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This CIPS/CdSo42Seoss heterojunction photodetector exhibits outstanding
photoelectric performance, neural network recognition capabilities and

imaging. Achieved multi-functional integration.
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ABSTRACT: Ferroelectric phototransistors have emerged as promising platforms for integrating sensing, memory, and
computing toward artificial intelligence systems, however, their practical applications are hindered by limited photoresponse and
insufficient device performance. Here, we report a high-performance CulnP2Se (CIPS)/CdSo42Seoss ferroelectric heterojunction
transistor enabled by a dry-transfer strategy, which synergistically combines ferroelectric polarization modulation with band-
engineered heterointerfaces. The device exhibits outstanding optoelectronic performance, including a high light-to-dark current
ratio of 4.37x10°, a responsivity of 5.38x10% A/W, an external quantum efficiency of 1.14x108%, and a specific detectivity up to
3.67x10" Jones, along with a fast response time of 78/320 ps. Importantly, polarization switching effectively tunes carrier
transport by modulating the depletion region at the heterointerface, enabling controllable photoresponse characteristics.
Leveraging these advantages, the device is further demonstrated for visible-light imaging and convolutional neural network
(CNN)-assisted image recognition, achieving an accuracy of 96.09%. Compared with previously reported CIPS-based devices,
this work realizes a substantial improvement in both sensitivity and speed. This study highlights the effectiveness of ferroelectric-
semiconductor heterostructure engineering for high-performance photodetection and provides a viable pathway toward highly

integrated and intelligent optoelectronic systems.

KEYWORDS: ferroelectric transistor, vdW heterojunction, visible light imaging, convolutional neural networks

1 Introduction

The rapid evolution of artificial intelligence (AI) and
machine vision systems has stimulated an increasing
demand for next-generation optoelectronic devices capable

of simultaneously integrating sensing, memory, and
processing functionalities [1-6]. In particular, high-
performance phototransistors [7-9] with low power

consumption [10-12], high integration density [13-15], and
in-sensor computing capability are considered essential
building blocks for neuromorphic vision systems and
intelligent imaging applications [16]. However, conventional
silicon-based devices are fundamentally constrained by their
limited spectral response, relatively low photoelectric
conversion efficiency, and high energy consumption, which
hinder their application in emerging intelligent
optoelectronic systems [17].

Recently, ferroelectric materials have attracted extensive
attention due to their intrinsic nonvolatile polarization,
atomically thin structure, and strong electrostatic tunability
[18]. These unique properties enable ferroelectric field-
effect transistors (FeFETs) to realize efficient carrier
modulation via internal polarization fields, thereby offering
new opportunities for multifunctional optoelectronic devices
and in-memory computing architectures [19,20]. Among
them, CulnP:Ss (CIPS), as a representative layered van der

Waals ferroelectric material, exhibits room-temperature
ferroelectricity, a moderate bandgap, and excellent
structural stability, making it a promising candidate for
photodetection and neuromorphic applications [21]. Its
reversible polarization can generate a built-in electric field,
thereby modulating carrier separation and transport, and is
expected to enhance the device’s photoresponse
performance [22]. However, despite these intrinsic
advantages, phototransistors based on single CIPS channels
often exhibit low light-dark current ratios, limited
responsivity, and insufficient signal-to-noise ratio, which
significantly restrict their performance in high-resolution
imaging and intelligent recognition tasks [23]. To address
these challenges, various strategies have been explored,
including gate engineering [24,25], defect modulation [26-
28], chemical doping [29-31], and external circuit
integration [32,33]. Although these approaches can partially
improve device performance, they often introduce additional
complexity and still face limitations in terms of noise
suppression, energy efficiency, and system-level integration
for neuromorphic applications.

Constructing van der Waals heterojunctions has emerged
as an effective strategy to overcome these limitations by
combining complementary materials and engineering
interfacial band alignment [34,35]. In particular, the
semiconductor alloys such as CdSiSeix possess tunable
bandgaps, strong light absorption, and good chemical
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stability, making them ideal candidates for forming high-
quality heterostructures with ferroelectric materials [36].
Previous studies have shown that optimizing the S/Se ratio
in CdSxSeix alloys can effectively tailor their band structure
and significantly improve photoelectric conversion efficiency,
with compositions close to the equiatomic ratio generally
exhibiting excellent optoelectronic properties [37].
Motivated by these findings, CdSxSei« alloys are considered
promising candidates for constructing high-performance
heterojunction photodetectors with ferroelectric
semiconductors. When integrated with ferroelectric
semiconductors such as CIPS, the built-in polarization field is
expected to further facilitate photogenerated carrier
separation, making  CIPS/CdS:Seix  heterostructures
promising candidates for high-performance multifunctional
optoelectronic devices.

In this work, we report a high-performance
CIPS/CdSo.42Seos8 ferroelectric heterojunction
phototransistor fabricated via a dry transfer method.
Benefiting from the synergistic effects of ferroelectric
polarization in CIPS, the tunable bandgap of CdSo.42Seoss
nanosheet, and the optimized interfacial band structure, the
device exhibits outstanding optoelectronic performance,
including a high light-to-dark current ratio of 4.37x105, a
responsivity of 5.38x10> A/W, an external quantum
efficiency of 1.14x10%%, and a specific detectivity up to
3.67x10"° Jones, along with a fast response time of 78/320
pus. Furthermore, the device demonstrates excellent
capability in visible light imaging and convolutional neural

network (CNN)-based image recognition with high accuracy
of 96.09%, highlighting its potential for integrated
neuromorphic vision systems. This work provides an
effective strategy for designing high-performance, low-
power, and intelligent optoelectronic devices based on
layered ferroelectric heterostructures.

2 Results and discussion

CIPS flake and CdSo42Seoss nanosheet (NS) were
respectively prepared by mechanical exfoliation (ME) and
chemical vapor deposition (CVD) methods. The CIPS flake
and CdSo42Seoss NS were transferred onto the Si/SiO;
substrate for further characterization. Figs. 1(a)-(b) show
the UV-vis absorption spectrum of CIPS flake and
CdSo42Seoss NS, respectively. It can be seen that the CIPS
flake and CdSo42Seoss NS have strong light absorption in
range 300-600 nm and 300-650 nm, respectively. According
to Tauc’s plot, it is expressed by the following formula
(ahv)" =A (hv-E;) [38]. In the formula, direct bandgap
semiconductor n = 2 and indirect bandgap semiconductor n
=1/2. The band gap of CIPS flake and CdSo42Seoss NS can be
calculated as 2.75 eV and 1.87 eV respectively, as shown in
their insets. Based on the ultraviolet/visible/near-infrared
light absorption diagram of Figs. 1(a)-(b), the band gap of
the material can be characterized, but the method of
determining the band structure is often far from sufficient
through the two diagrams of Figs. 1(a)-(b). Therefore, we
further studied the band structure of the materials by testing
ultraviolet photoelectron spectroscopy (UPS).
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Figure 1. Ultraviolet-visible-infrared absorption spectra of (a) CIPS flake and (b) CdSo.42Seoss NS. Ultraviolet photoelectron spectroscopy of (c-d) CIPS
flake and (e-f) CdSo42Seoss NS. (g) AFM images of CIPS flake and CdSo.42Seo.ss NS. (h) EDS picture (inserted image is mapping) and (i) XRD diagram of

CdSo.42Seo.s8 NS.
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Fig. 1(c) shows the sizes of the valence band top of CIPS
flake to Fermi level. The difference between the valence
band top of 2.12 eV and fermi level is extracted by linear
extrapolation method. Fig. 1(d) shows the secondary
electron cutoff energy of CIPS flake. The size of 18.36 eV was
extracted, and the work function Wiy = 2.86 eV was
calculated. Similarly, Fig. 1(e) shows the size of CdSo42Seoss
NS valence band top to fermi level. The difference between
1.41 eV valence band top to fermi level is extracted. Fig. 1(f)
shows the secondary electron cutoff energy of CdSo.42Seoss
NS. The size of 17.46 eV was extracted, and the work
function W2 = 3.76 eV was calculated. In this way, the
valence band position, work function and band gap of the
CIPS flake and CdSo42Seoss NS are determined respectively,
and their band structure diagrams can be made to explain
the physical mechanism. The thickness of the material is also
closely related to the performance of the semiconductor
material. Therefore, the thickness of the material was
characterized using atomic force microscope (AFM). Fig. 1(g)
shows the AFM thickness of CIPS flake and CdSo42Seoss NS.
The surfaces of CIPS flake and CdSo42Seoss NS are very
slippery, with thickness of 94 nm and 112 nm respectively.
The results show that CdSo.42Seoss prepared by CVD and CIPS
of mechanical stripping have good morphology. To further
verify the elemental composition of CdSo4:Seoss, energy

dispersive X-ray spectrometers (EDS) was used to
characterize the elements of CdSo42Seoss. Fig. 1(h) shows
the EDS of the CdSo42Seoss NS, including Si, O, Cd, Se and S
elements. Cd, Se and S elements are present in the
CdSo42Seoss NS, in which Si and O originate from the SiO:
substrate. Inserted image shows the elemental mapping
image of the CdSo4:Seoss NS. These elements are evenly
distributed in the CdSos2Seoss NS. The magnified SEM
showed exceptionally smooth surfaces of the CdSo.42Seoss NS,
demonstrating the excellent crystalline quality of the
CdSo42Se0ss NS. To further confirm the elemental
composition ratio of S and Se in CdSos2Seoss NS, X-ray
diffraction (XRD) characterization was conducted on it. Fig.
1(i) shows the XRD pattern of the CdSo42Seoss NS. The 26
peaks of the CdSo42Seoss located at 24.3°, 25.9°, 27.7, 35.8’,
42.9°,46.9°, 49.9°, 50.8° and 51.8° correspond to (100), (002),
(101), (102), (110), (103), (200), (112) and (201) crystal
planes. The results show that the diffraction peak is
consistent with the JCPDS No: 50-0720 standard card, in
which the ratio of S to Se is 0.42:0.58. Two small peaks
emerged at approximately 26 = 33.3" and 26 = 38.3°, which
correlate to the (211) and (220) diffraction peak of the Si
substrate by comparison with the JCPDS No: 17-0901
standard card.
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Figure 2. (a) Heterojunction device diagram, (b) transfer curve at 5 V bias, (c) spectral response curve under 5 V bias, (d) /-V curves under 460 nm
monochromatic light and dark, (e) I-V curves under different LPD and (f) intensity-depended photocurrent of CIPS/CdSo.42Seo.ss heterojunction device.
The hysteresis curves of (g) phase and (h) amplitude. (i) Ferroelectric hysteresis loop.
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Based on the characterization results, electrical properties,
photoelectric properties and the ferroelectric properties of
CIPS/CdSo.42Seos8 heterojunction were further discussed. Fig.
2(a) shows the schematic diagram of the heterojunction
ferroelectric transistor. Fig. 2(b) presents the transfer curve
of CIPS/CdSo42Seoss heterojunction device at 5 V bias. The
transfer curve demonstrated the characteristics of a n-type
transistor. Fig. 2(c) shows the spectral response of the
CIPS/CdSo.42Seoss heterojunction ferroelectric
phototransistor ranging from 300 to 800 nm. Obviously, the
heterojunction device showed a strong response to visible
(410 - 610 nm) wavelengths, these results indicated that
excitons contributed to the photocurrent. Fig. 2(d) plots the
current-voltage (I-V) curve of the CIPS/CdSo42Seoss
heterojunction ferroelectric phototransistor under 460 nm
illumination and dark. The photocurrent drastically
increased with increasing bias voltage. When the bias
voltage reaches 5 V, the photocurrent of the heterojunction
device reaches 2.35 x 105 A, the dark current reaches 5.37 x
10! A, and the ratio of photocurrent to dark current reaches
4.37 x 10° These conditions indicate that the prepared
heterojunction device has outstanding photoelectric
performance. Hence, we further study the photoelectric
performance of the heterojunction device. Fig. 2(e) shows
the I-V curves of the CIPS/CdSo.42Seoss heterojunction device
under different light intensities at 460 nm light illumination.

(@) <4 (b)

Obviously, the photocurrent increased with increasing light
power density (LPD) at the same bias voltage, indicating that
the number of photogenerated carriers was proportional to
the absorbed photon flux. When the LPD was 1.053 mW/cm?,
at 5 V bias, the photocurrent reached 2.98 x 10~° A. Fig. 2(f)
shows the relationship between the photocurrent and LPD of
the CIPS/CdSo42Seoss heterojunction device at a bias of 5 V.
The power law formula is as follows: I, = KP* [39], where I,
is the photocurrent, K is the proportional coefficient, P is the
LPD, and exponent « is the fitting coefficient and reflects the
trapping and recombination activity of photocarriers. The a
value was determined to be 0.93 using the above fitting
formula. Minor deviations from the ideal value of 1 suggest
that the device has a low density of trap states and low
recombination loss [40-42]. Through the Piezoresponse
Force Microscopy (PFM) test at room temperature, the
ferroelectricity of CIPS was confirmed. The phase curve
indicated that CIPS has a 180° polarization reversal
characteristic (Fig. 2(g)), with an amplitude that is a
nonlinear butterfly curve (Fig. 2(h)). Therefore, its
ferroelectric properties were tested next. Fig. 2(i) presents
the polarization-voltage (P-V) hysteresis loop of CIPS. The
results show that the CIPS device has a residual polarization
strength of 2.38 pC/cm? indicating that this device
possesses excellent ferroelectric properties.
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Figure 3. (a) R, (b) EQE and (c) D" of the CIPS/CdSo.42Seoss heterojunction device under various LPD at 5 V bias and 460 nm. (d) noise current of the
CIPS/CdSo.42Seo.s8 heterojunction with upward polarization, the initial state, and downward polarization. (e) The I-t measurement at three states and (f)
response time of the CIPS/CdSo.42Seoss heterojunction device. The (g) I-V curves, (h) R, and (i) D” of the CIPS/CdSo.42Seoss heterojunction with upward

polarization, the initial state, and downward polarization.
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To further research the photoelectric performance of the
CIPS/CdSo42Seoss  heterojunction device, some Kkey
parameters of the devices were calculated. As is well
established, the R [43,44], EQE [45,46] and D" [47-50] are
three critical parameters in characterizing photodetector
performance, and they can be determined using the
following expressions:

R )
' hc
EQE =R (5) 2)

* = /i
D*=R 24y 3)

where I, represents the photocurrent, Iq represents the dark
current, P represents the LPD, A is the device area, h is
Planck’s constant, c¢ is the speed of light, q is the electron
charge, A represents the incident wavelength.

According to the calculation literature [51] regarding the
effective area of this device, the effective area of this
heterojunction phototransistor has been calculated as 7.76 x
106 cm? (the total area of all materials between the source
electrode and the drain electrode). Figs. 3(a)-(c) show the R,
EQE and D" of the CIPS/CdSo42Seoss heterojunction device
under a 5 V bias. All three parameters decreased with
increasing LPD, which can be attributed to the enhanced
recombination rate and reduced photoconductive gain at
higher photogenerated carrier densities [42,52]. R, EQE and
D" had maximum values of 5.38 x 103 A/W, 1.14 x 10° % and
3.67 x 10'° Jones under 5 pyW/cm? at a 5 V bias, respectively.
To avoid the potential overestimation of D’ that may arise
from Equation (3), precise measurements of the frequency-
modulated noise current were conducted to obtain a more
reliable evaluation (Fig. 3(d)). The results demonstrate that
the CIPS/CdSo.42Seoss heterojunction device exhibits typical
flicker noise characteristics, while gradually approaching the
shot-noise limit at higher frequencies, which can be

expressed as:
Ishot =+ qud (4)
Based on the experimentally measured noise current, the

specific detectivity was calculated according to:
D= RVAB

Inoise

(5)

where B is the bandwidth and ineise is the noise current.
Notably, in the high-frequency regime (10° Hz), the device
achieves a maximum specific detectivity of approximately
4.59 x 10 Jones, which is in good agreement with the
values estimated using Equation (3). Similarly, the maximum
D* values of the CIPS/CdSo42Seoss heterojunction under
upward and downward polarization states are calculated to
be 4.81 x 10'3 Jones and 5.32 x 10 Jones, respectively. Even
at a low frequency of 10 Hz, the device still maintains
impressive D* values of 3.76 x 100 Jones, 3.67 x 102 Jones,
and 3.39 x 10'? Jones for the upward-polarized, initial, and
downward-polarized states, respectively, highlighting its
excellent photodetection capability over a wide frequency
range.

In addition, long-term operational stability and rapid
response speed are critical performance metrics for high-
performance phototransistors. Fig. 3(e) shows the long-
term dynamic photocurrent switching characteristics (I-t) of
the CIPS/CdSo.42Seoss heterojunction ferroelectric
photovoltaic transistor under a 0.01 Hz periodic optical
modulation. To reveal the ferroelectric modulation effect in
the device, the switching behaviors under three different
polarization states were systematically compared. When the

device was modulated to the Py, state, a larger photocurrent
response was obtained compared to Pinitia; conversely, when
in the Pgown state, a smaller photocurrent response was
obtained compared to Piniia, Which is consistent with the
photocurrent shown in Fig. 3(g). Moreover, after continuous
irradiation for 2000 s in each of the three working states, the
photocurrent amplitude did not show any significant
attenuation, fully demonstrating the excellent working
stability and reliable repeatability of the ferroelectric
modulation photovoltaic response. Fig. 3(f) shows the
response time diagram of the CIPS/CdSo42Seoss
heterojunction device in single on and off states undera 5 V
bias. The rise time is defined as the time needed for the
photocurrent to increase from 10% to 90% of the maximum
value during the rising process, while the decay time is
defined as the time needed for the photocurrent to decrease
from 90% to 10% during the falling process in a single
switch periodicity. The rise and decay times of the
CIPS/CdSo.42Seoss heterojunction device are as short as
78/320 ups, respectively. The rapid response time of the
CIPS/CdSo.42Seoss heterojunction device can be attributed to
the good crystal quality of the CIPS flake and CdSo.42Seoss NS,
as well as the effective interface charge separation between
them. In this work, the response time of the
CIPS/CdSo.42Seo.s8 heterojunction device is reduced to just 78
us, which is quite lower than the reported values in many
phototransistor  fields; thus, the CIPS/CdSo.42Seoss
heterojunction device has remarkable application of visible
light imaging and CNN image recognition. To investigate the
modulation effect of ferroelectric polarization on carrier
transport, the photocurrent and dark current were further
measured under three distinct polarization states: upward
polarization state, initial state, and downward polarization
state, as shown in Fig. 3(g). Specifically, the device current
measured at Vg = 0 V without any polarization treatment is
defined as the initial polarization state (Pinitial). Subsequently,
a gate voltage of +50 V is applied to fully polarize the CIPS
layer, after which the gate voltage is returned to 0 V. The
photocurrent measured under the remanent polarization is
defined as the upward polarization state (Pyp). Similarly,
after applying —50 V and then returning the gate voltage to 0
V, the device remains in the downward polarization state
(Paown) owing to the remanent ferroelectric polarization.
Therefore, all photocurrent measurements were performed
at Vg = 0V, ensuring that the measured differences originate
solely from the remanent ferroelectric polarization rather
than the applied gate electric field. It is evident that the
upwardly polarized photocurrent is higher than that in the
initial state, while the downwardly polarized photocurrent is
lower than that in the initial state. This indicates that an
upward polarization is beneficial for enhancing the
responsivity of the CIPS/CdSo.42Seoss device. Figs. 3(h)-(i)
presents  the responsivity  and  detectivity  of
CIPS/CdSo.42Seoss heterojunction devices with polarized
upward, initial state, and polarized downward. Compared
with the initial state, the responsivity (Fig. 3(h)) and
detectivity (Fig. 3(i)) of the device in the polarized upward
state are both superior to those of the initial state, while the
opposite is true for the polarized downward state. These
results indicate that the photoelectric performance of the
CIPS/CdSo.42Seoss heterojunction device is greatly influenced
by the polarization direction. Thus, in order to further
explain the influence of the polarization direction on the
device, the analysis of the electronic band structures of CIPS
and CdSo42Seoss can be conducted. All the calculation
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methods for photoelectric performance parameters strictly
follow the consensus standards for emerging photodetectors
[53].

Fig. 4(a) presents the scanning electron microscope
image of the CIPS/CdSo42Seoss heterojunction device. In the
image, the yellow regions correspond to the electrodes, the
green region represents CIPS, and the pink region
corresponds to CdSos2Seoss. The channel length of each
adjacent pair of Au electrodes is 10 pm. To investigate the
generation and transport mechanism of the photocurrent in
the CIPS/CdSo42Seoss device, the photocurrent mapping was
performed under a 5 V bias, as shown in Fig. 4(b), which
corresponds to the blue square area in Fig. 4(a). From the
results of the photocurrent mapping, it can be seen that the
photocurrent is mainly distributed in the overlapping area of
the CIPS flake and the CdSo42Seoss NS, indicating that the
photogenerated electron-hole pairs have been effectively
separated between the heterojunctions. These results are
macroscopic experimental findings. To explain the
performance improvement mechanism of  the
CIPS/CdSo.42Seoss device from a microscopic perspective, the
interfacial band alignment between CIPS and CdSo42Seoss
was studied based on the absorption spectra and UPS
characterization results in Fig. 4(c). Figs. 4(d)-(f)

schematically illustrate the carrier transport mechanisms in
the heterojunction under illumination and under different
polarization states. Upon formation of the heterojunction,
electron diffusion creates a depletion region at the interface.
When the polarization of CIPS is upward (V; = +50 V, Fig.
4(d)), the depletion region narrows compared to the initial
state (Vg = 0V, Fig. 4(e)), facilitating carrier transport across
the interface and thereby enhancing the photocurrent.
Conversely, under downward polarization (Vg = -50 V, Fig.
4(f)), the depletion region widens, impeding -carrier
movement and reducing the photocurrent. Under dark
conditions, the concentration of free carriers is relatively
low. Compared with the Py, state, the Pinitial and Pgown States
exhibit a wider interfacial depletion region, resulting in a
higher carrier transport barrier. Consequently, carrier
transport is suppressed, leading to similarly low dark
currents and nearly overlapping transfer characteristics for
the Pinitiar and Paown states (Fig. 3(d) and Fig. 3(g)). These
results indicate that the direction of polarization directly
modulates carrier transport within the heterojunction,
which in turn governs the optical response of the device and
serves as the key factor determining its photoelectric
performance.
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Figure 4. (a) The scanning electron microscope image of the CIPS/CdSo.42Seoss heterojunction device, (b) the photocurrent mapping diagram, (c)
energy band diagram before heterojunction contact, under 460 nm illumination the energy band diagram under (d) polarization upward state, (e)

initial state and (f) polarization downward state.

Obviously, the CIPS/CdSo.42Seoss heterojunction
ferroelectric phototransistor exhibits outstanding
ferroelectric characteristics, electrical properties, and

optoelectronic performance. As is well known, the practical
applications of optoelectronic devices are closely associated
with their overall performance. Therefore, the device was
further investigated for single-pixel imaging and CNN-based
image recognition applications. The laser beam was directed
through an N-shaped mask and subsequently illuminated
onto the CIPS/CdSo.42Seoss heterojunction device. Through
coordinated measurements using a semiconductor
parameter analyzer and a computer-controlled imaging
system, the N-shaped pattern on the mask was successfully
reconstructed, as shown in Fig. 5(a, b). This result
demonstrates the excellent imaging capability and potential

application  advantages of the  CIPS/CdSo42Seoss
heterojunction ferroelectric phototransistor in intelligent
optoelectronic imaging systems. When humans observe an
image, the brain can automatically process visual
information and extract key features, as illustrated by the
red flowchart in Fig. 5(c). Similarly, CNN emulate this
biological visual processing mechanism through algorithmic
architectures, thereby functioning as an artificial “brain” for
image analysis and recognition, as represented by the blue
flowchart in Fig. 5(c). To emulate biological visual
processing, we conducted a system-level CNN simulation to
assess the potential of the CIPS/CdSo.42Seoss device for future
hardware-based neuromorphic vision applications. The
reconstructed single-pixel imaging results were used as the
input of the CNN, while the EMNIST-letters dataset was
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adopted to evaluate pattern recognition performance. The
simulated CNN architecture, as illustrated in Fig. 5(d),
consists of three hierarchical convolutional blocks. Each
block employs 3 x 3 convolutional kernels followed by Batch
Normalization, ReLU activation, and a 2 x 2 Max Pooling
layer with a stride of 2. The feature map depth progressively
increases from 32 to 64 and finally to 128. To improve
model robustness and suppress overfitting, Dropout layers
(0.25 in convolutional blocks and 0.5 in the fully connected
layer) were incorporated. The network culminates in a fully
connected layer with 512 neurons, followed by a 26-node

/ Semiconductor
analyzer

(d)

Computer —_/

output layer for character classification, ultimately enabling
accurate prediction of the reconstructed single-pixel imaging
patterns. The training performance of the CNN model is
presented in Fig. 5(e). After 20 training epochs, the model
achieved a high recognition accuracy of 96.09%, highlighting
the strong potential of the proposed ferroelectric
phototransistor for integrated intelligent imaging and
neuromorphic vision applications. This work therefore
provides a promising strategy for the development of
ferroelectric transistor-based image recognition systems.
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Figure 5. (a) The schematic diagram and (b) the result diagram of visible light imaging of the CIPS/CdSo.4:Seoss heterojunction device. (c) The
schematic diagram that mimics the principles of human learning, (d) the flow chart of image recognition and (e) the accuracy diagram of CNN on the

EMNIST-letters dataset.

In order to facilitate comparison with other previously
reported works, the key parameters of the CIPS device and
its heterojunction properties were summarized. As
summarized in Table 1, the device achieves an ultrahigh
responsivity of 5.38x103 A/W, which is substantially higher
than those of previously reported CIPS heterostructures,
such as CIPS/h-BN/MoTe: (6.07 A/W) [34], WS,/CIPS (88
A/W) [56], and CIPS/Bi:0:Se (339 A/W) [57]. Meanwhile,
the specific detectivity reaches 10> Jones, surpassing most
existing CIPS-based photodetectors by several orders of
magnitude, indicating its superior weak-light detection
capability. In addition, the device exhibits an excellent light-
to-dark current ratio (4.37x10%), demonstrating efficient

suppression of dark current and enhanced photoresponse
sensitivity. More importantly, the photodetector maintains a
fast response speed with rise/decay times of 78/320 ps,
which are comparable to or better than many previously
reported ferroelectric heterojunction photodetectors.
Although the reported performance metrics were measured
under different experimental conditions, the comparison

indicates that our CIPS/CdSo42Seoss heterojunction
phototransistor exhibits competitive overall optoelectronic
performance among representative CIPS-based
photodetectors, particularly in terms of responsivity,

detectivity, EQE, and switching ratio. The remarkable overall
performance can be attributed to the synergistic effects of
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ferroelectric polarization modulation in CIPS, favorable type-
II band alignment at the heterointerface, and efficient
separation/transport of photogenerated carriers. These
results demonstrate that  the CIPS/CdSo.42Seoss

heterojunction provides a highly competitive platform for
high-performance ferroelectric optoelectronic devices and
intelligent visual sensing applications.

Table 1. Comparison of performance parameters based on CIPS and its heterojunction devices. The reported performance metrics were extracted
from the corresponding literature and measured under different experimental conditions (e.g, bias voltage, illumination wavelength, and optical

power density).

Device Vis and R EQE D" Tiight/ Lgark Rise/Decay time Reference
Wavelength
aveleng (A/W) (%) (Jones) (ms)
CIPS nanoflake 4 V/280 nm 0.0108 - 7.38x1010 ~10° 0.36/0.44 [54]
CIPS 2.2 V/405 nm 0.0245 - 1.73x10" - - [23]
CIPS/h-BN/MoTe> 1V (V=20 6.07 1.2x10° 5.67x10" 1.2x10% 1.8/1.26 [34]
V)/635 nm
CIPS/MoS; 3 V/405 nm ~0.8 ~0.3 ~101° ~2 - [55]
WS,/CIPS -3 V/405 nm 88 - 3.4x10" 5.2x10* 0.0376/0.3713 [56]
CIPS/Bi20:Se 2 V/550 nm 339 7.65x10% 3.99x10'° ~25 2.74/4.82 [57]
CIPS/MoS; 6 V/532 nm 321 - 4.6x10'° ~1.45 - [58]
In,Ses/CIPS 1V (V=40 41.42 - 9.79x10" ~2.13 170/330 [59]
V)/532 nm
CIPS/CdSo.42Seo.58 5 V/460 nm 5.38x10° 1.14x10° 3.67x10% 4.37x10° 0.078/0.320 This work
. 4 Experimental section
3 Conclusions
4.1 Prparation of CIPS/CdSo42Seoss heterojunction

In summary, a high-performance CIPS/CdSo42Seoss
ferroelectric heterojunction phototransistor has been
successfully fabricated via a dry transfer strategy. Benefiting
from the synergistic effects of ferroelectric polarization in
CIPS and favorable band alignment at the heterointerface,
the device exhibits significantly enhanced photoelectric
performance, including an ultrahigh light-dark current ratio
(4.37x105), high responsivity (5.38x10% A/W), exceptional
specific detectivity (~10' Jones), and fast response speed
(78/320 ps). The polarization-dependent modulation of the
depletion region effectively governs carrier transport,

leading to reduced recombination and improved
photogeneration efficiency. Furthermore, the device
demonstrates excellent stability and tunability, and

successfully enables visible-light imaging and CNN-based
image recognition with an accuracy of 96.09%, highlighting
its capability for integrating sensing, memory, and
computing. Compared with previously reported CIPS-based
devices, this work achieves a substantial performance
breakthrough, underscoring the effectiveness  of
heterojunction engineering. Overall, this study not only
provides insight into ferroelectric-modulated carrier
dynamics in heterostructures but also offers a promising
pathway  toward  high-integration and intelligent
optoelectronic systems for next-generation neuromorphic
vision applications.

ferroelectric transistor.

Firstly, CdSo42Seoss was prepared by the CVD method [60].
CIPS is prepared by mechanical exfoliation method. Secondly,
the Ti and Au were successively deposited on the clean SiO;
substrate as electrode with a channel length of 10 um by
using ultra-violet lithography and electron beam
evaporation equipment. Thirdly, CIPS/CdSo.42Seoss
heterojunction was constructed by respectively transferring
CIPS and CdSo.42Seoss on Ti/Au electrodes using PDMS film.
Finally, the silicon dioxide (SiO2) dielectric layer was
removed using a diamond knife to form the back-gate
CIPS/CdSo.42Seoss heterojunction ferroelectric transistor.

4.2 Device fabrication and characterization.

The fabrication and preliminary observation of the
CIPS/CdSo.42Seoss heterojunction were carried out using a 2D
material micro-transfer system (E1-G, Metatest Corporation,
China). These characterizations included the absorption
spectra (Shimadzu UV-3600 Plus, Japan), AFM (Dimenson
ICON, USA), UPS (Thermo Scientific Nexsa™, USA), SEM
(Quanta FEG 250, USA), EDS (K-Alpha+, USA), XRD (DX-2700,
China), I-V and I-t curves (Keithley 4200SCS, USA), the
photocurrent mapping (MStarter 200, China), noise current
(PDA FS-Pro, China), P-E curves (aixACCT TF2000E,
Germany).

Data availability
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All data needed to support the conclusions in the paper are
presented in the manuscript. Additional data related to this
paper may be requested from the corresponding author
upon request.
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