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Boosting responsivity and speed in 2D
material based vertical p-i-n photodiodes
with excellent self-powered ability

Maoxin Tian1, Yufan Wang2, Tianjiao Zhang1, Cheng Zhang1, Jialei Miao 1,
Zheng Bian1, Xiangwei Su1, Zongwen Li1, Jian Chai1, Anran Wang3,
Fengqiu Wang 4, Bin Yu 1, Yang Xu 1, Yang Chai 5, Xiao Wang 2 &
Yuda Zhao 1

Vertical p-i-n junctions are key components for optoelectronics to achieve fast
response speed. However, a critical bottleneck lies in the complex fabrication
techniques and the performance tradeoff between high responsivity and fast
speed, especially under self-poweredmode. Here, we illustrate the superiority
of 2D materials-based vertical p-i-n photodiodes with maximized optical
absorption in intrinsic layer (high responsivity), the efficient photocarrier
separation (self-power ability), and the high-field drift velocity (fast speed). By
optimizing the photocarrier generation/transfer dynamics via doping and
thickness engineering, our device with zero voltage bias achieves high built-in
electric field, leading to a high responsivity of 0.388 AW−1 and an EQE of 90.5%
at 532 nm, a short intrinsic response time of sub-10 ps, a fast switching
response time of 23 ns, and a high power conversion efficiency of 6.5%. Our
work lays the foundation to resolve the responsivity-speed dilemma without
the constraint of lattice mismatch.

Serving as functional components for the conversion of optical signals
into electrical signals, photovoltaic devices have received extensive
attention in modern optoelectronic technology1–6. Si photovoltaic
devices, e.g., photodetectors and solar cells, widely employ a vertical
p-type/intrinsic/n-type (p-i-n) junction, where an intrinsic layer is
sandwichedbetween the n-type andp-type regions of a p-n junction, to
achieve saturated light absorption and a fast response speed. Due to
the relatively low optical absorption coefficient of silicon (e.g.,
8 × 103cm−1 at 532 nm)7, the intrinsic region of a silicon p-i-n photo-
diode needs to be quite thick to fully absorb the incident light, ranging
from several micrometers to a few hundred micrometers. However,
the large thickness results in the reduced built-in electric field and the
long drift/diffusion length, limiting the speed. This is the long-standing

responsivity-speed dilemma (Fig. 1a). Furthermore, Si-based p-i-n
photodiodes usually require a large bias voltage, which greatly
increases power consumption. The ultimate target is the simultaneous
boosting of responsivity and speed in self-powered p-i-n photodiodes.

Two-dimensional (2D) materials with the strong light-matter
interaction8–10, are currently the subject of intense investigation as
the optoelectronic responsive layer prompted by the need for
superior-performance photodiodes in terms of sensitivity, detection
speed, as well as flexibility and self-powered ability. Owing to the high
optical absorption coefficient (e.g., 3.38 × 105cm−1 at 532 nm for WSe2,
40 times higher than Si)11, 2D materials allow for significantly reduced
thickness of intrinsic layer, which can greatly decrease the drift/diffu-
sion length and amplify the built-in electric field. Until now, the design
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of 2Dmaterials-based self-poweredphotodiodes has largely relied on a
lateral metal–2D materials–metal phototransistor or a lateral p-n
junction12–14. However, the long transport length leads to the small
built-in electric field, the low carrier drift speed, and the long diffusion
length, resulting in a slow response speed in self-poweredmode,which
is not ideal for efficient photon harvesting and photon-current con-
version. In contrast, the vertical structure with a short transport length
greatly enhances the built-in electric field and reaches the saturation
drift velocity, achieving high-speed carrier drift and the fast response
speed. Therefore, it is essential to fabricate 2Dmaterials based vertical
p-i-n photodiodes, exploring the photocarrier generation/transfer
dynamics to solve responsivity-speed dilemma. The major challenges
include the achievement of high-quality contact (degenerate doping)
and the optimization of p-type/intrinsic/n-type layer thickness, leading
to the maximized optical absorption in intrinsic layer (high respon-
sivity), the efficient photocarrier separation (high built-in electric field
and self-powered ability), and the saturation drift velocity (fast speed).

In this work, we utilize WSe2 thin layers to construct high-
performance vertical p-i-n photodiode by optimizing the photocarrier
generation and transfer dynamics. The Nb-dopedWSe2 with high hole
concentration of 2.65 × 1021 cm−3 as the degenerate p-doped layer
effectively reduces the contact resistance and boosts the built-in
electric field, leading to the efficient photocarrier separation/collec-
tion, the high-fielddrift velocity, and short intrinsic response time. The
ultimate thickness downscaling of the 2D Nb-dopedWSe2 p-type layer
results in the maximized photocarrier generation in the intrinsic WSe2
layer, contributing to high responsivity and the nearly ideal external
quantum efficiency (EQE). The fabricated vertical WSe2 p-i-n photo-
diode exhibits a current rectification ratio of 6 × 106. Under self-
powered condition (zero voltage bias), the device displays a high
responsivity of 0.388AW−1 (corresponding to EQE of 90.5%), a high
specific detectivity of 1 × 1012 Jones, a short intrinsic response time
down to sub-10 picoseconds, and a fast switching response time of
23 ns. Furthermore, the photodiode achieves a high fill factor of 0.629
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Fig. 1 | Concept of the high-speed vertical WSe2 p-i-n photodiode.
a Development target for self-powered photodetectors. Existing photodetectors
are invariably constrained by a speed-responsivity trade-off (blue solid line),
manifesting as either rapid response with limited responsivity, high responsivity
with sluggish response, or intermediate performance in bothmetrics. The ultimate
target (red five-pointed star) of self-powered photodetector is the concurrent
realization of enhanced responsivity and accelerated response speed. b Schematic
diagram of the vertical WSe2 p-i-n photodiode. Niobium (Nb) doped WSe2 (Nb-
WSe2, blue dash line region), pristine WSe2 (i-WSe2) and Argon (Ar) plasma treated
WSe2 (Ar-WSe2, red dash line region) are used as p type/intrinsic/n type layer,
respectively. P-type doping is achieved through niobium substitutional doping,
while n-type doping is realized by generating selenium vacancies via Ar plasma
bombardment of the WSe₂ surface. c Band diagrams of metal contact with lightly
p-doped (upper) and degenerately p-doped (bottom) semiconductor, respectively.
Light doping creates a wide and high potential barrier, resulting in large contact

resistance and consequently increased RC time (tRC). In contrast, degenerate
doping produces a narrow barrier and direct tunneling transport of carriers,
yielding lower contact resistanceand reducedRCtime.dBanddiagramsof thep-i-n
photodiode with lightly doped (upper) and degenerately doped (bottom) p-type
layer under light illumination, respectively. Light doping creates a narrowdepletion
region in the intrinsic layer with relatively weak electric field, resulting in low drift
velocity of photo-generated carriers under illumination. In contrast, degenerate
doping enables complete depletion of the intrinsic layer, where the strong electric
field facilitates high-speed carrier drift. e Schematic diagram of the photodiode
response time with lightly doped (upper) and degenerately doped (bottom) p-type
layer, respectively. Light doping results in a high RC time and slow carrier drift,
leading to a sluggish detector response speed, as evidenced by the gradual tran-
sition in the current-time (I-t) curve. In contrast, degenerate doping reduces the RC
time and accelerates carrier drift, enabling fast detector response with sharp
transitions in the I-t curve.
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and a power conversion efficiency of 6.5%. Our strategy resolves the
dilemma between high responsivity and fast speed via the construc-
tion of van der Waals vertical p-i-n photodiodes.

Results
Degenerate doping to speed up the vertical WSe2 p-i-n
photodiodes
Figure 1b illustrates the schematic structure of vertical WSe2 p-i-n
photodiode, where an intrinsic WSe2 layer is sandwiched between the
p-doped and the n-doped layers. The intrinsic layer is responsible for
the optical absorption and the doping layers act as the charge trans-
port layer. To achieve the fast response speed, we need to optimize the
limiting factors of the response time (tr) in the photodiode, including
time constant (tRC), drift time (tDrift), and diffusion time (tDiffusion),
which can be expressed as follows15–17:

tr =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2RC + t

2
Drift + t

2
Diffusion

q
ð1Þ

The tRC represents the RC time delay of the external wires/circuits,
which can be reduced by forming degenerate doping to decrease the
contact resistance Rc (Fig. 1c). The tDrift is the time it takes for photo-
generated carriers within the depletion region to reach the electrode
driven by an electric field. Assuming that photocarriers generated in
the middle of the channel, the drift time can be calculated by the
equation of tDrift = d/v = d/μE, where v is the drift velocity, d is thewidth
of the depletion region, μ is the carrier mobility, and E is the electric
field strength. A large electricfield (E) and a small depletionwidthd are
preferred to achieve fast photocarrier separation (Fig. 1d), which
require a high degenerate doping level with low contact resistance in
doped regions and a relatively thin thickness of the intrinsic layer.
Finally, the tDiffusion refers to the time it takes for photogenerated
carriers in the neutral region to diffuse into the depletion region. In a
fully depleted vertical photodiode,where thedepletion regionextends
across the entire device, the diffusion time can be ignored. Therefore,
the increase of the doping concentration in the p- and n-type layers is
essential to achieve a high electricfield across the depletion region and
a low contact resistance, leading to the ultrafast separation of
photogenerated carriers and the short interfacial transfer time, which
can significantly increase the response speed (Fig. 1e).

In ourwork, the pristineWSe2 serves as the intrinsic layer (i-WSe2),
which is lightly n doping. The electron concentration of
6.56 × 1014cm⁻³ is obtained by the four-probe testing method (Sup-
plementary Fig. 1 andMethods section). The low carrier concentration
of i-WSe2, combined with the Fermi level pinning effect, makes it
challenging to form Ohmic contacts. As shown in Supplementary
Fig. 2, the output curves of the pristine WSe2 field-effect transistor
(FET) exhibit significant nonlinearity, indicating the presence of a
noticeable Schottky barrier between i-WSe2 and the metal electrodes.

To fabricate p-i-n photodiode, it requires the feasible doping
strategies. Here, argon (Ar) plasma etching has been employed to
introduce n-type doping on i-WSe2. The doping mechanism is that Ar
plasma bombardment creates numerous Se vacancies and a sub-
stoichiometricWSe2 (WSe2-y) is formed. Abundant Se vacancies endow
the interfacial WSe2-y layer with excellent electron donor capacity,
thereby enabling electron doping of WSe2, which is similar to surface-
charge-transfer p doping of WSe2 via WO₃ coating18–20. As shown in
Supplementary Fig. 2, the output curve of the pristine WSe2 FET after
Ar plasma treatment is noticeably linear, indicating that the Ar plasma
can realize electron doping and improve the contact quality. The
power and the time of Ar plasma process has been optimized, which is
100W and 90 s (Supplementary Fig. 3). To assess the depth of WSe2-y
doping, we tested threshold voltage variation ΔV th of WSe2 FET with
varying thicknesses after Ar plasma treatment (Supplementary Fig. 4).
We found that as the thickness increased, the estimated carrier con-
centration decayed exponentially (Supplementary Fig. 5). The

thickness at which the concentration decays to 1/e is considered the
thickness of the n-region. From the fitting curve, the thickness of
n-doped layer is about 12 nm, where the electron concentration is
about 2.5 × 1018cm−3. For ease of description, we refer toWSe2-y and its
doped WSe2 as Ar-WSe2. As shown in Fig. 2a, the FET with Ar plasma
treatment in the contact area exhibits a high current on-off ratio (Ion/
Ioff) exceeding 106. The maximum drain current (Ids) is 1.63μA·μm−1 at
drain voltage Vds = 1 V and back gate voltage Vbg = 60V. Additionally,
the output curves exhibit a high linearity, indicating the formation of
high-quality contact between Ar-WSe2 and metal electrode.

NbdopedWSe2 (Nb-WSe2)works as thedegenerate p-typedoping
layer, where the atomic ratio of Nb is 5%. Hall effect measurements
using van der Pauw sample configuration demonstrate that the carrier
concentration of Nb-WSe2 is 2.65 × 1021cm−3 (Supplementary
Figs. 6 and 7). This high hole concentration can contribute to the low
contact resistance and the high built-in electric field in WSe2 p-i-n
photodiode. We further fabricated a WSe2 FET with Nb-WSe2 as con-
tact electrodes (optical image in Supplementary Fig. 8). The transfer
and output curves in Fig. 2b demonstrate a significant hole transport
behavior over a wide range of back gate voltage (Vbg). The FET exhibits
an extremely high Ion/Ioff exceeding 108. The maximum Ids is
4.17μA·μm−1 at drain voltage Vds = 1 V and Vbg = −60V. Moreover, Ids
shows a linear relationship with Vds, indicating that p-type Ohmic
contact is achieved. Improved ohmic contact between the electrode
and the doped layer indicates that doping can indeed enhance contact
quality, and this effect is also effective in vertical structures.

The vertical Nb-WSe2/WSe2/Ar-WSe2 p-i-n photodiode has been
fabricated via dry transfer technique and the detailed fabrication
process has been described in Methods section and Supplementary
Fig. 9. We used transmission electron microscopy (TEM) to char-
acterize the interface quality of the p-i-n diode. The cross-sectional
TEM image (Fig. 2c) shows a distinct layered structure and high-quality
van der Waals interfaces, with the thickness of monolayer i-WSe2 and
Nb-WSe2 being approximately 0.7 nm. The region treated with Ar
plasma exhibits a clear amorphous structure (WSe2-y), which is non-
conductive (Supplementary Fig. 10), and the thickness is about 4 nm.
Under dark, the diode displays a unidirectional conductivity with a low
reverse saturation current density of 1.29 × 10−3mA cm−2 and a high
rectification ratio of 5.9 × 106 (Vds = ±2 V), as shown in Fig. 2d. The
photoresponse characteristics of the vertical WSe2 p-i-n photodiode
have been tested under 532 nm laser with different power density (Pin).
When the optical power density is over 29730mW·cm−2, themaximum
open-circuit voltage (Voc) of 0.7 V is achieved. The current-power
relationship of the photodiode can be described as power-law: I / Pα.
Within the range of Pin from 0.0016 to 29730mWcm−2, the short-
circuit current density ( Jsc) exhibits excellent linear correlation with
Pin, with exponent α close to 1 (α =0.98), indicating that the photo-
voltaic effect is dominant (Fig. 2e). The contact resistance (series
resistance) in the vertical Nb-WSe2/WSe2/Ar-WSe2 p-i-n photodiode,
estimated from the dark I-V curve, is 9 kΩ, and can even reach as low as
1 kΩ (Supplementary Note 1 and Supplementary Fig. 11). Therefore, we
ascribe this excellent Voc to the large Fermi energy gradient across p-i-
n junction and the low voltage drop at the contact regions, which stem
from the high concentration in Nb-WSe2 and Ar-WSe2, minimizing
contact resistance. Supplementary Fig. 12 illustrates the band align-
ment diagram of the vertical p-i-n photodiode. Due to the high carrier
concentration in Nb-WSe2 (three orders ofmagnitude higher than that
in Ar-WSe2), thedepletion region is entirely concentrated in i-WSe2 and
Ar-WSe2. When the device is forward biased, the depletion region
narrows, the potential barrier for carriers decreases, and the current
starts to increase. Conversely, when the device is reverse biased, the
depletion region begins to extend into Ar-WSe2. When the reverse bias
ismuchgreater than0 V, Ar-WSe2 becomes fully depleted, significantly
increasing the reverse tunneling current. When the device is under
light and no bias, the depleted i-WSe2 fully absorbs photons and
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converts them into photogenerated electron-hole pairs, which are
quickly separated under the large built-in electric field. Since the
thickness of WSe2-y is relatively thin (~4 nm), the carriers can easily
tunnel through the WSe2-y layer and reach the electrode to generate
photocurrent. To further verify themechanismof our device, scanning
photocurrent mapping (SPCM) is used to obtain the photocurrent
distribution in Fig. 2f. Under zero bias condition, the photosensitive
region corresponds to the overlapping area of Ar-WSe2, i-WSe2 andNb-
WSe2. It confirms that the photocurrent originates from the generation
of photoexcited charge carriers in the i-WSe2 layer, followed by the
transfer of these charges to the Ar-WSe2 and Nb-WSe2, rather than the
contact region around the electrode/WSe2 interface in lateral photo-
voltaic devices. Furthermore, Fig. 2f shows negligible response at the
Ar-WSe2 and i-WSe2 interface, indicating that the depletion region is
contributed by the junction betweenNb-WSe2 and i-WSe2. Theprimary
function of Ar-WSe2 is to improve contact and enhance carrier

collection efficiency. Therefore, the thickness of Ar-WSe2 does not
affect the response speed and responsivity of the p-i-n device.

To obtain the intrinsic response time of the vertical WSe2 p-i-n
photodiode and exclude the impact of RC delay time, we performed
the time-resolved photocurrent (TRPC) measurement by exciting the
devicewith apair of ultrashort optical pulses (80 fs, 780 nm) separated
by a variable time delay (Fig. 3a). TRPC technique exploits the photo-
current dynamics of the vertical WSe2 p-i-n photodiode under the
nonlinear power dependence of the photocurrent. Figure 3b shows
that when average laser pulse intensities exceed 882Wcm–2, our
device exhibits the significant nonlinear power dependence ( Jsc /
P0.68). The observed sub-linearity probably originates from saturable
absorption. With the presence of the pump beam, the photocurrent
has been suppressed at zero delay time, further indicating the
saturation of the photocurrent. We plotted the normalized photo-
current as a functionof thedelay timewith differentWSe2 thickness (L)
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Fig. 2 | Optoelectronic characteristics of the p-i-n photodiode with degener-
ateddoping layer. a Transfer curve, output curve and structure schematic ofWSe2
FETwith Ar-WSe2 (red dash line region) contact.bTransfer curve, output curve and
structure schematic of WSe2 FET with Nb-WSe2 (blue dash line region) contact.
c Transmission electron microscope (TEM) image of vertical WSe2 p-i-n junction.
Pristine WSe₂ exhibits a distinct layered crystalline structure, while Ar plasma-
treatedWSe₂ demonstrates a clearly amorphous phase (denoted as WSe₂₋y) with a
thickness of 4 nm. d Current density ( Jds) – Vds curves of WSe2 p-i-n photodiode

under 532 nm laser illumination with different power density (Pin). e Power
dependent open-circuit voltage (Voc) and short-circuit current density ( Jsc). The
maximum Voc is 0.7 V, and Jsc exhibits linear correlation with Pin ( Jsc P0.98). f Short-
circuit SPCM image of the p-i-n photodiode using a 488 nm focused laser with
power of 1.73μW. The photocurrent originates from the overlapping area of Ar-
WSe2 (orange dash line), i-WSe2 (orange dash line) and Nb-WSe2 (blue dash line).
The gray dash lines are Ag metal electrodes.
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at Vds = 0V (Fig. 3c). The photoresponse characteristics of the samples
are shown in Supplementary Fig. 13. Assuming that the photo-
generated Voc is equal to the built-in potential Vbi (in fact, Voc is usually
smaller than Vbi), the estimated built-in electric field strengths from
9nm sample to 284 nm sample are 333 kV cm−1, 115 kV cm−1,
93.1 kV cm−1, 37.3 kV cm−1 and 23.9 kV cm−1, respectively. The intrinsic
response time τ can be extracted from the photocurrent-delay time
curve by the following equation21:

IphðΔtÞ
IphðΔt ! 1Þ = 1� Ae�

Δt
τ ð2Þ

in which A and τ are the fitting parameters. When thickness is 284 nm,
τ = 7.87ps is obtained. And when L is 9 nm, τ reaches as short as
0.89 ps, which is the shortest intrinsic response time in TMDs based
vertical photodetectors as far as we know22–25, indicating the potential
application of our device in high-speed and high-responsivity
detectors.

The intrinsic response time from TRPC technology is composed
of drift time τdrift, recombination time τr, exciton dissociation time and
interface transfer time τs, and there is the specific relationship22,26:

Γ =
1
τ
=

1
τdrif t + τs

+
1
τr

ð3Þ

By varying the i-WSe2 thicknesses in vertical p-i-n photodiodes,we
plot Γ with E/L (Supplementary Fig. 14) and extract τs of 0.884 ps, τr of

11.1 ps, the mobility of 16.2 cm2V−1s−1, and the carriers drift velocity of
>106cm/s, approaching the saturation drift velocity of WSe₂27. Overall,
our results show that the degenerate doping and the vertical structure
with short channels contribute to the high-field velocity transport and
the short intrinsic response time.

Different from the intrinsic response measurement, which pro-
vides the upper speed limit of photoresponse, the extrinsic switching
response time is actual response time of photodiode, indicating the
ability of a photodetector to process high frequency signals. To test
the switching response time, the devices are manually soldered and
bonded to a homemade PCB board, and the response time is obtained
by connecting the transimpedance amplifier and the oscilloscope. We
conducted photocurrent - time (I-t) tests using 266 nm pulsed laser
(Fig. 3d) and 532 nm continuous laser (Fig. 3e). The switching response
timedecreaseswith the increasingWSe2 thickness.When the thickness
is 118 nm, the switching response time is 36 ns, which is quite fast in
TMDs based photodetectors28–33. The full cycles of the two samples
under 532 nm laser illumination are shown in Supplementary Fig. 15. In
addition, we tested the broadband frequency response of vertical p-i-n
devices from 1 kHz to 25MHz. The 3 dB cutoff frequency of 9MHz is
obtained in 78-nm-thick devices. And the 3 dB cutoff frequency
increases to 13MHz in 118-nm-thick devices (Fig. 3f). Based on the
results from three different characterization methods, we concluded
that as the thickness increases (or junction capacitance decreases), the
device response time decreases. The relation between junction capa-
citance (C) and switching response time (tex) follows the function of tex
/ C1.04 (Supplementary Fig. 16). In addition, it has been demonstrated

Fig. 3 | Intrinsic response time and switching response timeof the verticalWSe2
p-i-n photodiode. a Schematic illustration of time-resolved photocurrent mea-
surement (TRPC) by 780 nm pulsed laser (80 fs) at Vds = 0 V. The Δt represents the
delay time between pump and probe beams. Under pulsed laser excitation and
built-in electric field, photogenerated electron-hole pairs are created, separated,
and transported to the metal electrodes. b Short-circuit photocurrent density ( Jsc)
as a function of probe beam power without pump beam. The red dash and solid
lines are the power-law fits with Jph / P1 and Jph / P0.68, respectively. The linear-to-
sublinear transition occurs at P = 882Wcm−2. c TRPC measurements of the p-i-n
devices with different WSe2 thicknesses. d Normalized transient photoresponse

under 266 nm pulsed laser with different thicknesses of pristine WSe2. Response
time extracted from the full width at half maximum of the response curve.
e Photoswitching behaviors of the WSe2 p-i-n photodiodes under 532 nm laser at
Vds = 0 V and laser on/off switching frequency of 400 kHz. The switching response
time is the time that photocurrent rises from 10% to 90% or falls from 90 to 10% of
the peak. f Broadband frequency response of the vertical WSe2 p-i-n photodiode.
The gray dash lines show the bandwidth when the amplitude of the normalized
photoresponse drops by −3 dB (the frequency that photocurrent reduces to 0.707
of the maximum value).
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that the test board and the transimpedance amplifier (TIA) seriously
affect the response time of the device (Supplementary Fig. 17)34.
Therefore, the obtained response time is limited by the test setup and
the actual response time of p-i-n device should be faster.

We fabricated a vertical graphene/WSe2/Ar-WSe2 p-i-n photo-
diode as a control device. The J–V characteristics of the photodiode
under 808 nm laser illumination and the photoswitching behaviors are
shown in Supplementary Fig. 18. The device exhibits a saturated open-
circuit voltage Voc of 0.24 V when the optical power density is over
757mW·cm−2 and a long rise/fall time of 10μs/6.5μs. The extracted
contact (series) resistance is as large as 8MΩ, and several control
devices all exhibit high contact resistance (Supplementary Fig. 19),
leading to a high RC time delay and a reduced voltage drop across the
intrinsic region. From the statistical analysis of the response times
(Supplementary Fig. 18),wecanconclude that thedifference in contact
resistance causes a significant variation in the response speed.
Therefore, a degenerate doping layer can reduce the contact resis-
tance and increase the built-in electric field, which is crucial for a high-
speed vertical WSe2 p-i-n photodiode.

Downscaling p-type layer thickness to approach ideal efficiency
To resolve the dilemma in the vertical WSe2 p-i-n photodiode in
terms of speed and responsivity, we need to improve the external
quantum efficiency (EQE) expressed in the number of photo-
generated carriers collected per incident photon. The ideal condition
is that the light is completely absorbed by the intrinsic WSe2 layer
and the photogenerated carriers are efficiently separated by the
built-in electric field without recombination. However, the heavily

doped layer on top can also absorb the light and the photogenerated
carriers at the doped layer have to diffuse into the depletion region.
In fact, most of the photogenerated carriers at the doped layer
quickly recombine and result in a noticeable decrease in the EQE and
responsivity, as depicted in Fig. 4a. In our work, the thickness of the
p-type Nb-WSe2 layer can be downscaled to sub-10 nanometers and
even sub-1 nanometer35,36.

To investigate the effect of p-type layer thickness on the optical
response characteristic, we vary the p-type Nb-WSe2 layer thickness
from 9nm to 128 nm (Supplementary Fig. 20). Figure 4b presents the
photocurrent density Jph - Vds curves of vertical p-i-n photodiodes
dependent on the Nb-WSe2 thicknesses under a constant power den-
sity (10mW·cm−2) of 532 nm laser. As the thickness of Nb-WSe2
decreases from 128 nm to 9 nm, Jph of the photodiode at Vds = 0V
gradually increases from 2 × 10−12A·μm−2 to 2.8 × 10−11A·μm−2. Respon-
sivity (R) is calculated by Jph/Pin, in which Pin is the incident laser power
density. The increased photocurrent density under a constant laser
power density indicates the boosted responsivity. The photoresponse
curves and the responsivity as a function of incident power density for
four samples are shown in Supplementary Fig. 20. It can be seen that,
as the Nb-WSe2 thickness decreases, the responsivity significantly
increases. Figure 4c shows thedependenceof the responsivity and EQE
on the Nb-WSe2 thicknesses. The responsivity increases from
21.36mAW−1 to 298.87mAW−1 with the decreased thickness of Nb-
WSe2. The EQE is extracted through hCJph/qλPin, where h is the Planck
constant, C is speed of light, q is elementary charge, and λ is wave-
length. EQE exhibits the same trend as the responsivity, which
increases from 4.98 to 69.67%.
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Fig. 4 | Downscaling of Nb-WSe2 thickness to boost responsivity and quantum
efficiency. a Schematic of the p-type layer thickness effect in the WSe2 p-i-n pho-
todiode. Thick Nb-WSe₂ exhibits high carrier recombination, leading to reduced
responsivity. In contrast, thin Nb-WSe₂ minimizes top-layer absorption while sup-
pressing carrier recombination, achieving enhanced responsivity. b Jph - Vds curves
of p-i-n photodiode under 532 nm laser illumination with different Nb-WSe2
thicknesses. c Responsivity (R) and external quantum efficiency (EQE) as a function
of Nb-WSe2 thickness (d). The responsivity exhibits exponential decay with
increasing d, following the relation: R = 398.84 × e−d/31.13 + 11.67, responsivity is the

average value under different powers. Inset is the optical power density Pin as a
function of d in p-i-n photodiode, Rf is reflection at the surface, α is the light
absorption coefficient of thematerial. Themaximumoptical power that i-WSe2 can
absorb is (1-Rf) Pin e-αd.d Schematicof light absorption in the p-i-n photodiodeswith
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carrier diffusion into i-WSe2 while allowing majority light absorption to occur in
i-WSe2, thereby substantially enhancing the photocurrent density.
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We further find that the responsivity-thickness curve fits well with
an exponential decay function (Fig. 4c). Theoretically, the responsivity
can be expressed as

R=
qλ
hc

ð1� Rf Þηe�αd ð4Þ

in which Rf is the reflection at the surface, α is the light absorption
coefficient of thematerial, η is the internal quantum efficiency, and d is
the p-type layer thickness. At Vds = 0 V, responsivity is fitted as
R = 398.84 × e-d/31.13 + 11.67. We can obtain α = 3.21 × 105cm−1, which is
close to the WSe2 absorption coefficient of 3.38 × 105cm−1 in
literatures11.The decreased responsivity and EQE with the increased
thickness of p-type layer can be explained by the exponential increase
of light absorption by the p-type layers. Before light reaches i-WSe2, it
attenuates due to the absorption by Nb-WSe2. The maximum light
intensity that pristine WSe2 can absorb is given by (1-Rf)Pine-αd (inset of
Fig. 4c).Moreover, only a small portion of the photogenerated carriers
produced by Nb-WSe2 near the interface will diffuse into the depletion
region, while the rest will recombine quickly. Therefore, the thinner
theNb-WSe2 layer, the smaller the recombinationprobability, resulting
in a greater number of photo-generated carriers produced in the
intrinsic region, and consequently, a higher photocurrent density,
responsivity and EQE, as shown in Fig. 4d.

Due to the high carrier density of doped WSe2 and the limited
carrier density of pristine WSe2 (6.56 × 1014cm⁻³), the monolayer Nb-
WSe2 can induce the depletion of 1275-nm-thick pristine WSe2 at
Vds = 0 V (Supplementary Note 2 and 3). We can infer that the use of
monolayer Nb-WSe2 with the thickness of 0.7 nm (refs. 37,38) can
further increase responsivity and EQE to 401.6mAW−1 and 93.6%,
respectively, while ensuring full depletion of the intrinsic layer and
complete absorption of 532 nm laser (10mW·cm−2). Therefore, to

simultaneously achieve high responsivity and fast speed, it is required
to use ultrathin Nb-WSe2 and select a relatively thick intrinsic WSe2
layer under the premise of full depletion (reduced RC time delay).

Figures of merit in vertical WSe2 p-i-n photodiodes
After the systematic discussion of dominant limiting factors on the
photodiode performance, we fabricated the optimized vertical Nb-
WSe2/WSe2/Ar-WSe2 p-i-n photodiode with ohmic contact and ultra-
thin Nb-WSe2 top layer, which enables high efficiency and ultrafast
response. The thickness of WSe2 and Nb-WSe2 is 307 nm and 4.5 nm,
respectively (Supplementary Fig. 21). Figure 5a presents the power
dependent photoresponse. Under dark, the current rectification ratio
of the p-i-n photodiode is 6 × 106 (Vds = ± 2 V). As the Pin increases, both
the Jsc and Voc significantly increase (Fig. 5b). At the Pin of 612mW·cm−2,
the ratio of Jsc to dark current density ( Jsc/Jdark) exceeds 106, indicating
an extremely high signal-to-noise ratio.

To describe the linearity of the photodiode, the linear dynamic
range (LDR) is introduced, which can be calculated by the equation39

LDR= 10× log10
Pmax

Pmin

� �
ð5Þ

in which Pmin/Pmax is the lowest/highest laser power density of the
linear region. It should be emphasized that when calculating LDR
using optical power, 10log10 should be used instead of 20log10 which
is widely misused. The p-i-n photodiodes show high linearity in a
power range of more than five orders of magnitude under 532 nm
laser illumination (Fig. 5b). To obtain the LDR limitation of our
device, we test LDR under 808 nm laser with a larger power range.
The LDR of p-i-n photodiodes in our study exceeding 75 dB, which is
close to commercial Si photodiodes (approximately 80 dB for S1133
from Hamamatsu)40. It is worth noting that the LDR of our device can

Fig. 5 | Optoelectronic characteristics of the optimizedWSe2 p-i-n photodiode.
a Jds-Vds curves under 532 nm laser illumination with different power densities. b Jsc
and Voc as a function of incident power density under 532 nm and 808 nm laser
illumination. The power-law fits between Jsc and power density are Jph / P0.996

(532 nm) and Jph / P1.008 (808nm), respectively. c Responsivity (R), external quan-
tum efficiency (EQE) and specific detectivity (D*) as a function of 532 nm incident
light power density at Vds = 0 V. d Photoswitching behavior of the verticalWSe2 p-i-

n photodiode at Vds = 0 V and laser on/off switching frequency of 4MHz. The gray
dash lines represent the 10% and 90% positions of the switch. e Broadband fre-
quency response of the vertical WSe2 p-i-n photodiode at Vds = 0 V. f Responsivity
and response time comparison under self-powered mode with previous reports.
For visible detector, the vertical WSe2 p-i-n photodiode shows high responsivity
and fast speed. (Supplementary Table 1, for more details and references).
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be even higher since the power range of Pin can be further expanded.
We also calculated the LDR of the control photodiodes (graphene/
WSe2/Ar-WSe2). The average value is 24 dB, which is 105 times smaller
than that of the p-i-n photodiode, as shown in Supplementary Fig. 22.
The LDR of the control photodiode is greatly affected by the intrinsic
hot carrier dynamics of graphene and the large contact resistance39.
In our p-i-n photodiodes, the high doping concentration of Nb-WSe2
and Ar-WSe2 results in a small contact resistance, achieving a
high LDR.

The responsivity and EQE of the vertical p-i-n photodiode under
visible light and varied power density at Vds of 0 V are shown in Fig. 5c
and Supplementary Fig. 23. The responsivity can be as high as
388.0mAW−1 (EQE of 90.5%) at 532 nm, and 0.554 AW⁻¹ (EQE ~ 91.6%)
at 750nm, which is outperforming commercial silicon photodiodes40.
The responsivity and EQE of our device at zero bias are outstanding
among 2D p-i-n homojunction41–43, demonstrating high sensitivity and
self-powered detection capabilities.

To comprehensively evaluate the detector’s ability to sense weak
signals, we assess the specific detectivity (D*). D* can be given by the
expression22

D* =

ffiffiffi
S

p

NEP
ð6Þ

NEP =
1
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qIdark +

4kBT
Rsh

s
ð7Þ

where S is the effective area, kB is the boltzmann constant, T is the
temperature, Rsh is shunt resistance. Figure 5c plots D* with incident

laser power density, displaying negligible dependency. At Vds of 0 V,
theD* is 1 × 1012 Jones, close to the commercial Si photodiode. The high
D* at Vds of 0 V can be attributed to the ultralow thermal noise, which
replaces shot noise as the dominant source of total noise. Supple-
mentary Fig. 23 also showsR,NEP andD* as a function of power density
and Vds.

To ascertain the response time, we monitored the temporal
switching response with the incident light being alternately switched
on and off at a frequency of 4MHz. Figure 5d shows one cycle of
photoswitching, operating at Vds = 0V. The rise and fall time are 23ns
and 28 ns, respectively. Figure 5e shows the normalized AC photo-
response in a broad frequency range from 1 kHz to 25MHz. From the
variation in the relative amplitude of the photoresponse, a 3 dB cutoff
frequency of 16MHz is obtained. As summarized in Fig. 5f and Sup-
plementary Table 1, without voltage bias, our vertical p-i-n photo-
diodes achieve near-ideal external quantum efficiency while
maintaining fast response speed, outperforming most self-powered
photodetectors based on TMDs44–46 and even commercial Si photo-
diodes. We can further estimate the theoretical minimum response
time of the device by using RC time and TRPC test results, which is
200.4 ps (Supplementary Fig. 24).

The photovoltaic performance can also demonstrate the photo-
carrier generation and transfer dynamics in p-i-n photodiodes. To
achieve high power conversion efficiency (PCE), it requires the strong
absorption by the intrinsic layer and the effective separation of pho-
togenerated carriers with minimized recombination47,48. Hence, we
systematically evaluate the photovoltaic performance of our opti-
mized vertical p-i-n photodiodes. Figure 6a displays the Jds-Vds curves
in the linear scale under dark and 532 nm laser illumination, respec-
tively. A large Voc of 0.62 V and a high Jsc of 125.7mAcm−2 are obtained
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AM 1.5 G illumination. Inset is the value of Voc, Jsc, FF and PCE. d Spectral EQE at
Vds = 0 V and integrated short current density. The spectral response is measured
under Xenon lamp.

Article https://doi.org/10.1038/s41467-025-60573-z

Nature Communications |         (2025) 16:5824 8

www.nature.com/naturecommunications


under the power density of 319mWcm−2. We can extract the fill factor
(FF) and PCE using the following equation49

FF =
ðPelÞmax

Voc × Isc
ð8Þ

PCE =
ðPelÞmax

Pin
ð9Þ

where Pel is the output electrical power defined as Pel =Vds × Ids. As Pel
describes the power generation capability of a photovoltaic device, we
need to achieve the maximum Pel at a certain voltage bias. Supple-
mentary Fig. 25 illustrates the relationship between Pel and Vds under
532nm laser irradiation. Figure 6b shows that our device displays a
maximum PCE of 15.37% and a maximum FF of 0.63 under Pin of
319mWcm−2.

To benchmark with other photovoltaic devices, we investigate
the photovoltaic performances of vertical WSe2 p-i-n photodiode
under 1000Wm−2 air mass 1.5 global (AM 1.5 G) illumination. We test
the forward and reverse current density–voltage curve (Supple-
mentary Fig. 26), the device exhibits negligible hysteresis. The device
with an area of 1022 μm2 obtains Voc of 0.52 V, Jsc of 19.67mA cm−2, FF
of 0.63, and PCE of 6.5% (Fig. 6c). EQE characterization under dif-
ferent wavelengths was further performed to confirm the measured
JSC (Fig. 6d). The integrated Jsc is 21.1mA cm−2, which is closed to the
measured JSC under the solar simulator. Under AM 1.5 G illumination,
our vertical WSe2 p-i-n device demonstrates excellent performance
among TMDs-based photovoltaic devices (Supplementary Table 2).
Compared with ultrathin silicon photovoltaics, the PCE of our device
is higher than that of silicon at the same thickness50, which is
attributed to the effective separation/collection of carriers in the p-i-
n structure under high built-in electric field and the high light
absorption coefficient of WSe2. Due to the narrow absorption spec-
trum of WSe2 (mainly visible light), PCE of our device can be further
improved by selecting other 2D layers with appropriate bandgap
engineering.

Discussion
Overall, we have fabricated vertical WSe2 p-i-n photodiodes with
ultrathin degenerate p-doped Nb-WSe2 layer, enabling fast response
speed and high quantum efficiency. The Nb-WSe2 layer with
high hole concentration of 2.65 × 1021cm−3 effectively reduces the
contact resistance and increases the built-in electric field, resulting in
the fast response speed. Due to the 2D nature of Nb-WSe2, the
thickness can be downscaled to sub-10 nm, leading to the high
responsivity and quantum efficiency. The optimized WSe2 p-i-n
photodiodes with ultrathin Nb-WSe2 exhibit strong rectifying beha-
vior with a current on/off ratio of approximately 6 × 106. The p-i-n
photodiode demonstrates high self-powered photodetection per-
formance with a high open-circuit voltage of 0.62 V and a nearly ideal
linearity of the short-circuit current, achieving a high LDR up to
75 dB. And the device displays a high responsivity of 388.0mAW−1

(EQE of 90.5%), a specific detectivity of 1 × 1012 Jones, a high power
conversion efficiency of 6.5%, a fast 10-picosecond intrinsic response
time, and a fast switching response time of 23 ns. Such self-powered
optoelectronic performance positions our vertical WSe2 p-i-n
photodiodes with great prospects in fast signal detection, high
resolution imaging, low power consumption, and photovoltaic
applications.

Methods
Materials
Bulk pristine WSe2 crystals were purchased from Shanghai Onway
Technology Co., Ltd and Nb doped WSe2 crystals (Nb: 5%) were pur-
chased from Sixcarbon Technology, respectively.

Device fabrication and characterization
The vertical WSe2 p-i-n photodiodes were fabricated by a commonly
used dry transfer method utilizing polydimethylsiloxane (PDMS) film.
First, Ag bottom electrode was deposited on SiO2/Si substrate
(tox = 285 nm). Then, pristineWSe2 flakes weremechanically exfoliated
by the Scotch-tape method and transferred to PDMS. The argon (Ar)
plasma treatments were performed on the pristine WSe2 at a pressure
of 5 Pa, a power of 100W, a gas flow of 50 sccm, and a duration time of
90 s, which achieves n-type doping by bombarding WSe2 to generate
abundant Se vacancies. Next, the surface treated WSe2 were trans-
ferred onto the Ag bottom electrodes. Nb-WSe2 flakes were mechani-
cally exfoliated by the Scotch-tape method and transferred to PDMS,
and then transferred onto the pristine WSe2 flakes to form p-i-n
homojunction. The detailed fabrication process is shown in Supple-
mentary Fig. 9. The flake thickness was confirmed by Atomic Force
Microscopy (Bruker).

Electrical and photoresponse measurements
All electrical and photoelectric tests were performed at room tem-
perature and ambient pressure. The current density-voltage (J–V)
measurements of the p-i-n photodiodes were characterized by a
Keithley 2636B sourcemeter. For the testof the extrinsic response time
and frequency response, a 266 nm pulsed laser (pulse duration ~6 ns)
and 532nm laserwith electro-opticmodulator (up to 25Mhz)was used
selected, the frequency of which was modulated by a function gen-
erator. The signal of the photoelectric conversion was first amplified
by a transimpedance amplifier (Femto DHPCA-100, the rise time is
4.4 ns at gain of 103) and then fed into the high-speed oscilloscope
(RIGOL, MSO8104) to read the time of rise and fall. In other photo-
response measurements, 532 nm and 808 nm continuous laser were
selected, the laser spot displays a diameter of about ~200μm, larger
than the device area to make sure a uniform illumination.

The calculation of carrier density
The pristine carrier density in bulk concentration n3D can be calculated
basedon the following equation:n3D = n2D

d , 2Dconcentrationn2D = σ2D
qμ ,

2Dconductivityσ2D =
Ids
ΔV

L
W ,field-effectmobilityμ= dσ2D

dVbg
× 1

Cox
, whered is

the thickness of material, q is the elementary charge, Ids is the source-
drain current, ΔV is the voltage drop between the two contacts, L/W is
the length/width ratio of the channel, Cox is the capacitance of
dielectricper unit area (1.21 × 10−8F/cm2 for 285 nmSiO2). Furthermore,
The Ar plasma induced charge density could be extracted by
Δn2D =Cox

ΔVth
q , where the ΔVth is the threshold voltage variation

induced by Ar plasma.

Hall effect and TEM measurement
Carrier concentration of Nb-WSe2 is determined by the Hall Effect
system (Nanometrics HL5500), which is based on van der Pauw
Method. For TEM, sample was prepared using a FEI Quanta 3D FEG
dual-beam system. TEM imaging was conducted in a Hitachi H-9500
(300 kV) transmission electron microscope.

SPCM and TRPC measurements
In SPCMmeasurements, a 488 nmcontinuous-wave laser was chopped
by amechanical chopper at 1050Hz and then focused onto the sample
by a longworking distanceobjective (Olympus LMPLFLN 50×) near the
diffraction limit. The generated photocurrent was collected by a lock-
in amplifier (Stanford SR830) at the chopped frequency with a back-
ground noise of ≈0.2pA. The SPCM measurements with a resolution
close to the diffraction limit were performed by raster scanning the
entire device mounted on a piezoelectric translation stage (Piezo-
concept LT3) according to the fixed laser spot. In TRPCmeasurements,
a 780 nm pulse laser (diameter ~400nm) was split into two indepen-
dent beams to form a pump–probe measurement configuration, and
the probe beam was chopped so that the lock-in amplifier could only
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measure its photocurrent. The pump beam was delayed by different
path lengths, with the delay time precisely controlled by a mechanical
delay stage (Thorlabs DDSM100/M). The pump and probe beamswere
recombined by a beam splitter after the delay line stage and focused
onto the sample using the same long working distance objective. The
temporal resolution of the TRPC set-up was about 0.6 ps.

AM 1.5G measurement
The J–V characteristics of the p-i-n photovoltaic performance were
measured using a Keithley 2400 sourcemeter under a simulated
AM 1.5 G spectrum, with an Oriel 9600 solar simulator. The devices
were measured in both reverse and forward scan (−0.1 V to 0.6V, step
0.02 V). All the devices were measured without preconditioning such
as light soaking or a bias voltage.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. All raw data generated
during the current study are available from the corresponding authors
upon request.
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