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ABSTRACT

Enhanced, photoactive response can be realised by integrating liquid crystals with photoalignment
or photoconductive alignment layers. Such cells, asymmetric by design, need to be monitored for
the stability and uniformity, especially in the regions exposed to light. In this work, we report on an
integrated, versatile model and technique to characterise their core parameters as well as more
subtle effects, such as the strength of anchoring energy. The snapshot method also provides two-
dimensional maps of the cells’ thickness, pretilt angle and uniformity.
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1. Introduction

Photoaddressable command layers for liquid crystals
(LCs) with photoconductive [1-4], photoalignment
[5-8] and, more recently photovoltaic layers [9-12],
promise new application areas of LCs, e.g. in telecom-
munications and organic electronics. They also offer an
increased level of control, such as the contactless LC
alignment provided by photoalignment. This avoids the
deposition of charge or dust on the substrates caused by
rubbing. Moreover, it can be applied to either assembled
or disassembled cells [8], the former being impossible
for many other LC alignment methods, due to the
mechanically inaccessibility of bulk regions. However,
the photosensitivity of the cell command layers can also
cause the pretilt and anchoring to change in the regions
exposed to optical or electric fields [8,13,14]. This is
particularly relevant for photoaligned LC cells, as the

strength of anchoring can depend on the duration of
light exposure [8,15]. There is, thus, a need for a quick
and comprehensive characterisation technique and
model to be able to map the uniformity of the cells,
and their pretilts and anchoring energy on both sur-
faces, as well as monitor any changes with time or
illumination.

There are many different methods reported in the
literature to measure individual properties of LC cells.
For example, their thickness and uniformity can be
obtained by the wave retarder rotational method [16]
or by the phase compensation method (PCM) [17]. The
pretilt angle can be characterised by spectroscopic ellip-
sometry [18] or the crystal rotation method [19]. The
measurement of the anchoring energy relies on various
techniques, such as the light-scattering [20], the wedge-
cell [21], the retardation vs. voltage (RV) methods [22],
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electrical measurements [23], as well as a reflective
method [24]. Several of these experimental methods
can only work if the LCs are placed in specially prepared
cells and are not well suited to characterise more
advanced LC devices, with different or multiple layers
on the substrates [25]. All of them address one single
spot on the surface of the cell, or they assume that the
cell has uniform properties.

To address these issues and obtain quick and reliable
estimates of a gamut of LC parameters, allows us to
interactively determine, from a single measurement
and in real time, a range of LC and cell parameters.
The particular strength of our method is that it can
capture, at the same time, the parameters that strongly
influence the response of LCs to external fields, such as
elastic constants, viscosity, cell thickness, pretilt, as well
as weaker and finer parameters, such as the strength of
polar anchoring. While subtle, polar anchoring plays
a major role in applications, for example bistable dis-
plays [26], e-books [27], and biological sensors [28]. It is
also at the heart of the new LC physics of particle-like
LC configurations, like skyrmions and torons [29], that
can form complex topological structurers.

In this paper we build on our previous work [30,31]
and extend it in two directions that are suitable to new
LC devices and physics. First, we use the whole cell
measurements to estimate the average polar anchoring
energy. The second development direction addresses
one of the defining features of modern photosensitive
cells: they are often asymmetric, with different align-
ment layers (ALs) on the input and output facet. Here,
we are restricted to planar nematic LCs, but in principle,
our method can be adapted to other LC alignments.

The structure of this paper is as follows. In the next
section, we summarise the mathematical model used to fit
the experimental CPI traces and extract the LC and cell
parameters. The experimental procedure is described in
Section 3. The two-dimensional measurements of thick-
ness and pretilt in symmetric and asymmetric cells are the
topic of the following Section, 4. The measurement of the
anchoring energy and its validation is the topic of Section
5. The paper is concluded by a discussion of all the
measurements in Section 6, followed by a summary of
our findings and an outline of further areas of work.

2. Model of asymmetric cells, code
implementation and validation

The strength of the model for the characterisation lies in
its integrated, comprehensive approach to simulta-
neously extract the main parameters. We model the
LC alignment in the planar nematic cell using the
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Frank-Oseen theory [30,32]. We neglect the LC fluid
motion, since only smoothly varying high-frequency
voltages are applied to the LC when measuring the
CPIL. The ALs are parallel to the (x;, x;)-coordinate
plane, while the x; axis is into the cell. We assume that
the cell lateral variations are large with respect to the LC
relaxation length so that the director # is a function only
of the coordinate into the cell, n. We parameterise the
LC orientation by the tilt angle 6(x;3), that the director
field forms with the ALs. With this notation we can
write the director field as,

n = [cos(0), 0, sin(0)]. (1)

The equation for the alignment of the LC cell takes the
form [33]:

20 0 [K, Ks 08
Y15 = ” [2 (14 cos(20)] + e 1-— cos(29)]] 0%
1 00\ oy’
+ Esm(ZG) (K; — K3) <8_X3> + & ((')x3> 1
(2)

where y, is the LC rotational viscosity, K; and K3 are the
splay and bend elastic constants respectively, & is the
vacuum permittivity, ey = & — e, is the dielectric ani-
sotropy of the nematic LC, with ¢ and ¢, the compo-
nent of dielectric permittivity tensor parallel and
perpendicular to the director, respectively.

The electrostatic potential y(x3) is given by the first
of Maxwell’s equations, which, in this geometry, can be
written as:

dx% {(1 +£—Asin2[9(x3)]> d%w(xs)] =0. (3

Cal

This can be solved explicitly [30,31] as:

X3 V
0 1+ Ssin?[6(6,)]

-1
dés d&] ;
(4)

where Vis the possibly time dependent, rms voltage
applied to the cell and L is the cell thickness. The Rapini-
Papoular [34] alignment conditions on Equation (2) are:

J; n S—Asi:ﬁ[e(xg]

€L

wis) = |

+ {% [1+ cos(20)] + % [1— COS(ZQ)]} g_i
_ %sm[z(e — 60(0))], 5)
_ {% (1 + cos(26)] + % - cos(ZG)@ g—i
zgﬁm@w_%@m, ©)
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at x3 = 0 and x3 = L respectively. In these equations
00(0) and 6y(L) are the AL preferred alignment direc-
tion at x3 =0 and x3 = L respectively. Similarly, W}
and Wy are the surface polar anchoring energy coeffi-
cients at x3 = 0 and x3 = L respectively.

Lastly, we define the CPI to be the ratio between the
output and input intensity, so that it is normalised in the
interval [0,1]. Hence, the CPI is given by:

(V) = sin? (;—Ti[no — et (6(x3))] dx3> 7)

where n.(0) is the effective refractive index seen by the
component of polarisation in the plane of the director,

Netly

N V/1o%cos2(6) + n 2sin®(6)

neﬁ‘(e) (8)

Here, n, and n, are the optical ordinary and extra-
ordinary refractive indices, respectively.

The model in Equation (2) has been integrated
numerically in MATLAB using a spectral collocation
method to discretise space [35], and an implicit variable
step algorithm (MATLAB routine odel5s) to integrate
in time. The solution of the electrostatic equation,
Equation (4), and the CPI integral in Equation (7)
were computed using a Clencurt quadrature [35]. The
boundary condition Equations (5) and (6) are solved
using an approximate solution in the limit of very strong
or very weak anchoring or using a Newton solver for the
director at the boundary in all intermediate cases. The
code was validated by successfully comparing its results
with the output of a finite element implementation of
the model in COMSOL Multiphysics. The alignment
Equation (2) was implemented as a General Form PDE
with a boundary flux source given by Equations (5) and
(6), while the electrostatic Equation (3) is solved
numerically using the Electrostatic module. We have
not used the analytical solution of this equation, given
by Equation (4), to ensure that the two codes were
maximally independent.

Rubbing direction
W ——— 110/Glass —
Polyimide

LC QYTN-004

LCE7
PEDOT: PSS

(a)

3. Experimental methodology

The measurements were performed with the aid of
a fully packaged and bespoke optical setup that we call
the Optical Multi-Parameter Analyser (OMPA). It per-
forms a computer-controlled cross-polarised intensity
(CPI) measurements and real-time data analysis and
fitting. For the fitting process, prior information about
a set of complementary LC parameters, namely dielec-
tric coeflicients, and refractive indices, of the LC mate-
rial is required. This is typically provided on LC
specification sheets. In order to verify the validity of
our method, we measured three different LC cells that
cover a range of LCs and ALs. Two of these samples
were symmetric, i.e. with the same AL on both sub-
strates (AL,-LC-AL,), while the third type was asym-
metric, i.e. with different ALs (AL-LC-AL,). In
asymmetric cells in which one substrate is known, it is
possible to use this method to estimate the pretilt and
anchoring energy of the unknown substrate.

Initially, a standard, reference LC cell was prepared
consisting of the nematic LC E7 and two glass substrates
coated with ITO conductive layers and with rubbed poly-
imide (PI), to produce an anti-parallel planar alignment of
the LC (see Figure 1(a)). This technique ensures a uniform
planar alignment inside the cell without defects and twist
deformations. The substrates had size 2 x2 cm and were
held together with UV-cured glue. The thickness of LC
layer was controlled by 6 pm spacers. The cells were filled
through capillary forces with the LC in the isotropic phase
and sealed along the perimeter of the cell. The choice of LC
layer was driven by the availability in the literature of its
physical, electrical, and optical properties so that we could
benchmark our measurements and results.

As a counterpart to the standard LC nematic material
and ALs (E7 and PI) used in the first test system that is
known to have relatively strong anchoring energy,
the second test cells included a less well-known LC
mixture and AL. We used a LC with low reorientation
voltage threshold, QYTN-004 from Qingdao QY Liquid

Rubbing direction

ITO/Glass

Rubbing direction

Polyimide —

(b) (c)

Figure 1. (Colour online) Sample schematics. (a) Planar symmetric E7 cell where both ALs are rubbed PI (PI-E7-PI). (b) Planar symmetric
QYTN-004 cell, where both ALs are rubbed PEDOT: PSS (PEDOT: PSS-QYTNO04-PEDOT: PSS). (c) Planar asymmetric E7 cell, where one
AL is rubbed PI while the other is photoaligned PAAD-22D (PI-E7-PAAD22D).



Crystal Co. The two identical ALs consist of
a conductive polymer poly(3,4-ethylenedioxythio-
phene) polystyrene sulphonate, PEDOT:PSS (commer-
cial name CPP105D) as AL, coated over ITO glass
substrates. The sample area was 1 x1 cm, and the thick-
ness of LC was set by 6 um spacers (see Figure 1(b)).
PEDOT:PSS is a popular material used as an electrode in
both the cells with flexible substrates [36,37] and in the
cells with photovoltaic layers [38,39].

Finally, our third sample was an asymmetric LC cell.
For reliability, we kept the nematic E7 as LC layer and PI
as one of the ALs. The other was coated with
a photoaligning azobenzene dye (PAAD-22D) provided
by the Beam Co (see Figure 1(c)). PAAD materials were
demonstrated as effective for LC alignment by one-step
illumination with visible light [26]. To control the thick-
ness of the LC layer we used 7 pm spacers. For clarity,
Table 1 summarises the specifications of the experimen-
tal samples.

The OMPA characterises LC devices by measuring
the CPI across the whole cell area as a function of the
frequency and voltage amplitude applied to the cell. It
provides the capability to capture a snapshot of the LC
device with its ALs and determine its key properties.
The experimental apparatus is shown in Figure 2.
A light beam from a fibre coupled diode laser is
launched through a fibre port connector which colli-
mates the beam. Two lenses (L1 and L2) expand and
collimate the beam in order to cover a wide area of the

Table 1. Description of the samples.

Experimental Thickness

samples LC material AL 1 AL 2 (d), [um]

Symmetric E7 Pl PI 6
cell 1

Symmetric QYTN-004 PEDOT: PSS PEDOT: PSS 6
cell 2

Asymmetric E7 Pl PAAD22D 7
cell 1

fibre L2

642 nm @ poit !

BS

LIQUID CRYSTALS (&) 2089

cell (diameter ~1 cm). In this paper we have used a laser
wavelength of 642 nm, but other wavelengths can easily
be selected by attaching a different laser to the fibre port.
The sample is located between two crossed polarisers,
each at 45° to the director alignment, and the light
enters at normal incidence. After propagating through
the cell, the light beam is collected by a CCD camera.
Data from neighbouring pixels are averaged so that the
image collected has effective pixels of approximately one
millimetre in size. Over the 10 cm distance between the
cell and the detector, diffraction expands the effective
pixel diameter by less than 10%. Therefore, to a good
approximation the CCD camera acts as a spatial resolu-
tion detector and each effective pixel corresponds to
a single spot in the surface of the cell, allowing us to
draw maps of the cell thickness, pretilt angle and of the
anchoring energy. When the two polarisation compo-
nents of the incident light pass through the cell, they
experience different phase delays that are function of the
LC alignment. We change this by applying an AC vol-
tage to the cell and measure the CPI as a function of it.
We monitor the power of the laser before and after the
cell using two beam splitters to redirect a fraction of the
beam intensity to two photodiodes. Finally, the entire
setup is enclosed to reduce the background noise to the
detectors and CCD camera and thermal fluctuations. If
needed, it is possible to enclose the LC cell in
a temperature stabilised holder. This was not required
for the measurements reported here, but it is essential
when studying temperature effects on the LC
parameters.

The experiment is fully managed by a MATLAB code
[40,41], which controls the measuring apparatus, data
acquisition and performs the data analysis using the
model described in Section 2 [30]. OMPA collects

pointwise data across the cell and fits the elastic con-
stants, the pretilt angle, the anchoring energy, and the
cell thickness.

CCD
camera

P1 p2  BS

Figure 2. (Colour online) Experimental setup of the OMPA instrument. A fibre coupled diode laser at 642 nm passes from a fibre port
into two lenses L1 and L2 which expand and collimate the beam. The sample is located between two crossed polarisers (P1 and P2),
each at 45° to the director alignment, where the light enters at normal incidence. Photodiodes, PD1 and PD2 monitor the power of the
laser before and after the cell by exploiting two beam splitters (BS). Finally, the light is incident on a CCD camera, which we use as
spatial resolution detector. The entire setup is enclosed to reduce the background noise to the detectors and CCD camera and reduce

thermal fluctuations.
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The fitting procedure is as follows. The cell thickness,
pretilt, splay elastic constant and anchoring energy are
fitted using the part of the CPI trace between 0 V and
the first extremum. We then keep the cell thickness and
pretilt fixed and fit all the other parameters using the
entire trace. We use the MATLAB function Isqcurvefit
to minimise the distance between the experimental and
numerical CPI traces. The fitting of multiple traces is
done in a similar manner [30,31].

The quality of the fit is determined by visual inspec-
tion of the traces (see Figure 4 for an example) and by
estimating the error bars on the liquid crystal para-
meters, e.g. the elastic constants, that are measured at
multiple locations (see Ref [30,31]) for a detailed error
analysis of the measurement process. We have also
verified the impact of potential errors in the values of
the LC dielectric permittivities and refractive indices.
A 1% variation of any of these parameters produces
changes in the fitted parameters by at most, 2%. In
principle the OMPA can also detect a set of Leslie
viscosities, but we do not demonstrate this feature in
this paper since it is included in our previous work [31].

(a) d (um)
3
5.1
— 5
E 2
— 4.9
>
1] 4.8
| 4.7
1 2 3

X [mm]

d (um)

6
5.9
T 5.8
E
= 5.7
2 5.6
5.5
O d
0 2 4 6
X [mm]

The software graphical user interface allows us also to
set the range of AC voltages and specify the region of the
cell surface where the measurements are to be taken. In
our experiment, the CPI as a function of voltage is
measured by applying a 10 kHz AC voltage to the LC
cell and ramping the voltage peak-to-peak amplitude
from 0 to 20 V in incremental steps of 0.1 V. OMPA
experimental apparatus is straightforward. It is seam-
lessly connected to the accompanying integrated model
and code (described in Section 2), which in spite of its
complexity, outputs the fitted parameters in clear and
easy to follow way. Thus, the monitoring for any
changes can be easily achieved.

4. Mapping anchoring, pretilt and thickness LC
cells

We have analysed 3.5 x 3.5 mm?, and 7 x 7 mm” areas of
the two symmetric cells, PI - E7 (Figure 3(a,b)) and
PEDOT: PSS - QYTN-004 (Figure 3(c,d)), respectively.
This translates into 5 x 5 and 8 X 6 points measured
across the cell along the x and y axis. The spatial

(b) 8 (%)
3 -

y [mm]

9o (°)

4
X [mm]

Figure 3. (Colour online) Spatial maps of thickness and pretilt angle of symmetric cells: (a) thickness and (b) pretilt angle maps of Pl -
E7 cell. (c) thickness and (d) pretilt angle maps of PEDOT: PSS — QYTN-004 cell.



Experimental data
= = OMPA data

0.8

0.6

CPI

0.4

0.2}

0 2 4 6 8 10
V [Volts]

Figure 4. (Colour online) CPI trace for the asymmetric Pl - PAAD-
22D planar cell filled with E7. Parameter values: K; = 11pN,
K3 =16.4 pN, EH = 19.54, e, =5.17, d=17, GPAAD = 0.34°,
ep/ =1.9° WPAAD = 021mJ/m2, Wp/> 1000mJ/m2, A =642 nm,
n. = 1.7287 and n, = 1.5182.

resolution emerged from the 25 sampling spots, is
0.7 mm along x and y axis, while for the 48 sampling
spots, is 0.88 mm along the x-axis and 1.2 mm along the
y-axis. These measurements show that the cell surface
parameters, like the pretilt angle, vary over a millimetre
scale, much larger than the LC relaxation length. This
allows us to consider each sample point in the cell as
independent from its neighbours and, hence, to apply
the model derived in Section 2 to each of them
individually.

Typical maps of the thickness and the pretilt angle of
the PI-E7-PI cell are shown in Figure 3(a,b). Here, we
capture the edge of the cell where clearly thickness varia-
tion can be seen. The cell is thinner in the centre and
thicker at the edges with a variation of 0.5 um and average
of 4.9 pm. This is most likely due to the excess of pressure
applied in the centre of the cell when sealing the edges.
The fact that the LC thickness varies, highlights not only
the difficulty on fabricating uniform LC cells, but also the
importance of mapping the thickness profile. A similar
behaviour is displayed by the thickness map of symmetric
PEDOT: PSS - QYTN-004 sample (Figure 3(c)). The cell
is thinner in the centre and thicker at the edges, with
a variation between 5.5 and 6 pm and average of 5.7 um.
These data should be compared with the spacer size used
in these cells which is 6 pm for both samples.

The pretilt angle map of E7 (Figure 3(b)) has an
average value of 1.89° £ 0.06°, while Figure 3(d) pre-
sents the pretilt map of PEDOT: PSS - QYTN-004.

LIQUID CRYSTALS e 2091

A visual inspection of this cell showed that the align-
ment was only correct at the central part of the cell. This
is confirmed by this pretilt map: in the inner region the
pretilt is very uniform with an average value of
1.28° + 0.08°. Outside this region, both the pretilt
value and, more importantly, its fluctuations are larger,
reflecting the poor visual quality of the cell there.

The CPI trace responds only to the average alignment
properties of the cell. It is however possible to use it in
an asymmetric cell, provided that one layer has already
been characterised with the same LC as the one used in
the asymmetric cell. Briefly, for an asymmetric LC mea-
surement (AL-LC-AL,), we fix the pretilt angle and
anchoring energy of the known layer AL, and fit those
of the unknown layer AL,. This process is completely
automated by the OMPA software. As it is ultimately
a subtraction measurement, the error in this procedure
is intrinsically higher than for a symmetric cell, but it
allows the analysis of cells where one layer has to be
different from the other, e.g. photovoltaic cells [42].

The asymmetric cell that we tested here, isa PI - E7 -
PAAD-22D (Figure 1(c)) where the known layer AL, is
a standard rubbed PI and the layer to be fitted, AL, is
a photoaligning azobenzene dye layer. In this example
we extracted the optical parameters for PI from the
symmetric cell PI - E7, that we measured earlier
(Figure 3(a,b)). In Figure 5, we present maps of the
cell thickness and of the PAAD layer pretilt. Both
maps are very uniform, with few exceptions in specific
points close to the boundaries. The average thickness
(Figure 5(a)) is 6.55 pm * 0.01, while average pretilt
(Figure 5(b)) is 0.16° £ 0.02°. Essentially, the spatial
variations (Figure 5(a,b)) occur due to fabrication
imperfections at the right-side edge of the cell. PAAD-
22D is aligned using a 450 nm laser [26]. In order to
keep the intensity sufficiently high we could not expand
the beam to an area larger than approximately 7 mm in
diameter.

5. Anchoring energy
5.1 The effect of the anchoring energy

In principle, the polar anchoring energy affects the
alignment of the LC at all values of the voltage applied
to the cell, and its strength can be deduced from the
changes in LC reorientation with increasing electric
field. Small values of the anchoring energy weaken the
LC molecule binding to the AL, thus making it easier for
the electric field to tilt the molecular axis. However, for
intermediate values of the anchoring energy we expect
that the binding to the AL layer will be weakened mainly
at large voltage values. In this case, the LC axis is parallel
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X [mm]

J (°)
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Figure 5. (Colour online) Asymmetric Pl — PAAD-22D planar cell filled with E7: spatial map of the LC (a) thickness and (b) pretilt angle.

to the electric field across most of the cell and there is
a considerable bending of the director field near the cell
sides that strains the molecular attachment to the sur-
face thus amplifying the effect of not having an infinitely
strong anchoring. We can verify this by comparing CPI
traces computed for four different values of the anchor-
ing energy, logarithmically spaced between 10 uJ/m*
and 10 mJ/m?* a range that stretches from very weak to
very strong anchoring (see Figure 6). The difference
between the three largest values of the anchoring energy
is insignificant at low voltage, while it is well visible at
high voltage, especially if the anchoring is not too
strong. It is only when the anchoring is very weak that
the low voltage region is affected.

5.2 Minimisation landscapes

It is clear that the anchoring energy has an effect on the
CPI and so, in principle, it should be possible to deter-
mine its value by fitting experimental CPI traces. In
practice, however, its effect is small and so it may not
be possible to determine its value accurately. For exam-
ple, in the specific case of the traces in Figure 6, it is
immediately clear that even a minimal amount of noise
would make the traces that correspond to anchoring
energy of 10 mJ/m” and 1 mJ/m” indistinguishable. In
other words, the stronger the anchoring, the harder it is
to obtain an accurate measure [22,23].

Another factor that can contribute to the poor quality of
a parameter measurement, even if the fit is excellent, is the
presence of degeneracies between parameters. This is a well-
known problem in parameter fitting. To check whether fitting
the anchoring energy is possible, i.e. to verify that there are no

quasi-degeneracies, we have inspected the minimisation land-
scape around a known solution. We have fixed a set of LC and
cell parameters, indicated by a superscript 0, as in K. fo) , K3(0) ,

etc, and have computed the corresponding CPI trace,
I (Vj; K, K, dO, 6y, Wm)), where V; is the j-th vol-

tage value at which the CPI trace is evaluated, 6(()0) indicates the
common value of the two pretilt angles and W(®) the common
value of the two anchoring energies (we assume for simplicity
that the cell is symmetric). We have then varied two para-
meters, for example the bend elastic constant and the anchor-
ing energy, and computed the corresponding CPI trace,

I (Vj; Kfo), Kz, d©, 9(()0), W) Finally, we have computed
the distance between the two traces,
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Figure 6. (Colour online) CPI traces for different values of the
anchoring energy in a symmetric cell. Parameter values:
Ki =10.9pN, K3 =17.9pN, g =19.54, &€, =5.17, d=12,
6=2°A=642nm, n, = 1.7287 and n, = 1.5182.
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where N is the total number of voltage values used.
This is the function that is minimised when fitting
the LC parameters, in this case the bend elastic
constant and the anchoring energy at the two sides
of the symmetric cell. Parameters are independent if

D(K3(0>,W(°)) is an isolated minimum. We have

plotted the distance, Equation (9), as function of
three different combinations of parameters in
Figure 7, forming minimisation landscapes. The
anchoring energy (W) is along the horizontal axis
and varies by + 30% with respect to W(©. The
vertical axes are, from left to right, the splay and
bend elastic energy, and the pretilt angle. In all cases
there is an isolated minimum, confirming that the
anchoring energy can indeed be fitted. The region of
the minimum in the left and in the middle of the
plots is elongated, indicating that the estimate on the
anchoring energy can be changed significantly just by
a relatively small change in either of the elastic
energies. The region of the minimum in the right-
most plot, instead, is more symmetric indicating that
the pretilt and the anchoring energy are to a good
approximation independent one of the other. The
minimisation landscapes offer only a local analysis
of the best fit, as is the case for the covariance matrix
method to estimate correlations between parameters.
It is always possible that there may be other local
minima in the landscape, especially when varying all
the parameters. We try to avoid this pitfall of all
high-dimension minimisation methods by repeating
the fitting of the experimental CPI traces using dif-
ferent initial guesses of the fitting parameters.
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In summary, this analysis shows that it is possible, in
principle and in practice, to fit the polar anchoring
energy values from the very weak to strong regime.
The precision of the fit may be affected by errors in
the estimates of the elastic energy coeflicients; the
more precisely these are known, the more accurate the
estimate of the anchoring energy will be. If the LC
system is in a very strong anchoring regime, the accurate
value cannot be extracted, but in fact, this is not
a significant limitation. In this regime the LC alignment
is, by definition, not sensitive to the accurate value of the
anchoring energy.

5.3 Polar anchoring energy experimental results

As discussed earlier, the polar anchoring energy effects
are small and, hence, sensitive to noise in the measure-
ment process. Moreover, they are mostly detectable in
the large voltage amplitude part of the CPI trace. For
these voltage values, most of the LC in the bulk is
aligned with the electric field, and the only significant
alignment variations are near the boundaries. Surface
anomalies, like charge deposition, and dust, affect these
measurements more significantly than those of the elas-
tic constants, thickness and pretilt angle, whose value
are related to the LC bulk properties, thus, adding to the
noise on the measurement. To compensate for this, we
have measured the polar anchoring energy averaged
over the cell area. Our measurements are summarised
in Table 2.

Table 2. Anchoring energy values from symmetric and asym-
metric LC cells.

Average Polar Anchoring Energy on the

Measured LC cells photoactive layer [mJ/m?]

Symmetric 1: PI-E7 >1

Symmetric 2: PEDOT: 23+ 11
PSS-QYTN-004
Asymmetric 1: PI-E7- 0.26 £ 0.01

PAAD22D

W, [1J/m?]

100 120 80 100 120

W, [1J/m?]

Figure 7. (Colour online) Minimisation landscapes: in all cases the anchoring energy is along the horizontal axis and varies by + 30%
with respect to W(©. The vertical axes are, from left to right, the splay and bend elastic energy, and the pretilt angle. The scale of the

colour bar is in arbitrary units. Parameter values: K1(O> =10.9pN, K§O> =179pN, g =19.54, £, =5.17, d® =12, 60 =2°,

W© =100ul/m?.
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Table 3. Optical parameters of symmetric planar Pl - E7 cell.

Pretilt Polar Anchoring
Source K1 [pN] K3 [pN]  Angle [°]  Energy [mJ/mz]
Literature 11.2 [43] 18.6 [43] - -
10.8 [44] 17.5 [44] -
11.7 [45] 19.5[45] 2 [45]
11.5 [46] 18.2 [46] -
- 1.5 [47] -
- 0.3 [48]
- 0.8 [49]
- - - 1 [50]
OMPA 116+£02 178+0.1 1.9+0.1 > 1
measurements

The average polar anchoring energy of the standard
symmetric PI-E7 cell is >1 mJ/m? the upper bound of our
detection window (see Figure 6). In the case of the complex
LC mixture of QYTN-004 on PEDOT:PSS, the average
polar anchoring energy is lower at 23 + 11 mJ/m* In
order to calculate the polar anchoring energy of the asym-
metric PI - E7 - PAAD-22D cell, we exploited the optical
parameters for PI from the symmetric cell PI - E7 (see
Figure 3). The resulting average polar anchoring energy of
E7 on PAAD-22D is 0.26 + 0.01 mJ/m?, a weaker alignment
that on PL

As the results in Table 2 demonstrates our method
captured different anchoring strengths for a set of LC
systems. Strong anchoring was measured for our refer-
ence cell (PI-E7), as expected, and a reduced anchoring
was observed for the photoaddressable cells with photo-
alignment (PAAD) [15] and for a system with an organic
conductor (PEDOT:PSS) [36]. While the anchoring is
lower in those cells, it nevertheless remained in the
regime associated with strong anchoring.

6. Discussion

The selection of a PI - E7 symmetric cell for our first set
of measurements was driven by the availability of the E7
parameter values in the literature, making it the best
candidate to calibrate the OMPA instrument. The litera-
ture parameter values together with those fitted by the
OMPA are listed in Table 3. It is evident that even for this
popular LC there are relatively few measurements, and
none as comprehensive as those provided by the OMPA.
As shown in Table 3, the OMPA measurements are in
line with the literature ones. We also note that the spread

Table 4. Experimental results of PEDOT: PSS — QYTN-004 cell.

Polar
Anchoring
Pretilt Energy [mJ/
Source K1 [pN] K3 [pN] Angle [] mz]
OMPA 10.08 £ 0.14 16.0 +04 1.28 +0.08 23+ 11
measurements

of values for the anchoring energy is quite significant,
reflecting the difficulty in measuring this parameter.

The average measurements for QYTN-004 on
PEDOT: PSS are summarised in Table 4. These are the
first measurements we are aware of this low threshold
voltage LC. Polar anchoring energy revealed a weaker
behaviour than E7 on PI (23 + 11 mJ/m?). This highlights
the importance of being able to estimate the average value
and fit both strong and weak anchoring energy responses,
especially when characterising newly synthesised LC
materials. In the case of the PI - PAAD-22D asymmetric
cell, we have used the values listed in Table 3 to fix the
alignment properties of E7 on PI and have fitted the
pretilt angle and anchoring energy on the PAAD-22D
side. The most surprising feature of this measurement is
the relative weakness of the anchoring energy of E7 on
PAAD-22D, with respect to PI (0.26 + 0.01 mJ/m* and
>1 mJ/m” respectively). Usually photoaligned azo-dye
layers provide comparable anchoring energy with the
rubbed LC alignment on PI [8,15,51].

This difference can be explained by non-optimum
alignment of PAAD-22D layer, as observed in our ear-
lier work [26]. The strength of anchoring at
a photoalignment layer depends on the quality and
uniformity of the film [51,52]. As shown here, the
maps obtained for this cell indeed indicate some lack
of uniformity. This is an additional, important feature of
our method, i.e. that it is capable of detecting the lack of
uniformity or stability over time, as commonly observed
when dealing with new LC or alignment materials.

For azobenzene based PAAD ALs, the anchoring
energy can be varied considerably by changing the UV
exposure time and irradiation dose of azo-dyes [52]. In
particular, the optimum anchoring energy is obtained
when irradiation dose of a UV pump beam (365 nm) is
higher than 1 J/em? [53]. We have used a longer wave-
length (450 nm) and a weaker irradiation dose (0.22 J/
cm?). The second factor that affects the film quality is its
thickness: very thin films may lack continuity and form
islands. It is known that even very thin (e.g. 1 nm) layers
of azo-dyes can be used to align LC, but with signifi-
cantly reduced strength [15]. The thickness of the
PAAD-22D layer in the asymmetric cell was estimated
to be approximately 15 + 10 nm, while it normally spans
from 75 to 150 nm [54]. This larger thickness is likely to
lead to smoother films with stronger anchoring.

7. Summary and conclusions

We have shown a fast, robust, reproducible, and accu-
rate model and technique for characterising symmetric
and asymmetric LC cells based on CPI measurements.
This optical method can capture the subtle contribution



to the phase lag from anchoring on the substrates and
use it to determine its strength when the dielectric
anisotropy and birefringence of LC are known. We
tested this approach on cells with a single photoalign-
ment layer as well as on a system with organic conduc-
tors. In addition, the two-dimensional maps of
uniformity of the cells were obtained, showing spatial
variation of the thickness and of the pretilt angle, both
important parameters for determining long-term stabi-
lity of LC devices. Our measurements have focused on
planar LC cells with voltage inactive layers. However,
the technique we have presented can easily be extended
to more complicated cell configurations. For example,
including photoconductive or photovoltaic layers
requires only to change Equation (4) in a relatively
simple way, while modelling the effect of light-induced
alignment changes requires only modest modifications
of the boundary conditions Equations (5) and (6). This
flexibility, coupled with the ease and speed of measure-
ment, make our method an ideal tool for the character-
isation of novel photoaddressable LC geometries.
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