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Electric field tuning of a stop band in a reflection spectrum of synthetic
opal infiltrated with nematic liquid crystal

Y. Shimoda, M. Ozaki,? and K. Yoshino
Department of Electronic Engineering, Graduate School of Engineering, Osaka University,
2-1 Yamada-Oka, Suita, Osaka 565-0871, Japan

(Received 8 February 2001; accepted for publication 19 Septembej 2001

Electric field tuning of an optical stop band in a reflection spectrum is demonstrated in a synthetic
opal thin film infiltrated with liquid crystal. The reflection peak of the opal shifts upon the
application of the electric field, and this is based on the refractive index change caused by molecular
reorientation upon application of a field. The dynamic response of the stop band shift was also
studied, and fast response of the order of microsecond was observe2D0©American Institute

of Physics. [DOI: 10.1063/1.1421080

Recently photonic crystals with a three-dimensionallyrous opals prepared by this procedure have a face-centered-
ordered structure with periodicity of the optical wavelengthcubic (fcc) structure and contain an interconnected structure
have attracted much attention from both fundamental andf tetrahedral and octahedral voids. A nematic LC, 4-pentyl-
practical points of view, because physical concepts such a&’-cyanobiphenyl(5CB, Merck, was used for infiltration.
photonic band gaps have been theoretically predicted and Reflection characteristics of the opal films were mea-
various applications of photonic crystals have beersured with a spectrometefUV-3100PC, Shimadau For
proposed-:? Synthetic opals have been studied as pseudophaneasurement of the dynamic optical response to the electric
tonic crystals or prototype photonic crystals to establish thdield, the light of a semiconductor lasex £ 680 nm) trans-
growth techniques and to understand fundamental opticahitted through the opal film was detected with a photodiode.
properties such as the stop band of the three-dimensional Figure 1 shows reflection peaks of the opal infiltrated
periodic structure of materiafs® with 5CB as a function of the amplitude of the applied rect-

We have already demonstrated that various materials casngular voltage (=1 kHz). The light was irradiated perpen-
be infiltrated into interconnected nanosize voids of opals, andicular to the opal film. As is evident in Fig. 1, the reflection
novel functionalities can be realized in these infiltratedpeak shifts toward shorter wavelengttidueshifts with an
opals>®~® Based on this fabrication technique, the concepiincrease in voltage. This shift originates from the change in
of a tunable photonic crystal is proposed, in which the phorefractive index caused by molecular reorientation along the
tonic band gap can be tuned as desired by controlling paranapplied electric field. In the initial state, the refractive index
eters such as the refractive index, periodicity or space fillingf the LC in nanosize voids of the opal should be macro-
factor. We also propose an anisotropic photonic crystal, irscopically averaged and it is equivalent to that in the isotro-
which a three-dimensional periodic array of interconnectecpic phase, because of the three-dimensional symmetry of the
voids is infiltrated with anisotropic materials such as liquidarrangement and the shape of the voids without an electric
crystals®*? field. Under an applied electric field, however, the LC mol-

Liquid crystal(LC) has a large optical anisotropy due to ecules align along the field parallel to the direction of light
its anisotropic molecular shape and alignment, and its alignpropagation, and the ratio of the molecules aligned parallel
ment is extremely sensitive to external parameters such as light propagation slightly increases. As a result, the com-
the temperature and electric field. As a result, the refractivgponent of the refractive index, for ordinary light increases
index of a LC can be modulated by a change in temperaturgn each void, and the average refractive index of the LC
and/or application of an electric field. Based on these char-
acteristics, the optical properties of a synthetic opal whose
interconnected nanoscale voids are filled with LCs should
easily be controlled by the temperature and electric fiid!
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So far, we have already demonstrated a stop band shift 8
. . . e o 30
upon a change in temperature in a synthetic opal infiltrated g
with nematic and smectic LC$:?In this study we demon- g 20
strate tuning of the stop band upon the application of the E
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electric field in a synthetic opal infiltrated with nematic LCs.
Ordered colloidal crystal in the film was formed by sedi- 0 . , , ,
mentation of the suspension of monodispersed silica spheres 700 710 720 730 740 750
. . . . L Wavelength {(nm)
300 nm in diameter in a sandwich cell made of two indium—

tin oxide (ITO) coated glass plates separated byut. Po-  FIG. 1. Reflection spectra of the opal infiltrated with 5CB as a function of
the applied voltage. The reflection peaks after removing the electrical field
(off) and after subsequently heating up to the isotropic ptiaeéN) are also
dElectronic mail: ozaki@ele.eng.osaka-u.ac.jp presented.
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FIG. 2. Applied voltage dependence of the reflection peak wavelength of the = 1.0
opal infiltrated with 5CB. The peak wavelength after turning off the electric 8
field (E off) and after subsequently heating up to the isotropic ptiasgare ® 08
also shown. g
5 06
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decreases. Consequently, the reflection peak shifts toward % 0.4
shorter wavelength. g 0.2
Figure 2 shows the voltage dependence of the reflection g 0.0
peak wavelength of the opal infiltrated with 5CB. As is evi- = 0 40 80
dent from Fig. 2, the reflection peak shifts toward shorter Time (ms)

wavelength above 10 V with an increase in applied voltage.

; ; : FIG. 3. Optical responses of 5CB infiltrated opal for the applicat@rand
Th? wavelength .Shlft of the reflection .peak upon the appli removal(b) of bipolar rectangular voltage of 140 \f €10 kHz) at 32 °C.
cation O_f 160 V IS abOUt_5'5_ nm, which correspc_mt_js 0 arpe light was irradiated normal to the opal plate and the light intensity
change in effective refractive index of 0.04 for the infiltrated transmitted was monitored.

LC. The refractive indices of 5CB for ordinary and extraor-

dinary light 720 nm in wavelengtim, andne, are 1.522 and  qigin of the fast response of the nematic LC molecules is
1.706, respectivel}? Assuming random orientation of the 1ot clear at this stage but may be attributed to the deformed
LC molecules in the voids, the averaged refractive indgx  nonspherical shape of the voids. In addition, this nonspheri-
is calculated to be 1.584. If all molecules in the voids arecg| shape of voids with sharp corners that induce defects in
completely oriented toward the electric field, the effectiveihe | C alignment might enhance the electric field with re-

refractive index should change by 0.06 4~ no). spect to the applied field.

In general, the LC molecules near the solid surface are  Figure 4 shows the voltage dependence of the rise time
reoriented very little by the applied electric field. If the vol- 5t 27 and 32 °C. The rise time is defined as the time required
ume of the voids infiltrated with liquid crystals is large, the tg change the transmission intensity from 10% to 90% of its
ratio of the region in which the molecules are bounded by thggtal change when bipolar rectangular voltage of 10 kHz is
surface is negligible with respect to the total volume. How-applied. From Fig. 4, it was confirmed that the gradient of
ever, in the case of the small voids of the synthetic opal use¢he voltage versus the rise time slope is abe@ That is,
in this study, the volume of each void is about 0.008°  the rise time is inversely proportional to the square of the
and the restricted region in the total volume of the void cangpplied voltage. This relationship suggests that the optical
not be neglected. Therefore, the effective refractive inde)fesponse of LC molecules in the voids originates from the
under the field should be larger tham corresponding to dielectric anisotropy. The rise response also depends on the
complete alignment of the LC molecules along the electriqemperature and the response time at 27 °C is longer than
field. That is why the field-induced change in refractive in-that at 32 °C, which must be associated with the temperature
dex of LCs in the opal calculated from the reflection peakdependence of the viscosity of 5CB.
shift (0.04) is slightly smaller than that estimated based on In summary, we demonstrated that the position of the
the assumption of complete LC molecule alignment to thestop band in the opal infiltrated with a nematic liquid crystal
field (0.06).

It should be also noted that the nematic LC infiltrated 1000
into the opal exhibits an optical memory effect. That is, once
the reflection peak shifts toward a shorter wavelength, it does
not revert back to that in the initial state even after the re-
moval of applied voltage. This may originate from a strong
anchoring effect in the small voids of the opal. However, the
memory effect disappears when the isotropic phase is heated.

Figure 3 shows typical electrooptic responses of 5CB
infiltrated opal to the applied voltage of a bipolar rectangular
wave form f=210kHz) of 140 V in amplitude at 32°C. As 10
can be seen, the response time is shorter than that of a con- 10 100
ventional twisted nemati€TN) cell. In particular, the rise Applied Voltage (V)

Fime (dark to brigh) Shown in Fig. 3 iS_Of :‘_LS (_)rden which FIG. 4. Applied voltage dependence of the response time to application of
is comparable to that in a ferroelectric liquid crystal. Thethe electric field(rise time at 27 and 32 °C.
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