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ABSTRACT

We present a neuromodulator-inspired organic-inorganic hybrid phototransistor that enables programmable optoelectronic
memory and synaptic plasticity via dual optical-electrical modulation. The device integrates a tetracene-based photoactive
polymer blend with an indium gallium zinc oxide (IGZO) thin-film transistor, forming a type-II heterojunction where
photogenerated electrons transfer to the IGZO channel while holes are stored in deep trap states within the organic layer.
These trapped charges induce persistent photogating, modulating channel conductance analogous to synaptic potentiation.
Trap-dynamics modeling reveals that deep traps govern long-term retention, whereas shallow traps allow rapid adaptation.
Gate bias further reshapes the trapped-charge distribution and tunes trapping-detrapping kinetics, achieving programmable
transitions between short-term plasticity and long-term memory. Negative gate bias reinforces conductance retention (dopamine-
like potentiation), whereas positive bias accelerates relaxation (serotonin-like depression), enabling polarity-controlled switching
between analog learning, long-term storage, and controlled forgetting. Operating below 5 uW-cm ™2, the device supports weak-light
imaging (0.5 uW-cm~2), memory retention beyond 5000 s, and spatiotemporal trajectory tracking via transient charge storage. A
device-calibrated artificial neural network using differential synapse pairs achieves >90% MNIST classification accuracy with near-
linear weight updates over hundreds of cycles. These results demonstrate an energy-efficient platform unifying sensing, memory,
and computation for neuromodulator-inspired in-sensor neuromorphic processing.

1 | Introduction ing units require constant data transfer, creating a “memory
wall” that limits speed and power efficiency [1-6]. By embed-
ding computation and memory within synapses, the human

brain performs parallel processing with extraordinary efficiency

Biological sensory and synaptic systems achieve efficient infor-
mation processing by co-locating memory and computation in

the same physical elements. Synapses in neural networks both
integrate signal transduction with adaptive storage, enabling
massively parallel and energy-efficient computation. This stands
in sharp contrast to conventional von Neumann computing
architectures, where physically separated memory and process-
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[7, 8], inspiring neuromorphic computing strategies that seek to
reproduce this principle in hardware [9, 10].

A key feature of biological systems is their ability to regulate
not only the strength but also the duration of synaptic responses
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through neuromodulatory control. Neuromodulators such as
dopamine, serotonin, acetylcholine, and norepinephrine mod-
ulate synaptic plasticity by gating induction, tuning retention,
and adjusting recovery of synaptic efficacy [11-13]. Specifically,
reward- and novelty-related stimuli trigger dopaminergic neu-
rons to release dopamine, which reinforces active synapses
through long-term potentiation (LTP) [14, 15]. Conversely, during
satiation, stress, or information updating, serotonergic neu-
rons from the raphe nuclei release serotonin, which promotes
long-term depression (LTD) and forgetting [12, 16]. Together,
these neuromodulators dynamically tune learning and mem-
ory by strengthening or weakening synaptic connections in
response to behavioral context (Figure la). Biological neuro-
modulation typically operates over seconds to minutes (and
up to hours), as it relies on diffusion, receptor binding, and
intracellular biochemical signaling cascades. In this work, we
focus on emulating the functional role of such modulatory
control, namely the dynamic regulation of memory retention
and forgetting, rather than reproducing these slower timescales,
while leveraging faster, electronically tunable dynamics that are
advantageous for neuromorphic hardware and real-time signal
processing.

Optoelectronic synaptic transistors emulate these behaviors by
integrating light sensing and memory within a single device,
achieving in-sensor computation akin to a “brain on camera.”
[17-19] Using light as the presynaptic input allows analog weight
updates, high bandwidth, and low crosstalk in arrays, enabling
artificial retinas to preprocess optical data and perform pattern
recognition without digitization [20, 21]. Unlike prior optoelec-
tronic synapses limited to optical input and lacking control
over memory duration, our hybrid phototransistor introduces a
tunable electrical dimension via gate bias polarity. The device
couples a photoactive organic layer, capable of storing long-lived
trapped charges, with an oxide thin-film transistor (TFT) channel,
where photoexcitation induces persistent photogating, enabling
ultralow-power operation. While gate polarity programmably
adjusts retention to reinforce or erase memory, analogous to
biological neuromodulation. The synergy of strong photogating
amplification and high trap density yields linear conductance
modulation with pulse number and enables persistent conduc-
tion over a wide dynamic range, achieving adaptive, low-power
neuromorphic operation unattainable in purely photo-driven
devices.

In this device, optical excitation induces the accumulation
of photogenerated trapped holes, forming the primary mem-
ory mechanism and mimicking dopaminergic reinforcement,
where repeated activation strengthens synaptic efficacy through
persistent potentiation. The gate voltage (V,) additionally reg-
ulates this memory process in a polarity-dependent fash-
ion by controlling the spatial distribution of trapped charges
and, consequently, the photogating efficiency. As depicted in
Figure 1b, a negative V, deepens retention and consolidates
the potentiated state, analogous to dopamine-driven synap-
tic strengthening during learning. In contrast, a positive V,
accelerating conductance decay, resembling serotonin-mediated
depression and forgetting. This complementary photoelectrical
control enables programmable transitions between potentiation
and depression (Figure I1c), offering a hardware analog of
the dopaminergic-serotonergic balance that dynamically reg-

ulates plasticity and memory persistence in biological neural
systems.

Organic-inorganic hybrid phototransistors combine the strong
light absorption and tunable trapping of organic semiconductors
with the high mobility, stability, and low-noise transport of
inorganic channels, overcoming the intrinsic limitations of purely
organic devices. Organic semiconductors offer tunable opto-
electronic properties and low-cost, solution-based fabrication
[22, 23], but their low carrier mobility, typically one to two orders
of magnitude lower than inorganics, necessitates high operating
voltages and intense illumination [24-26]. For instance, threshold
shifts of ~50 V or illumination intensities of 5-20 mW-cm~2 are
often required, and the corresponding pulse energies exceed the
~10 fJ used per synaptic event in biology by a factor of 10® [25-32].
Moreover, their reliance on trap states for both charge storage and
channel modulation limits conductivity and slows response [33].

These drawbacks are mitigated in hybrid architectures that
pair a photoactive organic layer with an inorganic trans-
port channel. In our design, the organic semiconductor 5,12-
bis(triisopropylsilylethynyl)tetracene (TIPS-Tc) provides strong
visible absorption and efficient exciton generation, long-lived
excitons [34, 35], and deep hole traps that sustain conduc-
tance retention [36]. These properties lower the optical power
threshold for synaptic modulation, enabling neuromorphic oper-
ation under weak illumination. The inorganic indium gallium
zinc oxide (IGZO) channel contributes high carrier mobility,
a wide bandgap, and stable carrier transport. At the type-
IT TIPS-Tc/IGZO heterojunction, excitons efficiently dissociate,
transferring electrons to IGZO while holes are trapped in TIPS-Tc
to yield persistent photogating crucial for synaptic and memory
functions (Figure 1d). This hybrid design achieves sub —1 V gate
operation, clear weight modulation at low optical fluxes near
1uW-cm~2, over two orders of magnitude lower than prior organic
photosynaptic devices [26].

Although hybrid organic-oxide optoelectronic synapses have
demonstrated promising functionalities, many operate under
relatively high illumination, large bias, or limited electrical
control. For example, a hybrid phototransistor synapse based on a
donor-acceptor conjugated polymer/ITO interface [37] achieved
optical bidirectional modulation under mW-cm™2-level visible
illumination and +10/—-20 V bias, with responses approaching
the noise floor at 0.096 mW-cm~2. An IGZO/ZrAlO, synapse
[38] demonstrated low-energy operation but relied on UV illu-
mination (~0.1 mW-cm™2), while polyelectrolyte-gated organic
synapses [39] required similar illumination levels. CsPbBr;/ZnO
perovskite/oxide arrays [40] further reduced detection thresholds
but depend on two-terminal, intensity-driven switching with-
out independent electrical tunability. In contrast, the present
organic-oxide phototransistor operates at sub-uW-cm=2 visible
light and enables gate-tunable photogating with potentiation,
depression, and long-retention memory in a single device, offer-
ing clear advantages for low-light imaging and trajectory-tracking
applications.

Beyond low-power operation, dual photo- and electro-gating
provide versatile neuromorphic functionality. Weak gate bias
produces short-term conductance changes, while stronger
programming yields long retention lasting tens of minutes,
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FIGURE 1 | (a) Schematic illustration of neuromodulator-regulated synaptic plasticity by dopamine and serotonin. The central synapse depicts
communication between a presynaptic and postsynaptic neuron. Top: Dopaminergic neurons from the ventral tegmental area release dopamine (DA),
which binds to D;/Ds receptors on the postsynaptic membrane, enhancing receptor insertion, strengthening transmission, and promoting long-term
potentiation (LTP), underlying reinforcement and learning. Bottom: In contrast, serotonergic neurons from the raphe nuclei release serotonin (5-HT),
which binds to 5-HT; A receptors on pre- or postsynaptic sites, suppressing neurotransmitter release or promoting receptor internalization, leading
to long-term depression (LTD) and forgetting. The complementary modulators dynamically tune synaptic strength, balancing memory retention
and adaptive resetting. (b) Analogous neuromodulatory function in the hybrid TIPS-Tc/IGZO phototransistor: optical pulses induce trapped-hole
accumulation and increase channel conductance via photogating (potentiation). Negative gate pulses preserve trapped charge, maintaining conductance
(dopamine-like reinforcement or memory hold), while positive gate pulses accelerate detrapping for rapid recovery (serotonin-like reset or forgetting).
(c) Channel conductance increases linearly during optical potentiation and exhibits gate-tunable relaxation after light-off. Inset: symbol of the synaptic
phototransistor. (d) Band diagrams illustrating photogating: trapped holes near the heterojunction enhance transistor conductance and persist after
light-off, sustaining memory behavior.

surpassing prior optoelectronic synapses. The device also offers
linear, accumulative weight updates for accurate ANN training,
unlike nonlinear memristive systems [9, 41-43]. Through
coupled photoelectrical modulation, the TIPS-Tc/IGZO hybrid
emulates dopamine-like reinforcement and serotonin-like

depression, where optical excitation drives potentiation and gate
polarity controls retention or depression. This biomimetic dual-
modulation approach unifies sensing, memory, and computation
within a single device, advancing compact and energy-efficient
neuromorphic processing.
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2 | Results and Discussion

2.1 | Design of the TIPS-Tc/IGZO Synaptic
Phototransistor

The synaptic phototransistor comprises a heterojunction between
TIPS-Tc blended with polymethylmethacrylate (PMMA) and an
IGZO thin-film transistor (TFT) fabricated on a heavily doped
silicon substrate with a 300 nm SiO, dielectric in a bottom-gate,
top-contact configuration (Figure 1b). In this work, the blend
composition is controlled such that the average intermolecular
spacing between TIPS-Tc molecules is ~1 nm, mediated by the
PMMA matrix. All device fabrication and material characteriza-
tion are based on this TIPS-Tc:PMMA composite; for simplicity,
we refer to it as “TIPS-Tc” throughout the paper unless otherwise
specified. The device is fabricated on a heavily doped silicon
substrate with a 300 nm SiO, dielectric in a bottom-gate, top-
contact configuration (Figure 1b). The doped silicon serves as the
gate electrode, and patterned aluminum source-drain contacts
define a channel 100 um long and 1000 um wide. The IGZO
layer exhibits a field-effect mobility exceeding 14 cm?V~!s™! and
a subthreshold swing of 356 mV dec™ (Figure S1), achieved
through optimized O, partial pressure during sputtering followed
by thermal annealing (see Experimental).

The band alignment between TIPS-Tc and IGZO forms a type-II
heterojunction (Figure 1d) that facilitates efficient electron-hole
separation. TIPS-Tc has HOMO/LUMO levels of —5.4 eV/-3.0 eV,
while IGZO features a conduction band minimum at —4.30 eV
and a valence band maximum at —7.60 eV, positioning TIPS-
Tc as the electron donor and IGZO as the acceptor. In this
architecture, TIPS-Tc serves dual functions. First, it strongly
absorbs visible light to generate excitons that dissociate at the
TIPS-Tc/IGZO interface. Second, it provides deep trap states that
capture and retain photogenerated holes beyond illumination.
These trapped holes establish a persistent internal electric field
that sustains IGZO channel conductance, producing a long-lived
photogating effect that persists after illumination and emulates
synaptic memory.

The molecular structure of TIPS-Tc (Figure 2a) features an
extended 7z-system compared with shorter acenes such as
anthracene. As shown in Figure 2b, TIPS-Tc exhibits three exci-
tonic absorption peaks at ~537, 500, and 465 nm, corresponding
to the 0-0, 0-1, and 0-2 vibronic components of the S,—S, 7-*
excitation in the tetracene core. The interpeak spacing (~1.4-1.5
x 10° cm™!) indicates coupling to high-frequency C=C stretching
modes, concentrating oscillator strength in the green region.
In contrast, IGZO is largely transparent in the visible range,
ensuring minimal optical loss and efficient photon harvesting by
the organic layer.

Photoluminescence (PL) measurements confirm efficient inter-
facial charge transfer. Transient PL (Figure 2c) shows that
the average exciton lifetime of TIPS-Tc decreases from 4.5 ns
(pristine film) to ~1.5 ns on IGZO, based on biexponential
fits to time-correlated single-photon counting (TCSPC) data
(Table S1). This reduction indicates an additional nonradiative
decay pathway via charge transfer. Details of the fitting and
lifetime analysis are provided in Section S1. Steady-state PL
(Figure 2d) is also partially quenched for TIPS-Tc on IGZO, con-

sistent with rapid exciton dissociation and charge transfer at the
heterojunction.

Collectively, these structural, optical, and electrical character-
istics establish that the TIPS-Tc/IGZO heterojunction supports
strong visible absorption, favorable band alignment, and efficient
charge transfer. The long-lived memory behavior observed later
in this work likely originates from morphology- and oxygen-
related deep traps in TIPS-Tc, providing the charge-retention
mechanism essential for persistent photogating and synaptic
function [44, 45].

2.2 | Electrical Characteristics of TIPS-Tc/IGZO
Synaptic Phototransistor

Figure 3a compares transfer characteristics in the dark, under
535 nm illumination, and 60 s after light-off. Illumination induces
a clear negative threshold-voltage (V;,) shift from 0.42 to —1.5V
(extracted via the second-derivative method) [46] and increases
the off current (I;) due to photoinduced electron transfer from
TIPS-Tc to IGZO, which raises the channel electron density.
While I fully recovers to its dark baseline, the V shift
remains, indicating long-lived positive charges trapped in the
TIPS-Tc/PMMA layer electrostatically bias the channel rather
than defect generation or persistent photoconductivity in IGZO.
If the latter were present, a sustained I increase or subthreshold
swing change would occur after light-off, but neither is observed.
Control measurements on a bare IGZO TFT (Figure S2) show no
discernible Vy, shift or I ; change under identical illumination,
further confirming that the effect originates from photoinduced
charge trapping in TIPS-Tc.

Figure 3b,c shows the output characteristics in the dark and
under illumination, respectively. Light markedly enhances the
drain current at fixed gate bias, with linear behavior up to Vi
~ 1 V. Hence, subsequent measurements were performed at V
=1V to ensure linear operation at V, = —0.5 V. This condition
is critical for neuromorphic operation, where channel conduc-
tance (G) encodes synaptic weight, and Vj serves as the input.
Operating in the Ohmic region (I, = G-Vy4, ) ensures accurate
multiply-accumulate computation, while operation in saturation
introduces nonlinear I -V, behavior, reducing dynamic range
and increasing readout error and power consumption.

Synaptic phototransistors emulate biological synapses, where
presynaptic spikes elicit excitatory postsynaptic currents (EPSCs),
transient signals shaped by rapid neurotransmission and slower
processes, such as receptor modulation and structural plasticity
underlying long-term memory [47]. In the TIPS-Tc/IGZO device,
an optical pulse serves as the presynaptic input: photoexcitation
induces excess hole trapping in the TIPS-Tc:PMMA layer near
the heterojunction, which electrostatically gates the channel and
produces an EPSC-like transient in the drain current. Here, the
postsynaptic response is represented by AEPSC, defined as the
change in drain current relative to the dark current (AEPSC =
Is—I4)- Under a single 535 nm pulse (5 uW-cm=2,10's), the drain
current rises rapidly by 16 nA (Figure 3d), then decays in two
phases, with an initial fast drop followed by a slower relaxation
to a residual ~5 nA. This biphasic decay reflects short- and long-
term plasticity, with rapid detrapping corresponding to transient
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FIGURE 2 | (a)Devicestructure and TIPS-Tc molecular structure. (b) Absorption spectra of IGZO and TIPS-Tc thin films, revealing distinct excitonic

peaks in TIPS-Tc and the optical transparency of IGZO across the visible range. (c) Transient photoluminescence (PL) decay curves for pristine TIPS-Tc
and TIPS-Tc/IGZO films, indicating shortened exciton lifetime due to interfacial charge transfer. (d) Steady-state PL spectra showing reduced emission
of TIPS-Tc on IGZO, confirming efficient exciton dissociation and interfacial charge transfer.

relaxation and persistent trapped charge sustaining long-term
retention, demonstrating the TIPS-Tc/IGZO phototransistor’s
potential for neuromorphic applications.

Paired-pulse facilitation (PPF) characterizes the device’s transient
synaptic plasticity across multiple timescales (Figure 3e). When
two identical optical pulses are applied sequentially, the second
EPSC peak (A,) exceeds the first (A;) because holes trapped
during the first pulse only partially detrap during the interpulse
interval, leaving residual positive charges that accumulate and
enhance photogating during the second pulse. The facilitation is
quantified by the PPF index, defined as (A,/A,) X 100%.

Figure 3f shows the dependence of the PPF index on the inter-
light-pulse interval (At) at V,=-0.5,0, and 0.5 V. As At increases
from 0.2 to 32 s, the PPF index decays exponentially, resembling
short-term memory fading in biological synapses. The strongest
PPF occurs at Vg = —0.5 V, consistent with enhanced interfa-
cial trap-charge retention under negative bias. As V, becomes
more positive, retention decreases, and the PPF correspondingly
diminishes. Current traces at V, = —0.5 V for PPF analysis
are shown in Figure S3. The data fit well to a biexponential
model,

PPF = A,e™2/n1 4 A, e~/ 4 C 6))

where A,, 7, and A,, 7, represent the amplitudes and relaxation
times of fast and slow components, respectively, and C is the long-
term baseline. Excellent fits (R? = 0.991-0.997) yield 7~ 1.30, 1.62,
and 1.41 s, and 7, ~ 10.50, 5.80, and 19.29 s for V, = —0.5, 0, and
0.5V, respectively (full parameters in Table S2). Notably, the much
longer 7, values, roughly an order of magnitude longer than 7, ,
reveal distinct fast and slow facilitation timescales analogous to
those in biological synapses [33]. Because of its superior charge-
retention behavior, V, = —0.5 V was selected for all subsequent
synaptic device measurements.

This dual-component behavior indicates that the device inte-
grates information over two timescales: 7, governs the temporal
bandwidth for rapid spike integration (< 1 s), while 7, extends
short-term memory to ~10 s, enabling correlation of sparse
events. The sustained PPF above 150% even at long intervals high-
lights deep-trap-assisted retention, providing a synaptic kernel
capable of both fast event processing and temporally correlated
tasks, such as motion detection and sequence recognition.

2.3 | Synaptic Weight Modulation and Plasticity

Synaptic plasticity is the adaptive strengthening or weakening
of synaptic connections that underlie learning and memory.
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FIGURE 3 | (a) Transfer characteristics of the synaptic phototransistor under dark and illuminated conditions. (b) Output characteristics in the

dark and (c) under illumination. Change in excitatory post-synaptic current (AEPSC) induced by (d) a single 10 s optical pulse (intensity: 5 uyW-cm™2)
and (e) paired 1 s optical pulses with interpulse intervals (At) of 1 s and 12 s, measured at V, = —0.5V and Vg, = 1 V. (f) Paired-pulse facilitation (PPF)
index as a function of At for three gate voltages, showing bias-dependent short-term plasticity. Solid lines show the model fits to experimental data based

on Equation (1). All measurements were performed under 535 nm excitation; panels (a—c, e, f) used 10 yW- cm™2 illumination, and (d) used 5 uW-cm™2.

This behavior is emulated in the TIPS-Tc/IGZO phototransistor
through coordinated optical and electrical modulations. In this
system, the drain current (I ) serves as the postsynaptic signal,
modulated by photoinduced hole trapping in the TIPS-Tc/IGZO
interface. Optical pulses act as presynaptic spikes that generate
trapped holes, electrostatically gating the IGZO channel and
potentiating I, while V, pulses induce synaptic depression by
promoting charge redistribution and detrapping. Analogous to
biological synapses, I, corresponds to the excitatory postsynaptic
current, and the trapped holes represent slower regulatory pro-
cesses that stabilize or adjust synaptic strength, enabling both
short-term plasticity and long-term memory retention within a
single device.

Figure 4 demonstrates optical and electrical control of synaptic
behavior. Extending a single 535 nm optical pulse (5 yW-cm™2)
from 0.2 to 10 s raises the EPSC from 0.43 to 15.87 nA, with
longer post-stimulus retention. The slow EPSC decay after light
removal reflects persistent hole trapping in TIPS-Tc, signifying the
emergence of long-term plasticity and stable memory retention
within a single phototransistor. As shown in Figure 4b, increasing
the number of 0.5 s pulses (5 yW-cm~2) from 1 to 40 amplifies
EPSC from 1.13 to 23.92 nA, revealing cumulative potentiation
and indicating the transition from short-term potentiation (STP)
to long-term potentiation (LTP). Figure 4c shows that EPSC scales
linearly with optical power density (0.1-10 uW-cm~2) under a
fixed 10 s pulse, confirming light intensity as a reliable control for

synaptic weight. Figure 4d examines the wavelength dependence
(10 uW-cm™2, 5 s, 450-650 nm); the EPSC spectrum follows
the TIPS-Tc absorption (Figure 2b), confirming that the organic
layer is the primary source of the response. Within 535-555 nm,
the behavior remains nearly linear, enabling wavelength-tunable
synaptic modulation.

Finally, Figure 4e validates V,-dependent synaptic plasticity
through channel conductance modulation. Optical potentiation
(535 nm, 5 pW-cm~2, 50 pulses, 1 s width, 2 s period) raises
conductance to 43.8 nS. Subsequent electrical depression under
two gate-bias conditions reveals distinct behaviors: positive V,
pulses (oscillating between 10 and —0.5 V, 1 s width, 2 s period)
rapidly suppress the conductance by about 60% after a single
pulse and subsequently decline to 5.7 nS after 50 pulses, while
constant Vg = —0.5 V gradually lowers it to 29.0 nS. In addition,
14 consecutive potentiation-depression cycles were performed
(Figure S4), demonstrating stable and repeatable conductance
modulation without noticeable degradation, confirming reliable
V,-controlled synaptic operation.

2.4 | Operating Mechanism of TIPS-Tc/IGZO
Synaptic Phototransistors

To investigate gate-dependent retention dynamics, Figure 5a
presents I;,(t) measured under 535 nm illumination (1 uy¥W-cm=2,
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FIGURE 4 | Modulation of AEPSC measured at Vg, = 1V, illustrating the transition from short-term potentiation (STP) to long-term potentiation

(LTP) as a function of (a) single-pulse duration, (b) pulse number, (c) optical power density, and (d) excitation wavelength. (e) Synaptic plasticity via

optical potentiation (LTP) followed by electrical depression (LTD) under positive V; pulses (10-—0.5V, 1 s width, 2 s period) and constant Vy = —0.5'V,

showing distinct depression dynamics.

50 s) followed by 250 s relaxation at constant gate biases of
V, = =05, 0, and +0.5 V (timing diagram in inset). The gate
bias primarily sets the overall current magnitude: positive V,
enhances channel conduction, yielding the largest I,,. However,
the current change relative to its initial dark baseline (I4—
Iy, reveals distinct photogating and memory behavior. Upon
illumination, I, rises quasi-linearly over time as trapped holes
accumulate, reinforcing the photogating field. The photocurrent
changes reach ~16, 34, and 28 nA for V, = —0.5, 0, and +0.5 'V,
respectively, with the maximum response at V, = 0, reflecting
a trade-off between gate-controlled channel conductance and
photogating efficiency.

After light-off at t = 50 s, I;, decays only partially over 250 s,
with the fastest decay at positive V, and the slowest at —0.5 V.
A control IGZO TFT without TIPS-Tc (Figure S5) shows negli-
gible photocurrent under identical conditions, confirming that
retention originates from the TIPS-Tc layer rather than IGZO
persistent photoconductivity. Furthermore, weak 535 nm excita-
tion (< 5 uWem™2) cannot activate deep oxygen-vacancy states
in IGZO, excluding their contribution. Notably, the slow Iy
decay far exceeds the nanosecond-microsecond recombination
times typical of organic semiconductors, indicating long-lived
trapped-charge behavior.

This retention arises from hole trapping in the heterojunc-
tion interface and within the bulk TIPS-Tc, which sustains
an electrostatic photogate on the IGZO channel. In blended

or polycrystalline TIPS-Tc:PMMA, traps can originate from
structural disorder, grain boundaries, energetic tail states near
the HOMO, and ambient-induced oxygen or water complexes.
Additional trap states form at the TIPS-Tc/IGZO heterointerface
due to structural and chemical discontinuities [48-50], pro-
ducing multi-timescale trapping consistent with the observed
decay [51].

The V,-dependent trapped hole density Q(t) in the TIPS-Tc layer
was extracted from the optically pulsed device structure depicted
in Figure S6:

_1 KT g (1 doy s ()
0w=1 [ £ (nao Lig () -v,) + 220

pg g
2

where C;x is the gate oxide capacitance per unit area, d,, and d,,
are the thicknesses of the TIPS-Tc and IGZO layers, respectively,
a is a V,-dependent correction factor, n, is the equilibrium
channel electron density, and K., is a prefactor determined by
device geometry and material parameters [52].

Furthermore, Q(t) is modeled as the sum of shallow (T) and deep
(M) trap populations: (Section S3).

Q=TO+M(Q) (3a)
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FIGURE 5 | Potentiation and depression mechanisms in TIPS-Tc/IGZO synaptic phototransistors. (a) Vg -dependent Iys(t) traces measured at Vys =
1V, showing potentiation and subsequent decay under a single optical pulse. Trapped-hole densities Q(t) in the TIPS-Tc layer, extracted at three constant
gate biases, are fitted with a bi-exponential rise-decay model using Equation 3 (white dashed lines). (b) Band diagrams (top) and trap distributions
(To, My ) with V-controlled hole concentration profiles p in the TIPS-Tc layer (bottom), illustrating how gate polarity modulates spatial distribution of
trapped holes and thereby affects total trapped-hole density Q and trapping rates kr,y . (¢) V; -dependent band bending at the TIPS-Tc/IGZO interface
governing hole retrapping (reduced B, ) or release (enhanced Bty ). For Vi > 0, the TIPS-Tc-side barrier is lowered, enabling Poole-Frenkel field-
assisted emission (@ < @); for V; < 0, the TIPS-Tc/IGZO band offset suppresses release and stabilizes trapped carriers. (d) Comparison of depression
dynamics under positive-gate pulsing and natural relaxation at V, = 0 V. Optical potentiation (1) is followed by rapid conductance suppression (2) and
partial recovery via hole diffusion (3), versus gradual decay without gate pulsing. Normalized charge-redistribution factor 1 = Iy 5/ I45,0 captures field-
driven migration and diffusion-mediated redistribution during and after V,; pulsing, and is well described by a bi-exponential fit using Equation (S15).
(e) Band diagrams illustrating field-driven hole redistribution during positive-gate pulsing and slower diffusion-mediated recovery after bias removal.

(T, =T, et 0 < t < ‘) the dominant retention dynamics using effective trapping and

TSS
T®= {T (t,) e (=) g > ¢ (36)

M) = {MSS +(M; — M) e"kuthndo <t <t,

M (t,) e (=) £ > ¢, 3e)

where k;, k), and 8, 8, are the trapping and detrapping rates for
shallow and deep states, respectively. In the present model, shal-
low and deep traps are treated as independent trap populations
with distinct activation energies. This approximation captures

detrapping rates while maintaining a minimal set of kinetic
parameters. Although carrier exchange or coupling between trap
states may occur in practice, under the temporal resolution
and bias conditions considered here, their net effect can be
effectively incorporated into the averaged rate constants used in
the model. This dual-trap approximation is well established in
organic photorefractive materials, where shallow traps govern the
response speed of erasable and rewriteable holograms, while deep
traps support longer-term information storage. It has been widely
successful in explaining experimental observations and guiding
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TABLE 1 | Extracted parameters of the bi-exponential model.

vV, (V) kr (s71) ky (s7) Br (s™) B (s71) T(t,) (cm™)  M(t,) (em™)  Q(t,) (cm™)
-0.5 1.20 X 107! 1.80 x 1073 5.72%107 3.86 x 10~ 7.03 x 10'° 2.05 x 107 3.01x 107
0 1.35x 107 3.50 x 10~ 4.24x1072 9.07x 107 222 x10% 8.01 x 106 1.10 x 107
0.5 9.77%107 2.70 X107 8.72x1072 3.88x107 1.04 x 10'6 4.76 X 10'6 6.09 X 10

Ty = 1.04 x 107 cm~3, M, = 3.03 x 10" cm ™3

material design [53-55]. The steady-state trap occupancies are
Tss = TO kT/(kT + BT) and Mss = MO kM/(kM + ‘BM)’ with TO’ MO
denoting the total densities of available shallow and deep traps.
T; andM; are the initial occupancies of shallow and deep traps
at the start of optical potentiation, which lasts t, = 50 s.

The model fits the experimental Iy, data accurately across all
gate biases (R* = 0.996-0.998), validating its use for quantita-
tively extracting the total trapped-hole density Q(t). Extracted
parameters are summarized in Table 1. As shown in Figure 5a,
Q(t) increases nearly linearly during the 50 s optical potentiation
period for all three gate biases, with more negative V, yielding
larger Q. After light-off, Q decays biexponentially, featuring a
fast initial component from shallow traps and a slower tail from
deep traps. This multi-timescale decay accounts for the persistent
photogating and memory-like retention behavior.

Analysis of Q(t) and its shallow T(t) and deep M(t) components
at t = ¢, (the end of the potentiation period) shows that all
decrease with increasing V,, , with deep traps dominating under
all conditions (M(t,) > T(t,)). The larger M,, compared to T, high-
lights that mid-gap traps are more abundant and energetically
deeper than the shallow tail states. Interface disorder broadens
the trap density of states (DOS) near the valence-band edge,
forming shallow tail states that enable frequent trap-release cycles
and yield a larger trapping rate k;. In contrast, deep traps asso-
ciated with impurities, oxidation products, grain boundaries, or
ambient adsorbates retain carriers for extended periods, resulting
in smaller kj,. In acene-based materials, photo-oxidation (e.g.,
quinone formation) and oxygen or moisture exposure further
introduce deep traps, consistent with the large M, values reported
previously for organic semiconductors [53].

The mechanism underlying the V,-dependent trapped charge
density Q is illustrated in Figure 5b. Under illumination, photo-
generated electrons transfer from TIPS-Tc to IGZO, while holes
are captured by trap states within the TIPS-Tc layer. These trapped
holes act as an electrostatic photogate that enhances IGZO chan-
nel conductance and sustains elevated I after light-off. The gate
bias V, not only directly modulates channel conductance but also
controls the spatial distribution of holes within TIPS-Tc. Because
Q depends on both the photogenerated hole density p and the
spatial distribution of available trap states (T,, M, ), and because
trap density increases toward the TIPS-Tc/IGZO interface, the
hole profile critically determines the effective trapped charge Q.
Specifically, a negative V, attracts holes toward the trap-rich TIPS-
Tc/IGZO interface, increasing trap occupancy and strengthening
photogating through stronger capacitive coupling to the channel,
although the channel conductance itself is suppressed by the
gate field. In contrast, a positive V, pushes holes deeper into the
TIPS-Tc bulk, where trap density is lower, thereby reducing the

effective trapped charge contributing to photogating even though
the channel conductance increases through the gate field effect.

The transient channel response, therefore, reflects the time
evolution of the total trapped charge Q(t), which arises from
the combined contributions of shallow and deep trap popu-
lations as described in Equation (3a). Variations in Q(f) shift
the effective threshold voltage (AV,,(£)xQ(t)), producing a drain
current change Al (t) ~ g,AV,(t), where g, is the channel
transconductance. Consequently, the transient current response
is proportional to the total trapped charge, with its dynamics
directly tracking the evolution of the trapped charge population
in TIPS-Tc.

The temporal behavior of this photogating response is governed
by the different detrapping dynamics of shallow and deep traps.
Shallow traps dominate the fast response component because
holes captured in these states are released more readily and may
recombine within the TIPS-Tc layer, leading to rapid photocurrent
decay and partial irreversible charge loss. In contrast, deeper
traps retain holes over longer timescales, sustaining the persistent
photogating responsible for long-term synaptic memory.

The origin of trap states is closely linked to film morphol-
ogy. By comparing the TIPS-Tc:PMMA film used in the main
devices (average intermolecular TIPS-Tc spacing, d = 1 nm)
with pristine TIPS-Tc, a more polymer-rich TIPS-Tc:PMMA film
(d = 2 nm), and a dilute TIPS-Tc solution in toluene, pho-
toluminescence measurements (Figure S7) show that all films
remain predominantly amorphous, indicating the absence of
long-range molecular ordering. Transient photocurrent (EPSC)
measurements and model-extracted detrapping rates (Br, Sy)
(Figure S8) show that increasing PMMA content promotes deeper
traps with reduced detrapping rates and enhanced long-term
memory, whereas pristine films exhibit shallower traps and faster
detrapping. These results suggest that shallow traps are associated
with energetic disorder within TIPS-Tc aggregates, while deep
traps originate from the TIPS-Tc:PMMA mixed morphology,
where polymer-induced separation creates energetic and spatial
barriers to detrapping; a detailed discussion is provided in Section
S4 of the Supporting Information.

The gate bias also influences the trapping and detrapping kinetics.
The trapping rates k; and k), decrease under more positive V, as
they scale with the local hole concentration p and the intrinsic
capture coefficient y (k = yp, see Section S3). As depicted in
Figure 5b, a negative V, attracts photogenerated holes toward
the trap-rich interface, increasing the local hole density and
thereby enhancing the capture probability, resulting in larger
kr and k), . On the contrary, a positive V, redistributes holes
into the TIPS-Tc bulk, reducing the interfacial hole population
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and consequently suppressing trapping rates. This behavior is
consistent with interfacial-trap—dominated photogating observed
in other organic transistors [56, 57].

In contrast to trapping, the detrapping kinetics exhibit an opposite
dependence on gate bias. As shown in Figure 5c, the detrapping
rates By and B, increase with more positive V,. A positive gate
bias drives holes away from the interface toward the TIPS-Tc
bulk, aligning the electric field with the escape direction and
facilitating release from trap states. Conversely, a negative V,
pulls holes toward the TIPS-Tc/IGZO interface, where the large
valence-band offset suppresses hole emission across the hetero-
junction, resulting in slower detrapping. In addition, shallow
traps respond more rapidly than deep traps due to their lower
activation barriers (8; > ), consistent with the observed fast
and slow relaxation components. These trends explain the strong
gate dependence of the extracted kinetic parameters and reinforce
the role of interfacial trapping in governing the behavior of
photogated transistors [4].

The gate-dependent detrapping behavior can be further under-
stood within the framework of the Poole-Frenkel (PF) field-
assisted emission model [58]. In this model, the applied electric
field reduces the energy barrier for carrier emission from trap
states (Figure 5c). Specifically, the barrier lowering under an
electric field E is given by

)
Adpr (E) = e
where q is the elementary charge and € = ¢ ¢, is the permittivity
of the surrounding medium. The corresponding field-dependent
detrapping rate is expressed as
¢eff (E)
kT

B(E) = v, exp [_ ] s Petr (E) = ¢ — Adppr (E)

where ¢.(E) represents the effective emission barrier under
an applied electric field, ¢, is the zero-field activation energy
for hole detrapping, kg is the Boltzmann constant, and T is the
temperature. The attempt-to-escape frequency v, can be related to
the trap capture coefficient via v, = yN,, where N, is the effective
density of states in the valence band.

Both trapping and detrapping processes also exhibit tem-
perature dependence through the trap capture coefficient y.
The capture coefficient is generally expressed as y = v, 0,
where v, is the carrier thermal velocity, and o is the cap-
ture cross-section. However, in disordered organic semicon-
ductors such as TIPS-Tc, where charge transport is domi-
nated by thermally activated hopping, the capture process is
more accurately governed by carrier mobility p rather than
by v, alone. In this regime, y effectively inherits the tem-
perature dependence of yu, which exhibits a much stronger
temperature dependence than the conventional thermal velocity
scaling v, « ﬁ [59]. Depending on the underlying ener-
getic disorder landscape, this behavior is typically described
by either an Arrhenius-type relation uxexp(—E,/kzT) or a
Gaussian disorder model ucxexp[—(T,/T)*], where E, is the
activation energy associated with hopping transport and T,
is a characteristic temperature reflecting the degree of ener-

getic disorder [59]. This distinction becomes particularly impor-
tant when considering temperature-dependent trapping and
detrapping dynamics.

As a result, both trapping and detrapping rates inherit this
stronger temperature dependence through y, while the exponen-
tial dependence in the PF model further amplifies the tempera-
ture effect on detrapping. Consequently, increasing temperature
accelerates the release of trapped holes and shortens retention
time, whereas lower temperatures suppress hopping transport
and thermally activated emission, stabilizing the trapped charge
populations.

Temperature-dependent electrical measurements will provide
valuable insight into trap activation energies and attempt-
to-escape frequencies, and are part of our planned future
investigations. In the present work, we focus on isolating gate-
field-dependent trapping dynamics under well-controlled, fixed
conditions to establish a clear physical framework. Within
this context, the PF framework provides a physically grounded
basis for understanding the temperature effect on retention
behavior.

In this model, two distinct trap populations are considered:
shallow traps (T) and deeper traps (M), characterized by different
activation energies ¢; and ¢, (¢ < ¢y,). Their corresponding
detrapping rates can therefore be expressed as

Br (E) = Bry exp <%> By (E) = Buo exp (%)

where Bry = v, exp(—¢r/kgT) and By, = v, eXp(—¢y /ksT) rep-
resent the zero-field detrapping rates for shallow and deep traps,
respectively.

These relations provide a physical interpretation of the exper-
imentally extracted detrapping rates summarized in Table 1.
Increasing V, enhances the vertical electric field near the hetero-
junction, reduces the effective detrapping barrier, and increases
both B, and ;. Due to the exponential dependence on barrier
height, even modest field-induced barrier lowering can lead to
substantial increases in detrapping rates. Under positive gate bias,
the electric field lowers the barrier on the bulk side of the trap
potential, thereby facilitating hole emission toward the TIPS-Tc
bulk and leading to pronounced increases in both shallow and
deep trap detrapping. In contrast, the weaker response under
negative V, arises from the band-alignment constraint at the
TIPS-Tc/IGZO interface, which limits hole emission across the
heterojunction.

To elucidate gate-controlled hole migration in TIPS-Tc, Figure 5d
compares two depression conditions following identical optical
potentiation (535 nm, 50 s): (i) constant V, = 0 V as a control and
(ii) a pulsed V, waveform (0-10 V, 50% duty cycle, 2 s period)
applied from ¢ =50 to 100 s during which the drain current Iy s
was recorded at the 0 V intervals. Under constant V,, the drain
current at zero gate bias (I o) decays gradually as holes relax from
deep traps. In contrast, pulsed V, causes a sharp drop in I, e >
indicating field-driven hole migration away from the interface
and suppressed photogating. When the pulsing stops (t > 100 s)
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and V, returns to 0V, Iy, partially recovers as holes diffuse
back toward the interface.

The redistribution is quantified by a normalized charge-
redistribution factor, () = Iy puse(O/Ig5p (£), where 7 = 1
represents a trapped-charge distribution identical to that under
V, = 0V, and smaller » values correspond to outward hole
migration and reduced interfacial trapping. During potentiation,
7 stays near unity, whereas under pulsed-gate depression, 7
rapidly drops toward zero and, after pulse removal, quickly
rebounds and partially recovers to ~0.8, reflecting field-driven
hole migration followed by diffusion-mediated redistribution.
A bi-exponential fit of #(f) (Equation S15) resolves the fast and
slow components, with the corresponding fitted parameters
summarized in Table S3 (Section S5).

The analysis confirms that pulsed depression and subsequent
relaxation are governed by distinct processes with different
timescales. During depression, a fast decay dominates, consistent
with field-driven release of interfacial traps that displace holes
away from the TIPS-Tc/IGZO interface under strong positive
V,. During the following relaxation phase, hole transport is
instead governed by slow, diffusion-mediated hopping among
deeper traps with higher energy barriers, giving rise to the long
redistribution tail. The incomplete recovery ( < 1) results from
partial irreversible charge loss through field-assisted detrapping
from shallow states and nonradiative recombination, whereas
deep traps with weak field coupling remain occupied, sustaining
residual photogating.

Figure 5e illustrates this mechanism. Under strongly pulsed
positive V, (+10 V), the electric field drives trapped holes
away from the interface through two concurrent pathways
[60]: (i) repeated trap-release among shallow states near the
HOMO, where holes are thermally emitted and frequently
re-trapped, and (ii) slow, thermally activated hopping among
deeper localized states, due to higher energy barriers and
weaker wavefunction overlap. Together, these processes shift
the trapped-charge centroid farther from the IGZO channel,
weakening capacitive coupling and causing rapid drain cur-
rent suppression. When V, is reset to 0 V, holes gradually
diffuse back toward the interfacial traps, restoring photogating
and partially recovering I ;. Overall, rapid depression primarily
arises from field-driven trap release at the interface, whereas
slow diffusion-mediated retrapping at the interface yields only
partial recovery, with irreversible loss originating from shallow-
trap detrapping and recombination. This field-driven redistri-
bution, followed by diffusion-mediated relaxation, agrees with
interfacial-trap photogating models in thin-film and 2D semicon-
ductors, where the spatial separation between trapped charge and
the channel dictates both magnitude and timescale of persistent
photoconductivity [61].

The large extracted deep-trap density (M,~10"® cm~3) provides
substantial trap capacity for charge redistribution, which sup-
ports stable gate-controlled conductance modulation within the
operating range explored here. Under more extreme persistent-
photocurrent conditions, progressive filling of deep traps could
eventually limit the availability of additional trap states for
redistribution, potentially reducing the precision of V,-controlled
conductance tuning.

2.5 | In-Sensor Memory-Enabled Applications
2.5.1 | Weak-Light Detection

In-sensor memory provides a unique advantage for detecting
ultralow-power optical signals by enabling charge accumulation
and temporal integration directly at the pixel level. Figure 6(a)
demonstrates this capability in a 4 x 4 TIPS-Tc/IGZO synaptic
phototransistor array under weak illumination (0.5 yW-cm™2).
In conventional CMOS imagers, achieving comparable weak-
light capture requires long exposures, high gain, or multi-frame
accumulation in external circuits and memory, all of which
increase system complexity and power consumption [62, 63].
In contrast, the synaptic phototransistor inherently integrates
optical flux over time, producing an output proportional to both
light intensity and exposure duration without external circuitry.

To demonstrate array-level functionality, an “L”-shaped optical
pattern was reconstructed on a 4 X 4 virtual array using tem-
poral responses from independently characterized TIPS-Tc/IGZO
phototransistors under 535 nm illumination at V, = —=0.5 V. Two
operation modes were compared: (1) a single 1 s optical pulse as a
non-integrating control (Figure 6b), functioning as a conventional
photosensor, and (2) a train of 50 optical pulses (1 s width, 2 s
period) for cumulative integration (Figure 6c). For each mode,
intensity maps were generated from the peak Iy at t = O s,
immediately after one pulse or the 50-pulse sequence, and again
after t = 60 s to evaluate retention. Dark pixels were derived
from 60 s dark-current traces to correct for drift and variation.
Corresponding I;(t) transients are shown in Figure S9. Image
contrast was quantified as:

c=2l hcc, < @
T+l T T

where I, and I, are the average currents of illuminated and dark
pixels, respectively. For the single-pulse case, the “L” pattern was
barely visible at t = 0 s (C, = 0.05) and indistinguishable at ¢t =
60 s (C, = 0.01). In contrast, after 50 pulses, the “L” appeared
clearly at t = 0 s (C, = 0.80) and remained distinct at t = 60 s
(C, = 0.75). These results highlight that the synaptic array not
only detects weak illumination but also retains the image via
its intrinsic in-sensor memory, enabling high-contrast, low-light
imaging without external accumulation or added circuitry.

To evaluate array-level reliability, pixel uniformity and inter-
pixel crosstalk were characterized. Uniformity was assessed
from transfer characteristics measured under dark conditions
(Figure S10a), which show consistent operation across the array.
The subthreshold swing and threshold voltage show moderate
variation (Figure S10), with mean values of 418.9 mV/dec and
3.39 V with standard deviations of 167.5 mV/dec and 0.38 V,
respectively. Despite this variation, its impact can be mitigated
through pixel-wise calibration and normalization, enabling reli-
able operation for sensing tasks where relative signal modulation
dominates. The variations are mainly attributed to nonuniformi-
ties in the organic layer and interfacial properties and can be
further reduced through improved film deposition and interface
engineering.
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FIGURE 6 | (a) Weak-light detection in a synaptic phototransistor array via in-sensor, memory-assisted image retention. An “L”-shaped optical

pattern is reconstructed onto a 4 X 4 array, where each pixel is a TIPS-Tc/IGZO synaptic phototransistor. (b) Response to a single 1 s, 535 nm optical pulse

at 0.5 uyW-cm~2, recorded immediately after illumination (0 s) and after 60 s. (c) Response to a train of 50 pulses (1 s width, 2 s period) under the same
wavelength and intensity, recorded immediately after the final pulse and after 60 s. For all conditions, Vi, = —0.5V and Vg =1V.

Crosstalk was assessed by monitoring non-illuminated pixels
during pulsed optical stimulation of a selected device. As shown
in Figure S11, adjacent and next-nearest pixels exhibit no photo
response and negligible current variation, confirming effective
suppression of both optical and electrical crosstalk. These results
support the robustness of the array for spatially resolved sensing
applications. Additionally, the signal-to-noise ratio (SNR) of
the synaptic response to a single 0.25 s weak optical pulse
(0.5 yW-cm~2) was evaluated. Using an RMS noise current of
4.8 pA extracted from the dark current response and a signal
of ~0.4 nA in response to the optical pulse (Figure S9a), the
SNR is calculated to be 38.4 dB, indicating strong signal integrity.
This confirms that the response at 0.5 pW-cm™ is clearly
distinguishable from the noise floor.

2.5.2 | Optoelectronic Memory and Beam Trajectory
Tracking

The synaptic phototransistor supports two modes controlled by
gate bias. Under a near-zero V,, (subthreshold), it exhibits synaptic
behavior with short-term memory, whereas large negative gate
pulses enable long-term retention of photoinduced conductance,
functioning as an optoelectronic memory. To demonstrate this
mode, a “7”-shaped image was written onto a 4 X 4 array of
independently measured TIPS-Tc/IGZO phototransistors driven
by periodic negative gate pulses. Illuminated pixels received 25
optical pulses (535 nm, 5 pW-cm~2, 1 s width), while dark pixels
served as references. Immediately after optical writing, all pixels
were subjected to periodic V, pulses (0 to —10 V, 1 s width, 2 s

12 of 20

Advanced Functional Materials, 2026

85U8017 SUOWWOD aAI8.D 3(cedlidde ay) Aq peusenob are sejole YO ‘8sN JO S9N 10j AIq1T BUIUQ 8|1 UO (SUOIPUOD-PUe-SULBI WD A8 | 1M ARe.d1Bu[UO//SdNY) SUORIPUOD pue SWie 1 8y} 89S *[9202/50/02] Uo Areiqiauliuo A[IM AiseAlun siess uoBeio Aq zy6G . Wipe/z00T 0T/I0p/W0o A8 |1mAeiq Ul |uopeoueApe//Sdiy Wwolj pepeojumod ‘0 ‘820£9TIT



(@) 0s 1000 s
Light TN~ MU 5
oV i i
Vy o UL -1
(b) t=0s t=1000S(Vg=0<—>-1OV)
) ] 100
90
80
2 2 70 €
60 &
40
4 4 30
1 4 1 2 3 4 0
(c) t=1000s (Vg=OV)
1 100
90
80 g
2 70 <
60 ©
3 50 3
40
4 30
20
(d)
90
1{ 633 657 1{ 583 60 85
80 _
2 682 2 616 5
70 %
65 =
3 702 3 64 60 g
55
4 70.7 4 61.6 58.1 60.8 50
45

1 2 3 4

FIGURE 7 | Optoelectronic memory and beam-trajectory tracking in
TIPS-Tc/IGZO synaptic phototransistors. (a—c) Optoelectronic memory: A
“7”-shaped optical pattern was written onto a 4 x 4 array using 25 pulses
(535 nm, 5 uyW cm~2, 1 s duration), with responses recorded at t = 0 s
and ¢ = 1000 s. (a) Optical and gate voltage V, pulse timing diagrams.
Readout performed under (b) periodically pulsed V, between 0 and -
10 V and (c) constant Vi = 0 V. (d) Beam-trajectory tracking: A scanning
light beam moving from the top-left to bottom-right generated response
maps at t = 0 s (immediately after leaving the last pixel) and t = 60 s,
revealing gradient-based directionality and memory-induced persistence.
Beam-trajectory tracking was conducted at Vy = 0.5V to accelerate decay
and enhance contrast. All devices were measured at Vg =1V.

period) to sustain conductance (Figure 7a). The raw I transients
are shown in Figure S12, and extended retention up to 5000 s is
presented in Figure S13.

Figure 7b,c compares array snapshots acquired immediately after
writing (t = 0 s) and after 1000 s. With gate pulsing (Figure 7b), the

mean current of illuminated pixels decreased slightly from 92.3 to
86.4 nA (~93% retention), whereas the control array without gate
pulsing (V, = 0V, Figure 7c) decays from 89.2 to 45.7 nA (~51%
retention). Image contrast (C,, Equation (4)) showed a similar
trend: decreasing modestly from 0.57 to 0.47 with pulsing, but
sharply from 0.56 to 0.30 without. The slight contrast reduction
observed with pulsed gate is partly attributable to a slight increase
in dark-pixel current during retention (Figure S12d).

The retention mechanism under negative gate pulses aligns with
the device operation principle described in Section 2.4. A suffi-
ciently negative V, drives trapped holes in bulk TIPS-Tc toward
the TIPS-Tc/IGZO interface through hopping and trap-release
processes, replenishing emptied interfacial sites that modulate
IGZO channel conductance. Simultaneously, the negative bias
suppresses interfacial detrapping, stabilizing the conductive state.
This process resembles DRAM refreshing, with the bulk TIPS-
Tc acting as a hole reservoir that periodically refills interfacial
traps under negative gate pulses. A gate-pulse amplitude of
—10 V was selected to balance interfacial hole supply and
detrapping; more negative biases risk oversupplying migrated
holes, leading to excessive channel conductance, while weaker
ones fail to maintain conductance. Importantly, because the
device remains off under large negative V, during the refresh
process, each cycle consumes minimal energy (~10 nW per
pulse), demonstrating the energy efficiency of this optoelectronic
memory.

Beyond static retention, the device’s transient memory enables
dynamic visual sensing, exemplified by optical beam tracking.
Figure 7d illustrates beam-trajectory tracking using a recon-
structed 4 X 4 array of independently measured devices. In
this demonstration, a narrow 535 nm optical beam (5 yW-cm=2)
followed a step-shaped path intersecting seven pixels over 14 s,
with each pixel exposed for 2 s. Sequential illumination pro-
duced a spatial gradient in retained current, with earlier pixels
exhibiting conductance decay while later ones remained more
conductive. Applying V, = 0.5 V after illumination accelerated
decay and enhanced contrast, allowing the motion direction
to be directly inferred from current distribution: earlier pixels
exhibited lower currents, while later ones exhibited higher. In the
reconstructed array, the top-left pixel showed the lowest current
and the bottom-right the highest, clearly revealing the direction
of beam movement. The array’s current snapshots, captured
immediately after the beam finished its scan and left the last pixel
(t =05s) and at 60 s (Figure 7d), visualize this gradient and its
gradual fading. This behavior confirms in-sensor memory and
demonstrates the capability to encode motion through transient
photocurrent gradients. Temporal current traces for a 2 s photo-
exposure followed by 60 s retention for the devices are provided
in Figure S14. Although 535 nm yielded the strongest response,
wavelengths from 450-550 nm also yielded detectable signals
consistent with the spectrum in Figure 4d.

2.5.3 | Artificial Neural Networks

To assess the neuromorphic computing potential of the synaptic
phototransistor, we simulated a hardware-realistic artificial neu-
ral network (ANN) for MNIST handwritten digit classification.
Figure 8 summarizes the network architecture, high-level circuit
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FIGURE 8 | Hardware artificial neural network (ANN) based on TIPS-Tc/IGZO synaptic phototransistors. (a) ANN schematic for MNIST

handwritten-digit classification. (b) High-level circuit diagram of the differential synapse unit for weight updates, with switch-controlled enabling
bidirectional current flow for error backpropagation. (c) Measured and modeled LTP-LTD conductance modulation under 535 nm illumination

(5 uW-cm~2, 0.25 s pulses), illustrating the conductance update protocol

at medium resolution. (d) Classification accuracy under three weight-update

resolution conditions, evaluated with noise levels of 0%, +5%, and +10%. (e) Confusion matrix for MNIST classification. (f) Nonlinearity (NL) factor

versus cumulated pulse count; inset shows raw conductance traces used for NL extraction. (g) Comparison of NL factors and endurance with reported
synaptic phototransistors [41, 65-70]. (h) LTP characteristics of the device operating in memory mode.

diagram, and training results. The ANN comprises two linear
layers separated by a nonlinear activation (Figure 8a). The first
layer maps 400 inputs to 50 outputs, followed by a LeakyReLU
activation (leakage slope a = 0.1), and the second layer maps
50 inputs to 10 output classes. Signed synaptic weights are
implemented using differential (bipolar) encoding, where each
weight is represented by a two-device differential synapse storing
the positive conductance (G, ) and the negative (G_) conductance
component. The effective weight matrix during forward propaga-
tionis givenby W =G, — G_. Device-level weight updates follow
previously reported protocols [64].

To emulate readout circuitry, each layer’s output current was
converted to a voltage input for the next layer through a 5 MQ

equivalent load. MNIST images (60 000 training and 10 000
test samples) were interpolated to 20 x 20 pixels (flattened
to 400 inputs), and outputs were one-hot encoded (correct
class at 5 V; others at 0 V). Training used stochastic gradient
descent (SGD) with mean-squared error (MSE) loss. Backprop-
agation determined the update direction (sign), and the device
conductance-change model (Equation 5) governed the update
magnitude.

Each synapse unit (Figure 8b) comprises two identical TIPS-
Tc/IGZO phototransistors contributing to the positive G, and
negative G_ conductance components. A control-gate (CG) input
enables long-term depression (LTD) for resetting or depressing
the synaptic state as needed. The unit supports both forward
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propagation (FP) and backward propagation (BP). During FP, the
switch ¢ is closed and ¢ open, allowing the input voltage
(Vg) to drive channel currents proportional to conductance. A
differential subtractor then computes the synaptic output current
I. = Vi (G, — G_). During BP, the switches are reversed (¢
open, ¢y closed) to enable error backpropagation that modulates
device states. At each neuron, synaptic currents combine with
a bias current (I,) and drop across a forward resistor (Ry) to
generate the neuron voltage, which is processed by the nonlinear
activation and passed to the next layer.

Synaptic weights are updated optically, where each optical pulse
incrementally increases or decreases conductance, and the step
size defines learning resolution. Three conditions with varying
pulse widths and/or wavelengths were tested to evaluate the
trade-off between convergence and accuracy: (i) low resolution
using 535 nm, 1 s pulses (Figure S15a); (ii) medium resolution
(535 nm, 0.25 s pulses; Figure 8c); and (iii) high resolution
using low-absorption 555 nm, 0.25 s pulses (Figure S15b). Higher
resolution yielded higher final accuracy but slower convergence,
whereas lower resolution enabled faster training with a slight
loss in accuracy (Figure 8d). The MNIST test performance is
summarized in the confusion matrix (Figure 8e).

To evaluate robustness under practical hardware conditions,
noise was incorporated into the ANN simulations by introducing
random perturbations in the synaptic update parameters (o and
B) at levels of +5% and +10%. The network achieves >90%
classification accuracy under the high-resolution setting (0%
noise) and maintains stable performance across all resolution
conditions, with accuracy remaining above ~87% even at +10%
noise, corresponding to only ~2%-3% degradation. This behavior
is consistent with the relatively low nonlinearity (NL ~ 0.2-
0.5), which supports more uniform conductance updates and
helps limit error accumulation during repeated programming.
These results suggest that the proposed synaptic implementation
can tolerate moderate noise levels without requiring explicit
compensation in the present simulations, although additional
optimization strategies could be applied if needed for further
accuracy improvement.

The device’s potentiation and depression dynamics are modeled
by a compact conductance-update equation:

_» Gp(W)-Gmin
G,(n+1)=G,(n)+aye "’ maxmin 0 <n <196 ®)
Gmax —Gg4(n)

Ga(n+1)=Gy(n)—aye 4 Omax—Gmin 1 < 1 < 416

Here, a, and «, define the initial step sizes, while §, and
B4 describe the nonlinearity of potentiation and depression,
respectively (smaller § indicates a more linear update). G,(n)
and Gy(n)denote the conductance states during potentiation
and depression after n optical pulses. Fitted parameters for the
medium-resolution case are shown in the inset of Figure 8c. Note
that a negative nonlinearity (NL) factor (8,) occasionally arises
when potentiation follows LTD due to residual hole diffusion that
adds to the subsequent LTP current, producing an apparent over-
shoot. After each mini-batch (128 samples), a refresh operation
re-centers saturated synapses by shifting both G, and G_ toward

their mid-range values while preserving their differential weight
(G, — G.). A final clipping step enforces Gy, < G < Gpax-

Figure 8f shows the evolution of the cumulated NL factor,
and its raw conductance traces (inset) under 985 potentiation
pulses (535 nm, 10 uW-cm~2, 0.25 s pulses, 0.5 s period). The
device maintains low NL (<0.3) up to ~600 pulses, gradually
increasing to ~0.49 at 950 pulses, reflecting an extended quasi-
linear regime attributed to abundant trap sites in TIPS-Tc, slow
hole detrapping, and low optical intensity per update. Figure 8g
compares the NL factor and endurance with previously reported
synaptic phototransistors, using normalized pulse count (pulse
number X pulse width (s))/0.25 for direct comparison.

Figure 8h demonstrates long-term potentiation (LTP) in the
memory mode, achieved by applying negative gate pulses to
extend conductance retention (see Figure S16 for raw data). This
dual-mode functionality enables fine-grained analog updates
during training and stable retention during inference. It supports
on-chip learning, power-gated inference, and simplified system
design by integrating sensing, memory, and computation within
a single device layer.

The combination of differential (bipolar) encoding and
wavelength/pulse-programmable resolution provides stable,
near-linear weight updates over hundreds of cycles and
competitive MNIST classification accuracy under hardware-
faithful training. The same device operated in memory mode
ensures robust post-training retention, unifying training and
inference in a compact, energy-efficient neuromorphic platform.

2.6 | Comparison With Mainstream Inorganic
Photosynaptic Devices

To benchmark the performance of the proposed hybrid synaptic
phototransistor, key figures of merit are summarized in Table 2,
including update speed, weight-update linearity, electrical operat-
ing conditions, optical stimulus (wavelength and power density),
and control functionality. These metrics enable direct comparison
with representative mainstream inorganic photosynaptic devices
based on oxide and 2D materials.

As shown in Table 2, many inorganic photosynaptic devices rely
on UV or near-UV illumination (e.g., 255-365 nm for black phos-
phorus (BP) [71], and SnSe [72], and 350-365 nm for a-SIZO [73],
and A-OSS systems [74],) and typically require mW-cm™2-level
optical power densities to induce persistent conductance changes.
Even for devices operating at visible wavelengths, the required
optical power generally ranges from hundreds of uyW-cm~2 to tens
of mW-cm™2. In contrast, the TIPS-Tc/IGZO hybrid phototran-
sistor operates under visible illumination (535 nm) with reliable
responses down to ~0.5 uW-cm~2 in the weak-light regime and
~5 uW-cm~2 for LTP operation. This represents a substantial
reduction in optical stimulus and directly lowers the energy per
synaptic update, which is critical for large-scale neuromorphic
systems.

This low optical operating power arises from the organic-
inorganic hybrid architecture. The TIPS-Tc layer provides
strong visible-light absorption, while interfacial charge transfer
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TABLE 2 | Comparison of this work with representative mainstream inorganic optoelectronic synaptic devices.
Speed Linearity
(Optical inLTP Control &
Device/System pulse) (NL) Electrical conditions Optical conditions Functionality = Refs.
TIPS-Tc/IGZO 0.25-1s 0.2-0.5  LTP:V,=-0.5V Erase: 535 nm Gate-tunable This
hybrid +10 (pulsed) 0.5 yWem—2 (weak) multimode (LTP, work
phototransistor Memory: —10 (pulsed) 5 uWem~2 (LTP) LTD, erase,
V=1V memory); 4 X 4

array
a-In,Se;/Al, O, 1s 0.52 LTP: V,=-10V 450, 520, 675 nm Optical + electrical [65]
phototransistor LTD: 410 V 20 uWem~—2 (LTP) LTP/LTD (vision)

Vds == 01 V

Black phosphorus 1-300 ms 0.8-7 Ve =0V LTP: 280 nm, 3 mWcm™> All-optical memory [71]
phototransistor Vgs =50 mV LTD: 365 nm, 6.8 mWcm™> + synapse; 2 X 2

array
SnSe thin-film 1s 2.72 2T; Vieaq =25 mV LTP: 430 nm, 5.1 mWcm ™2 All-optical [72]
synapse (2T) LTD: 255 nm, 122.5 pyWem ™2 bidirectional

synapse
a-ZnAlSnO/SnO 0.2-0.3s — 2T; Viqg = 0.1V LTP: 635 nm, 15.28 uWcm™2  All-optical synapse  [75]
heterojunction LTD: 532 nm, 32.8 y£Wcm2  (multi-wavelength)
27) Reset: 405 nm
A-0OSS 0.5s 0.94-1.92 Ve =0V 365 nm, 1.3 mWcm ™2 Photo-synapse +  [74]
(ionogel-gated V4 =07V electrical
FET) modulation
a-SIZO photo-TFT 3s — Ve =-10V 350 nm, - STP/LTP [73]
V=5V photo-synapse

a-IGZ0/ZrO, 0.5s — Vs =0,4V LTP: 405 nm, 0.87 mWcm™  All-optical synapse [76]
phototransistor Vs =2V LTD: 890 nm, 620 mWcm >
IGZO/Sn0O/SnS 0.5s 1.72 V=2V LTP: 266 nm, 0.82 mWcm™  All-optical synapse [77]
phototransistor LTD: 658 nm, 2.94 mWcm 2 + memory; 8 X 8

array
Graphene/h-BN/ 1s — Ve =5V LTP: 635 nm, 25.12 mWcm™> Photosensor + [78]
MoTe, /MoS, Vs =01V Memory: 635 nm, memory + synapse
phototransistor 2.267 mWcm 2
InWZnO/WO, 0.5-2s 0.089-0.102 Vs =—-3V LTP: 460 nm, 525 nm, 650 nm, Photo-synapse +  [79]
Phototransistor V=01V 0.254 mWcm 2 memory

Abbreviations: 2T, two-terminal; A-OSS, artificial optical sensory synapse; a-SIZO, amorphous silicon-indium-zinc oxide; LTD, long-term depression; LTP, long-
term potentiation;NL, nonlinearity factor; rGO, reduced graphene oxide; STP, short-term potentiation.

produces photogating amplification in the oxide channel,
enabling synaptic modulation at low optical intensities. In
addition, trap-mediated charge dynamics in the organic layer
delay saturation during repeated stimulation, allowing gradual
conductance modulation over extended pulse sequences.

Consistent with this mechanism, the device exhibits improved
weight-update linearity, with a non-linearalrity (NL) factor of
~0.2-0.5 for LTP, lower than values reported for several inor-
ganic photosynapses (e.g., a-In,Se;: 0.52; BP: ~0.8-7; SnSe: 2.72;
IGZ0O/Sn0O/SnS: 1.72; A-OSS: 0.94-1.92), while some devices
do not report NL explicitly. Lower nonlinearity enables more
predictable incremental conductance updates, reducing cumu-
lative programming errors and improving efficiency in analog
weight training. The low NL factor arises from the large trap-
density reservoir in the organic photoactive layer. Under low
optical power, gradual trap filling delays saturation, enabling a

near-linear LTP response over an extended period. In addition,
the organic-inorganic architecture further separates the high-
mobility conduction channel (inorganic) from the trap-rich layer
(organic), preserving efficient charge transport while leveraging
the high trap density required for linear transistor conductance
modulation under optical stimulation.

Finally, field-controlled redistribution of trap charges in the pho-
toactive organic layer enables gate-tunable multimode operation
within a single device. By adjusting the gate-pulse scheme, the
device can access LTP at subthreshold bias, LTD at positive V,,
and long-retention memory at negative V,, while maintaining
the same optical stimulus and device structure. This electri-
cally programmable control simplifies system operation and
is particularly advantageous for scalable neuromorphic arrays,
where optical inputs are typically shared across many devices. In
contrast, many inorganic photosynaptic devices rely on different
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illumination wavelengths or two-terminal architectures where
synaptic behavior is primarily governed by the optical stimulus or
bias polarity, limiting flexible mode control. Combined with the
demonstrated device array, this gate-programmable, low-power
operation highlights the potential of the hybrid TIPS-Tc/IGZO
photosynapse for energy-efficient and scalable neuromorphic
hardware.

3 | Conclusion

We demonstrated a TIPS-Tc/IGZO hybrid synaptic phototran-
sistor that integrates sensing, memory, and computation in a
single, low-power platform. The type-II heterojunction facilitates
electron transfer into IGZO while long-lived holes trapped in
TIPS-Tc induce a persistent photogating effect, as confirmed by
optical-electrical characterization and trap-dynamics modeling.
Gate bias acts as an artificial neuromodulator, where negative
pulses reinforce and stabilize conductance states (dopamine-
like potentiation), while positive pulses accelerate relaxation
and reset behavior (serotonin-like depression). This photoelectri-
cally coupled control enables programmable transitions between
learning and forgetting, emulating adaptive biological plastic-
ity. The device operates under ultra-low visible illumination
(<5 uW-cm™2), enables weak-light imaging at 0.5 uW-cm~2, and
exhibits retention exceeding 1000 s with high linearity suitable for
array-level multiply-accumulate operations. System-level demon-
strations highlight in-sensor capabilities, such as spatiotemporal
trajectory capture and direction inference from current gradients,
typically requiring separate sensing and memory modules. A
device-calibrated ANN simulation using differential synapse
pairs achieves >90% MNIST classification accuracy with near-
linear weight updates across hundreds of steps, demonstrating
seamless training and inference on the same hardware. Overall,
these results establish the TIPS-Tc/IGZO hybrid as a biomimetic,
energy-efficient optoelectronic synapse. Its neuromodulator-like
gate control and persistent photocharge memory pave the way for
compact, low-power neuromorphic vision and adaptive in-sensor
computing at the edge.

4 | Experimental Section
4.1 | Device Fabrication

The device fabrication process followed our earlier report [80],
with key steps summarized here. Bottom-gate IGZO TFTs
were fabricated on heavily doped p-type Si substrates with a
300 nm SiO, dielectric. Substrates underwent standard solvent
sonication, N, drying, and a brief prebake to remove mois-
ture. A 25 nm thick IGZO active layer was deposited by RF
magnetron sputtering from an In:Ga:Zn (1:1:1) target in an
Ar/O, ambient using a shadow mask, followed by annealing
at 400°C to activate the film. The oxygen partial pressure
during deposition and post-annealing conditions was optimized
to suppress dark current and improve detectivity; full parameters
are detailed in ref. [80]. Thermally evaporated aluminum source
and drain electrodes defined a channel geometry of 100 um (L)
% 1000 pm (W).

Before heterojunction formation, devices were subjected to a brief
dehydration bake to minimize surface-adsorbed moisture, which
can cause severe charge trapping and threshold voltage shifts
in oxide TFTs. A toluene solution comprising 13.35 mM of the
tetracene derivative 5,12-bis((triisopropylsilyl) ethynyl)tetracene
(TIPS-Tc) and 5 mg-mL~" of poly(methyl methacrylate) (PMMA)
was prepared, yielding an average intermolecular distance of
~1 nm between TIPS-Tc molecules. The TIPS-Tc/PMMA blend
was then spin-cast at 1500 rpm onto the IGZO TFTs, forming a
50 nm TIPS-Tc atop the IGZO channel. The stacked films were
soft-baked in the dark at 85°C for 10 min to remove residual
solvent. Except for characterization, all processing steps were
carried out in a nitrogen glovebox. Any organic overcoat on the
contact pads was carefully removed using an acetone-dampened
swab.

4.2 | Optical and Electrical Characterization

Optical and electrical measurements were conducted under
ambient conditions. Optical absorption was measured under
illumination from a tungsten-halogen lamp focused onto the
device using a 10 X objective to produce a near-diffraction-
limited spot (<5 um). The reflected signal was collected and
analyzed using a SpectraPro HRS-300 spectrograph. Photolumi-
nescence (PL) was excited at 450 nm using 100--180 fs pulses
at 10 kHz, generated via second-harmonic conversion (APE
HarmoniXX) of femtosecond pulses from an optical parametric
amplifier (ORPHEUS-F, Light Conversion). The excitation beam
was focused onto the sample through the same optical path as
in the absorption measurements, and PL emission was collected
with a 500 nm long-pass filter to block the excitation light.

Photoluminescence (PL) lifetime measurements were conducted
using time-correlated single-photon counting (TCSPC) with
532 nm picosecond pulsed excitation from a frequency-doubled
Nd:YAG laser (HE-1060, 500 kHz repetition rate). The emitted
light was passed through a 532 nm long-pass filter and detected
by a single-photon avalanche photodiode (SPAD; Molecular
Photonic Devices) coupled to a TCSPC module (TimeHarp 200,
PicoQuant Inc.). The instrument response function exhibited a
temporal resolution of approximately 380 ps.

Current-voltage (I-V) characteristics were measured using a
Keithley 2636B source-measure unit with a custom prob-
ing adapter. Wavelength-selective excitation from a Horiba
FluoroMax-4 fluorospectrometer was coupled to the sample and
focused by a 4 x objective. A neutral-density filter was used
to maintain constant power density across wavelengths. Time-
resolved photocurrent responses were recorded with a Keithley
2400 sourcemeter. All measurements were performed under
controlled ambient conditions, and device performance was
verified to be stable under moderate humidity variations (see
Figure S17 in Supporting Information).
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