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A Fringe Field Switching Liquid Crystal Display
With Fast Grayscale Response Time

Daming Xu, Haiwei Chen, Shin-Tson Wu, Fellow, IEEE, Ming-Chun Li, Seok-Lyul Lee, and Wen-Ching Tsai

Abstract—A fast-response fringe-field switching (FFS) liquid
crystal display using patterned common electrodes is proposed.
By applying a restoring pulse voltage on common electrodes, the
relaxation process of liquid crystals is expedited by the electric
field. The average gray-to-gray decay time is over sevenfold faster
compared with the conventional FFS mode.

Index Terms—Fast response, fringe field switching (FFS), liquid
crystal display (LCD).

I. INTRODUCTION

RINGE field switching liquid crystal display (FFS LCD)
[1]-[4] has been widely used in smartphones and tablets
because it possesses several attractive features, such as wide
view for multiple viewers, high resolution for Retina display,
low power consumption for long battery life, pressure resistance
for touch panels. Nevertheless, some technical barriers remain
to be overcome, such as image sticking [5], [6], thin-film tran-
sistor (TFT) charging time for high resolution LCDs [4], and
relatively slow response time. Image sticking can be reduced by
optimizing device and material properties [7], [8], while slow
charging problem can be resolved by using an oxide TFT with
high mobility [9]. However, the slow LC response time, which
causes motion blurs and deteriorated image quality [10], re-
mains a critical issue.
For FFS LCDs, the rise and decay times between gray level
transitions are governed by the LC material properties and cell

gap as [11]

Trise = 7—0/[(‘//‘/;h)2 - l] (1a)
Tdecay — To/|(‘/b/‘/th)2 - 1| (1b)
To = ’710{2/}-{227‘1’2 (10)

where V' is the applied voltage to the final gray level, V} is
the bias voltage of the initial gray level, V};, is the threshold
voltage, =1 is the rotational viscosity, and Kz is the twist
elastic constant. From (1), both rise time and decay time could
be slow when the grayscale voltages are close, especially in
the vicinity of threshold. Compared to the rise process, which
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is driven by an electric field, the decay process is usually
slower since it is mainly governed by the restoring elastic
force. Because of the small K52, the decay time of a 3-um cell
gap FFS LCD is usually ~20 ms [12], which is too slow for
TV applications. In contrast, the gray-to-gray (GTG) response
time of a multi-domain vertical alignment (MVA) LCD TV
is ~5 ms [13], [14]. In order to reduce the response time of
FFS mode, various approaches have been proposed, such as
ultra-low viscosity LCs [12], double-side structures [15]-[17],
reactive mesogen-aligned cells [18], [19], triode driving using
a vertical field to expedite the decay process [20]-[22], etc.
However, each approach has its own pros and cons. Hence,
there is a need to develop a fast-switching FFS LCD without
sacrificing its intrinsic advantages.

In this paper, we propose a new FFS mode using patterned
common electrode, denoted as PCFFS, to achieve fast response
time. The bright state and the dark state are achieved by applying
fringe fields along different directions. With a restoring voltage
pulse to expedite the decay process, we are able to achieve
seven-fold faster GTG decay time than that of a conventional
FFS LCD.

II. DEVICE STRUCTURE

Fig. 1(a) and (b) illustrates the top view structure of FFS
and PCFFS cells, respectively. In a conventional FFS cell,
stripe-shaped pixel electrodes and planar common electrodes
are formed on the bottom substrate separated by a passiva-
tion layer. However, in our PCFFS cell, the bottom common
electrodes are stripe-shaped as well, setting at an angle o with
respect to the x axis. Same as FFS cells, for the purpose of
achieving low driving voltage the homogeneous rubbing angle
is set at 10° and 80° w.r.t. the z axis for PCFFS cells using a
negative (n-PCFFS) and positive (p-PCFFS) LC, respectively
[2]. The cell gap is optimized at A = 550 nm with dAn =
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TABLE 1
PROPERTIES OF LC MIXTURES STUDIED (T = 23°C AND A = 550 nm)

v Ku K22 K33

L€ Jampay | | A | o) | oN) | oN)
UCF-N2 | 947 | -38 | 0117 | 158 | 72 | 140
DIC-LC3 | 62.0 | 9.0 | 0.111 | 109 | 56 | 138

360 nm for n-PCFFS and 380 nm for p-PCFFS to obtain high
transmittance. The LC cell is further interposed between two
crossed linear polarizers with bottom polarizer's transmission
axis parallel to the LC rubbing direction.

The operation principle of PCFFS is described as follows. In
the null-voltage state, the linearly polarized light keeps its po-
larization when traversing through the LC layer and is there-
fore blocked by the crossed analyzer, resulting in a dark state.
During turn-on process, a driving voltage is applied to the pixel
electrodes while common electrodes are grounded. Same as FFS
mode, fringe fields with strong horizontal components are gen-
erated here to reorient the LC directors. Hence, the linearly po-
larized light experiences phase retardation and is transmitted by
the crossed analyzer. During decay process, the voltage on pixel
electrodes is released and the electrodes are kept floated while a
restoring voltage pulse is applied between neighboring common
electrodes. The electric potential of floated top pixel electrodes
are spontaneously determined by the restoring voltage [23]. The
in-plane field generated by this restoring voltage would exert a
strong torque to pull the LC directors back to their initial rub-
bing direction in addition to the existing elastic restoring torque
[24]-[27]. Hence, the decay process is accelerated and faster
decay time is obtained.

III. SIMULATION RESULTS: VT CHARACTERISTICS

The device performance of the proposed PCFFS are studied
and optimized by using commercial simulator TechWiz LCD
(Sanayi, Korea) and the electro-optic properties are calculated
by the extended 2 x 2 Jones matrix method. To make a fair com-
parison between FFS and PCFFS cells, we use the same device
configurations: pixel electrode width W7 = 2um, electrode gap
Gy = 3um, pretilt angle 2°. The passivation layer between
the pixel and common electrodes is SigNy4 whose thickness is
dpas = 150 nm and dielectric constant is 7.5 whereas the align-
ment layer is 80-nm thick polyimide with a dielectric constant
of 3.8. The physical properties of the positive and negative LC
materials studied are listed in Table I. The negative LC material
UCF-N2 was developed by our group [28], while the positive
Aeg LC DIC-LC3 is a commercial material from DIC Japan.

A. Voltage-Dependent Transmittance Curve

Fig. 2 shows the simulated voltage-dependent transmittance
(VT) curves of FFS and PCFFS cells employing a positive or
a negative Ae LC material. Here, the o angle is set at 10° and
—20° for p- and n-PCFFS cell, respectively. The values of «
angle are optimized to achieve the fastest response time, as will
be explained later. The dimension of bottom common electrodes
is set at Wy = 4 um and G5 = 2 pum. We can see that both p-
and n-PCFFS cells have nearly identical VT curves to the cor-
responding FFS cells. This is attractive as the proposed PCFFS
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Fig. 2. Simulated VT curves of FFS and PCFFS modes using the positive and
negative LCs listed in Table 1. A = 550 nm.
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Fig. 3. Simulated (a) tilt angle and (b) twist angle distributions of the p-FFS
cell at the full-bright state.

can achieve similar high transmittance as FFS does at the same
voltage.

B. LC Director Deformation Distribution

To better understand the electro-optic properties of FFS and
PCFFS modes, we investigate their LC distributions at the full-
bright state. Due to space limitation, only the results of LC
modes employing a positive As LC are shown here; however,
those using a negative LC exhibit the same trend.

Fig. 3(a) and 3(b) depicts the tilt and twist angles of LC di-
rectors at different positions [A to C as Fig. 3(a) shows] of a
p-FFS cell. In order to obtain maximum phase retardation, the
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Fig. 4. Simulated (a) tilt angle and (b) twist angle distributions of the p-PCFFS
cell at the full-bright state.

LC directors should be twisted at 45° with respect to the rub-
bing direction, i.e., 35° to the x-axis. As plotted in Fig. 3(b), the
LCs in the p-FFS cell are either over- or under-twisted, leading
to an inefficient phase retardation at the center of electrodes and
gaps. Meanwhile, the large tilt angle caused by the strong ver-
tical field dramatically decreases the effective birefringence and
hence the peak transmittance. This explains why p-FFS shows
a lower transmittance than n-FFS mode [2].

In the single-domain p-FFS, the LC distributions are uniform
along y axis; however, the patterned common electrodes in the
PCFFS cell create multi-domain LC distribution. Figs. 4(a) and
(b) depict the tilt and twist angles of LC directors at six dif-
ferent positions [D to I as Fig. 4(a) illustrates] in the p-PCFFS
cell. As we can see, the LC tilt angle is less uniform along the y
direction in the p-PCFFS cell. The LC directors are tilted up by
the electric field at positions D, F, G, and I, same as that in the
p-FFS cell. In contrast, the tilt angle at some positions (E and
H) is negative, indicating the LC directors are tilted down at
these positions. Nevertheless, the twist angles at all these posi-
tions are similar to the corresponding positions in the p-FFS cell.
Please note the difference in tilt angles implies a multi-domain
LC distribution is created in the p-PCFFS cell. This is because
the patterned common electrodes create different electric field
distributions; accordingly, the LC directors follow the electric
fields and forms multi-domain structure. This feature helps to
widen viewing angle, as will be outlined below.

C. Viewing Angle

To widen the viewing angle of single-domain FFS LCDs,
compensation films are required. In terms of film configuration,
a biaxial film or a pair of positive A and positive C uniaxial films

Fig. 5. Isocontrast contour plots of biaxial film-compensated (a) p-FFS and
(b) p-PCFES cells. A = 550 nm.

are often used [29], while a biaxial film is preferred for high-end
LCDs. Hence, in our simulations, both FFS and PCFFS cells are
compensated by adding a half-wave biaxial film before the an-
alyzer in order to reduce the off-axis light leakage at dark state.
The parameters of the biaxial film are as follows: n, = 1.521,
ny = 1.619, n, = 1.520 and thickness is 137.5 pm. The n,
axis of the biaxial film is perpendicular to the rubbing direction;
that is, 100° and 170° w.r.t. the pixel electrode for LC cells em-
ploying negative and positive LC material, respectively.

Fig. 5(a) and (b) plots the simulated isocontrast contours
of film-compensated p-FFS and p-PCFFS cells, respectively.
We can see that both p-FFS and p-PCFFS possess an over
85° viewing zone with contrast ratio greater than 100:1, while
p-PCFFS shows slightly better viewing angle than p-FFS.
Since their dark state is identical due to the same homogenous
alignment, cell gap, and polarizers, the contrast ratio is mainly
determined by the bright state. As explained above, the field
generated by the patterned common electrodes in the p-PCFFS
cell creates multi-domain LC distribution at the bright state,
thus rending the viewing angle wider than that of p-FFS.

D. Fabrication Tolerance

Besides the aforementioned electro-optic properties, our
PCFFS mode also possesses a large fabrication tolerance, as
described in the following.

Firstly, the VT characteristics of the PCFFS mode are insen-
sitive to the «v angle although it has an optimal value to achieve
fast response time. Fig. 6(a)—(d) compares the on-state transmit-
tance profiles of p-PCFFS cells using different o angles with
that of a conventional p-FFS cell, and the numerical values of
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Fig. 6. On-state transmittance profiles of (a) p-FFS, and p-PCFFS modes with
different o angles: (b) @ = 10°, (¢c) &« = —30° and (d) @ = 45° (A =
550 nm).
TABLE II

SIMULATED PEAK TRANSMITTANCE AND OPERATION VOLTAGE OF P-FFS AND
P-PCFFS MODES WITH DIFFERENT &t ANGLES (A = 550 nm)

LC Cell Tona Vor (V)
p-FFS 81.9% 5.6
p-PCFFS o = 10° 81.4% 5.5
p-PCFFS a.=-30° | 81.7% 55
p-PCFFS o = 45° 81.2% 5.5

peak transmittance (Ty,.5 ) and on-state voltage (Vo) are listed
in Table II. It is clearly shown that when « angle increases from
—30°, 10° to 45°, both T}, and V;,,, remain nearly unchanged.
The same trend applies to n-PCFFS as well. This insensitivity to
« angle is very attractive, as it implies we have large tolerance
in device fabrication because a small error in « angle would not
influence the VT characteristics of PCFFS cells.

Secondly, the VT curves of PCFFS cells are also insensitive
to the dimension of bottom common electrodes within a certain
range. Fig. 7 shows the dependences of peak transmittance and
on-state voltage on the G5 /W5 ratio of bottom common elec-
trodes for p-PCFFS. Both T},,x and V;,, are insensitive to the
G2 /W, ratio when Go /W> < 1.0. This feature offers freedom
during device fabrication, as a small error in G2 /W> would not
affect the electro-optic properties of p-PCFFS cells as long as
it is kept below 1.0. Beyond this region, Ty, decreases and
Von increases dramatically. The same trend applies to n-PCFFS
as well, but the tolerance range is even larger: G5 /Wy < 1.5,
indicating that n-PCFFS is less sensitive to the G5/W> ratio
than p-PCFFS. This is because the positive LC directors tend
to follow the electric field direction, which is determined by
G5 /W, ratio. Hence, in order to achieve high transmittance and
low operation voltage, G2/ W> ratio should not exceed 1.0 or 1.5
for p- and n-PCFFS cells, respectively.

In brief, the proposed PCFFS mode exhibits nearly identical
VT characteristics to the conventional FFS mode. Meanwhile,
their VT properties are insensitive to « angle and G5 /W ratio,
which provide large fabrication tolerance. More attractively, our
PCFFEFS is able to achieve much faster response time than FFS,
as will be outlined in Section IV.
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Fig. 7. Dependence of Tynax and Vo, on the G2 /W5 ratio for p-PCFFS.

IV. SIMULATION RESULTS: DYNAMIC RESPONSE

A. Response Time

During decay process, a restoring voltage pulse is applied be-
tween neighboring common electrodes while the top pixel elec-
trodes are kept floated. Hence, the in-plane field generated by
the restoring voltage would pull the LC directors back to their
initial states. Note that the value of «v angle is very crucial to the
decay time. Take p-PCFFS as an example, the optimal o angle
for achieving the fastest decay time is 10°. In the full-bright
state, the LC directors are reoriented at ~40°—50° from their ini-
tial alignment direction o [2]. Thus, the value of & angle should
be optimized within the range ¢ — 90° < a < ¢ — 45° in order
to maximize the restoring torque experienced by the LCs. In
simulations, we set the rubbing angle of p-PCFFS at ¢ = 80°.
Accordingly, « angle should be optimized between —10° and
35°.

Fig. 8(a) depicts the time-dependent transmittance (TT)
curves of the p-PCFFS cells with « increasing from —10°, 10°
to 30°. Although the rise time is not emphasized in this study,
our PCFFS cell still shows faster turn-on time than p-FFS cell
(14.15 ms versus 20.62 ms). During the relaxation process, a
15V restoring voltage is applied to the common electrodes in
the p-PCFFS cells. Although «a angle does not influence the VT
curves as discussed above, it determines the decay processes.
By setting o at 10°, we are able to achieve the fastest decay
time, which is ~2.6x faster than that of conventional FFS
mode (6.14 ms versus 16.22 ms). Moreover, if a material with
reduced viscosity is employed [12], the cell gap can be further
reduced and response time will become even shorter for PCFFS
modes.

Please note here the decay processes of PCFFS cells consist
of two relaxation processes: the fast relaxation caused by the
short restoring pulse is followed by a slow decay process orig-
inated from the spontaneous elastic relaxation. This is because
only the in-plane horizontal electric field is effective in pulling
the LC back to its original alignment direction. The effective
restoring torque on the top of common electrodes is very small
because the electric fields in these regions are mainly along the
vertical direction, as shown in Fig. 8(b). Thus, by only applying
the restoring voltage, the first faster decay process cannot reach



XU et al.: FRINGE FIELD SWITCHING LCD WITH FAST GRAYSCALE RESPONSE TIME 357

1.0 T T T T

0.8

0.6

0.4

—— p-PCFFS (¢=30°)
—— p-PCFFS (a=10°)
—— p-PCFFS (0=-10°

30 60 90
Time (ms)

Transmittance

Fig. 8. (a) Time-dependent transmittance curves of p-FFS and p-PCFFS cells
with different « angles and (b) electric potential profiles of p-PCFFS when a
restoring voltage is applied.

dark state. If the transmittance of final level during a decay
process is lower than the lowest transmittance the first decay
process could reach, the second spontaneous relaxation process
is required.

Similarly, by applying a restoring pulse, the decay time of
n-PCFES can be dramatically reduced as well. Different from p-
PCFFS, o is set at —20° for n-PCFFS to achieve its fastest decay
time, which is more than 2xfaster than conventional n-FFS
(7.43 ms versus 16.87 ms). Thus, by applying the restoring pulse
for a short period, the decay time of both p-PCFFS and n-PCFFS
cells can be shortened.

B. Passivation Layer Effect

During the decay process, the restoring electric field is gener-
ated between top pixel and bottom common electrodes by pene-
trating through the passivation layer. Due to the dielectric prop-
erties of passivation layer [30], part of the applied voltage is
shielded. Therefore, a high restoring voltage is required to accel-
erate the decay process. Fig. 9(a) and (b) compares the electric
potential intensity profiles in two PCFFS cells with 0.40-zm and
0.15-pm passivation layers when a 15 V restoring voltage is ap-
plied. It clearly shows that the field penetrates deeper into the LC
bulk in the cell with 0.15-gm passivation whereas the voltage is
more shielded in the other cell by the 0.40-pm passivation layer.
To better understand the difference, we investigated the change
of electric field intensity at position F [as defined in Fig. 4(a)],
where the field is mainly along in-plane horizontal direction.
The distribution of electric field is plotted in Fig. 9(c). Because
more voltage is shielded by the passivation layer, the penetra-
tion depth of the in-plane field is much shallower in the 0.40-um
passivation cell than that in the other one. Therefore, a thinner
passivation is preferred to reduce the restoring voltage. If we

0.8

0.6
z/d

1.0

Fig. 9. (a), (b) Electric potential profiles in PCFFS cells with different passi-
vation layer thickness when a restoring voltage of 15 V is applied; and (c) the
distribution of electric field in the cell at position F in Fig. 4(a).
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Fig. 10. Time-dependent transmittance curves of the decay processes from G7
to lower gray levels and their response times.

can reduce the passivation thickness to 0.10 pm, the required
restoring voltage would be further reduced to 10 V.

C. GTG Decay Time

To evaluate the GTG decay time, we divided the VT curve
uniformly into 8 gray levels (GO—G7). As usual, the decay time
is defined as 90%-10% transmittance change. The restoring
pulse is applied to bottom common electrodes for a short period
until the transmittance decays to the designated gray level.
Then a bias voltage is applied to hold the transmittance at the
targeted final gray level. Details of this driving method have
been reported in [16], [31], and [32].

The transient transmittance decay processes from G7 to lower
gray levels of the p-PCFFS cell are shown in Fig. 10. The decay
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TABLE III
CALCULATED GTG DECAY TIME OF P-PCFFS AT T = 23°C
AND A = 550 nm(UNIT: ms)

Level 0 1 2 3 4 5 6 7

JOURNAL OF DISPLAY TECHNOLOGY, VOL. 11, NO. 4, APRIL 2015

TABLE VI
CALCULATED GTG DECAY TIME OF N-FFS AT T = 23°C
AND A = 550 nm(UNIT: ms)

Level 0 1 2 3 4 5 6 7
0 0
1 5.48 1 [ 1377
2 5.62 | 4.88 2 13.97 | 24.68
3 6.04 | 498 | 047 3 14.25 | 30.37 | 20.22
4 6.04 | 502 | 0.51 | 0.33 4 14.73 | 29.35 | 29.39 | 27.57
5 6.10 | 504 | 0.62 | 047 | 0.29 5 15.07 | 28.79 | 29.05 | 27.37 | 25.02
6 6.08 | 504 | 073 | 0.59 | 043 | 024 6 16.81 | 28.74 | 2891 | 27.54 | 25.34 | 22.93
7 614 | 508 | 088 | 0.77 | 054 | 039 | 031 7 16.87 | 29.31 | 29.77 | 28.78 | 26.97 | 2497 | 22.84
TABLE IV

CALCULATED GTG DECAY TIME OF P-FFS AT T = 23°C
AND A = 550 nm (UNIT: ms)

Level 0 1 2 3 4 5 6 7

0

1 13.79

2 14.02 | 27.82

3 14.19 | 26.56 | 26.44

4 14.71 | 25.66 | 25.73 | 25.06

5 15.03 | 25.27 | 25.53 | 25.78 | 23.73

6 1537 | 25.21 | 25.54 | 25.07 | 24.24 | 23.41

7 16.22 | 25.58 | 26.11 | 2590 | 2532 | 2543 | 24.45
TABLE V

CALCULATED GTG DECAY TIME OF N-PCFFS AT T = 23° C
AND A = 550 nm (UNIT: ms)

Level 0 1 2 3 4 5 6 7
0
1 5.76
2 6.17 | 4.87
3 6.58 | 5.33 | 0.32
4 6.81 | 561 | 0.53 | 0.37
5 7.09 | 583 | 0.92 | 0.64 | 0.29
6 7.15 | 597 | 1.11 | 0.75 | 0.53 | 0.31
7 743 | 623 | 139 | 0.84 | 0.63 | 037 | 0.25

time of the first relaxation process expedited by the electric
field is very fast, while the decay processes to lower gray levels
(GO and G1) require a longer time for the elastic relaxation of
LC directors to accomplish. The calculated GTG decay time of
p-PCFFS is summarized in Table III. Most GTG decay times are
below 1ms except those whose final level is GO or G1, and the
average GTG decay time is 2.82 ms at 23°C. Compared to the
conventional p-FFS mode, whose average GTG response time
is 22.75 ms as listed in Table IV, our PCFFES cell shows >8X
faster GTG decay time. Furthermore, the decay time will be re-
duced if LC with a lower viscosity [12] is employed or a higher
restoring voltage is applied.

The GTG decay time of n-PCFFS and n-FFS modes are also
calculated, as listed in Tables V and VI, respectively. Compared
to n-FFS, the proposed n-PCFFS is able to achieve >7x faster
GTG decay time (3.21 ms versus 24.05 ms) at 23 °C. This GTG
decay time is even faster than that of MVA LCD, whose GTG
response time is ~5 ms. Hence, this fast-switching mode has
promising applications for eliminating motion image blurs.

V. CONCLUSION

We proposed a new PCFFS mode to achieve fast decay time.
Compared to conventional FFS mode, the new PCFFS exhibits

nearly identical VT characteristics without tradeoffs in electro-
optic performance. Besides, the PCFFS possess a large fab-
rication tolerance, which is a very favorable feature. By ap-
plying a restoring voltage pulse on the neighboring common
electrodes, the LC directors are expedited to relax back to their
initial alignment direction. With proper cell configuration and
driving schemes, we are able to reduce the average GTG decay
time by >8x for p-PCFFS and >7x for n-PCFFS; as compared
to FFS. This fast-response mode has potential applications for
reducing motion picture image blurs.
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