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OPTICAL PROPERTIES OF CHOLESTERIC
MATERIALS USED IN SURFACE STABILISED
CHOLESTERIC TEXTURE DEVICES

N. W. Roberts, J.-P. S. Guillou, H. F. Gleeson, I. Kivar,
S. J. Watson, and E. O. Arikainen
Department of Physics and Astronomy, University
of Manchester, M13 9PL, UK

An in depth study has been made of the optical properties of a series of
non-thermochromic chiral nematic materials to determine the influence of
refractive index dispersion on pilch measurements. The materials used were
miztures of a chiral nematic matevial, BL131a, and a nmematic material
BL130 (from Merck Ltd.) in which the pitch is changed by varying the concen-
tration of the nematic component. Detailed measurements were made of the
ordinary and extraovdinary refractive indices as a function of wavelength
across the visible spectrum. Dispersion effects changed the bivefringence by
approximately 10% across the visible spectrum. Reflection spectra were
obtained and used to deduce the helicoidal pitch. Failure to include dispersion
wmn the calculation led to a significant error in calculations of both the band-
width and pitch of the material. Finally, as SSCT devices are electro-optic in
nature, the influence of the conducting surface of the device on the optical
properties is examined.

INTRODUCTION

One of the best known optical phenomena in liquid crystals is the selective
reflection of light from cholesteric (chiral nematic) materials which is
responsible for the bright, iridescent colours observed in a planar sample.
Of course, not all chiral nematic textures reflect or scatter light strongly
and the focal conic texture in particular scatters light rather weakly. In
the focal conic texture, the direction of the optic axis is no longer exclusi-
vely perpendicular to the substrate, instead there are many domains each
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with its own optic axis direction. Application of an electric field can cause
switching between the planar and focal conic textures, either directly or via
the relaxation of other textures. Moreover, with the creation of permanent
domains within the structure, each texture (planar and focal conic)
becomes stable [1] forming the basis for the so-called surface-stabilised
cholesteric texture (SSCT) device. Suitable domains can be achieved either
through the polymerisation of a monomer dispersed throughout the liquid
crystal [2] or by using surface alignment [3] and the advantages of each
method of device production have been compared elsewhere [4].

SSCT devices are particularly attractive because of their low power con-
sumption, a result of the bistability of the two textures and the fact that the
display is reflective so no back-light is needed. The displays can take many
slightly different forms and the technology is now commercially available
[5], making it important that materials designed for use in such devices
are fully characterised. This paper reports the optical properties of a family
of mixtures designed for use in SSCT displays, indicating how dispersion in
the refractive index influences calculation of the pitch from selective
reflection spectra and how confinement of the material within a device
changes its optical characteristics. The materials studied are not thermo-
chromic and the pitch of individual mixtures is varied by the addition of
the nematic material BL130 to the chiral nematic material BL131a, a
system designed by Merck Ltd [6]. This type of material provides a whole
palette of colours and, at the same time, satisfies the requirements for
the thermal operational stability in a display. The elastic constants and
viscosity of this family of materials are reported elsewhere [7].

THEORETICAL BACKGROUND

The optical properties of the planar chiral nematic texture are well known
and at normal incidence simple equations describe the central wavelength,
4o, and the band width, A4, of the reflection band;

Jo =7p and AL = Anp. (1)

In Eq. (1), 7 is the mean refractive index ((72, +72.)/2), An is the birefrin-
gence and p is the helicoidal pitch of the chiral nematic material. Fergason
[8] further deduced an equation that approximately describes the wave-
length for non-normal incidence or for polydomain samples;

_ ) ol 1 :
2= cos | Zsint |22 b + —sin”! LH}HV , 2)
m 2 n 2 n

where 0; and 0, are the angle of incidence and reflection respectively
and m is an integer (usually 1). While Eq. (2) is useful in making small
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corrections to the observed wavelength for a sample illuminated with
obliquely incident light, it is only valid for small angles. However, the
dielectric tensor for a chiral nematic material is well-known and the reflec-
tion spectrum of a planar sample can be calculated from the solution of
Maxwell’s equations for light propagating within the medium. This is most
easily done numerically using the Berreman technique [9], the approach
employed in this work when exact comparisons were necessary between
the reflection spectra and the parameters for the cholesteric thin films
under investigation.

Both Egs. (1) and (2) assume that the refractive index is a constant
with respect to wavelength, a factor that has long been known to produce
discrepancies between measured and predicted values of the pitch and
reflection band width [10]. Molecular polarisabilities are frequency depen-
dent, so refractive indices are subject to dispersion, as can be described by
Sellmeier’s equation [11],

) B?

n 1+ Z A% ) (3)
where Z is the wavelength at which the refractive index 7 is measured and
B and A, are fitting parameters. The extent to which the phenomenon of
dispersion must be taken into account in the prediction of optical proper-
ties from measured quantities will clearly depend on the system under
consideration. This paper presents the refractive indices of a family of
mixtures of chiral nematic liquid crystals measured as a function of wave-
length and uses the data to deduce the pitch of the materials from the
reflection spectra.

EXPERIMENTAL

The materials employed were mixtures of a two-component system
designed by Merck for use in SSCT devices, a nematic host, (BL130),
and a chiral mixture (BL131a) selected such that the reflection band is
centred at a low wavelength in the visible spectrum (tight pitch). Dilution
of the pitch of BL131a with BL130 allows the reflection band to be shifted
through the visible spectrum to longer wavelengths. Temperature was
maintained at 25 & 0.1°C for all measurements presented in this paper.

The refractive indices of the liquid crystal mixtures were measured
using an Abbé 60 refractometer from Bellingham and Stanley Ltd. Infor-
mation regarding the dispersion of the prism was supplied with the refrac-
tometer and was taken into account when deducing the values of liquid
crystal refractive index. The inherent accuracy of the Abbé refractometer
used was 10*.
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The optic axis of a cholesteric liquid crystal coincides with the helical
axis so the birefringence is strictly negative. It is most convenient to mea-
sure the refractive indices of a cholesteric sample using a planar geometry
(the helicoidal axis is perpendicular to the faces of the prisms) which gives
optimum alignment, in contrast to the homeotropic alignment usually used
for nematic samples. Planar alignment is readily achieved by wiping the
surfaces of the refractometer prisms with a dilute solution of polyvinyl alco-
hol. In common with measurements on nematic samples, the ordinary and
extraordinary refractive indices can be distinguished through their polaris-
ation. In the planar geometry, the measured ordinary refractive index of the
helicoidal cholesteric structure is an average of the refractive indices
parallel and perpendicular to the director (perpendicular to the helicoidal
axis) [12,13]. For the sake of clarity the measured refractive indices for the
cases of cholesteric and nematic liquid crystals are summarised in Table 1.
While there is clear correspondence between the lowest refractive indices
measured on the refractometer and the values perpendicular to the
director (7, ) for both nematic and cholesteric samples, the highest value
corresponds to the parallel value (%)) only for the nematic case. For
cholesteric samples, the high value of refractive index measured (7} -,)
is an average of the two refractive indices and 7 must be deduced
according to the equation given in Table 1.

The dispersion in refractive index was determined by making measure-
ments at wavelengths across the visible spectrum. A microscope lamp was
used as a broad band light source and specific wavelengths were selected
using a monochromator. The experimental errors of the measurements
varied slightly with the wavelength, increasing closer to the extremes of
the visible spectrum where the sensitivity of the observer’s eye reduces.
In this work, each data point is the mean of ten measurements and the
standard deviation of these measurements (which normally exceeds the
nominal accuracy of the refractometer) is used to define the uncertainties
in refractive index measurements.

TABLE 1 A Summary of the Relationship Between the Measured Refractive Indices
for a Homeotropic Nematic Sample (Subscripts ‘N’) and a Planar Chiral Nematic
Sample (Subscripts ‘Ch’) Using an Abbé Refractometer. The Parameters », and
n)| are the Refractive Indices Perpendicular to and Parallel to the Local Director
Respectively

Measured low refractive index Measured high refractive index

Nematic NoN =N NeN =N

) . _ s o 2 o2
Chiral nematic Necn =11 Mocn = \/2 (”L +”H)
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Figure 1 shows a diagram of the experimental layout used to obtain
selective reflection spectra. Planar devices of nominal thickness 5 pm were
placed under a polarising reflection microscope and illuminated using a
10 x objective lens. The cone of illumination of the sample and the collec-
tion of reflected light has a maximum angle defined by the numerical aper-
ture (N.A = 0.22) of the objective lens used. The influence of oblique
incidence caused by different numerical apertures was investigated and
the errors introduced by the lens used were found to be insignificant
[14]. The light output from the second reflection arm of the microscope
was directed into a monochromator, dispersed by a diffraction grating
(1200lines/cm) and ultimately detected by a photo-multiplier tube
(PMT) connected to an amplifier. The voltage output was measured by a
digital voltmeter connected to a personal computer that also controlled
the monochromator.

In most cases, the reflection spectra are presented without having been
normalised for the chromatic response of the system (resulting from a com-
bination of the response of the PMT and the white light spectrum of the
illuminating bulb). Where some comparison of intensity across the wave-
length scale was required, the spectra were normalised for the shape of
the chromatic response. In general, because the intensity of incident light
and other parameters of importance were adjusted to optimise each spec-
trum, the values of the intensity from one spectrum to another should not
be compared directly.

Photomultiplier

tube Monochromator
1 1
—-%— # Lens .
Exit Entrance A AL Light reflected [
slit slit —__ from the sampl ‘

v Adjustable| white light
Exira reflection arm Fixed |—— y POIAMZET il minati
: Q 1kvwﬁh btearnspﬁtter analyser | |© [~ I — | e
- inpu ‘
-+ Signal output BoamEpiitics
]

Heating stage —=

FIGURE 1 Apparatus to measure the selective reflection spectra of cholesteric
films.
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RESULTS AND DISCUSSION

1. Refractive Index Measurements

The form of the refractive index variation of the materials as a function of
incident wavelength was similar at all concentrations. A typical dispersion
curve for the refractive indices 7/(4) and n (1) and the calculated average
refractive index 724 is shown in Figure 2 for the 100% chiral material,
BL131a. All the refractive indices decrease with increasing wavelength,
as expected. In all of the mixtures studied, the absolute refractive index
changes across the visible range (from 480 to 630 nm) are relatively small:
0.03 for 7, 0.01 for 7, and 0.025 for 7. Figure 3 illustrates the effect of
dispersion on the birefringence for three different mixtures. It can be seen
that whilst the absolute change in An is rather small, the relative value
decreases by around 10% on changing the illumination wavelength from
480 nm to 650 nm.

2. Selective Reflection Measurements

It is possible to determine the helicoidal pitch of a cholesteric material
from several points on the reflection spectrum of a planar sample, the most
obvious choices being the centre and two extremes of the reflection band.

" 8 n gy g ]
L A S A BN L S e ey m]
480 500 520 540 560 580 600 620 640 660
Wavelength / nm

FIGURE 2 The dispersion data for all the refractive indices of the 100% choles-
teric mixture BL131a. The triangles correspond to 7, squares to 7, and circles
to 7.
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FIGURE 3 The wavelength dependence of the magnitude of the birefringence
An(2) in three different mixtures of BL131a/BL130. The squares, circles and trian-
gles correspond to 100%, 75% and 50% of BL131a respectively. Note that the sign
of the birefringence for the nematic material is strictly positive, while the choles-
teric mixtures all have negative birefringence because of their structure.

If these wavelength values are defined as Ao, 4; and Ay respectively, with

A1 < Jg, the pitch is given equivalently by:

A A
neoony’

3|3

(4)

p:

The wavelengths of the theoretical points (4o, 41, A2) were calculated from
defined points on experimental spectra as shown in Figure 4,
_ A2 A = il(low) + /ll(h,igh) do = )‘2(10w) + j-Z(h’igh,) (5)

j-0 9 ) #a 9 )

The error in assigning the points j’l(lOW)y )°1(high)7 ;LZ(IOW) and }~2(high)
defined in the figure was better than +0.5nm, by far the dominant error
in the measurement. However, if the pitch is calculated using Eq. (4)
and the refractive indices are measured at a single wavelength (usually
A =589.6nm) [10], poor agreement in the pitch values is often obtained.
Indeed, strictly Eq. (4) should have been written:

M
P =500 " no() ~ ny(da)’ (6)
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FIGURE 4 An example of the selective reflection spectrum showing the thin film
interference and the positions taken for 4;aow), 41nighys 40, 42a10w), 42(high)-

where 72(4) should be read ‘the average refractive index at a wavelength
of Ao.

Figure 5 illustrates this point. The bar graph shows the difference
between measured pitch values at concentrations of 75%, 85%, 95%
and 100%, calculated using Eq. (5), both with and without the dispersion
taken into account. In the calculation without the dispersion, the refractive
indices were measured at a wavelength of 5689.6 nm. The bar graph clearly
shows that the error in the pitch measurement becomes greater the further

75

Wavelength Difference / nm

85 95 100

14 Sample Concentration / %

FIGURE 5 The difference between pitch measurements taking into account the
dispersion relation and using refractive indices measured at 589.6 nm.
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the reflection peak moves away from the single wavelength used in the
refractive index measurement. However, Figure 5 also shows that while
dispersion must be taken into account to obtain accurate measurements
of the pitch from any part of the reflection spectrum, the effect is rather
small. It is perhaps also worth noting that the error will be enhanced for
cholesteric materials that absorb, such as some of the recently reported
polymeric systems [15]. Then the dispersion becomes significant close to
an absorption edge so that the bandwidth will relate rather poorly to the
birefringence measured at a single wavelength.

3. Influence of the Indium Tin Oxide (ITO)

The two stable states in an SSCT device are voltage-selected so devices
must be constructed with transparent electrodes. Reflections at conducting
and dielectric interfaces differ in that the former always produce a phase
change, a phenomenon that might be expected to change the optics of a
reflection from chiral nematic films. Indeed, such an observation is readily
made; examination of the electrode area using linearly polarised light is
qualitatively different from the appearance of the non-electrode area under
identical viewing conditions as shown in Figure 6. As SSCT devices are not
designed for use with polarisers, this observation seems at first to be of
little interest. However, the method proposed to obtain full colour from
such devices is to stack layers with overlapping reflection bands. As the
light transmitted through a planar slab of cholesteric material within the
reflection band has rather specific polarisation states at different wave-
lengths, the optical properties of the combined device in the overlap
regions can certainly be influenced. The following section considers the
polarisation dependence of the reflection band of a cholesteric sample

FIGURE 6 Two photographs showing the change in appearance after a 90° rotation
of the planar state of an SSCT device viewed using linear polarised light. The elec-
trode area is in the central region of the device.
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using plane polarised light — approximately the polarisation state expected
at the edges of the reflection band where the overlap region of two differ-
ent layers is most likely to lie.

Consider the measured spectra shown in Figure 7, which are typical of the
reflection spectra obtained for polarised light both a) off and b) on the ITO
area. In both cases it is clear that outside the reflection band the finite
thickness of sample results in distinct interference fringes, however within
the reflection band, fringes can only be seen from the ITO area of the cell.
It is interesting to consider simplistically the differences between the two
cases. Ray 1 in Figure 8 corresponds to light at normal incidence and at a
wavelength within the reflection band of a cholesteric liquid crystal held
between glass substrates; its polarisation state is in general elliptical with
a handedness that depends on the material and position within the reflection
band. Ray 2 is ‘reflected’ with the opposite sense of elliptical polarisation to
that of the helix because of the periodic nature of the liquid crystal. The
remainder of the light, ray 3, must therefore be elliptically polarised with
the same sense as the helix as it propagates through the cell and emerges
as ray 4. For interference to occur in the space beyond the upper substrate
of the cell, some percentage of ray 3 must be reflected at the bottom inter-
faces and be of the allowed elliptical polarisation such that it can propagate
back through the helix. The reflection is due to the dielectric boundaries
between the liquid crystal, alignment layer, glass and air. In the case without
the ITO layer, the reflection takes place at several interfaces; both dense to
rare (72 (iquid crystal) ~ 1.6/T(glass) = 1.5 and 7(gass) = 1.5/7(iry =~ 1.0) and
rare to dense (7(alignment layer) = 1.45/M(glass) = 1.5). Upon both the dense
to rare reflections there is a @ phase change. This reverses the sense of

0.7
0.6-
06
§ s m
2 L2 0.
2 04 a 3 b
© ¥ O o4
& 5
§ 0.31 E 0.3
& &
0.2 0.2
0.14 0.1
420 440 460 480 500 520 540 560 580 600 620 420 440 460 480 500 520 540 560 580 600 620
Wavelength / nm Wavelength / nm

FIGURE 7 Example of a reflective spectrum taken a) off and b) on the area of the
ITO electrodes. In b) note the thin film interference fringes seen within the reflec-
tion band. In both plots the incident linear polarisation is perpendicular to the sur-
face alignment.
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FIGURE 8 A diagram showing the allowed polarisations of light of a wavelength
within the reflection band incident on a cell without the conducting ITO layer.

polarisation, no longer matching the handedness of the ray and the helix, and
thus not allowing ray 5 to propagate back through the liquid crystal. Also
there is the rare to dense reflection, however, although the reflected ray
can now propagate back though, the refractive index difference between
the media is not great enough to provide an appreciable intensity to cause
easily observable interference fringes. Therefore, without the ITO layer, no
interference is observed within the reflection band. However, with the ITO
present, ray 3 is also reflected from a rare to dense interface at the metal
ITO boundary. This also causes a phase change upon reflection but in general
it does not equal = [16], thus providing a component of the reflected ray that
matches the handedness of the helix. Hence ray 5 is now allowed to propa-
gate back through the liquid crystal, causing the interference fringes within
the reflection band. Although this is a somewhat simplistic explanation, from
experimental evidence it does explain the features of the reflection spectra
measured on and off the ITO area of the cell. It is also worth noting, that the
slope of the spectrum differs between a) and b) in Figure 7. The wavelength
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of the maximum value of the reflection coefficient clearly explains the colour
differences seen between the ITO and outside area in Figure 6.

To investigate the reflection spectra from the ITO areas further,
polarisation-dependent reflection spectra of a planar aligned cell were
taken for incident polarisation directions at intervals of 30° with respect
to the rubbing direction of the alignment layer and normalised for the chro-
matic response of the apparatus, (Fig. 9(a) and (c)). These experimental
reflection spectra are compared to numerical reflection spectra (Fig. 9b
and (d)) calculated using the Berreman 4 x 4 method. Included in these
calculations are the glass/ITO/alignment layers and it is clear that the
complex refractive indices of the ITO layer predict the thin film inter-
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FIGURE 9 Normalised reflection spectra as a function of changing angle of input
linear polarisation a) experimental reflection spectrum from a rotation of the cell
from 0° to 90° polarisation and b) theoretical reflection spectrum from a rotation
of the cell from 0° to 90° and c) reflection spectra from a rotation of the cell from
105° to 180° shown with constant input polarisation and no analyser and d) theor-
etical reflection spectrum from a rotation of the cell from 90° to 180°.
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ference seen within the reflection band. The quality of agreement also
demonstrates the accuracy of both the model and the experimental data.

CONCLUSIONS

The investigation presented here has demonstrated that care must be
taken when calculating the pitch from reflection spectra. Without consider-
ation of the dispersion of the refractive indices and an awareness of the
preferred pitch in aligned cells it is possible that the specification of these
materials’ properties with a view to their display application could be mis-
leading. Beyond these static display properties, the dynamic properties of
the materials such as response and relaxation time will be considered in a
future publication. The investigation has also analysed the contrasting
optics between reflections from the ITO area of the cell and that outside
of the electrode area. Agreement between experimental measurements
and theoretical modelling clearly showed the interference fringes seen
within the reflection band are simply explained with the correct consider-
ation of optical multi-layer effects due to the cell’s construction. With this
complete characterisation of the display device parameters, it should be
possible for these materials, or those developed from them, to be widely
used in the display market.
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