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Abstract

Switching of pixels in surface-stabilized ferroelectric liquid crystal cells is studied.
We have performed numerical calculations in two spatial dimensions on an adaptive grid
to determine solutions for the scalar fields of the director twist angle and the electric
potential. In the bulk we employ the full Frank-Oseen energy (i.e. no one-constant
approximation) with the addition of electric terms represented by a uniaxial dielectric
tensor and the spontaneous polarization. On the surface the director is anchored by a
Rapini-Papoular potential. An idealized bookshelf-configuration with fixed tilt angle of
the director is assumed. During both switching on and off disclination pairs are created
on the surface. These disclinations form the ends of Bloch walls which bound the pixel.
In the range of medium voltages after switching on an internal wall remains within the
pixel which leads to an inhomogeneous director field and complicates switching off.

1 Introduction

Surface-stabilized ferroelectric liquid crystal (SSFLC) cells [1] allow fast switching by short
pulses of an external voltage. In displays disclinations and domain walls are created during
the switching process in between the pixels. In (2] we had discussed the motion of defects
in SSFLC cells and had found that 360° walls are formed within the pixel. These internal
walls affect the electro-optical properties of the display.

Here we are studying the processes of switching a pixel on and off in more detail and
discussing the respective relaxation behaviour.

In our calculations we go beyond the one-constant approximation for the elastic energy
and employ a uniaxial dielectric tensor. The electric potential U is calculated as well as the
twist angle field ¢, by simultaneous integration of the two governing differential equations
on an adaptive grid.

2 Theory

We consider a SSFLC cell with a geometry as in Fig. 1. A smectic C* liquid crystal is
filled in between two parallel cover glasses at Cartesian coordinates z = 0 and z = d. The
smectic layers run parallel to the z-y-plane {bookshelf-configuration). The tilt angle 8 is
taken to be constant, leaving a rotational motion on the tilt cone only. Thus the director
71 is completely described by the twist angle ¢. We restrict ourselves to a two-dimensional
geometry, ie. all functions depend only on the z- and z-coordinates and are constant
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along the y-direction. There are two unknown quantities: the twist angle ¢{z, z,t) and the
electric potential U(z, z, t).

Surface / ;
X P,
9 n
I—» z
y ¢ v
\ P
smectic
Layers /

Figure 1: Geometry of the SSFLC-cell.

2.1 Material functions

To obtain the differential equations for these quantities, we make use of phenomenological
material functions. The free energy density F consists of an elastic part in the form of
the Frank-Oseen energy [4] and an electric part, which describes the interaction of the
molecules with an electric field via induced and spontaneous polarizations [5}:

FB = %k“(divﬁ)? + %Im(ﬁ - curli - go)?

1 1
+ §k33(ﬁ x curlit)? + §k24div(ﬁdivfi — 171 % curlf)

- %60 gradU - ¢ - gradU + gradU - P, (1)

where 7i denotes the director, U the electric potential and ¢ the dielectric tensor; k1, ka2,
k33 and kg4 are the elastic constants of the liquid crystal; ¢¢ is the intrinsic twist due to a
chiral dopant. The dielectric anisotropy is expressed by the uniaxial tensor ¢ {7]:

€= %trace(g);i- (e — €)@ — %;), (2)
with the eigenvector i belonging to the eigenvaluc ¢ and the degenerate eigenvalues €
belonging to all eigenvectors perpendicular to 7i. Because of the missing inversion symmetry
of the smectic C* phase, the spontaneous polarization P stands perpendicular to the
director 77 and is situated within the smectic layers [6]. We fulfill the geometrical constraints
on 7 and P by expressing both vectors in spherical coordinates:

sinf cos ¢ . sin ¢
i=] sinfsing |, P=py| —cos¢ |, (3)
cosf 0

For the surface free energy we apply the Rapini-Papoular potential [8]:

5 = seasin(p - &), (4)

The quantitity c, measures the anchoring strength, while ¢, determines the preferred
director orientation on the surface. In the SSFLC cell ¢, = 90°.
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The total free energy per unit length of the cell in y-direction is given by
d rb b
F = // FBdrdz + / Fidz. (5)
0J/o 0

2.2 Differential equations

By variation of the total free energy (5) nonlinear coupled partial differential equations are
obtained for the twist angle ¢ and the electric potential U in the bulk and on the surface.
In order to study switching processes we add a phenomenological viscous term. Inertial
terms for the twist angle ¢ as well as time derivatives for the electric potential U may be
neglected. The kg4-term is discarded. Thus we obtain the following dynamic equations:
bulk:

( 71 sin 0 +sm 8C0:0x + } sin 9& (0ip) Ok %co%'-‘:‘;“(a.-U)ak - %%6{ ) ( ¢ ) (0>
= (6)

Seo %ik (O,17)04 — 2530, cocsxdidi + beo Lk )0 ) \U 0
surface:
L, 0 1 .
asin” -5 + cysin 2(¢ - ¢,) = (sin” 8 CriOip — Q) =0 (7)

The negative sign applies for the lower cover glass (z = 0}, the positive sign for the upper
one (z = d). 7 and a are the viscosities for rotational motion on the tilt cone in the bulk
and on the surface, respectively. For the electric potential U we assume Dirichlet boundary
conditions on the cover glasses. Along the z-direction we apply periodic boundaries. The
first equation of the dynamic system (6) is parabolic, the second one is elliptic. The
following abbreviations have been used:

0
Q(‘P) = gg ( qokz2 sin 8 ) N

0
Ci#)= dlag(kn,kn,ksa)ze;’, e(d) = dlag(u,u,fu)
sing —cos¢ O 0 0
£¢ =1{ cos¢ sm ¢ 0 O cos§ —sinf |.
0 1 sinf  cosé

2.3 Numerical procedure (cf. [2])

We spatially discretize the differential equations on an adaptive grid by the finite difference
method. For the time integration of the twist angle ¢ we use an explicit Euler method
[10]. The static equation for the electric potential U is solved numerically by a multi-grid
method [9] following each time step. The grid hierarchy is constructed adaptively at each
time step before the integration is performed.

3 Numerical results and discussion

3.1 Visualization of the results

In the figures the twist angle is represented by the c-director, which is placed in the paper
plane (the z-z-plane), although it actually lies in the z-y-plane. It is drawn only for the
two grids lowest in the grid hierarchy. The cover glasses are on the top and bottom. The
greyshaded background represents the twist angle. Halftoning limits the number of shades
to about eighteen. Light grey corresponds to ¢ = 90° (¢-director points up}, dark grey to
¢ = —90° (&-director down). Regions with polarization UP or DOWN therefore are shaded
in light or dark grey, whereas walls between them are shaded in medium grey tones.
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3.2 Switching of pixels

For a pixel we assuine a simple model of electrodes and boundary conditions on the surfaces
at x = 0 and z = d. The central thirds of these surfaces are the electrodes of the pixel
examined, where the electric potential is set to £10 V, respectively to switch the pixel on,
and to F10 V to switch it off. The left and right thirds are electrodes of the neighbouring
pixels. These are constantly sct to zero potential. There is a small region between the
electrodes, where the potential is interpolated lincarly. It has to be kept in mind that the
pixels examined have a much smaller width than a pixel of a typical LCD (about 17um
and 33pm vs. 200um ...300um).

3.2.1 Switching a pixel on

The electric field is strongest where on cach of the surfaces the voltage rises from zero
of the neighbouring pixels to the full voltage of the central pixel. Disclinations are heing
formed there in pairs of opposite sign. Those with positive sign move towards the center
of the switching electrode, those with negative sign remain at their positions (Fig. 2).

(COMNCO)
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Figure 2: Switching a pixel on. An external voltage of 10 V is applied to the central thirds
of the electrodes. The left and right thirds are set to zero potential. The circled + and —
symbols exemplarily denote +%- and —%-disclinations, respectively.

The sense of the director rotation is initially governed by the induced polarization [2],



Downloaded by [University of California, San Diego] at 11:58 21 August 2012

SWITCHING OF PIXELS IN SSFLC CELLS {1061}/73

subsequently by the spontaneous polarization. Repulsive elastic forces act between the
positive surface disclinations. As a consequence these approach each other only up to a
minimum distance, depending on the applied external voltage. Under further compression
by a sufficiently strong electric field it is to be expected that the 360°-walls dissolve by
means of an intermediary transition of their core into a smectic A phase, which allows the
twist angle to relax by leaving the tilt cone. The +1/2-surface disclination pairs then are
able to coalesce into +1-disclinations, one on each surface. Both then leave their surface
and move towards the center of the bulk, where they deflect one another laterally. Each
now forms together with the —1/2-surface disclinations above and below a twin Bloch wall,
which bounds the pixel (this model for a domain wall has been proposed by Ouchi et al.
[11]).

As our theoretical model does not account for phase transitions, we currently are not
able to pursue such a scenario, though a crude approximation may be achieved by limiting
the numerical algorithm to grids which just cannot resolve the 360°-walls. This is discussed
below in section 3.4.

The iil,-disclinations do not meet exactly in the center of the electrodes because the
uniform switching process in the center of the cell acts asymetrically on the two disclina-
tions.
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Figure 3: Switching the pixel off again. The external voltage is reversed. The simulation
started with the last configuration shown in Fig. 2.
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3.2.2 Switching a pixel off.

To switch the pixel off, a reversed voltage is applied to the central electrodes {cf. Fig. 3).

As in the process of switching on pairs of surface disclinations are generated. Again
those of positive sign move towards the center of the surfaces. Compared to switching
on the phase of the disclinations is changed by 180°. The new walls expand, while the
old ones contract, until they meet and form 360°-walls. Then the switching off process is
completed.

3.3 Relaxation

To check the bistability of a pixel and to study the dynamics of defects without the influence
of an external field, we relaxed the sample after each switching process (on or off). Thereby
we were motivated by observations of Pindak et al. (3] where 360°-walls disappeared either
by retracting to the edge, if the wall ends in a point defect, or by the collapse of closed
loops.

c-Director
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e LRt o S N 3 et R L
e +esrrnk Yok kAt Rt ot SE L N LSS
- Dtk e oL S 8 oA LR S oL N L e =
k4 a4t 4+t tenk L e s EER e S SR N L
Ll S LEC S SRS S N R R ot b b o S0 L 4 L
AN L ot S & kv L 2 28 oL SE AL S LA St
L Lok SE RS LS LR LB e
kvdee ‘e an L EaE SRS S LN e
L s e S L EEL SR e L A
LR T s T e R e o L
L e s L L e e S L
AR SE RS R S A s D e R e L e

- - LoE S S S SR -t R e e LRSS e
1.00e-03s [3] 8.00e-04s [10] 3.00e-03s

Electric potential and electric field

— 025V

— 025V

1] 1.00e-03s [3] 3.00e-03s

Figure 4: Relaxation of the switched pixel at zero voltage. The simulation started with
the last configuration shown in Fig. 2.
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3.3.1 Relaxation after switching on

As seen in Fig. 2 the 360°-walls branch into standard 180°-walls at the pixel boundary.
The walls divide the pixel into three regions: a large region connecting the glass plates
and two symmetrical small regions in the upper right and lower left. The large region is
attached to both surfaces, whereas the small regions touch only one of them. In the course
of the relaxation they retreat to this surface by collapse of the 180°-walls bounding them.
{cf. Fig. 4).

The boundary of the large region is being smeared out during relaxation. Initially
these effects cause an internal electric field due to the sponatencus polarization. As shown
in Fig. 4 this field lies almost parallel to the glass plates and turns the c-director into
an upright position. As the relaxation proceeds, the electric fields weakens and it is to
be expected that the surface stabilization reorients the c-director in the center of the cell
to the switched position ¢ = —90°. Because the small regiong vanish, the boundary of
the large region is strongly curved. However, as the surface stbilization is only effective
between opposite sections of the surface with equal orientation, the boundaries of the pizel
appear fuzzy.

c-Director
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Figure 5: Relaxation at zero voltage after switching off. The simulation started with the
last configuration shown in Fig. 3.
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3.3.2 Relaxation after switching off

After switching the pixel off the walls form loops completed by sections of the surfaces
and thus may collapse (cf. Fig. 5). Again, in the beginning of the relaxation process an
internal electric field is generated almost parallel to the glass plates which tries to orient
the c-director into an upright position. Because of the preceding process of switching off,
though, the c-director on the surface points almost everywhere into the off-position. Upon
weakening of the electric field, this position is stabilized in the bulk.

3.4 Pixel without internal walls

In this calculation the finest possible grid could not resolve the 360°-walls, thereby crudely
simulating their vanishing due to a hypothetical phase transition to smectic A. The re-
maining Bloch walls meet in a +1 bulk disclination and form twin Bloch walls. As a
consequence the process of switching off is greatly simplified, being the dircct reversal of
the process of switching on (cf. Fig. 6).

Pixel without internal walls
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Figure 6: Pixel without internal walls (in this calculation due to numerical reasons as a
crude simulation of a hypothetical phase transition). Switching off is greatly simplified,
being the reversal of switching on.
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4 Conclusion

The generation of internal 360°-walls has adverse effects on the electro-optical switching
properties of SSFLC-displays. Their dissolution during switching to get twin Bloch walls
would be desirable.
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