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Recent Advances in Organic Phototransistors: Nonvolatile
Memory, Artificial Synapses, and Photodetectors

Yan-Cheng Lin,* Wei-Chen Yang, Yun-Chi Chiang, and Wen-Chang Chen*

Recent research interest in organic field-effect transistor (FET) memory has
shifted to the functionality of photoprogramming in terms of its potential uses in
multibit data storage and light-assisted encryption and its low-energy con-
sumption and broad response to various optical bands. Phototransistor memory
can be modulated through both electrical stress and light illumination, allowing it
to function as an orthogonal operation method without mutual interference.
Herein, the basic design concepts, requirements, and architectures of photo-
transistor memory are introduced. Design architectures such as channel-only,
channel-with-photogate, photochromatic channel devices and floating gate,
photoactive polymer, and organic molecule-based electrets are systematically
categorized. The operational mechanism and impact of effective combinations of
channels and electrets are reviewed to provide a fundamental understanding of
photoprogramming as well as its potential future developmental applications as
nonvolatile memory. Furthermore, recent advances in phototransistors and their

conductance can be modified incremen-
tally by controlling charge or ion flux
through them.' Two-terminal devices
represent the merits of simple structure
and compatibility with high-density cross-
bar array architecture. However, their sig-
nal transmission and programming
functions cannot be performed concomi-
tantly, and this demerit further confines
its application in artificial synapse owing
to the mutually interfered learning and
forgetting functions. In contrast to two-
terminal devices, three-terminal devices
can receive and read stimuli concurrently,
and they can be divided into memristor and
transistor-type devices.*™®! Memristor is
fabricated by connecting two memristors

diverse applications, including nonvolatile memory, artificial synapses, and
photodetectors, are summarized. Finally, the outlook for the future development
of phototransistors is briefly discussed. A comprehensive picture of the recent

progress in phototransistors is provided.

1. Introduction

In the past decade, nonvolatile memory devices have emerged as
the most innovative products of the electronics community. With
regard to nonvolatile memory devices, they can be majorly
categorized into two or three-terminal devices. In terms of
two-terminal devices, there are memristors, ferroelectric
memristors, phase-change, or diode-type devices, that their
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to the same bottom electrode and the mem-
ristor functions are achieved by switching
the memristors in parallel® Transistors
show highly concentrated carrier concen-
trations in channels, which is conducive
to higher sensitivity than memristors.
Notably, transistors are capable of produc-
ing spatiotemporal effects by installing
multiple gates to obtain signals from different sources.
Therefore, three-terminal devices, in terms of transistors, are
more competent in versatile optoelectronic applications, includ-
ing nonvolatile memory, artificial synapses, and detectors.”*!
With regard to the material systems of transistors, inorganic
materials such as perovskite quantum dots (QDs) or graphene,
transition metal dichalcogenides with intralayer covalent bonding,
and interlayer van der Waals interaction have the advantages of
good stability, high carrier mobility, and moderate bandgap,” !
whereas organic materials have the merits of having large free
volumes to mediate migration of abundant ions and easy tunabil-
ity by modification of chemical structures and physical properties
such as crystallinity and compatibility with solution processing
that enables easy and scalable fabrication.'®!" These merits
overcome the obstacles of inorganic materials requiring compli-
cated manufacturing technologies and expensive facilities, and
they are also very frangible. Notably, organic field-effect transis-
tor (OFET) memory has attracted extensive attention owing to its
advantages in terms of nondestructive readout, easily integrated
structures, good compatibility with complementary metal oxide
semiconductors (CMOS), light weight, and flexibility for use in
next-generation wearable devices.”?™**! The rapid development
of the Internet of Things (IoT) and artificial intelligence and
the urgent demand for information storage (or big data) have sig-
nificantly accelerated the growth of computational calculation.
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However, there remains a significant gap between the amount of
data generated and the capacities of storage media that consti-
tutes a so-called “memory wall” bottleneck in the development
of digital technology. One important solution to this problem
is to develop high-performance memory devices based on new
architectures and functionalities such as resistive random access,
ferroelectric random, and nonvolatile transistor memory.
Another approach is to exploit multilevel storage functionality
to enhance the capacity and reduce the memory space of individ-
ual memory units.[?>~2")

Phototransistor is a photosensitive architecture in which inci-
dent light can modulate the channel charge carrier density,
enabling the use of light as an additional terminal for optically
controlling device operation along with the three conventional
terminals. Thus, the phototransistor can be modulated not only
via electrical stress but also through illumination, allowing it to
serve as an additional channel for carrying out the programming
function without mutual interference. More importantly, pho-
tonic memory is more competent than electric programming
memory at achieving multilevel data storage with high discrep-
ancy, as it avoids the drawback of destructive reading because the
electric reading process is orthogonal to the light programming
process.”* % A high-performance phototransistor memory will
usually have a large memory window (the shift in threshold volt-
age between the ON and OFF states) and a high memory ratio
(the difference in current between these two states, which distin-
guishes the data storage levels and reflects the reliability of the
memory device). Although early studies focused primarily on
photoinduced charge modulation in the transistor device chan-
nels and the application of this to photodetectors, the use of light
illumination to assist in the charge storage effect further broad-
ens the applicability of phototransistors by adding photoswitch-
ability to the device’s hysteretic characteristics. Such hysteresis
allows for tuning at arbitrary wavelengths and illumination inten-
sities, enabling photosensitive devices with specific photorespon-
sivities and photosensitivities and, most importantly, nonvolatile
information storage. In this manner, phototransistors can con-
vert signals provided by electric optics using amplification prop-
erties, and photomemory devices can store light information as
electrical signals as building blocks for optical signal processing
and photonic neuromorphic circuits. Moreover, combining the
responses from electric fields and light irradiation enables
advanced applications such as multibit data storage, light-
assisted encryption, dual-mode operation with ambipolar
memory effect, and photorecovery. Thus, the focus on organic
phototransistors recently shifted to the exploitation of the efficacy
of memory characteristics and synaptic behavior.?'=*!

Memory devices can be categorized as long-term, short-term,
and sensor memory depending on their volatilities. An artificial
synapse is regarded as a short-term memory (STM) device with
medium volatility, whereas a photodetector should not show hys-
teresis to optical or electrical stimuli and will produce a
completely volatile signal after removing external stimuli.
Generally, phototransistors with strong hysteresis are used as
memory devices; in contrast, phototransistors with negligible
hysteresis are good photodetectors. Artificial synapses lie in
between memory and sensors: depending on the operational his-
tory, such devices will have medium volatility and hysteresis to
external stimuli. It is worthwhile noting that with the growing
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development of neuromorphic computation, the design on effi-
cient artificial synapses similar to those of biological synapses is
of increasing importance.>***! A sensory synapse comprising
photosynaptic transistors is more favorable than that of sensor
integration comprising a photodetector and a nonvolatile mem-
ory in device miniaturization and emulating human perception
systems executing processing and memory functionality with an
ultralow energy consumption.*%”!

Although extensive research efforts have been dedicated to
developing high-performance phototransistors, electrically
driven devices still predominate in data storage and processing
applications. Still, phototransistors are being extensively investi-
gated for their promising properties, which is our motivation
here in depicting a full picture of the material selection and struc-
tural design of phototransistos. In this article, we present a
review of the developments in phototransistors and the design
of constituent materials. Starting from the nonvolatile memory
application, device architectures can be categorized into single-
layer devices, including 1) channel-only devices (Figure 1a),
2) devices with channels and with photogates (Figure 1b), and
3) devices with photochromic channels (Figure 1c), and bilayer
devices incorporating 4) inactive polymer electrets (Figure 1d),
5) polymer insulators with blocked floating gates (Figure 1e),
6) floating gate electrets (Figure 1f), 7) photoactive polymer elec-
trets (Figure 1g), and 8) organic molecule-based electrets
(Figure 1h). In this article, the materials used in these device
architectures are thoroughly discussed. After an introduction
to phototransistor memory devices in Section 1, device
architectures, performance characteristics, (Figure 2a,b), and
working principles (Figure 2c,d) are described in Section 2.
In Section 3, material designs and the structure—performance
relationships in different phototransistor memory device
architectures are categorized and detailed. Other applications
of phototransistors, including artificial synapses and photodetec-
tors, are introduced in Section 4. Finally, the existing challenges
and future outlook for phototransistors are presented in
Section 5.

2. Device Architecture and Working Principle of
Phototransistor

2.1. Working Principles to Nonvolatile Memory

A typical transistor-type memory device comprises a charge stor-
age layer in the form of, for instance, a floating gate or polymeric
electret, inserted between a gate dielectric and a semiconducting
channel. This structure allows each single transistor cell to pos-
sess at least two stable memory states that are controlled through
external stimuli, such as electric fields applied from the gate bias
or light illumination, to produce adjustable conductance states
within the semiconducting channel, while precisely modulating
the resulting source-to-drain current level and threshold voltage
of the channel. Typical transfer characteristics (drain current (Ig)
versus gate voltage (V,)) are affected by the carrier concentration
within a semiconducting channel located between source and
drain electrodes, resulting in an amplified effect during voltage
sweep from low-to-high electric fields. The threshold voltage
(Vin), which is the minimum gate voltage needed to create a
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Figure 1. Device architectures of the phototransistor memory: a) channel-only, b) channel with photogate, c) photochromic channel devices, and devices
with d) inactive polymer, €) blocked floating gate, f) floating gate, g) photoactive polymer, and h) organic molecule-based electrets.
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Figure 2. Memory characteristics of the device under a) electrical writing or b) photowriting without gate bias. Working mechanism of the c) p-type or

d) n-type phototransistor memory under photowriting or photoerasing.

conducting channel between the source and drain terminals, is
determined by the intersection of the curves of I4"/* versus Vj
when I4 is zero. Thus, the extent of the built-in electric field,
which is determined by the density of trapped charge, can influ-
ence the resulting transfer curves, leading to shifts in the transfer
curve at given polarities that define the current state. The storage
of memorized information is enabled by the localization of polar
charges in the bulk dielectric layer or between the interfaces of
the gate dielectric and semiconductor dielectric channel. The var-
iation in the threshold voltage during different operations is
defined as the memory window. Another key parameter, the cur-
rent switching memory ratio, is defined as the ratio of the maxi-
mum current in the high-conductance state to the minimum
current in the low-conductance state when constructing a con-
ventional binary digital signal of “0”s (OFF) and “1”s (ON)
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states. In general, electrical writing with a gate impetus will
involve a respectably high-threshold voltage shift with a resulting
large memory window corresponding to the generation of a con-
siderable number of charge traps (AN = C; X AVy,/e) in the bulk
of the electret, where C; is the capacitance of the electret, e is the
elementary charge, and AN is the number of newly formed
charge traps. In contrast, photowriting without a gate impetus
involves a small change in the memory window but a significant
difference in the current level of the ON state, resulting in a high
device memory ratio induced by interfacial traps between the
electret and semiconducting channel. Typically, the number of
interfacial traps (N;) can be evaluated from the subthreshold
swing (SS) of the transfer curve in the ON state using the relation
N, = (Ci/€%) x [(SS x ¢)/(kg x T x In10)—1], where T is the abso-
lute temperature and kg is the Boltzmann constant. Thus,
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photowriting without a gate impetus is more sensitive to inter-
facial properties, including the surface morphology and energy-
level adaptation between the semiconducting channel, photogate,
and insulated matrix. Finally, photoassisted electrical writing
involves a combinatory effect with both a large memory window
and a large memory ratio, making this approach effective in
obtaining multibit data storage with high discernibility. These
characteristics and features are depicted in Figure 2a,b. Other
important factors include memory retention and cycling endur-
ance, which are used to assess the long-term stability and reliabil-
ity of the data storage performance of a device.

The basic architecture of a phototransistor memory is similar
to that of an electrically driven transistor memory comprising a
three-terminal source, drain, gate, and an additional memory
layer between the semiconducting channel and gate dielectric.
The current level in a phototransistor memory can be optically
or electrically gated. In a photowriting process, a number of exci-
tons in the form of electron and hole pairs are generated when
light with a photon energy equal to or greater than the bandgap
energy of the organic semiconductor is absorbed, leading to an
increase in the drain current. In a p-type memory device, photo-
generated holes are much more mobile than electrons and play a
prominent role in increasing the current, whereas electrons are
presumably immobilized at trapping sites immediately after
their generation. The rate of photowriting is proportional to
1) the flux of photons with energies greater than the absorption
edge of the organic semiconductor used and 2) the magnitude of
the transverse electric field at the interface. Typically, photowrit-
ing without a gate bias renders lower-energy defects near the
interface. In contrast, pure electrical writing or photowriting with
gate bias induces deeper-level defects in the bulk, thereby
enhancing the memory window and hysteresis behavior.

www.small-science-journal.com

In the reading process, the decay in the drain current exhibits
nonexponential characteristics with two distinguishable decay
rates: 1) an initial rapid relaxation owing to the recombination
of closely packed holes and electrons and 2) a subsequent slower
relaxation originating from deeply trapped carriers. In an electri-
cal erasing process, gate bias is applied to the device, causing the
carriers in the channel to attract and recombine with the trapped
charges, thereby forming a built-in electric field along the direc-
tion opposite to the applied voltage that returns the memory to
the OFF state. It is understood that a shorter channel length
results in a larger lateral electric field, which is beneficial for exci-
ton dissociation. At the same time, a shorter channel length leads
to faster carrier transport, thereby reducing carrier recombina-
tion in the channel. Because of their significance, channel
dimensions are included in the listing of device characteristics
in Table 1-3. All of the factors discussed earlier enhance the pho-
tocurrent and alter memory performance.

2.2. General Concepts of Phototransistors

A phototransistor can trap charge based on 1) intrinsic defects in
the semiconducting channel, 2) at the interfaces between the
channel/electret or electret/gate dielectric (usually, these are
Si0,), or 3) inside the electret. The types of traps can be distin-
guished using multiexponential function fittings to the pulse
response of a phototransistor. During light stimulating, both
the rise and decay times should be limited by the charge-
trapping/detrapping process because charge generation and car-
rier drifting are much faster than them.®® The multiexponential
decay of photocurrent suggests that long (deep)/short-lived (shal-
low) charge traps are responsible for the observed
time response and that a combination of multiple trap states with

Table 1. Reported material systems of the phototransistor memory comprising 1) channel-only, 2) channel with photogate, or 3) photochromic channel

configurations.

Device Photogate Channel Dielectric W; L [um]? Light [mW cm ™2 Mode? Ton/lof® AVi? Ref.
0] — F8T2 Parylene/SiO, 200; 40 0.01; 557 nm EW; PE — 0V [42]
(i) — 4(HPBT) Si0, 1500; 5 0.03; 436 nm PW; EE 12; 100s 15V [46]
(i) — C8-PDI SiO, 2000; 40 250 PW; EE 10% 10*s 30V 48]
0] —— NDI-DTYM2 SiO, 2800; 10 107; white PW; EE 10% 8000's - [49]
(i) - Rubrene SiO, 60; 55 10; 460 nm PW; EE 10% 10*s 25V [50]
() — BBTNDT SiO, 1440; 80 40; white pEW; EE 105 10*s 60V [57]
(i) — 2,7-DAN Sio, 340; 40 0.65; white EW; PE — 40V [52]
(i) CdSe@ZnSe QDs P3HT SiO, 1000; 10 2.8; white PW; EE 3000; 8000 s v [54]
(ii) NaYF4: Yb,Er@NaYF, P3HT Sio, 3000; 6 200; 980 nm pEW; EE 100; 10°s 0V [55]
(ii) MAPbBr; QDs P3HT nanofibers SiO, 1500; 25 42.5; 405 nm PW; EE 10%; 10*s 17V [56]
(ii) CsPbBr; QDs PCDTPT Sio, -0 0.5; 300 nm PW; EE 10% 5 x 10*s 67V [63]
(i) N2200 IDTBT SiO, 1000; 30 0.1; 675 nm PW; EE 5000; 10*s 37V [64]
(iii) — DAE PMAA/ 400; 50 39; 365 nm pEW; pEE 100 15V [65]
SiO,
(iii) p-NO,-HABI PDPP4T Sio, - 40; 365 nm PW; TE® 6800; 10*s — [66]
(iii) DAE-Me P3HT PVDF-TrFE 10000; 20 0.001; 310 nm EW; PW 200; 10°s — [69]

AW: channel width; L: channel length; Plight intensity and wavelength; 9EW: electrical writing; PW: photowriting; EE: electrical erasing; PE: photoerasing; pEW: photoassisted

electrical writing; pEE: photoassisted electrical erasing; d)I(m/lof(: memory ratio; AV memory window; fvertical architecture in the transistor memory; &TE: thermal erasing.
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Table 2. Reported material systems of the phototransistor memory with 4) inactive polymer, 5) blocked floating gate, or 6) floating gate electrets.

Device Electret Channel Dielectric W; L [um]? Light [mW cm~3” Mode® Ton/lof™ AV, Ref.
(iv) PS Pentacene SiO, 3000; 50 1; white pEW; EE 105 10%s 35V [71]
(iv) PS DNTT Si0, 2000; 100 20; 450 nm pEW; EE 10% 10%s 170V 175
(v) PS/Au NPs Pentacene SiO, 750; 100 300; 530 nm PW; EE 107, 10% s 40V 77
(v) c-PVP/Au NPs Graphene Al,05 900;200 1; 520 nm PW; EE 3;10%s —— [78]
) PV3D3 Cyo PV3D3 1000; 200 3.8; white pEW; EE 10% 700s 9V [80]
(vi) PS-b-P4VP/Au NPs F16-CuPc SiO, 1000; 100 74; white EW; pEE 10% 10%s mv [83]
(vi) PVPy/Au@Ag NRs Pentacene SiO, 1000; 50 10; 660 nm EW; pEE —— 20V [84]
(vi) PVN/Ceo Pentacene SiO, 1000; 50 0.5; 350 nm EW; PE 10% 10*s 21V [85]
(vi) PVN/PCBM Pentacene SiO, 850; 100 0.17; 740 nm pEW; EE 104 10%s 13V [86]
(vi) PMMA/DPA-CM Pentacene Sio, 2000; 50 4.6; 365 nm pEW; pEE 10% 10°s 12V 188]
(vi) TPA-SM/TPA-PI Pentacene Sio, 1000; 50 0.72; 365 nm pEW; pEE 10% 10*s 37V [89]
(vi) PMMA/CsPbBr; QDs Pentacene SiO, 3000; 100 93; 405 nm PW; EE 10° 17V [90]
(vi) Fluoroalkyl CdSe QDs Pentacene SiO, 1000; 50 1; 532 nm EW; PE 10% 10%s 20V [92]
(vi) PMAA/PFTBTAPtP Pentacene SiO, 1000; 50 12.3; 530 nm EW; PE 10% 10%s 50V [93]
(vi) PS/MAPbBr; NCs Pentacene SiO, 1000; 50 71; 450 nm PW; EE 10% 7% 10°s 7V [94]
(vi) PS-b-PEO/MAPbBr; NCs P3HT Sio, 1000; 50 454; 520 nm PW; EE 10% 4 x 10%s — [96]
(vi) PVPh/Cs,Pb(SCN),Br; Pentacene SiO, 1000; 50 0.18; 450 nm PW; EE 10% 10*s 37V [97]
(vi) P2VP/MAPbBr; NCs Pentacene SiO, 1000; 50 10; 530 nm PW; EE 10% 10%s —— [98]
(vi) P2VP/MAPbBr; NCs BPE—PDI SiO, 1000; 50 10; 530 nm (PW) PW; PE 10% 10*s 14V [99]

1.8; 254 nm (PE)

A: channel width; L: channel length; ®light intensity and wavelength; “EW: electrical writing; PW: photowriting; EE: electrical erasing; PE: photoerasing; pEW: photoassisted

electrical writing; pEE: photoassisted electrical erasing; lon/los: memory ratio; ©AVy,: memory window.

different lifetimes produces the observed overall temporal char-
acteristics.***% Organic semiconductors require more sophisti-
cated designs in which intrinsic defects are introduced without
sacrificing their charge transport capabilities. With regard to the
shallow traps related to the gate dielectric, the common shallow
traps on a thermally grown SiO, dielectric surface includes
1) SiO,/Si interface trapped charges due to the interruption of
the periodic Si lattice structure, 2) fixed immobile oxide charges
near the SiO,/Si interface, 3) mobile ionic charges due to
alkaline-ion (e.g., Na*) contaminants that can be manipulated
by bias-temperature aging, 4) oxide-trapped space charge associ-
ated with defects in SiO,, and 5) surface water and other chem-
iadsorbents in the form of Si—OH or other functional groups.™*"
The shallow traps related to SiO, are easily removed and not reli-
able and controllable. Therefore, by introducing a photoactive
electret below the channel, controllable photoinduced and
field-assisted charge trapping/detrapping can be utilized to
enhance the charge-trapping capability of a phototransistor. In
addition, based on the aforementioned observations, photoprog-
ramming without a gate impetus involves a small change in the
threshold voltage shift but a significant difference in the current
level, resulting in a high photosensivity induced by interfacial
traps between the electret and semiconducting channel, and pho-
toprogramming without a gate impetus is more sensitive to inter-
facial properties, including the surface morphology and energy-
level adaptation between the semiconducting channel, photogate,
and insulated matrix.

Small Sci. 2022, 2100109 2100109 (5 of 27)

Inserting a photoactive electret such as a floating gate or poly-
mer electret into a phototransistor will significantly alter the pho-
toresponse characteristics by strengthening the hysteresis and
completely altering the preferences for dissociated charges.
Incorporating a photoactive electret between the semiconducting
channel and dielectric layer of a phototransistor can directly alter
the dipole moment and internal capacitance and regulate the
charge flow in the device. Thus, we will draw considerable atten-
tion to the rational design of specifications through the matching
of energy levels and the tailoring of the morphology within the
electret to ensure high device performance. Charge-trapping
polarity is directly determined by the adjacent energy levels of
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels, which serve as
intuitive indicators of hole and electron migration and stabiliza-
tion. Careful selection of the materials used to form a favorable
energy-level alignment is key to enhancing memory perfor-
mance. It is worth noting that in a p-type device, AHOMO
between an insulated matrix and a channel should be large to
prevent hole backtrapping, and a high ALUMO between an insu-
lated matrix and a photogate is conducive to enhancing the sta-
bility of trapped electrons; in contrast, in an n-type device,
ALUMO between an insulated matrix and a channel should
be large to prevent electron backtrapping, and a high
AHOMO between an insulated matrix and a photogate is condu-
cive to enhancing the stability of trapped holes, as illustrated in
Figure 2c,d.
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Table 3. Reported material systems of the phototransistor memory with 7) photoactive polymer or 8) organic molecule-based electrets.

Device Electret Channel Dielectric W; L [um]? Light [mW cm~2® Mode? Ton/ lof™ AVy? Ref.
(vii) PmPV CNT SiO, 50; 10 365nm pEW; EE 4;5x10*s 5V [100]
(vii) TPA-CN-TPE Pentacene Sio, 1000; 50 0.72; 365 nm pEW,; pEE 10% 10*s 42V [101]
(vii) Poly(CD) Pentacene SiO, 1000; 50 25; white EW; PE 10% 10%s 82V [102]
(vii) Copoly(CBT) Pentacene SiO, 1000; 50 25; white EW; PE 10% 10%s 30V [103]
(vii) PTPA-CN Pentacene Sio, 1000; 50 5; 405 nm pEW; EE 10% 4 x 10*s 15V [104]
(vii) p-PFO Pentacene SiO, 2000; 100 5; white EW; PE 10% 8 x 10° s 57V [105]
(vii) PFO Pentacene SiO, 1000; 50 25; 405 nm EW; pEE 107; 4 x 10%s 76V [106]
(vii) PS/PFO Pentacene SiO, 1500; 20 10; 405 nm PW; EE 5x10%10°s 20V [107]
(vii) F8BT/PS Cio-DNTT Sio, 1000; 100 19.5; 455 nm PW; EE 10% 2 x 10%s 14V [108]
(vii) PFO-b-PS Pentacene SiO, 1000; 50 30; 405 nm PW; EE 10% 10%s 21V [109]
(vii) PFO-b-POXD BPE—PDI Si0, 1000; 50 1; 254 nm EW; PE 10°% 10*s 20V [110]
(vii) PF-b-Piso Pentacene SiO, 1000; 50 30; 405 nm PW; EE 10% 10*s 33V [111]
(vii) PPyMA/TCNQ Pentacene SiO, 1000; 50 0.95; 365 nm PW; EE 105 10*s 34V [112]
(viii) M-C10 Pentacene Sio, — 0.1; white pEW; pEE 10% 2 x 10*s 10V 3]
(vii) Sol-PDI BPE—PDI Sio, 1000; 50 10; 530 nm PW; EE 10°% 10%s 8V [114]
(viii) C8-NDI BPE—PDI SiO, 1000; 50 10; 405 nm PW; EE 10% 10%s 6V 6]
(viii) Eu(tta);ppta Pentacene Sio, 1000; 50 0.5; 365 nm pEW; pEE 10* 23V 17
(viii) DCNSFX Pentacene Sio, 1000; 50 1.8; white EW; pEE 100; 10*s 40V [118]
(viii) C60/PTCDA PbPc ODTS-PVA/SiO, 2000; 50 0.13; 405 nm PW; EE 5x10* 69V [119]
(viii) p-6P VOPc Sio, 200; 8 4.2; 365 nm pEW; EE 10% 5 x 10%s 39V [120]
(viii) WGs Pentacene Sio, 2000; 100 5; white EW; PE 10% 10*s 45V [28]

AW: channel width; L: channel length; P Light intensity and wavelength; 9EW: electrical writing; PW: photowriting; EE: electrical erasing; PE: photoerasing; pEW: photoassisted

electrical writing; pEE: photoassisted electrical erasing; d)Io,,/lo,:f: memory ratio; d)AVth: memory window.

Morphology issues can be further divided into the bulk distri-
bution of the photogate and the interfacial profile between layers.
For example, a high-performance floating gate electret usually
relies on a strong correlation between the charge retention
and distribution of photogates, while the interfacial profile can
affect the charge transfer between channels and electrets, and
a direct contact between the photogate and channel will result
in a shortcut in which trapped charges are lost, leading to poor
memory performance. Concisely, the design of photogate-in-
electret is more competent than that of photogate-in-channel
in nonvolatile memory applications. In contrast, the design of
photogate-in-channel is revealed to be viable to achieve highly
sensitive photodetectors and low-energy-consumption artificial
synapses, having high volatilities and plenty of interfacial con-
tacts between channels and photogates. It is understood that pho-
toprogramming without a gate impetus is more sensitive to
interfacial properties such as surface morphology and energy-
level adaptation between constituent materials. Therefore,
we will also provide an in-depth dissection of the interfacial char-
acteristics of phototransistors.

3. Development of Phototransistor Memory
The typical strategy for obtaining a memory effect is to embed

charge storage sites, such as metallic or semiconducting
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nanomaterials, or insert a polarizable polymer/organic electret
between the semiconducting channel and gate—dielectric inter-
faces. During the writing/erasing processes, charges migrate
back and forth in the active channel and through trapping sites
under a programming/erasing voltage or specific light illumina-
tion. The trapped charges modulate the built-in electric field in
the device and produce a hysteresis effect that defines the dis-
criminable memory states. There are several approaches to
achieving memory characteristics in a phototransistor through
the use of constituent materials that can be divided into channel
materials (top), polymer insulators (middle), and photogate
materials (down), as shown in Figure 3. Table 1 summarizes
the structural and characteristic parameters of 1) channel-only,
2) channel-with-photogate, and 3) photochromic channel mem-
ory devices. Table 2 summarizes the characteristics of devices
with 4) inactive polymer electrets, 5) polymer insulator-blocked
floating gates, and 6) floating gate electrets. Table 3 summarizes
the characteristics of devices with 7) photoactive polymer- and
8) organic molecule-based electrets.

3.1. Channel-Only Devices

Salleo et al. first observed the phenomenon of photoinduced bias-
stress reversal in a transistor device fabricated from poly(dioctyl-
fluorine-co-bithiophene) (F8T2), which was related to the optical
absorption of F8T2.1*7 The bias-stress effect essentially involves
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Figure 3. Chemical structures of the constituent materials in the reported
phototransistor memory devices: channel materials (top), polymer insu-
lators (middle), and photogate materials (down).

the removal of mobile carriers from the channel without affect-
ing carrier mobility and the recovery of the bias-stress effect from
the recombination of photoinduced carriers or excitons with
deeply trapped charges within the semiconductor and near the
dielectric interface. Note that Salleo et al. postulated a potential
trapping mechanism involving the pairing of two mobile holes to
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form a nonconducting bipolaron. Subsequently, Dutta et al. and
Ujimoto et al. found similar phenomena involving gate-controlled
and photoinduced memory effects in field-effect transistor (FET)
devices with poly(3-hexylthiophene) (P3HT) channels.[**** They
found that, during the photoexcitation process, charges were gen-
erated throughout the channel with an intensity reflecting the light
intensity and the local field. The resulting increased hole mobility
played a significant role in the photoinduced charge transport,
whereas the minor charges and electrons were localized immedi-
ately after being generated. The memory ratios of devices at the
time of their investigations, however, were ~10-100.

Various semiconducting materials have been investigated
with the goal of improving memory performance. For example,
Noh et al. utilized a p-type semiconductor of a-6T or pentacene as
an FET device channel and obtained a preliminary memory ratio
of 1300 by photowriting with 365 nm UV light.*! The memory
effect they obtained was attributed to electron accumulation or
trapping at the channel/dielectric interfaces with hydroxyl groups
formed on the SiO, surface. Cho et al. reported an enhanced
memory ratio of 4,000 using r-conjugated molecules of
4(HPBT) as the channel in an FET device.*! Their improved ratio
was attributed to the ordered structure and star-shaped architec-
ture of 4(HPBT) and the memory relaxation was attributed to
defects in its dielectric/channel interfaces, its bulk trap densities,
and the diffusion rate of its photoinduced charges. In subsequent
studies, a number of z-conjugated molecules, including copper(Il)
phthalocyanine (CuPc),*”) N,Ndioctyl-3,4,9,10-perylene tetracar-
boxylic diimide (C8-PTCDI),*®! NDI-DTYM2,*! and rubrene,*”
were applied as photoactive channels in phototransistor memory.
Typically, the photowriting process is controlled by the light inten-
sity and the applied gate field. Minor charges are trapped at the
interface between the z-conjugated semiconductor and the dielec-
tric owing to the poor mobility of the z-conjugated molecules,
whereas major charges are much more mobile and play a promi-
nent role in increasing the current. In addition to interfacial traps,
bulk traps in the channel have also been investigated. For example,
Li et al. postulated a memory effect with respect to the oxidation
state of a rubrene single crystal in a rubrene-based device through
which photogenerated electrons could be trapped in oxidation
defects.””!

The concept of introducing traps to the channel surface has
recently been proposed. Implementing this approach would
avoid the blockage of carrier transport by internal interfacial traps
between the channel and dielectric. Pei et al. proposed a high-
performance phototransistor memory featuring a bis[1]benzo-
thieno[2,3-d;2’,3’-d’Jnaphtho[2,3-b;6,7-b’|dithiephene (BBTNDT)
channel with nanosprouts on the surface.’!! Figure 4a depicts
their device architecture and Figure 4b shows the surface mor-
phologies of BBTNDT with nanosprouts obtained through
atomic force microscopy (AFM) and scanning electron micros-
copy (SEM). The nanosprouts are aligned along an orthogonal
face-on orientation relative to the BBTNDT film, which has an
edge-on orientation. The molecular misalignments at the inter-
face between the nanosprouts and plain film behave as local
defects, leading to uniformly distributed charge-trapping sites
on the channel. As a result, their BBTNDT-based memory devi-
ces achieved an ultrahigh memory ratio of 10° over 2 x 10*s
(Figure 4c). Later, Zheng et al. obtained photorecovery in FET
memory devices by taking advantage of the intrinsic trap states
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Figure 4. Phototransistor memory with a channel-only architecture. a) Device architecture, b) AFM and SEM surface morphologies (the inset scale bars
are 500 nm), and c) memory retention characteristics of the channel-only device composed of BBTNDT with nanosprouts on the surface. Reproduced
with permission.P" Copyright 2018, Wiley-VCH. Phototransistor memory with the channel-containing photogate. d) Device architecture, e) AFM surface
morphologies (the inset scale bar is 1 pm), and f) memory retention characteristics of the memory device comprising polymer blends of IDTBT and
N2200. Reproduced with permission.!**l Copyright 2020, American Chemical Society. Phototransistor memory with a photochromic channel. g) Device
architecture, working mechanism, and constituent materials and h) memory retention characteristics of the photochromic—ferroelectric organic tran-
sistor memory device comprising DAE-Me, P3HT, and PVDF-TrFE. Reproduced with permission.[*® Copyright 2021, Wiley-VCH.

caused by film inhomogeneity (nanosprouts) in 2,7-DAN.F?
However, because phototransistor memory with channel-only
conformations usually rely on gate bias to direct minor charges
to the channel/dielectric interface during the photoprogramming
and reading processes, destructive readout is commonly
observed in this type of memory device.

3.2. Channels with Photogates

There are two viable approaches to improving the performance of
phototransistor memory: 1) the photoresponse of a channel-only
device can be improved by incorporating photogates or photo-
chromic materials in the channel and 2) the charge storage capa-
bility of a channel-only device can be improved by introducing a
photoinactive polymer electret. Depending on the structure of
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the channel, various types of photoactive materials can be incor-
porated into the semiconducting channel as a photogate.
Through careful material selection, the photoresponse of the
device can be enhanced and the photogate can be designed to
serve as a charge-trapping site through the formation of a favor-
able energy-level alignment between it and the semiconducting
channel. Chen et al. proposed the first phototransistor memory
with this type of architecture based on a hybrid composite com-
posed of P3HT and CdSe QDs; their device had a preliminary
memory ratio of 100 over 200 .5 Later, the same group
designed core/shell QDs of CdSe@ZnSe to obtain an improved
memory ratio of 2,700 over 8000s.°* The heterojunction
between the P3HT and QDs enhanced the separation of excitons,
and the core/shell QDs served as trap centers that maintained the
memory effect over long time periods even when the device was
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operated without gate voltage. Furthermore, the ZnSe shell layer
between the CdSe core and P3HT produced an additional tunnel-
ing barrier that prevented electrons from tunneling back to
P3HT, reducing the decrease in the drain current and providing
a larger retention time than was obtainable in CdSe QD devices.
In addition to QDs, upconversion nanocrystals (NCs) of Er’*/
Yb**-codoped NaYF4 (NaYF4:Yb/Er@NaYF4) have been intro-
duced to P3HT channels to enable upconverted phototransistor
memory.”* In such devices, the IR absorption of upconversion
NCs enables the emission of high-energy photons at the expense
of two or more low-energy photons. Eventually, the high-energy
emission from upconversion materials is reabsorbed by the
channel, ultimately improving device charge-trapping efficiency
and data-storage level.

Recently, perovskite (PVSK) QDs have been shown to be
promising photogate materials owing to their high photolumi-
nescence quantum yields (PLQYs), ambient stabilities, long exci-
ton diffusion lengths, and homogeneous size distributions.
Ercan et al. proposed the first electrospun nanofiber-only photo-
transistor memory comprising a polythiophene channel and a
PVSK QD photogate. They achieved an acceptable memory ratio
of 10% over 10* s, with high performance that could be attributed
to the high aspect ratios of the nanofibers, regular 1D-confined
structures, and well-dispersed PVSK QDs. Subsequently, a fiber-
based flexible memory device with a polyimide-based substrate
and a dielectric with excellent memory performance was shown
to be useful in wearable electronics applications.>®!

In a conventional phototransistor, the photogenerated charges
in a channel tend to recombine with each other due to the long
channel length (usually several micrometers), producing a
reduced separation efficiency. To overcome this obstacle, recently,
a nascent approach by applying a vertical structure enables ultra-
short channel length and the vertical pathway of charge transfer to
suppress charge recombination. By adjusting the thickness of the
channel, the channel length can be controlled to the submicrom-
eter level or nanometer level. It is understood that a small channel
length produces high conductance and low-voltage operation of
the device. Therefore, a vertical structure can improve the storage
efficiency of nonvolatile memory,?”*® reduce the power con-
sumption in artificial synapses,*”” and be more conducive to
realizing ultrafast photoresponse in photodetectors.®°? In addi-
tion, a vertical OFET is more favorable than a lateral OFET in
large-scale integration through crossbar stacking, and a vertical
OFET is more tolerant of channel defects and cracks. This defect
tolerance implies its potential in flexible device applications. Based
on the aforementioned points of vertical structures, Yang et al.
reported a multilevel vertical phototransistor memory comprising
PCDTPT and PVSK QDs with a high memory ratio of 10* over
5 x 10* 5.1 Their use of a vertical structure shortened the length
of the charge transfer channel from tens of micrometers to the
order of nanometers, which effectively reduced the trapped charge
leakage and allowed for multilevel storage with high discrepancies
and long-term retention characteristics.

Advancements in the fabrication and design of high-mobility
n-conjugated polymers have also improved the performance of
photomemory. Lan et al. reported a photomemory comprising
conjugated polymer blends of IDTBT and N2200.1Y Figure 4d
shows their device architecture. Figure 4e shows the AFM-
obtained surface morphology of an IDTBT film with 5%
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N2200, revealing the discrete domain of N2200 within IDTBT.
The formation of a discontinuous N2200 domain with a high
degree of roughness produced by a large number of trap centers
improved the charge storage capability of the IDTBT channel.
Their pristine IDTBT film exhibited a strong PL peak at
640 nm, which was quenched significantly after blending with
N2200. Significant PL quenching was associated with efficient
electron transfer from the LUMO of IDTBT to the LUMO of
N2200, resulting in a device with a high memory ratio of
5% 10® over 10*s that could be photowritten with 425 or
675 nm light, wavelengths consistent with the optical absorption
of IDTBT (Figure 4f).

3.3. Photochromic Channels

Reliable multiresponsiveness can be achieved using utilizing
photoswitchable (photochromic) molecules or exploiting the fer-
roelectricity of a gate insulator in the transistor memory.
Photochromic materials can reversibly interconvert between two
states following light irradiation. To take advantage of these prop-
erties, optically switchable transistors have been fabricated using
photochromic channels, self-assembled monolayers (SAMs),
or dielectrics. As the former represents the most promising design
with large conductance changes, in this section, we discuss the
recent progress in the development of phototransistors with pho-
tochromic channels. The direct application of semiconducting
photochromic materials is the simplest example of this approach.
For example, Hayakawa et al. reported an optically switchable tran-
sistor comprising diarylethene (DAE) molecules, which serve as
photochromic channels to perform semiconducting—insulating
transitions through ring-opening transformations.'®! In addition,
they introduced a thin layer of a-6T to mitigate the intrinsic pro-
pensity of hole trapping in the DAE channel. Although the result-
ing device demonstrated a stable current contrast of 10’ over
10 endurance cycles, the relatively low mobility of the DAE
molecules precluded a larger current contrast.

To overcome this obstacle, photochromic molecules have been
blended into the semiconducting channel or directly tailored to
semiconducting polymers to achieve high mobility in the photo-
chromic channel. Based on the approach of blending, a photo-/
thermalresponsive transistor comprising poly(diketopyrrolopyzr-
role-bithiophene) (PDPP2T) and photochromic hexaarylbiimida-
zole (HABI) wusing photonic, electrical, and thermal
programming, reading, and erasing signals, respectively, has
been demonstrated./® In this design, the HABI molecules frag-
ment under UV light irradiation into pairs of triphenylimidazolyl
radicals (TPIRs) that can thermally recombine to regenerate
HABI molecules. The TRIRs present within the blended thin
film following illumination can potentially interact with the
charge defects in the PDPP2T channel to increase the carrier
density. Impressively, the TPIRs do not affect the thin-film crys-
tallinity or morphology, enabling memory devices comprising
PDPP2T and HABI to achieve stable memory ratios of 6800 over
10*s. Although the processes used in fabricating these devices
might not be currently practical, they effectively demonstrate
orthogonal operation without mutual interference.

Directly tailoring the photochromic molecules in semicon-
ducting polymers through structural engineering is considered
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to be an effective strategy for improving the compatibility and
dispersion of the two components. Tian et al. reported a conju-
gated polymer containing azobenzene groups in its side chains
(PDAZO) that could achieve optically switchable properties./*”)
The monomer with pendant azobenzene groups on its side
chains was copolymerized with a monomer with typical
branched alkyl side chains to form a photochromic conjugated
polymer. Based on their theoretical calculations and X-ray diffrac-
tion results, the changes in dipole moment and polymer config-
uration associated with the trans-/cis-photoisomerization of the
azobenzene groups in PDAZO can affect the respective intra-
chain and interchain charge transport, enabling optically switch-
able transistor behavior. The device exhibited good photofatigue
resistance with an ON/OFF ratio of 5 over five consecutive
endurance cycles. More recently, the same group proposed a
design for the simultaneous incorporation of two types of azo-
benzene groups into the side chains of conjugated polymers
and demonstrated its applicability to photoassisted logic con-
trol.®® The monomers in their polymer were designed with
asymmetric side chains comprising linear alkyl chains with pen-
dant azobenzene groups or branched alkyl side chains, and two
monomers with different types of pendant azobenzene groups
were copolymerized to derive a photochromic conjugated poly-
mer (POMPYA). It is worth noting that the trans-/cis-photoiso-
merization of meta- and para-azobenzene groups can reversibly
alter proximal interchain packing and thin-film crystallinity,
allowing POMPYA films to attain tristable semiconducting states
corresponding closely to the conformations of the meta- and
para-azobenzene groups in the side chains.

Combining photochromic and ferroelectric gate dielectrics is
considered to be a powerful tool for achieving multiresponsive-
ness in phototransistor memory. Carroli et al. reported the fab-
rication of a photochromic ferroelectric organic transistor
memory™® by blending DAE-Me with P3HT to form a photo-
chromic channel and using PVDF-TrFE as a ferroelectric poly-
mer layer. PVDF-TrFE offers several advantages over
conventional polymer insulators; most importantly, it has rela-
tively large fatigue-free remnant polarization, short switching
time, and high thermal stability (Figure 4g). The number of
memory states in a ferroelectric memory cell can be increased
using intermediate polarization states obtained by applying an
external electric field with a magnitude slightly larger than the
ferroelectric coercive field. Therefore, their memory device
was capable of operating as a nonvolatile memory with 11-bit
memory storage capacity in a single device and had a high mem-
ory ratio of 200 over 10°s. Figure 4h shows the data retention of
their memory device as a function of the number of polarization
cycles based on the readout current measured over several days.
Note that their device was photoprogrammed at an ultralow light
power of 1 pW cm ™% and short illumination duration of 3 ns at a
frequency of 0.1 Hz.

3.4. Inactive Polymer Electrets

In the preceding section, we reviewed the functionality of incor-
porating photoactive materials into the channel. Here, we discuss
the incorporation of inactive polymer electrets below the channel.
Polymer electrets can be divided into photoactive and inactive
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types; here, we will review the functionality of inactive polymer
electrets below the channel in storing photogenerated charge
within the channel layer with the assistance of gate bias. A review
of photoactive polymer electrets is presented in Section 3.7.

A channel-only device can store charge based on intrinsic
defects in the semiconducting channel or at the interface
between the channel and gate dielectric (usually, these are
Si0,). However, organic semiconductors require more sophisti-
cated designs in which intrinsic defects are introduced without
sacrificing their charge transport capabilities. Furthermore, the
traps formed on the hydroxyl groups of the SiO, surface tend
to be shallow and easily removed. By introducing a polymer
electret below the channel, the field-assisted transfer of photoin-
duced charges from the channel to the polymer and localization
of these charges by deep traps in the polymer can be obtained.
The resulting immobilization of the transferred charge by the
deep traps in the polymer produces a shift of the threshold volt-
age, which is conducive to enhancing the charge storage capabil-
ity of a memory device.””

Based on this concept, Guo et al. reported a phototransistor
memory comprising a pentacene or CuPc channel and PS or
PMMA as an electret.”" The thin polymer layer is introduced
to modify the SiO, surface as the high-energy-electrets tunneling
layer and the barrier layer to hold the low-energy electrons
tunneling back. The resulting device had a high memory ratio
of 2 x 10° over 2 x 10*s for photowriting with white light at a
gate voltage of 80 V. Subsequently, various combinations of pen-
tacene channel and polymer electret, including PS,”%
PMMA,”>7* PMMA-co-PGMA,”* and PVK,”* were investi-
gated and shown to have improved memory performance relative
to their parent polymer electret-free devices. For example, Ren
et al. reported a phototransistor memory comprising a DNTT
channel and PS as an electret.” Illumination by blue light
allowed photoinduced excitons to separate into holes and elec-
trons. With the assistance of a positive gate bias, the electrons
were injected from the DNTT channel into the polymer electret
and the holes were transported through the channel. Notably, the
memory device achieved a high memory ratio of 10° over 10°s.
Because an in-plane current occurred in the DNTT film without a
PS electret or gate bias under the same blue light illumination,
the long retention time was attributed not to a bulk effect of the
DNTT but to the presence of the electron traps in the PS.

3.5. Polymer Insulator-Blocked Floating Gates

Direct exposure of the photogate and semiconducting channels
can result in the loss of trapped charge during reading. To rem-
edy this, some studies have proposed the introduction of a float-
ing gate below a thin polymer film. This thin film is usually
inactive under applied light, allowing it to serve as a blocking
layer for carriers in the channel and tunneling layer to enable
charge trapping. In this device configuration, the floating gate
is isolated from the channel itself and blocked by a polymer insu-
lator, allowing the photosensitive function and semiconductor
role to be designed individually and clearly separated.
Mluminating a p-type FET memory causes the photogeneration
of excitons in the bulk of the channel film through the absorption
of photons with higher energies than the semiconducting
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channel bandgap energy. By applying a positive gate bias, these
excitons are separated into electrons and holes, and the separated
electrons are injected and stored in the floating gates, whereas
the holes are transported through the semiconducting channel,
respectively. The photoinduced threshold voltage hysteresis orig-
inates from the accumulation of minority carriers at the interfa-
ces, which in turn strongly depends on the photoirradiation
intensity. Some results in which a blocked floating gate architec-
ture was used to form NCs or nanoparticles (NPs) between the
gate dielectric and polymer insulator have been reported. Using
this approach, metal NPs, composed of AU or Ag,[m] can be
deposited onto the gate dielectric using e-beam evaporation, sput-
tering, or thermal deposition to be embedded below a polymer
tunneling layer composed of, for instance, PMMA,”%”? PS "7 or
crosslinked PVP.”® For example, Gao et al. reported a phototran-
sistor memory comprising an embedded Au NP floating gate
beneath an 11 nm-thick PS layer with a high memory ratio of
107 over 10005s.””) They proposed that this memory window
could be further enlarged by increasing the Au NP size and that
using light with a photon energy equal to or greater than the
HOMO-LUMO gap of the pentacene channel could induce
the memory effect with the assistance of gate bias. Jang et al. later
reported a phototransistor memory comprising embedded Au
NPs as a floating gate under crosslinked PVP.”® Using a bilay-
ered channel of pentacene and graphene, the photoresponsivity
of the graphene channel could be enhanced by holes photogen-
erated in the top pentacene layer. They were able to fabricate an
impressive flexible phototransistor memory on a poly(ethylene
2,6-naphthalate) (PEN) substrate that demonstrated stable cur-
rent retention and memory endurance to weak light.

Thermally deposited C;o has also been used as organic floating
gate material. In one study, C;o was embedded via chemical
vapor deposition as a pV3D3 layer, with C60 serving as the n-type
channel.®? The resulting device demonstrated a preliminary
memory ratio of 10* over 700 s. Hong et al. reported a phototran-
sistor memory comprising an embedded PEDOT:PSS as a float-
ing gate beneath a 20 nm-thick Al,0O5 layer in place of a polymer
blocking layer. The Al,O; layer was formed by atomic layer depo-
sition and served as a blocking layer between the MoS, channel
and the floating gate. The resulting device demonstrated a high
memory ratio of over 10* over 2500 s under photoassisted writing
and erasing.®!) Han et al. reported a complementary inverter
capable of UV-assisted programming using Al,O3 as a blocking
layer, CdSe/ZnS core—shell QDs as a floating gate, and penta-
cene/F16-CuPc as the p/n channel.®” Electrons or holes could
be confined in the cores of QDs because of band offsets under
which the conduction band of the shell has a higher energy than
that of the core and the valence band of the shell is lower than
that of the core. The concept of using a CdSe/ZnS core—shell QD
as a floating gate is similar to that mentioned in Section 3.2 of
using a channel with a photogate. Notably, the inverter device
demonstrated fast recovery under the application of switching
voltage following illumination with UV light for 1s.

3.6. Floating Gate Electrets

Conventional two-step preparation methods for floating gates
and tunneling layers are complex and not effective for large-area
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processing. Degradation of device properties and variation in
device-to-device performance are often observed owing to the
use of multiple process steps of NP deposition, tunneling dielec-
tric formation, and annealing, making the resulting devices more
prone to the formation of interfacial defects. To overcome this
obstacle, floating gate electrets with combined floating gates
and polymer insulators have been developed. The floating gates
used in these hybrid electrets can be prepared via a one-step spin-
coating technique, avoiding the need to choose an orthogonal
solvent for creating the tunneling layer to avoid damaging the
floating gate. The resulting insulated polymers can effectively
protect charges trapped within the floating gate and prevent
charge leakage on both sides of the electret. In this section,
we review phototransistor memory based on floating gate elec-
trets, and the materials used as floating gates in a polymer matrix
can be categorized into five types: 1) metal NPs, 2) organic mol-
ecules, 3) QDs, 4) polymer dots, and 5) PVSK NCs. With regard
to inorganic nanomaterials, Leong et al. first fabricated a hybrid
floating gate electret comprising PS-b-P4VP and Au NPs via
in situ precipitation.’®* The block copolymer (BCP)—NP system
enabled homogeneous dispersion of the Au NPs and solution
processability, which is especially suitable for low-cost large-area
processing on flexible substrates. The resulting memory device
had a preliminary memory ratio of 10> over 10’ s under photo-
assisted writing/erasing with gate bias.

The localized surface plasmon resonance (LSPR) property of
metal NPs can be utilized to construct materials with broad-
spectrum responsivity. Zhou et al. reported a hybrid floating gate
electret in which the insulating and hydrophilic polymer PVP
uniformly dispersed Au@Ag core—shell nanorods.®* The nano-
rods also possessed a plasmon resonance effect through which
the plasmon resonance band could be manipulated by varying
either the size of the Au cores or the thickness of the Ag shells
to achieve a strong absorbance and a wide-spectrum response
range from the visible (the 500-600 nm range of the core—shell
nanorods) to the near-infrared (the 700-800 nm range of the Au
cores) region. The resulting memory device had a preliminary
memory window of 20 and 17 V after 10*s under memory pro-
gramming using photoassisted writing/erasing with gate bias.

Various organic photoactive molecules, including Cgo,"”!
PCBM, 8 TIPS—pentacene,[87] DPA—CM,®® and triphenyl-
amine-based molecules,’® have been incorporated as photogates
into insulated polymer matrices of PVN 556 PMMA, 8788 poly-
amide, or polyimide.®® Floating gate electrets comprising a pho-
toactive molecule and insulated polymer can be used to program
memory devices without gate bias and can enhance the charge-
trapping capability within the bulk of the electret. Phototransistor
memory comprising Cgo blocked by a PVN layer has no photo-
response to UV light (Figure 5a), whereas phototransistor mem-
ory comprising a floating gate electret of Cq and PVN
demonstrates enhanced memory windows in their transfer char-
acteristics (Figure 5b),®* highlighting the efficacy of floating gate
electrets in enhancing memory performance.

In addition to the insulated polymer, the photoresponse is
highly dependent on the optical absorption of the incorporated
organic molecules, and the insulated polymer is usually selected
to form a compatible energy-level alignment with the organic
molecules. For example, Shiono et al. reported a top-gate/
bottom-contact device configuration comprising P3HT as the
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Figure 5. a,b) Device architecture (top) and transfer characteristics (bottom) after electrical writing and photoerasing of the memory device comprising
a) blocked floating gate or b) floating gate electret of PVN and Cgo. Reproduced with permission.®>) Copyright 2017, American Chemical Society. c) Chemical
structure of the CdSe QDs and ligands and the architecture of phototransistor memory device comprising a pentacnee channel and the functionalized QDs
as a floating gate electret. d) Transfer characteristics of the memory device under electrical writing and photoerasing. Reproduced with permission.®?
Copyright 2018, American Chemical Society. e) Device architecture (left), energy-level diagram of the constituent materials, and TEM morphology (right)
of the PVSK/P2VP film. f) Endurance cycles and g) retention tests of the memory device under green light programming and ultraviolet-C (UVC) light erasing
at gate voltage of 0V and drain voltage of 20V. Reproduced with permission.*! Copyright 2021, American Chemical Society.

channel, PMMA /TIPS —pentacene as the electret, and CYTOP as
the dielectric.®”) Their memory device could perform photoas-
sisted electrical writing/erasing with blue/green/red light over a
memory window of ~25-30 V with a memory ratio of 10°-10°
over 3000 s. Huang et al. reported a hybrid floating gate compris-
ing a triphenylamine-based molecule (SM) and polyamide or pol-
yimide.®”) During UV-assisted electrical writing, PL emissions
produced by the photogating molecules are absorbed by top pen-
tacene, producing photoinduced excitons that are transduced
into holes and electrons. The electrons tunnel into the electret
to achieve charge separation, and the organic molecules in the
composite interlayers effectively generate excitons to primarily
contribute to the elimination of trapped charges. In contrast, pol-
yimides produce a wider bandgap than polyamides, potentially
accommodating the improved trapping of charges. As a result,
memory devices fabricated from polyimide and SM have demon-
strated high memory ratios of 10° over 10* s, outperforming their
polyamide and SM counterparts, which have modest memory
ratios of 10°-10°.

Floating gate electrets comprising metal NPs or organic mol-
ecules usually rely on photoassisted electrical writing or erasing,

Small Sci. 2022, 2100109 2100109 (12 of 27)

a phenomenon potentially related to their weak photoresponses.
A viable approach that incorporates high-performance photo-
gates can solve this problem, and inorganic QDs or PVSK
NCs have been used as highly photoactive floating gates in pho-
totransistor memory. With regard to inorganic QDs, the choice of
polymer matrices and capping agents has a significant influence
on their memory performance in floating gate electrets.
For example, floating gate electrets comprising CsPbBr; QDs
in PMMA®® or PVPPY matrices have been proposed.
Lin et al. reported a series of n-alkylmonoamines, dodecylamine,
1-tetradecylamine, and 1-hexadecylamine as surface-capping
agents to improve the stability of PVSK QDs.®!! The higher
melting points, lower steric hindrance, and stronger adhesion
abilities of n-alkylmonoamines relative to oleylamine provide
optical and thermal stability. Notably, PVSK QDs have unique
core—shell-like structures in which the ligand layer acts as a nat-
ural tunneling region for the formation of a quantum well that
effectively confines charges to the core. Jeong et al. fabricated
CdSe QD-only electrets capped with alkyl chains (ODPA-QD),
semifluoroalkyl chains (F-QD), or PS brushes (PS-QD), which
are shown in Figure 5c.®? Figure 5d shows the transfer
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characteristics of one of these electrets following electrical writ-
ing and photoerasing. Their results suggested that the use of
hydrophobic and small-molecular surface ligands is effective
at improving photoerasing performance. Notably, the formation
of permanent dipole moments at the interface between the pen-
tacene and fluorinated QD layers can modulate the energy level
to enhance electron trapping.

In addition to the inorganic QDs, polymer dots have recently
attracted considerable research interest as biosimulated photoca-
talysts in the energy conservation and renewable fuel industries
because of compelling characteristics such as tailorable optoelec-
tronic properties, amenability to structural modification, high
water dispersibilities, and high stabilities under visible light-
driven processes. Polymer dots generally exist in the form of cor-
e—shell structures favorable to the isolation of trapped charges in
a water-soluble polymer matrix floating gate electret. For exam-
ple, Liao et al. fabricated a series of polymer dots from
donor—acceptor-conjugated polymers composed of fluorene-
and thiophene-flanked benzo[d]-[1,2,3]triazole (PFTBTA) and a
hydrophilic polymer of poly(ethylene glycol)-functionalized
PS.”*! The polymer dots were dispersed in a water-soluble
PMAA matrix and used as an electret for phototransistor mem-
ory. By deliberately incorporating cycloplatinated pyridine into
the polymer backbone (PFTBTAPtP), the memory device was
capable of transitioning from volatile to nonvolatile memory
as a result of the enhanced charge localization at the Pt sites.
The resulting PFTBTAPtP memory device demonstrated a stable
memory ratio of 10° over 10*s; in contrast, polymer dots without
PFTBTA exhibit volatile memory ratios in the range of 10°—10?
over 10%s.

PVSK NCs possess strong photoluminescence emission capa-
bilities, low exciton binding energies, intense light-harvesting
capabilities, and long exciton lifetimes, making them promising
candidates for use as photogates in floating gate electrets. Based
on their compelling properties, PVSK NCs have been progres-
sively developed for phototransistor memory applications.
Chen et al. demonstrated the first hybrid composite composed
of PVSK NCs and PS and its usefulness in phototransistor mem-
ory.”Y The in situ formation of PVSK NCs in polymer matrices
allows them to be evenly embedded into PS matrices to obtain
acceptable photoresponsivities and ultrastable memory ratios of
10* over 120 days. Later, PVPh, PMMA, and PMAA have also
been investigated as insulated polymers in devices with PVSK
NCs to evaluate their structure—performance relationships in
phototransistor memory,®> with the results showing that the
device photoresponse increases as the sizes of the embedded
PVSK NCs decrease. Memory devices using PMMA as the insu-
lated matrix were found to produce the smallest NCs (9-11 nm),
giving them higher memory ratios (10°) than PS, PVPh,
or PMAA-based devices. In addition to evenly distributed
PVSK NCs, the use of spatially addressable NCs in the insulated
polymer matrix has been investigated. Chang et al. assessed
the use of PS-b-PEO as an insulated matrix for PVSK NCs.?®
By manipulating the interfaces and self-assembled morphology
of the floating gate electret, they were able to achieve an ultrafast
charge transfer rate, efficiency, and memory response with an
acceptable memory ratio of 10? under 5 ms of light illumination.

The PVSK floating gate designs described earlier are all based
on 3D NCs. Recently, 2D NCs have attracted extensive research
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interest owing to their excellent thermal and moisture durabil-
ities and the ability of the layered 2D PVSK NC structure to nat-
urally confines holes and electrons in quantum wells. Liao et al.
proposed a floating gate electret of Cs,Pb(SCN),Br, in a PVPh
matrix, producing a memory device with a pentacene channel
with an ultrahigh memory ratio of 10° over 10*s under illumi-
nation by low-intensity blue light (0.18 mW cm ™2, 450 nm).*”!
This high photoresponsivity suggests that 2D PVSK NCs could
improve the performance of phototransistor memory comprising
floating gate electrets.

More recently, Yang et al. reported the use of P2VP as an insu-
lated matrix for PVSK NCs.”® They found that, in the presence of
P2VP, the sizes of the NCs could be restrained to the nanometer
level of 7-9 nm, which is much smaller than that of 650-700 nm
NC sizes obtained in the PS matrix. This improvement was
attributed to the intense coordination between the pyridine in
P2VP and lead ions in the PVSK through Lewis acid—base inter-
actions. Owing to this NC size reduction, a memory fabricated
from this floating gate and a pentacene channel could be pro-
grammed with a shorter illumination time of 5 s to achieve a high
memory ratio of 10* over 10*s. In contrast, a reference device
composed of PS and PVSK NCs required 60 s of light illumina-
tion to achieve a memory ratio of 10 Subsequently, a fully light-
driven memory device was fabricated using a PVSK/P2VP float-
ing gate electret with a BPE—PDI channel. Figure 5e shows the
device architecture, energy-level diagram, and tunneling electron
microscope (TEM) morphology of the resulting PVSK/P2VP
film. The memory device was photowritten with visible light
for 20 s and then photoerased with UV light for 1s to achieve
a high memory ratio of 10* over 10*s.°”! Figure 5h, shows
the memory endurance cycles and retention test results of a
memory device with green light programming and UV light eras-
ing at a gate voltage of 0 V and drain voltage of 20 V. Notably, this
is a gate-free and flexible memory device that uses only two
terminals to perform both photowriting and erasing. These
gate-free, two-terminal characteristics with carrier transport in
the lateral direction are unique and compatible with flexible elec-
tronics. Impressively, the flexible memory device has a stable
memory ratio of 10* after 1000 bending cycles and at least ten
consecutive endurance cycles. This effort was the first attempt
to develop a fully light-driven memory device without the assis-
tance of gate bias and constitutes a proof of concept that warrants
further investigation. Overall, with the rapid development of
floating gate electrets, it is believed that floating gate electrets
with polymer dots, inorganic QDs, and PVSK NCs will contribute
to the further advancement of high-performance phototransistor
memory.

3.7. Photoactive Polymer Electrets

Photoactive polymer electrets possess bulk homogeneity, accept-
able mechanical tolerances, and more diversified structural
designs than hybrid composites, enabling direct investigation
of their interactions with channels. Star et al. reported the first
phototransistor memory using a functional assembly of the pho-
toactive polymer of PmPV as an electret and a channel composed
of carbon nanotubes (CNTSs). The polymer layer converted pho-
tons to electric charges and then stored them and the CNTs
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transported the carriers. The resulting device had a preliminary
memory ratio of 4 over 6 x 10*s."° Following this study, there
was a long gap in the literature until very recently, when a num-
ber of photoactive polymer electrets including 1) photolumines-
cent polymers, 2) conjugated/insulated polymer blends,
3) conjugated BCPs, and 4) supramolecules were examined.
Photoluminescent polymers can be categorized as aggrega-
tion-enhanced emission (AEE), aggregation-caused quenching
(ACQ), or aggregation-induced emission (AIE) polymers.
Cheng et al. introduced an electret composed of an AEE-active
polyamide (TPA-CN-TPE) that emitted strong green light under
UV irradiation!"®" that could be subsequently absorbed by a pen-
tacene channel. The photoinduced excitons in the channel could
be separated with the assistance of gate bias, leading to signifi-
cant shifts in the threshold voltage that could be considered pho-
towriting. Their memory device could be erased by applying a
reverse gate bias to achieve a high memory ratio of 10* over
10*s. However, an AEE-inactive aromatic polyimide (TPA-PIS)
film exhibited very weak luminescence because it had a much
stronger intramolecular charge transfer effect than that of
TAP-CN-TPE. Later, Chen et al. reported an ACQ-active polymer
electret of poly (carbazole-dioxazine) (polyCD). With its strong
hole-trapping capability, an ultrahigh memory window of 82V
could be achieved by electrically writing the polyCD-based
device.'*? In the photoerasing process, the polyCDs efficiently
generated excitons under light illumination to eliminate the
trapped charges in the electret. They subsequently reported a
conjugated ACQ-active polymer (copoly(CBT)) electret in a pho-
totransistor memory, producing a memory device with a stable
memory ratio of 10° over 10* s.'%*! 1t is understood that introduc-
ing donor—acceptor systems is a good strategy for overcoming
the Coulombic forces between electron and hole pairs to enhance
the charge separation efficiency. In addition, z-conjugated poly-
mers can effectively facilitate the dissociation of electron—hole
pairs through charge delocalization, particularly when the donor
and acceptor moieties are highly twisted. Thus, copoly(CBT) with
a twisted donor—acceptor-conjugated structure can achieve
ambipolar charge trapping and efficient photoerasing capability.
Photoluminescent polymers have been widely used as elec-
trets in phototransistor memory devices with electrical writ-
ing/photoerasing functionalities. Recently, Ke et al. developed
a series of AlE-active poly(triphenylamine) (PTPA) polymers with
finely tuned electron-accepting moieties to enable photowriting/
electrical erasing functionality in phototransistor memory.!**¥
The chemical structures of these PTPA polymers are shown
in Figure 6a. After simultaneous excitation without application
of an electric field, their AIE-active conjugated donor—acceptor
polymers underwent interlayer charge recombination and pro-
nounced photowriting with a high memory ratio of 10° over
4 x 10*s. Notably, by twisting the dihedral angle between the
donor and acceptor moieties, they could obtain tunable
behavior from flash-type (Figure 6b) and write-once-read-many
(WORM)-type memory. Ling et al. reported the use of
poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) as a photoluminescent
polymer electret for phototransistor memory."®! They found that
PFO with B-conformation is beneficial for electron trapping,
thereby enhancing the memory stability. The resulting memory
device achieved an acceptable memory ratio of 1000 over 8000 s
under electrical writing and photoerasing processes with white
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light. The same approach was adopted by Chen et al., revealing
an improved memory ratio of 107 over 4,000s under electrical
writing and photoassisted electrical erasing processes with
405 nm light.'°! However, the semiconducting nature of PFO
deteriorates the stability of trapped charges, and destructive read-
out with gate bias is necessary to apply to operate these devices.

A sophisticated structure design and synthesis are necessary
to produce a favorable polymer electret for use in phototransistor
memory, making it of significant interest to develop a facile
approach to producing high-performance polymer electrets.
In contrast, it is of great importance to overcoming the charge
leakage in conjugated polymer electrets. With regard to the pre-
viously mentioned problems, our group systematically investi-
gated a series of conjugated/insulated polymer blends as
photoactive polymer electrets for phototransistor memory with
multilevel photoresponse.!'””! The constituent conjugated poly-
mers included PFO, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV), and poly[(9,9-di-n-octylfluor-
enyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT); the
constituent insulated polymers, including PS and PMMA, and
their chemical structures and device architectures are shown
in Figure 6¢. We found that photogenerated electrons transferred
to the proximate insulated polymers, and photogenerated holes
were transduced to the pentacene channel to achieve photoin-
duced electron trapping in the photowriting process. To achieve
electrical erasing, holes were injected from the pentacene chan-
nel to recombine with the trapped electrons. The high contact
area between the conjugated and insulated polymers and the dis-
crete distribution of the conjugated polymer resulted in an
acceptable memory ratio of 5x 10* over 10°s (Figure 6d).
Later, Xu et al. applied a conjugated/insulated polymer blend
of F8BT/PMMA into a three-level phototransistor memory!'®®!
in which the memory states were defined using gate bias to
obtain 0-1 state transition and gate bias with light illumination
to obtain 1-2 state transition. The memory device had excep-
tional memory ratios of 10* (02 state) and 10 (0-1 state) over
2% 10%s.

It is worth noting that when using a BCP comprising conju-
gated/insulated polymers, severe phase separations observed in
the conjugated/insulated polymer blends that hamper the perfor-
mance of a phototransistor memory can be avoided. BCPs of
PFO and PS (PFO-b-PS) introduced by our group as a polymer
electret for phototransistor memory had a well-dispersed and
microphase-separated morphology that stabilized the trapped
electrons at the interface of the PFO and PS domains.'” As
shown in Figure 6e, PFO-b-PSy,i, which has an enhanced PS
content, exhibits a smoother surface than PFO-b-PSs,, which
has a fiber-like structure with a low PS content. In addition to
the morphological changes, PFO became B-conformation as
incorporated in BCPs, thereby improving the stability of trapped
electrons. By optimizing the PS content of a memory device, it is
possible to achieve a more stable photoresponse and memory
window, as shown in Figure 6f. Notably, a memory device com-
posed of PFO-b-PS,; could achieve a high memory ratio of 10*
over 10* s. Subsequently, BCPs composed of PFO and poly (vinyl-
phenyl oxadiazole) (POXD) were used as electrets to investigate
the influence of the donor—acceptor effect on memory perfor-
mance.''% A memory device composed of PFO-b-POXD and
BPE—PDI had an efficient electrical writing/photoerasing
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Figure 6. a) Chemical structures of the AlE-active and photoluminescent polymers of PTPA-CN and PTPA-CNBr. b) Transient characteristics of the
memory device comprising PTPA-CN (flash type) under photowriting and electrical erasing by applying consecutive gate impetus. Reproduced with
permission.l"®! Copyright 2021, Wiley-VCH. Phototransistor memory with conjugated polymer blends as electrets. c) Device architecture and chemical
structures of the conjugated polymers and insulated polymers in the polymer blend electrets. d) Retention tests of the phototransistor memory com-
prising PFO/PS polymer blends as an electret and a pentacene channel. Reproduced with permission."®”! Copyright 2019, American Chemical Society.
Phototransistor memory with conjugated BCP as an electret. €) AFM surface morphologies of PFO-b-PS with varied composition. f) Transient character-
istics of the phototransistor memory comprising PFO-b-PS as an electret and a pentacene channel. Reproduced with permission.' Copyright 2021,
Royal Society of Chemistry. g) Chemical structures of PPyMA and TCNQ and the orbital distribution of their charge transfer complex. h) Retention test of
the phototransistor memory with charge transfer supramolecular electrets. Reproduced with permission.''? Copyright 2021, Wiley-VCH.
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behavior with a high memory ratio of 10° over 10* s under illu-
mination by 254 nm light with a low intensity of 1mW cm 2.
Recently, a panchromatic memory device using pentacene as a
channel and BCPs composed of PF and poly (pendant isoindigo)
(Piso) as an electret"'!! was demonstrated. Complementing the
photoresponsivity of the PF to blue light, the Piso served as an
insulated coil and a UV-active polymer, allowing the memory
device to respond to UVC (254 nm) and UVA (365 nm) light with
memory ratios of 10* and 10*, respectively. Notably, the photoin-
duced electrons in the pentacene channel could be transduced into
the BCP electret without the assistance of a gate bias, which
allowed the memory device to achieve memory ratios of 10*
and 107 for green and red light, respectively. These results indicate
that trimming electron-donating/accepting groups in polymer
electrets not only modulates their energy levels and optical absorp-
tion but also regulates the polarity and storage of the charges
trapped within them.

Very recently, we were able to confirm highly efficient photo-
induced recovery in phototransistor memory using a charge
transfer supramolecular electret. The supramolecular electret,
which was composed of poly(l-pyrenemethyl methacrylate)
(PPyMA) and 7,7,8,8-tetracyanoquinodimethane (TCNQ), dem-
onstrated electrical-/optical-induced memory bistability owing
to the formation of numerous charge transfer complexes within
it.™2! Figure 6g shows the chemical structures of PPyMA and
TCNQ and the orbital distribution of their charge transfer com-
plexes. The favorable molecular association and dispersion
between pyrene and TCNQ allowed for a high memory ratio
of 10° over 10*s. The results of memory retention testing of
the phototransistor memory are shown in Figure 6h. Testing
of a reference device with an n-type channel of BPE—PDI instead
of a p-type channel of pentacene revealed no field-effect behavior
in the device, demonstrating the necessity of forming unipolar
charge transport in a memory device with a charge transfer
supramolecular electret.

3.8. Organic Molecule-Based Electrets

Small molecules have a number of advantages over photoactive
polymers in that 1) they are easy to purify and have 2) batch-to-
batch reproducibility, 3) well-defined molecular structures, and
4) ordered intermolecular packings. Organic molecules designed
for charge storage are also appealing as nonvolatile memory
materials but lag far behind other molecules in terms of research
on forming charge transport channels. Herein, we tried to sum-
marize the recent progress in the phototransistor memory com-
prising an organic molecule-based electret, and the recent
studies on phototransistor memory using organic molecule-
based electrets can be categorized into 1) the formation of an
ordered charge blocking layer between an organic molecule-
based electret and the channel and 2) the formation of a hetero-
junction structure between the organic molecule-based electret
and channel.

In terms of the first strategy, Zhang et al. first reported an
organic molecule-based electret of 2,2'-(anthra[2,3-b:6,7-b’]
dithiophene-5,11-diylidene)dimalononitrile with two decyl side
chains (M-C10).""* The long alkyl side chains facilitated the self-
organization of the M-C10 layer, following thermal annealing,
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which produced a layer-by-layer motif that could isolate penta-
cene/M-C10 interfaces, serving as an intrinsic tunneling area
with excellent charge retention capability. Based on these char-
acteristics, an enhanced transistor performance along with a pro-
longed charge retention time was achieved, with a memory ratio
of 10° over 2 x 10*s. This performance was much better than
that of memory with nonorganized M-C10 and a reference mol-
ecule without the alkyl side chain (M-C0), which had memory
ratios of 10° and 10°, respectively. A similar strategy was utilized
by our group when using conjugated rod—coil materials to fabri-
cate a phototransistor memory electret.™* In the phototransistor
memory, a solanesol-functionalized perylenediimide (Sol—PDI)
was applied as the electret and BPE—PDI was used to fabricate
the channel. The device architecture and the chemical structures
of Sol-PDI and BPE—PDI are shown in Figure 7a and the
energy-level diagram and working mechanism are shown in
Figure 7b. By uniting a conjugated core in the channel and elec-
tret layers, barrier-free interfaces between the electret and chan-
nel were successfully achieved. Furthermore, the self-assembled
behavior induced by thermal annealing defined the trapping sites
and tunneling regions in the conjugated cores and side chains,
respectively, enabling a fast response with an excellent memory
ratio of 10° over 10*s and a high sensitivity to multiband light
illumination (Figure 7c). Subsequently, an image-sensing system
based on the combination of p- and n-type rod—coil molecules
with an ultrafast photoresponse (<300 ms) and low-power con-
sumption was demonstrated.**! In addition to the rod—coil mol-
ecules, Lin et al. reported the use of rod-like molecules of
alkylated rylenediimides of 2,7-dioctylbenzo[lmn][3,8]phenan-
throline-1,3,6,8(2H,7 H)-tetraone  (C8-NDI) and pyromellitic
diimide of 2,6-dioctylpyrrolo[3,4-flisoindole-1,3,5,7(2H,6 H)-
tetraone (C8-PMDI) as phototransistor memory electrets.'1%
The rylenediimide films were thermally annealed at tempera-
tures above their phase-transition points to form liquid crystals,
and homotropically aligned films were obtained by cooling from
the liquid-crystalline phases. The resulting rylenediimide films
with 3D-ordered smectic layer structures and brickwork stack-
ings constituted effective phototransistor memory electrets,
and a memory device obtained by combining them with an
n-type channel of BPE—PDI demonstrated an acceptable mem-
ory ratio of 10° over 10”s.

A number of studies have attempted to fabricate heterojunc-
tion structures between organic molecule-based electrets and
channels. Zhuang et al. developed a phototransistor memory
using a lanthanide complex (Eu(tta)sppta) as an electret.!*”!
The luminescent complex of Eu(tta);ppta emitted intense red
light upon UV light excitation and served as a trapping element
for holes injected from the pentacene channel. However, a mem-
ory device fabricated from the Eu(tta);ppta electret and a penta-
cene channel required gate bias in both the writing and erasing
processes, which meant that UV light could play only an auxiliary
role in its programming. Sun et al. reported a series of spiro[-
fluorine-9,9’-xanthene] (SFX) derivatives as phototransistor
memory electrets.[''® By tuning their side groups, the molecular
interactions, dipole moments, and memory characteristics of the
SFXs could be modulated. In organic-molecule electrets, the
intrinsic dipole moment of the organic molecule, rather than
charge dissipation, might play a vital role in the charge transfer
between the electret and the channel. In addition, cruciform
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Figure 7. a) Device architecture and chemical structure of sol—PDlI, b) energy-level diagram and working mechanism, and c) transient characteristics of

the phototransistor memory comprising rod—coil molecule as an electret and a BPE—PDI channel. Reproduced with permission.'"! Copyright 2020,
Wiley-VCH. d) Device architecture and AFM surface morphologies of €) VOPc and f) p-6P/VOPc bilayered film. Reproduced with permission.

[120]

Copyright 2017, American Chemical Society. g) Preparation procedure of the nanostructured WG3 film. h) AFM topographies and i) water contact angle
of the nanostructured WG3 surface. Reproduced with permission.?® Copyright 2018, Wiley-VCH.
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spiroarene demonstrates a typical supramolecular steric hin-
drance, and the large dihedral angle of its constituent donor—
acceptor moieties might encourage charge trapping at hetero-
junction interfaces. Notably, the high dipole moment of
dicyano-functionalized SFX (DCNSFX, 5.5 D), which exceeds
that of SFX (1.0 D), is conducive to hole tunneling in both elec-
trical writing and photoerasing. DCNSFX possesses a larger
memory window than SFX (39 as opposed to 31 V), and memory
devices composed of DCNSFX have achieved memory ratios of
10% over 10*s.

Given that inferior exciton dissociation is a potential obstacle
to photon absorption conversion into free charge carriers in
single-panchromatic materials, a multimaterial compound strat-
egy is the preferred option because, and in addition to enabling
broadband absorption, it increases exciton dissociation efficiency
owing to the use of a heterojunction structure. Du et al. reported
a multimaterial phototransistor memory comprising lead phtha-
locyanine (PbPc, near infrared (NIR) red light), perylene dianhy-
dride (PTCDA, green—Dblue light), and fullerene (Cqo, purple UV
light).'*%) The effectiveness of its heterojunction structure was
reflected in its panchromatic photoresponse with a high memory
window of 69 V under 405 nm light programming. However, the
lack of an insulated medium for charge storage resulted in poor
retention in the memory window of 15 V after 10*s. Qian et al.
reported a phototransistor memory with a vanadyl-phthalocya-
nine (VOPc) channel on a p-6P thin film."*”) The device archi-
tecture is shown in Figure 7d. p-6P is a very effective interface
modifier for enhancing the light absorption and electron-
trapping capability of a heterojunction at its interface. As shown
in Figure 7e,f, a more segregated morphology can be observed in
the p-6P/VOPc film than in the VOPc film, and the heterojunc-
tion between VOPc and p-6P results in superior photomemory
characteristics with a memory ratio of 10° over 5000 s. However,
the lack of an insulated medium for charge storage requires the
use of a destructive readout with gate bias.

While narrow-bandgap materials can lose trapped charge,
resulting in data retention degradation, wide-bandgap semicon-
ductors have high potential barriers, making them ideal for pre-
serving trapped charges and, therefore, of potential use in
memory devices. Li et al. fabricated isolated and ordered nano-
structure arrays from the blending of small wide-bandgap mol-
ecules with trimethylolpropane followed by phase separation via
spin coating.”®! Their fabrication procedure and the resulting
AFM morphologies and surface hydrophobicity are shown in
Figure 7g—i, respectively. Their device had a high memory ratio
of 10° over 10*s, which was enhanced by the improved charge-
trapping efficiency and the increased contact area between WG;
and the pentacene channel. The isolated nanostructure sup-
pressed the lateral diffusion of the trapped holes among the
nanocolumns, giving the memory device high stability and reli-
ability. In addition, the electron traps were primarily located in
the crystal grain boundaries, as indicated by the in situ conduc-
tive AFM under the application of a 365 nm light pulse. Despite
the variety of molecule-based electret designs, most require a
gate voltage to program or read the memory device; to eliminate
the application of gate bias in memory programming, isolated
nanostructures or layered structures should be further
developed.
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Collectively, phototransistor memory devices comprising
1) channel-only, 2) channel with photogate, or 3) photochromic
channel configurations are favorable for fast response applica-
tions but usually require gate bias to program or even read
the device. However, this design is revealed to be viable to
achieve highly sensitive photodetectors and low-energy-
consumption artificial synapses, having high volatilities and
plenty of interfacial contacts between channels and photogates.
Next, by introducing a polymer electret below the channel, it is
possible to achieve the field-assisted transfer of photoinduced
charges from the channel to the polymer electret and localize
these charges to improve memory stability. Therefore, phototran-
sistor memory devices comprising 4) inactive polymer or
5) blocked floating gate electrets show improved memory stabili-
ties with the assistance of gate bias to facilitate charge tunneling
through the insulated barrier. To ensure the memory function
without mutual interference, gate bias in device programming
and reading was precluded by adopting 6) floating gate or 7) pho-
toactive polymer electrets with a combined layer of photogate and
insulated medium. This allows the insulated polymer to effec-
tively protect the charges trapped in the floating gate and prevent
charge leakage on both sides of the electret. Concisely, the design
of photogate in electret is more competent than that of photogate
in channel in nonvolatile memory application. Finally, phototran-
sistor memory devices comprising 8) organic molecule electrets
with isolated nanoarrays or layer structures have several advan-
tages relative to polymer electrets, including ease of purification,
well-defined molecular structures, and ordered intermolecular
packings. However, organic molecule electrets require elaborate
nanostructure engineering to produce high performance without
the need to apply gate bias to program or read the memory
device.

4. Application of Phototransistors in Artificial
Synapses and Photodetectors

In the previous sections, we focused on a literature review of
phototransistor-based memory devices. Here, we extend our
horizon to review other applications of phototransistors, includ-
ing artificial synapses (Section 4.1) and photodetectors
(Section 4.2). Hysteresis to optical or electrical stimuli can induce
memory effects in a phototransistor. Memory devices can be cat-
egorized as long-term, short-term, and sensor memory depend-
ing on their volatilities. For instance, an artificial synapse is
regarded as STM device with medium volatility, whereas a pho-
todetector should not show hysteresis to optical or electrical stim-
uli and will produce a completely volatile signal after removing
external stimuli. Generally, phototransistors with strong hyster-
esis are used as memory devices; in contrast, phototransistors
with negligible hysteresis are good photodetectors. Artificial syn-
apses lie in between memory and sensors: depending on the
operational history, such devices will have medium volatility
and hysteresis to external stimuli.

4.1. Artificial Synapses

With the explosive growth in information generation, computa-
tion, and storage, computing systems following the von
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Neumann architecture (separated memory and central process-
ing units) are beginning to face intrinsic limitations, making it
increasingly important to reform the computing paradigm.!*"!
In the previous sections, we introduced photoassisted informa-
tion storage with phototransistor memory; here, we review recent
advances in information computation using photosynaptic
transistors.

The human brain contains ~10'" neurons and ~10"* synap-
ses and possess the advantages of high parallelism and efficiency,
fault tolerance, and low energy consumptions of only 1-100 ]
per synaptic event. Itis particularly effective at handling the com-
plex behaviors involved in cognitive learning, image recognition,
and understanding language.*? It is therefore unsurprising that
neuromorphic computing has attracted considerable attention in
recent years. Among all the senses used for learning, more than
70% of information is derived from visual perception.
Furthermore, synapses triggered by light pulses have unique
advantages in terms of high bandwidth and interference immu-
nity."?* Therefore, the development of photonic neuromorphic
synapses represents a potential avenue to breaking the von
Neumann bottleneck in photocommunication. The basic struc-
ture of a photosynaptic transistor is similar to that of a biological
synapse, with source/drain electrodes corresponding to pre-/
postsynapses and light pulses corresponding to the action poten-
tials applied presynapse. The carriers within the channel between
the source/drain electrodes in a photosynaptic transistor are sim-
ilar to the neurotransmitters within a synapse. Several significant
parameters can be used as indicators to quantify synaptic effi-
cacy. For example, the excitatory postsynaptic current (EPSC)
or inhibitory postsynaptic current (IPSC) produced by light
pulses in inducing an increase (carrier capture) or decrease
(carrier release) in current primarily determines the degree of
neuron connection (synaptic strength/weight). Synaptic plasticity
relates to the ability of a synapse to precisely adjust its activity
according to operational parameters including stimulus intensity
and duration. Synaptic plasticity can be further divided into
short-term plasticity (STP) and long-term plasticity (LTP) in
accordance with STM and long-term memory (LTM), respec-
tively, which serve as the basis of learning and memory informa-
tion processing in the human brain. Paired-pulse facilitation
(PPF) and paired-pulse depression (PPD), referring to phenom-
ena in which there is an increase (or decrease) in the ratio of
postsynaptic current amplitude between two consecutive spikes,
are direct indications of STP. In addition, the PPF index relies on
a time interval that follows a biexponential function and plays an
important role in identifying and decoding information. As men-
tioned previously, these parameters can be regulated by the
intensity, wavelength, pulse number, frequency, duration of illu-
mination, and gate/drain voltages applied to a photosynaptic
transistor. In addition to STP, LTP is responsible for learning
and memory retaining that last from hours to a whole life in
the human brain, and LTP can be enabled by rehearsal learning
process. In artificial synapses, LTP refers to the longstanding
decay of EPSCs and thus can be modulated by increasing the
synaptic weight, such as altering the number of pulses, pulse
width, and interval between the pulse to achieve spike
number-dependent plasticity (SNDP), spike time-dependent
plasticity (STDP), and spike rate-dependent plasticity (SRDP).
Therefore, these functionalities enable LTP of artificial synapses
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and are of great importance to emulating LTM in human brain.
In addition to the operation of artificial synapses, the most
important artificial synapse parameter is energy consumption,
defined as Ie,i % t X V, where Ieay, t, and V are the peak values
of the EPSC (or IPSC), pulse duration time, and pulse voltage,
respectively. In this section, we introduce photosynaptic devices
with the following constituent materials: PVSK NCs, photoactive
molecules, organic semiconductors, inorganic semiconductors
owing to their respectable photoresponsivity and carrier mobility,
and other material developments including metal NPs, ferroelec-
tric gate, and gel electrolyte can be seen in other review
literatures.[' 712!

As a photosynaptic application of PVSK NCs, Wang et al.
assessed the photonic potentiation and electrical habituation
of a photosynaptic transistor based on a flash memory structure
with a CsPbBr; QD-based blocked floating gate, a PMMA block-
ing layer, and a pentacene semiconducting channel. Their device
could emulate synaptic functions such as STP, LTP, PPF, PPD,
and SRDP at wavelengths of 365, 450, 520, and 660nm.
Photogenerated electrons and holes were trapped and released
in the CsPbBr; QDs. Under 1s of illumination at intensities
of 0.07, 0.13, and 0.15 mW cm 2, the EPSC gradually increased
from 2.8 to 3.3 and finally to 4.6 nA, respectively, at Vps =0.2V,
enabling a transformation in memory volatility from STM to
LTM synaptic plasticity. Evaluation of the PPF index at different
light intensities and wavelengths revealed that an acceptable
characteristic PPF ratio of 130% could be achieved at a
wavelength of 365nm, Vps=0.2V, and intensity of
0.15mWcm 2 with a preliminary energy consumption of
1.4 x 10 °Jevent "."** In addition to simulating the behavior
of photonic synapses, light pulses can play an auxiliary role in
the functioning of electrical synaptic devices. Ham et al. fabri-
cated a vertical, two-terminal, bipolar artificial synapse contain-
ing CH;3;NH;3Pbl; PVSK NCs that could mimic dopamine-
facilitated STP, LTP, and LTD synaptic activity under both elec-
trical pulses and light stimulation. As the grain boundaries of the
PVSK were sensitive to light irradiation and further weakened
the conducting energy of the ions, illuminating the device inher-
ently accelerated the migration of iodine vacancies to reduce the
threshold of the LTP with very low programming input (0.1 V).
A comparison of three conditions—1) electrical pulse-only oper-
ation (pulse amplitude =0.15V, pulse width=0.4s); 2) light
illumination-only operation (intensity = 8.2 mW cm ™2 for 0.4s);
and 3) combined electrical pulse and light illumination—
revealed that light-assisted electrical programming (3) produced
the largest current at 3.2x 10 '°A. Furthermore, they
were able to attain a preliminary pattern recognition accuracy
of 82% with a low power consumption of 4.8nW.['%]
Photosynaptic transistors based on bilayer electret-and-channel
structures generally require multiple processing steps and
increase the fabrication cost and complexity, and the incorpo-
ration of high-mobility, air-stable semiconductors with photo-
gates into such devices can simplify the fabrication procedure
and achieve a faster photoresponse. As an example of this,
Hao et al. implemented a configuration of high-photosensitivity
CsPDbBr; QDs/high-mobility poly(diketopyrrolopyrrole—
thienothiophene) (PDPPTT) as photonic synapses to mimic syn-
aptic properties such as PPF, EPSC, transition of STM to LTM,
and learning experience.'*! The device architecture and
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correlation of PPF to pulse intervals under illumination at
450 nm and 0.26 mW cm™? are shown in Figure 8a,b. The photo-
synaptic assembly had a high PPF index of 170% at Vps = —0.2V
and a time interval of 300 ms. Notably, by regulating the pulse
number (5-50 pulses) and width (10-200s) at 1Hz, a clear
STM-LTM transition process could be achieved, as shown in
Figure 8c, as well as a learning—forgetting-relearning phenome-
non (Figure 8d). Furthermore, the photosynaptic transistor could
be programmed using 450 and 500 nm light to achieve basic
AND/OR logic and neuromorphic visual functionality
(Figure 8e). Impressively, the PDPPTT/CsPbBr; QD photosy-
naptic transistor achieved a low energy consumption of
5 x 10 ' per spike at Vpg = —0.0005 V.

Very recently, Chen et al. used FA,Cs; ,PbBr; (x=0, 0.5, and
1)-based PVSK QDs in blended FA-(FAPbBrs), mixed FA/Cs-
(FA¢5CsosPbBrs), and Cs-(CsPbBrs) QD-and-P3HT-based
photomemory to imitate the optical potentiation and electric
depression of photosynaptic transistors, PPF, EPSC, LTP, and
STM-LTM transitions, and multiple spike-dependent plasticity

www.small-science-journal.com

synaptic behaviors. The P3HT and QDs served as charge-
transporting and trapping elements among the composites,
effectively separating the charge pairs to reduce the illumination
time. Using FA-QDs, which have the lowest valence band and the
longest exciton lifetime, shortened the light-recordable time to
1s and achieved acceptable relaxation times of 7; = 1367 and
7, =15.8 ms, demonstrating their stable and fast photores-
ponses. A photosynaptic transistor fabricated from FA-QDs/
P3HT was able to carry out both optical potentiation (10 optical
pulses, 6 mW cm ™2, 1s duration, 10s interval) and electric
depression (—40V, 1s duration, 20s interval). P3HT/PVSK
QD composite films of P3HT and PVSK QDs were able to act
as charge-transporting materials with improved photoinduced
charge-trapping sites. As an example of the usefulness of
enhanced charge trapping, a mixed heterojunction layer config-
uration can simplify device structure and increase the contact
area between the P3HT and PVSK relative to a bilayer configu-
ration comprising a floating gate or polymer electret under a
semiconducting channel, allowing for the effective separation
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Figure 8. Photosynaptic transistor with channel-containing photogates. a) Device architecture, b) correlation of the PPF index to the pulse interval,
c) volatility transitions from STM to LTM by varying the pulse number, d) learning experience of the synaptic device including learning, forgetting,
and relearning processes, and e) simulation of the neuromorphic visual system of DPPDTT/CsPbBr; QD photosynaptic transistor. Reproduced with
permission.l"?¢! Copyright 2020, American Chemical Society. f) Working mechanism of the photosynaptic transistor with metal oxide materials including
the ionization and recombination processes of oxygen vacancies. g) Emulation of the photosynaptic transistor to the synaptic transmission in biological
synapses, and the synaptic influx and extrusion processes of Ca”". Reproduced with permission.['*?l Copyright 2020, Wiley-VCH.
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of electrons and holes within an extremely short time. Notably,
the FA-QDs/P3HT photosynaptic transistor exhibited an
ultralow  energy  consumption of 3 x107Y]  with
EPSC=1.2x10"*2A collected at a Vps of —=5x 107*V and a
spike pulse of 5 x 107 s under illumination at 450 nm; this rep-
resents state-of-the-art artificial synapse behavior with the lowest
energy consumption reported to date.'*”) Subsequently, Ercan
et al. demonstrated the efficacy of self-assembled nanostructures
in photosynaptic transistors composed of CsPbBr; QDs and
P3HT.'?® By introducing marginal solvent of acetonitrile, ultra-
sonication, and UV treatment to the blending solution of QDs
and P3HT, QDs formed aligned coaggregates along with the
nanofibrillar P3HT, thereby achieving a decent synaptic perfor-
mance of a low energy consumption of 1.8 x 107'°] with
EPSC = 3.6 x 10" A collected at Vpg of —0.001V and a spike
pulse of 5 x 1072 s under illumination at 450 nm to the previous
result. It is worth noting that CsPbBr; QD presents lower charge
transfer efficiency to P3HT than FAPbBr; QDs based on the
time-resolved photoluminescent characteristics,'?”) and there-
fore, further advancement is expected to be achieved by combin-
ing high-performance QDs and nanostructured engineering to
the semiconductors and photogates.

Although PVSK materials provide a wide range of advantages
as powerful photogates in phototransistors, they are organically
detrimental and have the potential to cause environmental pol-
lution. Following an enhanced awareness of the need for envi-
ronmental protection, phototransistors are now combined with
biomaterials to improve their biocompatibility and environmen-
tal sustainability. For example, Lv et al. fabricated a floating gate
using carbon dots and silk protein (CDs/silk) as a charge-
trapping medium to enable dual-mode modulation (volatile/non-
volatile) of a photosynaptic transistor with five well-defined resis-
tance states.'?” Owing to its high transparency and water
solubility, silk protein was used as the biopolymer matrix to
improve the stability of the CDs. In nonvolatile mode, their
device achieved acceptable storage capability, programming
reproducibility, and long-term stability over 7 x 10°s. By regulat-
ing the input optical pulses (temporal and permanent), the chan-
nel current could be made analogous to STP and LTP in volatile
mode. By appropriately combining optical and electrical stimuli,
the EPSC feature could be triggered to obtain a PPF ratio of up to
124% at a wavelength of 365 nm, intensity of 0.15 mW cm ™2, and
Vps = —1V. Conversely, a PPD behavior of —168% could be
achieved by applying a suitable gate bias to the phototransistor.
Furthermore, they demonstrated a flexible phototransistor using
Al,05 as a blocking dielectric layer with a low operation voltage of
—5V. Finally, they developed an artificial neural network com-
prising a single perception layer that achieved good accuracy
of 73% in pattern recognition.

Using a suitable structural design, multifunction phototran-
sistors that can, for instance, engage in both synaptic and mem-
ory behavior can be implemented on a single device. For
example, Yang et al. fabricated multifunctional photoresponsive
transistor memory based on blends of chlorophyll biomaterial
and a PDPP2T semiconductor. Their devices could achieve
photodetector or photosynaptic transistor functionalities by
switching the negative or positive gate voltages.*% Several
important synaptic functions, including EPSC, PPF, STM,
LTM, learning and forgetting, and image-processing functions,
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were also demonstrated. Fitting the PPF index under illumina-
tion at 430 nm (intensity = 1 mW cm %, Vpg = —1V) by a biex-
ponential function resulted in time constants of 7; =82 and
7, = 1479 ms, indicating a time scale appropriate for a biological
synapse. Notably, the device could be operated at Vpg = —10"°V
with spike widths of up to 50 ms, corresponding to a calculated
energy consumption per spike of 2.5 x 107'¢]. The pattern rec-
ognition capability of the photosynaptic transistor was further
demonstrated by applying it in a convolutional neural network.
In addition to the architecture of channel with photogate, Wang
et al. subsequently fabricated an ultrasensitive photosynaptic
transistor using bilayered structure comprising DNTT and
hydoxy/nitophenyl-porphyrin (TPP) that could detect weak light
signals with an intensity of 1 yW cm ™2 or transient light stimuli
as short as 0.05 s.["*" PPF and EPSC synaptic behaviors and the
transition of synaptic function between STP and LTP could be
triggered using 450 nm light, with a PPF index of 126% obtained
under light illumination for 0.5 s at an intensity of 160 uW cm 2.
Notably, the synaptic device could operate at an ultralow
voltage of —70uV, obtaining a low energy consumption of
1.4 x 107 J under a light intensity of 12 yW cm 2.

In addition to organic photogates and semiconductors, inor-
ganic semiconductors are promising materials for use in
high-performance photosynaptic transistors. Their synaptic
properties are primarily derived from the persistent photocon-
ductivity (PPC) and related relaxation phenomena of oxide semi-
conductors. The dynamics of PPC are similar to those of Ca** in
biological synapses, and most of the generation and recombina-
tion mechanisms, in which oxygen vacancies are ionized under
light stimulation and become positively charged, are caused by
the slow deionization process that occurs after turning off light
stimulation. Kim et al. controlled the PPC and relaxation charac-
teristics of an oxide semiconductor of indium gallium zinc oxide
(IGZO) and a polarizable ferroelectric layer (HfZrO,) to con-
struct an oxide-based layer TiN/HfZrO,/IGZO/Al structure.'*?
The working mechanism of their photosynaptic transistor and its
emulation of synaptic transmission in a biological synapse are
shown in Figure 8f,g. In their device, optical stimulus increased
the conductance of IGZO and the polarization of Hf ZrO,, suc-
cessfully induced charge accumulation and depletion without an
external power supply. Further evaluation of STP, PPF, and LTP
synaptic behaviors revealed a high conductance amplification of
280% and EPSC retention of 28% in a device with downward
polarization. This device outperformed one with upward polari-
zation, which had a conductance amplification of only 200% and
an EPSC retention of only 1% after 250s.

4.2. Photodetectors

Phototransistors have been consistently spotlighted as promising
candidates for use in photodetectors owing to their light weight
and compatibility with circuit integration. In addition, they
achieve highly tunable device performance by applying a gate
voltage to induce gate effects to allow the channel conductivity
to be configured by both gate voltage and light."**! Compared
with other photodetectors, device configurations such as photo-
diodes and photoconductors, phototransistors have more
concentrated carrier concentrations in channel, which are
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conducive to achieving high photosensitivity. Notably, phototran-
sistor-based near-infrared detectors can be used in a wide range
of emerging applications including noninvasive bioimaging,
wearable health monitoring, and biometric authentication
owing to their mechanical flexibility, affordability, and solution
processability.!'3*13¢!

The material systems used in phototransistor-based photodetec-
tors comprise 1) semiconductors and 2) photoabsorbers, which
determine, respectively, the charge transport polarity and photo-
response of the phototransistor. It is possible to combine these
two functionalities into a single semiconducting polymer material
or molecule for use in a photodetector. Park et al. reported a near-
infrared organic phototransistor with a p-channel based on
poly(diketopyrrolopyrrole-benzothiadiazole) (PDPPBT) with a nar-
row bandgap.*”! In thin films, close contact between DPP units
can cause strong dipole interactions between carbonyl groups and
nearby nitrogen atoms. Therefore, evenly distributed charge
transfer complexes were formed in the crystalline domain of
the channel layer to promote the photoresponse. The device pro-
vided preliminary photoresponsivities of 0.014-0.015AW ! to
830-935 nm light with an intensity of 0.34 mW cm ™%

To achieve extended compatibility in circuit designs using
organic phototransistors, it is necessary to secure both the p-
and n-channels in the phototransistor. However, most organic
transistors use p-type-conjugated polymers, forcing the resulting
device to run in p-channel mode. There is, in contrast, a very
limited range of n-type conjugated polymers available for use
in n-channels. Recently, Lee et al. reported a stable n-type pho-
totransistor comprising  poly(dithieno-indacenedithiophene-
naphthalene diimide) that could absorb blue, red, and near-IR
light."*® The device demonstrated preliminary photoresponsiv-
ities of 0.015 and 0.018 AW ! to 434 and 754 nm light, respec-
tively, with an intensity of 0.1 mW cm™2. In addition to direct
application to semiconductors as channels and photoabsorbers,
photoabsorbers can be blended with semiconductors to form
bulk heterojunctions or stacked with semiconductors to form
heterostructure systems. To achieve this, effective generation
and dissociation of charges must be possible, presumably aided
by the application of gate voltage, and interfaces such as bulk
heterojunctions or bilayers are required for effective dissociation
within the organic semiconductor. Furthermore, balanced
charge transport pathways for both electrons and holes must
be possible within the channel.

A simple approach to fabricating photodetectors is the blend-
ing of semiconductors and photoabsorbers. Herrera et al.
reported an n-type phototransistor comprising blends of P3HT
and PCBM."*? Their results indicated that a PCBM channel with
1 wt% P3HT was sufficient to induce photoconductivity with uni-
polar electron transport. However, they found that photoinduced
charge excitation and carrier transport within the same channels
increased the recombination losses of photoexcited charge car-
riers and electrical noise, thereby reducing the detectable ampli-
tude range of the optical signal. A heterostructure system,
in contrast, can maintain and promote the discrete characteristics,
for example, high mobility, strong optical absorption, and strong
emission, of two different materials. Chu et al. reported a photo-
transistor with a DNTT channel and a polylactic acid (PLA) polar
dielectric."*® Their device achieved enhanced photosensitivity,
which they explained based on a multiple trap-and-release model

Small Sci. 2022, 2100109 2100109 (22 of 27)

www.small-science-journal.com

in which the polar groups in the PLA film can induce high-density
charge traps at different energy levels at the organic semiconduc-
tor/dielectric interface, where the majority of charge carriers are
concentrated. This charge trapping effect in PLA can reduce the
carrier transportation rate by temporarily trapping carriers, result-
ing in an ultralow dark current. In contrast, the DNTT channel
provides fast transportation paths for photogenerated charges,
while maintaining a low dark current and high current contrast.
Their device demonstrated a high current contrast of
>3,000—450 nm light at an intensity of 100 mW cm ™2,

Polymer dielectric insulators can be good matrices for accom-
modating photoabsorbers; this feature has led to a number of stud-
ies on the combination of insulated polymers and photoabsorbers
into blocked or floating designs. A blocked design is constructed
by installing a polymer insulator between a semiconducting chan-
nel and photoabsorber layer, whereas a floating design is achieved
by mixing a polymer insulator with a photoabsorber and placing
the blend above or below the channel to absorb light. For example,
Lee et al. reported a photoabsorber comprising poly(triphenyl-
amine) and tris(pentafluorophenyl)borane (BCF) in which the
photoabsorber layer was blocked by PMMA."Y The chemical
structures of the constituent materials and their device architec-
ture are shown in Figure 9a. BCF doping was found to create
unpaired electrons (radicals) in the HOMO levels of poly(triphe-
nylamine), producing broad absorption covering the full range of
the short-wave infrared (Figure 9b). The photoresponses of their
photodetector device in the dark and under irradiation with
2500 nm light are shown in Figure 9c. The resulting device
achieved good photoresponsivities to 0.58, 0.70, 0.83, 1500,
2000, and 2500nm light with intensities of 50-70 uW cm ™%
Lim et al. reported a phototransistor based on a floating design
in which the photoabsorber was blended with PS and formed a
poly(diketopyrrolopyrole-thienothiophene) (PDPPTT) semicon-
ductor.™*? The photoabsorber molecule, which had a twisted
conjugation comprising a donor—acceptor—donor design of triphe-
nylamine—difluorobenzothiadiazole—pyrene, had a broadband
detection range spanning 250—700 nm. Triphenylamine and pyr-
ene donors were used as hole transport pathways, with the difluor-
obenzothiadiazole acceptor serving as the electron trap and
tetracyanoethylene between the donor and acceptor moieties
was used to prevent charge leakage. The resulting device had a
preliminary photoresponsivity of 0.09 A W™ to 400 nm light with
an intensity of 1.1 mW cm ™2,

A polymer insulator can potentially hinder charge tunneling
and exciton dissociation to produce a modest photoresponse.
Recent studies have reported high-performance phototransistors
that achieve heterojunction bilayer structures without the use of
polymer insulators. Chen et al. reported a phototransistor with a
CsPbBr; QD photoabsorber layer and a DNTT channel with a
high photoresponsivity of 1.7 x 10*A W' and a photodetectivity
of 2x10™ Jones to 460nm light with an intensity of
1mW cm™21* The good performance of their design can be
attributed to fast interfacial charge dissociation. During illumina-
tion, a large number of charges are generated in both the channel
and photoabsorber layers. These charge pairs quickly dissociate
near the interfaces owing to potential bias, and the holes are
transported from the QDs to the DNTT and electrodes, which
is favorable to the separation of the holes and electrons and
reduces their recombination. Li et al. reported an air-stable,
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Figure 9. Photodetectors with a blocked photoabsorber design. a) Device architecture and chemical structures of polyTPD and BCF. b) Optical absorption
spectra of the polyTPD:BCF films with various BCF contents (inset: offset between the HOMO energy level of polyTPD and the LUMO energy level of
BCF). c) Current state in the dark or irradiated by 2500 nm light of the phototransistor comprising a photoabsorber of polyTPD:BCF, a blocking layer of
PMMA, and a channel of P3HT. Reproduced with permission.l"*"! Copyright 2021, American Chemical Society. Photodetector with charge transfer com-
plex as a photoabsorber. d) Device architecture and chemical structures of PQT and F4-TCNQ. Photoresponses of the photodetector to different wave-
lengths of light at e) 45 uW cm™2 and at f) 1uW cm™2. Reproduced with permission.**! Copyright 2021, Wiley-VCH.

n-type, near-IR sensor based on a poly{5,5"-bis[3,5-bis(thienyl)
phenyl]-2,2’-bithiophene-3-ethylesterthiophene} (PTPBT-ET)
photoabsorber layer and an In, 05 channel with a good photores-
ponsivity of 200 A W' and a photodetectivity of 2 x 10" Jones to
850 nm light with an intensity of 0.2 mW cm™2["* The good
performance of this design can be attributed to the high electron
mobility of In,O3 and the high-NIR absorbance of PTPBT-ET.
It is understood that the formation of charge transfer complexes
can effectively broaden optical absorption and improve the photo-
response of a phototransistor. For example, Yang et al. reported
an IR sensor comprising a charge transfer complex of poly(3,3"”-
dialkylquaterthiophene) (PQT-12) and 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F,-TCNQ) in which single-walled
carbon nanotubes (SWCNTs) were used as p-type channels.["*”)
The device architecture and chemical structures of the constitu-
ent materials are shown in Figure 9d. Benefiting from the ultra-
low electronic transition energy of the charge transfer complex
between PQT and F,-TCNQ, the phototransistor achieved broad-
band photodetection spanning the range of 400—2600 nm, and
the resulting device exhibited an ultrahigh photoresponsivity of
2.8 x 10°AW™! and a photodetectivity of 3 x 10 Jones under
illumination by 2000nm light with an intensity of
45 Wcem 2 (Figure 9e,f). Notably, their photodetector with
charge transfer complexes could respond to blackbody irradiation
at 600 and 700 °C, a practical temperature region for industry,
scientific research, and national defense purposes that is rarely
reported for organic phototransistors. Finally, with the growing
demand for UV—vis—IR detectors, myriads of materials systems
will be consistently explored with the goal of achieving systems
with broadband, low-intensity, and fast phototransistor detection.
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5. Conclusion and Future Outlook

In this review, we discussed the recent progress in phototransis-
tors and their diverse applications, including nonvolatile mem-
ory, artificial synapses, and photodetectors. After introducing the
basic design concepts, requirements, and architectures of photo-
transistor memory, we systematically categorized nonvolatile
memory device architectures, including channel-only, channel-
with-photogate, and photochromatic-channel devices, as well
as devices incorporating floating gate, photoactive polymer,
and organic molecule-based electrets. Based on what we have
learnt from this literature review, we can draw some key points.
First, a phototransistor memory device without an electret is
favorable for fast response applications but usually requires gate
bias to program or even read the device, with the resulting rela-
tively poor memory retention presenting a significant problem.
However, this design is revealed to be viable to achieve high-
performance photodetectors and artificial synapses, having
higher volatilities than memory devices. Next, by introducing
a polymer electret below the channel, it is possible to achieve
the field-assisted transfer of photoinduced charges from the
channel to the polymer electret and localize these charges to
improve memory stability. Based on this, designs with floating
gate and photoactive polymer electrets are potential candidates
for use in high-performance memory devices. Floating gate elec-
trets can be prepared via a one-step spin-coating technique,
avoiding the need for the multiple process steps applied in con-
structing the blocked floating gate architecture. This allows the
insulated polymer to effectively protect the charges trapped in the
floating gate and prevent charge leakage on both sides of the elec-
tret. The proliferation of floating gate electret designs based on
polymer dots, inorganic QDs, and PVSK NCs should further
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advance the development of high-performance phototransistor
memory. Photoactive polymer electrets have bulk homogeneity,
acceptable mechanical tolerances, and more diversified struc-
tural design potential than hybrid composites. Among these,
donor—acceptor polymers and conjugated BCPs have been shown
to be capable of achieving high performance in phototransistor
memory. Trimming the electron-donating/accepting groups of
donor-acceptor polymers modulates their energy levels and opti-
cal absorption and regulates the polarity and storage of the
trapped charges within them. In contrast, fine tuning the com-
positions of conjugated BCPs can modulate their photoresponse
and charge retention capabilities. Organic molecules have several
advantages relative to polymer electrets, including ease of purifi-
cation, batch-to-batch reproducibility, well-defined molecular
structures, and ordered intermolecular packings. Organic mole-
cules can also be engineered with isolated nanostructures (such
as nanocolumns) or layered structures to achieve high perfor-
mance without the need to apply gate bias to program or read
the memory device.

Because the absorption band, energy-level alignment, and
morphology of the interface of the channel and memory layers
are all vital to memory behavior; a well-chosen combination of
the respective materials plays an important role in memory per-
formance. The following issues must be addressed and require-
ments met to enhance memory performance and understand the
memory mechanism. 1) Reliable multiresponsiveness can be
achieved utilizing photochromic molecules or exploiting the fer-
roelectricity of a gate insulator in a transistor memory. To this
end, ferroelectric phototransistor memory is promising in terms
of achieving multibit data storage within unit cells. 2) The adop-
tion of a vertical structure can shorten the length of the charge
transfer channel from tens of micrometers to the order of nano-
meters, effectively reducing the trapped charge leakage and even-
tually allowing for multilevel storage with high discrepancies and
long-term retention characteristics.®’~*? 3) Most organic mole-
cules cannot absorb in the IR band, which is critical for data
encryption technology. Using upconversion NCs, high-energy
photons can be emitted at the expense of two or more low-energy
photons. Eventually, the high-energy emission from upconver-
sion materials is reabsorbed by the channel to alter the
charge-trapping efficiency and increase the data storage level
of the memory device. In addition, charge transfer complexes
with broadband optical absorption could be further investigated
to fulfill the requirements of IR-programming memory devices.
4) Polymer-based insulated dielectrics without current leakage
should be developed to enable flexible or even stretchable mem-
ory devices that can accommodate the development of wearable
electronics. 5) Considering the extended compatibilities required
in circuit designs, it is necessary to secure both p- and n-channels
in organic phototransistors. However, most conjugated polymers
used in these devices are p-type and therefore limit device func-
tioning to the p-channel mode, making it important to accelerate
the development of n-type phototransistors for use in nonvolatile
memory, artificial synapses, and photodetectors. 6) The trapping
mechanism in a memory device is believed to involve the pairing
of two mobile holes to form a nonconducting bipolaron. As this
differs from the most common charge-trapping mechanism,
a more specific technique such as charge modulation
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spectroscopy should be applied to investigate the trapping mech-
anism in phototransistors.*4¢~14%

In addition to their uses in conventional memory devices,
it will be important to integrate the photodetecting and photo-
programming properties of photodetectors into brand new appli-
cations such as image sensing systems, data encryption, or even
robot visual perception as part of artificial intelligence systems.
Such applications could help trigger even more possibilities for
the combination of smart electronics that will improve life in the
future. The development of photodetector-based artificial visual
systems could complement recent developments in the field of
machine learning to enable image recognition. Another growing
area of research is the development of biomimetics using
optically driven devices that mimic neural systems. In such sys-
tems, light pulses and electrical stresses could be utilized to stim-
ulate artificial synapses that can imitate human learning and
forgetting behaviors. Research in this area could guide in the
future development of phototransistors with better performance
as well as novel potential applications. An increasing number of
researchers from different backgrounds are now working on the
development of phototransistors, and it is expected that their
efforts will lead to devices that can provide advanced contribu-
tions to sensing systems in the near future.
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