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a b s t r a c t

The novel method to measure a local optical retardation has been proposed. By combining an electrically
controllable birefringence (ECB) liquid crystal (LC) cell and image processing software, the local retar-
dation of a polymer-stabilized blue phase (BP) with in-plane electric field has successfully been
measured in a micrometer scale. When the optic axes of the sample and reference cells are aligned �45�

with respect to the crossed polarizers, the optical retardation of the sample is compensated by a refer-
ence ECB cell. In this geometry, the optical retardation or birefringence of micro-domains can be
experimentally quantified by determining a complete compensation condition with electrically adjust-
able reference cell and image processing software. This method is very useful to measure Kerr constant of
the BPLC more exactly and also can be applied for various samples that require a micrometer scale
resolution for the measurement of optical retardation.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

The nematic liquid crystals (LCs) with different operating modes
such as twisted nematic (TN), super twisted nematic (STN), in-plane
switching (IPS), fringe-field switching (FFS) and multi-domain
vertical alignment (MVA)havebeenutilized asamajor LCcomponent
in the field of liquid crystal display technology [1e4]. Polymer stabi-
lization of various LC phases has also been widely investigated over
the last twodecades [5e7]. In recent years, the polymer stabilizations
of cholesteric blue phases (PSBPs) and nano-structured cholesteric
LCs have been attracting a great deal of attentions due to their
promising properties such as fast response time, ideal dark state, and
no need of surface treatment, etc. Especially, their optical isotropy
with a local liquid crystalline order renders an extraordinarily large
Kerr constant and thus the fast transition from the optically isotropic
to birefringent state by applying external electric field. [8e14].

In the optically isotropic LC state, a field-off state under crossed
polarizers is completely dark (i.e., ideal off-state) according to the
isotropic organizations of LC domains. In the existence of an electric

field within a practical range, the optical birefringence is induced
due to its intrinsic liquid crystalline order and its magnitude is
determined by the Eq. (1).

Dni ¼ lKE2 (1)

where Dni is the induced birefringence, l is the wavelength of the
incident light, K is the Kerr constant of the LC mixture and E is the
applied electric field [9e15]. The optical transmittance associated
with the induced phase retardation under crossed polarizers can be
described as follows:

T=T0 ¼ sin22jðVÞsin2ðpdDniðVÞ=lÞ (2)

where j(V) is the voltage dependent angle between a uniaxial optic
axis of LC and one of the transmission axes of crossed polarizers in
the plane of substrate, d is the thickness of LC layer, andDni(V) is the
induced birefringence as a function of applied voltage. For the
maximum transmittance, j and dDni should be equal to 45� and l/2,
respectively [16].

The optically isotropic LC cells can be stabilized by internal
polymer networks and hence significantly extend their operating
temperature range [8]. When they are operated by the in-plane
electric field with interdigitated electrodes, the induced optical
retardation in a pixel area (i.e., area between electrodes) is not
uniform, resulting in a gradient of optical transmittance. To
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optimize a brightness of pixel area and maximize device perfor-
mance, it is necessary to measure local retardations caused by
nonuniform electric field in between electrode.

In this paper, we report the measurement method of a local
retardation of LC devices by using an electrically controllable bire-
fringence (ECB) cell. The retardation value of the ECB cell can be
controlled by an applying electric field and used as a reference to
measure a local retardation of the sample as a function of applied
field. To demonstrate this concept, we employed a Kerr cell (i.e.,
polymer-stabilized blue phase) with an in-plane electric field as
a test sample and investigated a local retardation in a micrometer
scale. The optical transmittance was recorded under a polarizing
optical microscope (POM) to determine a complete optical
compensation between sample and reference cells and the POM
images were analyzed using image processing software. The local
retardation values were measured by the reference cell at
a complete compensation condition.

2. Experiments

Preparation of electro-optic cells: In this experiment, we fabri-
cated IPS type of electro-optic cells [17]. The bottom substrate
consisted of pixel electrodes with patterned indium-tin-oxide (ITO)
and common electrodes with patterned MoeTi alloy on a flat glass.
The width and separation of patterned-electrodes with a wedge
shape were 10 mm and 20 mm, respectively. The 10 mm-thick
adhesive tape was used to maintain a gap between top and bottom
substrates. The measured gap of empty cells prior to LC load was
10� 0.1 mm. The dimension of cells used in the experiments was
3.0 cm� 2.7 cm with an active area of 1.5 cm� 1.5 cm.

Preparation of LC mixture: Our sample was a mixture of the
nematic liquid crystal, chiral additives, reactive monomers, and
a photoinitiator (Irgacure 651, Ciba Additive Corp.). The nematic LC
used in this study was a cyano-biphenyl type mixture purchased
from Merck. We used two reactive monomers, nonmesogenic
ethylhexyl acrylate EHA (Aldrich) and the nematic mesogen RM257
(Merck). The chiral additives ZLI 4572 and CB 15 both purchased
from Merck were used to adjust a helical pitch of the LC mixture.
The sample components were mixed by following weight ratio:
nematic LC (33.0 wt%), ZLI 4572 (8.0 wt%), CB 15 (10.5 wt%), RM257
(46.0 wt%), EHA (1.9 wt%), and photoinitiator (0.6 wt%).

Polymer stabilization: The cholesteric mixture was then loaded
into 10 mm-thick E.O. cells in the isotropic phase (100 �C). The
sample cells were then cooled to 91 �C and annealed for ten
minutes before polymer stabilization. For the polymer stabilization,
the sample cells were exposed with UV-light generated by a HgeXe
source L9588-01 (Hamamatsu) for two hours with an intensity of
5 mW/cm2.

Preparation of a reference ECB cell: The reference ECB cell was
constructed using flat glass substrates with ITO layer. The inner
surfaces were treated with antiparallel rubbed polyimide align-
ment layers with a low pretilt angle. The nematic LC with
Dn¼ 0.088 was loaded into 4.0 mm thick cell. The variable retar-
dations of the ECB cell were calibrated as a function of applied
voltage by measuring retardation values at 550 nm using a REMS-
150 (SESIM Photonics Technology).

Polarizing optical microscopy (POM): For themicroscopic textural
study, the cells filled with a cholesteric mixture were placed under
Nikon DXM1200 POM with crossed polarizers in a transmission
mode. The micro-photographic images were recorded using POM.

Simulation conditions: For the calculation of electro-optic char-
acteristics of a Kerr sample, we used commercial software “TechWiz
LCD” (Sanayi System Corp.). The simulation parameters such as cell
configuration, electrode dimension and material properties were
the same as experimental conditions.

3. Results and discussion

The cholesteric mixture, polymer-stabilized at 91 �C in the blue
phase, exhibited an optically isotropic state which is a dark under
crossed polarizers as seen in Fig. 1a. The optical birefringence was

Fig. 1. Polarizing optical images of polymer-stabilized BP under crossed polarizers: (a) Off-state and (b) on-state with 6 V/mm of applied electric field at room temperature. The
polymer-stabilized blue phase exhibits a dark state at zero field due to the intrinsic optical isotropy of the phase. The bright state is attributed to an optical birefringence induced by
the Kerr effect under in-plane electric field. The nonuniform transmittance at an inter-electrodes area is indicated by the single-headed arrows in (b). The double-headed arrows
represent a direction of polarizers and the scale bars correspond to 50 mm.

Fig. 2. Schematic illustration of the method to measure a local retardation of the Kerr
cell. The in-plane optic axes of the Kerr (sample) and ECB (reference) cells are aligned
þ45� and �45� with respect to the transmission axis of a polarizer. The light normally
enters the substrate plane from the bottom as indicated by a single-headed arrow.
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induced by applying electric field due to a large Kerr constant of the
LC composite originated from a local nematic order. As shown in
Fig. 1b, the polarized optical image became bright by applying 6 V/
mm of square waveform electric field at room temperature. The
nonuniform brightness is clearly observed inter-electrode area as
indicated by the arrows in Fig. 1b. As marked by broken lines, the
near side of electrode edge is lighter that the central region of inter-
electrode area. It will be beneficial if one canmeasure a local optical
retardation in a micrometer scale and optimize optical trans-
mittance to achieve a better performing device.

To examine a local retardation in a micrometer scale, we have
conceived a new method by utilizing the reference LC cell with an
electrically adjustable retardation value. As schematically demon-
strated in Fig. 2, the reference ECB cell is placed after the Kerr
(sample) cell at �45� and 90� with respect to the transmission axis

of polarizer and the optic axis of the sample cell, respectively. In this
geometry, the optical retardation originated from the sample is
compensated by the retardation of a reference ECB cell since the
slow axes of two uniaxial crystals are orthogonal to each other in
the plane of the substrate. If the retardation from a sample is
completely compensated by the reference cell, the net retardation
becomes zero and consequently no transmitted light is observed.
As the retardation value of a reference cell is electrically adjustable,
multiple frames of POM images were taken with a designated local
regionwhile the retardation value of the ECB cell changes by a 2 nm
step. The image processing software (i-Solution, iMTechnoloy)
identified the darkest frame of the image for the designated area.
Therefore, the retardation value of the sample is the same as that of
a reference cell at the applied voltage for darkest specified region.

Fig. 3 displays measured retardation values of the reference ECB
cell obtained by changing an applied voltage. The inset shows the
geometry of measurements where the optic axis of the ECB cell is
aligned �45� to the polarizer. For the measurements, varied
amplitude of square waveform voltage was applied at 60 Hz. With
the increase of applied voltage, the nematic director gradually
aligns parallel to a vertical electric field and thus effective bire-
fringence of the LC decreases, resulting in the decrease of retar-
dation as seen in Fig. 3.

The local optical retardations of the cell with a polymer-stabi-
lized BP were measured as a function of applied electric field by
employing the process described above.

The inset of Fig. 4 shows a cross-sectional view of the bottom
substrate and designated local areas for measured retardation are
indicated by 1 (near electrode) and 2 (away from electrodes) with
a 5 mm width and 15 mm length. The values shown in Fig. 4 are
simply the same as a readout of the retardation values from the
reference ECB cell that are adjusted, for a complete compensation
of a local optical retardation from the Kerr cell, by changing applied
voltage. As expected, except for a low field range, the electric field-
induced retardation of the LC/polymer composite film exhibits
approximately linear relation to the field strength for both specified
regions. However the absolute values differ from each other. The
induced optical retardation at near electrode edge (region 1) is
relatively larger than that in the region 2 for the entire range of an
applied field. These results are in corroboration with the POM

Fig. 3. Measured retardation values of the reference ECB cell as a function of applied
voltage. The inset displays geometry of measurements where a uniaxial optic axis of
ECB cell is aligned �45� to the polarizer. For the measurements, varied amplitude of
square waveform voltage was applied at 60 Hz. The arrows on polarizer/analyzer
represent transmission axes of linear polarizers.

Fig. 4. Measured local retardation values of the Kerr cell as a function of applied
electric field for different regions: Filled and empty circles for region 1 and 2,
respectively. The inset shows a cross-sectional view of the bottom substrate and local
areas for retardation measurement are indicated by 1 (near electrode) and 2 (away
from electrodes) with 5 mm width.

Fig. 5. Induced optical birefringence of the Kerr cell as a function of applied electric
field at separate regions 1 (filled squares) and 2 (empty squares). The birefringence at
both regions exhibits a linear relation with applied electric field. The slopes corre-
sponding to the region 1 and 2 (i.e., Kerr constant of the polymer-stabilized LC
composite) are slightly different each other. The solid lines are fitting lines.
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image shown in Fig. 1b. This is presumably attributed to the
nonuniform effective in-plane electric field in an inter-electrode
area.

Fig. 5 presents induced optical birefringence of the Kerr cell as
a function of applied electric field at separate regions 1 (filled
squares) and 2 (empty squares). The birefringence at both regions
linearly increases with applied electric field. The slopes in the
region 1 and 2 (i.e., Kerr constant of the polymer-stabilized LC
composite) are 2.25�10�10 mV�2 and 1.56�10�10 mV�2, respec-
tively. The difference between two values is related to variations of
effective applied electric field in between electrodes. If one
measures K of the mixture in the in-plane field driven cell macro-
scopically without considering this effect, one would get kind of
average value K between these two values, which might misinform
about K of the mixture.

The normalized optical transmittance calculated as described in
the experimental section and shown in Fig. 6 supports this
assumption. The optical transmittance curves of both regions 1 (red
squares) and 2 (green circles) plotted as a function of applied
electric field exhibit a similar feature. The local designated regions
used for calculations and presented in the inset were the same as

those in the retardation measurements. The filled squares corre-
spond to transmittance from the area of an opaque pixel electrode
marked by A in the inset. By observing the slight shift of threshold
field for the transition from the optically isotropic to birefringent
state and considering a uniform LC/polymer composite film
through the entire sample, it is reasonable to understand that the
difference in retardation or birefringence is attributed to the
nonuniform electric field in the area between electrodes.

4. Conclusions

The optical and electro-optical properties of a polymer-stabi-
lized BP with in-plane electric filed have been studied. The local
optical retardation in a microscopic scale was successfully deter-
mined by utilizing an electrically controllable birefringence LC cell
and image processing software. By combining experimental results,
we conclude that the observed nonuniform transmittance in the
pixel area is attributed to the distribution of effective electric field
created by interdigitated electrodes in the plane of substrate.
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