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ABSTRACT: Flexible photodetectors are pivotal in contemporary optoelectronic
technology applications, such as data reception and image sensing, yet their performance
and yield are often hindered by the challenge of heterogeneous integration between
photoactive materials and flexible substrates. Here, we showcase the potential of an
electrostatic force-assisted transfer printing technique for integrating Si PIN photodiodes
onto flexible substrates. This clean and dry process eliminates the need for chemical
etchants, making it a highly desirable method for manufacturing high-performance flexible
photodetector arrays, expanding their widespread applications in electronic eyes, robotics,
and human−machine interaction. As a demonstration, a 5 × 5 flexible Si photodetector
focal plane array is constructed for imaging sensors and shaped into a convex
semicylindrical form to achieve a π field of view with long-term mechanical and thermal
stability. Such an approach provides a high yield rate and consistent performance, with the
single photodetector demonstrating exceptional characteristics, including a responsivity of
0.61 A/W, a response speed of 39.77 MHz, a linear dynamic range of 108.53 dB, and a specific detectivity of 2.75 × 1012 Jones at an
applied voltage of −3 V at 940 nm.
KEYWORDS: si photodiode, flexible photodetector array, electrostatic force-assisted transfer, π awareness, image sensor

■ INTRODUCTION
Flexible photodetectors with photon-to-electron conversion in
the bending and stretched configuration have been widely
deployed in advanced imaging systems.1−6 However, the
functionality of the flexible structures is often limited by poor
device flexibility and stability; thus, the integration of
photoactive materials on flexible substrates needs to be further
optimized. Typically, silicon (Si) photodiodes offer the
characteristics of high photosensitivity (0.59 A/W),7 wide
dynamic range (140 dB),8 low noise current (<nA), fast
dynamic response (<ns), broadband operating wavelength
(400−1100 nm), and seamless integration with established Si-
based complementary metal oxide semiconductor technolo-
gies,9 demonstrating obvious advantages and potential for
preparing large-scale flexible photodetector arrays. Recent
advances have been made by integrating brittle Si photodiodes
into precision structures with flexible substrates,10−13 enabling
the development of advanced flexible image sensors. These
demonstrations involve deforming the focal plane array (FPA)
using semicylindrical14,15 and hemispherical4,5,16 geometries,
with the aim of reducing aberrations and increasing the field of
view (FOV). However, a large-scale Si-based flexible photo-
detector array is still technically limited by efficient integration
processes.

Currently, a variety of integration processes for flexible
devices have been developed, including surface chemistry or

adhesive-assisted transfer printing technique,17−21 kinetically
controlled transfer printing technique,22−25 laser-driven trans-
fer printing technique,26−29 gecko-inspired transfer printing
technique,30−32 and aphid-inspired transfer printing techni-
que.33−35 These techniques have promoted the development of
flexible devices, but some limitations during the integration
processes still need to be optimized. For instance, transfer
printing techniques that rely on surface chemistry or adhesives
often result in irreversible damage to the stamp interface,
limiting its reusability and leading to a degradation of device
performance. While kinetically controlled transfer printing
techniques offer a versatile and convenient solution, they have
a limited range of adhesion regulation. Laser-driven transfer
printing is a noncontact technique, but the undesirable damage
to the stamp surface caused by high temperatures must be
carefully considered. Consequently, there is a compelling need
to develop an integration technique that is both simple to
implement and compatible with various photoactive materials.
This technique should also maintain the exceptional
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optoelectronic properties of these materials, enabling the
fabrication of high-performance photodetector FPAs on a large
scale.

Here, we present an electrostatic force-assisted transfer
technique to integrate semiconductor nanomembranes onto
flexible substrates for image sensors. The proposed approach
benefits from electrostatic adsorption to attach Si nano-
membrane to a plastic slide in a dry and clean process. Taking
advantage of this technique, we have demonstrated a thin-film
5 × 5 Si PIN photodetector FPA, which exhibits minimal
fabrication-induced performance degradation and a 100% yield
rate. The device’s optoelectronic characteristics remain
consistent over numerous mechanical and thermal cycles,
indicating its long-term stability. Leveraging the inherent
flexibility of the substrate and the absence of brittle adhesives,

the FPA can be seamlessly transformed into a conformal
imaging system. This system, when encapsulated, forms a
compact semicylindrical imager with a radius of 3.60 mm,
capable of providing a 180° in-plane FOV, a feature we refer to
as “π-awareness”. This conformal design enhances the system’s
resilience to angular variations and positions the flexible
photodetector array as an effective information relay for
capturing data from different spatial orientations, verified by
the realized image sensor. The proposed principle and process
described in this study are not limited to integrating Si
photodiodes, which can be extended to other bulk materials
such as GaN and InGaAs. This versatility suggests potential
applications in the development of flexible multispectral
imaging systems and spectrally resolved sensing devices,
offering a broad impact on the field of optoelectronics.

Figure 1. (a) Process flowchart for the preparation of flexible Si photodetector arrays; (b) Si photodiodes attached to the UV film after the dicing
process; (c) electrostatic force-assisted transfer process of Si photodiodes; (d) optical microscopy image of the 5 × 5 Si photodetector array after
transfer printing.

Figure 2. (a) Optical image of the 5 × 5 Si photodetector FPA fabricated on a polyimide substrate; (b) current−voltage (I−V) curves of a typical
Si photodiode under both dark and illuminated conditions with varying optical power at 940 nm; (c) photocurrent response with respect to
incident optical power at biases of −3 and 0 V, respectively; (d) spectral response of the Si photodiodes, with error bars illustrating the standard
deviations from measurements on three devices.
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■ RESULTS AND DISCUSSION
The fabrication processes are illustrated in Figure 1a, mainly
including wafer grinding, Si photodiode transfer printing, and
metal deposition, with further details outlined in the Methods
section. As depicted in Figure 1b, the obtained photodiodes
are shown affixed to a UV film after the dicing process. The
integration of the photodiode onto the flexible substrate is
captured in Figure 1c, illustrating the adhesion of the Si PIN
photodiode onto a slide via electrostatic force. During the
silicon diode transfer process, when the polystyrene slide is
rubbed with dust-free paper, it becomes statically charged. This
phenomenon, known as contact electrification, occurs when an
originally insulating material acquires a charge through
friction.36 Electrostatic charges are generated on the surfaces
of two different materials when they are brought close to each
other due to differences in contact potential.37,38 When the
electrostatically charged polystyrene is brought near the silicon
diode, induced charges are generated on the wafer’s surface.
Specifically, the surface region closest to the polystyrene
develops a charge opposite to that of the polystyrene. Although
the surface area further from the polystyrene also induces a
charge of the same polarity, the overall effect, as described by
Coulomb’s law, is an attractive force between the polystyrene
and the silicon diode. This integration strategy relies solely on
electrostatic force without contamination or energy con-
sumption. Lastly, during the transfer of the silicon wafer to
the substrate electrode, the metallic bonding force between the
materials is stronger than the electrostatic attraction between
the polystyrene and the silicon wafer. This is achieved through
processes such as thermal compression bonding or applying
adhesives like silver paste, ensuring the successful transfer of
the silicon diode to the electrode. Therefore, we develop a 5 ×
5 Si photodetector array on a polyimide (PI) substrate, as
illustrated in Figure 1d.

The flexible Si photodetector array is capable of conformal
detection, adapting to various shapes and receiving optical
signals from multiple angles, as dictated by the flexible

platform’s geometry, functional attributes, and light incidence
properties, as depicted in Figure 2a. The optoelectronic
response of a flexible Si photodiode was measured to assess its
static properties. Figure 2b displays the I−V curves of the
photodiode for various optical powers at a wavelength of 940
nm. The observed rectification characteristic is attributed to
the Si PIN junction, which yields a small dark current of 1.89
nA and an impressive current on−off ratio of 9.48 × 106 at −3
V, respectively. Additionally, a self-driven phenomenon results
from the photovoltaic effect. The relationship between
photocurrent and optical power over a wide optical power
range is delineated in Figure 2c, demonstrating a linear
correlation within the experimental limits. The linear dynamic
range (LDR) is defined by LDR = 20 log10 (Ilight/Idark), where
Ilight represents the photocurrent measured at a light intensity
of 1 mW and Idark represents the dark current, yielding a large
LDR of 108.53 dB. The spectral response, as shown in Figure
2d, spans from 405 to 1064 nm, with a peak responsivity (R =
Iph/Pin, where Iph and Pin are the photocurrent and input
optical power launched to the photodetector) reaching 0.61 A/
W at 940 nm. The corresponding external quantum efficiency
(EQE) is approximately 81%, calculated using EQE = Rλhc/qλ,
where h, c, q, and λ represent Planck’s constant, speed of light
in vacuum, elementary electron charge, and the operational
wavelength, respectively.

The dynamic response of the Si photodiode was assessed
using a modulated laser for excitation, with the experimental
setup described in Figure 3a and the Methods section. The rise
and decay times of the device are both 8.80 ns (Figure 3b), and
the corresponding 3 dB bandwidth is 39.77 MHz. The fast
response is attributed to the vertical PIN junction structure,
which enables the efficient transition and collection of
photoinduced carriers driven by a built-in electric field. The
total current noise in the photodetector is dominated by the 1/
f noise, shot noise, and thermal noise. The 1/f noise has a
spectral density of S( f) ∼ 1/fγ (where f is the frequency and γ
≈ 1 is an experimental parameter)39 and is typically present at f
< 100 kHz. Figure 3c displays the measured 1/f noise spectra

Figure 3. (a) Schematic setup of dynamic optoelectronic response; (b) dynamic optoelectronic response of the Si photodiode at 940 nm; (c)
measured noise spectra of the Si photodetector at various applied voltages; (d) current noise and specific detectivity of the Si photodiode.
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under different bias voltages, revealing a decrease in current
noise from 1.18 × 10−23 A2/Hz at 1 Hz to 6.29 × 10−28 A2/Hz
at 100 kHz under −3 V. Shot noise is the temporal fluctuation
of the electric current out of equilibrium,40 which can be
expressed as Si = 2q·id/Δf,41 where id and Δf are the dark
current and bandwidth, respectively. The dark current of the
photodetector is 1.89 nA at an applied voltage of −3 V, so the
shot noise is 6.06 × 10−28 A2/Hz. Thermal noise, arising from
the thermal fluctuations, is described by St = 4kBT/R,42 where
kB, T, and R are the Boltzmann constant, the temperature

(approximately 300 K in our experiment), and the device’s
resistance, respectively. The calculated thermal noise is 1.05 ×
10−29 A2/Hz. Specific detectivity (D*) is a crucial performance
metric for evaluating photodetectors across varying active areas
and operating bandwidths, since the shot noise is dominant at
a high frequency here, which can be expressed by D* = A1/2 R/
(2qId)1/2, where A represents the effective area of the detector
in cm2 and R is the responsivity in A/W. Hereby, the specific
detectivity is over 2.75 × 1012 Jones at −3 V bias (Figure 3d).

Figure 4. (a) Side-view photograph of the FPA bent to a radius of 1.86 mm; (b) responsivity of photodetectors at various positions after multiple
bending cycles; (c) current−temperature curves (left) and responsivity-temperature (right) characteristics of the device under illumination at 940
nm; (d) responsivity of three photodetectors after various thermal cycles. Inset: The temperature profile applied during the thermal cycling tests.

Figure 5. (a) Flexible FPA encapsulated on a PCB; (b) dark current and (c) responsivity of the photodetector in both planar and bent
configurations; (d) photocurrent distribution map and the FOV covered by the semicylindrical FPA. Incident light power: 39.50 μW.
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The electrical and mechanical stability of flexible photo-
detectors under bending conditions is vital for their practical
applications. The experimental setup, as illustrated in Figure
4a, involved the placement of the device on two x-axis
displacement stages. The right stage was kept stationary, while
the left stage was adjusted to induce bending with a radius of
1.86 mm. To evaluate the folding endurance, we measured
dark current and photocurrent variations across five devices
from the same row after subjecting them to bending cycles
ranging from 0 to 3000 times. The minimal variation in
responsivity (Figure 4b) attests to the devices’ exceptional
folding endurance. Additionally, to understand the influence of
strain during bending, we conducted performance tests on the
flexible detector at various bending radii (Figure S1). The data
presented in Figure S2 show that the device’s dark current and
responsivity remained substantially stable across the different
bending radii, thereby demonstrating the device’s reliability
and consistent performance under bending stress. Thermal
stability is another crucial factor that affects the functionality of
a photodetector in extreme environments. The dark current
and responsivity of the device were evaluated by subjecting it
to temperatures ranging from −25 to 150 °C at 25 °C intervals
for 30 min. Figure 4c illustrates that the detector’s performance
remained stable throughout a wide temperature range. To
further confirm its environmental stability, a thermal cycling
test was also performed, wherein the device was subjected to

30 cycles between 0 and 100 °C, and no measurable changes in
responsivity were observed (Figure 4d). Moreover, the device’s
high-temperature endurance was tested by exposing it to a
constant 100 °C environment for 4, 8, 12, and 16 h. Even
under these prolonged high-temperature conditions, the
device’s performance metrics remained consistent, as detailed
in Figure S3. These results affirm that the realized flexible
photodetector array exhibits robust mechanical and thermal
stabilities, essential for their integration into flexible and
portable systems.

Given the FPA’s capability to be sharply curved without
damage, it was wrapped into a semicylindrical shape with a
3.60 mm radius to achieve a 180° (i.e., π) FOV. To improve
device integration, it was enclosed within a Printed Circuit
Board (PCB) using a low-temperature solder with a melting
point of 138 °C, as depicted in Figures 5a and S4.
Measurements of the dark current in the device’s flat state
and after bending revealed a modest increase to 8.46 nA at an
applied voltage of −3 V (Figure 5b). This observation may be
ascribed to the multilayered structure of the flexible photo-
detector, where bending potentially induces alterations in the
interfacial states between the constituent layers. Such
interfacial modifications can modulate the recombination and
transport dynamics of charge carriers, thereby resulting in an
elevated dark current. However, the responsivity of the
photodetector remained consistent (Figure 5c), which suggests

Figure 6. (a) Schematic diagram of the flexible image sensor’s application in capturing an image of the letter I; (b, d) optical images formed on flat
and curved imagers; (c, e) acquired current mapping of a letter I by the Si flexible image sensors.
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a negligible impact on the photon-to-electron conversion
process. The Si photodetector FPA exhibited no significant
deviation in performance when transitioned from a flat to a
bent configuration, demonstrating that the mechanical strain
imposed has a minimal impact on the device’s functionality.
This result underscores the robustness of the structural design
and the dependability of the fabrication process. Based on
finite element method (FEM) simulation (Figure S5), the
maximal strain in all Si photodiodes is 0.32%, which is far
smaller than the Si fracture limit.43 To determine the π-object
perception of the device, the fiber laser was affixed to a circular
track, as illustrated in Figure S6. The photodiode array was
illuminated by traversing the laser’s position, halting every 36°
to acquire the signal. The photocurrent signal mapping, as
exhibited in Figure 5d, confirms π awareness.

As the flexible Si photodetector FPA exhibited excellent
optical sensitivity, flexibility, and stability, it was used for
imaging applications, which is a pivotal component in
advanced optoelectronic detection systems. Here, a prototype
array with 25 pixels is applied to demonstrate the feasibility of
our strategy. The experimental setup for image acquisition
using light projection is presented in Figures 6a and S7, where
the letter I is projected onto the imager using a light source
(LBTEK, LB-L21−64-WDG). Figure 6b illustrates the overall
device structure of the flat flexible Si image sensor, and Figure
6c shows the resulting flat image obtained from normalized
current mapping. Specifically, the normalized current, Inormalized,
is based on the following equation

I I I I I( )/( )normalized light dark full light dark=

where Ilight, Idark, and Ifull‑light are the measured currents under
light, dark, and the full-light-illumination (all devices are
exposed to light without a mask) conditions, respectively. As a
comparison, the device imaging after bending is shown in
Figures 6d and 6e. Crosstalk between device pixels is observed,
which can be categorized into optical and electronic crosstalk.
Optical crosstalk is caused by the off-axis phenomenon
resulting from light diffraction, leading to interference with
adjacent pixels. Electronic crosstalk, on the other hand, results
from the migration of excited electrons to neighboring pixels
upon exposure to incident light. As illustrated in Figure S8, a
circuit analysis indicates that electrical crosstalk in our device is
minimal. Consequently, the predominant source of crosstalk in
the flexible image sensor is optical in nature.

■ CONCLUSIONS
In summary, we have successfully demonstrated a mechanically
flexible thin-film Si PIN photodetector array using the
electrostatic force-assisted transfer technique. This approach
brings about little contamination without additional energy
consumption and ensures the fabrication of a photodetector
array with excellent performance, including a responsivity of
0.61 A/W, a LDR of 108.53 dB, and a 3 dB bandwidth of 39.77
MHz. The obtained array was wrapped into semicylindrical
shapes to achieve a 180° FOV and π in-plane awareness with
the suitable force arrangement. Simultaneously, the flexible
photodetectors maintain stable optoelectronic performance
even when subjected to bending or exposed to harsh
environmental conditions. Additionally, the image sensor is
demonstrated by the fabricated photodetector array. The
distinctive attributes of this lightweight and flexible FPA,
including its exceptional FOV, render it highly suitable for

diverse applications and enable sophisticated yet streamlined
optical system designs. The principle and process described in
this study are not limited to the specific material systems
discussed. This versatility allows for the expansion of detective
materials and offers promising implications for advancing
multispectral imaging and spectrally resolved sensing tech-
nologies, thereby contributing to the wider field of
optoelectronics.

■ METHODS
Si Photodetector Array Fabrication. The processes of

preparing the flexible detector array started with thinning the device.
Prior to this step, we commissioned a company (Innotronix
Technologies Co., Ltd.) to dope the Si wafers. The wafers were
thinned to approximately 50 μm using a grinding process, followed by
the deposition of an electrode (comprising 5 nm Ti and 100 nm Au)
on the rear surface. Subsequently, the device was mounted on a UV
dicing film for scribing. Once the dicing was complete, the film was
briefly exposed to UV radiation to reduce its viscosity, facilitating the
separation of the detector from the film. Each detector measures
approximately 1.20 mm × 1.20 mm.

A layer of the PI film was applied onto a Si wafer coated with a 500
nm layer of oxide using a spin-coating process, and a bottom metal
electrode was deposited as a common anode. The photodiode was
adhered to the transfer slide via electrostatic force. The Si photodiode
was precisely aligned under a microscope and then transferred onto
the flexible substrate. To ensure robust adhesion, a thin layer of silver
paste was applied to the substrate beforehand, or the process was
enhanced by metal thermal compression bonding. A layer of SN1330
photoresist (REESEEN, Jiangyin J. Wanjia Technology Co., Ltd.) was
applied, with an opening for the electrode pad. A second layer of
electrode (cathode) was then deposited onto the SN1330 epoxy film.
The device was then encapsulated with SN1330, and photo-
lithography was performed to define the metal electrode windows
for probe contacts. Subsequently, the encapsulated device was
delaminated from the substrate wafer and securely attached to
commercial Kapton tape.
Device Characterization. The electrical characteristics were

assessed through current−voltage (I−V) curve measurements
utilizing a semiconductor parameter analyzer (PRIMARIUS FS-
Pro). For illumination, a tunable fiber laser provides optical signals at
various wavelengths. To evaluate the device’s response speed, the
signal generator (SIGLENT SDG6052X-E) modulates the laser to
produce a square wave signal, which is then projected onto the
photodiode surface. The source meter provides the bias voltage to the
bias module (Thorlabs, PBM42), which connects the photodiode to
the oscilloscope (SIGLENT SDS5054X). Current signals were
measured using a digital source meter for the imaging and π-visual
field tests (Keithley 2450).
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