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ABSTRACT

A structural defect was introduced within the helical lattice of cholesteric liquid crystals to realize a tunable photonic
defect mode in the selective reflection band, or the polarization sensitive photonic band-gap of the cholesteric liquid
crystal. The cholesteric liquid crystal material was locally polymerized via a two-photon polymerization process and a
finite unpolymerized region was left between two polymerized layers to act as the structural defect in which the helical
pitch is different from the polymerized bulk. The structural defect was functionalized by first of all, rinsing the
unpolymerized cholesteric liquid crystal, and then infiltrating a photo-chromic dye-doped cholesteric liquid crystal
material into the gap. A defect mode was observed in the selective reflection band of the cholesteric liquid material at a
wavelength depending on the contrast between the pitch at the defect and the bulk. The defect mode was tunable by
applying heat or irradiating light at 2 ~ 400 nm on the sample, which caused the shortening of the helix pitch of the
cholesteric liquid crystal at the defect. therefore increasing the pitch contrast between the bulk and the defect. Reversible
tuning of the defect mode was realized in an electrode-free cell.
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1. INTRODUCTION

Photonic crystals (PhCs) are pertodic dielectric media with fascinating potential to enable the control of photons. They
exhibit what are called photonic band-gaps (PBGs) in which light transmission is prohibited over a wavelength range
given by the refractive index and the periodicity of the structure'~. While a defect-free PhC can act as a perfect mirror, a
structural defect in the periodic lattice causes light to be confined both spatially and spectrally at the defect and a “defect-
mode” is permitted within the PBG. Exploitation of this property adds a range of functions and applications for PhCs,
which some include narrow band-pass filters®, low threshold lasers® and optical add and drop®. Further functionalization
of PhCs have been attempted in structures incorporating functional materials into the periodic lattice; functional
indicating that they change their physical properties such as their refractive index by an external triggering signal. They
have opened a new and exciting topic in the field of PhCs called tunable PhCs, in which the optical properties can be
tuned to meet certain specifications by external fields®'°.

While many PhCs with one, two or three-dimensional (1, 2, 3-D) periodicities have been fabricated and investigated
using conventional semiconductor processing methods such as electron-beam lithography, nature also displays a
fascinating range of photonic crystals, in which periodic structures are formed spontaneously. Microscopic pores were
known to exist in peacock feathers and in the wings of certain morph butterflies, giving them radiant colors from
multiple reflections. Opals are an example of a more well-defined 3-D PhC, in which spheres with several hundred
nanometer diameters self-assemble into a face-centered-cubic configuration. The exploitation of these self-organizing
periodic structures for the preparation of PhCs for particular applications would be an intelligent, less time-consuming
alternative to conventional methods, should the structures be controlled to a certain degree that desirable characteristics
are achieved.

Cholesteric liquid crystals (ChLCs) with chiral constituents are 1-D self-organizing PhCs with great potential due to their
extremely easy preparation process and tunability. The chiral constituents doped in a conventional nematic LC host
cause the molecules to self-organize into a helical periodic structure with a periodicity called the pitch, which can range
from few 100 nms to several mms, depending on the type and concentration of the material. Owing to the helical
structure, they exhibit a 100% selective reflection for circularly polarized light with the same circular handedness as the
material, in the wavelength region described by A = np ~ n.p, where n, and »n. are the ordinary and extraordinary
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After the fabrication of the ChLC structure, the unpolymerized ChLC was rinsed out of the cell by immersing the sample
in ethanol. Only the ChLC monomer was rinsed out by this process, since the polymerized region remains intact with
the cell substrate. An azobenzene dye-doped ChLC material was then infiltrated in the sample to realize a ChLC defect
structure with a photo-functional defect.

2.2 Sample

The photo-polymerizable ChLC material used in this study was prepared by Merck KGaA to have a right-handed helix
with the central wavelength of the selective reflection band appearing at A; ~ 570 nm and possessing a cholesteric —
isotropic transition temperature of Tj, ~ 76.0°C. The material shows no absorption at A ~ 800 nm while polymerizing at
400 nm, which makes them an ideal material for processing by the direct laser lithography method. The photo-
polymerizable ChLC was infiltrated in a sandwich cell made from two cover slips with an approximate spacing of 5.5
pm, rubbed to obtain a planar alignment with the helical axis perpendicular to the substrates. The mixture also included
4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran [Excition: DCM] dye by 0.6 wt% for observation
purposes on the confocal laser-scanning microscope.

As the template ChL.C material, a photo-chromic, right-handed ChLC was prepared by mixing a chiral dopant [Merck:
R-811] into a nematic L.C host [Merck: E-44] by 30 wt%, and adding azobenzene-dye [Tokyo Chemical Industry: 4-
diethylaminoazobenzene] by 3.8 wt%. The azobenze dye-doped ChLC is known to exhibit pitch-shortening upon
irradiation of light with a certain wavelength owing to the increase in the chirality caused by the trans-cis isomerization
of the dye. The molecular structure of the azobenzene dye used in this study is shown in Fig. 2.
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Fig. 2. Molecular structure of 4-diethylaminoazobenzene and its photo-isomeric states.

2.3 Measurements of the optical properties

The thermal-tuning properties and the optical-tuning properties of the fabricated structure were investigated by
measuring the transmittance spectrum on a microscope [Nikon: Optiphot 2] over a spot of radius ¢ ~ 20 um (using an
objective with NA 0.5) by a CCD multichannel spectrometer [Hamamatsu Photonics: PMA-11] with a spectral resolution
of ~ 2 nm. The polarization of the incident wave was changed between linear and circular polarization by inserting a A /
4 plate. The thermal-tuning properties were investigated for temperatures between 20.0°C to 60.0°C by controlling the
sample temperature on a hotplate. The optical tuning characteristics of the transmittance spectrum was measured upon
coaxially irradiating the sample by a high-pressure mercury lamp [Nikon: HB10101AF] with power ~ 17 mW/cm2. The
reversibility of the tuning properties was investigated by performing a 40 second cycle in which the UV light was
irradiated for 15 seconds and then cut-off for 25 seconds for 3 minutes.
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Fig. 4. Incident polarization dependence of the transmittance spectrum of the ChLC defect structure.

3.2.1 Thermal tuning of the defect mode

Figure 5 shows the temperature dependence of the PBG of the azobenzene dye-doped ChLC material. The transition
temperature from ChLC to isotropic phase is approximately at 57°C, and a blue-shift of the PBG corresponding to pitch
shortening is observed upon increasing the temperature, until the liquid crystallinity starts to decrease at 52°C and the
PBG becomes narrower. The stepwise shift of the PBG corresponds to a discrete change in the number of half-pitches in
the cell. due to the strong anchoring of the molecules at the substrate surface, rubbed to align the molecules in a planar
orientation.
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Fig. 5. The temperature dependence of the PBG of the azobenzene dye-doped ChLC.

Figure 6 shows the transmittance spectrum of the fabricated structure upon right circularly polarized light incidence. As
the temperature of the sample is increased, a blue-shift of the photonic defect mode is exhibited. The direction of shift
matches that of the azobenzene dye-doped ChLC introduced in the defect, and is also consistent with theoretical results
in the literature that, when the pitch of the defect is shorter than in the bulk, the defect mode shows a blue-shift with
increasing contrast in pitch (and vice versa)™. It should be noted that the contrast of the pitch lengths between the bulk
and the defect is increased in this specific configuration with two polymerized ChLC regions sandwiching the defect
layer: the ChLC at the defect is selectively pitch-shortened since the polymerized region becomes highly thermally stable
and does not change the pitch upon heating. Although the observations can be explained qualitatively, certain
quantitative issues remains unanswered, such as the continuous shift exhibited by the defect mode, contrary to that
exhibited in a conventional LC. One possible explanation may be that LC director distribution is distorted from the ideal
sinusoidal distribution; however, further investigation is required to confirm this model. The discrete shift observed at
58°C, on the other hand, corresponded to phase transition where the helical structure disappeared and the medium
became isotropic. The defect-mode tuning over a bandwidth of approximately 42 nm was reversible, with no decline in
the transmittance spectrum after several repetitive measurements.
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characteristics. Electrode-free, intelligent optical components may be realized after sufficient optimization of these
structures.
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