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ABSTRACT: We produced an optically controllable dual-gate
organic field-effect transistor by a simple one-step spin-coating of a
mixed solution of photochromic spiropyran (SP) and poly(3-
hexylthiophene) (P3HT). Postannealing enhanced polymer chain
ordering of P3HT to induce phase separation into an SP-rich lower
layer and an SP-free upper layer. These layers worked
independently as transistor channels with distinct optical
responsivity. The top channel was optically inactive, but the
bottom channel was optically active, because of the photo-
isomerization of SP. These results demonstrate the potential of
our technique to produce a multifunctional photoactive organic

transistor by a simple process.
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1. INTRODUCTION

Chemical doping is an effective technique for improving the
performance of organic devices.' * Electron donor or acceptor
molecules, such as tetrafluorotetracyanoquinodimethane, FeCl,,
and MoO;, have been doped into host semiconductors to
increase the density of charge carriers. Chemical doping can
increase carrier mobilities of organic field-effect transistors
(OFETs).>~ "% Doping MoOj into a pentacene channel layer
improved the carrier mobility from 0.71 to 1.60 cm?® V™' 5712
Chemical doping also offers a useful way to integrate new
functionalities into conventional OFETs. For instance, optically
controllable OFETs have been developed by doping photo-
isomerization molecules such as spiropyran (SP) and diary-
lethene."'™'® In these studies, the transistor properties were
optically modulated by photoisomerization.

Generally, the dopant concentration should be as high as
possible to maximize the doping effect. However, there is an
upper limit to the dopant concentration to avoid phase
separation or dopant segregation, which can degrade transistor
properties and hinder the dopant effect. For example, Li et al.
had to restrict the SP concentration in host poly(3-
hexylthiophene) (P3HT) to <10 wt % to suppress phase
separation.'’ To solve this issue, we used poly(triarylamine)
(PTAA) as a host polymer in our previous study,'® because
PTAA has an amorphous structure and allows doping with up
to 50 wt % SP. Furthermore, we achieved multilevel switching
of the drain currents with an optical memory effect by stacking
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an optically active SP—PTAA layer and an ogtically inactive
neat PTAA layer to form a dual-gate OFET.”® However, the
high solubility of SP molecules in PTAA necessitated a
complicated process, including several spin-coating steps and
the deposition of an aluminum oxide film.

Here, we intentionally promoted phase separation and made
the most of the dopant segregation to produce a multifunc-
tional dual-gate transistor. To facilitate 2phase separation, we
used crystalline P3HT as a host polymer.”' Phase separation of
the SP—P3HT blend film induced segregation of SP molecules
around the base of the film, and we fabricated a dual-gate
OFET from this phase-separated blend film. This simple one-
step process simultaneously created distinct optical responsiv-
ities between the top and bottom channels. The bottom
channel was optically active because of the photoisomerization
of SP, but the top channel was inactive, because of the absence
of the SP molecules in the upper part of the blend film. Our
approach makes it possible to fabricate multifunctional dual-
gate OFETs simply.

2. EXPERIMENTAL SECTION

Figure 1 illustrates the configuration of a dual-gate transistor and the
chemical structures of P3BHT and SP molecules. The SP molecules
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Figure 1. Schematic illustrations of the dual-gate transistor and the chemical structures of P3HT and spiropyran. The open-ring isomer of spiropyran
reversibly transforms into the closed-ring isomer and vice versa by alternating UV—vis irradiation. The open ring has an ionic polarized state, while

the closed ring has a neutral structure.

undergo a reversible conformational change upon UV-—vis light
irradiation. The closed-ring isomer is nonionic, whereas the open-ring
isomer has an ionic polarized state. Highly doped p-type Si wafers with
a 200 nm thick SiO, layer were used as substrates. The Si substrate and
SiO, layer work as a gate electrode and an insulator layer of the
bottom channel transistor, respectively. A 1:1 (weight ratio) mixture of
P3HT and SP dissolved in chlorobenzene at 1 wt % was spin-coated
(1000 rpm for 1 min at room temperature) on the substrate. The
samples were then annealed at 70 °C for 12 h in a nitrogen
atmosphere to enhance the chain ordering of P3HT. The layer thus
prepared works as the transistor channels. The thickness of the
thermally annealed SP—P3HT film was estimated to be 53 nm with a
surface profilometer (Dektak 6M). On top of the SP—P3HT film,
interdigitated Au electrodes were deposited as source and drain
electrodes through a metal shadow mask. The transistors had a
channel length of 100 ym and a width of 51 mm. Subsequently,
parylene-C was deposited by chemical vapor deposition as a top gate
insulator. The thickness of the film was estimated to be 1.3 pum.
Finally, a 20 nm thick Au electrode was deposited on the parylene-C
film as the top-gate electrode through a metal shadow mask.

The electrical characteristics of the transistors were measured at
room temperature with a semiconductor device analyzer (Agilent
B1500A). For dual-gate operation, the bottom gate is grounded while
the top channel is operated, and vice versa. A xenon lamp was used as
the light source for the photoisomerization of the SP. Band-pass filters
passed UV light at 340 nm (0.10 mW/cm?® by power meter) to
generate the ionic polarized open-ring isomer and visible light at 550
nm (1.10 mW/cm?) to transform the open-ring isomer into the
nonionic closed-ring isomer. The light irradiation time was fixed at 10
min. This duration and the light intensity were selected to inhibit
photocurrent or photo-oxidation, but to still induce SP photo-
isomerization in the P3HT matrix. The characteristic variation in the
absorption band around 550 nm observed under these conditions
confirms the reversible photoisomerization of SP in the P3HT matrix
(Figure S2, Supporting Information). The absorption peak clearly
agreed with that of the open-ring isomer of SP (Figure S1a, Supporting
Information). In contrast, no change in the absorption peak from that
of P3HT was observed (Figure S1b, Supporting Information). These
results clarified that the photoisomerization of SP takes place in the
P3HT film.

Electrical measurements and light irradiation were conducted in a
vacuum chamber (107" Pa) to eliminate the influence of atmosphere,
particularly of ozone gas generated by UV light.

The depth profile of the SP molecules in P3HT was examined by
time-of-flight secondary ion mass spectrometry (TOF-SIMS). An
argon gas cluster ion beam (Ar-GCIB) was used to etch the samples,
and Bi**ions were used for ionizing sputtered species. The SP—P3HT
film was prepared on the SiO,/Si substrate under the same conditions
that were used for the transistors. The crystallinity of the P3HT films
was investigated with an X-ray diffractometer (XRD, Bruker D8
Discover; Cu Ka source, A = 0.15418 nm).

3. RESULTS AND DISCUSSION

First, we evaluated the basic transistor properties of the dual-
gate transistor. Figure 2 shows the output characteristics
obtained from the top and bottom channels. Both sets of
output curves clearly display p-type characteristics, indicating
that both the upper and lower sides of the P3HT—SP blend
film worked as transistor channels.

The carrier mobility and threshold voltage were estimated
from the saturation regime in the transfer curves (see Figure
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Figure 2. (a) Output characteristic in the top channel (while the
bottom gate is grounded). (b) Output characteristic in the bottom
channel (while the top gate is grounded). The carrier mobility of the
bottom channel was 1 order of magnitude lower than that of the top
channel.
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S$3a,b, Supporting Information). Here, the capacitances of top
and bottom gate insulators were 18.5 nF/cm? for SiO, and 2.34
nF/cm? for parylene-C. Clear differences were observed in the
carrier mobilities and threshold voltage. The carrier mobility of
the bottom channel (7.5 X 10™° cm® V™! s7') was 1 order of
magnitude lower than that of the top channel (9.6 X 107* cm*
V™' s7'). In addition, the threshold voltage of the bottom
channel (59 V) was higher than that of the top channel (31 V).

Second, we examined the effect of light irradiation on the
transistor properties. Figure 3a shows the transfer character-
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Figure 3. (a) Transfer characteristics of the top channel at a Vg of
—50 V under UV or visible irradiation for 10 min. No change was
observed under light exposure. (b) Reversible change in transfer
characteristics of the bottom channel at a Vg of —50 V by alternating
UV—vis irradiation. Hysteresis was observed only in the bottom
channel.

istics of the top channel at a constant drain bias voltage (Vpg =
—50 V) with alternating UV—vis irradiation. There was no
change in the drain current; ie., the top channel is inactive
under light exposure. In contrast, the drain current through the
bottom channel was reduced by UV irradiation and restored by
visible irradiation, indicating that the bottom channel is
optically active (Figure 3b). It is noteworthy that hysteresis
was observed only in the bottom channel.

Finally, we investigated the variations in the maximal drain
current (Ipg pa), carrier mobilities, and threshold voltages upon
UV—vis irradiation to improve our understanding of the effect
of irradiation on the transistor properties. Figure 4a plots
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Figure 4. Variations in transistor properties in top and bottom
channels dependent on light irradiation: (a) drain current at Vpg =
—50 V and Vg = =50 V, (b) carrier mobility () normalized to the
initial value, and (c) threshold voltage (V).

changes in Ipg,,, at a gate-source bias voltage (Vi) of =50 V
at each channel with repeated UV—vis irradiation. The optical
responsivity differs clearly between channels. In the top
channel, the drain current showed an only marginal change
upon irradiation. In the bottom channel, in contrast, UV
irradiation reduced Ipg.,, by ~30%, and several cycles of
optical switching were observed, during which time the drain
current gradually decreased. This degradation in the switching
property can be ascribed to the deterioration of SP molecules
upon irradiation.”>** Panels b and ¢ of Figure 4 show changes
in carrier mobilities (1) and threshold voltages (V) estimated
from the saturation regime in the transfer curves of each
channel under repeated UV—vis irradiation. Typical I[pgl"/>
versus Vg plots used for the calculation of y and Vy, are shown
in Figure S2 (Supporting Information). In the bottom channel,
UV irradiation decreased the carrier mobility by 10%, from 7.5
X 1075 to 6.8 X 107> cm?® V™! 57!, and reduced the threshold
voltage from 59 to 45 V. In the top channel, in contrast, these
values were almost constant regardless of UV or visible
irradiation.

These results imply that the SP molecules were distributed
mainly around the bottom channel. To provide clear evidence
of the distribution of SP molecules in the P3HT layer, we
performed TOF-SIMS measurement by Ar-GCIB.>* The depth
profiles of the SP, P3HT, and SiO, molecules are shown in
Figure Sa. The fragment ions of C;gH;sN,0;~, C,HS™, and
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Figure S. (a) Depth profiles of negative ions (C;gH;sN,O;” from
spiropyran, S~ from P3HT, and SiO,” from the substrate) collected by
using a 30 keV Bi** source. Samples were eroded with an Ar gas cluster
ion beam at S keV. (b) Atomic force microscope image of the SP—
P3HT blend film.

SiO,” originated from SP, P3HT, and SiO, substrate,
respectively. The intensity of C,gH;sN,O;” increased from
the surface by 2 orders of magnitude and reached the maximum
at a depth of 25 nm. On the other hand, the intensity of SiO,~
started increasing from a depth of 25 nm and saturated at a
depth of ~65 nm. That is, the magnitude of the signal from the
substrate started increasing at the depth at which the magnitude
of the signal from the SP molecules reached its maximum.
From these results, we conclude that SP molecules are
segregated mostly near the interface between the P3HT and
the SiO, substrate. The differences in carrier mobilities,
threshold voltages (Figure 2), and electrical hysteresis in the
bottom channel (Figure 3b) can be ascribed to the highly
concentrated SP molecules around the bottom channel. The
gradual onset of the intensity of SiO,” over a depth range of
30—50 nm is probably caused by the surface roughness of the
SP—P3HT film; in fact, atomic force microscopy showed many
dimples ~20 nm deep across the surface (Figure Sb).
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The segregation of SP molecules in the P3HT matrix is
presumably facilitated by chain ordering of P3HT through
thermal annealing in the same manner seen for the blends of
crystalline semiconductor with an amorphous insulator or an
amorphous semiconductor.”> ! Figure 6 shows XRD spectra
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Figure 6. X-ray diffraction spectra obtained from the annealed SP—
P3HT blend film, the nonannealed pristine P3HT film, and the
nonannealed SP—P3HT blend film. A diffraction peak indicated by the
dashed line corresponds to the interchain lattice constant.

measured from nonannealed pristine P3HT and SP—P3HT
blend films and an annealed SP—P3HT blend film. The (100)
diffraction peak at 20 =~ 5.2° from the nonannealed P3HT film
is indicated by a dashed line, but no peak was observed from
the nonannealed SP—P3HT blend film. That is, the P3HT film
basically has ordered structure, but doping of SP molecules
disturbs the alignment of the P3HT chains. On the other hand,
the postannealing on the SP—P3HT blend film yielded the
peak at 260 & S5.2°. This result shows that thermal annealing
induced the ordering of P3HT. Therefore, we consider that the
chain ordering of P3HT through thermal annealing involves the
segregation of SP molecules around the bottom layer.

As a reference, we evaluated optical responsivity in a dual-
gate transistor made from a nonannealed SP—P3HT film. Both
top and bottom channels were optically active and showed only
a slight difference: the UV-induced reductions in Ipg ., were
0.5 pA in the top channel and 0.7 A in the bottom channel
(Figure S4, Supporting Information). These results clarify that
the distribution of SP molecules was originally uniform in the
nonannealed blend film, and annealing was responsible for the
clear difference in optical responsivity between channels. These
results support the view that thermal annealing promotes the
alignment of P3HT chains as well as the segregation of SP
molecules.

We measured the depth profile of SP in the PTAA film to
confirm our results. Unlike P3HT, PTAA forms an amorphous
structure. The concentration of SP was 50 wt %, and we used
the same annealing process that was used for the SP—P3HT
film. The intensity of C,gH,sN,O;~, which is derived from SP
molecules, was constant through the film (Figure SS,
Supporting Information). The onset of SiO,” was relatively
steep, and no surface morphology was visible in the atomic
force microscope image. These results show that SP molecules
are homogeneously distributed in the amorphous PTAA matrix
to form the SP—PTAA film with a uniform thickness. They also
support the view that the ordering of P3HT chains is essential

for SP molecules to segregate near the bottom channel
Although the reason why SP molecules are segregated near the
bottom of P3HT film is still unclear, a possible reason is that
the segregation would be induced by the difference in the
wettability of P3HT and SP. We examined the wettability of
respective films. The respective contact angles were 98° for
P3HT and 55° for SP (Figure S6, Supporting Information); the
wettability of SP is higher than that of P3HT. Accordingly, SP
molecules would be segregated near the hydrophilic SiO,
surface.

In previous work, we produced an optically controllable dual-
gate OFET by stacking an optically active SP-doped PTAA
layer and a nondoped inactive PTAA layer, demonstratmg
multilevel switching with an optical memory effect.”® As the
SP—P3HT-based dual-gate transistor developed here has the
same device configuration, the same device operation (ie.,
multilevel switching with a memory effect) can be expected, but
via a much simpler one-step spin-coating process. In general,
concentrations of chemical dopants are confined within limits
to avoid phase separation or dopant segregation.'”'> In
contrast, we intentionally promoted phase separation and
made the most of dopant segregation. This approach fosters the
simple fabrication of multilayered, multifunctional dual-gate
OFETs.

Finally, we discuss the optical switching mechanism. In our
previous study, we observed the same optical switching
behaviors in the SP—PTAA system: drain currents and carrier
mobilities decreased with UV irradiation and recovered with
visible irradiation.'” We elucidated that the ionic polarized state
of the open-ring SP molecules worked as carrier scattering sites
to reduce drain current. The SP—P3HT system showed similar
optical responsivity here. Therefore, the same switching
mechanism (i.e, carrier scattering by ionic SP molecules)
works in the SP—P3HT system.

Li et al. reported similar optical switching v1a the use of an
SP—P3HT blend film as a transistor channel,"" although UV
irradiation increased the drain current and visible irradiation
restored it. The important point is that the photocurrent was
optically switched in their study. The photoexcited electrons in
P3HT were collected in the drain electrode via the lowest
unoccupied molecular orbital (LUMO) of SP. The reversible
change in the LUMO level of the SP molecules was the origin
of the switchable electron transfer. Thus, the photocurrent
switching overlapped the base drain current. This explains the
narrow range of the on:off ratio. For these reasons, their
switching behavior and mechanism were fundamentally differ-
ent from ours. Orgiu et al. created an optically controllable
transistor by doping photochromic diarylethene molecules into
P3HT to work as hole trap sites.'> The reversible variation in
the highest occupied molecular orbital (HOMO) level of the
diarylethene triggered optical switching of the drain currents.
As both studies show, the combination of dopants and polymer
must be carefully selected, because the relative positions of the
energy level between photochromic dopants and the host
polymer are essential for optical control.

In contrast, our carrier scattering mechanism can be widely
applied to any polymer matrix, unlike the carrier trapping (or
transfer) mechanism through HOMO—LUMO levels of host
polymer and photochromic dopants,'"'* because the electric
charge of ionic polarized SP molecules can affect the carrier
transport regardless of the relative energy level positions. In
fact, we observed consistent optical switching behaviors in both
SP—PTAA" and SP—P3HT blends. Therefore, we conclude

dx.doi.org/10.1021/am501884q | ACS Appl. Mater. Interfaces 2014, 6, 10415—10420
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that the scattering mechanism also holds in this study. To be
exact, Vi, values were changed by irradiation of this SP=P3HT
film, although the SP—PTAA film showed no change upon
UV—vis irradiation. However, Vy, values changed also in SP—
PTAA blends if the SP concentration exceeded 70 wt % (Figure
S7, Supporting Information). These results confirm the
consistency of the scattering mechanism in both blend
combinations.

4. CONCLUSIONS

We present a new approach for the fabrication of optically
controllable dual-gate OFET's based on phase separation. The
dopant SP molecules were distributed mainly near the bottom
channel through phase separation, which was enhanced by
polymer chain ordering of the host P3HT via thermal
annealing. The phase-separated film worked as dual-gate
transistor channels with clearly different optical responsivities:
the top and bottom channels were optically inactive and active,
respectively. Therefore, this device configuration can be
expected to give multilevel switching with a memory effect.
We emphasize that our approach allows the formation of
multilayer dual-gate OFETs by a simple one-step spin-coating
process and phase separation.
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