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National Sun Yat Sen University, Kaohsiung, Taiwan; eLiquid Crystal Institute, Kent State University, Kent, USA

(Received 27 January 2015; accepted 2 March 2015)

Uniformly oriented macroscopic monodomain of cholesteric blue phase liquid crystal has been realised by the
influence of surface anchoring. Orientation of the lattice planes in surface-treated (ST) and non-surface-treated
(NST) cell were analysed and compared by Kossel diagram technique. NST cell has revealed the green and blue
domains corresponding to reflection from oriented (110) and (112) planes of the body-centred cubic lattice.
However, in the ST cell only the lattice plane (110) oriented uniformly and tailored the macroscopic monodomain.
Electric field driven reorientation of the (110) lattice plane was noticed in NST cell whereas for ST cell such
reorientation was absent. Two distinct electric field-induced capacitive responses have been observed in the two
different cells. In NST cell anomalous electrostriction was observed, whereas for ST cell normal electrostriction
was observed. Interestingly, the capacitance has decreased with an increasing electric field for anomalous
electrostriction in NST cell, whereas for normal electrostriction in ST cell it was increased with increasing the
field. Such a capacitive change behaviour is explained by dielectric anisotropic change followed by the electric
field induced elongation and contraction of the cubic unit cell along and perpendicular to the electric field.

Keywords: blue phase liquid crystal; electrostriction; capacitive response liquid crystal display

1. Introduction

A phenomenal example of soft matter in which net-
works of defects and disclination lines are self-
assembled as a fully periodic three-dimensional struc-
ture is blue phase liquid crystal (BPLC).[1] Among
three types of stable BPLCs BP I has a body-centred
cubic (bcc) structure whereas BP II has simple cubic
structure (sc).[2] The BP I director field possesses the
symmetry group O8 (I4132) and BP II, O2 (P4232).[2]
The symmetry of BP III phase is the same as that of
the isotropic phase.[3–6] In general BPs arise in a
narrow temperature range between isotropic and
chiral nematic (N*) phase. Recently, BPLC has been
applied to liquid crystal displays and its sub-millise-
cond order response time could be helpful to con-
struct a more realistic moving image quality with
unprecedented high image-driving speed without any
overdrive circuit.[7] A fast grey-to-grey response time
[8] minimises blurring in the motion-image blur and
enables field-sequential-colour displays without col-
our filters if a set of red, green, blue light emitting
diode (LED) backlight is used. The transmittance of
BPLC is insensitive to the cell gap as long as it
exceeds 2–3 µm.[9] This cell gap insensitivity is mainly
advantageous for large panel liquid crystal displays

(LCDs) from the perspective of manufacturing yield.
Nevertheless, due to lack of wide thermal stability, it
suffers from practical applications such as displays,
soft photonic lasers, lenses, switches etc. Different
authors have tried to address the problem of thermal
stability of BPs by different techniques, i.e., Kikuchi
et al. [10] reported the polymer-stabilised BP (PSBP)
by creating polymer networks at the site of disclina-
tion lines whereas Castles et al. [11] showed another
technique by producing template by polymerisation.
Nanoparticle induced stabilisation was also proposed
and tried experimentally by different authors.[12–15]
In addition to these attempts, direct approaches to
synthesise BPLCs have also been taken to get wide
range BPs.[16,17] It is possible to overcome the high
driving voltage by using protruded electrodes [18] and
wall-shaped electrodes.[19] The low contrast ratio due
to residual birefringence and hysteresis are the impe-
diments that have to be overcome in commercialisa-
tion.[20,21] Chen et al. [22] showed that pristine BPII
has negligible hysteresis compared to pristine BPI.
Nevertheless, polymerised BPI and BPII both suffer
from hysteresis. In our earlier report Mukherjee et al.
[23] have reported an optically isotropic, transient
state by addressing the cell with a low frequency
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square wave electric field. The hysteresis of that state
was improved significantly but it was due to ionic
origin. Hysteresis also seems to be dependent on the
grain size.[24] Our recent report showed that a mono
domain could be obtained by surface treatment of the
cell that effectively reduces the hysteresis but detailed
mechanism has not been studied.[25] There is a pro-
found impact of crystal orientation and packing of
the nano-sized cubes (unit cell size few hundred nano-
metres) on the hysteresis, operating voltage, and con-
trast ratio of BPCL displays (BPLCDs).

In this paper we have studied extensively the
detailed mechanism of the surface treatment effect
and how it constrains the growth and orientation
and packing of the nano-cubes compared to non-sur-
face-treated cells. Also we have measured and com-
pared the contrast ratio between the ST and NST cell.
We have tried to analyse the orientation of lattice
planes by measuring the reflectance and Kossel dia-
grams.[26–28] We have found an analogy of electro-
active capacitance change which is analogous to the
normal and anomalous electrostriction depending on
the crystal orientation with respect to the electric field
direction.[29] In normal electrostriction (BPI, ΔƐ > 0)
when an electric field is applied along twofold axes of
the cube, the unit cell dimension increases along the
electric field and thus capacitance also increases in a
similar way with electric field. When electric field acts
along the fourfold axes of the cubic unit cell, the size
of the unit cell along the electric field decreases and
capacitance also varies in a similar way. This analogy
could be helpful for the detection of normal and
anomalous electrostriction in cubic BPI (ΔƐ > 0),
under in-plane electric field geometry. Capacitance
increases as temperature decreases in ST and NST
cells which might be due to temperature dependent
cubic unit cell dimension increase as confirmed by
temperature dependent Kossel diagram. It is worthy
to say that in nematic LC, the capacitance increases
with decreasing temperature because ordering of LC
increases with decreasing temperature. The tempera-
ture dependent capacitance can help to find in situ
detection of different BP phase sequence under in-
plane cell geometry.

2. Experiments

Commercially available BPLC, LCMS-BP-081009-1
(LC Matter Corporation, USA), which consists of the
host nematic liquid crystal (NLC) mixture of cyano-
biphenyl and cyanoterphenyl group was used. The
isotropic-to-BP I transition took place at 66.6°C and
the BP I-to-chiral nematic transition was observed at
63°C during cooling in the NST cell. The host NLCs
have dielectric anisotropy (Δε) of + 14–17 and

birefringence (Δn) = 0.25−0.28 at 589 nm which are
mixed with chiral dopants ZLI4572 (8 wt%) and
CB15 (22 wt%). In order to observe field-induced
LC reorientation and electro-optic measurements,
interdigitated electrodes with its width (w) and the
distance (l) of 4 μm is used and the cell gap between
two substrates is 5 μm. Surface treatment was per-
formed by coating the inner surfaces of the glass
substrates with commercially available planar polyi-
mide with thickness of 1000 Å. These PI layers are
mechanically buffed to produce uniform azimuthal
anchoring with low pretilt angle. Top and bottom
electrodes are rubbed in antiparallel direction. The
textures of BPLC were taken by using a polarising
optical microscope (POM), with Nikon microscope
fitted with a DXM1200 camera. The cooling rate of
the LC cells was controlled using a temperature con-
troller (Linkam, TMS 94, Tadworth, UK) at 0.1°C/
min. The cell has been driven with variable ampli-
tude, square wave pulse with a frequency of 1 kHz
from a function generator (Tektronix, AFG3022,
Beaverton, OR, USA) connected to an amplifier.
The capacitance measurement has been performed
by an Agilent 4284A precision LCR metre (20–
1000 kHz). For reflectance measurement we have
used USB 2000+ spectrometer from Ocean Optics.
Kossel diagram was observed by the POM image in
the reflection mode due to the Bragg type reflection
from the different plane orientation when the sample
was illuminated by monochromatic light.

3. Results and discussion

The POM textures of the blue and green domains of
the NST cell are depicted in Figure 1(a) and 1(c),
respectively. Corresponding Kossel diagram for blue
domain and green domains are depicted in Figure 1
(b) and 1(d), respectively. Careful Kossel analysis has
revealed that blue and green domains are correspond-
ing to the reflection from planes of (112) and (110).
The unit cell orientations on the substrate decorated
by in-plane electrodes are schematically represented
in Figure 1(e). Capacitance vs. voltage (C–V) varia-
tions at different temperatures are shown in Figure 1
(f). Each C–V curve shows two steps, one is in the low
voltage (0–5 V) and another step is in the higher
voltage side (>5–6 V up to 15 V). Interestingly, we
can see that capacitance decreases with increasing
voltage amplitude. It is also noteworthy that capaci-
tance of the cell increases with decreasing tempera-
ture. As it is well known that for BP I, when
temperature decreases the pitch or the unit cell dimen-
sion increases that could manifest increase in the
capacitance. Temperature dependent C–V curve
reflects that there may be some relation between
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decrease in capacitance and shrinkage of cubic unit
cell along the electric field. Figure 2(a) shows the
reflectance with respect to wavelength of an incident
light for different voltages for the green domain i.e.
(110) plane. It is quite clear that initially (<10 V) there
is only one reflection peak due to (110) reflection

Figure 1. NST cell at 66°C: (a) blue and green domain
texture in reflection mode (blue domain shown by red
square), (b) Kossel diagram, corresponding to blue domain
when the sample was illuminated by a monochromatic light
of wavelength 440 nm, in which the blue domain corre-
sponds to the reflection from (112) plane of BPI, (c) green
domain texture, (d) corresponding Kossel diagram, when
the sample was illuminated by a monochromatic light of
wavelength 440 nm in which green domain corresponds to
(110) plane, (e) the schematic diagram of the orientation of
the nanoscopic cubic unit cells, in which green and blue
corresponds to the orientation of (110) and (112) plane,
respectively, along the viewing direction, (f) capacitance
(C) vs. voltage (V) for different temperatures at driving
frequency of 1 kHz.

Figure 2. (a) Reflection spectrum for NST and IPS cell
with different voltages, (b) reflection peak wavelength vs.
voltage (red circle is corresponding to (110) plane reflec-
tion and the other is from (100) plane, in which inset
picture shows the textures corresponding to the 0 V and
25 V, (c) Reflectance corresponding to 0 V, 25 V and
again to 0 V.
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D
ow

nl
oa

de
d 

by
 [

K
SU

 K
en

t S
ta

te
 U

ni
ve

rs
ity

] 
at

 0
7:

54
 2

0 
A

ug
us

t 2
01

5 



peak. At about 10 V there is a fragmentation in the
reflection peak followed by a slight blue shift (for
higher wavelength side peak) and then remains con-
stant for further increase in voltage. The fragmenta-
tion of the (110) spectral line has been attributed to
the dual origin, first is reorientation of the (110) plane
by electric field and second is new plane arising due to
departure from the initial cubic lattice structure due
to electrostriction. From 0 to 5 V, the (110) plane
reflection wavelength slightly decreases (Figure 2(b),
red circle), and it might be due to the reorientation of
the cubic lattice plane as a consequence of reorienta-
tion of the LCs inside the double twisted cylinder.
With further increase of voltage, wavelength
decreases slightly, which might be due to reorienta-
tion of the (110) plane under in-plane electric field, as
it is not exactly along the direction of (110) plane. The
reason behind the reorientation of cubic unit cell may
be due to electrical torque acting by the in-plane
electric field. The reorientation of the cubic unit cell
is easier in NST cell because blue and green domains
coexist and grains are not densely packed due to
lattice mismatch. This reorientation causes the blue
shift in the region >5 V (Figure 2(b), red circle).
Reflection amplitude decreases, with increasing vol-
tage, indicating that (110) plane is reorienting so that
reflection is lacking from that particular plane.
Second peak (Figure 2(b), blue colour, lower wave-
length side peak) shows prominent blue shift with
increasing voltages and saturates at higher voltages.
Reflection amplitude increases, with increasing vol-
tage, an extra plane arises through structural defor-
mation of the bcc lattice to tetragonal lattice.[30–32]
The second splitting is probably due to Bragg reflec-
tion from fourfold (100) axis, parallel to the electric
field. As reported by Heppke et al. [29] that fourfold
axis parallel to the surface normal not only reflects
light from (100) or (200) plane but also from (110)
plane, so we are assuming that fourfold axis is parallel
to the electric field. In agreement with the above
reference we are getting two reflection peaks, one is
from (110) and another should be from (100). The
lattice size decreases as electric field increases parallel
to (100) axis and blue shift has occurred. Figure 2(c)
shows that when voltage is withdrawn after applica-
tion of 25 V, the structure is not completely restored,
which might be due to lattice deformation which is
also predicted by theoretical computational result.[33]
This deformed structure under strong electric field
induces the residual birefringence which is an impedi-
ment of device construction. We will discuss later how
to avoid this by avoiding overdrive which also reduces
the hysteresis. The POM texture for the ST cell with
different temperature is demonstrated in Figure 3(a).
The Kossel diagram of the monodomain blue phase

at different temperatures is shown in Figure 3(b) and
3(e). The Kossel diagram pattern shows the (110)
planes are along the viewing direction. Strong anchor-
ing force of the PI type of alignment material helps to
orient the (110) planes into macroscopic domain so
that the texture is uniform. The arrangement of the
unit cell which is of several nanometre orders is sche-
matically illustrated in Figure 3(f). Figure 3(g) shows
the C–V curve for the ST cell. Dramatically, we have
observed the opposite result for ST cell that capaci-
tance increases with increasing voltages. This might
be due to expansion of the cubic unit cell along the
electric field. Figure 4 shows the reflectivity as a

Figure 3. (a) Texture for ST cell for different temperatures,
at 69°C (texture is black due to isotropic phase), at 61.9°C
(white light leakage is due to transition from BP to N*),
(b)–(e) Kossel diagram by a monochromatic light of wave-
length 514 nm shown at different temperatures, (f) sche-
matic diagram of the orientation of the nanocubes in ST
cell, (g) C–V for different temperatures at 1 kHz.

1114 P. Nayek et al.
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function wavelength (nm) of an incident light for ST
cell. Black spectrum is for 0 V and red one is for 20 V.
We can see that for 20 V the peak of the spectrum red
shifted which indicates that electric field acts almost
parallel to the twofold axis so unit cell elongation
took place and red shift occurred. Also orientation
of the unit cell as occurred for NST cell has been
prohibited due to compact packing of the unit cell
as illustrated in Figure 3(f). Weak electric fields cause
the deformation of the unit cell proportional to the
square of the electric field.[34–36] In the low electric
field limit, these deformations are expressed by the
electrostriction tensor R. Under small field strengths
the electrostriction may be described by

uij Eð Þ ¼ RijklEkEl (1)

where uij ¼ 1
2 @iuj þ @jui
� �

is the symmetric deforma-
tion tensor and Rijkl is the component of the electro-
striction tensor. If we consider three independent
components, namely, R1 ; Rxxxx, R2 ; Rxxyy and
R3 ; 2Ryzyz. If R1=R3 < 0 for BPI (Δε > 0), the corre-
sponding electrostriction is called anomalous electro-
striction. In anomalous electrostriction (for BPI and
Δε > 0), a contraction of the unit cell is seen when the
electric field is applied parallel to the fourfold axis of
the cube whereas, an expansion took place for fields
parallel to twofold axis. It is clear from Figure 2(a)
and 2(b) that for NST cell, wavelength decreases with
increasing voltages similar to C–V graph. Decrease in
wavelength with increasing voltage indicates a blue
shift, indicating that the lattice spacing decreases with
voltage. On the other hand we can say that length of
the unit cell decreases along the electric field, indicat-
ing anomalous electrostriction took place as a

consequence, capacitance also decreases with increas-
ing electric field. This happens when fourfold axis is
parallel to the electric field. In NST cell as voltage
induced twofold (110) direction of the bcc lattice
transformed to the fourfold (100) direction of the
tetragonal lattice. This is evident from Figure 2(b) as
new peak towards low wavelength side arises such
that (100) direction also reorients slightly along the
in-plane electric field acting along (100) plane and
then contraction of the unit cell took place. On the
other hand ST cell’s wavelength shifts towards higher
wavelength side, indicating that pitch increases along
the electric field (cube expands along the electric field
direction) so capacitance increases. This happens
when twofold axes is parallel to the applied electric
field for BPI phase and host LC has a positive Δε.
Now we will calculate the electro-active deformation
of the unit cell and compare the results with the
changes of the capacitance of both the test cells.
Here we would like to show that theoretical calcula-
tion of the distortion of the unit cell is proportional to
the changes of capacitance in either case, meaning
that if electric field is parallel to the twofold or four-
fold axis changes in capacitance follows the contrac-
tion or elongation of the unit cell. In other words, if
unit cell increases along the electric field direction
then capacitance increases and vice versa. We will
now discuss the case when the applied electric field
is parallel to the fourfold axis (e.g., E k 100½ �). In NST
cell in-plane electric field orients [100] axis parallel to
the electric field. So it is logical to consider the case,
Figure 5(a) [inset, E = 0] where it is shown that
electric field is acting parallel to the [100] face.
Figure 5(a) and 5(c) is illustrating the geometric con-
figuration of unit cells with respect to the electric field
direction and the unit cell length along parallel ðLkÞ
and perpendicular to the electric field (L,Þ.[37] In the
case when electric field is parallel to the fourfold axis,
i.e., E k 100½ �, then we can write

L2k ¼ L2o 1þ 2uxxð Þ (3)

Since we assume electric field is along x direction,
Equation (1) could be written as

uxx ¼ RxxxxE
2 ¼ R1E

2 (4)

L2k ¼ L2o 1þ 2R1E
2

� �
(5)

We have taken the value of R1 ¼ �1:766 �
10�15m2=V2.[37] Putting this value into Equation (4)
for 0, 5 and 15 V we have obtained relative strain
(L2k � L2oÞ=L2o and plotted with respect to electric field

Figure 4. (colour online) Reflectance vs. wavelength for ST
cell for 0 and 25 V.
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in Figure 5(a). It is clear that (L2k � L2oÞ=L2o decreases

with increasing electric field. We have also plotted the
capacitance with electric field at 64°C (Figure 5(b))
which also shows same decreasing tendency with elec-
tric field. From the inset schematics we have tried to
give a glimpse, although our sample has a positive
dielectric anisotropy the unit cell shrinks along the
field direction in both the cases. On the other hand
when the applied electric field is parallel to the two-
fold axis (e.g., E k 110½ �) then we can write

L2k ¼ L2o 2þ 2uxx þ 2uyy þ 4uxy
� �

(6)

Electric field will be E ¼ Effiffi
2

p ; Effiffi
2

p ; 0
� �

and

uxy ¼ RxyxyExEy ¼ 1

2
R3

E2

2
(7)

ðL2k � L2oÞ
L20

¼ 2þ 2R1E
2 þ 2R2E

2 þ R3E
2

� �
E2 (8)

Putting the typical values [32] of R1 ¼ �1:766 �
10�15m2=V2, R2 ¼ 0:884 � 10�15m2=V2 and R3 ¼
1:26 � 10�15m2=V2 in Equation (7) we have plotted
the results with respect to the same electric field as the
previous one and compared with the experimentally
obtained change in capacitance in Figure 5(c) and 5
(d), respectively. Dramatically, we find that capaci-
tance change follows the same trend as deformation
of the unit cell dimension along the electric field
except capacitance is increasing with electric field,
which is due to different crystal orientation in the
NST cell with respect to electric field direction. Due
to the cubic symmetry the average dielectric constant
is an isotropic tensor as represented by the circle in
Figure 6(a). When field acts parallel to the (110)

Figure 5. (colour online) Schematic diagram of the electro-active deformation of the unit cell of BPI with increasing electric
field: (a) cube at zero electric field and finite electric field (Ef) depicting the deformation dynamics when the unit cell dimension
shrinks along the electric field, (b) the corresponding capacitance change associated with shrinkage of the unit cell in (a), (c) the
electro-active deformation dynamics for the expansion of unit cell dimension along the electric field, (d) the corresponding
capacitance change associated with expansion of the unit cell in (c).
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direction, the deformation of the cubic unit cell took
place along the electric field, the resultant dielectric
constant is depicted by an ellipsoid in Figure 6(b).
The shape anisotropy of the unit cell took place in the
direction of the electric field in order to attain mini-
mum energy. We can make an analogy that elongated
cube becomes ellipsoid whose major axis aligns along
the electric field as rod like NLC (ΔƐ > 0) and capa-
citance increases with electric field as the LC mole-
cules reorient along the electric field due to energy
minimisation. On the other hand when electric field
acts along (100) direction, cubic unit cell contracts
and deforms along the direction perpendicular to the
electric field as depicted by Figure 6(c). It is analo-
gous to the NLC with (ΔƐ < 0) and capacitance
decreases as dielectric anisotropy orients perpendicu-
lar to the electric field.

Figure 7(a) and 7(b) shows V–T curves with ascend-
ing and descending voltages for NST and ST cell,
respectively. We have defined the hysteresis from the
voltage difference at 50% of the maximum transmission
level (ΔV50). For the NST hysteresis at 20 , 30 and 40
are 1.5, 6.8, and 7.8, respectively, whereas ST cell are
0.95, 3.3 and 5.1, respectively. Hysteresis has been
reduced dramatically to almost half compared to NST
cell and at each voltage. The reason for the less hyster-
esis in the rubbed cell seems to be due to orientation of
the cubes. It is also important to optimise the hysteresis
and the driving voltage. If one can avoid the overdriving

then hysteresis might be reasonable. The calculated
contrast ratio for the NST and ST cell are ~ 21 and 43,
respectively, indicating higher contrast ratio can be
achieved in the uniformly oriented cubes. The textures
at 0 and 50 V of both the cells are shown in Figure 8.
We have found out one of the solutions for the high
contrast ratio in BPLCDs which has remained unclear.

4. Conclusions

In conclusion, we have found that surface treatment
of the BPLC cell can tune the arrangement of the unit
cells and reduce hysteresis significantly. The

Figure 6. Schematic diagram of (a) cubic unit cell repre-
senting dielectrically isotropic, (b) when an electric field is
applied parallel to (110) plane, elongated cube acts as rod-
like NLC molecule with dielectric anisotropy larger than
zero (ΔƐ > 0) however (c) when an electric field is applied
along (100) plane, cubes with fourfold axis then dilates and
acts as rodlike NLC molecule with dielectric anisotropy
smaller than zero (ΔƐ < 0).

Figure 7. V–T curves of the IPS cell with different voltage
amplitudes: (a) NST and (b) ST. The hysteresis increases
with voltage amplitudes in both cells but hysteresis is small
in ST cell for all voltages compared to NST cell.

Figure 8. POM texture: (a) NST cell at 0 V, (b) NST cell at
50 V, (c) ST cell at 0 V, (d) ST cell at 50 V.
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mismatching of the unit cells seems to be partly
responsible for hysteresis and poor contrast ratio.
The uniform arrangement of cubes also increases the
transmission intensity and it has better ability to with-
stand electrostriction. The proposed unique capacitive
technique could be useful for detection of normal and
anomalous electrostriction and different phases with
varying temperature. Temperature-dependent capaci-
tance can help to detect the transition of different
phases of BPs under in situ and in-plane cell.
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