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ABSTRACT: Organic electrochemical transistors (OECTs)

composed of organic mixed conductors can operate in aqueous, ) °
biological media and translate low-magnitude ionic fluctuations
of biological origin into measurable electrical signals. The
growing technological interest in these biotransducers makes the
fundamental understanding of ion-to-electron coupling ex-
tremely important for the design of new materials and devices.
One crucial aspect in this process that has been so far
disregarded is the water taken up by the film during device
operation and its effects on device performance. Here, using a
series of the same electrolyte with varying ion concentrations,
we quantify the amount of water that is incorporated into a hydrophilic p-type organic semiconductor film alongside the dopant
anions and investigate structural and morphological changes occurring in the film upon electrochemical doping. We show that
infiltration of the hydrated dopant ions into the film irreversibly changes the polymer structure and negatively impacts the
efficiency, reversibility, and speed of charge generation. When less water is injected into the channel, OECTs exhibit higher
transconductance and faster switching speeds. Although swelling is commonly suggested to be a necessity for efficient ion-to-
electron transduction, this work uncovers the negative impact of a swollen channel material on the performance of accumulation
mode OECTs and lays the foundation for future materials design.
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B INTRODUCTION

Organic semiconductors revolutionized the way we look at
electronic materials due to their molecularly tunable electrical
properties in combination with their soft mechanical proper-
ties. Importantly, their ability to conduct ionic in addition to
electronic charges has attracted broad interest, particularly for
the field of bioelectronics.' In biological systems, signal
transmission involves ionic fluxes that arise due to local
transport of ions or charged neurotransmitters across cell

interesting for transducing and amplifying low amplitude ionic
fluctuations of biological origin.

In an OECT, the application of a gate bias drives ions into
the channel that electrostatically compensate for the electronic
charges provided by the source electrode. The channel is made
of an organic mixed conductor that can undergo reversible
changes in its doping state by exchanging ions with an aqueous
electrolyte, i.e., the biological media. A typical material for
OECTs is the p-type semiconducting polymer poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate)

membranes.” To transduce these signals, organic semi- (PEDOT:PSS).” While such conducting polymer-based

conductors that accommodate mixed conduction, i.e., organic
mixed conductors, have shown great potential.3 To this end,
electronic devices based on organic semiconductors have led to
state-of-the-art biosensors including implantable electrode
arrays for measuring cortical neural signals,’ impedance-
based cell monitoring devices,” and metabolite sensors.®’
Among these devices, organic electrochemical transistors
(OECTs) that operate in aqueous electrolytes are particularly
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OECTSs operate in depletion mode, it is also possible to
operate OECTs in accumulation mode if the channel is made
of a semiconducting polymer permeable to ions.'® These
polymers consist of a conjugated backbone modified with side
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chains that are either charged (known as conjugated
polyelectrolytes) or carry nonionic but polar chemical units
(e.g, ethylene glycol)."' The rationale of the side chain
modification is to promote interactions of the rather
hydrophobic backbone with water, enabling ion penetration/
transport within the channel. With tailored molecular designs,
accumulation mode materials can be further customized based
on the need of the applications, e.g, enable specific
associations with proteins/cells or adhere stronger to surfaces
that they are cast on.'” A recent example for such polymers is
the p-type poly(2-(3,3'-bis(2-(2-(2-methoxyethoxy)ethoxy)-
ethoxy)-[2,2'-bithiophen]-5-yl)thieno[3,2-b] thiophene), p-
(g2T-TT), which has shown superior OECT performance
compared to state-of-the-art PEDOT:PSS-based devices."’
Regardless of the mode of operation, the identifying character-
istic of OECTs is the volumetric interactions of the electrolyte
ions with the channel.'* The extent of these interactions
governs the transconductance of the device, i.e., the trans-
duction of an ionic flux into an electronic current.”"

While a number of studies have investigated electrochemical
processes in PEDOT:PSS and the depletion mode
OECTs,"*™"® the electrochemical phenomena at the aqueous
interface of undoped, single-component semiconducting
polymer films remain rather unexplored. However, the ion
injection process and mixed transport properties of these
semiconducting polymers are expected to be inherently
different compared with PEDOT:PSS: the latter swells almost
double its thickness/volume when immersed in water due to
the hydrophilic polyanion phase (i.e., PSS), and cation
transport takes place in this swollen phase, a region (almost)
physically separated from PEDOT." Semiconducting poly-
mers with grafted hydrophilic side chains, on the other hand,
do not contain such a bulky ionic phase. Therefore, our gap in
knowledge, first, resides in understanding the route of ions
inside these films. Second, little is known about how the
polymeric network is affected by the encounter with dopant
ions. In this context, Guardado et al. have revealed changes in
lattice spacing and crystallite orientation in the bulk of the
semiconducting polymer poly(3-hexylthiophene) (P3HT)
induced upon electrochemical doping by an ionic liquid.”’
The dopant ions are dragged into the crystalline regions when
a low-frequency, high-amplitude voltage bias is applied across
the polymer film. Such intercalation of dopant molecules in
crystallites has also been observed when P3HT was chemically
doped with tetrafluorotetracyanoquinodimethane, leading to
more oligomer-like chains with low hole mobility.”' Giridhar-
agopal et al, on the other hand, showed that amorphous
regions of a P3HT film undergoes subnanometer swelling as
dopant anions from an aqueous electrolyte penetrate into the
film.”* These studies evidence a significant, voltage-dependent
distortion of the polymer lattice/nanomorphology upon ion-
induced doping, which are likely to have consequences on the
charge transport as well as on the operation of OECTs. Finally,
during the operation of OECTSs in aqueous electrolytes, in
addition to dopant ions, the polymer film also interacts with
water. The electrolyte ions are hydrated,”> and as such, their
drift in and out of the polymeric channel might/can involve a
significant amount of water molecules. In fact, we have recently
shown that when exposed to dedoping potentials, PEDOT:PSS
films undergo significant volumetric expansion due to uptake
not only of cations but also of water, and they shrink as water
and cations are ejected from the film."” A recent study of
Ginger and co-workers demonstrated the effect of the
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hydration state of dopant anions on the electrochemical
doping of P3HT.”* The ions with high hydration numbers in
water allow water to enter the hydrophobic film, which slows
the transistors and increases the threshold voltage. In contrast
to P3HT, the aforementioned hydrophilic semiconducting
polymers can swell with water, which is the feature that
primarily renders them suitable for OECTs."> However,
because of the single-component nature of these polymers,
water uptake during doping should have implications on the
microstructure and transport properties as well as on the
output characteristics of OECTs comprising these polymers.
Monitoring such in-operando bulk structural and morphological
state of the film and linking it to the extent of swelling and the
device performance can give us important guidelines to design
mixed conductors showing favorable ion—polymer interac-
tions, i.e., high transconductance in OECTs.

In this study, we investigate the impact of water on the
electrochemical behavior of the top OECT performer p-type
semiconductor, p(g2T-TT), in aqueous NaCl solutions of
varying salt concentrations. Because the hydration of the
dopant anion, ie., CI7, gradually increases with a decrease in
electrolyte concentration,” we can modulate the hydration of
the film without changing the nature of the dopant. Doping the
films in these electrolytes allows us to control the extent of
water/polymer interactions and to monitor the influence of
channel hydration on OECT operation. By using electro-
chemical quartz crystal microbalance with dissipation monitor-
ing (EQCM-D), we find that a significant amount of water is
incorporated into the film during electrochemical doping,
increasing with a decrease in electrolyte concentration. The
water taken up by the film has two main adverse effects: (1) it
limits the speed of electrochemical switching, and (2) it
impairs the reversibility of the doping process. We perform ex-
situ grazing incidence wide-angle X-ray scattering (GIWAXS)
studies and in-situ Raman spectroscopy to understand the
consequences of hydration on the polymer microstructure. The
rather drastic and permanent lamellar expansion upon doping
confirms that anions can infiltrate into the crystallites, while
water accumulates between the glycol side chains and mainly
in the amorphous regions of the film. Excess water uptake by
these regions irreversibly disrupts the overall structural order.
The net result is a decrease in hole mobility. Consequently,
with an increase in the hydration of the OECT channel, we
measure a reduction in the transconductance. By controlling
the degree of swelling of the channel—optimized to enable
facile ion penetration, yet minimal deterioration of the film
structure—the transconductance is maximized alongside with
an improvement of switching speeds of OECTs. These results
show that while swelling of the mixed conductor channel is
needed to enable OECT operation, it must be carefully
balanced to minimize adverse structural changes in the film.

B EXPERIMENTAL SECTION

Materials. p(g2T-TT) was synthesized as described previously."
All the other chemicals were purchased from Sigma-Aldrich and used
as received.

OECT Fabrication. The devices were fabricated according to the
parylene-C lift-off method reported previously.”® Standard micro-
scope glass slides were cleaned via sonication in an acetone and
isopropyl alcohol solution and dried with N,. Connection pads and
interconnects were deposited through a lift-off process using
photolithographic patterning of positive photoresist (S1813). A
subsequent metal deposition via sputtering of Cr (10 nm) and of
Au (120 nm) and metal lift-off using acetone defines the Au lines. A
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first layer of parylene C (2 um), deposited together with a small
amount of 3-(trimethoxysilyl)propyl methacrylate (A-174 Silane) to
enhance adhesion, acts as an insulator to prevent disturbing capacitive
effects at the metal liquid interface. Subsequently, an antiadhesive
layer was spin-coated using a dilution of industrial cleaner (2 wt %,
Micro-90), and a second parylene-C sacrificial layer (2 um) is
deposited. To define the contact pads and the channel of the OECT, a
second photolithographic patterning step using a thick positive
photoresist (5 ym, AZ9260) and AZ developer is used to protect the
parylene-C layers from a subsequent plasma reactive ion etching step.
All the polymer solutions were prepared in chloroform at 5 mg/mL (if
not mentioned otherwise) and spin-coated from a glass fiber filter
with 0.45 ym pore diameter. Peeling of the parylene-C sacrificial layer
defines the channel dimensions. The thickness of the channels was
measured using a DEKTAK 150 stylus profilometer.

OECT Characterization. OECT's were characterized using a dual-
channel source-meter unit (NI-PXI) with custom-written control
code in LabVIEW. All measurements were performed using an Ag/
AgCl pellet (D =2 mm X H = 2 mm; Warner Instruments) as the
gate electrode. The electrolytes in water were contained in a PDMS
well on top of the OECTs, and the electrolyte volume was constant at
80 uL for all measurements. The DC response time of the OECTs
was estimated using an exponential fit to the drain current recorded
after applying a 5 ms long doping pulse at the gate electrode. The AC
response time of the OECTs was calculated via bandwidth
measurements, using the 3-dB cutoff frequency equivalent to 0.707
times the peak of transconductance, also known as the half-power
point. The mobility (#opcr) was determined by applying a constant
drain bias to the channel and a sinusoidal voltage pulse at the gate
electrode (AVg = 10 mV) with a preset offset (V, offset) and at
varying frequencies. The frequency domain relation between the
measured gate current (Al;) and drain current (AIp) is”

AI(f) = 2afr AlL(f) (1)

Matching the gate current and drain current derived impedance yields
hole/electron transit time in the channel (z,), as detailed by Rivnay et
al.*® Using the 7,, the channel length (L), and the applied drain bias
(Vp), Horcr can be estimated:

L2
7.Vp

e

Hogcr =

)

Swelling Analysis. We performed EQCM-D measurements using
a Q-sense analyzer (QE401, Biolin Scientific). Swelling measurements
were performed as follows. First, we recorded the QCM-D response
of the bare Au sensors in the air, followed by the injection of the
aqueous NaCl solutions into the chamber. This resulted in large shifts
in f and D due to the density differences between the two media,
which must be excluded from the swelling percentage calculation. The
measurements were then stopped, the sensors were removed, and
p(g2T-TT) layers were spin-coated directly on the same sensor from
a chloroform solution (S mg/mL) at 1K rpm. We then compared the
absolute difference in f for multiple overtones between the bare sensor
and the Ti/Au/p(gZT-TT)-coated sensors, both in air and in the
corresponding NaCl solutions, by using the function “stitched data” of
Q-soft software. This function compares the selected data sets based
on the raw frequencies measured and excludes the effect of the
different densities between the two mediums (Figure S1). Thus, the
difference of the f values of the stitched data is directly analogous to
the thickness of the polymer in both media, which is calculated by
using the Sauerbrey equation (eq 3).

EQCM-D Analysis. EQCM-D measurements were performed
using Autolab PGstat128N potentiostat coupled with Q-sense
electrochemistry module. The three-electrode setup was composed
of Ag/AgCl reference, Pt counter, and Au/polymer EQCM-D sensor
as the working electrode. The physical modeling of the two measured
parameters, the f and D, is related to the viscoelastic properties of the
film. On the one hand, a rigid film shows zero D as there are
theoretically no energy losses (no viscoelasticity), and the Sauerbrey
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equation can be used to quantify the mass (m), using only one
overtone as described in eq 3:

—-17.7
m=—4, 3)

On the other hand, a thicker and/or softer film does not follow the
motion of the crystal and leads to energy losses during the oscillation.
We approximate thicker and/or soft films to behave like a Kelvin—
Voigt element, which means that they exhibit both viscous and elastic
characteristics acting in parallel (viscoelastic). A Kelvin—Voigt
element has a complex shear modulus as described in eq 4:

G* = p + 2aify ©)

where G* is the complex shear modulus, y is elasticity (kg m™ s72), 57
is viscosity (kg m™" s7'), and f is the frequency.

To calculate the mass changes of a thick, viscoelastic film, the
complex shear modulus was analyzed and fitted using at least three
frequency and dissipation of energy overtones. Q-Tools and D-find
software were used for the modeling and data analysis. Because
p(g2T-TT) films are becoming soft and uptake a significant amount
of water under doping potentials, we used the Kelvin—Voigt
viscoelastic (VSE) model to fit the data. To quantify the mass
correctly, we used the f and D data of three different overtones (Sth,
7th, and 9th). The good quality of the fits guaranteed the accurate
mass calculation accumulated within the films upon applied
potentials. To convert the recorded mass into number of CI” ions,
we divided the recorded mass values with the weight of pure CI”
atoms (5.88725 X 107> g/atom).

Electrochemical Analysis. Electrochemical impedance spectros-
copy (EIS) was performed from 10 kHz to 0.1 Hz in the EQCM-D
electrochemical cell. The measurements were performed either at V,
or at a dc offset potential (doping) with an ac amplitude of 10 mV.
The capacitance—frequency plots of each film were constructed by
using the complex impedance formula as described in eq 5:

1

2
R* + —a)ZCZ

7 =

()

The diffusion coefficient for the four systems under study was
calculated based on the Cottrell equation and using the raw data
obtained from the chronoamperometry, current versus time.

nFAc]p \/ﬁl
Jnt (6)

where I is the current, n is the number of electronic charges (to
oxidize one molecule of the analyte (e.g,, p(g2T-TT) = 1), F is the
Faraday constant (96485 C/mol), A is the area of the electrode
(0.7854 cm?), ¢; is the concentration of the electrolyte, D; is the
diffusion coefficient of the dopant ions in the electrolyte, and ¢ is the
time.

X-ray Characterization. Films for ex-situ X-ray scattering were
prepared inside a N, glovebox (<1 ppm of O,) by spin-coating a 7.5
mg/mL solution of p(g2T-TT) in chloroform heated to 60 °C onto
native oxide p+ silicon substrates at 600 rpm for 15 s and then at 1000
rpm for 60 s. Spin-coating was followed by brief drying (60 s) on a
hot plate at 60 °C and longer drying (4 h) in N, to remove residual
solvent. Prior to coating, the solution was left stirring overnight at 60
°C and filtered using a glass fiber filter with 0.45 um of pore size.
Samples were measured in various conditions with two different
NaCl,y concentrations: 1 M and 10 mM. For the samples that were
electrically gated, a 80 uL droplet of electrolyte was placed on a
p(g2T-TT) film, where an Ag/AgCl pellet electrode was immersed
and a voltage was applied across the Ag/AgCl and p+ silicon substrate
electrodes. After the doping procedure, films were rinsed in deionized
water and dried using a N, gun. Grazing incidence wide-angle X-ray
scattering (GIWAXS) was performed at the Stanford Synchrotron
Radiation Lightsource (SSRL) on beamline 11-3 using an area
detector (Rayonix MAR-225) and incident energy of 12.73 keV. The
distance between sample and detector was 320.8 mm, and it was

I =
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calibrated using a LaBg polycrystalline standard. The incidence angle
(0.1°) was slightly larger than the critical angle, ensuring that we
sampled the full depth of the film. All X-ray measurements were
performed in a helium environment to minimize air scattering and
beam damage to samples. Raw data were normalized by detector
counts and thickness and reduced and analyzed using a combination
of Nika 1D SAXS> and WAXStools software packages in Igor Pro.*

Raman Spectroscopy. For the Raman spectroelectrochemical
investigation, two identically prepared p(g2T-TT) films were spin-
coated on transparent glass/Ti-3 nm/Au-18 nm substrates fabricated
using RF magneton sputtering. The substrates were transparent and
conductive to allow both doping and access to the Raman beam. The
films were immersed in NaCl(,q) 0.01 and 1 M solutions, and an Ag/
AgCl electrode was used for the in-situ doping experiments. The
resonant Raman spectra of the dry and wet samples were measured
using a Witec alpha Raman spectrometer with the excitation beamline
He—Ne laser of wavelength 632.8 nm and 50 yW power to avoid
photothermal effects. The dispersion gratings were 600 and 1800
grooves/mm. The dry spectrum was collected with a 100X objective,
while for the spectrum of the film in solution we used a 63X water-
compatible objective. Both objectives have a comparable spatial
resolution ~600 nm. For each condition, we mapped the sample with
4 X 4 points to average out the representative spectrum.

Spectroelectrochemistry Measurements. Thin films were
prepared on ITO coated glass substrates and the measurements
were carried out using a UV-vis spectrometer (OceanOptics USB
2000+) integrated with a Ivium CompactStat potentiostat. A Pt mesh
was used as the counter electrode and a Ag/AgCl electrode as the
reference electrode. The indicated voltages were applied versus Vi
(to compensate for any changes in the threshold voltage) for 10 s
until the current stabilized prior to recording of the spectrum.

Atomic Force Microscopy (AFM). AFM measurements were
performed in tapping mode, using Agilent 5500 SPM-AFM
equipment and Bruker AFM probes with spring constant k = 2.8
mN/cm?. The measurements were performed with two different
p(g2T-TT) films which were spin-coated on glass/Au substrates from
a § mg/mL solution in chloroform. First, we took the AFM images of
both films in ambient conditions (as-cast). The films were then
immersed in the corresponding electrolyte, doped at —0.5 V vs Ag/
AgCl for S min, dedoped at 0 V for $ min, and dried again before
monitoring the surface in ambient conditions.

B RESULTS AND DISCUSSION

Influence of Water on the Electrochemical Doping of
P(92T-TT). The electrochemical reactions in a p-type organic
semiconductor—aqueous electrolyte system involve the in-
jection of charge carriers (e”) and penetration of hydrated ions
(A7) to compensate for these charges on the backbone of the
semiconducting polymer (P):

PP+ A =2PhA +e
This phenomenon can be studied by EQCM-D—a molecular
balance that monitors in situ changes in the mass of an
electroactive film coated on a piezoelectric quartz crystal while
it undergoes an electrochemical reaction.’! In general, a
decrease in the oscillation frequency (f) of the QCM-D crystal
indicates an increase of its mass. For a soft film, the decrease in
f is accompanied by an increase in the dissipation of energy
(D) as a result of energy losses during oscillations.** To
determine the amount of water incorporated into p(g2T-TT)
during electrochemical doping, we studied the EQCM-D
response of p(g2T-TT) films immersed in aqueous electrolytes
of four different NaCl concentrations, i.e.,, NaCl(,4)10 mM, 100
mM, 1 M, and 6 M. With an increase in the concentration of
NaCl,), the hydration shell around the anions and the
number of ion-free water molecules within the electrolyte
solution reduce significantly.”” By changing the electrolyte
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concentration, we therefore aim to modulate the amount of
water injected into the film alongside the CI™ ions. First, we
measure the swelling of the polymer prior to biasing, which is
due to water and passive ion diffusion. We find that passive
swelling is nearly identical in all concentrations, accounting for
10—13% of mass increase (Figure S1 and Table S1). Once the
QCM-D signals (Af and AD) are stabilized, i.e., p(g2T-TT)
films are in thermodynamic equilibrium with the electrolyte,
sequential doping and dedoping potential pulses are applied,
and the corresponding changes in QCM-D signals are
recorded, as shown in Figure S2. For all the films, the changes
in Af and AD upon doping (i.e, V > open circuit voltage
(Voe) =~ 0 V) indicate an increase in the mass of the film,
which is due to uptake of CI™ ions and water molecules. When
the potential returns to V¢, the signals reverse due to
expulsion of water and Cl™ ions from the films. A schematic
representation of the ion drift in and out of the films during the
EQCM-D measurements is shown in Figure S3. We convert
the EQCM-D signals into mass changes using viscoelastic
modeling, and the results are shown in Figure lab, (see
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Figure 1. (a) Applied potential waveform as a function of time.
Square-shaped doping pulses are applied for 60 s and range from 0.1
to 0.5 V vs Vi, with a dedoping potential applied at 0 V lasting for
120 s in between each doping pulse. (b) Changes in the mass of the
films when doped in four electrolytes of varying ion concentrations.
(c) Top: a schematic representation of p(g2T-TT)-NaCl ) system in
the EQCM-D chamber during doping in low and high concentration
electrolyte solutions. Bottom: the number of water molecules injected
into the films at the end of the doping pulse at 0.5 V and remaining in
the film upon the subsequent dedoping pulse applied at 0 V as a
function of NaCl concentration.

Experimental Section for more information about the model
used). When the polymer is doped with less concentrated
NaCl,g), the film gains more mass for the same applied
potential. For instance, at 0.5 V, we calculate a mass increase of
5.6 pg/cm?* in NaCl(,q) 10 mM, while this value is only 2.7§
ug/cm?* in NaCl(,q) 6 M. This corresponds to an increase in
mass of 86% and 42% in 10 mM and 6 M NaCl,,,) respectively,
compared with the equilibrium conditions (in the electrolyte,
before bias). In addition, when the potential is reverted to 0V,
a fraction of the injected mass remains in the film, which is
higher at lower NaCl concentrations (e.g, 2.61 ug/cm* for
NaCl,q) 10 mM and 0.49 ug/cm? for NaCl,q) 6 M).
Whereas the measured charge directly corresponds to the
number of doping anions in the film, water uptake is also to be
expected. In fact, the mass calculated from the injected anions
is smaller than the measured mass (Figure S4). This
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discrepancy must thus correspond to the mass of water being
dragged in the polymer. The water taken up by the films
increases with a decrease in electrolyte concentration due to
larger degree of hydration of anions therein (Figure 1c, 0.5 V).
Moreover, a fraction of water remains in the film even after a
dedoping pulse is applied (Figure lc, 0 V), and this is most
pronounced in dilute electrolytes. In addition, changes in the
dissipation of energy upon doping with low concentration
NaCl,q) are larger compared to high concentration NaCl,
(Figure S3), indicating that the film becomes softer due to
increased water uptake. We note that in these solutions
osmosis also plays a role in determining the water drift. The
osmosis effect is significantly large in the case of NaCl,y) 10
mM due to the maximized difference in solute concentration
between this electrolyte and the film. Bay et al. suggested that
very large volume changes that polypyrrole films undergo
during electrochemical reduction are due to the osmotic forces
which cause water molecules to move into the polymer in
quantities far in excess of those in the solvation shell of the
ions in the electrolyte.”* Similar observations are reported by
Maw and co-workers, who showed that during electrochemical
switching water is carried in and out of the polymer films
together with electrolyte ions but also independently as a result
of osmotic pressure.”” These results evidence two important
phenomena regarding doping of an organic semiconductor in
aqueous electrolytes: (1) the dopant anions that enter the film
are hydrated, and (2) the film swells more upon doping with
low concentration electrolytes and retains most of these water
molecules compared with operation at high concentration
electrolytes.

The hydration of the polymer film affects also the dynamics
of ion uptake. From the mass uptake versus time curves in
Figure 1b, we calculated the time required for each p(g2T-TT)
film to accumulate 90% of the total mass (7) upon doping with
these solutions (Figure 2a), which is a direct measurement of
the speed of mass loading into the film, i.e., ionic charging. The
ionic charging is slowest in NaCl,;) 10 mM and becomes
faster as the electrolyte concentrations increases regardless of
the magnitude of the doping pulse. The fastest ionic charging
is, however, achieved at NaCl(,;) 1 M, rather than NaCl, 6
M. In addition, assuming that the ion injection into p(g2T-
TT) is governed by semi-infinite linear diffusion, we use the
Cottrell equation to extract the diffusion coefficient of CI~
anions. We find that for all doping potentials the diffusion
coefficient of the dopant increases with a decrease in
electrolyte concentration (Figure 2b). The ions in NaCl,q) 6
M exhibit, however, the slowest diffusion. These results suggest
that the injection/drift of ions is strongly affected by the ion—
counterion (CI"—Na*) attractive forces which are most
pronounced in the highest concentration electrolyte. These
forces delay the ion injection from the electrolyte, opposing
their drift into p(g2T-TT). Thus, the fastest ionic charging is
achieved when the polymer film is doped in NaCl,q) 1 M. At
this concentration, the optimum hydration conditions are
achieved; i.e., the polymer swelling is moderate while the CI™—
Na" attractive forces do not significantly hinder the drift of
anions.

To further reveal the influence of water on the speed of ionic
charging, we used electrochemical impedance spectroscopy
(EIS) which allows us to investigate ionic charging at different
time scales. We performed EIS prior to biasing as well as at a
doping potential (V = +0.5 V vs Vi) for all the films at
different NaCl concentrations (Figure SSa—d). On the basis of
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Figure 2. (a) Mass loading time () calculated at each doping pulse in
electrolytes of different ion concentrations. The data are based on the
mass vs time plots of Figure 1b. (b) Diffusion coefficient of Cl~ anions
in different electrolytes as a function of doping bias. The values are
calculated from the chronoamperometry data (Figure S4) using
Cottrell equation. (c) Volumetric capacitance of the films as a
function of NaCl(,q) concentration measured at 0.5 V vs Vi¢. Error
bars correspond to standard deviation from the measured average of
four films with the electrolytes in question.

these impedance data, we extracted capacitance versus
frequency plots, all exhibiting a cutoff frequency after which
the capacitance drops (Figure SSe,f and Figure 2c). In NaCl,g)
1 M, the capacitance curve reaches a plateau at 8.5 Hz, i.e., a
frequency higher than all the other NaCl concentrations
studied (Figure SSf). The ionic charging of the film is thus
fastest in NaCl,y 1 M, in accordance with Figure 2a.
Moreover, prior to doping, the capacitance values at low
frequencies (i.e., 0.1 Hz) are similar for all the systems (ca. 2 X
10~* F at 0.1 Hz, Figure SSe), which is also the case when the
samples are doped (ca. 1.8 X 107° F at 0.1 Hz, Figure S5f).
Based on the low-frequency capacitance of the doped
polymers, the volumetric capacitance is calculated to be 285
F/cm®, which is on par with the previously reported values
(Figure 2¢)."* The same C* calculated for all the systems
under investigation means that at steady-state conditions the
number of ions injected during doping is the same regardless
of the electrolyte concentration. On the basis of our
electrochemical analysis, it is clear that more water is dragged
in the p(g2T-TT) film when doped in less concentrated NaCl
solution. The excess water molecules lead to large volumetric
expansion of the film and slow down the ionic charging;
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Figure 3. (a) Out-of-plane (g,) and in-plane (g,,) X-ray scattering lineouts for the (200) and (010) peaks, respectively, of p(g2T-TT) films doped
with NaCl(,q) 10 mM (black lines) and NaCl,q) 1 M (green lines). Numbers in parentheses correspond to different conditions of the polymer: (1)
dry, as-cast, (2) immersed in electrolyte, (3) doped at 0.5 V vs V¢, and (4) subsequently dedoped at V. Asterisks denote position of scattering
peaks after lattice distortion induced by electrochemical doping. Dashed lines correspond to center of scattering peaks. (b) Lattice spacing values of
the 7—z stacking and lamellar distances extracted from fitting peak diffraction positions of the (010) and (200) peaks, respectively. Error bars in

lattice spacing correspond to propagated error from peak fitting.

however, the charging capacity of the film is not affected by its
hydration state.

Influence of Water on the Structural Properties of
P(G2T-TT). To understand how the injected ions and water
influence the structural properties of the film, we collected ex-
situ grazing incidence wide-angle scattering (GIWAXS)
patterns of thin films electrochemically doped in NaCl,q 1
M and 10 mM. In its dry, as-cast condition, p(g2T-TT)
presents a predominantly edge-on texture,'* with lamellar and
m-stacking distances of 13.45 and 3.79 A, respectively. As it can
be seen in Figure 3, exposure of the polymer to NaCl,»1 M
and NaCl(,q) 10 mM at V,,.q = 0 V does not largely affect the
lattice spacing of the ordered regions (step 2). Upon
electrochemical doping (Vieq = —0.5 V, step 3), however,
the crystallites experience a permanent expansion in the
lamellar spacing (~14—15%) and contraction in the z—x
stacking direction (~7—8%). A change in orientation in
reciprocal space of the 7—x stacking peak position, visible in
the GIWAXS patterns (Figure S6), suggests that the crystallites
in the polymer experience a unit cell distortion upon doping.
Similar to the irreversible effects of water uptake on the bulk
properties of the film as measured by EQCM-D, dedoping the
films (Vapphed =0V, step 4) does not the reverse the lattice
distortion to the initial, dry, crystal structure. As our EQCM-D
and EIS results show, upon doping anions and water penetrate
into the bulk of the polymer. The rather drastic lamellar
expansion upon doping confirms that anions can also infiltrate
into the crystallites, likely accumulating between the glycol side
chains to compensate for electronic charges in the polymer
backbone. This is in agreement with previous literature
evidencing that electrochemical doping in nonaqueous electro-
lytes with anions larger in size than CI7, such as BE,", AsF,~,*°
or bistriflimide (TFSI™),”® produces a lamellar expansion in
poly(3-alkylthiophenes) (i.e, P3HT) attributed to anions
being located between the alkyl chains. In p(g2T-TT),
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however, due to the hydrophilic nature of the side chains
and large water uptake upon doping (Figure 1c), we also
expect water to accumulate between the side chains of the
crystallites.

The influence of water on the crystallites of the polymer is
subtle. Although water uptake in the bulk of the polymer
almost doubles when left at doped state after —0.5 V with 10
mM vs 1 M NaCl, differences in the lattice spacings of the
crystallites with salt concentration are rather small. In
comparison to films doped with NaCl,q) 1 M, the lamellar
spacing of films doped with NaCl,;10 mM presents an
additional expansion of 0.15 A (see Table S2), which is well
above the experimental error (~0.01 A). In this doping
condition, differences in z—m spacing are within the
experimental error, and thus, no comparisons can be
performed in this crystallite direction. Dedoping of the
polymer with different electrolyte concentrations (step 4)
produces no discernible differences in the lattice spacings.
Given the small changes in lamellar spacing relative to the
molecular size of water (1.76 A)*” and CI~ (crystal radius: 3.62
A),”” we suggest that the small increase in lamellar expansion
when the polymer is doped with low concentration electrolytes
is due to a slight increase in water uptake by the crystallites. In
addition, the permanent changes in the crystallites induced
after doping also suggest that water could be residing in the
crystallites, even when the polymer is reduced. Complete out-
of-plane and in-plane lineouts and 2D GIWAXS patterns are
included in Figures S6 and S7.

GIWAXS data suggest that the majority of water uptake
occurs in the amorphous regions of the polymer. We thus
performed in-situ Raman spectroscopy to probe the impact of
doping on the bulk of the polymer as the technique monitors
the film structure regardless of its crystal or amorphous content
and is sensitive to conformational changes and stacking of
conjugated components.”® The molecular structure of neutral
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p(g2T-TT) is shown in Figure 4a, depicting a distribution of
charge mainly localized around the backbone within the
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Figure 4. (a) Molecular structure of p(g2T-TT) showing the
distribution of charge, with increasing electron density from blue to
red. (b) Characteristic Raman spectrum of p(g2T-TT) film recorded
in air. The peaks labeled with A, B, and C are attributed to C=C
stretching, thienothiophene core (~1406 cm™), C=C symmetric
stretching (1448 cm_l), and C=C/C—C asymmetric stretching/
shrinking (~1494 cm™), respectively. The region between ca. 1000
and 1300 cm™ is mainly due to the side chains. (c) Changes in the
Raman spectra of identically prepared films during doping in NaCl,)
10 mM (black lines) andNaCl,) 1 M (green lines). The spectra were
recorded when the film was dry, ie, in air (1), immersed in
electrolyte (2), doped at —0.5 V vs Voc (3), and subsequently
dedoped at V¢ (4).

aromatic thiophene—thienothiophene rings. The presence and
the degree of delocalization of n-electrons enhance and
modulate both the electronic absorption in the visible
range'’ and the polarizability, resulting in a strong Raman
scattering signal, very sensitive to changes in backbone
vibrations. Figure 4b shows the high-energy Raman spectrum
of a dry p(g2T-TT) film that consists of two distinct regions
ascribed to the backbone and the side chains. The main peaks
in the spectral region between 1200 and 1600 cm™' are
associated with the vibrations of the backbone (which benefits
from an enhanced polarizability due to the 7-delocalized
electrons compared to the side chains), and in particular, the
three main visible bands (A, B, and C in Figure 4b) refer to the
in-plane ring modes: C=C stretching (~1406 cm™’,
thienothiophene core), C=C symmetric stretching (~1448
cm™!, thiophene core), and C=C/C—C asymmetric stretch-
ing/shrinking collective vibrational mode (~1494 cm™"). The
latter (peak C) is associated with oscillations of the nuclei
along the path of the molecular axis from the ground to the
excited state, sensitive to z-electron delocalization, electron—
phonon coupling, or polaron formation, and as such it is
regarded as an indicator of structural—electronic changes.’
The region below ca. 1300 cm™!, on the other hand, contains
C—C skeletal stretching and C—H bending. The C-0O
vibration, indicative of the ethylene glycol side chains, is
characterized with a less pronounced nonresonant Raman line
at ca. 1100 cm™.*

As shown in Figure 4c, exposing the film to the
corresponding electrolyte does not affect the thiophene ring
spectral region (compare step 1 with step 2). On the contrary,
the Raman spectra of both films under investigation undergo
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significant changes as they are doped (step 3). Particularly, in
NaCl(,q) 1 M (green lines), peak B becomes broader, blue-
shifts, and nearly merges with peak A. In NaCl(,q) 10 mM, peak
B disappears while peak C increases in relative intensity and
breadth (black lines). In both electrolytes, we observe a
significant decrease in the overall Raman spectral intensity, in
particular for peaks B and C (Figure S8). Another region that
is affected by doping is the inter-ring C—C stretching vibration
at ca. 1215 and 1270 cm™’, indicating an overall reduced bond
order in the polymer backbone. This is a typical consequence
of charge redistribution that gives rise to a quinoid-type
configuration, reducing the z-electron delocalization and the
degree of long-structural order in poly(thiophenes).”' The
changes in the backbone region upon doping are attributed to
the presence of CI™ ions close to the thienothiophene rings and
the formation of polarons, causing significant distortions on
the vibrational properties of the ring bonds. These distortions
are more pronounced in NaCl,,) 1 M compared to NaCl,
10 mM. We postulate that the limited hydration of the film in
concentrated electrolytes allows a closer interaction of ions
with the backbone.

Finally, when the potential is reversed to Vg, while the
doping-induced changes along the backbone are partially
recovered for the film in NaCl,q 10 mM, these are more
reversible in NaCl(aq)l M (Figure 4c, step 4). This result is in
accordance with our EQCM-D findings—the fact that a
substantial amount of mass remains in the film upon doping in
dilute electrolytes. Moreover, looking closer at the spectral
region associated with the side chains (ca. 1000—1300 cm™"),
we see that upon dedoping the formerly distinct, well-
separated peaks reappear only in NaCl,;) 1 M, but not in
10 mM (Figure S9). On the basis of these findings, we suggest
a route for water that is infiltrating into the film: water interacts
mainly with the side chains and localizes in chain interstitial
spaces, and swelling of these regions disrupts the aggregates. In
dilute electrolytes, as the doping induced hydration is high,
water irreversibly leads to structural distortions.

The effect of electrochemical doping on the electronic
properties of the film can be further investigated via
spectroelectrochemistry measurements where we monitor the
changes in the absorbance spectra of the polymer films during
the application of a doping potential in each electrolyte. Figure
S10a shows that in all electrolytes the 7—7z* related absorption
peak is bleached, while the absorption of the polaronic species
increases with an increase in doping voltage. Notably, these
changes are more prominent in concentrated electrolytes
(Figure S10b,c), indicating a higher degree of anion—backbone
coupling, in agreement with our in-situ Raman spectroscopy
results. To monitor the effects of electrochemical doping on
film morphology, we next performed atomic force microscopy
(AFM) measurements. Figure S11 shows the AFM images of
two polymer films in air before and after doping in the
electrolytes in question. The film morphology changes
significantly once the films were electrochemically addressed
in either high- or low-concentration electrolyte. The
permanent changes that we observe on the film surface agree
well with the irreversible structural distortions suggested by
Raman and GIWAXS data.

Influence of Water on the Operation of OECTs. To
understand the influence of water coupled to the polymer film
on OECT characteristics, we characterized micrometer-scale
OECTs composed of identically prepared p(g2T-TT) channels
gated in the same four electrolytes. As shown in Figure Sa,b,
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Figure S. Gate voltage dependence of the (a) drain current (I,) and
(b) transconductance of OECTSs comprising p(g2T-TT) in the
channel (W = 100 pm, L = 10 um, d = 120 nm). The devices are
measured in NaCl,q solutions of varying ion concentrations at Vj, =
—0.5 V. (c) Hole mobility (sopcr) of p(g2T-TT) film as a function of
NaCly,q) concentration, calculated from the bandwidth measurements
performed at Vg = Vi, = —0.5 V as shown in Figure S13a. The error
bars are derived from four different OECT channels measured at each
concentration. (d) Response time of the OECTs (7opcr) as a
function of NaCl concentration measured at Vg = V = =0.5 V.

upon application of a negative bias at the gate, the source-drain
current increases, indicative of the accumulation mode of
operation, regardless of the electrolyte concentration and the
water coupled to the channel. However, the ON current is
always higher at higher NaCl concentrations as well as the
transconductance (Figure Sab). We also observe a decent
increase in the threshold voltage with an increase in electrolyte
concentration (Figure S12). We hypothesize that since the
ions are less hydrated in concentrated electrolytes, the ion—
counterion forces start hindering their drift into the film,
increasing the potential required to inject them.”* Using

bandwidth measurements (Figure S13a),”® we find that the
hole mobility scales with the NaCl concentration: pogcr is
0.15, 0.20, 0.22, and 0.33 cm® V™' s™' when doped in NaCl,,
10 mM, 100 mM, 1 M, and 6 M, respectively (Figure Sc). The
extent of channel swelling influences also the transient
characteristics of the OECTs. To determine the switching
speed of the transistors, we monitored the change in drain
current upon application of square voltage pulses at the gate
electrode (Figure S13b). The current—time profiles follow an
exponential behavior and the response times (7ogcr) of the
devices are shown in Figure 5d. The devices switch ON fastest
when they are gated in NaCly,g 1 M, while the slowest
response is predominantly in NaCl(,;) 10 mM. At the highest
NaCly,q) concentration (6 M), the low hydration of ions leads
to attractive forces between CI~ and Na* counterions, which
oppose the injection of CI” ions into the film to compensate
for the polaron sites. Therefore, the OECTs gated in NaCl,q)
6 M switch ON slower compared with 1 M. Similar
observations were reported by Lin et al, who show that at
high electrolyte concentrations a higher V; is required to
compensate for the potential change at the interface between
the electrolyte and a PEDOT:PSS film.*

Together with the temporal response of the drain current,
we also measure the current flowing between the gate electrode
and the channel (Figure S13c). The gate current is modulated
by the ion movement in the electrolyte, which is then
transduced as the drain current. The gate current is purely
capacitive (notice the brief spikes at the beginning and end of
the doping pulse) and should vanish at steady state. The
charge redistribution therein is thus correlated to the ionic
charge injected from the electrolyte into the channel, as the
same number of countercharges (cations) is injected to the
gate electrode. The gate electrode accumulates the largest
amount of charges at NaCl,) 1 M (Figure S13d), as the ionic
charging of the channel is the fastest in this electrolyte.

During the OECT operation, the channel hydrates
significantly due to the dopant ions entering the film with

NaCl,,, - high M
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Figure 6. Schematic representation of an OECT channel composed of p(g2T-TT) and gated with an Ag/AgCl electrode immersed in NaCl,)
solutions with different ion concentrations. The magnified region depicts the polymer—electrolyte interface and the differences in the swelling

behavior of the film in low- and high-concentration electrolyte.
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their hydration shell. When the device is operated in low
concentration NaCl,q), where Cl™ ions drag more water with
them during their drift, the channel swells more compared with
when doping in high concentration electrolytes. As the film
swells, it becomes softer (see the large changes in dissipation in
Figure S2b). The more water the film gains upon doping, the
less it can lose upon dedoping. The osmosis effect also
contributes to the extensive swelling observed in low-
concentration electrolytes: the doping potential pushes anions
into a small volume of the polymer film; therefore, a large
difference in ion concentration occurs between the electrolyte
and the film. This enables free water molecules spontaneously
moving into the film, most pronounced in dilute electrolytes.
Figure 6 depicts the different swelling behavior of the channel
when gated in low- and high-concentration electrolytes.

The water drifting into the film affects the polymer structure
as well as the hole transport therein. Water causes a large
volumetric expansion of the polymer film, but the swelling is
not uniform throughout the bulk. Ex-situ GIWAXS measure-
ments suggest that water molecules reside mostly in the
disordered regions of the polymer, while anions accumulate
among the side chains (in the interlamellar region of the
crystallites) to compensate for electronic charges, possibly
bringing along some water into the crystallites. In-situ Raman
measurements reveal that side chains remain distorted upon a
doping/dededoping cycle in low concentration NaCl,g). The
large water cloud around the side chains and in amorphous
regions would result in an overall heterogeneous swelling of
the polymer film upon doping: while these parts of the film
swell with water, the crystalline regions show only a small
extension in lamella spacing. Such a morphology may not be
ideal for charge transport, loosening the connectivity of the
crystallites that are responsible for charge transport. In fact, we
find that hole mobility decreases as the channel swells further.
Moreover, we postulate that the anions shed the outer water
molecules around the side chains, and as such their doping
ability becomes independent of the electrolyte concentration.
Accordingly, we measure similar capacitance values at low
frequencies in all electrolytes, while hole transport is affected
by the electrolyte concentration.

These structural changes have consequences on device
performance. The transconductance (g,,) of the OECTs scales
with the product of the volumetric capacitance (C*) and the
hole mobility (i) according to g, = %dﬂC*(VT — V). As the
capacitance is not affected by the channel hydration, it is the
higher hole mobility that is responsible for the higher
transconductance when the channel hydration is limited. The
ON/OFF ratio of the OECTs is also higher when gated with
high-concentration electrolytes. The effect of water uptake is
not limited to the steady-state characteristics of the OECTs. At
low concentration electrolytes, the number of ions per unit
volume is low, leading to a high electrolyte resistance (Figure
SS, note the electrolyte resistance at high frequency).
Considering that ionic transit time is 7 = RC,”” where R is
the electrolyte resistance and C is the capacitance of the film,
the increase in electrolyte resistance slows the OECTs. In
addition to that, for a rapidly switching channel, the ions need
to move fast within the film to reach the polaron sites, and at
the same time the electronic carriers need to travel along the
channel. At low concentration electrolytes, ionic charging of
the film is delayed accompanied by a reduction in hole
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mobility, another reason why hydration of the channel leads to
slow switching speeds in OECTs.

B CONCLUSIONS

In summary, we showed, for the first time, the influence of
water on the doping, structure, and transport properties of a
new class of amphiphilic organic semiconductors. Rather than
using different anions with varying hydration behavior or
changing the polymer hydrophilicity, we simply change the
electrolyte concentration to modulate the hydration properties
of the dopant. This gives us a handle to solely observe the
water drift in and out of the films and its consequences in
device performance. The polymer film requires an optimum
degree of hydration for efficient electrochemical doping in
aqueous electrolytes as well as for fast and high gain
accumulation mode OECTs. However, controlling the swelling
of the channel can maximize the ON currents alongside an
improvement of switching speeds since water accumulating in
the film leads to structural changes that impair the hole
mobility. Importantly, these results evidence major differences
of these polymers compared to PEDOT based systems which
are used in depletion mode devices where hydration is always
beneficial for device operation. We suggest that minimizing the
volumetric expansion of the polymer films during doping could
be a key parameter to design fast and highly efficient ion-to-
electron transduction devices. This work presents a solid
understanding of the impact of hydration of mixed conductors
on the operation of accumulation mode OECTSs and lays the
foundation for future design of efficient ion-to-electron
transducers.
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