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ABSTRACT: We demonstrate a new device that combines a
light-field effect and an electrical-gate effect to control the
drain current in a dual-gate transistor. We used two organic
layers, photochromic spiropyran (SP)-doped poly-
(triarylamine) (PTAA) and pristine PTAA, as top and bottom
channels, respectively, connected to common source and drain
electrodes. The application of voltage to the top and bottom
gates modulated the drain current through each layer
independently. UV irradiation suppressed the drain current
through the top channel. The suppressed current was then maintained even after the UV light was turned off because of an
optical memory effect induced by photoisomerization of SP. In contrast, UV irradiation did not change the drain current in the
bottom channel. Our dual-gate transistor thus has two organic channels with distinct photosensitivities: an optically active SP-
PTAA film and an optically inactive PTAA film. This device configuration allows multi-level switching via top- and bottom-gate
electrical fields with an optical-memory effect.
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1. INTRODUCTION

Organic field-effect transistors (OFETs) have been extensively
studied over the last several years. Great progress has been
made in improving their performance. High carrier mobilities of
up to 10 cm2/(V s) have been achieved in solution-processed
organic semiconductors.1−3 The further evolution of organic
devices demands the integration of specific functionalities into
conventional OFETs.
To this end, optically controllable OFETs based on

photochromic molecules have been proposed. Photochromic
molecules such as diarylethene and azobenzene are used as
photosensitive components at the interface between organic
semiconductors and gate insulator layers,4,5 inside polymeric
semiconductors or polymeric gate insulators,6−13 in the side
chains of polymeric semiconductors,14,15 or in direct channel
layers.16 The drain current can be reversibly controlled in
accordance with the photoisomerization. We previously
achieved optical switching of transistor properties by adopting
photoisomerized spiropyran (SP) molecules dispersed in a
poly(triarylamine) (PTAA) single channel layer.17 The drain
current (IDS) was reduced by ultraviolet UV irradiation and
restored by visible (VIS) light irradiation. The ionic-polarized
open-ring SP isomer worked as a carrier scattering site to

suppress the carrier transport effectively in the polymer
channel.
Dual-gate OFETs are promising high-performance candi-

dates. The device configuration makes it possible to induce a
large drain current under dual gate bias voltages, leading to
great improvement of carrier mobility.18−20 In addition, the
threshold voltage can be controlled by a combination of double
gates.21−26 Several devices based on these features, including
pH sensors and chemical sensors, have been proposed.27,28

Kippelen et al. proposed a dual-gate transistor made of 6,13-
bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) and
PTAA heterolayers. The TIPS-pentacene and PTAA films work
as top and bottom channels, respectively. The top channel
showed high carrier mobility of up to 16 × 10−2 cm2/(V s), and
the bottom channel showed low carrier mobility of 3.8 × 10−2

cm2/(V s).29 The respective transistor channels are switched by
the top and bottom gates. We ascribe the advantage of the dual-
gate transistors to the capability to combine different
operations in the top and bottom channels, which would
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allow the integration of new functionalities into conventional
organic transistors.
In this study, we integrated a light-field effect into a

conventional dual-gate OFET. In the photochromism-based
dual-gate OFET, the transistor channels consist of an SP-doped
PTAA film and a pristine PTAA film (Figure 1). An aluminum
oxide (Al2O3) thin film is inserted between the organic layers to
prevent diffusion of SP molecules from the upper layer to the
lower layer. The top and bottom layers work as transistor
channels independently. Importantly, optical switching of the
drain current is achievable only in the top layer, owing to
photoisomerization of SP between a nonionic closed ring and
an ionic-polarized open-ring. Tuning of gate bias voltages can
adjust such optical responsivity in the transistor.

2. EXPERIMENTAL SECTION
Highly doped p-type Si wafers with a 200 nm-thick SiO2 layer were
used as substrates for the fabrication of dual gate-OFETs. The Si
substrate works as a bottom-gate electrode and the SiO2 layer as an
insulator. PTAA molecules were dissolved in toluene at a
concentration of 1 wt %. The PTAA films were formed by spin-
coating (1000 rpm, 1 min) on substrate pretreated with
hexamethyldisilazane to improve wettability and to reduce charge
trapping sites at the interface between the SiO2 and PTAA layers. The
samples were then heat-annealed at 100 °C for 1 h to remove residual
solvents. The thickness of the PTAA film was estimated to be 100 ±
10 nm by surface profilometer (Dektak 6M). Subsequently,
interdigitated Au electrodes were deposited as source and drain
electrodes on top of the PTAA film through a metal shadow mask. The

channel length and width of the transistors were 75 μm and 5 mm,
respectively. To prevent the diffusion of SP molecules from the upper
SP-PTAA layer to the lower PTAA layer, a 2.2 nm-thick Al2O3 layer
was grown on the PTAA film by atomic layer deposition at a substrate
temperature of 120 °C. The electrical contact to the upper SP-PTAA
layer was not affected by the Al2O3 layer because the Al2O3 film was
deposited favorably only on the PTAA layer and no film was formed
on the electrodes due to the inertness of the Au surface. A mixture of
PTAA and SP (1:1 weight ratio) dissolved in toluene at 1 wt % was
spin-coated (1000 rpm, 1 min) on the Al2O3 layer to form the SP-
PTAA film. On top of the SP-PTAA film, Parylene-C was deposited by
chemical vapor deposition as the top gate insulator. The thickness of
the films was estimated to be 1.3 μm by the Dektak 6M. Finally, as the
top-gate electrode, a 20 nm-thick Au electrode was deposited on the
SP-PTAA film through a metal shadow mask.

The electrical characteristics of the transistors were measured with a
semiconductor device analyzer (Agilent B1500A) in a vacuum
chamber (10−1 Pa) at room temperature. A xenon lamp was used as
the light source for the photoisomerization of the SP. Band-pass filters
passed UV light at 340 nm (0.14 mW/cm2 by power meter) to
generate an ionic polarized open-ring isomer and VIS light at 550 nm
(1.13 mW/cm2) to transform the open-ring isomer into a closed-ring
isomer. The irradiation time was fixed at 10 min, which is enough to
induce optical switching of the drain current. This is based on our
preliminary experiment to examine the time dependence of the drain
current upon UV and VIS light irradiation (Figure S1, Supporting
Information).

3. RESULTS AND DISCUSSION
3.1. Transistor Properties in Top and Bottom

Channels in a Dual-Gate Transistor. When the top gate

Figure 1. (a) Device configuration and circuit diagram of photochromism-based dual-gate transistor. (b) Chemical structure of PTAA. (c)
Conformation change of SP molecules between ionic-polarized open ring and nonionic closed ring. The photoisomerization is reversibly controlled
by the alternation of UV and VIS light.
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was electrically floated, the current flowed through the bottom
(PTAA) channel (Figure 2 top left, orange line), and the drain
current (IDS) in the output curve increased linearly at a low
drain voltage (Figure 2a), proving a low contact resistance
between the electrodes and channel layers. The carrier mobility
(μ) and the threshold voltage (Vth) estimated from saturation
regime in the transfer curve (Figure 2b) were μ = 2.3 × 10−4

cm2/(V s) and Vth = 0.7 V. These values are comparable to
those in a pristine PTAA transistor.17 When the bottom gate
was electrically floated, the current flowed through the top (SP-
PTAA) channel (Figure 2 bottom left, orange line). The
estimated carrier mobility and threshold voltage of the top
channel were μ = 1.8 × 10−4 cm2/(V s) and Vth = −3.9 V. Thus,
the SP-PTAA layer was confirmed to work as the top transistor
channel and the pristine PTAA layer as the bottom transistor
channel.
The difference of transistor properties between top and

bottom channels is probably caused by variation in the interface
roughness between gate insulator and organic semiconductor
layers because the interface roughness between the Parylene-C
and SP-PTAA layers was higher than that between the SiO2 and
PTAA layers (Figure S2, Supporting Information). The
nonionic closed-ring SPs in the top channel layer may have
an affect on the carrier mobility because the molecules have
dipole moment (>6 D).6 However, we had already confirmed
that the closed-ring SP molecules had no influence on the
transistor properties because the transistor properties of the
closed-ring SP/PTAA blend were almost comparable to those
of a pristine PTAA transistor.17 Therefore, we concluded that
the differences in the transistor properties can be attributed to
the interface roughness.
3.2. Impact of Light Irradiation on Carrier Transport

through Top and Bottom Channels. As the two organic
channels have distinct photosensitivities, different photo-
responsivities can be induced in the top and bottom channels.
The drain current through the PTAA bottom channel was not
changed by the alternation of UV and VIS irradiation (Figures

3a, S3a, and S3b, Supporting Information). Thus, the bottom
transistor channel is inactive upon irradiation.17,30,31 In

contrast, the drain current through the SP-PTAA top channel
was reduced by UV irradiation. The reduction rate was
estimated to be about 6 % when the concentration of SP-
open was doubled upon UV irradiation. The reduced drain
current was restored by subsequent VIS irradiation (Figures 3b,
S3c, and S3d, Supporting Information). The photo-switching
behavior is consistent with our previous report:17 the open-ring
SP has an ionic polarized structure, which works as a carrier

Figure 2. (a) Output and (b) transfer characteristics in the bottom channel when the top gate is electrically floated. (c) Output and (d) transfer
characteristics in the top channel when the bottom gate is electrically floated. The SP dispersed in the PTAA is in the closed-ring state. This state had
no influence on carrier transport in the top channel.

Figure 3. (a) Change in transfer characteristics of bottom channel at
VDS of −50 V under UV or VIS irradiation for 30 min. (b) Reversible
change in transfer characteristics of the top channel at VDS of −50 V by
alternating UV and VIS irradiation.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am402833k | ACS Appl. Mater. Interfaces 2013, 5, 9726−97319728



scattering site in the PTAA channel layer to suppress the carrier
transport. Meanwhile, we confirmed that the transistor
properties of the closed-ring SP/PTAA blend were almost
comparable to those of a pristine PTAA transistor; i.e., the
closed-ring SP molecules have no influence on the transistor
properties.17

To compare the obtained results with a top contact geometry
for the optically controllable layer, we fabricated the opposite
device architecture by putting the SP-PTAA layer under the
Al2O3 layer and the PTTA on the top of it. The drain current
through the SP-PTAA bottom channel was confirmed to be
reduced by UV irradiation and restored by VIS irradiation. In
contrast, the drain current through the PTAA top channel was
not changed by the alternation of UV and VIS light irradiation
(Figure S4, Supporting Information). These results demon-
strate potential of various device architectures. However, the
reduction rate was smaller than that of the opposite architecture
(Figure 3b) due to light absorption by the upper PTAA layer.
In conclusion, the photoactive SP/PTAA layer should be the
upper channel to obtain higher photosensitivity because of
effective light irradiation.
Importantly, the light-induced variation in IDS was main-

tained even after the irradiation was turned off, in contrast to
the electrical-gate modulation of IDS described in Figure 2.
These results indicate that the SP-doped top channel shows an
optical-memory effect. Thus, our dual-gate transistor allows two
distinct device operations upon irradiation: optically control-
lable and nonresponsive operations through the top and
bottom channels.
The SP molecule undergoes the thermal transformation from

the open-ring SP to the closed-ring SP. However, we confirmed
that the applied electronic field has no effect on the thermal
transformation of SP molecule in our previous work.17 The
photo-switching behavior was repeated up to several cycles
(Figure S5, Supporting Information). It should be noted that
the drain current gradually decreased with repeated optical
switching. The degradation in the switching property can be
ascribed to the deterioration of SP molecules upon light
irradiation.17

3.3. Electrical Modulation of Drain Current by Dual
Gates. The drain current of the dual-gate transistor can be
controlled by both top and bottom gates. This section describes
a dual-gate modulation of the drain current controlled by the
dual electrical-field effect.
As the top gate voltage increased from −40 to +40 V, the

drain current, plotted as a function of bottom gate voltage, was
gradually reduced (Figure 4a). The threshold voltage (Vth)
determined from the IDS

1/2 vs. VGS plots (Figure S6, Supporting
Information) shifted from +4 to −4 V when the top gate
voltage increased from −40 to +40 V (Figure 4b). These results
indicate that the application of a positive top-gate voltage
formed a depletion layer in the bottom channel. Thus, more-
negative voltage in the bottom gate was required to compensate
for the depletion layer and to form the transistor channel. As a
consequence, an increasing top-gate voltage made the threshold
voltage of the bottom channel more negative.
Generally, the shift in Vth as a function of top gate bias can be

given by Vth = (−CTop/CBottom)·VG,Top,
16 where CTop and CBottom

are unit-area capacitances in each dielectric layer. CTop of
Parylene-C was 2.4 nF/cm2 and CBottom of SiO2 was 18.5 nF/
cm2. Thus, CTop/CBottom = 0.13. The value of CTop/CBottom
estimated from the slope of the curve in Figure 4b was 0.10,
which agrees well, indicating that the threshold voltage in this

dual-gate transistor was electrically controllable in the same way
as in conventional dual-gate transistors.21−26

We examined dual-gate modulation of the drain current on
the basis of our finding that the threshold voltage can be
controlled by the top and bottom gates. The top channel was
used for the current path (Figure 4c). The top and bottom gate
voltages were supplied separately as input signals (Figure 4d,
top and middle). The resulting IDS was obtained as an output
signal (Figure 4d, bottom). From 0 to 700 s, while the bottom
gate was grounded, IDS was modulated between ca. −0.9 and
−1.2 μA according to the input signal from the top gate, where
the gate voltage (VG,Top) was varied between −35 and −40 V.
From 700 to 1300 s, VG,Bottom of −15 V was applied, raising the
modulation IDS to between ca. −1.3 and −1.6 μA. When
VG,Bottom was set to 0 V again, IDS was restored to its initial
range. These results clearly show that the drain current can be
electrically modulated by two input signals from dual gates.

3.4. Dual-Gate Switching of Light-Field Effect in
Transistor Properties. On the basis of the results in sections
3.2 and 3.3, we manipulated optical responsively in the dual-
gate transistor by fine tuning the top and bottom gate voltages
to control the current path. Combining the light-field effect and
electrical-gate modulation enabled multi-level switching of the
drain current with an optical-memory effect by three input
signals: top and bottom gates and light irradiation. VG,Top and
UV light acted as input signals. VG,Bottom selected the transistor
channel: top, bottom, or both.

Figure 4. (a) Change in the drain current as a function of the bottom
gate voltage. Additional top gate voltage was supplied from −40 to +40
V in steps of 20 V. (b) Red line: change in the threshold voltage (Vth)
against top-gate voltage. Dashed line: theoretical slope when
capacitance of Parylene-C (2.7 nF/cm2) is divided by that of SiO2
(18.5 nF/cm2). (c) Circuit diagram of the transistor with current path
depicted by an orange line. (d) Electrical modulation of the drain
current by top and bottom gates. The drain current through the top
channel was modulated by top and bottom gates. The output signal
(IDS) was monitored as functions of VG,Top and VG,Bottom input signals.
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When the bottom gate was grounded, current flowed only
through the top channel: it was selected as the transistor
channel (Figure 5a). First, VG,Top was varied between −35 and
−40 V every 100 to 600 s. In response, IDS varied between
−0.32 and −0.22 μA. Following UV irradiation for 10 min, IDS
was lowered and varied between −0.22 and −0.13 μA. The
modulation width (0.09−0.10 μA) was almost constant even
after irradiation: that is, an optical memory effect was induced
by the photoisomerization of SP from a nonionic state to an

ionic polarized state. When a VG,Bottom of −20 V was applied,
part of the IDS passed through the optically inactive bottom
channel, so the optically induced variation in IDS was decreased
(Figure 5b). When VG,Bottom was increased to −30 V, current
flowed only through the bottom channel, so there was no
change in IDS even after irradiation (Figure 5c). These results
clearly show that the photoresponsivity of the transistor can be
chosen by optimization of the top and bottom gate voltages.
To test the unique combination of the optical and electrical

modulation of drain current, we varied VG,Top between −35 and
−40 V every 100 s, used VG,Bottom to switch current paths
between the top (VG,Bottom = 0 V) and bottom channels (−30
V), and periodically applied UV light (Figure 6). From 0 to 600

s, IDS through the bottom channel was modulated between
−0.1 and −0.2 μA according to the input signal from the top
gate. From 600 to 2200 s, the application of VG,Bottom = −30 V
raised IDS to between −0.8 and −0.9 μA. During this period,
UV irradiation had no effect on IDS, which was flowing through
the nonphotoactive bottom channel. From 2200 to 4000 s, the
application of VG,Bottom = −10 V lowered IDS by changing the
dominant current path from the bottom channel to the
photoactive top channel. UV irradiation caused photoisomeri-
zation of SP, furthering lowering IDS. From 4000 s, the bottom
gate voltage was returned to −30 V, making the bottom
channel again dominant. IDS did not change with UV
irradiation, and the optical memory function disappeared.
These results show the unique combination of the optical
memory effect and electrical-gate modulation in the dual-gate
transistor.

4. CONCLUSIONS
By integrating an optical memory effect into a conventional
dual-gate OFET, we have developed a new type of dual-gate
transistor. The combination of an optically active SP-PTAA
film (as the top channel) and an optically inactive PTAA film
(as the bottom channel) creates a dual-gate transistor with two
distinct operations upon light irradiation. The optically induced
change in the drain current was maintained after UV irradiation
was turned off, indicating that the SP-doped top channel
behaves as an optical memory. Optimizing the dual gate
voltages to control the current path allows the optical
responsivity to be chosen. These features make it possible to
manipulate the drain current by three parameters: the top and
bottom gates and irradiation. Our findings will enable the
development of new device applications such as optically and

Figure 5. Optical and electrical modulation of drain current. Input
signals were top-gate voltage (−35 to −40 V) and UV light (10 min).
(a) The bottom-gate was grounded, and current flowed only in the top
channel. (b) A bottom-gate voltage of −20 V divided the drain current
between channels. (c) At a bottom-gate voltage of −30 V, current
flowed only in the bottom channel. UV irradiation caused no variation
in drain current, although the current was modulated by the top-gate
voltage.

Figure 6. Manipulation of drain current by a combination of optical
and electrical gates. The drain current was controlled by the top and
bottom gates and by UV irradiation.
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electrically controllable electric circuits and lead to the
integration of new functionalities into conventional organic
transistors.
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Frisch, J.; Pavlica, E.; Duong, D. T.; Bratina, G.; Salleo, A.; Koch, N.;
Hecht, S.; Samorì, P. Nat. Chem. 2012, 4, 675−679.
(8) Lutsyk, P.; Janus, K.; Janus, Sworakowski, J.; Generali, G.; Capelli,
R.; Muccini, M. J. Phys. Chem. C 2011, 115, 3106−3114.
(9) Lutsyk, P.; Janus, K.; Sworakowski, J.; Kochalska, A.; Nesp̌ůrek, S.
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