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Wearable visual bionic devices, fueled by advancements in artificial intelli-
gence, are making remarkable progress. However, traditional silicon vision
chips often grapple with high energy losses and challenges in emulating
complex biological behaviors. In this study, we constructed a van der Waals
P3HT/GaAs nanowires P-N junction by carefully directing the arrangement of
organic molecules. Combined with a Schottky junction, this facilitated multi-
faceted birdlike visual enhancement, including broadband non-volatile sto-
rage, low-light perception, and a near-zero power consumption operating
mode in both individual devices and 5 x 5 arrays on arbitrary substrates. Spe-
cifically, we realized over 5 bits of in-memory sensing and computing with both
negative and positive photoconductivity. When paired with two imaging
modes (visible and UV), our reservoir computing system demonstrated up to

94% accuracy for color recognition. It achieved motion and UV grayscale
information extraction (displayed with sunscreen), leading to fusion visual
imaging. This work provides a promising co-design of material and device for a
broadband and highly biomimetic optoelectronic neuromorphic system.

Machine vision is crucial in time-sensitive scenarios, specifically in
applications requiring instantaneous identification and categorization
of objects, as demanded in autonomous driving and robotics. For
image processing and real-time applications, visual enhancement can
significantly augment machine vision’s recognition and processing
capabilities. In biological vision, birds have always been a standout
presence in nature and have attracted significant interest in bionics.
Enhancement of device perception through bionics of animals is an
effective way to achieve more powerful neuromorphic sensing. In fact,
visual enhancement, with its primary goal of improving visual per-
ception, focuses on enhancing image features such as contrast,
brightness, and color, thereby facilitating easier recognition and
understanding®’. When combined with fusion imaging technology, a

single device can sense, integrate, and compute multiple signals from
different sources, displaying them in a single image or video. However,
vision architecture nowadays comprises distinct components for
sensors, memory, and processing units. In this setup, transferring vast
volumes of unprocessed data across the entire signal chain presents
significant challenges, including increased energy consumption, time
lags, and elevated hardware costs.

As sensors continue to evolve, boasting higher frame rates and
pixel densities, they generate enormous amounts of unprocessed data
at sensory terminals®. This evolution necessitates efficient and low-
power image processing directly at the sensory terminals to handle this
raw and disorganized data. The landscape of in-memory computing
techniques, which unify memory and computing modules, has seen
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substantial advancements, primarily driven by the emergence of mem-
ristive materials’. Simultaneously, there has been extensive exploration
of in-sensor computing techniques, which strive to integrate sensing
and computational capabilities within a single module®. As brain-
computer interfaces, which connect intelligent devices to living organ-
isms, continue to evolve, integrating in-memory computing sensors
with living systems becomes a promising prospect. Organic materials
are particularly well-suited for this purpose due to their mechanical
flexibility, biocompatibility, and variety’. However, using organic semi-
conductors for broadband in-memory sensing and computing optoe-
lectronic synapses still poses considerable challenges, given that
individual organic materials often only provide channels for fast carrier
transport and lack the means for trapping and retaining®.

Considerable efforts have been invested in emulating the func-
tions of the human retina and developing an in-memory sensing and
computing framework using organic materials’™". For instance, Chen
introduced an organic electrochemical optoelectronic synapse that
integrated a photoactive layer with donor-acceptor bulk-heterojunc-
tion interfaces into organic electrochemical transistors”. This device
exhibited significant photocurrent at low voltages, enabling high-
density, non-volatile conductance states for neuromorphic comput-
ing. Its non-volatile current responded to light intensity and wave-
length across the visible spectrum, facilitating the perception and
memorization of various visual information. Similarly, Huang’s group
proposed a material-algorithm co-design featuring a light-responsive
semiconducting polymer with efficient exciton dissociation and
through-space charge-transport properties”. Their three-terminal
transistor-based neuromorphic device demonstrated in-situ sensing,
memorization, and pre-processing of optical inputs, including contrast
enhancement and noise reduction. The device harnessed synergies
between exciton dissociation, photo-gating effects, and through-space
charge-transport characteristics, resulting in a dynamic reservoir
computing (RC) system suitable for various tasks.

Moreover, Liu and his colleagues showcased a semi-crystalline
macromolecule designed as a switching matrix for ion-based organic
memristive devices". Incorporating oxygen-rich segments with a rigid
furan ring offered molecular crystallinity for thin film formation, while a
small proportion of flexible e-caprolactone enhanced solution proces-
sability and mechanical flexibility. These features facilitated metal cation
migration, serving as the operational basis for artificial synapses. Never-
theless, optoelectronic artificial visual devices based on such material
systems either lack non-volatile properties or do not respond to a broad
enough range of wavelengths from solar-blind to near-infrared (NIR) to
enable broadband in-memory sensing and computing processes. Fur-
thermore, the challenge of avoiding complex transfer processes and
achieving large-scale preparation and integration of various 2D materials-
based devices remains an urgent issue to be addressed.

In this study, we propose a dual-junctional enhanced birdlike
broadband neuromorphic visual sensor (BBNVS) array with response
bands ranging from solar-blind to NIR. Birds, as born hunters in the
sky, have a visual perception system unrivaled in nature. Here, in order
to mimic functional components of the avian visual system that differ
from human beings, the type-ll Van der Waals (vdWs) heterojunction
and Schottky junction were introduced. Specifically, a self-assembled
poly(3-hexylthiophene-2,5-diyl) (P3HT) organic film with ordered
edge-on stacking was transferred onto one-dimensional GaAs nano-
wires (NWs) arrays to construct P-N junction in the out-of-plane
direction. Then, the Ag source and drain electrodes were applied to
implement the Schottky junction. Two functional structures effec-
tively realize the capabilities of four cone cells, rod cells, bipolar cells,
and oil droplets in an avian visual system. Due to the meticulously
ordered structure of the self-assembled P3HT molecule, combined
with Schottky barriers, the BBNVS exhibited remarkable broadband
in-memory sensing and computing performance. They achieved a
capacity of over 5 bits in-memory sensing and computing processes in

blue light and green light wavelengths. Additionally, the neuromorphic
visual sensor demonstrated the capability of exceeding 128 memory
states within the solar-blind range. Persistent negative photo-
conductivity (NPC) with over 42 memory states was also realized under
negative gate voltage modulation. In nature, predators would go into
“energy-saving mode” when food is scarce to maintain perception of
the surrounding environment. Therefore, the visual enhancement is
reflected not only in the non-volatile broadband response but also in
perception ability at low-power consumption. The proposed BBNVS
mimicked avian visual behaviors under zero gate and source-drain
voltage. In this self-power mode of operation, the power consumption
of the synaptic device is nearly zero.

To cater to the future of wearables, the neuromorphic visual
sensor array can be fabricated on various substrates, including glass,
polyethylene terephthalate (PET), polydimethylsiloxane (PDMS),
polyimide (PI), and acrylic plate. The excellent bending resistance of
the chain polymers and the stress release of the nano-sized NWs at the
bending interface ensures the device’s superior bending resistance on
different flexible substrates, even when under folding. Finally, a multi-
tasking RC system was utilized to achieve multi-modal recognition of
moving objects, including shape, motion, color, and UV grayscale
information. The system demonstrated up to 94% accuracy for color
recognition. Moreover, the BBNVS combined with the RC system
completed the identification of images from UV and visible light
cameras with broadband sensory enhancement, leading to UV-visible
fusion imaging by integrating multidimensional information. Our
approach using interior dynamic characteristics of the device reduces
the redundancy of the array design and optimizes the complexity of
the matrix. This work presents a promising material synthesis and co-
design strategy for broadband non-volatile sensing, wearable, and
highly efficient optoelectronic neuromorphic systems with multi-task
in-memory sensing and computing capability.

Results
Design of the dual-junctional optoelectronic visual sensor array
Visual perception bands are not identical for different animals in nat-
ure, and birds have a top-of-the-line visual system. Among them, the
kingfisher, a bird that feeds on fish and shrimp, has a wide range of
visual perception (Fig. 1a). The visual perception, also known as the
primary means of sensing signals, involves complex physiological and
cognitive mechanisms®. Visual sensing begins when light from the
environment enters the eye through the cornea (shown in Fig. 1bi). The
retina contains photoreceptor cells called rods and cones, which can
convert light energy into electrical signals that the brain can process'.
These necessary photoreceptors are responsible for vision in dim light
conditions (rods), color vision, and visual acuity in bright light condi-
tions (cones). Unlike humans, birds have four types of cone cells that
allow them to perceive red, green, and blue (RGB) as well as ultraviolet
light (Fig. 1bii). Moreover, birds have brightly colored oil droplets in
their optic cones that filter light entering the cells and increase sensi-
tivity to specific wavelengths of light”. Depending on the color of the
oil droplets, the effects on different wavelengths of light vary'®. Once
the photoreceptor cells convert the light into electrical signals, these
signals are transmitted via the optic nerve to the brain. During the
entire transmission process, the bipolar cell, situated between pho-
toreceptor cells (rods and cones) and ganglion cells, plays a critical
role in shaping and refining visual signals before they are transmitted
to the brain, contributing to various aspects of visual processing, such
as contrast enhancement, spatial filtering, and signal amplification'.
The GaAs NWs used in this work were synthesized via the two-step
catalytic solid-source chemical vapor deposition (CVD) method
reported before?. Once the NW growth finished, scanning electron
microscopy (SEM) was first performed on the obtained NWs (Supple-
mentary Fig. 1). Then, the dry transfer technique was applied to pre-
pare large-scale NW arrays (Supplementary Fig. 2). After that, for
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organic semiconductor preparation, the P3HT molecules at the air/
water interface can be effectively self-assembled into an ordered
structure through intermolecular interactions, such as -1 stacking
and hydrophobic interaction (Supplementary Fig. 3). Similar to other
solution process based self-assembly methods, the thickness of the
target film can be carefully controlled by adjusting the concentration
or volume of the solution”?. The cross-section of SEM images with
different thickness films and corresponding volume-thickness rela-
tionships at the same concentration were shown in Supplementary
Figs. 4 and 5, respectively. Notably, as verified by the atomic force
microscopy (AFM) and SEM, the 65 nm thick self-assembled P3HT film
has flat surface (Supplementary Figs. 6 and 7, root mean square
roughness =5.37 nm) without any pinholes. Moreover, the Raman
spectrum was applied to confirm the uniformity of large-area films®.
As shown in Supplementary Fig. 8, 42 random points on self-assembled
P3HT/glass were selected and tested for the Raman peaks (excitation
source 532nm). Two distinct and stable peaks indicate high
consistency in the self-assembled P3HT films. Raman mapping of dif-
ferent regions also shows a high degree of homogeneity of the film
(integration wavenumber was 1450 cm™) (Supplementary Fig. 9).
The corresponding device arrays and performance are shown in Sup-
plementary Fig. 10. Following the physical transfer, the self-assembled

P3HT film was delicately placed on the NW arrays to configure the
back-gate geometry, as shown in the device schematic (Fig. 1ci). The
Raman spectroscopy was also applied and confirmed the vdWs contact
between the organic film and NWs array with negligible peak shift
(Supplementary Fig. 11)>*%, To further evaluate the crystallinity and the
growth orientation of GaAs NWs, high-resolution transmission elec-
tron microscopy (HRTEM) was carried out as displayed in Fig. 1cii and
Supplementary Fig. 12. The energy dispersive X-ray spectroscopy
(EDS) mappings were as well performed on the GaAs NW, where the
elements of Ga and As were all distributed in a uniform manner along
both axial and radial directions of the NW (Supplementary Fig. 13). The
required performance test of NW arrays was carried out (Supplemen-
tary Fig. 14). The NW arrays were prepared on Si/SiO, substrate by the
dry contact printing method. Photolithography was utilized to define
the channel region with a length of 2 um, and Ni was used as source/
drain (S/D) metal contact electrodes (Supplementary Fig. 14c, d). Then,
25 randomly selected devices were characterized. They all worked sta-
bly and demonstrated the transfer characteristics of an N-type semi-
conductor (Supplementary Fig. 14e), which is consistent with our
previous results®. For dual-junctional optoelectronic synapse, the band
structure of the Schottky junction and P-N junction are shown in
Fig. 1ciii*®”. Here, two distinct junctions play the role of two axon
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terminals jointly releasing neurotransmitters to enhance the post-
synaptic membrane potential changes (Fig. 1di). Meanwhile, the two
heterojunctions also mimic the functions of the four cone cells, oil
droplets, bipolar cells, and rod cells in avian vision, respectively.
Due to this synergy, bionic vision enhancement is enabled, including
broadband response, multi-state in-memory computing with positive
photoconductivity (PPC) and NPC, and near-zero ultra-low power con-
sumption (Fig. 1dii). Drawing inspiration from bio-sensory systems, RC
systems, different from various artificial neural network models, with
only the readout function requiring training, can effectively compute
complex time-related data at a low training cost (Fig. 1e)*>. Combined
with the broadband neuromorphic visual sensor of kingfisher-like
vision, it can effectively recognize multi-dimensional information such
as color, motion, and UV grayscale of moving objects.

Optoelectronic behaviors of neuromorphic sensors on arbitrary
substrates
Although P3HT has been widely used as a semiconductor material in
various optoelectronic devices, its narrow absorption band and typical
optoelectronic device performance have hindered its further
application®*°, Supplementary Fig. 15 demonstrates the absorption
range of the self-assembled P3HT film. In order to overcome this “visual
deficit”, the BBNVS was constructed to realize kingfisher-like broadband
in-memory sensing and computing. Specifically, visual enhancement
here is manifested in various ways: (1) enhanced sensing range and
capabilities, including wider response bands and the ability to detect
weak signals; (2) non-volatile optical signal storage capability; (3) ultra-
low power consumption operating modes. Supplementary Fig. 16a-c
show the typical synaptic plasticity of excitatory postsynaptic current
(EPSC) for the optoelectronic synapse with different response bands
and optical power densities. In this case, the light pulse and the S/D
current were regarded as the presynaptic input and postsynaptic signal,
respectively. Notably, a 0.5 s laser pulse leads to a long-term memory
effect for optical signal, significantly different from devices with only
P3HT film (Supplementary Figs. 17 and 18). Moreover, efficient separa-
tion and injection of photogenerated carriers at the P-N junction
interface effectively enhances the photocurrent of the device (over 6
times), further enhancing the perception of the artificial visual system in
dim light environments®*2. When the metal-semiconductor contact is
closer to ohmic contact, the P3HT film displays photodetector-like
properties with 0.1 Hz light frequency®. The details of the working
mechanism of the dual junctions will be explained later. Moreover, 100
consecutive presynaptic light spikes (1.5 Hz) with different wavelengths
were applied to induce the linear increase of the EPSC, demonstrating
linear weight update with optical inputs (Fig. 2a-c). Also, the non-
volatile storage behaviors were realized in different bands. In particular,
as shown in the enlarged detail view, each light pulse input results in a
stable, amplitude-consistent increase and uniform steps in neural
weights. These linear in-memory sensing and computing behaviors help
simplify the design and optimization process of neural networks and
enhance the stability and reliability of devices™. It is noted that excellent
non-volatile optical signal storage is realized not only in the visible
range but also in the solar-blind wavelength (Supplementary Fig. 19).
Continuous light pulses (261 nm, 0.32 mW cm?, 1 Hz) were also applied
to result in linear changes in postsynaptic synaptic weights and sur-
passing 128 memory states (Supplementary Fig. 20). GaAs is a classical
material for infrared detection, especially in the near-infrared and short-
wave infrared bands®. The vdWs P-N heterojunction empowers P3HT
channel detectable capability in the infrared band. The infrared laser-
excited photogenerated electron-hole pairs in GaAs NWs would
be separated at the interface by the built-in electric field, and holes
would be injected into the P3HT channel to form a photocurrent
(Supplementary Fig. 21).

In achieving specific response and contrast enhancement, bipolar
cells play a key role in shaping and refining visual signals before they are

transmitted to the brain. This contribution includes a range of visual
processing functions, including contrast enhancement, spatial filtering,
and signal amplification. Therefore, mimicking and realizing the role of
bipolar cells in the visual system is essential for achieving visual
enhancement. At longer pulse intervals (10.5s), the BBNVS demon-
strates over 5 bits in-memory sensing and computing process in the blue
(450 nm), green light (532nm) range (Fig. 2d and Supplementary
Fig. 22a) and 4 bits in the red light (635nm) range (Supplementary
Fig. 22b). Moreover, the device also demonstrated the ability to code
4-bit spatiotemporal information (Supplementary Fig. 23). Meanwhile,
when negative gate voltage was applied on gate electrode (Vg=-5V),
NPC was realized in the P3HT channel to mimic the function of a bipolar
cell. Over 5 bits of in-memory sensing and computing process with
inhibitory postsynaptic potential was induced by 450 nm light pulses
with 10.5s intervals (Fig. 2e). Supplementary Fig. 24 illustrates the
working process of the device under varying Vg modulation. When
Vs=0 V and a light pulse is applied to the device, electron-hole pairs
separate at the interface and are transported due to the influence of the
energy bands (Supplementary Fig. 24a, b). Consequently, electrons in
the NWs generate a continuous photo-gating effect, maintaining the
carrier concentration in the P3HT channel. When a negative Vg is applied
to the gate, the P3HT channel, being a P-type semiconductor, is already
open, leading to a substantial accumulation of holes at the interface due
to the negative gate voltage (Supplementary Fig. 24c). Capacitive cou-
pling occurs at the P3HT and NW interface under Vg modulation. Fig-
ure 2d, e also depict the different dark currents under two distinct Vg
conditions. When light pulses are applied (Supplementary Fig. 24d), the
electric fields impede the transport of photogenerated electrons and
holes. Within the two semiconductors, photogenerated electrons and
holes rapidly recombine. Additionally, photogenerated holes in the NWs
induce further carrier scattering in the P3HT channel. This leads to NPC,
characterized by reduced channel holes due to interfacial scattering®.
Furthermore, electrical pulses were utilized to investigate the reduction
in channel current resulting from hole scattering at the interface. The
electrical stimuli of varying intensities with a duration of 0.1s were
applied to the gate electrode (Supplementary Fig. 25). The channel
current first shows an increasing spike. Then, it decreases rapidly at the
end of the pulse duration. Moreover, the magnitude of the current
reduction is positively correlated with the pulse intensity, implying that
more holes are generated at the channel interface and increasing the
probability of trapping. After that, interface-captured holes would cause
stronger carrier scattering at the end of the pulse, thereby reducing the
channel current. Interestingly, the 261 nm stimulus can also successfully
achieve PPC and NPC (Supplementary Fig. 26). Therefore, higher photon
energies and greater penetration with short wavelength bands allow a
large number of photogenerated carriers to be induced inside the two
semiconductors, which could recombine with existing carriers and
produce interfacial scattering.

With the explosion of artificial intelligence (Al), wearables are in the
fast lane. An endless variety of products have been rapidly entering
human life and trying to change the modern lifestyle, such as brain-
computer interfaces, virtual reality (VR) and augmented reality (AR)
devices, and all kinds of human-computer interaction devices®.
Superior bending resistance, or flexibility, is an important metric in
developing wearable devices. Flexible devices can increase the applic-
ability of wearable devices and expand their application potential. From
smart sensors to human health detection, flexible wearable devices
have shown great market prospects with the support of Al technology.
Due to physical transfer and large-area self-assembly preparation
methods, the optoelectronic synapse can achieve high-performance in-
memory sensing and computing processes on arbitrary substrates
with excellent bending resistance performance. The self-assembled
P3HT film can be physically transferred to various substrates with the
size of 2.5x2.5cm, including glass, acrylic plate, PET, PDMS, PI, and
so on (Supplementary Fig. 27). The following AFM images reveal the
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450 nm pulses (10.5 s intervals) when Vg = -5 V. The figure on the right is an enlarged
detail of the weight changes. f Photograph of the testing under bending situation.
g Long-term plasticity of the synaptic devices after bending 4000 times with a
bending radius of 8 mm. h Schematic of the stress relief of NWs at the substrate
interface. i Photograph of the synaptic device array on PDMS and PET substrates. The
inner figures are the long-term plasticity with 50 consecutive 532 nm pulses (1.5 Hz,
0.25mW cm™).

denseness and continuity of the P3HT films on different substrates
(Supplementary Fig. 28). Supplementary Fig. 29a-c show the long-term
plasticity characteristics in the visible range with the device’s structure
of PI/GaAs NWs/P3HT/Ag. The synaptic weight could be effectively
modulated by several light pulses and different power densities. It is
noted that this two-terminal device can also be capable of effective
optical signal storage. In the field of wearables, our artificial synapses
also have the potential to be wearable in-memory sensing and com-
puting optoelectronic neuromorphic visual sensory arrays. Therefore,
the bending stability of the device is one of the important metrics to be
considered. Figure 2f demonstrates the bending testing process of the

devices on the Pl substrate. After the device was bent 4000 times with a
bending radius of 8 mm, the device still had almost constant weight
changes to continuous optical stimuli of 532 nm (Fig. 2g). The corre-
sponding test of 1000 to 4000 bends is shown in Supplementary
Fig. 30. As the number of bends increases, the dark current of the device
increases slightly, which can be attributed to film deformation and
degradation of the contact interface of P-N junction and Schottky
junction. We believe that the excellent bending resistance of the
synaptic device is mainly due to three reasons: P3HT is a chain polymer
semiconductor, the relatively small size of the NWs and vdWs contact.
Firstly, P3HT has been widely used in stretchable, wearable, and flexible
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devices**°, We also prepared the self-assembled P3HT films on a PDMS
substrate. The entire film can withstand all kinds of deformation, such
as stretching, twisting, and poking (Supplementary Fig. 31). As shown in
Fig. 2h, when smaller NWs are located on a large flexible substrate and
bent together, the bending radius of the NWs will be relatively small;
therefore, the stress applied will be relatively small on a single NW*.
Then, the Raman spectroscopy was adopted to investigate the effect of
stress on different interfaces (Supplementary Fig. 32). It is evident that
this physical transfer method ensures vdWs contact between the two
materials, which guarantees high film quality when additional stress is
applied. The C-C and C=C stretching modes of thiophene show almost
no noticeable change (Supplementary Fig. 32b)*%. On the contrary, the
spin-coating P3HT film on NWs would be significantly affected by the
stress (Supplementary Fig. 32c). The C-C mode generates a significant
blueshift of the peak position under stress (shift to higher wave-
numbers) and full width at half maximum shows substantial degrada-
tion. In this case, stress causes changes in the dihedral angles of P3HT
molecules, affecting their overall crystallinity and arrangement*’. This
stress release at the interface, coupled with the excellent bending
properties of the P3HT, provides the device with stable operation and
bending resistance on arbitrary flexible substrates. Figure 2i shows
the neuromorphic visual sensor array on PDMS and PET substrates,
indicating our devices remain stable under the same test conditions on
different substrates (Supplementary Fig. 33). In particular, when the
device array is prepared on some thin and light substrates, it can be
randomly pasted on the surface of skin or fabric to realize wearable
integration (Supplementary Fig. 34).

Working mechanism and self-powered operation of the birdlike
visual sensing

The efficacy of charge transport in conjugated polymers hinges sig-
nificantly upon the degree of crystallinity and the orientation of crys-
tallites. Therefore, in order to better study the working mechanism of
the dual-junctional optoelectronic synapse, synchrotron grazing-
incidence wide-angle X-ray scattering (GIWAXS) was utilized to
explore the molecular arrangement of the self-assembled P3HT film
(Fig. 3a, b). In general, the arrangement of P3BHT molecules is divided
into four types: edge-on, face-on, chain-on, and mixed-phase*. It is
evident that compared with the spin-coating method, the self-
assembled P3HT film has more substantial diffraction peaks in the
out-of-plane with (100) direction, which is clear evidence of edge-on
lamellae distinguishable strong diffraction peaks along the z-axis.
Figure 3c demonstrates a highly ordered edge-on arrangement of
P3HT molecules in which the -1t stacking is extended along with in-
plane direction. In this stacking way of P3HT molecules, the alkyl
chains of P3HT molecules are perpendicular to the surface of the
substrate, resulting in closer m-m stacking interactions between
molecules. Meanwhile, the alkyl chains in P3HT mainly act as isolated
molecules and do not conduct charge carriers. The m-mt stacking
structure provides a continuous electron transport channel, which
results in a shorter transport path for carriers and facilitates their leaps
and transports along specific directions*>*. Therefore, the P-N vdWs
heterojunction not only takes on the function of separating the carriers
but also serves the capability of trapping and storing information. The
transport barriers caused by alkyl chains perpendicular to the sub-
strate make carrier recombination more difficult, contributing to the
functionality of non-volatile storage (Fig. 3d). In this case, a flawless
interfacial and organically ordered arrangement of the organic film is
crucial. Compared to the self-assembled film, P3HT films prepared by
the spin-coating method prefer a mixed phase, including face-on,
edge-on, and other mixed arrangements. Spin-coating P3HT film on
NW arrays also introduces surface roughness, leading to increased
hole formation. Establishing long-range ordered -1 conjugate bonds
(transport channels) is hindered, raising the carrier transport barrier*.
Meanwhile, the alkyl chain cannot be arranged in an orderly out-of-

plane direction, which will further reduce the barrier of carrier
recombination and the storage time (Supplementary Fig. 35). Besides,
we investigated the effect of NWs alignment on device performance.
As illustrated in Supplementary Fig. 36, the two devices feature arrays
of NWs aligned perpendicular and parallel to the channel, respectively.
When the NWs are oriented perpendicular to the channel, the device
exhibits marginally reduced transistor performance but enhanced
optical signal storage capability. In the BBNVS device structure, NWs
do not directly contribute to channel conduction. Therefore, we
believe that if the NWs are perpendicular to the direction of carrier
transport in the P3HT film, it may hinder the recombination of trapped
photogenerated carriers with the P3HT film. Consequently, this
orientation promotes a more substantial photo-gating effect and
enhances photocurrent storage performance.

For another junction (Schottky junction), based on the differential
charge density (Fig. 3e), electrons move from P3HT to Ag due to the
work function difference between them. This directional electron
transfer brings about upward band bending of P3HT near the interface
(Fig. 3f), and the barrier at the metal-semiconductor interface similarly
enhances carrier retention inside the P3HT channel”’. The I-V curves of
the synaptic devices demonstrate the existence of a Schottky barrier
(Supplementary Fig. 37). The apparent current asymmetry (rectifica-
tion effect) confirms the presence of Schottky barriers due to Ag
electrodes. In this case, the P3HT channel has built-in electric fields in
both in-plane and out-of-plane directions, which vertically distributed
P-N heterojunctions can effectively separate carriers, and parallel
Schottky junctions can induce carrier movement. The transfer char-
acteristic curves of the three-terminal devices before and after light
irradiation further demonstrate the advantages of broadband optical
signal storage (Supplementary Fig. 38). After irradiation by solar-blind
and visible light, respectively, the threshold voltage (Vy,) and photo-
current of the devices are significantly and consistently shifted. The Vi,
can be shifted in the positive direction by more than 20V, implying a
significant increase in channel hole concentration*®. Not only that, but
the optoelectronic synapse enables optical signal sensing without
external energy sources. The two built-in electric fields allow carriers
to be separated and transported by self-power working mode*’. The
different synaptic behaviors, including EPSC, spike-number dependent
plasticity, and spike-intensity dependent plasticity, were successfully
mimicked under Vg and Vps=0 V (Supplementary Fig. 39 and Sup-
plementary Fig. 40). Therefore, in this mode of operation (self-power),
the power consumption of the synaptic device is close to zero™. This
capability to maintain weak signal perception without external energy
sources mimics the self-saving energy mechanism of predators when
food is scarce. Thus, the synergistic effect of the two heterojunctions
jointly achieves visual perception enhancement, including non-volatile
storage of broadband optical signals, effective perception in dim light
environments, and near-zero power consumption operating mode.

In addition, the photoluminescence (PL) spectra and X-ray pho-
toelectron spectroscopy (XPS) were utilized to show the carrier
transfer of the P-N heterojunction, respectively. As shown in Fig. 3g,
the PL mapping (532nm laser excitation with the same power)
demonstrates the clear demarcation line for P3HT films with and
without GaAs NWs beneath it. The corresponding PL peaks in regions A
and B also exhibit the separating process of photogenerated electron-
hole pairs in this P-N heterojunction (Fig. 3h)*". Moreover, the XPS peak
in Fig. 3i of S 2p would slightly shift 0.3 eV towards lower binding
energy, indicating the carrier transfer happened into the organic
molecule-nanowire heterojunction®. The human visual system relies
on millions of nerve fibers to convey data to the brain for processing.
Consequently, in the development of artificial visual systems, it is
imperative that devices possess integrable and arrayable character-
istics to enable seamless fabrication processes. In this work, we fabri-
cate a 5x 5 array to realize optical signal storage of the image. A1s
450 nm pulse was applied to the synaptic device array through a
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Fig. 3 | Design strategy and working mechanism of the birdlike broadband
neuromorphic visual sensor. Synchrotron GIWAXS of (a), the spin-coated and (b),
self-assembled P3HT films. ¢ Schematic of the ordered edge-on arrangement of
P3HT molecules in which the -1 stacking is extended along with in-plane direc-
tion. d Schematic of the interface of P3BHT/GaAs NWs and the carrier transportation.
e Charge transfer at the interface of P3HT/Ag simulated by VASP. f Schematic of the
retention of channel carriers by Schottky barriers. g PL mapping of the P3HT/GaAs
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NWs heterojunction, where region A is only the P3HT film, and region B is the P3HT
film with nanowire arrays beneath it. h PL peaks in the corresponding region. i XPS
peaks of the P3HT films with and without GaAs NWs beneath it. j A 5x 5 array to
realize optical signal storage of the image. The synaptic device array exhibits stable,
non-volatile storage upon receiving an optical signal stimulus, and the H-shape
feature is still well preserved after 1000s.

H-shaped shadow mask, and the percentage change of the current is
shown in Fig. 3j. The synaptic device array exhibits stable, non-volatile
storage upon receiving an optical signal stimulus, and the shape of the
graphic is still well preserved after 1000s. Supplementary Fig. 41
demonstrates the EPSC of the device array after single light pulse
irradiation. The stable operation of the array reflects the homogeneity
of the devices and the potential utilization for large-area preparation.

Multi-tasking RC and fusion imaging

Drawing inspiration from bio-sensory systems, RC systems, among
various artificial neural network models, leverage dynamic reservoirs
endowed with short-term memory to map temporal input features into

a high-dimensional feature space. The readout function layer effi-
ciently analyzes the projected features for classification and time series
analysis tasks. With only the readout function requiring training, the
system can effectively compute complex time-related data at a low
training cost®. Figure 4a illustrates the schematic of the RC system for
motion color recognition. A small red ball with a specific pattern
painted on its surface with sunscreen served as the identification
object. Its movement, color, and UV graphic information can be
recognized by the RC system. In particular, as human visual percep-
tion, the general range of perception is concentrated in the visible light
band. Also, our device effectively enhances the range of its perception
and realizes the recognition of UV information. Moreover, 24 Hz would
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be considered a cut-off point for general visual recognition, also widely
used in cinematography. Therefore, the BBNVS also demonstrated the
response with high-frequency input signal to show the potential for
moving object perception (Supplementary Fig. 42). It is similar to
endowing the UV recognition ability of birds to human visual per-
ception, thereby achieving visual enhancement. Specifically, Fig. 4b
depicts the schematic diagram of the dynamic RC system. Initially,
various information from the image is pre-processed and converted
into a series of light pulses by the algorithm. Each input signal frame
generates a pulse string with a total length of T and a pulse width of §
(e.g., [101101]). During input at time ¢ =k, the pulse string illuminates

the node at position 1. At time t=k+1, the pulse string at the corre-
sponding position is 0, indicating no light is applied to a single node®.
This process continues until time ¢ =T, with the device’s response state
inherited from the previous moment. The BBNVS can simulate the
sensitivity of human eye cone cells to different wavelengths of color
light, exhibiting varying light-induced responses under RGB illumina-
tion (excitation wavelengths of 635 nm (R), 532 nm (G), and 450 nm
(B), respectively)**. Not only that, but the visual enhancement extends
the device’s perceptual range considerably (from solar-blind 261 nm to
infrared 1550 nm), which endows the device with greater bionic func-
tionality to mimic other organisms in the natural world, such as birds
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(Fig. 4c). Subsequently, we verified the effectiveness of the reservoir
for color recognition. Initially, we established a small color dataset and
validated it with different color combinations of ‘C’, ‘T, and ‘U’
(Fig. 4d). It is shown in Fig. 4d that the visualized original data, original
labels, and predicted labels after the RC system of these three letters.
Taking the “green” label as an example, assuming the RGB format of
any pixel is [0, 255, 0], and its corresponding label is 0. During the
visualization process, the label O is replaced by [138, 232, 125] to
represent the data labels and prediction results. The RC system based
on BBNVS demonstrated up to 94% accuracy for color recognition, as
depicted in Fig. 4e. Detailed procedures and methods for color

recognition can be found in Supplementary Fig. 43 and Supplementary
Method 1.

Furthermore, the optoelectronic synapse-based RC system suc-
cessfully achieves multi-information recognition and fusion vision
imaging by constructing an array of total pixel reservoirs. We pre-
sented an example of a moving red ball patterned with transparent
sunscreen (Fig. 5a). Firstly, a red ball was coated with transparent
sunscreen, which was invisible to the naked eye with the shape of a
cross. In this case, this moving red ball carries multiple dimensions
of information, shape, position, color, and sunscreen graphics
(grayscale), a typical multi-task recognition with higher recognition

Nature Communications | (2024)15:8298


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52563-4

difficulty. Then, this example contains a normal camera view (visible
range) and a UV camera view, respectively. The input at each moment
is preprocessed and converted into light pulses fed into the reservoir
matrix. We take two of the adjoining frames as an example of their
preprocessing and show their diagrams in the spatiotemporal view and
methods in Supplementary Fig. 44. In Fig. 5b, the total pixel reservoir
matrix consists of m x n units and m x n x 4 subunits, where the values
of mand n are related to the input image size configuration. In the total
pixel reservoir array, 2 sub-reservoir pixel matrices are included®. Each
sub-reservoir pixel undertakes different tasks by outputting different
currents. The blue sub-reservoir pixel matrix is used for motion
detection. A schematic of each sub-reservoir circuit in this array is
shown in Supplementary Fig. 45. The orange sub-reservoir pixel matrix
is used for color detection®. A schematic of each sub-reservoir circuit
in this matrix is shown in Fig. 5c. The three devices in the orange boxed
circuit diagram correspond to G., R, and B. subunits in the total pixel
array reservoir in Fig. 5b (representing the positive photoconductive
devices used for inputting green, red, and blue light, respectively)*. By
processing the RGB three-channel data of the input image pixels, it is
converted into corresponding optical pulses of three different wave-
length bands that are input into the sub-reservoir’s units, respectively.
The optical signal is then converted into three visual features received
by the readout layer. The color is classified and recognized by two fully
connected layers. For the normal camera view and the UV camera view,
the multi-tasking RC system performs multidimensional perception.
When a moving object is detected during the normal view, the pixels of
the moving subject are converted into light pulses to be fed into the
sub-reservoir array for color recognition. It can be seen that when
there is motion behavior, the output displays the motion trajectory
(Fig. 5di). The result of the color recognition of the moving object is
depicted in Fig. 5dii, and the motion trajectory under the UV camera
view is illustrated in Fig. 5diii. The result of motion detection can be
modulated by applying a threshold. The comparison between our
method and the previous method using different thresholds is shown
in Supplementary Fig. 46 and Supplementary Method 2. It can be seen
that patterns that are not visible to the naked eye can be observed
under UV camera view and even perform well in the case of very low
ambient brightness. Besides, our approach reduces the redundancy of
the array design of the device and optimizes the complexity of the
matrix. In particular, the leaner array design (half the parameter values
compared with previous works) avoids complex addition or subtrac-
tion operations and accomplishes efficient visual imaging in more
complex recognition scenarios. The dynamic video generated by the
RC system containing UV greyscale information is presented in Sup-
plementary Movie 1. The corresponding screenshots of the videos are
displayed in Supplementary Fig. 47 (Supplementary Movie 2 and 3).
Therefore, due to the enhancement of visual perception, multi-
dimensional information, including movement, color, and grayscale,
can be identified and fused for imaging on the RGB and UV band
(Fig. 5a). The corresponding comparisons with related works are
shown in Supplementary Table 1.

Discussion

In conclusion, we successfully constructed two heterojunctions, in-
plane and out-of-plane, for the BBNVS array and fusion image. Own to
the meticulous synthetic arrangement of the P3HT molecule, the vdWs
P-N junction, combined with a Schottky barrier, enabled multifaceted
kingfisher-like visual perception enhancement, including (1) non-
volatile storage of broadband optical signals ranging from solar-
blind to infrared, (2) effective perception in dim light environments
and (3) a near-zero power consumption operating mode. Specifically,
over 5 bits of in-memory sensing and computing process were realized
by persistent PPC and NPC within the visible range. The 5 x 5 optical
signal storage arrays further demonstrated the potential for large-area
integration of synaptic devices. A unique physical transfer preparation

method endowed the synaptic device with excellent compatibility to
work on arbitrary substrates, aligning it closely with the rapid devel-
opment of future wearable devices. Furthermore, the RC system was
applied to recognize multidimensional information. Based on the dual-
junctional enhanced BBNVS, the system demonstrated up to 94%
accuracy for color recognition. Notably, by recognizing moving
objects in two imaging modes (visible and UV), the system identified all
information of the red moving ball, including movement, color, and UV
grayscale, thereby achieving fusion visual imaging of UV-visible light.
Our neuromorphic visual sensor, combined with a RC system, provides
a promising device design for broadband non-volatile sensing, wear-
able, and highly efficient photoelectric neuromorphic systems with
multi-task in-memory sensing and computing capability. This combi-
nation of non-volatile internal dynamic properties can further provide
broader application perspectives in the direction of leaner array design
and bionic spatio-temporal information recognition.

Methods

Measurement and characterization

The optoelectronics performance of the FETs was then characterized
with a standard electrical probe station and an Agilent 4155 C semi-
conductor analyzer (Agilent Technologies, Santa Clara, CA). The
morphologies and EDS mapping of as-prepared NWs were examined
using scanning electron microscopy (SEM, Quanta 450 FEG, FEI) and
high-resolution transmission electron microscopy (HRTEM, Thermo
Scientific, Talos F200X). The morphologies of organic films were con-
firmed by AFM (Bruker Dimension Icon AFM). The Raman and PL
spectroscopy were applied to characterize interface contact and carrier
migration (FLS980). The power was calibrated and measured for the
light stimuli by a power meter (PM400, Thorlabs). The irradiation power
was tuned by a modulator (AFG 2005, Good Will) connecting to the laser
source. The injection of carriers was confirmed by XPS (ThermoFisher,
ESCALAB 250X:i). The molecular arrangement of P3HT was investigated
by synchrotron GIWAXS (Shanghai Synchrotron Radiation Facility).

Self-assembly of the P3HT film

The P3HT (purchased from Sigma-Aldrich without further purification)
dissolved in toluene (10 mg mL") is prepared in the glove box and stirred
continuously at 60 °C for 120 min. Subsequently, 50 pL of the polymer
solution was gently dropped onto the surface of deionized water, where
the polymer solution diffused rapidly due to the Marangoni effect.
Therefore, A nanofilm is formed in approximately 2 min as the solvent
evaporates and floats on the water surface”. During the evaporation of
toluene, the P3HT molecules at the air/water interface can be effectively
self-assembled into an ordered structure through intermolecular inter-
actions, such as -t stacking and hydrophobic interactions.

Spin-coating of the P3HT film

The P3HT was dissolved in toluene and stirred at 60 °C for 6 h to forma
homogeneous solution of 10 mgmL™. The P3HT solution was spin-
coated on the cleaned Si/SiO, substrate at 2500 rpm for 30 s, followed
by annealing at 70 °C for 3 h under vacuum to obtain P3HT semi-
conductor films.

CVD synthesis of GaAs nanowires

GaAs (99.999%, purchased from China Rare Metal without further
purification) nanowires were synthesized on SiO,/Si wafer pieces
(50 nm thick thermally grown oxide) in a two-zone horizontal tube
furnace using a chemical vapor transport method®’*®, The GaAs powder
was loaded into a boron nitride crucible at the upstream zone of the
furnace. The growth substrate was pre-deposited with a 5nm thick
(nominal thickness) Au film as the catalyst and was set at the down-
stream zone. The temperature of the downstream zone was first ele-
vated to 800 °C and kept for 10 min to anneal the Au catalyst. Then, the
temperature of the downstream zone was cooled directly to the growth
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temperature (640 °C) for the first step of growth, and the source
temperature started to elevate simultaneously. The first nucleation step
began when the source temperature reached the designated value
(800 °C). After 1-2 min, the downstream was stopped with the heating
and then cooled to a second-step growth temperature (570 °C). Finally,
the second step, growth, lasted for 30 min. The hydrogen (99.9995%)
was used as a carrier gas during the entire growth process, with the flow
rate maintained at 100 sccm.

Material transfer and device preparation

The dry printing transfer method was utilized for fabricating the NWs
array. The growth of donor substrate with as-grown NWs was flipped
upside down and placed on the clean receiver SiO, substrate (n™ Si wafer
bearing 200 nm SiO, dielectric layer)**°., After gently moving the donor
substrate in one direction, the NWs will be separated from the growth
substrates and laid down on the target substrate. The preparation of
large-scale nanowire arrays can be achieved by this contact printing
method. After that, a large area of self-assembly P3HT film was trans-
ferred onto the GaAs NWs using simple stamping. Finally, 50 nm Ag
source and drain electrodes were thermally evaporated on the semi-
conducting layer through a shadow mask at a rate of 0.5 A/s. The width
and length of the channel are 1000 pm and 80 pm, respectively.

Data availability

Relevant data that support the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the correspond-
ing author upon request. Source data are provided with this paper.
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