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Advantageous voltage-holding ratio characteristics induced by

in-plane electric ® elds, and the optimization concept of liquid

crystals for an in-plane switching electro-optical e� ect

MASAHITO OH-E* and KATSUMI KONDO

Hitachi Research Laboratory, Hitachi, Ltd., 7-1-1 Ohmika-cho, Hitachi-shi,
Ibaraki-ken 319-12, Japan

(Received 9 March 1998; accepted 9 June 1998 )

In-plane switching (IPS) of liquid crystals showed advantageous voltage-holding ratio (VHR)
characteristics so that liquid crystals with low resistivity could provide higher VHRs compared
with the twisted nematic e� ect. This experimental result was obtained when electric ® elds
were applied approximately parallel to the substrate plane using the IPS electro-optical e� ect.
We found that the in-plane electric ® eld generates supplementary capacities which support
retention of an externally applied voltage over the liquid crystal layer during non-selected
periods of the active matrix driving scheme, because the liquid crystal layer can be connected
with an insulating layer, an orientation layer and even a substrate in parallel. Based on these
advantageous VHR characteristics, liquid crystal materials suitable for the IPS e� ect were
appropriately optimized. We propose evaluation parameters, derived from the physical
switching principles of the liquid crystals, to obtain lower driving voltage and faster response
speeds. These parameters are e� ective in optimizing the physical properties of liquid crystals
without variation of the cell gap. We use the proposed evaluation parameters and the
advantageous VHR characteristics to demonstrate the optimization approach and we suggest
a novel possible use of liquid crystal materials with low resistivity which cannot be implemented
conventionally. Finally, we prove that liquid crystals with low resistivity generate the Ir
internal potential by the drift of ionic species.

1 . Introduction were discussed regarding the point that ® eld lines
between the electrodes are nearly parallel to the planeThe development of in-plane switching (IPS) electro-
of the substrates and the ® elds distribute perpendicularlyoptical liquid crystal displays (LCDs) combined with an
with respect to the substrate surface near and above theactive matrix driving technique in thin ® lm transistors
electrodes. Principles of each electro-optical e� ect were(TFTs) has greatly advanced LCD technology, because
described qualitatively and the deformation threshold ofthe severe viewing angle problems of the LCDs were
the liquid crystal orientation was empirically analysed.overcome [1 ± 5]. Interdigital electrodes were originally
However, detailed analyses and investigations regardingused in the investigation of acoustic surface waves [6 ± 8],
electro-optical e� ects using interdigital electrodes haveintegrated optics [9] and electro-optics [10]. The ® rst
not been reported since then, because the twisted nematicapplication of interdigital electrodes to liquid crystals was
(TN) e� ect [13] was put to practical use and no furtherto combine them with the dynamic scattering electro-
attention was paid to interdigital electrode arrays.optical e� ect [11]. Soref [12] extended this work and

In spite of the widely suitable TN e� ect, some problemsinvestigated three new electro-optical e� ects of liquid
remained including that this e� ect shows narrow andcrystal reorientation using transparent indium tin oxide
limited viewing angle characteristics. To improve greyinterdigital electrode arrays. Homeotropic, homogeneous
scale reversal and to decrease contrast ratio and colourand twisted liquid crystal orientations with positive
shifts from oblique directions with respect to the sub-dielectric anisotropy were demonstrated using inter-
strate plane, e� orts have been made using optical com-digital electrodes in two tunable birefringence e� ects and
pensation with retardation ® lms [14 ± 18], multidomainin a tunable optically rotatory e� ect. Field distributions
methods [19 ± 32] and the optically compensated con-
trollable e� ect [33 ± 35]. Baur’s group, however, predicted
from computer simulations that the in-plane switching*Author for correspondence. Present address: Electron Tube
of liquid crystals with interdigital electrodes, which has& Devices Division, Hitachi, Ltd, 3300 Hayano, Mobara-shi,

Chiba-ken 297, Japan; e-mail: mooe@cm.mobara.hitachi.co.jp. been neglected for a long time, could provide extremely
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700 M. Oh-E and K. Kondo

wide viewing angle characteristics [36]. We also investi- liquid crystal materials [37, 38]. Therefore, it is essential
to establish a new optimization approach for liquidgated this technology combined with the drastic change

of electrode arrangement with conventional TFTs at crystals taking into account the physical switching
behaviour of the IPS e� ect.around the same time [1, 2]. In order to develop liquid

crystal materials suitably applicable to the IPS electro- In this article, we report the use of a novel concept to
obtain liquid crystal materials applicable to the IPSoptical e� ect with active matrix driving techniques,

we analysed the physical switching principles of liquid electro-optical e� ect. First, we describe the unusual VHR
characteristics when using the IPS e� ect. These lead tocrystals driven by an in-plane electric ® eld, i.e. threshold

behaviour [1, 37, 38], response mechanism [38, 39], pre- the noteworthy possibility that liquid crystals which are
not applicable to the conventional active matrix drivingtilt angle-dependent viewing angle characteristics [40],

switching of negative and positive dielectro-anisotropic scheme due to the restriction of their resistivity, may
in fact be used in the case of the IPS e� ect. Second,liquid crystals [41], and the quantatively analysed margin

of the cell gap to ensure uniform optical properties [42]. we introduce evaluation parameters to optimize liquid
crystal materials for use of the IPS e� ect, where theAlthough many substances and mixtures of liquid

crystals have been developed based on property require- parameters to be optimized are more complicated in
comparison with the TN e� ect. Finally, we demonstratements for the use of TFT applications, a large electrical

resistivity of these materials was a necessary condition the optimization concept for liquid crystals using the IPS
e� ect by employing the proposed evaluation parametersfor the voltage-holding ratio (VHR) characteristic to be

high [43 ± 47]. Only in divided time periods are the and the novel VHR characteristics.
signals driving the liquid crystals addressed, so the liquid
crystals must store the provided charge and hold the 2 . Experimental

2.1. Measurementssupplied voltage during non-selected periods. Basically,
the function of the TFTs formed on LCDs is to control Figure 1 (a) illustrates the circuit diagram for measuring

the VHR characteristics. Either Sw1 or Sw2 was connectedthe transmittance of each pixel by charging the capacities
between pixels and ground electrodes through gate and to the circuit during the selected periods, while neither

Sw1 nor Sw2 was connected during the nonselectedbus lines. It is well known that the resistivity of the
liquid crystals governs the VHR characteristics: the lower periods. The VHRs were obtained by measuring the

pro® les of the voltage, which was applied to the liquidthe resistivity of the liquid crystals, the lower the VHRs.
The relaxation time of the discharging process over the crystals in selected periods, during nonselected periods.

The schematic waveform applied to the liquid crystalsliquid crystal layer can be basically described by the
mathematical product of the resistance and capacity of and the de® nition of the VHR obtained by the relaxation

of the liquid crystals during nonselected periods arethe liquid crystals in the conventional TN electro-optical
e� ect driven by TFTs. This description corresponds to given in ® gure 1 (b). The VHR was de® ned as the ratio,

V /V0 , of the initially applied voltage (V0 ) and the ® nallythe fact that liquid crystal materials used in the conven-
tional TN e� ect with a TFT driving scheme have been obtained voltage when relaxed during the nonselected

period (V ).limited by their resistivity. Terminally ¯ uorinated liquid
crystal substances and their mixtures have been For the measurements of voltage-dependent trans-

mittance, a polarizing microscope (Olympus BH-3 ) withdeveloped to meet such a requirement that the resistivity
is stably high so as to keep higher VHRs [48 ± 52]. a ® lter for brightness correction and a photomultiplier

were used as illustrated in ® gure 2 (a). Light transmittedOn the other hand, it is important to understand what
physical properties of liquid crystals are required so as through samples was detected with the photomultiplier

as the desired voltage was applied to the samples. Theto optimize the performance of the IPS electro-optical
e� ect driven by TFTs. Knowledge about optimization polarizer and the analyser were always set at right angles

to the axes with the polarization axis of the polarizerdeveloped for the conventional TN e� ect driven by TFTs,
cannot be simply applied to the IPS electro-optical being in good agreement with the rubbing direction.

Figure 2 (b) de® nes the arrangement of the polarizer, thee� ect, because the parameters a� ecting the performance
of the IPS e� ect are more complicated than those of the analyser and the rubbing direction. The polarizer, set

on the side of the incident light, and the analyser, set onTN e� ect. In particular, the threshold voltage in the IPS
e� ect (which is the most important characteristic when the side of the outgoing light, are represented as P1 and

P2, respectively.optimizing liquid crystal materials) is in¯ uenced by the
initial orientation direction of the liquid crystals [53, 54], Response times of the liquid crystals were measured

from their optical signals triggered by switching a wavethe width of the interdigital electrodes [55, 56], the cell
gap and the distance between two interdigital electrodes, generator (Hewlett-Packard 8175A) on and o� . The

signals from the liquid crystal cells were observed within addition to the dielectric and elastic properties of
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701In-plane electric ® eld voltage-hold ing ratios

Figure 1. (a) Circuit diagram of the measurement system for
VHR characteristics. (b) Schematic waveform applied to
liquid crystals and a corresponding output signal for the Figure 2. (a) Diagram of the measurement of voltage-dependent
measurements of VHR characteristics. transmittance and response times. (b) De® nition of the

polarization axes of the polarizer and analyser and the
rubbing direction. wP represents the angle of the polarization

a digital oscilloscope (Hewlett-Packard 54110A). The axis of the polariser or analyser. When identifying the
polarizer, wP is replaced by wP1 ; wP2 is used for the analyser.switching-on and -o� times (Ton and Toff ) were de® ned

as the times from the moment of the ® eld-on and -o� to
that at which a 90% optical change from the o� -state the resistivity for the voltage-holding ratio measure-

ments. The physical properties of these liquid crystalsto the on-state or vice versa is achieved.
are as follows: MLC-6252 (nematic± isotropic temper-
ature, TNI : 63 ß C; birefringence, Dn: 0.0865 (20 ß C);2.2. Sample preparations and materials

For the IPS cells, chromium interdigital electrodes, dielectric anisotropy, De: 14.8 (20 ß C, 1 kHz); viscosity,
g: 26 cp (20 ß C)). The resistivity was systematically variedwhose width was set to 10 mm, were prepared on one

substrate and no electrodes were formed on the other, by doping MLC-6252 with 1-(4-cyanophenyl )-4-propyl-
cyclohexane, 1-(4-cyanophenyl )-4-pentylcyclohexane andwhile a pair of the substrates had transparent indium

tin oxide electrodes on each substrate surface for the 4-cyano-1-(4-ethylbenzoyloxy)-3-¯ uorobenzene.
For the orientation layer, RN-718 (Nissan ChemicalTN cells. A pair of substrates for the IPS was set in the

same rubbing direction to obtain homogeneously aligned Industries, Ltd.) and PIQ-5300 (Hitachi Chemical Co,
Ltd.) were used without further puri® cation.liquid crystals. For spacers, the desired size polymer

beads were scattered over the lower substrate to provide
a uniform cell gap. 3 . Results and discussion

3.1. Voltage-holdin g ratio (V HR) characteristicsAs liquid crystal materials for the analysis of
VHR characteristics, a ¯ uorinated mixture, MLC-6252 The electrical characteristics of liquid crystal cells

are substantially in¯ uenced by the cell structures. To(Merck Japan) was used as base liquid crystal mixture
and cyano-substances were added to it to decrease clarify di� erences in electrical characteristics between
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702 M. Oh-E and K. Kondo

the IPS and conventional TN e� ects, equivalent circuits The resistivity of the liquid crystals was slightly di� erent
due to experimental errors. However, the VHR charac-corresponding to each cell structure were employed.

Figure 3 compares the equivalent circuit models for teristics using the IPS e� ect were presumably good in
spite of the lower resistivity of the liquid crystals beingthe IPS and TN cell structures, taking into account the

electric ® eld directions and cross-sectional structures used, compared with the TN e� ect. Figure 5 compares
the temperature-dependent VHR characteristics betweenfor each e� ect. For the TN e� ect, a resistance± capacity

network corresponding to the liquid crystal layer is the IPS and TN e� ects. The IPS e� ect showed more
stable characteristics compared with the TN e� ect overconnected with other resistance± capacity components to

make up an insulating layer and/or an orientation layer the temperature range in spite of the same liquid crystal
material being used. Basically, a higher temperaturein series. By contrast, the in-plane electric ® eld of the

IPS e� ect provides a parallel connection of resistance± decreases the viscosity of the medium and results in lower
resistivity of the liquid crystals, causing deterioration ofcapacity networks, corresponding to an insulating

layer, an orientation layer and/or even a substrate, with the VHR characteristics. Therefore, the results shown in
® gure 5 suggest that VHR characteristics seem to bethe liquid crystal layer. Therefore, di� erent electrical

characteristics between the IPS and TN e� ects were insensitive to the resistivity of the liquid crystal medium.
Figure 6 compares the dependence of VHR charac-predicted to be generated due to the di� erence in the

electrical connection of the liquid crystal layer with teristics on the resistivity of the liquid crystals between
the IPS and TN e� ects, with the resistivity of the liquidother components.

Figure 4 compares the VHR signal observations between crystals being systematically varied. Lower resistivity
of the liquid crystals reduced VHR characteristics inthe IPS and the conventional TN e� ects using the same

materials for liquid crystals and orientation layers. In the TN e� ect, while they were relatively constant in the
IPS e� ect. For the PIQ orientation layer, the VHR wasthe IPS e� ect better VHR characteristics were obtained

both for the liquid crystals with low resistivity and for extremely low regardless of the high resistivity of the
liquid crystals in the TN e� ect. However, the IPS e� ectthe PIQ orientation layer Ð typical conditions under

which VHR characteristics deteriorate in the TN e� ect. o� ered much better VHR characteristics for the same

Figure 3. Equivalent circuit models
(a) for the IPS cell structure and
(b) for the TN cell structure.
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703In-plane electric ® eld voltage-hold ing ratios

Figure 4. VHR signals for the IPS and TN e� ects. (a) LC: MLC-6252 doped with 15% 1-(4-cyanophenyl )-4-propylcyclohexane,
15% 1-(4-cyanophenyl )-4-pentylcyclohexane and 15% 4-cyano-1-(4-ethylbenzoyloxy)-3-¯ uorobenzene, orientation layer: RN-718.
(b) LC: MLC-6252 doped with 15% 1-(4-cyanophenyl )-4-propylcyclohexane and 15% 1-(4-cyanophenyl )-4-pentylcyclohexane,
orientation layer: PIQ-5300.

Figure 5. Temperature-dependent VHR characteristics for Figure 6. Relationship between VHR characteristics and thethe IPS and TN e� ects. The liquid crystal (nematic± resistivity of liquid crystals using the IPS and TN e� ects.isotropic transition temperature TNI= 76.1 ß C) used in the The resistivities of the liquid crystals used were variedexperiments was MLC-6252 doped with 15% 1-(4-cyano- by doping MLC-6252 with 1-(4-cyanophenyl )-4-propyl-phenyl )-4-propylcyclohexane and 15% 1-(4-cyanophenyl )- cyclohexane, 1-(4-cyanophenyl )-4-pentylcyclohexane and
4-pentylcyclohexane. The orientation layer was RN-718.

4-cyano-1-(4-ethylbenzoyloxy)-3-¯ uorobenzene.The non-selected period was set to 16.7 ms.

when discussing phenomena related to the electricalmaterials. The di� erence in the VHR characteristics
process. For the case when the electric ® eld is appliedbetween the IPS and TN e� ects was the degree of the
along a direction perpendicular to the substrate plane,sensitivity to the resistivity of the liquid crystals: the
the voltage decay process over the liquid crystal layerVHR was less sensitive to the resistivity of the liquid
in relation to time ( t ) during the nonselected periodscrystals when using the IPS e� ect. These results suggested
can be approximately described, with an assumption ofthe discharging process over the liquid crystal layer
a single discharge process, as follows:di� ered between the e� ects, and an explanation of this

mechanism must be closely related to the electrically V

V0

= exp A Õ
t

CLC RLCB = exp A Õ
t

eLC rLCB (1 )working components involved in each liquid crystal cell
structure.

As was predicted from the equivalent circuit models where CLC , RLC , eLC and rLC are the capacity, the
resistance, the dielectric constant and the resistivity offor the IPS and TN cell structures shown in ® gure 3,

these unusual features of the VHR characteristics using liquid crystals, respectively. This description corresponds
to an equivalent circuit of resistance and capacity com-the IPS e� ect can be understood by comparing the

components of the liquid crystal cell for equivalent circuits ponents of the liquid crystal. Therefore, it should be
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704 M. Oh-E and K. Kondo

noted that the smaller the resistivity of the liquid crystals,
the lower the VHR characteristics, because the relaxation
time, which corresponds to the mathematical product of
the capacity and resistance of the liquid crystals, becomes
smaller. However, not only the resistivity of the liquid
crystals but also other factors, e.g. their surface interaction
with the orientation layer, the polarity and dielectric
properties of the orientation layers, etc., are relevant to
the VHR characteristics.

When considering the electrically parallel connection
of the liquid crystals with the orientation and insulating
layers and substrates, it is necessary to discuss why the
VHR characteristics are relatively insensitive to the
resistivity of the liquid crystals when using the IPS
e� ect. Two mechanisms are possible. One is the case

Figure 7. Simulation of the e� ect of supplementary capacities
that supplementary resistance (RSUPPL ) is much smaller on the VHRs as a function of liquid crystal resistivity in
than the resistance of the liquid crystal layer (RLC ), the IPS e� ect.
where the supplementary resistance involves all resist-
ances connected with the liquid crystal layer in parallel,
i.e. the composite resistance of the orientation, the
insulating layers and the substrates. When RLC&RSUPPL ,
RSUPPL can dominate the relaxation of the charges over
the liquid crystal layer during the nonselected periods.
However, the experimentally obtained resistance of the
IPS cell not ® lled with liquid crystals was larger than
100 GV , which was enough to retain whole charges in
the nonselected periods; therefore, this hypothesis may
not be valid. In the second mechanism, supplementary
capacity functions as a support to retention of the
charges over the liquid crystal layer. The supplementary
capacity is composed of the e� ects of orientation, the
insulating layers and the substrates, and seems to act as
an additional capacity for the liquid crystals. Furthermore,
the capacity corresponding to the liquid crystal layer in
the IPS e� ect is smaller than that in the TN e� ect so
that even a small supplementary capacity can e� ectively

Figure 8. The in¯ uence of electrode distance on temperature-contribute to supporting the retention of the charges
dependent VHRs in the IPS e� ect.

in the liquid crystal layer. The capacity of the experi-
mentally used IPS cell without liquid crystals was
around 40 pF. 3.2. Optimization concept for liquid crystal properties

Liquid crystal materials for the IPS e� ect may beFigure 7 shows the calculated results for VHRs as a
function of the resistance of the liquid crystals and varied suitably optimized by considering complicated para-

meters of the physical switching principles, which resultwith supplementary capacities which are assumed to be
connected with the liquid crystal layer in parallel. The from application of the electric ® eld parallel to the sub-

strate plane. The di� erences in the switching of thecalculations simulated the behaviour of the VHR charac-
teristics well and demonstrated the support in retention liquid crystals in relation to the IPS and TN e� ects arise

intrinsically from the relation of the electric ® eld withof the voltage over the liquid crystal layer. Figure 8

compares temperature-dependent VHRs for electrode the liquid crystal layer normal direction. The IPS e� ect
provides four additional parameters a� ecting the thresholddistances of 15 and 30 mm. The larger electrode distance

led to a more e� ective in-plane electric ® eld in com- behaviour of the liquid crystal in comparison with the
TN e� ect, i.e. the thickness of liquid crystal layer (theparison with the ® eld component perpendicular to the

substrates. This result also con® rmed that the electric ® eld cell gap), the distance between neighbouring interdigital
electrodes, the width of each electrode and the initialparallel to the substrate plane caused the advantageous

behaviour of the VHR characteristics. orientation of the liquid crystal, corresponding to the
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705In-plane electric ® eld voltage-hold ing ratios

rubbing direction. The threshold voltage (V th ) is well
understood by the following expression which is derived
using one dimensional analysis with the assumption that
the electric ® eld is uniform in the liquid crystal layer
[37, 38]:

V
IPS
th = Eth Ö l =

pl

d A KIPS

e0 |De|B 1/2

(2 )

where Eth is the threshold electric ® eld for the liquid
crystals being driven, l is the electrode distance from
edge to edge, d is the cell gap, K IPS is the elastic constant
for the IPS e� ect contributed by the combination of splay,
twist and bend deformations in actual switching, e0 is
the vacuum dielectric constant and De is the dielectric
anisotropy. KIPS should correspond not to K2 but to
aK1+bK2+cK3 (a linear combination of splay, twist
and bend elastic constants), because the actual deforma-
tion of liquid crystals is a� ected by the deformed electric
® eld near the edges of the electrodes [41]. Equation (2 )
indicates that the threshold characteristic of the liquid
crystals is directly governed by the electric ® eld strength,
because the electrode distance is independent of the cell
gap and V

IPS
th is a function of the cell gap and the

electrode distance: V
IPS
th = f (d, l ). In the case of the TN

e� ect, however, the threshold voltage is described as
follows [13, 57, 58]:

V
TN
th = Eth Ö d = pC K1 + (K3 Õ 2K2 )/4

e0 De D1/2

. (3 )

The electrode distance is always identi® ed with the
cell gap in the e� ects in which the electric ® eld is applied
along the direction perpendicular to the substrates
such as the TN e� ect. This means that V

TN
th is neither a

function of the cell gap nor the electrode distance. In
this way, a di� erence exists in the threshold voltage
between the e� ects in which the electric ® eld is applied
along the directions parallel or perpendicular to the
substrate plane. In the IPS e� ect, the threshold voltage

Figure 9. Dependence of the rubbing direction on drivingis strongly in¯ uenced by the cell gap, and precise control
voltages and response times. (a) LC: ZLI-2806, (b) LC:of the cell gap is required to obtain a uniform display. ZLI-4535.

A larger cell gap and smaller electrode distance are
preferable for obtaining a lower threshold voltage; how-

times. Here the driving voltages involve the operatingever, the former results in a slower response speed of
voltage (Vmax ) which gives maximum transmittance, thethe liquid crystals and the latter is irrelevant to the
threshold voltage (V th ) which gives a transmittance changedynamical response times [39]. The threshold voltage
of 1% from the minimum state, and the width of theis also a� ected by the electrode width when the width is
driving voltage (DV ) corresponding to the di� erenceon the same order as the cell gap, or smaller, because
between the operating voltage and the threshold voltage.the electric ® eld distribution is varied by a change of the
The responding axes are di� erent by 90 ß between nega-electrode width [55, 56].
tive (Nn) and positive (Np) dielectrically anisotropicBefore optimizing the liquid crystal properties suitable
liquid crystals like ZLI-2806 and ZLI-4535 as shown infor IPS switching, the initial orientation direction of the
® gures 9 (a) and 9 (b). Regardless of the polarity of theliquid crystals corresponding to the rubbing direction
dielectric anisotropy, DV became larger by the amounthas to be considered. Figure 9 shows the in¯ uence of the

rubbing direction on the driving voltages and the response of the increased Vmax and the decreased V th , as the angle
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706 M. Oh-E and K. Kondo

of the rubbing direction (wLC ) is increased. The fact that by the square of the cell gap can be the response
V th is in¯ uenced by wLC can be explained by the dielectric parameter to evaluate the intrinsic response capability
torque C in the liquid crystal medium given by of liquid crystal materials without variation of the cell

gap.
C= |De(n ¯ E )n Ö E|

By using these two parameters, the evaluation of the
liquid crystals for driving voltage and response time can

= KDeE
2 sin A p

2
Õ wLCB cosA p

2
Õ wLCB K be carried out precisely, because these parameters are

composed only of the physical properties of liquid crystals.
= |De|E2 sin wLC cos wLC (4 ) Figure 10 shows an experimentally obtained plot of the

evaluation parameters for liquid crystal mixtures con-where n is the liquid crystal director and E is the
sisting of terminally ¯ uorinated liquid crystal substances,electric ® eld. Therefore, the decrease of V th by the larger
i.e. 3, 4-di¯ uorobenzene and 3, 4, 5tri¯ uoro-benzenewLC could be due to the larger torque of the electric
derivatives, which were developed for the conventional® eld. However, experimental results revealed that optical
active matrix driving scheme. The driving and responsechanges took place quickly when V th increased, due
characteristics showed the trade-o� relationship throughto the smaller wLC . With regard to response times, the
the elasticity of the liquid crystals, as was predicted fromswitching-on time was reduced (while the operating
the driving and response parameters, DV P ¾ and RP.voltage increased ) as wLC changed from smaller to larger
The relationship between the driving and response para-angles. However, the switching-o� times were relatively

insensitive to wLC because the elastic torque just restored meters, DV P ¾ and RP, can be obtained using equations
the initial state from the 45 ß twisted state. With a view (5 ) and (6 ) :
to optimizing the driving voltage and the response
times, a trade-o� relationship existed between DV and DV P ¾ =A c1

e0 |De|
Ö

1

RP B 1/2

. (7 )
Ton +Toff . However, well-balanced switching-on and -o�
times should be seen when wLC is 15 ß in the case of Nn
type liquid crystal and 105 ß in the case of Np type liquid
crystal. Therefore, the rubbing directions were set to
15 ß and 105 ß for the Nn and Np type liquid crystals,
respectively, in the following work.

With constant rubbing direction and electrode width,
evaluation parameters for the liquid crystal materials
can be proposed so as to optimize the properties for the
threshold voltage and response time. To reduce the
in¯ uence of the variation of the cell gap on the threshold
voltage, a driving voltage parameter (DV P or DV P ¾ ) can
be made, i.e. the threshold voltage multiplied by the cell
gap, or, in addition, divided by the electrode distance
given as [37, 38]

DV P = V
IPS
th Ö d =pl A KIPS

e0 |De|B 1/2

,

or

DV P ¾ = V
IPS
th Ö

d

l
= p A KIPS

e0 |De|B 1/2

. (5 )

A response parameter (RP ) can be introduced, without
the in¯ uence of the cell gap and the electric ® eld by

Figure 10. Plot of evaluation parameters for some liquid crystal
[38, 39] materials, and results of doping liquid crystal mixtures

with a cyano-substance. A is MLC-6252; B is MLC-6252
doped with 15% 1-(4-cyanophenyl )-4-propylcyclohexaneRP =

Teff

d
2 3

c1

p
2
KIPS

. (6 )
and 15% 1-(4-cyanophenyl )-4-pentylcyclohexane; C is the
further addition of 10% 4-cyano-1-(4-ethylbenzoyloxy)-The switching-on time is strongly dependent on the
3-¯ uorobenzene to mixture B. Others are mixtures com-

electric ® eld strength, while the switching-o� time can posed of 3, 4-di¯ uorobenzene and 3, 4, 5-tri¯ uorobenzene
be a� ected by the cell gap despite the independence of derivatives. The interdigital electrode distance is 15 mm;

wLC= 105 ß , wP1 =105 ß , wP2 =15 ß .the electric ® eld. Therefore, the switching-o� time divided
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The di� culty is in the trade-o� relationship between where Vrms is the root mean square of the voltage, Va.c.

is the non-biased a.c. voltage and Vd.c. is the d.c. voltage.the driving voltage and response parameters, DV P ¾ and
RP, when the ratio of the twist viscous coe� cient, c1 , to Figure 11 ccompares the experimental and calculated

results on the generation of the internal potentialthe dielectric anisotropy, De, does not change drastically.
A small twist viscous coe� cient, c1 , with large dielectric between liquid crystals with high and low resistivities.

With the higher resistivity liquid crystals, the calculatedanisotropy, De, can be e� ective in overcoming the trade-
o� relationship between DV P ¾ and RP so that DV P ¾ line was not in good agreement with the experimentally

obtained results: no internal potential therefore occurred.decreases while keeping a certain smaller RP. The solid
line in ® gure 10 shows the trade-o� relationship between In contrast, the lower resistivity liquid crystals did give

rise to internal potentials while applying the biased d.c.DV P ¾ and RP, which is formed by mixtures containing
terminally ¯ uorinated liquid crystals, i.e. 3, 4-di¯ uoro- voltage, since experimental results coincided with those

calculated. These results suggest that liquid crystals withbenzene and 3, 4, 5-tri¯ uorobenzene derivatives. However,
terminally cyano-substituted substances proved to be low resistivity could cancel the d.c. voltage while showing

higher VHRs using the IPS e� ect, in comparison with themore e� ective in getting a breakthrough in the trade-o�
relationship so that it was possible to approach the case in which the electric ® eld was applied perpendicular

to the substrate plane.parameter region which corresponded to a much lower
driving voltage while maintaining the faster response
time. The terminally cyano-substituted substances showed
smaller twist viscous coe� cient with larger dielectric
anisotropy.

3.3. Advantageous characteristics of liquid crystals with
low resistivity

Cyano-substances show relatively lower resistivity due
to the large dipole moment of the cyano substituent.
Locally polar properties induced by the cyano substituent
are prone to dissolve impure ionic species. Therefore, the
doping of cyano-substances into liquid crystal mixtures
decreases the resistivity of the liquid crystals. This design
concept has not been accepted for the conventional TN
e� ect with the active matrix driving technique, because
liquid crystals with low resistivity reduce the VHR
characteristics. Although high VHRs can be maintained
while employing liquid crystals with low resistivity in
the IPS e� ect, the ionic ¯ ow induced by the electric ® eld
in the liquid crystal layer should be measured to evaluate
the e� ect of the low resistivity of the liquid crystals. A
parameter for ionic ¯ ow can be introduced, assuming
the d.c. is applied to the liquid crystals in addition to a
rectangle-like and non-biased a.c. waveform. Nematic
liquid crystals respond to the root mean square of the
voltage. The ionic ¯ ow generates an internal ® eld in the
liquid crystal layer, because the ionic species move so as
to reduce the externally applied electric ® eld. Therefore,
the internal potential (VPI ) caused by the drift of the
ionic species can be described as

VPI= Vrms Õ Va.c.= A P
T

0

V
2
ext dt

T B1/2

Õ Va.c.

Figure 11. Generation of the internal potential VPI using liquid
crystals with high and low resistivity. (a) rLC=2.0Ö 1013 V cm,
(b) rLC=5.0 Ö 1010 V cm.= (V

2
a.c.+V

2
d.c.)

1/2 Õ Va.c. (8 )
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