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Ferroelectric-Gated Hybrid-Layered Organic Field-Effect
Transistors for Multimode Signal Processing

Jie Liu, Mengyun Zhang, Wushuang Han, Fan Du, Limin Wu,* and Xiaosheng Fang*

The rapid development of intelligent systems has driven the urgent need for
multifunctional devices within a unified framework through innovative design
principles. Here, a ferroelectric-gated organic field-effect transistor (Fe-OFET)
is proposed, which synergistically combines light perception, data storage,
and neuromorphic computing functionalities. The device features a
hybrid-layered channel with engineered organic molecule modification,
improving photodetection performance via optimized exciton dissociation,
electron trapping, and hole injection. This design yields exceptional
photoresponsivity of 2.4 A W= and detectivity of 1.3 x 10'3 Jones. Integration
of the ferroelectric layer enables nonvolatile conductance modulation,
exhibiting a wide memory window, robust switching endurance with an on/off
ratio of >10* and long-term data retention exceeding 4 X 10° s. Furthermore,
the Fe-OFET-based synapse architecture demonstrates potential for wearable
neuromorphic electronics, combining flexibility with cognitive functions. The
device demonstrates accurate recognition and classification of
electrocardiogram waveforms and handwritten digits, achieving accuracies up
to 85% and 91%, respectively. This work establishes a hardware paradigm in
multimode signal processing and adaptive edge intelligence, offering

efficiency.? To address these challenges, in-
tegrating sensing, storage, and neuromor-
phic computing capabilities has emerged
as a new strategy, aiming to unify sen-
sor, memory, and processing units within
a single device.>] This integration simpli-
fies system architecture, improves area effi-
ciency, and minimizes power consumption.

Recently, researchers have focused on
developing integrated devices capable of
performing multi-signal processing.[#] Ar-
tificial synapses have demonstrated the
capability to replicate biological synap-
tic characteristics, offering potential ap-
plications in perception, memory, and
neural computing.l’!!l Synaptic weight is
updated through electrical and/or opti-
cal pulse stimulation, thereby establish-
ing connections between external stim-
uli and neural networks.'>%] In a signif-
icant advancement, a two-terminal opto-
electronic resistive random access mem-

innovative solutions for next-generation electronics targeting diverse

application scenarios.

1. Introduction

Advancements in artificial intelligence have driven unprece-
dented demand for hardware architectures capable of process-
ing and storing information with high efficiency. Conventional
architectures mostly rely on a combination of various compo-
nents and logic circuits.'!! This approach introduces a limita-
tion that the physical separation between units restricts informa-
tion exchange, leading to slower processing and reduced energy
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ory synaptic device that exhibits non-
volatile optical resistive switching and light-
tunable synaptic behaviors, specifically de-
signed for a neuromorphic visual system,
was developed.['®] Reconfigurable devices,
which can dynamically alter their functions during operation to
accomplish different tasks, have emerged as promising alterna-
tives for enhancing integration level and reducing power con-
sumption in next-generation electronics.['7-2%] The construction
of multifunctional optoelectronic devices through controlled ab-
sorption and desorption of gas molecules on the channel was
demonstrated. The field-effect transistor achieved multiple func-
tions, including photodetection, memory, Boolean logic opera-
tions, and artificial synapses.!?!! Photomemristors represent an-
other category of multifunctional devices that provide superior
decoupling between stimuli and status-reading electrical path-
ways, enabling independent optimization of each functional
layer.?22] A nonvolatile photomemristor was proposed wherein
reconfigurable responsivity can be modulated and stored through
charge and/or photon flux manipulation.?! These devices,
which process both electrical and optical signals, represent a
significant advancement in creating versatile, multifunctional
electronic and optoelectronic systems. Organic ferroelectric tran-
sistors incorporating polymeric dielectrics and organic semi-
conductors demonstrate significant potential because they com-
bine multi-domain polarization switching with several advanta-
geous characteristics: inherent flexibility, biocompatibility, low
power consumption, and tunable photoelectrical properties.
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Figure 1. Integrated multimode signal processing system for signal sensing, nonvolatile memory, and neuromorphic computing based on Fe-OFETs.
The Fe-OFET architecture consists of PC;;BM doped C8-BTBT, MoO;, CB-BTBT, and P(VDF-TrFE), which are corresponding to photoactive layer, hole

transport layer, conduction layer, ferroelectric layer.

These features make them particularly suitable for both large-
scale integration and wearable electronic applications.[2>2]

In this study, we demonstrate a ferroelectric-gated organic
field-effect transistor (Fe-OFET) that integrates signal sensing,
information storage, and neuromorphic computing functional-
ities. For photodetection, [6,6]-phenyl-C71-butyric acid methyl
ester (PC,;BM), an electron acceptor, was introduced into 2,7-
dioctyl[1]-benzothieno[3,2-b][1]benzothiophene (C8-BTBT) pho-
toactive layer to optimize exciton dissociation and electron trap-
ping. An ultrathin inorganic molybdenum trioxide (MoO,) inter-
layer, acting as a hole transport medium, facilitates hole injec-
tion while suppressing electron-hole recombination. This hybrid-
layered architecture achieves high responsivity (2.4 A W) and
detectivity (1.3 X 10' Jones) under 350 nm ultraviolet illumi-
nation. For non-volatile memory, the incorporated ferroelectric
gate dielectric enables non-volatile conductance modulation, ex-
hibiting a wide memory window, robust switching endurance
(on/off ratio of >10*), and prolonged retention time (>4 x 10°).
Notably, we demonstrated the application of Fe-OFET as a wear-
able, intelligent healthcare device capable of real-time diagnosis
through the processing of complex electrocardiogram (ECG) sig-
nals from patients with arrhythmia. Meanwhile, the recognition
accuracy of Modified National Institute of Standards and Tech-
nology (MNIST) patterns based on an artificial neural network
(ANN) model reached 91%. These results indicate the prospect of
Fe-OFET-based synapse architecture in neuromorphic electron-
ics. The work establishes a new paradigm for multimode signal
processing, offering innovative solutions for diverse application
scenarios.

2. Results and Discussion
2.1. Integrated Multimode Signal Processing System
Figure 1 illustrates the proposed Fe-OFET multimode signal

processing system, which seamlessly integrates signal sensing,
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nonvolatile memory, and intelligent processing of complex se-
quential bio-signals. The high-sensitivity optical sensing utilizes
an organic hybrid-layered architecture to enhance exciton disso-
ciation and carrier transport, significantly improving photode-
tection performance. The non-volatile electrical signals mem-
ory, reminiscent of the human brain’s memory system, stores
electrical signals with fidelity. Remarkably, even after mechani-
cal bending, the device retains the capability to read and write
logic signals. The bionic neural network processing features an
ANN architecture with 187 input neurons, 128 hidden neurons,
and 5 output neurons, forming a fully connected network. This
ANN model is employed in processing ECG signals such as ar-
rhythmias and obstructive sleep apnea, when measured in real-
time through edge devices. The schematic diagram of hybrid-
layered Fe-OFETs is shown on the right side of Figure 1. The
detailed preparation process for the multilayer heterostructure is
described in the Experimental Section and illustrated in Figure
S1 (Supporting Information). In brief, the ferroelectric polymer
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TtFE)) serves
as the gate dielectric layer, prepared via spin coating. Nonvolatile
and rewritable characteristics of ferroelectric polarization lay the
foundation for state switching and retention of Fe-OFET.[29-33]
The organic hybrid-layered architecture was designed to optimize
the optical detection performance of the devices. Meanwhile, it of-
fers advantages of flexibility, lightweight properties, and low-cost
production, making it suitable for wearable devices.

2.2. Spectral and Micromorphological Characterizations

The XRD pattern of the C8-BTBT film deposited on the P(VDE-
TrFE) layer, shown in Figure 2a, reveals its crystalline structure
(Figure S2, Supporting Information). Diffraction peaks at 6.04°
and 9.08°, corresponding to the (002) and (003) lattice planes,
respectively, can be assigned to the (00l) plane family of C8-
BTBT.** Similar patterns were also observed in the improved
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Figure 2. a) XRD pattern of C8-BTBT/P(VDF-TrFE) bi-layered film. b) PL spectra of C8-BTBT and C8-BTBT:PC;,BM films. c) Absorption spectra of different
multilayer films on a quartz substrate. AFM images of d) P(VDF-TrFE) film, e) C8-BTBT film, and f) C8-BTBT:PC;;BM film. scale bar, 2 pm. g) Cross-
sectional TEM images of a vertically stacked C8-BTBT:PC;;BM/MoQO;/CB-BTBT/P(VDF-TrFE) heterostructure film and h,i) corresponding EDS element

mapping, showing the distribution of F, S, and Mo. Scale bar, 100 nm.

drop-casting C8-BTBT:PC,,;BM film (Figure S3, Supporting In-
formation). The full widths at half maximum of the (002) and
(003) planes are 0.05° and 0.06°, respectively, indicating high
crystalline quality and uniform orientation of large-area crystals.
Photoluminescence (PL) analysis further highlights the inter-
actions between C8-BTBT and PC,;BM molecules (Figure 2b).
C8-BTBT absorbs photons while PC,;BM traps photoelectrons.
The efficient dissociation of excitons and charge transfer be-
tween the C8-BTBT and PC,;BM molecules reduces electron-
hole recombination and suppresses the PL quantum yield.3!
Additionally, Forster resonance energy transfer from C8-BTBT
to PC,;BM molecules may contribute to the suppressed quan-
tum yield as well.3%¥] The absorption spectra of the multi-
layer films share similar profiles, with differences in absorption
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intensity (Figure 2c). The typical absorption peak at 359 nm origi-
nates from the z-conjugated structure of C8-BTBT.***] However,
the incorporation of PC,, BM disrupts the intermolecular order of
C8-BTBT, shortening its effective conjugation length. This struc-
tural alteration results in a slight blue shift of the absorption peak
from 359 to 357 nm.[*]

To assess the nanoscale morphological evolution of organic
heterojunctions, surface roughness was measured using atomic
force microscopy (AFM). The spin-coated P(VDF-TrFE) film ex-
hibits a dense, flat, and smooth surface (RMS = 3.21 nm), pro-
viding a high-quality platform for the growth of the conduc-
tion layer (Figure 2d). Compared to the C8-BTBT film directly
deposited on SiO,, the pre-coated P(VDF-TrFE) layer promotes
better molecularly ordered assembly and grain connectivity in
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the C8-BTBT layer due to increased surface wettability (RMS of
3.75 nm in Figure 2e, compared to 6.75 nm in Figure S4, Sup-
porting Information).[*1*2] Distinct step-like contour lines in the
droplet traces are visible in Figure 2f. To confirm the unifor-
mity of this preparation method for large-scale applications, AFM
measurements were performed at three randomly selected posi-
tions, showing high morphological consistency and low surface
roughness (Figure S5, Supporting Information). AFM imaging
of the crystals reveals no observable defects or grain boundaries.
The flat surface, with an RMS roughness of 4.01 nm, suggests
minimal crystal defects and recombination sites, reducing car-
rier trapping and enhancing suitability for photoelectric detec-
tion applications.*!] Cross-sectional transmission electron mi-
croscopy (TEM) imaging and energy-dispersive X-ray spectrome-
try (EDS) elemental mapping further reveal the multilayer het-
erostructure of the C8-BTBT:PC,,BM/Mo0O,/C8-BTBT/P(VDF-
TrFE) film (Figure 2g—i). A platinum (Pt) top layer was intention-
ally added during testing to enhance the conductivity of multi-
layer films. TEM observation confirms a well-defined stacking
structure and clear elemental distributions, supporting the de-
velopment of Fe-OFET devices with low leakage, high endurance,
and large-scale uniformity.

2.3. Photoresponse Behaviors and Optical Communication

The optoelectronic behaviors of the hybrid-layered Fe-OFET were
systematically studied an atmospheric environment. Figure 3a
shows an optical image of the array units fabricated on a flexi-
ble polyethylene naphthalate (PEN) substrate. Figure 3b presents
the carriers transport paths diagram and energy level diagram.
For the photoactive layer, the p-type organic semiconductor C8-
BTBT is employed due to its strong light-matter interaction and
high charge mobility.*'**) However, despite its efficient light
absorption, the recombination of photogenerated excitons re-
mains a challenge. To address this issue, PC,;BM molecules
were incorporated into the photoactive layer, forming the C8-
BTBT:PC,, BM layer.[*>**] In this configuration, C8-BTBT absorbs
photons and forms excitons. Acting as an electron acceptor,
PC,,BM rapidly captures photoexcited electrons from C8-BTBT,
promoting efficient exciton dissociation due to the energy off-
set in the LUMO levels of C8-BTBT and PC,;BM and intrin-
sic electron capture capacity. To further enhance performance,
an ultrathin MoO, interlayer (%10 nm) was introduced at the
electrodes/C8-BTBT and C8-BTBT:PC,,BM/C8-BTBT interfaces
(Figure S6, Supporting Information). MoO, serves as an interface
modification layer, reducing contact resistance and improving
hole mobility between the electrodes and the organic semicon-
ductor (Figure S7, Supporting Information).[*! Additionally, its
unique charge-selective characteristic blocks electron flow from
the photoactive layer to the conduction layer, effectively suppress-
ing electron-hole recombination.l*! Since the photoactive layer
was fabricated using a solution-based coating process, the MoO,
film also functions as a protective barrier, preventing degrada-
tion of the underlying conduction layer. The incorporation of an
underlying C8-BTBT conduction layer establishes an optimized
pathway for channel carrier transport while simultaneously mit-
igating two critical issues: dielectric screening effect induced by
significant dielectric constant mismatch between MoO; (e~ 25)
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and P(VDF-TrFE) (e~ 10), and crystallographic degradation of fer-
roelectric layer resulting from high-temperature MoO, deposi-
tion processes. This composite architecture establishes the Fe-
OFET as a highly promising platform for advanced optoelec-
tronic applications, offering improved efficiency, stability, and
scalability.

In the non-polarized state, the photo-switching behavior at a
wavelength of 350 nm and V4, = 0.1V is illustrated in Figure 3c.
Due to the energy level gradient drive and efficient electron trap-
ping in the photoactive layer, exciton dissociation is significantly
enhanced, which is reflected in its performance, yielding a higher
on/off current ratio (>10%) and a shorter photoresponse time. Ad-
ditionally, the imaging array demonstrates that the hybrid-layered
devices produce sharper and higher-contrast patterns (Figure S8,
Supporting Information). The I-V curves under various light
power densities were also recorded (Figure 3d). As the increase of
incident light power, the channel current rises significantly and
saturates at a power density of 1795 uW cm~2. Both photocurrent
(Ion) and L, /T4, are positively correlated with light power den-
sity, and the device retains the ability to distinguish photocurrent-
dark signals even under weak light conditions (Figure S9, Sup-
porting Information). The device achieves a responsivity (R) of
2.4 A W1 at a power density of 12 yW cm~2, in which respon-
sivity is given by R = L, /(PA), where P is the light power den-
sity, and A is the effective area of the device. The high respon-
sivity is primarily attributed to hole reinjection facilitated by the
efficient electron trapping of PC,, BM doping in the photoactive
layer. Additionally, the MoO, layer make efforts by functioning as
a hole-injecting and electron-blocking layer, further suppressing
electron-hole recombination. Another critical parameter, detec-
tivity (D*), reflects the photosensitivity and shot noise limit of
photodetector, which can be described as D* = RAY?(2el,,,)~"/%.
The device achieves a high D* of up to 1.3 x 10! Jones un-
der the light power density of 12 yW cm~? (Figure 3e). In ad-
dition, we summarized the detectivity of organic photodetectors,
as shown in Figure 3f. The detectivity of our devices is compa-
rable to those of the best-performing devices, showing an ob-
vious advantage in the ultraviolet range. The more detailed pa-
rameters are available in Table S1 (Supporting Information). We
also analyze the dependence of detection characteristics on ex-
citation wavelength (Figure 3g; Figure S10, Supporting Informa-
tion). In the ultraviolet region (250-350 nm), the detector demon-
strates excellent photosensitivity, consistent with the light absorp-
tion behaviors observed in Figure 2c. However, the device ex-
hibits weak or even negligible response to the excitation light with
wavelength exceeding 400 nm, indicating that the intermediate
energy levels formed by PC,,BM doping primarily trap photo-
generated electrons, but have little influence on photon absorp-
tion (Figure 3h). Mechanical bending tests are of great signif-
icance in evaluating the potential of flexible optoelectronic de-
vices in wearable electronics (Figure 3i; Figure S11, Supporting
Information). By adding a poly(methyl methacrylate) (PMMA)
coating, the device’s bending resistance can be significantly en-
hanced. After 1000 bending cycles (bending radius: 1 cm, Figure
S12, Supporting Information), the photocurrent and on/off ra-
tio of the device can maintain 90.4% and 93.2% of their ini-
tial values, respectively. Compared to devices without a PMMA
coating, the improvement of photocurrent is particularly notable.
The results demonstrate that the PMMA-coated Fe-OFET can
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Figure 3. a) Optical picture and schematic diagram of devices. b) Carriers transport paths diagram and energy level diagram under illumination. c)
Photoswitching behaviors (l4,-t) of C8-BTBT and hybrid-layer based photodetector (4 =350 nm, V4 = 0.1V). d) I4s—Vy, curves of the hybrid-layer device
under dark and various light power densities from 12 uW cm=2 to 1795 pW cm~2. e) The changing tendency of responsivity (R) and detectivity (D*) with
the light power density, reaching maximum values of R =2.4 AW~1, D* = 1.3 x 103 Jones at V4, = 1V. f) Comparison of detectivity between Fe-OFET
with organic photodetectors. g) Photoresponse behaviors (l4-t) under different wavelengths from 250 to 600 nm. h) The responsivity and detectivity as
a function of excitation wavelengths. i) Mechanical stability of Fe-OFET with and without PMMA coating. j) Optical communication mode with various
bending radius. k) Conversion of light signals to digital signals of “0 100 0110” and “0 100 0100.” I) Schematics of binary code translation.

maintain stable operation under continuous bending. Due to the
suppression of the persistent photoconductivity effect, the op-
timized photodetector exhibits improved photoresponse speed
and enhanced detection sensitivity, demonstrating application
potential in real-time optical communication. As evidenced in
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Figure 3j-1, the device achieves optical-to-digital signal conver-
sion under mechanical bending conditions. Figure 3k illus-
trates photocurrent curves corresponding to two-byte input sig-
nals “01 000 110” and “01 000 100,” which are decoded into
the alphabetical characters “F” and “D” through binary code
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conversion (Figure 3l). These results provide a practical solution
for implementing photodetectors in ultraviolet optical communi-
cation applications.

2.4. Electrical Properties and Nonvolatile Characteristics of
Fe-OFET

The electrical properties of Fe-OFET were measured under dark-
ness at room temperature. The polarization characteristics of fer-
roelectric polymer P(VDF-TrFE) film were confirmed using a ca-
pacitor configuration of Au/P(VDF-TrFE)/Au layers, as shown
in the inset of Figure 4a. The hysteresis loop of 400 nm-thick
P(VDF-TrFE) film demonstrates a polarization switching voltage
of 30 V and a remnant polarization (P,) of 9 uC cm~2. Utilizing
P(VDEF-TrFE) as a dielectric layer, the transfer characteristic curve
of the Fe-OFET exhibits typical p-type conduction with an on/off
ratio of 10° (Figure 4b). The large hysteresis window (18 V) ob-
served is attributed to the ferroelectric polarization switching pro-
cess during the gate voltage (V,) sweep range from —45 Vto 45 V.
When a positive V, exceeding 22V, the device enters an off-state,
suppressing the dark current to as low as ~#107'2 A at a drain-
source voltage (V) of 0.1 V. Under zero gate voltage and dark en-
vironment, the output and photo-switching characteristics for the
different polarization states are shown in Figure 4c; Figure S13
(Supporting Information), respectively. These states are defined
as P up state (upward polarization) and P down state (down-
ward polarization), based on the electrostatic field generated by
the remnant polarization of P(VDF-TrFE), which are achieved by
poling P(VDF-TtFE) with V, pulse of —40 and 40 V, respectively.
In the P up state, I is suppressed to ~5 x 10712 A at V,, =
0.1 V. Conversely, the P down state exhibits a high channel cur-
rent due to that thermionic and drift/diffusion dominate channel
current.*’*8] Therefore, the local ferroelectric field, derived from
the remnant polarization, can fully deplete or accumulate carri-
ers in the hybrid layered organic channel. Figure 4d—f illustrates
three scenarios with corresponding energy band diagrams for the
Fe-OFET. For the band diagrams of different states, contact bar-
riers between C8-BTBT/MoO, and MoO,/electrodes are consid-
ered. E;, HOMO, and LUMO are the Fermi level energy, high-
est occupied molecular orbital and lowest unoccupied molecu-
lar orbital of C8-BTBT, respectively. In the initial fresh state, the
dipoles within the P(VDF-TrFE) film are randomly oriented. Af-
ter polarization in the P up or P down directions, the dipoles tend
to be ordered in the same orientations. This alignment generates
alocal ferroelectric field, which modulates carrier distribution in
the channel and causes a nonlinear shift in the Fermi level. This
mechanism underpins the modulation functionality of the Fe-
OFET, enabling precise control over its electronic properties.
Based on nonvolatile properties of devices, integrating mem-
ory functionality enables Fe-OFET to achieve logic memory. To
assess the storage properties, the write and erase operations were
performed via alternating V, pulses as exhibited in Figure 4g.
Two logic states were read under Vy, = 0.1 V and confirmed
through current dynamic processes. A positive V, pulse (V, =
40 V) set the device to logic “0”, corresponding to a low current
level (~10712 A). Conversely, applying a negative pulse reversed
ferroelectric polarization, switching the device to logic “1” with
a high current of ~ 107 A (Figure 4h). Initial endurance loss
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during the first 20 cycles was due to incomplete charge com-
pensation and carrier trapping. However, stable switching be-
tween the two logic states was recorded after 20 cycles, indicat-
ing fatigue-free characteristics. Retention time is another critical
metric for non-volatile memory. To investigate this parameter, the
as-fabricated devices are set/reset with pulse voltages of + 40V,
and then the corresponding states were read at a 2 s interval.
Figure 4i shows that two distinct states with a high current ra-
tio (>10*) were maintained for over 4 x 10° s without significant
degradation, confirming robust nonvolatile storage performance.
Variation of the memory window with bending cycles was also
assessed as shown in Figure 4j. Hysteresis window narrowed by
~10% after bending 500 cycles, primarily due to slight morphol-
ogy damage from mechanical stress. However, the memory win-
dow retained 90% of its original value even after 1000 bending cy-
cles, demonstrating exceptional bending resistance. Figure 4k-1
further confirms that high/low resistance state remained stable
after 1000 cycles, with minimal cycle-to-cycle variability. For re-
tention characteristic after the bending cycles, the two logic states
with a high ratio of 10* persisted over 4 x 10? s. Inspired by the bi-
ological vision system, in situ image memory is simulated, thatin
situ storage at the location of the signal acquisition (Figure S14,
Supporting Information). A 3 X 4 array units were constructed
to demonstrate the cooperation of photo-sensing and data stor-
age. Owing to the polarization characteristics of the ferroelectric
layer, binary coding in the array units can be retained for extended
periods or reprogrammed via gate voltage. This design integrat-
ing photodetection with data storage, although lacking weight
updating function, that is, “learning” behavior, highlights long-
term “memory” function for light signals, which is challenging
for many photonic synaptic devices.[**>]

2.5. Synaptic Function Emulation and Neuromorphic Computing

The integration of ferroelectric materials in Fe-OFETs demon-
strates promising capabilities for neuromorphic computing
through electric modulation and nonvolatile polarization mech-
anisms. Figure 5a shows the excitatory post-synaptic currents
(EPSC) behaviors of Fe-OFET in response to a gate voltage pulse
at a reading voltage of V4, = 0.5 V. The postsynaptic neurons to
excite behaviors originated from polarization changes within the
ferroelectric domains. Upon application of a negative gate voltage
pulse (V, = =10V, 50 ms), partial downward polarization of the
P(VDF-TrFE) domains occurs, resulting in a transient increase
in channel current followed by relaxation to the initial state. Ac-
cording to the equation of energy consumption (E_) given by E_ =
VieaaXIpeaXt, Where V.4 represents the drain voltage, I, rep-
resents the spike peak current, and t is the spike duration time.
The E_ per spike is ~85 pJ, which is comparable to those of
most reported ferroelectric-based artificial synapses (Table S2,
Supporting Information). Furthermore, shortening pulse dura-
tion and reducing readout voltage can serve as an effective strat-
egy to optimize device energy consumption. In particular, moder-
ately reducing the read-out voltage in circuits can achieve power
consumption reduction without substantially compromising key
performance metrics of artificial synaptic devices, such as state
number, dynamic range, and nonlinearity. Paired-pulse facili-
tation (PPF), a fundamental synaptic plasticity mechanism in
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Figure 4. a) Hysteresis loop of the P(VDF-TrFE) ferroelectric film with a thickness of 400 nm. b) Transfer characteristics (l4,-V,) curve of Fe-OFET
under dark environment. ¢) Output characteristic (I45-Vy,) curves at up and down polarization states of ferroelectric layer. d—f) The structure diagram
of devices and equilibrium energy band diagrams of three different ferroelectric polarization states. g) Programmed gate voltage pulse sequences are
performed to test the endurance and retention characteristics of the device. h) Endurance cycle measurement by applying pulse voltages of + 40 V under
reading voltage of Vg = 0.1 V. i) Retention time testing for write and erase operations. j) Transfer characteristics (l3,-V,) curves after bending cycles.
k) Endurance cycle measurement and |) retention time testing after 1000 bending cycles.
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Figure 5. a) EPSC behaviors of Fe-OFET in response to gate voltage pulse
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at reading voltage of V4, = 0.5 V b) PPF property of devices under different

pulse intervals. c) Potentiation and depression of synaptic weight update with an incremental pulse scheme. d) Fe-OFET as an information-processing
component to analyze ECG signals and display the categorizing results. e) Recognition accuracy and f) Confusion matrix for 5 classes of ECG under 500
epochs. g) Weight updating process for “Q” class during 500 learning epochs.

biological systems, manifests when the synaptic response to a
second stimulus is enhanced due to the temporal proximity of
two successive pulses. The PPF characteristics of the devices
across various pulse intervals are demonstrated in Figure 5b. The
PPF index, quantifying the temporal dependence of this facilita-
tion, is expressed as:

PPF = (A, — A;) /A, x 100% (1)

where A, and A, represent the post-synaptic currents induced
by the first and second pulses, respectively. The pulse interval-
dependent decay of the PPF index exhibits a biphasic decay
pattern, comprising rapid and slow components, which can
be mathematically described by a double exponential decay
function:

y = Co+ Crexp (—At/7)) + Crexp (—At/7,) (2)

Here, C, represents the PPF index as the pulse interval
approaches infinity, C; and C, denote the initial facilitation

Adv. Funct. Mater. 2025, 08765 e08765

magnitudes of the rapid and slow phases, respectively, and r,
and 7, denote their characteristic relaxation times. The experi-
mental data, as illustrated in Figure 5b, demonstrate excellent
agreement with this decay function. The observed decay of the
PPF index with increasing At substantiates the device’s capability
for temporal information processing, a crucial feature for neuro-
morphic computing applications. To evaluate the device’s analog
weight modulation capabilities, Figure 5c presents its potentia-
tion and depression synaptic weight update under an incremen-
tal pulse scheme. The application protocol consisted of 70 consec-
utive negative pulses (—10 V, 50 ms) followed by 70 consecutive
positive pulses (10 V, 50 ms) at the gate electrode, repeated for
three complete cycles. This testing reveals consistent and sym-
metric weight updates, with the bidirectional weight modulation
responding to gate voltage polarity. These characteristics further
substantiate the device’s suitability for neuromorphic computing
implementations.

As a proof of concept, we demonstrated the application of
our Fe-OFET serves as a wearable and intelligent healthcare
device for real-time diagnosis for personalized healthcare by

(8 of 11) © 2025 Wiley-VCH GmbH
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processing complicated physiological signals like ECG wave-
forms from patients with arrhythmia (Figure 5d). ECGs can be
used effectively to monitor the health of the cardiovascular sys-
tem. The subtle morphological similarities between ECG wave-
forms present significant challenges in accurate waveform cate-
gorization and real-time diagnostic interpretation. In ECG classi-
fication based on a heartbeat dataset, normal sinus rhythm is des-
ignated as “Normal” (N), while arrhythmic abnormalities are cat-
egorized into classes “S”, “V”, “F”, or “Q” by different waveforms
and morphologies.®!l To interpret the ECG signals, we utilized
shape-related features of each waveform extracted from the ECG
heartbeat categorization dataset.?! The preprocessing involved
segmentation of each ECG waveform into 187 sequential electri-
cal potentials, followed by amplitude normalization. We imple-
mented a two-layer neural network architecture for Q-class recog-
nition, comprising 187 input neurons, 128 hidden layer and 5
output neurons, forming a fully connected neural network. Each
electrical potential in the ECG waveform was fed to the corre-
sponding input synapse, and the back-propagation algorithm was
employed to calculate the mapped weight values.

The artificial neural network was trained using 3200 patterns
in the training dataset, with performance validation conducted
on an independent testing dataset of 800 samples. Our Fe-OFET-
based implementation achieved ~85% recognition accuracy un-
der 500 training epochs (Figure 5e). The classification accuracy
of the five classes can be visually monitored through the confu-
sion matrix. The deeper the color on the diagonal, the higher the
recognition accuracy (Figure 5f). The mapping image visualiza-
tion of class “Q” demonstrated progressive improvement from
0 to 500 training cycles, indicating successful learning conver-
gence and enhanced discrimination capability (Figure 5g). The
learning processes from 0 to 500 epochs of other ECG wave-
forms are provided in Figure S15 (Supporting Information).
Neuromorphic computing facilitates accurate ECG classification,
holding promise for improved medical diagnostics and health
monitoring.

To further evaluate the scalability and broader applicability of
Fe-OFET-based neuromorphic systems, we implemented hand-
written digit recognition using the MNIST database (Figure S16,
Supporting Information). The network achieved a classification
accuracy of 91% on MNIST patterns, exceeding the recognition
accuracy observed in ECG waveforms classification. This supe-
rior performance on MNIST can be attributed to the larger train-
ing dataset available, suggesting that the ECG recognition accu-
racy could potentially be enhanced through training with an ex-
panded ECG signal dataset. These results demonstrate the versa-
tility of Fe-OFET architectures in handling diverse pattern recog-
nition tasks. This study advances the development of multimode
signal processing, offering a path toward more efficient and com-
pact devices.

3. Conclusion

In this work, we demonstrate ferroelectric-gated organic field-
effect transistors for multimode signal processing. The device
combines a ferroelectric polymer P(VDF-TrFE) as the gate di-
electric with a photoactive C8-BTBT:PC,;BM layer, and an ul-
trathin MoO; interlayer. The hybrid-layered channel with or-
ganic molecule modification enables enhanced exciton dis-
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sociation, suppressed electron-hole recombination, and im-
proved charge transport. The ferroelectric polarization-induced
conductance modulation exhibits robust non-volatile memory
and prolonged retention time. Furthermore, Fe-OFET as a
wearable, intelligent healthcare device, is capable of real-time
diagnosis through the processing of complex ECG signals.
This work highlights the potential of the Fe-OFET as a plat-
form for multimode signal processing, offering a multifunc-
tional integration paradigm for future portable and wearable
applications.

4. Experimental Section

Materials: The  2,7-dioctyl[1]-benzothieno(3,2-b][1]benzothiophene
(C8-BTBT, >98%) was purchased from Aladdin Scientific Corp. The
[6,6]-phenyl-C;;-butyric acid methyl ester (PC7;BM, >99%) and molyb-
denum trioxide (MoO3, 99.9%) were bought from Macklin Inc. The
poly(vinylidene fluoride-trifluoroethylene) copolymer (P (VDF-TrFE),
70:30 mol%) was bought from Piezotech, Arkema Group. All chemicals
were used without further purification.

Device Fabrication: The polyethylene naphthalate (PEN) substrate was
sequentially cleaned with deionized water, ethanol, and acetone for 30 min,
followed by nitrogen drying. Prior to coating with the polymer film, the
patterned gate electrode (Cr/Au) was deposited using vacuum evapora-
tion. The preparation process of the multilayer film is shown in Figure
S1 (Supporting Information). The P(VDF-TrFE) film was spin-coated onto
the substrate and annealed at 135 °C for 3 h. Subsequently, C8-BTBT and
MoOj; films were deposited on the P(VDF-TrFE) layer via thermal evapo-
ration. The solution of C8-BTBT:PC;;BM obtained by dissolving 0.5 wt.%
C8-BTBT and 0.02 wt.% PC;;BM in chlorobenzene solvent was applied
by improved drop-casting to form a uniform film. The source and drain
electrodes (Cr/Au) were deposited on the top of the film by vacuum evap-
oration. PMMA solution (10 mg mL~") was spin-coated onto the device
surface at 4000 rpm for 40 s, followed by annealing at 80 °C for 10 min to
form a protective thin film.

Instrumentation and Test Conditions: The X-ray diffraction (XRD) pat-
terns of the P(VDF-TrFE) and C8-BTBT films were measured using an
X-ray diffractometer (Bruker D8). Photoluminescence (PL) spectra were
recorded with a Renishaw in Via-Qontor Raman microscope equipped with
a 325 nm laser. Absorption spectra were obtained using an ultraviolet-
visible spectrophotometer (Hitachi, U-3900H). X-ray photoelectron spec-
troscopy (XPS) was performed to analyze the chemical composition using
a Thermo Scientific Escalab 250Xi. Focused ion beam (FIB) was carried out
with a FEI Scios 2 HiVac system. Transmission electron microscopy (TEM)
and energy-dispersive X-ray spectroscopy (EDS) mapping were conducted
using a FEI Talos F200X G2 instrument. The electrical and optoelectronic
measurements were performed using a Keithley 4200-S semiconductor
test system, equipped with a 75 W xenon lamp capable of continuously
tunable wavelengths.

Neuromorphic Computing for ECG and MNIST Pattern Recognition.
Two-layer multilayer perceptron neural network simulations based on Fe-
OFET were performed using the MNIST handwritten dataset and ECG
heartbeat categorization dataset, which was preprocessed by M. Kachuee
from the MIT-BIH Arrhythmia Dataset.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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