IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Single lon Conducting, Polymerized lonic Liquid Triblock Copolymer
Films: High Capacitance Electrolyte Gates for n-type Transistors

Jae-Hong Choi,” Wei Xie,* Yuanyan Gu,” C. Daniel Frisbie,** and Timothy P. Lodge*’m

TDepartment of Chemistry, University of Minnesota, 207 Pleasant Street SE, Minneapolis, Minnesota 55455, United States

iDepartment of Chemical Engineering and Materials Science, University of Minnesota, 421 Washington Avenue SE, Minneapolis,

Minnesota 55455, United States

© Supporting Information

ABSTRACT: There has been impressive progress in the fabrication and
characterization of p-type organic electrolyte-gated transistors (EGTs).
Unfortunately, despite the importance of n-type organic transistors for
complementary circuits, fewer investigations have focused on developing
electrolytes as gate dielectrics for n-type organic semiconductors. Here, we
present a novel single ion conductor, a polymerized ionic liquid (PIL)
triblock copolymer (PS-PIL-PS) composed of styrene (PS) and 1-[(2-
acryloyloxy)ethyl]-3-butylimidazolium bis(trifluoromethylsulfonyl)imide
(PIL), that conducts only the TESI anion. This triblock copolymer acts
as a gate dielectric to allow low-voltage n-type organic EGT operation.
Impedance characterization of PS-PIL-PS reveals that there are three
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polarization regions: (1) dipolar relaxation, (2) ion migration, and (3) electric double layer (EDL) formation. These polarization
regions are controlled by film thickness, and rapid EDL formation can be obtained in thinner polyelectrolyte films. In particular, a
500 nm-thick polyelectrolyte film exhibits a large capacitance of ~1 uF/cm? at 10 kHz. Employing this single ion conducting PIL
triblock copolymer as the gate insulator, we achieved low voltage operation (<1 V supply) of poly{[IN,N’-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (P(NDI20D-T2)) n-type organic EGTs (electron
mobility of ~0.008 cm?/(V-s) and ON/OFF current ratio of ~2 X 10°) by preventing electrochemical doping. Furthermore, the
recognition that the performance of n-type organic EGTs is diminished by 3D electrochemical doping suggests that it may be
necessary to have a unipolar electrolyte to gate n-type organic semiconductors. Finally, we highlight that the use of PIL block
copolymer electrolytes as gate insulators opens unique opportunities to explore the role of ion penetration in n-type organic

EGTs by tuning the extent of electrochemical doping.
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Bl INTRODUCTION

The field of printed organic electronics has attracted substantial
interest as the demand for conformal, lightweight electronics
has increased. A key component in many potential organic
electronic devices, including displays, chemical sensors, and
radio frequency identification (RFID) tags, is the thin film
transistor (TFT).'™ In the development of organic TFTs, an
important challenge for practical devices is reduction of the
operating voltage. An attractive direction is to employ an
electrolyte as the gate insulator, because it provides extremely
high capacitance (1—10 uF/cm?). Several groups have reported
electrolyte-§ated thin film transistors based on graphene,w_12
organic,””~*° and inorganic semiconductors.>' ™

There are two operative mechanisms for electrolyte-gated
transistors (EGTs) in which an ionically conducting and
electronically insulating electrolyte serves as the gate
insulator.**” In the case of ion-impermeable inorganic and
organic single crystal semiconductors, ions in the electrolytes
migrate and accumulate at the gate/electrolyte and electrolyte/
semiconductor interfaces upon application of a gate voltage.
The accumulated ions and induced counter-charges form two-
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dimensional (2D) electric double layers (EDLs) at each
interface. The resulting large local electric field at the
electrolyte/semiconductor interface induces high charge
density accumulation in the semiconductor channel, yielding
a significant reduction in the operating voltage and a substantial
increase in the source-drain current. EGTs with impermeable
semiconductors are also referred to as electric double layer
transistors (EDLTs).”**® On the other hand, for transistors
with ion-permeable semiconductors such as conjugated
polymers, electrolyte ions can diffuse into the film upon
application of a gate voltage. A “clean” EDL may be formed
only at the gate/electrolyte interface. In this case, the gating
mechanism is electrochemical doping and dedoping of the
semiconductor channel upon application and removal of a gate
voltage, respectively. EGTs operating in this mode are also
referred to as electrochemical transistors (ECTs). Although it is
expected that the structure of an organic semiconductor film
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will be disrupted by electrochemical doping, the formation of a
3D channel by bulk ion doping can result in enormous drive
currents, which may be favorable for specific applications.
Despite successful demonstration of both types of EGTs,
understanding of the effects of electrochemical doping on
device performance in EGTSs remains incomplete.

Furthermore, to realize organic integrated circuits with low
power consumption for portable devices, one of the most
important challenges is the design of complementary EGT
circuits including both organic p-type and n-type semi-
conductors. There has been enormous progress in demonstrat-
ing high-performance organic p-type EGTs,"~'7?°* but
organic n-type EGTs remain relatively unexplored.**** Panzer
et al®® reported an n-type polycrystalline organic semi-
conductor EGT using a poly(ethylene oxide) (PEO)/lithium
perchlorate polymer electrolyte. Ono et al.** and Uemura et
al.*’” demonstrated low-voltage operation of n-type organic
single crystal EGTs using ionic liquids as gate insulators. More
recently, in work employing unipolar polyelectrolytes, where
one of the ions (either cation or anion) is incorporated into a
polymer chain and therefore is immobilized while the other ion
is mobile, Malti et al.*® and Herlogsson et al*? reported air-
stable, low voltage n-type organic EGTs and complementary
circuits, respectively. The fundamental question then arises as
to whether it is necessary to have unipolar electrolyte to gate n-
type organic semiconductors, instead of a bipolar electrolyte.

Polymerized ionic liquids (PILs) are a new class of unipolar
polyelectrolytes or single ion conductors, where ionic liquid
moieties are covalently attached to the polymer backbone or
side chains, while the counterions are mobile. Because ionic
liquid functionalities are directly incorporated into the
macromolecular structures, these systems possess both the
functional properties of ionic liquids (e.g., high ionic
conductivity, wide electrochemical window, negligible vapor
pressure, nonflammability, and good chemical and thermal
stability) and the flexibility and mechanical strength of
macromolecules. Therefore, PILs have been explored as
promising candidates for polymer electrolytes in electro-
chemical applications such as batteries, fuel cells, super-
capacitors, gas separation membranes, and solar cells.**~**
The properties of PILs are strongly related to both the ionic
liquid and the polymer structures, so they provide great design
flexibility. The principal figures of merit describing the
improvement of polymer electrolytes are high ionic con-
ductivity and elastic modulus. Much effort has been directed at
lowering the glass transition temperature (Tg) of the PIL to
enhance ionic conductivity, but these materials with lower T,
inevitably sacrifice mechanical strength.*>*® Thus, block
copolymers combining an ion-conducting PIL with mechan-
ically robust microdomains may be advantageous materials as
compared to ion gels'>*’ and PIL homopolymers*® in the
design of polymer electrolytes. Additionally, because electro-
chemical doping can be controlled by gating with a unipolar
polyelectrolyte, a PIL polyelectrolyte should enrich the
spectrum of workable EGTs. We are not aware of a previous
report on EGTs employing PILs as gate insulators.

Here, we introduce a novel solid polymer electrolyte based
on a PIL as a gate insulator for EGTs. We describe the
fabrication and characterization of n-type organic EGTs with a
PIL triblock copolymer (PS-PIL-PS) composed of styrene (S)
and 1-[(2-acryloyloxy)ethyl]-3-butylimidazolium bis-
(trifluoromethylsulfonyl)imide (PIL). Unlike other electrolytes
such as ionic liquids and ion gels, this PS-PIL-PS polyelec-
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trolyte is a single ion conductor because one of the ionic
moieties is covalently linked to the backbone. The dual purpose
of this study is (a) to enrich the fundamental understanding of
impedance behavior in a unipolar ion conductor, and (b) to
demonstrate the ability to use a unipolar ion conductor as the
gate insulator in n-type organic EGTs. We show that the
impedance behavior of PS-PIL-PS polyelectrolytes exhibits
three polarization regions: (1) dipolar relaxation, (2) ion
migration, and (3) EDL formation. These polarization
mechanisms shift toward higher frequencies as film thickness
decreases. Importantly, a 500 nm-thick polyelectrolyte film
exhibits a large capacitance of ~1 yF/cm?” at 10 kHz, which is a
key parameter for low-voltage EGT operation. Employing this
unipolar ion conductor as a gate dielectric prevents electro-
chemical doping and allows us to achieve n-type organic EGTs.
This work also highlights that the performance of n-type
organic EGTs is limited by electrochemical doping of the
semiconductor by mobile cations from the electrolyte.
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Figure 1. (a) Chemical structure of ABA triblock copolymer with a
polymerized ionic liquid midblock, poly(styrene-b-1-[(2-acryloyloxy)-
ethyl]-3-butylimidazolium bis(trifluoromethyl sulfonyl)imide-b-styr-
ene) (PS-PIL-PS). (b) Schematic shows the Au/PS-PIL-PS/Au
capacitor used to measure impedance properties (not to scale).
Cations are covalently tethered to the polymer backbone, while anions
(TFSI) are mobile. The Au top electrode was fabricated by thermal
evaporation with a shadow mask.

B RESULTS AND DISCUSSION

Impedance Behavior of PIL Electrolyte Dielectrics.
Figure la shows the chemical structure of the PS-PIL-PS
triblock copolymer with an acrylate-based midblock.* In this
PIL block copolymer, the cation is covalently anchored into the
polymer side chains so that it is immobilized, while the
counterion, TFSI anion, is free to move. Figure 1b displays the
metal—polyelectrolyte (insulator)—metal (MIM) capacitor
used to measure impedance properties of the PS-PIL-PS
polyelectrolyte. This MIM sandwich structure was fabricated by
evaporating a gold top electrode onto a spin coated
polyelectrolyte film as described in the Experimental Section.
Application of a voltage across the MIM capacitor causes the
mobile TFSI anions to move, and EDLs are formed at the
electrolyte/electrode interfaces as depicted. As compared to
bipolar ion conductors such as ion gels and ionic liquids, the
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Figure 2. (a) Nyquist plots, (b) phase angle versus frequency, (c) Z’ versus frequency, and (d) specific capacitance of a S00 nm-thick PS-PIL-PS
electrolyte film. The inset in (a) shows the expanded Nyquist plot in the high frequency region. In (b), the symbols indicate experimental data, while
the solid lines represent the fit of the data to the impedance model (equivalent circuit) in inset. In the impedance model, C, R1, R2, and R3
correspond to dipolar polarization at high frequencies, contact resistance, bulk resistance of electrolyte, and resistance from leakage current,
respectively. The impedance of the constant phase element (CPE) is defined as Zcpp = Q,'(jw)™, where Q, is a constant, j is the imaginary
number, o is the angular frequency (@ = 27f), and 7 is a constant in the range 0 < n < 1.

Table 1. Fitting Parameters from the Circuit Components in the Impedance Model of PS-PIL-PS Capacitors with Various

Thicknesses

thickness (mm) R1 (Q) n Q, R2 (kQ) C (nF) R3 (MQ)
1.5 x 107 7.0 X 10 0.78 2.6 X 1077 1.02 X 10° 1.7 0.0037
20x 1074 8.0 x 10’ 0.86 1.4 x 1077 1.15 x 10° 1.3 0.016
50 x 107* 2.3 X 10* 0.90 93 %1078 345 x 10° 0.50 38
3.0x 1073 1.3 x 10° 0.86 1.1 x 1077 1.53 x 10 0.10 6.0
1.0 X 1072 3.3 x 10° 0.87 9.1x 1078 5.06 x 10! 0.040 7.9
43 x 1072 1.0 x 10* 0.82 1.3 x 1077 1.30 x 107 0.020 8.4
2.0 X 10° N/A 0.68 1.8 x 1077 1.02 X 103 0.0050 N/A

thickness of the EDL established by the mobile TFSI anions is
expected to be smaller than that of the EDL formed by the
larger polycations, and therefore the capacitance of the two
EDLs will not be the same. Because the capacitance of an EDL
is inversely proportional to its thickness,”* we anticipate that
the capacitance of the EDL formed by smaller TFSI anions will
be significantly higher.

Figure 2 displays the results of impedance spectroscopy
experiments on 500 nm-thick PS-PIL-PS block copolymer films
sandwiched between two Au electrodes. The Nyquist plot (Z”
versus Z') in Figure 2a shows a semicircle at higher frequencies
(10°-10* Hz, see the inset) and a tilted straight line at lower
frequencies (10*—1 Hz), which corresponds to the typical
behavior of electrolytes in contact with solid electrodes.*
Figure 2b shows the phase angle as a function of frequency.
The polarization of typical polyelectrolytes exhibits both
capacitive behavior (phase angles lower than —45°) and
resistive behavior (phase angles greater than —45°)."3 The
500 nm-thick polyelectrolyte film shows two transitions
between capacitive and resistive character at ~120 kHz and
~850 Hz. The capacitive behavior at high frequencies (f > 120
kHz) is attributed to the dipolar relaxation between cations and
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anions of the polyelectrolyte. The resistive character at
intermediate frequency region (850 Hz < f < 120 kHz) results
from migration of mobile anions. The capacitive behavior at
low frequencies (f < 850 Hz) is related to the formation of
EDLs at the polyelectrolyte/metal electrode interfaces. These
three frequency-dependent polarization regions have been also
observed in other polyelectrolytes."®

On the basis of the Nyquist and phase angle versus frequency
plots, the experimental impedance results are modeled with an
equivalent circuit, shown as an inset to Figure 2b. The
equivalent circuit contains a capacitor (C) corresponding to the
polarization of the dipoles within the polyelectrolyte and a
resistor (R2) in parallel reflecting the bulk resistance from ion
migration at high frequencies, which gives rise to a semicircle in
a Nyquist plot. At low frequencies, the equivalent circuit is
composed of the bulk resistor (R2) in series with a capacitor
corresponding to the establishment of EDLs at interfaces,
which results in a vertical line in a Nyquist plot. However, it is
known that the capacitance dispersion related to the surface
roughness of metals in contact with electrolytes leads to
deviation from ideal capacitor behavior, so the vertical line
becomes tilted as seen in the Nyquist plot in Figure 2a.**~>* To
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Figure 3. Nyquist plots of PS-PIL-PS electrolyte-based capacitors with various thicknesses of (a) S00 nm to 2000 ym and (b) 150 and 200 nm. (c)
Phase angle versus frequency, (d) Z’ versus frequency, and (e) specific capacitance for PS-PIL-PS films with various thicknesses. Solid lines in (c) are
a fit to an equivalent circuit model. The phase angle data in panel c suggest that the thinnest films have electrical shorts and hence high leakage

currents.

account for the deviation in impedance behavior of the
electrolytes caused by the inhomogeneous interfaces, we
employ a constant phase element (CPE) in the equivalent
circuit instead of an ideal capacitor. The impedance of the CPE
is expressed as'>**°!

Zepg = Q,,_l(jw)_" 1)
where Q, is a constant, j is the imaginary number, w is the
angular frequency (@ = 27f), and n is a constant in the range 0
< n < 1. The phase angle is determined by Ocpg (1) = —90n°: n
= 1 represents an ideal capacitor with capacitance C = Q,, and n
= 0 corresponds to an ideal resistor with resistance R = Q,”". In
addition, two resistors, R1 (representing the nonideal contact
resistance) and R3 (corresponding to the resistance from
leakage current of the material), are added in series and in
parallel to the equivalent circuit, respectively. The proposed
equivalent circuit model shown in the inset of Figure 2b
describes the experimental impedance results for the 500 nm-
thick PS-PIL-PS polyelectrolyte film well; the fitting parameters
are summarized in Table 1. The capacitance (C) from dipolar
relaxation at high frequencies is about 0.5 nF, which is much
smaller than the capacitance from electrical double layers. The
value of R1 (~230 Q), corresponding to the nonideal contact
resistance, is significantly smaller than the value of R3 (~38
MQ) related to the resistance from leakage current of the
electrolyte. The value of n is ~0.9, which implies that the CPE
is related to the capacitance from the formation of electrical
double layers.

Figure 2c displays the measured Z’ versus frequency. The
nearly frequency-independent behavior at intermediate fre-
quencies reflects the bulk resistance of ion migration, consistent
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with the interpretation of the phase angle plot described above.
The value (~3400 Q) in the plateau is comparable to the R2
value obtained by fitting. The calculated ionic conductivity of
the 500 nm-thick PS-PIL-PS polyelectrolyte film is therefore ~
1 X 107 mS/cm at room temperature. Figure 2d shows the
calculated effective specific capacitance as a function of
frequency. The capacitance values increase with decreasing
frequency and are greater than ~1 yF/cm” at frequencies below
10 kHz. The large capacitance of the PS-PIL-PS polyelectrolyte,
in the range of 1—4 uF/cm?, is attributable to the establishment
of the EDLs at the electrode/polyelectrolyte interfaces. Also, an
equivalent circuit with a constant phase element provides a
frequency-independent effective capacitance from R and the
fitting parameters:*>>'!

C= R((l/") I)Qi/ﬂ (2)
The extracted frequency-independent capacitance is ~2 uF/
cm?, which compares favorably to other ionic liquid
incorporated electrolytes.***

The impedance properties of PS-PIL-PS polyelectrolyte films
were also investigated systematically as a function of film
thickness. Figure 3a—e shows Nyquist plots, phase angle versus
frequency, Z’ versus frequency, and specific capacitance versus
frequency for PS-PIL-PS polyelectrolyte films ranging in
thickness from 150 nm to 2000 ym. As illustrated in Figure
3a, the Nyquist plots show a semicircle at high frequencies and
a tilted straight line at low frequencies for polyelectrolyte films
with a thickness ranging from 500 nm to 2000 pm, which is
consistent with the previous observation. However, the Nyquist
plots for 150 nm- and 200 nm-thick films exhibit two
semicircles over the measured frequency range (1—10° Hz),
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as seen in Figure 3b. This is clearly in contrast to the
polarization behavior at low frequencies observed in Figure 3a.

The experimental impedance results were modeled using the
same equivalent circuit. Figure 3c displays phase angle versus
frequency of PS-PIL-PS polyelectrolytes and the model fits
from the equivalent circuit at various film thicknesses.
Experimental results for all samples are in good agreement
with the proposed circuit model. For films with a thickness
ranging from 500 nm to 43 pum, three polarization regions of
polyelectrolytes were observed over the measured frequency
range as discussed above: dipolar relaxation (bulk capacitance),
ion migration (bulk resistance), and the formation of EDLs.
The transition from ion migration to EDL formation occurs at
950 Hz for the 500 nm-thick film, whereas the transition
happens at 12 Hz for the 43 ym-thick sample. This ~80-fold
difference in the transition frequency is comparable to the ratio
of the film thicknesses.

The phase angle plot of the 2000 um-thick film (bulk
sample) indicates capacitive behavior due to dipolar relaxation
and resistive behavior due to ion migration, while the EDL
formation from mobile TESI anions is impeded in the
measured frequency range (down to 1 Hz) due to the
significantly larger film thickness (2000 ym) and slower ion
mobility of PILs. The contributions of both the resistor related
to nonideal contacts (R1) and the resistor associated with
leakage current (R3) are negligible because R1 is small relative
to the other resistance in series, and the large R3 has little effect
because it is combined in parallel.

In contrast, both the 150 and the 200 nm-thick samples show
resistive behavior at frequencies below 1000 Hz, rather than a
capacitive behavior related to EDL formation. As seen in the
fitting parameters (Table 1), the values of the resistance related
to the leakage current (R3) are much lower than those of other
samples, and dominate the impedance behavior at low
frequencies. Because the glass transition temperature of the
PIL midblock (84% in weight fraction) is —9 °C, we speculate
that the formation of small pinholes in such a thin film during
the thermal evaporation of the metal electrodes causes a
significant leakage current.

Figure 3d shows Z’ versus frequency at various thicknesses.
The frequency-independent real impedance values (the plateau
in the Z' versus frequency plot, corresponding to the resistance
of ion migration for PS-PIL-PS polyelectrolytes) decrease with
decreasing film thickness, which is consistent with previous
observations in ion gels.50 Figure 3e shows the calculated
specific capacitance as a function of frequency. For poly-
electrolyte films with a thickness ranging from 500 nm to 43
um, the capacitances in the range of 4—6 yF/cm? are obtained
due to the formation of the EDLs at the electrode/
polyelectrolyte interfaces, which are independent of film
thickness. As the film thickness decreases, the frequency
corresponding to ~1 uF/cm® shifts toward higher frequencies,
which indicates that EDL formation is more rapid in thinner
polyelectrolyte films. The lower capacitance value (0.2—0.9 uF/
cm?) at low frequencies for the 2000 ym-thick film is due to the
impeded formation of the EDL by mobile TFSI anions as
mentioned above. We expect that the capacitance in the range
of 0.2—0.9 uF/cm? originates from the thick EDL formation by
immobile polycations. It is worth noting that, although the PS-
PIL-PS unipolar polyelectrolyte has a relatively lower ionic
conductivity than other bipolar ion conductors such as neat
ionic liquids and ion gels, a capacitance above 1 yF/cm® can
still be obtained at 10 kHz by employing PS-PIL-PS films with a
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thickness of 500 nm. This suggests that this hydrophobic,
unipolar PS-PIL-PS polyelectrolyte can be applicable to thin
film transistors as a gate insulator.

We also investigated the effect of temperature on ionic
conductivity and capacitance for the PS-PIL-PS polyelectrolyte
(see Supporting Information Figure S1). The jonic conductivity
for a 2000 pm-thick film increased with increasing temperature,
which is attributed to the enhanced segmental relaxation of
PILs at elevated temperature.*"*® The ionic conductivity is ~4
X 1073 mS/cm at 30 °C and reaches ~0.7 mS/cm at 95 °C. In
addition, the capacitance of the polyelectrolyte films increases
with increasing temperature. Although the physical origins of
this behavior are still under investigation, it has been reported
that the temperature-dependent capacitance can be attributed
to the increased free ion concentration at high temperature.>
Note that an increased ionic conductivity with increasing
temperature leads to rapid EDL formation. Therefore, the
capacitance value for a PS-PIL-PS polyelectrolyte at 95 °C is
greater than ~0.5 uF/cm?® at 100 kHz. Thus, we anticipate that
the dynamic characteristics of the transistors gated with this PS-
PIL-PS polyelectrolyte dielectric will warrant improvement,
because this PIL polyelectrolyte has lower room temperature
ionic conductivity than bipolar ion gels. Nevertheless, PIL
electrolytes with high ionic conductivity could be very
promising candidates as gate insulators for faster switching
devices.

Unipolar lon Conducting Electrolyte Dielectrics for n-
type EGTs. We tested the unipolar ion conducting PS-PIL-PS
polyelectrolyte as a gate insulator in electrolyte gated TFTs.
Particularly, because this PIL electrolyte is a polycationic
electrolyte where only the anion is mobile, we fabricated top-
gated n-type organic TFTs to prevent 3D electrochemical
doping, as depicted in Figure 4a (left). Application of a positive
gate bias causes mobile TFSI anions to migrate toward the gate,
leaving bulky polycations at the semiconductor/polyelectrolyte
interface. We anticipate that these bulky cations cannot
penetrate into semiconductor layer, so they establish a 2D
EDL. For an n-type organic semiconductor, we selected a
commercially available and solution-processable poly{[N,N’-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5’-(2,2"-bithiophene)} (P(NDI20D-T2)) n-type
conjugated polymer, Figure 4a (right).>* Figures 4b and c
shows the quasi-static transfer and output characteristics of n-
type P(NDI2OD-T2) EGTs (W/L = 1000 ym/10 ym) where
thermally evaporated aluminum (¢ = 100 nm) and a 500 nm-
thick PS-PIL-PS film were used for the gate electrode and the
gate insulator, respectively. The transfer curve (drain current
versus gate voltage) in Figure 4b was measured by sweeping Vg
from —1 to 1 V and back to —1 V at a sweep rate of 50 mV/s.
The n-type transistor displayed an ON/OFF current ratio of
~2 X 10° The current hysteresis between the forward and
reverse traces can be attributed to the relatively lower ionic
conductivity of the PS-PIL-PS polyelectrolyte. The measured
specific capacitance is ~1 uF/cm?, which is obtained from
displacement current measurements. This high capacitance
leads to the operation of n-type P(NDI2OD-T2) EGTs at low
voltages. The electron mobility in the saturation regime was
calculated from the following equation:

w 2
I, = —Cu(V; =V,
D 9L ”( G th) (3)

where C is the capacitance of the gate insulator, W is the
channel width, L is the channel length, Vy, is the threshold
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Figure 4. (a) A schematic cross section showing the polarization in a
PS-PIL-PS electrolyte gated transistor based on an n-type semi-
conductor when applying a positive gate voltage (left). Chemical
structure of the n-type semiconductor (P(NDI20OD-T2)) used in the
device (right). (b) Transfer and (c) output characteristics of an n-type
transistor with PS-PIL-PS polyelectrolyte gate dielectric. An aluminum
gate electrode was vacuum-deposited through a shadow mask. The
channel length and width are 10 and 1000 ym, respectively. The gate
voltage was swept at a rate of S0 mV/s.

voltage, and 4 is the field-effect mobility. The Vy, obtained from
the plot of I,"/? versus V is —0.4 V, and the saturation charge
carrier mobility is ~0.008 cm?/(V-s). The extracted electron
mobility is comparable to previously reported values for other
n-type P(NDI20D-T2) EGTs.**** The output curves (drain
current versus drain voltage) at six different gate voltages (V)
exhibited linear and saturation regimes with increasing Vg, as
seen in Figure 4c. These results demonstrate that the unipolar
polycationic PS-PIL-PS polyelectrolyte is a promising gate
insulator for n-type organic EGTs.

Another important observation is that the surface of the PS-
PIL-PS electrolyte is amenable to subsequent materials
deposition, so that we are able to thermally evaporate metal
electrodes directly onto the polyelectrolyte, which has typically
been difficult for ion gels, for example. Also, the hydrophobic
character enables various processes such as transferring or
aerosol jet printing of hydrophilic PEDOT:PSS electrodes on
the surface. We utilized this facile processability to investigate
the effect of the work function of the gate material on the
threshold voltage (V) in n-type organic EGTs (see Supporting
Information Figure S2). We fabricated top-gated n-type
P(NDI20OD-T2) EGTs with thermally evaporated aluminum,
silver, gold, and aerosol jet printed PEDOT:PSS as gate
electrodes. By changing gate materials from low work function
Al to high work function PEDOT:PSS, we were able to tune
the threshold voltage in the linear regime from 0 to 1 V in n-
type organic EGTs. As seen in simplified energy band diagrams
(Supporting Information Figure S2c), the Al gate electrode in
n-type organic EFTs reduces the flatband voltage for electron
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accumulation as compared to the Au gate electrode, which
results in a lower threshold voltage. The tunability of Vy, by
changing gate materials in n-type organic EGTs is consistent
with previous observations in p-type organic EGTs,> and
should provide new avenues to design organic integrated
circuits. It is also expected that the use of a hydrophobic PIL
block copolymer polyelectrolyte is beneficial to the stability of
EGTs under humid conditions, as compared to other more
hydrophilic polyelectrolytes.*

We also demonstrated p-type organic poly(3-hexylthio-
phene) (P3HT) EGTs using the same PS-PIL-PS polyelec-
trolyte gate insulator (see Supporting Information Figure S3).
In this case, the application of a negative gate bias leads to the
migration of mobile TFSI anions toward the polyelectrolyte/
semiconductor interface, and TFSI anions can diffuse into the
P3HT semiconductor film. Therefore, the operation mecha-
nism of the device is affected by electrochemical doping and
dedoping of the semiconductor channel. Both the transfer and
the output characteristics of the devices exhibited good linear
and saturation behavior at low and high drain voltages,
respectively. As a consequence of the electrochemical doping
and dedoping processes of TFSI anions with lower ion mobility
in PILs, the transistors displayed a relatively large current
hysteresis, which is dependent on the sweep rate. The
measured capacitance determined from displacement current
measurements in p-type P3HT EGTs is ~10 uF/cm® The
order of magnitude larger capacitance in P3HT as compared to
P(NDI2OD-T2) EGTs is due to the 3D electrochemical
doping in the semiconductor channel. The average hole
mobility in the saturation regime was ~0.07 cm*/(Vs), and
the devices showed an ON/OFF current ratio of ~5 X 10*.

Few successful demonstrations of n-type organic EGT's using
a unipolar polycationic electrolyte as a gate insulator have been
reported,”®*” and the effect of electrochemical doping on the
performance of n-type organic EGTs has not been examined.
To address this point, the extent of electrochemical doping of
mobile ions was controlled by adding different amounts of ionic
liquid, [EMI][TFSI], to the PS-PIL-PS polyelectrolyte. The
chemical structure of [EMI][TFSI] ionic liquid is illustrated in
Figure Sa. As sketched in Figure Sb, in a unipolar polycationic
electrolyte, bulky polycations cannot diffuse into the semi-
conductor layer, so a 2D electric double layer is created at the
electrolyte/semiconductor interface. On the other hand, in
bipolar ion conductors with [EMI][TFSI] ionic liquid, both
immobilized polycations and mobile cations accumulate at the
polyelectrolyte/semiconductor interface, and some mobile
cations can penetrate the polymer semiconductor such that
3D channel is formed by the electrochemical doping.'® Figures
Sc and d shows the quasi-static transfer curves and gate current
versus gate voltage for n-type organic P(NDI2OD-T2) EGTs
with neat PS-PIL-PS and IL-doped PS-PIL-PS polyelectrolyte
gate dielectrics. The transfer characteristic was obtained by
sweeping V; from O to 2 V at a sweep rate of 50 mV/s with a
drain voltage (V) of 1 V. For the EGT with a neat PS-PIL-PS
gate insulator, the transistor can operate at supply voltages
below 2 V and exhibited an ON/OFF current ratio of ~4 X 10°
with a small current hysteresis. The gate leakage current was
less than 2 nA and is much smaller than the channel current.
Upon addition of 10 wt % [EMI][TFSI], the ON drain current
of the transistor was reduced by an order of magnitude, while
the OFF current was increased, such that the device exhibited a
poor ON/OFF ratio. The transistor exhibited a small gate
leakage current (<2 nA), and the difference between the
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Figure S. (a) Chemical structure of the ionic liquid, [EMI][TFSI]. (b)
A schematic cross section showing the polarization in unipolar (neat
PS-PIL-PS) and bipolar (IL-doped PS-PIL-PS) electrolyte gated
transistors based on n-type semiconductors under positive gate
voltage. (c) Transfer characteristics and (d) gate current—gate voltage
of n-type transistors with neat PS-PIL-PS and IL ([EMI][TFSI])-
doped PS-PIL-PS polyelectrolyte gate dielectrics. The channel length
and width are 10 and 1000 pm, respectively. The gate voltage was
swept at a rate of SO mV/s. The PEDOT:PSS gate electrode was
deposited by aerosol jet printing.

reduced channel current and gate leakage current became small.
When the fraction of ionic liquid was increased further (to S0
and 90 wt %), the transistors no longer operated. The device
performance was degraded by the large gate leakage current.
These results indicate that the electrochemical doping of
mobile cations into the semiconductor layer causes a gate
leakage current, which deteriorates the performance of n-type
organic EGTs. It has been reported that the large gate leakage
current can be attributed to a redox reaction between the
penetrating cations and organic molecules,'®*® and the
electrochemical doping is irreversible due to the partial trapping
of cations in the semiconductor layer.®

To investigate the effect of the dopant ion type on the device
performance in n-type organic EGTs, another IL [P14][TESI]
having a pyrrolidinium-type cation was doped into the neat PS-
PIL-PS polyelectrolyte (see Supporting Information Figure $4).
The transistor with the 50 wt % IL-doped PS-PIL-PS gate
dielectric also did not operate, which indicates that the
electrochemical doping of both imidazolium- and pyrrolidi-
nium-type cations affects the performance of n-type organic
P(NDI20OD-T2) EGTs. Therefore, we speculate that the
electrochemical doping of cations into n-type organic semi-
conductors plays an important role in device performance. To
the best of our knowledge, this kind of study on the influence of
electrochemical doping level and dopant type on the device
performance in n-type organic EGTs has not been reported.
There are no reports for n-type organic EGTs except single
crystals®®*” using either ILs or ion gels as gate dielectrics, which
suggests that the unipolar ion conductor is necessary for the
operation of n-type organic EGTs. This also supports the
speculation about the role of cation doping in the organic
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semiconductor. However, further studies are needed to
elucidate the role of the diffused ions in the organic
semiconductor layer and to investigate why the effect of
electrochemical doping on the performance of organic EGTs is
more serious in n-type EGTs as compared to p-type EGTs.

B CONCLUSION

We have demonstrated top-gate n-type organic P(NDI2OD-
T2) EGTs by employing a unipolar ion conducting PIL triblock
copolymer as the gate insulator. Systematic impedance
characterization of PS-PIL-PS at various film thicknesses reveals
that there are three polarization regions: (1) dipolar relaxation,
(2) ion migration, and (3) EDL formation. These polarization
regions shift toward higher frequencies as film thickness is
reduced, such that rapid EDL formation can be obtained in
thinner polyelectrolyte films despite their lower ion mobility as
compared to bipolar electrolytes. Particularly, the 500 nm-thick
film shows a favorable capacitance of ~1 yF/cm?* at 10 kHz.
Low voltage operation (<1 V supply) of n-type organic EGTs
with unipolar PS-PIL-PS gate insulators was achieved (electron
mobility of ~0.008 cm?/(V-s) and ON/OFF current ratio of
~2 X 10°). Furthermore, the modulus of this PIL block
copolymer is sufficient to allow the subsequent direct
deposition of various electrode materials on the polyelec-
trolytes. By changing gate materials from the high work
function PEDOT:PSS to the low work function Al, the
threshold voltage (one of the key factors in EGT design) can be
tuned from 1 to 0 V in n-type organic EGTs. Electrochemical
doping is largely prevented by employing a single ion
conducting dielectric, so the formed 2D EDL at the
electrolyte/semiconductor interface plays an important role in
electrolyte gating of these devices. Because of the attachment of
the cations to the backbone of a polymerized ionic liquid, little
or no infiltration of ions into an n-type semiconductor is
expected. This is consistent with our finding that the 3D
electrochemical doping of mobile cations by addition of IL to a
unipolar ion conductor diminishes the performance of n-type
organic EGTs. This observation appears to be independent of
the dopant cation type. Therefore, we speculate that it is
necessary to have a unipolar electrolyte to gate n-type organic
semiconductors to prevent unfavorable electrochemical doping.
Collectively, we anticipate that the use of PIL block copolymer
electrolytes as gate insulators will provide unique opportunities
to control the extent of electrochemical doping and to select a
broader range of gate electrode materials for EGTs, both of
which strongly impact the overall device performance. Future
work will focus on the fundamental understanding of the role of
the infiltrated ions in the organic semiconductor, and the
difference in the effect of electrochemical doping on the
performance between n-type and p-type organic EGTs. In
addition, the use of single ion conductor electrolytes should be
explored with other n-type organic EGTs.

B EXPERIMENTAL SECTION

Materials. The polymerized ionic liquid triblock copolymer,
poly(styrene-b-1-[(2-acryloyloxy)ethyl]-3-butylimidazolium bis-
(trifluoromethylsulfonyl)imide-b-styrene) (denoted as PS-PIL-PS),
was synthesized via a two-step sequential reversible addition—
fragmentation chain transfer (RAFT) polymerization followed by
two postpolymerization reactions, quarternization and anion exchange.
The detailed synthetic procedure has been described in a previous
report.*> The molecular weight of the PS-PIL-PS triblock copolymer is
4-252-4 kg/mol. The ionic liquid, I-ethyl-3-methylimidazolium
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bis(trifluoromethylsulfonyl)imide [EMI][TFSI], was synthesized via
an anion exchange reaction.”” The ionic liquid, 1-butyl-1-methyl
pyrrolidinium TFSL, [P14][TFSI], was purchased from Iolitec, Inc.
These ionic liquids were dried in a vacuum oven at 70 °C and stored in
a glovebox or vacuum desiccator to minimize water contamination.
The n-type organic semiconductor, poly{[N,N’-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2'-bithio-
phene)} (P(NDI20OD-T2)), was purchased from Polyera Corp.

Preparation of Metal—Insulator—Metal (MIM) Capacitors. 3—
7 wt % solutions of PS-PIL-PS triblock copolymer in acetonitrile were
prepared and spin-coated (or drop casted) on Au deposited on a
SiO,/Si substrate. An electrolyte film spin-coated at a speed of 2000
rpm for 60 s from a 7 wt % PS-PIL-PS solution typically had a
thickness of ~500 nm. The gold top electrode was thermally
evaporated on the electrolyte films using a shadow mask. The detailed
experimental setup for the impedance measurements has been
described elsewhere.®® For a 2000 um-thick film, a homemade cell
composed of a Teflon spacer with an inner diameter of 4 mm and a
thickness of 2 mm sandwiched between two platinum coated stainless
steel electrodes was used. The thicknesses of PS-PIL-PS electrolyte
and n-type semiconductor films were measured by a KLA-Tencor P-16
surface profiler.

Device Fabrication. Top-gate bottom-contact thin film transistors
were fabricated in ambient conditions except for the vapor deposition
of metal electrodes. Source and drain electrodes (5.0 nm Cr/30.0 nm
Au) were patterned on SiO,/Si substrates using photolithography. The
channel length and width were 10 and 1000 pm, respectively. A
solution of 15 mg/mL P(NDI20OD-T2) n-type semiconductor in
dichlorobenzene was spin-coated at 2000 rpm on the substrate, and
then annealed at 105 °C for 10 min. Next, the PS-PIL-PS dielectric
layer was spin-coated at 2000 rpm from a 7 wt % solution on a
semiconductor film. To make bipolar electrolytes, the neat PS-PIL-PS
polymer and ionic liquid were codissolved in acetonitrile at a 1:x:10
ratio (w/w/w, x = 0.11, 1, and 9). These solutions were spin-coated at
2000 rpm. The dielectric layers were annealed at 105 °C for 1 h.
Finally, gate electrodes were fabricated by aerosol jet printing or
thermal evaporation. An aqueous PEDOT:PSS ink (PH 500 from H.C.
Starck) diluted with 10% (by volume) of ethylene glycol was printed
on the electrolyte layer by aerosol jet printing. For metallic gate
electrodes, gold, aluminum, and silver gate electrodes were prepared
by thermal evaporation with a shadow mask on top of the electrolyte
layer.

Characterization. Impedance properties of PS-PIL-PS polyelec-
trolytes in a metal—insulator—metal (MIM) structure were measured
using electrochemical impedance spectroscopy (EIS; Solartron 1255B
impedance analyzer, SI 1287 electrochemical interface, ZPlot
software). The ZView software was used to fit the experimental
impedance data using equivalent circuits. Measurements were
conducted over a frequency range of 1—10° Hz with an AC amplitude
of 10 mV at room temperature. Current—voltage (I—V) characteristics
of transistors were measured using Keithley 236 and 6517 electro-
meters in combination with a Desert Cryogenics (Lakeshore, Inc.)
vacuum probe station in a N,-filled glovebox. All measurements were
conducted in a vacuum at a pressure of <107 Torr.
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