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Abstract
During the last decades, tremendous efforts have been carried out to develop flexible electronics for a
vast array of applications. Among all different applications investigated in this area,flexible displays
have gained significant attention, being a vital part of large-area devices, portable systems and
electronic labels etc electrophoretic (EP) ink displays have outstanding properties such as a superior
optical switch contrast and lowpower consumption, besides being compatible withflexible
electronics. However, the EP ink technology requires an activematrix-addressing scheme to enable
exclusive addressing of individual pixels. EP ink pixels cannot be incorporated in low cost and easily
manufactured passivematrix circuits due to the lack of threshold voltage and nonlinearity, necessities
to provide addressability. Here, we suggest a simplemethod to introduce nonlinearity and threshold
voltage in EP ink display cells in order tomake thempassively addressable. Ourmethod exploits the
nonlinearity of an organic ferroelectric capacitor that introduces passive addressability in display cells.
The organic ferroelectricmaterial poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) is
here chosen because of its simplemanufacturing protocol and good polarizability.We demonstrate
that a nonlinear EP cell with bistable states can be produced by depositing a P(VDF-TrFE) film on the
bottom electrode of the display cell. The P(VDF-TrFE) capacitor and the EP ink cell are separately
characterized in order tomatch the surface charge at their respective interfaces and to achieve and
optimize bistable operation of display pixels.

1. Introduction

With an increasing demand for thin, flexible, light-
weight electronics on the market, a major research
effort is directed towards developing flexible displays
that run at low power consumption protocols and are
possible to produce using a simple and low-cost
fabrication process [1–7]. Electrophoretic (EP) inks
have been considered as one of the candidates for such
applications due to their ability to be integrated with
flexible electronics, superior optical properties and
low power consumption when incorporated in EP
image displays (EPIDs) [8–10]. The EP ink technology
consists of colored charged particles in an inert media
that is encapsulated between a rear and a transparent

top electrode. Upon applying voltage to the electrodes,
the charged particles migrate, according to electro-
phoresis, towards the electrode with the opposite
polarity causing the cell to adopt the color of the
particles that accumulate along the transparent top
electrode.

A display device consists of individual pixels that
are exclusively addressable to enable updating of the
image to be displayed. Commonly, matrix addressing
is utilized, which is a technology concept that includes
pixels that are arranged in a 2D cross-point matrix.
Individual pixels are addressed via row and column
lines. There are two main approaches for matrix
addressing: active matrix (AM) and passive matrix
(PM) addressing. AM addressing is a mature
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technology that has been used for displays since the
first liquid crystal displays were introduced to themar-
ket [11]. In an AM display, an active element i.e. a thin
film transistor (TFT) is used as a switch in each pixel.
PM addressing has a simpler architecture as compared
to the AM; the crossing between a row electrode and a
column electrode together with the characteristics of
the pixel device is utilized to achieve addressability.
Since PM does not require any active addressing cir-
cuitry in each pixel, it is tempting to consider PM
addressing before AMditto, since a PM addressing cir-
cuit is relatively much simpler and enables a fabrica-
tion protocol of lower cost. However, addressability in
a PM scheme requires pixels with a current–voltage
and switching characteristic that is strongly nonlinear.

Several approaches have been demonstrated for
AM addressing of EPIDs among which the technolo-
gies based on organic materials are promising due to
their compatibility with flexible and printed electro-
nics [12–16]. PM addressing has been used for display
technologies that are based on pixel elements that have
some intrinsic nonlinearity such as light emitting
diodes (LEDs) and ferroelectric liquid crystals. How-
ever, very few approaches have been reported on uti-
lizing PM addressing in EPIDs [17–19]. In general, it is
believed that since EPID pixels do not exhibit an
inherent current–voltage threshold they are not good
candidates for PM addressing. A possible solution
would be to use a nonlinear element in combination
with the linear EPID pixel in order to introduce the
desired threshold characteristics in the current–volt-
age characteristics of the pixels. Lilja et al have used
two diodes to add nonlinearity in EPIDs, introducing
an extra layer of complexity to the system [19]. Here,
we report a simple approach to implement nonlinear
I–V characteristics in IPED pixels using a thin film of
an organic ferroelectric polymer.

Ferroelectric polymers belong to a class of materi-
als with permanent electrical dipoles that can gain a
stable polarization by applying an electric field. Ferro-
electrics are used in a variety of applications including
sensors, microsystems, memories and high frequency
electrical components [20, 21]. Work on organic fer-
roelectrics and their applications started in the 1980s;
however, only in the past few years researchers boos-
ted investigating organic ferroelectrics mainly as a
solution for downscaling problem of conventional
electronic memories [22–24]. Among the ferroelectric
polymers, poly(vinylidene fluoride) (PVDF) and its
copolymers with the trifluoroethylene (TrFE) moiety
have been the center of interest for many research stu-
dies [25]. This is due to the particular properties of
poly(vinylidene fluoride-co-trifluoroethylene) (P
(VDF-TrFE)) including simple, low temperature and
solution-based processing and stability beside the gen-
eral advantages of organic materials such as being flex-
ible and feasible for large scale manufacturing [24, 25].
P(VDF-TrFE) has been incorporated in ferroelectric
capacitors [26, 27], TFT [28–30] and diodes [31]

intended for energy storage and memory applications
and in switching units for passive driving of an organic
LEDmatrix [32, 33].

In this work, we show that by connecting a P(VDF-
TrFE) capacitor to one of the EPID cell electrodes a
threshold voltage can be introduced in the EPID cell
current–voltage characteristicsmaking the cell addres-
sable in a PM configuration. In order to obtain bist-
ability in a ferroelectric capacitor, sufficient charge
must be provided at the film interface to compensate
for the polarization charge along the surface of the fer-
roelectric [34]. If the layer adjacent to the capacitance,
in our case the EP ink, does not provide the compensa-
tion charge, the ferroelectric cannot completely polar-
ize. Depending on the ability of the adjacent layer to
provide positive and/or negative charges on the sur-
face, one or both of the polarization states can be
instable. The surface charge in an EP cell can be char-
acterized by measuring the double layer capacitance
formed on the cell electrodes. With this capacitance
value at hand, the surface area ratio between the ferro-
electric and the EP cell can be adjusted to balance the
surface charges along the two interfaces, which
encompasses the EP dispersion layer. Here, we have
used impedance spectroscopy to measure the double
layer capacitance on the EP cell electrodes to estimate
the proper surface area ratio. The results from impe-
dance spectroscopy measurement reflects the impe-
dance of the whole cell that is a combination of
different impedance contributions, such as the ink
resistivity and the contact resistance besides the dou-
ble layer capacitances. Therefore, an appropriate elec-
trical equivalent circuit is chosen for the cell and the
impedance spectroscopy data is analyzed to identify
the impedance of the individual circuit components.
We demonstrate that with a proper choice of the sur-
face area ratio, a cell with bistable electrical character-
istics can be obtained. To the best of our knowledge
this is the first time nonlinearity is introduced to an
EPID cell using a ferroelectric capacitance and also the
first time bistable switching of the ferroelectric layer
using an EP dispersion is demonstrated.

2.Method

The synthesis of the macroinitiator PLA23-SG1 is
inspired by the work from Charbonnier et al [35].
TiO2@SiO2 core–shell particles are synthesized fol-
lowing the Stöber process. Silanization of the
TiO2@SiO2 particles surface is performed with OTS
coupling agents leading to TiO2@SiO2-OTS [36].
Poly(AA-co-LA23), a macroinitiator and acrylic acid
(AA, purchased from Sigma Aldrich) are then poly-
merized via dispersion polymerization in Isopar G in
presence of TiO2@SiO2-OTS leading to the creation of
hybrid core–shell particles. Dispersion polymerization
in Isopar G involves the following steps:
TiO2@SiO2-OTS is dispersed in Isoparaffin G in a
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round bottom flask, then AA and macroinitiator is
solubilized. This solution is degassed by nitrogen
bubbling for 1 h. After oxygen removal, the solution is
heated at 120 °C under magnetic stirring (375 rpm)
for 15 h. Once the reaction is complete, the particle
dispersion is cooled down and purified by 3 cycles of
centrifugation and re-dispersion in Isoparaffin G to
remove the residualmonomers.

Hybrid particles are charged using tridodecyla-
mine, a basic charge control agent, leading to nega-
tively charged particles with tridodecylamonium
counter cations [37]. For the electrophoretic display
application 8.8 wt% of PEDG5 particles and 0.13 wt%
blue dye oil are mixed into Isopar G solutions to
obtain an electrophoretic inkwithwhite/blue states.

For preparing the electrophoretic display cell first
a 50 μm Kapton spacer is placed on top of an ITO
coated glass bottom electrode and another ITO coated
glass is glued on top of the spacer using a Bondic UV
curable welder. Then the ink is injected between the
electrodes and the cell is sealed using the same welder.
An Alpha High Resolution Dielectric Analyze poten-
tiostat is used to conduct the electrochemical impe-
dance spectroscopy and the voltage–current
measurements are performed using a Keithley 4200-
SCS sourcemeter.

The preparation of the ferroelectric capacitors
starts with dissolving the P(VDF-TrFE) 70/30 mol %
copolymer, purchased from Solvay SA, in diethyl car-
bonate (DEC) at a concentration of 4 wt%. The solu-
tion is then filtered through a 0.45 μm filter. Gold
bottom electrodes are deposited on Si substrate via
thermal evaporation. To obtain a 140 nm thick film
the 4 wt% P(VDF-TrFE) in DEC solution is spin
coated on the gold electrodes on Si wafer with 2000
rpm spin rate for 30 s and annealed in 130 °C for
20 min and slowly cooled down to RT. This step is
repeated multiple times to obtain thicker layers of
P(VDF-TrFE). An aluminum top electrode is then
deposited via thermal evaporation.

3. Results

3.1. Characterization andmodeling of the ink
The EP ink used in this work comprises white
negatively charged particles in a blue dyed Isopar G
media. The schematic cross section of an EPID pixel is
shown in figure 1(a). The ink is encapsulated between
two ITO coated glass electrodes separated with a
spacer. When a positive voltage is applied to the top
electrode, the negatively charged white particles accu-
mulate along the top electrode causing the pixel to
display the white color state. Conversely, when a
voltage with opposite polarity is applied the particles
migrate towards the bottom electrode making the
pixel display the blue color originating from themedia.
To record the color switching of the cell the measure-
ment setup illustrated in figure 1(b) is used. In this

setup, a red laser beam is pointed at the top ITO coated
glass electrode of the cell. The beam is reflected by the
surface of the electrode and then recorded by a
photodiode. The changes of the current of the photo-
diode therefore corresponds to the reflective changes
of the display pixel color [38]. The measurement is
performed in a dark box to avoid any external optical
noise. Figure 1(c) shows the cell current and color
while a voltage pulse train is applied. The zero point on
the color axis represents the color white and one
represents blue state of the display cell. The white
particles tend to sink down with time, therefore the
color of the cell in the neutral state (i.e. 0 V bias) lies
closer to the blue state rather than white. The cell has a
capacitive response as indicated by the current and
voltage profiles versus time. As can be seen in
figure 1(c), with a voltage pulse with an amplitude of
5 V or above, the cell color can be completely switched
between two stable states.

Impedance spectroscopy is conducted on a 50 μm
thick EP cell with 0.3 cm2 surface area, over the fre-
quency range from 1 to 106 Hz (figure 2). The impe-
dance of the cell reveals the electrical characteristics of
the different cell components (i.e. electrodes, ink, con-
nections etc) and the interaction between them upon
application of an electric field. These characteristics
and interactions can be modeled using an appropriate
electrical equivalent circuit. Assuming a condition
where there is no electrochemistry at the cell electro-
des, the charges and the charged particles start moving
towards the electrodes as the field is applied. This drift
of charges can be assigned to a resistance in the equiva-
lent circuit (Rf). As the charges reach the electrodes,
they start forming a double layer capacitance on the
electrodes that is modeled with a capacitor (Cdl) in ser-
ies with the cell resistance in the equivalent circuit.
Another parameter that should be considered is the
parallel plate capacitance between the cell electrodes,
which can bemodeled by a capacitance (Cg) in parallel
with Rf and Cdl. The connections to the cell for the
measurement also add a small contact resistance (Rs)
that is configured in series with the cell impedance.
The equivalent circuit composed of the described four
parameters is illustrated in the inset of figure 2(a). A
similar approach to what Yezer et al have suggested is
taken to extract the values of the model parameters
from the impedance spectroscopy data [39]. The
values of Cdl, Rf, Cg and Rs are estimated to be 20 nF,
1.8×108 Ω, 0.5 nF and 400 Ω respectively for a cell
with 50 μm thickness and 0.3 cm2 surface area. The
simulation results of the model show a good match
with the experimental data as shown infigure 2.

3.2. Characterization of the P(VDF-TrFE) capacitor
P(VDF-TrFE) (see the inset of figure 3) is the most
commonly used organic ferroelectric material with a
typical remnant polarization of about 10 μC cm−2

[40, 41]. In order to polarize a P(VDF-TrFE) film an
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electricfield should be applied across it. Theminimum
electric field needed for the polarization of the P(VDF-
TrFE) is called the coercive field. When the electric
field applied across the P(VDF-TrFE) film, increases
from zero, the electric dipoles start to align with the
field. Close to the coercive field the polarization of the
dipoles results in an electric current across the film
which peaks at the coercive field and decreases to zero
after all the dipoles are aligned. To estimate the
coercive field, ferroelectric capacitors with different
thicknesses are fabricated and the polarization voltage

ismeasured. Figure 3(a) shows the polarization voltage
of ferroelectric capacitors versus thickness. The coer-
cive field is calculated from the slope of the line to be
approximately 91MVm−1 which is in good agree-
ment with previously reported values [40]. The I–V
characteristics of a P(VDF-TrFE) capacitor with an Au
electrode and an Al electrode sandwiching a
280 nm thick polymer ferroelectric layer is shown in
figure 3(b).

Figure 1. (a) Schematic structure of the EP cell. (b)Measurement setup used to record the color of the cell. (c)The current, the applied
voltage and the color of the cell plotted versus time (in the color axis zero corresponds to the blue state and one corresponds to the
white state of the cell).

Figure 2. (a)TheNyquist plot of the cell impedance (circles) and themodel (solid line). The inset of the left side image shows the
electrical equivalent circuit used tomodel the cell. (b)The amplitude and phase of the cell impedance (circles) and themodel (solid
line).
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3.3. The integrated device
As discussed before, an electrophoretic display has a
linear capacitive current–voltage relation and the
voltage needed for switching of the color depends on
the cell thickness. A nonlinear element is needed to
provide a threshold voltage of the cell. Here the
ferroelectric capacitor is used as a passive nonlinear
element to set the threshold voltage for switching of
the display color. The structure of the display cell
integrated with the ferroelectric capacitance is sche-
matically shown in figure 4(a1). However, for all of the
measurements and characterizations, the setup in
figure 4(a2) is actually used. This configuration is in
fact the exact equivalent of the integrated cell.

In order to switch the polarization of the ferro-
electric capacitor an equal amount of compensation
charge should be available on the electrodes otherwise
the ferroelectric layer depolarizes. As shown in
figure 1(c), the color of the EP cell with 50 μm thick-
ness is completely switched at ±5 V. At a steady state
condition, under electric bias, the surface charge on
the electrodes equals the product of C and V, where C

is the sum of Cdl and Cg. For a cell biased at 5 V with
1 cm2 surface area this calculation gives a value about
330 nC. Therefore, in order to provide the compensa-
tion charge for the polarization of the ferroelectric
(10 μC cm−2) the surface area of the EP cell must be at
least 30 times larger than that of the ferroelectric [34].

However, in reality the true equivalent circuit of
the EP cell appears more complicated since the cell
cannot be perfectlymodeled using ideal capacitors and
resistors. Therefore, an optimum surface area ratio for
the actual physical device to work properly might be
larger or smaller than the calculated value. Never-
theless, the calculation can be used as a starting point
to balance the areas of the top transparent electrode
and the area of the ferroelectric device. The calculation
indicates that the surface charge per unit area that the
electrophoretic ink can provide is about two orders of
magnitude less than that of the ferroelectric surface. In
order to find the optimum surface area ratio between
the ferroelectric capacitor and the cell (AFE/AEP), three
different surface area ratios, 1/30, 1/125 and 1/500
were tested. Among these three AFE/AEP ratios, 1/125

Figure 3. (a)The polarization voltage of the P(VDF-TrFE) versus thefilm thickness. The inset shows themolecular structure of
P(VDF-TrFE). (b)The 10 V s−1 I–V curve of a 280 nm P(VDF-TrFE) capacitor in the inset with the coercive voltage of about 16 V.

Figure 4. (a1)The structure of the designed electrophoretic cell integratedwith the ferroelectric capacitor. (a2)The equivalent circuit
of the integrated cell that is used for themeasurements before polarizing. (a3), (a4)Themeasurement circuit when the ferroelectric is
positively and negatively polarized. (b)The current and the color of the device (with a 280 nm thick ferroelectric) versus the applied
voltage (in the color axis zero corresponds to the blue state and one corresponds to thewhite state of the cell). (c)Color and the current
of the setup plotted versus time.
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yields the best result, suggesting a reasonable error in
our calculations. Figure 4(b) shows the current of the
device versus the applied voltage while the display
color is recorded using the setup shown in figure 1(b)
for a ferroelectric capacitance with 1 mm2 surface area
and 280 nm thickness coupled to a display cell with
1.25 cm2 surface area. Starting from 0 V when the fer-
roelectric is not polarized, the current of the device
remains low until the coercive field is reached. As soon
as the voltage drop on the ferroelectric capacitor
reaches the coercive voltage, the ferroelectric is polar-
ized and the charge displacement current flows in the
device allowing the charged particles in the display to
move and change the display color (figure 4 (a3)).
Once the ferroelectric is polarized, the current drops,
and the ferroelectric layer remains polarized until the
coercive voltage with the opposite polarity is applied
(figure 4 (a4)). The color of the display switches simul-
taneously with the current peak in the I–V curve,
which means that the ferroelectric polarizes. The
amplitude of the voltage needed to switch the color of
the electrophoretic cell with the ferroelectric capacitor
(30 V as shown in figure 4(b)) is higher compared to
the cell without the ferroelectric capacitor (5 V as
shown in figure 1(c)). However the switching voltage
of the integrated device ismainly dictated by the thick-
ness of the ferroelectric layer and therefor by lowering
the thickness of the ferroelectric layer lower opera-
tional voltages can be attained.

The capacitance of the P(VDF-TrFE) is field
dependent and has a maximum at the coercive field.
This trend can be observed in the current and voltage
profile of the device in figure 5(a), which shows the
current and the voltage drop on the ferroelectric capa-
citance and the EP cell separately. The current peak is
an identification of the switching of the ferroelectric
polarization. Since the voltage is proportional to the
inverse of the capacitance, a large portion of the input
voltage drops over the ferroelectric capacitance before
and after the polarization when the capacitance is low.
During the polarization, the voltage drop on the EP
cell has a peak and the input voltage is divided almost
equally between the EP cell and the FE capacitor.
Figure 5(b) shows the color of the EP cell when a pulse

train with levels below and above the coercive voltage
is applied. The color of the display remains almost
constant as long as the voltage drop on the ferro-
electric is below the coercive voltage. Once the coer-
cive field is applied the color changes.

In case the surface area ratioAFE/AEP is larger than
the optimum value, the display cannot provide
enough surface charge to compensate for the remnant
polarization of the ferroelectric. To exemplify this, the
electrical and the color profile of an EP cell with
1.25 cm2 surface area connected to a 4 mm2 P(VDF-
TrFE) capacitor (AFE/AEP≈1/30) is shown in figure
S1 is available online at stacks.iop.org/FPE/4/
035004/mmedia. Increasing the surface area of the
ferroelectric cell results in higher ferroelectric capaci-
tance and leakage current. Consequently, the voltage
drop on the EP cell is higher and the leakage current of
the ferroelectric allows the charged particles in the dis-
play to move and the display color switches. However,
the voltage drop on the ferroelectric does not reach the
coercive voltage and the ferroelectric does not
polarize.

A small surface area ratioAFE/AEP, has an opposite
effect in that the ferroelectric capacitance polarizes
completely, but the color of the EP cell does not com-
pletely switch. Figure S2 shows the electrical and the
color profile of an EP cell with 1.25 cm2 surface area
connected to a 0.25 mm2 P(VDF-TrFE) capacitor
(AFE/AEP≈1/500). In this case, there are more than
enough surface charges available in the display to com-
pensate for the remnant polarization of the ferro-
electric. The capacitance and the current leakage of the
ferroelectric are lower resulting in a larger portion of
the input voltage to fall over the ferroelectric. There-
fore, once the coercive field is applied, the ferroelectric
completely polarizes. However, a smaller ferroelectric
surface area results in a smaller charge displacement
current. The current is not high enough to allow all the
charged particles to move to the electrode with oppo-
site polarity and the display cannot switch the color
completely. This effect is clearly illustrated in figure
S2(b) showing the EP cell color versus time when a
voltage sweep is repeatedly applied. The color levels in

Figure 5. (a)The current, input voltage and the voltage drop on the EP cell and on the ferroelectric capacitor versus time. (b)The color
of the cell while the input pulse trainwith amplitudes higher and lower than the coercive voltage of ferroelectric are applied (in the
color axis zero corresponds to the blue state and one corresponds to thewhite state of the cell). The inset shows the two-color states of
the EP cell.
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different cycles are not stable since the current is not
enough to allow all of the charged particles tomove.

4. Conclusion

In summary, we present a simple approach to define a
threshold voltage for an electrophoretic display cell by
depositing a layer of the organic ferroelectric P(VDF-
TrFE) on one of the electrodes of the cell. As a first
step, the electrophoretic ink is characterized using
impedance spectroscopy and modeled with an elec-
trical equivalent circuit to estimate the capacitance
and consequently the surface charge density of the
display cell. The surface area ratio between the ferro-
electric and the display cell is balanced so that the
electrophoretic ink can provide enough surface charge
to polarize the ferroelectric thin film. The ferroelectric
displacement current is just enough for the display to
fully switch the color. We have used the electrical
equivalent of nonlinear EP cell structure to show that a
threshold voltage is added to the I–V characteristic of
the electrophoretic cell by addition of a ferroelectric
layer, meaning that the color of the cell does not
change unless the input voltage overcomes the coer-
cive voltage of the ferroelectric layer. This nonlinearity
in the device characteristics makes the reported device
suitable for passive addressing, which is a simple and
low-cost alternative to the active addressing configura-
tion commonly used for EPIDs.
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