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A liquid crystal (LC) core waveguide has been designed and fabricated using nanocolloid of the nematic
liquid crystal 5CB, doped with TiO, nanoparticles, as the core. Nematic liquid crystals doped with small
amount of nanoparticles can have significantly altered electro-optic response. The performance of the
fabricated LC core waveguide as an optical-switch has been studied, and the experimental result shows

that the threshold voltage for switching is reduced from 1V to 0.25 V due to TiO, nanoparticle dopant-
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concentration of 2.0 wt.%. The overall optimal performance of the waveguide switch, in terms of thresh-
old voltage, extinction ratio, and response time, is achieved for a dopant-concentration of 0.5 wt.%.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Optical waveguides are the building blocks of any integrated
optical device; these also provide optical connection between
different functional devices, forming an integrated optical circuit.
The advantages of an integrated optical circuit are compact size,
planar geometry with multiple waveguides on one chip, higher
efficiency, lower power consumption, and provision for integra-
tion of the devices [1]. Liquid crystal (LC) waveguides find appli-
cations in integrated optical devices, primarily as optical switch,
due to their high birefringence and electro-optical characteristics
[2,3]. Various geometries of nematic LC core waveguides on dif-
ferent substrates, such as silicon [4,5] and glass [6,7] have been
proposed. Low operating voltage with negligible power dissipa-
tion is a strong requirement for LC core waveguide based devices.
In recent years, the affect of doping of LC with nanoparticles has
been extensively studied [8]. Doping with nanoparticles can
change the performance characteristics of LCs, such as
electro-optic and dielectric properties, memory effect, and phase
behavior. Various types of nanoparticles such as metallic [9],
semiconducting [10], ferroelectric [11,12], carbon nano-tubes
[13,14], dielectric and insulating [15-19] have been developed
in recent years to realize LC nanocolloids. Several reports
[20-22] have shown that doping of a nematic LC with small
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amounts of nanoparticles affects the properties of nematic LC
such as the decrease of threshold and switching voltages, and
switching time of the device. The insulating nanoparticles of tita-
nium dioxide (TiO,) have attracted much attention for many
device applications due to their physical, chemical and electrical
properties [23]. Lee et al. [24] reported the enhancement of
electro-optic performance of a LC system by the addition of
TiO, nanoparticles in the nematic LC. They demonstrated that
the threshold voltage of the LC for device operation is reduced
from 2.5V to 0.5V due to the addition of TiO, nanoparticles up
to 2.0 wt.%. Chen et al. [19] reported that doping by TiO, nanopar-
ticles reduce the impurity-ion concentration in a LC cell which is
responsible for the lower threshold voltage of the device. The
decrease in the threshold voltage of LC can result in a reduction
in the power consumption. Thus, the study of the LC core waveg-
uides, designed using nanocolloids is interesting for the realiza-
tion of future power saving LC core waveguide devices.

In this paper, we report fabrication and characterization of LC
core waveguides in which the core region is filled with nanocol-
loids of the liquid crystal 5CB, doped with TiO, nanoparticles.
Three nanocolloids with concentrations of 0.5 wt.%, 1.0 wt.% and
2.0 wt.% TiO, nanoparticles in 5CB are prepared. The effect of the
variation of the dopant concentration on the electro-optic charac-
teristics and threshold voltage for switching of the LC core waveg-
uide has been presented. In Section 2 we describe the fabrication of
LC core waveguide and preparation of nanocolloids of different
concentrations. Results and discussion are presented in Section 3.
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2. Experiment

2.1. Fabrication of LC core waveguide switch and the experimental
setup

The LC core waveguide comprises of two ITO-coated glass
plates, which form the upper and lower cladding layers, and are
separated by a 5 pum thick layer of negative photoresist (AZ15nXT),
which determines the thickness of the waveguide (see Fig. 1). The
nematic LC 5CB is used as the waveguide core material, with ordi-
nary (n,) and extraordinary (n.) refractive indices of 1.53 and 1.71,
respectively, at 632.8 nm [2]. The fabricated waveguide structure is
a rectangular core waveguide with a guiding layer of thickness
5 wm, width = 2 mm and length = 5 mm. The ITO layer (on the glass
plate) is a conducting film which is used as the electrodes of the LC
core waveguide. For homogeneous alignment of the LC molecules,
a polyimide layer was spin-coated at 4000 rpm over both
ITO-coated glass substrates, and was ‘rubbed’ along the length of
the waveguide using velvet cloth.

A schematic of the experimental setup is shown in Fig. 2. In the
experiment, a He-Ne laser at the wavelength of 632.8 nm is used
as the light source. The plane of polarization of the input light is
controlled by a half-wave plate (HWP), and a 20x microscope
objective (MO) is used to couple light into the LC core waveguide.
To study the transmission characteristics of the LC core waveguide
switch, a square wave voltage signal of frequency 1 kHz is applied
across the electrodes of the device. The output of the waveguide
was collected by a 20x MO, and it is measured by a power meter
attached to a photodetector.

2.2. Preparation of TiO,: 5CB nanocolloids

Initially, three nanocolloids of LC doped with TiO, nanoparticle
were prepared, with concentrations of 0.5 wt.%, 1.0 wt.%, and
2.0 wt.%, respectively. TiO, nanoparticles, which were obtained
from Sigma Aldrich, USA, have a particle size of the order of
~21 nm. To prepare each nanocolloid, a fixed amount of TiO,
nanoparticles were first mixed in the 5CB LC, and then chloroform
was added to the LC + TiO, mixture. The mixture was ultrasoni-
cated for 10 min to allow the TiO, nanoparticles to disperse
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Fig. 1. Schematic of the LC core waveguide, filled with nanocolloid (TiO,: 5CB) in
the core region.
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Fig. 2. Schematic diagram of the experimental setup to characterize the LC core
waveguide. HWP: Half-wave plate; MO: Microscope objective (20x).

uniformly into the 5CB, and then the solution was kept on a hot
plate at 60 °C for 6 h. This process was repeated two times to
obtain a uniform nanocolloid. Finally, the chloroform was evapo-
rated from the pure LC + TiO, mixture at this temperature. The
above process was followed to prepare 0.5 wt.%, 1.0 wt.%, and
2.0 wt.% concentrations of LC nanocolloids. The core region was
filled as required with pure 5CB and the three prepared samples
of LC + TiO, nanocolloids by capillary action [7].

3. Results and discussion
3.1. Electro-optic and dielectric anisotropy studies

In the experiment, the switching characteristics of the doped LC
core waveguide are studied for TE (horizontal) and TM (vertical)
polarizations of input light [7]. The measured output power varia-
tions for pure 5CB and the prepared nanocolloids of different
dopant concentration (0.5 wt.%, 1.0 wt.% and 2.0 wt.%) with applied
voltage are shown in Fig. 3.

As can be seen from Fig. 3, the output power drops when the
applied voltage exceeds the threshold voltage for the TM polariza-
tion, and there is very little change in the output power for the TE
polarization. The V-parameter defines the total number of modes
supported by the waveguide [1], and the numerical value of
V-parameter is larger for the TM mode, since n,>n,. With the
applied electric field, the coupled power in the TM polarization is
distributed among the various modes due to the increased
V-parameter of the waveguide. The output power drops at the
threshold voltage for the TM polarization due to the higher absorp-
tion coefficient of the TM modes in the metal-clad waveguide [7].

When an external electric field is applied to the LC layer, the LC
molecules reorient because of their dielectric anisotropies; dielec-
tric interaction between the LC molecules and the applied electric
field. A rotation of the LC molecules generates a translational
motion of the molecules, which produces a torque, which in turn
affects the rotation of the molecules. Under a given electric field,
the liquid crystal will be in the equilibrium state where the total
free energy is minimized. If the dielectric anisotropy is positive
(Ag > 0), the LC molecules tend to align parallel to the applied elec-
tric field. The LC molecules tend to align perpendicular to the
applied electric field when the dielectric anisotropy is negative
(A& <0). This field-induced reorientation of the LC molecules is
referred to as the Freedericksz transition. The threshold voltage
(Freedericksz transition voltage) for the LC is given by [2]
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Fig. 3. Variation of output power with applied voltage for pure LC, and the
nanocolloids 0.5 wt.%, 1.0 wt.% and 2.0 wt.% TiO, doping concentrations in 5CB.
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where ‘K;’ is the elastic constant for deformation, ‘A¢’ is the dimen-
sionless dielectric anisotropy parameter and ‘s’ is the free-space
dielectric permittivity. From Eq. (1), one can see that the threshold
voltage for re-orientation of LC molecules depends on the dielectric
anisotropy. The dielectric anisotropy ‘A¢ = g - ¢, of the nematic LC
indicates to the anisotropic nature of the molecules, where ‘¢’ and
‘e’ are the components parallel and perpendicular to the molecular
long axis, respectively [2]. The dielectric anisotropy is an important
parameter that defines the lower threshold voltage for LC devices.
After the addition of TiO, nanoparticles, there is a strong dipolar
interaction between the TiO, molecules and the nematic LC which
can induce the desired dielectric anisotropy and relaxation param-
eters of the LC. In order to obtain the numerical value of dielectric
anisotropy of the LC, the capacitance of the liquid crystal cell is
measured as a function of applied voltage, using a LCR meter
(Agilent E4980A), and the dielectric constant (&) is plotted as a func-
tion of voltage for two different frequencies (see Fig. 4).

From Fig. 4, at applied voltages lower than the threshold volt-
age, the measured dielectric constant is ‘¢, * and at applied voltages
much higher than the threshold voltage, the measured dielectric
constants are ‘g’ [25]. The dielectric anisotropy ‘A¢’ =g - &, were
then obtained. The value of A¢ of LC doped with TiO, nanoparticles
is higher than the pure 5CB LC (see Fig. 4). Thus, from Eq. (1), it can
be seen that there is a reduction of the threshold voltage in doped
LC, in comparison to pure LC. For 0.5 wt.%, 1.0 wt.%, and 2 wt.% TiO,
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Fig. 4. Variation of dielectric constant with voltage (a) at frequency of 1 kHz, and
(b) at frequency of 1 MHz, for different TiO, doping concentrations.

nanocolloids, the measured threshold voltages were 0.70 Vg,
0.55 Vyp,, and 0.25 V), respectively, which are lower compared to
the threshold voltage of 1 Vp,, for the pure 5CB LC core waveguide,
as can be seen in Fig. 3. Thus, the reduction in the threshold voltage
for the waveguide switch is because of TiO, nanoparticle dopants,
which changes the dielectric anisotropy. The dielectric anisotropy
of the TiO, doped 5CB LC is higher compared to pure 5CB LC. This
behavior shows the dependence of the dielectric constant (&) on
the concentration of TiO, molecules which is shown in Fig. 4. The
dielectric constant is measured at the frequency of 1kHz
(frequency of applied voltage), and also at a higher frequency of
1 MHz. From Fig. 4, we can see that both pure and doped LC exhibit
positive dielectric anisotropy. The dielectric anisotropy is increased
in the case of doped LC, while beyond a few volts, no significant
change in the dielectric constant is observed with the applied volt-
age at both frequencies.

The experimental results for the threshold voltage and
extinction ratio (i.e. the ratio of the two power levels of TE and
TM polarizations [7]) of the LC core waveguide are shown in Table 1.

The size and concentration of the TiO, nanoparticles in the
nanocolloids play a critical role in the electro-optic response of this
material [21]. The light propagation characteristics of both pure
and doped samples are qualitatively similar (see Fig. 3). This also
implies that TiO, nanoparticles are well-mixed with the 5CB mole-
cules, and a combined molecular re-orientation occurs. In the case
of ITO coated glass substrates with ‘rubbing’ on inner sides, the
pretilt angle (i.e. average upward tilt angle of the molecules with
reference to the alignment layer) of the nanocolloids is increased.
With the increase in the TiO, doping concentration, two effects
occur: First, the threshold voltage for switching decreases with
the increase in doping concentration because of the increase in
the number of insulating TiO, nanoparticles. These nanoparticles
trap more number of the moving ion impurities that flow toward
the alignment layers [19,21]. Second, the output power drops
slowly over a wider range of applied voltage, for higher concentra-
tions of nanoparticles. The high concentration doping of the
nanoparticles in LC (i.e. for 2.0 wt.%), disturbs the orientational
ordering of the molecules which results in the disturbance of both
the director and order parameter of LC. The change in the order
parameter of LC, results in an increase in the total free energy of
the system. For compensation of these energy expenses, aggrega-
tion of nanocolloids is triggered. The nanocolloids begin to
approach each other and form aggregates. The rate of formation
of aggregates is directly proportional to the doping concentration
of nanoparticles [26]. Thus, there is an increase in the rotational
viscosity of the nanocolloid comprising of spherical shaped TiO,
nanoparticles [27]. Although the threshold voltage is reduced, the
complete molecular re-orientation of the nanocolloid occurs at a
relatively higher applied voltage, which can be seen from Fig. 3.

The reduction of threshold voltage is also due to reduced
screening effect, which is caused by the flowing ions in the LC layer
[24]. Before applying the voltage across the waveguide switch, the
ion impurities adsorbed on the alignment layer creates an inner
direct current field and decreases the effective voltage of the
nematic LC layer [19]. This screening effect increases the threshold
voltage required for the LC based device. The doping of insulating
nanocolloids provides traps for ions in the LC layer; therefore fewer
ions flow to the alignment layer, which leads to reduction in the
screening effect, and a corresponding reduction in the threshold
voltage of the device.

Therefore, a combination of the above effects results in the
decrease in the threshold voltage of LC core waveguide. The
measured threshold voltage for 0.5 wt.% TiO, nanocolloid doped
LC core waveguide is 0.7 Vp,p, which is less compared to 1.0V,
for pure 5CB LC core waveguide as shown in Fig. 5. As the doping
concentration of nanocolloids increases, the aggregation of
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Fig. 5. Variation of output power with applied voltage for 0.5 wt.% TiO, doped LC
core waveguide.

nanocolloids also increases [26]. As can be seen from Fig. 3, the
output power does not drop sharply (i.e. reduce over a wider range
of voltage) in case of higher nanocolloid concentration of 2.0 wt.%
TiO,; this is because in the case of higher concentration of
nanoparticles, the rate of formation of aggregates is higher. But
in the case of 0.5 wt.% TiO,, the output power drops sharply at a
threshold voltage (see Fig. 3) which indicates that there is less
effect of the aggregation of the nanocolloid. Due to the above com-
bined effects, the measured extinction ratio and the differential
attenuation are highest for 0.5 wt.% TiO, nanocolloid, among the
different nanocolloids considered (1.0 wt.% TiO,, 2.0 wt.% TiO;),
which is shown in Table 1. Thus, 0.5 wt.% TiO, doped 5CB shows
the optimum performance in terms of threshold voltage and
switching characteristics.

3.2. Response time

Fig. 6 shows the snapshots of the display screen of the digital
storage oscilloscope (DSO) showing the response of the LC core
waveguide to an applied square wave voltage. The rise and fall
times have been calculated as the time taken for the output voltage
to change from 10% to 90% and 90% to 10% of its maximum value,
respectively. As shown in Fig. 6, for 0.5 wt.%, 1.0 wt.%, and 2.0 wt.%
TiO, doping, the measured rise times were 10.8 ms, 15.6 ms, and
19.4 ms, respectively. The corresponding fall times were 31.2 ms,

Table 1
Variation of threshold voltage, extinction ratio and differential attenuation for the LC
core waveguide as a function of TiO, doping concentration.

S.No.  Sample + doping Threshold Extinction  Differential
concentration voltage Vi ratio attenuation for
(Vpp) TM polarization
1. Pure 5CB 1.0 7.1dB 5.2dB
2. 5CB+0.5wt.% TiO,  0.70 6.6 dB 4.8 dB
3. 5CB+1.0wt.% TiO,  0.55 4.6 dB 4.1dB
4. 5CB +2.0wt.% TiO,  0.25 4.2 dB 3.8dB

10 ms, and 8 ms, respectively. The rise time for doped samples
increases with TiO, doping concentration. Compared to pure LC
core waveguide, both rise and fall times are higher for the doped
LC core waveguide. As discussed above, the change in rise and fall
times for the doped LC core waveguide is due to the change in rota-
tional viscosity of the doped LC molecules.

3.3. Estimation of the attenuation coefficients

In metal clad (ITO layer, in this case) waveguides, the attenua-
tion of TM modes is greater than TE modes, and the attenuation
coefficients of the higher order modes are larger as compared to
that of lower order modes [28]. Due to the change in dielectric
anisotropy of the 5CB LC after doping, the refractive indices of
5CB also changes; we measured the change in refractive index by
using an Abbe refractometer at the wavelength of 633 nm. The
ordinary refractive indices for doped LC were found to be 1.56,
1.581 and 1.602 for 0.5 wt.%, 1.0 wt.%, and 2.0 wt.% TiO, doped
LC, respectively. Due to increased refractive indices, the total num-
ber of modes supported by the waveguide is increased. The atten-
uation coefficient for the TE and TM modes are approximately
given by [29]:

(m+1)°n2 &
OlEm = 2
TEm nszd3 (n - &) )
(m+1)*n? | &(2nf —&)
o ~ 3
™m nkd’ n(n? &) 3)

where ‘m’ is the mode number, ‘n/ is the refractive index of the
nanocolloids, ‘¢’ and ‘¢’ are the real and imaginary parts of the
dielectric constant of the metal (for metals, || > &), and ‘d’ is the
thickness of the LC film. Using the numerical values ¢, = —3.46 and
&=022 (for the ITO layer) at 633 nm [30], the calculated
attenuation coefficient for TE and TM modes are given by:

Fig. 6. Snapshots of the display screen of the DSO showing the response of the LC core waveguide to an applied square wave voltage: (a) 0.5 wt.% TiO,, (b) 1.0 wt.% TiO5, (c)

2.0 wt.% TiO, doped LC core waveguides.
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Orgm = 0.076(m 4+ 1)* (cm™), orpym = 0.258(m + 1)? (cm™1). In this
case, the attenuation coefficient of TM modes is 3.38 times greater
than that for the TE modes. The above estimated attenuation
coefficient for the TE and TM modes are consistent with measured
differential output which can be seen in Table 1 and Fig. 3.

4. Conclusion

We have studied switching characteristics of the LC core waveg-
uides, realized using nanocolloids of the nematic LC 5CB. The
electro-optic characteristics of TiO, doped 5CB LC core waveguides
have been experimentally investigated. As the TiO, doping concen-
tration is increased, the dielectric anisotropy increases, and the
screening effect of the alignment layer is reduced; this leads to a
lower threshold voltage for the LC core waveguide switch. Study
of the propagation characteristics of TE and TM polarizations in
the doped LC core waveguides with different doping concentration,
indicate that the optimal performance, in terms of lower threshold
and differential attenuation, is obtained for 0.5 wt.% TiO, doped LC
core waveguide. The nanoparticle doped LC core waveguides are
potential candidates for differential loss-switching devices with
very low threshold voltage.
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