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Abstract: Recent achievements in the photoalignment technique for fabrication of optically rewritable
electronic paper with high performance characteristics are surveyed with emphasis on temporal
constraints on the exposure process. The possibility of creating electrode-free electronic paper has
very important practical aspects. However, many existing studies do not include sufficient analysis
on how to achieve acceptable reflective characteristics within short exposure time. In order to achieve
this goal, we have applied the rotational diffusion model. We find that the parameters of the diffusion
model can be adjusted to get acceptable light-reflecting characteristics within 10 s of exposure. In
comparison with the long-time exposure, the reflectance coefficient reduces by 24%. The route to
material improvements for optimized e-paper device is discussed.

Keywords: photoalignment; electronic paper; nematic liquid crystals; optical recording; anchor-
ing energy

1. Introduction

Adaptive optical elements with changing refractive state are of great interest in
many industrial and scientific applications [1,2]. The idea behind photoaligned opti-
cally rewritable (ORW) technology is to write, store and rewrite computer information, on
glass or flexible carrier. Displays which use this principle are called optically rewritable
electronic paper (e-paper) displays. The optically rewritable technique is highly desirable
because other technologies suffer from the high level complexity of driving circuits to keep
grayscale [1,3]. At present, there exist many other e-paper technologies with acceptable
for consumers performance characteristics [1,4,5]. Meanwhile, research and development
challenges in, e.g., electrofluidic technology range from complex electrode geometry for
obtaining analogue grayscale to elimination of power consumption to keep the information
on the display [1].

Earlier studies demonstrate competitive light-reflecting characteristics of ORW e-
paper [6,7]. A shortcoming of this approach is the necessity of long time (≈10–60 s)
exposure [8]. It is natural to consider the question about parameters of the irradiated light
and e-paper device, which can lead to acceptable performance of ORW e-paper within
shorter exposure times. A possible solution of this problem can be consideration of the
rotational diffusion theory [9] with the subsequent simulation of the contrast ratio and
reflectance spectra of the device. Therefore, analysis of both image writer operating modes
with the limited exposure time and light reflecting characteristics of ORW e-paper are
important to optimize the composite structure of e-paper.

In this review we aim to show both experimental and theoretical advances in ORW
technology. A brief review of e-paper geometry and properties of photoaligned materials
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is given in Section 2. The study of ORW e-paper light-reflecting characteristics would be
incomplete without critical consideration of the governing parameters and understanding
of optically-induced effects in the photosensitive layer. Thus, investigation of the exposure
modes on the photosensitive layer is discussed in Section 3. In Section 4 we present the
discussion of simulation of optical performance of e-paper.

2. Geometry of ORW E-Paper and Properties of Materials

In uniaxial liquid crystals (LCs), the director is defined as spatiotemporal average of
the optical axis direction of each molecule. The orientation of the LC director within the
cell is surface mediated, and depends on the azimuthal and polar anchoring energies of
LC with the surface. In the absence of the external agent, interaction between the surface
and LC imposes preferred direction on the director in the equilibrium state, known as the
easy direction axis. If one of the substrates is covered with a photosensitive material (e.g.,
azo dyes SD1 or AD1), then LC’s anchoring energy is controlled by the exposure energy.
Consequently, the twist angle of the director will achieve adjusted equilibrium value [10].
This is essential to get acceptable optical contrast (higher than 8:1 [10]) and a variety of
gray levels. Azimuthal anchoring energy of nematic LC with the azo dye-treated surface
can be controlled through the exposure time, and it is estimated to be (2–14)·10−5 J/m2

(see Figure 1). Consequently, the twist angle can be controlled, which results in generation
of gray levels [6,11].
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Figure 1. Azimuthal anchoring energy of nematic LC versus the exposure energy.

Consider the properties of the substrate, which is coated with photosensitive azo
dye. Optimal thickness of the azo dye layer must be within 10–15 nm. According to
well-known models, azo dyes are considered as uniaxial molecules [12,13], and undergo
in-plane rotational diffusion, tending to minimize light absorption. This is a reasonable
scenario because the applied exciting light must be well collimated with a limited power of
the excited photoaligned sample [9,14]. During the exposure process, optical retardation
(δ) can be measured by photoelastic modulator. If azo dye is placed on the substrate, and
continuously exposed by pump beam, the phase retardation gradually increases, achieving
its saturation as depicted in Figure 2. Therefore, the combination of photoaligned azo dye
molecules and twisted nematic LC film, which is confined between crossed polarizers, can
provide various intensities of the reflected light, similar to the conventional printed media.
In order to erase the image, circularly polarized light must be applied to the e-paper.
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Figure 2. Dependence of photoinduced phase retardation on the exposure time for various powers
per unit area (W) of the irradiated UV-light. Solid lines indicate numerical solutions, which were
obtained by using rotational diffusion model.

The simplest structure for fabrication of ORW e-paper is the twisted nematic LC,
which is confined between two flexible substrates. In practice, this gap on flexible film is
controlled by micrometer-sized spacers [15]. Figure 3a shows schematic representation of
the considered cell, where one substrate is covered by photoactive alignment layer, and
another is covered by photopassive (photostable) alignment layer. Detailed representation
of the cross-sectional view, showing reflective-type LC display device, is depicted in
Figure 3b.
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Figure 3. (Color online) (a) Schematic representation of twisted nematic liquid crystal cell. (b) Device
structure of ORW e-paper.

Several interesting features are observed if LC is doped with a fluorescent dye [7].
Depending on the type of fluorescent dye, the reflected light spectrum can have high
intensity of green fluorescence, whilst blue light is absorbed. Moreover, the fluorescent dye
enhances the twisted state (i.e., dark state) of ORW e-paper (see Figure 4a). In other words,
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the intensity of blue light (peak wavelength ~430 nm) decreases in the reflectance spectrum,
consequently, the contribution of green light (peak wavelength ~520 nm) increases [16]. It
all provides enhancement of the dark state (see Figure 4b).
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Grayscale images are essential for display applications. Different attempts for genera-
tion of grayscale images on ORW displays were studied. An attempt to control the twist
angle with the aim to generate gray levels on each pixel was carried out in studies [11,17].
The physics behind grayscale generation is the proportionality between the intensity of
the reflected light and the twist angle ϕ. An obvious method to generate grayscale images
on ORW e-paper, is to control the twist angle on each pixel, where angle ϕ is determined
by the azimuthal anchoring energy Wa(texp). This approach involves application of ampli-
tide modulator. However, azimuthal anchoring energy is also affected by several factors:
azo dye layer thickness [9], temperature [18], LC cell fabrication process [19], etc. The
uniformity of the irradiated light beam is also crucial for this approach.

Another method to generate grayscale on e-paper is precise control of the photoaligned
direction within the given area, i.e., instantenous orientation of the polarization direction.
This approach is realized by uniform light emitting diode with LC-based polarization
rotator [20] or digital micromirror device with rotational polarizer [21].

3. Image Writer Modes

As it was earlier mentioned, the photoaligning process requires 10–60 s, and it highly
depends on the surface treatment [8]. This makes the studies on reduction of the pho-
toalignment time highly desireble. In order to optimize the photoalignment process, it is
necessary to investigate the influence of the exposure time and exposure intensity char-
acteristics on the alignment quality of azo dye layer. Since we have restricted ourselves
with 10 s, perfect alignment cannot be achieved. Let the value of the angle θ between the
polarization plane and the most probable orientation of molecules is 70◦ [22]. The plots
in Figure 5 can be used to estimate the exposure intensity for the desired time of azo dye
rotational diffusion. At zero intensity level, the time tends to infinity, and it decreases at
higher values of exposure intensities. When the exposure intensity exceeds ~125 mW/cm2,
the desired alignment quality is achieved within 10 s.

Note that the product between the average azo dye reorientation time and the cor-
responding exposure intensity determines the effective exposure dose. Interesting phe-
nomenon of the effective exposure dose dependence versus the light intensity is observed
within the range of ~0–20 mW/cm2, i.e., the effective exposure dose is fairly constant
(367 mJ/cm2). Meanwhile, when the intensity higher than 20 mW/cm2, the exposure dose
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exhibits linear behavior. A probable interpretation of this phenomenon is non-constant
rotational diffusion coefficient of azo dye molecules. However, this issue is not investigated.
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Figure 5. (Color online) Dependence of azo-dye rotation time (or formation of 70◦ LC twist angle) on
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The proportionality between the photoinduced phase retardation (δ) and the order
parameter S enables to consider the photoalignment process by using rotational diffusion
theory of uniaxial azo dye molecules [9]. For the case of molecules with cylindrical symme-
try, its in-plane alignment can be characterized with the angle θ. Collective ordering of azo
dye molecules is characterized by the probability density function f (θ, t), which transforms
from uniform ordering with f (θ, 0) = 0.5 to the Gaussian distribution for t→∞. The trans-
formation rate depends on both exposure intensity and rotational diffusion coefficient (D).
If we restrict ourselves to any acceptable time, then performance characteristics of ORW
e-paper will not achieve its maximum potential. Thus, it is worthwhile perform investi-
gation on the adjustment of e-paper material properties to get the desirable performance
within, e.g., 10 s.

Referring to the findings of the diffusion model, one can conclude that the kinetics
of the photoalignment process (i.e., derivative of the order parameter with respect to the
exposure time) depends on the dimensionless parameter A, which characterizes intensity
of the expose light and the rotational diffusion coefficient D. For rod-like azo dye molecules,
the Boltzmann–Smoluchowski equation for destribution density has the form [23,24]:

∂2 f
∂θ2 −

(
A
2
+

3
2

a
kT
〈P2〉

)
∂

∂θ
[ f sin 2θ] =

1
D

∂ f
∂t

, (1)

where k is Boltzmann’s constant; T is the absolute temperature, a is the temperature-
dependent expansion coefficient, which characterizes intermolecular interactions; S = 〈P2〉
is the order parameter, which is defined as the thermodynamic average:

〈P2〉 =
π∫
0

P2(θ) f (θ, t) sin θdθ/
π∫
0

f (θ, t) sin θdθ ,

P2(θ) =
1
2
(
3 cos2 θ − 1

)
.

(2)

Note that the denominator in Formula (2), i.e.,
π∫
0

f (θ, t) sin θdθ, represents the normal-

ization condition. This issue enables to simplify the expression of the order parameter 〈P2〉.
A realistic solution of Equation (1) can be obtained if isotropic alignment of azo

dye molecules will be assumed as the initial state, i.e., f (θ, 0) = 1/2. When the light is
switched on, more and more molecules tend to align perpendicular to the polarization
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plane. Consequently, one can suppose that the temporal derivative of the probability
density function must asymptotically vanish in the vicinity of the boundaries (θ = 0, π).
This can be achieved if the rate of change of the probability density function will be fitted
to the exponential decay function:

∂ f (0, t)
∂t

= e−Ct,
∂ f (π, t)

∂t
= −e−Ct, (3)

where C ≈ 6D is the arbitrary given constant, which is inversely proportional to the
response (rise) time [14]. Boundary Condition (3) mean that the fraction of azo dye
molecules, which are parallel to the polarization plane, asymptotically approaches to zero,
tending to approach the order parameter to its extreme value, i.e., Sm = −0.5.

Our next consideration is related to the pulse-width modulation of the exposure
intensity I, By introducing any temporal dependence of function I(t), one can model image
writer mode, which is governed by the following expression:

A =
ατ IVM

kT
. (4)

The parameters in Formula (4) represent the absorption coefficient—α, relaxation
time—τ, molecular volume of azo dye—VM. Thus, it is possible to simulate the change of
the probability density function for various modulated pulses.

Further, we introduce the values of the governing parameters. Let α = 105 cm−1,
VM = 3.3·10−20 cm−3, T = 300 K, τ = 5·10−3 s, I = 0.125 W/cm2 and a/kT = −6.5. Thus,
dimensionless parameter, which describes the absorbed optical energy can be taken as
A ≈ 500. The value of the rotational diffusion coefficient also strongly affects the mean
azo dye rotation time. The important point of the rotational diffusion coefficient is that it
depends on the viscosity and characteristic size of the molecular cluster. The size of the
cluster depends of the concentration of azo dye molecules (less than 1%) [9,25]. These facts
enable us to analyze solutions of Equation (2) with different values of parameter D, but
having fixed its order. Simple mathematical calculations produce theoretical prediction
for D = 8·10−4 s−1. The values of the defined parameters were chosen to satisfy the
requirement, regarding the reorientation time.

Let us study model (1) for different pump signals A(t) (see Figure 6a). The subsequent
substitution of these pulses into the Boltzmann–Smoluchowski Equation (1) shows that the
time, which is required to achieve the saturated form of the probability density function
depends on the mean value of the intensity during the cycle. In other words, the curves in
Figure 6b for the given instants of time depend on the mean intensity. In practice, these
pulses can be modulated with a light-emitting diode.
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When the probability density function is known for the considered time domain,
is it possible to calculate kinetics of the relative order parameter, which is defined as
follows: s = S/Sm. The computational technique includes obtaining the values of f (θi, t),
I = 1 . . . 20 at the sampled points for the given instants of time, which were interpolated
by splines. The obtained analytical expressions of the probability density functions were
substituted into the definition of the order parameter (see Formula (2)), and then the
relative order parameter was calculated asterisk symbols in Figure 7.
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It should be pointed out that constants A and D depend on many factors, and the
desired reorientation time can be achieved with the compromise between all material
parameters of azo dye and the exposure light.

4. Optimization of ORW E-Paper and Image Writer

The case, when the exposure time is restricted to 10 s means that the performance of
light-reflecting characteristics will not achieve its maximum values (see Figure 7). Mean-
while, both contrast ratio and reflectance coefficient must be comparable with other e-paper
technologies [1]. To the best of the authors’ knowledge, there is no published theoretical
method on estimation of the azo dye order parameter by using the measured mean twist
angle. Currently available experimental data (see Figure 5) enable us to consider the mean
twist angle of 70◦ after 10 s of exposure. The calculated relative order parameter s(10) is
equal to 0.91 (see Figure 7). Suppose that the measured twist angle can be matched to the
calculated relative order parameter. This enables us to calculate the equilibrium state of
the director orientation in the LC layer for the given boundary conditions. Consequently,
simulation of the optical characteristics can be carried out.

Consider a LC layer with average elastic and optical parameters (e.g., 5CB) of thickness
13.3 µm. In order to simulate light-reflecting characteristics of ORW e-paper, one must
consider its composite layered structure (e.g., [6,25]), where dark and bright states are
obtained by changing the mean director twist angle between polarizers (see Figure 3). All
performance characteristics of e-paper can be modelled by using the optimizer MOUSE
LCD [26]. With the assistance of the tool “Angular Characteristics” of MOUSE-LCD, one
can obtain the contrast ratio versus viewing angles. The isolines in Figure 8a show almost
symmetric dependencies of the contrast ratio with the mean result of 8:1. Simulations of
the reflectance coefficient for bright and dark states (Figure 8b,c), respectively) demonstrate
acceptable reflectance coefficient (>0.3) at the normal observation angle and very good dark
state, which gives acceptable contrast ratio. After carrying out simulations with different
polarizers, we have found that its fairly homogeneous light transmittance spectrum in the
visible range improves the contrast ratio and reflectance coefficient.

Simulation results of the reflectance spectrum (see Figure 9) show that the “white
state” is almost uniform, and comparable with many other e-paper technologies [1]. One
can also find that the mean of the theoretical curve agrees with the experimental reflection
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spectrum (see Figure 4b). The dark state can be considered as uniform for the whole range
of the visible spectrum.
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Figure 8. (Color online) Calculated performance of ORW e-paper. (a) Angular characteristics of the
contrast ratio. Angular characteristics of the reflectance coefficient for (b) bright and (c) dark states.

Qualitative comparison between computer-generated image in the insert of Figure 5
and experimental images [8,25] shows its similarity for non-reflective states. However, the
previously achieved value of the reflectance coefficient was about 0.43 [6]. Thus, by setting
time-limited exposure, the reflectance coefficient decreases by ≈24%.
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Figure 9. (Color online) Reflectance spectrum of ORW e-paper for bright- and dark states. The insert:
computer-generated image with the reflective coefficients of 0.3285 and 0.0426 for bright and dark
states, respectively.

5. Discussion

Time, which is required to create an image depends on the collective change of easy
alignment axis of azo dye molecules. The reflectance increases with the effective expose
dose, and then saturates to the maximum value. This maximum value corresponds to
the twist angle of 90◦, but this process is time consuming. Therefore, it was necessary to
discuss e-paper performance with the restricted in time exposure process.

Since the basis of ORW technology is the rotational diffusion model of uniaxial azo
dye molecules, this approach can be used to explain in-plane reorientation mechanism and
determine the governing constants, which can reduce the rewriting time. Theoretical fitting
of the experiment enables to adjust the governing parameters for quick azo dye rotation
time. As it is shown in Figures 8 and 9 for the representative example, ORW e-paper has
acceptable characteristics when the mean twist angle is equal to 70◦.

The results of our study show the following:

1. Competitive optical characteristics of ORW e-paper can be achieved within 10 s;
2. The time which is required for the order parameter to achieve acceptable value

depends on the mean value of the intensity during the cycle, and does not depend on
the shape of the pulse;

3. The transmittance spectrum of polarizers must be fairly constant and high.

According to the diffusion model, the rotational diffusion coefficient is the constant
during the exposure time. Further research is required to capture behavior of the rotational
diffusion coefficient during exposure with low intensities (~0–20 mW/cm2).

6. Conclusions

In summary, we have considered recent achievements in fabrication of ORW e-paper.
Many studies have demonstrated that ORW technology has high potential for photonic and
display applications. Electronic paper can also be used in a variety of security applications.
Photoalignment of liquid crystal films stimulates development of novel optical devices. The
key of successful application of ORW technology is manipulation of material parameters
to control the optical properties of LC layer.
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