensional Full Van Der Waals Heterojunction

PUBLIC SUMMARY
= Fully van der Waals-integrated (vdWs) gate-tunable photodiode based on 1D Te—2D WS, heterojunction.

= Achieves both a high rectification ratio and on/off ratio simultaneously, with ultra-low dark current.
= High detectivity enables ultra-weak light detection, along with fast response time and excellent linearity.

= New insights into vdWs optoelectronics through band engineering, dimensional control, and interface design.
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The self-passivating surfaces and reduced tunneling leakage current
enable the creation of ideal Schottky contacts in van der Waals (vdW) semi-
conductor heterojunctions. However, simultaneously achieving high rectifi-
cation ratios, low reverse leakage currents, and rapid photoresponse
remains challenging. Here, we present a one-dimensional (1D)/two-dimen-
sional (2D) mixed-dimensional heterostructure photodiode to address
these challenges. The significant valence band offset and minimal electron
affinity difference in this structure ensure high rectification ratios and effi-
cient charge collection. Additionally, the dimensional disparity between the
1D and 2D materials, characterized by a smaller contact area and signifi-
cant thickness difference, results in low reverse leakage current and a high
current on-off ratio. Moreover, it enables gate-tunable band structure tran-
sitions. Our device exhibits an exceptional rectifying ratio of 4.7 x 10" and a
high on-off ratio of 5 x 107 (Vys = 2 V and, V, = 30 V) at room temperature.
Under a gate voltage of 20 V, the photodiode achieves a specific detectivity
(D) of 4.9 x 10™ Jones, a rapid response time of 14 ps, and an extended
operational wavelength approaching to 1550 nm. The strategic combina-
tion of mixed-dimensional design and band engineering yields a 1D-2D p-n
heterojunction photodiode with remarkable sensitivity, repeatability, and
fast response, underscoring the potential of vdW semiconductors for
advanced optoelectronic applications.

INTRODUCTION

Photodiodes, owing to their crucial light-sensitive and rectifying properties,
have long been essential components in optoelectronics.™ These diodes are
conventionally based on p-n or p-i-n structures, demonstrating a high
lignt/ laar ratio operated under both reverse-biased and unbiased conditions.
Recent advancements in this field have sparked significant interest in two-
dimensional (2D) van der Waals (vdW) heterostructures.*” These structures
boast exceptional properties and high flexibility in assembly and integration,
overcoming the constraints of lattice mismatch and impractical fabrication
processes associated with conventional heterojunctions.”'"” The vdW-based
photodiodes provide high rectification ratios, low dark current, and noise, thus
achieving high signal-to-noise ratios.*'"'"* Furthermore, their atomic-thin
nature and electrostatic tunability of Fermi levels render excellent candidates
for gate-tunable photodetectors with enhanced and reconfigurable perfor-
mance.'?"®

Previous research has shown that combining a high rectifying ratio and on-
off ratio in 2D-based diodes can be achieved by assembling two 2D layers
with a substantial bandgap offset. For instance, a vertical heterostructure
based on BP and MoS, (bandgap offset: ~1.5 eV)'® achieved a rectifying ratio
of 1 x 10° and an on-off ratio of 1 x 10". However, these performance metrics
rely heavily on the ultra-short carrier injection length characteristics in verti-
cal heterostructures. In lateral configurations or with extended carrier injec-
tion lengths, rectifying ratios tend to be moderate. This is due to significant
reverse tunneling current in the atomically thin p-n region of 2D vdWs
heterostructures, which compromises rectifying ratios.'”'* Tunneling diodes,
like the MoTe,-MoS, asymmetrical junction with a rectifying ratio of 3 x 107,
boost reverse tunneling current while suppressing forward current, yielding
high reverse-rectification.”” However, this can impede the transport and
recombination of photo-excited carriers, potentially reducing photocurrent

and light responsivity.”' Thus, further research is essential to enhance rectifi-
cation, gate-tunability, and photo-response characteristics in vdWs-based
photodiodes.

In this study, we present a vdWs photodiode that leverages a 1D-2D mixed
heterostructure to address these challenges. Specifically, we integrate Te and
WS, to form this heterostructure. Te is a 1D chain semiconductor with a p-
doped narrow-bandgap (~0.3 eV) and a vdWs-bonded surface.””* WS,, on
the other hand, is a 2D n-doped large-bandgap semiconductor (~2 eV in
monolayer WS,) known for its remarkable gate-tunability.”>*" These distinct
dimensional properties, combined with the large offset in the valence band
maximum and the full vdW combination, effectively suppress reverse tunnel-
ing and surface leakage currents while facilitating efficient charge separation,
transport, and collection.'®'® The structural feature ensures the simultaneous
achievement of both a high current rectification ratio (4.7 x 10°) and a high on-
off ratio (5 x 107) at ambient temperature (~300 K) in the lateral heterojunc-
tion configuration. Furthermore, the minimal electron affinity difference
(~0.08 eV) enhances the device's high light sensitivity under conventional
charge-carrier transport conditions.” This small difference also allows for
band alignment modulation through gate voltage application, increasing the
device's performance flexibility and broadening its working wavelength range.

The heterojunction photodiode device demonstrates capability in photo-
voltaic and photoconductive detection operations. When a gate voltage of
20V is applied, the photodiode exhibits a detectivity of up to 4.9 x 10" Jones,
coupled with a high figw/ i ratio of approximately 107, a rapid response of
14 ps, and an extended response range to 1550 nm. The dimensional dispar-
ity in the heterojunction region causes the WS, layer to be fully depleted,
enhancing the generation and separation of photogenerated carriers, while
the minimal electron affinity difference ensures efficient transport and collec-
tion of these carriers. These results highlight the superior capabilities of the
1D-2D heterojunction photodiode, providing valuable insights into the design
and engineering of high-performance vdWs devices for advanced optoelec-
tronic applications.

MATERIALS AND METHODS
Material synthesis and device fabrication

Te nanowires (NWs) were synthesized with a modified solution-growth
method.” Specifically, the precursor Na,TeO5; and polyvinylpyrrolidone (PVP,
K30) were dissolved in deionized water with the added ammonia (NH,OH,
25-28%, wt/wt%) and hydrazine hydrate (N,H,, 80%, wt/wt%) to adjust the pH
toa value of ~10. This mixture was stirred magnetically until a homoge-
neous solution was obtained. Subsequently, the solution was sealed in a
Teflon-lined stainless autoclave, heated to 180°C for a duration of 12 hours
before allowing it to cool down to room temperature naturally. The resulting
Te NWSs can be obtained through centrifuging the solution at 7000 rpm for
5 min, followed by washing with deionized water and anhydrous ethanol for
3 times to remove the remaining impurity. The length and diameter of Te
NWs can be controlled by manipulating the reaction time and the ratio of
precursors.

To fabricate the Te/WS, heterojunction photodetector, the as-prepared Te
NWs were dispersed on a SiO, (280 nm)/Si (p++) wafer surface by a spin-
coating method. WS, flakes were prepared by exfoliating from the bulk crys-
tals (sourced from HQ Graphene) with the conventional mechanical exfolia-
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Figure 1. Schematic and characterization of the vdWs photodiode (A) Schematic illustration of the device architecture, showing the integration of Te (1D chain semiconductor)
and WS, (2D layered semiconductor) with Au electrodes on a SiO,/Si substrate. Inset: Atomic structures of Te and WS,, demonstrating their crystallographic arrangement.
(B) Optical image of the fabricated device, highlighting the dimensions of the Te (182 nm thickness) and WS, (4.2 nm thickness) layers. (C) Raman spectra of the Te/WS,
heterostructure, WS,, and Te, indicating characteristic peaks. (D) KPFM mapping of the Te-WS, heterojunction region. (E) Energy band alignment of Te and WS,, showing the
valence and conduction band positions. (F)-(G) Band structure of the heterojunction and the estimated band configuration of WS, in relation to the total band. (F) Band structure
of WS, without an electric field (E;qq = 0 V/A). (G) Band structure of WS, with an applied electric field (Fieq = 0.2 V/A), demonstrating the modulation of electronic properties under

external influence.

tion method.” The Te/WS, vdW heterojunction can be obtained by transfer-
ring the WS, nanoflakes onto the Te NW using a deterministic dry transfer
method. Finally, drain/source electrodes were transferred on each side of the
heterojunction with the assistance of Polypropylene carbonate (PPC, see
more details in the reference).

Characterization and device measurements

The morphologies of tellurium nanowires were investigated by scanning
electron microscope (SEM, Gemini 300, Zeiss). Aberration-corrected trans-
mission electron microscopy microscope operating at 300 kV (AC-TEM
Spectra 300 (S), Thermo Scientific), was used to characterize the crystal
structure and the band structure of Te NWs. The thickness and topography of
Te and WS, were determined by atomic force microscopy (AFM, Oxford,
Cypher S). The Kelvin probe force microscopy (KPFM, Oxford, Cypher S) was
performed to measure the surface potential of both WS, and Te. The Raman
spectra and PL signals were collected by exciting the sample with a continu-
ous wave 532 nm laser source (Horiba LabRam HR Evolution).

The electronic properties were measured using a commercial semicon-
ductor parameter analyzer (Keysight, B1500) in a probe station (Lake Shore).
The optoelectronic measurements were performed using the probe station
equipped with an illumination source. The incident light signals were modu-
lated by a generator (DG822, RIGOL, 25 MHz), and the output signal was
recorded by an oscilloscope (PicoScope, pico Technology). The noise spec-
tral density was measured using a spectrum analyzer (PDA, Fs-Pro). All these

measurements were carried out under ambient conditions without special
treatments.

First-principles calculations

The calculations are implemented in the Vienna Ab-initio Simulation Pack-
age within density functional theory.”®* The projector augmented wave
potentials and the generalized gradient approximation with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional are used.®'*” The DFT-D2
vdW corrections are used to handle the van der Waals interactions of the 2D
materials. Spin-orbit coupling was considered in the self-consistent DFT
calculations. For the structural optimization of Te, an energy cutoff of 600 eV
and 21x21x21 Monkhorst-Pack scheme k-points sampling are used. For
WS,, an energy cutoff of 600 eV and 15x15x5 Monkhorst-Pack scheme k-
points sampling are used. For the Te/WS, heterojunction slab, to simplify the
calculations, an energy cutoff of 600 eV, 1x1x1 k-points sampling and 20 A
vacuum thickness are used and the lattice constants of the heterojunction
supercell are fixed while the internal atomic positions are optimized until the
residual force per atom is less than 0.01 eV/A.

RESULTS
Device architecture and energy band determination

To construct the lateral heterojunction, we placed a few-layer WS, flake on
top of a Te nanowire. The structural quality of the solution-grown Te
nanowires was assessed using various techniques, including scanning elec-
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Figure 2. Electrical transport properties of the
Te/WS; heterojunction device (A) Current-voltage (/-

1x10° V) characteristics of the Te/WS, heterojunction at
room temperature (~300 K), demonstrating typical
" diode behavior. The left inset shows the band align-
8x10° 1 V,=-10Vto 30V ment under reverse-bias conditions, while the right
Step: 5V inset illustrates the band alignment under forward-
6x10 bias conditions. The gate voltage V, is 0 V. (B)
< Output curves of the heterojunction with varying
";4x10,6 i back-gate voltages from -10 V to 30 V. (C) Rectifica-
= tion ratio as a function of V, with the voltage range
of Vs from -2 V to 2V. The inset shows the detailed
2x10% 4 rectification behavior under varying gate voltages,
highlighting the impressive gate-tunability and high
04 on-off ratio of the device. (D) The IV, transfer
\ characteristics at a V of 2 V at 300 K, indicating "n-
0.0 0.5 1.0 1.0 2.0 type" behavior.
o w0
‘ 10 WS,/Te - 8u ratio for the heterojunction. The Fermi level
o 1074 W . Ve=2V difference between the materials is approxi-
= i ee ﬂ ey [ 6u mately 0.13 eV, indicating a modest barrier
= 1 . . .
5 q05{ Te Wsz/ < 10°] ool o~ 107 = spike in the c'olnducn(.)n band. The near-zero
kS ] V>0 7 ] F4u, electron affinity  difference  (~0.07 eV)
£ 10° ‘eeee| T 101 - suggests that the energy band type can be
[$] 3 LA . .
2 /,--- ] F2u effectively transitioned.
10° _ea_ea_e; 1072 4 To further understand the electronic proper-
Te WS, 1 o ties, we performed density functional theory
Y 107 ; - - - ; DFT) simulations, which corroborated the
90200 0 102030 020 a0 0 1020 30 (expeZimental findings. The DFT calculations
v, (V) V_(V) )

tron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), spheri-
cal aberration-corrected scanning transmission electron microscopy (AC-
STEM), and high-resolution transmission electron microscopy (HRTEM). As
shown in Figure ST, these analyses revealed an orderly alignment along the
<00017> direction with no significant defects or dislocations. The thicknesses
of the Te and WS, layers were confirmed to be 182 nm and 4.2 nm, respec-
tively, through atomic force microscopy (AFM) results (Figure S2). The device
was built on a SiO,/Si substrate with a 300 nm thick SiO, dielectric layer. To
minimize the Fermi pinning effect at the metal-semiconductor interface, we
used a novel electrode transfer technique, as detailed in the Methods section
(Figure S3).

Figure TA shows a schematic diagram of the fully van der Waals-config-
ured 1D-2D heterojunction FET device, with an optical micrograph in Figure
1B. The naturally formed van der Waals interactions between Te and WS, are
depicted in the inset of Figure TA. SEM imaging at the overlapping region
confirmed a solid interface without air bubbles, and EDS analysis at the same
location revealed the precise chemical composition of the Te/WS, hetero-
junction (Figure S4). Subsequent Raman spectroscopy mMmeasurements
demonstrate pronounced raman shifts of Te and WS, peaks, further affirm-
ing the well-constructed Te/WS, heterojunction (Figure 1C).

In addition to the AFM measurement to determine the thicknesses of Te
and WS, layers, KPFM mapping was also performed for studying the surface
potential of the heterojunction. Interestingly, as shown in Figure 1D, the
measured surface potential of WS, in the overlapping area significantly differs
from that in other regions, decreasing by approximately 100 mV. This indi-
cates that the WS, in the overlapping area is fully charge-depleted.'** Using
a diffusion-emission model, the depletion region width was calculated to be
approximately 44.3 nm, providing further evidence for this observation (see
more details in Supplementary Note 1).%

We then investigated the energy band alignment of the Te/WS, hetero-
junction using comprehensive characterization techniques, including photo-
luminescence (PL, Figure S5), ultraviolet photoelectron spectroscopy (UPS,
Figure S6), electron energy loss spectroscopy (EELS, Figure S7), and Kelvin
probe force (KPFM, Figure S8). The conduction band minimum (CBM),
valence band maximum (VBM), and Fermi level for both Te and WS, are
determined, as illustrated in Figure 1E and detailed in Figure S9. The experi-
mental results indicate that Te is p-type while WS, is n-type, with a substan-
tial valence band offset exceeding 1.2 eV. This significant offset creates a
potential well conducive to carrier reservation, suggesting a high rectifying

¢ revealed a type-I energy band alignment under
equilibrium conditions, where both the CBM and VBM are predominantly
influenced by the Te nanowire (Figure TF). When an external electric field of
0.2 V/A was applied for gate modulation, the energy band alignment transi-
tioned from type-I (straddling) to type-Il (staggered) (Figure 1G, more details
in Notes S2-S3 & Figure S10). This transition alters the interlayer carrier
transport mechanisms, presenting opportunities for gate-driven functionali-
ties in the FET device.

Electrical behavior

Leveraging mixed-dimensional and band alignment engineering in van der
Waals heterojunctions based on Te and WS,, our device demonstrates excel-
lent carrier transport performance. The current-voltage (/-V) characteristics
of the Te/WS, heterojunction at room temperature (~300 K) are illustrated in
Figure 2A, revealing prototypical diode behavior. Under thermal equilibrium
conditions (0 V bias), a potential barrier is established, which intensifies under
reverse-bias conditions, thereby restricting the predominant carrier drift
current (left inset, Figure 2A). When a forward-bias voltage is applied to the p-
n junction, the potential barrier across the junction decreases, causing an
exponential increase in current with applied voltage (right inset, Figure 2A).
The ultralow reverse leakage current is measured to be less than 10" A at -2
V bias, yielding an exceptional rectifying ratio of 5 x 10°. This low reverse
current significantly enhances photodetector performance by improving the
signal-to-noise ratio, dynamic range, and specific detectivity.

The gate-modulation capabilities of the heterojunction are presented in the
output and transfer curves in Figures 2B & D. As the back-gate voltage
increases from -10 V to 30V, electrostatic doping modulates the density of
free electrons and holes in the junction, leading to an increased rectification
ratio. An exceptional rectification ratio of 4.7 x 10" is achieved with a 30 V
gate voltage (Figures 2B & S11C), the highest reported for van der Waals
heterojunctions with lateral configurations to our knowledge. Figure 2D
shows the g~V transfer characteristics at a Vs of 2 V at 300 K, revealing a
monotonically "n-type" behavior. The on-off ratio is highly pronounced at ~ 5
x 10, achieved simultaneously with the impressive rectifying behavior.

The rectification ratio versus V; is extracted to further demonstrate the
gate-tunable capability of the p-n heterojunction field-effect transistor, as
illustrated in Figure 2C. The source-drain current under negative bias remains
minimal, while the current under positive bias increases significantly, leading
to a rising rectification ratio. Since Te is insensitive to gate modulation due to
its thickness in the hundreds, the drain current is predominantly influenced by
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Figure 3. Optoelectronic response of the Te/WS, photodiode device without gate modulation (A) /g -

Vs curves under zero gate voltage in the dark and with different light

intensities at room temperature (~300 K), illustrating the device's photodiode behavior. Inset: linear Iy - Vi curves from -2 V to 0.45 V, showing the detailed behavior in the
photoconductive and photovoltaic regions. (B) In (/) - Vis plots of the Te/WS, device under dark and 638 nm light conditions. The ideality factor is 1.4 in the dark and 2.73 under
illumination, respectively. Inset: Photocurrent mapping data, confirming the photocurrent generation is localized at the heterojunction. (C) Temporal response of the device under
638 nm laser illumination. (D) Photo-switching response under different light intensities, indicating high stability and repeatability in its photodetection capabilities. The figh/ar
ratio is over 10°. (E) Photocurrent as a function of laser power densities, showing the 8 of the power law up to 0.85 and 0.94 at Vi, = 0 V and -2 V, respectively. (F) Calculated

detectivity (D) under varying light intensities, highlighting the device's sensitivity.

the n-type WS, channel. Under negative V,, the electron population dimin-
ishes, resulting in low current. The rectification ratio decreases to only ~1.05
at -25V of V. Conversely, under positive V; the accumulated electrons in the
WS, flake contribute to a rectification ratio exceeding 7 orders of magnitude
(inset, Figure 2C).

The mechanisms behind the gate-tunable rectification and ultralow reverse
current are elucidated. For a fully depleted heterojunction, as shown in the
KPFM result in Figure S8, and with negligible surface current impeded by the
electron barrier of the heterojunction, the theoretical approximation for the
reverse leaky current (IR) is expressed as™:

_ qn,WA

ln
g

where n; denotes the intrinsic carrier concentration, A represents the junction
area, W signifies the junction thickness, and T, is the carrier generation life-
time. The 1D nature of the Te nanowire plays a crucial role in diminishing the
junction area of the mixed-dimensional heterostructure, which is notably
smaller than that of previously reported 2D-2D heterostructures, resulting in a
reduction of I,. Furthermore, the implementation of a fully van der Waals
configuration significantly diminishes tunneling leaky current.® The substan-
tial valence band offset further decelerates minor carrier diffusion, thereby
contributing to the observed diminishment of /,."® The reduced-dimensional
nature of the heterostructure also ensures high gate-tunability and an
impressive on-off ratio, further enhancing device performance (more details
in Figure S12).

An Arrhenius analysis of the dark current further explains the suppression
of reverse leaky current in the heterostructure (Figure S13).*° The black solid
line represents experimental data, while dashed lines represent fitted dark-
current components, including total current, diffusion current, trap-assisted
tunneling (TAT) current, band-to-band (BTB) current, and generation-recom-

bination (G-R) current.“* It is evident that tunneling current components are
effectively suppressed to undetectable levels. The ideal factor (n), denoting
the proportion between G-R and diffusion current, is determined to be ~1.4,
revealing that the diffusion current is the predominant component.”” This
value is significantly smaller than that observed in conventional heterojunc-
tion p-n diodes (where n >> 2), indicating low G-R current and charge trap
density in the Te/WS, heterojunction.

Optoelectronic response without gate modulation

Here, we focus on the photoresponse of the Te-WS, heterojunction
devices. Figure 3A presents the Iy - Vi curves without gate voltage under
both dark conditions and 638 nm laser irradiation with intensities ranging
from 37.6 to 245.5 nW, with the photocurrent exceeding 0.7 YA at +2 V bias
(Figure S14A). However, under forward bias, despite the exponential increase
in current with the applied voltage, the depletion region narrows, leading to
increased dark current and reduced light detectivity. Consequently, the key
operational focus is on the negative and zero bias regions. The linear /g - Ve
plots at negative and small bias voltages are enlarged in the inset of Figure
3A. Under negative voltages, the device operates in the photoconductive
region, where the photocurrent is generated by the separation of photogener-
ated electron-hole pairs. Since the reverse leakage current remains negligible,
this region shows good linearity and a high signal-to-noise ratio. At zero bias,
the device exhibits photovoltaic behavior, generating an open-circuit voltage
due to the built-in electric field at the heterojunction. A short-circuit current
(I = 14.8 nA) and open-circuit voltage (V,, = 0.4 V) can be observed under
the power of 245.5 nW, resulting in effective photoelectric conversion capa-
bility of the device. The output electrical power Py, defined as Py = Iy Vs,
describes the electricity generation capability of a photodiode and is shown in
Figures S14A-C.

The underlying illumination-driven current mechanism is investigated. The
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Figure 4. Gate-modulated photoresponse characteristics of Te/WS, heterojunction photodiodes (A) /s-V, curves of the device under dark (dotted lines) and illuminated (solid
lines) states. Vg was setto £ 1 V. (B) EQE as a function of back-gate voltage at a positive bias voltage (+1 V) under 638 nm laser excitation. Inset: EQE of the device at a negative
bias voltage (-1 V). (C) Photocurrent (/) at 638 nm illumination as a function of the gate (V) and source-drain (V) biases. When applying both positive V;and V, the photogat-
ing effect leads to the remarkable photocurrent. (D) Photo-switching response of the Te/ WS, heterojunction device under different gate voltages from -40 V to 40 V. (E) Power-
dependent responsivity (R) and detectivity (D) values of the Te/ WS, heterojunction photodiode under 638 nm laser illumination at Vys = -2 V, V, = 20 V. (F) Near-infrared
(1550 nm) response of the Te/ WS, heterojunction photodiode with (red line) and without (blue line) gate voltages.

ideality factor, reflecting the balance between generation-recombination (G-
R) and diffusion current, increases from ~1.4 in the dark to ~2.73 under 638
nm light irradiation (Figure 3B, the details are in Figure S15). This increase
implies a significant rise in G-R current within the depletion region, suggest-
ing the crucial role of the heterojunction in photocarrier generation and sepa-
ration. Figure S16 provides further insights through tunneling current analy-
sis. The replotted In (//V?) — V' curve indicates that at negative and low
positive bias voltages, direct tunneling (DT) processes dominate, facilitated by
the "spike” barrier at the conduction band of Te and WS,. This efficient sepa-
ration of photoinduced charge carriers is beneficial for achieving high perfor-
mance and indicates that the high energy band offset and barrier signifi-
cantly impede the dark current but do not adversely affect the photocurrent.
At higher positive bias, the electric field enables electrons to tunnel through
the energy barrier, leading to Fowler-Nordheim tunneling (FNT) dominance.

The optoelectrical mechanisms are further revealed through the combina-
tion of current analysis and spatially resolved photocurrent mapping, as
shown in Figure ST7. At zero and negative voltages, the photocurrent is
dominated by the drift of minority carriers, and the photogenerated carriers
are rapidly separated by the depletion region of the heterojunction and trans-
mitted to the corresponding electrodes, resulting in a sensitive optoelectronic
response (the inset of Figure 3B). At positive voltages higher than the open-
circuit voltage, the drift of the minority carriers is suppressed, and the device
current is dominated by majority carrier diffusion, with photocurrent genera-
tion shifting to the WS,-metal junction area (Figure S17D & G).

Beyond the impressive photocurrent, the Te-WS, photodiode exhibits a
remarkably fast response speed. Figure 3C shows the temporal response at 0
V bias voltage, with a rise time of approximately 14 ps and a fall time of
around 13 ps. The high-quality heterojunction interface between Te and WS,
facilitates efficient charge separation and minimizes recombination losses,
while the 1D-2D device design results in low capacitance, enabling quick
charge collection and release. In addition to the inherently high mobility of Te
and exfoliated WS,, photogenerated charges are collected and released

rapidly, leading to the fast rise and fall times observed in the device's photo-
voltaic mode.

Then we investigated the photo-switching performance and sensitivity of
the Te-WS, photodiode. In Figure 3D, under zero bias conditions, the device
exhibits rapid and stable on/off switching between light and dark states. A
maximum photocurrent of 0.1 pA, along with the dark current of 0.13 pA, a
high photo-to-dark current ratio /,,//ys is achieved to ~ 10°. More details are
provided in Figure S18A. Applying a -2 V bias between the source and drain
significantly increases the photocurrent while limiting the dark current to sub-
pA levels, reaching the detectable limit of comparable 1D-2D heterojunctions
(Figure S18B).**® On the other hand, at a positive bias, due to the increased
majority carrier diffusion and reduced electric field across the junction, the
rapid collection of photogenerated carriers, the I-T response significantly
slows down (Figure S18C). The relationship between photocurrent and laser
power density under zero (photovoltaic mode) and negative bias (photocon-
ductive mode) voltages is illustrated in Figure 3E. Following the power law,
I,» = AP?, the device demonstrates a near-linear relationship with 8 values of
approximately 0.85 at 0 V and 0.94 at -2 V. The negative bias enhances the
electric field across the heterojunction, facilitating efficient separation and
rapid transport of photogenerated electron-hole pairs, thereby improving
linearity.

To quantitatively evaluate the performance of the 1D-2D heterojunction
photodiode, we calculated the responsivity (R), external quantum efficiency
(EQE), and specific detectivity (D# from the /-T curves. The EQE which
measures the number of charge carriers generated per incident photon, is
plotted against the incident power (R,) in Figure ST9A. Due to the efficient
separation of photogenerated carriers in the high-quality heterojunction, the
EQE reaches nearly 100% under 638 nm illumination without an external elec-
tric field. In the photoconductive mode at -2 V bias, the peak EQE exceeds
200%, showcasing the device's superior charge collection capabilities. Corre-
spondingly, the responsivity reaches approximately 1.0 A/W (Figure ST9B).
The specific detectivity (D*) highlights the photodiode’s sensitivity to detect
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Figure 5. Benchmarking the performance of the Te/WS, heterojunction photodiode against other 2D material-based photodetectors (A) Comparison of reverse rectification
ratios at various biases (|Vyl) among state-of-the-art 2D vdW devices. The Te/WS, photodiode exhibits a superior rectification ratio of 4.7 x 10" at |V, = 2 V, outperforming
many recent 2D devices (Supplementary Table 1). (B) Comparison of dark current and light on-off ratio (fign//san) at room temperature for different 2D photodetectors. The
Te/ WS, photodiode demonstrates an ultralow dark current and high fign/ /s ratio, highlighting its enhanced performance (Supplementary Table 2). (C) Specific detectivity (D)
versus response speed (7y) for various 2D and mixed-dimensional photodetectors. The Te/WS, photodiode achieves higher D*values while maintaining a fast response speed,
indicating a well-balanced performance between detectivity and response time (Supplementary Table 3). The comparison includes Te, TMDCs, Te-TMDCs (WS,, MoS,, and so
on), other 1D-2D, 2D-2D, and 2D-3D heterostructures, with the Te/WS, photodiode demonstrating outstanding performance among these categories.

low-intensity light with minimal noise. With its high responsivity and excep-
tionally low dark noise current, the D* values consistently remain above 10
Jones for a wide range of light intensities under both 0 V and -2 V biases,
with a peak detectivity of around 3.6 x 10" Jones at -2 V bias (Figure 3F).

Gate-modulated photoresponse characteristics

To investigate the gate-modulated photoresponse of the Te/WS, p-n
heterojunction field-effect transistor, we examined the /s-V; transfer curves
under 638 nm illumination, as shown in Figure 4A. Compared to the transfer
curves in the dark (dashed lines in Figure 4A), significant photoresponses are
observed in both negative and positive bias modes (-1 V and +1 V V). Under
positive bias, trapped carriers more effectively modulate the channel conduc-
tance, allowing the photogating effect to dominate. This results in a substan-
tial change in the photocurrent with varying gate voltages, leading to an
increase in EQE from ~ 3.6% to ~ 2692% at +1 V Vs (Figure 4A). In contrast,
under negative bias, the strong built-in electric field primarily drives carrier
separation. Although photogating still occurs, its relative contribution to the
overall photocurrent is less significant compared to the intrinsic electric field
effects. As the gate voltage varies from -60 V to 60 V, the EQE at -1 V Vj
increases from ~ 64.4% to ~ 142% (inset of Figure 4A).

Figure 4C plots the photocurrent (the difference of Iy under dark and illu-
mination, /,,) as a function of gate (V) and source-drain (V) voltages. The
corresponding output curves under different gate voltages in dark and 638
nm illumination conditions are provided in Figure S20. Under illumination, the
gate voltage effectively controls the number of trapped carriers, modulating
the overall photocurrent, further demonstrating the role of photogating in
enhancing the device's photoresponse. When both positive Vj and Vs are
applied, the accumulation of photo-excited carriers in the channel signifi-
cantly enhances the device's conductance, leading to a remarkable increase
in photocurrent up to 0.7 pA.

The photo-switching behavior is critical for a photodetector. Figure 4D
illustrates the performance of the Te/WS, heterojunction device under differ-
ent gate voltages. With gate modulation, the current switching between light
and dark states remains rapid and stable in the negative bias region. As the
gate voltage increases to +40 V, the on-state photocurrent rises by over 1.58
times compared to that at zero gate voltage. The /-T curves under varying
illumination intensities exhibit good repeatability and stability (Figure S21). At
a power intensity of 7.92 uW, the device achieves a maximum photocurrent
of 0.37 pA and a high fign/ liark Of ~ 10,

The performance metrics of the photodetector under negative bias (-2 V)
and a +20 V gate voltage (V) are thoroughly evaluated. The linearity of the
photodetector, characterized by the fitted power exponent 8, decreases to

approximately 0.67 with the 20 V gate voltage (Figure S22A). This reduction in
linearity is attributed to the photogating effect, which introduces nonlinearity
by trapping and releasing carriers, thereby modulating the photocurrent
response more strongly at higher light intensities. Figure 4E demonstrates
that with a 20 V gate voltage, the maximum responsivity (R) increases to
approximately 30 A/W, and the corresponding detectivity (D*) reaches around
4.9 x 10" Jones. This significant enhancement is due to the photogating
effect, which greatly improves the device's sensitivity. Figures S22B-D further
compares the EQE, R, and D+ with and without the 20 V gate voltage, while
the dark noise currents under different bias and gate conditions are provided
in Figure S23. These figures of merit, which are crucial for measuring the
sensitivity of the photodetector, improve by over 12 times under negative bias
with gate modulation.

In addition to enhanced sensitivity, the operational wavelength range of the
photodetector is broadened by applying gate voltages. Effective modulation
of the gate voltage relative to the Fermi energy level shifts the energy band
alignment at the heterojunction interface from type-I to type-Il (Figures 1D-E
& S10). This transition enhances the interlayer transport properties of carri-
ers and enables the development of high-performance gate-driven optoelec-
tronic devices. The near-infrared (1550 nm) response of the Te/WS, hetero-
junction photodiode with and without gate voltage is shown in Figure 4F. At
Vy = 0V, the large valence band offset in the Te/WS, vdW heterojunction
blocks the photogenerated holes, resulting in no response under 1550 nm
light (blue line in Figure 4F). However, under V; = 20 V, the spike barrier in the
conduction band is reduced, allowing photogenerated electrons in the narrow-
bandgap Te to be effectively excited and transported to the conduction band
of WS,, enabling a significant photoresponse (red line in Figure 4F).

Benchmark of device performances

To benchmark our 1D-2D Te/WS, heterojunction photodiode, we
compared its performance with other state-of-the-art 2D material-based
photodetectors, including those based on Te, TMDCs, Te-TMDCs (WS,), other
1D-2D, 2D-2D, and 2D-3D heterojunctions. The rectification ratio of our
Te/WS, photodiode is exceptionally high, reaching 4.7 x 10" at a small bias of
[Vl = 2 V (Figure 5A & Table ST). This surpasses that of vertically structured
van der Waals heterojunctions, such as BP/MoS,,” and the reverse rectifica-
tion ratios of tunneling-based heterojunctions like AsP/InSe.*” Additionally,
the high current on/off ratio from the transfer curves demonstrates the effec-
tiveness of gate modulation and the evolution of energy band alignment in
our device.

The optoelectronic response characteristics of our device were then evalu-
ated. Due to the efficient rectification effect, the photodiode exhibits a signifi-
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cantly low dark current and a high ljgn/lqan ratio compared to other 2D-based
photodetectors (Figure 5B & Table S2). Gate voltage modulation further
enhances the photodiode's specific detectivity (D*). Figure 5C shows that our
device achieves higher D+ values while maintaining a fast response speed,
placing it among the best-performing photodetectors in the comparison
(Table S3). This balanced performance between detectivity and response
time is attributed to the unipolar potential barrier all-van der Waals hetero-
junction design, which facilitates both ultra-weak light detection and ultrafast
response.

The high sensitivity, fast response speed, and excellent repeatability of our
Te/WS, photodiode make it suitable for practical applications such as ultra-
weak light image sensing. To demonstrate this, we implemented a single-
pixel confocal scanning imaging system with a 405 nm light source for imag-
ing measurements, as illustrated in the schematic diagram in Figure S24A. An
image with a high spatial resolution of 635 x 485 pixels was obtained, captur-
ing intensity information at different positions of the logo pattern. Additionally,
an image with a resolution of 800 x 350 pixels clearly displaying the "SLAB"
lettering confirms the device's high stability (Figure S24A). The integration
time for each pixel was only 0.5 ms, thanks to the photodetector's fast
response. Furthermore, due to the device's high detectivity, stable photocur-
rent measurements were achievable even when the light power was as low
as 12.8 pW (Figure S24C-D). These results underline the potential of our
Te/WS, photodiode for high-resolution, low-light imaging applications, show-
casing its capability to operate effectively in ultra-weak light conditions with
rapid and reliable performance.

CONCLUSIONS

We have demonstrated a 1D-2D mixed-dimensional heterostructure
photodiode based on Te nanowires and WS,. This unique material combina-
tion leverages a significant valence band offset and minimal electron affinity
difference, enabling efficient charge collection and high rectification ratios.
The device exhibits an exceptional rectifying ratio of 4.7 x 107 and a high on-
off ratio of 5 x 10" at room temperature. The dimensional disparity between
the 1D and 2D materials, characterized by a smaller contact area and signifi-
cant thickness difference, results in low reverse leakage current, a high
current on-off ratio, and gate-tunable band structure transitions. Under a gate
voltage of 20 V, the photodiode achieves a specific detectivity (D*) of 4.9 x
10' Jones, a rapid response time of 14 ps, and an extended operational
wavelength range up to 1550 nm. These results mark a significant advance-
ment in the field of optoelectronics, presenting a promising solution for appli-
cations requiring high sensitivity, stability, and rapid response.
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