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In this study, the transient currents of nematic liquid crystal cells doped with different sizes of titanium dioxide (TiO2) nanoparticles were measured.
The experimental results illustrate that doping TiO2 nanoparticles into nematic liquid crystals leads to a reduction in the moving-ion density and the
amount of reduced impurity ions is related to the size of doped TiO2 nanoparticles. Under the same doping concentration, TiO2 nanoparticles with a
smaller average particle size are more effective in trapping the impurity ions. The measurements of voltage–transmittance curves and time
evolution characteristics of the doped liquid crystal cells further confirm this phenomenon. This study suggests that TiO2 nanoparticles with a
smaller size are better candidates as nanodopants for liquid crystal display applications. © 2014 The Japan Society of Applied Physics

1. Introduction

Liquid crystal displays (LCDs) have been developed over
50 years and have become the most dominant product in
the display market. Nowadays, LCDs are widely used in our
daily life, for example, smart phones, tablet PCs, and large
panel televisions. Along with the increasing quality require-
ments in many technology products, the criteria of LCDs
have become more and more rigorous in recent years. In
order to achieve high performance displays, researchers have
developed several new modes of liquid crystal (LC) devices,
such as film-compensated twist-nematic,1) in-plane switch-
ing,2) fringe-field switching,3) and multi-domain vertical
alignment.4) Although each of these LC devices has their
unique advantages, there are some common obstacles that
should be overcome. One of the most important issues is
suppressing the defects caused by impurity ions within the
LC device.5)

The impurity ions in LC devices originate from the LC
material, alignment layer, and sealing glue, etc. Under an
applied voltage, ions in the LC host begin to move toward
the LC/alignment layer interface and finally are absorbed on
the surface of the alignment layer. These absorbed ions form
the electric double layer in the LC cell and induce an inner
electric field which is opposite to the direction of the applied
voltage,6) thus leading to an effective voltage reduction in
the LC layer. This screening effect results in many defects
on the electro-optical properties of the LC device, including
the increase in driving voltage, image sticking, flickering,
gray-level shift, and voltage holding ratio reduction. In order
to overcome these ion-induced problems, the LC mixture
employed in the LCD industry must possess a high bulk
resistivity and a low ion concentration. Instead of synthesiz-
ing high quality LC materials, several methods have been
published to reduce the ion effect in LC devices.7–10) One of
the most effective and feasible way is doping additional
materials, especially nanomaterials, into LCs.

Doping nanomaterials into LCs receives great attention
these years due to the possibility of showing new character-
istics such as dielectric anisotropy enhancement,11) memory
effect,12) frequency modulation,13) and low driving voltage.14)

To date, there are many kinds of nanomaterials used as nano-
dopants, e.g., conductive nanoparticles,15) semiconducting
nanoparticles,16) insulating nanoparticles,14,17) and carbon-
related nanomaterials.18) The addition of these nanomaterials

not only alters the physical and chemical properties of
LCs but also enhances the performance of LCDs. It was
reported that carbon nanotubes used as a guest dopant could
reduce the DC driving voltage and improve the switching
behavior of nematic LCs.19,20) However, the reorientation
of carbon nanotubes after applying a voltage above the
Freédricksz threshold degrades the voltage holding ratio of
the LC cell,17) which restricts the applicability of carbon
nanotubes. In recent years, titanium dioxide (TiO2) nano-
particles have become a considerable material owing to their
applications in many electro-optical devices.21,22) According
to our previous work, the addition of TiO2 nanoparticles into
nematic LCs leads to the reduction of the moving ion-density
as well as the threshold voltage while keeping the voltage
holding ratio higher than 95%.23) We proposed a conceptual
depiction of those impurity ions moving in the LC cell and
speculate that these ions could be trapped on the surface
of doped nanoparticles. Based on our previous result, we
consider that, owing to the difference in total surface area
of doped nanoparticles, the ion density would perhaps
vary with the size of nanoparticles under same doping
concentration. In this study, several sizes of TiO2 nano-
particles were prepared as guest dopants to investigate the
relation between the particle size and ion density in nematic
LCs. The transient currents and voltage–transmittance (V–T)
characteristics of the LC suspensions containing different
sizes of TiO2 nanoparticles have been measured and
discussed. The experimental results showed that smaller
TiO2 nanoparticles are more effective in reducing impurity
ions within LCs.

2. Experimental methods

TiO2 nanoparticles were purchased from Nanostructured &
Amorphous Materials. The average particle size (APS) of
TiO2 nanoparticles was inspected by means of an FEI Tecnai
F20 transmission electron microscope (TEM) operated at
200 kV. A small amount of TiO2 nanoparticles was dispersed
in anhydrous ethanol and dried for about 10min on the
air-plasma-treated copper grid for observation. The empty LC
cells were fabricated using two glass substrates coated with
indium tin oxide (ITO) and polyimide layer with a 7.5 µm
cell gap ensured by spacers. The polyimide layer was rubbed
after coating to yield a unidirectional planer alignment and
the cell configuration is a 90° twisted nematic (TN) mode.
The overlapped area of ITO electrodes was 10 © 10mm2.
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The LC suspensions were prepared by adding TiO2 nano-
particles of different sizes into nematic LC (E7, Merck) with
the same concentration of 0.1wt%. Each suspension was
sonicated for 12 h and then stirred for 1 h to make sure that
TiO2 nanoparticles were uniformly dispersed in LCs. There-
after, LCs with and without TiO2 nanoparticles were injected
into empty cells by means of capillary action in the isotropic
phase. After sample preparation, a polarizing optical micro-
scope (POM) was employed to examine the uniformity of
TiO2 nanoparticle doped LC cells. The schematic setup
for transient current measurement is shown in Fig. 1. Each
cell was measured by applying a square wave voltage
with a frequency of 0.5Hz and amplitude of 10V. The
resulting leakage current was amplified and measured on the
oscilloscope through a series resistor. The applied waveform
was repeated about 30 times to reduce the noise by software
averaging. The current–voltage characteristic was measured
with the same setup by applying a triangular wave voltage
with a frequency of 0.02Hz and amplitude of 10V. The V–T
characteristic of each cell from a He–Ne laser source was
measured by a silicon photodetector. All cells were placed
between a pair of cross-polarizers and measured by applying
a triangular wave voltage oscillating between 0 and 10V with
a frequency of 0.02Hz under the normally white mode. The
voltage–capacitance (V–C) hysteresis curves were measured
by an LCR meter. The DC bias was swept between ¹10 and
10V with each step of 0.05V.

3. Results and discussion

Figures 2(a)–2(c) are TEM images of TiO2 nanoparticles
used in this study. In these micrographs, it can be found that
the APS of three different sizes of TiO2 nanoparticles used in
this experiment are uniformly around 5, 10, and 30–40 nm,
respectively. The obtained APS values are in accordance with
the datasheet of the supplier. The aggregation of nano-
particles in this observation was due to the drying procedure
on copper grids. Figures 2(d)–2(f ) are the POM images of
LC cells doped with 5, 10, and 30–40 nm TiO2 nanoparticles,
respectively. These LC cells were observed under the
normally black mode. In the normally black mode, it would
be easy to find light leakage spots if there are some texture
changes of LC molecules or aggregations of TiO2 nano-
particles. In these images, it can be found that a uniformly
dark state was observed which indicates that the 90° TN
configuration was not affected by the doped nanoparticles,
and the TiO2 nanoparticles dispersed well in the LC host.

The transient currents of doped and undoped LC cells are
shown in Fig. 3(a). The transient current of nematic LCs
induced by polarity-reserved voltage contains three main
characteristics: a capacitive charging current and two current
peaks. The first peak, originated from the reorientation of
the LC molecules, appears within few milliseconds after the
polarity of the applied square wave voltage is reversed.24)

This transient current begins to decay and ultimately vanishes
after the rotation of LC molecules is stopped. The second
peak is caused by the moving ions within the LC layer. When
a low frequency square voltage is applied to the cell, ions in
the LC host are driven to the surface of the alignment layer.
Then, these ions start to move into the opposite side of the
cell after the polarity of the applied voltage is changed, which
generates the ion current. Because of the trapping effect, not
all of these ions are driven immediately. This effect results in
ion current enhancement due to more and more trapped ions
being removed from the surface of the alignment layer.
Finally, the ion current decreases when the amount of ions
reaching the opposite side is more than the amount of ions

Fig. 1. Experimental setup for the measurement of transient current.

Fig. 2. (a)–(c) TEM images of TiO2 nanoparticles of three different sizes. The APS values of these TiO2 nanoparticles are 5, 10, and 30–40 nm, respectively.
(d)–(f ) POM images of 5, 10, and 30–40 nm TiO2 nanoparticle doped TN LC cells under normally black mode.
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removed from the alignment layer. Thus, a current peak is
formed. In Fig. 3(a), the current peak at approximately 10ms
of all samples is identified as the second peak induced by
moving ions owing to the time of occurrence and the order of
magnitude. It is clear that this current bump of the doped LC
cells is not only lowered by the addition of TiO2 nano-
particles compared with the undoped sample but also reduced
as the size of TiO2 nanoparticles decreased. The current peak
decreased from 640 nA to 417 nA, 328 nA, and 287 nA for
undoped, 30–40 nm-doped, 10 nm-doped, and 5-nm doped
samples, respectively. We suggest that the ion concentration
of the LC host varies with the particle size of doped TiO2

nanoparticles, presumably due to the difference in total
surface area between the doped nanoparticles with different
sizes. Figure 3(b) represents the current–voltage character-
istics of doped and undoped samples. The current peaks
observed from ¹2 to 2V are related to the mobile ions in the
LC layer.25) Similarly, this current peak is suppressed by the
doped TiO2 nanoparticles and the peak value of the cell with
smaller nanoparticles is lower than that of the cell with larger
nanoparticles. The difference between current peaks of doped
samples is conformed to the transient current measurement.

To further investigate the influence of doped particle size on
the ion concentration, the V–T curves of the LC cells were
measured. Figures 4(a) and 4(b) are the normalized trans-
mittance of doped and undoped samples measured from the
voltage rising part (0 to 10V) and the voltage falling part (10
to 0V) of the triangular wave, respectively. The results show
that the driving voltage was reduced by the addition of TiO2

nanoparticles and the amount of voltage reduction increased
as the size of doped TiO2 nanoparticles decreased. This

indicates that the LC cells doped with smaller nanoparticles
posses lower impurity ions compared with those doped with
larger nanoparticles, which confirms the relation of reduced
ions and doped nanoparticle size measured by transient
current. The threshold voltage, a key factor in LCDs, is
defined as the voltage corresponding to 90% of the initial
transmittance in this study. The measured threshold voltages
from the rising (falling) part of the applied voltage were
6.08V (7.53V), 4.35V (5.77V), 3.87V (5.23V), and 3.77V
(4.94V) for the undoped, 30–40 nm-doped, 10 nm-doped, and
5 nm-doped samples, respectively. The hysteresis character-
istic observed here is due to the trapping effect. Ions driven
onto the surface of the alignment layer will not depart from it
immediately when the applied voltage decreases, which leads
to a higher threshold voltage in the voltage falling part than
that of the voltage rising part. This hysteresis phenomenon
caused by ions greatly results in gray-level shift which
influences the performance of LCDs. Comparing the threshold
voltage differences of all samples due to hysteresis, the
difference decreased from 1.45V to 1.42V, 1.36V, and 1.17V
for the undoped, 30–40 nm-doped, 10 nm-doped, and 5-nm
doped samples, respectively. Furthermore, the hysteresis char-
acteristic was also observed in the V–C curves, as shown in
Fig. 5. The hysteresis width in this measurement is defined as
the voltage difference between the rising and falling parts
which shows half of the maximum capacity. From Fig. 5, the
hysteresis width of doped and undoped LC cells decreased
from 3.14V to 2.73V, 2.62V, and 2.48V for the undoped,

(a)

(b)

Fig. 3. (Color online) (a) Transient current and (b) current–voltage
characteristics of E7 LC and E7 LC doped with different sizes of TiO2

nanoparticles (0.1wt%).

(a)

(b)

Fig. 4. (Color online) Transmittance of LC cell doped with different sizes
of TiO2 nanoparticles measured by (a) voltage rising part and (b) voltage
falling part of a 0.02Hz 10Vpp triangular wave voltage oscillating between
0 and 10V.
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30–40 nm-doped, 10 nm-doped, and 5-nm doped samples.
The hysteresis width in both V–T and V–C measurements
reduced as the size of doped nanoparticles decreased, which is
attributed to the lowered ion concentration caused by more
ions being adsorbed on smaller nanoparticles.

The Freédricksz threshold voltage for the TN LC cell is
given by:

Vth ¼ �

ffiffiffiffiffiffiffiffiffiffiffi
Keff

"0�"

r
; ð1Þ

where Keff = K11 + (K33 ¹ 2K22)/4 is the effective elastic
constant, ¾0 is the permittivity constant of free space, and
¦¾ = ¾¬ ¹ ¾¦ is the dielectric anisotropy. In the TN LC cell,
the effective elastic constant can be substituted by K11

approximately. Previous studies of doping inorganic nano-
particles such as MgO and SiO2 into nematic LCs stated
that the threshold voltage reduction may be attributed to the
decrease in the elastic constants.26) From this point of view,
the difference in threshold voltage measured in this study
could be ascribed to both the variation of ion density and the
elastic constant. However, Walton has shown that the splay
(K11) and bend (K33) elastic constants of the TiO2 nano-
particle doped nematic LCs (up to 0.5wt%) are similar to
those of the undoped LCs.27) Furthermore, no measurable
changes of the threshold voltage were observed under the
application of an AC voltage with a frequency of 4 kHz.
Therefore, we can conclude that the variation of threshold
voltage measured in this study is mainly caused by the
difference in ion impurities. In order to investigate the
relation between the threshold voltage and ion concentration,
threshold voltage drops were calculated from the transient
current measurement. The LC cell can be regarded as a
capacitor filled with dielectric materials. For simplicity, we
neglect the fringing effect because the cell gap is very small
compared with the dimension of the ITO electrode. The inner
electric field is generated by the ions absorbed on the surface
of the alignment layer, therefore, the voltage induced by these
ions could be calculated by the formula:

V ¼ �d

"0"
; ð2Þ

where · is the surface charge density, d is the cell gap, and ¾

is the dielectric constant of the LC. The surface charge
density contributed by ions is determined by integrating the
area under the transient current curve. The details of calcu-

lating the integration can be found in Ref. 23. The dielectric
constant used in our calculation is the dielectric constant
parallel to the LC director (¾¬ = 19.0 for E7) since the
applied voltage for measurement is above the Freédricksz
threshold. The threshold voltage drops calculated by the
difference in surface charge density between undoped
samples and doped samples are 1.75, 2.23, and 2.33V for
30–40 nm-doped, 10 nm-doped, and 5-nm doped samples,
respectively. The threshold voltage drop measured from the
V–T curves are 1.73, 2.21, and 2.31V for 30–40 nm-doped,
10 nm-doped, and 5-nm doped samples, respectively. The
calculated results are very close to the measured threshold
voltage drops, which confirms the relation between the
transported ion concentration and the threshold voltage. The
slight inaccuracy between the calculated and measured results
may originate from the dielectric constant of doped samples
which is affected by the doped nanoparticles.

It has been shown that the surface of TiO2 nanoparticles
dispersed in various solutions is charged which attracts those
ions in the solution and hence stabilizes the dispersion.28)

Similarly, it could be deduced that some ion impurities in
LCs were trapped on the surface of TiO2 nanoparticles after
the doping process. Under an applied voltage, the polarized
TiO2 nanoparticles would change the surface charge distribu-
tion and further reduce the ion concentration in LCs.
Figure 6(a) is the conceptual depiction of the LC cell doped
with smaller TiO2 nanoparticles and Fig. 6(b) is that for
the LC cell doped with larger TiO2 nanoparticles under the
same doping concentration. In both cases, the surface charge
(ignored in the figure) and induced dipole moment of TiO2

nanoparticles can trap ions in the LC host to lessen ion
impurities flowing to the surface of the alignment layer and
thus suppress the screening effect. In Fig. 6(a), although the
surface area of each nanoparticle is less than the surface area
of larger nanoparticles, the total surface area of the doped
nanoparticles is larger than the total surface area of larger

Fig. 5. (Color online) Voltage–capacitance hysteresis curves of E7 LC
and E7 LC doped with different sizes of TiO2 nanoparticles.

(a) (b)

Fig. 6. (Color online) Conceptual depiction of ions behaving in the LC
cell doped with (a) smaller size and (b) larger size TiO2 nanoparticles under
the same weight percentage in concentration.
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nanoparticles in Fig. 6(b), which leads to more ions being
trapped by the nanoparticles and less ions arriving at the
alignment layer. Therefore, the ion current and V–T curve
show that the ion effect in the 5 nm TiO2 nanoparticle doped
cell is less than that in the 10 and 30–40 nm TiO2 nano-
particle doped cells. The voltage holding ratio (VHR) of the
LC cell is defined as the fraction of the voltage maintained
over a certain time of the cell after a DC pulse is applied,
which is an important parameter of the performance for an
active matrix addressed LCD. It has been shown that the
VHR value of a high resistance LC material remains nearly
the same in the TiO2 nanoparticle doped samples.23) In this
study, we examined the long-term stability of LC cells by
measuring the variation of transmittance under the applica-
tion of a DC voltage with a relatively long time. When a
DC voltage is applied, the transmittance of the cell placed
between a pair of cross-polarizers will change gradually due
to the accumulated ions on the alignment layer. The more
mobile ions in the cell, the more change in the transmittance.
The time evolution of the transmittance of doped and
undoped LC cells in the normally white mode under a 10V
DC voltage is shown in Fig. 7. The transmittance of all
samples decreased to the dark state as the voltage was applied
suddenly at 0 s. At 50 s, the transmittance of doped samples is
similar to the initial situation while the undoped sample
increases to 1% drastically within a short range of time. The
applied voltage was fully screened in the undoped sample at
about 100 s (not shown in the figure). At 150 s, the trans-
mittance of doped samples increased slightly and the amount
of variation increased as the APS of TiO2 nanoparticles
increased, which should be attributed to the difference in ions
remaining in the bulk of the LC cell. This result is consistent
with the transient current measurement that the sample doped
with smaller nanoparticles shows a lower ion concentration
compared with the sample doped with larger nanoparticle
under the same concentration.

4. Conclusions

In summary, the transient current and the V–T characteristic
of nematic LCs doped with different sizes of TiO2 nano-
particles were studied. The transient current measurement
shows that the amount of reduced ions increased as the size
of doped TiO2 nanoparticles decreased, which indicates that
the LCs doped with smaller TiO2 nanoparticles posses lower

ion impurities. The threshold voltage and hysteresis width
measurements from V–T curves further confirm that LCs
doped with smaller TiO2 nanoparticles suffer less screening
effect caused by ions. The relation between the transported
ion density and the threshold voltage is confirmed by
comparing the calculated and measured threshold voltage
reductions. We suggest that the surface charge and induced
dipole moment of TiO2 nanoparticles could physically trap
the ions on their surfaces by Coulomb force. Therefore, the
ion concentration of the LC host varies with the size of TiO2

nanoparticles due to the difference in total surface area of the
guest dopant. This study suggests that smaller nanoparticles
are better candidates for one to use in order to suppress the
unwanted ion effects in LCDs.
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