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With the growing demand for photodetector (PD) arrays with high pixel counts, enhanced sensitivity, faster response,
and simplified fabrication processes, traditional PD designs based on planar interdigital electrodes or two-device integra-
tion face limitations in speed, resolution, and manufacturing complexity, hindering their use in high-resolution imaging
applications. This study presents a universal strategy for fabricating PD arrays with vertical structures using SiO;-assisted
photolithography and etching. The resulting 10x 10 self-powered PD array, composed. of a simple Au/Pbl,/ITO structure,
operates effectively without an external power supply. The microstructure of the patterned Pbl, films and their photode-
tection properties are thoroughly characterized, showing an impressive on/off ratio of 7x10° and rapid response times
of 780 ps and 940 ps for rise and decay times under light irradiation. Notably, the self-powered PD array demonstrates
excellent imaging capability, producing clear images under 450-nm laser irradiation at varying optical power densities.
The low-complexity fabrication method, which exhibits high repeatability, can be applied to other material systems and is
expected to expand the potential of PDs in advanced integrated optoelectronic systems.
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1. Introduction

Photodetectors (PDs) play a vital role in various fields, in-
cluding optical communications, image sensing," 3} and med-
ical detection,[*! by converting optical signals into electrical
signals.[>81 With the rapid growth of ‘artificial intelligence
technologies such as machine vision,®!% intelligent medi-
cal imaging, robotics,!!""1?1 and autonomous vehicles,!!3-13]
the demand for high-pixel-count, low-cost PD arrays has
surged.['®17] These arrays ate crucial for acquiring two-
dimensional (2D) imaging data, highlighting the importance

18191 However, tradi-

of developing large-scale PD arrays.
tional PD arrays are typically based on planar interdigital elec-
trode structures,?°-22) where the active layer is deposited onto
a prefabricated electrode pattern. This design leads to limita-
tions in response speed and resolution, as the channel length
is restricted by the spacing between the electrodes, affecting
the performance of planar PDs.[>3-26! To overcome these chal-
lenges, vertical-structure PDs have been explored, offering im-

[27-291 A simple

proved response speed and higher resolution.
approach involves using a conventional photodiode structure
with cross electrodes. However, when top electrodes are fab-
ricated through metal deposition with a shadow mask, pixel
misalignment can occur, particularly in high-density arrays.

This misalignment, combined with optoelectronic crosstalk

fCorresponding author. E-mail: zhuxiaoli@hnu.edu.cn
fCorresponding author. E-mail: anlian.pan @hnu.edu.cn

CSTR:32038.14.CPB.ae29fc

and parasitic currents between pixels, compromises the ability
to extract information from individual pixels, thereby reducing
imaging accuracy.**33! Although stacking a blocking diode
monolithically can address crosstalk issues, such designs re-
quire complex fabrication processes, which pose challenges
in terms of device complexity and scalability. Furthermore,
energy level mismatches between diodes often lead to slow
carrier extraction and increased dark current, which limits the
performance of the PD arrays.

In this work, we propose a universal strategy for fabri-
cating vertical-structure PD arrays by combining etching tech-
nology with traditional micro/nano processing techniques. We
demonstrate the feasibility of this approach by fabricating a
10x10 self-powered PD array with a simple Au/Pbl,/ITO
structure. The device operates in self-powered mode due to
its built-in electric field, exhibiting an impressive on/off ra-
tio of 7x10° and rapid response times of 780 s and 940 s
under light irradiation. Additionally, the uniformity and light
stability of the array enable clear imaging of incident light dis-
tributions. This strategy is versatile, capable of being extended
to other material systems and high-density PD arrays, offering
a low-complexity method for large-scale integration in opto-
electronic systems. Our work demonstrates significant poten-
tial for advancing high-resolution, self-powered PD arrays in
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next-generation imaging applications.

2. Methods
2.1. Materials

All chemicals were used as received without further pu-
rification. Pbl, powder with a purity of 99.999% was pur-
chased from p-OLED Co., Ltd. (Xi’an). Isopropanol solution
(C3HgO, IPA) with a purity of 99.9% was purchased from Alfa
Aesar Co., Ltd. (Shanghai). Acetone solution (CH3COCH3)
with a purity of 99.9% was acquired from Sinopharm Chem-
ical Reagent Co., Ltd. Platinum (ITO) target with a purity of
99.99% was supplied by Jiuyue New Materials (Hebei). Pho-
toresist NYD-3000 with a purity of 99% and the developer
RD6 with a purity of 99% were both obtained from Yancai
Micro-Nano Technology Co., Ltd. (Suzhou).

2.2. Fabrication of vertical PD arrays

A universal fabrication method for self-powered PD ar-
rays based on a vertical Au/Pbl,/ITO structure: First, the bot-
tom Au electrode array (10-nm Ni/50-nm Au) pattern was fab-
ricated via UV lithography technique (MIDAS MDA-400M)
and vacuum thermal evaporation. This array consisted of
100 electrodes, with the electrode width and electrode lead
width being 70 um and 15 pwm, respectively. Then, a dense
Si0O, layer was deposited via the PECVD 'method (Plasmalab
800Plus), which had a thickness of 100 nm; the growth tem-
perature was 206 °C and the growth rate was 0.95 nm/s dur-
ing the deposition. ICP (Plasmalab System13) was used to
precisely etch the SiO, layer, exposing the bottom electrode
array (etching rate 0.95 nm/s). Alignment lithography was
performed to pattern 100 rectangle patterns on the prefabri-
cated interdigital electrodes, where the size of each rectangle
pattern was 100 umx100 pm. The patterned Pbl, films were
prepared using a dual-source evaporation coating system (CY-
1800X-SPC-4D, Chengyue Scientific Instruments). Tempera-
ture regulation was achieved by adjusting the current, thereby
controlling the-evaporation rate of the patterned Pbl, films.
When the current was 17.4 A, the device maintained a stable
vacuum state of 5.0x10~* Pa with a temperature of 147 °C,
corresponding to an evaporation rate of 0.06 nm/s. Subse-
quently, the photoresist was removed using acetone. Finally,
the transparent ITO top electrode (60 nm) was fabricated via
radio-frequency (RF) magnetron sputtering (PVD75, Kurt J.
Lesker). During the sputtering process, the process parameters
were set as follows: the sputtering power was 25 W, the argon
flow rate was controlled at 30 sccm, the sputtering rate was
stabilized at 0.02 nm/s, and the vacuum pressure was main-
tained at 0.65 Pa, thereby completing the fabrication of the top
electrode.

2.3. Characterization and measurements

Field-emission scanning electron microscopy (UK) was
employed to characterize the surface morphology, while x-
ray diffraction (X Pert3 Powder) 6-26 scan with Cu Ko ra-
diation was performed for phase analysis. Optical properties
were evaluated using a UV-vis—NIR spectrophotometer (UV-
3600, Shimadzu) and a steady-state/time-resolved fluores-
cence spectrometer (FLS980-S2S2-stm). Electrical and opto-
electronic measurements were performed using a Lake Shore
CPX Probe Station integrated with an-Agilent-B1500 Semi-
conductor Device Analyzer at ambient temperature. Time-
resolved photoresponse was evaluated by using 450 nm and
520 nm lasers triggered by a square-wave generator (Thorlabs
ITC 4001).

3. Results and discussion

3.1. Synthesis process and characterizations of Pbl, ar-

rays

The synthesis process of Pbl, arrays is illustrated in
Fig. I(a). First, patterned substrates are fabricated on pre-
cleaned glass substrates via micro-nano fabrication tech-
niques. Thereafter, vaporization of the Pbl, thin film was
carried out in a vacuum chamber at a pressure of 10~* Pa
through thermal physical vapor deposition (PVD). Meanwhile,
through the adjustment of the deposition rate during the vapor
deposition process, Pbl, thin films of varying qualities can be
prepared. Since Pbl, exhibits compatibility with acetone, the
patterned Pbl, arrays are obtained following the removal of
the photoresist using acetone. Figure 1(b) presents SEM im-
ages of the Pbl, film, showing that when the deposition rate
is 0.06 nm/s, a dense and homogeneous Pbl, film is formed.
Fig. S1 (in the supporting information) compares the Pbl, thin
films prepared at different deposition rates. At a deposition
rate of 0.1 nm/s (a relatively high rate), the Pbl, film exhibits
leaf-like structures with many irregularly shaped microcrys-
tals. When the deposition rate is reduced to 0.01 nm/s, top-
view scanning electron microscopy (SEM) images show that
the resulting Pbl, thin film exhibits non-uniform deposition.
These results indicate that the deposition rate has a critical im-
pact on the quality of Pbl, thin films. As shown in Fig. S2, the
optical images of Pbl, films with different patterns and pre-
cision, as well as SEM images of a Pbl, film patterned with
the school motto using various photomasks, are presented.
This demonstrates that the method can produce patterned lead
iodide thin films with shapes ranging from microscopic to
macroscopic scales, confirming the feasibility and versatility
of the synthesis approach. Furthermore, this process lays the
foundation for fabricating high-pixel materials to meet the pro-
cessing requirements of photodetectors (PDs). Figure 1(c)
shows the x-ray diffraction (XRD) patterns of the Pbl, film,
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revealing four distinct peaks corresponding to the (001), (002),
(003), and (004) crystallographic planes of Pbl,. These peaks
match the standard card (JCPDS: 07-0235), confirming the
pure Pbl, phase.[**! The sharp and strong XRD peaks indi-
cate that the as-prepared films possess high crystallinity.[3>-37]
Figure 1(d) displays the UV-vis absorption and photolumi-
nescence (PL) spectra of the Pbl, film. The steady-state PL
spectrum shows a single peak at 515 nm, consistent with pre-

[38

vious reports.*8] The absorption cut-off wavelength of Pbl, is
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approximately 523 nm. The band gap of the Pbl; film is cal-
culated using the Kubelka—Munk (KM) transformation of the
UV-vis spectra:

F(R)hv* = A(hv — Ey), (1)

where F(R) is the diffuse reflectance spectrum, % is Planck’s
constant, and v is the frequency.*”! The calculated band gap
of the Pbl; film is approximately 2.38 eV (Fig. 1(e)), which is
in good agreement with previously reported values.
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Fig. 1. (a) Schematic illustration of synthesis process of Pbly arrays. (b) SEM images of Pbl, film. (c) XRD diffraction measurements of
as-synthesized Pbl, arrays. (d) UV-vis absorption and photoluminescence spectra of Pbl, film. (¢) KM transformation of UV-vis absorption

spectra to the band gap.

3.2. Characterization of assembly and optoelectronic per-
formance of self-powered PD arrays

Based on the fabricated Pbl, thin film, a large-scale ver-
tical PD array is assembled. To address the challenges posed
by the top and bottom electrodes, we introduced a dense SiO;
film layer between them. Figure 2(a) illustrates the schematic
process of the device fabrication. The bottom electrode ar-
ray is first patterned, followed by the growth of the SiO, film
via plasma-enhanced chemical vapor deposition (PECVD).
Next;, inductively coupled plasma (ICP) etching is applied to
precisely pattern and expose the desired sites for Pbl, array
growth. The Pbl, thin film is then deposited by physical
vapor deposition (PVD), and ITO is finally deposited using
magnetron sputtering. The critical step in this process is the
precise etching of SiO; to define the Pbl, deposition sites.
The schematic structure of the integrated device is shown in
Fig. 2(b). The bottom electrode array pattern is depicted in
Fig. 2(c), and figure 2(d) presents an optical image of the de-
vice after Pbl, deposition, with the inset showing SEM im-
ages of the PD arrays and magnified views of a single de-
vice, demonstrating its regular shape and smooth surface. Fig-
ure 2(e) shows the optical image of the 10x 10 pixelated PD
array on a glass substrate. Figure 2(f) provides a schematic

diagram for photoresponse characteristics testing. The en-
ergy levels and carrier transport processes within the device
are shown in Fig. 2(g). Incident light passes through the top
ITO electrode and is absorbed by the Pbl, active layer. The
work function of ITO (4.7 eV) is close to the conduction band
of Pbl,, facilitating efficient electron transport, while the work
function of Au (5.1 eV) aligns with the valence band of Pblj,
enabling efficient hole transport.[>#0~#2 This simple structural
design ensures good electrical transport under illumination, re-
sulting in robust photovoltaic performance.

The photoresponse characteristics of the PD arrays were
systematically investigated through current—voltage (I-V)
Figure 3(a) shows the I-V
curves of the designed PD under dark conditions, as well

measurements of each pixel.

as under 450-nm and 520-nm laser irradiation, with an opti-
cal power density of 4.62 mW-cm~2. It is observed that the
PD exhibited a low dark current and demonstrated a promi-
nent open-circuit voltage (Voc) and short-circuit current (Isc),
even at low power densities. Notably, the device shows a
stronger response at a light wavelength of 450 nm compared to
520 nm, which can be attributed to the direct bandgap absorp-
tion of Pbl, at its band gap of 2.38 eV. Figure 3(b) illustrates

the I-V curves of the device under varying light intensities at
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Fig. 2. (a) Schematic illustration of the device fabrication process. (b) Schematic structure of the self-powered PD arrays. (c) Optical images
of the circuit with Au electrodes. (d) SEM image of the PD arrays and enlarged SEM image of a single PD in device. (e) Optical images of
10x 10 pixelated self-powered PD arrays. (f) The energy levels and carrier transport process schematic diagram of the device. (g) Schematic
illustration of the self-powered PD arrays optoelectronic characteristics measurement.

450 nm. As the light intensity increases, the current gradu-
ally increases, and the photovoltaic effect becomes more pro-
nounced due to the growing number of generated electron—
hole pairs. A similar trend is observed under 520-nm laser illu-
mination (Fig. S3). As the light intensity increases, the open-
circuit voltage also rises and eventually reaches a saturation
value. Figure 3(c) presents the dependence of V¢ on illumi-
nation power density. At a power density of 4.62 mW.cm~2,
the maximum Vpc of the device reaches 0.44 V, indicating
good self-powered optical detection performance. In Fig. 3(d),
the time-resolved light response under 0-V bias at different
incident power densities is shown, illustrating excellent opti-
cal switching characteristics in the self-powered mode. When
the laser is periodically turned on and off, the I5c rises and
falls correspondingly. It can also be observed that the satu-
ration level increases gradually as the optical power density
increases, leading to a higher number of electron—hole pairs,
while the dark current remains relatively low, indicating good
cutoff performance. Moreover, under the same light intensity,
the on-state current of the device under 520-nm laser irradi-
ation is lower than that under 450-nm irradiation (Fig. S4),
which can be attributed to the superior absorption of Pbl, at
450 nm. Figure S5 shows the optical switching characteristics
by varying the timing and period of the pulsed laser. The re-
sults indicate that the self-powered PD exhibits stable light re-
sponse under different illumination intensities and pulsed laser
conditions. Additionally, a comparison device was fabricated
by reducing the deposition thickness of Pbl,, and electrical
tests were conducted on it (see Figs. S6 and S7). The results
show that the optical response of the thinner Pbl, device was

inferior to that of the original device. This can be attributed
to the fact that thicker Pbl, films can absorb more light and
generate more charge carriers under a given light intensity, re-
sulting in a larger output current. However, as the thickness
increases, the active layer also represents the channel length
of the vertical structure, meaning that excessively thick films
can reduce the output current due to the increased channel re-
sistance. The response and decay times were calculated by
measuring the time taken to reach 10% and 90% of the max-
imum photocurrent. As shown in Fig. 3(e), the response time
and decay time are calculated to be 780 us and 940 us, re-
spectively, which are significantly faster than the correspond-
ing values of photodetector (PD) arrays based on other mate-
rials and structures. Moreover, compared with Si-based self-
powered devices, it not only features low process complexity
but also exhibits prominent performance advantages (see Ta-
bles S1 and S2). It is also observed that the photocurrent of the
device decays faster when a bias is applied. Fig. S8 shows the
optical switching stability characteristics of the device at 0-V
and 1-V biases, where noticeable attenuation occurs under a 1-
V bias. Compared to the previously reported Pbl, array PDs,
the PD reported in this work shows faster photoresponse char-
acteristics. The dependence of the photocurrent (/,,) and de-
tectivity (D*), as key figures-of-merit of photodetectors, was
calculated and presented in Fig. 3(f). These properties were

calculated using the following equation: (4344
Ioh = ight — ldark, 2
Ipn
R=2 3
7S’ 3)
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Iph = PP, (5)

where ljop, is the photocurrent, Iy, is the dark current, R is
the responsivity; S is the effective area of an individual pixel,
and g is the elementary charge; « is a constant, P is the opti-

cal intensity, B is an index related to the photoresponse of the
corresponding optical power density. The best-fitting value of
B is 0.85, exhibiting a sublinear power-law behavior. Further-
more, the detectivity (D*) decreases as illumination intensity
increases and its value is approximately 6.3x10'? Jones at an
illumination intensity of 40 uW-cm~2, implying an outstand-
ing low-light detection capability in the self-powered mode.
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Fig. 3. (a) Light source with different wavelengths (4.62 mW-cm™2). (b) With incident light power density from 0 to 13.44 mW-cm 2
(wavelength: 450 nm). (c) The Voc statistics of single device under 450-nm laser illumination with different light intensities. (d) Photo-
switching property of single device at different light intensities with 0-V bias. (e) The response and decay time under 450-nm laser illumination
with light intensity of 48.18 mW-cm™2 with 0 bias. (f) Dependence of the photocurrent and detectivity at 0-V bias.

3.3. Application of self-powered PD. arrays in high-

resolution optical imaging

The imaging capability of the self-powered PD array
was further characterized.®! Given the simple vertical device
structure of the self-powered PD array and its compatibility
with standard lithography and etching technologies, the de-
vice holds great potential for imaging applications. In imag-
ing tasks, each individual PD functions as a pixel, and the
stability and uniformity of the photoelectric characteristics of
each pixel are critical for overall imaging performance. Fig-
ure 4(a) shows the long-term optical switching stability of the
device at 0-V bias. After continuous operation for 4000 sec-
onds (2.3 10° cycles), the device exhibits excellent switching
characteristics, with only a slight attenuation in photocurrent,
indicating good stability. To assess the uniformity of the pho-
toresponse across all pixels in the array, Fig. SO displays the
photocurrent measurements of 100 pixel points under both
dark and illuminated states in self-powered mode. The cur-
rents in both dark and light conditions are distributed within
a narrow range, demonstrating that the self-powered PD ar-
ray exhibits excellent pixel homogeneity. To further illustrate
this uniformity, a 2D contrast map showing the light and dark
current distribution of 100 pixels is provided in Fig. S10.

Figure 4(b) presents the light-to-dark ratio across all pixels,
revealing that the I, /I ratio remains consistently high, in-
dicating uniform photoresponse. To evaluate the imaging ca-
pability of the self-powered PD array, a prototype experiment
was conducted based on the imaging principle. A pre-designed
shadow mask was placed between the light source and the de-
vice. As light passed through the mask, the pixels covered
by the mask remained in the dark state, while the incident
light illuminated the pixels in the unmasked areas. The output
current from each pixel was mapped to reconstruct the input
image, as shown in Fig. 4(c). When light passed through the
pre-designed shadow mask, speckle spots were formed on the
pixels of the self-powered PD array. The pixels under illumi-
nation have higher current values, while the others blocked by
the shadow mask show no light response. We used a mask of
“heart” to obtain the 2D planar graph as shown in Figs. 4(d)—
4(f) and S11. A clear pattern of “heart” could be identified
from the mapping results, and the resulting pattern was con-
sistent with the pattern of light spots, indicating that each
pixel of the self-powered PD array could work independently
and had basic light intensity response ability. Meanwhile,
in weak-light conditions, this self-powered photodetector ar-
ray is capable of effectively identifying the target contour.

104202-5


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae29fc
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae29fc
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae29fc

Chin. Phys. B 35, 104202 (2026)

()

{ Normalized current (arb. units)T-

—
(=]

o
[

Normalized current (arb. units)

e
=3

10001800
Time (s)

Tiight/ Iqark (10°)

0 Time (s)
(d)

—_
(=}

=)

Pixel number
N

S}

2 4 6 8 10

Pixel number
(2)
10

o

Pixel number
£ [=}

[

4 6 8
Pixel number

10

4000

(e)

Pixel number
f=)}

2 4 6 8
Pixel number
(h)

10

oo

Pixel number
E [=}

[

2 4 6 8
Pixel number

10

®

=

10 10
10°8
—ag) 8 —10

£ 10
6 101

o

£ 10712

S}

2

I 10714
10715
4 6 8
Pixel number

® 107
8x1078
6x1078
4x1078
2x1078

2 4 6 s qg o

Pixel number

10

—_
(=]

oo

Pixel number
2 o

[}

10

Fig. 4. (a) The long-term optical switching stability characteristics of the single device with 0-V bias (wavelength: 450 nm, 48.18 mW-cm™2).
(b) The three-dimensional (3D) diagram of the Ioy /Iog ratio for each pixel device. (c) Schematic illustration of the self-powered PD arrays
to detect multipoint light distribution. (d)-(f) The “heart” pattern photocurrent image obtained with different illumination intensities. (g)—

(i) Imaging results of the device with “H”, “N”, “U” shaped masks respectively.

Moreover, as the light intensity increases, the contrast also
increases with the color deepening to further enhance con-
trast. Additionally, the 10x 10 photodetector. array was used
to image different patterns. Masks shaped as “H”, “N”, and
“U” were employed to produce the corresponding 2D images
shown in Figs. 4(g)—4(i). ' The resulting images clearly de-
pict the letters “H”, “N”, and “U”,.and the patterns obtained
matched the light spot pattern precisely, confirming the de-
vice’s ability to reliably image a variety of patterns.

4. Conclusion and perspectives

In summary, we have developed a universal fabrication
method for vertical-structure photodetectors, integrating etch-
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