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ABSTRACT: Organic electrochemical transistors (OECTs) are a generation of transistors
with high transconductance, where the whole volume of the semiconducting channel is
involved in the electrochemical doping process. However, the use of liquid electrolytes
limits the application of OECTs, and the doping process is also complicated due to the
presence of water in the electrolyte. In this study, thermoplastic polyurethane (TPU)-based
solid electrolyte was used in OECTs for the first time. Three types of ionic liquids were
blended with a TPU polymer matrix as a solid electrolyte and investigated on the OECTs
based on three kinds of p-type conjugated semiconductors. An in situ spectrochemistry
study was further carried out to confirm the doping/dedoping process of these conjugated
semiconductors by the TPU-based solid electrolyte. The robustness and high stability of the
fabricated solid-state OECTs (SSOECTs) were demonstrated through continuously applied
bias, long time operation under ambient conditions, and varying temperatures (−50 to 120
°C). Highly flexible SSOECTs were also obtained on a polyethylene terephthalate (PET)
substrate, which showed negligible fluctuation in on/off-current (Ion/Ioff) after 1000 cycles of bending. Based on these high-
performing SSOECTs, inverter circuits were fabricated in both unipolar and complementary configurations, where n-type and p-type
OECT-based complementary inverters showed a higher gain (46) compared with that of the unipolar design.
KEYWORDS: organic electrochemical transistor, solid electrolyte, ionic liquid, complementary inverter, flexible electronics

1. INTRODUCTION
The organic electrochemical transistor (OECT) is of great
interest due to its high transconductance and low driving
voltage (<1 V), which enable its application in bioelectronics,
logic circuit elements, and neuromorphic computing.1−6 It
consists of a conjugated semiconductor directly in contact with
an electrolyte. OECTs rely on the electrochemical doping
effect, where the ions are injected from the electrolyte into the
conjugated semiconductor film, therefore changing its doping
state and alternating the conductivity of the channel.7 The
carrier density in the channel is modulated by an applied gate
bias (Vg), and the doping state of the semiconductor can be
observed by the change in drain current (Id) under an applied
drain voltage (Vd).

8 The gradient of the change of Id versus Vg
is defined as transconductance (gm). Since the whole volume of
the channel was induced in the ionic doping process, a
significant modulation in drain current can be achieved under a
low applied gate bias.9 OECTs are known as efficient switches
and powerful amplifiers because ionic doping occurs over the
entire volume of the channel layer, and significant modulations
in the source-drain current can be achieved under low-gate
voltages, as opposed to a thin interfacial region in field-effect
transistors.

However, the device structure, especially the use of liquid or
aqueous electrolyte, limits further application in wearable
devices and electronic skins (E-skins). Although liquid
electrolytes can allow high operational stability in some
studies, the long-term device performance can change over
time due to liquid evaporation. On the other hand, possible
leakage of the electrolytes is an issue, and a high cost in device
encapsulation is inevitable. Moreover, it is difficult to fabricate
high-density and flexible OECT devices due to the liquid
electrolytes and packaging issues.10−13 Therefore, the develop-
ment of a solid-state electrolyte is necessary and enables long-
term performance stability, which can further extend the
applications in wearable sensor devices and E-skins.14,15

There are several studies on the utilization of solid
polyelectrolyte as the ion reservoir for OECTs. For instance,
poly(sodium 4-styrenesulfonate) (PSS:Na) has been shown to
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be a solid electrolyte for both n-type and p-type semi-
conductors.16,17 However, the PSS− backbone has a strong
electrostatic force on sodium cations, which induces higher
activation energy and therefore resulted in higher threshold
voltage (Vth) in OECT operation.18 Another type of solid-state
electrolyte is generated by mixing the ionic source into a
polymer matrix. Poly(vinylidene fluoride)-co-hexafluoropropy-
lene (PVDF-HFP) has been widely used to be the polymer
backbone of solid electrolytes of OECTs in many studies due
to its high ionic conductivity.18,19 Melianas et al. reported an
OECT-based synaptic device using this electrolyte, which can
be operated stably from 30 to 90 °C.20 But at a high
concentration of ionic liquid, the PVDF-HFP ionic gel starts to
melt above 100 °C, which limits the scope of applications of
SSOECTs.21 The devices need to be robust under various
temperature environments in practical applications. There are
not many reports on the temperature robustness in OECTs.
Han et al. reported a dual-network electrolyte based on cross-
linked polyacrylamide and carrageenan for OECTs, which
showed a stable switching down to −30 °C.22 However, there
is a shift in threshold voltage at low temperatures and
incomplete data under high-temperature conditions. Recently,
thermoplastic polyurethane (TPU) has been investigated as a

promising polymer electrolyte for lithium batteries and free-
standing transistors due to its high melting point (146 °C),
ionic conductivity, and elasticity.23−29 However, such a host
polymer has not been explored as an electrolyte for OECT
devices.
In this work, we demonstrate for the first time the use of

TPU as a solid polymer electrolyte (SPE) for OECT devices.
The effect of three types of ionic liquid-induced doping on the
gm, Vth, and response time of PEDOT:PSS-based solid-state
OECT (SSOECT) was investigated. PEDOT:PSS-based
OECTs have been demonstrated for printable electronics
and bioelectronics,30,31 and the morphology of the PE-
DOT:PSS channel is critical for the performance of
OECTs.32,33 Herein, we successfully improved the perform-
ance of PEDOT:PSS-based OECTs through electrolyte-
composite engineering and morphology tuning via electrolyte
solvent treatment. The resulting OECTs showed excellent
electrical, long-term, and temperature stability. Highly flexible
OECT was also achieved and could retain its current value
even after bending down to a 10 mm radius of curvature
(ROC), which showed potential applications of our devices for
wearable electronics and bioelectronics.

Figure 1. Introduction and characterization of TPU ionic gel. (a) Molecular structure and schematic illustration on TPU. (b) Molecular structures
of cations and anions used in this study. (c) Fabricated free-standing SPE film with 30 wt % EMIM:TFSI (scale bar: 5 cm). (d) Nyquist plots of
SPE containing EMIM:TFSI and an equivalent circuit used for fitting in ionic conductivity measurement. Solid lines are the fitting curves using an
equivalent circuit. (e) Comparison of the ionic conductivities by using three types of anions in concentrations of 10, 30, and 50 wt %.
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Going beyond conventional PEDOT:PSS, we extend our
studies to a representative variety of ion-permeable conjugated
polymers, namely, poly(3-hexythiophene-2,5-diyl) (P3HT),
poly[(5-fluoro-2,1,3-benzothiadiazole-4,7-diyl)(4,4-dihexadec-
yl-4H-cyclopenta[2,1-b:3,4-b′]dithiophene-2,6-diyl)(6-fluoro
2,1,3-benzothiadiazole-4,7-diyl)(4,4 dihexadecyl-4H cyclopen-
ta [2,1-b:3,4- b′]dithiophene-2,6-diyl)] (PCDTFBT), and
poly(benzimidazobenzophenanthroline) (BBL). The general-
ity of our approach allows the field of OECTs to grow rapidly

by harnessing the myriad of organic semiconductors developed
for organic field-effect transistors (OFETs) but deemed
unsuitable for OECT due to their aqueous instability. In situ
electrochemical spectroscopy studies were also carried out to
demonstrate and prove the electrochemical doping process in
these conjugated polymers by TPU electrolyte. Finally, both n-
and p-type SSOECTs are integrated for complementary
inverter circuits, which achieved a gain factor of 46,
significantly higher as compared with that for unipolar design.

Figure 2. Characterization of SSOECTs utilizing TPU-based ionic gel as a solid electrolyte, where ionic concentration of the electrolyte was kept at
50 wt % for all SSOECTs. Thickness (d) of the semiconductors is 107, 109, and 81 nm for PEDOT:PSS, P3HT, and PCDTFBT, respectively. (a)
Schematic diagram of fabricated SSOECT device. (b) Molecular structure of conjugated semiconductors (PEDOT:PSS, P3HT, PCDTFBT). (c−
e) Forward-scan transfer curves, average threshold voltages, and transient response of PEDOT:PSS, P3HT, and PCDTFBT-based SSOECTs using
BF4, OTF, and TFSI as anions. A −0.5 V drain voltage was applied during the measurement, and a 0.5 V drain voltage was applied for all n-type
OECTs. And the average Vth results were calculated among 10 devices.
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2. RESULTS AND DISCUSSION
Figure 1a shows the molecular structure and schematic
illustration of TPU. It consists of a two-phase microstructure,
a soft (line chain) and hard (solid rings) segment, which makes
it a favorable material for polymer electrolytes.34−36 The soft
segment can reduce the combination force between cations
and anions and give rise to good ionic transport,37,38 while the
hard segment with high polarity can allow the electrolyte film
to have good mechanical and physical properties such as high
flexibility and thermal stability.39,40 We employ three different
ionic sources in the TPU matrix, as shown in Figure 1b,
namely, 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIM:BF4), 1-ethyl-3-methylimidazolium trifluoromethane-
sulfonate (EMIM:OTF), and 1-ethyl-3-methylimidazolium
bis(trifluoromethyl sulfonyl) amide (EMIM:TFSI). The
EMIM+ cation is widely used to dope or dedope the organic
semiconductor.14,19,41 Both bis(trifluoromethanesulfonyl)-
imide (TFSI−) and trifluoromethanesulfonate (OTF−) anions
have a weak binding affinity with EMIM+ cations and a good
plasticizing ability for the polymer backbone, while tetra-
fluoroborate (BF4−) has a smaller size, which permits it to
dope the organic semiconductor quickly and may have the
potential to attain a lower threshold voltage and fast transient
response. The miscibility of these ionic liquids with the TPU
polymer is good, where free-standing electrolyte films with
high transparency were obtained (see Figure 1c). The pure
TPU film and after adding ionic liquid were characterized by
field-emission scanning electron microscopy (FESEM), shown
in Figure S1. Mixing the ionic liquid with the TPU polymer
matrix significantly changed the surface topography, where a
phase separation between soft and hard segments is more
obvious than pure TPU film.
Electrochemical impedance spectroscopy (EIS) measure-

ments were first carried out to study the ionic conductivity of
these SPEs.42,43 SPE films with three types of ionic liquids in
varying concentrations of 10, 30, and 50 wt % were measured,
and the typical Nyquist plot using EMIM:TFSI is shown in
Figure 1d (plots for other ionic liquids/TPU are shown in
Figure S2). The semicircle in the plot is attributed to the ionic
conduction of SPEs, where its diameter reflects the sum of the
contact resistance (RS) and the bulk resistance (Rb) of the
device (Figure S3).44 The ionic conductivities are summarized
in Figure 1e. In general, the ionic conductivity of the
electrolyte films is found to be proportional to the
concentration of the ionic liquids. EMIM:TFSI is found to
have the highest ionic conductivity (1.48 × 10−4 S cm−1),
while EMIM:BF4 displayed the lowest ionic conductivity (6.26
× 10−6 S cm−1) at 50 wt %. This correlates well with the weak
binding affinity between TFSI− and EMIM+ as compared to
BF4− and EMIM+,45 where the lower binding energy enables
ions to move easier inside the polymer matrix.46 The average
ionic conductivities and their standard deviations are also
presented in Table S1.
Figure 2a shows the schematic demonstration of the

fabricated SSOECT on silicon oxide (SiO2) substrate. Three
types of conjugated semiconducting materials (PEDOT:PSS,
P3HT, and PCDTFBT) were investigated in this study (Figure
2b), to demonstrate the generality of TPU-based ionic gel for
OECTs. TPU-based solid electrolyte was directly spin-coated
on top of these semiconductor channels, followed by placing a
polyimide film coated with Au/PEDOT:PSS on top as the gate
electrode. The optical image of the fabricated OECT channel

based on pristine PEDOT:PSS is shown in Figure S4. OECT
with channel dimensions of W/L = 100 μm/10 μm was chosen
for the following experiments if there is no special mention.
PEDOT:PSS is a typical p-type semiconductor used as the

active material for characteristics, and a comparison of the
average Vth of PEDOT-based transistors using different anions
is shown in Figure 2c and Figures S5−S7. The SSOECT
performance was found to depend heavily on the type of
anions in the solid electrolyte, where BF4 and OTF anions give
larger Ion (∼7.8 mA) than TFSI− (6.2 mA) under negative gate
bias. Moreover, the TFSI− anion shows the highest average Vth
(0.69 V), while the average Vth for BF4− and OTF− were 0.54
and 0.31 V, respectively. The Vth shifting depends on the ionic
hydrophilicity, where highly hydrophilic OTF− anions
contribute to easier ionic transport from the electrolyte to
semiconductors.47 Notably, the Vth of 0.31 V using TPU/
EMIM:OTF as an electrolyte is lower than most of the
reported PEDOT:PSS-based OECTs using a NaCl aqueous
electrolyte,48 which might be due to this anion having a weak
binding affinity with EMIM+ cations and resulting in good ion
transport between a solid electrolyte and channel. Therefore,
the shortest rise time (defined as τ) of 222 μs was obtained
using such anions as shown in Figure 2c. Pure TPU film
(without ions) was also utilized in the device, but no gate-
modulation effect in drain current was observed, which
indicates that the transistor relied on electrochemical doping
rather than field effect, and ionic liquids played the role in
doping/dedoping processes (Figure S8).
Another interesting observation is that the measured

PEDOT:PSS channel exhibits high conductivity, which
resulted from the post-treatment during the spin-coating
process of the solid electrolyte.49 Since the electrolyte solution
was directly spin-coated onto a PEDOT:PSS channel and the
solvent used for the TPU electrolyte is dimethylformamide
(DMF), the morphology of the PEDOT:PSS channel can be
simultaneously tuned during the formation of SPE film.50−52

DMF solvent has been reported to enhance the conductivity of
PEDTO:PSS by Dong and Portale, where high polarity solvent
will decrease PSS−PSS interaction and transfer the molecular
structure from a globular core−shell structure to an elongated
fibrous network.50 To confirm this hypothesis, we compared
two OECT devices (gated by 0.1 M NaCl liquid electrolyte),
where one of the PEDOT:PSS channels was treated by DMF
solvent. The channel conductivity and gm increased by 3 orders
of magnitude for the PEDOT:PSS channel treated by DMF
solvent (see Figure S9). The AFM phase images in Figure S10
presented a significant phase separation between PEDOT and
PSS on solvent-treated film as compared with the pristine film.
Therefore, for our PEDOT:PSS-based SSOECTs, the combi-
nation of TPU ionic gel with high ionic conductivity and post-
treatment effect on the PEDOT:PSS morphology leads to a
highly improved normalized transconductance (10.43 mS
μm−1 for BF4 and 10.31 mS μm−1 for OTF), which is much
higher than most of the reported SSOECTs and even aqueous
electrolyte-based OECTs (Table S2, Supporting Informa-
tion).53,54

To further explore the accessibility of TPU-based solid
electrolytes, we extend our studies to P3HT and PCDTFBT,
which are widely used as enhancement mode semiconductors
for OECTs (Figures S11−S13). The injection of anions into
these semiconductors induces more holes as charge carriers
under a negative gate bias, thus improving their conductivity.
The transfer characteristics and the comparison of average Vth
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of P3HT and PCDTFBT-based transistors using three types of
anions are shown in Figure 2d and e, respectively. In contrast
to PEDOT:PSS-based OECTs, the TFSI− anion appears to be
more effective in doping the channel where a lower Vth was
obtained (−0.33 V for P3HT and −0.28 V for PCDTFBT),
while both BF4− and OTF− showed a much higher Vth of
−0.55 V for both semiconductors. The differences in ionic
doping capability are probably related to the hydrophilicity/
hydrophobicity of these anions.55 The hydrophobic anion
(TFSI−) has a larger tendency to combine with hydrophobic
channels (P3HT/PCDTFBT) as compared with hydrophilic
anions (BF4− and OTF−), which will induce higher hole
mobility and lower Vth.

56 A statistical study on the gm, τ, and
μC* (μ is charge-carrier mobility, C* is volumetric
capacitance) of these conjugated semiconductor-based
SSOECTs (Figure S14) also corroborates this finding. The τ
was obtained to be 0.52 s for P3HT and 0.6 s for PCDTFBT
while using a TFSI-based SPE (Figure 2d and e). Surprisingly,
P3HT-based SSOECTs using all kinds of ionic liquids showed
>106 on−off ratios, where the semilog transfer characteristics
of these semiconductors are shown in Figure S15 to present
the drain current on−off ratios. All of these devices showed a
small degree of hysteresis in their transfer characteristics due to
the delayed ionic−electronic interactions at the electrolyte−
semiconductor interface (Figure S16).41 A thickness-depend-
ent study of the channels was also conducted, which confirms
the volumetric doping of these materials (Figure S17).
Additionally, an n-type semiconductor, BBL, was utilized,
where cations (EMIM+) will dope the redox-active sites of BBL

and generate electrons under the positive gate bias (Figure
S18). These results further confirm the generality of our solid
electrolyte for conjugated semiconductors.
In situ spectrochemical studies were further carried out to

confirm the doping/dedoping process of conjugated semi-
conductors by a TPU-based solid electrolyte. An indium tin
oxide (ITO)/SPE/conjugated semiconductor/ITO sandwich
structure was built up, as shown in Figure 3a. For the
PEDOT:PSS film, an absorption peak at a wavelength ranging
from 600 to 700 nm appeared due to the π−π* transition of
neutral PEDOT after applying a positive gate bias, as shown in
Figure 3b. As a result, the absorption in the infrared (IR)
region dropped accordingly due to the reduced polaron
transition.57,58 For P3HT and PCDTFBT, the initial
absorption peaks were 500 and 450 nm/750 nm, respectively,
which attributed to the π−π* transition (Figure 3c and d). By
applying negative bias beyond −1 V, anions were pushed into
the semiconductor film, and subsequently, the doping state
changed from neutral to an oxidized state. As a result, the
absorption peaks shifted to the near-infrared region, and the
films appeared more transparent.
Long-term operational stability for aqueous electrolyte-based

OECTs still remains a challenge, as their solvent can evaporate
over time. SSOECT with nonvolatile ion gel enables its
reliability and long-term operation. Herein, characterizations of
our PEDOT:PSS-based SSOECT in terms of electrical
stability, long-term stability, and temperature resilience were
carried out. First, five continuous DC cycles of double-sweep
transfer curves were obtained, as shown in Figure 4a, where the

Figure 3. In situ UV−vis absorption spectra of PEDOT, P3HT, and PCDTFBT systems. (a) Schematic diagram of measurement setup, and
structure of the fabricated sample. (b−d) Absorption spectra of PEDOT, P3HT, and PCDTFBT films under varying doping states. 50 wt %
EMIM:OTF was blended with TPU polymer as a solid electrolyte for the PEDOT:PSS system, while 50 wt % EMIM:TFSI was blended with TPU
polymer as a solid electrolyte for the P3HT and PCDTFBT systems due to a lower Vth, which more easily triggers doping at a lower voltage bias.
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first to fifth cycles perform negligible cycle-to-cycle variations
regarding Ion and transconductance. After that, the same
channel went through 2500 switching cycles, and an excellent
cycling endurance was obtained with 98.6% of current
retention, shown in Figure 4b. Subsequently, the device was
kept in ambient air and measured weekly, where the transfer
characteristics in 5 weeks are shown in Figure 4c. Nearly 96.6%
of Ion was maintained after 5 weeks, shown in Figure 4d. The
cycling endurances of SSOECTs using other semiconductors
and ion sources are also shown in Figure S19.
Stable and efficient operation of OECT at low and high

temperatures is helpful for its functional evaluation under
extreme conditions, e.g., high-power computers, desert
expeditions, and space exploration. Figure 4e and f show the
transfer curves of the SSOECT in two temperature regimes,
one at higher temperatures (23 to 120 °C) and another one at
a lower temperature (−50 to 23 °C). Nearly 94.8% of the
current value was retained while increasing the temperature
from 23 to 100 °C, and the transistor could even switch at 120
°C, which is the highest reported operating temperature for
OECTs.20,22 The response time of the SSOECTs is highly

temperature-dependent since the ionic conductivity and ion
motion exhibit a positive proportion with temperature.
Temperature increases from −50 to 120 °C could improve
the response speed from 277 to 2.32 ms (Figure 4g), since the
ion movement was suppressed at low temperatures and excited
at high temperatures. Our SSOECTs using TPU-based solid
electrolytes are found to operate stably from −50 °C to above
100 °C, which meets the temperature range requirements in
most electronic applications. Notably, the SSOECT working at
−40 °C showed good device stability over prolonged cycling
where the drain current retained 98.2% of the original value
after 1000 cycles (Figure S20). The threshold voltage shift is
also negligible, within 0.1 V, shown in Figure 4h.
Because of the high elasticity of TPU-based ionic gel, we

also fabricated flexible SSOECTs on a polyethylene tereph-
thalate (PET) substrate (Figure 5a).39,40 First, the transfer
curve of the transistor was obtained and compared with the
same W/L channel on a rigid Si/SiO2 substrate. Both flexible
and rigid devices showed similar performance in terms of Ion
(∼4.6 mA for flexible, 4.1 mA for rigid substrate) and peak gm
(8.55 mS for flexible, 7.96 mS for rigid), as shown in Figure 5b.

Figure 4. Characterizations of PEDOT:PSS-based SSOECT in terms of electrical stability, long-term stability, and temperature resilience. 50%
weight EMIM:BF4 was blended with the TPU polymer as a solid electrolyte. (a) Five continuous DC cycles of double-sweep transfer curves. (b)
Pulsing endurance of SSOECT, 98.6% Ion was maintained after 2500 switching cycles with 0.4 V, 50 ms/−0.2 V 150 ms pulse/base value. (c)
Weekly measured transfer curves and transconductances of SSOECT. (d) On and off current (Ioff) of SSOECT over 5 weeks, kept in air ambient
conditions. (e) Transfer curves of SSOECT operated at high-temperature range from RT to 120 °C. (f) Transfer curves of SSOECT operated in a
low-temperature range from RT to −50 °C. (g) Rise time variation under a temperature range from −50 to 120 °C. (h) Summary of Ion, Ioff, and
threshold voltage under the temperature range from −50 to 120 °C.
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Flexibility of SSOECT was evaluated by placing the device on
a curved surface and varying the bending radius (ROCs = 20,
15, 10 mm), as shown in the inset image of Figure 5d. Stable
OECT performance was maintained, with high retention of the
Ion (>90%) and corresponding peak transconductance (>94%)
even after being bent at an ROC as low as 10 mm (Figure 5c).
Importantly, the current almost fully recovered after putting
the flexible device on the flat surface again. Afterward, the
substrate was placed on the bending stage with a 10 mm ROC
and bent uninterruptedly for 1000 cycles, and the transfer
curves of OECT were measured after every 100 bending
cycles. Nearly 96% Ion was retained after 1000 bending cycles,
while Ioff presented a slight decrease (Figure 5d and e).
OECTs have been used as local transducers of bioelectronic

signals, while their measured current signal output presents
challenges for practical implementation. Since the electro-
chemical doping of conjugated semiconductors can be

triggered at a low bias (<1 V), the OECT-based circuit allows
a much lower supply voltage (Vdd) and subsequently offers new
opportunities for high-performance signal processing. In this
work, we implement three different designs of inverter circuits
based on our SSOECTs. For easy integration, the same TPU
polymer electrolyte was utilized for all semiconductor channels
(50% weight EMIM:TFSI in TPU polymer). First, a unipolar
inverter was constructed with a P3HT-based transistor and a
resistor (Figure 6a). The transfer curves and voltage gains of
such an inverter under varying Vdd are presented in Figure 6b,
where TFSI− in a TPU electrolyte will dope the P3HT channel
under a negative input gate bias (Vin), and subsequently output
voltage (Vout) drops to 0 V. A gain value (G = ∂Vout/∂Vin) of
∼10 was achieved at −0.85 V Vdd. Next, to improve the tuning
efficiency, the resistor was replaced by a feedback transistor
(PEDOT:PSS based), where the gate was directly connected
to the output (Figure 6c). A gain of ∼24 was obtained (at Vdd

Figure 5. Application of our SSOECT for flexible electronics. 50% weight EMIM:BF4 was blended with a TPU polymer as a solid electrolyte for the
PEDOT:PSS system. All of the data were obtained from W/L = 100 μm/20 μm channels. (a) Image of flexible SSOECTs on the PET substrate.
(b) Comparison of SSOECT’s performance on a flexible substrate and a rigid substrate. (c) Transfer curves of fresh OECT, bent in 20 mm, 15 mm,
and 10 mm ROC, and recover to a flat surface. (d) The change in Ion/Ioff of SSOECT, before and after bending 1000 cycles. (e) Transfer curves of
SSOECT, before and after bending 1000 cycles.
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= −0.85 V), and the channel conductance of the feedback
transistor is proportional to the output, allowing a more
effective tuning of Vout (Figure 6d).
Compared with unipolar inverters, a complementary inverter

consisting of n-type and p-type OECTs can achieve faster
transition of Vout and higher voltage gain.59,60 Hence, we
constructed an all-solid-state complementary inverter based on
SSOECTs using P3HT and BBL as p-type and n-type organic
semiconductors, respectively (Figure 6e), where the detailed
transfer performance of each elementary transistor is shown in
Figure S21. This complementary inverter could be operated
under low supply voltage (from 0.5 to 0.7 V). A 0.22 V noise
margin was obtained under 0.7 V Vdd, which reached 63% of
the theoretical value (Vdd/2 = 0.35 V). Notably, the voltage
gain of such a SSOECT-based inverter could reach 46 under a
0.7 V supply voltage (Figure 6f), which is much higher than
previous unipolar inverters and most of the reported OECT-
based inverters as shown in Table S3.61−64 Moreover, the
transient response was also improved significantly for such a
complementary structure, where the rise and fall time of Vout

were calculated as 0.028 and 0.34 s, respectively, 10 times
faster than unipolar inverters (Figure S23).

3. CONCLUSION
In conclusion, a TPU polymer matrix was first explored as a
solid electrolyte for OECT devices. Four conjugated semi-
conductors (PEDOT:PSS, P3HT, PCDTFBT, BBL) and three
types of ionic liquids (EMIM:TFSI, EMIM:BF4, EMIM:OTF)
were induced and investigated. The results demonstrated that
the solid electrolyte is a versatile choice to construct highly
performing and stable OECTs with excellent cycling
endurance (98.6% data retention after 2500 cycles), good
long-term stability (96.6% data retention after 5 weeks in
ambient conditions), and thermal stability up to 120 °C. A
negligible change in Ion/Ioff and Vth in the temperature range of
−50 to 100 °C is observed. The development of SSOECTs
capable of functioning over low- and high-temperature
environments will further expand their applications, such as
in high-power computers, desert expeditions, and space

Figure 6. Application of our SSOECT for the inverter circuit. 50% weight EMIM:TFSI was blended with TPU polymer as a solid electrolyte for
both p and n-type channels for ease of integration. W/L = 10 μm/20 μm for PEDOT:PSS-based SSOECT, while W/L = 100 μm/10 μm for P3HT
and BBL-based SSOECTs. (a) Circuit schematic of unipolar inverter built up by a p-type SSOECT and resistor. (b) Transfer curves and gain of
inverter based on p-type SSOECT and resistor. (c) Circuit schematic of unipolar inverter built up by two p-type SSOECTs. (d) Transfer curves
and gain of inverter-based on two p-type SSOECTs. (e) Circuit schematic of complementary inverter built up by n- and p-type SSOECTs. (f)
Transfer curves and gain of inverter-based on n- and p-type SSOECTs.
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exploration. Additionally, due to the high elasticity of TPU-
based films, flexible SSOECTs were demonstrated and went
through the bending measurement in varying ROCs and
bending cycles, presenting their potential for flexible and
wearable sensor applications. Finally, three types of SSOECT-
based inverters were fabricated in unipolar and complementary
configurations. The complementary inverter presented a lower
supply voltage, faster response, and higher gain (46) as
compared with the unipolar inverters. Overall, these results
emphasize the great potential of TPU-based ionic gel as a solid
electrolyte that enables robust OECT devices toward flexible
electronics and bioelectronics.

■ EXPERIMENTAL SECTION
Mater ia l s . Po ly(3 ,4 - e thy l ened ioxy th iophene) :po ly -

(styrenesulfonate) (PEDOT:PSS, Clevios PH1000) was purchased
from Heraeus. Poly(3-hexythiophene-2,5-diyl) (P3HT), poly[(5-
fluoro-2,1,3-benzothiadiazole-4,7-diyl)(4,4-dihexadecyl-4H-
cyclopenta[2,1-b:3,4-b′] dithiophene-2,6-diyl)(6-fluoro-2,1,3-benzo-
thiadiazole-4,7-diyl)(4,4 dihexadecyl-4H cyclopenta[2,1-b:3,4- b′]-
dithiophene-2,6-diyl)] (PCDTFBT), thermoplastic polyurethane
(TPU), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
amide (EMIM:TFSI), 1-ethyl-3-methylimidazolium trifluorometha-
nesulfonate (EMIM:OTF), 1-ethyl-3-methylimidazolium tetrafluor-
oborate (EMIM:BF4), and all of the processing solvents including
acetone, dimethylformamide, chloroform, and ethanol were all
obtained from Sigma-Aldrich and used as received. The BBL was
synthesized according to the reported literature.65,66

Fabrication of SPE Film. First, a 2 g thermoplastic polyurethane
pellet was dissolved in 4 mL of acetone and 4 mL of
dimethylformamide cosolvent and followed by vigorous stirring at
100 °C for 6 h until all pellets dissolved. Then, the ionic liquids were
added to the above solution with varying weight ratios and followed
by vigorous vibration for 30 min. After removing bubbles in the
solution by standing still, the prepared solution was poured into a
Petri dish and annealed inside a vacuum oven at 120 °C for more than
24 h. A 10 wt % electrolyte film comprised 10 wt % of the ionic liquid
and 90 wt % of the TPU polymer, while 30 and 50 wt % electrolyte
film comprised 30 wt % and 50 wt % of ionic liquid and 70 wt % and
50 wt % of TPU polymer, respectively. Finally, the formed free-
standing film was peeled off and cut into small pieces and clamped by
two stainless steel sheets for ionic conductivity measurement. The
measurement was done at 25 °C at a 70% humidity level.

Fabrication of SSOECTs. First, the Si/SiO2 wafer was cleaned
with acetone and ethanol for 5 min each under ultrasonic conditions.
AZ5214E photoresist was used for source/drain patterning, which was
spin-coated on top of the precleaned substrates and exposed to UV
light using a SUSS MJB4 mask aligner, and then developed by AZ
developer. Thereafter, 50 nm of gold with 5 nm of titanium as a seed
layer was evaporated on the substrate sequentially via E-beam
evaporation, followed by lift-off of the photoresist by immersion of the
substrates in acetone for 10 min with sonication. Then, a 2-μm-thick
Parylene C layer with an adhesion promoter of 3(trimethoxysilyl)-
propyl methacrylate (A-174 Silane) was deposited to insulate the
contacts from the electrolyte using SCS Labcoater. An antiadhesion
layer of dilute cleaner (Micro-90, 10 wt % in deionized water) was
spin-coated to facilitate the peel-off procedure. After that, a second
Parylene-C layer (∼2.5 μm) was deposited, acting as a sacrificial layer.
A second lithography process was conducted on the substrates to
expose the channel and contact pad area, where AZ4620 and AZ351B
were used as the photoresist and developer, respectively. The
patterned channel area and contact pads were etched via reactive
ion etching (Oxford Plasmalab80) at 50 sccm O2, 10 sccm CHF3, and
160 W operating conditions. PEDOT:PSS, Clevios PH1000, 5 mg
mL−1 P3HT, and PCDTFBT dissolved in chloroform were spin-
coated on the prepared substrate followed by peeling-off of the second
layer of parylene. BBL was prepared in a methanesulfonic acid (MSA)
solution at a concentration of 5 mg mL−1. After spin-coating, the BBL

films were immersed in DI water for 15 min to remove the MSA in
the film, followed by peeling-off of the second layer of parylene and
annealed at 200 °C for 1 h in a N2 filled glovebox. Solid electrolyte
solution was directly spin-coated on top of the channel at 500 rpm for
60 s, which is followed by drying in a vacuum chamber for more than
24 h. The resulting electrolyte films are measured to be 10.93 μm,
9.04 μm, and 6.55 μm for EMIM:BF4, EMIM:OTF, and EMIM:TFSI,
respectively, using a surface profiler.

Electrical Characterizations. Solid electrolyte was covered by a
polyimide film coated with Au/PEDOT:PSS as the gate electrode.
The I−V characteristics of the films and all of the OECT device
characteristics, including output and transfer curves and pulse
measurement, were measured under ambient conditions using
Keysight precision source/measure unit (B2912A) and a probe
station (Karl Suss PM5). Scan rate was kept at 25 mV s−1 for DC.
Electrochemical impedance spectroscopy (EIS) was employed to
check the volumetric capacitance of the PEDOT:PSS films using the
Metrohm Autolab system. For ionic conductivity measurement, the
metal−insulator−metal (MIM) structure was formed by two pieces of
stainless steel separated by the SPE film. The input signal was a sine
wave (amplitude of 10 mV) with a frequency range from 10 000 to 1
Hz. For bending measurements, because of the small radius of
curvatures (ROCs) applied to substrates, the gate electrode of the
Au/PEDOT coated PI film was challenging to attach conformably to
the electrolyte. Hence, a Ag/AgCl pellet was directly in contact with
SPE as the gate electrode. The detailed Vth extraction method is
shown in Figure S22.

Electrochemistry Spectroscopy. The PEDOT:PSS solution was
spin-coated on ITO glass substrates in the air and subsequently
annealed at 140 °C for 20 min. The P3HT and PCDTFBT film on
ITO glass was prepared in a glovebox. Then, the solid electrolyte was
spin-coated onto the ITO glass to cover the PEDOT:PSS or P3HT,
PCDTFBT films, followed by the encapsulation of another ITO glass
which can act as the gate electrode. A Keysight precision source/
measure unit (B2912A) was chosen to apply biasing between the gate
electrode and ITO glass. The absorption spectra were recorded using
a UV−vis−NIR spectrophotometer (SHIMADZU, UV-3600) over
the wavelength range from 350 to 1250 nm as the sample was biased.
Another sample without the semiconductor layer was used to get the
baseline.
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