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Abstract — The in-plane-switching (IPS) mode exhibits an inherently wide viewing angle and has
been widely used for liquid-crystal-display (LCD) TVs. However, its transmittance is limited to ~76%
compared to that of a twisted-nematic (TN) cell if a positive-dielectric-anisotropy LC is employed. A
special electrode configuration that fuses the switching mechanism of the conventional IPS and the
fringe-field switching (FFS) to boost the transmittance to ~90% using a positive LC has been developed.
The new mode exhibits an equally wide viewing angle as the IPS and FFS modes.
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1 Introduction
Large-screen LCD TV is emerging rapidly because of the
integrated progress in wide viewing angle, fast response
time, high contrast ratio, thin-film transistor (TFT), blink-
ing backlight, and manufacturing technologies. To achieve
wide viewing, film-compensated multi-domain in-plane
switching (IPS) and multi-domain vertical alignment (MVA)
are the two major approaches.1 Both technologies have
demonstrated high contrast ratio (>1000:1) and a viewing
angle of almost 180°. However, there are still several tech-
nical challenges for perfecting LCD-TV performance. For
instance, to enhance the LCD-panel light throughput in order
to reduce the cost by eliminating the brightness-enhance-
ment films, to improve the LC response time in order to
reduce image blurring, to reduce the color shift at oblique
angles, and to increase color saturation by using a light-
emitting-diode (LED) backlight.

For the IPS-based technologies, two types of switch-
ing mechanisms have been developed: the conventional IPS
mode2,3 and the fringe-field switching (FFS) mode.4–6 Both
modes use initially homogeneous alignment driven by
horizontal fields to achieve a wide viewing angle. A positive-
dielectric-anisotropy (∆ε) LC is commonly employed in
most IPS cells, while a negative ∆ε LC is preferred for the
FFS cells. From a materials viewpoint, a positive ∆ε LC usu-
ally exhibits a larger ∆ε and lower viscosity than its negative
counterpart, making it preferable for displays requiring low
operating voltage and fast response. However, in conven-
tional IPS cells, the electrode width and distance between
the pixel and common electrodes are larger than the LC cell
gap so that strong vertical electric fields are generated above
the electrode surfaces. The LC directors there experience
tilt rather than twist, if a positive ∆ε LC is employed, which
leads to insufficient phase retardation. As a result, the over-
all light efficiency is only ~76% of that of a TN cell.7 Using
a negative ∆ε LC would enhance the light efficiency to

~86%, but the tradeoff is the increased driving voltage
which, in turn, increases power consumption.

To improve light efficiency, the FFS mode using a
positive ∆ε LC was proposed.6 Different from the conven-
tional IPS mode, the FFS mode requires the electrode
width and the distance between pixel and common elec-
trodes to be smaller than the LC cell gap in order to gener-
ate sufficiently strong fringe fields with both horizontal and
vertical components to reorient the LC directors in the cen-
ter of the electrodes. When using a positive ∆ε LC in the
FFS mode, the light efficiency can reach 90% if the elec-
trode width is ~1 µm.6 However, to obtain high manufactur-
ing yield, the current TFT photolithographic process is
commonly practiced at no less than a 3-µm resolution. Fur-
ther optimization for the FFS mode using a positive ∆ε LC
material is still under active research.

In this paper, we demonstrate two new electrode designs
to improve the transmittance of conventional IPS LCD pan-
els. In our high-transmittance IPS (HT-IPS) mode, using a
positive ∆ε LC the electrode width and gap are intentionally
kept equal to or larger than 3 µm for the consideration of
high yield manufacturing. The switching mechanism and
performance, such as voltage-dependent transmittance, iso-
brightness, iso-contrast, and response time of the HT-IPS,
are investigated and the results are compared to those of the
IPS and FFS modes.

2 Cell design and mechanism
Figures 1(a) and 1(b) depict the typical cell structures
(lower part) and the simulated on-state LC director distri-
butions with equal potential lines (upper part) of a conven-
tional IPS cell and a FFS cell, respectively. In the IPS cell,
the electrode width w and the horizontal distance l between
adjacent pixel and common electrodes are usually kept
larger than the cell gap d. Under such a configuration, sub-
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stantial horizontal electric fields exist only between the elec-
trodes, which effectively twist the LC directors in this
region. However, above the electrode surface the horizontal
field is weak and the vertical field is strong, which tilts rather

than twists the LC directors. Consequently, the light effi-
ciency in an IPS cell is reduced.

As for the FFS cell shown in Fig. 1(b), both electrode
width w and horizontal distance (l = 0 in this case, as referred

FIGURE 1 — Structures and director profiles with equal potential lines of the (a) IPS, (b) FFS, (c) HT-IPS-1, and (d) HT-IPS-2 cell using a
positive ∆ε LC material.
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to the IPS structure; this distance is not the electrode gap g)
between the pixel electrode and the bottom common elec-
trode are smaller than the cell gap d. With decreased dimen-
sions, the fringe fields possess both horizontal and vertical
components throughout the whole cell. Moreover, the hori-
zontal fields are the strongest at the electrode edges, but
become the weakest at the symmetric centers above the
electrodes and above the slits. Under such a field profile,
the LC directors near the electrode edges will be the first
rotated. Because of the small electrode width w and gap g,
the twist of the LC directors near the edges can further
rouse the directors in the left regions to twist, although the
horizontal fields there are weak. As a result, the overall light
efficiency for a FFS cell using a positive ∆ε LC material can
be greatly enhanced, as compared to the IPS mode. How-
ever, because of the existence of vertical electric-field com-
ponents in the symmetric centers above the electrodes and
the slits, positive ∆ε LC directors still experience tilt in
these regions, which needs further cell optimization.

In the HT-IPS designs shown in Figs. 1(c) (designated
as HT-IPS-1) and 1(d) ( HT-IPS-2), the electrodes are divided
into two repetitive groups, i.e., two common electrodes and
one pixel electrode at one side form the first electrode
group, where the overall potential is similar to a common

electrode in the IPS cell; and two pixel electrodes with one
common electrode at the other side form the second pixel-
potential-like electrode group. The motivation is to gener-

FIGURE 2 — Transmittance curves with respect to electrode position of the (a) IPS, (b) FFS, (c) HT-IPS-1, and (d) HT-IPS-2 cell.

FIGURE 3 — V–T curves of the IPS, FFS, and HT-IPS cells using a +∆ε
LC material.
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ate a region with substantial horizontal fields between elec-
trode groups, similar to the conventional IPS mode, but in-
troduce fringe fields with more horizontal electric-field
components only in the regions above electrodes as the FFS
mode.

In order to achieve the above-mentioned field pro-
file, within each subgroup, the electrode width and hori-
zontal distance between pixel and common electrodes are
set smaller than the cell gap d, i.e., w and l1 in Fig. 1(c) and
w1 in Fig. 1(d) are kept smaller than d. Therefore, much
richer horizontal electric fields combined with the vertical
components are generated within each electrode group
than they are in the regions above the electrode surfaces in
the conventional IPS cell. However, to maintain the sub-

stantial horizontal electric fields generated between differ-
ent electrode groups just as in the regions between elec-
trodes  in the IPS mode,  the distance between  adjacent
electrodes from two electrode groups, such as the distance
l2 in Fig. 1(c), and l1 and l2 in Fig. 1(d) are kept equal to or
larger than the cell gap d. The characteristics of this desired
electric-field distribution can clearly be verified by the cal-
culated potential profiles shown in Figs. 1(c) and 1(d).
When a voltage above the threshold value is applied on the
electrodes, the LC directors within each electrode group
can be rotated by fringe fields and those between the elec-
trode groups can be rotated by the strong horizontal fields
there. Consequently, the overall light efficiency can be
improved.

FIGURE 4 — Iso-brightness plots at T = 75%, 50%, 30%, and 10% of the (a) IPS, (b) FFS, (c) HT-IPS-1, and (d) HT-IPS-2 cell using a
positive ∆ε LC material.
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3 Results and discussion
The electro-optic (EO) performance of the HT-IPS mode
using a positive ∆ε LC material (MLC-6686 from Merck:
dielectric anisotropy ∆ε = 10.0, K11 = 8.8 pN, K33 = 14.6 pN,
and optical birefringence ∆n = 0.095 at λ = 589 nm) is stud-
ied by the commercial LCD simulator 2dimMOS®.8 The
conventional IPS cell and the FFS are also studied as bench-
marks for comparison. The present state-of-the-art TFT
manufacturing process prefers a photolithographic feature
size no less than 3 µm.6 For the IPS cell, its cell parameters
are kept at its typical values with w = 4 µm and l = 8 µm, and
typical FFS electrode dimensions are w = 3 µm and g = 4.5
µm. In the HT-IPS cell in Fig. 1(c), w = 3 µm, g = 4 µm, and
l2 = 4 µm, while in the cell in Fig. 1(d), w1 = 3 µm, w2 = 11
µm, g = 4 µm, l1 = 5 µm, and l2 = 6 µm. And the cell gap d

is kept at 4 µm in all these cells. The light efficiency is cal-
culated by the extended Jones matrix method.9

Figures 2(a) to 2(d) show the normalized transmit-
tance with respect to the position in a single electrode
period for the conventional IPS cell in Fig. 1(a), the FFS
cell in Fig. 1(b), and the HT-IPS cells in Figs. 1(c) and 1(d),
respectively. The corresponding electrode position is nor-
malized to the period and included in these figures as a ref-
erence. Accordingly, the averaged light efficiency for these
cells using a positive ∆ε material is around 76, 88, 87, and
90% of that of a TN cell. The HT-IPS structure in Fig. 1(d)
shows the highest transmittance which is slightly better than
the FFS cell because the electric fields within and between
the electrode groups can switch the LC directors more effi-
ciently. A drawback is the increased electrode complexity.
The low transmittance kinks in these cells come from the tilt

FIGURE 5 — Iso-contrast plots at CR = 500, 100, and 10 of the (a) IPS, (b) FFS, (c) HT-IPS-1, and (d) HT-IPS-2 cell using a positive ∆ε LC
material.
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of LC directors there, which mainly occur in the regions
where vertical electric fields dominate as explained in Sec-
tion 2. The overall light efficiency can be further improved,
if the electrode width is further reduced.

Figure 3 depicts the voltage-dependent transmittance
curves for the cells shown in Figs. 1(a) to 1(d). The IPS
mode has the lowest transmittance because of the insuffi-
cient twist above the electrode surface, while the transmit-
tance in the FFS cell and the HT-IPS cells are greatly
enhanced. Furthermore, because the IPS cell has the larg-
est l/d ratio, it shows the highest threshold voltage (Vth ~
1.5Vrms) as compared to that of the FFS and HT-IPS cells
(Vth ~ 1.0Vrms). However, the transmittance of the IPS cell
reaches its maximum at ~4.5Vrms, while it saturates at
~5.0Vrms in the FFS cell and the HT-IPS cells. In the IPS
cell with the current cell gap, its overall transmittance is
primarily contributed from the regions between electrodes,
where the LC directors are easily rotated by the horizontal
fields there; and the regions above electrode surfaces make
a limited contribution because the LC directors there
mainly tilt, rather than twist. Once the transmittance satu-
rates, a further increase in the voltage will over-twist the
directors between the electrodes, resulting in a decrease of
the overall transmittance. However, in the FFS cell and the
HT-IPS cells, the entire cell region contributes to the over-
all light efficiency. As the voltage increases, the horizontal
fields rotate the LC directors near the electrode edges first
and then extend to the neighborhood and, finally, to the cen-
ter of the electrodes. This process makes the transmittance
saturate at a higher voltage than the IPS cell.

The improvement of transmittance in the normal direc-
tion also helps to enhance the iso-brightness performance.
The iso-brightness plots for the IPS, FFS, and HT-IPS cells
are shown in Figs. 4(a)–4(d), respectively. As shown in
Fig. 4(a), the T ≥ 75% cone in the IPS cell is confined within
a polar angle of 20° at most azimuthal directions. Because of
the increased LC director rotation throughout the entire
cell, the viewing cones are greatly enhanced in the FFS cell
and the HT-IPS cells. The T ≥ 75% viewing cones in these
three cells are expanded to above 40° and even above 55° at
some directions in Figs. 4(b)–4(d). Moreover, the HT-IPS
cell in Fig. 4(d) even exhibits a T ≥ 90% viewing cone.

All these structures have the same initial homogene-
ous state and are driven by the in-plane fields, resulting in a
same dark state. In other words, their on-state iso-bright-
ness performance determines their corresponding iso-con-
trast plots. Figures 5(a)–5(d) show the iso-contrast plots for
the above-mentioned structures. Without compensation
films, the CR ≥ 10:1 viewing cone is also improved from IPS
to HT-IPS cells. And the HT-IPS cell in Fig. 5(d) has a
slightly better viewing angle than the IPS cell and the FFS
cell. For TV applications, a wide viewing angle in LCD is
critical. Various film compensation schemes of IPS and FFS
modes have been developed.10–12 The film compensation of
the HT-IPS mode is similar to those of IPS and FFS modes.

The response times of these modes are also investi-
gated with results listed in Table 1. The optical rise time
(τon) and decay time (τoff) are defined as transmittance ris-
ing from 10% to 90% and decaying from 90% to 10%,
respectively. Because of the same cell gap and LC material
employed, the response times of these modes are rather
similar. It is known that response time can be shortened by
using a thinner cell gap, lower viscosity LC mixture, elevated
temperature operation, or applying overdrive and under-
shoot voltages.13,14 Besides the response time, Table 1 also
summarizes the major cell features and electro-optic prop-
erties of these four modes.

As the TFT fabrication technology continues to ad-
vance, the 2-µm and even 1-µm photolithographic proc-
esses may be feasible in the near future. Reducing electrode
width to 2 µm or 1 µm will further reduce the tilt above the
electrode surfaces and enhance the overall light efficiency.
Besides, using a negative ∆ε LC material can also help to
suppress the tilt in enhancing the transmittance.15,16 A
tradeoff is in the increased response time and threshold
voltage because of the higher viscosity and smaller ∆ε of the
negative LC materials.

4 Conclusion
The proposed HT-IPS LCD having a special electrode con-
figuration can achieve ~90% transmittance within present
3-µm TFT photolithographic process. By properly design-
ing the electrodes to generate substantial horizontal electric
fields between electrode groups and fringe fields with rich
horizontal components within electrode groups, the LC
directors throughout the whole cell can be twisted. The
electro-optic characteristics of the HT-IPS mode, such as
voltage-transmittance curve, iso-brightness, and iso-con-
trast are superior to those of the conventional IPS and,
slightly better than those of the FFS modes.
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