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We have discovered an optically uniform type of domain that occurs in twisted nematic (TN) cells that are
constructed from substrates chemically patterned with stripes via microcontact printing of self-assembled mono-
layers; such domains do not occur in TN cells constructed from uniform substrates. In such a cell, the azimuthal
anchoring at the substrates is due to the elastic anisotropy of the liquid crystal rather than the conventional rubbing
mechanism. A model is presented that predicts the relative stability of the twisted and anomalous states as a

function of the material and design parameters.
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1. Introduction

One of the most commercially important liquid crystal
devices is the twisted nematic (TN) cell (), which
comprises a nematic liquid crystal film sandwiched
between two substrates that have been coated with a
rubbed polymer film to promote planar alignment
with orthogonal azimuthal easy axes. The local axis
of rotational symmetry of the alignment, known as the
director, must rotate azimuthally through the depth of
the cell in order to satisfy the boundary conditions at
both substrates. The total rotation may be either +7/2
or —m/2 radians; these two degenerate configurations
are referred to arbitrarily as twist and reverse-twist and
regions of the cell in each configuration are separated
by domain walls as they are topologically distinct. To
lift the degeneracy, a polymer that promotes an easy
axis at some small angle to the plane of the substrate is
used (2).

Micropatterned surfaces consist of micrometre-
scale regions that promote different easy axes. Away
from the distorted surface region, the liquid crystal
adopts a bulk orientation that depends on the pattern;
by appropriate patterning, it is possible to design a
surface to promote an arbitrary effective easy axis.
In this spirit, Lee and Clark experimentally showed
that a surface micropatterned with alternate planar
degenerate and homeotropic stripes will align the
liquid crystal azimuthally even though the planar
regions are azimuthally degenerate (3). One of the
present authors later showed analytically (4) that in
contrast to the usual mechanism, it is the elastic aniso-
tropy that determines the preferred alignment direc-
tion so as to minimise the elastic energy. If the twist

elastic constant K5, is less than the splay K;; and bend
K33 elastic constants, as is the case for most nematic
materials including the 4-cyano-4-n-hexylbiphenyl
(6CB) used in the present work, the azimuthal easy
axis lies along the length of the stripes. The polar easy
axis is determined by the relative width of the planar
and homeotropic stripes.

In the present work, we use a striped surface made
by microcontact printing of self-assembled mono-
layers (SAMs) of w-functionalised alkanethiols (5-7)
on gold to demonstrate that this elastic-anisotropy
mechanism is sufficiently strong to permit the con-
struction of a twisted nematic cell. Since the home-
otropic-planar mark-space ratio is one-to-one, the
cells have a high tilt angle (~45°) and exhibit a
novel uniform domain forbidden in a conventional
TN cell.

2. Experimental details

The micropatterned TN cell was constructed as fol-
lows in cleanroom conditions. Glass microscope slides
were used as substrates and were thoroughly cleaned
with ultrasonic agitation in detergent (Decon 90),
ultra pure water and acetone. The slides were rinsed
in water and immersed in piranha etch (70% sulphuric
acid, 30% hydrogen peroxide) for 20 minutes. The
slides were rinsed and dried in nitrogen before being
loaded into a thermal evaporator (Edwards Auto 306).
A 3 nm layer of Cr was evaporated first, to aid the
adhesion of a subsequent 30 nm layer of Au. The slides
were rotated during evaporation to ensure uniform
coverage and to avoid any anisotropy in the roughness
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of the gold surface which can lead to liquid crystal
alignment effects (§).

Polydimethylsiloxane (PDMS; Sylgard 184, Dow
Corning) was formed in a ratio of nine parts elastomer
to one part curing agent. The mixture was well stirred,
degassed under vacuum and poured into a mould
containing a Si wafer with 1 um etched stripes. Prior
to this, the wafer was immersed in a 1% solution of
perflurotriethoxysilane (Fluorochem Ltd.) in dichlor-
omethane for 12 hours. This silane monolayer ensures
that the cured PDMS can be removed from the etched
wafer without breaking (9). The PDMS was cured in
an oven at 60°C for 12 hours, carefully cut up into
stamps and finally rinsed in ethanol to remove any
short chain PDMS material (/0).

The PDMS stamps were inked on the printing sur-
face with a 7 mM solution in ethanol of perfluorinated
alkanethiol ((CF3) — (CF,),; — (CH,),, — SH), which
is known to promote homeotropic alignment in 6CB
(11). The inking solution was allowed to diffuse into the
PDMS for approximately 3 minutes and then the
printed surface was dried with nitrogen. The stamp
was then placed on a gold substrate for 3 minutes.
Good quality printing occurs when the stamp is in
conformal contact with the substrate (/2), which can
be observed during the printing process. The printed
surface was then immersed for 12 hours in a 3 mM
solution in ecthanol of mercapto-undecanoic acid
(COOH — —(CH;);; — —SH), which is known to
promote planar degenerate alignment in 6CB (/7).
The micropatterned surfaces were then rinsed in clean
ethanol and water and then dried.

Orientation of crossed polarisers
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A cell was constructed from two patterned sub-
strates and 23 um polyethylene terephthalate (PET)
spacers by first placing the liquid crystal 6CB (Merck)
on one surface, heating into the isotropic phase and
then placing the second patterned substrate on top
with the stripes orthogonal to the first substrate. The
cell was held together with clips to ensure a constant
cell gap. This procedure was adopted as liquid crystal
cells which contain perfluorinated alkanethiol SAMs
are difficult to fill with liquid crystal by capillary
action. The completed cell was then cooled to room
temperature.

When viewed between crossed polarisers under the
microscope, a number of domains become apparent in
Figure 1 which have different behaviours as the cell is
rotated with respect to the polarisers: the majority of
the cell, labelled region (i) in Figure 1, appears bright
and remains bright when the cell is rotated azimuthally
with the polarisers fixed; other regions, such as that
labelled (i1) in Figure 1, behave in a similar manner,
but are separated from the first by dark lines; the final
class of regions (iii) observed in Figure 1 appear dark
when the striped surfaces are aligned with the polari-
sers, but become bright when the cell is rotated with
the maximum intensity at 45°. The latter regions are
not separated from the former by a distinct line, rather
the intensity of transmitted light varies smoothly over
a distance of a few micrometres from that of the
surrounding region (which is of the first or second
type) to that of the enclosed region (of the third type).

The first and second regions are twist and reverse-
twist domains typical of a TN cell and so we refer to

(c) <} 90 .
-

(iii) Anomalous
UN domain
. |

L

P .~

Orientation of micropatterned stripes

Figure 1. Polarising microscope images of a TN cell constructed from two striped micropatterned substrates. The cell
thickness d = 20 um and the period of patterning A = 2 um. The polarisers are rotated with respect to the orientation of
the stripes by: (a) 0°; (b) 45°; (¢) 90°. Various regions are observed: (i) twisted domain; (ii) reverse-twisted domain; and (iii)

planar domain.
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them as high-tilt twisted-nematic (HTTN) states: the
director rotates azimuthally by 7/2 from the bottom
substrate to the top substrate. These configurations
act as polarisation converters and thus permit trans-
mission independent of azimuthal angle. The optical
behaviour of the uniform third region (denoted here-
after as the uniform nematic (UN) state) is identical to
that of a planar cell and so the director in this region
must be confined to a plane defined by the surface
normal and a vector that points in the direction of
one of the sets of stripes. In Figure 2, a possible direc-
tor profile is shown for the HTTN and UN configura-
tions and an experimentally observed transition
region. The UN domains are of particular interest
because they are not observed in a conventional TN
cell. No regions are observed that are dark irrespective
of orientation with respect to the polarisers (the beha-
viour of a homeotropic cell).

3. Model and discussion

We now construct a model for the observed behaviour
by evaluating the energy of the two observed config-
urations. Let us define a coordinate system local to the
surface where the x-axis lies along the wavevector of
the stripes, the y-axis lies along the length of the stripes
and the z-axis lies perpendicular to the substrate. The
director may be parameterised

n = (cos 6 cos ¢, cos sin ¢, sin 6), (1)

and the Frank—Oseen elastic energy density is

1 . 1 . .
Ja = §K11(V i) +§K22(n -V x )’
1
+§K33|fl x 'V x ﬁ‘z (2)

There is no contribution from the surface-like saddle
splay term with associated elastic constant K4 since
the distortions are confined to a single plane, and will
remain so as long as the cell gap is larger than the
period of the micropatterning. Within the approxima-
tion Kj; = K33 # K, (2) has, as was shown in (4), the
form

Jal) = 31 (82 + 62) o)

where k= [l — (1 — 7)sin® ¢] in which 7 = Ky /K};
and where the subscripts indicate derivates taken with
respect to these coordinates. Although the measured
ratios of the elastic constants for 6CB at room tempera-
ture, 7 = Ky /K11 ~ 0.5 and K33/Ky; =~ 1.2 (13), only
weakly justify the two-constant approximation it is the
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twist and not the bend anisotropy that is responsible for
the azimuthal anchoring effect. The Euler-Lagrange
equation for the configuration 6(x, z) is a scaled version
of Laplace’s equation,

KOy +0.. =0 4)
with the series solution
0(x,z) = O + 2 Z exp(—2nm\/kz/N)
n=1

X [pn sin(2nmx/\)+q, cos(2nmx/N)],  (5)

where the coefficients 6y, p, and ¢, are determined
from the boundary condition. By substituting (5)
into (3) and integrating, a general expression for the
elastic energy per unit area may be obtained

Falr) = 5 /0 ) /0 | /0 " () drdyd:

SO SR G
For a harmonic anchoring potential
Wa(0 — 0.)*/2, (7)
where
(OIS

in which « is the homeotropic-planar pattern mark-
space ratio, the natural boundary condition is

[ez + zLi& = ee)] =0, 9)

z=l

where Ly = K11 /(Wy)\) is a characteristic penetration
depth of the surface treatment. Since the planar
SAMs promote azimuthally degenerate anchoring,
there is no azimuthal anchoring term to be consid-
ered. Substituting (9) into (5) and exploiting the
orthogonality of the sin and cos functions, the
coefficients

g @ B sin®(nar)
0T P T ou(I ¥ 2nm L)
sin(2nam
qn = ( ) (10)

4n(1 + 2nmLg\/K)

are obtained. The bulk elastic energy per unit area
may be evaluated by substituting (10) into (6)
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Figure 2. Schematic of the director configuration across a transition region between the HTTN and UN configurations. The
micropatterning causes rapid variation of the director near the substrates (see insets), which enforces an average effective
orientation as a boundary condition on the bulk configuration (main figure).

o0

K11 sin(na7r)2
Fu(k) =—mVE .
(%) A ; 2n(1 + 2nwLg/k)

(11) Fsurf(”/) = TX/O /0 [6(x7 O) - ae(x)]dedy

' . . . Wy |na (- a i (1 4 4nmLg\/r) sin®(nar)
The surfgce gnchormg energy per u_nlt areais optalned 7 | 4 Z om(1 + 207l \/E)2 :
by substituting (5) evaluated at z = 0 and (8) into (7)

and integrating (12)
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It is now possible to estimate the respective ener-
gies of the HTTN state and the UN states using the
above expressions. In the UN state the director is
oriented at some constant azimuthal angle ¢ with
respect to the wavevector of the patterning on the
lower substrate; there is no bulk elastic deformation
and the energy is thus the energy of the distorted sur-
face regions. Since there are two perpendicularly pat-
terned substrates some care must be taken in
identifying ¢ with ¢, which was defined above with
reference to the pattern on one substrate. The total
energy of the UN state per unit area, Fyy, is

Fyn = Fel(/ﬂower) + Fsurf(ﬁlower) + Fel("fupper)
+ Fsurf(ﬁupper>7 (13)

where Kiower = [1 — (1 — 7) sin’ ] is associated with
the lower substrate and Kypper = [1 — (1 — 7) cos® /]
is associated with the upper substrate. This energy
has a minimum value when ¢ =0 or ¢ = 7/2, ie.
when the director is aligned along the length of one
or the other of the patterns, which is consistent with
the experimentally observed configuration above.

In the HTTN state, the azimuthal orientation is
fixed at the surfaces by the elastic anisotropy mechan-
ism such that the component of the director in the
plane of the substrate lies along the length of the
stripes, and the azimuthal orientation rotates by 7/2
through the cell thickness. Since the period of the
micropatterning A < d the cell thickness, in the
middle of the cell the director depends on the z-coor-
dinate only. The characteristic penetration length of
the distorted surface regions is of order A and so the
small azimuthal rotation of the director over this
length ought to leave the energy due to a distorted
surface region unchanged from the situation above
where ¢ is a constant ¢ = 7/2. The surface contribu-
tion to the HTTN state is therefore

FHTTN surface = 2Fel(T) + 2Fsurf(7—)~ (14)

It is also necessary to include the contribution from
the azimuthal rotation of the director in the bulk.
In contrast to the conventional TN cell, the polar
angle is not constant throughout the cell; the director
can reduce the magnitude of the twist deformation by
tilting towards homeotropic in the centre of the cell at
the expense of a slight splay or bend deformation. From
recent simulation of the HTTN state (/4), a suitable
ansatz for the bulk director configuration is

0(z) = %" +esin(nz/d),  9() = - (15)

where the amplitude of the perturbation ¢, the magni-
tude of the tilt perturbation, is a free parameter that
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must be varied so as to minimise the total free energy.
Routine substitution of (15) into the Frank energy (2)
yields after integration an energy per unit area

d
J—— /0 Fa(0(2), 6(2)) d

2

_ T 2
—K1|64d[1+16c +3T

+ 47Jy(2¢) cos(ar)

— (1 = 7)Jo(4c) cos(2an)

— 4rsin(am)Hy(2¢)

+ (1 = 7) sin(2an) Hy(4¢)], (16)

where Jj is a Bessel function of the first kind and Hj is
the Struve function. The energy FyrTN puik must be
minimised numerically with respect to ¢. Typical
perturbation amplitudes are plotted in Figure 3 as a
function of the homeotropic-planar pattern mark-
space ratio a which is assumed to be the same on
both substrates; above a certain threshold value of
K» /Ky, the tilt perturbation is always toward the
homeotropic orientation, i.e. ¢ is always positive;
below this value the tilt perturbation is towards planar
for low a and towards homeotropic for high a. The
energy of the HTTN state Fyrr is then

FartN = FATTN surface + Min(Farrn puk).  (17)

From the expressions for Fyrrn and Fyy, the
difference between the energies of the two states was
calculated for a variety of polar anchoring strengths
Wy and elastic constant ratios K»,/K;; (Figure 4),
using the design parameters for the experimental pat-
tern, i.e. A = 2 um and a = 1/2 and the absolute mag-
nitude of K; = 1x107!''N which is comparable with

© o @
= NN
o o O

plitude c (radians)
°
=

g
=)
a

S f Tilt towards homeotropic

°
=
s}

¢ Tilt towards planar

0.
0.0 0.2 0.4 0.6 0.8 1.0
Planar Homeotropic
Homeotropic-Planar Mark-Space ratio a

|
o
=
a

Perturbation Am

Figure 3. Magnitude of perturbation of the tilt angle as a
function of the homeotropic-planar mark-space ratio «
plotted for several different ratios of the elastic constants
K> /K.
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Figure 4. Energy difference between the UN and HTTN
states.

experimental measurements for 6CB (13, 15); the cri-
tical anchoring energy below which the UN state has
lower energy than the HTTN state is about
1x107Jm 2.

Conclusion

A TN cell has been constructed using substrates micro-
patterned with SAMs by microcontact printing.
Characteristic twisted and reverse-twisted states have
been observed in the cell; however, these are not stabi-
lised by azimuthal anchoring as in a conventional TN
device, but by a recently elucidated elastic anisosotropy
mechanism due to rapid variation of the polar easy axis.
This mechanism promotes rather weak azimuthal
anchoring which, if the polar anchoring energy is suffi-
ciently weak, may be of comparable energy to the bulk
twist; facilitating a transition from the twist or reverse-
twist states to a uniform state that is not facile in con-
ventional TN cells due to the much higher azimuthal
anchoring energy. We found the critical polar anchoring
energy for such a transition to be Wy ~ 1x10~5Jm 2.

A further feature of the micropatterned TN cell is
that the pretilt angle is much larger (~45°) than in a
conventional TN display and readily controllable by
adjusting the design parameters of the patterning.
An interesting phenomenon has been elucidated that
should be exhibited by any high-pretilt TN device

regardless of the anchoring mechanism: there is a
spontancous tendency for the director to tilt towards
the planar or homeotropic orientations depending on
the relative magnitude of Kj; and K»;.

The SAMs technique has for the first time been
demonstrated to permit the fabrication of device-scale
patterns, and the rich phase diagrams that arise in cells
constructed from micropatterned surfaces suggest the
possibility of interesting additional phenomena such
as bistability.
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