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Abstract

We develop an optically controlled, rewritable half-wave plate based on a twisted nematic liquid crystal cell and present the rele-
vant theory. The cell is bistable, with switching between states controlled by one-step illumination of a single PAAD azobenzene
alignment layer with visible light. The photo-alignment properties of the layer enable reversible switching between two perpendic-
ular alignment states at the cell surface, resulting in controllable polarization manipulation. The resulting changes in transmission
are observed for four different probe beam wavelengths in the visible and near infrared (NIR) spectral regime. We demonstrate a
reproducible modulation of the transmitted polarization with an optical contrast of up to 90-100%. This work represents a first step
towards creating LC modulators and phase shifters which can be controlled remotely using only external light sources.
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1. INTRODUCTION

Liquid crystals (LCs) lie at the heart of many light-switching
devices. Three key properties underlie this capacity. The first is
the LC birefringence, the nature of which depends on the rela-
tive orientation between the LC molecules and an external elec-
tric field. The second is the fact that an external field can also
reorient the constituent molecules of a LC (see e.g. [1, 2]). The
third is the fact that surface effects, known as anchoring, also
orient the LC molecules at the surface, and given orientational
molecular interactions, this effect extends into the bulk. Finally,
it is usually important to polarize the light both on entering and
leaving the cell.

Conventional devices (see e.g. [3, 4]) switch as a result of the
imposition of an external voltage, leading to an electric field in-
side the bulk. The external voltage leads to a reorientation of
the LC molecules, which in turn leads to altered optical trans-
mission properties. Informally, one can assert that it is the an-
choring effects which conspire to make the reorientation sudden
rather than gradual, leading to switching rather than mere dim-
ming or brightening.

A disadvantage, at least under some circumstances, of con-
ventional (e.g. 1970s-2000) devices is that their operation re-
quires the continual imposition of a voltage, causing the device
to continually consume power. For static displays, in which
continual updating is in principle unnecessary, this is a partic-
ular problem. It is, however, a problem that can be overcome
if the device is constructed so as to be bistable (see e.g. [5]).
In this case, electric impulses alone should be sufficient to per-
suade a pixel to switch states.

Constructing a bistable device is no simple matter, though.
Take, for example, the now widely used ZBD device [5]. Its
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operation requires that one of the surfaces be carefully engi-
neered to possess a particular kind of grooves, enabling more
than one LC configuration to be stable in the neighborhood of
the interface.

In simpler cases, the LC molecules merely align at an in-
terface as the result of surface interactions with an alignment
layer. A venerable, if apparently somewhat uncontrolled, tech-
nique for creating an alignment layer is to rub the surface with
some suitable material [6—8]. This causes the LC molecules in
the surface layer to align, usually in the direction of the rub-
bing, although the mechanism for alignment has been some-
what controversial [9, 10]. There are disadvantages in rubbing
for commercial technological applications, and these include
the accumulation of static charges, the generation of dust par-
ticles [11], and simply the need to incorporate electrodes and
an external voltage into the cell design. Furthermore, such sur-
faces will not, in general, sustain bistability. This would only
be possible if the surface alignment can itself be altered, which
is completely impractical if the alignment has been achieved by
rubbing.

An alternative to the rubbing technique is photopolymeriza-
tion of an alignment layer. In this method, polarized light is
used to align polymer molecules in the surface layer adjacent
to the LC [12, 13]. In turn, the surface LC molecules align
in accordance with the molecules of the polymer layer. Yuri
Reznikov was particularly influential in developing this sur-
face alignment technique, and his name appears on numerous
patents and right papers. These date right from the technique’s
invention in the 1990s (see e.g. [13—18]), and stretch e.g. to his
more recent 2012 review with Yaroshchuk [11]. Photoalign-
ment is a much more controlled and reproducible procedure
than rubbing, and has the important, extra advantage in the pos-
sibility of reorienting a surface layer after a cell’s construction.
This provides the possibility of bistability without an elabo-
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rately engineered surface layer, but rather by the ability to re-
versibly replace one surface orientation with another.

We present a study of a cell with one surface coated with
an alignment layer of PAAD-22D, a photoaligning azoben-
zene dye (from Beam Co.). In general, various different azo-
compound materials form films with thickness varying from
20 nm to 500 um and have been used as photoaligning mate-
rials for LCs for the last 30 years [19-25]. PAAD materials
have demonstrated themselves to be capable of forming high
resolution patterns, enabling their use for polarization gratings
and spiral phase wave-plates [26-29], and to be effective in the
alignment of LCs [26-32]. They also require low exposure
energies and have an absorption spectrum extending past 400
nm [28, 33, 34]. Finally and importantly, it is relatively simple
to deposit a PAAD film onto a substrate.

Like all azobenzene-based alignment layers, the molecules
of the PAAD-22D layer are able to convert efficiently between
their trans and cis states when subject to UV and visible light
illumination. The effect of this illumination is similar to that
of an electric field in a direction perpendicular to the incident
light and its polarization, in that the molecules tend to align
along this axis. The mechanism is slightly different to that of
an external field, however, which simply rotates the molecules.
Rather, according to the ‘angular hole-burning model’ [31, 35],
starting in the thermally stable trans state, the azo-molecules ab-
sorb photons and transform into their metastable cis state. They
subsequently return, with a random orientation, through either
a spontaneous relaxation or a reverse photoisomerization pro-
cess [30]. The absorption of the photons depends on the angle
their electric field makes with the PAAD molecules, with pho-
tons absorbed preferentially by molecules parallel to the electric
field. It follows that by addressing the PAAD with linearly po-
larized, visible light for a sufficiently long period of time, the
orientation of the PAAD molecules moves towards a population
that is entirely perpendicular to the incident electric field (since
these are non-absorbing).

In this paper we present the methodology for the construction
of optically controlled dynamic half-wave plates, created using
the photo-aligning properties of these PAAD materials. Some
experimental results for the optical characteristics of the cell
are interpreted within the framework of a simple theory. The
system can efficiently control the transmission and polarization
of light in the visible and NIR region. It is bistable with state-
switching achieved by addressing the PAAD layer with visible
light, a process that is reversible and reproducible for multiple
cycles. In some of our work presented here, the realignment
is provided by the probe beam itself. In other experiments, the
transmission of a probe beam is monitored, whilst the realign-
ment is carried out by a pump beam at a different wavelength.
Our work goes beyond that on previous azo and PAAD sys-
tems, where typically, the alignment geometry has been fixed
for the duration of the life of the cell, while here the alignment
is readdressable.

This paper is organized as follows. In §2 we discuss the ex-
perimental setup and the procedure followed to measure the
change in the transmittance of the device in both states. We
also present a mathematical model and the expected results for
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Figure 1: Schematics of a PAAD - LC cell in an (a) planar and (b) twisted
bistable state. Switching between (a) and (b) is controlled by one-step illumi-
nation with visible light.

the experiment, along with the fitting procedure to model the
PAAD realignment dynamics. In §3 we present our results for
the transmitted intensity for multiple probe beam wavelengths
in the visible and NIR region. This is done for both green and
blue pump beams. Finally in §4, we provide a brief discussion
of our work and draw some conclusions.

2. METHODOLOGY

2.1. Experiment

The nematic LC cell was formed by two glass slides coated
with a conductive ITO layer. Both slides received also an addi-
tional coating: polyimide (PI) for one, and PAAD-22D for the
other, as shown in Fig. 1. The slides were separated by 6.5 ym
spacers, and sealed along the perimeter of the cell. The pho-
toalignment layer was prepared by first dissolving commercial
PAAD-22D diluted 1% by wt in methanol, and then sonicating
the solution for five minutes; a thin film of this solution was
spin-coated onto an ITO coated glass substrate. An analogous
procedure was followed for the PI layer.

The PI layer was then rubbed to provide a planar alignment
in the LC. In order to ensure an initially planar configuration
in the LC cell, as shown in Fig. 1(a), the molecules in the
PAAD layer were photoaligned to all lie in the same direction;
achieved by illuminating them with linearly polarized blue light
(A =405nm, E = 0.22] cm’z). Finally, the cells were filled
with the commercially available and widely used nematic LC
E7 in the isotropic phase.

Two sets of experiments were carried out, which we will refer
to as the single beam and pump-probe experiments. The opti-
cal setups are shown in Figs. 2(a) and 2(b), respectively. In all
cases, the cell was placed between parallel polarizers (P1 and
P2) and a probe beam (B1). The probe was used with a pho-
todiode detector (PD) to determine the LC alignment. The cell
was positioned with the initial LC alignment lying vertically.
The PAAD-22D photoaligning layer lay on the front face and
the PI layer at the far face of the cell. In the single beam ex-
periments, the probe beam (B1) was either green (1 = 532 nm,
E = 75Jcm™) or blue (1 = 405 nm, E = 0.22 Jcm™>),
and had diameter 1 mm. These wavelengths were suitable not
only to observe transmission, but also to rotate the easy axis
on the PAAD layer surface. The pump-probe experiments in-
volved transmission by either red (4 = 632.8 nm) or NIR
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Figure 2: Schematics of the optical setup for the (a) single beam and (b) pump-probe experiments. In both experiments, the PAAD-LC cell is placed between a pair
of parallel polarizers (P1 and P2). The alignment is detected by measuring the transmitted intensity of the probe beam (B1) with the photodiode (PD). In the single
beam experiments B1 is used also to realign the PAAD layer. In the pump-probe experiments, the pump beam (B2) is used to control the PAAD layer alignment. P3
is the pump beam polariser and L1 and L2 are lenses used to expand the pump beam, if required.

(1 = 808 nm) beams. Light at these wavelengths is not able to
rotate the PAAD molecules and the resulting LC surface align-
ment. In this case, a blue pump beam (B2) with polariser (P3)
was used to switch between surface alignments, independently
of the probe. In all experiments, the measured transmitted in-
tensity was normalized by taking its ratio with respect to that
transmitted through a second planar cell. This second cell was
identical to the first in all respects, except for the fact that the
PAAD layer had been replaced by a second PI layer. The ex-
perimental error of the normalized intensity is 5%. We also
monitored the probe power to correct for any fluctuations.

In the single beam experiment, the cell was initially in the
planar state, schematically shown in in Fig. 1(a). We have ver-
ified the quality of the alignment by checking the cell through
cross-polarizers (see the top left panels of figures 3(a) and 3(b).
At set times, we inserted a half-wave plate (not shown in fig-
ure 2) in front of the laser to rotate its polarization by 7/2 and
also rotated P1 by the same amount, causing the polarization
of the single beam (B1) to likewise rotate. The polariser P2
followed the polariser P1 so as to remain parallel at all times.
Rotating P1 switched the PAAD layer alignment, leading to the
m/2 rotation of the surface alignment that the PAAD layer im-
poses on the LC. This realigned the LC molecules adjacent to
the PAAD layer (hence altering the bulk alignment, also), caus-
ing the cell to switch from a planar to a twisted state, shown
in in Fig. 1(b). By this same mechanism, subsequent back and
forward rotations of P1 and P2 then switched the cell repeatedly
between the planar and twisted states.

The experiments consisted of this cycling between planar and
twisted states whilst using the photodiode to observe the chang-
ing transmission characteristics of the cell as a function of time.
In the planar state the transmission is close to unity. In the
twisted state the transmission is close to, but not exactly, zero,
except when further destructive interference between ordinary
and extraordinary beams in the LC cell requires it. Immediately
after rotating the polarizers, there is a relaxation process, as the

transmission heads towards its new equilibrium. The experi-
ments also involved measuring transmission at different points
across the cell.

In the pump-probe experiments the procedure changed. This
is because beams at red and NIR wavelengths do not realign
PAAD effectively. As a result, the pump beam (B2) and polar-
izer (P3) were added to the setup. The pump beam was used
to address the PAAD layer, with the orientation of P3 dictating
the PAAD alignment, and the transmission of the red and NIR
probe beams was then measured (in the presence of the pump
beam). The diameters of the red and NIR probe beams were
1 and 5 mm, respectively; the corresponding blue pump beam
diameters were 1 and 10 mm. The larger pump diameter en-
sured that the NIR beam probed only the center of the pump
beam, ensuring almost uniform alignment. We remark that ex-
panding the pump beam necessarily reduced its intensity, re-
quiring longer, but still experimentally feasible, exposure times
for equilibration.

The uniform PAAD reorientation experienced by the ex-
panded beam presented procedural advantages in terms of data
analysis. A final experiment returned to the single beam set-up
discussed above, but now with the expanded blue beam. This
allowed for the study of the realignment dynamics for a beam
with a more uniform intensity, as opposed to its original Gaus-
sian profile.

2.2. Theory

Twisted cells are normally used in the Mauguin limit,
2 /r — 0, with " = %"Anh. Here A is the incident light wave-
length, An the LC birefringence, and % the LC layer thickness.
In this limit, the twisted cell rotates the polarization of trans-
mitted light by n/2 and the transmitted intensity for parallel
polarizers P1 and P2 is strictly zero. However, there are cor-
rections to this null result when the ratio is merely small. The
Jones matrix approach [4, Ch. 3], yields an expected transmit-



405 | 0.7%
532 | 1.0%
632 | 2.1%
808 | 5.8%

Table 1: Theoretical transmitted intensity /(1) for a & = 6.5 um thick E7 layer
in a twisted configuration, see equation (1). The E7 birefringence data was
taken from Ref. [36]
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Substituting the experimental values into (1) yields the values
shown in Table 1. From these we can see that in a perfectly
twisted configuration, the cells used in our experiments should
have an optical contrast that is larger than 99% when probed by
green and blue light, and that is about 98% and 94% at the red
and NIR wavelengths, respectively.

We also want to be able to determine the dynamics of the
PAAD alignment process. We first normalize the transmitted
intensity data for the cells with respect to planar and twisted
reference cells. These cells are of the same thickness and fab-
ricated using two PI alignment layers. The transmission (¢) is
then modeled using the empirical functional form

where

®=
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The parameter b is the asymptotic intensity, I( — o0). The
optical contrast is the difference between the intensities in the
twisted and untwisted states. Experimentally this varies slightly
from step to step, but it is fairly constant after an initial tran-
sient, see Fig. 4(b) and (d).

There are two time constants, 71 < 7, (“fast” and “slow”,
respectively). In practice we find that with the expanded pump
beam a single time constant suffices. Thus, 7; seems to re-
flect the effect of the joint PAAD-LC dynamics, while 7, is a
semi-empirical approximation to an average of a multiscale re-
laxation process over different points in the cell, caused by the
non-uniform intensity of the aligning beam. The link between
the time constants and the PAAD and LC dynamics, however,
remains to be investigated more fully.

3. RESULTS

Fig. 3 shows microscope images of a cell during two cycles
of the twist and untwist alignments, addressed with green and
blue light, respectively. Each image is taken at a different point
in the cell. Step 1 corresponds to the initial planar state, step 2
to the first twisted state, step 3 to the second planar state, and
step 4 to the second twisted state. The images are taken with
the cell between parallel polarizers; the bright regions corre-
spond to the planar state and dark regions to the twisted state.

200 pm 200 pm ’ T 200 pm

200 pm 200 pm 5 c =200 pm

Figure 3: Co-polarized microscope images of cells: Panel (a): aligned with
green beam; Panel (b): aligned with blue beam. Within each panel: 1) Initial
planar state. 2) First twisted state. 3) Second planar state. 4) Second twisted
state.

| PAAD illumination [ 7[s] |

Narrow green 46
Narrow blue 5.8
Expanded blue 59

Table 2: Fitted values of the time constant 7; for three different types of illumi-
nation of the PAAD layer.

The twisting and untwisting was achieved using a single exter-
nal laser source as described in §2.1. It can clearly be seen that
the blue beam provides a better alignment than the green, and
that in both cases the structures formed are not completely uni-
form. Moreover, there is a noticeable, although not dramatic,
change between the initial PAAD alignment through a cycle of
realignment and subsequent alignment.

We can compare this qualitative analysis with the quantitative
analysis in Fig.4. Figs. 4(b) and 4(d) show the degree of align-
ment in these cycles in both the green and blue beam cases, re-
spectively. The degree of alignment reached in each step seems
to be rather similar, but not identical, especially for the first cy-
cle, consistent with the images in Fig. 3. The transmittance of
the recovered planar state is up to 70% with green light and up
to 90% with blue light (in comparison with the reference planar
cell). The contrast ratio is approximately 55% and 80%, re-
spectively. We note that the contrast ratio measurement for the
blue beam may be affected by the normalization procedure we
have followed: the PAAD layer absorbs part of the blue beam,
while its replacement PI layer in the reference cell does not.
Therefore, the normalized intensity curves in Fig. 4(c) cannot
reach 1 and the contrast ratio measured is an underestimate of
the “real” ratio.

A similar picture appears when considering the dynamics,
which is presented in Figs. 4(a) and 4(c) for the green and blue
beams, respectively. There seems to be a single initial anoma-
lous cycle in which the relaxation process differs from the re-
laxation processes in subsequent cycles. The relaxation pro-
cesses in the later cycles repeat reproducibly. We can regard
the first anomalous cycle as a transient. The physics of this tran-
sient is not yet understood, although we might regard it as being
analogous to work-hardening processes in stressed defected al-
loys. Moreover, the relaxation time is much quicker for the blue
beam (compare Figs. 4(a) and (c) and see Table 2). This is to
be expected because the blue beam wavelength lies closer to
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Figure 4: Results of the single beam experiments. The top and bottom rows
correspond to green and blue beam illumination respectively; the left column
shows the transmitted intensity as a function of time over several cycles; the
right column shows the normalized asymptotic illumination intensity (parame-
ter b in equation (2)) of the twisted and untwisted states in subsequent cycles.
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Figure 5: Transmitted intensity against illumination time for a green single
beam, blue single beam, blue pump and red probe, and an expanded blue pump
and NIR probe. (a) Initial twisting step; (b) Subsequent untwisting. The exper-
imental error of the normalized intensity is 5%, as discussed in §2.1 .

the absorption peak of PAAD-22D. We observed that the same
quality of photoalignment could not be achieved by illuminat-
ing with a green beam even for extended periods of time. To
summarize, these devices are dynamic and switchable with re-
producible properties, enabling the control of the transmission
and polarization of the probe beam using only an external light
source.

The blue beam provides both faster and better quality pho-
toalignment, and was thus used as the photoaligning agent in
the pump-probe experiments with red (632.8 nm) and NIR
(808 nm) probe beams. Two experiments were carried out, with
standard and expanded blue pump beams, respectively. The re-
sults of this are shown in Fig. 5. Fig. 5(a) shows the first twist-
ing step and Fig. 5(b) the subsequent untwisting. The equiva-
lent single green and blue beam data are shown for comparison.
The NIR data is taken with an expanded blue pump beam, as
explained in §2.1. The pump intensity was consequently much
reduced and the NIR relaxation process is much slower.
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Figure 6: Transmitted intensity against illumination time for an expanded blue
beam (a) Relaxation dynamics for the first few twist/untwist cycles. (b) Asymp-
totic intensities at subsequent twist and untwist steps.

The last experiment to take place used the expanded blue
pump beam in the single beam set up. In this case, again, the
loss of intensity due to the increased beam size resulted in much
longer realignment times (see Fig. 6 and Table 2). Importantly,
though, the expanded single blue beam relaxation data could be
analyzed using only a single exponential, as opposed to the two
needed for the narrow beam experiments. We thus conclude
that the second time constant was in fact the result of the dif-
ference in intensities, and hence alignment speeds, between the
inner and outer beam, due to its Gaussian profile.

The contrast ratio for the red beam is nearly 100% (compare
the two red curves in Fig. 5). As the red beam twist is driven by
a narrow blue pump beam, this indicates that the measured con-
trast ratio of the single blue beam experiment is indeed affected
by absorption in the PAAD layer, as discussed above in the anal-
ysis of Fig. 3. In the NIR beam experiment, the slow time dy-
namics and problems in maintaining its stability for such long
times did not allow us to reach an asymptotic state and measure
the contrast ratio.

The slow dynamics caused by the low intensity of the ex-
panded blue beam has left us with two open problems: (i) the
NIR and expanded blue beam have different dynamics (com-
pare Fig. 5 and 6); (ii) the contrast ratio of the expanded blue
beam, see Fig. 6(b), is approximately 65%, much lower than the
narrow blue beam. Both effects may be due to an interplay be-
tween the LC and PAAD dynamics and may also be affected by
a poorer realignment of the PAAD layer. Both aspects require
further study.

4. CONCLUSIONS AND DISCUSSION

Work previously carried out on PAAD and other azo-based
material systems focused on fixed geometries, with UV used to
set the alignment. [11]. In this paper we have demonstrated the
feasibility of using a PAAD-22D photoalignment layer to fab-
ricate a dynamic system capable of forming rewritable twisted
LC structures . The system is all-optically controlled and uses
only visible light. There is no requirement for electrodes or
an applied field to control the dynamic behavior. In doing
so, we were able to create dynamic half-wave plates for effi-
ciently controlling the transmission and polarization of light.
The PAAD was addressed with green and blue light, with blue



proving itself to provide much faster and better quality align-
ments. Addressing the same point of the cell, the transmitted
intensity of the initially planar cell was repeatedly recovered
to approximately 90% after many twist and untwist steps. We
have also demonstrated that, with the use of a blue pump beam,
the transmission of both red and NIR probe beams can be mod-
ulated selectively, with greater than 90% efficiency in the case
of the red beam. However, some puzzles still remain, concern-
ing the precise physics of the relaxation process, the extent of
the rewritability, and the anomalous nature of the early cycles
of the rewriting process.
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