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Based on Two Photon Process and Their Liquid Crystal
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SUMMARY The authors have demonstrated the local alignment of ne-
matic liquid crystal with local micro-grating structure fabricated by the
curing of an ultraviolet curable material via a three dimensional micro-
fabrication technique known as two photon excitation direct laser writing
[1]. The molecular alignment of the nematic liquid crystals on the fabri-
cated micro-grating structures was firstly investigated by the observations
of a local twisted nematic region in a liquid crystal cell made of a sub-
strate with locally fabricated micro-grating structure and a counter substrate
with rubbed polyimide. The optical polarizing microscope observation of
the micro-grating structures indicated that liquid crystals molecules have
aligned parallel to the grooves of the micro-grating structure and that local
alignment was successfully achieved. The alignment characteristics of the
liquid crystals on these micro-gratings was also investigated and discussed
quantitatively in details through the measurement of anchoring energy by
the conventional torque balance method and the Berreman method. The
azimuthal anchoring energy for the micro-grating was found to be in the
order of 10−6 J/m2 and inversely proportional to the grating period.
key words: photo-fabrication, liquid crystal alignment, two photon excita-
tion, grating

1. Introduction

The importance of a precise and reliable control of liquid
crystal (LC) alignment on the surfaces of liquid crystal dis-
plays (LCDs) has accelerated development of new align-
ment techniques, from the more traditional rubbing method
initially proposed by Mauguin [2], which involves the rub-
bing of a surface with a polymer cloth, to recent clean non-
rubbing techniques such as photo-alignment [3]. In recent
years, however, with the rapid development of nanotechnol-
ogy, the possibilities and advantages of controlling LC mol-
ecules on a local level rather than the conventional large area
alignment techniques as mentioned earlier, started to attract
vast interests. Since the characteristics of LC devices de-
pend predominantly on the alignment of the LC molecules,
controlling the LC alignment locally with high precision and
reliability, may allow findings of new LC properties, phe-
nomenon and hence allowing the exploration of new LC
devices in the future. Because of these exciting prospects,
developments on local LC alignment have started to gather
pace recently. One of the local alignment methods that has
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been successfully demonstrated recently, used an atomic
force microscope (AFM) to fabricate micro-patterned lo-
cal polyimide (PI) domains through the process of nano-
rubbing [4], [5]. In their report, local LC alignment, bista-
bility and tristability of nematic LC (NLC) was successfully
achieved on the fabricated local micro-domains.

The LC groove alignment phenomenon was firstly re-
ported by Berreman [6] and so far, has repetitively success-
fully demonstrated by the alignment of LC on periodic grat-
ings on alignment layers produced by reactive-ion etching
[7], [8], photolithography [9], [10] and stamped morphol-
ogy [11]. In this study, we propose a new local align-
ment method where the alignment of LC is controlled lo-
cally through micro-scale grating structures fabricated from
a light-curing material using a laser lithography method
known as two-photon excitation direct laser writing (TPE-
DLW) [12]–[15]. TPE-DLW is a three dimensional micro-
fabrication technique which was originally proposed by S.
Maruo et al. [12] and commonly used nowadays in the fab-
rication of photonic crystals [16]. Compared to the normal
DLW, the usage of TPE process together with DLW allows
the extra advantage of fabricating finer structures since TPE
only takes place in the vicinity of the focus point. Although
only micro-gratings was fabricated in this study, with the
usage of the computerized confocal laser scanning micro-
scope (CLSM) system, local structures with arbitrary shapes
could be designed and fabricated easily three dimensionally
and thus, bringing the possibility of investigation of local
LC alignment by complicated three-dimensioned structures
in future investigations.

Since anchoring plays an important role in determining
the bulk alignment of liquid crystalline phases, and thereby
the electro-optical properties of LC-based devices, the align-
ment characteristics displayed by the LCs over these micro-
gratings will also be investigated and discussed quantita-
tively in details in this paper through the measurement of
anchoring energies.

2. Material

In this study, the material used for undergoing the photo-
polymerization via the TPE-DLW in the micro-grating fabri-
cation process was prepared by mixing a colorless urethane-
based ultraviolet (UV)-curable photopolymer, Norland Op-
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tical Adhesive 61 (NOA 61), with 0.1 wt% of Irgacure
819 (phosphine oxide, phenyl bis(2,4,6-trimethylbenzoy))
(Ciba) and 0.1 wt% of DCM dye (4-(dicyanomethylene)-
2-methyl-6-(4-dimethylaminostyryl)-4H-pyran) (Exciton).
NOA 61 was chosen due to its fast curing time, good ad-
hesion and solvent resistance once fully cured. Irgacure 819
was doped into the mixture so as to enhance the polymeriza-
tion rate for light at the wavelength of 400 nm, a wavelength
which was used here in this study for TPE process. On the
other hand, DCM was doped into the mixture for observa-
tion purposes during the micro-fabrication process.

The LC material used for demonstrating the align-
ment properties induced was the NLC 4-n-pentyl-4′-
cyanobiphenyl (5CB) (Merck) (no = 1.522, ne = 1.706)
at room temperature. The elastic constants of 5CB used for
the calculation of anchoring energies are K11 = 7.12 × 10−12

N; K22 = 2/3 × K11; K33 = 9.82 × 10−12 N [17].

3. Experimental

The experimental stage setup in this study used to carry out
TPE-DLW is schematically illustrated in Fig. 1.

Experiments were performed under dark conditions to
avoid unnecessary curing of the material. TPE-DLW was
performed using a CLSM system (Carl Zeiss: LSM 510).
100 fs pulses of a titanium sapphire laser with a repetition
rate of 82 MHz (Spectra Physics: Maitai) are focused on
a target cover glass (18 × 18 mm2) which was spin-coated
with a light-curing material and mounted onto the stage of
the CLSM system as shown in Fig. 1. The laser was focused
via a high numerical aperture oil-immersion objective lens
(63x, N.A = 1.4, W.D = 0.19 mm) and controlled by an in-
ternal computerized galvanometer of the CLSM to scan ar-
bitrarily within a maximum square scanning area of 146.2 ×
146.2 μm2. Upon irradiation with the focused laser, photo-
polymerizaion is induced in the material lying in the vicin-
ity of the point of focus under the process of TPE due to the
high density of photons concentrating in that region.

Laser lithography was performed at a laser inten-
sity range of 1.7 ∼ 6 MW/cm2 and scan speed of 1.4 ∼
112 mm/s. Under these laser conditions, only a single laser
scan across the designated area was required for the photo-
polymerization of the material in that region. With the help
of the computerized system of the CLSM, arbitrary regions
in a certain focused region could be selected easily to be
subjected to photo-polymerization. In this study, a square
region containing selected line regions as shown in Fig. 1
was used in order to fabricate local micro-grating structures.
After the polymerized region was fabricated within the ma-
terial by TPE-DLW, the remaining unpolymerized material
surrounding the polymerized region was rinsed away with
firstly acetone for 10 s, followed by ethanol for 30 s, leav-
ing only the cured polymer micro-grating structure on the
surface of the cover glass. Excess rinsing was avoided to
prevent unnecessary damage to the resultant polymerized re-
gion left on the cover glass substrate.

After the micro-grating structures were successfully

Fig. 1 Schematic diagram of the experimental stage setup with the
pattern of the scanning region.

Fig. 2 Cell structure of a LC cell.

fabricated, a LC cell setup as shown in Fig. 2 was used to ob-
serve the alignment abilities of the locally fabricated micro-
grating structures. For this setup, the cover glass with the
fabricated grating structure was used for one side of the cell.
As for the counter substrate, a piece of glass substrate coated
with rubbed polyimide (PI) (JSR: AL 1254) was used. Here,
the rubbing direction of the PI was aligned parallel to the
grating vector of the structure, or in other words, perpendic-
ular to the groove direction of the fabricated grating. The
cell was then filled with 5CB and observed under an optical
polarizing microscope (Nikon: Eclipse E600 POL) at room
temperature.

4. Results and Discussion

In Fig. 3, it was observed that a micro-grating structure was
successfully fabricated by the TPE-DLW.

For this particular structure, it was fabricated with
a laser intensity of 3.41 MW/cm2, a laser scan speed of
5.6 mm/s and has a period of around 500 nm, a height of
around 600 nm, and a surface area of 146.2 × 146.2 μm2.
Micro-grating with regular gratings was observed to be suc-
cessfully fabricated with the laser conditions mentioned
above.

The dependence of the structure’s height on both the
intensity and the scan speed of the laser beam were inves-
tigated and shown in Fig. 4. The laser scan speeds used
for fabricating the 2 sets of structures were 1.4 mm/s and
112 mm/s. From Fig. 4, it could be observed that the struc-
ture height increased proportionally with increasing laser in-
tensity, regardless of the laser scan speed. In addition, from
Fig. 4, the height of the structures was also observed to be
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Fig. 3 SEM images of a micro-grating fabricated by TPE-DLW.
(a) Overhead view (b) Side view taken at an angle of 75◦.

Fig. 4 Dependence of structure’s height on intensity and scan speed of
the laser beam.

dependent on the scan speed of the laser beam, decreasing
from a range of approximately 1200 nm ∼ 2000 nm (scan
speed of 1.4 mm/s) to a range of approximately 50 ∼ 200 nm
(scan speed of 112 mm/s) when structures were fabricated
with laser intensities of approximately 3 ∼ 6 MW/cm2 at the
respective scan speed.

Next, the LC alignment abilities of the micro-grating
structure in Fig. 3 was investigated by observing a 4 μm-
thick LC cell, with the same cell setup as in Fig. 2 with an
optical polarizing microscope. Figure 5 shows the optical

Fig. 5 Optical polarizing micro-photographs of fabricated grating en-
closed in a LC cell. P, A represent the direction of the polarizer, analyzer
respectively. (a) Crossed polarizers (b) Parallel polarizers.

polarizing micro-photographs of the LC cell with the square
region containing the fabricated local grating structures in
the center of the each image. Under a pair of crossed po-
larizers (Fig. 5(a)), the region with the grating structure ap-
peared in the bright state. This suggests that the LC mole-
cules on top of the structure probably underwent a near 90◦
rotation, and this in turn affected the incident light polariza-
tion, making it underwent by the same amount of rotation,
and thus allowing it to pass through the analyzer, resulting in
the bright state. Outside the square area with grating struc-
ture, there is a unidirectionally rubbed polyimide layer on a
counter glass surface of the sandwich cell. As the result, uni-
form planar alignment could be realized and the complete
extinction is obtained. Observation under a pair of parallel
polarizers (Fig. 5(b)), on the other hand, showed that these
bright and dark state regions were oppositely reversed and
that light extinction could be observed in the region with the
micro-grating structure. These results indicate that LC mol-
ecules on the fabricated grating structure were aligned along
the grooves of the grating structure, forming a local twisted
nematic (TN) LC alignment within the LC cell.

The main advantage of TPE-DLW is the ability to fab-
ricate structures with arbitrary shapes and this was suc-
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Fig. 6 Optical polarizing micro-photographs of a checkerboard structure
(d = 19 μm) with domains of alternate groove directions at 90◦ to each
other. P, A represent the direction of the polarizer, analyzer respectively.

cessfully demonstrated in Fig. 6. In this LC cell, a fabri-
cated checkerboard structure containing 64 square domains
(d = 19 μm) of alternate groove directions at 90◦ to each
other was used. Under a pair of crossed polarizers, alter-
nate homogenous and TN alignment regions were observed
on the structure and this suggests that LC was successfully
align along the alternate groove directions in the respective
domains. Using TPE-DLW, domains with sides as small as
1 μm was successfully fabricated.

Next, the anchoring energy involved during such a lo-
cal LC alignment by a groove structure fabricated by TPE-
DLW was investigated by measuring the azimuthal anchor-
ing energy experienced by NLC on a thin film micro-grating
structure with a sinusoidal-resembled shape (Fig. 7) using
both the conventional torque balance method [18], [19] and
the Berreman’s model [20]. An 11 μm-thick TN LC cell
with a cell setup similar to that shown in Fig. 1(b) was used.

Assuming infinite anchoring at the rubbed PI surface
along the rubbing direction, the azimuthal anchoring is de-
termined by the balance between the torque due to the bulk
elasticity and that due to surface anchoring, and is expressed
by the following equation obtained from the elastic theory of
the NLC and used in the torque balance method [18],

Aφ =
2K22φT

d sin 2Δφ
(1)

where Δφ = φ0
T − φT . Here, K22, d, φT , φ0

T , Δφ denote
the twist elastic constant, the cell thickness, actual twist an-
gle, the angle between the rubbing direction and groove di-
rection of the grating, and the deviation angle between φ0

T
and φT , respectively. Using a measured twist angle value
of 85.2◦, the anchoring energy for this grating structure was
calculated to be 7.7 × 10−6 J/m2.

On the other hand, with Berreman’s model, assuming
sinusoidal-shaped gratings, the azimuthal anchoring energy
at the grating surface can be expressed as follows:

WB =
2π3A2K
λ3

(2)

(a)

(b)

Fig. 7 AFM (a) image and (b) height profile of the fabricated grating
used for the estimation of the anchoring energy. The line in the center
of (a) is the line along which the height profile is taken. For this grating
period, the shape of the grating structure is sinusoidal-resembled.

where A is the amplitude, λ is the pitch of the grating, and
K is the mean of the splay and bend elastic constants (K =
(K11 × K33)1/2). With a grating period of 519 nm and a grat-
ing height of 46 nm measured by the AFM (JEOL: JSPM-
4210) (Fig. 7(b)), an anchoring energy of 7.9 × 10−6 J/m2

was calculated by this method. Comparison between the
two results obtained by Eqs. (1) and (2) suggests that a good
agreement was observed between the results and that Berre-
man’s theory is valid in this case for a shallow grating with
the slight disparity between the two results contributed by
both experimental errors and minor deviation of the grating
structure’s shape from the ideal sinusoidal shape assumed
in the Berreman model. The applicability of the Berreman
model on shallow grating from this result also agrees with
the findings by Kimura et al. [17], where they have reported
the applicability of Berreman model for shallow grating sur-
faces through the comparison of anchoring energies mea-
sured by the Berreman model and the finite element method.

Next, by fabricating micro-grating structures with ar-
bitrary grating periods via TPE-DLW, the relationship be-
tween azimuthal anchoring energy and grating period was
also investigated. The azimuthal anchoring energies for
gratings with a common height of approximately 250 nm
and different periods of 1∼4 μm were experimentally mea-
sured using the torque balance method and shown in
Fig. 8(a). Here, a 10.5μm-thick TN LC cell with a cell setup
similar to that shown in Fig. 2 was used. From Figs. 8(b)–
(e), it could be observed that as the grating period in-
creases, the shape of the grating structure deviated from
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Fig. 8 Relationship between grating period and surface azimuthal an-
choring energy measured by torque balance method. (b)∼(e) Height profile
of a grating structure with a period of 1 μm, 2 μm, 3 μm and 4 μm respec-
tively.

the sinusoidal-resembled shape observed for a grating struc-
ture of approximately 500 nm (Fig. 7) and even more from
the ideal sinusoidal shape assumed in the Berreman model.
From Fig. 8(a), it could be observed that the anchoring en-
ergy was in the order of 10−6 J/m2 and that the azimuthal
anchoring energy was inversely proportional to the grating
period. Although the Berreman model was not applicable
here due to the deviation from a sinusoidal grating, the in-
verse proportional relationship between azimuthal anchor-
ing energy and grating period observed in Fig. 8(a) agrees to
a certain extent with the inverse proportionality relationship
between grating period and anchoring energy related in the
Berreman’s theory.

5. Conclusions

In conclusion, we have proposed a new local LC alignment
method where a laser lithography process known as TPE-
DLW was used and demonstrated that local micro-patterned
grating structures photo-fabricated from a UV-curable pho-
topolymer via TPE-DLW can be used to locally align NLC.
Fabrication time is short since only one scan of the laser at
a scan speed of more than 1.4 mm/s is needed to fabricate
the uniform grating structures. We have also shown that for
a shallow structure with a period of 519 nm and a height
of 46 nm, the anchoring energy obtained by the Berreman
model is applicable since it agrees with the measured value
by the torque balance method with small disparity. Lastly,

the azimuthal anchoring energy was also found to be in-
versely proportional to the grating period by the torque bal-
ance method.
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