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Abstract Electrically switchable two-dimensional photonic
crystals were demonstrated using polymer-dispersed liquid
crystal materials based on the Talbot self-imaging effect
of a single photomask. With the photomask subjected to a
collimated Ar" laser beam operating at 488 nm, a three-
dimensional spatial light intensity pattern was created due
to the Talbot self-imaging effect. The spatial light intensity
pattern was then recorded inside a cell filled with the liquid
crystal/prepolymer mixture to create photonic crystal struc-
tures. The surface morphology of the photonic crystals was
examined by an atomic force microscopy. It showed square
structures with a lattice constant of ~0.9 um. The diffrac-
tion and electro-optical properties were also presented. This
approach shows a simple and fast fabrication.

1 Introduction

Photonic crystal (PhC), enabling the localization of light
[1, 2], has been attracting intensive attention due to the ex-
istence of photonic bandgaps (PBGs). Various approaches
have been used to fabricate PhCs, such as electron-beam
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lithography [3, 4], self-organization of colloids [5], layer-
by-layer micromachining [6], and holographic lithography
[7-10]. Among these methods, laser holography technique
offers a highly versatile and flexible approach to create PhC
structures. Using this technique, large-area defect-free struc-
tures can be produced through a single-step exposure. How-
ever, the use of the multiple independent laser beams for the
interference pattern generation can introduce optical align-
ment complexities and inaccuracies as a result of alignment
errors in angles among interfering beams as well as vibra-
tional instabilities in the setup. To improve alignment ac-
curacy and stability of the holographic setup, only a single
optical element used to produce the multiple-beam interfer-
ence pattern has been reported, such as diffraction masks
[11-15] and specially designed prisms [16—19].

On the other hand, due to their excellent electro-optical
properties, polymer-dispersed liquid crystals (PDLCs) [20]
have found many applications including smart windows
[21], displays [22], microlenses [23-25], random lasers
[26-28], and storages [29]. PDLC films can be prepared
using methods such as encapsulation, thermally induced
phase separation, solvent-induced phase separation, and
photopolymerization-induced phase separation (PIPS) [30].
Based on laser interference holography, various periodical
structures, such as gratings [31-33], hexagonal [13, 19],
transverse square [34, 35], orthorhombic [36, 37], and di-
amondlike lattices [38], can also be introduced inside the
PDLC film through the PIPS method, coined as holographic
PDLCs (HPDLCs) [39]. These HPDLC-based PhC struc-
tures have been found many applications including switch-
able lasing emission [40—44] and chemical/humidity sensing
[45, 46].

Recently, Yuan and co-workers have reported a 3D PDLC
PhC based on the Talbot self-imaging effect [47]. However,
since the Talbot distance was ~8 um in their work, it is very
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challenging to fabricate 3D structures in practice because
the strong absorption of the photoinitiator caused the uneven
distribution in exposure intensity along the film thickness
direction. Although it would be possible to further decrease
the Talbot distance by decreasing the period of the mask, the
optical contrast will decrease greatly as a tradeoff due to the
strong diffraction induced by the small period. A compro-
mise limited by the tradeoff is to fabricate 2D instead of 3D
structures. In this paper, we demonstrate 2D PhC structures
in PDLCs based on the Talbot self-imaging effect of a single
mask. The electro-optical properties of such a 2D PhC are
further investigated. Application of an electric field can re-
orientate the LC molecules inside the PDLC PhC, thus mod-
ulating the refractive index difference between the polymer
matrix and the LC. A total refractive index match between
the two materials can be achieved by tuning the LCs to a spe-
cific orientation. In such a way, we can switch the 2D PDLC
PhC from diffraction to transmission. This approach is an
alternative to provide simple and fast fabrication as well as
high throughput.

2 Experiments

Figure 1(a) shows the schematic of our experimental setup.
The photomask used in our experiment was a chessboard-
like binary amplitude-type grating with a period of 1.4 um
and a duty cycle of 50%, as shown in Fig. 1(b). The working
area was 4 x 4 mm?. Figure 1(c) is the far-field diffraction
pattern by performing the Fourier transform of Fig. 1(b).
Electron-beam lithography was employed to fabricate the
chessboard-like grating. In the electron-beam lithography,
an accelerating voltage of 20 KeV and beam current of

Mask

Ar" Laser

Sample

Fig. 1 (a) Schematic of the experimental setup, (b) a SEM image of
the chessboard-like binary amplitude-type grating, and (c) far-field dif-
fraction pattern of (b)
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200 pA were employed, respectively. Methyl methacrylate
resist was spin-coated on a pretreated glass slide to achieve
a resist layer of ~470 nm in thickness. Before exposure, the
spun resist on substrate was pre-baked at 150°C for 90 s.
The sample was then developed for 150 s and rinsed for
60 s after exposure. Subsequently a metal layer of Ti/Au
(30 nm/80 nm) was deposited. Finally the resist was re-
moved from the surface through a lift-off process in acetone.

The starting LC/prepolymer mixture syrup used con-
sisted of 35 wt% monomer, trimethylolpropane triacrylate
(TMPTA), 5 wt% cross-linking monomer, N-vinylpyrrol-
lidone (NVP), 0.8 wt% photoinitiator, rose bengal (RB),
1.2 wt% coinitiator, N-phenylglycine (NPG), 8 wt% sur-
factant, octanoic acid (OA), all from Sigma-Aldrich, and
50 wt% liquid crystal, E7, from Merck. The E7 liquid crys-
tal used has an ordinary refractive index of n, = 1.521, and
a birefringence of An = (0.225. All the materials were me-
chanically blended according to the appropriate weight ratio
at 65°C (higher than the clearing point of the liquid crys-
tal E7) to form a homogeneous mixture in dark condition.
To record the light intensity pattern in the Talbot distances,
thin glass slides with the thickness of 200 um were used.
To investigate the electro-optical properties, an indium-tin-
oxide (ITO) layer of ~80 nm was coated on the slide. Then
we sandwiched a drop of the prepolymer/LC mixture be-
tween two pieces of ITO glasses. The gap was controlled
to be ~3 pum with glass microsphere spacers. A collimated
Ar" laser beam (488 nm) was used to illuminate the pho-
tomask to produce the diffraction pattern. A cell filled with
the LC/prepolymer mixture was placed immediately behind
the photomask and subject to the exposure.

To check the surface profiles of the polymeric pattern,
we peeled off one piece of ITO glass and sunk the sample
into methanol for at least 12 hrs to remove the LCs. Af-
ter drying, the samples were investigated under an atomic
force microscopy (AFM) and scanning electron microscopy
(SEM). Electro-optical properties were investigated for the
2D PDLC PhCs.

3 Simulation

When a periodic structure, such as a grating, is illuminated
with spatially and temporally coherent light, constructive in-
terference results in intensity patterns that mimic the origi-
nal period at certain distances beyond the grating, known as
the Talbot self-imaging effect [48]. The minimum distance
between replications of the fundamental spatial frequency is
the Talbot distance

Zr =2d%/x, 1)

where d is the period of the input pattern and A is the il-
luminating wavelength. For instance, Fig. 2(a) shows one-
dimensional simulation of the Talbot effect using beam



Electrically switchable two-dimensional photonic crystals made of polymer-dispersed liquid crystals based 661

Grating (um)

4 6 8

Fig. 2 (a) One-dimensional simulation of the Talbot effect of a grat-
ing, and (b) a typical micrograph of Talbot images for our chess-
board-like mask observed under an optical microscope at a certain axial
plane

propagation method with a grating of period d = 1.0 um
and A = 0.5 um. The Talbot distance is ZT = 4.0 um. Af-
ter a propagation shift of Zt/2, an image of the grating will
be reconstructed but with a lateral shift of half period. Even
multiples of Zt/2 reproduce the original spatial frequency
fundamental, while odd multiples reproduce the fundamen-
tal with a 7-phase shift. Figure 2(b) shows a typical micro-
graph of Talbot images for our chessboard-like mask, which
was observed under an optical microscope at a certain axial
plane.

3.1 Results and discussion

Figure 3(a) shows the surface morphologies of the 2D PDLC
PhCs with the LCs removed. A clear square structure can be
observed from Fig. 3(a), which is similar to the photomask
structure. The period of the square structure is ~0.9 pm,
which is less than that of the photomask. One reason is that

b

Fig. 3 (a) AFM and (b) SEM images showing the surface and
cross-section morphologies of the PDLC PhC, respectively

the polymeric pattern shrinks during the photopolymeriza-
tion process. The other possible reason is that the laser beam
was not ideally collimated. In a Gaussian system with the
convergent wave, the period of the mth-order imaged pattern
can be decreased by a factor of [1 + 2d%*m /(Af)][49], where
f is the focal length. In addition, the Talbot length in our ex-
periments is ~8 pm. By choosing suitable cell thickness less
than ZT/2, only a single pattern layer can be recorded inside
the PDLC cell, and the periodicity along the propagation di-
rection is hence broken down. In our experiment, the cell
thickness was ~3 pum. Therefore, the formed PhC structure
was considered to be a 2D pattern. To confirm our claim, we
fabricated another sample with the same fabrication condi-
tions and parameters only except that the thickness of the
film is ~8 pwm. The selection of such thickness was only for
convenient peeling off of the PDLC film from the substrate.
Figure 3(b) shows the cross-section SEM image of the sam-
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Fig. 4 Diffraction pattern of the PDLC PhC

ple. A columnar structure is clearly observed, confirming a
2D structure even the thickness is much larger than 3 pum.

Figure 4 shows the diffraction patter of the 2D PDLC
PhCs produced by a normally incident He-Ne laser operat-
ing at 543 nm. We can also see a clear square diffraction pat-
tern, which matches well with the far-field diffraction pat-
tern of the mask (Fig. 1(c)). It is worth mentioning that the
arc-shaped light diffraction pattern observed in the far field
could be mainly attributed to the non-uniform light inten-
sity distribution induced by the z-direction periodicity. An-
other possible reason could be the deformation of the self-
imaged pattern due to the diffraction effect of the mask af-
ter a long self-imaging distance because a glass substrate
with the thickness of about 200 um was inserted between
the mask and the recording film in our experiments, which
is comparable to 25 Talbot lengths.

The electro-optical effect was also investigated. Figure 5
shows the diffraction and transmission intensity changes as
the function of applied voltages. It shows a very similar
trend as the H-PDLC samples we observed before [19]. We
can see that with the increase of the electric field, the dif-
fraction intensity decreases and the transmission intensity
increases accordingly due to the refractive index difference
change between the polymer regions and the LC regions.
Due to large LC droplets formed during the photopolymer-
ization process, a relatively low threshold (0.8 V/um) and
switching electric field (6.0 V/um) were achieved, respec-
tively. The low switching field was also attributed to the ad-
dition of the surfactant since the surfactant could form an in-
termediate layer as a lubricant between the LC droplet and
polymer network [50, 51]. However, the response time is
slower correspondingly compared to most H-PDLC PhCs.
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Fig. 5 Diffraction and transmission intensity changes as the function
of applied voltages

The response time measured is about 10 ms by summing the
rising time and the falling time. In addition, it is noted from
Fig. 5 that the total first-order diffraction efficiency for the
2D PhC is ~24%. This 2D PDLC PhC can be simply consid-
ered as two orthogonally superimposed gratings. For a grat-
ing, the magnitude of the diffraction efficiency strongly de-
pends on the diffraction regime determined by the parameter
Q =2mwAL/n, A%, where A is the wavelength of 0.543 pm,
A s the grating spacing of ~0.9 pm, L is the film thick-
ness of ~3 um, and n,, is the average refractive index. Here,
no is estimated to be ~1.558 from the mixture ratio of LC
and polymer molecules. The parameter Q is calculated to
be ~8. As a result, the formed grating is estimated to op-
erate in the intermediate regime between Raman—Nath and
Bragg regimes. It is therefore expected that the diffraction
efficiency shows a relatively low value when the grating op-
erates in the intermediate regime compared to those in the
Bragg regime.

4 Conclusion

Electrically switchable 2D PDLC PhCs have been produced
based on the Talbot self-imaging effect of a photomask. This
proposed method is suitable for high-efficiency and large-
area fabrication. With direct contact or in close proximity
immediately behind the mask, much more accurate struc-
tures can be achieved using this method. In addition, if a
Gaussian optical system were adopted [49], this method
would provide additional freedom to easily engineer the pat-
terned structures with adjustable periods based on a single
mask. Although such 2D PDLC PhC structures cannot show
complete bandgaps due to the low refractive index con-
trast, they still have potential applications in particle trap-
ping and sorting with high power efficiency. In addition, the
all-organic nature of such PhC structures makes them useful
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as

a sacrificial template to create patterns with high index

materials.
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