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Ferroelectric polarization induces electronic
nonlinearity in ion-doped conducting polymers
Simone Fabiano,1* Negar Sani,1*† Jun Kawahara,2‡ Loïg Kergoat,1§ Josefin Nissa,1 Isak Engquist,1
Xavier Crispin,1 Magnus Berggren1¶

INTRODUCTION

Polymer electrochemical devices, particularly those based on poly(3,4ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), constitute a key family of components that are important for printed
electronics (1) within existing and emerging applications of smart
packaging, textiles (2), energy storage (3, 4), medical technology
(5, 6), food security (7), and transportation (8). They are technologically very attractive because they operate at low voltages and are
built up from a robust device structure that allows for manufacturing
on flexible substrates using low-cost printing techniques. When including polymer electrochemical devices in large-scale electronic systems
(9, 10), it is critical that the current-voltage (I-V) characteristics should
be precisely defined. Electronic addressing, memory functionality, and
compatibility with specifications of other devices and complete systems
can be achieved by introducing well-defined voltage thresholds and
nonlinearity in the electrical device performance (11).
The terminology “polymer electrochemical devices” is worth a discussion because some of these device concepts deviate from classical
electrochemistry (Fig. 1). Electrochemical reactions with inert electrodes are processes that involve electron transfer between the electrode
and the reactants in the electrolyte (top electrode of Fig. 1A). If the reactant is immobilized as an insoluble layer in direct contact with the
electrode, the reactant is commonly referred to as an electrochemically
active solid (bottom electrode in Fig. 1A). Conjugated polymers repre1
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sent a class of electrochemically active solids that have p-electronic
bands, low band gaps, and potentially high ion conductivity that
together allow for swift oxidation and reduction of the entire solid bulk
in a reversible manner. While reducing or oxidizing a conjugated polymer film, electronic charges provided from the electrode are accumulated or depleted throughout the solid bulk. Those electronic charges
are simultaneously compensated by ions that escape from or to the electrolyte (Fig. 1B). Upon changing the redox state of a conjugated polymer, the electronic conductivity, color, and volume are typically
controlled. These features serve as the basic mode of operation in a variety of electrochemical devices, such as in the organic electrochemical
transistors (OECTs) (12, 13), organic electrochromic displays (OECDs)
(14, 15), electro-actuators (16), and supercapacitors. PEDOT is currently the most explored conjugated polymer for electrochemical device
applications. In its oxidized state, this polymer is commonly chargecompensated by an immobile polymer anion, such as polystyrenesulfonic acid. The resulting PEDOT:PSS polymer blend is highly conductive
and can be processed from water emulsions. The PEDOT chains
transport holes, whereas the hygroscopic PSS phase provides cation
transport (17). PEDOT:PSS is therefore referred to as an organic mixed
ion-electron conductor (18).
In principle, the semiconductor-conductor transition in organic redox polymers offers both nonlinearity and bistability in the currentvoltage characteristics, as typically observed in cyclic voltammetry
(Fig. 1, A and E) (19). The nonlinearity originates from the injection
(extraction) of holes (electrons) from the electrode to the valence (conduction) band of the conjugated polymer (20). It is tempting to use
these electrical features to introduce addressability and bistability of
an electrochemical device in passively addressed display or memory
matrices. However, the electrical conductivity of the semiconducting
state is too low (21) and thus limits the speed of the resulting devices,
whereas the bistability is poor because of parasitic side reactions (selfdischarge phenomenon) (22, 23). Polymer electrochemical devices are
commonly made to operate in the fast-switching regime by reducing the
operational voltage range such that the neutral semiconducting state is
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Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is an organic mixed ion-electron conducting polymer. The PEDOT phase transports holes and is redox-active, whereas the PSS phase transports ions.
When PEDOT is redox-switched between its semiconducting and conducting state, the electronic and optical
properties of its bulk are controlled. Therefore, it is appealing to use this transition in electrochemical devices
and to integrate those into large-scale circuits, such as display or memory matrices. Addressability and memory
functionality of individual devices, within these matrices, are typically achieved by nonlinear current-voltage
characteristics and bistability—functions that can potentially be offered by the semiconductor-conductor
transition of redox polymers. However, low conductivity of the semiconducting state and poor bistability,
due to self-discharge, make fast operation and memory retention impossible. We report that a ferroelectric
polymer layer, coated along the counter electrode, can control the redox state of PEDOT. The polarization
switching characteristics of the ferroelectric polymer, which take place as the coercive field is overcome, introduce desired nonlinearity and bistability in devices that maintain PEDOT in its highly conducting and fastoperating regime. Memory functionality and addressability are demonstrated in ferro-electrochromic display
pixels and ferro-electrochemical transistors.
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never fully reached. The resulting I-V characteristics of this device
configuration are typically capacitive, thus highly linear in its performance (I = C × dV/dt) and hard to implement and integrate into various
circuit applications. The depletion and accumulation of electric charge
carriers as well as the exchange of ions upon redox switching of a symmetric PEDOT:PSS two-electrode device cell are illustrated in Fig. 1B.
Reversible operation in asymmetric polymer electrochemical devices
traditionally involves redox switching of the conjugated polymer at the
working electrode (WE) and a second compensating electrochemical
half-reaction at the counter electrode (CE). The half-reaction(s) at the
CE is crucial for the resulting switching and I-V performance but is,
however, often neglected. In particular, it provides us with a tool to introduce nonlinearity and threshold characteristics. When measuring
the cyclic voltammetry of the conjugated polymer films, the CE is typically a large-area Pt mesh, where various charge transfer reactions,
which ideally do not limit the measured current, occur. Typically, a
reference electrode is also used to track the voltage applied on the
WE, whereas the voltage on the CE is not considered. However, in an
electrochemical device, the WE and CE must be carefully considered to
understand what mechanism limits and affects the resulting I-V characteristics of the device.
Typically, there are three kinds of mechanisms that can occur at
the CE that can potentially dictate the resulting I-V characteristics of the
electrochemical device: First, charge transfer takes place between the CE
and the reactants of the electrolyte (Fig. 1A). Thus, the capacity and
electronic energy levels of the CE and the reactants control the evolution
of the current running between the WE and the CE. This is, for instance,
the case of an acidic aqueous solvent producing dihydrogen at the CE
when biased at cathodic potentials (24). Second, both the WE and the
CE include electrochemically active solids (Fig. 1B). This is, for instance,
the case of polymer electrochromic displays, where the active polymer
film at one electrode undergoes oxidation and the active polymer film
at the other electrode undergoes reduction. The reaction quotient is
Fabiano et al., Sci. Adv. 2017; 3 : e1700345
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typically balanced so that the capacity (capacitance) of the CE is equal
(symmetric device) or larger than that of the WE to enable full
switching of the solid electrochemical material included on the WE.
Third, there is no electron transfer, but the charges accumulate along
the CE surface as an electric double layer (EDL), and its capacitance is
large enough to fully compensate the charge introduced in the polymer film at the WE (Fig. 1C). This is the so-called capacitive displaced
electrochemical reaction and has been demonstrated with a neutral
(nonoxidized) polymer at the WE and a metallic carbon nanotube
network as the CE (20) or with a semioxidized polymer included in
a small-area WE and driven with a large-area CE (10). The net accumulation or depletion of electronic charges within the volume of the
polymer film at the WE must here equal the amount of charge stored
within the double-layer capacitor residing along the area of the CE.
The CE capacitor includes the surface charges accumulated along
the CE metal electrode and the inner and outer Helmholtz plane
together with the diffuse layer.
Here, we demonstrate yet another CE concept for polymer electrochemical devices, which does not rely on charge transfer but still allows
us to introduce desired threshold voltage characteristics and bistability
in the resulting I-V performance (Fig. 1D) while keeping the conducting
polymer in its high conducting state. We explore a CE configuration
that consists of a metallic electrode functionalized with a polymer
ferroelectric thin-film layer (25). In our case, we chose thin films of
poly(vinylidenefluoride-co-trifluoroethylene) [P(VDF-TrFE)] in contact with a metal electrode. In ferroelectric materials, the spontaneous
electric polarization, which can reversibly be switched back and forth
as the coercive field is overcome, originates from densely packed and
large electric dipoles that are strongly coupled to the polymer material
lattice. Ferroelectric polymers have been used in solid-state devices and
circuits to introduce addressability and voltage thresholds (11, 26). Because the surface density of dipoles in a ferroelectric material is roughly
the same as the density of ions of the inner Helmholtz layer, we are
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Fig. 1. Operation mode of electrochemical devices. (A) Electron transfer between the CE and the reactants in the electrolyte. (B) Both the WE and the CE include
electrochemically active solids. (C) No electron transfer, but charges accumulate at the CE as an EDL, and its capacitance is large enough to fully compensate the charge
introduced in the polymer film at the WE. (D) The CE consists of a metallic electrode functionalized with a polymer ferroelectric thin-film layer. (E) Semiconductorconductor transition in organic redox polymers showing both nonlinearity and bistability in the I-V characteristics, as typically observed in cyclic voltammetry. CB,
conduction band; VB, valence band.
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encouraged to investigate whether a CE coated with a ferroelectric
thin film can be used to perform redox switching of the bulk of
electrochemical polymer WEs. We apply ferroelectric CEs in electrochromic display cells and circuits and as the gate in electrochemical
transistors to introduce desired control in device performance, threshold
voltages, and memory functionality.

RESULTS

The molecular structure of PEDOT:PSS is shown in Fig. 1A. In an
electrochemical cell, PEDOT:PSS can be switched to its deep blue,
semiconducting neutral state, in accordance with the following (Eq. 1)
PEDOTþ : PSS þ M þ þ e ⇄ PEDOT0 þ M þ : PSS

ð1Þ

where M+ denotes the positively charged ion and e− denotes the electron. Hence, the change in electrical conductivity upon electrochemical
switching can be exploited in OECTs, whereas the modulation in
optical absorption is used in OECDs. Nevertheless, when PEDOT:PSS
is used as both the WE and the CE in electrochemical cells (that is,
a pixel; Fig. 2B), in contact with a common electrolyte, the degree of
ion exchange and charge compensation as well as the pixel coloration
occur linearly throughout the whole addressing potential bias window
because of the typical capacitive charging behavior of PEDOT:PSS (Fig.
2C). The typical I-V characteristics of a pixel are thus governed by the
capacitive charging and discharging of the electrodes with a consequent lack of any threshold, bistability, or rectification behavior that
would allow for passive matrix addressing or memory functionality
(Fig. 2C). The typical bulk charge density of the PEDOT:PSS film with
a thickness of d = 100 to 200 nm is about 100 to 300 mC cm−2, which
corresponds to a total amount of stored bulk charges QPEDOT of about
0.3 to 0.8 mC, considering a pixel area of 0.0025 cm2 (Fig. 2D).
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Fig. 2. Electrical characteristics of PEDOT:PSS. (A) Chemical structure of PEDOT:PSS. (B) Schematic of a symmetric PEDOT:PSS/electrolyte/PEDOT:PSS. (C) Typical I-V
characteristics of a device at 0.4 V s−1. (D) Reduction of pristine PEDOT:PSS electrodes at −0.8 V.
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The ferroelectric fluorinated polymer P(VDF-TrFE) (Fig. 3A) can
maintain an electric polarization state in the absence of an externally
applied electric field. The polarization state and the resulting surface
charge density originate from a bistable, switchable dipole moment,
maintained across the ferroelectric crystalline domains of the material
(fig. S1). Figure 3A shows the typical I-V characteristic for a capacitor
with a 140-nm-thick P(VDF-TrFE) ferroelectric layer. The current
peaks located at around ±10 V are due to the ferroelectric polarization
(coercive field of about 70 MV m−1). The net ferroelectric surface
charge (QPVDF) can be induced to be either positive or negative depending on the direction of the applied polarizing electric field. Dielectric displacement measurements performed at 100-Hz yield a
remnant surface charge, normalized to the device surface area, of about
8 to 10 mC cm−2 (Fig. 3B).
When a ferroelectric P(VDF-TrFE) thin film deposited onto a
bottom metal substrate is used as CE in an OECD structure, a rather
different behavior of the PEDOT pixel I-V characteristics is observed
(Fig. 4). At positive voltage bias, where the pixel switches from the
conducting light blue–colored state to the semiconducting dark blue–
colored state, a fairly small current is observed until the applied potential
reaches the coercive voltage, defined as the minimum voltage bias
required to fully switch the remanent ferroelectric polarization of
dipoles. Because of the high ferroelectric surface charge density, which
is typically on the order of 8 to 10 mC cm−2 for P(VDF-TrFE) films (see
above), an EDL is established at the ferroelectric/electrolyte interface,
whereas the ferroelectric polarization charge is compensated by free
charges at the bottom metal electrode. The polarization switching time
is not limited or affected by the polyelectrolyte interlayer (27). Furthermore, recent studies have shown that dipolar interactions identified as
Coulomb attractions between hydrogen atoms in the PVDF chains and
anions promote switching of ferroelectric polarization (28). In this respect, polyelectrolytes, ionic liquids, and polymer electrolytes containing various kinds of electrolyte components can supply enough of
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Fig. 3. Electrical characteristics of P(VDF-TrFE). (A) Typical I-V characteristics of a Au/P(VDF-TrFE)/Au device. The inset shows the chemical structure of P(VDF-TrFE)
and the device structure. (B) Ferroelectric hysteresis loops of a 140-nm-thick layer using a Sawyer-Tower circuit at a 100-Hz applied voltage frequency.
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Fig. 4. Electrical characteristics of a ferroelectric PEDOT:PSS pixel. (A) Schematic of the ferroelectric PEDOT:PSS pixel and its cross section. (B) Normalized I-V
characteristics of a typical ferro-electrochemical pixel with (black curve) and without (red curve) metal interlayer. (C) Peak voltage as a function of P(VDF-TrFE) film
thickness for ferro-electrochemical pixel with (black dots) and without (red dots) metal interlayer. Open dots refer to a metal/P(VDF-TrFE)/metal capacitor. (D) Optical
images of a printed passive matrix–addressed electrochromic display containing 3 × 3 ferro-electrochemical pixels with metal interlayer. Indices (i to vi) are displayed in
fig. S4 for clarity.

the charges needed for a full compensation of the sheet of ferroelectric
dipoles to stabilize the domains during the switching process. Because
the typical bulk charge density of a 100-nm-thick PEDOT:PSS film is
about 100 to 150 mC cm−2 (that is, total bulk charge QPEDOT of 0.3 to
0.4 mC, considering a pixel area of 0.0025 cm2), a QPEDOT/QPVDF charge
ratio of 1:1 or smaller is thus required to fully switch the PEDOT:PSS
bulk in between the different electronic states given by Eq. 1. When
Fabiano et al., Sci. Adv. 2017; 3 : e1700345
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the ferroelectric polymer is poled by a positive bias voltage applied to
the bottom electrode causing the dipoles to flip, a displacement current is established through the ferroelectric layer, resulting in a rapid
increase of the current level. PEDOTm+ then starts to be chemically
reduced to PEDOTn+ (dark blue state and m > n). The reduction of
PEDOTm+ continues with an increasing current until most, but not all,
of the chain segments turn neutral (PEDOT0). The process saturates at
4 of 8
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demonstrates an OECT, where the conducting PEDOT:PSS polymer
system was printed on a flexible plastic substrate. In typical PEDOTbased OECTs, the drain current decreases with gate voltage (Vg),
consistent with the operation of a p-type depletion-mode transistor
(see Fig. 5A). When a positive bias is applied at the gate, cations from
the electrolyte enter the PEDOT:PSS film and compensate the pendant sulfonate anions along the PSS polyanion. This leads to a decrease of the hole density within the PEDOT phase, because holes
extracted at the drain are not reinjected by the source terminal. This
then results in a decrease of the drain current, with an associated transconductance defined as g = dId/dVg reaching a maximum of about
0.3 mS at Vg ranging from 0.25 to 0.6 V (Fig. 5B). When the ferroelectric
layer is included in the gate configuration, the displacement current of
the ferroelectric layer, provided from switching of ferroelectric dipoles,
dictates the gate current of the resulting OECT. Therefore, the thickness
of the ferroelectric layer determines the coercive voltage and, consequently, the modulation of the current of the channel. Upon varying
the gate voltage, the conductivity of the channel is constant until the
coercive field of the ferroelectric material is reached (see Fig. 5C). As
soon as the coercive voltage is overcome, the dipole displacement current of the ferroelectric flows through the gate. This decreases (high resistive state, low current) or increases (low resistive state, high current)
the number of charge carriers of the PEDOT channel. The accompanying current switching is observed as sharp features in the gate current at
±14 to 18 V [the P(VDF-TrFE) film thickness is ca. 280 nm], and as
steep increase and decrease of the drain current, depending on the
switching direction of the ferroelectric dipoles. Note that the on/off current ratio is dictated by QPVDF (fig. S6), as also shown above for the
coloring of the pixel. The characteristic performance of the OECT,
which includes the ferroelectric layer gate configuration, confirms that
the memory effect is driven by ferroelectric polarization switching,
rather than any charge trapping mechanisms or ion migration in
and through the ferroelectric layer. Hence, the transistor behaves as
a bistable and addressable memory cell element. Accordingly, the
transconductance peaks just at Vg bias levels, where the ferroelectric
layer is being poled, whereas it is negligible at the Vg kept below the
coercive field of the ferroelectric layer (see Fig. 5D). Here, the transconductance value has been normalized considering the drop of
potential over the P(VDF-TrFE) layer. The advantage of our ferroelectric OECTs compared to previously reported organic ferroelectric
field-effect transistors (FeFETs) (33, 34) is that ions in the former interact with the whole volume of the active material, giving rise to lower
impedance and higher transconductance.
We also investigated the transient response and retention time of
the printed ferroelectric OECTs (figs. S7 and S8). The use of P(VDFTrFE)–coated gate electrode does not affect the on-to-off state
transition of the printed OECTs, which is found to be as fast as
~0.02 s. Note that this value is comparable to the on-to-off switching
time of our printed PEDOT:PSS-based OECTs having PEDOT:PSS as
the gate electrode (see fig. S7). On the other hand, the off-to-on state
transition is found to occur within seconds, indicating that the
programming time is primarily determined by the conductance of
the conductor channel, as also observed for unipolar FeFETs (33).
The retention time of the ferroelectric OECT’s on/off states was investigated by measuring the remnant drain current level as a function of
time (fig. S8). Long retention time is distinctive of ferroelectric capacitors and organic FeFETs (33). When PEDOT:PSS is in its high conductive state (on state), the current does not change with time because of the
high air stability of the oxidized PEDOT. However, when PEDOT:PSS
5 of 8
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a voltage of around 11 to 12 V, which corresponds to the expected
coercive voltage for a ferroelectric layer thickness of about 140 nm.
At even higher positive voltages, a permanent decrease in film conductivity is observed; thus, PEDOT is now in its nonconducting neutral
and semiconducting state. The dark blue–colored state of PEDOTn+/0
is maintained until the ferroelectric dipoles are switched back in the
opposite direction upon application of a negative potential to the
bottom electrode (Fig. 4B). To avoid overoxidizing the PEDOT
electrode pixel, it is important that the voltage bias is not swept beyond
the actual switch voltage of the device, that is, beyond −20 V. We note
that, although the maximum current occurs at a bias that corresponds
to the expected coercive field, the current offset appears at a voltage
bias lower than the one expected for the specific ferroelectric thickness.
This may be the result of a non-negligible dielectric displacement current of the insulator that is high enough to reduce PEDOTm+. Although P(VDF-TrFE) films are morphologically smooth after spin
coating, thermal annealing causes crystal growth that increases the
surface roughness (29). The shift of the offsets toward a lower voltage
might thus be due to slow diffusion of ions into these morphologically
distinct voids, which alters the ferroelectric film morphology, leading
to a high leakage current and device failure upon multiple cycles (fig.
S2). Recently developed methodologies for the fabrication of smoother
PVDF films (30) may improve the reliability of ferroelectric devices in
aqueous and electrolytic environments. To avoid or reduce this leakage, we included here a metal interlayer in between the P(VDF-TrFE)
film and the electrolyte. This metal interlayer does not affect the properties of the ferroelectric film, nor the resulting device performance,
but it protects the ferroelectric from any influx of ions (fig. S3). Figure
4B shows the I-V characteristics of the PEDOT:PSS pixel comprising
the metal interlayer. The voltage required to switch the ferroelectric
polarization can be controlled, without any loss of the ferroelectric surface charge density, by increasing/decreasing the ferroelectric layer
thickness. Figure 4C shows the current peak voltage values as a
function of the P(VDF-TrFE) film thickness. A linear correlation is
found regardless of the inclusion of the metal interlayer, with voltage
levels similar to those found in P(VDF-TrFE) capacitor devices (open
symbols). Insertion of the metal interlayer between the P(VDF-TrFE)
layer and the electrolyte prevents ion penetration and thus device failure upon multiple cycles (fig. S3). Figure 4D shows a printed passive
matrix–addressed electrochromic display containing 3 × 3 ferroelectrochemical pixels (movie S1). The well-defined ferroelectric polarization results in a desired I-V threshold (fig. S4) that enables simple
addressability without cross-talk, which promises for high-volume
and low-cost production of flexible displays. The color of the PEDOT:PSS can be controlled by changing the area of the ferroelectricelectrolyte interface (that is, QPVDF; fig. S5). This is qualitatively similar
to controlling the amount of charge injected into the PEDOT layer of a
symmetric PEDOT:PSS/electrolyte/PEDOT:PSS pixel by means of an
applied voltage bias (31).
The hysteretic switching of the electronic states of PEDOT, achieved
using a ferroelectric polymer CE, is also reflected in a threshold
switching of the resistive state. The modulation of the in-plane conductivity is preferably characterized by means of a three-terminal device,
that is, the OECT (32). The operation of a PEDOT-based OECT relies
on the reversible ion exchange and charge compensation switching of
the PEDOT:PSS channel that modulates the electronic conductivity between the source and the drain contact. This doping and dedoping of
PEDOT can result in conductivity changes of several orders of magnitude with consequent modulation of drain-source current (Id). Figure 5
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is in its neutral (reduced) off state, it undergoes oxygen doping upon
exposure to ambient atmosphere because of its strong electron-donor
character. This results in a gradual increase of the electrical conductivity
with time, which hampers long retention. This vulnerability of the reduced PEDOT:PSS to oxidation under ambient conditions can typically
be precluded by operating the devices under inert conditions (for example, encapsulation).

DISCUSSION

Polymer electrochemical devices, in particular those based on PEDOT,
have been extensively explored during the past two decades in existing
and emerging applications. Used as the WE, PEDOT exhibits typical
linear and capacitive current versus voltage characteristics. This device
performance cannot directly be used to achieve memory or address
functionality, which is needed for further integration of the devices
to form circuits. With well over 2000 manuscripts reporting PEDOTbased electrochemical devices, very little efforts have been devoted
to make these devices addressable and to have the necessary bistability characteristics. We demonstrate that ferroelectric polymers such as
P(VDF-TrFE) combined with metals used as the CE can be used to
introduce desired threshold voltage characteristics and bistability
in the I-V performance of the redox polymers while maintaining
the latter in their high conducting state. We include this ferroelectric
CE configuration in OECDs and as the gate electrode in OECTs. In
OECDs, the ferroelectric CE introduces a clear threshold voltage and
desired bistability, thus allowing us to realize passively addressed
display matrices. In OECTs, the ferroelectric CE makes the transconductance peak at two distinctly different gate voltages, depending
on the polarization of the ferroelectric film, thus making the OECT
become an addressable memory element. The concept of combining
redox polymers with ferroelectric-based electrodes is also potentially
very interesting for many other components and circuits. We imagFabiano et al., Sci. Adv. 2017; 3 : e1700345
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ine that this ferro-electrochemical device concept can also be applied
to, for instance, sensors, charge storage systems, logics, multiplexers,
shift registers, and more.

MATERIALS AND METHODS

Fabrication of P(VDF-TrFE) films
The ferroelectric P(VDF-TrFE) 70/30 mol % copolymer, purchased
from Solvay SA, was dissolved in diethyl carbonate at a concentration
of 4 wt % and filtered through a 0.45-mm filter. A gold bottom
electrode was deposited on a Si substrate via thermal evaporation.
The prepared P(VDF-TrFE) solution was spin-coated on the bottom
electrode with a 2000-rpm spin rate for 30 s and annealed in air at 130°C
for 20 min to obtain a 140-nm-thick film. To deposit thicker films, the
spin-coating step was repeated a number of times (according to the
desired thickness). For the devices with the interlayer, an aluminum
top electrode is also deposited via thermal evaporation.
Preparation of PEDOT:PSS pixels
A plastic foil of polyethylene terephthalate (PET) wet-coated with a thin
PEDOT:PSS layer on top was used as a substrate (AGFA-Gevaert Orgacon F-350). The substrate was rinsed in acetone, deionized water, and isopropanol and baked at 110°C for 10 min. Shipley S1805 photoresist was
then spin-coated onto the surface. The substrate was exposed with a mask
aligner (Suss MA/BA6) and developed in Microposit MF-319. After a
baking step at 110°C for 10 min, the pattern was dry-etched using
O2/CF4 plasma. The remaining photoresist was removed with Shipley
1112A, and the substrate was rinsed in acetone and deionized water.
The pixel size was 500 × 500 mm2. The electrolyte Luviquat (purchased
from BASF) was placed on top of the prepared P(VDF-TrFE) film,
and the patterned PEDOT:PSS pixels were laminated on the electrolyte and pressed to obtain a thickness of a few millimeters. TiO2 particles were added to Luviquat to make the electrolyte sufficiently
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opaque and thus to increase the contrast of the display in Fig. 4D. In
the devices with the interlayer, a layer of aluminum was deposited by
thermal evaporation on top of the P(VDF-TrFE) film before the electrolyte was applied.

Materials and device characterization
Atomic force microscopy (Dimension Icon) was performed in tapping
mode using a silicon cantilever having a spring constant of 40 N/m.
The charge displacement measurements were performed using a
Sawyer-Tower circuit with an Agilent function generator connected
to the input and the oscilloscope recording the output. The other
electrical characteristics of the devices are measured using a semiconductor parameter analyzer (Keithley 4200-SCS).
For recording the electrochromism of the PEDOT:PSS pixels, a
video was captured using a Nikon SMZ1500 via a microscope while the
input voltage was applied to the pixels by the parameter analyzer. The
images were extracted from the video and enhanced using a MATLAB
code to clarify the contrast between the on and off pixels.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/6/e1700345/DC1
fig. S1. Morphology characterization of P(VDF-TrFE) films.
fig. S2. Morphology characterization and stability test of P(VDF-TrFE) without metal interlayer.
fig. S3. Morphology characterization and stability test of P(VDF-TrFE) with metal interlayer.
fig. S4. I-V characteristic of the ferro-electrochemical pixel reported in Fig. 4D.
fig. S5. Optical images of printed electrochromic displays and grayscale pixel intensity
distribution analysis.
fig. S6. Transfer characteristics of a ferroelectric OECT with QPVDF 2/3 of QPEDOT.
fig. S7. Transient response of ferroelectric PEDOT:PSS-based OECTs.
fig. S8. Data retention time of ferroelectric PEDOT:PSS-based OECTs.
movie S1. Printed passive matrix–addressed electrochromic displays.
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