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Novel Electrical and Optical Properties of Liquid 
Crystals Infiltrated in Opal as Photonic Crystal 

KATSUMI YOSHINO, YUKI SHIMODA, KEIZO NAKAYAMA, 
TATSUHIKO TAMURA, TATSUNOSUKE MATSUI, 

HIROTAKE KAJII and MASANORI OZAKI 

Department of Electronic Engineering, Graduate School of Engineering, 
Osaka University, 2-1 Yamada-Oh, Suita, Osaka 565-0871. Japan 

Various liquid crystals can be infiltrated into interconnected nanosize voids in a three-dimen- 
sional periodic array of SiOz spheres, synthetic opals, as photonic crystals. As an example of 
tunable photonic crystals, it has been demonstrated that the optical stop band in transmission 
spectrum of the liquid crystal infiltrated opal shifts with changing temperature, which can be 
interpreted in terms of temperature dependence of the refractive index and confirmed by the 
theoretical calculation of the band structure. This phenomenon can be utilized as a method to 
evaluate the refractive index. Tunability of optical properties of photonic crystal is also dem- 
onstrated in infiltrated replicas of opals. Effects of electric field application on properties of 
the infiltrated opals are also clarified. 

Keywords: photonic crystal; opal: stop band; nematic liquid crystal; ferrwlectric liquid crys- 
tal 

INTRODUCTION 

Recently, photonic crystals (1,2] with a three-dimensional ordered structure of a 
periodicity of optical wavelength, have attracted considerable attention from both 
fundamental and practical viewpoints, since new physical concepts such as a photonic 
band gap have been theoretically deduced and various application of photonic crystals 
have been proposed. 

We have demonstrated that the three-dimensional periodic structure of silica 
particles, which is named synthetic opal, can be realized by a self-assembly method, 
that is, by sedimentation of nanoscale SiO, spheres of the order of optical wavelength 

We have also proposed to realize new functionality by infiltrating various 
materials into interconnected nanoscale voids of the synthetic opals and indicated 
various interesting phenomena. [3-101 In addition, we have proposed a tunable 

range PI. 
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photonic crystal in which the photonic band gap can be tuned as desired by 
controlling parameters such as periodicity, space filling fraction, refractive index and 
so on. The infiltrated opal should be one of candidates to realize such a tunable 
photonic crystal. 

In this study, we demonstrate tunability of optical properties in opals infiltrated 
with liquid crystals. Electrical properties of the liquid crystal infiltrated opal are also 
discussed. 

EXPERIMENTAL 

Synthetic opals with a three-dimensional mesoscopic periodic structure as photonic 
crystals were fabricated by sedimentation of the suspension of mono-dispersed SiO, 
spheres. To study the effect of applied electric field, thin opal films were formed by 
Sedimentation of mono-dispersed silica spheres in sandwich cells made of two glass 
[or lnSn oxide (ITO) glass] plates with separation of various thickness [7]. In this 
paper, the opals fabricated €tom SiO, spheres of 300nm, 550nm and lpm in diameter 
are named opal-300, opal-550 and opal- 1000, respectively. 

Optical stop band in the transmission spectrum was observed in the visible range 
for the case of opals made of mono-dispersed SiO, spheres in the range of 
150-3OOnm in diameter. Opals prepared with SiO, spheres of 550-nm and I-/.un 
diameters exhibited stop bands in the infrared range. Polymer opals were also 
prepared with polymer spheres of the order of several hundred,nm in diameter. 

Various organic materials can be infiltrated in the periodic array of percolated 
pores of the opal. Replicas of opals can be prepared by dipping the infiltrated opals in 
HF and dissolving silica particles. 

Liquid crystals can be infiltrated in the isotropic phase upon heating. Nematic 
liquid crystal ZLI1132 (Merck) and smectic liquid crystal (R)-4'-(I- 
methoxycarbonyl-ethoxy)phenyl-4-[4-(n-octyloxy)phenyl]be~oate ( 1 MC I EPOPB) 
were used for infiltration [ 1 I]. 

Transmission spectra through opal films were measured with a Hitachi 330 
spectrophotometer and a FT-IR spectrometer (FTaR-300E. JASCO). Reflection 
spectra were measured using a hand-made experimental setup with a W lamp as a 
light source and a multichannel spectrometer (PMA-I I ,  Hamamatsu Photonics) as a 
detector. The microphotograph of scanning electron microscope (SEM) was taken 
with a S-21OOC Hitachi microscope. 

Theoretical calculations of opals and liquid crystal infiltrated opals were carried 
out using a plane wave method [IZ]. In this paper, we consider a fcctlosed packed 
structure of SiO, spheres with a refractive index ~ 1 . 4 6  and assume a filling ratio off 
= 0.74 of SiO, spheres. 
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LIQUID CRYSTAL INFILTRATED OPAL 503 

FlGlJRE I The electron microphotograph of the opal film 
fabricated from SO, spheres of 300nm in diameter 

RESULTS AND DISCUSSION 

Figure I shows an electron microphotograph of the opal film made of SiO, spheres of 
300nm in diameter. This opal film exhibits beautifid opalescent colors, and a clear 
peak in the reflection spectrum and a stop band in the transmission spectrum were 
observed depending on the diameter of SiO, spheres. 

Figures 2 and 3 show the transmission spectra of the opal-300 and the opal-300 
infiltrated with the nematic liquid crystal ZL11132 and smectic liquid crystal 
I MC 1 EPOPB, respectively. I t  should be noted in these figures, both stop bands shift 
upon the infiltration of the liquid crystal. In addition, stop bands shift also with 
changing temperature. As is evident in the insets of these figures, especially at the 
phase transition point, the stop band shifts in step wise. 

I / -  ' 0 C ' " '  L U , ' ' ' , , ' '  
450 550 650 750 850 

Wavelength (nm) 

500 600 700 800 
Wavelength (nm) 

FIGURE 2 Transmission spectra of the opal- 
300 (dashed line) and opal-300 infiltrated 
with ZLll132. Inset shows transmission 
spectra of infiltrated opal-300 as a function 
of temperature. 

FIGURE 3 Transmission spectra of the 
opal-300 (dashed line) and opal-300 
infiltrated with I MCIEPOPB at various 
phases. Inset shows transmission spectra of 
infiltrated opal-300 as a function of 
temperature. 
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FIGURE 4 Transmission spectra of the opal made of 1 pn SiO, spheres 
(dotted line), and the opal infiltrated with nematic liquid crystal (ZLII 132). 
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FIGURE 5 Temperature dependence of FIGURE 6 Temperature dependence of 
evaluated refractive index of nematic liquid 
crystal (ZLII 132) in voids of opals made of 
300nm SiO, spheres. 

evaluated refractive index of smectic liquid 
crystal (IMCIEPOPB) in voids of opals 
made of 3 0 h m  SiO, spheres. 

As shown in Fig.4, the stop band and its shift with the infilmtion of the liquid 
crystal were observed in the infrared spectral range in the case of the opal-1000. 

These spectral shifts of the stop band can be interpreted in terms of the change in 
refractive index with temperature. From a simple analysis of Figs. 2 and 3 using the 
evaluated periodicity, temperature dependences of the refractive index in ZLI I I32 and 
in IMCIEPOPB were evaluated as shown in Figs. 5 and 6. Remarkable change in 
the refractive index at the phase transition was clearly confmed.  

The shifts of the stop band and the reflection peak were also clearly observed in 
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LIQUID CRYSTAL INFILTRATED OPAL 50s 

the opal replica upon liquid crystal infiltration. It  should be mentioned that the 
infiltration effect to the band shift was even larger in the replicas compared with that 
in original opal, as shown in Fig.7. 

0 uleory 

- 0.301 I 

1 0.15 

' 0.05 
0.00 

g 0.10 

400 500 600 700 800 
Wavelength (nm) 

FIGURE 7 Reflection spectra of pure 
polymer replica and polymer replica 
infiltrated with the nematic liquid crystal 

1 4  

I 2  

I 

8 08 
T O ,  

0 4  

0 2  

x u  L r X W K  

FIGURE 9 Band structure for the liquid 
crystal (n=l.54) infiltrated opal. Inset: 
expanded band structure near the L point. 

I .4 

I .2 

I 

g 0.8 

5 0.6 
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0.2 
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FIGURE 8 Band structure for the silica 
opal (n=1.46) in air. 

Nematic : /so. 

8 '  
8 0  

8 

:no 0 0 experiment 

FIGURE 10 Temperature dependence of 
evaluated center wavelength of stop band of 
nematic liquid crystal (ZLII 132) in voids of 
opal and the center wavelength between the 
first and second bands estimated from the 
theoretical calculation. 

The band structures of the silica opal and liquid crystal infiltrated opal were 
Figures 8 and 9 show the theoretically calculated using a plane wave method. 
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506 KATSUMI YOSHINO ef al. 

calculation results of the band structure for the original silica opal in air and the liquid 
crystal infiltrated opal, respectively. As is evident from these figures, the gap 
between first and second bands appears at the L point corresponding to the light 
propagation perpendicular to ( l , l , l )  plane, and the central tkquency between first 
and second bands at the L point shifts to lower energy (longer wavelength) upon 
infiltration of the liquid crystal. Temperature dependence of the center wavelength 
between the first and second bands estimated from the theoretical calculation is 
indicated in Fig. 10, which coincides well with the experimental results. 

1 4  

I2 

I 

8 0 8  

ff 0 6  

0 4  

0 2  

0 
x u  L r X W K  

FIGURE I I 
polymer opal (n=l.7) intiltrated with liquid 
crystal (n=1.54). Inset: expanded band 
structure near the L point. 

Band structure for the 

X W K  X U  L r 

FIGURE 12 
polymer replica (n=1.7) infiltrated with 
liquid crystal (n=1.54). Inset: expanded band 
structure near the L point. 

Band structure for the 

Figures I I  and 12 indicate the theoretical band structures for a polymer opal 
infiltrated with the liquid crystal and a polymer replica infiltrated with the liquid 
crystal, which clearly indicates that the replica exhibits larger shift upon liquid crystal 
infiltration in accordance with the experimental result. 

These results mentioned above clearly indicate that a temperature tunable photonic 
crystal can be realized by liquid crystal infiltrated photonic crystal. 

It should also be noted that the observation of shift of the stop band or the 
reflection peak in opal upon infiltration is one of the simple methods to evaluate the 
refractive index. Therefore, we checked this method by applying to various liquids. 
Figure13 indicates the transmission spectra of the polymer opal replica infiltrated with 
various organic liquids. As is evident in the inset of Fig. 13, the center wavelength of 
the stop band is a linear function of the refractive index of the infiltrated liquids. 
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LIQUID CRYSTAL INFILTRATED OPAL 507 

400 500 600 700 800 
Wavelength (nm) 

FIGURE 13 
liquids. Inset shows the stop band wavelength as a function of the refractive index of liquids. 

Transmission spectra of the polymer opal replica infiltrated with various organic 

11 

10 

4 

600 650 700 750 
Wavelength (nm) 

'lo 7 

670 
0 20 40 80 80 100 

Ethanol concentration (%) 
FIGURE 14 Reflection spectra of the opal FIGURE I5 The center wavelength of the 
infiltrated with methanol-ethanol mixture at reflection peak of the opal infiltrated with 
various concentration of the ethanol in the the methanol-ethanol mixture as a function 
mixture. of the ethanol concentration in the mixture. 

Figure14 shows the reflection peak in the polymer opal replica infiltrated with 
methanol-ethanol mixture. It should be noted that the reflection peak wavelength 
depends on the solvent. Figure.15 shows the ethanol concentration dependence of the 
wavelength of the reflection peak in the polymer opal replica infiltrated with the 
methanol-ethanol mixture. As is evident ftom this figure, the reflection peak markedly 
shifted by changing ethanol concentration in the mixture. This phenomenon was 
reversible. These spectral change should originate h m  the difference in refractive 
index. In this case, however, the change in the periodicity of the polymer opal replica 
due to the swelling of the polymer by the solvent must also be taken into account for 
the detailed interpretation of the change of the spectra. In any case, it has been 
demonstrated that the stop band can be controlled by the concentration of the mixed 
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508 KATSUMI YOSHINO rr a/. 

solvents. We can also propose the measurement of concentration of the mixture by 
this simple method. 

We have also studied effect of applied voltage on the transmission spectra of the 
opals infiltrated with the nematic liquid crystal and also smectic liquid crystal. 
However, the shift of the stop band was small. This may be due to the effect of strong 
interaction of liquid crystal molecules with the inner surface of the void in opal. 

The study of the stop band and the reflection peak in the liquid crystal infiltrated 
opal which are prepared with larger spheres and pretreated with surfactant to reduce 
interaction at the surface, and also replica are now under progress. 

The study on a dielectric behavior in the liquid crystal infiltrated opal has also 
been carried out. Figure 16 shows a ikquency dispersion of dielectric constant of 
ZLI 1132 in a conventional sandwich cell and in the nanoscale voids of the opal-300. 
The relaxation frequency of the nematic liquid crystal infiltrated in the opal evaluated 
from the Cole-Cole analysis shown in Fig.I6(b) is higher than that in the sandwich 
cell shown in Fig.l6(a). This may be attributed to the strong interactions of liquid 
crystals with the inner surface of the nano-scale voids in the opal. 

0.01 I I I 1 ' 1  1 1  
7 

3.0 3.2 3.4 3.6 3.6 4.0 4.2 4.4 4.6 
Et 

FIGURE 16 Frequency dispersion of dielectric constant of ZLI I I32 in a 
conventional sandwich cell (a) and in the nanoscalc voids of opal (b). 

Similar surface effect to the molecular dynamics in the opal voids was observed in 
the temperature dependence of dielectric constant of IMCIEPOPB. At the transition 
temperature between the smectic-A ISmA) and chiral smectic C (SmC*) phases, a 
sharp peak appeared in the temperature dependence of dielectric constant in the 
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LIQUID CRYSTAL INFILTRATED OPAL 509 

sandwich cell, which is interpreted to be associated with the soft mode relaxation. In 
the infiltrated system in the opal, however, the sharp peak was not observed. In 
general, the Goldstone mode of the dielectric relaxation in the SmC* phase is strongly 
influenced by the surfaces and is suppressed in a thin sandwich cell [13,14]. The 
disappearance of the sharp peak at the Curie point observed in this study may suggest 
that even soft mode contribution is suppressed in the nanoscale spaces in the opal. 

SUMMARY 

Optical properties of synthetic opal and opal replica infiltrated with the liquid crystal 
and liquids were investigated and we demonstrated that the stop bands of the opal and 
replica could be tuned by changing temperature, which was confirmed by the 
theoretical calculation. These results strongly support the possibility of the tunable 
photonic crystals. 
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