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Abstract

In this paper, we show how the coupling of light into a photonic crystal waveguide can be greatly enhanced by creating a
periodic modulation in the dielectric structure surrounding the entrance of the waveguide. In this way, surface modes supported
by the system can funnel the light that impinges onto the surface into the interior of the waveguide. Moreover, we also
demonstrate that the shape and direction of the beam that emerges from the structure can be tailored by constructing a periodic

corrugation near the exit side of the waveguide.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Photonic crystals (PhCs) offer unprecedented
opportunities for moulding the flow of light [1]. In
particular, light with a frequency lying within a photo-
nic band gap (PBG) is prohibited from propagation
along any direction inside a PhC [2,3]. Then, by
introducing point and/or line defects in the crystal,
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light can be guided inside the structure, opening the
possibility of constructing very compact optical
devices and circuits based on PhCs. In order to utilize
such PhC circuits for actual applications, it is of
paramount importance to find ways to couple them
efficiently to traditional optical fibers. As the core size
of a single mode conventional optical fiber is much
larger than that of a PhC waveguide, it is very ineffi-
cient to directly connect an optical fiber to a PhC
waveguide. The main strategy to surmount this pro-
blem has been the use of a dielectric wire waveguide
located between the optical fiber and the PhC wave-
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guide [4,5]. Additionally, tapering of the waveguide
junction helps to improve the coupling efficiency
between the dielectric wire and PhC waveguides [6,7].

In this paper, we present an alternative way of
enhancing the coupling of light into and out of a
PhC waveguide by taking advantage of the surface
electromagnetic (EM) modes that can be supported at
the PhC’s surfaces [8-10].

In recent years, it has been demonstrated [11,12]
that the optical transmission through single subwave-
length apertures made on optically thick metallic films
can be greatly enhanced, if the aperture is flanked by
periodic surface corrugations. Moreover, it has been
also shown [11,13] that when the corrugation is placed
at the output surface, light of appropriate wavelength
can emerge from the structure as a collimated beam
presenting an angular divergence of a few degrees.
The physical origin of these enhanced transmission
and beaming phenomena stems from the existence of
surface EM modes (surface plasmons) decorating the
interface between a metal and a dielectric. For fre-
quencies within the PBG, the optical response of a
PhC is analogous to the one associated with a metal.
This fact, in addition to the existence of surface EM
modes in PhCs with appropriate crystal termination
surfaces, suggested that both enhanced transmission
and beaming could also appear in PhCs. This hypoth-
esis has been recently corroborated theoretically for
both enhanced transmission and beaming phenomena
[14], and experimentally verified for the case of
beaming [15].

The aim of this paper is to analyze in more detail
the enhanced transmission and beaming phenomena
recently discovered in PhCs. The discussion is orga-
nized as follows: in Section 2, we present the proto-
type PBG system considered, together with an
analysis of the surface modes supported by this struc-
ture. Section 3 describes the enhanced transmission
phenomenon, whereas Section 4 presents our results
for beaming effects.

2. Two-dimensional PBG and surface modes

All results presented in this paper have been
obtained with a frequency-domain computational tech-
nique [16,17], based on the multiple multipole (MMP)
method [18]. In Section 4, this computational scheme

is used for the accurate modelling of PhC waveguide
discontinuities [17], whereas in Section 2, we show the
application of the technique for the calculation of the
surface modes supported by a given PhC surface
termination. The determination of the band structure
corresponding to these surface modes is performed
with a generalization of the method discussed in [16]
and has not been described before. The main computa-
tional novelty here is that the employed supercell is
periodic only along the mode propagation direction
(i.e., parallel to the crystal interface) and it is open
along the orthogonal direction. Related ideas have been
applied in the context of PhC guided modes [19].
For proof of principle purposes, we consider as the
PBG system a two-dimensional square array of infi-
nitely long dielectric cylinders (¢ = 11.56) of radius
r = 0.18a, where a is the lattice constant (Fig. 1a). For
the chosen set of geometrical and dielectric para-
meters, the structure presents a PBG for reduced
frequencies wa/2mc in the range (0.30,0.44) (see
the projected band structure in Fig. 2). This PBG only
appears for E polarized light (electric field pointing
along the axis of the cylinders). As demonstrated in
[8], the regular termination of this PhC does not
support surface modes. In the literature, surface states
are typically created by cutting the outer part of the
interface cylinders, thus leaving a monolayer of hemi-
cylinders [9]. Here, we show that a surface state can
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Fig. 1. Schematics of the considered structures. (a) Parameters of
the crystal bulk and of the interface supporting surface modes. The
cylinders at the rightmost monolayer have a radius different from
that in the bulk. (b) Parameters for the case with a PhC waveguide
and a corrugated interface.
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Fig. 2. Dispersion relation curves of the surface modes supported by
the analyzed structure for various values of the radius r; of the
interface cylinders. Frequency is expressed in reduced units
(wa/27c). The shaded areas depict the projected band structure
of the bulk crystal. The black line is the vacuum light line.

also be created by just decreasing (or increasing) the
radius r; of the cylinders at the interface monolayer
(Fig. 1a). Incidentally, this procedure may be advan-
tageous from a technological point of view. In Fig. 2,
the dispersion relation of the induced surface modes is
plotted for different values of r; ranging from 0.07a
(upper PBG limit) to 0.15a (lower PBG limit). The
surface bands are located inside the PBG and outside
the light cone. Notice that, as expected, the group
velocity of these modes at k, = 7r/a is equal to zero;
we will comment further about this point below.

3. Enhanced coupling of light into a PhC
waveguide

As mentioned in the introduction, we are interested
in taking full advantage of the surface modes sup-
ported by the structure in order to enhance the cou-
pling of light into a PhC waveguide. A waveguide is
built in our structure by removing just one row of
cylinders in the z direction (Fig. 1b). It is worth noting
that, for the enhanced transmission studied in Section
3, a finite structure is considered (slab thickness: eight
layers, lateral extension: 40a). Fig. 3 shows (green
line) the transmittance spectrum for a normally inci-
dent plane wave for the case in which the radius of the
cylinders at the interface layers is r; = r = 0.18a (no
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Fig. 3. Normalized transmittance through the PhC waveguide as a
function of the reduced frequency. Green curve: standard interface in
which no surface mode is present; black curve: interface made of
cylinders with radius r; = 0.09a; red-curve: interface made of
cylinders with radius 7; = 0.11a. In these two last cases the interface
is corrugated, the number of indentations is N = 9, and the depth of
the modulation is Az = —0.3a. Vertical lines mark the locations of
the frequencies of the surface modes at ky = 7/a (see Fig. 2),
corresponding to the cases r; = 0.09a and 0.11 a. The normalization
employed is explained in the text. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web
version of the article.)

surface mode present). The transmittance through the
PhC waveguide is normalized to the power impinging
onto a length a. As can be seen in this figure, the
spectrum is rather uniform (around 1) inside the
frequency gap with some oscillations, due to the
excitation of some standing wave resonances present
in our finite system. The region of zero transmittance
around 0.30-0.31 is simply due to the lack of a guided
mode for these frequencies.

If the radii of the input interface cylinders is
decreased, eventually the PhC interface supports a
surface mode. Even in this case, the transmission
spectra do not change significantly with respect to
the previous case. The reason is simple: the surface
modes displayed in Fig. 2 are truly surface states that
do not couple to radiative modes (they live outside the
light cone). As also happens in the metallic case, a
periodic modulation of the PhC surface is needed to
allow the coupling of the continuum of radiative
modes in vacuum to the surface modes supported
by the system. In this way, a reciprocal lattice vector
of the superimposed lattice can be added to the parallel
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Fig. 4. (a) Dispersion relation curves,  in reduced units vs. Re(ky). Red curve: periodically modulated interface with r; = 0.09a, A = 2a and
Az = —0.3a. Blue curve: un-modulated case (Az = 0) but with supercell periodicity 2a. (b) Im(ky) vs. Re (k) for the modes plotted in the upper
panel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

wavevector of the surface mode, folding the mode
dispersion curve into the light cone. In other words,
surface modes become leaky surface modes. The
associated parallel momenta, k,, of these surface
resonances have an imaginary component, reflecting
the fact that when the resonance propagates along the
surface, part of its energy is re-radiated. In the present
case, the superimposed interface corrugation can be
achieved, e.g., by shifting in the z-direction every
second cylinder, thus obtaining a corrugation period
A = 2a (see Fig. 1b). In Fig. 4, we show the dispersion
relation of the surface bands for the case in which r;
0.09a and the corrugation period is A = 2a with a
corrugation depth Az = —0.3a. In panel (a) of Fig. 4,
we plot w versus Re(k,); whereas, panel (b) renders
Im(ky) versus Re(k,). The behavior of the complex
band (red curve) for very small k, values (not plotted)
is involved and is currently under investigation.

It is now interesting to analyze the consequences of
the periodic modulation of the surface on the trans-
mittance spectrum. In Fig. 3, we plot the normalized

transmittance versus frequency for two different
modulated interfaces corresponding to r; = 0.09a
(blue curve) and r; = 0.11a (red curve). In both cases,
the modulation period is A = 2a, the number of
indentations is N = 9 and the modulation amplitude
is Az = —0.3a. The vertical dashed lines correspond
to the frequencies of the surface modes at ky = 7/a in
the un-modulated surfaces (see Fig. 2). It is clear that
the periodic modulation of the surface surrounding the
waveguide entrance provokes the appearance of the
resonant transmission peaks and there is a close
correspondence between the location of these peaks
and the corresponding frequencies of the surface
modes at k, = 7/a. The mechanism proposed in the
previous paragraph is thus confirmed. The fact that the
peaks’ frequencies do not exactly agree with the
dashed vertical lines can be ascribed to the following.
The frequency of the surface bands of the non-corru-
gated surface depends not only on the radius of the
interface cylinders (as shown in Fig. 2), but also on the
distance between the line of interface cylinders and the
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next line of cylinders inside the crystal. We have
verified that when all interface cylinders are shifted
towards the inner part of the crystal, the band fre-
quency increases. Therefore, is clear that the corruga-
tion must also shift the band frequency, since it
amounts to displacing Az = —0.3a every second
cylinder.

Since the surface mode frequency at the k, = 7/a
point can be tuned to every possible frequency within
the PBG (see Fig. 2), the enhanced transmission can
also be tuned to every frequency within the PBG
(except where the PhC waveguide does not support
a guided mode). The peak value for the case r; =
0.09a is 14, which means that the energy flux collected
into the PhC waveguide corresponds to the one
impinging in a cross-section around 14a. We are
currently investigating how this effective cross-section
could be increased by considering a shallower corru-
gation with a larger number of periods. In order to
illustrate the funnel effect associated to the excitation
of the surface resonance, Fig. 5 displays the Poynting
field modulus for a frequency wa/2mc = 0.408 for the
particular case r; =0.09a, A=2a, N=9, and
Az = —0.3a. The excitation of a surface resonance
covering a region of around 14a is clearly evident in
this picture.

Fig. 5. Poynting field modulus S(z,x) for the case in which a
normally incident plane wave is impinging from the left. The
reduced frequency of the incident light is 0.408, that corresponds
to the location of the surface mode at k, = 7r/a for r; = 0.09a. The
number of indentations is N = 9 and the depth of the modulation is
Az = —0.3a.

4. Beaming light from a photonic crystal
waveguide

In the case of structured metals, it has been reported
[11-13] that when the periodic corrugation is placed at
the exit interface instead at the input, beaming effects
appear for the resonant frequency in which enhanced
transmission was obtained when the periodic corruga-
tion was built around the input interface. We now show
this is also the case for PhC waveguides.

Fig. 6 displays the far-field radial component of the
Poynting vector field radiated out of a PhC waveguide,
surrounded by various kinds of corrugations as a
function of azimuthal angle 6 (6 is defined in Fig.
1b). The structure is fed with a guided mode running
along a semiinfinite PhC waveguide. For comparison
purposes the cases with no surface mode (r; = 0.18a,
green curve) and with non-radiative surface mode
(r; = 0.09a, light blue curve) are shown. In these
two cases, no beaming is observed, as it should occur
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Fig. 6. Far-field radial component of the Poynting vector, radiated
out of a PhC waveguide as a function of the azimuthal angle, 6. In all
cases displayed, the integral in 6 of the angular transmission
distribution, rS,(6), is normalized to unity. The green curve corre-
sponds to the standard interface and the light blue curve to the case in
which a surface mode is supported for r; = 0.094, but no corrugation
is present. The black line shows the distribution for a modulated
surface with A =2a, N =9 and Az = —0.3a; whereas, the dark
blue curve corresponds to A = 3a, N = 6 and also Az = —0.3a. In
all previous cases, the reduced frequency of light is 0.408. The red
curve displays the angular transmission distribution with the same
geometrical parameters of the black curve, but for a slightly different
frequency, 0.395, in reduced units. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web
version of the article.)
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for a waveguide opening with size of the order of the
radiated wavelength in vacuum. The remaining curves
correspond to leaky modes with ; = 0.09a. The black
curve is the case with reduced frequency 0.408, and
A = 2a. As seen in Fig. 2, these r; and w correspond to
ky = £7/a. In first order coupling, the superimposed
corrugation allows one to add a grating momentum
K = F2n/(A) = Fn/a. Therefore, the surface state
is coupled to radiation with zero parallel momentum,
i.e., radiation that propagates in the 8 = 0° direction.
If the corrugation has a period A = 3a (every third
cylinder is shifted, dark blue curve), the added grating
momentum is K = F27/(3a). It is easy to verify that
the corresponding radiation angle should be 6 = 24°,
as confirmed by the simulation. If the system is
operated at a slightly lower frequency, 0.395 (red
curve) the photon travelling along the surface has a
lower momentum. By keeping A = 2a, the addition of
the grating momentum produces a photon with non-
zero parallel momentum, corresponding to two beams
at 6£0°.

Let us recall that for the cases with frequency
0.408, r; = 0.09a, the mode’s group velocity is zero
(Fig. 2). One may wonder how is it possible that a
mode that does not carry power gives rise to such a
wealth of phenomena as those described in the present
and previous sections. The answer can be found in Fig.
4. Tt is true that the non-corrugated surface does
support a standing wave at the mentioned frequency,
but this behavior changes as soon as the interface is
corrugated, obtaining a non-zero slope for the disper-
sion curve. In this way the photons propagate with
non-zero speed along the interface, interact with the
corrugations, and finally radiate. As a consequence,
the effective size of the waveguide opening is
increased and this mechanism allows one to obtain
collimated beams, thus circumventing the diffraction
limit.

In conclusion, a new approach for efficient cou-
pling to and from PhC waveguides has been presented.
The mechanism relies on the excitation of surface
modes at the PhC interface. The surface state modal
wavelength can be controlled by tuning the geome-
trical parameters of the interface cylinders. The cou-
pling between radiative modes and surface modes is,
in turn, achieved by superimposing an additional
periodicity to the PhC interface. If the corrugation
is located at the input interface, the proposed structure

can be used to funnel light from the vacuum inside the
waveguide; whereas, corrugation at the output inter-
face will collimate, within a few degrees, the light
exiting from a PhC waveguide.
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