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Influence of the Multiple Beam Interference on Phase
Retardation of Liquid Crystal Cells

Ivan Chernyaev’, Anastasia Suvorova'?, Fedor
Podgornov'?, and Wolfgang Haase'

'Eduard-Zintl-Institute for Inorganic and Physical Chemistry,
Darmstadt University of Technology, Darmstadt, Germany

2Nonlinear optics laboratory, South Ural State University, Chelyabinsk,
Russia

The aim of this article is to carry out theoretical investigation of the influence of the
multiple beam interference on the phase retardation of liquid crystal cells. For the
theoretical description of this effect, Heavens-Clarke matrix formalism was uti-
lized. As a result, the significant influence of interference effects on the phase shift
of the transmitted light is demonstrated. It is shown that the interference effects
are determined by geometrical and optical parameters of the constituting layers
of a liquid crystalline cell. Moreover, it is demonstrated that for a given liquid
crystal at a given temperature an optimized combination of variable parameters
as thicknesses of liquid crystal layer, polymer layer, electrode layer, glass substrate
layer the influence of the multiple interference on the phase retardation can be
minimized.

Keywords: liquid crystal cell; multi-beam interference; phase retardation

INTRODUCTION

Spatial light modulators are widely used in the modern optoelectronics
(e.g. liquid crystal displays (LCDs), modulators, compensators, etc.).
Nowadays, several phase-amplitude light modulation techniques
exist. These techniques are usually based on modulation methods such
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as mechanical rotation of anisotropic crystal wave plates, electro-optic
Pockels and Kerr effects. But such technologies have in spite of
high modulation accuracy and rate some significant disadvantages
like high energy consumption, bulky form-factor, high cost.
Such drawbacks can be remedied by using liquid crystal (LC) light
modulators.

Spatiotemporal light modulation using liquid crystals is based on
the change of the optical properties of the modulator due to reorien-
tation of molecules under the action of the driving voltage. In order
to estimate the LC cell phase retardation by a given applied voltage,
the standard expression used is:

2n

I =
)\,

(ne - no)d (1)

Here I'-LC layer phase retardation, d—LC cell gap, /—irradiation
wavelength, n,—ordinary refractive index of the media, n,— extraordi-
nary refractive index.

However if the coherence of the light source is rather high the inter-
ference occurs of the waves reflected by interfaces of the cell. In this
case the estimation of the phase retardation with (1) leads only to
approximate values.

Considering simple optical systems, the influence of the inter-
ference of multiple reflections on the phase modulation is widely
described in the literature [1-3]. The nature of the interference
depends both on the parameters of the optical system (characteristic
dimensions, optical anisotropy) and the properties of the propagating
radiation (state of polarization, wavelength).

The structure of the LC modulator is more complex. It represents an
anisotropic stratified media with properties being dependent on the
wavelength of the propagating radiation. In such a system partial
waves can appear at all of the interfaces, hence interference effects
might considerably influence the phase retardation of the LC modu-
lator, i.e. LC cell.

Interference effects in LC cells were studied by several authors
[4-8]. However, in every case only a simplified modeling of the
LC cell was foreseen, namely in scope of the application in LCDs.
In [4], the Fabry-Perot effect was investigated for LLC cells. However
while performing the calculations only the LC-polymer interface was
taken into account. In [5] the polymer and the ITO electrode
layers were not taken into account, but the optical properties of
the glass — cholesteric LC — glass system were investigated. In [6]
the influence of the interference effects on the contrast ratio of
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LC devices with remaining birefringence compensation was studied.
It was clearly demonstrated that the transmission of light through
an ideally compensated device in a wide spectral range is influenced
by inner reflections of the ordinary and extraordinary waves, how-
ever only the generation of partial waves at the air-LLC interface
was taken into consideration.

Interference effects created by multiple reflections were experimen-
tally studied in [7—8]. The influence of interference effects on the accu-
racy of measurement of such parameters of LC cells as twist angle and
anchoring energy was shown.

To the best of our knowledge interference effects based on multiple
reflections in the whole multilayer structure of LC cell were never con-
sidered in order to estimate the phase retardation of LC cell at a given
wavelength and cell parameters.

CALCULATION PROCEDURES FOR THE OPTICAL PROPERTIES

The propagation of the electromagnetic radiation in a media is usually
described by the well known Maxwell equations. At the same time
analytical solutions of the Maxwell equations can be found only in
some specific cases. In order to describe the interaction of the radiation
with an arbitrary inhomogeneous anisotropic media a number of dif-
ferent techniques were developed. A common feature for all of them
is to minimize the number of variables which describe the electromag-
netic wave. Some of the most popular methods are after Jones [9],
Mueller [9] or Berreman [10].

The Mueller matrix method doesn’t allow the description of the
influence of the interference effects on the properties of the trans-
mitted radiation. This is because this method operates with the
intensity of the wave rather than its amplitude and phase. Draw-
back of the methods after Jones and Berreman is the comparative
mathematical complexity to find out algorithms. For instance, in
the Berreman method the exponent of the 4 x 4 matrix is required
to be calculated. This is usually realized either approximately by
expansion of the exponent in a Taylor series [11] or via exact sol-
ution by applying the Silvestre theorem for the representation of
the matrix function as finite series [12]. In both cases a number
of difficulties in the computer realization of the algorithms appears
(dividing a media on a large number of layers with thicknesses
much less than the radiation wavelength [11], solution of 0/0 uncer-
tainty [12], etc.).

Interference effects can be taken into attention using the expanded
Jones matrix formalism. Following this technique one needs to
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calculate a special coefficient describing the anisotropy of refractive
indexes and the Fabry-Perot effect. However this is in case of aniso-
tropic media a rather complex procedure.

A more simple approach was developed by Clarke et al. [2,13]. This
approach is based on Heavens matrix formalism [14], which uses 2 x 2
matrices characterizing the interfaces of the compound optical system.
By Heavens, an elementary matrix M, describing a k-th interface and
the antecedent media has the following form:

tleiék,l ;_keilsk—l
My=|b . & . 2)

r_kefl()k—l %eiiék—l

Here t, —transmission coefficient of k-th interface, ri —reflection coef-
ficient of k-th interface, J, _ ; —phase retardaion of the media followed
by the k-th interface.

In case of optically anisotropic systems there is a need to perform in
a separate manner calculations for each orthogonal component of
the electromagnetic wave. For doing this the following matrix was
suggested by Clarke [13].

Loi¢  rLgidy 0 0
7 tL
Leitr  Lei 0 0
| I
0 0 emit leidy

|
4 4

Here | and L symbols correspond to the general optical axes of the
media, ®—the phase of the corresponding orthogonal component.
The matrix of the entire optical system can now be calculated by
sequential multiplication of elementary matrices corresponding to
each interface.
By Clarke [13], the electric field of the propagating electromagnetic
wave through the media is described via the column:

— and < denote the direction of the orthogonal components of the
wave propagating inside the media.



Downloaded by [University of Haifa Library] at 14:10 09 August 2012

Phase Retardation of Liquid Crystal Cells 223

The transformation of the electric field wave for the entire system
can be expressed by:

.

EJ_ EL
7 mipz miz miz Mg —
E, | |ma ma ma3s moy||EL
EH m31 m32 Mm33 M34 E,
o/ mMy1 Myg2 My3 My4 =
E, E

Now, the phase retardation I" and transmission T of the system can
be easily extracted from matrix elements m;; and mgss:

Im(TLH) _ _
Re(T. )’ = mi133’

tan FLH =

Thus the Heavens-Clarke matrix formalism allows a simple and
effective description of the propagation of the electromagnetic radi-
ation through a stratified anisotropic optical system by taking into
consideration the interference effects created by multiple reflections.
At the same time one should note that this technique operates with
an ideal plane monochromatic electromagnetic wave propagating
straight perpendicularly to an ideal plane-parallel stratified media.
The interplay with the radiation consists only in the phase shift
between components of the wave.

MODEL OF LIQUID CRYSTAL LIGHT MODULATOR

In this work the light propagation through the standard “sandwich”
cell has been calculated using Havens-Clarke formalism. Such cell
has the following structure (Fig. 1).

The cell consists of two plane-parallel glass substrates covered by
transparent electrodes and polymeric alignment layers. These sub-
strates are cemented in such a way that some gap is formed between
them. This gap is filled with the liquid crystal.

Parameters of the cell can be different depending on the application.
Usually in LC displays the cell gap, i.e. liquid crystal layer thickness,
varies between 3 and 10 um, the substrate thickness between 0.7 to
1.1mm, the transparent electrode thickness between 20 to 300 nm
depending on the required impedance and transmittance. The poly-
meric aligning layer is generally about 50 nm thin. Depending on
each applications, e.g. in polarimetry, telecommunication etc. the
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glass

ITO layer
polymer layer

LC layer

FIGURE 1 LC cell in schematic representation.

thickness of each individual layer can be considerably different
from the above given ranges. Thus in order to obtain quarter-wave
or half-wave phase retardation the cell gap can be up to 100 pm
depending on the birefringence of the liquid crystal under application,
the polymeric alignment layer up to 500 nm.

As for the material of the different cell elements, the substrates are
generally out of K8 glass with a refractive index 1.51. The refractive
index of the polymeric aligning layer depends on the chemical struc-
ture, but generally ranges between 1.5-1.6. Transparent electrodes
are usually indium tin oxide (ITO). The refractive index of those
depends significantly on the applied sputtering technology variable
in a wide range from 1.7 to 2.2. As it is well known liquid crystals
are optically anisotropic media with birefringence up to 0.5, some-
times up to about 0.7 [15]. All the magnitudes for the refractive
indexes mentioned above are selected for 632.8nm wavelength. It
must be noted that only the real part of the refractive index is taken
into account. This is reasonable only when the contribution of the
absorbance to the polarimetric properties of the modulator can be
neglected.

The dispersion of the refractive index of K8 glass, polymer
alignment layer and ITO layer can be calculated using the well known
Cauchy formula:

n? = % + B, (7
A, B—constants, n—refractive index of the media, A-irradiation wave-
length.
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TABLE 1 Properties of the Different Layers of the LC Cell

Layer Refractive index
thickness, pm at 632.8 nm wavelength
Glass substrates 100-1000 1.51
ITO electrodes 0.01-0.3 1.92
Polymer alignment layers 0.05-0.5 1.67
Liquid crystal 5CB (25°C) 1-10 ordinary: 1.53

extraordinary: 1.71

In order to determine A and B, the refractive indexes for two differ-
ent wavelengths must be known. K8 glass refractive index was taken
from hand-book of optical materials, for polymer alignment layer from
[16], for ITO from [17]. As for liquid crystals, it has been demonstrated
by [18] that the standard formula written above cannot be used.
Therefore the single-band dispersion model after [18] which perfectly
fits to the experimental data is utilized in this work. The correspond-
ing expressions for the ordinary and extraordinary refractive indexes
are the following:

AQAﬁ 122
Ne=1+g8 45—, No=1l4g8 5 (8)
22— 2=

n. and n,—extraordinary and ordinary refractive indexes, g, and 4 |
are constants. In this work refractive indexes of the nematic liquid
crystal 5CB at room temperature (25°C) given in [18] are used in the
calculations.

All the LC cell parameters which were used for the simulation of the
light propagation are given in Table 1.

RESULTS

In order to calculate the phase retardation for light transmitted
through the LC cell at a given wavelength and cell parameters, the
software using Heavens-Clarke matrix formalism was utilized.

Figure 2, left, shows the calculated phase retardation versus wave-
length in the visible range with and without interference. It's obvious
that interference effects contribute significantly to the magnitude of
the phase retardation. Figure 2, right, displays the same dependences
in the narrow wavelength range (nearby helium-neon laser emission
wavelength). It can be noted that relatively large oscillations in
frequency and amplitude take place.
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FIGURE 2 Dispersion of the LC cell phase retardation with (full line) and
without (dashed line) interference effects in the whole multilayer structure
of the cell. Left: visible range; right: close to helium-neon laser wavelength.
Glass substrate thickness 1 mm, ITO layer 20 nm, polymer 200 nm, L.C layer
5pm.
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FIGURE 3 Phase retardation and transmission of the L.C cell for two differ-
ent wavelength ranges including interference effects in the whole multilayer
structure. Glass substrate thickness 1mm, ITO layer 20nm, polymer
200nm, LC 5 pum.



Downloaded by [University of Haifa Library] at 14:10 09 August 2012

Phase Retardation of Liquid Crystal Cells 227

Phase retardation and dispersion of the transmission of the LC cell
between crossed polarizers are presented in Figure 3.

The transmission T through the LC cell was calculated using the
well known expression:

T = % (a® +a? — 2a,a, cosT) 9)

Here a, and a,—amplitudes of ordinary and extraordinary compo-
nents of radiation transferred trough the cell, I'—phase shift between
those components (intensity of the incident radiation is unitary, polar-
izers are oriented at 45° to LC cell optical axes).

It can be well seen that the interference effects significantly influ-
ence the intensity of the transmitted radiation by up to 15%, further-
more the oscillation frequency of the transmittance is the same as for
the phase retardation. Remarkable, in the infrared range the oscilla-
tions of phase retardation and transmission are less frequent
compared to those in the visible range.
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FIGURE 4 Dispersion of the LC cell phase retardation vs. wavelenght nearby
the helium-neon laser line. Model 1: glass—LC—glass. Model 2: air—glass—
LC—glass—air. Model 3: air—glass—ITO —polymer—LC—polymer—ITO—
glass —air. Glass substrate thickness 1 mm, ITO layer 20 nm, polymer 200 nm,
LC 5 um.
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In order to estimate the contribution of each layer of the LC cell to
the interference, several models allowing the simulation of the LC
cell were considered. In the first model only multiple reflections at
the LC-glass interface are taken into account, in the second-LC-glass
and glass-air (vacuum), in the third — all the LC cell interfaces. Figure
4 depicts the result of the simulations.

It is evident that in order to find exact values for the phase retar-
dation at a given wavelength one cannot neglect one or another LC cell
structural element. Each element makes its own contribution to the
interference effects. In particular, the influence of ITO electrodes
and polymer alignment layers, model 3, is visible by additional low-
amplitude oscillations at the same frequency. It can be also seen that
the high frequency in the oscillations has its origin in multiple reflec-
tions at the glass-air interface. This can be explained by the fact that
the thickness of the glass substrate exceeds the radiation wavelength,
which leads to rather large phase shift of the partial waves.

Depending on the application and the fabrication technology the
thickness of all layers of the LC cell can be different from that
assumed within the above models. Moreover variation of the thickness
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FIGURE 5 LC cell phase retardation vs. thickness of each single layer by
holding thicknesses of the remaining layers constant (thicknesses of unvaried
parameters: glass 1 mm, electrodes 20nm, polymer 200 nm, LC 5um). Inter-
ference effects in the whole multilayer structure are included.
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of the layers in the entire LC cell can always take place. Figure 5 pre-
sents the phase retardation of the LC cell versus the thickness of each
different layer at the wavelength of the helium-neon laser (632.8 nm).
Interference of multiple reflections at all interfaces in the LC cell was
allowed. It is clear from Figure 5, the thickness of the LC layer influ-
ences generally the absolute magnitude of the phase retardation, the
influence of thickness variations of the ITO electrodes and the polymer
alignment layers is relatively low. However one can clearly seen from
Figure 5 there is a considerable dependence of the phase retardation
on the glass thickness. Every tiny thickness deviation can lead to sig-
nificant changes in the phase retardation. Figure 5 top left also shows
that in the region of 1/4 the fluctuations of the phase retardation are
remarkable, whereas for the given parameter set at 1/2 the fluctua-
tions in the phase retardation are low.

For practical application, e.g. for preparing 1/4 or 1/2 cells, one is
interested to minimize the influence of interference of multiple reflec-
tions at the various interfaces on the phase retardation or better to set
down it completely. This can be done by varying the thickness of layers
of the LC cell. In Figure 6 conditions are selected in order to cancel out
the fluctuations to a good extent. This figure can be compared with
Figure 2 right. Obviously a partial compensation of the influence of
multiple interference takes place. It should be noted that one may vary
not only the thickness of the layers of the LC cell but also the refrac-
tive indexes of polymer and ITO layers for further compensation of the
contribution due to interference effects.

Further studies are needed to verify results of our calculations
under experimental conditions.
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FIGURE 6 Phase retardation of LC cell vs. wavelength for nearly optimized para-
meters of LC cell (glass substrates 0.1 mm, ITO electrodes 20 nm, polymer 150 nm,
LC layer 5 pm) with interference effects (full line) and without (dashed line).
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CONCLUSION

In this article, theoretical investigation of the influence of multiple
beam interference on the phase retardation of liquid crystal cell is
performed. As a result it is demonstrated that interference effects
within the whole liquid crystal cell multilayered structure signifi-
cantly affect the transmitted light phase retardation in case of mono-
chromatic light with a very high coherence length. The high frequency
of oscillations has its origin in multiple reflections at the various inter-
faces. Also it is shown that the frequency and amplitude of the oscilla-
tions of the phase retardation strongly depend on geometrical and
optical parameters of the layers of the liquid crystal cell. For practical
applications, e.g. for preparing 1/4 or 1/2 cells, the presented pro-
cedure allows to find out the parameter set, where a compensation
or at least a diminishing of the influence of multiple beam interference
on phase retardation of the LC cell takes place. It is also worthy to
mention that the fast spectral oscillations can be observed only in case
when a) the incident light has very narrow spectral width (much less
then the oscillation periodicity) and b) when the all layers are strictly
parallel. To make this effect more pronounce, one should utilize the
conducting layers with higher refractive index (e.g. silver).
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