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The control of surface anchoring strength can be achieved by using heterogeneous substrates. In contrast to conventional sub-
strates that control the anchoring strength by using temperature or chemical processes, heterogeneous substrates provide surface
anchoring to liquid crystal molecules by using a mixed composition of 1) a zero anchoring surface and 2) planar-anchoring
patches. To study the dynamics of in-plane-switching liquid crystal displays (IPS-LCDs) under external fields, a new particle-
based numerical algorithm is developed to simulate both nematic liquid crystals and heterogeneous surfaces. This new method
allows us to create different heterogeneous surfaces easily by adopting predefined distributions of numerical particles. The gen-
erated effective anchoring strength from the heterogeneous surface is thus calculated, and the dynamical response is found to be
similar to that of conventional homogeneously processed substrates. The results suggest that the use of a heterogeneous LCD cell
is a suitable alternative for creating desirable LCD substrates, for which chemical/temperature dependences can be transferred to
a more controllable configurational dependence. Interestingly, we found master curves in the peak transmittance/recovery time
phase space, and they appeared to be dependent solely on the cell thickness. This discovery clarifies the fundamental optical

dynamics of IPS-LCD cells.

1 Introduction

Display technologies have profoundly shaped our lives in the
recent digital era. The current dominant display solution is
non-emissive LCDs, which date back to the 1960s and early
1970s. By controlling liquid crystal molecules using external
fields, the backlight passing through the cell can be switched
ON/OFF during configurational changes of the LC directors.
The reason why the LCD becomes a dominant display solu-
tion is several fold, e.g., their advantages in terms of material
lifetime, manufacturing cost, image resolution density, and
peak brightness. On the other hand, a strong competitor in
recent years is the solid-state organic light emission displays
(OLEDs); they are an emissive type of display, and the com-
parative advantages to LCDs are obvious, such as true-black
state, a fast field response, and ultra-thin structure. There-
fore, in light of future development, which technology will
eventually become the mainstream solution is still heavily de-
bated!. LCD industries are apparently on a cusp of provid-
ing new competitive performances; otherwise, replacements
would be inevitable.

Among the most recently developed LCD cells, the in-
plane-switching (IPS) configuration is favored because of its
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wider view angle and better color reproduction?, compared to
other twist nematic liquid crystals displays (TN-LCDs). IPS
cells use electrodes that are typically deployed on substrate
surfaces and hence generate electric fields that are parallel to
the plane. Because the electrodes and the LC long axes are on
the same plane, theoretically, the viewing angle of the IPS can
be as high as 178°. However, LC molecules at the interface
of the IPS substrate are strongly anchored, which are typically
provided by substrate treatments. These treatments create a
strong anchoring that aligns the LC molecules along the sur-
face easy axis.? A slow field response and relatively low peak
transmittance are the major problems when comparing an IPS
to other TN-LCDs. To improve IPS performances and to pre-
serve the existing IPS advantages, it is a priority to develop a
new IPS substrate that can provide both low and controllable
surface anchorings.

In a search for IPS substrates that provide weak or zero an-
chorings, which are also called slippery surfaces, experimental
attempts have been pursued via two different approaches. The
first type uses a homogeneous surface in which there is poly-
mer compound adhesion on the surface that creates a soft layer
so that LC molecules at the surface are not strictly bonded
to a single fixed direction®>. One typically used polymer is
poly(methyl methacrylate) PMMA and its anchoring force to
LC molecules is controlled by temperature. Although this type
of substrate indeed provides a relatively weaker anchoring, the
surface easy axis is changed after every field cycle and hence
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makes the control of LC dynamics challenging®. Although it
provides other potential usages, using a homogeneous poly-
mer surface leads to easy axis rotation; hence, it is not ideal
for commercial IPS applications.

On the other hand, the second approach for creating weak
or zero anchorings uses a layer of polymer to mask the anchor-
ing force from the substrate, and this treatment thus generates
a near-zero azimuthal rotational viscosity’. One of the crit-
ical issues regarding this method is the search for materials
with a low glass transition temperature (7;) compared to room
temperature, because most devices should operate in this tem-
perature range. Due to the micro-Brownian motion of polymer
chains, when the temperature is above Ty, the anchoring force
to the LC molecules decreases with increasing temperature.
LC cells with poly(hexylmethacrylate) (PHMA)-grafted sub-
strates have been proposed for this use because the 7, = —5°C
of PHMA is considerably low, and it is suitable for daily use.

Energy consumption is another critical issue when using
IPS-LCDs. Despite experimental attempts at producing more
energy-efficient substrates, a numerical investigation was also
conducted to search for new low-power consumption LCDs.
In that study, the authors considered bi-stable director align-
ments generated by conceptual heterogeneous surface config-
urations. Planar but orthogonal anchoring blocks were as-
signed alternatively on the surfaces. A Monte Carlo simu-
lation was used to calculate the energy barriers between dif-
ferent configuration states. It was, therefore, a proof of con-
cept that the LCD images can be stabilized and controlled with
minimum energy consumption, which is required when only
switching states.

By using similar heterogeneous configurations, we will fo-
cus on improving the IPS-LCD performances by mixing pla-
nar and slippery surfaces on the same substrate. Two perfor-
mance indices are decisive for LCD cells: 1) the peak trans-
mittance from the backlight and 2) the recovery time, which
is defined as the elapsed time after the transmittance drops to
e~ ! of its peak value.

It is noted that, the field responsiveness can refer to either
the field orientation time (ON) or recovery time (OFF). Be-
cause they are positively correlated, we only examine the re-
covery time because it involves a more straightforward deter-
mination.

In this study, a new particle-based numerical model is de-
veloped to simulate constrained nematic liquid crystals and to
recreate the surface mixing of different anchoring substrates.
The paper is organized as follows: We first introduce the theo-
retical background of our numerical model in Sec.2, includ-
ing the specific setup for heterogeneous surface anchoring.
The general simulated optical dynamics of heterogeneous IPS-
LCDs is discussed in Sec.4.1, where the transmittance spatial
variation and LC distortion dynamics are discussed in detail.
In Sec.4.5 we introduce an universal master curve found in

the performance indices phase space, for which it appears to
depend only on the cell depth. Finally, in Sec.4.6, the com-
parison of a conventional IPS and the proposed heterogeneous
IPS is discussed. We propose that the replacement with het-
erogeneous substrates results in more straightforward control
of the surface anchoring strength, which paves the way for
manufacturing of high-performance IPS-LCDs.

2 System description and physical model

The numerical model used in this study is established on
a particle-based mesoscopic hydrodynamic algorithm, i.e.,
stochastic rotational dynamics (SRD)?. It is noted that, the
numerical particle does not represent a single fluid molecule
in the SRD algorithm, but it is instead a mesoscopic represen-
tation that shows the coarse-grained behavior of a cluster of
fluid molecules. The standard SRD procedure involves two
numerical steps: 1) a free-streaming step for updating the par-
ticle positions, and 2) a particle collision step for updating
the particle velocities. By executing these two steps alterna-
tively, the fluid behaviors are generated in this algorithm. The
hydrodynamic properties of the SRD model have been vali-
dated in previous studies . It has been shown that the SRD
algorithm successfully reconstructs Navier-Stokes behavior,
and the fluid transport properties, such as shear viscosity and
Green-Kubo relations, agree well with theoretical predictions.
This particle-based algorithm has been applied to numerous
complex fluid systems, such as the modeling of solvent dy-
namics in colloid !'~13 and polymer systems 415,

When the molecular director is further considered as an
extra degree of freedom and its orientation dynamics fol-
lows the nematic interaction with neighbors, we can establish
a SRD method for a liquid crystal fluid (LC-SRD). Similar
to the normal SRD for isotropic fluids, an anisotropic LC-
SRD particle represents the coarse-grained behavior of a LC
molecule cluster. This means that the director of our numeri-
cal particle represents the average directors of a cluster of LC
molecules. This approach was used in our previous studies on
non-Newtonian LC shear banding !¢ and the spontaneous LC
electroconvection under external electric fields!”.

In the above-mentioned studies, the backflow generated
by the LC configuration was calculated from the LC direc-
tors. The director-based backflow, however, is also known
to be problematic if the boundary conditions are not well
defined. This problem manifests, e.g., when a pair of anti-
parallel directors causes a large director gradient, and even-
tually it generates non-physical backflows owing to distortion
stress. Although it is computationally stable, this ambiguity
(parallel/anti-parallel) produces unreliable results. To avoid
this ambiguity, an order tensor, instead of a LC director, is
used to describe the backflow effect in the current nematohy-
drodynamic model. This tensor modification has been tested
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in a recent study of the generation of optical nonlinearity in
laser transient grating LC cells '8.

To study the LC rheological and orientational responses un-
der an external field, the nematohydrodynamics model pro-
posed by Qian and Sheng!® was used to calculate the back-
flow effects. This model is based on calculating the evolution

—
of the tensor order parameter, Q (= Qaﬁ), as

o 1¥/3. - 1
0 Nizl(zd@d, 5 )

where cz is the unit director of particle 7, the coordinate in-
dices, [a,B] € [x,y,z], and the unit tensor, I (= 0y4p). The
order tensor is averaged over all the particles in each simula-
tion cell, which on average contains N particles per cell.

In this nematohydrodynamic model, the development of
the hydrodynamic flow, v, involves several contributions, i.e.,
from the distortion stress, ‘0’9, field-induced stress ?f, and
viscous stress ‘o’ tensors. The governing equations for the
cell-wise bulk flow, V, in the Qian-Sheng model are as fol-
lows, !°

p%:v-(—p7+?d+?f+?’), (1)
where p is the cell-wise thermal pressure. One advantage of
this model is that the represented flow fields around the topo-
logical defects have no ambiguity, whereas the director based
model gives spurious results.

With one elastic constant assumption, the distortion stress
tensor becomes ‘6’9 = —K(Vz> ® V?), where K(= K} =
K> = K3) is the Frank elastic constant. Here K, K, and K3
are the elastic moduli of the spray, twist, and bend distorsions,
respectively. It is noted that, one elastic constant assumption
is widely used, and it is based on the fact that all three Frank
elastic constants are usually of the same order, and they are
typically very small (= 10~'2N) when an external field or bulk
LC flows are present. We use this more computational com-
pact assumption in this study, however, using different elastic
constants might be necessary for pure LC rheology, such as in
LC microfluidics. In the presence of an external field, the flow
correction from the field-induced stress is V- ‘o’f = peﬁext,
where p. = V- (? ~Eext) represents the field-induced space
charge in dielectric materials. The material dielectric tensor
— < = . .

€ =¢€, I +¢& QO hasan anisotropic part, & = & — €.

The viscous stress tensor in our model retains the original
form, in which the Miesowicz viscosities due to different LC
configurations under flow can be represented correctly. This
viscous stress tensor, Yol (=0, ﬁ), is given by

G(/Zﬁ = P1QupQuvAuv + BaAap + BsQanAyp + PeQpuAua

1
+§#2Na[3 — H1QauNyp +H1109puNua,

where viscosity coefficients B1, B4, Bs, Bs, L1, and Uy are ma-
terial parameters, and they can be derived from measured ma-
terial parameters of ¢, - - , &. '° The co-rotational rate of the

) R~ S .
strain tensor, W = Q0 — Q - Q and the rate of the strain ten-
sor?—l(vﬂ v T i def ion i iti

, A = 5(VV+(Vv)"), are given as deformation intensities,
where Q = (V¥ — (V¥)T) is the vorticity of the flow field.

For the LC-SRD particles the director, Ji, of particle i is
updated according to the general Ericksen-Leslie system? as

M - J?(CZ)

+E, )

where A} = ap — a3 and A, = o5 — o are the torque cou-
pling coefficients?! that define either the LC molecules are
flow-aligning (JA2/A1] > 1) or flow-tumbling (|A2/A1] < 1).
In the current study, we use the SCB material parameters for
our nematic LC, which is flow-aligning at room temperature,
and it has a positive dielectric tensor of & > 0. The direc-
tor expression is a simplification from the Q-tensor expres-
sion when the order parameter is locally a constant, which is
a correct assumption within one simulation cell. This director
expression for the LC rotation is also computationally easier,
because the implied physics remain unchanged for the tensor
expression'?. Then, E represents the Gaussian white noise,
and its magnitude is related to the fluid temperature. Because a
mesoscopic timescale is longer than the microscopic molecu-
lar timescale, the equal partition assumption is applied to both
the translational and rotational degrees of freedom via 3 .

The molecular field, f(c?,) = —8U,-/3J,-, in Eq. (2) is the
vector derivative of a molecular potential, which has two terms
under the external field as

Ui = ~&u(d; Eex)’ = 33 Y (d;d))? 3)

where subscript j indexes all the particles in the neighborhood
of particle i. Numerically, we count all the particles within the
same simulation cell of volume As>. J represents the interac-
tion parameter among the particles.

Updating the particle directors depends on the molecular
field, and the directors also feel the torques applied by the am-
bient shear flows, i.e., the first and second terms on the right-
hand side of Eq. (2).

2.1 Simulation parameters

The cell size and the time step for the SRD are set to As
and Az, respectively. The 3D simulation domain is (x,y,z) €
([0, LyAs], [0, LyAs], [0,L;As]), which is divided into L.L,L.
cubic cells. (Ly,Ly,L;) = (7,38,38) represents a thin slab ge-
ometry, which has been used in most of our studies. Thicker
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(Ly =11) and thinner (L, = 5) slabs are also used for the trans-
mittance dynamics comparison in which all other physical pa-
rameters are kept the same. The rotation angle for SRD colli-
sion is @ = 120°. The mass and moment of inertia for the SRD
particles are m and I = 27mAs?, where the mass-inertial ratio
of m/I represents an elongated molecular shape for nematic
liquid crystals. In Eq. (3), we set J = 0.003m(As/At)?,and
K in the deformation stress ‘6’4 has the dimension of J /(As)3.
The initial number density of SRD particles per cell is N = 30,
and this is used to avoid an unrealistic high thermal noise level.
The particle temperature in each degree of freedom is set to:
I, =T,=T,=0.2J, and the Boltzmann constant of kg = 1
is used in the simulations. The kinetic viscosity in our SRD
simulation is given by??

TAt 1 (As)?
VSRp= — |———————5— — 1| + . 4
SO om [(1—1/N)sin’ 12A1 @
Other LC material parameters, ¢,---,0 in SI units are

adopted from the experimental measurements of SCB at room
temperature 24 and their relative numerical values for use in
simulations are obtained by assuming Vsgp = 04/ (m/As?).
Periodic boundary conditions are implemented in the y and
z directions. No-slip boundaries for the LC-SRD particles
are used on the cell walls in the x direction. For the an-
choring condition, as shown in Fig. 1, stationary ghost parti-
cles are placed outside the simulation domain (in the non-slip
walls) to generate a slippery background (panel A) and planar-
anchoring patches (panel B). It is noted here, we assign the
planar-anchoring direction only along y in this study (except-
ing the calculations of extrapolation length, where a twisted
anchoring cell is used). The LC anchoring strength is repre-
sented by the interaction potential between the LC and ghost
particles and the distribution of their orientations. The interac-
tion strength is given by WyncnorJ. Thus, Wynenor 1S the ratio of
the interaction strengths between LC-ghost pairs, and LC-LC
pairs. The anchoring force generated by orderly aligned ghost
particles (panel B) is strong in a single direction. Its anchoring
strength is controlled only by changing Wyychor/. In panel A,

Fig. 2 (a) Performance curves for uniform planar anchoring sub-
strates for an anchoring strength of Wypchor = 1 X 1074 ~ 1 x
102. The substrate type used in this simulation involved parallel-
distributed ghost particles, as shown in panel B in Fig. 1. (b) Plot of
the peak transmittance, Inax, at + = 600A¢ as a function of the cell
thickness Ly. (c) Plot of the recovery time, Ty, against the anchoring
strength, Wynchor» in a cell with L, = 7. (d) The extrapolation length,
£, against the anchoring strength in a twisted anchoring cell of Ly = 7.

however, there is no preferential anchoring direction because
the randomly distributed ghost particle do not provide a poten-
tial minimum on the surface. Thus, the anchoring strength for
the azimuthal angle of the director field effectively vanishes
on panel A, regardless of the value of WyycnorJ-

This treatment mimics the microscopic nature of potential
interactions between particles. The substrate heterogeneity is
generated via using these two boundaries together on the same
surface, at different sites. Two types of heterogeneous sub-
strates will be studied, i.e., a slippery background with pla-
nar patches (Type I) and a planar background with slippery
patches (Type II). Most of our study focus on Type I, and we
use Type II for performance comparisons.

Additionally, we set the anisotropy of the dielectric constant
to € = 8g with & being the dielectric constant of vacuum.
With g, = 8¢y, the critical field strength for the Fréedericksz
transition is numerically given by E. = 27./J/€As3. Tt is
estimated in a uniform cell (panel B) with Wy cpor = 1 and
L, = 7. Here, the electric field is applied along the z-axis to
estimate E..

2.2 Experimental setups

In the following simulations, in-plane external fields are ap-
plied as follows. Initially, an external field, Eext, is applied
along the y-axis from ¢ = 0 to t = 200A¢ to align the LC di-
rector. From ¢t = 200Ar to 600A¢, the orientation of the exter-
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nal field is changed to be along the (0,1/+/2,1/+/2) direction,
whose azimuthal angle referring to the y-axis is 6g = 7w /4.
Thus, for a crossed polarizer (along y on the top) / ana-
lyzer (along z on the bottom) pair, the highest transmittance
is obtained when the LCs align to Ee. The applied field
strength is |Eex;| = 20+/J /€oAs3. This field strength is slightly
weaker than the critical strength for the Fréedericksz transition
(E. = 27+/J/€yAs3), which is defined for 65 = 7/2. After
t = 600Az, the external field is then switched off.

The dynamics of the LC director is monitored with the tem-
poral changes of transmittance /. It is calculated with the nor-
malized energy flux of an incidence field as

4 L=l ' ,
I= L ng{) [cos O (n)sinO(n)]”. 5)

Here 0(n) is the in-plane angle of the director field that refers
to the y-axis at the n-th plane. It is obtained with the Eigen-

vector of @, which is spatially averaged in the n-th plane.
When the director field is aligned along the external field, i.e.,
0(n) = B, in the whole cell, transmittance / is near unity. Be-
cause the transmittance is expected to be largest at t = 600A¢,
we defined the peak transmittance to be Iya.x = I(t = 600Ar).
Additionally, we defined the recovery time after the field is
switched off, Togr, by solving I(Tog + 600At) = Ipaxe ™.

3 Anchoring behaviors on uniform anchoring
substrates

First, we consider the anchoring behaviors on uniform anchor-
ing substrates. For a conventional IPS cell, a uniform planar-
anchoring substrate is typically used to create on-off (bright-
dark) states under an external field. Therefore we use it as
a comparison reference. The physical parameters for the LC
properties and the cell geometries are kept the same as those
used in the later heterogeneous substrates studies. An LC
is sandwiched by two parallel plates, which consist of panel
B for the whole area. For the dynamic of LCs in uniform
planar-anchoring substrates, the anchoring strength, Wanchor,
is the decisive physical quantity that depends on both surface
treatment and the system temperature. The complex chemi-
cal/engineering process for production is not within the scope
of discussion here, but the surface anchoring strength is sim-
ply treated as a physical parameter. The simulation results for
different anchoring strengths are shown in Fig. 2.

In Fig. 2(a), the temporal change of the transmittance for
different values of the anchoring strength are plotted. The
transmittance increases under an external field along 6g =
m/4, and it decays to zero after the field is turned off if
Wanchor = 1 x 1072, As shown in Fig. 2(a), peak transmittance
Inmax decreases with increasing surface anchoring strength.
The anchoring strength also controlled the recovery time, Ty,

after the field removal. A stronger anchoring provides a faster
recovery. However we also noticed that if the anchoring
strength is minimal at Wyyepor = 1 x 1074, the LC directors
do not relax back to the original position, even after switching
off the external field for a long time.

In Fig. 2(b), we show the peak transmittance, In.x, as a
function of the anchoring strength, Wy,chor, for different cell
thicknesses. The peak transmittance increases with decreas-
ing Wanchor- When the anchoring strength decreases, the direc-
tor on the surface could deviate from the easy axis, which is
along the y-axis here. Then, the total transmittance increases
for smaller Wynchor- Because the elastic deformation of the
director field is suppressed in thinner cells, the peak transmit-
tance is decreases in the thinner cells.

In Fig. 2(c), we show the recovery time, Tof, as a function
of Wynchor- As the anchoring strength decreases, the recovery
time increases considerably. For most applications of LCDs, a
large peak transmittance and short recovery time are preferred;
thus, there is a trade-off relationship between them when we
change the anchoring strength on uniform surfaces. As de-
scribed above, the director field on the surfaces deviates from
the easy axis when Wynchor is small. This causes a weak re-
covering force after the field is removed and a resulting long
recovery time. When Wyehor < 1, in particular, the relaxation
process at the director on the substrates is more dominant than
the relaxation of the elastic deformation in the bulk. Here, we
confirmed that the recovery time is proportional to the square
of the cell thickness, i.e. Ty o< L)%, when Wynehor = 1 (not
shown here.) For example, we obtained Ty (L, = 5) = 19.8A¢,
Tor(Ly = 7) = 33.7A¢, and Tog(L, = 11) = 69.4Azr. The in-
crease in the transmittance in the thick cell is due to the elas-
tic deformation in the bulk, not the surface director, when
Wanchor = 1.

In Fig. 2(d), we show the extrapolation length, ¢, as a func-
tion of the anchoring strength Wy,chor to compare our anchor-
ing strength with those in other systems. Our extrapolation
length is estimated in a twisted cell in which the uniform, but
crossed anchoring directions at the top (along z) and bottom
(along y) substrates are used. In a twisted cell, the director
field rotates along the x axis even without the external field.
The rotational rate is estimated from =+(7/2)/(L.As + 2¢),
from which the extrapolation length, /, is estimated for differ-
ent Wanchor- The elastic theory predicts £ «< K, /W, where K is
the elastic modulus for the twist mode, and W is the anchor-
ing strength. In our simulations, ¢ increased with decreasing
Wanchor; However, its dependence slightly deviates from the
theoretical argument. For Wynchor = 1, the extrapolation length
is similar to As; thus, the cell thickness of L, = 7 corresponds
to LyAs =~ 7K, /W in actual systems.
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Fig. 3 Distortion of the LC directors under an external field at (a) the
substrate surface and (b) in the cell mid-plane. The heterogeneous
substrates used have four evenly-distributed patches. The colorbars
indicate the angles of the LC directors on the yz plane, referring to
the y-axis. The angle profiles along certain lines are plotted at (c) the
substrate (c) and (d) mid-plane.

4 Anchoring behaviors on heterogeneous sub-
strates

4.1 General optical dynamics

Next we consider the anchoring behaviors on heterogeneous
substrates composed of panel A and B. We define the surface
fraction value as Apach = Spatch/ (Sslip + Spatch)» Where Spaich
and Sgjip are the area sizes of the patched and slippery sites,
respectively. We assign the circular patches to have planar an-
choring along the y-axis, and the slippery background allows
the LC directors to rotate freely on the surface (Type I). The
interaction strength between the LC particles and the ghost
particles is set to Wypchor = 1.

The LC director distortions in the heterogeneous LCD cell,
under the same external electric field of 6g = 7/4, is demon-
strated in Fig. 3. The maps of the in-plane director angle are
shown in the upper panels on the substrate surface in Fig. 3(a)
and in the cell mid-plane in Fig. 3(b). The results shown are
for a substrate pair with 2 x 2 planar patches, on which the
patch radii are set to r = 2As, and they are evenly distributed.
The angle profiles along y/As = 21,26,29 lines are shown in
Figs. 3(c) and (d), respectively. On the surface plane, the LC
directors align toward the external field in-between the planar
patches, for which the LC angles of 6 = /4 are shown in yel-
low. However, the LC directors align toward the y-axis so their
angles, O — 0, are due to the strong anchoring from the planar
patches. As shown in Figs. 3(b) and (d), this anchoring ef-
fect is less pronounced in the cell mid-plane. Compared to the

Yy~ t=1200At

t = 2400At

0
0 /4

Fig. 4 3D director evolution in a heterogeneous LCD cell, with
Apatch = 3.48% for four patches. An external 6 = 7/4 electric field,
referring to y-axis, is applied from ¢ = 200A¢ to 600Az.

substrate surface, the LC distortions in the cell mid-plane near
the patch sites are thus more influenced by the external field;
thus, so the angle increases to 6 ~ 0.4 (as shown in Fig. 3(d).)

Although the LC distortion shows a cell-height dependence,
the different temporal evolutions of the LC distortion at dif-
ferent yz positions result in a non-uniform transmittance dis-
tribution. In Fig. 4, 3D temporal structures of LC distortion
are shown: near the beginning of external field application
(t = 220Ar), right before the field switching-off (r = 600A?),
in the middle of recovery (¢t = 1200A¢), and when the direc-
tors finally returned to the initial equilibrium (# = 2400A¢). As
shown if a point in the cell is away from the planar patches,
the LC distortions are more determined by the external field,
rather than controlled by the patch anchoring. The LC distor-
tions at those points clearly show distinct dynamics from those
LC molecules that were directly sandwiched between the pla-
nar patches.

e patch center

e patchedge

e slippery center
area averaged |]

| £on E off

0.8

0.6

0.4,

0.2

0
0 1000 4000

2000
t/to

3000

Fig. 5 Performance curves for the heterogeneous substrates, with
Apatch = 3.48%. The solid green line shows the area-averaged profile,
whereas the blue, red, and black dotted lines show the results from
the patch center, patch edge, and the slippery center.
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Fig. 6 Performance curves a function of the area fraction of 1 central in (a) and four planar-anchoring patches in (b). The 6 = /4 field is
switched on at t = 200A¢ and then switched off at t = 600Az. For the these results, the area fractions are the same for both substrates, but the

distributions of the planar-anchoring patches are different.

4.2 Spatial dependent dynamics

A direct optical observable of the heterogeneous LCD cell is
the transmittance of the light incidence, for which its inho-
mogeneity can be observed under a microscope. The simu-
lated transmittance inhomogeneity is shown in Fig. 5, where
the transmittance evolution curves are plotted for the patch
center, patch edge, and the slippery center. The area-averaged
transmittance is also shown there. This area-averaged curve is
typicaly considered as the transmittance observed by the hu-
man eye, although the transmittance is indeed very spatially
dependent at different locations in the cell. Here, the spatial
dependence of the transmittance curves are expected to also
have material and temperature dependencies. This is because
the LC phase transition speeds, i.e., the speed of LC nematic
phase propagating toward isotropic phase, either along or per-
pendicular to the LC director, are actually different>>.

As previously mentioned, a high transmittance under an ex-
ternal field and fast recovery back to equilibrium are preferred
for industrial applications, and several factors can change the
LCD performance curves. We thus study the performance
curves under different patch configurations as discussed be-
low.

4.3 Patch distribution effect

Patch distribution on the substrate involves difficulties during
the cell preparation process, and as observed previously, the
distribution configurations will also determine the spatially-
dependent dynamics. We study here the performance curves
for different heterogeneous configurations while maintaining
the area fraction also as a controlling factor. The simulation
results of one central patch and four evenly-distributed patches
are shown in Figs. 6(a) and (b), respectively.

We found that by increasing the planar patch coverage
(higher area fractions), the transmittance is highly decreased.
This effect is due to the anchoring from the planar patches.
However, we also noticed that the transmittance reduction is
much more severe for the four patches (Fig. 6(b)) compared to
the case of only one patch (Fig. 6(a)). This indicates that the
more evenly distributed patches could provide a stronger an-
choring effect. In addition to the smaller transmittance when
increasing the patch area fraction, the recovery time required
for returning the initial equilibrium is also shorter. These re-
sults suggest that the anchoring strength can be adjusted by
merely changing the heterogeneous substrate configurations.
The possibility of replacing a conventional chemical prepara-
tion for substrate anchoring will be discussed in Sec. 4.6.

Another essential issue to resolve when designing hetero-
geneous substrates involves the choice of patch type, i.e., does
the configuration of a planar patch on a slippery substrate
(Type I) perform better? Or should it be vice versa, i.e., slip-
pery patch on a planar substrate (Type II), to achieve a higher
performance? Despite the difficulties, when producing differ-
ent substrate types, we numerically study their performances
by switching the surface characteristics.

4.4 Comparison between patch types

Our performance comparison between these two types is
shown in Fig. 7 in which the performance indices (the peak
transmittance and recovery time) are plotted as a function
of the area fractions. The left panels (Figs. 7(a) and (c))
show the results for the Type I substrates, and the right pan-
els (Figs. 7(b) and (d)) show the results for the Type II sub-
strates. The performances of the different patch distributions
(single, 4, 9, 25, and homogeneous patches) are plotted. The
homogeneous patch distribution indicates a large number of
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Fig. 7 Comparison of the peak transmittance, Inmax, in (a) and (b) and
the recovery time, T, in (c) and (d) as a function of the area fraction
between the Type I (planar patch) in the left panels and the Type II
(slippery patch) in the right panels.

infinitesimal patches randomly attached to the substrate.

First, we focus on the Type I substrate. We observed that
regardless of the patch distributions, the peak transmittance,
Inax, and recovery time, Tof, reduce when the patch area frac-
tion is increased. This tendency is simply due to the higher
anchoring strength as discussed previously. In addition, we
also quickly determined the same reduction in the peak trans-
mittance/recovery time occurs when the number of patches
increases. This clearly suggests that effective anchoring be-
comes stronger, when finer and a larger number of patches
are used. Additionally, this peak transmittance/recovery time
reduction effect reaches an asymptotic value when the finer
patches are used. Not shown in this figure, we also simulated
the dynamics of 49 and 100 patches for the Type I substrate,
and their performance indices fall in the narrow gaps between
the results of the 25 patches and the homogeneous patch. Be-
cause a higher transmittance with fast recovery are favored for
LCD applications, this numerical result indicates a better de-
sign when using planar patches, is to use a more distributed
configuration with lower patch area fraction.

By switching to the slippery patches on the planar-
anchoring surface, we also study the performances of the Type
IT substrates. The simulation results are shown in the right
panels of Fig. 7. In contrast to the Type I substrate, the in-
crease in the patch area fraction increases the peak transmit-
tance/recovery time, although using finer and more patches
still reduce these two indices as with the Type I substrate.
Therefore, we conclude that when using the Type II substrate,
the more distributed configuration is still desirable for its fast
recovery; however a higher area fraction of slippery patches

@ Ly =5 (Eext = 20) "

e Ly =7 (Eexe = 20) re -."' 1

® L, =11 (Eey = 20 4

0Ly =5Eext=5)
8Ly =5 (Eexe = 80) ,j.'o

L, =5 (panel B)
L, = 7 (panel B)
Ly = 11 (panel B)

0.6 0.8 1
Imax

Fig. 8 Master curves in the peak transmittance/recovery time phase
space are found for different cell thickness.

should be prepared.

One interesting effect is revealed in the comparison, i.e.,
the performance indices for the Type I and Type II are almost
complementary to each other. For example, the the peak trans-
mittance/recovery time for Type I with Apaeny = 74.76% cor-
respond almost perfectly to that for Type II with Apacnn =
26.91%. The results for other area fractions show similar ten-
dency, if this condition is satisfied:

Apatch,l T Apatch,11 & 100% (6)

According to these complementary results, the more evenly
distributed patches (higher patch number) is equivalent to a
more fractalized substrate background. This is the reason why
the more fragmented planar-patch shares the same effect with
the more fragmented slippery-patch.

4.5 Depth dependent master curves

From a practical viewpoint, it is important to determine the
most decisive variables that can help easily determine the LCD
designs. The performance indices, the peak transmittance and
recovery time, are chosen as phase space axes, and we plot
the simulation results as a function of them. We also show
the Imax-Tofr curves for the uniform planar anchorings using
broken lines, which are obtained in Sec. 3. For uniform pla-
nar cell the results are generated by changing the anchoring
strength Wypehor- Surprisingly, a monotonic curve is found in
the chosen phase space. This result is shown in Fig. 8 and the
determined curve is called the master curve.

It is noted here, this master curve includes all the simulation
results of different patch distributions, patch area fractions and
even the results for uniform planar-anchoring substrates. Re-
gardless of the different influences from those variables, the
simulation results all fall on the same curve. Because the ex-
ternal field strength is also a factor that can change the optical
performance, stronger/weaker external fields are also tested to
check if the results would deviate from this master curve.
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Fig. 9 Effective anchoring strength, Weg, as a function of the patch
radius, r, where the area fractions of the planar patch are fixed for
certain values.

Surprisingly, even with different external field strengths,
the results fall on the same master curve. This indicates
that a higher transmittance always corresponds to slower re-
covery. And vice versa, a lower transmittance always ac-
companies a faster recovery (as shown in Fig. 8 for smaller
Esmall = f?ext /4 and larger E"large = 4Eext) compared to the stan-
dard E.y used elsewhere in this study. The master curves are
clearly more pronounced, however, only in the higher trans-
mittance/recovery region, whereas the system intrinsic ther-
mal noise influences the measurements and exhibits strong
fluctuations in lower transmittance/recovery region, as shown
in the semi-log presentation.

The substrate anchoring strength and cell height are deci-
sive for the Fréedericksz transition; therefore, the cell depth
may influence the LCD performance and generate a different
master curve. To verify if this master curve depends on the
cell height, different heights are also considered to determine
if there are also other master curves. This speculation is ver-
ified when their performance indices are plotted on the same
figure. As shown in Fig. 8, thicker (L, = 11) and thinner cells
(Ly = 5) generate different master curves shifted to different
sides, comparing to the standard cell (L, = 7).

One thing to notice here is that, the thicker cell (L, = 11)
has a higher transmittance than the thinner cell (L, = 5). This
is because a higher peak transmittance means that the LC di-
rectors are more aligned toward the external field, which is
true for the thicker cell because its large cell depth produces
less alignment force to LC in the cell mid-plane. Assuming
the light is not absorbed too much when passing through the
LCD cell, the better field alignment is the reason why a thicker
cell (Ly = 11) obtains a higher peak transmittance, and the less
field-aligned thinner cell has a lower transmittance.

4.6 Tunable anchoring strength

The transmittance dynamics have been already determined for
a constant cell height. We can immediately question if this
conclusion also applies to a homogeneous planar substrate.
This extrapolation of physical interpretation is positively con-

firmed by our simulations. In Fig. 9, the performance analogy
between a heterogeneous cell and homogeneous planar cell is
demonstrated.

The effective anchoring, Wy, is calculated as follows. Sim-
ulations of the uniform planar substrates are performed for a
wide range of anchoring strengths (see Fig. 2). When a pair
of peak transmittance/recovery time indices corresponds well
to the results of a heterogeneous cell, the effective anchoring
strength is thus determined. This effective anchoring can be
used to be pursued by complex chemical/manufacturing pro-
cesses; however, the desired anchoring strength does not fall
in the practical temperature range most of the time. Our simu-
lations imply that the effective anchoring strength in the limit
of a small patch size, r, is determined by the patch area frac-
tion simply as

lim Wegr = WanchorApatch~ @)
r—0

Additionally the simulations suggest that conventional pro-
cesses can be replaced by using heterogeneous substrates,
which could be controlled in a much easier and precise man-
ner.

5 Conclusions

We studied a new type of in-plane-switching liquid crystal
cell that uses a heterogeneous substrate configuration. A new
particle-based nematohydrodynamics model is also developed
for reconstructing this special combination of surface charac-
teristics. The heterogeneous substrates demonstrate control-
lable surface anchoring strength that can be easily adjusted by
arranging the surface compositions. The two important per-
formance indices, the peak transmittance and recovery time,
can be considerably improved because of the reduction of the
LC azimuthal anchoring at the surface. On the other hand,
depth-dependent master curves are found and they represent
the characteristic optical performance of each IPS-LCD cells.
This finding indicated the need for using different cell heights
to achieve a certain performance point that is not located on
this particular master curve.

In this study, we showed our results in dimensionless units.
However, it is straightforward to relate our simulation sys-
tem to experimental systems. For example, we considered
a nematic liquid crystal, which has an elastic modulus of
K = 10pN, a rotational viscosity of A; = 10~2Pa-sec, and a
dielectric anisotropy of €, = 8 that is confined in a cell of d =
3.5 um. Its threshold external field for the Fréedericksz tran-
sition is estimated to be E. = m\/K/€,&9/d = 3.5 x 10°V/m
and the relaxation time is Toff = A1d?/7°K = 1.2msec. On
the other hand, our numerical system of L, = 7 produced
Tott = 33.7At and E. = 27+/J/€yAs? in our simulation units.
Then, we could relate the unit length and time to As = 0.5 um
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and Ar = 37 usec, respectively. The numerical in-plane field
strength of Eex = 201/J/€0As? is estimated as Eex = 2.5 X
10°V/m, and a substrate showing Wy = 0.1 corresponds to
an actual anchoring strength of 0.1K /As =2 x 1076J /m?.

Regarding the advantages of using heterogeneous substrates
in IPS cells, the conventional chemical treatment process is
complicated, and often, very different surface materials are
required to achieve a slight anchoring strength change. How-
ever, by using heterogeneous cells, one can simply modify the
surface area or the patch distribution structures, and the effec-
tive anchoring strength can be adjusted to specific demands.
This approach opens the door to generating high-performance
LCD cells for future applications.
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Cell-depth dependent master curves are found in the transmittance/recovery phase space, for a IPS-
LCD configuration using heterogeneous substrates.



