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In order to explore the stability of a liquid crystal (LC) system doped with y-Fe,O3 nanoparticles, the physical
properties (clearing point, dielectric properties), electro-optical properties and residual direct-current voltage (RDCV) of
the doped LC system were measured and evaluated at different times. First, the temperature was controlled by precision hot
stage, and the clearing point temperature of doped LC was observed and measured by a polarized optical microscope. Using
a precision LCR meter, we measured the capacitance-voltage curves of the doped LC system at the temperature of 27 °C.
The dielectric constant of doped LC was calculated by the dualcell capacitance method. Then, the electro-optical properties
of the doped LC system were measured. Finally, the RDCV of the doped LC system was measured and calculated. After
five months, the parameters of the doped LC system were re-measured and analyzed under the same conditions to evaluate
its stability. The experimental results show that, within five months, the clearing point change rate of doped LC is in
the range of 0.24%-1.37%, the change of dielectric anisotropy is in the range of 0.035-0.2, the curves of electro-optical
properties are basically fitted, and the change rate of saturated RDCV is about 11.2%, which basically indicate that the LC

system doped with y-Fe, O3 nanoparticles has good stability.

Keywords: y-Fe,O3 nanoparticles, stability of liquid crystal system, clearing point, dielectric properties,

electro-optical properties
PACS: 61.30.—v, 42.79.Kr, 78.15.+¢

1. Introduction

Liquid crystal display (LCD) devices have been widely
used in display fields due to their advantages such as
lightweight, portability, low power consumption, fast refresh
frequency, low driving voltage and low radiation.!-?! With the
improvement of people’s living standards and the rapid de-
velopment of the display industry, researchers gradually put
forward higher requirements for the performance of LCD de-
vices. For example, in terms of fast response, LCD devices
are restricted due to limitations of materials and display meth-
ods. During the high-speed dynamic display process, a series
of phenomena such as image sticking and smearing often ap-
pear in LCD devices, which greatly affects the display effect
and viewing experience. Therefore, response time is an impor-
tant research topic for development of LCD devices.>* Only
by developing fast-respond devices can LCD devices show
stronger competitiveness.

With the deepening of research on nanoparticles, doping
nanomaterials has gradually developed into the most efficient
method to improve the performance of LC.!! Inspired by fer-
roelectric phase LCD devices,®7! people focus on LC doped
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with ferromagnetic nanoparticles.!¥! The y-Fe,03 nanoparti-
cles are one of the representative particles. The LC doped
with y-Fe,O3 nanoparticles has the advantages of extremely
fast response speed (compared with pure LC, the response
speed of doped LC can be increased by 3 times), low driv-
ing voltage and so on.[! It is a material that can significantly
improve the characteristics of LCD. However, the stability of
LC systems is a necessary factor to determine whether the LC
can be widely used in the display field. If there is no good
stability, it will be like ferroelectric phase LCD devices that
are still restricted in display applications even with nearly per-
fect characteristics.!!%! Therefore, it is of great significance to
study the stability of LC systems doped with y-Fe, O3 nanopar-
ticles.

This paper focuses on the stability of an LC system doped
with y-Fe, O3 nanoparticles. The physical properties (clearing
point, dielectric properties) and electro-optical properties of
the system were measured at different times. According to the
experimental results, the stability of the system was analyzed
from the macro level. Finally, the stability of the impurity
ions in the system was evaluated by comparing the residual di-
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rect current voltage (RDCV) values of the system at different
times, which further explains the stability of the system at the
microscopic level. The experimental results prove that the LC
system can still maintain good stability after doping y-Fe,O3
nanoparticles into the pure LC.

2. Experimental materials
2.1. Fabrication of y-Fe; O3 nanoparticles

The 7y-Fe,O3 nanoparticles were fabricated by chem-
ically induced transition on the basis of a precursor
(FeOOH/Mg(OH), ) obtained by the chemical co-precipitation
method.[''=13 For preparation of the precursor, FeCls,
Mg(NO)3; and NaOH aqueous solutions were fully mixed to
obtain a mixture of solution. The obtained mixed solution was
heated until boiling. At the same time, in order to make a
full reaction, the mixture should be stirred continuously dur-
ing the heating process. After boiling for 5 min, let it cool
down to get the precursor. Afterwards, y-Fe,O3z nanoparti-
cles were prepared by chemically induced transition. Used
water bath to heat the FeCl, solution to 70 °C, and kept this
temperature during the fabrication process. Added the pre-
pared FeOOH/Mg(OH); to the above solution, then added a
small amount of oleic acid after 30 min, continued to keep the
temperature at 70 °C, and stopped heating after 40 min. The
precipitation of y-Fe,O3 nanoparticles appeared after cooling,
and a sample of y-Fe, O3 nanoparticles could be obtained after
a series of physical treatments.

2.2. Morphology characterization of y-Fe; O3 nanoparti-
cles

The y-Fe,O3 nanoparticles coated with oleic acid were
prepared by the surface modulation technology. A transmis-
sion electron microscope (TEM) was used to analyze and char-
acterize the microscopic shape, particle size and distribution
state of the y-Fe>O3 nanoparticles prepared.['4]

Figure 1 shows the TEM micrograph with a magnification
of 29000 times. It can be seen that the y-Fe,O3 nanoparticles

coated with oleic acid appear to be approximately spherical.

Fig. 1. TEM micrograph of y-Fe, O3 nanoparticles.

2.3. Fabrication of the LC material doped with y-Fe, O3
nanoparticles

The pure LC material used in this experiment is an LC
with negative dielectric anisotropy whose model is FFS1. In
order to prepare the doped LC material, firstly took a certain
amount of y-Fe, O3 nanoparticles coated with oleic acid, added
them to the n-hexane solution and uniformly mixed through
ultrasonic treatment to obtain the n-hexane-based magnetic
liquid with a certain volume fraction. Afterwards, took out
a small amount of n-hexane-based magnetic liquid (the vol-
ume fraction is known), added it to 2-5 times volume of the
n-hexane solution for dilution, and mixed the diluted magnetic
liquid with pure LC. Then used shaker to mix them uniformly,
while heating to volatilize n-hexane, and finally obtained the
uniformly mixed LC material doped with y-Fe,O3 nanoparti-
cles.

3. Experimental measurement
3.1. Clearing point

The clearing point is one of the important physical prop-
erties of LC materials. By measuring the clearing point tem-
perature of the doped LC material at different times, the tem-
perature stability of the doped LC material can be analyzed,
which is of great significance for studying the stability of the
doped LC system.

In the experiment, the temperature of the LC cell was
controlled by the precision hot stage, so that the temperature
rose gradually until the doped LC presented a clear state. This
phase change process could be observed by the polarized opti-
cal microscope (POM). Since it was a reversible phase change,
the reorientation process of LC molecules could be observed
after cooling treatment. In order to obtain a more accurate
clearing point temperature, it was necessary to use a precision
hot stage to reduce the temperature of the LC cell at a speed of
0.1 °C/min during the cooling process, and to observe as well
as to record the clearing point temperature of doped LC.

The POM micrographs of LC state, liquid state and mixed
state of LC materials with different doping concentrations are
shown in Fig. 2, in which P represents the polarizer, A rep-
resents the analyzer, and n represents the rubbing direction of
the polyimide alignment layer.

The LC cell was heated until the LC orientation disap-
peared and became liquid state. As shown in Figs. 2(a)-2(e),
the LC materials with different doping concentrations were in
liquid state. When the temperature dropped to a certain tem-
perature, as shown in Figs. 2(f)-2(j), the doped LC material
would show a mixed state. When the temperature continued to
decrease until it was below the clearing point, the material was
in the LC state, as shown in Figs. 2(k)-2(0). The temperatures
recorded in Figs. 2(f)-2(j) are the clearing point temperature
of the doped LC material.
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Fig. 3. POM micrographs of LC state, liquid state and mixed state of the doped LC materials with different doping concentrations (5 months later).

Table 1. Clearing point temperature of the doped LC.

X . Clearing point Temperature
Samples Clearing point (5 months later) change
Undoped LC 79.1°C 78.7°C -04°C
LC + 0.068 wt% y-Fe, 03 80.2°C 79.1°C -1.1°C
LC + 0.136 wt% y-Fe, 04 80.2°C 80.6 °C 04°C
LC + 0.204 wt% y-Fe,03 81.5°C 80.8°C -0.7°C
LC + 0.272 wt% y-Fe, 03 82.0°C 82.2°C 02°C

Five months later, the clearing point of the same batch of
LC cells was measured under the same conditions, as shown
in Fig. 3. The image sequence in Fig. 3 was the same as that
in Fig. 2. In order to distinguish them, the corresponding low-
ercase letters were used to label the various phases of the LC
systems with different doping concentrations.

For the same batch of LC cells, the clearing point tem-
peratures of the LC materials with different doping concentra-
tions measured at different times are listed in Table 1. The data
shows that the y-Fe, O3 nanoparticles doped in pure LC do not
have great influence on the clearing point of the doped LC
material, and after five months, the clearing point of the doped
LC is basically unchanged (change rate is between 0.24%-—

1.37%), indicating that the doped LC system has good tem-
perature stability.

3.2. Dielectric properties

Dielectric anisotropy is the most basic electrical parame-
ter of LC materials and a key parameter to determine whether
LC materials can be widely used in electro-optical display
devices.!!> Therefore, the study on stability of doped LC sys-
tems must explore the changes of dielectric anisotropy at dif-
ferent times.

In the experiment, the dual-cell capacitance method!!6-!#!
was used to obtain the dielectric constant of the doped LC ma-
terials. A precision LCR meter was used to measure the ca-
pacitance of the LC cell at different voltages, as shown Fig. 4.
Firstly, the LC cell was connected to the precision hot stage.
The precision LCR meter was used to apply 0.1 V voltage to
the LC cell, and the positive value of capacitance showed that
the circuit was connected normally. Then, the circuit was dis-
connected, and the short circuit was opened and calibrated. Fi-
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nally, the voltage applied on the LC cell was changed with the
precision LCR meter to obtain the corresponding capacitance.
As the capacitance of LC cell was greatly affected by tempera-
ture, the temperature of LC cell was controlled at 27 °C during
experimental measurement.

E4980A LCR meter

g =l -
W
0 cocoe ||O == o
[___|S A\
1
[ XXX Y X J LC sample

hot controller TP94

Fig. 4. Capacitance measurement diagram of the LC cell.

The doped LC material was injected into a parallel aligned
nematic (PAN) cell. The capacitance curve of the PAN cell
versus applied voltage (i.e., the C-U curve) was measured us-
ing the precision LCR meter. The LC layer capacitance was

obtained by
CCC,

= 1
Ci1C, —CCy, —CCy’ M
where C is the capacitance of the PAN cell, Cyc is the capaci-

Cic

tance of LC layer, C is the capacitance of the upper alignment
layer, and C; is the capacitance of the lower alignment layer.
Then, capacitance of the vertical aligned nematic (VAN)
cell needed to be measured, and capacitance of the LC layer in
the VAN cell could be obtained according to Eq. (1). The rel-
ative parallel dielectric constant g and relative vertical dielec-
tric constant €, of doped LC were obtained from the following
equation using the LC layer capacitance of the VAN cell under
a larger working voltage and the LC layer capacitance of the
PAN cell under a voltage lower than the threshold voltage:

1 _ Lic
Cic—paN seo(eL + (g —€1) sin” Bpan)

1 _ Lic 2)
Cic-van  sgp(e1 + (g) — €1 ) sin* Byan)’ (

where s is the electrode area of LC cell, & is the vacuum di-
electric constant, Opan and Byan are the pretilt angles of the
PAN and VAN cells, respectively, and L c is the thickness of
the LC layer.

Two kinds of LC cells were used in this experiment. One
was the PAN cell with the PI layer thickness of 38.98 nm, cell
thickness of 3.80 wm, and pretilt angle of 1°. The other was
the VAN cell with the PI layer thickness of 120.40 nm, cell
thickness of 3.80 um, and pretilt angle of 89°.

According to the above-mentioned LC cell parameters
and the C-U curves measured by experiment, the dielectric
constants of the doped LC were obtained from Eq. (2), then
the dielectric anisotropies were also given, as listed in Table 2.

Table 2. Dielectric constant of the doped LC.

Samples Ag A€ (5 months later) Change
Undoped LC -3.994 -3.854 0.140

LC + 0.068 wt% y-Fe,O3  —4.044 -4.079 -0.035
LC + 0.136 wt% y-Fe,03  —4.322 -4.126 0.196
LC + 0.204 wt% y-Fe,03 —4.388 —4.328 0.060
LC + 0.272 wt% y-Fe,03  —4.493 -4.410 0.083

It can be seen from Table 2 that doping y-Fe; O3 nanopar-
ticles into pure LC can effectively improve the dielectric
anisotropy, and the LC materials with different doping con-
centrations also show good stability. Five months later, the
dielectric properties of the same batch of the doped LC sys-
tems was re-measured. The difference between the dielectric
anisotropy of doped LC materials and the data 5 months ago is
in the range of 0.035-0.2, showing that the doped LC system
has good dielectric stability.

3.3. Electro-optical property

The electro-optical property is one of the standards to
characterize the display performance of the LCD devices.
Therefore, the electro-optical stability of the doped LC system
was also investigated in this paper.

i 1 t high voltage hot stage
signal genera Oi ’ gmplificrg controller (TP94)
polarizer
quar hot stage
attenuator (LT§35 detector

632.8 nm ,
2 = 63

adjustable
aperture

polarizer polarizer adjustable
aperture

oscilloscope qU

Fig. 5. Optical path of testing the electro-optical property.

When testing the electro-optical property of the doped LC
system, the optical path shown in Fig. 5 was needed. The ini-
tial state of the instrument was first checked so that the light
from the laser could be emitted to the receiver vertically. Ad-
justed the direction of the optical axis of the polarizer to be 45°
with the orientation direction of the doped LC, and the polar-
izer was orthogonal to the analyzer, so that the light intensity
detected by the receiver was zero without the LC cell. The LC
cell was placed in the optical path, the voltage generated by
the signal generator was amplified by a high-voltage amplifier
and output to the LC cell. The transmission light signal was
received by a photoelectric detector, and the data were read by
the LC electro-optical effect experiment instrument. Thus, the
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electro-optical curve of the doped LC system was obtained.
Under the same conditions and for different times, the electro-
optical properties of the same batch of the doped LC system
were measured twice. In experiment, the VAN cell were used
and the time interval was five months. The results were shown

As can be seen from Fig. 6, the electro-optical properties
of the doped LC system are basically consistent with those of 5
months ago, and both the threshold voltage and the maximum
transmittance maintain a good stability. The stable electro-
optical properties also explain the stability of the doped LC

in Fig. 6. system from a macroscopic level.
A (b) 0.6} ()
. 0.6} , 06 :
o =1 =
=] = ]
£ 0.4} £ 0dr £ 04
£ £ g
2 0.2¢ g 0.2p g 02
< f g
& 0 —0.00 wt% = 0 —0.068 wt% 0 —0.136 wt%
I—O.OE] wt% (EI) mouth? later) — 0.06I8 wt% (.5 monthls later) —0.136 wt% (5 months later)
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
U (V) U (V) U ()
0.6} (d) 0.6f (e)
s 0.4} S 0.4}
prt b=t
E B
@ 0.2} = 0.2}
= @
< —~
& H
0 —0.204 wt% 0 —0.272 wt%
—0.204 wt% (5 months later) —0.272 wt% (5 months later)
0 2 4 6 8 10 0 2 4 6 8 10

U (V)

Fig. 6. Comparison of transmittance versus voltage for the y-Fe,Os-nanoparticle-doped LC system with different concentrations.

U (V)
()

FFS1+4-0.00 wt% 7¥-Fe,;O3 nanoparticles, (b) FFS14-0.068 wt% 7-Fe,O3 nanoparticles, (c) FES14-0.136 wt% 7y-Fe,O3 nanoparticles, (d)
FFS1+4-0.204 wt% y-Fe, O3 nanoparticles, (e) FFS14-0.272 wt% 7y-Fe, O3 nanoparticles.

4. RDCV evaluation of the LC system doped
with y-Fe, O3 nanoparticles

Due to the existence of direct current bias (DCB) voltage
during driving, the image sticking often occurs in LCD.[!"]
Under the action of DC voltage, the impurity ions in an LCD
device gradually move along the direction of DC electric field,
leading to the accumulation of a large number of ions at the
positive and negative electrodes of LCD, thus forming the
RDCV. However, the doped y-Fe, O3 nanoparticles can adsorb
impurity ions in the LC system,?°! thus reducing the RDCV
value of LCD. If the doped LC system is unstable enough and
produces clusters, the RDCV value will increase significantly.
Therefore, we can further explore and evaluate the stability of
the LC system by measuring the RDCV value of the doped LC
system.

4.1. Evaluation methods and principles

The evaluation method proposed in Ref. [21] was used to
investigate the RDCV values of the doped LC system at dif-
ferent times. Since the dielectric anisotropy of pure LC used
in experiment was negative, we mainly measured the RDCV
value of the VAN cell.

In the experiment, the capacitance values of the doped LC

system under different voltages were firstly measured without

DCB voltage, and the C-U curve of the VAN cell was ob-
tained, as shown in Fig. 7. It can be seen that the slopes of
the C-U curve changing with the voltage are determined, and
the voltage values corresponding to the maximum capacitance
change rate can be obtained.

1400
1300
—FFS1
1200 —0.068 wt%
0.136 wt%
1100 —0.204 wt%
— —0.272 wt%
\“é 1000 F
@) —
900 £ 0,068 wis
S 0.136 wt%
800 P —0.204 wt%
d” —0.272 wt%
700
0 U (V)
6001 ) 0, 4 8 12 16 20
0 4 8 12 16 20
U (V)

Fig. 7. The C-U curve of the VAN cell filled in y-Fe;O3-nanoparticle-
doped LC with different concentrations and the relationship between
slope and voltage.

Next, the capacitance of the doped LC system with time
was measured after applying DCB voltage. When the VAN
cell was applied with both the AC voltage signal correspond-
ing to the maximum slope of C-U curve and DCB voltage sig-

nal, the capacitance of the VAN cell would increase rapidly.
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After increasing to the peak value, the maximum capacitance
Cmax was recorded and the voltage value Ung,x corresponding
to the Cphax could be known from the C-U curve of the VAN
cell without a DCB voltage. After the capacitance reached
the peak value, it would gradually decrease over time until it
reached a stable capacitance value Cpyi,. Similarly, the voltage
value Uy, corresponding to Cy,i, was obtained.

The capacitance changing with time was recorded and
compared with the C-U curve measured without a DCB volt-
age. The voltage U corresponding to the capacitance value at
each time after DCB voltage signal was applied could be ob-
tained. The difference between Up,x and U was the RDCV
of the doped LC system, and the difference between Upax and
Unin Was called the saturated RDCV (SRDCV).

4.2. Evaluation of RDCY in the VAN cell

The VAN cell filled in the y-Fe,Os-nanoparticle-doped
LC with 0.204 wt% concentration was selected as the RDCV
evaluation object. First, the VAN cell was placed in a precision
hot stage and kept at a constant temperature of 27 °C. Then the
precision LCR meter was calibrated. After the preparation was
in place, the capacitance of the VAN cell applied with DCB
could be measured.

It can be seen from Fig. 7 that the voltage value corre-
sponding to the maximum change rate of the C-U curve of the
VAN cell is 2.1 V. Therefore, we set the AC voltage value in
the LCR meter to 2.1 V, and then applied 0.6 V DCB voltage
to the VAN cell. When the signal was applied, the capacitance
values of the VAN cell were recorded in turn at different times.
The change curve of RDCV versus time is shown in Fig. 8.

40
351
30
25F
20F

151

RDCV (mV)

— RDCV
10 ——RDCV (5 months later)

2000 3000 4000 5000

t (ms)

0 1000

Fig. 8. Variation of RDCV with time for the VAN cell after applying
0.6 V DCB voltage.

As can be seen from Fig. 8, after five months, the RDCV
of the doped LC system with concentration of 0.204 wt%
increases slightly. The first measured SRDCV value is
32.72 mV, the second measured SRDCV value is 36.38 mV,
so the SRDCV value increases by only 3.66 mV. The change
rate of the SRDCYV is about 11.2%, which indicates that the

impurity ions in the doped LC system are in a relatively stable
state, which also further proves the stability of the doped LC
system.

5. Conclusion

In summary, the stability of a doped LC system has been
explored by measuring the physical properties (clearing point,
dielectric properties) and electro-optical properties of LC ma-
terials doped with y-Fe,O3; nanoparticles at different times.
The results show that the clearing point of the doped LC ma-
terial remains basically unchanged at the same concentration
after 5 months. Compared with the data five months ago, the
difference of dielectric anisotropy is in the range of 0.035-0.2,
which is not a big difference. In the electro-optical property
test, the threshold voltage and the transmittance under work-
ing voltage have not changed much. Finally, according to the
RDCYV of the doped LC system at different times, the stability
of the impurity ions in the doped LC system was explored, and
the system stability was evaluated. The results show that the
RDCYV of the doped LC system changes only 3.66 mV after
5 months. The stability of the doped LC system is due to the
fact that the doping amount of y-Fe,O3 nanoparticles is very
small and there is no cluster phenomenon. The magnetized y-
Fe; O3 nanoparticles adsorb the impurity ions in the pure LC
under the action of external voltage to improve the material
properties of LC and weak the influence of impurity ions on
the material properties of LC. Therefore, the LC system can
still maintain good stability after doping y-Fe;O3 nanoparti-
cles, which provides experimental proof for the good applica-

tion of y-Fe, O3 nanoparticles in LCD devices.
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