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Tunable Light Propagation in Photonic Crystal
Coupler Filled With Liquid Crystal

Takuro Yasuda, Yasuhide Tsuji, Member, IEEE, and Masanori Koshiba, Fellow, IEEE

Abstract—We propose a new photonic crystal coupler-type op-
tical switch which consists of a triangular lattice of air holes filled
with liquid crystal (LC). This switch utilizes the decoupling nature.
In order to utilize a large refractive index change of LC, phase-
shifted larger air holes are introduced into the core region, com-
pared to the cladding region. In our sturcture, all air holes are filled
with LC and selective injection of LC is not required. By changing
the orientation of the applied field, the coupling state changes de-
coupling from perfect coupling, and switching operation is real-
ized. Switching operation of the present switch is comfirmed by the
two-dimensional finite-element method (FEM), and also prelimi-
nary three-dimensional calculations comfirm the two-dimensional
FEM results.

Index Terms—Directional coupler, liquid crystal (LC), photonic
crystal (PC), switching device.

I. INTRODUCTION

PHOTONIC crystals (PCs), which prohibit the propagation
of light for the frequencies within photonic bandgap

(PBG), can permit the miniaturization of integrated optical
devices to a scale comparable to the wavelength of light. By
breaking the periodicity of PC, it is possible to create highly lo-
calized defect modes within PBG. This important property has
been used in various applications such as wavelength-division
multiplexing [1], [2], splitting [3], and so on. On the other hand,
it is important to realize the tunability of PC for applications
in optical devices such as optical switches. In order to tunably
control the propagation property, several kinds of methods has
been reported [4]–[11]. Utilizing liquid crystal (LC) is one of
those candidates and optical tunable filters and switches based
on PC filled with LC have also been reported [10], [11]. LC
has a large optical anisotropy due to its anisotropic molecular
shape and alignment, and its alignment is extremely sensitive
to external parameters such as temperature and electric field.
LC molecules have an extraordinary refractive index along
the molecular long axis and an ordinary refractive index
perpendicular to that axis.

In this letter, we propose a new PC coupler-type switch which
is composed of a two-dimensional triangular lattice of air holes
filled with LC. Our device operation is based on the decoupling
nature which is a unique property of PC couplers. Several kinds
of PC couplers have decoupling wavelengths, at which disper-
sion curves of even and odd modes cross each other [2]. At
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Fig. 1. Schematic diagram of a PC bent waveguide composed of a triangular
lattice of air holes in a dielectric slab.

the decoupling wavelength, two parallel waveguides are com-
pletely isolated and optical coupling between these waveguides
does not occur. Utilizing these frequencies, we can realize a
switching operation in a short coupling length by changing the
orientation of electric field.

First, in order to obtain a large effective index change of
guided modes caused by electric field, we introduce larger
air holes into the core region, compared to the surrounding
air holes. Furthermore, in order to improve the transmission
property, the enlarged holes are shifted by spatial phase from
the normal position and we call this waveguide phase-shifted
waveguide. By introducing phase-shift, single-mode trans-
mission bandwidth is expanded and the transmission property
of 60 bend is greatly improved.

Next, by using the phase-shifted waveguide filled with LC,
we compose a coupler-type switch. In [11], LC is introduced
only into the core region. In our proposed structure, on the other
hand, all the air holes are filled with LC, and selective injection
of LC into air holes is not required. The finite-element method
(FEM) developed for PC circuits [12] is used to calculate prop-
agation and transmission properties.

II. PHASE-SHIFTED WAVEGUIDE

First, we consider a PC bent waveguide composed of a trian-
gular lattice of air holes in a dielectric slab, as shown in Fig. 1.
This structure is realized by adding a row of air holes which
are larger than the surrounding air holes. As the diameter of
the extra holes is increased, the effective refractive index of the
line defect region will be lowered. When the refractive index is
sufficiently small, single-mode transmission can be obtained for
quasi-transverse-electric waves with electric field components
in the - plane [13]. In our structure, defect holes are not lo-
cated at the original lattice points, but at phase-shifted points.
Yamada et al. have realized high group velocity by adding
smaller holes at phase-shifted points [14]. In the structure, as
shown in Fig. 1, on the other hand, larger air holes are added
as defects and, thus, wide-band single-mode operation can be
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Fig. 2. Dispersion curves of (a) conventional and (b) � phase-shifted
waveguides.

Fig. 3. Transmission spectrum of a � phase-shifted PC bent waveguide.

realized. The design parameters are as follows: The hole diam-
eter of surrounding air holes is , where is a lattice
constant of PC. We use as a background effective
refractive index. Fig. 2 shows the dispersion relations of PC
waveguides with defect hole diameters , , and

. For comparison, the dispersion relations of a conven-
tional (zero phase-shifted) PC waveguide are also shown. In the

phase-shifted waveguide, wide-band single-mode transmis-
sion is realized, compared to the conventional waveguide with
the same hole diameters. For the phase-shifted waveguide
with , the single-mode transmission frequency range
is . Introducing too big air holes into the
core region results in nanofabrication difficulties, because of
very small hole-to-hole spacings. So, is chosen in
the present letter.

Fig. 3 shows the transmission spectrum of the bent struc-
ture in Fig. 1. The bandwidth of high transmission, which is
more than 95%, can be obtained in the frequency range

. By using phase-shifted waveguides, we can
realize wide-band single-mode transmission and high transmis-
sion in 60 bends.

III. PC COUPLER FILLED WITH LC

In order to control transmission properties of PC waveg-
uides, several approaches have been reported and utilizing
a large anisotropic nature of LC is one of those candidates.
Fig. 4 shows the proposed PC coupler composed of a triangular
lattice of air holes filled with LC, where is the length of
coupling region. This structure is based on the phase-shifted
waveguide mentioned in Section II and this structure is suitable
for controlling transmission properties because we can get a
large refractive index change in the core region due to the large
holes filled with LC. The design parameters for the PC are
as follows: The background refractive index is and

Fig. 4. Schematic diagram of a PC waveguide coupler filled with LC.

Fig. 5. Dispersion curves of even and odd modes in a PC waveguide coupler
filled with LC, where (a) n = n and (b) n = n .

the ordinary and extraordinary refractive indexes of LC are
and , respectively [9]. When electric field

is applied along the direction, the refractive indexes in the
, , and directions are given by , , and

, respectively (for a simple description, we describe
this ). On the other hand, when the electric field is
applied along the direction, those indexes are ,

, and , respectively (for a simple description,
we describe this ). The diameters of surrounding holes
and defect holes are and , respectively,
where all the air holes are filled with LC.

Fig. 5 shows the dispersion relations of coupled guided modes
propagating in the parallel PC waveguides filled with LC. The
two phase-shifted waveguides are separated with five rows of
holes. In general, in order to increase the coupling efficiency, to
reduce the number of spacer rods is effective. But, using too few
spacer rods, insertion loss increases. So, we choose five rows of
holes. The dotted line shows the guided mode for the isolated
single waveguide. Here, the dispersion curves of even and odd
modes cross each other at for
and at for , respectively. At these
frequencies, the two waveguides are decoupled, because the per-
fect coupling length given by becomes in-
finite, where and are the even and odd mode propagation
constants, respectively.

By utilizing this property, a coupler-type switch can be
constructed. That is, by changing the coupling state between
coupled and decoupled one by applied field, optical output
is switched between two waveguides. In order to confirm
the switching property, the propagating field distributions at

( for ) is shown in Fig. 6. At this
frequency, the perfect coupling length is for
and is infinte for . The transmission spectrum for the
structure in Fig. 4 with is shown in Fig. 7. Switching
operation is confirmed at , and the crosstalk is
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Fig. 6. Magnetic field patterns of a PC waveguide coupler at a=� = 0:2246,
where (a)n = n and (b)n = n .

Fig. 7. Transmission spectrum of a PC waveguide coupler filled with LC.

Fig. 8. Dispersion curves of even and odd modes in the PC waveguide coupler
with finite thickness t = 0:24 �m, where (a) n = n and (b) n = n .

14.6 dB for , 39.2 dB for , respectively. In
order to determine an operation voltage, a detail analysis and
an optimization of electrode configuration are required. But,
some nematic LCs have a small enough critical voltage [15].

Finally, in order to consider an influence of the finite thick-
ness of a PC slab, we calculate dispersion relations of the PC
coupler with finite thickness of 0.24 m sandwiched between
LC claddings by using three-dimensional (3-D) vectorial FEM.
Fig. 8 shows the dispersion relations of the PC coupler. Also, in
the 3-D structure, we can see that the dispersion curves of even
and odd modes cross each other at certain frequencies. So, the
switching operation is, for example, expected at .
In this case, the required coupling length is . We also calcu-
lated the transmission property of 60 bend by using 3-D FEM.

The bandwidth of high transmission, which is more than 90%,
can be obtained in .

IV. CONCLUSION

We have proposed a new PC coupler-type switch based on a
decoupling nature. We have demonstrated that the transmission
property is greatly improved by using phase-shifted waveg-
uides with larger air holes in the core region. For the directional
coupler, we have found the decoupling wavelengths where two
waveguides can be decoupled. Utilizing this decoupling nature
and the refractive index change of LC by applied electric field,
we have constructed a PC coupler-type optical switch and have
confirmed its switching operation. The 3-D propagation analysis
for the PC slab with finite thickness is now under consideration.

REFERENCES

[1] M. Koshiba, “Wavelength division multiplexing and demultiplexing
with photonic crystal waveguide couplers,” J. Lightw. Technol., vol. 19,
no. 12, pp. 1970–1975, Dec. 2001.

[2] S. Boscolo, M. Midrio, and C. G. Someda, “Coupling and decoupling
of electromagnetic waves in parallel 2-D photonic crystal waveguides,”
IEEE J. Quantum Electron., vol. 38, no. 1, pp. 47–53, Jan. 2002.

[3] K. B. Chung and J. S. Yoon, “Properties of a 1� 4 optical power splitter
made of photonic crystal waveguides,” Opt. Quantum Electron., vol. 35,
pp. 959–966, Aug. 2003.

[4] A. Sharkawy, S. Shi, D. W. Prather, and R. A. Soref, “Electro-optical
switching using coupled photonic crystal waveguides,” Opt. Express,
vol. 10, pp. 1048–1059, Oct. 2002.

[5] M. Soljacic, C. Luo, and J. D. Joannopoulos, “Nonlinear photonic crystal
microdevices for optical integration,” Opt. Lett., vol. 28, pp. 637–639,
Apr. 2003.

[6] T. Baba, M. Shiga, K. Inoshita, and F. Koyama, “Carrier plasma shift in
GaInAsP photonic crystal point defect cavity,” Electron. Lett., vol. 39,
pp. 1516–1518, Oct. 2003.

[7] E. A. Camargo, H. M. H. Chong, and R. M. De La Rue, “2D photonic
crystal thermo-optic switch based on AlGaAs/GaAs epitaxial structure,”
Opt. Express, vol. 12, pp. 588–592, Feb. 2004.

[8] S. W. Leonard, J. P. Mondia, H. M. van Driel, O. Toader, S. John, K.
Busch, A. Birner, U. Gosele, and V. Lehmann, “Tunable two-dimen-
sional photonic crystals using liquid-crystal infiltration,” Phys. Rev. B,
vol. 61, pp. 2389–2392, Jan. 2000.

[9] D. M. Pustai, A. Sharkawy, S. Shi, and D. W. Prather, “Tunable photonic
crystal microcabities,” Appl. Opt., vol. 41, pp. 5574–5579, Sep. 2002.

[10] C. Schuller, F. Klopf, J. P. Reithmaier, M. Kamp, and A. Forchel, “Tun-
able photonic crystals fabricated in III-V semiconductor slab waveg-
uides using infiltrated liquid crystals,” Appl. Phys. Lett., vol. 82, pp.
2767–2769, Apr. 2003.

[11] H. Takeda and K. Yoshino, “Tunable light propagation in Y-shaped
waveguides in two-dimensional photonic crystals utilizing liquid crys-
tals as linear defects,” Phys. Rev. B, vol. 67, p. 073 106, Feb. 2003.

[12] Y. Tsuji and M. Koshiba, “Finite element method using port truncation
by perfectly matched layer boundary conditions for optical waveguide
discontinuity problems,” J. Lightw. Technol., vol. 20, no. 3, pp. 463–468,
Mar. 2002.

[13] M. Loncar, J. Vuckovic, and A. Scherer, “Methods for controlling po-
sitions of guided modes of photonic-crystal waveguides,” J. Opt. Soc.
Amer. B, vol. 18, pp. 1362–1368, Sep. 2001.

[14] K. Yamada, H. Morita, A. Shinya, and M. Notomi, “Improved line-
defect structures for photonic-crystal waveguides with high group ve-
locity,” Opt. Commun., vol. 198, pp. 395–402, Nov. 2001.

[15] Y.-K. Ha, Y.-C. Yang, J.-E. Kim, H. Y. Park, C.-S. Kee, H. Lim, and
J.-C. Lee, “Tunable omnidirectional reflection bands and defect modes
of a one-dimensional photonic band gap structure with liquid crystals,”
Appl. Phys. Lett., vol. 79, pp. 15–17, Jul. 2001.


	toc
	Tunable Light Propagation in Photonic Crystal Coupler Filled Wit
	Takuro Yasuda, Yasuhide Tsuji, Member, IEEE, and Masanori Koshib
	I. I NTRODUCTION

	Fig.€1. Schematic diagram of a PC bent waveguide composed of a t
	II. $\pi $ P HASE -S HIFTED W AVEGUIDE

	Fig.€2. Dispersion curves of (a) conventional and (b) $\pi $ pha
	Fig.€3. Transmission spectrum of a $\pi $ phase-shifted PC bent 
	III. PC C OUPLER F ILLED W ITH LC

	Fig.€4. Schematic diagram of a PC waveguide coupler filled with 
	Fig.€5. Dispersion curves of even and odd modes in a PC waveguid
	Fig.€6. Magnetic field patterns of a PC waveguide coupler at $a/
	Fig.€7. Transmission spectrum of a PC waveguide coupler filled w
	Fig.€8. Dispersion curves of even and odd modes in the PC wavegu
	IV. C ONCLUSION
	M. Koshiba, Wavelength division multiplexing and demultiplexing 
	S. Boscolo, M. Midrio, and C. G. Someda, Coupling and decoupling
	K. B. Chung and J. S. Yoon, Properties of a 1 $\,\times\,$ 4 opt
	A. Sharkawy, S. Shi, D. W. Prather, and R. A. Soref, Electro-opt
	M. Soljacic, C. Luo, and J. D. Joannopoulos, Nonlinear photonic 
	T. Baba, M. Shiga, K. Inoshita, and F. Koyama, Carrier plasma sh
	E. A. Camargo, H. M. H. Chong, and R. M. De La Rue, 2D photonic 
	S. W. Leonard, J. P. Mondia, H. M. van Driel, O. Toader, S. John
	D. M. Pustai, A. Sharkawy, S. Shi, and D. W. Prather, Tunable ph
	C. Schuller, F. Klopf, J. P. Reithmaier, M. Kamp, and A. Forchel
	H. Takeda and K. Yoshino, Tunable light propagation in Y-shaped 
	Y. Tsuji and M. Koshiba, Finite element method using port trunca
	M. Loncar, J. Vuckovic, and A. Scherer, Methods for controlling 
	K. Yamada, H. Morita, A. Shinya, and M. Notomi, Improved line-de
	Y.-K. Ha, Y.-C. Yang, J.-E. Kim, H. Y. Park, C.-S. Kee, H. Lim, 



