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ABSTRACT: We achieved drain-current switching of diarylethene-channel field-effect
transistors with light- and electric-field effects. The drain current was reversibly changed
by alternating ultraviolet and visible light irradiation. Stress is placed on the fact that the
on/off ratio realized by light irradiation was 1 × 102 (1 × 104%) and this value is much
larger than those in other photochromism-based transistors. These results indicate that
the drain current was effectively controlled by light irradiation. Furthermore, the on and
off states modulated by light were maintained without light irradiation even after 1
week, exhibiting that our transistor works as an optical memory. We clarified that the
light-driven modulation can be attributed to the transformation in the π-conjugation
system accompanied by photoisomerization. These findings have the potential to attain
high-performance optoelectrical organic devices including optical sensors, optical
memory, and photoswitching transistors.
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1. INTRODUCTION

Organic electronic devices have attracted considerable attention
for realizing printable and flexible logic circuits.1−3 In the past
decade, great progress has been made as regards the
performance of organic field-effect transistors (OFETs). This
has gone hand in hand with the synthesis of air-stable organic
semiconductors and the exploration of new transistor structures
and processing techniques.4−8 For example, an extremely high
carrier mobility of up to 5−16 cm2 V−1 s−1 has been reported in
solution-processed OFETs.6−8 Moreover, the use of gate
insulator materials with a high dielectric constant, including
polymer electrolyte materials, has made it possible to realize a
high channel conductance of more than 1 × 103 S cm−1 and a
low operating voltage of less than 1 V.9−11 These efforts have
become increasingly important in terms of the commercializa-
tion of OFETs.
On the other hand, the development of novel OFETs with

specific functionality is attracting attention with a view to
providing a new direction for organic electronics. Light-
emitting OFETs, phototransistors and OFET-based sensors
are representative examples of such attempts.12−18 Against this
background, we propose an external trigger as an alternative to
bias gate voltage, namely a photofield effect transistor with
photochromic channel layers. This approach offers attractive

new prospects for realizing unique organic devices such as
synapse-like organic circuits and human-eye-like sensors.
Photomemory and photoswitching effects have been

demonstrated in two-terminal structures including crossbar
structures and configurations based on scanning probe
techniques, where photochromic molecules and their self-
assembled monolayers (SAMs) are sandwiched between two
electrodes.19−21 In these studies, the conductivity was reversibly
changed by light irradiation in the device structures. At the
same time, there have been many reports on OFETs with
photochromic molecules, where photochromic molecules, e.g.
diarylethene, azobenzene and spiropyran molecules, are
employed as photosensitive components at the interface
between organic semiconductors and gate insulator layers and
at the inside of polymeric semiconductors or polymeric gate
insulators involving poly(3-hexylthiophene) and poly(methyl
methacrylate).22−30 Although the drain current through organic
semiconductors has been modulated by light irradiation, the
obtained variations did not exceed 400%. This light-induced
current modulation is small because the channel and photo-
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chromic layers are separated, and thus the photoisomerization
does not effectively manipulate the drain current through the
channel layer.
Our approach to overcoming these problems is to utilize

photochromic thin films as the channel layers in OFETs
(Figure 1a). A derivative of diarylethene molecules, 1,2-bis(2-

methyl-5-(4-biphenyl)-3-thienyl)hexafluorocyclopentene, was
used to handle transistor properties by alternating ultraviolet
(UV) and visible (VIS) light irradiation. The details of the
synthesis process are described in the Supporting Information.
The photoisomerization between the open- and closed-ring
isomers of this molecule involves considerable changes in the
energy levels (Figure 1b and Figure S1c in the Supporting
Information). This feature affects the carrier-injection barrier
from a source electrode into a diarylethene channel layer. Or,
the photoisomerization induces a large change in the π-
conjugation in the molecules. Here, the π-conjugation is
extended over the entire molecule in the closed-ring isomer,

whereas that in the open-ring isomer is restricted to half of each
molecule. The distinct π-conjugation system in both isomers
provides different types of carrier transport by following
reasons. First, conductance of various kinds of diarylethene
molecules has been evaluated in single molecular junctions with
nanogap electrodes.31,32 In fact, the values of closed-ring
isomers have been reported to be 1−3 orders of magnitude
larger than those of open-ring isomers. Second, the change in π-
conjugation system of the molecules induces the variation in
the overlap of π-orbitals between neighboring molecules. The
feature also contributes to change in the carrier transport with
light irradiation.
In this paper, we demonstrate a reversible change in the drain

current in the OFETs induced by light irradiation. The light-
induced on/off ratio in the drain current reaches approximately
1 × 102 (104 %). These results clearly indicate that the carrier
transport can be controlled by optical and electrical fields. We
also discuss the mechanism of the observed photomodulation.

2. EXPERIMENTAL SECTION
A top-contact and bottom-gate-type diarylethene transistor was
formed on a highly doped p+-Si (001) wafer with a 200-nm-thick
SiO2 layer (Figure 1a). Here, the Si wafer and the oxide layer act as the
gate electrode and the gate insulator, respectively. First, 45-nm-thick
diarylethene thin films were grown on the substrate through a shadow
mask with a vacuum deposition system at the optimized temperature
of 40 °C. The base pressure was below 5 × 10−7 Pa. Here, we
confirmed that the diarylethene molecules were stable for the thermal
evaporation and the films underwent the photoisomerization from
open-ring to closed-ring (see Supporting Information, Figure S2).
Additionally, no cracking was observed in the films. We evaluated the
crystal structure of diarylethene thin films by X-ray diffraction
measurement (Bruker, D8 Discover) with a Cu Kα source (λ =
0.15418 nm). The films had an amorphous structure as shown in
Figure S3a in the Supporting Information. Subsequently, 150-nm-thick
Au layers were deposited on top of the diarylethene films as source
and drain electrodes. The length and width of the channel were 50 and
400 μm, respectively.

The transistor properties were measured with a semiconductor
device analyzer (Agilent B1500A) in a vacuum chamber at 1 × 10−5

Pa. For light irradiation, a xenon lamp (Asahi Spectra Co. Ltd., LAX
102) was used as a light source to perform the photoisomerization of
the diarylethene films. Here, the UV and VIS lights include
wavelengths in the 300 to 400 nm range and the 400 to 700 nm
range, respectively. The powers of the irradiated lights were estimated
to be 39 mW cm−2 for the UV region and 104 mW cm−2 for the VIS
region with a laser power meter (Ophir Optics, PD300). The light was
irradiated to the area of 1.5 × 1.5 cm2, which covered the whole area of
the transistor.

Figure 1. (a) Schematic illustration of an optically and electrically
driven diarylethene transistor. (b) Energy levels of diarylethene
molecules with open- and closed-ring configurations and the work
function of Au. Here, the HOMO and LUMO levels of the respective
isomers were estimated by cyclic voltammetry and absorption
spectroscopy in solution.

Figure 2. (a) Drain current−drain voltage and (b) drain current−gate voltage curves in diarylethene transistors. Here, the ratio of closed-ring isomer
in the diarylethene layers was estimated to be 75%.
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To discuss the origin of photomodulation in transistor properties,
we performed UV−vis spectroscopy measurements in diarylethene
films with and without Au films, where diarylethene films were
deposited on quartz substrates. The measurements were performed in
a transmission-mode optical configuration for the samples without Au
films. On the other hand, a reflection-mode configuration was used for
the samples covered with Au films. Here, the incident angle of the light
was fixed at 45°.

3. RESULTS AND DISCUSSION
Figure 2a shows the drain current (Id) − drain voltage (Vd)
characteristic of the diarylethene transistor. Before the
measurement, the sample was irradiated with UV light for 5
min to elevate the closed-ring to open-ring isomer ratio. The
ratio of closed-ring isomers was calculated to be 75% in the
diarylethene layers. The conversion ratio was estimated by the
ratio of absorption at isosbestic point and absorption at the λmax
of the closed-ring isomer (see Figure S4 in the Supporting
Information for detail). The Id−Vd curve confirmed that the
diarylethene films worked as a p-type channel transistor. The
drain current increased linearly at a low drain voltage, indicating
a low contact resistance between the electrodes and diaryl-
ethene channel layers. The drain current was completely
saturated at a high drain voltage. Figure 2b shows the
dependence of the drain current and its square root on the
gate voltage at a fixed drain voltage of −100 V. The on/off ratio
multiplied by the gate voltage was calculated to be 1 × 103 (1 ×
105%). The carrier mobility, μsat, and interface-trap density, Dit,
were calculated by the following equations33

μ= −I
W

L
C V V

2
( )D,sat sat i G T

2
(1)

= +S k T e D eC( / )ln(10)(1 / )B it i (2)

where L and W are the channel length and width, respectively;
Ci is the capacitance of the insulator per unit area (18.5 nF

cm−2); and ID,sat, VG, and VT are the saturated drain current, the
gate voltage, and the threshold voltage, respectively. S and Dit

are the subthreshold swing and the interface-trap density, and
kB, e, and T are the Boltzmann constant, electric charge, and
absolute temperature. The carrier mobility and the threshold
voltage were 1.0 ± 0.2 × 10−5 cm2 V−1 s−1 and −64 ± 10 V,
respectively. The subthreshold swing was 12 ± 2 V dec−1. From
the values in subthreshold swing, interface-trap densities were
estimated to be 2.3 ± 0.8 × 1013 cm−2 eV−1.
We then examined the light-field effect on the drain current.

Light irradiation was found to induce a marked modulation in
the drain current as shown in Figure 3a. First, the drain current
was completely suppressed after VIS light irradiation for 2 min.
UV light irradiation for 3 min then induced a reversible change,
and the diarylethene layer again worked as a transistor channel.
In this way, a reversible change in the drain current was
repeatedly observed by alternating the UV and VIS light
irradiation. The change in the drain current at fixed drain and
gate voltages of −100 V was plotted against the photo-
irradiation sequence (Figure 3b). An on/off ratio of about 1 ×
102 (1 × 104%) was realized with the light irradiation. The
value is remarkably greater than those of other transistors based
on the photochromic reactions (10−400%).22−30 Furthermore,
the on and off states modulated by the light irradiation were
maintained, even after one week under dark condition (Figure
3c). These results clearly indicate that our diarylethene
transistor has the potential to behave as an optical memory.
We also noticed that the on/off ratio gradually decreased

with repeated photoswitching. Several reasons can be
considered for the deterioration in switching properties. First
possibility is that the photoisomerization is suppressed in the
films by conformation change from open-ring to closed-ring.
However, no degradation in photoswitching appeared in the
absorption measurements (see Figure S2b in the Supporting

Figure 3. (a) Change in the drain current in the diarylethene transistors induced by UV and VIS light irradiation. (b) Optical modulation of the
drain current (Vd= −100 V and Vg= −100 V) against a sequence of photoirradiation. (c) Retention properties of ON and OFF states induced by
light irradiation (Vd= −100 V and Vg= −100 V).
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Information, which proves the photoisomerization takes place
even in the film.
Another possibility is caused by the carrier-trapping sites

generated by light irradiation near the interfaces between films
and gate insulators. The reason is that the photoswitching
accompanies with the markedly change in the subthreshold
swing from 12 V dec−1 to 25 V dec−1 (see Table S1 in the
Supporting Information). The drastic increase in subthreshold
swing well corresponds to the degradation in the on-current
and carrier mobility (see Figure S5 in the Supporting
Information). The interface-trap density estimated from the
subthreshold swing was varied approximately twice from 2.3 ×
1013 cm−2 eV−1 to 5.0 × 1013 cm−2 eV−1 with light irradiation.
In contrast, the threshold voltage remained constant in the
range of ±5 V. These results exhibit that the fatigue in the
photoswitching is caused by the photogenerated defects near
the SiO2/diarylethene interface, and not by the intrinsic issues
with the molecules.
Furthermore, the on- and off-currents were found to be

restored by keeping the samples in dark condition (Figure 3c).
The on-current gradually increased, whereas the off-current
reduced according to the reduction in interface defects (see
Figure S6 in the Supporting Information). The result also
supports that the deterioration in the photoswitching is
ascribed to the defects generated by light irradiation. Hence,
the formation of high-quality film and modification of the
interfaces between gate insulators and the films would further
improve the fatigue properties in the transistors.
Finally, we discuss the origin of the light-induced change in

the drain current in our transistors. Here, we consider two
possible reasons for the optical manipulation. As illustrated in

Figure 1b, one is a change in the carrier-injection barrier, which
is defined by the energy difference between the work function
of Au and the HOMO level of the molecule. The larger barrier
of the open isomer can prevent carrier injection from the Au
electrode into the diarylethene film, resulting in the absence of
drain current after VIS-light irradiation. The other reason is the
transformation in a π-conjugation system of the diarylethene
molecules accompanied by photoisomerization. Here, the π-
conjugation is extended over the entire molecule in the closed-
ring isomer, whereas that in the open-ring isomer is divided to
half of each molecule. The transformation in the π-conjugation
of the molecule induces the variation in the overlap of π-
orbitals between neighboring molecules. Therefore, the diaryl-
ethene films would exhibit distinct types of carrier transport by
the ratio of respective isomers. From the geometry of the π-
conjugation of each isomer, the films with closed-ring isomers
are expected to be more conductive than those with open-ring
isomers.
To reveal the origin of optical manipulation, we obtained the

absorption spectra of the diarylethene films with and without
Au films. For these experiments, quartz plates were used as
substrates. The thicknesses of the diarylethene and Au films
were the same as those used in the transistors. Figure 4a shows
UV−vis spectra of diarylethene thin films without Au layers
after UV and VIS light irradiation. A characteristic absorption
peak was observed at a wavelength of 320 nm for the open-ring
isomer upon VIS light irradiation, while a peak was observed at
612 nm for the closed-ring isomer under UV light irradiation.
Contrastingly, in the sample covered completely with Au film,
no transition from open-ring to closed-ring was observed with
either UV or VIS light irradiation (Figure 4b). This result

Figure 4. UV−vis spectra of diarylethene films on quartz substrates (a) uncovered and (b) covered with Au thin films with UV and VIS light
irradiation. Here, measurement a was carried out in a transmission-mode optical configuration for the samples without Au films. On the other hand, a
reflection-mode configuration was used for the samples covered with Au thin films in measurement b, where the incident angle of the light was fixed
at 45°.

Figure 5. Irradiation time dependence of (a) the ratio of closed-ring isomers in the films and (b) the drain current (Vd = −100 V and Vg = −100 V)
in diarylethene transistors.
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makes it clear that the irradiated light did not penetrate through
the Au electrode to the diarylethene film beneath. That is, the
diarylethene molecules in the vicinity of the electrode did not
undergo photoisomerization.
To support above-mentioned conclusion, we also compared

the change in the threshold voltages of the samples with
different ratios of open-ring and closed-ring isomers (see Figure
S7 in the Supporting Information). Here, diarylethene films
were irradiated with either UV or VIS light before deposition of
Au electrodes to change the initial ratio between open-rings and
closed-rings. The threshold voltages, where open-ring isomers
are dominant in the initial stage, was higher (−58 V) than that
of the closed-ring isomer (−34 V). This is because HOMO
level in the open-ring isomer is lower than that of the closed
one. Note that, the threshold voltages in respective devices
were constant regardless of the photoswitching. The result also
indicates that no photoisomerization of molecules occurred
underneath electrodes. Based on these results, we conclude that
the possibility of a change in the carrier-injection barrier can be
ruled out.
Next, we compared the change in the ratio of closed-ring

isomers in the films and the variation in the drain current
against a sequence of light irradiation (Figure 5) to clarify that
the optical switching in the drain current was induced by
photoisomerization in the transistor channel. Here, the
conversion ratio of closed-ring isomer was calculated from
absorption measurements. The films used for the estimation are
different from those employed in the transistor evaluation
under light irradiation. However, we can compare both results
because the details of film growth conditions and light
irradiation processes are same in both experiments. Prior to
the measurement, the samples were irradiated with VIS light for
5 min to initiate the state of the diarylethene molecules into an
open-ring isomer. We found that the drain current under light
irradiation closely depends on the ratio of closed-ring isomers
in the films. The ratio of the closed-ring isomers began to
increase immediately after UV light irradiation and then
saturated at 2 min (Figure 5a). Eventual conversion ratio
from open-ring to closed-ring was 75%. Meanwhile, the ratio of
closed-ring isomers was decreased with VIS light irradiation. In
the same way, the drain current increased with UV light
irradiation and reached a constant value at 2 min (Figure 5b).
After that, the drain current was completely suppressed by
irradiating VIS light for 1.5 min. The result clearly
demonstrates that the transition in π-conjugation system
accompanied by the photoisomerization is responsible for the
photoswitching in our transistors.

4. CONCLUSIONS

We demonstrated optical control of the drain current in OFETs
with diarylethene channel layers. The drain current was
reversibly changed by alternating UV and VIS light irradiation.
Importantly, the on/off ratio realized by light irradiation was
102 (104 %) and this value is greater than those of other
transistors based on the photochromic reactions. The result
indicated that the drain current was effectively manipulated by
light irradiation. We showed that the drain current modulation
can be attributed to the transformation in the π-conjugation
system accompanied by photoisomerization. Our finding
demonstrates the potential to achieve high-performance
optoelectrical organic devices including optical sensors, optical
memory, and photoswitching transistors.
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