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Abstract

Ultrafine 50 nm line and space nanogratings were fabricated using nanoimprint lithography,
and were further used as an alignment layer for liquid crystals. The surface morphologies of
the nanogratings were characterized and their surface energies were estimated through the
measurement of the contact angles for two different liquids. Experimental results show that the
surface energies of the nanogratings are anisotropic: the surface free energy towards the
direction parallel to the grating lines is higher than that in the direction perpendicular to the
grating lines. Electro-optical characteristics were tested from a twisted nematic liquid crystal
cell, which was assembled using two identical nanogratings. Experimental results show that
such a kind of nanograting is promising as an alternative to the conventional rubbing process

for liquid crystal alignment.

(Some figures may appear in colour only in the online journal)

1. Introduction

Alignment is a crucial step in the fabrication of high-quality
liquid crystal displays (LCDs). Conventionally, liquid crystals
(LCs) are aligned by mechanically rubbing the surface
of polyimide films, and this method is widely used for
commercial displays because it is a parallel and low cost
process [1]. However, the rubbing method has very limited
control of the alignment properties and introduces impurities
and dust into the fabrication process. To overcome these
issues, a number of alignment methods have been proposed
as potential replacements for the rubbing process, such
as the oblique evaporation method [2], the photoalignment
method [3-5], and ion beam alignment methods [6-9].
However, these methods are rarely cost-effective due to
complexity. Alternatively, according to Berreman’s groove
theory [10], LC molecules can also be aligned by employing
specific surface topographies, such as microgrooves [11-13],
and surface relief gratings [14, 15]. The alignment of
LC molecules by microscale or nanoscale patterns allows
more freedom in the control of alignment properties
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(i.e. pretilt angle, anchoring energy, and multistability)
than conventional methods. Upon the pattern fabrication,
nanoimprinting lithography (NIL) [16—19] and holographic
patterning [20-23] stand out in terms of easy fabrication,
large area patterning, mass production, and cost effectiveness.
In addition, both techniques can produce smaller and deeper
patterns than surface relief and photoalignment methods.
However, the pitch of the holographic pattern strongly
depends on the laser wavelength, hence limiting the minimum
pitch to be ~X/2. In contrast, advances in NIL technology
make it possible to produce much finer patterns (~10 nm),
hence attracting intense interest for alignment of LCs.

In the past few years, researchers have exploited NIL
technology to create two different methods for LC alignment.
One way is to generate nanoscale polymeric surface grooves
on substrates based on NIL for the LC alignment [24-28].
The other way is to fabricate nanoscale grating pat-
terns with indium-tin-oxide (ITO) and indium-zinc-oxide
(IZO) by an ultraviolet nanoimprint technique and sput-
ter deposition process as conducting electrodes for LC
devices [29, 30]. Furthermore, since LCs can be well aligned
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on imprinted patterns, different tunable photonic devices, such
as filters [31] and lasers [32], have been developed based on
NIL technology.

In this paper we have investigated LC alignment using an
ultrafine line and space (L&S) nanograting pattern formed by
NIL. We have experimentally confirmed that LC molecules
can be aligned using this topographic pattern through the
measurements of the electro-optical behavior of the LC
molecules. This technique is expected to be very useful
for achieving convenient and uniform alignment of LC
molecules.

2. Experiments

2.1. Nanograting fabrication

A step and flash imprinting process was performed using
Imprio 100 (Molecular Imprints, Inc.). Before the imprinting
process, an indium—tin oxide (ITO) layer of ~100 nm
was coated on one side of a double-side polished sapphire
substrate in order to investigate the electro-optical properties
of the devices. An organic material (Transpin HE-0600,
Molecular Imprints, Inc.) was then spun onto the ITO surface
of the substrate at two-step spin-speeds: 1800 rpm for 3 s and
3000 rpm for 30 s, and baked at 195 °C for 5 min to obtain
a 65 nm thick planarization layer. Liquid acrylate imprint
resist, poly(methyl methacrylate) (PMMA), was subsequently
dispensed across the surface of the sapphire substrate. A
quartz template, with a size of 65 mm x 65 mm and 10 mm X
10 mm active patterned area, was lowered until contact is
made with the imprint resist, and capillary action induces
the liquid imprint resist to completely fill the region between
the substrate and the topography of the imprint template.
Fabrication of the quartz template was realized using a
conventional electron beam lithography and etching process.
The quartz template featured 50 nm line and space structures
(duty ratio of 1) with a height of 100 nm and a pitch of
100 nm. Following the imprint process, the imprint resist was
photopolymerized via ultraviolet illumination, after which the
template was separated from the substrate, leaving behind an
exact inverse replica of the template pattern. This imprint
process can be repeated across the substrate areas to obtain
several imprint fields on the substrate.

2.2. Liquid crystal infiltration

Once the imprinted nanograting samples are ready, a twisted
nematic (TN) cell was formed by assembling two nanograting
samples with the grating lines orthogonally arranged. The
cell thickness was controlled to be ~7 um using polystyrene
microbeads. The LC material used in our experiments was a
nematic LC, E7 (Merck), which has an ordinary refractive
index of n, = 1.521 and an extraordinary refractive index
of n, = 1.746, giving a birefringence of An = 0.225 (all at
A = 589 nm). The LC in the isotropic phase was infiltrated
into the LC cell by a capillary action at a temperature of 65 °C,
which is above the clearing point (58 °C) of LC E7. After
infiltration, the LC cell was cooled down naturally to room
temperature for optical and electro-optical characterization.

2.3. Characterization

The surface morphologies of the nanogratings were character-
ized using scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The contact angle of the nanograt-
ing surface was measured by a contact angle goniometer
(Ramé-Hart) and was further analyzed with DROPimage
advanced software. Optical transmittance of the TN LC cell
was measured at room temperature using a UV-vis—NIR
microspectrophotometer (CRAIC QDI 2010™). Microscopic
photographs were captured through a charge-coupled-device
(CCD) camera built in the UV-vis—NIR microspectropho-
tometer. Transmittance versus voltage characteristics were
measured using a He—Ne laser (633 nm), a power meter,
and a function generator. The TN LC cell was placed in
between two parallel polarizers with one polarizer optical axis
parallel to the nanograting lines. A rectangular waveform with
a frequency of 1 kHz was applied to the TN LC cell.

3. Results and discussion

Figure 1 shows SEM images of the PMMA nanogratings after
NIL. A clear L&S patterns was realized. The pitch (sum of
the widths of a trench and a ridge) of the L&S pattern is
100 nm. The duty ratio of line to space is ~0.9, which is
slightly smaller than that of the quartz template. The decrease
of the duty ratio is reasonable since the photopolymerization
of PMMA generally induces shrinkage in volume. From
figure 1(d), we can also note that the PMMA wall shapes
of the L&S pattern did not ideally inverse-replicate the
template pattern and a bell-bottomed structure was obtained
in our experiment. There are two possible reasons why such
a structure was formed: (1) PMMA did not enter into the
corners of the grooved pattern because the spacing was very
narrow, and (2) a residual layer of PMMA layer existed
at the bottom of the imprinted structure. Furthermore, we
characterized the surface morphologies using AFM, as shown
in figure 2(a). The measured depth of these wells is only
~15 nm on average, as shown in figure 2(b), which is much
smaller than the (100 nm) of the mold. This further confirms
that the PMMA did not fill the trench of the mold completely.
However, according to the microgroove theory [10], such a
nanograting with a pitch and step height of 100 and 15 nm is
sufficient to align the LC molecules.

Contact angles and surface energies were also measured
to investigate the effect of nanograting alignment. These
parameters can provide an indication of the chemical affinity
of the surfaces studied. Owens and Wendt have developed
a method to approximate the surface free energy of solids,
especially for polymers, based on the measurement of contact
angles [33]. The relation between the contact angle and the
surface free energy is as follows:

)]

d h

e S

l+cosO =2/yd | — | +2y/yd | —
" "

where y| = yld + ylh and y5 = ysd + )/Sh are the surface free
energies of a given liquid and solid, respectively, which are
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Figure 1. SEM images of top ((a) and (b)) and cross-sectional ((c) and (d)) views with different magnifications for the PMMA

nanogratings.

Step height (nm)

o
1

=

104

Y
L]
1

R
S

0.6 08 10 12 14
Cross line (pm)

0.4

=
=)

0.2 16

Figure 2. 3D view of the AFM image (a) and measured step height of the nanogratings (b).

the sums of contributions from the different intermolecular
forces at the surface, the superscripts h and d refer to the
hydrogen bonding and dispersion force components. Since
many liquids have known values of yld and ylh, by measuring
the contact angle 0 of two different liquids against a solid we
can obtain simultaneous equations to be solved for ysd and ysh.
As a result, the components of surface free energy for a solid
due to various forces can be approximated, and the sum of
these components therefore gives a reasonable approximation
of the total solid surface energy ys. In our measurement,
the surface energies were estimated from de-ionized (DI)
water and glycerol. Figure 3 shows static contact angles of
DI water and glycerol droplets on the PMMA nanograting
surface along two directions: parallel and perpendicular to the
grating lines. From figure 3, the nanograting surface shows
obvious anisotropic wettability. The direction parallel to the

grating lines is much more wettable than that perpendicular
to the grating lines. Table 1 summarizes the results of the
measured contact angles of DI water and glycerol, and
estimated surface energies for the imprinted nanograting
surfaces along those two directions. From table 1, the
measured contact angles markedly changed for DI water and
glycerol; due to the anisotropic wettability of the imprinted
nanograting surface, the contact angles for both liquids show
a huge difference (>20°) along different directions. As a
result, the estimated surface free energy of the imprinted
nanograting is also anisotropic: for our case, the surface free
energy towards the direction parallel to the grating lines was
higher than that in the direction perpendicular to the grating
lines, which similarly happens for most rubbed polyimide
surfaces [34]. In most previous reports involving the rubbing
process, the change in chemical affinity of the surfaces is
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Figure 3. Static contact angles of DI water ((a) and (b)) and glycerol ((c) and (d)) droplets on the PMMA nanograting surface along two
directions: parallel ((a) and (c)) and perpendicular ((b) and (d)) to the grating lines.

Table 1. Measured contact angles of DI water and glycerol, and
estimated surface energies for the imprinted nanograting surfaces
with two directions: parallel and perpendicular to the grating lines.

d h
ObI-water OGlycerol 4l Y.

s Vs
Nanograting  (deg)  (deg) (mIm=2) (mJm~2) (mJm™?)
Parallel 64.5 70.6 1.4 424 43.8
Perpendicular 88.5 9.4 0.7 33.6 32.9

attributed to the realignment of polymer chains. We also
note that the nanoimprint process may induce a preferential
alignment for some special molecules [35, 36]. However,
in our nanoimprinted process, the polymer chains have no
preferential alignment. Therefore, we attributed the chemical
affinity to the surface topography, which subsequently induces
uniform alignment of LC molecules.

Since transparency is the most important factor in the
application of nanopatterned substrates to alignment layers,
the optical transmittance at 300-900 nm was measured at
room temperature. Figure 4 shows the measured transmittance
of the as-deposited ITO on a sapphire substrate, the imprinted
nanograting on top of the ITO layer, and the as-assembled
LC cell after LC infiltration. Over the wavelength range
420-780 nm, the average optical transmittances of both bare
ITO sapphire and the nanoimprinted layer were above 90%,
showing an excellent transparency. The largest transmittance
loss of only about 5% was observed at 550 nm due to
light scattering when light passes through the nanograting
structure. However, this slight difference in the transparency
of the bare ITO sapphire and nanogratings is negligible. More
importantly, the assembled LC cell with such nanogratings
still shows almost constant transmittance of ~83%, indicating
that it is highly suitable for display applications. It is worth
mentioning that there is a dramatic drop in transmittance
below 400 nm after LC infiltration, which is due to the
intrinsic absorption of the LC material.

Electro-optical properties were investigated to examine
the potential of a nanoimprint technique for LCD applications.
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Figure 4. Measured transmittance of the as-deposited ITO on
sapphire substrate, the imprinted nanograting on top of ITO layer,
and the as-assembled LC cell after LC infiltration.

Using the nanograting alignment layer, a TN cell was
fabricated. The lines of nanogratings on both substrates were
perpendicular to each other, and the cell gap was about 7 um.
Figure 5 shows the dynamic changes of transmission when
a driving voltage was applied to the LC cell. From figure 5,
the threshold voltage of the TN LC cell was ~4 V. The
transmission saturated at about 10 V. The achieved contrast
ratio was ~38.

The insets in figure 5 show the captured photographs
of the TN LC cell under different voltages between parallel
polarizers. In the off state, LC molecules remain parallel
to the nanograting lines, hence forming a 90° twist.
Light transmission is therefore prohibited between parallel
polarizers, resulting in a dark image (inset I). When a voltage
is applied to the cell (on state), LC molecules start to
gradually align along the electric field direction. At the fully
switching voltage (10 V in this case), most LC molecules
will completely align along the electric field direction, i.e.
perpendicular to the nanograting surface, and the LC cell
shows highest transmittance, resulting in a white image
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Figure 5. Dynamic transmission changes of the LC cell under
different driving voltages. Insets show photographs of the TN LC
cell under different voltages between parallel polarizers. Scale bar is
200 pm.

(inset III). In between, the LC cell shows an intermediate
transparency. Inset II shows the case when a threshold voltage
was applied to the cell, where partial LC molecules just start
to align along the electric field direction. From the inset
photographs, uniform alignment was also confirmed for the
TN LC cell.

As a final remark, we comment on how to further
improve the performance of a nanograting-based TN LC
cell in the following two aspects. First, the threshold could
be further decreased by minimizing the surface energy of
the nanogratings. This could be achieved by optimizing
the pattern structures (pitch and height). A further surface
treatment, for instance, removal of the PMMA residual layer
by oxygen plasma etching, would also benefit the decrease
of the nanograting surface energy. Second, the contrast
ratio could also be further increased by optimizing the cell
thickness. To improve the contrast ratio, the main concern is
to achieve the minimum transmission, which can be achieved
using a suitable cell thickness according to Gooch—Tarry’s
minimum condition [37].

4. Conclusion

In summary, we have demonstrated a twisted LC cell using
a nanograting pattern as the alignment layer fabricated by
NIL. Transmittance measurements for the nanograting layer
on ITO coated glass showed that the transparency is sufficient
for display applications. Furthermore, the nanograting-based
LC cells showed a performance competitive with conventional
LC cells. Twisted LC alignment was achieved inside the
LC cell, where the two nanogratings are orthogonally
arranged. The surface energy of the PMMA nanograting was
estimated through contact angle measurements of two liquids:
DI water and glycerol. Electro-optical performance of the
nanograting-based LC cell was comparable to that of a rubbed
polyimide cell. Therefore, this proposed approach is expected
to be applicable as an alternative to the conventional rubbing
process for LC alignment.
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