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1. Introduction

Quantum dots (QDs) offer significant potential for neuromorphic machine

vision, owing to their high absorption coefficients, and to absorption that
spans the ultraviolet-to-visible range. However, their practical application
faces critical challenges in achieving accurate target recognition and tracking
in low-light and dynamically-changing environments. A fundamental
limitation is a result of the exciton-confinement effect of QDs, which impedes
efficient exciton dissociation. To overcome this problem, we synthesized
ferroelectric QDs (FE-QDs) that are functionalized with thiol-terminated
polyvinylidene fluoride (PVDF-SH) ligands, and empolyed them as the
photo-sensitive floating gate in an organic synaptic transistor. When a
polarization voltage is applied to the organic synaptic transistors, the FE-QD
film generates an electric field that counteracts exciton confinement. The
process substantially facilitates exciton dissociation in QDs, and regulates
charge accumulation in the channel layer. Integrated with machine learning
algorithms, the QD-based device achieved 100% accuracy in detecting
simulated car motion in low-light environments, highlighting the potential of
adaptive, dynamic sensing technologies for applications in night vision,
autonomous driving, and intelligent transportation systems.

The interplay between visual adaptation
and dynamic memory in the human
vision system enables us to effectively
navigate and accurately interpret visual
information in constantly-changing en-
vironments. In particular, the abilities to
adapt to low-light conditions and recall
visual information are critical in dynamic
and complex environments. In traditional
machine-vision systems, sensors, mem-
ory and processing units are physically
separated, and this architecture leads to
a need for extensive data transmission
and processing, which cause high energy
consumption, time delays, and elevated
hardware costs.l'2] The recent develop-
ment of energy-efficient retinomorphic
optoelectronics has made steady progress
through the exploration of unconven-
tional materials, such as 2D materials, and
innovations in device architectures, such
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as in-sensor computing and in-memory sensing and com-
puting systems.[>]

Quantum dots (QDs) provide strong potential for neuromor-
phic machine vision because of their broad-spectrum absorption
that spans the ultraviolet-to-visible range and high absorption
coefficients and are promising for photodetection in low-light
environments.[*°] These attributes have been primarily utilized
for applications in photoelectric conversion and modulation(1%1!]
but not for dynamically regulating photocarrier behavior within
QDs under low-light conditions, which is essential for achieving
efficient neuromorphic machine vision. A major challenge in re-
alizing the dynamic response of the photoelectric signal is that
QDs have a strong exciton confinement effect, which leads to
high exciton binding energy that hinders effective charge separa-
tion and transport within a single QD layer in neuromorphic op-
toelectronic devices.['271%] The internal electric field generated by
ferroelectric materials under polarization can be beneficial for ex-
citon dissociation and charge transport.l'®-2}] Grafting ferroelec-
tric polymers to QDs as ligands can be an ideal strategy to realize
single ferroelectric QDs (FE-QDs) that facilitate charge separa-
tion due to ferroelectric ligands while maintaining the good light
absorption by QDs. However, this approach is challenging due to
the inert nature of ferroelectric polymers and solvent incompati-
bility between ferroelectric polymers and QDs.

Here, we provide a single material solution of FE-QDs that
combines ferroelectric functionality with QD properties to ad-
dress these limitations and propose their use as a retinomorphic
synaptic phototransistor in artificial vision systems that com-
bines low-light in-sensor visual adaptation and dynamic mem-
ory (LADM). Our approach overcomes the charge-confinement
effect in QDs by introducing thiol-terminated polyvinylidene flu-
oride (PVDF-SH) as ferroelectric ligands. These ligands were syn-
thesized using a reversible addition-fragmentation chain-transfer
(RAFT) polymerization method, followed by the reduction of
the xanthate end group. This approach overcomes the chal-
lenges posed by the limited availability of the vinylidene fluoride
monomer and the synthesis difficulties associated with the PVDF
polymer. We introduced -SH group to facilitate the formation of
active sites and provide strong binding affinity for metal ions in
QDs; this change increased the success rate of ligand exchange
with inorganic QDs. The capping PVDF-SH ligands onto QDs
significantly reduces aggregation tendencies in the film, and thus
ensures uniform QD dispersion, which is not achievable by sim-
ply physically mixing PVDF with QDs. Incorporation of PVDF
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with hydrophobic CF, groups into the FE-QD layer helps pro-
vide stability in moisture and air conditions. Continuous testing
of the devices in an atmospheric environment demonstrated an
extraordinarily long retention time of more than 25200 s, which
makes the device well-suited for use in neuromorphic machine
vision applications. Application of a polarization voltage to the
proposed FE-QD retinomorphic device effectively promotes ex-
citon dissociation and dynamically controls the memory state.
When combined with a machine-learning algorithm, the LADM
system exploits the sensor’s intrinsic scotopic adaptation and dy-
namic memory capabilities to detect car motion with 100% accu-
racy under simulated low-light conditions.

2. Results

2.1. Design of an Adaptive and Dynamic Memory Vision System

Low-light adaptive dynamic memory enhances human night
vision and increases the safety of nighttime activities such
as walking and driving.?*®! It enables the vision system to
quickly adapt to low-light conditions; this reduction in the
time required for adjustment improves functional efficiency in
new environments.[?*?’] The detection and adaptation to low-
light conditions are performed by rod cells, which are highly
photosensitive.[2] When light from an external object strikes
photoreceptor cells (rods and cones) in the retina (Figure 1a),
the light stimulus is converted to electrical impulses that are
transmitted to the brain. In the brain, neurons transmit infor-
mation through synapses, where synaptic plasticity — changes in
the strengths of synaptic connections — plays a crucial role. Re-
peated stimulation strengthens these connections, and thereby
forms visual memories. When new experiences conflict with ex-
isting memories, neuroplasticity allows for the modification or
reorganization of these memories; this adaptability enables dy-
namic memory processes.

Inspired by the biological vision system’s ability to adapt and
retain dynamic memory in low-light conditions, we propose
an artificial perceptual vision memory system that uses tran-
sistor structures composed of QDs modified with ferroelectric
PVDF-SH ligands (Figure 1b). These synaptic phototransistors
are constructed with a floating gate configuration, with a layer
of CdSe/ZnCdS QDs serving as the floating gate between two
gate insulators. To increase the system’s capabilities for low-light
detection and scotopic adaptation, oleic acid (OA) ligands on
the synthesized QDs are replaced with PVDF-SH ligands, which
have ferroelectric properties. When a polarization voltage (V,,,) is
applied, it aligns the dipoles of the PVDF-SH ligands; this align-
ment generates an internal electric field that facilitates the sepa-
ration of photogenerated electron-hole pairs (EHPs) in the QDs.
This accelerated separation dynamically regulates the accumula-
tion and depletion of holes in the channel, thereby affecting the
device’s memory level. These FE-QDs, which combine excellent
photoelectric response of QDs with the ferroelectric properties
of PVDEF-SH ligands, allow for dynamic adjustment of channel
carrier states under V,, and thus offer substantial advantages
for achieving the proposed LADM system (Figure 1c). Benefiting
from the FE-QD material strategy, our unique LADM system has
the potential to solve problems such as poor low-light recognition
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Figure 1. Biological and artificial vision systems with adaptive and dynamic sensing capabilities. a) The human visual system receives external stimuli
through photoreceptors, including cones and rods, and continuously adapts by updating synaptic connections to form visual dynamic memory. Highly
photosensitive rod cells are essential for weak light detection and scotopic adaptation. b) A floating gate configuration is used to implement the LADM
system. The synthesis of FE-QDs involves a ligand exchange process, where the long-chain PVDF-SH ligands replace the short-chain OA ligands. The
FE-QD’s advantage is its ability to realize LADM functions within a single device, facilitated by the ferroelectric PVDF-SH ligand and the photoelectric
response of QDs. ¢) Schematic diagram of car motion recognition under low-light conditions, using conventional sensing, adaptive sensing, and adaptive

& dynamic sensing, respectively.

of car movements and inadequate dynamic trajectory storage that
challenge traditional sensing and adaptive-sensing systems.

2.2. Synthesis and Analysis of FE-QDs

FE-QDs were synthesized by replacing the native OA ligands with
functional PVDF-SH ligands (Figure 2a). PVDF-SH was synthe-
sized using the RAFT polymerization method (Figures S1-S4,
Supporting Information). The 'H nuclear magnetic resonance
(NMR) spectra of PVDF-xanthate and PVDF-SH (Figures S2 and
S3, Supporting Information) revealed two broad H peaks; one
corresponds to methylene units in -CF,-CH,-CH,-CF,- (head-
to-head), and one corresponds to-CH,-CF,-CH,-CF,- (head-to-
tail) conformations of the repeating units of PVDF.3% Thus, the
'H NMR and UV-Vis absorption spectroscopy (Figure S4, Sup-
porting Information) results confirmed the successful synthesis
of the desired PVDF-SH ligand. The introduction of -SH facili-
tates the formation of active sites,*!3?) which have strong binding

Adv. Mater. 2025, €04117 e04117 (3 of 13)

affinity for metal ions (Cd?*),[*23%] and thereby increases the suc-
cess rate of ligand exchange with inorganic QDs. The synthesized
QDs were comprised of a 2-nm CdSe core and a 6-nm ZnCdS
shell, coated with either OA (pristine QDs) or PVDF-SH (FE-
QDs) ligands (Figure S5, Supporting Information). The normal-
ized photoluminescence (PL) intensity responses of the pristine
QDs and FE-QDs (Figure S6, Supporting Information) showed
that the wavelength of the peak remained unchanged after OA
had been replaced with PVDF-SH ligands. Both types of QDs
had nearly identical and highly stable PL intensity under contin-
uous illumination for 1 h (Figure S7, Supporting Information).
To assess the thermal properties of FE-QDs, thermogravimetric
analysis (TGA) (Figure 2b) and differential scanning calorime-
try (DSC) (Figure S8, Supporting Information) were performed.
Weight loss during TGA indicated that the PVDF-SH ligand con-
tent was ~48%, based on the final weight of FE-QDs. The graft-
ing density p was calculated (details in the Method section) to be
~ 1.25 chains per nm?. Additionally, DSC results showed char-
acteristic double endothermic peaks at 150 and 163 °C during
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Figure 2. Synthesis and characteristics of FE-QDs. a) The presence of ferroelectric PVDF-SH ligand of FE-QD promoted exciton dissociation. b) TGA
profiles of the synthesized FE-QD. c) XRD analysis comparing the crystalline structures of the PVDF-HFP film, the FE-QD film, and the pristine QD film.
d) Phase hysteresis loop and amplitude hysteresis loop of the FE-QD thin film, demonstrating the ferroelectric properties. e) PL intensity as the function
of temperature, derived from consistent spectral measurements. f) Average in situ PL intensity changes of 3 FE-QD samples. g) Diagrams illustrating
the photogenerated carriers generation process during the light illumination. Transfer of photogenerated carriers within the device after h) positive and
i) negative polarization, highlighting the impact of ferroelectric polarization on carrier dynamics.

heating, and an exothermic crystallization peak at 124 °C dur-
ing cooling; these results are consistent with previous reports.*!
These findings indicate the presence of characteristic non-
centrosymmetric ferroelectric PVDF crystals in the synthesized
FE-QDs.

The presence of the ferroelectric phase in PVDF-SH ligands
was further confirmed through X-ray diffraction (XRD) analy-
sis(Figure 2c). The diffraction pattern of poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) was used as a reference;
it showed peaks at 18.3°, 20.2°, and 39.5°, which correspond to
«(020), #(110)/8(200), and «(002), respectively, consistent with
previous reports.’*¥] FE-QDs had a diffraction peak at 20.6°,
which indicates the presence of the ferroelectric £(110)/6(200)
phase in PVDF-SH ligands. In contrast, the pristine QDs did
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not show any signs of a or f phases; this lack confirms that the
ferroelectric phase originated solely from the PVDF-SH ligands.
Fourier transform infrared spectroscopy (FTIR) also confirmed
the presence of the f phase, with peaks at 510, 840, 880, 1170,
1275, and 1400 cm™!, corresponding to various stretching and
rocking vibrations of CF, and CH, groups (Figure S9, Supporting
Information),?*3¢! with the 1275 cm™~! peak appearing as a shoul-
der. To further confirm the ferroelectric behavior of the FE-QDs,
the polarization-electric field (P-E) hysteresis loops and positive-
up-negative-down (PUND) measurements were conducted for
both the pristine QDs and the FE-QDs (Figure S10, Supporting
Information). The PUND measurement can evaluate true fer-
roelectric polarization while separating it from non-ferroelectric
contributions such as dielectric response or leaky currents. The
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measurement consists of a reset pulse, followed by positive
pulses (P and U) and negative pulses (N and D). The remnant
polarization (P,) was calculated by subtracting the charge density
of the U pulse from that of the P pulse. A similar calculation ap-
plies to the negative polarization. The FE-QDs exhibited a clear P-
E hysteresis loop (Figure S10a, Supporting Information), which
indicates switchable polarization. In contrast, the pristine QDs
showed a nearly linear dielectric response without observable
hysteresis; this result confirms their non-ferroelectric nature.
Then poling time for the PUND measurement was increased to
2.5 s to increase the polarization (Figure S10b, Supporting In-
formation). This PUND measurement provided additional evi-
dence for intrinsic ferroelectric switching in the FE-QDs. These
results collectively confirm that the ferroelectricity in the FE-
QDs originates from the PVDF ligand layer, and that the core
QDs themselves remain non-ferroelectric. However, compared
to hybrid ferroelectric single crystals, polarization is smaller in
FE-QDs; the decrease is attributed to randomly-oriented nan-
odomains that are caused by the presence of QDs.[*~3*] The effect
of poling voltage on the surface potential (Figure S11, Support-
ing Information) of FE-QD films was confirmed by Kelvin probe
force microscopy (KPFM). When positive and negative bias volt-
ages were applied to the surface of the FE-QD film, its surface
potential changed significantly; this effect can be attributed to
polarization switching and to charge injection from the conduc-
tive probe during the poling process.***3l Piezoresponse force
microscopy (PFM) measurements produced out-of-plane phase
and amplitude mapping images of the inverse piezoelectric effect
(Figure S12, Supporting Information), which validated the ferro-
electricity of the FE-QDs. The distribution of intensities (Figure
S12, Supporting Information, inset) is Gaussian-like at -90°; this
result indicates well-aligned ferroelectric polarization along the
vertical direction in the film. This observation is consistent with
literature descriptions that show a uniform phase distribution in
films without obvious ferroelectric polarization.*#*] When the
films were subjected to voltage changes from +5 V to -5 V, PFM
detected a 180° phase lag of the phase loop and a classic butterfly-
shaped amplitude response (Figure 2d), which indicate sponta-
neous polarization and ferroelectric switching behavior; these re-
sults further confirmed the local ferroelectric properties of the
film.3¢] The energy level of the FE-QDs was examined using ul-
traviolet photoelectron spectroscopy (UPS) (Figure S13, Support-
ing Information), showing a secondary cut-off position shift from
17.61 eV for pristine QDs to 16.78 eV for FE-QDs. This decrease
suggests a heightened built-in field on the surface, and indicates
that the presence of the § phase induces a relatively permanent
dipole moment, which effectively separates photogenerated car-
riers (i.e., EHPs), and thus impacting device performance.*®]
Time-resolved transient photoluminescence (TRPL) was used
to evaluate the PL lifetime (z) of both pristine QDs and FE-QDs
(Figure S14, Supporting Information). The pristine QDs had a
lifetime of = = 10.11 ns, whereas FE-QDs had a reduced lifetime
of 7 =5.65 ns, suggesting that the incorporation of PVDF-SH lig-
ands facilitates exciton dissociation due to the polarization of the
ferroelectric polymer PVDF. Temperature-dependent PL analysis
was performed to determine the activation energy for exciton dis-
sociation (Figure 2e; Figure S15, Supporting Information). As the
temperature was increased from 130 to 293 Kin 5 K increments,
the PL intensity decreased exponentially (Figure 2e); this trend
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indicates a shift in the balance between exciton dissociation and
radiative recombination. The relationship between PL intensity
and temperature was modeled using the Arrhenius equation:[*’]

[(T) =1,/ [A.exp (—kE“T>+1] (1)

B

where I is the PL intensity at 0 K, A is the pre-exponential coef-
ficient, E, is the activation energy of exciton dissociation (exciton
binding energy), and k; = 8.617 X 10~ eV K™! is the Boltzmann
constant. The results yielded E, of 45.45 meV for pristine QDs
and 35.25 meV for FE-QDs. The reduced E, for FE-QDs implies
that incorporating the ferroelectric PVDF-SH ligand decreases
the energy required for exciton dissociation. We compared the
exciton dissociation mechanism in QD-based devices (Table S1,
Supporting Information). Our method only uses a single mate-
rial to achieve the result of reducing the exciton binding energy
and promoting exciton dissociation.

To examine the effect of polarization on PL properties of two
types of QDs, in situ PL measurements were conducted on an
ITO/QD/ITO sandwich structure with varying V,, for 2 min at
each stage (Figure 2f; Figure S16, Supporting Information). As
the V,; increased, the PL intensity of the FE-QDs gradually de-
creased, and the emission red-shifted from 632 nm to 636 nm
(Figure S16a—c, Supporting Information). At V,, at 6 V, the PL
intensity decreased by 6%, but when a reverse V,; was applied,
the PL intensity recovered to 100% of the pristine intensity, ac-
companied by a 4 nm blue-shift back to initial position at 632 nm.
The PL intensity remained stable under illumination for 60 min
without encapsulation (Figure S7, Supporting Information); this
result confirms photostability and measurementreliability. Three
FE-QD samples were measured, and the average results is sum-
marized in Figure 2f. Applying a small reverse voltage (near +2 V)
to the ITO/FE-QD/ITO structure triggered a rapid polarization
reversal. V,,; = 6 V caused a 5.1% decrease in the PL intensity,
and V,; = —6 V caused a 5.7% decrease. Meanwhile, all three
samples showed a concurrent red shift of 4 nm in response to a
poling voltage of +6 V. In contrast, the PL intensity of the pristine
QDs did not decrease as the magnitude of V,,, increased (Figure
S16d-f, Supporting Information); in fact, due to the defect passi-
vation by oxygen and moisture in air, the PL intensity slightly ex-
ceeded 100%.1*841 This comparison indicates that the observed
modulation of PL intensity is attributed to the built-in electric
field. The difference in responses of FE-QDs and pristine QDs is
a result of responses of the ferroelectric component. When sub-
jected to a V,,;;, the FE-QD’s PL peak undergoes a red shift due
to a built-in electric field generated by the aligned dipoles of the
ferroelectric ligands PVDF-SH. This internal field perturbs the
band structure of the FE-QDs by the quantum-confined Stark ef-
fect. This field leads to a spatial separation of electron and hole
wavefunctions; this change reduces wavefunction overlap and re-
combination efficiency, and consequently causes a red shift in
the PL peak.?"2)] Conversely, when an FE-QD is subjected to
a reverse poling voltage, the polarization direction is switched,
and this change initially induces a blue shift in the PL peak due
to the reconfiguration of the internal field. However, further in-
creasing the magnitude of reverse voltage increases the internal
electric field in the opposite direction; this change also reduces
the wavefunction overlap and recombination efficiency, so the PL
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peak then undergoes red shift. In contrast, pristine QDs lack fer-
roelectric components and therefore do not develop these built-in
fields. As a result, no PL peak shift is observed under the same
poling conditions as applied to the FE-QDs. These results suggest
that applying V,, increases the polarization of surface dipoles in
the FE-QD film, and thereby promotes exciton dissociation and
reduces PL intensity.

With this information about the ferroelectric properties of
FE-QDs after incorporation of PVDF-SH ligands, we propose
the working mechanism of the LADM system (Figure 2g—i).
The thicknesses of the layers of the LADM device differ (Figure
S17, Supporting Information). Under light illumination, both
the FE-QDs and the pentacene rapidly generate many electron-
hole pairs. When the illumination is turned off, the photogen-
erated carriers in pentacene rapidly recombine, and do not con-
tribute to photosynapse behavior (Section 2.3). When V,, is not
applied, band bending allows photogenerated holes to escape
from FE-QDs into the pentacene layer, so photocurrent increases
(Figure 2g). Photogenerated electrons remain in the FE-QD layer,
while holes tunnel through the PMMA layer into the channel.[5%
After the illumination is turned off, trapped charge carriers are
retained by the potential well, and the holes in the pentacene
layer require time to go back to recombine with the electrons;
this delay yields long-term potentiation (LTP). The results shown
in Figure 2h,i correspond to conditions where the poling voltage
exceeds the coercive field. Under positive gate bias, positive polar-
ization (Figure 2h) aligns the dipoles in the FE-QDs; this process
generates an upward polarization domain, which increases hole
tunneling through the PMMA layer and inhibits carrier recom-
bination, and thereby increases long-term memory. Conversely,
when negative polarization (Figure 2i) is applied, the energy band
bending is rearranged oppositely. Coupled with the built-in elec-
tric field formed by negative polarization, this inverse band bend-
ing both prevents photogenerated holes from entering the chan-
nel layer and promotes trapped electrons in the FE-QD layer
into the interface of the channel layer. When the illumination
is turned off, the photogenerated carriers in pentacene rapidly
recombine, whereas the injected electrons gradually recombine
with holes in the channel layer, and thereby reduces photocur-
rent. Thus, positive polarization increases the photocurrent re-
tention time, whereas negative polarization gradually decreases
it. The device’s response to light pulses can therefore be modu-
lated by controlling the dipole polarization direction in the FE-
QD layer, and this modulation ability can be exploited to enable
various synaptic functions.

2.3. Optoelectronic Characteristics of FE-QD Ferroelectric
Phototransistors

To demonstrate the capabilities of our LADM system for scotopic
dynamic visual in-memory sensing and computing, we evaluated
the optoelectronic properties of the device. The transfer curves of
three types of phototransistor devices without light illumination
were compared (Figure S18, Supporting Information). The trans-
fer curves of devices with organic semiconductor (OSC)/PMMA
or OSC/PMMA/pristine QD structures showed negligible hys-
teresis windows, whereas the device with an OSC/PMMA/FE-QD
structure had a distinct hysteresis window. Little hysteresis was
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observed in the double sweeping curves over a gate voltage (V)
range of —5 to 5 V. However, when V,; exceeds the coercive voltage
(V) of the ferroelectric material, polarization occurs, and causes
a hysteresis effect.'! Consequently, as the V. range is gradu-
ally increased, the counterclockwise hysteresis loop in the double
sweeping curves expands (inset of Figure S18, Supporting Infor-
mation). The device’s effective capacitance is ~0.23 nF cm~2. The
calculated trap densities in the fabricated phototransistor were
5.95 X 10'° cm~? in darkness and 2.34 x 10'° cm~2 under illumi-
nation; the difference is 3.61 x 10" cm~2 in light-induced trap
density (details in Methods).

To demonstrate the photoelectric properties of FE-QD devices,
we compared their normalized photoresponse to that of pristine
QDs (Figure 3a). The synaptic phototransistor that incorporates
FE-QDs showed a slower rise in current and a higher maintained
synaptic weight change (13% higher at 140 s) than the device
that incorporates pristine QDs. In the structure without the QD
floating gate layer (Figure S19a, Supporting Information), the
PMMA layer’s ability as a gate insulator to capture charges at the
PMMA/OSC interface is very limited. Furthermore, the photo-
generated EHPs from the pentacene layer cause only transient
changes in the photocurrent, so the photocurrent remains con-
stant during illumination. When the illumination is removed,
the photocurrent immediately returns to its original state. With-
out a FE-QD layer, the synaptic characteristic was not observed
with only the photosensitive material pentacene. Moreover, in
the structure with the QD floating gate layer (Figure S19b, Sup-
porting Information), a thick PMMA layer (10%) significantly
reduced the photoresponse retention; this result indicates the
suppression of charge tunneling through the layer. Thus, the in-
creased maintained synaptic weight change in the FE-QD synap-
tic phototransistor originates from the presence of polar dipoles
in the ferroelectric PVDF-SH ligands.

The color-selective function of the device was evaluated using
different wavelengths (1) of LED light: red (4 = 625 nm), green
(A =520 nm), blue (4 = 460 nm) and ultraviolet (UV, A = 365
nm). The photocurrent was measured as a function of time un-
der illumination with a light intensity of 4 uW cm~? (Figure 3b).
EHPs were generated immediately after illumination began. The
device exhibited different photonic responses when exposed to
various wavelengths of LED light. When exposed to green or blue
light, the device had a measurable photoresponse (Figure S20,
Supporting Information), although it was not as strong as un-
der UV illumination. Upon exposure to UV, the photocurrent re-
sponse was notably different from the start compared to other
wavelengths; this distinction allows the device to distinguish UV
light from other colors. This excitation increases the number of
free electrons and holes in the semiconductor, and a consequent
increase in photocurrent.’2] As the power of UV light was in-
creased from 2 nW cm™2 to 18 uW cm~2, the production of light-
induced EHPs increased, and caused a corresponding increase
in the photocurrent (Figure S21, Supporting Information).

The LADM system exhibited various synaptic characteristics
under UV irradiation (Figure S19, Supporting Information). The
system demonstrated paired-pulse facilitation (PPF) (inset of
Figure S22a, Supporting Information), a type of short-term po-
tentiation (STP) induced by two consecutive light pulses. A PPF
index is defined as 100% x A, /A,, where A; and A, are the excita-
tory postsynaptic currents (EPSC) peak intensities after applying
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Figure 3. Photoresponses of a UV-ultrasensitive vision neuromorphic system utilizing FE-QD-based ferroelectric phototransistors. a) Photoelectric
properties comparison of two types of QD-based devices subjected to 50 consecutive UV light pulses (4 uW cm™2, tight = 20 ms, At =20 ms, Vp, =
—0.3 V, V =0 V). b) Photocurrent response as a function of time when exposed to red, green, blue, or UV light at V = —0.3 V and V5 = 0 V. A, /A,
represents the ratio of the peak EPSC of the n-th optical pulse to that of the first optical pulse. c) Photocurrent variation in the LADM system under 50
consecutive light pulses (4 uW cm~2, tight = 3.4 s, At = 3.4 s) with and without polarization applied. d) Normalized retention current levels 300 s for

cases without poling, with negative poling, and with positive poling. €) Retention time of the LADM system compared to other reported systems.

the first and the second light pulses, respectively. As the interval
between the light pulses was decreased, the PPF index increased
to a maximum of 112% (Figure S22a, Supporting Informa-
tion). The LADM also displayed spike-frequency-dependent plas-
ticity, spike-number-dependent plasticity, and spike-duration-
dependent plasticity (Figure S22b—d, Supporting Information).
As spike frequency, number, and duration increased, postsynap-
tic currents also increased, and eventually the response changed
from STP to LTP (Figure S22c,d, Supporting Information). In-
creasing the duration of irradiation, the frequency, or the number
of light pulses increased the generation of photoinduced EHPs,
which in turn increased the number of photogenerated holes
entering the OSC layer, ultimately increasing the EPSC (Figure
S22b-d, Supporting Information).

The ferroelectric properties of the LADM system significantly
influenced its photocurrent. The system’s polarization state can
be switched by modulating V,, (Figure 3c). Consequently, the
polarization electric field’s influence on the FE-QDs can be ex-
ploited to regulate the photoelectric properties under UV light.
When the applied positive V; exceeds V,, the dipoles in the
FE-QDs become positively polarized, causing more holes to ac-
cumulate in the channel. Conversely, when V, is negative, the
dipoles reverse polarization, so the number of holes in the chan-
nel decreases. Initially, 50 UV light pulses (4 uyW cm~2) were ap-
plied to the LADM device, with the retention time maintained
for >3000 s. Positive (10 V) or negative (—20 V) V,,;; was then ap-
plied to induce upward or downward polarization, respectively,
then removed. After a 3-min interval, another 50 UV light pulses
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(4 uW cm™2) were applied. Following positive polarization, the
maintained synaptic weight change increased from 58% to 73%
at 3000 s, whereas after negative polarization, the maintained
synaptic weight change decreased from 58% to 20% (Figure 3d).
The photocurrent response before normalization confirms that
both positive and negative polarization increase the number of
carriers that enter the channel, but have different effects on the
decay behaviors of LTP (Figure S23, Supporting Information).
Moreover, the retention current of two types of QD-based devices
were also measured to a range of poling voltages from —10 V to
20V (Figure 524, Supporting Information). Six V,, (three posi-
tive, two negative, one ‘zero’ state) were applied to the gate elec-
trode, then after a wait of 1 min, the device was illuminated for 30
s. The device that used FE-QDs developed a distinct photorespon-
sivity states for each V,;, whereas the device that used pristine
QDs did not show any significant change in current. The results
indicate that the retention current increased with increasing pos-
itive polarization voltage, but decreased with enhanced negative
polarization. This demonstrates that ferroelectric polarization en-
ables modulation of channel carriers in the device.

The photosynapses developed in this study offer the advantage
of low energy consumption because they simultaneously imple-
ment the functions of a photoelectric signal detector and artificial
synapse in a single device, and thus eliminate the need for sepa-
rate sensing elements that consume additional energy.>>! When
the LADM system was exposed to 50 consecutive light pulses,
each lasting 3.3 s, the photocurrent signal changed permanently,
and the photocurrent retention time extended to >7 h (Figure
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S25, Supporting Information). This LTP result was obtained in
ambient atmospheric conditions; this result demonstrates the
device’s excellent stability. This good stability results from the
PVDEF-SH ligand, which has good oxidative and chemical sta-
bility due to the -CF, groups on PVDF.* This important im-
provement ensures the material’s reliability and operation life-
time under atmospheric environmental conditions. We continu-
ously tested the devices in an atmospheric environment and ob-
tained the extraordinarily long retention time more than 25200
s among artificial photosynapses using photosensitive nanoma-
terials or ferroelectric materials (Figure 3e; Table S2, Supporting
Information).

The device’s ferroelectric polarization and adjustable conduc-
tance characteristics were exploited to achieve recognition by a
three-layer artificial neural network (ANN). The ANN consisted
of 784 input neurons, 100 hidden neurons, and 10 output neu-
rons, and was used to classify images of handwritten digits in
28 x 28 pixel images (Figure S26a, Supporting Information).
The conductance of the LADM system represents the synaptic
weights in the ANN. Simultaneous application of positive polar-
ization and UV illumination increased the synaptic weight. Af-
ter the illumination was removed, application of negative polar-
ization reduced the synaptic weight. Tests involved applying 30
consecutive polarizing voltage spikes for a write operation, fol-
lowed by 30 suppression spikes for an erase operation (Figure
S26b, Supporting Information). The results of 20 write-erase cy-
cles (Figure S27a,b, Supporting Information) demonstrated low
cycle-to-cycle variation in operations that used >10* polarization
pulses. These reproducible conductance changes and low cycle-
to-cycle variation confirm the low process noise and reliability of
multiple conductance states in the LADM system. The ANN was
trained using the LADM cross arrays to classify the Modified Na-
tional Institute of Standards and Technology (MNIST) dataset.
After 40 training epochs, the ANN achieved a training accuracy
0f 92.2%, which is comparable to the ideal value (98.2%) (Figure
S28, Supporting Information). These results demonstrate that
our strategy for developing artificial vision systems with the ca-
pabilities of LADM makes them viable candidates for neuromor-
phic computing applications.

2.4. Scotopic Adaptation for Low-Light Image Recognition

By exploiting the LADM system’s capability to detect weak light
and modulate conductance via V,,, control, the LADM array can
simulate the dynamic sensing and adaptation functions (sco-
topic adaptation) and computing processes of the human retina.
A 3 x 3 device array was used to detect objects under low-light il-
lumination. Two signals were applied simultaneously: a desired
signal ‘H’ at 4 = 365 nm and a noise signal ‘T” at A = 620 nm
(Figure 4a). Scotopic adaptation gradually identified the desired
signal ‘H’. The current of the 9-pixel array changed over time,
and exhibited different behaviors depending on whether or not
Vo Was applied (Figure 4b). Polarization significantly increased
the detection sensitivity. The detection of the ‘H’ pattern over
time under low-light was assessed by the photocurrent gener-
ated with or without polarizing voltage pulses. When V,; was
applied, the ‘H’ signal became increasingly distinct as the num-
ber of light pulses increased (Figure 4c). This increase in im-
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age contrast over time mimics the retina’s scotopic adaptation,
in which the eye takes time to adapt in dim environments and
discern the surrounding clearly. One minute after the V,,; and
UV illumination were removed (Figure S29, Supporting Infor-
mation), the signal ‘H’ under weak light can still be clearly iden-
tified. These results demonstrate that the adaptive strategy within
this bionic sensor extends the control of device conductance
using different polarities of materials, and thereby enhances
the image perception. This simplification of hardware and al-
gorithms increases the sensing terminal’s image processing
capabilities.

To further illustrate the sensor’s scotopic adaptation for dim
image recognition, we compared the classification accuracies of
a dim MNIST dataset using a simulated sensor array, either sub-
jected to V, (scotopic adaptation) or not (no adaptation). The
simulation assumed a pre-trained convolutional neural network
(CNN) model (Figure 4d) (details in Methods). The dim MNIST
dataset was generated by scaling the amplitude by factors of 0,
0.187, 0.295, 0.625, and 1 for the scotopic adaptation sensor, and
0,0.073, 0.082, 0.098, and 0.109 for the no adaptation sensor. The
scotopic adaptation and no adaptation sensor system data were
extracted from Figure 4c (detailed results in Figure S30, Support-
ing Information). These five values represent the ratio of sen-
sor amplitude when receiving 0, 5, 10, 20, and 30 optical spikes.
30% Gaussian noise was added to increase the robustness of the
model. All of the above factors for dim images generation and
the standard deviations for Gaussian noise generation were cal-
culated from experimental data (Figure 4c). With scotopic adap-
tation, the detected image of dim ‘9’ in the MNIST dataset be-
came increasingly clear as the number of optical spikes increased
from 0 to 30, whereas without adaptation, the image remained
unclear even after 30 optical spikes (Figure 4e). Subsequently,
the pre-trained CNN model was used to classify the simulated
dim MNIST images with and without scotopic adaptation. With
scotopic adaptation, the classification accuracy improved from an
initial 10% to 95.4% after 30 spikes, compared to a maximum of
~22% without adaptation (Figure 4f,g). Confusion matrices for
the test accuracy on MNIST datasets for scotopic adaptation and
no adaptation sensors (Figure S31, Supporting Information) il-
lustrate the potential of the proposed scotopic adaptive sensor for
recognizing dim images.

2.5. Motion-Detection Capabilities of Different Sensing
Technologies in a Dim Environment

A biological vision system can efficiently process dynamic vi-
sual information due to system’s short-term memory effect.
Here, we combined in-sensor scotopic adaptation with the dy-
namic memory effect to explore potential application in motion
recognition in low-light environments. This ability is crucial for
autonomous night-driving technology. To demonstrate the po-
tential application for motion recognition at night, the perfor-
mance of three sensing technologies (Conventional, Adaptive,
and Adaptive & Dynamic sensors) is discussed in Figure 5. We
proposed four traffic situations for a car in a dim (nighttime)
environment: moving away, approaching, moving left, and mov-
ing right (Figure 5a). Figure 5b, which was simulated based
on the scenarios depicted in Figure 5a, was employed to train

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

95UB017 SUOLUWIOD aA 111D 3[cedl|dde 8Ly Aq peusenol a1e sajole YO 9SN J0 Sa|nJ 10} Aeiq1T 8UUO A8|IM U (SUORIPUOD-PUe-SWLBIAL0O" A 1M ATeIq1jBu 1 [U0//SdNy) SUORIPUOD pue SWie 1 34} 88S *[5202/60/70] U0 Akeiqiauliuo A8Im ‘AlsieAlun euolieN [Noss Aq ZTTH0SZ0Z eWPe/Z00T OT/I0p/uod™As|Im Afe.d1jeul U0 'peoUeApe//Sdny wouj pepeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a No adaptation Scotopic adaptation [ild No adaptation Scotopic adaptation
9 W
Signal .
_nnnann With 8
—_— -
'\’ poling
7
N0|se 3 6
c o Scotopic adaptation o 5
§_
Z 4
2 | No adaptation Current (nA) -0.5 <
Ie) 2 hiy
Q.
2 I
2 1
£ ’ . : - . .
= 10 40 70 100 13010 40 70 100 130
Time (s) Time (s)
0 spike 5 spikes 10 spikes 20 spikes 30 spikes P
Optical input / O @
. . - . O ” @
Dim input \ . . O @
Convolution + pooling ™~ O
Scotopic adaptlve sensor g Classification
With poling — Scotopic adaptation 1.0 scotopic adaptation 9| scotopic adaptation Il
~08 [ INo adaptation 3 30 spikes ..
[}
© 6
206 05 ..
8 4 |
Without poling — No adaptation 5 04 = 3 |
e 2l W
0.2 1
I:. 0 . Accuracy=95.4%

0 5 10 20 30 01234567829

0 spike

5 spikes

10 spikes 20 spikes

30 spikes Spike number Prediction

Figure 4. LADM phototransistor array for simulation of hand-written digit recognition and scotopic adaptation. a) Conceptual design of the LADM
light-sensing array in a dark environment, showing the projection of a T-shaped noise light signal and an H-shaped target light signal onto the LADM
array, resulting in a corresponding light-sensing image. b) Photocurrent responses of the nine pixels in the LADM array during simultaneous exposure to
the noisy T-shaped signal and the target H-shaped signal, observed without ferroelectric stimuli (left) and with ferroelectric stimuli (right). c) Schematic
representation of the ferroelectric effect enabling the detection of the H-shaped signal with scotopic adaptation. Comparison between the clear H-
shaped signal obtained with scotopic adaptation (upper panel) and the unclear signal without adaptation (lower panel). d) Implementation of the
scotopic adaptive sensor using a CNN training model for recognizing dim images. e) Simulated sensor data comparing the effects of poling for scotopic
adaptation versus the condition without adaptation. f) Accuracy comparison for scotopic adaptation scenarios, both without poling and with poling.

g) Confusion matrix depicting the accuracy of recognition for scotopic adaptation conditions.

our models. Conventional sensors (ConS) struggle to detect and
recognize a car in dim conditions. To enhance these capabil-
ities, a bioinspired scotopic adaptive sensor (AdaS) can detect
and recognize objects in such environments, but has difficul-
ties detecting and recognizing motion. Our adaptive and dy-
namic sensor (A&DS) excels in both detecting dim images and
recognizing motion under these conditions. The A&DS’s inher-
ent memory allows it to store previous car positions in short-
term memory and compare these positions to detect motion.
To recognize the dynamic motion in a dim environment, a
CNN was trained to recognize the car motion direction by us-

Adv. Mater. 2025, e04117 €04117 (9 of 13)

ing data obtained using ConS, AdaS, or A&DS (details in Meth-
ods). Gaussian noise was added to generate 1000 datasets (800
for training, 100 for validating, 100 for testing) for each sen-
sor type. The confusion matrices (Figure S32, Supporting Infor-
mation) showed recognition accuracy results for the four mo-
tion types under dim conditions. The A&DS achieved 100%
accuracy in both training and testing (Figure 5c,d); these re-
sults far surpass the results obtained using AdaS (71%) and
ConS (61%). Thus, the A&DS shows promise for applications
in autonomous driving, night vision, and intelligent transport
technologies.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

95UB017 SUOLUWIOD aA 111D 3[cedl|dde 8Ly Aq peusenol a1e sajole YO 9SN J0 Sa|nJ 10} Aeiq1T 8UUO A8|IM U (SUORIPUOD-PUe-SWLBIAL0O" A 1M ATeIq1jBu 1 [U0//SdNy) SUORIPUOD pue SWie 1 34} 88S *[5202/60/70] U0 Akeiqiauliuo A8Im ‘AlsieAlun euolieN [Noss Aq ZTTH0SZ0Z eWPe/Z00T OT/I0p/uod™As|Im Afe.d1jeul U0 'peoUeApe//Sdny wouj pepeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a Away

Dim Motion

Conventional
Sensing
(ConS)

Adaptive
Sensing
(Adas)

Adaptive &
Dynamic Sensing
(A&DS)

Dim motion

Conventional
Sensing
(ConS)

Adaptive
Sensing
(AdaS)

Adaptive &
Dynamic
Sensing

(A&DS)

www.advmat.de

Right

Train accuracy
o
(o]

o
~

0 5 10 15
d Train epoch

N
o

100%

61%

Test accuracy
o
[}

ConS AdaS A&DS

Figure 5. Motion detection abilities of different sensing technologies in dim environments. a) Original images depicting car motions in four directions
in a dim environment, accompanied by the respective outputs from conventional sensors, adaptive sensors, and adaptive & dynamic sensors under dark
conditions. b) Simulation results illustrating the car motion recognition abilities using three different sensor technologies — conventional, adaptive, and
adaptive & dynamic — compared to the original image in a. c) Training accuracies with dim motion data acquired from conventional, adaptive, adaptive
& dynamic sensors. d) Test accuracies evaluating dim motion data from the same sensor types.

3. Conclusion

In this work, we synthesized FE-QDs modified with PVDF-SH
ligands and applied them to develop a retinomorphic phototran-
sistor for neuromorphic machine vision that mimics the adap-
tive and dynamic capabilities of biological vision systems. This
innovative approach of synthesizing PVDF-SH by living free rad-
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ical polymerization, then using it as ligands for inorganic QDs,
is proposed for the first time in this field. By incorporating fer-
roelectric properties into QDs, we reduced the exciton binding
energy, and thus facilitated efficient exciton dissociation. Our de-
vice that uses FE-QDs showed modulation of photocarriers in
QDs with a function of gate voltage. Our device demonstrates
highly tunable, non-volatile (>25200 s in atmosphere condition),
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and programmable synaptic states. By integrating ferroelectric-
ity, optical responsiveness, and low-power operation, our device
enables adaptive signal amplification and enhanced recognition
resolution under low-light conditions, while simultaneously sup-
porting scotopic adaptation and dynamic memory, a critical in-
novation for low-light detection and in-sensor computing. With
these capabilities, our device achieved 100% accuracy in detect-
ing car motion under dim conditions, so it can contribute to sig-
nificantly advanced technologies for safety-critical applications
such as autonomous driving and night vision. The integration of
ferroelectric materials and quantum dots into a single architec-
ture represents a substantial step forward in the development of
biomimetic vision systems, offering new possibilities for neuro-
morphic devices and intelligent sensing technologies. Our work
highlights the potential of combining advanced materials engi-
neering with biomimetic system design to address challenges in
adaptive and dynamic sensing. This approach opens up broad
possibilities for next-generation vision systems with applications
in autonomous driving, security, and smart mobility.

4. Experimental Section

CTA Synthesis: A solution of bromoacetic acid (3.00 g, 21.59 mmol, 1
equiv.) in 50 mL of acetone was slowly added to a mixture of potassium
ethyl xanthogenate (3.46 g, 21.59 mmol, 1 equiv.) and triethylamine (2.62
g, 25.91 mmol, 1.2 equiv.) dissolved in 100 mL of acetone. The reaction
was allowed to proceed overnight. After the reaction was complete, the sol-
vent was removed using a rotary evaporator, then an equivalent amount of
dichloromethane was added. Purification was performed by washing the
product three times with distilled water. After drying over sodium sulfate,
the solvent was removed in vacuo. These processes yielded 3.19 g (82%
yield) of an off-white solid, identified as 2-((ethoxycarbonothioyl)thio)
propanoic acid (as a CTA). "TH NMR (500 MHz, CDCl;, §): 1.43 (t, | =
7.1 Hz, 3H), 3.98 (s, 2H), 4.67 (q, ) = 7.1 Hz, 2H).

PVDF-SH Synthesis: RAFT polymerization was performed in an au-
toclave system (Series 4520 Bench Top Reactor 1 L, Parr Instruments,
USA). A solution containing CTA (1.29 g, 7.14 mmol) and di-tert butyl
peroxide (0.10 g, 0.71 mmol) in 500 mL of dimethyl carbonate was in-
troduced into the reaction vessel. The autoclave was purged with Ar for
30 min, then VDF monomer gas (50 g, 780.88 mmol) was injected, and
the temperature was raised to 120 °C while the pressure was raised to
~20 bar. The solution was stirred vigorously overnight. After cooling and
depressurizing the vessel to room temperature and ambient pressure
(=1 bar), and the resulting PVDF-Xanthate was precipitated into cold
methanol and dried in vacuo. The polymer’s molecular weight was deter-
mined by NMR, yielding M, ;. = 5500 g mol~".To convert PVDF-Xanthate
to PVDF-SH, the terminal xanthate group was cleaved using NaNs. Four
molar equivalents of NaN; with respect to PVDF-Xanthate were dissolved
in an appropriate amount of DMF under an Ar atmosphere. Upon com-
pletion of the reaction, PVDF-SH was isolated by precipitation into cold
methanol.

CdSe/ZnCdS QD Synthesis and PVDF Ligand Exchange: CdSe/ZnCdS
QDs were synthesized using a previously reported method with minor
modifications,[>] utilizing the Schlenk line technique under inert condi-
tions. Stock solutions of cadmium oleate (Cd(OA),, 0.5 M), zinc oleate
(Zn(OA),, 0.5 M), tri-n-octylphosphine selenide (TOPSe, 2 M), and tri-
n-octylphosphine sulfide (TOPS, 2 M) were prepared. A mixture of CdO
(1 mmol), myristic acid (MA, 3 mmol), and octadecene (ODE, 15 mL) was
degassed at 110 °C for 2 h, then heated to 270 °C to yield a clear solution.
Rapid injection of 0.25 mL of TOPSe solution initiated the formation of
CdSe cores. After 3-min reaction at 300 °C, 4 mL of Zn(OA), (0.5 M) was
injected, followed by the dropwise addition of 1.5 mmol dodecanethiol
(DDT) within 1 minute to grow the ZnCdS shell. After 30 minutes, suc-
cessive injections of Cd(OA),, Zn(OA),, and TOPS were conducted to en-
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hance the growth of the ZnCdS shell. The synthesized QDs were purified by
repeated precipitation and redispersion technique (more than five times).

For ligand exchange, 0.5 mL of CdSe/ZnCdS QDs dissolved in toluene
(100 mg mL™") was added to 4.5 mL of DMF containing 10 mg of 3-
mercaptopropionic acid. After 6 h of stirring, the solution cleared. Then
75 mg of PVDF-SH was introduced, and the ligand exchange was allowed
to proceed overnight. The final product, FE-QD, was obtained by precipita-
tion in methanol, then redispersed in DMF (~20 mg mL™"). The grafting
density (p) of PVDF ligands on the QD surface was estimated from TGA
data. The total chain number of PVDF ligands (Npypf) and the total QD
surface area (Sgp) were calculated using the following equations:

WpvDF
Npypr = Np X ———— 2
MWy pe
and
w,
Sop = 47RY X — 22— 3)
WsingleQD

where N, is the Avogadro number, wpypf is the weight of PVDF ligands
(i-e., of the organic fraction) measured using TGA, MWpy o is the molec-
ular weight of PVDF ligands, R is the radius of a QD, wyp, is the weight
of QD (i.e., the inorganic fraction) measured by TGA, and w;,..0p is the
weight of a single QD. The grafting density (chains/nm?) was calculated
as:

N
p=—<r (4)
QD

Photonic Synaptic Device Fabrication: A heavily-doped p-type silicon
wafer served as both the substrate and gate electrode. The ferroelectric
material FE-QD was dissolved in dimethylformamide (DMF) to form a 10
mg/mL suspension. This solution was spin-coated at 2000 rpm for 60 s
(resulting in a thickness of 65 nm) on a commercial silicon substrate cov-
ered by a SiO, layer to form the first gate insulator (Gl 1), then dried in a
transition chamber to form the ferroelectric and photoelectric-responsive
interface layer. The second gate insulator (Gl 2), was formed by spin-
coating a poly(methyl methacrylate) (PMMA) (2 wt.% in anisole, Mw =
120 000 g mol~", Sigma-Aldrich Korea) at 3000 rpm for 60 s, yielding a 10-
nm-thick film. Then pentacene was thermally evaporated onto the PMMA
layer to form the OSC layer. The evaporation was conducted at a rate of
1A s=T under a vacuum pressure of 3 x 10~° Torr, and yielded a 40-nm-
thick OSC layer. A 40-nm-thick Au layer was then deposited as source/drain
electrodes at a rate of 1.0 A s™1 under the same vacuum conditions. The
device had a channel width of 1.5 mm and a channel length of 50 um.

Characterization:  Electron micrographs were obtained using a JEM-
F200 field emission transmission electron microscope (JEOL Co. Ltd.,
Japan), operated at 200 kV, with carbon-coated copper grids (LC300 -
Cu, Electron Microscopy Sciences). X-ray diffraction (XRD) patterns were
recorded using a multifunctional X-ray diffractometer (X'pert powder
diffractometer, PANalytical) with Cu Ka radiation in the range 10 < 26 <
60°. Fourier transform infrared (FT-IR) spectra were obtained using a VER-
TEX 80 V vacuum spectrometer (Bruker, Germany), with samples in KBr
pellets. Steady-state PL spectrum and photostability were measured using
a spectrofluorometer (FP-8500, JASCO) with a 405-nm excitation wave-
length from a xenon arc lamp (150 W). Temperature-dependent PL was
measured using a closed-cycle helium cryostat (CS-204, ARS) connected
to a compressor (4HW, ARS). Excitation was provided by a picosecond
pulsed laser (LDH-P-C-405B, PicoQuant GmBH) at 405 nm, pulse width
< 50 ps, and repetition rate of 4 MHz, driven by a PLD 800-B driver (Pi-
coQuant). Emitted photons were detected using a photon counting de-
tector (PMA Hybrid 07), time-correlated single-photon counting (TCSPC)
module (PicoHarp, PicoQuant), and a microchannel plate photomultiplier
tube (MCP-PMT, R3809U-59, Hamamatsu). This in-situ PL measurement
was conducted under constant conditions, with a fixed excitation spot po-
sition throughout the experiment. Device electrical characterization was
performed using a semiconductor parameter analyzer (B1500A, Keysight)
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under ambient conditions. Atomic force microscopy (AFM) images were
obtained using an NX—10 (Park system) at the Research Institute of Ad-
vanced Materials, with ferroelectric switching properties of FE-QD films
assessed in PFM mode. The surface potential of the film was obtained by
Kelvin probe force microscopy (KPFM, Nanoscope V multimode, Bruker,
USA) and UV-Vis absorption spectra of the film was measured by UV-Vis
spectrophotometer (Cary 5000, Agilent Technologies). The P-E character-
istics measurement was performed using a 500 Hz triangular waveform
with the TF3000 system from aixACCT. The PUND measurement was per-
formed using a 0.2-Hz rectangular waveform with a semiconductor param-
eter analyzer (4200A-SCS, Keithley). The capacitance of the Si/SiO,/FE-
QD/PMMA/Pentacene/Au structure device was measured at frequency
range from 20 Hz to 0.1 MHz using a precise LCR meter (Agilent Keysight
Technologies, E4980A). TGA analysis was conducted using a TGA Q50 in-
strument (TA Instruments), heating samples from 0to 800 °C at 10 °C/min
in N, atmosphere. DSC was performed using a DSC 200 F3 Maia setup
(Netzsch), with samples heated from —50 to 200 °C and cooled back
to =50 °C at 10 °C/min under a N, atmosphere. Ultraviolet photoelec-
tron spectroscopy (UPS) was conducted using an AXIS Ultra DLD (Kratos
Inc.), employing a helium-gas discharge lamp with an excitation energy of
21.22 eV and an energy resolution of 200 meV within a sampling area of
100-um diameter. To minimize static electricity accumulation during the
measurement process, a bias of 15 V was applied to the sample. The trap
density N was calculated:[°¢]

G (S loge )
-2 -1 )
q \ kT/q
where C;, g, S, k, and T correspond to the gate capacitance per unit area,
electron charge, subthreshold swing, Boltzmann constant, and absolute
temperature, respectively.

ANN Array Simulation: ANN simulations were conducted using
“Cross Sim” software developed by Sandia National Laboratories, USA.
The network architecture consisted of three layers with dimensions
784 x 300 x 10. For training, 60000 example images from the MNIST
dataset were used, and for testing, 10000 images were used.

CNN for Dim MNIST Recognition: The CNN used for recognition of
dim image in MNIST (Figure 4), consisted of four Conv2D layers and four
MaxPooling2D layers to extract relevant features. The classification was
performed using a fully connected layer. To model was trained using 48000
images and validated using an additional 12 000 images from the MNIST
dataset. After 50 training epochs, the model achieved an accuracy of 98%.

CNN for Dim Motion Recognition: For dim motion recognition
(Figure 5), the CNN architecture included four Conv2D layers and four
MaxPooling2D layers for feature extraction. A fully connected layer was
used for classification. The CNN was trained on three different datasets:
conventional sensor data, adaptive sensor data, and adaptive & dynamic
sensor data; 800 datasets were used for training, 100 datasets for valida-
tion, and 100 datasets with added Gaussian noise were used for testing.
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