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Enhancing the electro-optical properties of ferroelectric liquid crystals by doping ferroelectric

nanoparticles

Hao-Hsun Liang*, Ya-Zhi Xiao, Fu-Jhen Hsh, Che-Cheng Wu and Jiunn-Yih Lee*

Department of Polymer Engineering, National Taiwan University of Science and Technology, Taipei 10607, Taiwan,

Republic of China

( Received 27 April 2009; final version received 16 December 2009)

The effects on the physical and electro-optical properties of ferroelectric liquid crystals (FLCs) after the doping of a
dilute suspension of ferroelectric nanoparticles (BaTiO;) have been studied. Due to the permanent electric dipole
moments of the ferroelectric nanoparticles, the spontaneous polarisation of FLCs with low doping concentration
was about twice that of pure FLCs, in addition to a significant improvement in the dielectric properties, the
response time and the V-shaped switching in the chiral smectic C (SmC*) phase. The results obtained point the way
to an alternative for improving the applicability of FLCs without resorting to chemical synthesis.

Keywords: ferroelectric nanoparticles; ferroelectric liquid crystal; V-shaped switching; surface stabilised

ferroelectric liquid crystal

1. Introduction

Recent studies of liquid crystals doped with nanopar-
ticles have given rise to a number of novel practical
applications [1] and pointed the way towards innova-
tive improvement of the physical and electro-optical
properties of liquid crystals by means of chemical
synthesis.

Enhancement in the electro-optical properties of
liquid crystals is dependent on the size, type, concentra-
tion and intrinsic characteristic of the nanoparticles
used for doping. The nanoparticles should share similar
attributes with the liquid crystal molecules and be of a
size that would not cause serious disruption in the
orderly arrangement of the liquid crystal. Low doping
concentrations are usually chosen to yield a more stable
and even distribution in the liquid crystal, which lowers
the interaction forces between particles.

Commonly used doping nanoparticles include fer-
roelectric nanoparticles, ferromagnetic nanoparticles,
metallic nanoparticles, inorganic nanoparticles, etc.
Due to the large permanent dipole moments, ferro-
electric nanoparticles induce realignment of neigh-
bouring liquid crystal molecules, thereby increasing
the order parameter and lowering the threshold voltage
[2-6]. In the case of ferromagnetic nanoparticles, the
large permanent magnetic moments induce changes in
the ordering of the liquid crystal molecules, leading to
improvements in the magnetic properties [7-11]. Under
an electric field, the metallic nanoparticles give rise to a
large Coulomb force and depolarisation, leading to
enhancement in the memory effect of the liquid crystal
[1, 12]. Inorganic nanoparticles, due to their intrinsic

structures, can affect vertical alignment without the
need for an alignment layer [13].

The discovery by Bachmann and Barner [14] that
doping very fine dielectric particles into an isotropic
liquid resulted in the enhancement of its sensitivity to
electric fields heralded studies on the doping of ferro-
electric nanoparticles (BaTiO3, Sn,P>S¢) into nematic
liquid crystals [15, 16]. In the beginning, the doping of
nanoparticles was restricted to nematic liquid crystals
due to their widespread applications and mature
developments, as well as their relatively simple liquid
crystal structure, which means that the doping of
nanoparticles is less likely to destroy the alignment of
the liquid crystal molecules. After the successful
enhancement of the electro-optical properties of
nematic liquid crystals, attention has been switched
to other candidates for doping nanoparticles, such as
cholesteric liquid crystals and smectic liquid crystals.
After the doping of nanoparticles, there were signifi-
cant improvements in the bi-stable states and driving
voltage of the cholesteric liquid crystals. In the case of
smectic A (SmA) liquid crystals, there were also sig-
nificant improvements in the driving voltage [4].

In this study, we attempted to disperse ferroelectric
BaTiO;3 nanoparticles after wet grinding into ferro-
electric liquid crystals (FLCs) with a fast response
time and a structure more complicated than nematic
liquid crystals. We then infused a 2 pm liquid crystal
cell to create a surface stabilised FLC (SSFLC) mode.
Through measurements of the dielectric properties,
spontaneous polarisation value, response time,
V-shaped switching, etc. of the FLC, we attempted
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to improve its electro-optical properties through the
large electric dipole moment of the low doping con-
centration BaTiOs3, without damaging the structure of
the FLC.

2. Experiment
2.1 Materials

We made use of commercially available BaTiO3; nano-
particles with an average size of 30-50 nm, polyhedron
particle shapes (99+%, Aldrich), tetrahedral crystal
structure, [001] polar axis and a spontaneous polarisa-
tion of 26 uC cm ™2 at room temperature. The dielectric
constant of the BaTiOj; single crystal is 168 in the
direction parallel to the polar axis and 2920 in the
direction perpendicular to the polar axis [17]. In con-
trast to other studies which used oleic acid as the
surfactant and heptane as the solvent, we made use
of a solution of polymeric dispersant (Just Nanotech)
as the surfactant, taking advantage of the steric effect
caused by the surfactant, where the polymer chains
stick to the ferroelectric nanoparticles and thereby
enhance the dispersion. For the solvent, we used tetra-
hydrofuran (THF). The phase transition temperatures
of the FLC CS1024 (Chisso) we used are as follows:

Crystal «—— SmC" «—— SmA «— Nx «—— Iso
—12°C 62°C 83°C 90°C

where SmC* represents the chiral smectic C phase, N*
the chiral nematic phase and Iso the isotropic phase.

At 25°C, the spontaneous polarisation was —46.9
nC cm >, while the tilt angle was 25 degrees.

2.2 Sample preparation

We made use of a wet grinding dispersion equipment
and yttria-stabilised zirconia (YSZ) as the grinding
media. Commercially available ferroelectric BaTiO5
nanoparticles, polymeric surfactant and THF were
evenly mixed according to the weight ratio of
1:0.15:11. YSZ beads of the appropriate size were
then chosen for 2 hours of wet grinding. After ultra-
sonic dispersion, the BaTiO5 suspension was mixed
with CS1024, and a vacuum was employed to evapo-
rate the THF. After ultrasonic dispersion for an hour,
we successfully prepared three samples with different
doping concentrations: pure CS1024, CS1024 + 0.1
wt% susp. and CS1024 + 1 wt% susp. Thereafter,
homogenous 2 um (cell gap) cells were filled with
pure FLCs or the FLC suspension at above the clear-
ing temperature 7= 95°C > T.. The cells consisted of
two indium tin oxide (ITO)-coated glass substrates
with a rubbed polyimide layer assembled for parallel

alignment. The 2 um rod-like glass spacers controlled
cell spacing for producing the SSFLC mode.

2.3 Instruments

The dispersion was implemented with wet grinding
dispersion equipment (Just Nanotech, JBM-B035).
We made use of particle size analysers (PSAs,
Brookhaven 90Plus/BI-MAS) and a transmission elec-
tron microscope (TEM, JEOL 2000FXII) for mea-
surement of the size distribution of the BaTiOj
nanoparticles, polarising optical microscopy (POM,
OLYMPUS Optical Co., Ltd., Models BHSP-2,
BX-51) for observing the liquid crystal phases, a dif-
ferential scanning calorimeter (DSC, PerkinElmer
PYRIS 1) for identification of the liquid crystal
phase transition temperatures, and a low frequency
impendence analyser (LFIA, Hewlett Packard
4192A) for measuring the dielectric properties. To
determine the value of the spontancous polarisation,
we used the triangular wave measurements [18]. A He-
Ne laser (632.8 nm, 10 mW) was employed as the light
source, along with orthogonal polarisers, for measur-
ing the response time and V-shaped switching
characteristics.

3. Results

Before doping, the PSAs and TEM were used to deter-
mine the particle size distribution of the BaTiO; nano-
particles. After wet grinding to create the BaTiO;
suspension, we added THF to yield a diluted 0.15 wt%
BaTiO; suspension and performed particle size analysis
with the dynamic light scattering technique. Figure 1
shows the results of the PSA measurement, with 99% of
the BaTiO; particles having a size of less than 100 nm.
The mean diameter was 39.9 nm. Figures 2(a) and (b)

25 =100

20 =80
N . .
X 154 0.15wt% BaTIO3 suspension I L0 —
~ =
. &
= 2
= 104 L 40 E'
>
54 20
0 - — -0
0 20 40 60 80 100 120

Diameter (nm)

Figure 1. Theresults of the PSA measurement of 0.15 wt%
BaTiO; suspension.
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Figure 2. Transmission electron micrographs of BaTiO3
nanoparticles (a) before and (b) after wet grinding.

show the TEM measurements before and after grind-
ing. In Figure 2(a), the average BaTiO; particle
size before grinding was about 90 nm, whereas in
Figure 2(b), the average BaTiO; particle size after
grinding was about 31 nm, indicating that the wet
grinding and dispersion had successfully disrupted
the aggregation of the nanoparticles, yielding an opti-
mal nanoscale for ease of doping.

To ensure the rigor of the experiment, we first
performed qualitative and quantitative analysis to
ascertain that the composition of the FLC mixture
CS1024 before and after vacuum treatment did not
change [19]. The former involved the use of a Fourier
transform infrared (FTIR) spectrometer (Digilab
FTS-3500) and a mass spectrometer (Finnigan TSQ-
700), whereas the latter made use of elemental analyser
(HERAEUS VarioEL-I1T) measurements. The results
of qualitative and quantitative analyses confirmed
that the composition of the FLC mixture CS1024
was unchanged after vacuum treatment. Combining
both the qualitative and quantitative analyses, we can
conclude that the changes in the electro-optical prop-
erties were entirely the result of the contribution from
the BaTiO; suspension and not due to changes in the
composition of the CS1024 mixture during the pre-
paration process.

The range of liquid crystal phase transition tem-
peratures after doping was measured by POM and
differential scanning calorimetry. Since the FLC mate-
rial CS1024 is a compound, the phase transition tem-
perature, unlike in single component liquid crystal
material, is particularly hard to discern, particularly
for the SmA and SmC* phase transitions. Table 1
shows the phase transition temperatures of FLCs
with different doping concentrations. We can see
that the Pure CS1024 and CS1024 + 0.1 wt% BaTiO;
susp. had almost identical phase transition tempera-
tures at Tn+.1, TN+.sma and Tsma_smc+, Whereas there
were slight decreases in the various phase transition
temperatures of the CS1024 + 1 wt% BaTiO; susp. In
particular, there was a decrease of about 4°C for the
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Table 1. The phase transition temperature of CS1024 with
different doping concentrations of BaTiO; suspensions.

Sample Phase transition temperature
Pure CS1024 smC* *H25 smA 0Nk " 150
CS1024 + 0.1 wt% susp. SmC* «— SmA <— Nx +— Iso
56.78°C 81.89°C 89.68°C
CS1024 + 1 wt% susp. SmC* "« SmA «— Nx «— Iso

Tsma-smc+ phase transition temperature. This result
can alternatively be verified by measurements of the
dielectric properties and spontaneous polarisation.
After infusing the Pure CS1024 and the FLC suspen-
sion into a 2 pum liquid crystal cell to create a SSFLC
mode, one can observe the texture of the higher doping
concentration CS1024 + 1 wt% susp. under 200 times
POM magnification (Figure 3). One can see clearly
that there existed almost no characteristic texture of
SmC*, indicating that we had successfully created a
SSFLC mode. Other samples with different doping
concentrations exhibited similar textures.

To investigate the effect of the doping concentration
on the spontaneous polarisation, we adopted a two-
pronged approach: varying the applied voltage
at constant temperature and varying the temperature
at the saturation voltage, using the triangular wave
measurements for samples with different doping
concentrations. Figure 4 shows the relation between
the temperature and spontaneous polarisation for
BaTiO; suspensions with different doping concentra-
tions at f= 10 Hzand V/, , = 20 V. The horizontal axis
is the phase transition temperature from SmA to SmC*
for samples with different doping concentrations and
we can see that the spontaneous polarisation increased
rapidly without reaching the maximum as the

==->]
N
A
P
B N\ PI

Figure 3. The SSFLC texture of the CS1024 + 1 wt% susp.
at 30°C under 200 times POM magnification. (The red arrow
indicates the polyimide (PI) alignment rubbing direction.
Colour refers to the online version.)
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Figure 4. The dependence of the spontaneous polarisation
for CS1024 with different doping concentrations of BaTiO3
suspensions on the temperature at f= 10 Hzand V,,., =20 V.

temperature was cooled to the SmC* phase. In order to
understand the sensitivity of the applied voltage to the
doping concentration, we attempted to fix the tempera-
ture at 35°C in the SmC* liquid crystal phase, apply
triangular waves with identical frequency (f = 10 Hz)
but different voltages and observe the relation between
the voltage and spontaneous polarisation for BaTiO;
suspensions with different doping concentrations
(Figure 5). We can see that other than a significant
increase in the absolute values of the spontaneous polar-
isation, the p, of the CS1024 + 0.1 wt% susp. (slope =
14.47099) and CS1024 + 1 wt% susp. (slope = 31.21684)
also increased with the applied voltage. The slopes for
the p, values were also greater than those of Pure
CS1024 (slope = 10.10697), further proof that the dop-
ing had significantly improved the sensitivity of the
FLCs to an applied electrical field. In particular, the

80 AAAAAAAAMAAAAMAAAAAAAAAAS
70 < sI0pe=31.216y‘(‘{A
/ ,::*************t***,*lwm%
4 *:
60 **: vl

*

50 = slope=14.47099
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404
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304 4

—=— Pure CS1024
—4— (CS1024 + 0.1wt% susp.
—*— (CS1024 + 1wt% susp.

L]
0 2 4 6 8 10 12 14 16 18 20
Applied voltage (V)

Figure 5. The dependence of the spontaneous polarisation
for CS1024 with different doping concentrations of BaTiO3
suspensions on the applied voltage at 35°C.

CS1024 + 0.1 wt% susp. exhibited the largest sponta-
neous polarisation, even reaching a value twice that of
Pure CS1024 (80 nC cm™). Assuming that the p,
resulted from the contributions of the BaTiO; and
FLCs, we can apply the zero order approximation to
estimate the p value after doping:

szusll — (1 _ f;rv) PA,LC + fw Pg)arlicles’ (1)

where f,, is the weight ratio of BaTiO; suspension.
Using the above formula, one obtains a p, value of
about 68 nC cm™ for the low doping concentration
CS1024 + 0.1 wt% susp. and a p, value of about
300 nC cm™ for the high doping concentration
CS1024 + 1 wt% susp., which is much higher than
the experimental value of 65 nC cm™>. One possible
explanation for the discrepancy is that when interac-
tions between the particles were ignored, the larger size
of the nanoparticles compared to the liquid crystal
molecules led to disruption of the FLC stacking,
resulting in a smaller than expected p, value.

For dielectric properties, Figure 6 shows the rela-
tion between the permittivity and temperature for the
Pure CS1024, CS1024 4 0.1 wt% susp. and CS1024 + 1
wt% susp. at a frequency of 1 kHz. The permittivity
increased drastically when cooling to 60°C in the SmC*
phase. We can see from Figure 6 that there was little
difference in the permittivity for the different liquid
crystal phases of Pure CS1024 and CS1024 + 0.1 wt%
susp., whereas the permittivity for the various liquid
crystal phases of CS1024 + 1 wt% susp. was twice that
of the others. In particular, the maximum permittivity
of 42.9 occurred at 49°C, while the average permittivity
of its SmC* phase was approximately 1.5 times that of
the Pure CS1024 and CS1024 + 0.1 wt% susp.
Therefore, one can see that the doping of BaTiO; will

50
—m— Pure CS1024
—A— CS1024+0.1wt% susp.

40 o —*— CS1024+1wt% susp.
o~ -
-’ o \
= i
= |
S 304 *
w \
= i
5 4 i
S \
5}
£ n T
1> \ \
) 4 | WA
= * R
2 104 * M

. M ‘ o
0 v T v T v T v T g T s T
30 40 50 60 70 80 920

Temperature (°C)

Figure 6. The dependence of the dielectric constant (&) for
CS1024 with different doping concentrations of BaTiOj
suspensions on the temperature at 1 kHz.
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effectively enhance the permittivity of the liquid crystal
material with its large electric dipole moment. In addi-
tion, one can also observe the significant differences in
the slopes of the permittivity curves when the Pure
CS1024, CS1024 + 0.1 wt% susp. and CS1024 +
1 wt% susp. samples entered the SmC* phase. A com-
parison of the Pure CS1024 and CS1024 + 0.1 wt%
susp. revealed that while there was little difference
between the permittivity, there was a very significant
increase in the slope of the permittivity curve. The effect
was especially prominent in the CS1024 + 1 wt% susp.,
thereby further affirming the observations on sponta-
neous polarisation. The doping of BaTiO; in liquid
crystal material had enhanced its sensitivity to applied
electric fields, and the permittivity curve exhibited a
rapid increase on entering the SmC* phase before rising
to the maximum value.

For the response time of the SSFLC mode, V., =
20V, f=10 Hz was applied at a constant temperature
of 35°C. Figure 7 shows the relation between the
applied voltage and response time for the CS1024 +
0.1 wt% susp. One can see that the response time
for the Pure CS1024, CS1024 + 0.1 wt% susp. and
CS1024 + 1 wt% susp. decreased rapidly before satur-
ating with increased applied voltage, evidence that
the response time will saturate regardless of the
applied voltage once the saturation voltage has been
exceeded. Similar results were observed for the Pure
CS1024 and CS1024 + 1 wt% susp. The response times
for all three are tabulated in Table 2. The CS1024 + 1
wt% susp. had the minimum rise time and fall time,
and listed in descending order of rise time and fall time
values are the CS1024 + 1 wt% susp., Pure CS1024
and CS1024 + 0.1 wt% susp. The response time is the
sum of the rise time and fall time, and assumed values

500 —
® Rise time
o O Fall time
400 4
-~ o
»
2
o 3004 o
E ooooooooooooo
=
2
2 2004
[~
(="
w
&
100
®e
o0 0
® " e00%000 0 0 0
1

2 4 6 8 10 12 14 16 18 ) 20
Applied voltage (V)

Figure 7. Thedependence of the response time of CS1024 +
0.1 wt% susp. on the applied electric field.
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Table 2. The response time of the SSFLC mode of CS1024
with different doping concentrations of BaTiO; suspensions.

Rise time Fall time Response
Sample (us) (us) time (ps)
Pure CS1024 75 360 435
CS1024 + 1 wt% susp. 30 280 310
CS1024 + 1 wt% susp. 100 370 470

of 435, 310 and 470 ps with increased doping concen-
trations. In addition,

I ~P, ), 2)

where 7 is the response time, - is the intrinsic viscosity,
ps 1s the spontaneous polarisation and E is the electric
field strength. We can infer that the CS1024 + 0.1 wt%
susp., with a low doping concentration and the largest
spontaneous polarisation under the same electric field,
will have a shorter response time. On the other hand,
while the spontaneous polarisation of the CS1024 + 1
wt% susp. was greater than that of Pure CS1024, the
larger molecular weight of the polymeric surfactant in
the suspension resulted in an overall increase in visc-
osity. The interplay of the two led to an increase in the
response time. Taking into consideration the rise time
and fall time performances of the different doping
concentrations, we can conclude that the CS1024 +
0.1 wt% susp. is optimal.

The V-shaped switching of the SSFLC mode is
shown in Figure 8, and we compared two scenarios:
identical concentration but different frequencies and
identical frequency but different concentrations. First
of all, applying triangular waves of different frequen-
cies at identical doping concentration, one can see that
the hysteresis phenomenon became more pronounced
with increasing frequency of the applied electric field
(5-10 Hz), resulting in a pseudo W-shaped switching.
Therefore, when the curve passed through the zero
electric field, it was not possible to obtain a relatively
dark state. There was also a phase shift in the relatively
dark state, due to the fact that as the frequency of the
applied electric field was increased, the liquid crystal
molecules became unable to catch up with the switch-
ing frequency. On the other hand, for the V-shaped
switching of triangular waves with identical frequency
but different doping concentrations, the CS1024 + 0.1
wt% susp. exhibited the best V-shaped switching at
5 Hz, with no hysteresis phenomenon observable in
the figure. The V-shaped switching properties of the
CS1024 + 0.1 wt% susp. were superior to the Pure
CS1024 at different frequencies, proving that doping
BaTiO; resulted in enhancement of the V-shaped
switching.
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Figure 8. The dependence of the transmittance for CS1024 with different doping concentrations of BaTiO; suspensions on the
applied triangular waveform voltage at (a) 5 Hz and (b) 10 Hz. (The red dashed line represents the switching between the two

ferroelectric states. Colour refers to the online version.)

In particular, we examined in detail the case with
the electric field at a frequency of 5 Hz and high
doping concentration CS1024 + 1 wt% susp. We
found that the greyscale performance was inferior to
the Pure CS1024 and CS1024 + 0.1 wt% susp., but
what was worth noting was that the voltage required
for switching between the two ferroelectric states (the
region demarcated by the red dashed line in the figure
(colour refers to the online version)) was smaller than
that for the Pure CS1024 and CS1024 + 0.1 wt% susp.

From this phenomenon, we can indirectly infer that
doping BaTiOs; in the liquid crystal materials enhances
its sensitivity to applied electric fields.

4. Conclusions

We have successfully dispersed commercially available
BaTiOj3 nanoparticles into FLCs, drastically improving
their electro-optical properties. Due to the large electric
dipole moment of BaTiO;, the spontaneous
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polarisation of low doping concentration CS1024 + 0.1
wt% susp. was about twice that for Pure CS1024. There
was also a significant improvement in the dielectric
properties after doping, particularly in the SmC*
phase. In both cases, increased sensitivity to application
electric fields can be observed for the spontaneous
polarisation and dielectric properties. The reproduci-
bility of the results was confirmed after four months
with the same experimental system and conditions. In
addition, the CS1024 + 0.1 wt% susp. yielded the best
V-shaped photoelectric switching and response time,
pinpointing a way to improve the applicability of
FLCs without resorting to chemical synthesis.
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