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We present a study of the fundamental electrodynamics of an electronic ink pixel based on frustrated
total internal reflection, which is relevant for the ongoing development of video-speed-capable electronic
ink displays. Devices are fabricated with plane-parallel electrodes covered with a dielectric coating of
the poly(p-xylylene) polymer Parylene C and filled with ink proprietary fluorochemical fluid containing
absorbing particles. Reflectivity measurements of frustrated total internal reflection and transient current
measurements provide information on the concentration of particles near the electrodes, conductivity
of the ink, and screening of the electric field. By comparing the measurements with an electro-optical
model, it is found that the electrical properties of the ink are dominated by positively charged particles
and negative countercharges. Screening of the electric field depends as expected on the dielectric coating
thickness. The observation of an asymmetry in the steady-state gray level response to an applied voltage is
explained by fixed positive charges adsorbed at the interface between the dielectric coating and the disper-
sion. The overall switching dynamics of the device for different voltage sequences is in good agreement

3

with simulations.

DOL: 10.1103/PhysRevApplied.10.034041

I. INTRODUCTION

In recent years there has been a rapid development in
smart portable outdoor-readable devices [1]. Current dis-
play technologies used in these devices suffer from relative
high power consumption and low contrast outdoors. This
has created a demand for full-color video-speed reflec-
tive displays. Introducing video speed to electrophoretic
displays and electrowetting displays is currently under
investigation [1,2].

Most commercially available electrophoretic ink dis-
plays are based on the electrophoretic displacement
of oppositely charged absorbing (black) and scattering
(white) particles over distances of the order of tens or
hundreds of micrometers [3]. The resulting switching fre-
quency is lower than 10 Hz and may be acceptable for
reading, for signage, and other applications with low infor-
mation content, but is too slow to play videos [1]. Elec-
tronic ink displays based on total internal reflection (TIR)
may be the key for realizing fast, video-speed electronic
paper. By adopting the principle of TIR, a highly reflecting
white state can be achieved in the absence of absorb-
ing particles in the evanescent field, while a dark state
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is obtained when absorbing particles are present in the
evanescent field (see Fig. 1). Considering that the evanes-
cent field penetrates only a few hundred nanometers into
the liquid, the distance over which particles have to be
transported is more than 100 times smaller than in con-
ventional electrophoretic displays. As a result, the motion
of two kinds of pigment particles across the whole pixel
thickness in conventional electrophoretic ink displays can
be replaced by moving one type of particle over only hun-
dreds of nanometers near the surface, allowing much faster
switching [4]. In general, such a TIR-based electronic
paper uses absorbing pigment particles in a low refrac-
tive index low dielectric strength liquid, and incorporates
a structured (hemispheres or pyramids) high to low refrac-
tive index substrate-liquid interface to enhance the fraction
of ambient light experiencing TIR [5]. By using a struc-
tured glass-liquid interface, incident light can be reflected
at multiple interfaces before reaching the observer and the
contrast ratio between black and white can be increased.
Switching of electronic ink displays, either conventional
or TIR-based, is based on the field-induced motion of
charged colloidal particles in a nonpolar liquid. Many
physical mechanisms involved in the switching of elec-
tronic ink displays have been investigated over the
last decade [6,7]. The electronic inks usually contain
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FIG. 1. Working principle of an electronic ink display based
on TIR. The liquid (orange) has a lower refractive index than the
glass (blue). The two substrates are covered with an electrode
(black) and dielectric coating (red). When a negative voltage is
applied (white state, left side) there are few particles near the
top substrate and TIR occurs twice. When a positive voltage
is applied (black state, right side) particles are present in the
evanescent field and absorb the incident light.

surfactants and other additives to electrically charge and
stabilize pigment particles. As a side effect of these sur-
factants, other charged species, such as charged inverse
micelles, are introduced which affect the switching dynam-
ics [8,9]. On the topic of charged inverse micelles, many
studies have focused on properties such as concentration
and electrophoretic mobility [10], generation and recombi-
nation [11], interactions with interfaces [12], the influence
of dielectric coatings [13], and steady-state and dynamic
switching regimes [14]. On the topic of charged colloidal
particles in nonpolar liquids, there are many investiga-
tions of the charging mechanisms mediated by charged or
uncharged inverse micelles [15—17] and switching of par-
ticles [18,19]. It should be noted that many of these studies
are performed by measuring individual tracer particles.
Even though there are some accounts of the switching of
actual electronic inks [20], these are mostly experimental
in nature, lacking a more fundamental understanding.

In this paper, we study the electro-optical switching of
an electronic ink pixel based on TIR, with an ink having
a high particle concentration resulting in a high contrast
ratio. Through experiments and simulations the aim is
to achieve a better understanding of the electrical and
optical mechanisms involved in switching. These insights
are valuable for improving contrast, switching speed, and
consistency of gray levels of TIR-based electronic ink dis-
plays and of conventional electrophoretic ink displays. The
motion of the pigment particles and other charged species
in response to a sequence of voltage pulses is investigated
by measuring the electrical current as well as the optical
reflectivity as a function of time. The experimental results
are compared with the results of a numerical electro-optical
simulation program. The analysis shows that the motion
of charged inverse micelles and charged pigment particles
in the bulk can be accurately described by drift and dif-
fusion. The results suggest that the liquid only contains
positively charged pigment particles and negative counter-
charges. We demonstrate that a dielectric coating covering
the electrodes leads to screening of the electric field and

that this mechanism allows to sustain gray levels with low
power consumption. Finally, we show that some charged
species may be adsorbed at the solid-liquid interfaces,
which has a large influence on the switching dynamics and
the gray levels.

In display applications, electrophoretic devices based on
TIR with a wide viewing angle can be achieved with hemi-
spherical surface structures [5]. In this work, in order to
facilitate the analysis, we investigate a planar configura-
tion and use a prism to couple a laser beam into (and out
of) the substrate at a high angle of incidence.

II. MATERIALS AND METHODS

The ink proprietary fluorochemical fluid used in this
study (provided by Merck KGaA) contains absorbing par-
ticles of 195-nm diameter. The refractive index of the
mixture before adding the particles is about 1.3. The col-
loidal dispersion is inserted in a device consisting of two
parallel, indium-tin-oxide (ITO)-coated glass (n = 1.51)
substrates, separated by spherical glass spacers with a
diameter dof 25 um. The ITO electrodes are covered
with a vacuum-deposited dielectric coating of the poly(p-
xylylene) polymer Parylene C with a thickness d,/2 of
either 50 or 200 nm. The overlapping area of the elec-
trodes S is about 6.25 cm?. The device is sealed with UV
curing glue (Norland, NOA 68) to prevent evaporation
during measurements. Transient current measurements are
performed with a Keithley 428 current amplifier while
driving the cell with polarizing voltages (switch on to V)
and voltage steps (switch from Vp to V4). The device
is shielded from external electrical interference in order
to obtain picoampere resolution. TIR measurements are
carried out to investigate the particle density near the
reflecting solid-liquid interface. TIR is achieved by cou-
pling in an expanded laser beam (continuous, CrystaLaser
532 nm) via a 45° glass prism which is in optical contact
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FIG. 2. Setup for measuring the reflectivity of an elec-
trophoretic device under TIR, when a potential difference V4 is
applied. The incident laser beam (532 nm) makes an angle of
10° with the horizontal and is attenuated and expanded to 5 mW
with a I-mm diameter. A 45° prism is in optical contact with the
top glass substrate by immersion oil, allowing incidence at 67°,
above the critical angle of 59° needed for TIR. The intensity of
the reflected beam is measured with a photodetector.
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with the top glass substrate using immersion oil (Nikon,
type A) as illustrated in Fig. 2. The laser power is reduced
to less than 5 mW by a neutral density filter. The angle of
incidence in air is 10° from the horizontal (35° from the
prism normal), while the angle of incidence on the glass-
liquid interface is 67° from the normal, which is above the
critical angle of 59° for TIR. At the detector, the reflected
laser beam has a diameter on the order of one square
millimeter, which overfills the photodiode area (Thorlabs,
DET10A/M) in order to allow reproducible measurements.
Calibration of the data is done by normalization over the
maximum reflectivity acquired in each dataset. Data acqui-
sition for both electrical and reflectivity measurements is
achieved with a NI DAQ device.

III. MEASUREMENTS

A. Transient current measurements

Transient current measurements provide valuable infor-
mation on the transport of charges between the electrodes.
Current measurements are carried out on devices that have
a dielectric coating with a thickness of either 50 or 200 nm
on both ITO electrodes. Prior to each measurement, the
electrodes are short circuited for 500 s to ensure that
all particles have returned to the equilibrium situation.
Then, at =0, the voltage applied across the electrodes is
switched from 0 V to V4,=0.1, 0.2, 0.5, 1, or 2 V. The
resulting transient currents for the coating thicknesses of
50 and 200 nm are shown in Fig. 3(a). Between 0 and
50 ms, the currents are exponentially decreasing, with a
time constant of 47 and 11 ms, respectively, for coat-
ing thicknesses of 50 and 200 nm. Figure 3(b) illustrates
that the time constants t are independent of the applied
voltage. When we neglect the thickness of the insulator,

we can estimate the conductivity of the mixture in equilib-
rium from the initial current using o = I(t = 0 s)d/SV.
As expected, the bulk conductivity is independent of the
applied voltage and the coating thickness with a value of
135 nS/m [see Fig. 3(c)].

B. Reflectivity measurements

Reflectivity measurements based on TIR provide infor-
mation on the particle density in the evanescent field
region extending a few hundred nanometers into the lig-
uid medium. Information is obtained from only one of the
two solid-liquid interfaces, but by applying voltage pulses
with the opposite polarity, complementary information can
be obtained. Typical measurements are based on voltage
sequences between —10 and 10 V. The duration of each
applied voltage is 10 s. It is verified that 10 s per step is
sufficient to achieve quasi-equilibrium in reflectivity, giv-
ing approximately the same results as with 100 s per step.
It is verified as well that no bistability is present, although
the reflectivity variation depends on both the applied volt-
age V, and the preceding quasi-equilibrium state at voltage
Vp. On the other hand, the quasi-equilibrium state only
depends on the applied voltage V4. All measurements are
carried out on the devices with 200- and 50-nm dielectric
coatings. Reflectivity values are normalized to the one for
the brightest white measured in a complete dataset.

Figure 4 shows a series of reflectivity measurements for
a device with 200-nm dielectric coatings on the electrodes.
When switching from Vp = 10 V (dark state, reflectiv-
ity about 0.05) to voltages V4 between 10 V and —10V,
a transition is observed toward a brighter steady state
[Fig. 4(a)]. The transition takes about 50 ms for small volt-
age steps AV =V, — Vp (for example, AV =2V). For
larger voltage steps, the transition becomes faster (e.g.,
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10 ms for AV = 20V). In Fig. 4(b), the device is switched
from the steady-state situation at V4 = —10 V to various
voltages between —10 and 10 V. The initial slope in the
reflectivity vs time before = 20 ms (region I) depends
on the magnitude of the voltage step AV as illustrated in
Fig. 4(d). In region 11, the reflectivity increases again, lead-
ing to a minimum around ¢ = 20 ms, while in region III,
the reflectivity further decreases. Switching from equilib-
rium at Vp = 0 V to various positive and negative voltages
is shown in Fig. 4(c). The equilibrium situation at V', =
0 V is a bright state with 0.93 reflectivity. By applying a
negative voltage the reflectivity increases. The maximum
of reflectivity is reached for V, = —10 V, which is used
as a reference ( reflectivity of 1). Figure 4(e) shows the
steady-state reflectivity obtained after 10 s as a function
of the applied voltage. For V; < 0V, the reflectivity is
about 0.93. Note that the highest reflectivity of 1 shown
in Fig. 4(c) has decreased toward 0.93 in the steady state.
For V, > 0 V, there is a threshold of about 2.5 V above
which the reflectivity decreases to a lower value. Since the
reflectivity is measured at the grounded front side while
the voltage V, is applied at the back, a low reflectivity for
positive voltages indicates that the pigment particles are
positively charged.

These measurements demonstrate the fast switching
capability of a TIR-based electrophoretic display. Figure 4
shows that, depending on the applied voltages, switching
times between different gray levels below 50 ms can be

achieved. By optimization of the ink properties and device
geometry, the switching time can be further reduced. At
the same time, this measurement technique can be used
to study micelle behavior and particle compaction at the
surface for the case of conventional electrophoretic ink
displays.

IV. ELECTRO-OPTICAL MODEL

In order to explain the observed behavior, an electro-
optical model is proposed. Electrically, the region between
the electrodes is modeled by two ideal dielectric layers
of thickness d;/2 and dielectric constant ¢ (see Fig. 5)
and a liquid layer containing charges with thickness d and
dielectric constant e. At the dielectric-liquid interfaces,
fixed surface concentrations Ny, (left) = N,y (right) =N,
of positive charges are present. The ink behaves as an
electrophoretic medium with positively charged pigment
particles and (small) negative countercharges. No other
positive charges than these pigment particles are taken into
account in the liquid. This assumption is evaluated in the
discussion section.

The pigment particles are modeled as spheres with
hydrodynamic radius 7, concentration np(x), elec-
trophoretic mobility p,, diffusion coefficient D,, and
charge per particle Z,e. The countercharges are monova-
lent and have a concentration #_(x), mobility p_, and
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FIG. 5. Device structure showing the parameters used in the
electro-optical model: bulk densities 7, surface densities N,
thicknesses d, fields F, dielectric constants ¢, and voltage V.

diffusion coefficient D_. The effect of gravity on the
particles can be neglected.

Drift and diffusion in the bulk is governed by the
Nernst-Planck equation, leading to a flux W for the coun-
tercharges:

V. =—unkE —D_—. (1)
ox
For the pigment particles, an adapted Nernst-Planck
equation is used to cope with steric hindrance:

V), = fampnpE — Dpa&a (2)
ax

where f is the correction factor to cope with the steric
hindrance. When an electric field accumulates pigment
particles at the interface, a diffuse double layer is formed
because of the equilibrium between drift and diffusion.
However, there is a maximum allowed particle concentra-
tion nm due to steric hindrance and it is determined by
the closest sphere packing. This condition is implemented
analytically in Eq. (2) by reducing the drift by a fac-
tor f¢ = [1 — (n,/nmax)] when the particle concentration
n, is approaching nm.«. When the particle concentration
approaches the maximum value, the influx becomes zero
and further compaction is prohibited. In literature, steric
corrections for ionic transport and micelles are imple-
mented by an additional diffusion term [21]. For the larger
particles we investigate here, the diffusion is smaller and
this approach may lead to numerical instabilities. In our
case, the use of a reduced drift term results in a stable
implementation. Due to the small particle concentration
in the bulk region, the correction factor [1 — (7,/fmax)]
remains close to unity. The transition region between the
(low) bulk concentration and the maximum concentration
is typically less than 40 nm wide. Therefore, we expect
that this model will be a good approximation for the actual
behavior.

The time evolutions of the concentrations of particles
and countercharges in the bulk are determined, respec-
tively, by the continuity equations dn,/dt = —(3dW,/dx)
and on_/0t = —(0W_/dx). The electric field is governed
by the Poisson equation:

0E 0%V p

i 3
9x  Ox2 ggy 3)

where p = eZ,n,(x) — en_(x) and V' is the electric poten-
tial.

The solid-liquid interface is modeled as a blocking
boundary for pigment particles by setting the particle flux
(¥,) zero at the interfaces:

d d

If an electric field is present at the solid-liquid interfaces,
different kinds of interaction between the charges and the
solid surface can occur. Two boundary conditions often
observed in inverse micelle studies are considered here:
adsorption/release and a blocking boundary [12,22]. It can
be mentioned here that both boundary conditions lead to
similar results. For the adsorption/release boundary con-
dition, adsorbed negative countercharges lead to surface
concentrations N;_ and N,_, respectively, at the left and
right solid-liquid interfaces. Next, we focus on the left
interface, but similar equations apply to the right interface.
Adsorption of negative countercharges having concentra-
tion n; near the left solid-liquid interface occurs if the
electric field is positive:

9
S mE+D 2 E <. (5)
0x

The flux related to adsorption can be calculated from
—V_[x = —(d/2)] = (dN,_/dt).

Release of negative countercharges at the left solid-
liquid interface occurs as long as there is charge available
on the surface (V;— > 0). The released charge is deter-
mined such that the field is zero at the interface [12,23]:

E =0,
Ni— > 0. ©)

Only if the reservoir of adsorbed charges is empty (N, =

0) can the field become negative at the left interface:
Nl— = 0, E] < O (7)

For the other case of a blocking boundary condition, the
same boundary condition is used as for the particles in
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Eq. (4), corresponding to the surface being a physical
barrier keeping the charge flux zero.
The total charge should vanish due to neutrality:

/2
/ (Z,n, —n_)dx — Ni— — N,_ + Niy + N,y =0.
—(d/2)
(3

The optical response as obtained by TIR can be analyzed
based on the internal particle distribution. In a simplified
optical model, particles in the evanescent zone absorb light
proportionally to their concentration and to the intensity
of the local electromagnetic radiation. For simplicity we
neglect the fact that the particles have a different refractive
index and that the intensity is modified by the absorbing
particles. We then approximate the reflectivity R by an
overlap integral of the exponentially decaying evanescent
field with depth §., of the order of 100 nm and the normal-
ized particle concentration p(x) = (1, (x)/fimax), assum-
ing that a maximally packed layer perfectly absorbs the
evanescent field:

1
R=1- / (S—e_("/‘s‘*")p(x)dx. )

ev

V. NUMERICAL SIMULATIONS

The system of partial differential equations is solved
for the appropriate interval for x for increasing time z.
Equations. (1)+3) are solved for the bulk region using a
first order discretized drift and diffusion model for positive
particles and negative inverse micelles [24].

The motion of the particles is described by the den-
sity distribution 7,. To cope with a maximal concentration
restriction due to a close packing limit, a reduction of parti-
cle flux is implemented [see Eq. (2)]. For the random close
packing of monodisperse spheres [25], a volume percent
of 64% is used in simulations. The boundary condition
for pigment particles is a blocking condition, meaning that
the total flux by drift and diffusion toward the surface is
zero, without adsorption [Eq. (4)]. As a boundary condi-
tion for the countercharges, both blocking and an adsorp-
tion/release boundary condition have been examined, and
both give satisfying results.

—_
Q0

~—

—_

b)

Physical parameters for the simulation of the ink are the
particle diameter of 195 nm, the effective particle charge
of Z, = 60 (charge 60e per particle), an initial particle
concentration n, of 7.7 x 10'®/m?, the diameter of the
countercharges (inverse micelles) is 7.2 nm, the viscosity
of the solvent is 4.5 mPa s, and the relative dielectric con-
stant of the solvent is 2. Other relevant parameters are the
cell thickness (d = 25 um), dielectric coating thickness
(dy/2 = 200 nm), and dielectric constant of the coating
(¢s = 3). One additional parameter is the fixed charge on
the surfaces of Nye = 166 u C m~2. For the TIR we use
Sev = 100 nm.

Simulation results for the 200-nm dielectric coating
with adsorption/release boundary conditions for negative
charges when switching from 10 V to V, are shown in
Figs. 6 and 7. The time-dependent reflectivity of both
sides of the structure is given as well as the initial field
(t=10"°s), the fieldat = 0.02 s andat?= 0.2 s.

VI. ANALYSIS OF THE SIMULATION RESULTS

The simulations in Fig. 6 show a similar behavior as
that observed in the measurements of Figs. 4(a) and 4(b).
We present here the physical background of the regimes
based on the model and simulation. If possible, we present
simplified analytical solutions for the behavior.

A. Analytical model for steady-state gray levels

From the above equations, an analytical model can be
constructed to examine the electro-optical state in equilib-
rium at an applied voltage V.

When there is no potential difference (V4 = 0 V), neg-
ative charges from the bulk are attracted by the fixed
positive surface charge, accumulate at both interfaces until
the positive surface charge is fully compensated (N, =
Ni— =N,y = Ny), and the pigment particles and the
remaining negative charges are homogeneously distributed
in the bulk.

When a small positive voltage is applied, negative sur-
face charges are released from the left side leaving behind
a positively charged interface, while at the right interface,
negative charges from the bulk are adsorbed. This process
stops when a charge O = gp&,V4S/d; has been transferred

AN FIG. 6. Simulated reflectivity
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FIG. 7. Simulated electric field £(x) of a cell with a 200-nm dielectric coating and adsorption/release boundary condition, switching

from —10 V to V in steps of 2 V, at = 10~
surface fields above.

from the left to the right interface, because then the com-
plete applied voltage drops across the two dielectric layers
and the bulk field becomes zero again.

For a sufficiently large positive voltage, all negative
charges are released. This occurs at the threshold voltage
Vthresh-

N +€

E0Es

Vinresh = ds~ (10)
When the voltage is increased above Viyesh, We obtain in
good approximation a layer of compacted particles with
thickness P and homogeneous charge density at the left
interface as shown in Fig. 8. The variation in the electric
field in Fig. 8 is similar to the result of the numerical sim-
ulation in Fig. 7. In steady state, the thickness P is related
to the applied voltage by

Z P?
Eydy + 25 (11)
2e0€

where E; is the electric field in the insulating layers given
by
ZpenmaxP  Nye

E = — e (12)
E0&s E0&y

In this analytic model, the particle concentration is 7,y
(compacted) in the region with thickness P, and equal to
po elsewhere (noncompacted), with py depending on the
initial concentration n,(ini) at 0 V and the layer thick-
ness P: pg = [(n, (ini) /nma)d — P]/(d — P). Note that P
for V4 > Vipresh can be found with Eq. (11), and P =0
for —Vinesh < Va4 < Vinresh and P for Vy < —Vipresh can
be calculated with Eq. (11) based on symmetry. The opti-
cal response is found by the approximated model, Eq. (9).

65 (left), t = 0.02 s (middle), and ¢ = 0.2 s right. Bulk electric fields are shown below,

This results in steady-state gray levels above the threshold
voltage:

N_e
R = e—(P/(?ev) _poe—(P/(Sev) (V > Vinresh = + ds) ,
€0y
13)

Nie
R=1—p, (V<I/}hresh: + ds). (14)
E0Es

Since py is at most only a few percent, the optical response
below the threshold, see Eq. (14), is close to the maximum
reflectivity.

B. Region I

Now we investigate the dynamics in region I of
Figs. 4(b) and 6(b). Here the starting situation is the steady
state for a negative voltage Vp < —Viesn (bright state)
which is the mirror situation of Fig. 8. At r=0 s, the
voltage is switched to a voltage V4 > Vp and the electric
field in the bulk increases by approximately (V4 — Vp)/d
(Fig. 7). As a result, the particles in the bulk move to the
left interface and their concentration near the left inter-
face is approximately proportional with time and with
(V4 — Vp)/d. This explains the linear decrease (propor-
tional with V4, — Vp) in reflectivity in Fig. 6 (right) and in
Fig. 4(d). Note that this indicates that there are many posi-
tively charged particles in the bulk and that the field in the
bulk in steady state is zero (otherwise it would take much
more time before particles could reach the left interface).
The simulation indicates that the accumulated particles are
not forming a compact layer close to the surface. This is
because negative countercharges are released from the left
interface and keep the field close to zero. Depending on
the actually applied voltage (V), the number of particles
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accumulating at the optical interface will either be reduced
again (region II) or will increase again (region III).

C. Region 11

When the applied voltage ¥, has a negative ampli-
tude, we know that the positive particles cannot remain
in a double layer near the left interface in steady state.
The simulation indicates that the positive particles near
the left interface (attract and) promote the release of
negative countercharges adsorbed at that interface. Then
these charges diffuse together away from the left interface.
The time-dependent reflectivity shows a dip in reflectivity
around the screening time ¢ = 20 ms.

D. Region III

Region III is characterized by a switch to a gray or black
state after the screening time. In particular, for V, = 4 V
in Fig. 4(b), it can be noticed that first the reflectivity
increases until after a delay (1050 ms) when a sudden
switch occurs to a gray or dark steady-state value. This
observation indicates that two different mechanisms are
at work simultaneously. The first mechanism is similar to
that described for region II. The second mechanism is trig-
gered by the depletion of the reservoir of adsorbed negative
charges at the left interface, resulting in a negative electric
field near that electrode and the compaction of particles.

E. Current measurements

The current measurements of Fig. 3 when the volt-
age is switched from 0 V to V, are characterized by an

n
p P.d—p
'm.ax
p pO - d P
x
: 0 4 4}
Ela y Z 2. 4x
0E  nNpaxeZp
0 =- 0x &€ -
Epfs
&eEEy —g&sEg = Nye
v E
FIG. 8. Analytic model for the particle and field distribution in

steady state for V4 > Vinresn. The positive surface charge results
in a jump in the electric field at the left due to N, e and at the right
due to adsorbed countercharges N,_e and fixed surface charges
Nye. Particles are compacted (p = 1) at the left side giving
rise to a linear increase in the electric field. The charge of the
noncompacted particles (p = pg) in the bulk is compensated by
countercharges (not shown) giving a constant and zero electric
field.

initial exponential decay. The exponential decay corre-
sponds to the charging of a capacitor C (the two dielectric
coatings) in series with a resistor R (the liquid) with
time constant T = RC. We found that for the bulk con-
ductivity o = (lyd/V4S) = 135 nS/m and resistance R =
(V4/ly) =3 x 10° Q. Using the theoretical value for C =
(65808/dy) (e, =3, S = 6.25 cm?), we find decay con-
stants of 50 and 12 ms for coating thicknesses, respec-
tively, of 50 and 200 nm, corresponding well to the
measured values (47 and 11 ms).

The former approximation is valid as long as only a frac-
tion of all bulk charges needs to be displaced toward the
interfaces in order to achieve screening. This is satisfied if
the charge required for screening Oy is much smaller than
the bulk charge Qpuik:

5
Qscr =CV= fo®

V < Qbuk- (15)

S

An estimation for the total bulk charge Qpuik is given by
Owuk = npZyeSd + n_eSd,

and results with the given parameters in Qpux = 2 #C (in
the measurements of Fig. 3, Qg is at least a factor of 5
smaller than Q). For voltages higher than 10 V and
coating thicknesses smaller than 50 nm, full charge sep-
aration can occur, and a different model is required such as
that developed by Verschueren et al. [26].

The optical response in Fig. 4(a) starts with a normalized
reflectivity of 0.93, corresponding to a high reflectivity at
Vp = —10 V. A voltage Viyesh = 3V is separating regions
IT and I1I as visualized in Fig. 4(a). Steady-state gray levels
are observed between 0.93 (bright) and 0.05 (dark) as visu-
alized in Fig. 4(e). For a negative voltage jump (V4 < Vp),
visualized in Figs. 4(b) and 4(c), a smooth transition to an
even brighter state is observed due to the drift of particles
out of the optical zone, then the reflectivity reduces again
because particles diffuse back into the zero field [Fig. 4(e)].

VII. DISCUSSION

In this section, we discuss what we can conclude from
the relatively good agreement between the experimental
results and the simulation results of our model.

A. Surface charge

The good agreement between measurements and simu-
lations provides strong evidence that there is a fixed, pos-
itive surface charge present at the interfaces, which may
be compensated by negative charges that may be adsorbed
(but can be released) at that interface. On the other hand,
the precise nature of these charges still remains unclear.
Surface charging is a common mechanism in nonpolar
liquids with surfactants. For example, colloidal particles
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acquire electrical charge on their surfaces depending on
the type and concentration of surfactant additives. It is
still unsure if the surface charges of these colloidal par-
ticles are the result of the dissociation of a surface ion or
the adhesion of a charged micelle, nor is it fully under-
stood which factor determines the amount and polarization
[27-29]. Tests of substrates covered with other dielectrics
show different switching behaviors and different thresh-
old voltages, suggesting that the surface material plays
an important role. The positive charge at both interfaces
is observed to be stable over a timescale of minutes, but
may gradually change over the course of days. We have
observed that the change is faster at elevated temperatures
(T'= 170 °C).

B. Charges in the bulk

Pure nonpolar solvents are unable to dissolve typical
molecular ions due to their small size (< 1 nm) compared
to the large Bjerrum length of approximately 28 nm. When
a surfactant is added, inverse micelles, which are much
larger, may form. Based on their size compared to the
Bjerrum length, a fraction of these inverse micelles will
be charged [22]. In our simulations, we assume a fixed
number of negatively charged inverse micelles with charge
+ e and diameter 7.2 nm that are subject to drift and diffu-
sion and may be adsorbed and released from the interfaces.
Uncharged inverse micelles are not taken into account in
our model. Note that a good agreement between measure-
ments and simulations is obtained by assuming that there
are no mobile positive inverse micelles. Such a lack of
positive micelles in the device may be related to the large
amount of positive charge that is present on the particles
and on the interfaces of the dielectric coatings and/or to the
probability of recombination with the large concentration
of negative inverse micelles. However, simulation results
suggest that low concentrations of positive micelles could
be present in some cases. If a fraction of the total charge up
to a few percent is in the form of positively charged inverse
micelles, the simulation results in the case of blocking
boundary conditions still fit well with the measurements.
However, if the amount of charge represented in positive
micelles is above a few percent of the total charge, the sim-
ulation results significantly deviate from the measurements
since simulated gray levels start to fade away in steady
state due to screening of the electric field by these positive
micelles. In the case of an adsorption and release boundary
condition, even with very small concentrations of posi-
tively charged micelles, the simulated gray levels start to
fade away. Based on these observations and for simplicity,
positive micelles are ignored in the proposed model.

C. Boundary condition for countercharges

Two kinds of boundary conditions for the negative
inverse micelles are compared by numerical simulation:

the boundary condition of adsorption and release [12]
(where the inverse micelles stick to the surface when
they touch it and are released when the field is zero)
and the blocking boundary condition [30] (where the
inverse micelles form a diffuse double layer or Debye
layer with thickness App = /(g80kpT/2¢*n_) ~ 100 nm
near the interface when the electric field is directed from
the liquid to the solid). There is a subtle but important dif-
ference in the location of the negative charges in steady
state between the two kinds of boundary conditions. In
the case of an adsorbed layer of negative charge, the elec-
tric field in the bulk remains zero up to the solid-liquid
interface. In the case of a diffuse double layer, the electric
field in the double layer is pointing toward the interface
and this keeps the positively charged pigment particles
away from the interface. Because the Debye length is
similar in length to the penetration depth of the evanes-
cent field, we would in this case expect a nearly white
reflectance. This does not correspond to the observations,
and therefore, we prefer the adsorption/release boundary
condition.

D. Approximations

In our model, we have neglected leakage current through
the dielectric layers and micelle generation. In measure-
ments, we see a non-negligible steady-state current though
it is at least 100 times lower than the initial current. This
current may be related to the observed slow drift of the
threshold voltage.

Our optical model for reduction of the reflectiv-
ity does not take into account the refractive index of
the particles or scattering. Nevertheless we think the
present model describes the most important mechanism of
absorption.

In the simulation, the particles are modeled as point
charges with a maximal concentration instead of particles
with a volume and charge distributed over it. Improving
this model might lead to small corrections, but we think
that the current model is able to explain the most important
features in the measurements.

VIII. CONCLUSION

In this paper, we present dynamic electrical and optical
measurements for an electrophoretic ink between two par-
allel electrodes coated with the poly(p-xylylene) polymer
Parylene C, observed under TIR. The electrical measure-
ments show that the device behaves as an RC circuit at
low voltages, which can be understood from the con-
ductive bulk liquid that is in series with the capacitive
coating. The amount of charge inside the cell is suffi-
cient to screen the electric field in the bulk of the liquid
in steady state. The optical measurements provide insight
into the particle concentration near the reflecting inter-
face. Different regimes are observed in the dynamics of
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reflectivity when switching from one voltage to another,
and in steady state a threshold voltage for gray levels is
observed.

Based on the observations, an electro-optical model is
presented based on positively charged pigment particles,
negative countercharges, and positive surface charge fixed
at the solid-liquid interface. The combined effect of drift
and diffusion, adsorption and release of charges at the inter-
faces, and the effect of screening of the electric field can
then explain the observed switching and the threshold volt-
age in the steady-state gray levels. We give an analytic
solution for the steady-state gray levels and a physical
explanation of the regimes based on the concentration of
countercharges and particles at the surface. Screening of
the bulk field caused by the dielectric coating is an impor-
tant feature to realize switching without delay and a fast
stabilization of steady-state gray levels.

Whereas previous research has often focused on low
particle concentrations, this investigation is based on ink
mixtures with high particle concentrations, which are very
relevant for actual display applications. The different mod-
els that have been developed to explain the transient
and steady-state electro-optical behavior are instrumen-
tal to understand and further improve electrophoretic ink
displays.
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