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Optical simulation of in-plane-switching blue phase liquid crystal
display using the finite-difference time-domain method*
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The finite-difference time-domain method is used to simulate the optical characteristics of an in-plane switching blue
phase liquid crystal display. Compared with the matrix optic methods and the refractive method, the finite-difference time-
domain method, which is used to directly solve Maxwell’s equations, can consider the lateral variation of the refractive
index and obtain an accurate convergence effect. The simulation results show that e-rays and o-rays bend in different
directions when the in-plane switching blue phase liquid crystal display is driven by the operating voltage. The finite-
difference time-domain method should be used when the distribution of the liquid crystal in the liquid crystal display has a

large lateral change.
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1. Introduction

In recent years, blue phase liquid crystal displays!!'~!

(BPLCD) have become increasingly attractive because of their
features, such as: no need for a surface alignment layer, sub-
millisecond response time, and isotropic dark state for wide
viewing angle. The optical simulation of a liquid crystal dis-
play (LCD) is usually based on matrix-type solvers. The ear-
liest solver is the simple Jones 2 x 2 method, ! this method
is only used to calculate the optical properties of normal in-
cident light. The Berreman 4 x 4 method was proposed to
simulate the optical properties of oblique incident light, and
it is still a priceless tool to predict the optical properties of
liquid crystals.[®! The extended Jones 2 x 2 method was also
proposed to simulate the oblique incident through sampling
the Berreman method.!®! In these matrix-type methods, the di-
electric tensor of the liquid crystal is assumed to change only
along the normal direction of the liquid crystal layer. The lig-
uid crystal layer is first divided into many layers, and then each
layer is assumed to be represented by a uniform dielectric ten-
sor. These methods are only used for simple liquid crystal dis-
plays (LCDs) without non-uniform distribution of liquid crys-
tal in the horizontal direction. The LCD modes that are used
in a large screen LCDs are multi-domain vertical alignment
(MVA) and in-plane-switching (IPS). The optical profiles sim-
ulated by the extended Jones or Berreman method match to
the experimental results, even if the distribution of the liquid
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crystal is complex in the horizontal direction, but it cannot
simulate complex optical phenomenon, such as the conver-
gence effect.[’) In a BPLCD, in-plane electrodes are usually
needed to obtain the birefringence in the horizontal direction.
The distribution of the refractive index is complex, 8] which
needs an accurate method to simulate the optical characteris-
tics. The finite-difference time-domain (FDTD) method di-
rectly solves Maxwell’s equations and the effect of both the
transverse field and the longitudinal field could be taken into
account.®! Therefore, this method can be used to calculate the
complex optical profile of the multi-dimensional inhomogene-
ity of a liquid crystal system. The simulation results com-
pared with those of the matrix-type methods and experiments
demonstrate that the FDTD method can give more accurate
results. 10171

In BPLCD, the BPLC turns into anisotropic from
isotropic when an electric field E is applied, and tends to a
saturation state. This transition could be described by the ex-
tended Kerr formula, and the varied electric field leads to the
different birefringence. In IPS-BPLCD, whih is the distribu-
tion of refraction index for extraordinary and ordinary light, is
non-uniform because of the non-uniform electric field strength
induced by the in-plane electrodes. To address the effect of re-
fraction, a refraction model has been proposed to analyze the
ray tracing of TE and TM polarizations, '® which is based
on the refraction law and is similar to the light-path tracing
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method. Its accuracy depends on the lattice space’s shape. In
this paper, we calculate the optical properties of IPS-BPCD
using the FDTD method.

2. Model and FDTD method

In our simulation, the IPS electrodes’ width and gap are
set as 5 pm, the wavelength of light is A = 633 nm, the grid
of the simulation space is called a Yee cell, 1 and the Yee cell
is set as Ax = Ay = Az = 20 nm, which is approximately equal
to 2/30. The time step is Az = 3.81 x 10~!7 5. The satu-
rated induced birefringence and the saturation electric field of
BPLC are Ang = 0.09 and E; = 2.2 V/um, respectively, the av-
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the liquid crystal are €/, = 112 and €, = 18. The simulation
space is chosen as 20 um x 0.1 um x 7.5 pum, correspond-
ing to the thicknesses of the x, y, and z directions of the liquid
crystal layer. This means that the thickness of the LC layer is
7.5 um and the period of the electrodes is 20 um. The com-
putational space is terminated along the z direction by impos-
ing a perfectly matched layer (PML).[' In x and y directions,
the periodic boundary conditions (PBC) are set to simplify the
computational process. Two polarizers’ transmissive axial di-
rections are oriented at +45° with respect to the IPS electrode,
respectively. A schematic of the structure of the liquid crystal
layer is shown in Fig. 1.
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Fig. 1. (color online) A schematic of the structure and coordinate system of IPS-BPLC.
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Fig. 2. Flowchart of the IPS-BPLCD model based on the FDTD method.

To calculate the optical characterization of IPS- PLCD,
the flowchart in Fig. 2 is used to model the IPS-BPLCD. First,
we compute the electric potential distribution @ by solving
the Poisson equation V(€” - V&) = 0, and then the electric
field’s distribution E in the BPLC layer. ‘¢ is the effective
dielectric tensor of the BPLC material under a low frequency
electric field, which is related to the electric field’s distribution
and strength. This step can be done with commercial software

(TechWiz LCD). To simulate with the FDTD method, we di-
vide the cell into Yee cells, as shown in the previous paragraph.
Second, with the electric field, we calculate the induced bire-

fringence distribution from the extended Kerr equation?"!

Anting = Ang (1 —exp [— (E/Es)zD, (1

where Ang and Ej stand for the saturated induced birefringence
and the saturation electric field, respectively. The refractive in-
dex’s distributions can then be obtained as
2 1
ne = ni + gAninda no = n; — gAninda (2
where n. is the local optic axis direction along the E vec-
tor, and n, is perpendicular to the E vector. The induced
birefringence and the effective dielectric tensor are dependent
on the electric field strength, so a few-cycle calculations are
required to obtain the stable condition before moving to the
next step. The FDTD method is a powerful approach to solve
Maxwell’s time-dependent curl equations, which govern the
propagation of light. For nonmagnetic anisotropic media, dis-
crete expressions of electric and magnetic fields in Maxwell’s
equations can be approximated using the central difference

scheme based on the Yee grid, as follows: 1
At
E'}’l:E'I’lfl_"_ié:fl.VXI_II’lfl/Z7 (3)
€0
HVhLl/Z:Enfl/Z_g.VXEn. (4)
Ho
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Here, n represents the time points, Af is the time step, and &
is the spatially varying relative permittivity tensor in uniaxial
LC medium and is written in the xyz coordinate system as

Exx Exy Ext
E= | &y &y &7 |, ®)
€x Ezy €z
with
€ = N2+ (’%2 — ng) cos® B cos” @,
€y = &x = (nZ —ny) cos® Osing cos ¢,
€ = &, = (ng —nj) cosOsinOcos g,
&y = n%+ (n2 —n2) cos® Bsin® ¢,
& = &y = (n2 —n?)cosBsinOsing,
€. = nl+ (n? —nl)sin® 0,

where n. and n, are obtained from the above step, 6 is the
tilt angle between the local optic axis direction and the surface
of the substrate (xy-plane), and ¢ is the azimuthal angle be-
tween the projection of the local optic axis on the xy plane and
the x axis. Once € is obtained at every Yee grid point within
the computation space, the sequence of light propagation in
the structure can proceed, which is ruled by the time updat-
ing algorithm from Maxwell’s equations. At last, the optical
characterization is obtained.

3. Simulation results

Voltage dependent transmittance curves of IPS-BPLCD
simulated by different methods are shown in Fig. 3. The black
line represents the Jones matrix method, the black square line
is for the FDTD method, the blue solid line represents the re-
fractive method, and the red solid line represents the experi-
mental results. The Ge’s model (Jones method) is lower than
the experimental results, the refractive method fits the exper-
imental results, and the FDTD method fits the experimental
result at the low voltage and is different from the experimental
results. To find the reasonable method, we calculate the trans-
mittance of different position for the cell with the maximum
transmittance, as shown in Fig. 4. From these figures, we can
see that the transmittance above the electrodes is very small
using the Jones and FDTD methods but is relatively higher
using the refractive method. The maximum transmittance in
Fig. 4(a) is 1.0 because there is no light convergence effect in
the Jones method, and is larger than 1.0 in Figs. 4(b) and 4(c).
By carefully investigating the transmittance above the elec-
trodes in the refractive method, a discontinuous change can
be seen, which means that this method has some approxima-
tion and so it may not give an accurate result. The continuous
change in the FDTD method means that it can give a reason-
able result. The difference between the simulation and the ex-
periment may come from the difference of the parameters in
the simulation and the real cell.

After light penetrates through the LC cell, the conver-
Set the PML at four positions
z=0um, z=1 pm, z=2 um, and z = 3.2 pum, where z is

gence effect can be seen.

distance from the top surface of the cell, and the thickness of
the glass and polarizer is ignored. The transmittance versus
x-position for the operating voltage is shown in Fig. 5. The
peak transmittance increases and moves to the center of the
electrode gaps. The convergence effect can be seen because
of the symmetric electric field distribution induced by the IPS
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Fig. 3. (color online) Voltage dependent transmittance curves of IPS-
BPLCD obtained by different simulation methods. The result of refractive
method and experimental results are from Ref. [18].
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Fig. 4. (color online) Transmittance for the cell driven by the operat-
ing voltage using (a) Jones method, (b) FDTD method, and (c) refractive
method. 18!
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Fig. 5. (color online) Transmittance vs x-position for z =0 um, z =1 pm,
z=2um,and z=3.2 pm.

The angle between the polarizer and the x axis is 45°.
Therefore, the polarization light could be considered as two
same strength linear polarized lights when the light passes
through BPLC layer because the electric field changes in the
xoz plane. The two linear polarization light’s directions are
along x and y axes, corresponding to the e-ray and o-ray. For
the o-ray, the refractive index of the BPLC layer is n,, which is
the ordinary refractive index of BPLC, it is noteworthy that 7,
is not a constant because it relates to the electric field strength.
For the e-ray, the effective refractive index of the BPLC layer
is

/ Nelg

n, = , (6)
\/ng + (n2 —n2) sin2(9)

where n. is the extraordinary refractive index induced by the
electric field, and O is the tilt angle of the electric field direc-
tion with respect to the x axis. The distribution of n/ and n,

can be calculated for the cell under the operating voltage for
the maximum transmittance, as shown in Fig. 6.
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Fig. 6. (color online) Distributions of effective refractive indexes of (a)

e-ray and (b) o-ray.

Considering the electrode structure and the Kerr effect of
BPLC, we find that the variation of the refractive index occurs

in the xoz plane. As shown in Fig. 6, the effective refractive in-
dexes for o-ray and e-ray vary with the position, the largest re-
fractive index of e-ray appears in the gap of the electrodes, and
the least refractive index of ordinary light appears at the edges
of the electrodes. The distribution shows that the change of
the effective refractive index of the e-ray mainly occurs along
the x-axis and that of the o-ray mainly occurs along the z-axis.
As shown in Fig. 7, short pulse e-rays and o-rays are used
to simulate their variations in the BPLC layer. The wave sur-
face of the light is distorted because the propagation velocity
of the e-ray is different from the variety of the effective refrac-
tive index. From Fig. 6(a), the effective refractive index of the
e-ray at the center of the electrodes is lager than that at the
edges of the electrodes, the BPLC layer above the electrodes’
gap behaves just like a convex lens, converging the e-ray to the
center of the electrode gaps. The red circles in Fig. 7(a) show
the convergence zones. This convergence effect allows some
light above the electrodes to bend to the electrodes’ gaps, as
shown in Fig. 4(b), which can improve the transmission. From
Fig. 7(b), the propagation velocities of the o-ray are almost the
same because the lateral variation of the effective refractive
index of the o-ray is very small, so little convergence effect
occurs, which is marked by the red circles in Fig. 7(b). The
convergence zone of the o-ray is contrary to that of the e-ray
but is negligible because the difference of the refractive index
for an e-ray and an o-ray above the electrodes is nearly zero.

Fig. 7. (color online) Wave surface and strength of short pulse (a) e-rays
and (b) o-rays penetrating through IPS-BPLCD and driven by the operat-
ing voltage.

A short pulse light is used to simulate the transmittance
when it is propagating in IPS-BPLCD driven by the operat-
ing voltage. The results at different times are shown in Fig. 8.
The under and upper milky white rectangles are the polarizer
and the analyzer, respectively. The plane wave light enters
the polarizer, the linear polarization light is generated with the
same wave surface and strength, as shown in Fig. 8(a). From
Fig. 6 it can be seen that the birefringence above the electrodes
is very small, so the wave surface above the electrodes does
not change, except at the edges of the electrodes. Between
the electrodes, the birefringence effect makes the wave surface
lower than that above the electrodes, and the wave surface is
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curved, as shown in Figs. 8(b) and 8(c). As the light arrives
at the analyzer, the light above the electrodes is absorbed and
reflected because the polarization direction of the light wave
is perpendicular to the axis of the analyzer. The light between
the electrodes is wholly transmitted without reflection because
the polarization direction of the light wave is parallel to the
axis of the analyzer, as shown in Fig. 8(d). After the light
transmits out of the LCD, the traveled light has little differ-
ence at different position because of the convergence effect,
so the convergence curves in Fig. 5 can be obtained.

(a) (b)

() (d)

Fig. 8. (color online) A short pulse light transmits through IPS-BPLCD
driven by the operating voltage. Panels (a)—(d) show the light wave at
different times.

4. Conclusion

The FDTD method has been used to simulate the optical
characteristics of [PS-BPLCD. Compared with the Jones ma-

trix method and the refractive method, the FDTD method has
the most rigorous theory. When light passes through the IPS-
BPLC cell, a convergence effect can be calculated. The simu-
lation result indicates that the convergence zones are reversed
for o-rays and e-rays, but the convergence effect of the o-rays
is infinitesimally small and can be ignored. The convergence
effect is mainly seen for e-rays in IPS-BPLCD, which leads a
part of the light to bend to the electrode gaps from the edges
of the electrodes and improves the transmittance of IPS-LCD.
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