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voltages for operation[1–7] and remarkable 
progress has been made in the develop-
ment of semiconducting channel mate-
rials[8–11] and gate insulators.[12–14] The 
EGTs are switched on/off by applying 
a gate potential, which leads to a migra-
tion and local redistribution of ions at 
the semiconductor/electrolyte interfaces. 
The formed electric double layer (EDL) 
generates high charge accumulation in 
the adjacent semiconducting channel, 
which, for instance, renders the channel 
conductive at a certain gate potential. For 
this reason, it is important for gate insu-
lators to show high ionic conductivities, 
in order to quickly develop strong EDLs 
that improve the EGT performance. How-
ever, the switching speed of EGTs, which 
is slower than that for dielectric gating, is 

still considered as a technical hurdle for practical applications. 
Therefore, various types of advanced polymer electrolytes have 
been intensively studied.

A different approach has been established in the last few 
years, where an ion-gel, consisting of an ionic liquid and 
a polymer, is used as a gate insulator in EGTs.[14–16] This 
approach makes use of the intrinsic properties of ionic liquids, 
such as high ionic conductivities, negligible volatility, and 
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1. Introduction

In the past years, printed electronics has been highlighted to be 
a very promising technique for the preparation and assembly 
of low power electronics, suitable for sensors and devices 
needed for the future development of the Internet of Things 
(IoT). Especially, electrolyte-gated transistors (EGTs) have been 
in the focus of interest, because of the possibility to use low 
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electrochemical stability, and also can derive high capacitance 
by forming the ELDs with ionic liquid at the interface between 
electrolyte and electrode.[14,16–18] In general, ion-gels are classi-
fied into chemically crosslinked (CC) or physically crosslinked 
(PC) ion-gels depending on the type of crosslinker. The PC 
ion-gels reveal a physically crosslinked structure, which usu-
ally consists of entanglement of macromolecule chains, 
whereas the CC ion-gel has a covalent bonded crosslinked 
structure. In the field of PC ion-gels, the groups of Frisbie and 
Lodge developed ABA triblock ion-gels, which have been con-
sidered as cutting-edge materials for printed transistors.[12–14] 
PC triblock ion-gels exhibit a good tailorable morphology, due 
to the possibility to vary block polymers and chain length, 
and apply to the EGTs by the aerosol-jet printer. On the other 
hand, CC ion-gels have been less studied compared to PC ion-
gels, due to the difficulties to control the morphology and to 
fabricate EGTs. These difficulties arise due to the rapid for-
mation of rigid CC ion-gel structures by irreversible gelation, 
which is considered as a technical hurdle for utilization in 
ink-jet printing processes. For these reasons, studies on CC 
ion-gels have almost only focused on material developments, 
such as finding new synthesis methods[19–21] or improving the 
physical properties and ionic conductivities.[22,23] Only a few 
reports on the practical use in printed transistors have been 
reported so far.

In this study, for the first time, we introduce an ink-jet 
printable, chemically crosslinked ion-gel for EGT applications, 
demonstrating remarkable ionic conductivity and capacitance 
values while using a straightforward synthesis method by self-
assembled gelation. The synthesized ion-gel is characterized 
and applied in EGTs and the performance is evaluated.

2. Results and Discussion

The novel ion-gel ink is designed to enable ink-jet printing of 
chemically crosslinked ion-gels and to avoid complex synthesis pro-
cesses such as annealing,[19] UV-curing,[15,21] and reversible addi-
tion-fragmentation chain transfer (RAFT) polymerization.[12–14] To 
ensure ink-jet printability, it is crucial to properly inhibit or pro-
mote self-assembled gelation of the ingredients, poly(vinyl alcohol) 
(PVA) and poly(ethylene-alt-maleic anhydride) (PEMA), because 
the functional groups of PVA and PEMA easily react even at room 
temperature in a concentrated solution, forming a rigid CC gel, 
which cannot be applied for ink-jet printing (Figure 1a).

To inhibit the self-assembled gelation and assure the ink-jet 
printability, our approach to effectively control the gelation is to 
add an excessive amount of solvent, dimethyl sulfoxide (DMSO), 
into the solution, which evaporates after being printed and at a cer-
tain concentration triggers the self-assembly. In dilute solution, the 
solvent is bound to the macromolecular coils, and these solvent-
swollen coils are separated by the excess of solvent (Figure 1c).[24] 
For this reason, the mutual interactions are lost, and the chemical 
crosslinkage in the dilute solution is suppressed. When printed, 
the solvent evaporates slowly and the gelation of PVA and PEMA 
is initiated due to the release of the solvent trapped by the mac-
romolecular coils (Figure  1d). PVA and PEMA are now able to 
interact mutually and to form the crosslinked CC structure directly 
on the substrate (Figure  1e). This self-assembled gelation does 
not require an additional initiation step, because the ring-opening 
reaction between the functional groups of PVA and PEMA is spon-
taneous and can easily proceed in the solution. By this simple 
method, we could fabricate a CC PVA/PEMA ion-gel directly on 
the substrate by ink-jet printing. The ion-gel ink (Figure 1a) can 
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Figure 1.  Schematic illustration of ink preparation and synthesis of PVA/PEMA ion-gel: a) ion-gel and b) ink-jet printable ion-gel ink (dilute solution). 
c) Illustration of self-assembled gelation of PVA, PEMA, and [EMIM][OTf ] during DMSO evaporation, d) PVA/PEMA ion-gel film, and e) top-gated, 
ion-gel-gated thin-film transistor.
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be prepared using the following procedures: 1) separately dissolve 
PVA and PEMA into DMSO at 60  °C, 2) cool the temperature 
down to room temperature and blend PVA and PEMA solutions, 
3) filter the solution with Nylon syringe filter, and 4) add [EMIM]
[OTf] to the solution. For a controlled inhibition of gelation, the 
amount of solvent was optimized.

The self-assembly of the CC structure could be tracked by 
Fourier-transform infrared (FT-IR) spectroscopy. In Figure  2a 
the cyclic anhydride of PEMA shows two intrinsic peaks at 
1854 and 1782  cm−1, corresponding to CO symmetric and 
asymmetric stretching bands, respectively.[25–28] The evolu-
tion of the peaks during the reaction shows that the hydroxyl 
(OH) groups of PVA react with the cyclic anhydride of PEMA 
by a nucleophilic attack. When the solvent-swollen coils of 
PVA and PEMA become reactive by releasing the absorbed 
solvent during solvent evaporation, the cyclic anhydrides are 
spontaneously opened and transformed into carboxylic acid 
and ester groups (Figure  2e). The reaction can be tracked by 
observing the appearance of a broad peak (≈1700–1750  cm−1), 
consisting of overlapped CO carbonyl bands of carboxylic acid 
(1717  cm−1) and ester (1720  cm−1) groups (Figure  2c), which 
can be assigned to the crosslinked structure.[28–30] Additionally, 
the symmetric and asymmetric CO stretching bands (1782 
and 1854  cm−1), deriving from the interaction of both CO 
groups of the anhydrides, disappear during the polymerization, 
which indicates the complete conversion of the anhydrides 
to carboxylic acid or ester. The additional bands in the PEMA 
spectrum (1700–1720  cm−1) are attributed to CO stretching 
bands of maleic acid which is partially hydrolyzed from maleic 
anhydride during the film-making process,[31] and the small 
peak in the PVA spectrum (≈1720  cm−1) is originating from 

the CO band of poly(vinyl acetate) (PVa), which is a residue 
in commercial PVA powder (Figure  S1, Supporting Informa-
tion).[32] When the ionic liquid is added, an additional peak 
appears from in-plane asymmetric stretching bands of (N)CH2, 
(N)CH3, and CN (1573 cm−1) (Figure 2d).[33] Based on the FT-IR 
results, we assume that a chemical crosslinked structure was 
formed by self-assembled gelation during solvent evaporation.

The surface morphologies of PVA, PEMA, and PVA/PEMA 
gels were investigated using scanning electron microscopy 
(SEM) (Figure  3). The surface of PVA reveals small pores 
and thin thread-shaped structures on the edge of the film 
(Figure 3a), whereas PEMA shows a relatively smooth surface 
with some large agglomerates on the edges (Figure 3c). Com-
pared to PVA and PEMA, the surface morphology of the PVA/
PEMA gel is very rough, and the bundles of agglomerates are 
connected and stacked, creating large holes in the structure. 
This rough surface can be clearly observed in Figure  3f. We 
consider that these morphology differences result from the 
crosslinked polymer structures between PVA and PEMA.

The frequency-dependent behavior, the ionic conductivity, 
and the capacitance of the PVA/PEMA ion-gel are further ana-
lyzed by impedance spectroscopy in the frequency range from 
100 kHz to 1 Hz. Figure 4b shows a log (|Z|) versus frequency 
plot, which depicts a plateau indicating the bulk resistance (Rbulk) 
in the range above 30  kHz. Above this frequency, conducting 
ions in the ion-gel are not able to accumulate at the inner and 
outer Helmholtz planes (IHP and OHP) due to insufficient time 
for ion migration, and the EDLs cannot be formed.[34] As the fre-
quency was decreased, the value of log (|Z|) was increased and 
became a tilted straight line below 3.7 kHz, corresponding to a 
phase angle of −45°, where the polarization behavior of the EDLs 
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Figure 2.  FT-IR absorbance spectrums: a) PEMA film, b) PVA film, c) PVA/PEMA polymeric gel film, and d) PVA/PEMA ion-gel film. In all cases, DMSO 
is fully evaporated. e) Polymer structure of PVA, PEMA, and PVA/PEMA polymeric gel.
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is changed from resistive to capacitive.[14,35] Below 400  Hz, the 
phase angle was saturated between −70° and −75°. The devia-
tions between a saturated phase angle and an ideal capacitive 
response of −90° results from nonideal capacitive behavior.[34]

In addition, Figure 4c shows an ionic conductivity (σ) versus 
frequency plot of the PVA/PEMA ion-gel. At high frequen-
cies above 30  kHz, a plateau region of Rbulk is observed and 
the ionic conductivity is calculated to be ≈5 mS  cm−1. As the 
frequency is lowered, the ionic conductivity started to decrease 
because of electrode polarization processes by the EDLs at 
the electrolyte/electrode interface.[36–38] The ionic conductivity 

decreases linearly below 3.7  kHz as the PVA/PEMA ion-gel 
exhibits capacitive behavior.

In Figure  4d, the effective capacitances (Ceff) of the PVA/
PEMA ion-gel were calculated using two equations, described in 
the literature.[16,35,39] The calculated capacitance is derived from 
the EDLs at the interface between ion-gel and electrode. Equa-
tion (1) is generally used to calculate the Ceff based on the imped-
ance results

π
=

−1

2
eff

im

C
fAZ

� (1)
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Figure 4.  a) Illustration of a Swagelok cell assembled with two electrodes and the ion-gel film. b) Bode plot, c) ionic conductivity versus frequency 
plot, and d) effective capacitance (Ceff) versus frequency plot of PVA/PEMA ion-gel film. Ionic conductivity and capacitance were calculated based on 
impedance results. The samples were measured at room temperature (25 °C). Film thickness and diameter are 1.1 and 12 mm, respectively.

Figure 3.  SEM micrographs of a,b) PVA, c,d) PEMA, and e,f) PVA/PEMA gel films. (a), (c), and (e) are taken at the edge of the film, and (b), (d), and 
(f) at the film surface. All solvent is evaporated.
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In Equation  (1), f is the frequency, A is the surface area 
of electrode, and Zim is the imaginary part of the impedance 
results. However, this equation is applicable to an ideal capac-
itor (phase angle (°)  =  90°) in the low frequency range, and 
deviates at high frequencies.[39–41] Figure  4b shows that the 
phase angle of the ion-gel is non-ideal, where the lowest phase 
angle (<400 Hz) is close to −75°. For this reason, as suggested 
by Dasgupta et al.,[39] we calculated the Ceff using Equation (2)

2
eff

im
2C

Z

fA Z
= −

π � (2)

In Figure  4d, Ceff calculated by Equation  (2) is largely 
reduced at high frequency ranges (>3.7 kHz), where the EDLs 
cannot be formed and the only resistive response dominates 
the spectrum. Considering that the EDLs cannot be formed in 
the high-frequency ranges, we consider that the value for Ceff 
determined using Equation (2) is more conservative and results 
in values of 5.4 µF cm−2 at 1 Hz.

To investigate the electric characteristics when using the 
PVA/PEMA ion-gel as the electrolyte, n-type top-gated EGTs 
with n-type indium oxide (In2O3) channels were fabricated. 
For this purpose, indium oxide precursor is ink-jet printed 
between the lithographically structured drain and source elec-
trodes (channel width and length: 600 and 20 µm, respectively). 

After an annealing step at 400  °C for 2 h, the PVA/PEMA 
ion-gel is printed on top of the channel. After the gelation 
of PVA/PEMA ion-gel, poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) is printed as a top-gate 
electrode, covering the channel area.[4] In Figure 5a, the drain 
current (Id) and gate current (Ig) are plotted versus the gate 
voltage (Vg). The transfer curves show a narrow hysteresis and a 
high on/off current (Ion/Ioff) ratio of 1.3 × 106. The subthreshold 
swing (SS) obtained with the ion-gel as a gate insulator amounts 
to 80.62  mV dec−1, which is close to the theoretical limit of  
60  mV dec−1. In addition, the threshold voltage (Vth) is calcu-
lated to be −0.138 V by the extrapolation of Id

1/2.
In addition, the influence of humidity on PVA/PEMA ion-

gel-gated transistors was tested. In previous studies, a com-
posite solid polymer electrolyte (CSPE), consisting of PVA, 
propylene carbonate, and LiClO4, has been used as a gate 
insulator for top-gated EGTs.[2,11,42] However, Marques et  al. 
identified that CSPE easily loses the ionic conductivity at 
lower relative humidity (RH) ranges (≤20%).[43] It is assumed 
that trapped DMSO solvent evaporates at low humidity con-
ditions and, as a result, the ion-transferring channels in the 
polymer matrix become disconnected.[43] Figure  6b shows 
Id and Id

1/2 versus Vg plots of CSPE-gated transistors meas-
ured at 20% RH. Due to the disconnected ion channels in the 
polymer matrix, the CSPE loses the ionic conductivity and 
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Figure 5.  Electric characterization of top-gated EGTs: a) gate–source voltage 
(Vg) versus drain–source current (Id) and gate current (Ig) plots of PVA/PEMA 
ion-gel at 50% relative humidity (RH) and 1 V drain–source voltage (Vd), and 
b) Vd versus Id plot of PVA/PEMA ion-gel at 50% RH. Channel width and 
length are 600 and 20 µm, respectively. The potential scan rate is 0.2 V s−1.

Figure 6.  a) Gate–source voltage (Vg) versus drain–source current (Id) plot 
of PVA/PEMA ion-gel-gated transistors at 1 Vd at different relative humidities 
(RH, %) from 20% to 90%. b) Vg versus Id and Id

1/2 plots of CSPE-gated 
transistors at 1 Vd and 20% RH. The potential scan rate is 0.2 V s−1.
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exhibits a clear hysteresis in the transfer curves. However, 
the PVA/PEMA ion-gel-gated transistors show stable transfer 
curves even at low RH of 20% because of the negligible vola-
tility of [EMIM][OTf ] in the polymeric gel (Figure 6a). In addi-
tion, the Vth and the SS parameters are stable in the range 
from 30% to 60% RH, whereas both parameters are increasing 
with humidity in CSPE-gated transistors.[43] However, at high 
RH levels (≥70%), the Vth and the SS were slightly changed 
in PVA/PEMA ion-gel-gated transistors. Nevertheless, this 
result clearly shows stable performance over all RH levels for 
ion-gel-gated transistors (Table 1). PEDOT:PSS was used as a 
top-gate electrode even though it is known that its hygrosco-
picity can lead to changed properties, e.g., electrical conduc-
tivity, with changing humidity.[44] However, in our results, the 
humidity influence has only minor impact on the transistor 
performance between 20% and 90% relative humidity. More 
drastic changes are appearing, when the relative humidity 
reaches values above 95%, as depicted in Figure  S10 in the 
Supporting Information. As above, PVA/PEMA ion-gel solves 
the instability of CSPE against low RH level and exhibits 
humidity-insensitive gating performance, more suitable for 
practical use in room condition.

3. Conclusions

A new approach to synthesize chemically crosslinked ion-gels 
for EGTs is demonstrated in this study. The self-assembled 
gelation between PVA and PEMA is effectively controlled in 
a dilute solution and successfully adapted to the EGT fabrica-
tion by ink-jet printing. Moreover, it is determined that PVA/
PEMA ion-gel shows a high ionic conductivity and effective 
capacitance values. In n-type top-gated EGTs, the PVA/PEMA 
ion-gel exhibits remarkable electrolytic properties and allows 
high Ion/Ioff ratios, narrow hysteresis, and good SS values. 
Moreover, it shows humidity-insensitive performance even at 
low relative humidity (≈20%). This study shows new insights 
for the development of CC ion-gels for applications in printed 
electronics.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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