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Abstract

Recent progress in photoactive organic field-effect transistors (OFETs) is reviewed. Photoactive
OFETs are divided into light-emitting (LE) and light-receiving (LR) OFETs. In the first part, LE-
OFETs are reviewed from the viewpoint of the evolution of device structures. Device
performances have improved in the last decade with the evolution of device structures from
single-layer unipolar to multi-layer ambipolar transistors. In the second part, various kinds of
LR-OFETs are featured. These are categorized according to their functionalities:
phototransistors, non-volatile optical memories, and photochromism-based transistors. For both,
various device configurations are introduced: thin-film based transistors for practical
applications, single-crystalline transistors to investigate fundamental physics, nanowires, multi-

layers, and vertical transistors based on new concepts.

Keywords: organic field-effect transistor, phototransistor, light-emitting transistor, optical

memory, photochromism

1. Introduction

Organic electronic devices have been extensively investigated
owing to their many potential advantages, including cost
effectiveness, large-scale manufacture, wet processability,
and mechanical compatibility with flexible displays. These
advantages make it possible to open a new paradigm called
‘plastic electronics’, which is expected to complement silicon
electronics [1-5]. The organic field-effect transistor (OFET) is
a key device of plastic electronics [6-8]. After many years of
efforts to develop new organic compounds [9, 10] and thin-
film growth techniques [11, 12], field-effect carrier mobility
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has reached 20 cm® Vs™', which is high enough for practical
applications [13]. These high performances have been
achieved in thin films prepared under well-optimized condi-
tions, including deposition temperature and growth rate [14].
The next stage for commercialization is to establish a cost-
effective process for large-scale device integration. In addi-
tion, a new trend has recently appeared for incorporating
novel functionalities into conventional OFETs. Various
functions derived from organic molecules are integrated into
OFETs; e.g., gas sensing, optical switching, memory, spin-
tronics, and light emission [15-21]. These functionalities can
be realized owing to the diversity of organic materials. For
example, molecular structures, whether small molecules or
polymeric materials, can be designed according to required
functions. Among optical functionalities in particular, mole-
cular structures are tuned to adjust light-emitting and light-
absorbing wavelengths. These diversities are strong points of
organic materials.
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Figure 1. Categorization of photoactive organic field-effect transis-
tors (OFETsS).

This article reviews photoactive OFETs, in which optical
functionalities are incorporated into conventional transistors.
Photoactive OFETs can be categorized into light-emitting and
light-receiving OFETs, as summarized in figure 1. An
essential point of light-emitting OFETs (LE-OFETs) is how
to enhance carrier recombination between electrons and holes.
Light emissivity, injection of holes and electrons, and their
transport should be well balanced. From this viewpoint,
ambipolar transistors are more advantageous than unipolar
ones. Additionally, novel device structures have been pro-
posed recently, with the aim of improving these factors. The
major merits of light-receiving OFETs (LR-OFETs) are the
wide wavelength range of light absorption and the high
responsivity of organic materials to light stimulation. Light
signals can be effectively converted into electrical current and
amplified in the transistor structures. These merits enable us
to develop various LR-OFETs, such as phototransistors, and
non-volatile memory and optical switching devices. Photo-
transistors show the effective photoelectric conversion of
the organic materials to the fullest. Non-volatile memory
and photochromism in transistors have other fascinating
characteristics: light irradiation permits multi-level memory
and switching, which are unavailable in inorganic
counterparts.

The first part of this article focuses on the LE-OFETs,
with an emphasis on the evolution of the device structures
from single-layered unipolar to multi-layered ambipolar
transistors. The second part features the LR-OFETs, in
which the diversity of molecular functions enables various
device operations, including optical sensors, memory, and
switches.

2. Light-emitting OFETs

LE-OFETs combine functions of both organic light-emitting
diodes (OLEDs) and OFETs. Since the creation of the first
LE-OFET from tetracene thin films [22], novel combinations
of both electrical switching and light-emitting properties in an

individual organic transistor have allowed new functional
optoelectronic devices. Electrical switching is enabled by
modulation of the current flow between the source and drain
electrodes under tuned gate bias voltage, while electro-
luminescence (EL) takes place by electron—hole recombina-
tion in the transistor channel. One approach to LE-OFET
development is to optimize device configurations to balance
these physical phenomena. Another approach is to design
chemical structures for the transistor channels. Figure 2 shows
the chemical structures of LE-OFETs. Positively charged
electric carriers (holes) are dominant in the organic semi-
conductors with large ionization energy. These hole transport
materials are referred to as p-type semiconductors while
organic semiconductors with large electron affinities allow
electron transport and are categorized as n-type semi-
conductors. Some of them can transport both holes and
electrons; these are ambipolar semiconductors. The active
layers, in which holes and electrons are transported and
recombine to emit light, are composed of a single material or
a combination of these heterogeneous materials. Such device
structures have been realized with a number of molecular and
polymeric semiconductors by thermal evaporation or solution
processes.

In addition, LE-OFETs are considered as excellent sys-
tems to investigate physical processes such as charge-carrier
injection, exciton formation, energy/charge transfer, charge
trapping, and electroluminescence in organic-based devices
[23-25]. A full understanding of these processes would pro-
vide not only opportunities to simplify circuit design, but also
new potential applications of organic semiconductors, such as
highly integrated optoelectronics and electrically pumped
organic lasers [17]. This section describes various approaches
to developing these features in LE-OFETs.

2.1. Unipolar LE-OFET

Tetracene is a representative OFET material of the acene
family with an EL characteristic. Hepp et al first observed
light emission in a single-layered tetracene FET [22]. LE-
OFET devices with an interdigitated pattern of gold source
and drain electrodes were fabricated in a bottom-gate and
bottom-contact configuration. Importantly, the light emission
was observed only along the drain electrode (figure 3(a));
carrier recombination occurred in the tetracene film near the
drain electrode. The emission spectrum of this device coin-
cides with the typical light emission from a tetracene thin
film, with a peak at 540 nm. In this unipolar device, the major
carriers are holes. The question is how electrons are injected
into the tetracene film. Hepp et al considered that the charge
injection mechanisms (supplying holes from the source and
electrons from the drain) are different owing to imperfections
in the electrical contact. They attributed electron injection into
the tetracene layer to poor contact at the electrode—organic
interface (figure 3(b)). On the other hand, Santato et al
explained the electron injection by a phenomenological
model: a steep voltage drop at the drain—tetracene interface
causes a distortion in the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
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Figure 2. Chemical structures of organic compounds for LE-OFETs.

orbital (LUMO) of tetracene molecules, which induces elec-
tron tunneling from the metal work function level to the
LUMO of tetracene [26]. The device structure and an energy
level diagram are given in figure 3(c). In this manner, the
mismatch in the carrier injection is a drawback of the unipolar
LE-OFETs.

Early in LE-OFET development, excellent breakthroughs
were reported in relation to organic electronics. One of them
was flexibility of devices. Muccini’s group developed a tet-
racene-based LE-OFET on a flexible, transparent plastic film,
which worked as both substrate and gate dielectric. LE-
OFETs on plastic substrates thus opened a way to flexible
devices combining the switching function of a transistor and
light emission [27]. Another breakthrough was the solution
process for producing organic devices based on oligothio-
phene compounds [28, 29]. Muccini’s group reported
the dithienothiophene derivative 2,6-bis-(5'-hexyl-[2,2']
bithiophen-5-yl)-3,5-dimethyl-dithieno[3,2-b;2’,3’-d]thio-
phene (DTT7Me). LE-OFETs were successfully fabricated
by drop casting [29]. This is the first demonstration
of a solution-processed LE-OFET based on non-polymeric
materials.

2.2. Ambipolar LE-OFET

As mentioned above, an imbalance in carrier injection and
transport in unipolar transistors inhibits light emission.
Device configurations should be optimized to address this
problem. Figure 4 illustrates typical configurations of LE-
OFETs [23, 30]: single-layer, bulk heterojunction, and bilayer
structures. The device structures are composed of a single
organic layer, which is capable of transporting electrons as
well as holes, or a bilayer of two unipolar transport materials.
Both holes and electrons are simultaneously injected into the
channel from the electrodes under a suitable gate bias. To
realize such ambipolar transistor operation, adequate selection
of metal electrode materials is also essential because carrier
injection is dependent on the work functions of metals. The
position of light emission can be controlled within the channel
area depending on the applied gate (V) and source-drain
voltages (V). Well-balanced carrier mobilities between holes
and electrons are thus preferred [23-25].

2.2.1. Single-layer LE-OFET (thin films, single crystal).
Zaumseil et al developed a single-layer LE-OFET with poly
(2-methoxy-5-(3,7-dimethyloctoxy)-p-phenylene-vinylene)
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Figure 3. (a) Optical image of electroluminescence. (b) Schematic view of carrier processes, including hole accumulation, electron injection,
and electron—hole recombination in the tetracene-based LE-OFET. Reprinted from [22] with permission; © 2003, American Physical Society.
(c) Working principle of an LE-FET device. The main electronic process takes place when the device is operated in standard p-type mode.
Energy-level diagram shows the mechanism of electron injection from the drain electrode into the organic layer. Reprinted from [26] with

permission; © 2004, Elsevier.
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Figure 4. Schematic illustrations of ambipolar LE-OFETs consisting of (a) single layer, (b) bulk heterojunction, and (c) bilayer heterojunction

LE-OFET structures.

(OC,C¢-PPV) as an active layer. Characteristic of this device
is asymmetric electrodes; Au and Ca electrodes were used for
hole and electron injection, respectively [31]. Figure 5(a)
shows the typical transfer and output characteristics at various
Vas and V, bias voltages. These results show that both
electrons and holes are effectively injected into the active
layer. The carrier mobilities of electrons and holes are well
balanced, and are estimated to be 3x 107 and
6x 10~ cm? Vs™', respectively. Figure 5(b) shows the
movement of the light emission positions in the OC;C,q-
PPV layer. As indicated by the arrow, the emission positions
shifted with a change in Vg, from —79V to —-100V at a
constant gate bias voltage (V,=-90 V). A narrow line of light
appears near the Ca contact when Vg, exceeds the threshold
bias for an electron accumulation layer. The emission zone
moves gradually from the Ca electrode towards the Au
electrode with increasing 1Vy4l. Zaumseil et al also fabricated
ambipolar LE-OFETs with poly(9,9-di-n-octylfluorene-alt-
benzothiadiazole) (F8BT) and poly((9,9-dioctylfluorene)-2,7-

diyl-alt-[4,7-bis(3-hexylthien-5-y1)-2,1,3-benzothiadiazole]-
2',2"-diyl) (FSTBT) [32-38]. On the basis of theoretical
models, they clarified that the ambipolar regime can be
regarded as a series of saturated electron—hole channels within
the transistor channel. The maximum external quantum
efficiency of F8BT was 0.8%, which is better than that of
single-layer F8BT LED (ca. 0.5%). It is consistent with
complete recombination of all charges and a singlet exciton
fraction of 25%. According to spin statistics, electron—hole
recombination leads to a 25% singlet and 75% triplet state
population. In the case of organic molecules, only singlets
emit light (fluorescence), while the triplet excitation energy is
transferred into heat.

In the abovementioned studies, thin films for the
transistors were prepared by solution processes or vacuum
deposition. These thin-film-based device and growth pro-
cesses are suitable for device applications. Separately, single
crystals are very useful for fundamental research to under-
stand the nature of carrier transport and recombination as well
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Figure 5. (a) Transfer and output characteristics of an OC;C,(-PPV ambipolar LE-OFET. (b) Digital images of visible light emission from the
OC,C,o-PPV channel at constant gate voltage (V;=-90V) with different V. The hole-injecting electrode (Au) and electron-injecting
electrode (Ca) are indicated. Reprinted from [31] with permission; © 2006, Nature Publishing Group.

as light emission because of their perfect lattice structure,
although single crystals are far from being of practical use for
active layers. For example, Takahashi and co-workers have
reported the first ambipolar light-emitting transistor of a
tetracene single crystal [39], in which electrons and holes
were injected from Mg and Au electrodes and recombined
radiatively within the tetracene channel. They demonstrated
that the position of the recombination/emission zone could be
moved to any position along the channel by varying the
applied voltages. An inert atmosphere for device fabrication
and effective use of device components, including a single
crystal, polymer dielectric layer and asymmetric electrodes
(Mg, Au), made possible such well organized experiments.
Bisri et al have successfully demonstrated high-perfor-
mance ambipolar LE-OFETs that contain various organic

single crystals, such as a,w-bis(biphenylyl)terthiophene
(BP3T), rubrene, 4,4’-diphenyl-vinylene-anthracene (DPVA),
and tetraphenylpyrene (TPPy). The merits of these materials
are strong luminescence and high carrier mobilities, though
these properties have been believed to be mutually exclusive
[40, 41]. Bright emission was demonstrated through self-
waveguide edge emission, which is also achievable by single
crystals. The result paves the way for developing electrically
driven laser oscillations from organic materials [40].
Nakanotani et al have reported an effect of dye-doping in
ambipolar LE-OFETs. Dye-doping of organic crystals permits
tuning of the emission color, as well as a significant increase
in light emission efficiency [42]. A high light emission was
obtained by doping tetracene into a p-distyrylbenzene (P3V2)
single crystal, the external EL quantum efficiency of which
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indicate the source and drain electrodes, respectively. CCD images show light emission from around (c) drain (Vy=0, V4s=60 V) and (d)
source electrodes (Vy=-60V, V4,=-60 V). (e), (f) Carrier recombination mechanisms at respective bias voltages. Reprinted from [51] with

permission; © 2013, American Chemical Society.

(~0.64%) was one order of magnitude higher than that of a
non-doped one. They elucidated that the carriers recombined
on the light-emissive tetracene molecules in the P3V2 host
crystal. They also achieved injection of high current density
by interfacial carrier doping based on electron transfer from a
five-ring oligo(p-phenylenevinylene)p-bis[(p-styryl) tyryl]-
benzene (P5V4) single crystal to a molybdenum oxide layer
[43].

2.2.2. Bulk heterojunction LE-OFET. 1In a bulk heterojunction
structure, p-type (hole transport) and n-type (electron
transport) semiconducting materials are mixed in a single
active layer of the transistor. Rost et al proposed a device
structure produced by co-evaporation of a 1:1 ratio of N,N'-
ditridecylperylene-3,4,9,10-tetracarboxylic diimide (P13) and
a-quinquethiophene (TS5) for n-type and p-type material
[44, 45]. The formation of excitons is associated with the
relative positions of the HOMO and LUMO levels of these
materials. These energy level alignments hint at which
materials to choose. However, exciton formation competes
with charge transport owing to the dispersed interface
between these hole and electron transport materials.
Compared to the layered configurations (bilayer, triple
layer), bulk heterojunction presents one main advantage.
The electron and hole flows are interpenetrated in the charge
transport region and the p-n interface area is much more

extended. This merit can promote recombination probability.
However, there is a physical obstacle to efficient charge
transport in the active layer [30, 44, 45]. In addition, fine
adjustment of the co-evaporation of two materials is essential
to obtaining well balanced carrier mobilities and improved
electroluminescence.

2.2.3. Multi-layer LE-OFET (bilayer, triple layer). In general,
light emission in LE-OFETSs consists of three steps: carrier
injection from electrodes, carrier transport through active
layers, and recombination at the hetero-interface. Single-layer
and bulk heterojunction LE-OFETs are not relevant to these
steps, even though the device fabrication processes are
simple. This section describes efforts to enhance light
emissivity by optimizing the carrier processes (injection,
transport and recombination). A key strategy is to share each
process by each device component. For this purpose, the
numbers of active layers have been increased up to bilayer
and triple layers, sacrificing the simplicity of device structure.

A bilayer heterojunction is a typical example of an
advanced LE-OFET. In this structure, n-type and p-type
semiconducting layers are stacked, and electrons and holes
travel in the respective layers (figure 4(c)). Materials and
growth conditions of each layer, including organic layers and
metal electrodes, can be optimized; as a result, this approach
offers the advantage of enhanced -carrier injection and



Sci. Technol. Adv. Mater. 15 (2014) 024202

Y Wakayama et al

(a){-

Source (Au)

Dielectric (PMMA)
Gate (ITO)

-2.89eV

(b) -3.0eV
DH-4T Alg,
Au
P
Ly
-5.8 eV ~5.8eV

Alg..DCM

F
FrrrrF o > WS ekt
DFH-4T

Figure 7. (a) Schematic illustrations of the device and chemical structures of the triple-layer LE-OFET. ITO stands for indium tin oxide.
(b) Energy-level diagram of the triple-layer heterostructure. (C) Optical micrograph of the light emission from the triple-layer LE-OFET
(Vas=Ves=90 V). Reprinted from [52] with permission; © 2010, Nature Publishing Group.

mobilities. Dinelli et al reported on a bilayer of a,w-dihexyl-
quaterthiophene (DH4T) and P13 LE-OFET that showed
improved ambipolar properties with light emission [46]. The
mobility was ca. 3x1072cm? Vs™', the highest reported to
date for ambipolar LE-OFETs, and was achieved by balanced
carrier transport. They observed that EL occurred only when
the bottom layer was biased by the gate electrode, and that the
light emission originated from the P13 upper layer as
expected from energetic considerations.

Di et al reported the first observation of visible light
emission under ambient atmosphere. They used pentacene
and tris-(8-hydroxyquinoline)aluminum (Alqs) as the carrier
transport and light-emitting materials, respectively [47]. The
laterally arranged heterojunction structures were produced by
a successive inclined deposition of respective layers. They
obtained light emission with Au and LiF-Al electrodes, but
not with Au—Au electrodes. This result indicates that the low
work function of LiF-Al electrode is effective for efficient
electron injection.

Seo et al developed a series of ambipolar heterojunction-
based LE-OFETs with active layer combinations of P13/a,w-
dihexylsexithiophene (DH6T), P13/tetracene, and pentacene/
P13/2,5-bis(4-biphenyl) thiophene (BP1T, protective layer)
[48-51]. These bilayers were successively deposited by use of
a neutral cluster beam deposition (NCBD) method. An
example is shown in figures 6(a) and (b). They emphasized
that the NCBD technique allowed high-quality thin-film
growth, and as a result, the LE-OFETs demonstrated well
balanced ambipolarity and operational stability. Clear EL
under ambient conditions was obtained, as shown in
figures 6(c) and (d). The light-emitting area shifted from the

drain side to the source side depending on the gate bias
voltage (0 or —60 V). Schemes of carrier recombination and
light emission are illustrated in figures 6(e) and (f).

Capelli er al investigated the first triple-layer hetero-
structure for an LE-OFET. Here, a light-emitting layer, Alqs-
doped 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminos-
tyryl)-4H-pyran dye (DCM), was inserted between p-type
(DH4T) and n-type (a,w-diperfluorohexylquaterthiophene:
DFH-4T) layers (figures 7(a), (b)) [52]. This structure enabled
simultaneous suppression of electrode-induced photon losses
and exciton—metal interaction, as well as exciton—charge
interaction. The EL region spread over the channel
(figure 7(c)), which was achieved by preventing exciton—me-
tal quenching to reduce photon losses. Furthermore, the
emission layer was separated from charge flows to suppress
the exciton—charge quenching. Consequently, an external
quantum efficiency of 5% was realized, exceeding the best
OLEDs based on the same emitting layer and optimized
transport layers (2.2%, [53]). In a similar study, they showed
that the emission area in a triple-layer LE-OFET (DH4T/Alqs:
PtOEP/DHFA4T) can be controlled under the gate bias voltage,
and the entire channel of the device can emit light [54].

Heeger’s group have developed a variety of LE-OFETs
using ‘Super Yellow’ (SY) material [55-60]. Their triple-
layer LE-OFETs consist of a hole-transporting layer, an
emissive layer (MEH-PPV, SY, and PFO), and a conjugated
polyelectrolyte (CPE) layer. The CPE layer was used as an
electron injection layer to improve device performance with
stable Au electrodes [55]. The thin CPE layer most likely
introduces ordered dipoles at the metal-organic semiconduc-
tor interface that facilitate electron injection. They
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demonstrated multicolor LE-OFET by adjusting different
emissive layers. In particular, they reported excellent
performance from solution-processed blue-emitting LE-
OFETs for the first time.

2.83. New concepts of device structures

Yang et al reported a vertical LE-OFET [61]. They achieved
dual functions, light-emitting diode and electrical switching
transistor, by stacking a capacitor layer on an OLED.
Rinzler’s group improved the device performance of the
vertical LE-OFET, using a carbon nanotube network as the
source electrode [62]. They demonstrated LE-OFET opera-
tion at low voltage (-3 V) with low power dissipation (6.2%)
and a high aperture ratio (98%). Importantly, they demon-
strated light emission in the three primary colors (figure 8(a))
[63]. The high-level performance was enabled by use of a
single-wall carbon nanotube network that permits the inte-
gration of transistor operation and light emission into a single
stacked device. The device performance is comparable to that
of polycrystalline-silicon-backplane transistor-driven display
pixels [64]. In particular, their device structure is a clear
departure from conventional LE-OFET designs as it consists
of an OLED inserted into a vertical OFET. The new concept

design represents a significant step towards solving many
outstanding issues in the fabrication of large OLED displays.

Recently, some groups have shown ingenuity in gate
electrode architectures. A split-gate LE-OFET proposed by
Hsu et al provides a powerful pathway for the active control
of charge injection to overcome the passive response of an
ambipolar material and to increase EL efficiency [65]. Two
gate electrodes inserted in the gate dielectric layer can supply
bias voltage independently to break the continuous channel
(figure 8(b)). Adjustment of the respective bias can position
the brightest luminescent area far from the metal source—drain
contacts to avoid exciton quenching. Liu et al reported a dual-
gate light-emitting electrochemical transistor [66]. This con-
figuration with a confining p—n junction pushes the light
emission area away from the charge-injecting electrodes. The
structure also suppresses exciton quenching and enables
stable light emission at a specific location within the channel.

3. Light-receiving OFETs

In general, organic semiconductors absorb light over a wide
range, from ultraviolet (UV) to visible. The absorbed light
excites the energy states of molecules to produce excitons or
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Figure 9. Molecular structures, film morphologies, and device structures of 4(HPBT)-benzene and 4(HP3T)-benzene phototransistors.
Reprinted from [71] with permission; © 2008 Wiley-VCH, Weinheim, Germany.

to induce molecular conformational changes (i.e., photo-
isomerization). OFETs effectively convert these light-stimu-
lated states into electrical signals, opening a way to new
optoelectronic devices, such as phototransistors, optical
memory, and switching devices [15, 20, 67]. These light-
receiving OFETs (LR-OFETSs) are featured in this section.

3.1. Phototransistors

Photogenerated carriers can be collected into the drain elec-
trode under appropriate source—drain and gate bias voltages.
Thus, phototransistors have potential for photoelectric con-
version devices, optical sensing, and switching devices. The
basic device structure is a bottom-gate type, because channel
layers receive light from the top. The three-terminal device
configuration of transistors offers advantages over two-term-
inal diodes because transistors can reduce noise and amplify
the electrical signal. Therefore, organic compounds for

phototransistors require both high light sensitivity and high
carrier mobility.

The performance of phototransistors is evaluated by
parameters of photoresponsivity (R=(ljight—lgar)/L) and
photosensitivity (P = (liight — lgark)/ldark), Where Digne and Iganc
represent drain current under light and dark conditions, and L
is the intensity of irradiated light. P depends on L, but R
depends only on wavelength, and is normalized by L. Thus,
the value of R is comparable to those of other photo-
transistors. Assessment criterion of R is 300 A W™', because
this value has been reported from a conventional single-
crystal Si phototransistor. To overcome this criterion, various
device types have been developed. This section summarizes
recent progress in organic phototransistors of three device
types: single crystals, thin films, and nanowires.

3.1.1. Single-crystal phototransistors. Single crystals allow
us to explore the fundamental physics of phototransistors
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[67-70], as for LE-OFETs (section 2.2.1). One merit of the 0.2-1.6 cm? Vs~! [67]. They observed high R of
single crystal is high carrier mobility, which provides target 1.0-1.1x10* AW™', much higher than that of the single-
values. Kim et al developed a phototransistor based on an crystal Si phototransistor. On the basis of this excellent R
anthracene single crystal, with a carrier mobility of value, they demonstrated a P of 1.4x 10 under a very low

10
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View along the long axis of NW

Figure 11. (a) Chemical structure; (b), (c) microscope images; (d) molecular packing of BPE-PTCDI nanowire ‘(NW)’. Device structures of
(e) bottom- and (f) top-contact configuration. Reprinted from [85] with permission; © 2013 Wiley-VCH, Weinheim, Germany.

incident light intensity of 1.4uWcm™. The electron
diffraction patter revealed that the anthracene single crystal
has highly ordered J-type molecular packing, that is, face-to-
face arrangement. The authors pointed out that the high
phototransistor properties were caused by the strong
intermolecular 7—z interactions, enhancing the charge
transport of photogenerated carriers. Jiang et al reported
phototransistors with single crystals of TCNQ and TTF [69].
In particular, the TCNQ phototransistor exhibited a fast
switching of 500 ms in contrast to 60 s for TTF transistor. The
phenomenon is related to the band gaps and the compactness
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of molecular packing. The lower HOMO-LUMO gap of
TCNQ (2.25eV) compared to that of TTF (2.76 eV) allows
easy excitation of electrons from HOMO to LUMO. The
well-proportioned interlaced packing of face-to-face and side-
by-side could result in more efficient molecular overlapping,
which would effectively promote the recombination of holes
and electrons generated by light irradiation. Mukherjee et al
developed a similar TCNQ-based phototransistor with a faster
switching speed of 10ms [70]. Here, a polymeric gate
dielectric, cross-linked poly(4-vinil phenol), was used. The
polymeric gate insulator contributed to the reduction of carrier
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trapping sites at the interface between the gate insulator and
the organic channel layer, which would lead to improvement
in the switching speed. However, a low R value of about
ImAW™" is a bottleneck. Thus, although single crystals
exhibit several strengths for phototransistors, they are not
available for applications.

3.1.2. Thin-film phototransistors. For device applications,
thin films are the most suitable because of the availability of a
wide range of materials and compatibility with practical
device structure. However, such advantages have a trade-off
relation with device performance. Cho et al achieved high
values of R (25004300 A W_l) and P (4 x 104) using 1,2,4,5-
tetra(50-hexyl-[2,  20]-bithiophenyl-5-vinyl)-benzene (4
(HPBT)-benzene)  and 1,2,4,5-tetra(50-hexyl-[2, 20]
terthiophenyl-5-vinyl)-benzene  (4(HP3T)-benzene) [71].
Although these values are lower than those reported from
single crystals, they are the best performance of thin-film
organic phototransistors to date. Molecular structures, film
morphologies, and device structures are shown in figure 9.
The authors claimed that the closely packed film structures
and the four-armed z-conjugation paths of the molecules
played important roles on the high phototransistor
performance. Pal et al produced a poly(3-hexylthiophene-
2,5-diyl) (P3HT)-based phototransistor by a drop-casting
technique, with R=250AW™! and P=38x10° [72]. Of
special note is the use of a solution process. Other thin-film-
based phototransistors have been developed from 2,5-bis-
biphenyl-4-yl-thieno[3,2-b]thiophene (BPTT) [73], titanyl
phthalocyanine (TiOPc) [74], pentacene [75], and 2,7-bis-
(N,N8-diphenylamino)-28,78-bis(biphenyl-4-y1)-9,98-
spirobifluorene [76], with values of R from 1.3 to 82 AW

Pyo et al used fluorinated Cu-phthalocyanine (F,¢sCuPc),
which works as an n-type semiconductor, for the photo-
transistor channel. The R value was very low, around 1.5
mA W', However, a fast switching speed below 10 ms was
achieved [77, 78]. In this study, a poly(4-phenoxy methyl-
styrene) (P4APMS) was employed as a gate insulating layer.
The phenoxymethyl (-CH,OCgHs) group made the surface of
P4PMS hydrophobic and prohibited the absorption of water
to the dielectric. Furthermore, the dielectric had no OH
groups that would act as a charge trapping site. These features
of PAPMS improved switching speed. They produced a
similar phototransistor with F;qCuPc on a polyimide
substrate to create a flexible phototransistor [79]; the device
structure, molecular structures, and optical switching beha-
viors are shown in figure 10. They also fabricated a CMOS
inverter from pentacene and F,¢CuPc that could control the
threshold voltage from 28.6 V to 19.9V upon illumination
[80].

Other distinct works to reduce operating voltage and to
control threshold voltage have been reported. Salinas and
Halik inserted a fullerene-attached self-assembled monolayer
(Ceo-SAM) between a gate dielectric Al,O; layer and
transistor channel layers (pentacene and dihexylsexithiophene
[DH6T]) [81]. The Cgy works as an acceptor to reduce the
operating voltage. Mok et al developed a phototransistor with
a P3HT-TiO, composite film [82]. The P3HT absorbs light to
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produce excitons, and the TiO, enhances carrier dissociation
by trapping electrons to increase the hole density in the P3HT.
Such trapped carriers in turn effectively reduce the threshold
voltage.

Yang et al have effectively utilized a helically shaped
chiral molecule, helicene, for a photoresponsive OFET [83].
A feature of the device is that handedness, which is a unique
character of chiral molecules, had been successfully applied
for circularly polarized light-detection. They argued that new
photonic technology, such as quantum-based optical comput-
ing and communication, would be realized by this device.

3.1.3. Nanowire phototransistors. Recently, one-dimensional
wire structures have attracted attention for phototransistors.
The advantages of the nanowires are compatibility with
flexible devices due to elongated dimension and improved
carrier mobilities due to the single-crystal structure. The high
surface-to-volume ratio is another merit for effective photon-
carrier conversion. Hoang et al synthesized single-crystalline
nanowires of z-extended porphyrin derivatives, ZnTP and
H2TP, for transistor channels and achieved high performance:
R=22x10*AW™" and a carrier mobility of 2.90 cm? Vs~
for ZnTP [84]. The high performance of the FETs is mainly
due to formation of J-aggregation of H-aggregated dimeric
porphyrin pairs in the crystal structures, resulting in stronger
intermolecular z—x interactions with short layer distances and
enhancement of charge transport of photogenerated carriers.
Yu et al developed a single-crystal nanowire phototransistor
with  n-type  N,N’-bis(2-phenylethyl)-perylene-3,4:9,10-
tetracarboxylic diimide (BPE-PTCDI) [85]; the molecular
structure, microscope images of nanowires, and top- and
bottom-contact device structures are shown in figure 11. The
nanowires were grown along a-axis direction with the shortest
z-planer distance of 3.4 A, indicating that effective charge
transport is attained along the long axis of the nanowire. The
well-ordered molecular alignment achieved a high R of
1.40x10°AW™, P of 493x10°, and a mobility of
1.13cm? Vs™' under an optimized wavelength of 532 nm.
Excellent performance of nanowire transistors has also been
achieved by using 1,3,6,8-tetrakis((4-hexyl phenyl)ethynyl)
pyrene [86], highly aligned polymeric nanowires [87], and
self-assembled  6,13-bis(methylthio)pentacene  nanowires
[88, 89].

In spite of these advantages, there is a hurdle to be
overcome. Most reported nanowires have been produced via
‘bottom-up’ self-assembly processes, but these processes do
not permit precise device integration. Thus, to establish
nanowire alignment techniques, ‘top-down’ techniques will
be the next challenge for further development of nanowire
phototransistors. The nano-imprinting technique is a promis-
ing candidate for this purpose because it enables production
of well-ordered nanowire arrays [90, 91]. Furthermore, this
technique improves chain alignments of z-conjugated poly-
mers via the nano-confinement effect, which is advantageous
for carrier transport [92, 93].
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Figure 12. (a) Energy-level diagrams to explain carrier transfer and trapping at the semiconductor—polymer interface, and illustrations of the
possible mechanism of the charge generation and complexation. (b) Photo-induced variations in transistor properties and corresponding drain
current levels. Reprinted from [99] with permission; © 2009 Wiley-VCH, Weinheim, Germany.

3.2. Photo-induced non-volatile memory

A variety of organic memory devices have been developed by
using ferroelectric, conductive, and semiconducting polymers
[94-96] in various device configurations, e.g., three-dimen-
sional cross-bar structures [97, 98]. The cross-bar structure is
advantageous owing to simplicity and high number density.
Meanwhile, the three-terminal transistor structure offers pro-
mise for applications, in particular the effective use of light
for multi-level memory operation. The basic device structure
is a bottom-gate transistor, similar to that of phototransistors.
The operation principle is based on photo-induced carrier
generation in organic transistor channels and their trapping at
the semiconductor—dielectric hetero-interface or in the
dielectric layers. Thus, trapped carriers cause hysteresis in the
transistor properties, i.e., variations in threshold voltage, to
generate the memory function. The threshold voltage can be
regulated by both pulse-gate voltage (write voltage) and light
irradiation, which make multi-level memory possible.

Guo et al first proposed a device consisting of pentacene
or Cu-phthalocyanine for the channel layers and SiO, layers
with a polystyrene or poly(methyl methacrylate) (PMMA)
surface coating for the dielectric layers [99]. A model of
carrier transfer and trapping is illustrated in figure 12(a). Five-
level memory operation was demonstrated by tuning light
irradiation and gate voltage (figure 12(b)). They achieved a
high operation speed of 1us and a long retention time of
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250 h. Feng et al reported similar work, using a conjugated
polymer, poly(9,9-dioctylfluorene), as a coating layer on SiO,
[100]. Barra et al developed the same memory device with n-
type semiconducting N,N-dioctyl-3,4,9,10-perylene tetra-
carboxylic diimide (PTCDI-C8H) with a retention time of 20
days (480h) [101], which is longer than those of the other
organic memories such as flash memory and ferroelectric
memory. These photo-assisted non-volatile memories have a
potential for new applications, including flexible and dis-
posable memory devices [18, 102, 103].

A critical issue of these memory devices is the high
operating voltage of up to 200 V. Recent studies have been
devoted to reducing the read and write voltages. Shang et al
prepared a pentacene-based transistor with PMMA-coated
AlL,Oj3 film for the dielectric layer, with a dielectric constant
(k) higher than that of SiO, [91]. They achieved a four-level
memory operation at read and write voltages lower than 10 V.
The retention time was only 10*s, but read—write operation
was repeatable more than 10* times. Liu ef al used a similar
approach (pentacene transistor on a high-k Ta,Os film with a
polymer surface coating) and achieved an operating voltage
of 10-15V and a retention time of 10°~10*s [103, 104]. In
these works, the operating voltage was reduced by using high-
k inorganic films. In addition, Wang et al elucidated that
polymeric insulating film can be used as a dielectric layer
[105]. They attained a very low operating voltage of around
2V with an ultrathin pinhole-free poly(methyl methacrylate
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co glycidyl methacrylate) film. Their device also works as a
phototransistor with an R value of 1250 AW™".

A strong point of organic optical memory devices is that
multi-level memory is attainable by a combination of bias
voltages and photo-induced carrier generation. This merit
leads to high-speed operation on the order of microseconds.
The next goal is to increase the number of carrier trapping
sites to ensure controllable variations in the threshold voltage.
This goal is critical also for large-scale integration of memory
devices.

3.3. Photochromism in OFETs

To be exact, the term of ‘photochromism’ represents only the
reversible color variation involved in conformational change.
However, this term is widely used to describe reversible
changes in molecular conformations of organic compounds
upon exposure to UV and visible light. Typical photo-
chromism of this sort can be divided into three types: cistrans
isomerization of azobenzene, non-ionic—ionic isomerization
of spiropyran, and open—closed-ring isomerization of diary-
lethene (figure 13). These conformational changes accompany
variations in physical properties, including energy levels,
z-conjugation, color, and polarity. Because these photo-
induced changes in physical properties can remain even after
irradiation, photochromism is applicable to optical memory,
switching, and sensing. A question is how we can incorporate
the photochromism-originated phenomena into practical
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device structures. This section introduces a variety of attempts
to modify transistor properties by incorporating photo-
chromism into the OFET device configuration. As summar-
ized in figure 13, these attempts can be categorized into three
groups: interface/surface engineering, doping in channel/
dielectric layers, and direct use of photochromic layers as
channel layers.

3.3.1. Interface/surface engineering. Self-assembling
monolayers with photochromic substituents have been used
in OFETs. Zhang et al inserted spiropyran-SAMs at the
interface of the electrode—pentacene channel [106]. Photo-
induced dipole variation in spiropyran affected the carrier
injection. As a result, they observed an on/off ratio of drain
current (I,,/I,¢) of about 1.6. Crivillers et al reported a similar
attempt [107]; an azobenzene-SAM at the electrode-N,N'-
1H, 1H-perfluorobutyl dicyanoperylenecarboxydiimide
(PDIF-CN,) interface induced a variation in the carrier
injection barrier to result in I,./I,=2.0. Additionally,
azobenzene or spiropyran were attached to the surface of
low-dimensional materials: graphene, carbon nanotubes, and
polymer nanowires [108—110]. In these cases, photochromic
molecules are near the carrier flow, and therefore
photochromism can influence the drain current. Most
notably, Bardavid et al achieved a high [I,,,/I,¢ of 10 [109].

Yoshida et al inserted a diarylethene thin film at a
pentacene channel-dielectric PMMA interface [111]. UV-
visible light irradiation induced open—closed-ring isomerization
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Figure 14. (a) Device structure with a spiropyran-doped P3HT channel layer. HMDS stands for hexamethyldisilazane. (b) Reversible
conformational change of spiropyran (SP). (c) Energy-level diagrams to explain photo-induced carrier transfer between P3HT and drain
electrode via spiropyran molecules. Reprinted from [113] with permission; © 2012, Royal Society of Chemistry, UK.

in the diarylethene molecules. Carriers in the transistor
channel were trapped or released by the corresponding
reversible changes in the HOMO-LUMO levels. They
reported I,,/I,=35.0. Shen et al proposed a spiropyran layer
on the surface of the pentacene channel [112]. However, the
effect on spiropyran photochromism was very small (/,,/
I,¢r=1.6), because most of the drain current runs just near the
channel—dielectric interface.

3.3.2. Doping in channel/dielectric layers. Photochromic
molecules have been mixed into channel layers as dopants
to modify the electrical current through the channels. These
approaches can simplify fabrication process compared with
the abovementioned interface/surface engineering. For
example, Li et al used a spiropyran-doped P3HT film as a
transistor channel [113]. The device structure and molecules
are illustrated in figures 14(a) and (b). UV irradiation
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produced an open-ring spiropyran, which involves a
reduction of the LUMO level. The lowered LUMO level
enhanced electron transfer from the P3HT to the Au electrode
(see energy diagram on the left of figure 14(c)). Even though
the on/off ratio was very small (I,,/I,=1.05), they
demonstrated a repeatable photoswitching. Orgiu et al
proposed a similar approach [114]; they doped diarylethene
into a P3HT polymer layer. UV irradiation produced closed-
ring isomers to raise the HOMO level, which can trap holes in
the channel layer. The open-ring isomer has a lower HOMO
level and has no impact on the drain current. In this manner,
they realized optical switching of the drain current (I,,/
I,¢¢=15.0) through the P3HT channel. Raimondo et al doped
Au nanoparticles, which were surrounded by azobenzene-
SAMs, into P3HT [115]; the Au nanoparticles promoted the
conformational change by a plasmon effect under irradiation.
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All these studies used P3HT as a host layer. P3HT forms
crystalline thin films, and therefore the concentration of the
dopant has an upper limit due to phase separation. To solve
this problem, Ishiguro et al used poly[bis(4-phenyl) (2,4,6-
trimethylphenyl)amine] (PTAA) as a channel layer, in which
spiropyran was doped [116] (figure 15(a)). The amorphous
structure of PTAA allows a high doping concentration of up
to 70 wt%. They elucidated that the ionic polarized state of
the open-ring spiropyran created scattering sites to disturb
hole transport. From this fundamental work, they developed a
multi-level optical switching device, in which doped and non-
doped PTAA layers were stacked in a dual-gate transistor
configuration [117]. The device structure and switching
behavior are shown in figures 15(b) and (c).

Doping of photochromic molecules into polymeric
dielectric layers is also effective to modify the transistor
properties [118, 119]. The spiropyran molecules are dispersed
in a PMMA dielectric layer. The photochromic reaction of
spiropyran accompanies a reversible variation of the dipole
moment, leading to photo-induced modification of the
dielectric capacitance. An optical switching ratio of I,/
Iosr=2.0 was reported.

3.3.3. Photochromic thin film as transistor channel. In the
studies described above, photochromic molecules are ‘guests’
used to impose changes in the electrical current through the
‘host” semiconducting channels. Recent studies, in contrast,
have used photochromic molecules directly as transistor
channels, aiming at improving the on/off ratios. Arlt et al
used an azobenzene derivative for a channel layer, but the
hole mobility and on/off ratio were still low:
9.8x 10 cm? Vs~ and I,,/I,;=2.5 [120]. Hayakawa et al
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used a diarylethene molecule as the transistor channel to give
a direct impact of photochromism on the drain current [121].
The photochromic change between open- and closed-ring
diarylethene (figure 16(a)) is accompanied by a drastic change
in z-conjugation. With this advantage, they achieved an
extremely high on/off ratio of I,,/I,;=300 (figure 16(b)). To
increase on-current, z-conjugation in open-rings should be
enhanced. But, z-conjugation that is too great would hinder
the photoisomerization and increase off-current. In this
manner, appropriate molecular design will lead to further
improvement of optical switching.

4. Summary and perspectives

Since the first preparation of LE-OFET, various research
approaches have enabled novel organic photonics applica-
tions using cost-effective manufacturing processes. For
example, the development of LE-OFETs will lead to new
display technologies, because LE-OFETs can merge OLEDs
and OFETs into single devices. In addition, the expected
improvements in light-emission efficiency and brightness of
LE-OFETs, as well as their full compatibility with well-
established electronic and photonic planar technologies, may
allow the development of optical communication systems,
integrated optoelectronic systems, and electrically pumped
organic lasers. In contrast to LE-OFETs, LR-OFETs are still
in the embryonic stage. Among them, phototransistors hold
promise, because some of their parameters surpass those of
conventional Si-based phototransistors. Durability needs to be
improved. The reported performances of non-volatile memory
and photochromic transistors are preliminary and require



Sci. Technol. Adv. Mater. 15 (2014) 024202

Y Wakayama et al

10° |

100

1011

|drain current| (A)

10712 e
Iniial VIS UV VIS UV VIS

2min  3min  2min  3min  2min

Figure 16. (a) Device structure and open-/closed-ring isomerization
of diarylethene. (b) Photo-induced switching of drain current with
high on/off ratio. Reprinted from [121] with permission; © 2013,
American Chemical Society, USA.

further efforts. However, these devices could open new
frontiers for photonic and electronic devices, e.g., flexible,
lightweight, high-density data storage or optical memory
devices.

The device performance of both photoactive OFETs
faces a number of issues. Firstly, the material design should
be optimized to enhance carrier processes, such as transport,
recombination, and emission/absorption of light. Secondly,
deep investigation of the hetero-interfaces is required to
improve the efficiency of these carrier processes. Thirdly, fine
techniques of thin-film growth, either wet or dry, are neces-
sary for precise fabrication of these hetero-interfaces. This is
because the device performance can be improved by con-
trolling the morphological and crystallographic features of the
active materials at the different organic—organic, orga-
nic-metal, and organic—dielectric interfaces. Finally, further
optimization of the device configurations is essential,
although these developments may complicate the fabrication
processes. To satisfy these requirements, interdisciplinary
collaborations between organic chemists and device physi-
cists are indispensable.
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