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Design of tunable surface mode waveguide based on photonic crystal
composite structure using organic liquid∗
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With the method of replacing the surface layer of photonic crystal with tubes, a novel photonic crystal composite
structure used as a tunable surface mode waveguide is designed. The tubes support tunable surface states. The tunable
propagation capabilities of the structure are investigated by using the finite-difference time-domain. Simulation results
show that the beam transmission distributions of the composite structure are sensitive to the frequency range of incident
light and the surface morphology which can be modified by filling the tubes with different organic liquids. By adjusting
the filler in tubes, the T-shaped, Y-shaped, and L-shaped propagations can be realized. The property can be applied to the
tunable surface mode waveguide. Compared with a traditional single function photonic crystal waveguide, our designed
structure not only has a small size, but also is a tunable device.
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1. Introduction
Photonic crystals have aroused a great deal of interest

recently due to their potential ability to control the propa-
gation of light. They possess many unique physical proper-
ties. One of the most unique properties is the existence of a
photonic crystal bandgap. Many optical devices based on a
two-dimensional (2D) photonic crystal with photonic crystal
bandgap have been proposed and they are expected to play
important roles in future photonic circuits. The waveguide is
one of the indispensable components in these devices. By in-
troducing line defects in photonic crystals, a waveguide can
be realized, where light is guided along the line defects. These
types of photonic crystal waveguides can be called line de-
fect photonic crystal waveguides. A great amount of study
has been conducted in designing photonic crystal line defect
waveguides, for example, the T-shaped waveguide, Y-shaped
waveguide,[1] and L-shaped waveguide.[2]

Another unique feature of photonic crystal is the surface
wave. The surface waves are electromagnetic waves local-
ized at the interface between a photonic crystal and another
medium. The introduction of line defects along the photonic
crystal surface may lead to the occurrence of surface modes
which are different from waveguide guided modes. Waveg-
uide guided modes can appear when the photonic crystal has
one or more line defects within its lattice. The surface modes
at the photonic crystal-air interface are called the uncoupled
surface modes. Surface modes may also appear at the interface
between two photonic crystals with modified surface. The sur-

face modes at photonic crystal-photonic crystal interface are
called the coupled surface modes.[3] These two photonic crys-
tals can be the same or different. The distance between the
two modified photonic crystals can be lattice constant or not
lattice constant. For a 2D photonic crystal the existence of sur-
face modes has been shown theoretically and experimentally.
Many optical devices based on a photonic crystal surface wave
have also been proposed.[4] The original surface waves are
of the non-radiative mode, which can only propagate strictly
along the surface of photonic crystal and cannot couple to the
outside space. For that reason, non-radiative surface modes are
regarded as an undesirable feature. Most of the previous work
has focused on the physics of surface waves and the radiative
surface modes. It has been shown that with the help of radia-
tive surface modes it is possible to achieve a directional beam
from the waveguide.[5–9] Recently, an approach to waveguide
design has suggested the possibility of using non-radiative sur-
face wave on the interface boundary between finite photonic
crystal and external,[10–12] so the interest in non-radiative sur-
face waves in photonic crystals arose again.[13–16] The guiding
of electromagnetic light waves along the surface boundary of
photonic crystal is called photonic crystal surface waveguide.

On the other hand, micro-fluidic devices based on pho-
tonic crystals have experienced a significant growth. Many
studies have shown the potential application of micro-fluidic
devices. For example, Hasek et al. have reported that the sens-
ing of biomaterials is possible in the terahertz region.[17,18]
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crystal super lens can be designed by using different organic
liquids.[19] Chen et al. have reported that a 2D square photonic
crystal with the surface modified by tubes can be used to tune
beam direction and transmission distribution.[20]

To the best of our knowledge, tunable photonic crys-
tal surface waveguide structures based on composite structure
have not been reported so far. In this paper, we propose a
novel tunable surface mode waveguide that is based on the
non-radiative surface mode. This novel tunable surface mode
waveguide structure is a two-photonic-crystal composite struc-
ture with the surface modified by tubes. The beam transmis-
sion distribution is sensitive to the surface morphology, which
can be modified by filling the tubes with different organic liq-
uids. By adjusting the filler in tubes, the T-shaped propagation,
Y-shaped propagation, and L-shaped propagation can be real-
ized. Because the transmission distribution is sensitive to the
filled liquid, such a kind of structure has an important potential
application in integrated optical circuits. It can also be used as
micro-fluidic devices to sense micro- and nanoliter volumes of
analyte.

2. Structure model and surface mode
In the present paper, in order to obtain a tunable surface

waveguide, we design a novel composition structure as shown
in Fig. 1. The structure consists of two photonic crystals (A
and B) with a square lattice of dielectric cylinders (denoted by
blue dots ) in air. The dielectric constant for each of the cylin-
ders is 11.56 and the radius for each of the dielectric cylinders
is r = 0.18a (a is the lattice constant). Photonic crystal A lies
above and photonic crystal B lies below photonic crystal A.
Photonic crystals A and B have unequal lengths (LA = 93a
and LB = 19a), with the length of photonic crystal A (LA)

much longer than that of B (LB). A waveguide is formed by
removing one row of cylinders within photonic crystal A.
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Fig. 1. (color online) Schematic diagram of the photonic crystal com-
posite structure. Surface tubes are denoted by black circles and red
circles. The outer radius and inner radius of each black circle are 0.16a
and 0.1a, respectively; the outer radius and inner radius of each red
circle are 0.16a and 0.13a, respectively.

Surface modes can appear at the interface of the photonic
crystal-air or photonic crystal-photonic crystal when the sur-
face of photonic crystal is modified. In order to create tun-
able surface modes, at the input surface of photonic crystal

B, the radii of surface cylinders are replaced by the radii of
tubes(denoted by black circles) that are made of silicon diox-
ide (ε = 2.25). The outer radii of these tubes are all 0.16a, and
the inner radii 0.1a. At the output surface of photonic crystal
A, the radii of surface cylinders are also replaced by the radii
of tubes that are madeof silicon dioxide (ε = 2.25). Among
these tubes, those tubes (denoted by black circles) that are ad-
jacent to the photonic crystal B each have an outer radius and
inner radius 0.16a and 0.1a, respectively. The outer radius and
the inner radius of each of the remaining tubes (denoted by red
circles) are 0.16a and 0.13a, respectively. These modifications
provide the conditions for uncoupled surface modes to exist at
the photonic crystal A-air interface and for coupled surface
modes to exist at the photonic crystal A-photonic crystal B
interface. The distance between the two modified surfaces is
d = 0.4a. Photonic crystals A and B constitute a horizontal
surface cavity. This horizontal surface cavity is defined as the
M cavity, and the length of the M cavity is LB. Line waveguide
divides the M cavity into two cavities: the left cavity and the
right cavity.

In the composite structure shown in Fig. 1, there are a
line defect waveguide (defined as waveguide A) and two mod-
ified interfaces which are located on the output of the photonic
crystal A. These two modified interfaces are the photonic crys-
tal A-photonic crystal B interface and the photonic crystal A-
air interface. The dispersion relation of the surface mode is
sensitive to the surface layer parameters. If we fill the tubes
with different organic liquids to obtain different dielectric con-
stants, the dispersion relation of the surface mode can be tuned
efficiently. To determine whether the surface modes on the in-
terface with different filled materials exist, we need to calcu-
late the surface wave dispersion relation curves. The curves
of surface wave dispersion relation for the photonic crystal A-
photonic crystal B interface and the photonic crystal A-air in-
terface shown in Fig. 1 are calculated by using the plane wave
expansion (PWM) method[21] together with the super cell ap-
proximation method.

The dispersion relations of uncoupled surface modes (ex-
isting at the photonic crystal A-air interface) for surface tubes
(denoted by red circles) filled with different organic liquids
are calculated, and the results are shown in Fig. 2(a). In
this figure, the grey shaded region is the band gap of pho-
tonic crystal A for TE mode, whose normalized frequency
is in a range of 0.301(2πc/a)− 0.442(2πc/a). The blue
dash dotted line shows the light line (kx = ω/c determines
the light line, where kx is the momentum parallel to the sur-
face, ω the angular frequency, and c the speed of light). Un-
coupled surface modes are denoted by different red curves.
They are below the light line, so they are evanescent waves
in air; they are in the band gap, so they are evanescent waves
in the photonic crystal. So these modes are uncoupled sur-
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face modes of the photonic-air interface. We can see that
the uncoupled surface mode is very sensitive to the organic
liquids. When surface tubes are filled with chloroactic acid
(ε = 12.3), the normalized frequency of the surface mode
is in a range of 0.301(2πc/a)− 0.328(2πc/a). When sur-
face tubes are filled with dichloroacetic acid (ε = 7.8), the
normalized frequency of the surface mode is in a range of
0.301(ωa/2πc)−0.383(ωa/2πc).
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Fig. 2. (color online) Calculated dispersion relation curves of the struc-
ture shown in Fig. 1 for surface tubes filled with different organic liq-
uids. (a) Uncoupled surface modes dispersion relation curves, and (b)
coupled surface modes dispersion relation curves.

The output surface layer of the photonic crystal A and
the input surface layer of the photonic crystal B are modified
by a row of tubes. These modifications provide the condi-
tions for coupled surface modes to exist at the interface be-
tween photonic crystals A and B. The dispersion relations
of coupled surface modes for the surface tubes(denoted by
black circles) in the surface layer of the photonic crystal A-
photonic crystal B interface, filled with different organic liq-
uids, are calculated, and the results are shown in Fig. 2(b).
From this figure, it can be seen that the coupled surface modes
of the photonic crystal A–photonic crystal B interface are split
into the modes of higher and lower frequencies. The coupled
mode with lower frequency has even parity and the one with

higher frequency has odd parity with respect to the symme-
try plane bisecting the air line between two facing photonic
crystals. The coupled even (odd) surface modes are denoted
by empty (solid) symbols. One can see from Fig. 2(b) that
the coupled surface modes are also very sensitive to the or-
ganic liquids. When surface tubes are filled with chloroac-
tic acid (ε = 12.3), the normalized frequencies of even mode
and odd mode are in ranges of 0.301(2πc/a)−0.331(2πc/a)
and 0.379(2πc/a)− 0.442(2πc/a), respectively. When sur-
face tubes are filled with dichloroacetic acid (ε = 7.8), the
normalized frequencies of even mode and odd mode are in
ranges of 0.320(2πc/a)−0.378(2πc/a) and 0.398(2πc/a)−
0.440(2πc/a), respectively.

3. Simulation results and discussion
In this section, the tunable propagation capabilities of

the structure shown in Fig. 1 are studied when surface tubes
are filled with different organic liquid. In all the simula-
tions of this paper, the finite-difference time-domain (FDTD)
method[22] is employed to numerically calculate the field dis-
tributions of the different structures under investigation. The
perfectly matched layer boundary conditions are used to sur-
round the computational domain. In all simulations, the Gaus-
sian light source with frequency ω and width a is placed at the
line defect waveguide input port. All numerical results pre-
sented in this paper are only for the case of TE-polarization
(the electric field is perpendicular to the x–z plane).

Firstly, in order to obtain T-shaped propagation and Y-
shaped propagation, all the surface tubes shown in Fig.1 are
filled with dichloroacetic acid (ε = 7.8) (denoted by green
dots). The filled structure is shown in Fig. 3. The field dis-
tributions for the corresponding composite structure shown in
Fig. 3 are calculated. Figures 4(a) and 4(b) show the calcu-
lated spatial |Ey|2 distributions when incident beams with two
different frequencies, launched at the waveguide input surface,
propagate through the waveguide, respectively. Figure 4 indi-
cates that spatial |Ey|2 distributions vary with the frequency
range of incident beam changing.

LB

d

x

z

B

A

Fig. 3. (color online) Schematic diagram of the filled photonic crystal
composite structure. All the surface tubes are filled with dichloroacetic
acid (ε = 7.8).

Figure 4(a) shows the simulated spatial |Ey|2 distribu-
tion when the incident wave has a normalized frequency
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ω = 0.352(2πc/a) (this frequency is in the overlapping part
of the band gap, uncoupled surface mode and even coupled
surface mode). From this figure it can be seen that when
a plane wave of TE polarization with normalized frequency
ω = 0.352(2πc/a) is incident normally at the waveguide in-
put port, it first propagates along the waveguide. At the exit
of waveguide A, the external electric field of the horizontal
cavity mainly is distributed at the interface of photonic crystal
A-air. The property can be used to design the surface mode
photonic crystal T-shaped waveguide. The numerical results
presented in Fig. 4(a) can be understood as follows. When the
incident source with ω = 0.352(2πc/a) is placed at the pho-
tonic crystal A waveguide input port, it first propagates along
the waveguide because it is in the band gap. At the waveguide
exit, even coupled surface modes are first excited because the
frequency of emission light is also in the frequency range of
even coupled surface modes. After an even coupled surface
wave travels along the interface between photonic crystals A
and B, since uncoupled surface modes are also excited, the
coupled surface wave can be coupled out of the M cavity and
propagate along the interface of photonic crystal A-air.
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Fig. 4. (color online) Simulated spatial distributions of |Ey|2 for the
structure illustrated in Fig. 3, for (a) ω = 0.352(2πc/a) and (b) ω =
0.420(2πc/a).

Figure 4(b) shows the simulated spatial |Ey|2 distribu-
tion when incident wave has a normalized frequency ω =

0.420(2πc/a) (this frequency is in the overlapping part of the
band gap and odd coupled surface mode, but excluding the un-
coupled surface modes). From this figure, it can be seen that
the Y-beam splitting phenomenon can be found. The prop-
erty can be used to design the surface mode photonic crys-
tal Y-shaped waveguide. The numerical results presented in
Fig. 4(b) can be understood as follows. When an incident
source with ω = 0.420(2πc/a) is placed at the photonic crys-
tal A waveguide input port, it first propagates along the waveg-
uide because it is in the band gap. At the waveguide exit, odd
coupled surface modes are first excited because the frequency
of emission light is also in the frequency range of odd cou-
pled surface modes. After an odd coupled surface wave travels

along the interface between photonic crystals A and B, since
uncoupled surface modes are not excited, the coupled surface
wave can be coupled out of the M cavity and scattered into
free space.

In order to obtain L-shaped propagation, we use differ-
ent filling methods to fabricate the filled structure as shown
in Fig. 5. This filling method is described as follows. The
right side output surface tubes of photonic crystal A and the
right side input surface tubes of photonic crystal B are filled
with dichloroacetic acid (ε = 7.8) (denoted by green dots); the
surface tubes which are on the left side of the M cavity are
filled with chloroacetic acid (ε = 12.3) (denoted by magenta
dots); the left side surface tube which in photonic crystal A-air
are not filled with any material. For this filling method, the
symmetry of the surface morphology is broken. The purpose
of such an asymmetric filling is that the light emitted from
waveguide A can excite surface modes at the surface on the
right side of photonic crystal A-photonic crystal B but can-
not excite surface modes at the left side interface of photonic
crystal A-photonic crystal B.

Figure 6 shows the simulated spatial |Ey|2 distribu-
tion when the normalized frequency of incident is ω =

0.352(2πc/a). From this figure it can be seen that an L-shaped
propagation phenomenon can be found. The property can be
used to design surface mode photonic crystal L-shaped waveg-
uide. The causes of these phenomena shown in Figs. 6 and
4(a) are similar. Their difference is that even coupled surface
modes are not excited at the left interface between photonic
crystals A and B in Fig. 6, so L-shaped propagation occurs.
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Fig. 5. (color online) Schematic diagram of the photonic crystal com-
posite structure. Right side surface tubes are filled with dichloroacetic
acid (green dots); surface tubes on the left side of the M cavity are filled
with chloroacetic acid (magenta dots).
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Fig. 6. (color online) Simulated spatial distribution of |Ey|2 for the
structure illustrated in Fig. 5 when ω = 0.352(2πc/a).

Figures 4 and 6 show some interesting phenomena. (i)
Spatial |Ey|2 distributions depend on the frequency of incident
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light and the materials that are filled in tubes. (ii) The T-shaped
propagation and Y-shaped propagation emerge when all the
surface tubes shown in Fig. 1 are filled with dichloroacetic
acid. (iii) The L-shaped propagation emerges when using the
following filling method: the right side surface tubes are filled
with dichloroacetic acid, and the surface tubes on the left side
in the M cavity are filled with chloroacetic acid and the re-
maining surface tubes are not filled with any material. Based
on these results, novel T-shaped, Y-shaped, and L-shaped sur-
face mode waveguides can be proposed. The property can
be applied to tunable surface waveguide structure. Compared
with the traditional photonic crystal waveguide structure, our
designed waveguide structure has the following advantages: i)
the size of our designed waveguide structure is small: the tra-
ditional photonic crystal waveguide structure needs two equal
width photonic crystals to confine light on both sides of the
waveguide; ii) our designed waveguide structure can be used
as a multi-function surface mode waveguide, but the tradi-
tional photonic crystal waveguide has only a unique waveg-
uide function when the device is fabricated.

In this paper, a novel tunable surface mode waveguide
structure is designed. The designed structure consists of a line
photonic crystal waveguide and finite photonic crystal. For
this proposed device, its fabrication is similar to that of con-
ventional photonic crystal devices, which can be fabricated by
electron-beam lithography technology[23,24] and holographic
lithography technology.[25] For practical applications, it is
very valuable to experimentally verify the theoretical analy-
sis. The techniques reported in the literature provide the basis
for the feasibility of the experiment. It is our future work to
verify the theoretical analysis experimentally.

4. Conclusions
In this work, we design a new tunable surface waveguide

by the method of replacing the surface layer of composite pho-
tonic crystal structure with tubes. Using the FDTD method,
we obtain the field pattern for several filling forms of the pho-
tonic crystal structures. The simulation results show that beam
patterns depend on the frequency of incident light and the ma-

terials which are filled in surface tubes. The T-shaped propa-
gation and Y-shaped propagation emerge when all the surface
tubes are filled with dichloroacetic acid. L-shaped propagation
can be realized if the tubes are filled with different fluids in the
left and right side of the z axis. The property can be applied to
tunable surface waveguide. Compared with a traditional single
function photonic crystal waveguide, our design structure not
only has a small size, but also is a multifunctional device.
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