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ABSTRACT

This thesis explores the integration of purely organic room-temperature
phosphorescent (RTP) and organic long-persistent luminescent (OLPL) materials into
organic field-effect transistor (OFET) platforms for high-performance floating-gate
photomemory and synaptic devices. Owing to their structural tunability, solution-
processability, and compatibility with flexible substrates, OFETs have emerged as
promising candidates for non-volatile memory technologies. However, conventional
OFET memory architectures often face limitations in data retention and optical
programming efficiency due to the rapid recombination dynamics of typical charge
storage materials. To address this, we introduce metal-free organic luminophores with
long-lived excited states to enable energy-efficient and optically controllable memory
operations.

In Chapter 2, we employ two metal-free RTP molecules, 3,3’, 4,4’-Diphenyl sulfone
tetracarboxylic dianhydride and 3,3’, 4,4’-Benzophenone tetracarboxylic dianhydride,
which are blended with polystyrene to form the floating-gate dielectric layer. Integrated
with the p-type semiconductor pentacene, the resulting OFET memory devices
demonstrated robust photo-assisted electrical writing under 265 nm UV light, achieving
a high Jon/Iorr of ~10° and stable data retention exceeding 10,000 seconds. These RTP-
based devices also exhibited excellent synaptic plasticity, including paired-pulse
facilitation, pike-number-dependent plasticity, spike-timing-dependent plasticity, spike-
rate-dependent plasticity, and spike-intensity-dependent plasticity, and were further
validated in a neural network simulation for handwritten digit recognition, highlighting
their potential for neuromorphic applications.

Chapter 3 extends the study to OLPL-based systems using poly(methyl methacrylate)

v
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as the host matrix and N,N, N’,N'-Tetraphenylbenzidine, N, N’-Bis(naphthalen-1-yl)-N,
N'-bis(phenyl)-benzidine, or  2,7-Bis(N-(1-naphthyl)aniline)-9,9-dimethylfluorene
(DMFL-NPB) as guest molecules. By optimizing energy level design and guest
concentration, we achieved visible persistent luminescence and stable charge trapping
behavior. Among all systems, the device incorporating 5 wt% DMFL-NPB showed the
most pronounced performance, an Jon/Iorr ratio of 4.9 x 10°, and excellent retention over
10,000 seconds. However, due to the strong stabilization of trapped charges, the erase
operation remained incomplete, revealing a trade-off between long-term retention and
rewritability.

In summary, this work presents a systematic demonstration of RTP and OLPL
materials in OFET-based memory architectures, offering new strategies for exciton
engineering and optoelectronic device design. These findings establish a pathway toward

the development of purely organic, light-controllable, and flexible memory technologies.

Keywords: field-effect transistors, image recognition systems, photosynapses, room-

temperature phosphorescence, organic long-persistent luminescent.
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guest concentrations were measured using (a) TPB/PMMA, (b) NPB/PMMA,
and (c) DMFL-NPB/PMMA as the electret layer. The measurements were
conducted at ¥a =50 V under photowriting with 365 nm light (18 mW cm?)
OT 10 S, it 110
Figure 3.9 Long-term stability of the phototransistor memory devices with 5 wt% guest
concentration was evaluated using (a) TPB/PMMA, (b) NPB/PMMA, and (c)

DMFL-NPB/PMMA as the electret layers at Va = 50 V. The ON-state was
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measured after photowriting with 365 nm light (18 mW cm?) for 10-s, and
the OFF-state was measured after electrical erasing at V=60 V for 2s..111
Figure 3.10 Transient response of phototransistor memory devices with 5 wt% guest
loading, using (a) TPB, (b) NPB, and (c) DMFL-NPB as the electret layer,
showing the effect of varying erase durations at Vy = 60 V after photowriting
with 365 nm light (I8 MW cm ™2, 10°S). ..cceeeiiieiiieiieiecieeee e 112
Figure 3.11 WRER switching test of the phototransistor memory devices with 5 wt%
guest concentration using (a) TPB/PMMA and (b) NPB/PMMA as the electret
layers, measured over 20 cycles at Va = 50 V. Photowriting was performed

with 365 nm (18 mW cm2) for 10 s and electrical erasing at ¥z = 60 V for 5

Figure 3.12 Schematic illustration of (a) the mechanism of OLPL in host—guest systems,
and (b) the operating mechanism of OLPL-based host—guest systems in

phototransistor MEMOTY AEVICES. ....c.ueeuieruieeiieriieeiieiieeieesiee e eiee e 114
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Chapter 1 Introduction

1.1 Introduction of Organic Field-Effect Transistors (OFETS)

The remarkable tunability of molecular structures in organic optoelectronic
materials has enabled the development of systems with diverse and highly desirable
physical and electronic properties. These include efficient photoluminescence, adjustable
charge carrier mobility, high photovoltaic conversion efficiency, thermoelectric
performance, and even superconductivity under specific conditions.!!! In addition to these
versatile functionalities, organic semiconductors offer significant processability
advantages, particularly in their compatibility with low-temperature and low-cost
solution-based techniques such as spin-coating and blade-coating. This makes them
particularly suitable for integration onto flexible substrates and for large-area fabrication.
As aresult, organic optoelectronic materials have found widespread application in various
device platforms. Representative applications of organic optoelectronic materials include
organic light-emitting diodes (OLEDs), which have become a mainstream display
technology in consumer electronics due to their high brightness, transparency, color
saturation, and mechanical flexibility. The development of OLED displays has progressed
through three generations of emissive materials—fluorescent, phosphorescent, and
thermally activated delayed fluorescence (TADF)—each contributing to enhanced
efficiency and performance.!'! Another notable application is organic solar cells (OSCs),
which have attracted significant attention in the field of renewable energy due to their
advantages such as low cost, lightweight nature and semi-transparency.l!! In addition,
organic field-effect transistors (OFETs) exhibit considerable technological appeal as

potential switching elements in a wide range of electronic and optoelectronic devices.
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Since their initial development in the 1980s, the performance of OFETs has seen
substantial improvements owing to a deeper understanding of charge injection
mechanisms, dielectric interfaces, and molecular packing structures. As a result, OFETs
are emerging as promising next-generation three-terminal components, particularly in
recent advances related to non-volatile memory and artificial synapse applications.!!!
Structurally, OFETs comprise an organic semiconductor layer, insulating layer, and
source/drain/gate electrodes, and can be categorized into four typical device
configurations: bottom-gate bottom-contact (BGBC), bottom-gate top-contact (BGTC),
top-gate bottom-contact (TGBC), and top-gate top-contact (TGTC), as shown in Figure
1.1.11 Different OFET architectures exhibit distinct advantages depending on their
structural configuration. The BGBC design facilitates rapid screening of novel
semiconductor materials, as the gate, dielectric, and source/drain electrodes can be
fabricated in advance, with the semiconductor deposited in the final step. This approach
preserves a pristine semiconductor/dielectric interface; however, the exposed nature of
the semiconductor renders it vulnerable to environmental degradation from moisture and
oxygen. In contrast, top-gate configurations such as TGBC and top-gate top-contact
TGTC offer improved environmental stability, as the top dielectric layer can serve as an
encapsulation barrier. Nonetheless, careful optimization of dielectric deposition
conditions is essential to avoid damaging the underlying organic layers.[!]

Owing to their tunable device architecture, OFETs have garnered increasing
attention in a wide range of optoelectronic applications, particularly in the fields of non-
volatile memory and artificial synapses. Non-volatile memory enables long-term data
retention without the need for continuous power supply, and features advantages such as
high on/off current ratios, excellent endurance, and nondestructive readout capability.

Meanwhile, artificial synapses can emulate various biological neuronal behaviors,
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demonstrating great potential for the realization of neuromorphic vision systems and
integrated optoelectronic processors, thereby offering forward-looking solutions for

future neuromorphic computing platforms.

1.1.1 Working Principles of OFETs

The operation mechanism of an OFET can be divided into three distinct regions
based on the relative magnitude of the drain voltage (Va) and gate voltage (Vg). as
illustrated in Figure 1.2. When Va < Vg — Vin (where Vg is the threshold voltage), the
device operates in the linear region, where the carrier concentration exhibits a linear
gradient along the channel and the drain current (/4) increases linearly with Va. As Vi
approaches Vg — Vi, the conductive channel is pinched off at the drain end, marking the
transition into the saturation region. In the saturation region (Va > Vg — Vi), the effective
channel length becomes constant, and /4 reaches a saturation value, primarily limited by
carrier transport and trapping effects.®!

OFETs can be classified as either p-type or n-type based on the dominant charge
carrier. P-type devices operate by applying a negative gate voltage to induce a hole-
conducting channel, exhibiting relatively stable conductivity and thus being widely
adopted in practical applications. In contrast, n-type devices require a positive gate
voltage to induce an electron-conducting channel; however, their operational stability is
often compromised due to the susceptibility of electrons to trap states and degradation
from environmental oxygen and moisture. Therefore, the development of n-type organic
semiconductors must address both charge carrier mobility and long-term stability to
ensure reliable device performance.’!

The electrical performance of OFETs is usually analyzed through analysis of output

and transfer characteristics. As shown in Figure 1.3a, the output characteristics illustrate
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the behavior of the /4 as a function of V4 under various Vg, showing a linear increase in Jd
at low V4 (linear regime), followed by saturation at higher Va for each given Vg. In contrast,
the transfer characteristics are obtained under a fixed Va in the saturation regime, and
depict the dependence of 7a on V. As Vg increases, the field-induced carrier accumulation
is enhanced, resulting in a higher /4, as shown in Figure 1.3b. The transfer characteristics
serve as a basis for analyzing key parameters such as field-effect mobility (u), Vi, on/off
current ratios (lon/lorr), and subthreshold swing (SS). Specifically, u reflects the carrier
transport efficiency within the channel and is commonly evaluated from the saturation
regime using the corresponding current-voltage relationship. Vi represents the minimum
gate voltage required to turn the device on. Jon/Iorr denote the current contrast between
the on and off states, which is critical for memory and logic applications. SS characterizes
the gate voltage range necessary to transition the device from the off to the on state,

closely associated with the density of interface trap states.!!% ']

1.1.2  Working Mechanism of Transistor Memory Devices

OFETs, as non-volatile memory devices, have been widely applied in electronic
displays, sensors, and memory devices. The fundamental structure of an OFET-based
memory device, as illustrated in Figure 1.4a, a polymer electret layer is introduced
between the organic semiconductor and the control gate dielectric layer to enable charge
storage functionality. When an OFET operates as a memory device, its memory
performance—particularly the memory window (AVwm)—is a critical parameter for
evaluating its functionality. AV is defined as the shift in threshold voltage after
programming (PGM) and erasing (ERS) operations, which is directly related to the charge
trapping and release capabilities of the storage layer. Figure 1.4b illustrates the

programming and erasing processes of a p-type OFET memory. During programming, a
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negative gate voltage induces hole injection from the source into the channel, where they
are subsequently trapped in the charge storage layer, resulting in a positive shiftin Vi. In
this process, charge accumulation in the floating gate enhances the carrier concentration
in the channel, leading to an increase in threshold voltage. Conversely, applying an
erasing voltage releases the trapped holes, returning the device to its initial state and

[12] This reversible programming and erasing

restoring Vi to its pre-programmed value.
mechanism makes OFETs promising candidates for memory applications. Furthermore,
the magnitude of AV reflects not only the charge trapping efficiency of the storage layer
but also the overall memory performance. A larger AV indicates higher charge retention
capability and more stable memory behavior.

In addition to the AVw, the practical performance of memory devices must be
comprehensively evaluated through additional parameters, including the /lon/IoFr,
retention, and endurance. The /on/lorr, defined as the ratio between the “on” state (high
1) and “off” state (low la), reflects the current contrast between different memory states.
For a high-performance non-volatile memory device, it is essential that the output current
values remain stable over extended periods following the programming and erasing
operations, as evaluated by retention tests, as illustrated in Figure 1.4c. This retention
capability can be quantified through data preservation tests lasting over 10* seconds,
demonstrating the device’s ability to maintain its stored state over time. Endurance is
typically assessed by repeatedly performing write—read—erase-read (WRER) cycles, as
shown in Figure 1.4d, to verify the operational stability and fatigue resistance of the
device under repeated use.!'> 3]

In summary, the electrical performance and stability of OFET memory devices must

be comprehensively evaluated through multiple key parameters. A thorough

understanding of these characteristics enables progressive refinement of device
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architecture and material composition, thereby establishing a robust platform for the
development of high-performance, durable, and practically applicable organic memory

technologies.

1.1.3 Operational Principles of Synaptic Transistors

In recent years, the explosive growth of data and the rapid advancement of artificial
intelligence (AI) technologies have exposed the performance and energy-efficiency
limitations of the traditional von Neumann architecture. To enable more efficient parallel
computation and real-time learning capabilities, neuromorphic computing has emerged
as a promising new paradigm by mimicking the signal transmission and plasticity
mechanisms of biological synapses and neurons. Recent studies have demonstrated that
organic synaptic transistors (OSTs), owing to their low-cost fabrication, excellent
flexibility, and tunable material properties, hold great potential for integration into
artificial neural networks (ANNs), thereby enabling the development of energy-efficient
and adaptive neuromorphic computing platforms.!'*

Artificial synaptic transistors can generally be categorized into two-terminal and
three-terminal architectures based on their structural configurations. Two-terminal
synaptic devices, typically based on memristive or resistive switching mechanisms, offer
advantages such as simple structure, small footprint, and ease of integration. They
emulate synaptic plasticity through the modulation of conductance via applied voltage
pulses. However, the shared read-write pathway in two-terminal devices often leads to
signal interference and unintended programming, compromising device stability and
accuracy. In contrast, three-terminal architectures allow for the decoupling of signal
transmission and weight modulation, enabling concurrent learning and processing while

minimizing crosstalk between pre- and post-synaptic signals. As a result, OSTs, which
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adopt a three-terminal structure, have increasingly replaced two-terminal devices in
recent research.!!l In these systems, the gate terminal functions analogously to a pre-
synaptic neuron, while the source and drain correspond to the post-synaptic neuron,
facilitating simultaneous signal processing and transmission. In biological synapses, the
arrival of an action potential at the pre-synaptic terminal triggers neurotransmitter release,
which binds to receptors at the post-synaptic side and induces a change in current.
Similarly, in OSTs, the conductivity of the channel is modulated by the gate voltage,
resulting in a drain current that mimics excitatory post-synaptic current (EPSC) or
inhibitory post-synaptic currents (IPSC).!!*]

Moreover, such devices can replicate various forms of synaptic plasticity, including
short-term plasticity (STP) and long-term plasticity (LTP). STP represents transient
changes in synaptic strength on the millisecond to second timescale, often evaluated using
paired-pulse facilitation (PPF), where two closely spaced voltage pulses induce an
enhanced second response, simulating short-term memory behavior. In contrast, LTP
involves persistent synaptic strengthening induced by prolonged or repetitive stimulation,
corresponding to long-term memory formation. The transition between STP and LTP is
highly dependent on parameters such as pulse frequency, amplitude, duration, and number.
By precisely tuning these parameters, various pulse-dependent plasticity behaviors can
be achieved, including spike-number-dependent plasticity (SNDP), spike-timing-
dependent plasticity (STDP), spike-rate-dependent plasticity (SRDP), and spike-
intensity-dependent plasticity (SIDP). These phenomena emulate the complex stimulus-
response and memory modulation capabilities of biological neural systems, underscoring
the potential of artificial synaptic devices for implementing learning and memory
functions in neuromorphic computing systems.!'® "] Building upon these capabilities,

future applications may include the emulation of complex sensory neural networks such
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as those found in human visual and auditory systems, thereby expanding the scope of

intelligent technologies in perception and cognition.

1.1.4 Development of Phototransistor Memory Materials

With the increasing demand for optically controlled nonvolatile memory,
phototransistor memory devices have emerged as a promising next-generation memory
technology due to their advantages of low power consumption, high addressability, and
light-programmable capability. Their memory behavior mainly relies on the ability of the
photoresponsive charge-trapping layer to absorb light energy, convert it into excitons or
carriers, and stably store the resulting charges. Based on the different photoexcitation
responses of the active materials, current research in phototransistor memory can be
generally categorized into three major types: strongly light-absorbing organic dyes,
highly emissive materials, and materials capable of generating long-lived photoexcited
states. These materials exhibit distinct memory mechanisms and application potential.

Strongly absorbing organic dyes, due to their large optical cross-sections and
reversible structural features, were among the earliest materials used in light-
programmable memory devices. Representative examples include azobenzene,
spiropyran, and conjugated molecules with donor—acceptor (D—A) structures. These
molecules can undergo photoinduced isomerization or intramolecular charge transfer
under ultraviolet or visible light, thereby modulating the threshold voltage of the
semiconductor channel. However, dye-based materials tend to suffer from
photobleaching under prolonged illumination and show poor environmental stability in
the presence of oxygen and moisture, which limits their data retention and cycling
endurance.

To overcome the stability limitations of organic dyes, many researchers have turned
8
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to highly emissive materials with efficient photoelectric conversion. Among them, hybrid
organic—inorganic perovskites have attracted significant attention due to their high
absorption coefficients, long carrier diffusion lengths, and excellent photoluminescence
properties. In recent years, they have been widely used in optoelectronic sensors and
memory devices. However, perovskite materials are highly sensitive to humidity and heat,
and the presence of toxic lead compounds raises environmental and health concerns for
practical applications.

In recent years, photoactive materials with long exciton lifetimes have emerged as
another research focus for phototransistor memory development. These materials can
effectively extend the lifetime of the excited state and improve charge separation and
trapping efficiency, leading to more stable optical programming. Triplet—triplet
annihilation upconversion (TTA-UC) is one such mechanism, in which two triplet
excitons combine to produce delayed fluorescence, which can further trigger charge
trapping or channel conductivity modulation. Another long-lived exciton generation
mechanism is singlet fission (SF), which splits a high-energy singlet exciton into two
triplet excitons, effectively increasing the number of photogenerated carriers and
enhancing writing efficiency. Additionally, room-temperature phosphorescence (RTP)
materials can generate long-lived excited states through intramolecular spin—orbit
coupling and proper energy-level alignment, thereby improving the photoresponse and
operational stability of the memory device.

In summary, organic dye materials offer diverse structures and tunable molecular
design, but suffer from limited stability and data retention. Perovskite materials provide
excellent photoelectric conversion and low programming voltage, yet still face challenges
in long-term stability and toxicity. In contrast, materials capable of generating long-lived

excitons can achieve both memory stability and high light-writing sensitivity, offering
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greater potential for the future development of phototransistor memory technologies.

1.2 Advancing Charge Trapping Materials for Transistor

Memory Devices

Memory devices play a critical role in modern electronic systems, supporting
information storage and processing in a wide range of applications—from personal
devices such as smartphones and laptops to cloud servers and large-scale data storage
systems. As storage technologies continue to evolve toward higher density, lower power
consumption, faster read/write speeds, and long-term data retention, non-volatile
memories have gained increasing attention and become a key focus in the development
of advanced memory components. Among various emerging non-volatile memory
technologies, transistor-based memories that utilize electric field control and charge
storage mechanisms have demonstrated advantages such as mechanical flexibility, low
operating voltage, and high integration potential. In particular, with the rapid
advancement of organic electronics, OFET memory has attracted significant interest due
to its simple structure, ease of fabrication, and excellent rewritability.['¥! Based on the
physical characteristics and charge trapping mechanisms of the charge storage layer,
OFET memories can generally be categorized into three main types: polymer electret,

ferroelectric, and floating gate systems.

1.2.1 Polymer Electret

Polymer electrets have recently emerged as promising charge storage materials for
OFET memory devices. These materials are insulating dielectrics capable of maintaining
quasi-permanent charges over extended periods and have been widely applied in sensors
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and memory components. The charge storage behavior of polymer electrets is generally
attributed to two primary mechanisms: the orientation of permanent dipoles in polar
materials and charge trapping at structural defects or interfacial trap sites.!'”) Among
various electret candidates, styrene-based polymers have attracted considerable attention
due to their favorable tunability in both physical and chemical properties. Kim et al.
systematically investigated three categories of styrene-derived polymer -electrets,
including non-polar and hydrophobic materials such as polystyrene (PS), poly(2-vinyl
naphthalene) (PVN), poly(a-methylstyrene) (PaMS), and poly(4-methylstyrene) (P4MS);
moderately polar and hydrophilic materials such as poly(4-vinylphenol) (PVP) and
poly(2-vinylpyridine) (PVPyr); and highly polar and hydrophilic polyvinyl alcohol (PVA).
The study revealed that memory devices employing non-polar, hydrophobic polymer
electrets exhibited more pronounced Vm shifts and superior charge retention,
outperforming devices with polar and hydrophilic counterparts. This improvement is
attributed to the ability of hydrophobic electret layers to effectively retain charges injected
from the pentacene semiconductor under gate bias, while minimizing charge dissipation
through dipole relaxation, moisture absorption, and ion conduction pathways.’!

In recent years, polymer electret devices with ambipolar memory capability have
also been developed, allowing the storage of both electrons and holes simultaneously.
This expands the memory window and enables multi-level data storage. For example,
introducing triphenylamine (TPA) functional groups into polymer matrices such as
polyimide (PI), polyester (PET), or polyether (PE) can effectively tune the trap energy
levels to achieve either ambipolar or unipolar charge storage behavior. However, most
polymer electret memory devices still suffer from the issue of high operating voltage,

mainly due to the relatively thick dielectric layers. Therefore, one of the key directions
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for future research is the development of thinner and more efficient electret materials to

enable low-power and highly stable OFET memory technologies.!*!)

1.2.2 Ferroelectric

With data storage technologies approaching the physical limitations of Moore’s law,
the development of low-power, high-density, and non-volatile memory devices has
become a key challenge in modern electronics. In this context, Ferroelectric Organic
Field-Effect Transistors (FEOFETs) have emerged as a promising memory architecture in
organic electronics due to their low operating voltage, fast switching speed, non-
destructive readout, and excellent data retention. FeOFETs are three-terminal devices
characterized by a gate insulator composed of ferroelectric materials with spontaneous
polarization. By applying a gate voltage, the polarization direction within the ferroelectric
film can be switched between two stable states, thereby modulating the charge carrier
density in the channel to represent logic states “0” and “1.” Unlike traditional floating
gate memories that require high voltages to inject charges, FeOFETs can achieve data
writing and erasing through polarization switching, and read operations can be performed
non-destructively via the drain current. This greatly enhances device efficiency and
extends operational lifetime.?!]

The study of ferroelectricity dates back to the discovery of Rochelle salt in 1921,
which demonstrated early potential for memory applications.*?! With advances in
materials engineering and device design, researchers have incorporated ferroelectric
materials into field-effect transistor structures to enable non-volatile memory functions.?!
For instance, the use of organic ferroelectric polymers such as polyvinylidene fluoride
(PVDF) and its copolymer P(VDF-TrFE) enables the integration of ferroelectric

properties with flexible, low-cost, and large-area processing.!'8! More recently, research
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has explored ferroelectric terpolymers such as P(VDF-TrFE-CTFE), which provide
bistable polarization suitable for multi-level storage. Wang et al. combined this material
with the organic semiconductor pentacene to develop a multi-level FEOFET device
featuring four distinct conductance states. By adjusting the gate pulse voltages (e.g., 40,
—20,—-30, —40 V), different storage states (00, 01, 10, 11) can be achieved, demonstrating
the potential of FeOFETs for analog and multi-bit storage in neuromorphic computing
and high-density memory applications.**

Despite the advantages of ferroelectric materials in terms of fast switching and stable
polarization, scaling down the ferroelectric film thickness introduces significant
challenges. One of the major issues is the depolarization effect, which reduces the
memory window and data retention capability. Additionally, the polarization stability is
often affected by interface defects between the ferroelectric and semiconductor layers, or
by charge trapping within the material, leading to degraded switching ratios and weaker
non-volatile performance. To address these challenges, several strategies have been
proposed. For example blending ferroelectric polymers with non-ferroelectric materials
such as poly(methyl methacrylate) (PMMA) to create flat, dense films that retain
polarization functionality.”?*! Such approaches help improve retention time and enhance
device stability.

In summary, FEOFET memory devices integrate the reversible polarization of
ferroelectric materials with the flexibility and low cost of organic semiconductors,
offering promising non-volatile storage capabilities. However, to enable practical
applications, further improvements are needed to address interfacial stability and the

reliability of multi-level data storage.
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1.2.3 Floating Gate

Floating-gate memory is a type of nonvolatile memory structure commonly used in
OFETs. Its memory function is based on the ability of the floating gate layer to trap
charges. Compared to conventional transistors, floating-gate transistors include a
suspended conductive layer located between the gate electrode and the channel. During
programming or erasing operations, charge carriers (electrons or holes) are injected into
the floating gate through tunneling across a thin dielectric layer and become trapped.
These stored charges shift the threshold voltage required to turn on the channel, allowing
the device to maintain different conductive states even without an external power supply,
thereby achieving nonvolatile memory behavior.['$ 2]

In traditional fabrication processes, the floating gate and tunnel dielectric layers are
usually prepared in two separate steps, which involve the deposition of metal
nanoparticles or nanocrystals followed by spin-coating or vapor deposition of an
insulating layer. This method is not only complex but also requires the use of orthogonal
solvents to avoid damaging the floating gate layer. As a result, it often causes inconsistent
device performance and interfacial defects, making it unsuitable for large-area
manufacturing and industrial applications. To address these issues, recent studies have
introduced the concept of a “floating-gate electret,” where the floating gate material is
blended with a polymer dielectric and deposited using a single spin-coating step, greatly
simplifying the fabrication process. This hybrid electret approach eliminates the need for
a separate tunnel layer and removes the requirement for orthogonal solvents. Furthermore,
its compatibility with solution processing makes it highly promising for use in emerging
areas such as flexible electronics and neuromorphic computing.?!

Based on the properties of the floating-gate materials and their memory behavior,

organic floating-gate memory devices can be roughly classified into the following
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categories: (1) Metal nanoparticle-based: Materials such as Au, Ag, and Pt are commonly
used as floating gates due to their stable conductivity and ability to, provide a wide
memory window.!'”] (2) Polymer-based floating gates: Conductive polymers like poly(3-
hexylthiophene) (P3HT) and poly(N-vinylcarbazole) (PVK) are often used. These
materials are solution-processable and can form compatible structures with polymer
insulators.[' °! (3) Nanocrystal-based floating gates: Nanomaterials such as CdSe or
ZnO are employed as charge-trapping layers, offering excellent bipolar charge trapping
capability and high memory density.?!:261(4) Hybrid electret structures: These are formed
by blending nanoparticles or conductive polymers with insulating polymers, combining
good processability with improved stability. The memory layer can be fabricated in a
single spin-coating step.!*! (5) Ferroelectric polymer-based floating gates: Materials like
poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) provide spontaneous
polarization fields that help stabilize stored charges.!'*-2"!

In the future, floating-gate electret systems demonstrate exceptional potential for
realizing multi-level charge storage. Their development is rapidly advancing toward high
integration and mechanical flexibility. Owing to their simplified fabrication and
remarkable stability, these systems are poised to occupy a pivotal position in next-
generation portable storage technologies, memory architectures for the Internet of Things
(IoT), and high-performance smart sensing platforms. As such, they are expected to serve
as a foundational framework driving the commercialization of flexible electronics and

neuromorphic computing.

1.3 Introduction to Organic Delayed Exciton Emission

In the field of organic optoelectronic materials, the regulation of excited states plays
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a pivotal role in enhancing device performance. Beyond conventional fluerescence and
phosphorescence, organic delayed exciton emission encompasses a class of photophysical
processes in which photon emission occurs with a measurable delay following
photoexcitation. Instead of emitting light immediately, excitons undergo additional
energy conversion steps before radiative decay. Prompt fluorescence typically occurs
within tens of nanoseconds, while delayed emission may last from microseconds to
several hours, depending on the underlying mechanism. This delayed luminescence
generally originates from long-lived excited states, most commonly triplet excitons, and
has attracted considerable interest due to its potential to achieve high internal quantum
efficiency (IQE).!*®! In organic materials, however, the utilization of triplet excitons is
intrinsically limited by spin-forbidden transitions, which restrict their direct contribution
to light emission. Therefore, exploiting various delayed emission mechanisms to harness
triplet exciton energy provides a promising strategy to overcome the Stokes efficiency
limit and to develop high-performance, metal-free luminescent devices.

In recent years, various mechanisms of delayed exciton emission have been
extensively investigated in purely organic systems, including thermally activated delayed
fluorescence (TADF), triplet—triplet annihilation upconversion (TTA-UC), room-
temperature phosphorescence (RTP), and organic long-persistent luminescence (OLPL).
These mechanisms have not only deepened our understanding of exciton dynamics in
organic materials but have also inspired new design strategies for the development of
efficient, metal-free luminescent materials.

Organic delayed exciton emission materials, which are characterized by their metal-
free composition, tunable emission lifetimes, and versatile exciton behaviors, have
emerged as promising candidates for applications beyond traditional optoelectronics. In

particular, they show considerable potential for integration into next-generation OFET
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memory devices and neuromorphic electronic systems. These emerging technologies rely
on multi-level charge or exciton states to enable memory storage and signal processing.
The intrinsic photophysical features of delayed emission, such as long-lived excited states
and controllable energy-level transitions, provide a robust platform for dynamic

(291 Unlike conventional

information retention and neuromorphic functionality.
phosphorescent materials that utilize heavy-metal atoms to enhance intersystem crossing
(ISC), organic systems achieve delayed emission through tailored molecular design.
Strategies such as donor—acceptor architectures and n-conjugated frameworks are
commonly employed to modulate singlet—triplet interconversion efficiency and exciton
lifetimes. This structural tunability significantly broadens their potential for application
in light-responsive memory elements and neuromorphic circuitries.*! Foundational
theoretical and experimental insights into mechanisms such as TADF and RTP have been
provided by key review articles, including those by Uoyama et al. in Nature (2012) [*®
and Penfold et al. in Chemical Reviews (2018).3!1  These studies have laid the scientific

groundwork for the rational design and functional deployment of organic delayed

emission materials in future electronic and optoelectronic technologies.

1.3.1 Thermally Activated Delayed Fluorescence (TADF)

TADF has emerged as a pivotal photophysical mechanism in the development of
high-performance  organic  optoelectronic  materials.  Unlike  conventional
phosphorescence, which requires heavy-metal complexes to facilitate spin-orbit coupling
for triplet exciton utilization, TADF enables the harvesting of both singlet and triplet
excitons through purely organic molecular architectures. As shown in Figure 1.5, this is
achieved via a thermally driven reverse intersystem crossing (RISC) process, in which

the small energy gap (AEst) between the lowest excited singlet state (S1) and triplet state
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(Th) allows triplet excitons to be upconverted into emissive singlet states at room
temperature, leading to delayed fluorescence. The theoretical IQE of TADF emitters can
approach 100%, positioning them as key alternatives to metal-based phosphorescent
materials in light-emitting applications.3% 3!

TADEF has fundamentally reshaped the field of OLEDs, enabling metal-free systems
with near-unity IQE. The integration of TADF into OLEDs has significantly mitigated
reliance on scarce and expensive heavy metals such as iridium and platinum, promoting
more sustainable and environmentally friendly device architectures.[*>*3! Beyond OLEDs,
TADF materials have recently attracted increasing attention for their potential use in
OFETs, particularly in nonvolatile memory and light-emitting transistor applications. In
OFET-based memory devices, TADF materials serve dual roles, functioning as both light
emitters and charge modulation layers. Their unique exciton dynamics, characterized by
long-lived triplet states and efficient RISC processes, enable optical programming and
improved charge trapping behavior. TADF polymers embedded in the active layer or
floating gate can enhance memory performance by expanding the memory window,

[34. 351 For instance, -

prolonging retention time, and reducing operational voltage.
conjugated heptazine derivatives and diphenylanthracene copolymers have demonstrated
optically programmable switching and stable electrical bistability in transistor
platforms.!

Moreover, the structural tunability of TADF emitters allows the optimization of
highest occupied molecular orbital (HOMO)/lowest unoccupied molecular orbital
(LUMO) separation and suppression of non-radiative decay, contributing to device
stability and charge retention. Recent studies have also highlighted the benefits of

integrating TADF materials in optoelectronic transistors, such as OLETs, where they

support both charge transport and efficient emission.** 3¢ The ability to control exciton
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lifetimes and recombination pathways makes TADF materials particularly suitable for
multifunctional OFETs that operate under low power and with high optical sensitivity.
Overall, TADF not only represents an efficient luminescence mechanism but also
provides new strategies for designing multifunctional organic transistors. Its expanding
application in OFET-based platforms demonstrates the versatility of TADF materials in
bridging the gap between light emission and charge manipulation, which is essential for

the advancement of next-generation optoelectronic systems.3>-3"]

1.3.2 Triplet-Triplet Upconversion Annihilation (TTA-UC)

TTA-UC has emerged as a promising triplet management strategy in the field of
organic photophysics and optoelectronic devices. This mechanism enables the conversion
of two low-energy photons into a single higher-energy emission through a triplet fusion
process, allowing efficient upconversion under low excitation intensities.**) Most
luminescent materials exhibit Stokes-shifted emission, in which a higher-energy photon
is absorbed and subsequently re-emitted at a lower energy. In contrast, photon
upconversion (UC) represents an anti-Stokes process, whereby two or more low-energy
photons are converted into a single photon of higher energy. This energy-gaining
mechanism allows upconverted emission to surpass the excitation photon energy, which
is particularly advantageous in biological imaging, optoelectronics, and energy harvesting
applications. In TTA-UC systems, this anti-Stokes shift is achieved through the
cooperative interaction of triplet excitons within purely organic frameworks.*”) The
process relies on two primary molecular components: a photosensitizer and an emitter.
As shown in Figure 1.6, upon photoexcitation, the sensitizer absorbs a low-energy photon
and transitions to its singlet excited state ('S*), followed by ISC to form a triplet state

(>S*). This triplet energy is then transferred to the emitter through triplet-triplet energy
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transfer (TTET), exciting it to a triplet state (CE*). When two triplet-excited emitters
encounter one another, they undergo triplet—triplet annihilation (TTA), resulting in one
emitter returning to the ground state and the other being promoted to the singlet excited
state ('E*), from which it radiatively decays to the ground state, releasing an upconverted
photon (4v”).[*I This mechanism enables TTA-UC to function under ambient conditions
with relatively low excitation power, making it a metal-free, energy-efficient alternative
to traditional upconversion techniques. The process has shown strong potential in various
applications, including bioimaging, light harvesting, sensors, and more recently, organic
optoelectronics.*® A key advantage of TTA-UC is its compatibility with organic
semiconductors and polymers, which has facilitated its integration into flexible and
solution-processable device architectures. However, performance remains sensitive to
factors such as triplet lifetime, oxygen quenching, and exciton diffusion, necessitating
careful molecular and device engineering.[*”]

In the context of OFETs, TTA-UC has opened new avenues for multifunctional
device design. Particularly in memory devices, TTA-UC systems embedded in active
layers or dielectric interfaces have been shown to improve photoresponse and charge
storage capabilities. By exploiting the delayed exciton recombination dynamics intrinsic
to TTA-UC, researchers have developed optically programmable OFET memory
platforms with enhanced memory windows, prolonged retention time, and improved
Ton/Lott.*!: #21 When upconverted singlet excitons are generated near the semiconductor—
dielectric interface, they effectively modulate the channel conductivity, functioning as a
photon-driven charge control layer. For example, Huang et al. demonstrated that a
diphenylanthracene (DPA)-based TTA-UC copolymer integrated into a transistor
memory significantly enhanced device performance under visible light. The upconverted

emission from the DPA annihilator improved photogating effects, leading to faster
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programming speeds and improved data retention characteristics.[*!! Similarly, Huang et
al. showed that TTA-UC in the poly(l-pyrenemethyl methacrylate) [PPyMA}/tris(2-
phenylpyridine)iridium(IIl) [Ir(ppy)s3] system prolongs exciton lifetime and enables
delayed fluorescence to be reabsorbed by 2,7-dioctylbenzo[/mn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone (C8-NDI), enhancing photogating and improving memory
performance. This highlights delayed fluorescence as a viable strategy to boost
photoresponsive transistor memory. *?! This indicates that delayed fluorescence is a
viable strategy for enhancing the performance of photoresponsive transistor memory
devices.

In addition to individual experimental studies, recent research and review articles
have increasingly emphasized the potential of TTA-UC for managing triplet excitons in
the field of organic optoelectronics. The TTA-UC mechanism enables the fusion of two
low-energy triplet excitons into a single high-energy singlet exciton, effectively bridging
photon emission and charge manipulation—an advantage particularly suited to the design
of hybrid optoelectronic devices. **1 One of the most significant advantages of TTA-UC
is its ability to operate without relying on heavy-metal-based phosphors, thereby
contributing to the development of environmentally friendly and sustainable device
strategies. Recent studies have reported the design of air-stable TTA-UC systems using
block copolymer micelles, which not only enhance triplet energy transfer efficiency but
also substantially reduce the impact of oxygen quenching, making them more practical
for operation under ambient conditions. [*4!

In conclusion, the excellent compatibility of TTA-UC systems with flexible
substrates and solution-based processing renders them highly suitable for future
applications in wearable and large-area optoelectronic devices.[*”! These advances

demonstrate that TTA-UC functions not only as a luminescence mechanism but also as a
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strategic approach for enhancing the performance and sustainability of organic electronic

components.

1.3.3 Room-Temperature phosphorescent (RTP)

RTP has emerged as a promising frontier in the field of organic luminescent materials,
enabling unique functionalities across a range of optoelectronic applications. RTP is
characterized by a radiative transition from the lowest 71 to the ground state (So), a spin-
forbidden process under quantum mechanical selection rules. Due to this spin prohibition,
the rate of phosphorescent decay is significantly slower than that of fluorescence, leading
to emission lifetimes ranging from milliseconds to several seconds. As shown in Figure
1.7, the generation of RTP involves three key photophysical processes: (1)
photoexcitation of the molecule into a S1, (2) ISC from S1 to 71, and (3) radiative decay
from 71 to So. The efficiency of RTP thus depends critically on the ISC rate and the

(4} In organic systems, ISC is

suppression of nonradiative decay pathways from T71.
typically inefficient due to the weak SOC inherent to light elements such as carbon,
hydrogen, nitrogen, and oxygen. Consequently, achieving observable RTP at room
temperature requires strategic molecular design and environmental engineering to
promote ISC and protect the triplet state from quenching by molecular motion, heat, or
oxygen.

To enhance ISC, several strategies have been employed, such as incorporating n—m*
transitions, introducing halogen atoms to invoke the heavy-atom effect, forming charge-
transfer states, and utilizing photoinduced conformational changes that increase SOC. In
addition, matrix engineering approaches, including the incorporation of phosphors into

rigid polymers or crystalline lattices, can effectively restrict molecular vibrations and

reduce oxygen permeability, thereby minimizing nonradiative decay from the 7.
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Historically, efficient RTP has been largely associated with inorganic and organometallic
compounds that rely on heavy-metal elements like iridium or platinum to achieve strong
SOC and facilitate ISC. However, due to concerns over cost, toxicity, and limited
availability, there has been a growing interest in metal-free organic alternatives, leading
to the development of purely organic room-temperature phosphorescence (ORTP)

(46, 47] Recent studies have demonstrated that specific molecular packing,

materials.
including H-aggregation and clustering-induced emission, plays a pivotal role in
prolonging RTP lifetimes under ambient conditions.[*¥! For example, polymer-based
ORTP materials have gained attention for their dual function: serving as both
phosphorescent hosts and protective matrices. PVA and PMMA are frequently employed
due to their ability to restrict intramolecular vibrations and act as oxygen barriers. 46 47]
Although RTP has demonstrated considerable promise in fields such as sensing,
encryption, and imaging, its practical implementation in OFETs for nonvolatile memory
and neuromorphic applications remains largely unexplored. Nevertheless, the unique
photophysical characteristics of RTP materials position them as promising candidates for
these emerging technologies. One of the most compelling advantages of RTP is its
intrinsic long-lived triplet state, which allows optical non-volatile memory retention
without the need for continuous power input. In addition, RTP materials exhibit
remarkable sensitivity to external stimuli such as light, heat, mechanical stress, and
oxygen concentration. This stimulus-responsiveness provides a versatile platform for
designing rewritable and optically controllable memory devices. Data states can be
reversibly toggled by localized heating or photoactivation, allowing for dynamic

[46,47. 491 Moreover,

manipulation of logic and memory functions in optoelectronic systems.
RTP materials exhibit efficient performance in amorphous and polymeric matrices,

ensuring compatibility with flexible electronics and solution-based processing techniques.
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Their photostability and compatibility with organic semiconductors enable seamless
incorporation into OFET architectures without compromising charge transport properties.

In summary, RTP in purely organic and metal-free systems holds strong potential for
next-generation OFET-based memory and neuromorphic applications. Its key properties
include persistent luminescence, spin multiplicity, and responsiveness to external stimuli.
However, its application in these areas remains limited. Future research should focus on
utilizing these features to develop optically addressable and reconfigurable nonvolatile

memory systems.

1.3.4 Organic Long Persistent Luminescence (OLPL)

Persistent luminescence (LPL) refers to the continued emission of light from a
material after the cessation of external excitation. In organic systems, organic long
persistent luminescence (OLPL) specifically denotes the ability of organic compounds to
sustain visible afterglow for durations ranging from several seconds to hours at room
temperature. This behavior sharply contrasts with conventional phosphorescence, which
typically decays exponentially within microseconds to milliseconds. Despite growing
research interest in OLPL, the definition of “long” remains ambiguous. As Xu and Tanabe
have observed, afterglow durations are often reported in arbitrary units and measured
under differing instrumental sensitivities, making cross-study comparisons problematic.
Further complicating this issue is the absence of standardized terminology. The literature
features a wide variety of descriptors referring to similar phenomena, combining

oh 13 o5 13

adjectives such as “long”, “long-lasting”, “persistent”, and “delayed” with terms like
“afterglow”, “phosphorescence,” and “luminescence.” These appear in various forms,

including but not limited to “long-lasting phosphorescence (LLP)”, “long persistent

phosphorescence  (LPP)”, “long persistent luminescence (LPL)”, “delayed
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phosphorescence”, and “long afterglow”.>" This inconsistency in nomenclature reflects
the evolving understanding of OLPL but also underscores the need for a unified
terminology to enable precise comparison and systematic classification across different
OLPL systems.

Mechanistically, OLPL in host—guest organic systems is governed by a photo-
induced charge transfer mechanism. As illustrated in Figure 1.8, upon light excitation,
electrons are transferred from donor (guest) molecules to acceptor (host) molecules,
leading to the formation of an intermolecular charge-transfer (CT) state at the donor—
acceptor interface. This CT state is subsequently stabilized by local traps within the host
matrix, resulting in a long-lived charge-separated (CS) state. This process ultimately leads
to charge recombination (CR), releasing stored optical energy as delayed fluorescence or
phosphorescence, depending on the spin dynamics of recombination. ') Unlike
phosphorescence, which follows first-order kinetics and decays exponentially, OLPL
decay follows a power-law function (Intensity o t™, where m ranges from 0.1 to 2),
indicating a second-order kinetic process. This prolonged emission results from the slow
recombination of spatially separated charge carriers.?!

Furthermore, both emission characteristics and afterglow duration can be finely
tuned by modulating the energy level alignment and molecular packing through careful
host—guest material design.*!! In recent years, various strategies have been developed to
enhance the performance of OLPL systems. For instance, Lin et al. reported a flexible,
transparent polymer-based OLPL system using N,N,N',N'-tetramethylbenzidine (TMB)
as the donor and poly(arylene ether phosphine oxide) [PBPO] as the acceptor. This system
exhibited OLPL lasting over 7 minutes under ambient conditions after low-power
excitation, without requiring strong photoirradiation or cryogenic temperature.[**) Zhang

et al. realized narrowband OLPL emission by promoting energy transfer from the host to
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a multiresonance TADF emitter, which subsequently emitted from its locally excited
singlet state with high spectral purity.>* Moreover, Liu et al. developed a crystalline host—
guest OLPL system designed for in situ anti-counterfeiting applications. Their approach
involved N,N'-diphenyl-N,N'-bis(4-methylphenyl)-4,4'-biphenyldiamine (p-TPD) guest
molecules doped into various easily crystallizable hosts, producing afterglow durations
of 2.0 to 4.5 seconds, and enabling water-stable paper—ink encryption strategies. [°°]

Although OLPL materials have demonstrated promising applications in fields such
as anti-counterfeiting, bioimaging, and optical encryption, their integration into electronic
devices, particularly OFETs and nonvolatile memory, remains largely unexplored.
Nevertheless, the intrinsic properties of OLPL indicate strong potential for these
applications. A key advantage is their ability to maintain visible luminescence without
continuous power input, providing an energy-efficient approach to optically addressable
nonvolatile memory. The persistent afterglow can serve as a physical indicator of stored
information and enables long-term memory retention. From the perspective of materials
integration, polymer-based OLPL systems using host matrices such as PMMA or PVA
offer excellent film-forming properties and are compatible with solution-based
fabrication methods. This makes them suitable for incorporation into OFET architectures.
Despite these advantages, OLPL has not yet been practically applied in OFET-based
memory devices, which presents a significant opportunity for future research. In addition,
the photophysical stability of OLPL materials under ambient conditions further supports
their potential for real-world electronic applications.

In conclusion, OLPL materials, especially their purely organic and metal-free forms,
represent a promising yet underexplored approach for the development of multifunctional
optoelectronic systems. Their persistent luminescence, environmental responsiveness,

and compatibility with solution-based processing make them strong candidates for next-
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generation nonvolatile memory technologies.

1.4 Research Objectives

As the development of wearable electronics, neuromorphic systems, and edge
devices continues to progress, there is a growing demand for next-generation memory
technologies that are nonvolatile, optically controllable, and energy-efficient. OFET-
based photomemory devices are regarded as promising candidates due to their structural
tunability, low fabrication cost, and compatibility with flexible substrates. However,
current systems often face challenges in achieving both long-term data retention and rapid,
stimulus-responsive performance under ambient conditions. Traditional charge storage
materials typically rely on instantaneous photoexcitation and fast recombination
dynamics, which limit the operational timescale and stability of the memory states.

To overcome these limitations, emerging photophysical mechanisms involving
organic delayed exciton emission have attracted increasing attention, particularly those
based on RTP and OLPL. These systems rely on long-lived triplet excitons or stabilized
charge-separated states to maintain luminescence and retain signals after the cessation of
external excitation. Although interest in these mechanisms has grown significantly, their
application in transistor-based memory platforms remains largely unexplored. In
particular, the relationship between extended excited-state dynamics and charge-trapping
behavior in OFET memory devices requires systematic investigation.

Therefore, this thesis aims to integrate RTP and OLPL materials into the architecture
of OFET memory devices, in order to explore the potential of delayed luminescence
mechanisms in photomemory applications. These purely organic and metal-free

luminescent materials, characterized by long exciton lifetimes and excellent stability, are
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expected to enhance the memory window, charge retention capability, and
photoresponsiveness of the devices. The results may provide new directions for the
material and structural design of optically programmable nonvolatile memory systems:.

The specific research objectives are as follows:

1. In Chapter 2. Application of Organic Room-Temperature Phosphorescent Materials in

High-Efficiency Photomemory and Synaptic Phototransistors: we investigate the

application of metal-free RTP materials in OFET-based floating-gate photomemory and
photosynaptic devices. Two electron-deficient dianhydride compounds, 3,3’, 4,4'-
diphenyl sulfone tetracarboxylic dianhydride (DPS) and 3,3, 4,4’-benzophenone
tetracarboxylic dianhydride (BTDA), are employed as RTP emitters and blended with PS
to form the floating-gate electret layer. These materials exhibit long-lived triplet excitons,
which effectively prolong charge separation and retention within the device, thereby
enhancing memory performance. We examine their photo-assisted programming behavior,
memory window, and operational stability. Furthermore, we evaluate their synaptic
plasticity under optical stimulation by varying key pulse parameters, including PPF,
SNDP, STDP, SRDP, and SIDP. Finally, a handwritten digit image recognition task is
simulated to validate the practical potential of these RTP-based devices in artificial neural

network applications.

2. In Chapter 3, Organic Long Persistent Luminescence Materials Based on Host—Guest

Systems for Phototransistor Memory Applications: we extend our study to OLPL systems

for OFET-based photomemory applications to further explore delayed luminescence
mechanisms beyond triplet emission. We design host—guest architectures using PMMA

as the host matrix, incorporating N,N, N’/N'’-tetraphenylbenzidine (TPB), N, N'-
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bis(naphthalen-1-yl)-N,  N'-bis(phenyl)-benzidine = (NPB), and 2,7-bis(N-(1-
naphthyl)aniline)-9,9-dimethylfluorene (DMFL-NPB) as guest emitters. Through energy
level design between host and guest, combined with optimization of guest concentration,
we aim to achieve persistent afterglow emission and enhanced charge trapping upon
photoexcitation. The effects of various host—guest combinations on emission lifetime,
memory window, and device stability are systematically investigated. Unlike
conventional fluorescent materials, OLPL systems can maintain luminescence long after
excitation has ceased, enabling extended signal retention without continuous power input.
Their prolonged exciton behavior, along with their metal-free composition and
compatibility with solution processing, underscores their promise as next-generation
materials for nonvolatile optoelectronic memory with enhanced retention performance

and environmental stability.

By simultaneously exploring both RTP- and OLPL-based charge trapping
mechanisms, this study provides comparative insights into how delayed emission
mechanisms influence device performance from both excitonic and charge-separated state
perspectives. Unlike previous RTP-based or OLPL-based memory demonstrations that
rely on hybrid or metal-containing systems, this thesis proposes a fully organic, metal-

free strategy with direct integration into OFET architectures.
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1.5 Tables and Figures
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Figure 1.1 The four commonly utilized configurations of OFETs include: (a) bottom-
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comparison of emission decay behaviors: phosphorescence exhibits a rapid exponential

decay, whereas LPL shows a much slower, power-law decay over time.[52!
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Chapter 2  Application of Organic Room-
Temperature Phosphorescent Materials in
High-Efficiency Photomemory and

Synaptic Phototransistors

Our findings have been published in Advanced Intelligent Discovery 2025, 1, 2500008,
under the title “Organic Room-Temperature Phosphorescent Materials for High-

Performance Floating Gate Photomemory and Synaptic Phototransistor Applications”

(DOL: 10.1002/a1d1.202500008).

2.1 Introduction

As modern computational demands grow, traditional computing systems based on
the Von Neumann architecture are encountering significant challenges, including high
energy consumption and pronounced performance bottlenecks. This architecture
physically separates computational units from memory units, resulting in frequent data
transfers that exacerbate these limitations, particularly when handling unstructured data
and striving for parallel processing. Moreover, it cannot learn or process complex

[56-58] Neuromorphic computing is emerging as

information like biological neural systems.
a transformative approach for next-generation computational technologies, with artificial
synapses playing a foundational role in brain-inspired computation. These synapses
replicate the behavior of biological counterparts, particularly short-term plasticity (STP)

and long-term plasticity (LTP). LTP is essential for memory formation, enabling the

transition from short-term to long-term memory. This process can be modeled by
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adjusting pulse number, width, and frequency, reflecting how repetition-and extended
recall strengthen memory retention. These functions provide an essential foundation for
the learning and memory processes in artificial neural networks (ANNs).?-°!l Unlike
traditional "0/1" binary storage systems, ANN mimics the interaction between neurons
and synapses in biological neural networks to achieve brain-like decision-making and
learning abilities, significantly improving data processing efficiency.!®”! Its applications
cover brain-like computing and artificial sensory systems. Human beings can distinguish
pitches, recognize images, and identify faces due to the ability to learn sensory. Sensory
stimuli are first captured by specialized receptors located on sensory neurons. These
signals travel through incoming axons to synaptic connections, where postsynaptic
neurons receive and interpret the information for further processing.!® ¢4

Synaptic devices can be categorized into two-terminal, three-terminal, and multi-
terminal structures, each designed for specific functions and applications. Two-terminal
devices, such as resistive random-access memory (RRAM) and phase-change memory
(PCM), are characterized by their simple structure and low manufacturing cost, making
them suitable for miniaturized and high-density memory arrays. However, these devices
cannot simultaneously perform signal transmission and learning processes, which limits
their ability to emulate natural synapses.!®®”) In contrast, three-terminal and multi-
terminal synaptic transistors, including floating-gate field-effect transistors (FGFETs),
ferroelectric field-effect transistors (FeFETs), and optoelectronic field-effect transistors
(OFETs), incorporate additional gate terminals, enabling a more comprehensive
simulation of synaptic behaviors. These transistors support simultaneous signal
processing and self-learning while offering enhanced operational stability and

[65, 68-70

tunability. I Memory devices can also be categorized into two-terminal and three-

terminal structures. Two-terminal memory devices typically consist of two electrodes and
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e.[’l: 72l However, this reading

feature a simple structure where data is read with a voltag
process may interfere with the memory state, resulting in lower stability. In contrast,
three-terminal memory devices utilize a gate for non-contact reading, preventing
interference with the stored state and enabling faster read and write speeds. Additionally,
the three-terminal structure supports independent optoelectronic operations. It is
particularly suitable for multi-functional memory applications, especially in
optoelectronic memory devices, and it offers excellent stability and long-term
operability.[* 74

Light, as a controllable external stimulus, has demonstrated the capability to enhance
the stability of non-volatile memory while replicating the learning and memory behaviors
of biological neural synapses. With the continuous advancement of technology, increasing
attention has been directed toward the interaction between photonic and electronic
behaviors, particularly the role of charge trapping, charge transfer, and energy transfer
mechanisms in shaping optoelectronic devices' overall performance and stability.l”>] For
memory applications, key materials must exhibit an energy barrier that prevents the
recombination of positive and negative charges after removing the electric field, ensuring
stable, non-volatile storage. Charge trapping occurs when charge carriers become
localized in traps at interfaces, defects, or dielectric layers, enabling charge retention
without a continuous power supply.l’® 771 The fast response time of switching processes,
driven by field-induced charge transfer, determines the device's switching speed.!”s 7!
Energy transfer is a process where excitation energy is transferred without altering
chemical bonds, typically via electronic excitation, and can occur through radiative or
nonradiative mechanisms. This phenomenon is commonly observed in molecular, atomic,

or solid-state systems. The timescales of energy transfer vary depending on the nature of

the excited state: singlet-state energy transfer typically occurs on the scale of picoseconds
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to nanoseconds, while triplet-state energy transfer, with its longer lifetimes, can take place
over milliseconds or even seconds. Moreover, energy transfer is crucial in converting
energy between singlet and triplet states, which is essential for maintaining stable excited
states. This process is vital for supporting long-term energy storage and charge transport,
directly influencing the stability and performance of devices.[% 8!

Organic materials, due to the diversity and flexibility of their excited-state structures,
exhibit a wide range of luminescent phenomena, including conventional fluorescence and
phosphorescence, as well as other delayed emission mechanisms.[*> 331 In recent years,
studies have shown that organic afterglow effects have significant application potential in
enhancing the photoresponse and speed of optoelectronic devices. The mechanisms of
delayed Iuminescence can be categorized into two main types: TADF and
phosphorescence. TADF operates through reverse intersystem crossing (rISC),
converting triplet excitons to singlet excitons for subsequent emission.[** 8 In contrast,
phosphorescence is achieved via radiative transitions that are quantum mechanically
forbidden, occurring between the excited triplet state and the ground state, relying on
intersystem crossing (ISC) to utilize triplet state emission directly. Room-temperature
phosphorescence (RTP) materials have attracted considerable interest for their ability to
produce stable and long-lived triplet-state emissions under ambient conditions. These
materials have become a key focus in luminescence research with their extended lifetimes
and unique excited-state properties./*® 87! Traditionally, RTP materials rely on precious
metal complexes, such as iridium and platinum, to enhance spin-orbit coupling, which is
essential for phosphorescence.’®! While these metals effectively facilitate
phosphorescence, their high cost and biological toxicity limit widespread application.

Recent research has shifted towards developing metal-free RTP materials to

overcome these challenges, which can achieve efficient phosphorescence without heavy
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metals. By introducing heteroatoms like halogens, nitrogen, phosphorus, or sulfur and
optimizing molecular structures, researchers have been able to significantly enhance spin-
orbit coupling and reduce nonradiative decay, thereby improving the performance of these
materials. Additionally, incorporating polymer matrices and leveraging weak
intermolecular forces, including hydrogen bonding and n—r stacking, further boosts the
materials’ luminescence efficiency and stability. The successful development of metal-
free RTP materials addresses heavy metal-based materials' cost and safety concerns and
expands their potential for real-world applications.[® ) Chen et al. utilized the triplet
excitons in RTP organic-inorganic hybrid perovskites to enhance the performance of non-
volatile photomemory devices, demonstrating the potential of RTP materials in
optoelectronic transistor applications.”?] A long exciton lifetime is essential for efficient
charge separation and high optoelectronic performance. In RTP materials, long-lived
triplet excitons provide a longer time window for charge separation, reducing
recombination and improving exciton-to-charge conversion under an external electric
field. This extended lifetime ensures charge carriers remain available for transport,
enhancing the photoresponse of the memory device. Furthermore, the significantly long
timescale of electron—hole recombination in RTP-based materials enables the sustained
retention of charge carriers, which is particularly beneficial for optoelectronic memory
applications. This characteristic is essential for photonic synaptic behavior, where
persistent photogenerated carriers mimic the biological process of memory retention and
gradual synaptic weight modulation. The extended exciton lifetime facilitates charge
accumulation and transport, leading to an enhanced and prolonged photoinduced
conductance change, a fundamental requirement for synaptic operations.’>** RTP
materials currently used in optoelectronic transistor devices are typically based on

organometallic complexes or organic-inorganic hybrids. However, applying pure organic
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molecules with RTP remains an unexplored area. Therefore, using metal-free RTP organic
molecules to enhance memory devices' fast read-write capabilities or improve
optoelectronic synaptic devices' visual recognition capabilities holds significant potential.

This research utilizes 3,3', 4,4’-Diphenyl sulfone tetracarboxylic dianhydride (DPS)
and 3,3', 4,4’-Benzophenone tetracarboxylic dianhydride (BTDA) as RTP materials, with
polystyrene (PS) as an insulating polymer to form a floating gate dielectric, and pentacene
as the semiconductor channel. This system demonstrates the new applications of organic
RTP molecules in optoelectronic memory and synaptic devices. For comparison, DPS and
BTDA were separately reacted with methylamine hydrochloride to synthesize N, N'-
dimethyl-3,3’, 4,4’-diphenyl sulfone tetracarboxylic diimide (DPS-C) and N, N'-dimethyl-
3,3',4,4"-benzophenone tetracarboxylic diimide (BTDA-C), which do not exhibit RTP
properties, followed by purification via sublimation. The film morphology was observed
using atomic force microscopy (AFM), while UV—vis absorption spectroscopy and
photoluminescence (PL) phosphorescence spectroscopy were employed for optical
performance analysis. Additionally, phosphorescence decay systems were used to
measure the phosphorescence lifetime of the RTP materials. The results show that the
BTDA/PS system exhibited the best light response performance as the electron trapping
layer. Furthermore, the study explored light-paired-pulse facilitation (PPF). It
investigated the plasticity of short-term plasticity (STP) to long-term plasticity (LTP) via
spike-number dependent plasticity (SNDP), spike-time dependent plasticity (STDP),
spike-rate dependent plasticity (SRDP), and spike-intensity dependent plasticity (SIDP)
by altering pulse number, time, rate, and intensity. Finally, the study employed a human
brain-like recognition system to simulate learning processes and efficiently distinguish

the handwritten digits.
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2.2 Experimental Section

2.2.1 Materials

3.3', 4,4'-Diphenylsulfone tetracarboxylic dianhydride (DPS, >99.0%) and 3,3, 4,4'-
Benzophenone tetracarboxylic dianhydride (BTDA, >96.0%) were purchased from
Tokyo Chemical Industry, BTDA was further purified before use. Polystyrene (PS, Mw =
192,000 g/mol), pentacene (99%), and N, N-Dimethylacetamide (DMAc, anhydrous,

99.8%) were purchased from Sigma-Aldrich and used without further purification.

2.2.2 Fabrication of the Devices

The dianhydride molecules (DPS and BTDA) and diimide molecules (DPS-C and
BTDA-C) were dissolved in N, N-dimethylacetamide (DMAc) at 5 mg mL ™!, respectively,
while PS was dissolved in DMAc at 20 mg mL™". The source and synthesis of these
materials are described in the Supporting Information. The solutions were stirred
overnight, followed by filtration with a 0.22 um polytetrafluoroethylene syringe filter.
Then, the dianhydride and diimide solutions were mixed with the PS solution in a volume
ratio of 1/2 to form the DPS/PS, BTDA/PS, DPS-C/PS, and BTDA-C/PS solutions,
respectively, which were stirred overnight to ensure uniform mixing. The highly n-doped
silicon wafers with a 100 nm-thick SiO2 layer were first pretreated by exposure to a UV—
ozone cleaner for 30 min to remove surface impurities and increase hydrophilicity.
Afterward, the solutions were spin-coated to the wafers at 2000 rpm for 60 s under a
nitrogen atmosphere to form the thin films. The samples were vacuumed for 30 min to
remove residual solvents and ensure the formation of high-quality dielectric layers. A 50
nm pentacene semiconductor layer was thermally evaporated onto the dielectric layer at

a controlled rate of 0.2-0.3 A s!, followed by the deposition of a 70-nm-thick Au layer
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through a patterned shallow mask with the channel dimensions of 1000 gm in width (W)
and 50 um in length (L) to create the source and drain electrodes. The thermal deposition

process was conducted within a vacuum chamber at 10~7 Torr pressure.

2.2.3 Characterization

The X-ray diffraction (XRD) spectra were acquired using a Rigaku MiniFlex.
Fourier-transform infrared (FTIR) spectra were obtained using Attenuated Total
Reflectance (ATR) with a DIGILAB FTS-3500GX spectrophotometer. The UV—vis
absorption spectra were acquired using a Hitachi U-4100 spectrophotometer. The HOMO
levels of the molecules were obtained through the ultraviolet photoelectron spectroscopy
(UPS) measurements conducted with a Thermo Scientific Nexsa G2 system. At the same
time, the bandgap was estimated from the absorption onset observed in the UV—vis
spectra. The film morphologies were analyzed using AFM (Hitachi 5100N). The lifetime
decay profiles of phosphorescence emission and PL and phosphorescence emission
spectra were measured using a Jobin Yvon Fluorolog-3 spectrofluorometer. The electrical
performance of the transistor memory devices was characterized using a Keithley 4200-
SCS semiconductor parameter analyzer under a nitrogen atmosphere in a glove box. The
devices' transfer curves were analyzed by sweeping the V; from 30 to —60 V with the Va
fixed at —40 V. The electrical erasing process was achieved by applying Vz=—50V for 1
s. In contrast, a photo-assisted electrical writing process was carried out using 265 nm
light (285 mW c¢cm?) and V=0, 10, 20, and 30 V for 10 s, respectively. The photosynaptic
transistors were measured using a Keithley 2634B (Keithley Instruments Inc.) inside a
nitrogen-filled glovebox. A 265-nm UV light source from Titan Electro-Optics Co., Ltd.
was employed, with its intensity verified using a laser power sensor (Ophir pd300-UV-

193). The PPF ratio and SNDP, STDP, SRDP, and SIDP measurements were conducted
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under a Vq of =10 V.

2.2.4 Simulation of Image Recognition System

The simulation was conducted using MATLAB. Initial digital images (28 x 28 pixels)
were sourced from the MNIST database. Random noise with a maximum intensity of
100% was added to the pixels to generate noisy images, followed by normalizing the
brightness values of the noisy images to a range of 0-255. Subsequently, a denoising array,
in which the digit contours were composed of PPF ratios, was applied to the noisy images,
and the pixel values were further converted to gray values for preprocessing. Finally, the
denoised digital images were input into a 784 x 256 x 128 x 10 neural network to simulate

the image recognition capability of the human brain.

2.3  Results and Discussion

2.3.1 Synthesis and Characterization of DPS-C and BTDA-C

Following the synthetic scheme shown in Figure 2.1a, a mixture of DPS (1363 mg,
3.8 mmol) and methylamine hydrochloride (641.4 mg, 9.5 mmol) in glacial acetic acid
(38 mL) was refluxed at 120 °C for 24 hr under a nitrogen atmosphere. Water was added
after cooling to room temperature, and the resulting precipitate was filtered and washed
with methanol to obtain the white solid (1265.4 mg, 86.5%)."H NMR (500 MHz, d-DMF,
Figure 2.1b), 6 (ppm): 8.68-8.65 (d, 2H), 8.57-8.56 (d, 2H), 8.18-8.15 (d, 2H), 3.15—
3.12 (s, 6H). Next, following the synthetic scheme shown in Figure 2.2a, a mixture of
BTDA (1263.2 mg, 3.9 mmol) and methylamine hydrochloride (661.5 mg, 9.8 mmol) in
glacial acetic acid (39 mL) was refluxed at 120 °C for 24 hr under a nitrogen atmosphere.

Water was added after cooling to room temperature, and the resulting precipitate was
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filtered and washed with methanol to obtain the white solid (1164.1 mg, 85.2%). 'H NMR
(500 MHz, d-DMF, Figure 2.2b), ¢ (ppm): 8.31-8.28 (d, 2H), 8.20-8.18 (d, 2H), 8.13—

8.10 (d, 2H), 3.18-3.16 (s, 6H).

2.3.2 Device Structure and Morphology Analysis

The device structure used in this study is illustrated in Figure 2.3a. DPS and BTDA
contain dianhydride compounds and are used as RTP materials. In contrast, DPS-C and
BTDA-C, synthesized by reacting DPS and BTDA with methylamine hydrochloride to
form diimide compounds, serve as control materials without RTP effects. The synthesis
methods follow previously reported procedures®! including 1H NMR are detailed in
Figures 2.1 and Figures 2.2, and X-ray diffraction (XRD) measurements are shown in
Figure 2.4. In this study, XRD analysis was conducted to investigate the structural
characteristics of four organic small molecules—DPS, DPS-C, BTDA, and BTDA-C—
within the PS matrix. The XRD spectra indicate that, although these organic materials
exhibit good crystallinity in their pure form, the spin-coated film samples primarily exist
in an amorphous dispersed state within the PS matrix, likely due to the processing
conditions, which results in a less ordered molecular arrangement. The RTP capabilities
of dianhydride-based compounds arise primarily from strong intermolecular forces, such
as hydrogen bonding and n—r stacking, in their molecular structures. These interactions
enhance molecular rigidity, suppress nonradiative decay, and promote spin-orbit coupling
(SOC) and ISC. However, when dianhydride-based compounds undergo chemical
transformation into diimide-based compounds, these intermolecular interactions are
weakened, leading to reduced molecular rigidity and ISC efficiency, ultimately
eliminating RTP effects. To investigate the behavior of this system, PS is selected as the

polymer matrix to improve molecular dispersion and construct floating gate dielectrics.
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Pentacene is employed as the semiconductor material, and a bottom-gate/top-contact
device configuration is used for the study.

Figure 2.3b presents the floating gate thin films' UV—vis absorption spectra, showing
absorption ranges primarily within the ultraviolet region. After methylation with
methylamine hydrochloride, DPS transforms into DPS-C, where molecular aggregation
leads to a redshift in the absorption band. In contrast, the methylation of BTDA has
minimal impact on its molecular aggregation and absorption behavior. To preliminarily
understand the properties of the materials studied and explore their potential in device
applications, the UV-visible absorption spectra shown in Figure 2.5a and ultraviolet
photoelectron spectroscopy (UPS) shown in Figure 2.5b were measured to obtain the
energy level structures of the materials, as shown in Figure 2.3¢. The absorption onset in
the UV-visible absorption spectra helps determine the materials' band gap (Eg). At the
same time, UPS measurements allow for the determination of the highest occupied
molecular orbital (HOMO) energy levels, achieved through secondary electron cutoff and
minimum kinetic energy cutoff. Furthermore, the lowest unoccupied molecular orbital
(LUMO) was calculated using the formula LUMO = HOMO + E,. Specifically, the
HOMO/LUMO values for DPS, DPS-C, BTDA, and BTDA-C are (—7.18, —3.15) ¢V,
(=7.57, =3.99) eV, (-7.21, —3.46) eV, and (—7.71, —4.00) eV, respectively. It can be
observed that the Eg of BTDA is smaller compared to DPS. Moreover, the reaction
between dianhydride and methylamine forms diimide, which adopts a donor-acceptor-
like structure, thereby altering its energy levels and leading to a decrease in the HOMO
energy level of the diimide derivatives. For pentacene and PS, the values are (—5.00, —2.70)
eV and (=7.00, —0.45) eV, respectively, based on relevant literature references.”¢]

AFM was employed to investigate the floating gate thin films' surface morphology,

as shown in Figure 2.3d. The results reveal that the dianhydride-based molecules exhibit
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slight aggregation, while the diimide-based molecules present a relatively smooth surface.
The differences in aggregation levels arise from the intrinsic intermolecular forces
between the molecules. However, regardless of the aggregation extent, all the films
display very smooth surfaces with roughness values less than 1 nm, providing an
exceptionally flat surface for forming the pentacene semiconductor, as shown in Figure

2.6.

2.3.3 Optical Analysis of the RTP Materials

After confirming the morphological analysis of the materials, the investigation
proceeds to examine the characteristics of RTP. Figure 2.7a and Figure 2.7b present the
room-temperature photoluminescence and phosphorescence emission spectra of
dianhydride and diimide molecules, respectively. It is observed that the fluorescence
emission wavelengths of both dianhydride and diimide molecules are located between
350 and 500 nm. Notably, dianhydride molecules exhibit RTP characteristics, while the
phosphorescence signal of diimide molecules is nearly absent, confirming the lack of RTP
features in these molecules. The transformation from the dianhydride to diimide
structures significantly affects the RTP properties, whereas fluorescence remains
relatively unaffected.

To further understand the exciton lifetimes of RTP, the RTP lifetime decay profiles of
the powdered materials are shown in Figure 2.7¢ and summarized in Table 2.1. Lifetime

decay profiles were fitted with a bi-exponential equation:

t

F()= X, Ae™ (n=2) (1)
_ X AT
Tavg = Z?:lAiTi (Il 2) (2)

where F(t) represents the time-dependent phosphorescence intensity, 4i denotes the
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weighting factors, and 71 and 72 correspond to the nonradiative and radiative components
of the phosphorescence decay lifetimes, respectively. Dianhydride molecules exhibit
remarkably long lifetimes, with DPS reaching 2.622 ms and BTDA extending to 2.870
ms. This demonstrates that DPS and BTDA are excellent RTP materials. The DPS
molecule exhibits various intermolecular interactions, such as van der Waals forces and

n—7 stacking interactions between C=0--- C(C=0), which help stabilize the crystal

structure and restrict the free movement of the molecules, thereby enhancing molecular
rigidity. The increased rigidity effectively suppresses molecular vibrations and rotations,
reducing nonradiative decay pathways and promoting the radiative decay processes.

Furthermore, the C=0---C(Ph) interaction in DPS involves dipole—n interactions, where

the carbonyl group acts as a dipole, and the m—electron system of the phenyl ring
contributes to the interaction, further enhancing intermolecular alignment and stability.
Atoms with n—m orbital characteristics, such as oxygen and sulfur, present in the DPS
molecule can alter the electronic structure of the excited state, enhancing the SOC
between the singlet state (S1) and triplet state (71), thus facilitating ISC. This allows more
electrons to transition into the triplet excited state, providing the basis for
phosphorescence generation. Additionally, hydrogen bonding interactions, such as

S=0---H and C=0---H, are present in the DPS structure, further enhancing molecular

rigidity, suppressing nonradiative decay, and improving phosphorescence efficiency and
stability.”>l Similar to DPS, the rigid structure of BTDA also effectively reduces
molecular vibrations and rotations, thereby suppressing nonradiative decay and allowing
the triplet excited state energy to be released radiatively, resulting in RTP. Furthermore,
BTDA contains a benzophenone group, and its carbonyl group may play a more

significant role in the RTP process. Compared to the sulfonyl group in DPS, the n—n*
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transition efficiency of the benzophenone carbonyl group is higher, which may lead to
slightly different spin-orbit coupling characteristics in BTDA compared to DPS. Upon
converting DPS and BTDA to DPS-C and BTDA-C, the dianhydride groups are replaced
by diimide groups, increasing the molecules' flexibility while decreasing their rigidity and
intramolecular conjugation. This structural change leads to an increase in nonradiative
decay and a reduction in SOC effects within and between the molecules. As a result, the
modified molecules primarily display fluorescence emission and do not exhibit the

characteristic long-lived phosphorescence of DPS and BTDA.

2.3.4 Optical Analysis of the RTP Layers Stacked with the

Semiconductor

To investigate the interaction between the RTP effect and the pentacene
semiconductor layer and the device characteristics, the RTP lifetime histograms of the
DPS and BTDA films were analyzed. The charge transfer efficiency (CTE) after layering
DPS and BTDA with pentacene was calculated, as shown in Figure 2.7d, with
measurement data detailed in Figure 2.8a and Table 2.2. The following formula can

obtain CTE:

CTE = TRTPlayer ~ 'Rilayers x 100% (3)
TRTP layers

where 7avg refers to the average lifetime of DPS and BTDA (zrTp 1ayer) and DPS/pentacene
and BTDA/pentacene (zBilayers). Compared to the powder samples, the thin film samples
exhibit shorter phosphorescence lifetimes, with DPS having a lifetime of 0.026 ms and
BTDA having a longer lifetime of 0.081 ms. After layering with pentacene, the lifetime
of DPS/pentacene decreased to 0.017 ms, and the lifetime of BTDA/pentacene decreased

to 0.010 ms. This indicates that after pentacene layering, the lifetime of the thin films
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significantly shortened, which is a typical result of the Dexter energy transfer (DET)
phenomenon. In addition to energy transfer, the charge transfer mechanism may also
contribute to the differences in device performance between DPS and BTDA, with the
CTE of DPS being 34.6%. In comparison, BTDA's CTE reaches 87.7%, indicating that
BTDA exhibits a more efficient charge transfer effect, whereas this effect is weaker in
DPS.

To verify the RTP behavior of the materials, phosphorescence decay experiments
were conducted at 70 °C, and the phosphorescence lifetime histograms are shown in
Figure 2.7e, with measurement data presented in Figure 2.8b and Table 2.3. Typically,
the lifetime of RTP materials shortens significantly at high temperatures, primarily due to
the enhanced nonradiative decay processes at elevated temperatures. As the temperature
increases, molecular vibrations and internal motions increase, causing the molecular
energy to be rapidly released as thermal energy, leading to a reduction in phosphorescence
lifetime. Additionally, intermolecular interactions become unstable at high temperatures,
affecting energy transfer efficiency.”’) DPS and BTDA exhibit a significant decrease in
lifetime at high temperatures, with the RTP effect substantially weakened, confirming
typical RTP material behavior.

The materials' excited state energy levels, including the S1 and 71, were summarized
and considered to explore the mechanism between RTP materials and the semiconductor
layer. The excited state energy levels of DPS and BTDA are determined from their
fluorescence and phosphorescence emission spectra. In contrast, the energy levels of
pentacene are obtained from relevant literature®® *°1, as shown in Figure 2.7f. As shown
in the figure, compared to DPS, BTDA has a lower 71 energy level and a larger AEs: (S1—
T1), which is consistent with the smaller bandgap of BTDA. BTDA’s T energy level is

closer to that of pentacene than DPS, suggesting that more efficient DET or charge
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transfer behavior could occur between BTDA and pentacene. DET is a short-range energy
transfer mechanism driven by strong intermolecular exchange interactions, facilitating
energy transfer between triplet excitons. When the acceptor materials, DPS or BTDA, are
close to the donor material, pentacene, with a distance of approximately 1-2 nm, energy
transfer becomes more efficient, allowing triplet excitons to transfer to pentacene via

intermolecular exchange!!%"]

, thereby increasing the triplet exciton density within
pentacene. However, due to the singlet fission effect with the 271 < S1 energy relationship
in pentacene, the efficiency of triplet fusion remains low despite generating many triplet
excitons!!?!- 192, Consequently, the triplet excitons are more likely to convert into charges

under an applied voltage, enhancing the photoresponsive capability. This effect will be

further elucidated in the subsequent device characteristics section.

2.3.5 Device Performance of the Transistor Memory

After analyzing the optical properties, bottom-gate/top-contact (BG/TC) transistor
memory devices based on these materials were fabricated to investigate their memory
effects. The device structure is illustrated in Figure 2.3a. The transfer characteristics of
the devices measured at room temperature are presented in Figure 2.9. The devices were
characterized by sweeping the gate voltage (V) from 30 to —60 V under a fixed drain
voltage (Va) of —40 V. The average hole mobilities (uavg) and threshold voltages (Vi) in

the saturation regime were determined by using the following equation

Ia = pavg % Careal (Ve — Vin)? 4)
where Careal represents the areal capacitance of the 100 nm SiO2 dielectric layer of 31.5
nF cm 2. The pavg of DPS/PS, DPS-C/PS, BTDA/PS, and BTDA-C/PS devices were 0.012,
0.011, 0.021, and 0.010 cm? V" !s™!, respectively. When a bias of ¥z = =50 V was applied
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for 1 s during the electrical erasing process, the threshold voltages (Vin, erase) presented a
negative shift, switching the device to the OFF state. For photo-assisted electrical writing,
a 265 nm light (285 mW c¢m™?) was used, and the V was set to 0, 10, 20, and 30 V for 10
s, respectively, under a Va of —40V. The result shows that the threshold voltages (Vin, write)
shifted positively, suggesting the electron-trapping capability and switching the device to
the ON state. Furthermore, the memory windows (AV) are defined as AVih = Vin, write —
Vih, erase. When 265 nm-light illuminates along with Vz= 30 V, the device exhibits a
maximum AVw. For DPS/PS, DPS-C/PS, BTDA/PS, and BTDA-C/PS, the values of (Vin,
erase, Vth, write, AVin) under Vg =30 V are (—15, 24,39) V, (=12, -12,0) V, (—14, 27,41) V,
and (—11, =3, 8) V, respectively. The values of AV are summarized in Table 2.4. As
shown in Table 2.4 and Figure 2.9, DPS/PS and BTDA/PS exhibit larger threshold
voltage shifts, indicating a significantly expanded memory window after writing. This
indicates their enhanced ability to capture and retain charge, leading to more effective
memory behavior. Furthermore, subthreshold swing (SS) is a critical parameter for
evaluating the power consumption and material properties of thin-film transistors (TFTs).
A lower SS value indicates a more rapid and sensitive response of the drain current to Vg
variations in the subthreshold region. This low SS behavior can be attributed to a fully
depleted channel and minimal interface defects, enabling faster and more efficient device
operation. > 131 The lower SS values observed in DPS/PS and BTDA/PS suggest faster
device switching and higher charge transport efficiency. These characteristics not only
enhance memory performance but also contribute to the overall stability of the device.
Additionally, it is worth noting that the illumination conditions at 265 nm light do
not cause severe bond cleavage or changes in the chemical structure of the organic
materials. As shown in the Fourier-transform infrared spectrometer (FTIR) results in

Figure 2.10, there are no significant differences in the FTIR spectra of the organic
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materials between the original samples and those exposed to 265-nm light for-a time
duration of 60 seconds under air. In addition, all device measurements were conducted in
a nitrogen environment to preclude the potential oxidization during light exposure. Next,
the measurement of hysteresis characteristics are shown in Figure 2.11. The DPS/PS and
BTDA/PS exhibit a significant hysteresis effect during the forward and reverse scanning
process. Specifically, there is a notable difference in the drain current during the forward
and reverse scans, indicating that these two transistor memory devices possess a strong
memory effect. In contrast, the forward and reverse scanning curves of the DPS-C/PS and
BTDA-C/PS are very close, showing a less pronounced hysteresis effect, suggesting a
weaker memory effect in these two transistor memories. The gate leakage current, as
shown in Figure 2.12, remains at approximately 1072 to 10~'* A for DPS/PS, DPS-C/PS,
BTDA/PS, and BTDA-C/PS across the entire gate voltage range. The minimal gate
leakage current indicates that these organic transistors exhibit excellent insulation
properties, ensuring that the stability of the devices is not significantly affected by leakage
currents.

After investigating the typical p-type transfer performance, the photoresponse and
memory stability were characterized using transient curves, shown in Figure 2.13a—d.
Among them, the DPS/PS and BTDA/PS devices, which exhibit RTP effects,
demonstrated exceptional memory ratios (/on//orr)under photo-assisted electrical
writing at 265 nm (285 mW cm ) and ¥z = 30 V. The DPS/PS device achieved a memory
ratio of approximately 10°, while the BTDA/PS device reached a superior value of
approximately 10°. The parameters of the transfer and transient curves of the devices are
summarized in Table 2.4. In correlation with the previously discussed optical behavior,
devices based on dianhydride molecules with RTP properties exhibited outstanding

memory performance owing to the long exciton lifetime and their DET interaction with
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pentacene. To verify the substantial reduction of the RTP effect under high-temperature
conditions, transfer and transient curves of the DPS/PS and BTDA/PS devices, which
exhibit a decline in memory behavior, were measured at 70°C. The results are shown in
Figure 2.14 and coincide with the time-resolved optical analysis at 70 °C.

Given that the BTDA/PS device demonstrated the highest memory stability, the
device was utilized to gain further insight into the charge-trapping capability against
varying device operations for optimization. Figure 2.15a presents the same photo-
assisted electrical writing mode as those mentioned above, but varying Vg from —5 to —40
V. At Va = —10 V, the Ion/IoFr reaches approximately 10°. Additionally, Figure 2.15b
illustrates the effect of different illumination times from 1 to 100 s on current stability in
the photo-assisted electrical writing process, with an Jon/Iorr close to 10° after 5 s of
illumination. The results indicate that the device based on BTDA presents superior
memory behavior even under lower operating voltage and shorter illumination periods,
underscoring the energy efficiency of the RTP property. The long-term stability and
durability are crucial factors for modern optoelectronic devices. Therefore, the retention
test of the BTDA/PS device is shown in Figure 2.15¢. The ON state was measured after
photo-assisted electrical writing (265 nm; 285 mW c¢m2; V=30 V) for 10 s, and the OFF
state was conducted after electrical erasing at Vg =—50V for 1 s. Over a 10,000 s stability
test, the Jon/lorr remained at approximately 10°. The write—read—erase—read (WRER)
measurement was carried out to evaluate the endurance of the RTP transistor memory
(Figure 2.15d). The “write” step corresponds to the ON state achieved by photo-assisted
electrical writing (265 nm; 285 mW cm 2; ¥z = 30 V) for 10 s at Va = —40 V, the “read”
step involves measurement of the state at Va =—40 V and V= 0V, and the “erase” step
is the OFF state after electrical erasing at Vg = =50 V for 5 s. The BTDA/PS device

maintains an fon/lorr of 10° after 20 cycles of the WRER test. As can be seen, BTDA/PS
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is a highly stable and durable memory device, ensuring reliable performance over time.
The long-term stability and durability tests of the DPS/PS device are presented in Figure
2.16, respectively. The results suggest that the device with RTP property in the DPS/PS
system also presents an outstanding fox/lorr of 10° and remarkable durability after 20
cycles, highlighting the feasibility and potential of RTP materials in optoelectronic
applications.

To further clarify the impact of DET phenomenon and singlet fission on memory
characteristics, a comparative experiment was conducted by replacing the semiconductor
layer from pentacene to dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene (DNTT), as
shown in Figure 2.17. DNTT is a well-known p-type channel in TFTs. However, a
significant decline in memory performance was observed when DNTT was used as the
semiconductor layer. This can be attributed to the fact that, compared to pentacene, DNTT
exhibits a much weaker singlet fission effect, thereby reducing the probability of triplet
excitons transferring to the semiconductor layer via DET. This result further confirms that
when pentacene is employed as the semiconductor channel, triplet excitons effectively
enhance memory performance and photoresponse capability through intermolecular
energy transfer and the singlet fission mechanism. This finding highlights the superior
suitability of pentacene over DNTT as the active layer material in this study.

To better illustrate the differences among various types of memory devices, Table
2.5 provides a comparative analysis of their writing mechanisms, erasing processes, and

93.96,104.105] This comparison highlights the distinct advantages of

performance metrics.!
room-temperature phosphorescence-based transistor memories, particularly the photo-
assisted electrical writing technique demonstrated in this study. Compared to purely

electrically written resistive memory devices, this approach achieves a higher lon/Iorr

and enhanced operational stability, offering a promising direction for next-generation
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memory applications.

2.3.6 Synaptic Characteristics of RTP-Based Device

In the human brain, memory storage and processing are structured hierarchically,
consisting of sensory memory, short-term memory (STM), and long-term memory (LTM).
Sensory memory temporarily retains sensory input for durations ranging from
milliseconds to seconds, and the information is easily lost if not further processed.
However, once brought into human consciousness, sensory memory can be converted into
STM, which persists for several seconds to minutes. In addition, with rehearsal and
repeated learning, STM can be consolidated into LTM, ensuring stable retention!!%® 1971,
as depicted in Figure 2.18a. It is worth noting that around 80% of external information
is processed through the visual perception system.!!'®®! Thus, the connection between the
human brain and the visual system is essential for developing neural networks. Here, the
BTDA/PS system with RTP effects simulates the learning behavior in the human brain
and provides a foundation for the development of artificial neural systems. In a
photosynaptic transistor, the PPF ratio is used to quantify the enhancement of synaptic
strength caused by applying two consecutive pulses with an interval (4¢) in between. The
amplitude of excitatory postsynaptic current (EPSC) induced by the first optical pulse
stimulation is denoted as 41, and A2 represents the amplitude caused by the second optical
pulse under identical conditions after some time of A¢, as illustrated in Figure 2.18b. As

an essential indicator of STP, PPF is defined by the following equation:
PPF = % x 100% (5)
1

The relationship between the PPF ratio of the BTDA/PS photosynaptic transistor and A¢

is shown in Figure 2.18c. Measurements are conducted at pulse intervals ranging from
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50 ms to 2 s under 265-nm light illumination (1.7 mW c¢m2) with Va=—10 V. and V= 0
V. As At increases, the PPF ratio exhibits an exponential decay. Notably, BTDA/PS
achieves a high PPF ratio of 1.92 at Az = 50 ms. The PPF ratios of DPS/PS, DPS-C/PS,
and BTDA-C/PS are presented in Figure 2.19, where DPS/PS and BTDA/PS exhibit
significantly higher PPF ratios compared to DPS-C/PS and BTDA-C/PS. This
observation suggests that the RTP effect and DET phenomenon enable DPS/PS and
BTDA/PS to respond more rapidly. Among them, BTDA/PS demonstrates the strongest
photoresponse, corresponding to its highest PPF ratio, highlighting its excellent
photosynaptic performance. The effects of varying key parameters were systematically
investigated to elucidate the transition from STP to LTP further. Specifically, the influence
of pulse numbers (50 to 200 pulses, SNDP), pulse width (100 ms to 30 s, STDP), pulse
rate (4 to 6.7 Hz, SRDP), and pulse intensity (160 to 230 mW cm 2, SIDP) are
demonstrated in Figures 2.18d—g, respectively. The results demonstrate that the
BTDA/PS photosynaptic transistor exhibits good synaptic plasticity. For instance, as the
pulse number increases, the EPSC gradually increases, indicating the transition from STP
to LTP, with repeated stimulation leading to memory enhancement from STM to LTM.
The DPS/PS and BTDA/PS memory devices exhibit excellent performance due to their
intrinsic RTP effect and DET phenomenon, which enable efficient charge trapping and
release. Notably, the BTDA/PS system demonstrates the highest PPF ratio due to the
optimized structure for charge modulation. This improvement can be attributed to better
charge modulation. A high external quantum efficiency (EQE) and a short exciton lifetime

1991 However, the

benefit high photocurrent and photoresponse in phototransistors.!
transformation of photoexcitation to the trapped charges contributes to the current

modulation in synaptic phototransistors and memory.!''” This effect will give rise to

different SS and Vi values, as shown in Table 2.4, and eventually give rise to tunable
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short-term to long-term memory behaviors. Therefore, the BTDA/PS system
demonstrates the best stability and charge modulation capability by exploiting its long

exciton lifetime.

2.3.7 Application of Artificial Photosynapses for Image Recognition

System

Based on synaptic devices, ANNs can simultaneously perform data processing and
storage, and the increase in the number of hidden layers significantly improves

HL 121 To further explore the application of BTDA/PS materials

classification accuracy.!
in neuromorphic computing, this study simulates image denoising and recognition using
handwritten digit images from the Modified National Institute of Standards and
Technology (MNIST) database, with all simulations conducted in MATLAB. First,
random noise was added to the initial images, with the maximum noise value set to 100%,
and the image brightness values were normalized to a range of 0 to 255. Subsequently, a
28 x 28 pixel denoising array was applied, in which the pixel values of the digit contours
were composed of the PPF ratios (Az = 50 ms) based on the BTDA/PS device. This
process enhanced the contrast between the digit contours and random noise, improving
image clarity and facilitating preprocessing. After denoising, the resulting images were
converted to grayscale images as a preprocessed input. To further investigate the noise-
reduction ability of the denoising array, a NN with a size of 784 x 256 x 128 x 10 layers
is constructed for image recognition. The 784 input neurons correspond to the 28 x 28
pixels from the preprocessed images, and the output neurons correspond to the 10 digits

from "0" to "9". The schematic of the NN architecture is shown in Figure 2.20a. In this

study, 80% of the dataset was used for training, and the remaining 20% was used for
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testing to evaluate the recognition performance. The images without denoising (n = 0)
and the two-time denoised images (n = 2) are presented in Figure 2.20b. The images
processed through one denoising array (n = 1) are presented in Figure 2.21. It can be
observed that the noise in the images was reduced, and the denoised images have restored
the general contours of the original numbers. Additionally, as the number of learning
epochs increases, the accuracy gradually improves and stabilizes, as shown in Figure
2.20c. The curve for n = 0 shows an accuracy of only 60% after 100 learning epochs,
indicating poor image recognition capability. In contrast, the curve for n = 1 demonstrates
a significant improvement, achieving an accuracy of 81%. Notably, the curve for n = 2
ultimately reaches the highest accuracy of ~90% after 100 learning epochs, showcasing

its excellent denoising capability.

24 Summary

This study leverages the exceptional RTP performance of DPS and BTDA, combined
with PS, to investigate their structural characteristics and realize high-performance
memory and photosynaptic devices. Structurally, the superior RTP properties of DPS and

BTDA arise from multiple intermolecular interactions, including n C=0---C(C=0) Van

der Waals forces, n—n stacking, and dipole—=n interactions. These interactions suppress
molecular rotation and vibration effectively, enhancing molecular rigidity and
contributing to extended triplet exciton lifetimes. Upon structural transformation into
diimide groups (DPS-C and BTDA-C), molecular rigidity is reduced, and RTP
characteristics are lost, highlighting the critical role of dianhydride groups in RTP
performance. Regarding device performance, under ultraviolet light-assisted

programming at 265 nm, DPS and BTDA achieved memory ratios of approximately 10°
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and 10%, respectively, demonstrating stable memory retention for up to 10,000 seconds
and durability over 20 operational cycles. For photosynaptic applications, BTDA
exhibited an outstanding PPF ratio of 1.92 under a Az = 50 ms, indicating excellent
photoresponse capabilities and persistent memory behavior. Additionally, after 100
learning epochs and processing through two denoising arrays, BTDA achieved a
significantly improved image recognition accuracy of 88.3%, further underscoring its
potential for ANN applications. In summary, this study elucidates the structural
advantages and RTP properties of DPS and BTDA while validating their application
potential in memory and artificial photosynapses. These findings provide valuable

insights for the development of next-generation high-performance optoelectronic devices.
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2.5 Tables and Figures

Table 2.1 The RTP lifetime decay profiles of the powdered materials are analyzed using

a bi-exponential fitting model.

A, (%) 7, (ms) A, (%) 7, (ms) T . (ms)

ve

DPS 0.604 0.271 0.396 2.951 2.622
DPS-C 0.854 0.199 0.146 2.012 1.350
BTDA 0.528 3.378 0.472 1.058 2.870

BTDA-C 0.689 0.426 0.311 1.749 1.285
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Table 2.2 The RTP lifetime decay profiles of the DPS and BTDA films and their

respective bilayers with pentacene are analyzed using a bi-exponential fitting model.

A, (%) 7, (ms) A, (%) 7, (ms) L (ms)

DPS 0.950 0.001 0.050 0.042 0.026
DPS/pentacene 0.945 0.001 0.055 0.029 0.017
BTDA 0.939 0.002 0.061 0.101 0.081
BTDA/pentacene 0.942 0.001 0.058 0.020 0.010
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Table 2.3 The phosphorescence lifetime decay profiles of the DPS and BTDA films and

their respective bilayers with pentacene were analyzed at 70°C using a bi-exponential

fitting model.
Item A, (%) 7, (ms) A, (%) 7, (ms) L (ms)
DPS 0.501 0.002 0.499 0.002 0.002
DPS/pentacene 0.500 0.001 0.500 0.001 0.001
BTDA 0.504 0.002 0.496 0.002 0.002
BTDA/pentacene 0.500 0.001 0.500 0.001 0.001
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Table 2.4 Summary of the transistor memory performance parameters focusing-on the

memory window and ratio at different biases during the photo-assisted writing.

Vg I/th, writea Vth, erasea Y| I/thb
Item Ion/IoF¥*
V) V) V) V)
0 3 18 1.5x10°
10 10 25 5.2 %104
DPS/PS —15
20 18 33 3.4 %10
30 24 39 7.1 x10°
0 -12 0 -
10 -12 0 -
DPS-C/PS -12
20 -12 0 -
30 -12 0 -
0 5 19 2.8x10°
10 12 26 1.5 %10
BTDA/PS —14
20 22 36 2.0 x 10°
30 27 41 2.9 x 10°
0 -5 6 4.4
10 —4 7 5.2
BTDA-C/PS —11
20 -3 8 9.3
30 -3 8 23.0

*Threshold voltage in the write (ON) or erase (OFF) states of a memory device.
®Memory windows (4Vin) are defined as AVin = Vin, write — Vin, erase.

“The memory ratio refers to the current difference between the ON and OFF states at Va
=—40V
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Table 2.5 Comparison of different memory devices based on their writing and erasing
processes, excitation wavelength, light intensity, and /on/lorr. The devices include
phosphorescent-type photomemory, electrical-type transistor memory, and organic
memristors.

Light
Writing Erasing y)
Devices structure Intensity Ion/Iorr Ref.
process process (nm)
(mWem?)
Photo-assisted
Electrical
Si/Si0,/BTDA/PS/ electrical This
erasing 265 285 ~10°
pentacene/Au ¥ writing study
(1s, Vy=-50V)
(10s, Ve=30V)
Si/Si0,/PS-b-P4VP/ Electrical
Photo writing
Ir(bt)2(acac)/ erasing 525 74258  ~10° [93]
(10 s)
pentacene/Au (5s, Ve=-60V)
Electrical
Si/Si0,/TIPS-3/PS/ Photo writing
erasing 450 5 ~10°  [96]
pentacene/Au ® (10 s)
(1s, Vy=-60V)
Si/Si0./Al/AIO/ Electrical Electrical
12DA9ND10-PA/ writing erasing - - ~10° [109]
pentacene/Au 9 (18 s, Vo=-5V) (185, Ve=+5V)
WORM
(Vertical Vie=—-14V - - - ~10°
ITO/MH- Cylinders )
b-PI /Al Flash [110]
) Memory
Veee =—1.7V Viese =3V - - ~ 102
(Horizontal
Cylinders)
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DRAM
Power-off
(Spherical Veer =—1.5V - - ~10°
dependent
Nanostructure)

% This study presents an RTP transistor memory that utilizes photo-assisted electrical
writing.

® A room-temperature phosphorescence-based transistor memory that employs pure
photo writing. Ir(bt)2(acac): bis(2-benzo[b]thiophen-2-
ylpyridine)(acetylacetonate)iridium(Ill), and PS-b6-P4VP:  polystyrene-b-poly(4-
vinylpyridine).

© A photo writing transistor memory that does not exhibit RTP. TIPS-3: 9,10-
bis[(triisopropylsilyl)ethynyl]anthracene.

9 A purely electrical writing transistor memory that does not exhibit RTP. DA:
diacetylenic, ND: naphthalenetetracarboxyldiimide, and PA: phosphonic acids.

® Purely electrical writing resistive memory devices that do not exhibit RTP. MH-b-PI:
carbohydrate-block-polyisoprene, WORM: write-once-read-many-times, and DRAM:
dynamic-random-access-memory.
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Figure 2.1 (a) The synthetic route for DPS-C. (b) 1H NMR spectrum of DPS-C in d-DMF.
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Figure 2.3 (a) Device configuration of the photomemory and photosynaptic transistors
and the chemical structures of the organic RTP materials and their imide-structured
references. (b) UV-vis absorption spectrum of DPS, DPS-C, BTDA, and BTDA-C films.
(c) Energy levels diagram of the studied materials. (d) AFM height images of the floating

gate DPS/PS, DPS-C/PS, BTDA/PS, and BTDA-C/PS thin films.
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Figure 2.4 XRD measurements of the bulk organic material powders and their mixture

with PS in the drop-cast films.
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Figure 2.5 (a) UPS and (b) tau plot of the UV-vis absorption spectra of DPS, DPS-C,
BTDA, and BTDA-C. The red dashed lines indicate the fitting onset values for calculating

the energy levels of these materials.
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Figure 2.6 AFM height images of the floating gate with pentacene semiconductor
DPS/PS/pentacene, = DPS-C/PS/pentacene, BTDA/PS/pentacene, and BTDA-

C/PS/pentacene.

73

doi:10.6342/NTU202503178



(a) (c) (d)
0.10 100
Fluorescence Phosphorescence s DPS o DPS-C Room temperature ST.XGE
_|—pps ——DPS BTDA ¢ BTDA-C 0.08 0.081 ud
2 BTDA . BTDA Fitting .
(7]
5 T E0.086 609
e < m
z h.'i Eo.04 3462 403
£ hﬂ% g 0026 X =
E A 30.02 0.017 20
. - . 0.01
350 400 450 500 550 600 :: @ @ 0.00 DPS DPS/ BTDA BTDA/ 0
Wavelength (nm) ; oo @ Pentacene Pentacene
(b) £ S & %%, 0 02 | (€)
§ Q@ P FNWHEDOL CDURIND QST P e
c 0.010
Fl Phosp. - . o
— DPS-C —o—DPS-C High temperature (70°0)
@ |—eTac —4—BTDAC Tavg = 2.870 ms 0.008}
§ T’?lll 006
s £0.0067
[
%‘ 'r.“=1.2:5 ms : 50_004 |
g 29 9 Q2
£ Bow ows @s o o S 0.002}.0:002 0.002
g " hadhnend had 0.001 0.001
- > - 0.000
350 400 450 500 550 600 0 5 10 15 20 DPS DPS/ BTDA BTDA/
Wavelength (nm) Time (ms) Pentacene Pentacene
U] y
Sy —1— S, =——
(3.0 eV) T, < (3.0 eV)
s (2.5 eV) \ T —
= g (23ev) | g\
[ c N\ c
2 o S N @ g\ S,
- 2 2 AN 2 @ N\ (1.9 eV)
> Q = N @ -
f=2] Q o ~ Q o
8 @ - ~ 3 & A T
c 5 ¢ Dexter  ~ 5 & N U
w 5 g ~| 5 o ~ (0.8ev)
2 = Energy £ £ ~ e
Transfer =~ e L -
s A A\ 4 s v v s
’ DPS ’ BTDA ¢ Pentacene

Figure 2.7 Photoluminescence and phosphorescence emission spectra of (a) dianhydride

derivatives (DPS, BTDA) and (b) diimide derivatives (DPS-C, BTDA-C) excited at 290

nm at room temperature. (c¢) Lifetime decay profiles of phosphorescence emission for

powder samples excited at 290 nm at room temperature. (d) Phosphorescence lifetime bar

chart and CTE for thin film samples, including the DPS and BTDA films and their

respective bilayers with pentacene, excited at 290 nm at 25 °C. (e) Phosphorescence

lifetime bar chart for thin film samples, the DPS and BTDA films, and their respective

bilayers with pentacene, excited at 290 nm at 70 °C. (f) Schematic illustration of the

fluorescence, phosphorescence, and DET mechanism of the RTP materials DPS and

BTDA with pentacene.

74

doi:10.6342/NTU202503178



(a) (b)

s DPS ¢ DPS

@ DPS/Pentacene @ DPS/Pentacene
BTDA BTDA
@ BTDA/Pentacene @ BTDA/Pentacene
—Fitting — Fitting
] ]

2

Intensity (a.u.)
Intensity (a.u.)

0.00 0.01 0.02 003 004 0.00 0.01 0.02 0.03 0.04
Time (ms) Time (ms)

Figure 2.8 Lifetime decay profiles of phosphorescence emission of the DPS and BTDA

films and their respective bilayers with pentacene excited at 290 nm (a) at room

temperature and (b) at 70°C.
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Figure 2.9 The transfer characteristics of the transistor memory device (a) DPS/PS, (b)
DPS-C/PS, (c) BTDA/PS, and (d) BTDA-C/PS as the floating gate dielectrics at Va=—40
V. The measurements involved photo-assisted electrical writing (265 nm, 285 mW cm?;
Ve=0, 10, 20, and 30 V) for 10 s or electrical erasing at V'g=—50V for 1 s. The devices

were measured at 25 °C and in a nitrogen environment.
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Figure 2.10 FTIR spectra of the organic materials (a) DPS, (b) DPS-C, (c) BTDA, (d)

BTDA-C/PS, and (e) pentacene, showing both the original samples and those exposed to

265-nm light (285 mW cm2) for 60 seconds under air.
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Figure 2.11 The hysteresis characteristics of the transistor memory device (a) DPS/PS,
(b) DPS-C/PS, (c) BTDA/PS, and (d) BTDA-C/PS as the floating gate dielectrics at Va =
—40 V. The measurements involved photo-assisted electrical writing (265 nm,
285 mW cm % Ve =0, 10, 20, and 30 V) for 10 s or electrical erasing at Vz=—50 V for 1

s. The devices were measured at 25 °C and in a nitrogen environment.
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Figure 2.12 The gate leakage current of the transistor memory device (a) DPS/PS, (b)
DPS-C/PS, (c) BTDA/PS, and (d) BTDA-C/PS as the floating gate dielectrics are
characterized by sweeping the gate voltage (V) from 30 to —60 V under a fixed drain
voltage at Va =—40 V. The measurements involved photo-assisted electrical writing (265
nm, 285 mW cm %; V= 0, 10, 20, and 30 V) for 10 s or electrical erasing at Vg=—50 V

for 1 s. The devices were measured at 25 °C and in a nitrogen environment.
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Figure 2.13 Transient characteristics of the transistor memory device were measured with

(a) DPS/PS, (b) DPS-C/PS, (c) BTDA/PS, and (d) BTDA-C/PS as the floating gate

dielectrics. The measurements were conducted at Va = —40 V under photo-assisted

electrical writing (265 nm, 285 mW cm™2; Vg = 0-30 V) for 10 s.

80

doi:10.6342/NTU202503178



—2—Initial Vg =50V
—Q—Vg =265 nm, Vg =10V —O—Vg =265 nm, Vg =20V —O—Vg =265 nm, Vg =30V

(@)

DPS/PS

=)
T

Drain current (A)
3 3

10-12 N N N . {i A T
-60 -50 -40 -30 -20 -10 0 10 20
(©) Gate voltage (V)
10*
BTDA/PS

L josp s 9
hd -
[
7]
E e
5 10 \\'\
: a
=
T 107 a
= b 2

10"

-60 -50 -40 -30 -20 10 0 10 20
Gate voltage (V)

(b)

(d)

-4

10

10°

Drain cerrent (A)

Drain cerrent (A)

Vg =265nm

DPS/PS

100

200 300
Time (s)

BTDA/PS

100

200 300

Time (s)

Figure 2.14 The transfer (a, ¢) and transient (b, d) characteristics of the transistor memory

device measured at 70 °C with (a, b) DPS/PS and (c, d) BTDA/PS as the floating gate

electrets at Va =—40 V. The measurements involved photo-assisted electrical writing (265

nm, 285 mW cm %, Ve = 0, 10, 20, and 30 V) for 10 s or electrical erasing at Vz=—50 V

for 1 s.
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Figure 2.15 Transient characteristics of the transistor memory device were measured with

BTDA/PS as the floating gate dielectrics under (a) different V4 from —5 to =40 V (265

nm, 285 mW cm%; 10 s; Ve = 30 V), and (b) different illumination times from 1 to 100 s

(265 nm, 285 mW cm %; Va=—40 V; Vg =30 V). (c) Long-term stability of the transistor

memory device BTDA/PS with Va=—-40V at V=0 V; the ON-state was measured after

photo-assisted electrical writing (265 nm, 285 mW cm™2; Vz= 30 V) for 10 s, and the

OFF-state was measured after electrical erasing at Vg = =50 V for 1 s. (d) WRER

switching test of the transistor memory device with BTDA/PS for 20 cycles measured

with Va = —40 V at Vg = 0 V under photo-assisted electrical writing (265 nm,

285 mW cm %; V=30 V) for 10 s and electrical erasing at Vg =—50 V for 5 s.
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Figure 2.16 Transient characteristics of the transistor memory device were measured with
DPS/PS as the floating gate dielectrics under (a) different V4 from —5 to —40 V (265 nm,
285 mW cm % 10's; Ve =30 V), and (b) different illumination times from 1 to 100 s (265
nm, 285 mW cm % Va = —40 V; Vg = 30 V). (c) Long-term stability of the transistor
memory device DPS/PS with Va =—40 V at Vy= 0 V; the ON-state was measured after
photo-assisted electrical writing (265 nm, 285 mW cm2; Vg = 30 V) for 10 s, and the
OFF-state was measured after electrical erasing at Vo =—-50V for 1 s. (d) WRER switching
test of the transistor memory device with DPS/PS for 20 cycles measured with Va = —40
V at V=0 V under photo-assisted electrical writing (265 nm, 285 mW c¢m2; V=30 V)

for 10 s and electrical erasing at Vg=-50V for 1 s.
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Figure 2.17 The transfer (a, b) and transient (¢, d) characteristics of the transistor memory
(a, ¢) DPS/PS and (b, d) BTDA/PS as the floating gate dielectrics at Va = —40 V. The
measurements involved photo-assisted electrical writing (265 nm, 285 mW cm™2; V=0,
10, 20, and 30 V) for 10 s or electrical erasing at V= —50 V for 1 s. Additionally, the
semiconductor layer was changed from pentacene to DNTT, and the corresponding device

characteristics were measured at 25 °C in a nitrogen environment.
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Figure 2.18 (a) Illustration of the staged human memory system. (b) The EPSC of the
BTDA/PS photosynaptic transistor emulates PPF behavior under two 265 nm
(1.7 mW cm2) light pulses. (c) The PPF ratio of the BTDA/PS photosynaptic transistor
was measured at pulse intervals ranging from 50 ms to 2 s under 265 nm (1.7 mW cm?)
light illumination, with Va=—10 V and Vg =0 V. (d) SNDP, (e) STDP, (f) SRDP, and (g)
SIDP of the BTDA/PS-based photosynaptic transistor under 265 nm (1.7 mW c¢m2) light

illumination, with Va=—10V and V=0 V.
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photosynaptic transistors were measured at At = 50 ms under 265 nm (1.7 mW cm2) light

illumination, with Va=—10V and V=0 V.
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Figure 2.21 Appearance of the MNIST hand-written digits after one denoising array (n =

).
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Chapter 3 Organic Long Persistent Luminescence
Materials Based on Host—Guest Systems

for Phototransistor Memory

3.1 Introduction

OFETs have emerged as promising components in flexible and low-cost electronics
due to their structural tunability and compatibility with solution-based processing.!''*!In
an OFET, the gate voltage modulates the charge carrier flow in the organic semiconductor
channel, enabling key functions such as amplification and switching.[''*) These
advantages have made OFETs increasingly attractive for next-generation transparent and
wearable technologies. By incorporating charge-trapping layers at the gate dielectric
interface, OFETs can be extended into nonvolatile memory devices. These OFET
memories retain data without a continuous power supply, and benefit from properties such
as mechanical flexibility, material diversity, and transparency—attributes difficult to
achieve with conventional inorganic memory technologies. [''*!!3! Strategies such as

113]

using metal nanoparticle arrays!!'>), polymer/ZnO nanocomposites!!!*], or self-doped

4] enhance charge retention and stability, further improving memory

polymer wells!
performance.
More recently, photomemory based on OFET structures has attracted attention for
its ability to utilize light as an additional stimulus to modulate memory states. In such
devices, light-responsive layers enable photo-induced charge trapping or release,
allowing optical control of memory functions. This approach expands OFET applications

to fields like image sensing and neuromorphic computation.!16:117]
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Despite the progress in OFET-based photomemory technologies, the choice of light-
responsive materials remains a critical bottleneck that limits both performance and
integration versatility. Most reported systems rely on conventional photochromic or
exciton-based semiconductors, which often suffer from limited retention time, oxygen
sensitivity, or complex device architectures. To address these challenges, recent attention
has turned toward organic emitters with intrinsically long-lived excited states, particularly
OLPL systems. These materials offer unique advantages in photophysical behavior,
stability, and compatibility with solution processing—making them highly attractive for
light-activated memory applications.

Organic materials with long-lived excited states—including TADF, RTP, and OLPL
have attracted significant attention in optoelectronics for their unique exciton dynamics.
TADF materials achieve microsecond-scale emission through efficient RISC between
singlet and triplet states, whereas RTP materials rely on spin-forbidden radiative
transitions from the triplet state, with emission lifetimes extending to seconds.!''®! By
contrast, OLPL systems exhibit minute to hour-scale luminescence by forming long-lived
CS states that slowly recombine to emit light, often in the absence of continuous
excitation, 191211

OLPL materials have been widely explored for applications in data encryption,
optical storage, and time-resolved bioimaging.[?>!22] Unlike RTP, which displays a
exponential decay, OLPL exhibits power-law decay kinetics, reflecting the gradual
recombination of spatially separated charges.['*!) Additionally, OLPL does not require
heavy-metal-based phosphors and can circumvent oxygen quenching under proper
molecular design, making it more suitable for practical and biological applications
compared to RTP.['?*123] Historically, LPL has been dominated by inorganic phosphors

such as SrAL:04:Eu** Dy**, which provide glow durations over 10 hours.['>] However,
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these materials require high-temperature solid-state synthesis, involve rare earth dopants,
and often suffer from processability and toxicity concerns. In contrast, purely organic
OLPL materials offer low cost, facile solution processing, mechanical flexibility, and
biocompatibility—desirable attributes for next-generation sustainable optoelectronics.!'!®:
123-125]

Despite their great potential, OLPL materials have not yet been applied in OFET
photomemory devices. Considering their light-activated memory potential, long-
persistent luminescence, and mechanical flexibility!'** 1231, we propose the introduction
of host—guest structured OLPL systems into photomemory architectures. This approach
is expected to enable the development of metal-free memory devices with long retention
time. It offers a novel direction for the design of organic photomemory devices and
expands the application potential of OLPL materials in memory functionality.

In this study, an OLPL system with a host—guest structure was developed, employing
PMMA as the host matrix, TPB, NPB, and DMFL-NPB as molecules, and C8-NDI as the
organic semiconductor channel material. By designing the energy level between host and
guest, and optimizing the guest concentration, the system aims to achieve persistent
afterglow emission. We systematically investigated how different host—guest
combinations influence the luminescent behavior, memory ratio, memory window, and
device stability. AFM was used to examine the film morphology, while UV-vis
absorption and PL spectroscopy were employed to characterize the optical properties. The
results show that the PMMA/DMFL-NPB system containing 5 wt% DMFL-NPB

exhibited the most pronounced memory performance.
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3.2 Experimental Section

3.2.1 Materials

N,N, N’ N'-tetraphenylbenzidine  (TPB, >99.0%) and  2,7-bis(N-(1-
naphthyl)aniline)-9,9-dimethylfluorene [DMFLNPB, >98.0%] were purchased from
Tokyo Chemical Industry. N, N'-bis(naphthalen-1-yl)-N, N'-bis(phenyl)-benzidine [NPB,
>99.5%] and C8-NDI were purchased from Luminescence Technology Corp.
Poly(methyl methacrylate) [PMMA, Mw = 350,000 g/mol] and Anisole (anhydrous,

99.7%) were purchased from Sigma-Aldrich.

3.2.2 Fabrication of the Devices

TPB, NPB, DMFLNPB were dissolved in anisole at 5 mg mL!, respectively, while
PMMA was dissolved in anisole at 50 mg mL!. The solutions were stirred overnight at
60 °C and subsequently filtered using a 0.22 um polytetrafluoroethylene syringe filter.
Subsequently, the guest solutions of TPB, NPB, and DMFLNPB were individually mixed
with the PMMA host solution at various weight ratios to prepare formulations containing
2 wt%, 5 wt%, 10 wt%, and 15 wt% of the guest materials (corresponding to 98 wt%, 95
wt%, 90 wt%, and 85 wt% of PMMA, respectively). The resulting mixtures were stirred
overnight at 60 °C to ensure thorough homogenization. Highly n-doped silicon wafers
with a 100 nm SiOz layer were first treated using UV—ozone irradiation for 30 minutes to
eliminate surface contaminants and enhance surface wettability. Subsequently, the
prepared solutions were spin-coated onto the wafers at 2000 rpm for 60 seconds under a
nitrogen environment, forming uniform thin films. A 50 nm-thick C8-NDI semiconductor
layer was thermally deposited onto the dielectric layer at a deposition rate of 0.2-0.3 A

s”!. Finally, a 70 nm Au layer was deposited through a patterned shallow mask to define
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the source and drain electrodes, with channel dimensions of 1000 4m in width (W) and
50 um in length (L). All thermal evaporation steps were performed in a vacuum chamber

maintained at a base pressure of 10~ Torr.

3.2.3 Characterization

The UV-vis absorption spectra were acquired using a Hitachi U-4100
spectrophotometer. The film morphologies were analyzed using Bruker MutiMode 8
atomic force microscope (AFM). The PL and OLPL emission spectra were measured
using a Jobin Yvon Fluorolog-3 spectrofluorometer. The electrical performance of the
transistor memory devices was characterized using a Keithley 4200-SCS semiconductor
parameter analyzer under a nitrogen atmosphere in a glove box. The devices' transfer
curves were analyzed by sweeping the Vg from —30 to 60 V with the Va fixed at 50 V. The
electrical erasing process was achieved by applying Ve =60V for 2 s. In contrast, a photo
writing process was carried out using 365 nm light (18 mW cm™2) and for 10 s,
respectively. The devices' retention and WRER were measured using a Keithley 2634B

(Keithley Instruments Inc.) inside a nitrogen-filled glovebox.

3.3 Results and Discussions

3.3.1 Device Structure and Morphology Characterization

The device structure used in this study is shown in Figure 3.1a. The OLPL electret
layer is composed of a host—guest system, where PMMA serves as the host, and TPB,
NPB, and DMFL-NPB are used as guest organic luminescent molecules to construct
different host—guest combinations. PMMA is an insulating polymer with good film-

forming ability and deep energy levels, which provides good dispersion for the guest
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molecules in the system. At the same time, the guest molecules TPB, NPB, and DMFL-
NPB are aromatic amine derivatives with different degrees of n-conjugation. The nitrogen
atoms in their structures help stabilize the radical cations formed after photoexcitation
through electronic delocalization. C8-NDI is selected as the semiconductor channel
material, and the devices are fabricated in a bottom-gate/top-contact OFET configuration.
To further understand the energy level of the materials used in this study, the
HOMO/LUMO values were compiled based on previously reported literature!!26-13% as
illustrated in Figure 3.1b. Specifically, the HOMO/LUMO values for C8-NDI, TPB,
NPB, DMFL-NPB, and PMMA are (—5.54/—2.48) eV, (—5.52/-2.27) eV, (—5.01/~1.91)
eV, (—4.90/-1.90) eV, and (—7.30/—1.80) eV, respectively. As shown in Figures 3.1c—e,
the UV—vis absorption spectra of NPB, TPB, and DMFL-NPB blended into the PMMA
matrix at concentrations of 2, 5, and 15 wt% exhibit absorption bands within the 200 to
400 nm range. Notably, a pronounced absorption peak appears near 365 nm, which was
selected as the excitation wavelength for memory operation in this study. It is important
to note that, despite variations in concentration, the shape of the absorption peaks remains
largely unchanged. Finally, the surface morphology of the host—guest blend films with
different guest concentrations was examined using AFM, as shown in Figure 3.2. All
films exhibited the roughness values around 0.2 nm, indicating a uniform and smooth
surface. Such morphology provides a favorable interface for the growth of the C8-NDI

semiconductor layer.

3.3.2 Optical Properties

After confirming the film morphology at different guest concentrations, we further
investigated the concentration-dependent OLPL emission characteristics. Figures 3.3a—c

show the fluorescence and OLPL emission spectra of NPB/PMMA, TPB/PMMA, and
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DMFL-NPB/PMMA at various concentrations. The results indicate that for guest
concentrations of 2 wt%, 5 wt%, and 15 wt%, the fluorescence emission wavelengths of
NPB, TPB, and DMFL-NPB are primarily distributed between 400 and 550 nm. Notably,
the 2 wt% and 5 wt% samples exhibited strong and distinct OLPL signals, with emission
wavelengths ranging from 500 to 650 nm, suggesting that these concentrations effectively
promote the formation and stabilization of charge-separated states. However, under the
high-concentration condition of 15 wt%, the emission intensity decreased significantly.
This confirms that excessive guest content reduces intermolecular spacing, increases the
probability of electron—hole recombination, and suppresses delayed luminescence. These
findings also suggest the existence of a concentration threshold for achieving OLPL.
Figures 3.3d—f present the visual OLPL behavior of the same systems at different
concentrations. It can be observed that the 2 wt% and 5 wt% samples still exhibit visible
afterglow at 0.4 seconds after the light is turned off.

Figures 3.4a—c present the time-resolved OLPL decay profiles of TPB/PMMA,
NPB/PMMA, and DMFL-NPB/PMMA films under 365 nm UV excitation. When plotted
on logarithmic x- and y-axes, all samples exhibit a clear linear trend, indicating that their
emission decay follows a power-law behavior consistent with the Debye—Edwards law.
This empirical model describes a class of dispersive recombination kinetics in which
photoexcited electrons become trapped within local trap states in an amorphous or rigid
dielectric matrix and gradually recombine with spatially separated holes over an extended
time scale. The photoluminescence intensity is described by the relation [ (t ) <t~ ™,
where the exponent mm characterizes the carrier recombination rate; a smaller mm value
corresponds to slower recombination and a longer afterglow duration.[?- 1311 A consistent
trend is observed across all three systems: samples with a 5 wt% guest concentration

exhibit the highest initial OLPL intensity and the slowest decay rate. This suggests that
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this concentration facilitates efficient photoinduced charge separation and long-lived
charge carrier stabilization, leading to the formation of persistent charge-separated states.
In contrast, although the 2 wt% samples still display observable OLPL signals, the lower
guest molecule density limits the energy transfer efficiency and the number of charge-
separated pairs formed, resulting in weaker emission intensity and reduced afterglow
duration. On the other hand, the 15 wt% samples exhibit a faster decay and significantly
reduced emission intensity, likely due to shortened intermolecular distances that increase
carrier recombination rates. These conditions collectively enhance non-radiative decay
pathways and suppress the formation of long-lived charge-separated states, thereby
diminishing the OLPL intensity and shortening its persistence.

Overall, these results confirm that guest concentration plays a critical role in
determining OLPL performance. A guest concentration of 5 wt% was confirmed to be the
optimal condition, as it effectively balances intermolecular spacing and dispersion,
enhances exciton management and charge storage efficiency, and thereby enables stable
and long-persistent luminescence. This provides a clear strategic guideline for the design

of high-performance organic photomemory materials.

3.3.3 Characterization of Phototransistor Memory

After completing the analysis of OLPL optical characteristics, bottom-gate/top-
contact OFET memory devices were fabricated using C8-NDI as the semiconductor layer
to evaluate their memory behavior, as illustrated in Figure 3.1a. Figure 3.5, Figure 3.6,
and Figure 3.7 show the transfer characteristics of devices using TPB, NPB, and DMFL-
NPB as the guest molecules at different concentrations. All devices were measured under
a fixed drain voltage (Va = 50 V), with Vg swept from —30 V to +60 V. For the erase

operation, a gate voltage of V= 60 V was applied for 2 s, resulting in a negative shift in
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the Vi, indicating that the device turned to the OFF state. Subsequently, photowriting was
performed by irradiating the devices with 365 nm light (18 mW cm?) for 10-s, during
which a positive shift in Vin was observed, suggesting successful carrier trapping and
storage. The AV is defined as the difference between the erase and write states: AVin =
Vi, erase — Vin, write. As shown in Figure 3.5, for the TPB/PMMA system, the values of (Vm,
erase, Vth, write, AVth) for guest concentrations of 2 wt%, 5 wt%, 10 wt%, and 15 wt% were
(5,-7,12) V, (9, -9, 18) V, (6, =5, 11) V, and (5, =5, 10) V, respectively. In Figure 3.6,
for NPB/PMMA devices, the corresponding values were (5, —15, 20) V, (9, —18, 27) V,
(7, =3, 10) V, and (4, —2, 6) V. In Figure 3.7, for the DMFL-NPB/PMMA system, the
values were (8, —14, 22) V, (7, =20, 27) V, (3, =7, 10) V, and (6, —4, 10) V. A summary of
AV values for all samples is provided in Table 3.1. From the results, it is evident that
among all three guest systems, the devices with 5 wt% guest concentration consistently
exhibited the largest threshold voltage shifts. This indicates a significantly expanded
memory window, reflecting superior charge trapping capability and retention stability,
which together enhance the overall memory performance of the devices.

After evaluating the typical n-type transfer characteristics, the photoresponse and
memory stability of the devices were further investigated using transient current
measurements, as shown in Figures 3.8a—c. Under photowriting conditions with 365 nm
light (18 mW c¢m?) for 10 s, all three systems—TPB/PMMA, NPB/PMMA, and DMFL-
NPB/PMMA—demonstrated optimal Jon//orr performance at a guest concentration of 5
wt%, reaching approximately 1.1 x 10°, 1.7 x 10°, and 4.9 x 10°, respectively. These
transient responses are summarized in Table 3.1, which clearly shows that for each guest
system, the 5 wt% sample consistently achieved both the largest AV and the highest
Ion/Iorr, followed by the 2 wt% samples. This behavior can be attributed to enhanced

OLPL effects that support longer carrier lifetimes and more stable charge trapping. As a
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result, the written state can be maintained even without continuous light exposure or gate
bias, demonstrating non-volatile memory characteristics. Among all the samples, the
device with 5 wt% DMFL-NPB exhibited the most outstanding performance, showing
the highest Vth shift and the greatest Jon//orr. This can be further explained by the highly
conjugated molecular structure of DMFL-NPB, which effectively stabilizes the photo-
generated radical cations and extends hole lifetimes. In addition, the relatively high
HOMO level of DMFL-NPB facilitates the formation of deeper hole trapping,
suppressing recombination with electrons. This favorable energy level configuration not
only stabilizes the spatially separated charge pairs but also prolongs the OLPL lifetime
and improves both memory performance and electrical stability. [’6 132-134] These findings
indicate that DMFL-NPB is the most promising guest molecule among the systems
studied. Furthermore, previous studies have shown that compared to NPB, DMFL-NPB
exhibits better m-conjugation extension and higher molecular rigidity due to the
incorporation of a rigid fluorene core and multiple aryl side groups.['** This structural
design enhances the stability of radical cations and improves charge injection efficiency,
ultimately contributing to higher hole mobility and extended charge storage lifetime.
Since the 5 wt% TPB/PMMA, NPB/PMMA, and DMFL-NPB/PMMA devices
exhibited the best memory stability, we further investigated their long-term retention
performance. As shown in Figures 3.9a—c, after photowriting (365 nm, 18 mW cm 2, 10
s) and electrical erasing (Vz = 60V, 2 s), all three devices maintained a stable Jon/IoFr
approximately 10° over a duration of 10,000 seconds, indicating excellent data retention
capability. We further examined the influence of erase duration on memory erasure
performance for the 5 wt% samples, as shown in Figures 3.10a—c. In the TPB and NPB
systems, although partial erasure was achieved within 2 to 5 seconds, the minimum OFF

current only dropped to around 10! A, failing to return to the initial pre-written level of
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1012 A. Prolonging the erase time did not significantly improve the erasure efficiency, as
shown in Figure 3.10a and Figure 3.10b. For the DMFL-NPB system, Figure 3.10c
shows that erasure was largely ineffective, indicating more stable and persistent charge
trapping. This behavior is closely related to the strong OLPL properties of these systems.
Enhanced OLPL is associated with highly stabilized radical states and prolonged charge
separation lifetimes, which are beneficial for long-term data retention. However, such
stability also hinders the release of trapped charges during the erase process, as the applied
electric field cannot easily overcome the deep trap potential and localization energy. As a
result, the OFF current cannot fully recover, and the erasure becomes incomplete. This
outcome highlights a trade-off between memory stability and electrical rewritability in
OLPL-based devices, which must be carefully considered in future memory design.
Figure 3.11a presents the WRER test results for the 5 wt% TPB/PMMA and NPB/PMMA
devices. After 20 write-read—erase-read cycles, both devices maintained stable
performance with no significant degradation, demonstrating excellent endurance and
operational reliability. However, the minimum OFF current remained around 10! A,

consistent with the limited erasure efficiency observed earlier.

3.3.4 Operating Mechanism of the OLPL Phototransistor Memory

Device

As illustrated in Figure 3.12, the working mechanism of the OLPL-based
phototransistor memory can be understood by correlating the observed optical behavior
with the underlying charge trapping dynamics during device operation. The
measurements were performed at Va = 50V, photowriting used 365 nm light

(18 mW cm?) for 10 s, and erasing was done by applying Ve = 60 V for 2 s.
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Upon photoexcitation, electrons are promoted from the HOMO to the LUMO of the
guest molecules. Some of these electrons remain in the guest LUMO, while others transfer
to energetically favorable acceptor levels such as the LUMO of C8-NDI or the LUMO of
PMMA. Meanwhile, the corresponding holes are trapped in the HOMO levels of the guest
molecules. Due to the extremely deep HOMO level of PMMA (—7.30 eV), significantly
lower than that of the guest materials (—4.9 to —5.5eV), it cannot provide sufficient
electrons to neutralize the holes. This energy level design stabilizes the charge-separated
state, prolongs its lifetime, and results in delayed radiative recombination known as OLPL.

During the electrical erasing operation, a positive gate bias induces an electric field
that facilitates the tunneling of electrons from the source electrode into the active layer.
These injected electrons recombine with the trapped holes in the guest HOMO, enabling
partial neutralization of the previously stored charges. The electrons are selectively
captured by positively charged traps located near the interface of the electret layer, which
corresponds to the experimentally observed positive shift in threshold voltage. Since only
the interfacial holes can be effectively neutralized, the erasing process cannot fully restore

the initial state, resulting in partial reversibility of the system.

3.4 Summary

This study successfully developed an OLPL-based memory devices with a host—
guest structure, where PMMA was used as the high-energy-barrier host matrix, and three
aromatic amine small molecules with different degrees of conjugation (TPB, NPB, and
DMFL-NPB) were selected as guest materials. These were integrated with a C8-NDI
semiconductor channel in a bottom-gate/top-contact OFET architecture. The effects of

guest concentration on both luminescence properties and memory performance were
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systematically investigated. The results confirmed that 5 wt% was the optimal guest
concentration, enabling efficient generation of stable charge-separated states under
photoexcitation, along with the strongest OLPL emission and best memory performance:.
Among the systems studied, the DMFL-NPB/PMMA device showed the most
outstanding performance, achieving the highest Ion/loff ratio, the largest AVth, and
retention stability exceeding 10,000 seconds. This superior behavior is attributed to its
highly conjugated molecular structure and higher HOMO level, which help stabilize
radical cations and facilitate the formation of deep hole traps. However, this high stability
also leads to limited charge release during the erase process, indicating that the balance
between memory retention and erasability still requires further optimization. Overall, this
work demonstrates the promising application of OLPL materials in non-volatile memory
devices and provides useful design strategies for host—guest energy level alignment and
composition optimization, offering clear guidance for the development of next-generation

organic, metal-free memory systems.
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3.5 Tables and Figures

Table 3.1 The phototransistor memory characteristics are summarized, highlighting the

memory window and memory ratio.

Guest Vth, erase Vth, write
Item AV (V) Ion/Iorr
(Wt%) V) M)
2 5 7 12 1.8 x 10*
5 9 -9 18 1.1 x 10°
TPB/PMMA
10 6 5 11 5.0x 103
15 5 5 10 2.0 x 103
2 5 -15 20 1.5 x 10°
5 9 -18 27 1.7 x 10°
NPB/PMMA
10 7 3 10 4.8 x 10°*
15 4 ) 6 1.4 x 10*
2 8 14 22 4.9 x 10°*
DMFL- 5 7 20 27 49 x 10°
NPB/PMMA 10 3 -7 10 4.1 x10*
15 6 4 10 1.3 x 10*
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Figure 3.1 (a) Schematic illustration of the phototransistor memory structure and the

molecular structures of the host—guest systems. (b) Energy levels diagram of the materials

investigated in this study. UV-vis absorption spectra of (c) TPB/PMMA, (d) NPB/PMMA,

and (e) DMFL-NPB/PMMA films.
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R, =0.22 hm

R;=0.21'nm

Figure 3.2 AFM height profiles of TPB/PMMA, NPB/PMMA, and DMFL-NPB/PMMA

thin films.
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Figure 3.3 (a—c) The fluorescence and OLPL emission spectra of (a) NPB/PMMA, (b)
TPB/PMMA, and (¢) DMFL-NPB/PMMA films at different guest concentrations, excited
under 365 nm. (d—f) Photographs of (d) NPB/PMMA, (¢) TPB/PMMA, and (f) DMFL-
NPB/PMMA films under 365 nm (top) and 0.4 s after the light was turned off (bottom),

illustrating the concentration-dependent OLPL behavior.
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Figure 3.4 OLPL decay profiles of (a) TPB/PMMA, (b) NPB/PMMA, and (¢c) DMFL-
NPB/PMMA films with different guest concentrations after 365 nm excitation. The decay

profiles exhibit a power-law behavior that fits the Debye—Edwards law.

106

doi:10.6342/NTU202503178



—@— Initial

I/!I =60V,2s =—@—365nm,10s

Lo

10 20 30 40 50 60

Gate voltage (V)

(a) (b)
10 2 wt% 10} 5 wt%
< 107} < 107
- hd
c y c
g 10°% A g 107
3 10-11 .(‘/ 3 10-11_
£ W\NWWWV £ 00000 50
E 10-13_ E 10-13»
o o
10-15 " . . N N N " " 10-15 N L L
30 20 10 0 10 20 30 40 50 60 .30 20 10 0
Gate voltage (V)
(c) (d)
10°} 10 wt% 10°} 15wtk
< 107} <
€ t
-9
£ £
310"} 3 10"} /
i W =
S 10" £ 10"}
o o
107 T T 10" NI ML
30 20 10 0 10 20 30 40 50 60 30 20 10 0

Gate voltage (V)

10 20 30 40 50 60

Gate voltage (V)

Figure 3.5 Transfer characteristics of the TPB/PMMA phototransistor memory device

with varying guest concentrations—(a) 2 wt%, (b) 5 wt%, (c) 10 wt%, and (d) 15 wt%—

measured at Va = 50 V. The measurements were performed after photowriting using 365

nm light (18 mW c¢m2) for 10 s and electrical erasing at V=60 V for 2 s.
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Figure 3.7 Transfer characteristics of the DMFL-NPB/PMMA phototransistor memory

device with varying guest concentrations—(a) 2 wt%, (b) 5 wt%, (c¢) 10 wt%, and (d) 15

wt% —measured at Va = 50 V. The measurements were performed after photowriting

using 365 nm light (18 mW cm™2) for 10 s and electrical erasing at Vy= 60 V for 2 s.
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Figure 3.9 Long-term stability of the phototransistor memory devices with 5 wt% guest
concentration was evaluated using (a) TPB/PMMA, (b) NPB/PMMA, and (c) DMFL-
NPB/PMMA as the electret layers at Va = 50 V. The ON-state was measured after

photowriting with 365 nm light (18 mW c¢m™2) for 10 s, and the OFF-state was measured
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Figure 3.12 Schematic illustration of (a) the mechanism of OLPL in host—guest systems,

and (b) the operating mechanism of OLPL-based host—guest systems in phototransistor

memory devices.
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Chapter 4 Conclusion and Future work

This study presents the first systematic integration of purely organic RTP and OLPL
materials as floating-gate layers in OFETs, aiming to explore their potential. in non-
volatile photomemory and synaptic devices. In the RTP system, DPS and BTDA exhibited
long-lived triplet excitons, with the BTDA/PS-based device achieving a high memory
on/off ratio of up to 10° under photo-assisted electrical writing and maintaining stable
retention over 10,000 seconds. The rigid molecular structures and strong intermolecular
interactions of these materials effectively suppressed nonradiative decay, making them
ideal candidates for floating-gate light-emitting dielectrics. In addition, the device
demonstrated excellent photo-synaptic behavior, showing both short-term and long-term
plasticity under repeated light pulses. It was further applied in neural network simulations,
where it exhibited strong recognition performance, confirming its feasibility in artificial
intelligence systems.

On the other hand, the OLPL system used PMMA as a host matrix, mixed with
various aromatic amine molecules including TPB, NPB, and DMFL-NPB. By adjusting
the energy level alignment and optimizing the guest concentration, especially at 5 wt%,
the devices showed strong OLPL emission and stable charge storage behavior. Among
these, DMFL-NPB, due to its extended conjugated structure and relatively high HOMO
level, helped generate stable radical cations and deep hole trapping, leading to the best
memory window and charge retention. However, the strong charge stability also reduced
the erasing efficiency, showing a trade-off between long-term storage and reversibility
that should be addressed in future designs.

Overall, this work offers a novel approach by combining delayed-excited-state

materials with organic memory devices, and proves that purely organic RTP and OLPL
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materials can effectively enhance the performance and lifetime of OFET-based memory.
Moreover, the long-lived excitons and stable charge-separated states generated by these
materials enable data retention without continuous power supply, which meets the needs
of modern memory technologies. The use of metal-free, solution-processable organic
molecules also ensures environmental friendliness, material simplicity, and lower
manufacturing costs. Furthermore, the demonstrated photo-synaptic behavior and tunable
memory properties suggest strong potential for applications in neural networks and
intelligent sensing systems. This research lays a solid foundation for the future
development of flexible electronics, sensory memory devices, and multilevel memory
systems, contributing to the advancement of next-generation sustainable and intelligent

memory technologies.
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