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We have investigated optical characteristics of a one-dimensional dual photonic
crystal with helix. We have confirmed the particular defect mode at the band edges
of CLC has high Q-factor. The defect mode with high Q-factor existed at any con-
ditions regardless of the polarization of incident light, helical pitch and thickness
of the CLC. All defect modes in the photonic band gap could be divided in two
groups. The first one was the defect modes whose Q-factor became high at the
long-wavelength edge of the CLC band. The other one was that at the short-
wavelength edge of the CLC.
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1. INTRODUCTION

A photonic crystal (PC) has a periodic dielectric structure with a
periodicity in a range of optical wavelength, which has received atten-
tion as optical devices for the next generation because of the prob-
ability of controlling light. In the PC, the propagation of light is
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inhibited in a certain energy range of photons, which results in an
appearance of a photonic band gap (PBG) [1]. Photon group velocity
is suppressed at the edges of PBG. Furthermore, within a PBG,
photons are localized upon the introduction of a defect in the PC [2].
By utilizing the PBG, the band edge or photon localization, various
applications are expected such as low-threshold lasers, low-loss micro-
waveguides and so on [3-6].

Liquid crystals have been attracted attention as optical devices
such as liquid crystal displays, which are attributed to optical ani-
sotropy and response to external stress of the molecules. As other
applications of LCs, PCs are also expected. Cholesteric liquid crystals
(CLCs) and chiral smectic liquid crystals have chirality in the molecu-
lar structures and spontaneously form one-dimensional (1-D) periodic
helical structures. If the liquid crystals have helical structures with a
periodicity of optical wavelength, they can be regarded as 1-D PCs.
Furthermore, in the cholesteric blue phase, three-dimensional periodic
structure is spontaneously formed, which has been attracted as three-
dimensional PCs. By utilizing such liquid crystals with periodic
structures, various applications are expected as low-threshold lasers,
tunable filters and so on [7-15].

We have so far investigated a hybrid photonic crystal which is com-
posed of an inorganic PC and liquid crystal, and proposed a tunable PC
in which PBG and defect modes can be controlled [16-23]. Recently,
we have proposed a 1-D dual PC structure, which is a dielectric multi-
layer PC containing CLC layer as a defect and in which the defect in
itself has a periodic structure due to the PC. In this configuration,
we have reported the appearance of particular defect modes at photo-
nic band edges of the CLC in the defect in addition to the defect modes
for dielectric multilayer PC, and achieved low-threshold single-mode
laser action based on the additional defect modes at photonic band
edges of CLC [23]. However the detailed optical characteristics of
the particular defect modes in the dual PC with the CLC has not been
investigated. In this paper, we report the defect mode analysis of the
dual PC with the CLC.

2. MODEL AND ANALYSYS METHOD

Figure 1 shows a schematic structure of a 1-D dual PC with helix in a
defect, which consists of CLC and dielectric multilayers. We assumed
the CLC with a right-handed helicoidal structure as an inner PC,
whose helix axis is along z-axis. The thickness, helical pitch, the extra-
ordinary and ordinary refractive indices of CLC were 9 um, 400 nm, 1.7
and 1.5, respectively, which were general values of the CLC. The CLC
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FIGURE 1 Schematic structure of 1-D dual PC with helix, which is composed
with CLC sandwiched by dielectric multilayers.

was introduced between the dielectric multilayers consisting alter-
nately stacked SiOy and TiO, layers. The total periodic number of
the stack of the multilayer was ten. The refractive indices of the
Si0, and TiOy were 1.46 and 2.35, and the thicknesses of them were
111nm and 69nm, respectively. The center wavelength of the PBG
was adjusted to be 650nm by the setting optical thickness of both
Si0, and TiO4 to be one-quarter of 650 nm.

In order to investigate the optical characteristics, we have per-
formed the calculation of transmission spectrum by a method of
4 x 4 matrix, a numerical analysis based on Maxwell’s equations,
which is available in a medium varying along one direction [24]. Light
propagating along the z-axis with frequency w is given by

) D), 1)

where D(2) is a derivative propagation matrix and ¥(z) = (E,, H,, E,, H)T.

3. DEFECT MODE

Figure 2(a) shows the transmission spectra of simple CLC without any
additional PCs (dashed line) and the dielectric multilayer PC (solid
line). The right-handed circularly polarized light was used as incident
light in this calculation. Decreasing of transmittance due to PBG for
the multilayer PC appeared in the spectral range between 550 nm
and 780nm, while the PBG of the CLC was observed between
600 nm and 680 nm, and was included in that of the multilayer PC.
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FIGURE 2 (a) Transmission spectra of a dielectric multilayer (solid line) and
CLC (dashed line); (b) Transmission spectrum of a dual PC with helix consist-
ing of dielectric multilayers and CLC shown with Figure 2(a); (c) FWHMs of
defect mode peaks of a dual PC with helix.

Figure 2(b) shows the transmission spectrum of the dual PC composed
of the CLC and the multilayer. The PBG was observed between
550nm and 800nm. Many peaks appeared in the PBG, which was
due to the defect modes as a result of introduction of the CLC defect
into the PC. Figure 2(c) shows the full width at half-maximum
(FWHM) of each defect mode peaks in the transmission spectrum of
the dual PC. The FWHM decreased gradually as closing to 650 nm
which was the center wavelength of the PBG. However it dropped
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drastically at 598.3nm and 682.9 nm which correspond to the short-
and long-wavelength edges of the PBG of the CLC. FWHM of these
peaks were 0.02nm which were ten times narrower than the other
peaks. It should be noted that such a drastic drop of the FWHM was
not observed in a 1-D PC with a uniform defect. This drop should be
caused by the introduction of the CLC with a helicoidal periodic struc-
ture into the PC. From the peak width, the Q-factors of the defect
modes at the band edges of the CLC were estimated to be 29900 and
34100, which were much higher than the other defect modes. The high
Q-factor must be attributed to the double optical confinement effects of
the CLC and the multilayer PC.

4. POLARIZATION DEPENDENCE

CLC has polarization dependence of light propagation, which results
from the helicoidal structure. A circularly polarized light with the
same handedness as the helix of the CLC along the helical axis
reflected in the CLC defect. However the opposite-handed circularly
polarized light transmits without interaction with the CLC medium.
We have investigated the dependence of the transmission spectrum
on incident light in a dual PC with the CLC. Figure 3 shows the trans-
mission spectra as a function of polarization states of the incident
light. The gray region shows the PBG of the CLC in the defect. Regard-
less of the polarization of the incident light, the PBG was observed in
the spectral range between 550 nm and 800 nm, which is attributed to
an isotropy of the dielectric multilayer. Many defect mode peaks were
observed in all transmission spectra, which resulted from introducing
the CLC defect. In the case of circularly polarized light, as shown in
Figures 3(a) and (b), the transmittance of the defect modes was
50%, which is independent of the polarization of the incident light.
The distribution of peak intensity of the defect modes in the PBG
depends on the polarization direction of the linearly polarized light.
Transmittance of defect modes decreased at the long-wavelength edge
of the CLC band for linearly polarized light along x-axis as shown in
Figure 3(c). In the case of 45-degree linearly polarized light, it
decreased at both edges of the PBG of the CLC as shown in
Figure 3(d). On the other hand, for linearly polarized light along y-
axis, it decreased at the short-wavelength edge of the PBG, as shown
in Figure 3(e). It should be noted that all defect modes appeared at the
same wavelengths, however the transmittance at the defect modes
changed as a function of the polarization of the incident light. As a
calculation condition, we assumed that the CLC molecules at inter-
faces between the multilayer and the CLC aligned along to x-axis.
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FIGURE 3 Transmission spectra of a dual PC for the incident light of various
polarization state (a) and (b) are for right-handed and left-handed circularly
polarized light. (¢), (d) and (e) are for linearly polarized light parallel to x-axis,
45-degree direction, and y-axis, respectively.

When the x-axis linearly polarized light is exposed, the incident light
feels extraordinary refractive index of the CLC molecules at the inter-
face, which leads the depression of transmittance at the longer band
edge of CLC. On the contrary, when the y-axis linearly polarized light
was exposed, incident light feels ordinary refractive index at the inter-
face, which leads to the depression of the transmittance at the short-
wavelength edge of the CLC. 45-degree linearly polarized light, which
is composed of x- and y-axis linearly polarized light, feels both extra-
ordinary and ordinary refractive indices of the CLC, which makes
decrease the transmittance at both long- and short-wavelength edge
of the CLC. From these results, we confirmed that the polarization
state of the incident light influences not to wavelength of the defect
mode but to the transmittance of that. The important point to note
is that the defect modes with high Q-factor necessarily appeared at
the band edges of the CLC regardless of the polarization states of
incident light.
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FIGURE 4 Wavelength dependence of FWHM of defect mode of a dual PC
with helix (circles), and transmission spectra of CLC with the helical pitch
of (a) 409.1 nm, (b) 428.6 nm and (c) 450.0 nm (dashed line).

5. HELICAL PITCH DEPENDENCE

Helical pitch of CLC can be controlled by temperature. We have inves-
tigated the helical pitch dependence of defect modes in a dual PC with
helix. We assumed 9um as thickness of the CLC, and 409.1nm,
428.6 nm and 450.0 nm as helical pitch of the CLC in the defect, which
were set as the pitch number in the CLC defect layer would be integer.
Figure 4 shows transmission spectra of simple CLC with different
pitch. The PBG shifted to longer wavelength as the helical pitch elon-
gated. Figure 4 also shows FWHM of the defect modes in the dual PC
with helix. For the helical pitch of 409.1nm, the defect modes with
narrow FWHM due to high Q-factor appeared at 611.5nm and
698.4nm which correspond to the band edges of the CLC as shown
in Figure 4(a). With elongating the helical pitch, the defect modes with
narrow FWHM shifted toward longer wavelength, which is associated
with the shift of the CLC band edges. From this result, we confirmed
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that the defect mode with high Q-factor necessarily exists at the band
edge of the CLC regardless of the helical pitch. The FWHM of the
defect mode with high Q-factor minimized when the band edge of
the CLC is around 650 nm which is the center wavelength of the
multilayer PC band. From the result, light is strongly confined in
the dual PC with helix, when the band edge of the CLC corresponds
to the center wavelength of the PBG of the multilayer PC.

Figure 5 shows the wavelength of defect modes as a function of the
helical pitch of the CLC in the dual PC with helix. In this calculation,
we used the dual PC with the CLC defect layer of 3 um in thickness.
The wavelengths of the defect modes were almost constant on the out-
side of the PBG of the CLC, which was showed with the gray region.
This is caused by the fact that the light out of the PBG of the CLC
would not interact with the CLC medium. On the other hand, the
defect modes in the PBG shifted to shorter wavelength as the helical
pitch elongated, which is attributed to the interaction of the helical
structure of the CLC. It should be noted that defect modes could be
divided into two types. The defect modes, shown with circles in Figure
5, red-shifted at the long-wavelength edge of the CLC band as the
helical pitch elongated. The other, shown with squares in Figure 5,
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FIGURE 5 Wavelength of defect mode as a function of helical pitch of CLC.



Downloaded by [University of Haifa Library] at 14:48 09 August 2012

Defect Mode in Dual PC 171/[927]

red-shifted at the short-wavelength edge of the CLC band. From the
shift and the FWHM of the defect mode, we convinced that two types
of the defect modes existed in the dual PC with helix.

6. DEFECT THICKNESS DEPENDENCE

We have investigated the dependence of the defect modes wavelengths
on the thickness of the CLC defect layer. Figure 6 shows the wave-
length of the defect modes in the PBG as a function of thickness of
the CLC. We assumed the helical pitch length of the CLC as 400 nm.
The defect modes shifted to longer wavelengths as the CLC layer
thickened. The defect modes can be divided into two types. One shifted
gently at the short-wavelength edge of the CLC band at 590 nm as
shown with circles in Figure 6, the other shown with squares shifted
gently at the long-wavelength edge of the CLC band at 680 nm. The
result that the defect modes can be divided into two groups supports
the result shown in the previous section.

We have taken notice of one of the defect modes shown with gray
circles in Figure 6. The defect mode shifted to longer wavelength as
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FIGURE 6 Wavelength of defect mode as a function of thickness of CLC.



Downloaded by [University of Haifa Library] at 14:48 09 August 2012

172/[928] Y. Matsuhisa et al.

14 N 0 / 1100
@' |
t2f gl o d
10/ 1 1 N
L vl | | 7
\ 1 3
08 (O] I [ J X
£ 07F & ‘e o 1%8
(=
S o6} o &6 & e ® 1 £
< | T £
2 05 ) Ib | —_40 é’
| i S
04f o0 ! 1 F
' / —20
\ / 4
0.3 [ Y J-A/ J
1 1 1 1 K;I L 1 I 1 1 I 1 1 L 1 —0
550 600 650 700 750

Wavelength (nm)

FIGURE 7 Wavelength dependence of FWHM of defect mode of a dual
PC with helix (closed circles) and transmission spectrum of CLC with the
thickness of 3 um (dashed line).

the CLC layer thickened, and the shift became gentle at the short-
wavelength edge of the CLLC band. We have investigated FWHM of
the defect modes as a function of their wavelength. The closed circles
in Figure 7 show the wavelength dependence of the FWHM of the
defect mode in the dual PC by changing the thickness of the CLC.
We also show the transmission spectrum of the simple CLC without
the multilayer PC whose thickness is assumed as 3 um, which is shown
with the dashed line in Figure 7. The FWHM increased at long and
short wavelength, and drastically decreased at 589 nm which is the
short-wavelength edge of the CLC band. This wavelength corresponds
to the wavelength at which the defect mode gently shifted shown in
Figure 6. On the other hand, a drop of the FWHM was not observed
at the long-wavelength edge of the CLC band. From the result, we con-
firmed that the Q-factor of this defect mode became higher only at the
short-wavelength edge of the CLC band. We have also investigated the
Q-factor of one of the defect modes shown with squares in Figure 6,
and confirmed that the defect mode showed high Q-factor only at
the long-wavelength edge of the CLC band. This result denoted that
two types of the defect modes exist in the dual PC with helix. One
shows high Q-factor at the long-wavelength edge of the CLC band,
and the other shows it at the short-wavelength edge. This phenom-
enon can be explained as follows. In the simple CLC without a PC,
light is amplified when it localizes in the part of the high (extra-
ordinary) refractive index at the long-wavelength band edge. In contrast,
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it localizes in the part of the low (ordinary) refractive index at the
short-wavelength band edge. In case of the defect mode shown in
Figure 7 in the dual PC with the CLC, light tends to localize at the
part of low refractive index in the CLC. It can be amplified at the
short-wavelength band edge. However, at the long-wavelength band
edge, the light cannot be amplified strongly because it localizes at
the part of the low refractive index. Consequently, the Q-factor is
enhanced only at the short-wavelength band edge of the CLC.

7. CONCLUSION

In conclusion, we investigated the optical characteristics of a dual PC
with helix. The defect mode with high Q-factor was observed at the
band edges of the CLC. The defect mode with high Q-factor existed
at any conditions regardless of the polarization of incident light, heli-
cal pitch and thickness of the CLC. The defect modes could be divided
in two groups, which interacted with long- or short-wavelength edge of

the CLC band.
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