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Nowadays, the development of new devices based on liquid crystal (LC) materials requires improved tuning characteristics
according to the application. One approach for this improvement is the use of nanomaterials with the capability of modifying
the eﬀective properties of the doped LC mixture. In this work, we analyze the electrical behavior of a titanium dioxide (TiO2)
nanoparticle-doped liquid crystal cell using an equivalent circuit. The circuit parameters have been obtained using the
impedance spectroscopy technique and time response measurements. The particularity of the samples designed is that the
nanoparticles are not dispersed in the LC. Instead of that, nanoparticles are randomly deposited on one of the electrodes.
Measurements show that the presence of the nanoparticles increases the temperature sensitivity of the equivalent cell
capacitance and the capacitance diﬀerence between switched and nonswitched states. These results could be quite useful in the
design of novel liquid crystal electronic devices and sensors.

1. Introduction
Nematic liquid crystals (NLCs) are present in a large number
of current devices, ranging from the well-known liquid
crystal displays (LCDs) [1] to diﬀerent kind of sensors (e.g.,
biological, temperature, chemical) [2–4] or integrated photonic devices [5, 6]. For this reason, the research on them is
still an important topic. Additionally, technological advances
demand novel requirements and then novel electrooptical
responses of these materials. In this sense, there is a large
amount of works focus on the development of new NLCs
with tuned characteristics according to the application
requirements. While one approach is designing and synthesizing new LC compounds [7], other one is by using nanomaterials with the capability of modifying the eﬀective
properties of the doped LC mixture [8].

Depending on the nanoparticle nature, the modiﬁcation
of the LC properties diﬀers. In this sense, we can ﬁnd the
use of metallic [9], dielectric [10], semiconductor [11], or
ferroelectric [12] nanoparticles (NPs), among others. This
method to vary the electrooptical properties of the LC is considered cost-eﬀective and simple in comparison to the design
and synthesis of new LC materials. The ﬁnal properties of the
doped LC mixture strongly depend on parameters such as the
NP concentration, their purity, shape, and size, and their
refractive index [13, 14]. This leads to a myriad of results in
the bibliography. From a general point of view, these NPs
behave as impurities aﬀecting to the presence and mobility
of ions in the mixture. In this sense, the presence of nanomaterials produces an enhancement of the dielectric anisotropy
[15], reduction of the threshold voltage [16], and also other
interesting eﬀects like frequency modulation [17] and
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Figure 1: Scheme of the liquid crystal cell with a layer of nanoparticles on one of the substrates. The top substrate includes the ITO and
polyimide layer for homogeneous alignment, without nanoparticles. The two diﬀerent conﬁgurations are shown: nonswitched (a) and
switched (b) states.

memory eﬀect [18]. Besides these properties, which may be
interesting for display applications, other properties could
be aﬀected by the presence of the nanomaterials. This is the
case of the temperature sensitivity of the electrooptical mixture, which is quite interesting for LC-based temperature
sensors [3].
Although there is a large variety of potential materials for
the nanoparticles, titanium dioxide (TiO2) nanoparticles are
one of the most relevant cases due to their interest in other
electrooptical devices [19, 20] as well as in LC mixtures
[21–24]. In this work, we analyze the electrical behavior of
a TiO2 nanoparticle-doped liquid crystal cell using an equivalent model, as will be explained. In the previous studies, it
has been shown that this kind of nanoparticles is able to
reduce the screening eﬀect by ion trapping [22]. In contrast,
the particularity of the samples of this work is that the nanoparticles are not dispersed in the LC; instead of that, nanoparticles are randomly distributed in one of the electrodes.
This cost-eﬀective technique allows a larger control about
the distribution and homogeneity of the nanoparticles, as
well as a larger lifetime of the cells with the modiﬁed properties. We show that the presence of the nanoparticles can get
worse the display properties of the liquid crystal while it
improves its properties for other kinds of applications. This
is the case of the temperature sensitivity of the equivalent
capacitance of the cell and the capacitance diﬀerence between
switched and nonswitched states. We are convinced that
these results could be quite useful in the design of the novel
liquid crystal electronic devices and sensors in order to
accomplish the current speciﬁcations of new needs.

2. Materials and Methods
2.1. Sample Fabrication. In order to obtain the electrical
behavior of LC cells with one substrate coated with nanoparticles, we fabricated several ones with the following protocol.
The cells were fabricated with two borosilicate Glaston
glasses with supertwist polished quality of 0.7 mm uniform
thickness and 2:2 cm × 2 cm dimensions. They were coated,
in one side, with a 130 nm layer of indium tin oxide (ITO)
with a resistivity of 100 Ω/□ and a smoothness of 0.1 μm/cm,
in order to make the electrodes. A polyimide (PI) layer was
also used in both glasses for homogeneous alignment of LC.
Spacers were used to ﬁx the cell thickness. In particular, silica
powder with a diameter of 4.6 μm was used. Our samples use

nanoparticles deposited on one of the substrates of the cell,
instead of nanoparticles solved in the LC. For this reason,
previously to create the cell, one of the glasses was covered
with nanoparticles using a spinner. A graphic outline of a
sample cell can be seen in Figure 1.
TiO2 nanoparticles with a diameter of 25 nm (©Avantama) in anatase phase and dispersed in a toluene solution
(0.5 wt%) were used. This phase presents a dielectric constant
of 18.9 in the considered frequency range [25]. Then, NPs
were diluted afterwards in three diﬀerent concentrations
(0.05, 0.005, and 0.0005 wt%) in order to obtain diﬀerent
experimental samples. The considered glass has been covered
with the diﬀerent NPs mixtures using a spin coating and then
the samples were kept until the solvent is evaporated and a
NPs layer is formed. We check the formation of the layer
by both an atomic force microscope (AFM) and an optical
microscope in order to observe its uniformity and the formation of clusters, just before and after the formation of the cells
and the LC inclusion. The main results are obtained for the
concentration of 0.005 wt%, and the results, we show here,
correspond to this concentration.
Once the two substrates were ready (one of them with a
deposited TiO2 NPs layer), we stuck them with adhesive
and a pair of clamps. When the adhesive is cured, we proceed
to ﬁll the cell with E7 liquid crystal (©Sigma-Aldrich) by capillarity and to seal it to avoid leaking. In order to normalize
later calculations, we use the mean value of the cell area. This
value has been calculated as 3.142 cm2 and with a standard
deviation of 0.301 cm2.
2.2. Experimental Setup. In order to measure the impedance
and the electrical capacitance of the experimental LC cells,
as well as the temperature dependence of these parameters,
two setups were used. The cell was placed in a programmable
thermal stage (INSTEC mK2000 model) to keep the temperature constant during each measurement.
The ﬁrst setup is devoted to measure the impedance of
the cells. A Solartron 1260 impedance analyzer, driven by
a personal computer, was used to measure both impedance magnitude and phase of the LC-coated cells. Each
cell measurement was made at 25°C and 35°C. A measurement frequency range from 10 Hz to 1 MHz and a sinusoidal signal with 30 mVRMS were used. All these electrical
variables were processed with the commercial software
ZPLOT.
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Figure 2: Impedance measurements, magnitude (a) and phase (b), of E7 cells (square symbols) and E7 with a substrate doped with TiO2
nanoparticles, E7-TiO2 (round symbols). Results for temperatures of 25°C (black lines) and 35°C (grey lines) are included.

A second setup has been used for the electrical
capacitance measurement. As it is well known, a liquid crystal cell behaves as a parallel-plate capacitor and its electrical
capacitance, C, has a nonlinear dependence of the applied
voltage. By adding an electrical resistance (RP ) in series with
the LC cell and measuring the rise time (t s ) of the system,
we can retrieve the value of C by simple calculations
(t s = 2, 2 · RP · C) approaching that the device behaves as
a ﬁrst-order system [26].
In order to know the electrical capacitance, we measure
the rise time with the oscilloscope while a square signal is
applied to the circuit in small voltage steps from an “oﬀ” cell
state (Figure 1(a)) to the “on” cell state (Figure 1(b)) and we
use the previous relationship to deduce the value of C.

3. Results and Discussion
3.1. Impedance Measurements. The impedance (magnitude
and phase) of the fabricated planar LC cells, both pure LC
(E7) and TiO2-doped E7 (E7-TiO2), was measured using
the ﬁrst setup described in the previous section. These measurements were taken for two ambient temperatures (25°C
and 35°C), in order to check the temperature sensitivity of
the device, and in a frequency range from 10 Hz to 1 MHz,
as explained before. Experimental impedance results are
shown in Figure 2. As it was explained, although measurements were made for every considered concentration of the
NPs, here we only show those of a 0.005 wt% concentration.
This is because it produces the most remarkable results.
The presence of nanoparticles on the substrate can be
strongly noticed in the electrical behavior of LC cells, as can
be seen in Figure 2. While the magnitude of the impedance,
for both temperatures, is lower in the doped case than in a

R1

C1

C2

R2

Figure 3: Equivalent electrical circuit of LC cells in the frequency
range from 10 Hz to 1 MHz.

pure LC cell, the maximum of the phase in the medium frequency range is shifted to larger frequencies as we include
nanoparticles in the device. This behavior is consequence of
the eﬀect of the nanoparticles on the ion mobility as
explained in [21, 22]. These impedance graphs also indicate
that, from an electrical point of view, the cells can be modeled, in this frequency range, with the equivalent electrical
circuit (EEC) shown in Figure 3.
Where R2 and C2 model the eﬀect of the LC mixture (parallel-plate capacitor with a nonideal dielectric), R1 is due to
the electrodes and C1 takes account of the capacitive eﬀect
of the alignment layers at low frequencies. In this study, we
want to show how the presence of the nanoparticles may
change these parameters.
The E7 cell behaves like an ideal capacitor (C 2) in the frequency range from 20 kHz to 200 kHz. In this range and
under this dominant capacitance behavior, the magnitude
of the impedance is inversely proportional to the frequency
while the phase tends to be constant and equal to -90°, as
expected. This dominant capacitance is represented in our
model as capacitor C 2 (Figure 3). The value of C 2 can be
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Table 1: Values of EEC components of LC cells. The values in columns E7 and E7-TiO2 are the values ﬁtted directly from measurements. The
values on columns N-E7-TiO2 are the normalized ones, considering the diﬀerences on the active area of experimental samples.
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Figure 4: Impedance (magnitude and phase) measurements (symbols) and results from EEC simulation (lines) of E7 cells (a) and E7 with a
substrate doped with TiO2 nanoparticles, E7-TiO2 (b). Results for temperatures of 25°C (black) and 35°C (grey) are included.

measured using the second experimental setup with a low
amplitude input signal (30 mVp). For the pure LC cell, the
obtained results are 2.8 nF at 25°C and 3 nF at 35°C. In a sim-

ilar way, the electrical behavior of the doped sample, E7TiO2, also approaches to an ideal capacitor response (lines
with circular points in Figure 2), in a narrow frequency range

Journal of Nanomaterials

3.2. Capacitance Measurements. The other interesting behavior of the considered samples is the voltage dependence of
capacitance C2. As it is well known, the capacitance of a planar LC cell increases with the applied voltage. In this part of
the work, we analyze the eﬀect of the nanoparticles on this
behavior. We also characterized it by using the second
experimental setup described in Experimental Setup.
Figure 5 summarizes the results obtained for the pure E7
samples and the normalized ones (considering diﬀerences
on the active area of experimental samples) of the E7-TiO2doped cells (N-E7-TiO2).
When the electric ﬁeld is applied across the cells with
TiO2 NPs, the free ion carriers transporting between the electrodes get trapped by TiO2 NPs and the free moving ions
decrease. Hence, the screening eﬀect decreases, and when
an external ﬁeld is applied, the force over the LC molecules
increases and the threshold voltage decreases. Thus, the presence of TiO2 nanoparticles in the sample decreases the voltage where the capacitance starts to change (about 2 VRMS
for E7 sample and about 1 VRMS for E7-TiO2 sample) that
is related to the threshold voltage of the device. Additionally,
the diﬀerence of the sample capacitance at the two diﬀerent
states no switched (C 2NS) and switched (C2S) ones
(ΔC = C 2S − C 2NS ) also increases with doping. This increment can be useful for the design of systems where a
voltage-dependent capacitance is required, like voltagecontrolled signal generators [27] with larger tuning ranges.
However, as in the previous analysis, the temperature sensi-

14
12
Capacitance (nF)

near of 20 kHz. In this case, the capacitance values of the
capacitor C2 of our model are 7 nF at 25°C and 8.5 nF at 35°C.
The values of the remaining EEC components, for the
samples under study, are shown in Table 1. Again, diﬀerences
in the values of R1 of the samples arose. These are due to
diﬀerences on the electrodes used in the measurements.
For comparison purposes, the capacitance has been normalized considering the diﬀerences on the active area of
experimental samples. For a plane capacitor with parallel
plates, the capacitance C is proportional to the active area,
A, as C = K · A. This capacitance can be written as C = K ·
AN · A ′ , where AN is the value of normalized area and A ′ is
the ratio between the real value of the sample area, A, and
the normalized value, AN . Hence, CN = C/A ′ is the normalized capacitance, that is the equivalent capacitance of a
sample with an active area AN .
Figure 4 shows a comparison between the impedance
measurements and the results of the simulated equivalent
electrical circuit (EEC). In this ﬁgure, it can be seen that the
accuracy of the proposed model is high, allowing the use of
the simpliﬁed EEC.
As can be seen in Table 1, the presence of TiO2 nanoparticles in the sample increases the capacitive eﬀects of both C1
and C 2 and diminishes the losses resistance R2. On the other
hand, the temperature sensitivity of the equivalent capacitance in the kilohertz range (C 2) increases with doping. This
behavior is quite useful for the design of LC temperature sensors and in particular for those based on its capacitance variation, like those described in [3].
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Figure 5: Capacitance of E7 cells (square symbols) and E7 with a
substrate doped with TiO2 nanoparticles, normalized considering
samples area diﬀerences, N-E7-TiO2 (round symbols), as a
function of applied voltage. Results for temperatures of 25°C
(black lines) and 35°C (grey lines) are included.

tivity of this parameter (ΔC) also increases in doped cells.
While from an impedance point of view, this an interesting
characteristic for the design of temperature sensors; this temperature variation should be controlled if a high precision in
the signal generator frequency is required.
A summary of main capacitance values of samples has
been included in Table 2.

4. Conclusions
In this work, we analyze the electrical behavior of liquid crystal samples doped with TiO2 nanoparticles. Instead of typical
doped LC mixtures [15, 16, 21–24], nanoparticles are located
on a substrate, forming a layer. Although the presence of
nanoparticles is not in the LC volume, we can see that they
have interesting eﬀect on the LC cell properties, as expected.
In particular, results show that this structure produces an
increase of the temperature sensitivity of samples. This kind
of behavior is in accordance with other works of LC-NP mixtures in the literature. Then, the presence of nanoparticles in
one of the substrates is still strong enough to modify the LC
operation. Also, the proposed sample is considered costeﬀective and simple in comparison to the use of LC-NP mixtures. The problems of homogeneity and NP precipitation,
which are common in doped LC samples, are less important
or even negligible in this case.
For the analysis of the electrical behavior of the cells, an
equivalent electrical circuit (EEC) has been proposed using
the impedance spectroscopy technique and time response
measurements. The change of the parameters of this EEC
with doping and their temperature sensitivity have been
analyzed.
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Table 2: Equivalent capacitance of nonswitched cells (C2NS), switched cells (C 2S), and capacitance diﬀerence (ΔC = C 2S − C 2NS ) at 25°C and
35°C and temperature sensitivity of these parameters.

C2NS (nF)
C2S (nF)
ΔC (nF)

Temperature = 25° C
E7
N-E7-TiO2

Temperature = 35° C
E7
N-E7-TiO2

2.8
5
2.2

3
5
2

5.4
10.5
5.1

The main results of this analysis have been obtained for
samples fabricated with a concentration of 0.005 wt%. It
can be seen that low concentration is enough to produce
observable changes in the LC performance. Large concentrations may produce saturation behaviors, while lower concentrations may be undetectable. Results for this concentration
show that the equivalent electrical capacitance of the cells,
C 2 in Figure 3, is doubled with doping, whereas the loss resistance, R2, is reduced three times. In the case of the dynamic
behavior, at 25°C, the increase of the capacitance of doped
samples with the applied voltage, ΔC in Table 2, is twice than
in the pure LC ones. Finally, the temperature sensitivity of C2
and ΔC increases around three times and ﬁve times, respectively, when the layer of TiO2 nanoparticles is included in
one substrate of the device.

Data Availability
The data used to support the ﬁndings of this study are
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