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Multistable alignment states in nematic liquid crystal filled wells
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Two distinct, stable alignment states have been observed for a nematic liquid crystal confined in a
layer with thickness of 12 m and in square wells with sides of length between 20 and 80 m. The
director lies in the plane of the layer and line defects occur in two corners of the squares. The
positions of the defects determine whether the director orientation is across the diagonal or is
parallel to two opposite edges of the square. The device is multistable because both the diagonal and
parallel states are stable when rotated by multiples of 90° in plane. © 2007 American Institute of
Physics. 关DOI: 10.1063/1.2713140兴
Liquid crystal displays are now a ubiquitous flat panel
and portable display technology. A unifying feature in these
devices is the requirement for an active matrix backplane to
continuously apply voltage wave forms at every pixel. A
number of liquid crystal display modes have been developed
that exhibit bistability, which possess two zero voltage minimum energy orientations. Such modes can be driven using
multiplex addressing on a simple passive matrix. Azimuthal
bistability, where the two stable states occur at different inplane rotation angles in the liquid crystal layer, has been
achieved using surface gratings, surface bigratings, and periodic arrays of post structures.1–3 Zenithal bistability, where
the two stable director configurations differ in their net outof-plane tilt, has been achieved in devices using surface grating structures.1,4,5 A silicon oxide film can also give rise to
two equivalent easy directions of a nematic liquid crystal at
different tilt and azimuthal angles.6,7 Examples of bistable
devices where one state is untwisted but the other state has a
nematic director orientation that twists through the thickness
of the liquid crystal layer are described in Refs. 8 共0° and
360°兲 and 9 共0° and 180°兲. Cholesteric liquid crystals, which
have tight helical pitch values, have long been known to give
two stable textures 共planar and focal conic兲 when combined
in a thin layer and this effect has more recently been exploited for display applications.10,11
In the current work azimuthal bistability, and multistability, has been achieved by the confinement of nematic liquid crystal in a square well.12 A schematic diagram showing
a section through the device is shown in Fig. 1. The photoresist that is used to define the well structure imparts random
planar anchoring to the nematic liquid crystal. This means
that the easy direction of the nematic director at the surface
of the wells is parallel to the surface but there is no preferred
direction parallel to the well wall. The height of the well,
corresponding to the thickness of the liquid crystal layer, is
a兲
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kept below half the dimension of the length of the sides of
the well. With this aspect ratio and the random planar surface
anchoring conditions, the nematic liquid crystal director lies
in the plane of the layer as shown in Fig. 1.
The substrates of the device were borosilicate glass
slides with thickness of 1.1 mm that had been precoated with
indium tin oxide with sheet resistance of 100 ⍀ / sq. SU8
photoresist was used for the dielectric layers and wall structures within the device. SU8 is a negative resist that has been
developed for applications requiring surface structures with
smooth well-defined walls and thick layers.13 It is suited for
this application where permanent structures made from the
cured material are in contact with liquid crystal material because cured SU8 is resistant to solvents and is thermally
stable. The dielectric surface layers were formed from a
2 m layer of SU8 photoresist deposited directly onto each
indium tin oxide 共ITO兲/glass substrate. Arrays of wells were
fabricated from SU8 using standard photolithography onto
one of the glass/ITO substrates that had been coated with a
2 m layer of SU8. The devices consisted of one substrate
with the dielectric layer and the well pattern and one substrate with only the dielectric layer, as shown in Fig. 1. Before assembly the commercial liquid crystal E7 共Ref. 14兲 was
filled in the isotropic phase into the wells by a doctor-blade
technique. After assembly the substrates were held together
by pressure and bonded using UV adhesive NAO65.15
Upon cooling from well above the isotropic-nematic
phase transition, optical textures of the nematic-filled wells

FIG. 1. Schematic diagram of the nematic liquid crystal device. The nematic
liquid crystal is confined by a periodic series of wells in the x-y plane.
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FIG. 2. Alignment states observed in transmission between crossed polarizers under a magnification of 100⫻. The polarizers are rotated by 0° 共upper
row兲, 10.5°, and 21.0° 共lower row兲 relative to the device. The arrows in each
case indicate the polarizer orientations. The wells were formed from squares
with side of 80 m.

were observed between crossed polarizers at a magnification
of 100⫻. Of the different types of optical texture that occurred in wells with side of 80 m, three are shown in the
three columns in Fig. 2. Each row shows the appearance of a
particular texture for a different orientation of the polarizers,
indicated by the arrows to the right of each row.
In the top row of Fig. 2, the left hand and right hand
wells exhibit textures with two axes of symmetry, whereas
the well shown in the center exhibits an optical texture that is
symmetrical about a single axis, the vertical center line. The
transmission between crossed polarizers of in-plane nematic
optical texture exhibits a minimum in the regions where the
nematic director is parallel to either of the polarizers.16 The
right and left hand textures therefore contain large regions
where the nematic director is either parallel or perpendicular
to the diagonal since the polarizers are aligned along the
diagonals and large regions of the textures appear dark. Conversely, the large light area in the central texture indicates
regions where the director is substantially parallel to the
edges of the square well. For all three textures, the light
regions close to all the sides of the square edges are consistent with tangential alignment there due to the random planar
alignment at the SU8 surface.
As the polarizers are rotated clockwise, the cross shapes
of the dark regions of the left and right hand wells develop
lighter regions in the center of the square with separated dark
brushes moving until they are along the opposite sides of the
squares in the bottom row. In the left hand well these brushes
are parallel to the vertical edges of the square, whereas in the
right hand well they are parallel to the horizontal edges. This
indicates that for the left hand well the nematic director is
substantially parallel to the diagonal running between the top
left hand and the lower right hand corner. This will be referred to as a  = −45° in-plane rotation state. For the right
hand well the director at the center is oriented substantially
along the orthogonal diagonal. This will be referred to as a
 = + 45° in-plane rotation state. The texture in the central
well has the nematic director substantially vertical and so
this will be referred to as a  = 0° in-plane rotation state.
These orientations are indicated at the bottom of Fig. 2.
The assignments for the director orientations in the centers of the wells shown in Fig. 2 have been confirmed by
numerical modelling. Figure 3 shows the results of simula-

FIG. 3. 共Color online兲 Alignment states, predicted by Q-tensor theory,
which correspond to the same states observed in the experimental device in
Fig. 2. The upper row shows the two-dimensional variation of the order
parameter S as a grayscale plot where white corresponds to S = 0.6 and black
to S = 0.0. The lower row shows the two-dimensional variation of the inplane rotation angle of the nematic director.

tions of the nematic director orientation in this geometry
using the Landau–de Gennes Q-tensor theory in two dimensions.17,18 This theory has been applied in the literature to
nematic and twisted nematic liquid crystal displays and
phase grating structures19–21 and involves the minimization
of the free energy of the nematic layer,
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where tr denotes the trace of a matrix and  is the normal
vector at the boundary of the liquid crystal region. The first
term in Eq. 共1兲 is due to elastic distortions, the next three
terms are the Landau–de Gennes expansion and govern the
thermotropic equilibrium state of the order parameter, and
the last energy term is a surface energy which characterises
the planar degenerate anchoring at the walls of the well. For
the current work, values for the coefficients of the powers in
the Landau–de Gennes energy 共a = −0.112⫻ 106 N m−2 K−1,
b = −0.64⫻ 106 N m−2, and c = 1 ⫻ 106 N m−2兲 were taken to
be of the same order as those in Ref. 22 where the specific
numerical values were chosen to give a bulk order parameter
of S = 0.6, a typical value. Strong degenerate planar anchoring was assumed at the surfaces23 with an equivalent anchoring coefficient of W = 2 ⫻ 10−3 N m−1 and for the elastic
energy term an equal elastic constant approximation, K = 1
⫻ 10−11 N, was used.
Figure 3 shows the calculated two-dimensional variation
of the order parameter S 共top row兲 and the nematic director
for three different alignment textures for squares with side of
1 m 共bottom row兲. A scaleup of the x-y dimensions to
match the experimental setup is possible but increases the
computational demand and will only be important if dynamical switching is modeled. The magnitude of S is indicated by
grayscale, with white corresponding to S = 0.6 and black corresponding to S = 0.0. The dark spots in the corners of the
squares indicate the positions of defects. The sizes of the
defects are consistent with the nematic coherence length of
around 50 nm.17 In Fig. 3共a兲, the director lies along the diagonal in the center of the well in the direction  = −45°.
This state arises when the defects are in the upper left and
lower right hand corners. In Fig. 3共c兲, the director lies along
the orthogonal diagonal,  = + 45°, and the defects occur in
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To summarize, multistable alignment of nematic liquid
crystal confined in square wells has been demonstrated both
theoretically and in experimental devices. Q-tensor modeling
predicts two distinct alignment geometries 共up to rotations兲,
one where nematic defects occur in opposite corners of the
square well and one where defects occur in two corners on
the same side of the square well. Optical textures observed
by polarizing microscopy in experimental devices can be
very well reproduced using the theory. The device structure
is relatively easy to fabricate because the random planar
alignment that naturally occurs at an untreated photoresist
surface is exploited to produce alignment of the nematic director in the plane of the substrates and no additional surfactant treatment is required.
FIG. 4. Optical textures produced from the modeled alignment states shown
in Fig. 3 assuming that the transmission between crossed polarizers is given
by the standard formula for a birefringent material 共Ref. 24兲. The alignment
states are shown with polarisers rotated by 0° 共upper row兲, 10.5°, and 21.0°
共lower row兲 relative to the device.

the opposite corners. In contrast, the director is vertical in the
central region of the square,  = 0°, in Fig. 3共b兲. For this
director configuration the defects now occur in the two corners on the right hand edge of the square.
In Fig. 4, the predicted optical textures between crossed
polarizers are shown for the same orientations of crossed
polarizers that were used in Fig. 2 when observing the alignment textures that are observed in an experimental device.
The theoretical optical textures were generated, at each point
in the plane, from the equation for the fraction of incident
light intensity transmitted T by a uniaxial birefringent material between crossed polarizers, T = sin2共2兲sin2共d⌬n / 兲.24
The maximum transmission depends on the thickness d of
the layer, the birefringence ⌬n, and the wavelength  of the
incident light. The similarity between the theoretically generated optical textures in Fig. 4 and the textures observed in
an experimental device in Fig. 2 is remarkable and this confirms the assignments of  = −45°,  = 0°, and  = + 45° for
the in-plane rotation angle in the centers of the wells that
have been given to the three different states.
The diagonal alignment texture has been shown to occur
in either of two possible orthogonal orientations,  = −45°
and  = + 45°. The two-dimensional director distortion profiles associated with these states, shown in Fig. 3, are identical except for a rotation of 90°. Therefore these states
would be expected to be energetically degenerate. For the
vertical alignment texture,  = 0°, exactly the same twodimensional director distortion profile if the texture is rotated
by multiples of 90°. For this alignment state there are therefore four energetically degenerate states corresponding to inplane rotations of 0°, 90°, 180°, and 270°. The square well
geometry is therefore capable of producing a total of six
different two-dimensional director alignment configurations.
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