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Adhesive lon-Gel as Gate Insulator of Electrolyte-Gated

Transistors

Jaehoon Jeong,™®

Horst Hahn,™ "% and Ben Breitung*™®

In this study, a facile method to fabricate a cohesive ion-gel
based gate insulator for electrolyte-gated transistors is intro-
duced. The adhesive and flexible ion-gel can be laminated
easily on the semiconducting channel and electrode manually
by hand. The ion-gel is synthesized by a straightforward
technique without complex procedures and shows a remark-
able ionic conductivity of 4.8 mScm™' at room temperature.
When used as a gate insulator in electrolyte-gated transistors
(EGTs), an on/off current ratio of 2.24x 10" and a subthreshold
swing of 117 mVdec ' can be achieved. This performance is
roughly equivalent to that of ink drop-casted ion-gels in
electrolyte-gated transistors, indicating that the film-attachment
method might represent a valuable alternative to ink drop-
casting for the fabrication of gate insulators.

Recently, electrolyte-gated transistors (EGTs) have attracted
attention due to the rising interest in low-power, printed
electronics, e.g., for radio-frequency identification (RFID) tags,
displays, solar cells and Internet of Things applications. Further
developments regarding EGTs were carried out, and many of
them have focused on the gate insulator and the correlated
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changes in EGT performance."™ The gate insulator plays a
pivotal role in the operation of EGTs since the current is
switched on/off by an electric double layer (EDL) at the
interface between the semiconductor and the gate insulator
and/or channel. When a gate voltage is applied in an electro-
lytic gate insulator arrangement, the ions migrate to the
interface, form EDLs and render the semiconducting channel
conductive due to a field-effect. Since the conductivity of the
channel is related to the formation of the EDLs, the ionic
conductivity of the gating material is important to adjust the
EGT regarding performance parameters like switching speed,
drain current, on/off ratio, voltage sweep rates, etc.

However, comparably slow switching speeds, resulting from
the necessity to form EDLs, remain a general drawback for
EGTs. For decades, many types of gate insulators have been
tested to improve the critical performance indicators of EGTs,
among them, ABA triblock ion-gels are considered as cutting-
edge gate insulators, as reported by Frisbie and Lodge."”
Triblock ion-gels consist of triblock copolymers and ionic
liquids. These triblock copolymers are tailorable, selectively
soluble in ionic liquids and form physically cross-linked (PC)
structures."?**” Dasgupta et al. reported on a composite solid
polymer electrolyte (CSPE) for EGTs, where propylene carbonate
is utilized as a plasticizer to increase the ion mobility inside the
polymeric structures.”

In addition to conventional ion gel or polymer electrolyte-
based gate insulators, various types of gate insulators have
been developed using polymers or ionic liquids. For example,
Ko etal. showed an ionic liquid-polymer gate insulator for
flexible electronics.” Poly(4-vinylphenol) and [EMIM][TFSI] as
ionic liquid are interacting by hydrogen bonds and form an
ionic-polymer gate insulator.” It shows a high mechanical
strength and thermal stability up to 300°C and exhibits stable
gating performance in flexible zinc oxide (ZnO) thin-film
transistors as gate insulator.” Moreover, Xu etal. reported
polyacrylate copolymer gate insulators applied to organic field-
effect transistors (OFETs)."” This developed gate insulator, cured
at 230°C, shows high dielectric strength and exhibited a
remarkable gating performance, negligible hysteresis and on/
off current ratio of 10° in OFETs."”

Besides the chemical structure of gate insulators, the
fabrication technique is as well crucial in terms of printability
and can severely affect the performance of printed EGTs.
Conventional techniques, like ink-jet printing or aerosol-jet
printing, are known for the fabrication of high-performance
EGTs, mostly due to their high printing accuracy. Nevertheless,
the utilized inks for these procedures have to be adjusted
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regarding viscosity, drying behavior, and other fluidic proper-
ties. An example for aerosol-jet printable gate insulators of EGTs
is the already-mentioned ABA triblock ion-gels."'" Additionally,
Marques et al. reported about ink-jet printing of CSPE as gate
insulator for n-type In,0;-based EGTs."? Despite the advantages
of aerosol and ink-jet printing, other methods to prepare gate
insulators on EGTs are under investigation as well. Lee etal.
suggested a fabrication technique of a gate insulator using a
rubbery ion-gel, which can be cut by hand and laminated on
electric circuits and EGTs.”!

In this study, we introduce an adhesive ion-gel (AIG) as a
gate insulator, synthesized with a facile fabrication method. The
AIG can be easily cut to the desired shapes and laminated on
substrates or electrodes due to adhesive and flexible material
characteristics. Additionally, the AIG can be drawn off and used
again without severe losses of the ionic conductivity and does,
therefore, not impede transistor performances. The AlG can
easily adhere to diverse substrates such as wood, glass, plastic,
and metal (Figure S1).

The AIG was prepared using poly(vinyl alcohol) (PVA), poly
(methyl vinyl ether-alt-maleic anhydride) (PMVE-MA), dimethyl
sulfoxide (DMSO) and 1-ethyl-3-methylimidazolium triflate
([EMIM][OTf]). PVA and PMVE-MA constitute the backbone
polymer and the chemical cross-linker, while [EMIM][OTf] and
DMSO represent the ion source and the solvent, respectively.

Among the ingredients, the functional groups of methyl
vinyl ether (MVE) and carboxylic acid of PMVE-MA lead to the
adhesive characteristic of the AIG. MVE is known as an integral
part of pressure-sensitive adhesives, and can form elastomeric
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adhesive surfaces. In addition, the carboxylic acid groups,

cleaved from maleic anhydride, can improve the adhesion by
forming hydrogen bonds. This possibility to form hydrogen
bonds has already led to the unitization of PMVE-MA in
bioadhesives."*"”

The AIG is synthesized by blending two polymer solutions,
which contain the above-mentioned ingredients. As shown in
Scheme 1, solution (1) contains PVA dissolved in DMSO, and
solution (2) contains a mixture of PMVE-MA and [EMIM][OT(f]
dissolved in DMSO, respectively. During mixing, the hydroxyl
group of PVA and the cyclic anhydride of PMVE-MA sponta-
neously react and form a chemically cross-linked (CC) gel
structure by ring-opening esterification."® The cross-linking rate
depends on the AIG ingredient ratio. Using an optimized ratio,
the gelation deriving from cross-linking is completed within a
few hours. To ensure that all maleic anhydrides can react with
the respective hydroxyl groups, the AIG is aged overnight
before utilization. This synthesis process does not require a
subsequent treatment, e.g. UV-curing,"** to form a functional
AIG. The CC structures could be identified by Fourier-transform
infrared (FT-IR) spectroscopy (Figure 1).

In the spectrum of PMVE-MA (Figure 1b), peaks at
1856 cm ™' and 1783 cm™' are attributed to the C=0 symmetric/
asymmetric stretching bands of maleic anhydride.”" These two
peaks disappear in the spectrum of the blended PVA/PMVE-MA
gel (Figure 1¢), and overlapping C=0 peaks of carboxylic acid
(1718 cm™") and ester (1720cm™") are observed.?>* These
changes result from cleavage of the cyclic anhydride (PMVE-
MA) by the hydroxyl groups of PVA over ring-opening

*  Room temperature (25 °C)
Self-assembled gelation

(c) Adhesive ion gel

Scheme 1. Schematic illustration of the adhesive ion-gel; a) the ink preparation for synthesis, b) the ring-opening esterification, and c) the adhesive ion-gel.
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Figure 1. Absorbance spectrums of Fourier-transform infrared spectroscopy
(FT-IR); a) PVA film, b) PMVE-MA pellet with KBr, c) PVA/PMVE-MA gel film,
and d) PVA/PMVE-MA ion-gel (adhesive ion-gel) film. PMVE-MA is pelletized
by hydraulic pressure because of the difficulty to make a polymer film.
DMSO is fully evaporated for film making of PVA, PVA/PMVE-MA gel, and
PVA/PMVE-MA ion-gel.

1 1
4000 3500 500

esterification, which transforms the compound into a carboxylic
acid and an ester (Scheme 1b). During the process, [EMIM][OTf]
is captured into the CC gel structures. Following this procedure,
the AIG can easily be synthesized without complex techniques
(Scheme 1¢).

To investigate the electric properties of the AlG, frequency-
dependent behavior and ionic conductivity are analyzed by
electrochemical impedance spectroscopy (EIS). Bulk films of the
AIG are assembled and measured in a Swagelok cell setup
(Figure 2a). In Figure 2b, the Bode plot shows a plateau region
of log (|Z|) indicating bulk resistance (R,,) in the high-
frequency range (>30kHz). In this frequency range, the
conducting ions of [EMIM] and [OTf] cannot migrate fast
enough into the gel matrix to form the EDLs due to the high
frequencies.”” However, in the lower frequency range (<
9.3 kHz), where the phase angle is lower than —45°, [EMIM] and
[OTf] can migrate into the gel matrix and form the EDLs,
indicating capacitive behavior.'*® Below 1kHz, a phase angle
of around 70° is observed (ideal capacitive behavior at a phase
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Figure 2. The plots of electrochemical impedance spectroscopy of PVA/
PMVE-MA ion-gel; a) illustration of Swagelok cell and adhesive ion-gel, b)
Bode plot, ) ionic conductivity versus frequency plot, and d) specific
capacitance versus frequency plot. Film thickness and diameter are 0.76 mm
and 12 mm.

angle of —90°), and the value of log (| Z|) is linearly increased
by the influence of the EDL formation when the frequency is
decreased.

The ionic conductivity (o), which is a crucial property and
affecting the gating performance in EGTs, can be calculated
with the results of the impedance spectroscopy using Equa-
tion (1).

m

A is the surface area, d is the thickness of the AIG, and Z, is
the real part of the measured impedance. In Figure 2c, the ionic
conductivity in the frequency region (>30 kHz), where only
resistance from ion migration is measured without the influence
of dipole relaxation or EDLs, is calculated to 4.8 mScm™'.["
Below 9.3 kHz, the ionic conductivity linearly decreases with
decreasing frequency, because the electrode polarization,
caused by the EDLs, hinders the ion mobility.?”*

Additionally, the capacitance is measured to determine the
gating performance because the capacitance is proportional to
the drain-source current through the semiconducting channel
during transistor operation. The capacitance, stemming from
the EDLs between AIG and electrode/channel surface, can be
measured as an effective capacitance (C) in EIS measurements.
The C. calculated by Equation (2), varies with the applied
frequency and can be calculated based on the frequency-
dependent behavior of the AIG as shown in Figure 2b.

—Z,

Cot = 2ntAlZP 2

Z,, is the imaginary part of the measured impedance, f is
the frequency, and A is the surface area between the electrode
and the ion-gel film. Figure 2d shows the two different
frequency regions, classified to high- and low-frequency. In the
high-frequency region (> 9.3 kHz), the C drastically drops due

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

European Chemical
Societies Publishing


https://doi.org/10.1002/celc.202000305

ChemElectroChem

Communications

doi.org/10.1002/celc.202000305

Chemistry

Europe

to insufficient time for EDL formation at the interface of the
electrodes. On the other hand, below 0.3 kHz, conducting ions
can migrate to form EDLs, and the C. linearly increases
according to the decreased frequency. The Cg value is
calculated to 6.23 uFcm™ at 1 Hz. These results confirm that
the AIG shows typical frequency-dependent behavior (e.g., like
gel polymer electrolytes) and demonstrates remarkable ionic
conductivity and effective capacitance. These parameters are
closely related to the transistor performance. Therefore, it
follows that optimization as studied in® of the ionic mobility/
resistance and material/device parameters of the EGTs should
be carried out to achieve the highest possible cutoff frequen-
cies on transistor level.

To analyze the gating performance of the AIG, EGTs were
fabricated as shown in Figure 3a. Gate, drain and source
electrodes were patterned on an indium tin oxide (ITO)-
deposited glass substrate using laser ablation. An In,0,
precursor ink was ink-jet printed between source and drain
electrodes and annealed to 400°C for 2 h. After the annealing
process, n-type semiconducting channels of indium oxide
(In,05) were prepared.”® The AIG film was laminated on an in-
plane structure of the semiconducting channel and electrodes
by hand. As shown in Figure 3a, the AIG can be adhesively
attached to the in-plane EGT on a glass substrate without any
temperature/chemical post-treatment.

In drain-source current (I;) versus gate-source voltage (V)
plots (Figure 3b), the AlG-gated EGTs show remarkable gating
performances. The transfer curves of the EGTs show narrow
hysteresis, indicating that the formation and deformation of
EDLs are fast enough due to the high ionic conductivity of the
AIG. Even though the adhesive ion-gel is laminated by hand, it
remains tightly attached on the electrodes and the semi-
conducting channel, and exhibits stable transfer curves. The
threshold voltage (V) is calculated to —0.36 V by the extrap-
olation of 1,2 The on/off current ratio (I,/l) and the
subthreshold swing (SS) are calculated to 2.24x10* and
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Figure 3. Characterization of in-plane, film-attached EGTs; a) illustration and
picture of in-plane, film-attached EGTSs, b) transfer curves in gate-source
voltage (V,) versus drain-source current (Iy) and /4" plots at 1V of drain-
source voltage (V,), ) output characteristic curves in V, versus |4 plot at
different V,, and d) V; versus I plots for attachment/detachment test of ion-
gel film. Channel width and length are 2 mm and 50 um.
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117.24 mVdec™', respectively. Additionally, the AIG could be
removed and reattached to the surface several times, without a
considerable loss of gating performances. Figure 3d shows
stable transfer curves of an EGT, indicating an electric perform-
ance independent of the times the AIG was re/attached.
Therefore, it identifies the reusability of the AIG films in the
EGTs.

Lastly, two types of AlG-gated EGTs, using different
fabrication techniques are compared to investigate the impact
of the fabrication technique on EGT performance. Figure 4
shows the output curves of EGTs where the AIG is applied as
gating material by manually attaching and ink drop-casting
using a pipette, respectively. The recipe of the AIG is not
changed in both cases. In the fabrication of EGTs by ink drop-
casting, the ink was deposited directly on the semiconducting
channel and electrodes before the gelation. Then, the dropped
inks were gelated and became adhesive ion-gels for use as gate
insulators (Figure S2). Figure 4 shows the transfer curves of
both EGT types, where the EGTs show an almost similar
performance. The detailed values for /,./lo¢ SS and Vy, can be
found in Table S1. This result shows that the surficial contact by
film-attachment is equivalent to that by ink drop-casting, so
both EGTs exhibit similar EGT performance.

In conclusion, an adhesive and flexible ion-gel has been
developed and used as gate insulators for EGTs. The adhesion
of the AIG allows fabricating gate insulators even manually. The
film-attachment method of the AIG does not need to consider
adverse effects of solvents, such as swelling, dissolution, and
penetration of polymer or organic components during the
fabrication of multi-layer structures during printing.®'*? The AIG
shows remarkable ionic conductivity and effective capacitance
and can be simply stripped away and reattached to the EGT
without performance losses. This reusability of the AIG is
advantageous for low-cost electronics in terms of saving
materials.*>*¥ The film-attached EGTs show the performance
comparable to ink drop-casted EGTs. These results show that it
is possible to synthesize ionic-conductive “stickers” and that

107 .
-_-ii 1
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10 5 -'-;
<
> "
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® e He —=— Film-attached EGT
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Figure 4. V, versus I, plots of ion-gel film-attached EGT (black) and ink drop-
cased EGT (red). Channel width and length are 2 mm and 50 pm. Humidity
level and temperature are room conditions.
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easy utilization in EGTs is possible without any performance
deterioration.
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