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Abstract: Light propagation has been studied in photonic crystal fibers (PCFs) doped with
W212 ferroelectric liquid crystal (FLC) composites with titanium dioxide nanoparticles (TiO2
NPs) of low concentrations between 0.2 and 1 wt. % in the FLC matrix. Optical microscopy
observations indicated a slight increase of transition temperature to the isotropic phase by ∼1–2°C
compared to the undoped FLC sample, and the TiO2 admixture was found to decrease free ionic
charge impurities in the FLC, thus improving its electro-optical parameters. The switching
time measurements in the PLCFs clearly indicate that TiO2 NPs reduce switching times for low
electric field intensity, even by 32% compared to the undoped PLCF.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Photonic crystal fibers (PCF) [1] have become essential for modern fiber-optic telecommunication
and photonics over the last two decades. Rapid progress in designing and fabricating PCFs
resulted in various configurations of fibers exhibiting i.a. high nonlinearity, low attenuation,
or a single-mode guiding mechanism. Moreover, PCF-based devices for sensing and tuning
applications became especially attractive by infiltrating microholes in the PCF cladding with
liquid crystals (LCs) [2–8]. Such optical waveguides that combine properties of both PCFs
and LCs are called photonic liquid crystal fibers (PLCFs). The opportunities of LC materials
for applications in PCFs have been so far widely investigated for nematic LCs (NLCs) [2–8],
their chiral analogs, i.e. cholesteric LCs [9], and blue phase LCs [10–13] that exhibit a local
three-dimensional double-twist molecular alignment. Due to high dielectric anisotropy of NLCs,
their typical electro-optical response times are in a range of tens to hundreds of milliseconds.
Chiral smectic C* LCs, also known as ferroelectric liquid crystals (FLCs) due to their inherent
ferroelectricity within the helical structure, exhibit much faster electro-optical response times,
even below the microsecond range. The practical applications of FLCs in photonic technology
have been recently reviewed elsewhere [14]. Hence, FLCs are promising materials for controlling
light guiding in PLCFs. Wong et al. [15] described the sub-millisecond electro-optical switching
in a hollow-core PCF infiltrated with an FLC. However, the investigated PLCF system exhibited
strong light scattering, making the hollow-core PCF ineffective for developing PLCF-based
optical devices. Solid-core PCFs, with FLCs embedded in microholes that form the cladding,
are expected to have more considerable potential. Mathews et al. [16] proposed a notch filter
based on a PCF infiltrated with an FLC controlled by d.c. electric field. Yu et al. [17] presented
a detailed report on the electro-optical characteristics of an FLC embedded in PCFs. It has
been seen that the recent studies were focused on the proper alignment of FLC molecules in
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cylindrical structures and the nature of the switching mechanism under the influence of an external
electric field [18–20]. Further development of PLCF-based devices requires new LC materials
or composites with desired electro-optical parameters. In general, LC materials synthesized in
chemical laboratories require extensive studies of their electro-optical behavior, which may be
a very complex and time-consuming procedure. Another approach relies on doping existing
LC materials with different types of nanoparticles (NP), which seems to be a relatively more
straightforward and cost-effective method. The admixture of NPs in the LCs can largely modify
their parameters, as phase transition temperatures, optical and dielectric anisotropies, as well
elastic constants. The presence of NPs in FLCs can also have a significant impact on their tilt
angle, spontaneous polarization, helix pitch and rotational viscosity. However, it should be noted
that NPs can also affect stability of the FLC phase. It was reported [21] that admixture of the
Fe2O3 NPs in a EHPBD FLC material caused an electrohydrodynamic instability in the FLC-NP
nanocomposite in the form of elongated domains observed in the glass cell. This effect has been
descried in details in [22]. Moreover, the size of the NPs in an FLC volume can also impact
the orientation stability of the FLC-NP nanocomposite [23]. Nevertheless, over the last few
years, much research has proven great potential of LC-NP nanocomposites in glass cells, micro
capillaries, and PCFs. It was found that gold and silver NPs dispersed in NLCs have a positive
impact on PLCF properties by reducing their switching times and threshold voltages [24–26].
However, the specific type of NPs, i.e., metallic, dielectric, and ferroelectric, as well as their shape
and surface coating, may also worsen LC-NP electro-optical parameters [27–30]. Consequently,
the impact of NPs dispersed in FLCs has also been widely studied. It was reported that silica
NPs dispersed in FLCs may improve the electro-optical switching times [31]. Kumar et al. have
observed that palladium NPs positively impacted the FLC-NP nanocomposite’s electro-optical
and dielectric characteristics [32,33]. Experiments on the influence of gold NPs embedded in
FLC showed a significant increase in the optical tilt [34] and enhancement of photoluminescent
properties [35]. A detailed review of the interaction of gold NPs on FLC was presented by
Choudhary [36]. The preparation, stability and long-term durability of Au and Ag types of
NPs are not so facile to use in devices due to their oxidizing nature; therefore, other alternative
NPs must be developed. Lalik et al. doped FLC with Fe2O3 NPs and showed that even small
concentration of the NPs leads to a significant decrease of the spontaneous polarization, tilt angle,
rotational viscosity, and switching times [21].

In recent years titanium dioxide (TiO2) NPs have also exhibited significant potential in doping
FLCs. The main advantage of TiO2 NPs is their ability to suppress free ionic charges generally
present in LCs. The presence of these impurities negatively influences the performance of
LC-based optical devices. Gupta et al. reported [37] that TiO2 NPs when dispersed in FLCs
lead to reduced d.c. conductivity, increased spontaneous polarization, and cause switching times
enhancement of FLC-NP nanocomposites. Usually, TiO2 NPs have been utilized in LCs to filter
ionic impurities [38], changing luminescence [39] and improving the response time of nematics
[40]; however, their use in PLCFs could result in some important characteristics.

The present work describes further research efforts toward applying TiO2 NPs as dopants in
FLCs and subsequent impact on PLCFs’ electro-optical properties.

2. Experimental

As a geometrically confining medium for current studies, we used an LMA-10 PCF manufactured
by NKT Photonics. The LMA-10 photonic lattice consists of six rings of hollow microcappilaries
(MCs) with an internal diameter d= 2.84 µm surrounding a solid core. The distance between
MCs, referred as pitch, is equal to Λ= 6.48 µm. Both values were measured under an SEM
microscope (Hitachi TM4000) and presented in Fig. 1.

The FLC selected for the present studies was W212 FLC (synthesized at the Military University
of Technology) characterized by its helical pitch p= 7 µm, spontaneous polarization Ps= 100
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Fig. 1. Cross-section of the LMA10 PCF. The inset represents the dimensions of the
microholes, d and the pitch, Λ.

nC/cm2, and a tilt angle θ= 40° (as measured at room temperature). The phase transition scheme
for W212 FLC is as follows: Cr 10°C SmC* 99.8°C SmA* 126.6°C Iso [41–43]. The titanium
dioxide nanoparticles (TiO2 NPs) existed in an anatase form and were prepared according to the
method described in [39,44]. The size of the NPs was in a range of 25-35 nm. Hereafter, we
present the details of preparing the samples and methods used in our studies.

2.1. Preparation of the W212 doped with titanium dioxide NPs

To prepare each nanocomposite sample, first TiO2 NPs were mixed with toluene and left for
ultrasonication for 2 hours to ensure a uniform distribution of the TiO2 NPs in the mixture.
Colloid homogeneity was examined by leaving the sample for 24 hours. Next, the TiO2 solution
was added to the W212 FLC in three different amounts to maintain 0.2, 0.5, and 1.0% wt./wt.
concentrations. Low NPs concentrations provided an undistorted FLCs molecular order and the
director’s direction in each smectic layer. Moreover, the NPs can have non-zero dipole moments,
and their interactions may result in uncontrolled aggregation for higher concentrations [45]. It
should be emphasized that the proper stirring procedure of the FLC-NP mixture may provide an
average distance between the NPs, large enough to avoid any aggregations of the dopant particles
[46].

After that, the sample was again left for ultrasonication for additional 2 hours and then placed
in an oven at a temperature of 70°C to evaporate toluene completely from the samples.

2.2. Preparation of the MC and PCF doped with W212 - TiO2 admixture

In the preparatory stage, the inner walls of the 12-µm in diameter MC and the LMA10 PCF were
covered with photosensitive sulfonic azo-dye SD1 [47–49] as a photo-aligned layer, necessary for
the proper alignment of the FLC-NPs nanocomposites. The detailed procedure of generating the
photo-aligned layer and infiltration with the FLC mixture has been previously reported elsewhere
[18]. It should be emphasized that application of SD1 layers in both cylindrical and planar
structures can provide an excellent alignment for different LCs, under the condition that the
photo-aligning layer has a proper thickness. As reported by Pozhidaev et al. [50], the thickness
of the SD1 layer strongly depends on the concentration of the SD1 azo-dye in the solvent. The



Research Article Vol. 31, No. 18 / 28 Aug 2023 / Optics Express 29945

thickness of the SD1 layer could be performed by the atomic force method. This method can
give precise results on glass substrates, but in case of media with cylindrical geometry, the
measurements may be incorrect. In our research, we used a 5% solution of SD1 in DMF solvent,
and based on calculations given in [50] we estimated that the SD1 layer thickness in MC and
PCF should be approx. 50 nm.

Before MC and PCF infiltration, the FLC-NP nanocomposite was stirred by using a sonification
process in order to avoid possible aggregations.

Afterwards, the MC and LMA10 PCFs were dipped in the containers with W212-TiO2
nanocomposites with different concentrations and left for approximately 40 minutes in the oven
at a temperature of 140°C, at which W212 remains in the isotropic phase.

After that, the quality of infiltrations and nanocomposite alignment was observed under a
polarizing microscope. Next, 5-mm long infiltrated PCF samples were placed in the capillary
with an inner diameter of 126 µm using a micromechanical setup and two SM fibers were
introduced as input and output on both sides of the microcapillary. Both SM fibers were joined
to the microcapillary by using a UV-curable glue. We believe this method is better than that of
fusion-splicing so as to avoid the destruction of the FLC-NP nanocomposite by high temperature.

2.3. Characterization of the spontaneous polarization

One of the FLCs’ crucial parameters is their spontaneous polarization. Usually, this parameter
decreases with increasing temperature and disappears at the SmC*-SmA phase transition. The
spontaneous polarization measurements were performed in 3 µm-thick ITO coated glass cells
infiltrated with NP-FLC nanocomposites using the setup presented in Fig. 2 [51].

Fig. 2. Schematic diagram of the setup for measuring electro-optical parameters of FLC
samples (a) and an exemplary oscillogram representing the response signal across the
capacitance C* and driving signal from a function generator. The resistance R* was adjusted
by 10 kW potentiometer and the capacitance C* was 2.2 µF.

The response signal UOUT consists of three voltage components and is defined according to
the formula 1 [52]

UOUT = UR + UC + UP =
1

C∗
∫

t
0 I dt =

Ut
RC∗

+
2UCFLC

C∗
+

PSS
C∗

[cos(φ(t)) − cos(φ0)] (1)

where: UR is related to the resistivity of the cell, UC corresponds to the capacitance of the cell,
UP is the repolarization voltage caused by polarization reversal, R* is the ohmic resistance of the
cell, S is the area of the FLC layer in the cell, C* is the reference capacitance connected in series
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with the cell, φ0 = φ(t = 0) is the initial azimuthal angle of the FLC molecules in the cell. The
oscillogram showing the driving signal and the response signal UOUT in this method is presented
in Fig. 2.

According to the Eq. (1), spontaneous polarization can be calculated by measuring voltage UP:

PS =
UPC∗

S[cos(φ(t)) − cos(φ0)]
(2)

In our setup, a 2.2 µF reference capacitor was used, and the voltage UR was continuously
compensated by the 10 kW potentiometer.

2.4. Characterization of phase changes in the temperature regime

Phase transition temperatures were measured under a polarizing microscope (Nikon T2sAr)
with crossed polarizers. The 12-µm silica-glass MCs were treated with an SD1 photo-aligning
material, according to the description from [18], and infiltrated with the investigated FLC-NP
nanocomposites. We estimated the beginning and end of the phase transition temperatures
through optical observations. A computer-controlled hot stage (Linkam TM6000) was utilized
to precisely control the temperature of the samples over the range from 50°C to 130°C with a
resolution of 1°C/min.

2.5. Characterization of guiding properties

Light propagation in PCFs infiltrated with LCs is governed by a photonic bandgap guiding
mechanism that results from generally higher refractive indices of the LC material in comparison
to the refractive index of the PCF (silica glass). Light guiding studies were performed by using a
broadband halogen lamp (Mikropak, HL-2000) and an optical spectrum analyzer (Ocean Optics,
USB2000). Moreover, the infiltrated part of the samples was placed on the Peltier module
to investigate spectral changes under the influence of temperature in the range from 20°C to

Fig. 3. Experimental setup for measuring electro-optical response under the influence of
the external electric field.
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80°C. The temperature of the sample was measured by a digital thermometer (Testo 735) with a
resolution of 0.1°C.

2.6. Characterization of the response times

The crucial point of interest was to investigate whether the presence of TiO2 NPs can influence
electro-optical response times in the PLCF samples. The experimental setup used in this part is
presented in Fig. 3.

A monochromatic laser beam operating at 660 nm was selected for this study since all
investigated PLCF samples had relatively good propagation properties at this wavelength. The
infiltrated part was placed between two metal electrodes connected to a function generator
supplying a square-shaped signal at 10 Hz (Rigol DG1022A) through a voltage amplifier (FLC
A800DI). The distance between electrodes was estimated to be 130 µm, which corresponds to a
maximum electric field intensity up to 5.5 V/µm. The response signal was collected by an optical
power meter (Newport 2936-R) and visualized on a digital oscilloscope (LeCroy 104MXi).

3. Results and discussion

Electro-optic response of photoaligned FLCs can be significantly improved by proper selection
of the FLC’s physical parameters. Switching times in FLCs can be defined by the rotational
viscosity that corresponds to the energy dissipation in the director reorientation process under
the influence of driving electric field. One of the possible ways to increase switching times in
FLCs includes minimizing of the viscosity with a simultaneous rise in spontaneous polarization.
However, an increase in spontaneous polarization may not be compatible with the lower values of
rotational viscosity. Moreover, the FLCs’ helix pitch is another important parameter responsible
for the electro-optical optimization. This parameter can be easily modified by dispersing chiral
dopants in the FLC matrix [53]. As reported in [50], for photo-aligning purposes, the most
preferable are helix-free FLC materials. This condition can be true not only for plain glass cells,
but also for host materials with cylindrical geometry as PCFs.

However, as mentioned in the introduction, selection of the optimal FLC physical parameters
requires extensive studies and may be time-consuming. Hence, our approach was to investigate
the influence of TiO2 NPs on FLC electro-optical parameters. In the following section, the results
of our research are provided and discussed.

3.1. Spontaneous polarization

As reported in section 2.3, the setup described in [51] was used to calculate the spontaneous
polarization as a function of an externally applied electric field, at a frequency of 20 Hz and
temperature of 20°C. The variation of spontaneous polarization for electric field intensities
ranging from 1 V/µm to 4 V/µm is presented in Fig. 4.

As shown in Fig. 4, the presence of TiO2 NPs significantly increased the W212 spontaneous
polarization for low intensities of the electric field. This phenomenon can be attributed to the
trapping of free ionic charges present in FLC by TiO2 NPs [37]. As a result, the polarization
component of FLC molecules can be aligned easier along the electric field lines leading to higher
values of spontaneous polarization.

For higher electric field intensities, the value of spontaneous polarization reaches a similar
value for the all investigated W212-TiO2 nanocomposites. This effect suggests that the presence
of free ionic charges has been reduced to minimum and any other improvement of spontaneous
polarization is no longer possible. It also indicates weak interactions between W212 molecules
and TiO2 NPs in the nanocomposite. It should be noted that the opposite effect has been reported
by Kumar et al. [54], where doping TiO2 NP to the W206 FLC resulted in a decrease in
spontaneous polarization. A possible explanation for this result can be attributed to a different
molecular structure of the FLC material.
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Fig. 4. Temperature dependence of spontaneous polarization for the W212 FLC: undoped
and doped with a TiO2 admixture.

3.2. Phase changes under the thermal regime

Thermal observations were performed to investigate the phase transition between liquid crystal
state and isotropic state for undoped and TiO2-doped W212 FLC in 12-µm MCs. Since the phase
transition takes more time in cylindrical structures than in planar structures, we reported two
temperatures corresponding to the beginning and end of the phase transition process (Fig. 5).

Fig. 5. The beginning and end of liquid crystal - isotropic phase transition for nanocomposite
W212 with 0.5% wt. TiO2 admixture observed in the 12-µm microcapillary.

As shown in Table 1, a slight increase in a phase transition temperature of ∼1 - 2 °C has been
observed for W212 doped with TiO2 NPs. A similar effect of increasing the phase transition
temperature for higher concentrations of the NPs in various LC materials was reported by other
research groups. As it was presented elsewhere [55], the doping of the BL011nematic LC (NLC)
with a silica NP slightly increased phase transition temperature. According to the authors of
[55], it was caused by a non-uniform distribution of silica NPs in the nematic material, which
enhanced the local orientational order of NLC. Similarly, incorporating carbon nanotubes into
E7 NLC [56] increased the phase temperature, which was attributed to the anisotropic alignment
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of LC along the carbon nanotubes bundles. Li et al. [57] studied the influence of ferroelectric
BaTiO3 NPs in NLC that resulted in a noticeable increase in the phase transition temperature.
The observed effect has been attributed to the presence of BaTiO3 NPs that amplified LC
orientational coupling. However, doping NLCs and FLCs with metallic NPs can have an opposite
effect leading to lowering the phase transition temperature for higher concentrations of the NP
dopant. As reported in the previous studies [26,58], doping a 6CHBT NLC with gold NPs caused
the lowering of nematic-isotropic phase transition. The same effect was observed for 6CHBT
NLC doped with silver NPs, where the phase transition temperature decreased even by 3°C for
higher concentrations of silver NPs. Further studies [59] reported a decrease in phase transition
temperature for the W212 FLC doped with gold NPs.

Table 1. Mesophase-isotropic phase transition for a 12-µm MC
infiltrated with a W212-TiO2 nanocomposite

Material Beginning of the phase
transition [°C]

End of the phase
transition [°C]

W212 117.6 125.1

W212+ 0.2% TiO2 118.5 125.8

W212+ 0.5% TiO2 118.8 126.6

W212+ 1% TiO2 119.5 126.9

3.3. Light guiding in the PLCF samples

Light-guiding properties were examined by using the setup described in section 2.5 to select
the best wavelength for further electro-optical measurements. Moreover, we have analyzed the
thermal influence on resulting light spectrum guided through our samples.

As shown in Fig. 6, a shift towards shorter wavelengths can be observed by increasing the
temperature of the PLCF samples. For undoped PLCF, the shift of the dominant maximum, as a
function of temperature, is equal to 38 nm, while for 1% wt. concentration in PLCF, the shift
value was even 54 nm. It can be concluded that the light spectrum guided inside the PLCF can
be influenced by the presence of TiO2 NPs dispersed in FLC. For all investigated PLCFs, the
maximum of light propagation can be registered for wavelengths within a range of 600-700 nm
for all temperatures. As our studies were performed in a temperature of 20°C, we chose a laser
diode (LD) operating at a wavelength of 660 nm for further electro-optical measurements, since
for this wavelength we observe relatively good propagation.

3.4. Switching times

The switching time is assumed as the time required to change the value of the signal from 10%
to 90% (or vice versa) of its maximum value. We have performed the measurements for all
investigated PLCF samples using the setup shown in Fig. 3. The obtained results are presented in
Fig. 7.

Shown in Fig. 7, the significant improvement in switching times is observed for low electric
field intensities. For 0.2% wt. concentration of TiO2 NPs in PLCF, the switching times in
the range of low electric field values are approximately 8-11% faster compared to the undoped
PLCF sample. By increasing the intensity of external electric field over 3.5 V/µm, the percentage
change of time value drops to 5-7%. A similar effect is registered for higher concentrations of
TiO2 NPs. For 0.5% wt. concentration of TiO2 NPs, the switching time for lower field values
is 15-19% faster than for undoped PLCF, and for higher electric field values, one can achieve
8-11% improvement in the switching times. The best results of switching times improvement
are observed for the 1% wt. concentration of the TiO2 NPs in the PLCF. For lower electric
fields, the switching times drop even to 25-32% compared to undoped PLCF, and for the electric
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Fig. 6. Light spectra of the PLCFs infiltrated with (a) undoped W212 FLC and with TiO2
dopant at concentrations of (b) 0.2% wt., (c) 0.5% wt. and (d) 1% wt. measured in the
thermal range: 20°C -80°C.

Fig. 7. Switching times registered for undoped W212 FLC and with three concentrations of
TiO2 NP.
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field over 3 V/µm, the drop is 12-14% faster than in undoped PLCF. However, for higher values
of electric field intensity, only a small improvement in switching time can be noticed. This
behavior is directly related to the characteristic of the spontaneous polarization presented in
Fig. 4. The significant differences in spontaneous polarization for low-electric fields result in
significant variations of the switching time. Hence, that indicates that PLCF infiltrated with
W212 doped with a high concentration of TiO2 NPs is faster in comparison to PLCF infiltrated
with pure W212 FLC. In the case of higher electric field intensities, the variation of spontaneous
polarization for all PLCF samples was minimal suggesting that the registered switching times
would not differ significantly. It can be concluded that TiO2 NPs can be considered as a suitable
dopant for FLC-based in-fiber devices for prospective photonic applications.

4. Conclusions

We have investigated the influence of TiO2 NPs on the electro-optical parameters of the W212
FLC infiltrating the LMA-10 PCF. The obtained results indicate that spontaneous polarization
of the W212 FLC can be increased by the presence of the TiO2 NPs, but only for low electric
field intensities. This can be attributed to the trapping of free ionic charges by TiO2 NPs in the
FLC-NP nanocomposites. which leads to an improvement in spontaneous polarization values.
The switching time measurements in the PLCFs clearly reveal that TiO2 NPs exhibit a positive
impact on the reduction of switching times for low intensities of electric field, even up to 32%, in
comparison to undoped PLCF. It can be concluded that TiO2 NPs can be considered as a suitable
material for modification of the electro-optical properties of the FLC-based in-fiber devices for
modern photonics systems.
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