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We analyze the dynamic response and optical properties of a high-speed defect mode switching that
is based on a tunable defect mode in a one-dimensional photonic crystal with a nematic liquid
crystal defect layer. The electro-optic responses of the defect mode switching are calculated
considering the director distributions in the defect layer, which are determined using continuum
theory. The calculated defect mode switching exhibits a response on the order of microseconds in
spite of the use of the reorientation of nematic liquid crystal molecules. From the calculation, it is
found that the fast response is realized using a narrow peak shift and a fast part of the molecular
reorientation. Furthermore, the dependences of the switching response are clarified on several
physical parameters. © 2007 American Institute of Physics. �DOI: 10.1063/1.2432877�

I. INTRODUCTION

Photonic crystals �PCs� having a three-dimensional or-
dered structure with a periodicity equivalent to the optical
wavelength are among the most interesting optical materials,
because they have a photonic band gap �PBG� in which the
existence of photons is forbidden in a certain energy range.1,2

Using this feature, considerable advancements in optical de-
vices, such as low-threshold lasers, microwaveguides, and
optical circuits, are expected.1–5

Tunable PCs having variable PBGs by controlling opti-
cal periodicities are also expected for functional applications,
for example, tunable lasers and tunable optical waveguides.
In particular, liquid crystals �LCs� in PCs have attracted
much attention and have been studied for the realization of
tunable PCs.6–10 In these studies, LC is used as a periodic
structure for controlling the PBG, because LC has a large
optical anisotropy and is sensitive to external fields such as
temperature and electric and magnetic fields. Controlling the
external field to the LC produces a change in the period
length of the PC. In the cases of opals or inverse opals filling
with nematic LC �NLC�, tunable PBGs have been demon-
strated by applying an electric field or controlling tempera-
ture.

On the other hand, using NLC as a defect in PC has also
been researched.11–13 We have fabricated a one-dimensional
�1D� PC containing a NLC defect layer and have demon-
strated the electrical tuning of a defect mode wavelength.11

Furthermore, the modulation of defect mode lasing by apply-
ing a low voltage has also been demonstrated in the 1D PC

with a dye-doped NLC defect.12 The 1D PC with the NLC
defect layer is used not only for the tunable laser but also for
the defect mode switching.13 The switching is based on a
peak shift of a defect mode, and the response is very fast.
Although it is well known that the response time of NLC is
on the order of milliseconds, defect mode switching having a
response on the order of tens of microseconds has been dem-
onstrated experimentally. However, defect mode switching
has not yet been analyzed theoretically. In this paper, we
analyze the electro-optic response of the defect mode switch-
ing in the 1D PC with the NLC defect layer, considering the
molecular director distributions in the defect layer.

II. ANALYSIS METHOD

A schematic view of a 1D PC with a NLC defect layer is
shown in Fig. 1. The 1D PC with the NLC defect is com-
posed of dielectric multilayers and the NLC defect layer lo-
cated at the center of the dielectric multilayers. The dielectric
multilayer as a 1D PC consists of an alternating stack of
TiO2 and SiO2 layers, and the periodicity of one side of the
multilayer involves five pairs. The initial orientation of the
NLC molecules is set along the z axis. The molecular direc-
tions in the defect layer are controlled by applying voltage to
the transparent electrodes shown in Fig. 1. Since NLC has a
large anisotropy in its refractive index depending on molecu-
lar alignment, the redirection of the NLC molecules in the
defect layer produces a change in the optical length. This
indicates that the defect mode wavelength can be controlled
by applying voltage to the NLC defect layer.

To perform an analysis that takes into account the NLC
molecular reorientation induced by applying voltage, the
NLC molecular alignment in the defect layer was calculateda�Electronic mail: ozaki@nda.ac.jp
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on the basis of the Franck continuum theory in which the
NLC is regarded as an elastic continuum, and free energy,
which includes both kinetic and electric energies, is taken
into account.14 Using kinetic coefficients K11 and K33, direc-
tor vector n, and electric field E, the free energy density g of
a splay transition in the LC cell is given by

g =
1

2
K11�� · n�2 +

1

2
K33�n � �� � n��2 −

1

2
�0�a�E · n�2,

�1�

where �0 is the dielectric constant of vacuum and �a is the
dielectric anisotropy between the ordinary and extraordinary
axes of the NLC molecules. Although a cyanobiphenyl-based
mixture was used in our previous study,13 4-cyano-
4�-pentylbiphenyl �5CB�, which is a well-known typical
NLC, is used for analysis in this study. The dielectric aniso-
tropy and elastic constants K11 and K33 of 5CB are 11.0,
6.37, and 8.6 pN, respectively. Using the director angle �
shown in Fig. 1, the free energy density g is written as

g =
1

2
��K11 cos2 � + K33 sin2 ���d�

dy
�2

− �0�aE sin2 �� .

�2�

The derivative of � is obtained on the basis of the Euler-
Lagrange equation, and the director distribution for the static
characteristic is determined by solving the differential equa-
tion of �. On the other hand, the dynamic characteristic is
determined by solving the following torque balance equa-
tion:

�
��

�t
= − � �g

��
−

d

dy

�g

��d�/dy�� , �3�

where � is the rotational viscosity of NLC. To calculate Eq.
�3� numerically, it was approximated in time and space do-
mains using a difference method, and we solved the differ-
ential equation with respect to �. In the director angle calcu-
lation, the calculation resolution and rotational viscosity are
set to �y=2 nm and �=0.06 Pa s, respectively.

The transmission characteristic of the 1D PC with the
NLC defect layer was calculated by Berreman’s 4�4 matrix
method.15 This method is one of the numerical methods for

solving Maxwell’s equations and is appropriate for a propa-
gation medium having a continuous change in refractive in-
dex. The light propagation along the y axis with frequency �
is given by

d��y�
dy

=
i�

c
D�y���y� , �4�

where D�y� is the propagation matrix and ��y�
= �Ex ,Hz ,Ez ,Hx�T. In this calculation, the refractive index
distribution in the NLC defect layer was obtained from the
director angle distribution determined from the above calcu-
lation. Therefore, the electro-optic response of the defect
mode switching could be obtained from the calculation of
transmission intensity considering the NLC molecular orien-
tations. Here, the parameters used in the transmission calcu-
lation are as follows. The thicknesses of TiO2 and SiO2 are
64 and 103 nm, and their refractive indices are 2.35 and
1.46, respectively. The initial orientation of the NLC mol-
ecules is along the z axis, and the director is rotated in the y-z
plane by applying voltage to the NLC defect layer. The
thickness of the NLC defect layer is set to 1 �m. The ordi-
nary and extraordinary refractive indices are no=1.53 and
ne=1.73, respectively.

III. RESULTS AND DISCUSSION

The NLC director distributions in the defect layer were
calculated to investigate the electro-optic response of defect
mode switching. Figure 2 shows the director distributions of
the NLC molecules in the defect layer calculated on the basis
of the Franck continuum theory as a function of time. The

FIG. 1. Schematic view of one-dimensional photonic crystal �PC� with nem-
atic liquid crystal �NLC� defect layer.

FIG. 2. Director distributions of the NLC molecules in the defect layer as a
function of time. �a� Reorientations of the NLC molecules for an applied
voltage of 15 V. �b� Relaxations of the NLC molecules in the absence of
applied electric field after removing the applied voltage.
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reorientations of the NLC molecules for an applied voltage
of 15 V are shown in Fig. 2�a�. The initial orientation is
along the z axis with a pretilt angle of 0.1°. By applying a
voltage of 15 V, the NLC director distributions change in an
arched line, and the director angle � increases with the
elapsed time. Since the strong anchoring is assumed in the
boundary condition, the director angles at both interfaces are
fixed. In the reorientation with the applied voltage, the direc-
tor changes markedly between 120 and 200 �s. This occurs
because the reorientation with applied voltage is based on the
dielectric torque being maximum at �=45°. After applying
the voltage of 15 V for 300 �s, almost all of the NLC mol-
ecules reorient along the y axis, and the molecular directors
do not change anymore. Figure 2�b� shows the relaxations of
the NLC molecules after removing the applied voltage of
15 V. The relaxations of the NLC molecules start at both
ends of the NLC layer, and the director angles gradually
return to 0°. Since the relaxation speed decreases with
elapsed time, as shown in Fig. 2�b�, the reorientation time in
the relaxation process is longer than that with the applied
voltage. After 5000 �s, almost all of the NLC molecules are
oriented at 0° along the z axis.

To investigate the transmission properties of the 1D PC
with the NLC defect layer, we calculated the transmission
spectra using the above director distributions. Figure 3 shows
the transmission spectra of the 1D PC with the NLC defect
layer for the applied voltage of 15 V as a function of time.
The spectra are calculated from the director distribution
shown in Fig. 2�a� and the incident light having a linear
polarization along the z axis. This polarization exhibits a
large anisotropy in the refractive index when the NLC mol-
ecules are reoriented from the y to z axes by applying volt-
age. In the calculated transmission spectra, the stop band is
observed in the spectral range from 520 to 750 nm in which
several defect mode peaks also appear. The full width at half
maximum of the defect mode peak is 0.5 nm and this peak
becomes narrower with increasing periodicity of the multi-
layers. In this calculation, the wavelength resolution �� is
set to 0.01 nm. Figure 3�b� is the detailed view of Fig. 3�a�

and shows the peak shift on the basis of the molecular reori-
entation in the NLC defect layer for the applied voltage of
15 V as a function of time. The defect mode peak shifts to
shorter wavelengths with elapsed time. This can be explained
by the fact that the refractive index is reduced from the ex-
traordinary to ordinary refractive indices by applying volt-
age, and the change in refractive index shortens the optical
length of the defect layer. In this case, light of 610 nm wave-
length cannot propagate through the 1D PC with the NLC
defect layer in the absence of the voltage, but applying volt-
age allows light propagation through the 1D PC with the
NLC defect layer at 610 nm. Therefore, the 1D PC with the
NLC defect layer having controllable transmission intensity
can be applied in electro-optic switching devices by using
the defect mode shift.

Figure 4 shows the electro-optic responses at the defect
mode wavelengths of 657 and 610 nm obtained by applying
a square-wave voltage of 15 V with a frequency of 100 Hz.
These results were obtained from the transmittance calcula-
tion considering the NLC director reorientations. Figure 4�a�
shows the response and applied voltage wave forms at the
defect mode wavelength of 657 nm. The incident light of
657 nm wavelength can propagate in the absence of the ap-
plied voltage. By applying voltage, the transmittance at
657 nm becomes zero, because the defect mode peak quickly
shifts to 610 nm, as shown in Fig. 3�b�. This shift caused by
applying voltage produces the fast decay response shown in
Fig. 4�a�. After removing the applied voltage, the defect
mode peak returns from 610 to 657 nm, and the light of
657 nm wavelength can propagate through the 1D PC with
the NLC defect layer again. However, the rise response
based on the relaxation of NLC molecules is very slow. On
the other hand, Fig. 4�b� shows the response wave form at
the defect mode wavelength of 610 nm. In this case, the

FIG. 3. Transmission spectra of 1D PC with the NLC defect layer for the
applied voltage of 15 V as a function of time. �b� Detailed view of �a�.

FIG. 4. Applied voltage wave form and electro-optic response wave form of
the defect mode switching in the 1D PC with the NLC defect layer at
wavelengths of 657 nm �a� and 610 nm �b�.
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defect mode peak shifts from 657 to 610 nm with the appli-
cation of the voltage of 15 V, and the peak returns to 657 nm
after removing the applied voltage. This relation between
transmittance and applied voltage is inverted to that at
657 nm. The important point is that both the rise and decay
responses at 610 nm are less than 1 ms in spite of the use of
the same reorientation as that of 657 nm. This is caused by
the fact that the peak shift speed is not constant in the mo-
lecular reorientations. Figure 5 shows the variation of the
peak wavelength with elapsed time. The peak shift due to the
applied voltage is 300 �s, as shown in Fig. 5�a�, while the
peak shift due to the molecular relaxation requires a longer
time than that due to applied voltage, as shown in Fig. 5�b�.
Note that the shift speed soon after starting is fast in the
relaxation process. That is, the switching at 610 nm is based
on the fast director change in the relaxation process after
removing applied voltage. Therefore, the fast response of the
defect mode switching is realized using the narrow peak shift
and the fast part of the relaxation. In contrast, the rise re-
sponse at 657 nm is not fast, because the switching at
657 nm uses the slower part of the relaxation. From the cal-
culations, it was found that the fast response of the defect
mode switching was caused by using the fast part of the
molecular reorientation.

The applied voltage dependence of the switching re-
sponse was also calculated to investigate the switching speed
in detail. Figure 6 shows the applied voltage wave forms and
rise response wave forms of the defect mode switching of the
1D PC with the NLC defect layer at shorter wavelengths as a
function of applied voltage. In this case, the defect mode
wavelengths for 15, 30, and 45 V are 610, 608, and 607 nm,
respectively, because the director distributions vary slightly
different for the applied voltages. In Fig. 6�a�, the time delay
of the response is observed in the response wave form. Since

the delay time decreases with increasing applied voltage, the
delay indicates the speed of the peak shift depending on the
applied voltage. Figure 7 shows the decay response wave
forms of the defect mode switching of the 1D PC with the
NLC defect layer at the shorter wavelengths as a function of
applied voltage. The decay responses hardly depend on the
applied voltage, because the decay originates from the relax-
ation process of NLC molecules. Figure 8 shows the voltage
dependence of the response time of the defect mode switch-
ing at the shorter wavelengths. The response time is defined

FIG. 5. Variations of the peak wavelengths with the elapsed time for the
applied voltage of 15 V �a� and after removing the applied voltage �b�.

FIG. 6. Rise response wave forms of the defect mode switching of the 1D
PC with the NLC defect layer at shorter wavelengths as a function of ap-
plied voltage.

FIG. 7. Decay response wave forms of the defect mode switching of the 1D
PC with the NLC defect layer at shorter wavelengths as a function of ap-
plied voltage.
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as the time required for the change from 10% to 90% of total
transmission change. Although the rise response is 15 �s at
30 V, the rise time is on the order of microseconds at higher
voltages. These results show that the rise time decreases with
increasing applied voltage. On the other hand, the decay time
is approximately 5 �s and has a weak dependence on the
applied voltage. The reason for this is that the reorientation
in the absence of applied voltage is based on the NLC mo-
lecular relaxation. However, the slight difference in the ini-
tial orientation produces a change in the decay response
time. The applied voltage dependence of the response time
corresponds to the experimental results in our previous
report.13

Furthermore, we analyzed the viscosity and birefrin-
gence dependences of response time to determine the effects
of physical parameters on defect mode switching. Figure 9
shows the viscosity dependence of response time at shorter
wavelengths for the applied voltage of 45 V. Both the rise
and decay times are proportional to viscosity. Since the mol-
ecules in the defect layer simply reorient from planar to ho-
meotropic alignment, the viscosity dependence of response
time exhibits the same trend as a general cell having a
change in orientation from planar to homeotropic. Similarly,

it can be speculated that the response time decreased with
increasing elastic constants and dielectric anisotropy. On the
other hand, the birefringence affects response time, unlike in
the case of a general LC switching, because the defect mode
switching is based on the peak shift induced by the change in
refractive index. That is, it is considered that the increase in
the birefringence with the same director distribution pro-
duces a larger peak shift and a faster response. Figure 10
shows the birefringence dependence of the response time of
defect mode switching at the shorter wavelengths for the
applied voltage of 45 V and �=0.06 Pa s. The rise times are
approximately the same, whereas the decay time decreases
with increasing birefringence. The decay response is based
on the maximum rate of change of the peak shift at the start-
ing point of reorientation, as shown in Fig. 5�b�; thus, the
increase in the birefringence has a strong effect on the decay
time. In contrast, the rise response is based on the minimum
rate of change of the peak shift near the director angle of 90°,
for example, in the vicinity of 250 �s in Fig. 5�a�. That is,
since the rise response always uses the end of the peak shift,
the rate of change of the peak shift shows a certain value
independent of birefringence. From these results, the optical
properties of the defect mode switching of the 1D PC with
the NLC defect layer were clarified by the dynamic analysis
that takes into account the NLC director distributions.

IV. CONCLUSIONS

The defect mode switching of a 1D PC with a NLC
defect layer was analyzed theoretically. The transmission
characteristics were calculated by considering the NLC di-
rector distributions. Since the molecular reorientation in the
NLC defect layer results in a change in the optical length, the
defect mode peaks are shifted by applying voltage. Using the
peak shift and the fast part of the relaxation, the defect mode
switching showed a response on the order of the microsec-
onds. The fast response was observed not only in the rise
wave form but also in the decay wave form. These results
corresponded to the experimental results in our previous re-
port. Furthermore, the theoretical analyses enabled us to

FIG. 8. Voltage dependence of response time of defect mode switching at
shorter wavelengths.

FIG. 9. Dependence of response time of defect mode switching on viscosity
of NLC at shorter wavelengths for the applied voltage of 45 V.

FIG. 10. Birefringence dependence of response time of defect mode switch-
ing at shorter wavelengths for the applied voltage of 45 V and �
=0.06 Pa s.
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clarify the dependences of the switching response on the sev-
eral physical parameters. This analysis procedure is poten-
tially a useful method for the investigation of PCs with a LC
defect layer.
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