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ABSTRACT ARTICLE HISTORY

We propose a new electrode configuration, called diamond-shape in-plane switching, to lower Received 6 November 2016
the operation voltage of polymer-stabilised blue-phase liquid crystal (BPLC) displays (BPLCDs). ~ Accepted 20 November 2016
The electrode structure is modified from conventional protruded IPS, where the strip protrusion is KEYWORDS

changed to diamond shape. By optimising the electrode gap and diamond length, we are able to Liquid crystal display; blue
obtain peak transmittance over 75% at 15 V. It enables single thin-film transistor (TFT) driving, phase; in-plane switching;
and more importantly, this is based on an industrially proven BPLC material. That means good protrusion electrodes
long-term stability, adequate TFT charging time for high-resolution displays and sub-millisecond

response time and acceptable voltage-holding ratio for field sequential displays can be achieved

simultaneously. Our device design helps accelerate the emergence of the long-awaited BPLCDs.

(b) (c)
/
d| 4 _
v “‘ﬁs "l h; Ih o ‘
i 1;: \
w; £ X
YL
X ‘W_I"_’g

CONTACT Shin-Tson Wu @ swu@ucf.edu @College of Optics and Photonics, University of Central Florida, Orlando, FL 32816, USA
© 2016 Informa UK Limited, trading as Taylor & Francis Group


http://www.tandfonline.com
http://crossmark.crossref.org/dialog/?doi=10.1080/02678292.2016.1264014&domain=pdf

1. Introduction

Polymer-stabilised blue-phase liquid crystal (BPLC)
is a strong contender for next-generation displays
because it exhibits several outstanding features, such
as sub-millisecond response time, no need for surface
alignment, optically isotropic dark state and cell gap
insensitivity [1-6]. Fast response time enables field
sequential colour displays with negligible colour
breakup [7-9]. By removing the red, green and blue
colour filters, both optical efficiency and resolution
density are tripled [10]. After about 15 years of
extensive efforts, most of the problems impeding
the commercialisation of BPLC have been gradually
overcome, such as long-term stability, protrusion
fabrication, slow TFT (thin-film transistor) charging
time etc. [11,12]. However, the on-state voltage (V,,,)
is still too high to be addressed by a single TFT per
pixel.

To lower operation voltage, enlarging the Kerr
constant (K) of BPLC mixture seems to be a straight-
forward approach because V,, ~1/ VK [13]. Indeed,
this is where material efforts have been devoted in the
past few years [14,15]. Some high birefringence BPLC
hosts with dielectric anisotropy Ae > 100 have been
developed [13-16]. However, the major trade-offs for
such a huge Ae BPLC material are (1) increased
response time (>1 ms) due to its high viscosity, (2)
prolonged TFT charging time due to its large capaci-
tance and (3) compromised long-term stability and
voltage-holding ratio (VHR). For a high resolution
and high frame rate (2120 Hz) display, the maximum
Ae of the BPLC should not exceed 100. With that,
slow charging issue can still be managed by the boot-
strapping driving scheme [11,12], while its VHR could
reach as high as 99%, depending on the charging time
(governed by the frame rate and resolution density)
and working temperature [15]. Moreover, its long-
term stability has been verified experimentally, as
reported in Ref. [14]. As a matter of fact, such a
BPLC mixture (Ae < 100) has already been experi-
mentally proven by AUO in a 10" prototype [17].
Indeed, its overall performance is quite impressive
except that V,,, is still as high as 32 V. As a result,
two TFTs per pixel are required. The power consump-
tion of a display driver IC (excluding backlight) is
proportional to (V,,)?. Therefore, it is essential to
lower the V,, to <15 V to enable single TFT driving
with this practical BPLC material (Ae < 100). Such a
burden falls on the new device structure.

In this paper, we propose a new protruded dia-
mond-shape in-plane switching (DIPS) electrode con-
figuration to lower the operation voltage. By optimising
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the device parameters, we can boost the peak transmit-
tance to over 75% at 15 V. It enables single-TFT driv-
ing and lower the power consumption, and more
importantly, this is achieved using a practical BPLC
material with mild Ae. We also investigate the zigzag
two-domain structure for realising wide viewing angle
and suppressing gamma shift to unnoticeable level.
Our approach would undoubtedly accelerate the emer-
gence of the long-awaited blue-phase liquid crystal dis-
plays (BPLCDs).

2. Structure design and working mechanism

The induced birefringence An; of an optically isotropic
BPLC can be described by the extended Kerr
model [18]:

Ani(E) = Ans{l ~ exp {— (Eﬁﬂ } 1)

where An, stands for the saturated induced birefrin-
gence, E is the applied electric field and Eg represents
the saturation field. However, above the electrode, the
generated electric field is along vertical direction so
that little phase retardation is produced, leading to
low transmittance (known as dead zones). In order to
boost transmittance, a large electrode gap is often
employed, which in turn increases the operation
voltage.

Figure 1(a) depicts the DIPS electrode structure. The
conventional strip protrusion is modified to diamond
shape (Figure 1(b)) so that the effective dead zone area
can be greatly reduced. From the cross-section view
(Figure 1(c)), it is almost the same as traditional pro-
truded IPS [17,19]. Here, the electrode width and pro-
trusion height are fixed as w; = 3 um and h = 3.5 pm,
respectively, to be compatible with current fabrication
technology [17]. As Figure 1 shows, there is a spatial
shift between adjacent pixel and common electrodes.
This helps boost the total transmittance, as will be
discussed later.

From fabrication viewpoint, our DIPS structure
shares the same procedures as conventional protruded
IPS, as reported in Ref. [17]. Although we have not
actually fabricated the DIPS device, its procedures are
outlined as follows: The first step is to form diamond-
shape protrusions (e.g. SiO,, SiyN3, organic materials
etc.) on the bottom substrate by photolithography. The
width of top side (Figure 1) is controlled to be
w, = 2.5 pm and the protrusion height is & = 3.5 pm.
The second step is to overcoat the protrusion surface
with a thin indium tin oxide layer. A strong and deep
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Figure 1. (a) Three-dimensional schematic diagram for DIPS; (b) top view and (c) cross-section view for DIPS.

penetrating horizontal electric field between the neigh-
bouring electrodes is thus generated. No surface align-
ment layer is needed.

3. Simulation results

Next, we investigate the electro-optic performance of
the proposed DIPS structure using a commercial soft-
ware TechWiz LCD 3D (Sanayi, Korea). As discussed
above, the protruded electrodes are designed with
w; =3 um, w, = 2.5 pm and h = 3.5 um, which is
compatible with current fabrication facility [17]. The
electrode gap is set as ¢ = 3 um, and the cell gap is
d = 9 um. Another important factor is diamond length
(), which is assumed to be 20 pm.

To obtain the BPLC parameters, we first fit the vol-
tage-dependent transmittance (VT) curve reported by
AUO, as Figure 2 shows, using Equation (1). Good
agreement between experiment and simulation is
obtained. The small difference is attributed to different

e AUO SID'15
= Fitting

0.8

06

Transmittance

0.2

0 5 10 15 20 25 30 35
Voltage (V)

0.0

Figure 2. Numerical fitting for the VT curve reported in Ref.
[16] using extended Kerr model (A = 550 nm).

light sources employed: for experiment, it is white light,
while in our fitting, we use A = 550 nm. Through fitting,
we obtained An; = 0.16 and E; = 5.7 V/um, which
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(c)
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Figure 3. (Colour online) (a) Simulated VT curves for conventional protruded IPS and DIPS; brightness profile at on-state voltage for
(b) conventional IPS and (c) DIPS (wy = 3 um, w, = 2.5 pm, g = 3 pm, h = 3.5 um and d = 9 pym for both IPS and DIPS. / = 20 um for

DIPS only).

corresponds to K = 9.28 nm/V* at A = 550 nm. From
here on, we will use these BPLC material parameters in
our device optimisation.

Figure 3(a) shows the simulated VT curves for con-
ventional IPS and newly proposed DIPS. As expected, the
peak transmittance of DIPS is much higher than that of
IPS (72.6% vs. 57.8%), due to the reduced dead zone area.
This effect could be virtualised more clearly from Figures
3(b,c). For conventional IPS, a large strip dead zone exists
above the electrode, while for DIPS, the protrusion size is
reduced, along with the reduced dark region. As a result,
the transmittance is improved significantly. But the trade-
off is slightly increased voltage (15.2 vs. 12.4 V), since the
effective electrode gap is larger.

Next, we tune the electrode gap from 2.5 to 5 pm,
and their corresponding VT curves are depicted in
Figure 4. Both operation voltage and peak transmittance
keep increasing as the electrode gap gets larger. If we set
Von = 15 V, the highest transmittance (72.5%) is
obtained when the electrode gap ¢ = 3 um. For further
optimisations, we will keep g = 3 um.

Due to the specially designed diamond shape, the
generated electric field is not parallel to the x-axis;
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Figure 4. (Colour online) Simulated VT curves for different
electrode gaps (w, 3 um, w, = 2.5 pm, h = 35 um,
d=9 umand /=20 um).

instead, there is a small slanted angle (6), as Figure 5
(a) shows. Therefore, the phase retardation is not fully
utilised if the linear polariser is oriented at 45° with

0.8

(c) ——DIPS 3/3_I=3um | " J
0.7 l——DIPS 3/3_I=10um ]
" |——DIPS 3/3_I=20um
0.6 —— DIPS 3/3_I=30um |
3 —— DIPS 3/3_I=40um
§ 0.5 —— DIPS 3/3_I=50um
E o4}
0n
=
S 03t
'_
02
0.1
0.0
0 5 10 15 20
Voltage (V)

Figure 5. (Colour online) Schematic diagram for (a) short diamond electrode and (b) long diamond electrode; (c) simulated VT
curves for different diamond lengths (w; = 3 uym, w, = 2.5 pm, g = 3 pm, h = 3.5 ym and d = 9 pm).
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Figure 6. (Colour online) Schematic diagram for (a) un-shifted electrode with short diamond, (b) un-shifted electrode with long
diamond, (c) shifted electrode with long diamond and (d) simulated VT curves for the structures in (a)-(c) (w; = 3 ym, w, = 2.5 pm,

g=3um, h=35pmand d=9 um).

respect to x-axis. To reduce this slant angle, an efficient
approach is to increase the diamond length (I). As it gets
longer (Figure 5(b)), this angle gets smaller (i.e. 6, > 6),
leading to larger phase retardation. Figure 5(c) depicts
the simulated VT curves as a function of diamond
length. As expected, peak transmittance increases with
I but gradually saturates when [ > 40 pm. A similar trend
is found for operation voltage: it increases first and then
gradually saturates. Please note that when [ = 50 um, the
transmittance at 15 V is as high as 75.5%, which is good
enough for practical applications.

As Figure 6(c) shows, there is a spatial shift between
adjacent pixel and common electrodes. In this case, the
electric field is uniformly distributed. While for the un-
shifted structures (Figures 6(a,b)), the generated elec-
tric filed is distorted: stronger in the bulging region but
weaker in the hollow region, resulting in a decreased
transmittance. Figure 6(d) plots the simulated VT
curves for these three cases, where the shifted config-
uration (Figure 6(c)) shows the highest transmittance.
Its transmittance is 14.2% higher than that of un-
shifted one with smaller diamond length, that is, square
shape in Figure 6(a) [20].

4. Discussion

We investigate the electro-optic performance of DIPS
structure and the influencing factors. With some opti-
misations, we have achieved 75.5% transmittance at
15 V. For conventional protruded IPS, it exhibits
much larger dead zone (Figure 3(b)). As a result,
to improve transmittance, a wider electrode gap
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Figure 7. (Colour online) Simulated VT curves for conventional
IPS and DIPS (w; = 3 pm, w, = 2.5 ym, g = 7.5 um, h = 3.5 um
and d = 9 um for IPS; wy = 3 um, w, = 2.5 ym, g = 3 um,
h=35pm,d=9 ym and / = 20 um for DIPS).

(g = 7.5 um) is needed, which in turn increases the
operation voltage (Figure 7). Compared to conven-
tional protruded IPS, the on-state voltage of our DIPS
is lowered by 41.4% (15.3 vs. 26.1 V) while keeping the
same transmittance. Our design enables BPLCDs to be
driven by a single TFT.

To obtain wide view and suppress gamma shifts,
two-domain configuration is commonly employed
[21]. Here, we simulate the performance of zigzag
DIPS structure. Results are plotted in Figure 8. From
Figure 8(a), the isocontrast ratio remains over 100:1 in
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Figure 8. (a) Simulated isocontrast contour and (b) viewing angle dependence of gamma curves for biaxial film-compensated two-

domain DIPS.

the entire viewing zone. Also, the calculated gamma
shift (D) is only 0.1634, which is smaller than 0.2, that
is, it is unnoticeable to the human eye [22,23].
Moreover, since we are using IPS structure, the elec-
tro-optic properties are insensitive to the cell gap [6].
Thus, BPLCD should work well for touch panels.

5. Conclusion

Our new diamond-shape protruded IPS structure helps
to lower the operation voltage of a BPLCD to 15 V by
using an industrially proven blue-phase material, while
keeping a relatively high transmittance (75.5%). This is
an important step towards enabling single-TFT driving
using a practical BPLC material with a mild Ae without
compromising other desirable features, including sub-
millisecond response time, long-term stability, no TFT
charging issue, high VHR etc. As for the fabrications,
DIPS shares the same fabrication process as conven-
tional protruded IPS. Our DIPS structure would help
to accelerate the emergence of the long-awaited blue-
phase LCDs for widespread applications..
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