
PHYSICAL REVIEW B, VOLUME 64, 155113
Numerical studies of mode gaps and coupling efficiency for line-defect waveguides
in two-dimensional photonic crystals
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Using conventional waveguides for light coupling and collection we numerically study band structures and
transmission spectra for guided modes in line-defect waveguides obtained by removing rows of air holes in a
lossless triangular-lattice two-dimensional photonic crystal. The two-dimensional finite-difference time-domain
method combined with the effective index method and complemented with the coupled mode approximation is
employed to analyze mode-gaps~or mini stopbands! arising from Bragg diffraction of the incident mode into
the counterpropagating modes. We also show that more than 97% coupling efficiency between the ridge and
the photonic crystal waveguides is achievable by adjustment of the ridge waveguide width.
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I. INTRODUCTION

Photonic crystals~PC’s! may offer a possibility of elimi-
nating electromagnetic wave propagation within a freque
band, i.e., a photonic band gap~PBG!.1,2 In particular, ideal
two-dimensional~2D! photonic crystals, which are periodi
in a plane~e.g.,xy plane! and uniform in the perpendicula
direction ~e.g.,z direction!, hold substantial promise for ap
plications in optoelectronics and integrated optics due
their compactness and possibilities to engineer dispersion
lations, although they do not provide full three-dimension
~3D! PBG’s. For a 2D triangular lattice of air holes in
dielectric medium, the 2D PBG is larger than for their co
responding square lattice counterparts due to their more
cular Brillouin zone.2 Therefore, intensive investigation
have been carried out recently on triangular photonic crys
~see, e.g., Refs. 3–12!.

Although it has been demonstrated that almost id
~holes depth much larger than the incident beam spot-s!
2D PC can be fabricated for the far-infrared wavelen
range,11,12 PC structures for the near-infrared telecommu
cation window are typically realized by etching holes~or
rods! through a three-layer slab waveguide3–10which assures
light confinement in the vertical direction. In the present p
per we consider such structures, however, to reduce com
tational effort we apply the effective index approximation f
the vertical direction and the 2D finite-difference tim
domain~FDTD! method for the in-plane propagation, whic
is a good approximation assuming well confined slab mod
The out-of-plane radiation losses which may arise from
appropriate design of a slab waveguide~intrinsic loss!,13,14or
from too shallow holes15, are not addressed in our studies

When a line defect is introduced into a photonic cryst
the electromagnetic wave whose frequency is in the band
can be guided along the line defect without apprecia
losses. Thus, formed waveguides could be used to rea
compact integrated optical circuits. PC waveguides in a p
tonic crystal can be obtained by removing rows of air ho
~i.e., by not etching them!. Thus a high index central regio
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is achieved, in which both conventional~index confined!
modes and PC modes confined by the all-reflecting photo
crystal surrounding can exist. Two geometries for the bou
ary between the triangular PC and the waveguide were s
ied in Ref. 16~see Fig. 1 of Ref. 16!: A type, where a wave-
guide is formed by an odd number of missing holes, a
B-type waveguide with an even number of holes missing
was found that for theA-type waveguide a mode splittin
occurs at the edge of the Brillouin zone. The splitting can
attributed to coupling between forward and backward pro
gating modes of the same order arising from Bragg diffr
tion on the boundary holes. Similar coupling occurs in
conventional waveguide with periodically perturbed walls
in other types of waveguided distributed Bragg reflecto
Within the coupled mode theory it already was treated
Kogelnick and Shank17. For theB-type waveguides, where
the boundary holes are not symmetrically located with
spect to the waveguide center butdephasedby a half of the
lattice constant, the mode splitting did not occur. This
quite understandable since the coupling between the s
mode, no matter what its symmetry is, cannot be caused
an antisymmetric perturbation.18 In Ref. 19 the mode gaps
primarily at the zone edge, were discussed in more detail
their implications for localized states in waveguide ben
and discontinuities were addressed. It was also briefly sho
~see Fig. 4 in Ref. 19 and Figs. 2 and 3 in Ref. 12! that mode
gaps, also called mini stop bands~MSB!, may also occur
away from the zone edge. In the present paper we study s
mode gaps for theA-type PC waveguide in more detail an
show that they occur due to contradirectional coupling
tween different order of modes but only of the same symm
try. This is again in analogy to coupling between pha
matched, lower and higher order modes in a periodica
perturbed conventional waveguide. However, because of
very high contrast of the refractive index one cannot ap
the perturbation theory but a numerically exact treatmen
needed. For our studies we employ the finite-difference tim
domain~FDTD! method, allowing us to compute the tran
mission spectra of PC waveguides as a function of a num
of parameters; excitation frequency, symmetry of an exc
©2001 The American Physical Society13-1
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tion mode, or width and length of a waveguide. Moreover,
order to address the external excitation and detection p
lems we consider a structure consisting not only of a
waveguide but also of two conventional, access and
ridge waveguides, which to our knowledge has not ear
been done.

The outline of the papers is as follows. In Sec. II we sh
the dispersion relation for the 2D PC waveguide and int
duce the mode classification. In Sec. III we give detai
numerical results of the transmission spectrum for a
waveguide inserted between two conventional, rid
waveguides, and relate the dips in the transmission to
mini stop bands in the dispersion diagram. Mode attenua
in the mini stop band is given in terms of a coupling const
for the contradirectional coupling. We also show how t
coupling efficiency depends on the relative width of the
and the ridge waveguides. In Sec. IV we conclude the
tained results.

II. GUIDED MODES IN A PC WAVE GUIDE: DISPERSION
RELATION AND MODE DENOMINATIONS

Many studies have been carried out concerning gui
modes in two-dimensional dielectric photonic band gap cr
tals~see, e.g. Refs. 16,19–21!. In the present paper, we stud
guided modes in a 2D dielectric photonic crystal, which i
triangular lattice of air holes in a dielectric medium corr
sponding to the carefully studied case of GaAs sample
Ref. 9. The effective dielectric constant of the material ise
511.0, and the radius of the holes isR50.32a ~filling factor
f 537%, wherea is the lattice constant!. It has been shown
that there is a band gap for theH-polarization~TE! case,9

between 0.22 and 0.31 (a/l). However, there is no band ga
for the E-polarization~TM! case. Thus, onlyH polarization
is considered in the present paper. A waveguide is introdu
here by removing~not etching! one or several rows of ai
holes in the photonic crystal. Here we denote a wavegu
Wn, wheren is the number of removed holes.

In this paper we will mainly present results for a W3 P
waveguide~of type A in the notation of Ref. 16!. Figure 1
shows the eigenfrequencies of the guided modes in su
W3 waveguide. The eigenfrequencies of the guided mo
are calculated with the 2D FDTD method, and the details
calculations can be found in Refs. 22–26. The effective
dex method is used to account for the vertical confinem
In the figure we have also given a mode classification~mode
numbers!. It can be shown that all PC waveguide modes c
be related to guided modes in a conventional meta
waveguide,19,24 in which one imposes an artificial periodicit
d in the direction of the wave propagation~e.g.,x direction!.

The solutions for those modes in the waveguide have
following component:

Hz5C0 sin@mp~y/b11/2!#3ei (2pn/d1k)x,

m51,2,3, . . . ,n50,61,62, . . . , ~1!

whereC0 is a coefficient andb is the effective width of the
waveguide, respectively.k is the irreducible wave vector in
the Brillouin zone. A positive number~including 0! of n rep-
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resents forward propagation, while a negative number on
represents backward propagation. Consequently, the m
of the conventional waveguide with the artificial periodici
can be labeled by@m,n# according to the above equatio
~see Fig. 1!. The even modes correspond tom51,3,5, . . .
and the odd modes correspond tom52,4,6, . . . .

From Fig. 1 one can see that there are two types of m
gaps. The ones occurring at the Brillouin zone edge are
to the coupling between the forward and backward propa

FIG. 2. Setup for the computation of the transmission throu
the W3 waveguide.

FIG. 1. The eigenfrequencies of the guided modes in the
waveguide obtained by removing three rows of holes. The s
lines represent the even modes, and the dotted lines represen
odd modes. The gray areas are the projected band structure o
perfect crystal.
3-2
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ing modes of the same order~same value ofm), i.e., the
ordinary Bragg scattering of a distributed feedback~DFB!
laser.17 The other ones are mode gaps due to the contrad
tional coupling between modes of different orders, e.g.,
mode gap between the@1,21# mode and the@5,0# mode.
Since the considered W3 waveguide is of theA type, the
coupling occurs only between modes of the same symme
Furthermore, it is worth mentioning that since the W3 wav
guide has a high index central region, which supports
index confinement modes, there are guided modes below
lowest photonic crystal band.

III. ANALYSIS OF THE MODE TRANSMISSION

The 2D FDTD method combined with the effective ind
approximation is also used to simulate the wave propaga
in the W3 waveguide. The setup for the computation
shown in Fig. 2. Since we consider a finite structure here,
whole computational domain is surrounded by perfec
matched layers27 ~PML’s! to absorb the outgoing waves. I

FIG. 3. The transmission from the entrance waveguide to
exit waveguide, through the W3 PC waveguide, as a function of
width of the conventional waveguide. The open circles are the
erage transmission for the normalized frequency range from 0.2
0.25 (a/l), while the solid circles are for the normalized frequen
range from 0.27 and 0.30 (a/l).
15511
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order to control the excitation conditions more accurately
conventional dielectric waveguide is used as an entra
~and an exit! waveguide, as schematically depicted in Fig.
A pulse source is located at the entrance. The source is
product of the Gaussian function and the exact solution~at
the center frequency! of the guided mode in the convention
waveguide. Thus, one can excite different guided mode
the W3 waveguide by introducing different solutions of t
modes~i.e., differentm) in the entrance waveguide. Anothe
advantage of the current configuration is that one can ea
normalize the transmission spectra, by comparing the Po
ting vector at the reference line and the detector line~see Fig.
2!.

Experimentally, only the fundamental guided mode (m
51) is usually involved due to the excitation scheme of t
experimental setup.9,10,28Therefore, we first consider the fun
damental guided mode. For this mode, the transmission f
the conventional waveguide to the PC waveguide could
very high, if the width of the conventional waveguide
carefully adjusted. Figure 3 shows the transmission from
entrance waveguide to the exit waveguide, through the
PC waveguide, as a function of the width of the conventio
waveguide. The open circles are the average transmissio
the normalized frequency range from 0.22 to 0.25 (a/l),
while the solid circles are for the normalized frequency ran
from 0.27 and 0.30 (a/l). When the width of the conven
tional waveguide is about 2.6a, the transmissions have the
maximums for both the frequency ranges~more than 97%
transmission!. For the W3 waveguide, the distance betwe
the opposite air holes in the waveguide boundary is about
a. Therefore, when the conventional waveguide width
similar as the PC waveguide width, one can obtain a v
high coupling efficiency. In the following calculations, th
width of the entrance and the exit waveguides is fixed to
a.

Figure 4 shows the calculated transmission spectra of
fundamental mode (m51) for different lengths of the W3
waveguide. The edge of the photonic band gap is indica
by gray lines. One can easily see from the figure that ther
a mini stop band~MSB! in the band gap, centered at th
normalized frequency 0.26 (a/l), which is in good agree-
ment with the experimental result 0.263 (a/l).28 When the

e
e

v-
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-
-

FIG. 4. The normalized trans
mission spectra of the fundamen
tal mode (m51) for different
lengths of the W3 waveguide.
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fundamental mode propagates into the W3 waveguide, it
cites the higher order, back propagating, modes via the p
matched Bragg scattering on the periodic side walls. T
results in dips in the transmission spectrum and the rela
mini stop bands in the modal dispersion diagram. In parti
lar, the MSB centered at the frequency 0.26 (a/l) results
from the coupling between the@1,21# mode and the@5,0#
mode ~see Fig. 1!. From Fig. 4 one can also find anoth
MSB centered at the frequency 0.175 (a/l), which is out of
the band gap, but below the light line. It results from t
coupling between the@1,21# mode and the@3,0# mode. Fur-
thermore, it is worth to point out that other transmission d
outside the bandgap arise from the coupling between
fundamental mode and a phase matched part of the con
ous spectrum of the photonic crystal modes.

For estimation of modal attenuation due to contradir
tional coupling in a mini stop band, it could be of interest

FIG. 5. The transmission as a function of the lengthL of the W3
PC waveguide, for the frequency inside the mini stop band 0
(a/l) for the fundamental guided mode. The open circles are
calculated results, and the solid line representsT512tanh2(kL),
wherek50.0392~units a21).
15511
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extract a coupling constant. In a coupled mode language
transmission of the waveguide is approximately given by18

T512 tanh2~kL !'2e22kL, for kL@1, ~2!

whereT is the transmission andL is the length of the wave-
guide. Using the data of Fig. 4 we may extract the coupl
constantk. For that purpose we position ourselves in t
middle of MSB~in the band gap! 0.26 (a/l). The transmis-
sions at this frequency for different lengths of the W3 wav
guide are shown in Fig. 5. The open circles are for calcula
results, and the solid line representsT512tanh2(kL), with
a fitted value ofk50.0392~in units of inverse lattice con-
stanta21). The results follow the ‘‘coupled mode’’ result
well and exhibit an approximate exponential decrease as
pected for an evanescent field. The transmission drops
about20.34 dB per lattice constant.

Finally, in order to underscore the coupling as a res
between the same symmetry modes, we study the trans
sion properties of the second order mode (m52), which is
an odd mode. Figure 6 shows the normalized transmiss
spectra for the mode. Similarly, the edge of the photo
band gap is indicated by gray lines. One can see from
figure that there are two mini stop bands for the second o
mode. The first one, centered at the frequency 0.234 (a/l),
results from the coupling between the@2,21# mode and the
@4,0# mode. While the second one, centered at the freque
0.297 (a/l), results from the coupling between the@2,21#
mode and the@6,0# mode. For the frequency range from 0.2
(a/l) to 0.29 (a/l), there is no MSB, contrary to what wa
found for the fundamental mode. Therefore, albeit it may
be so easy to accomplish in practice, if one wants to av
the MSB in this frequency range, one should excite only
second order mode in the entrance waveguide.

One thing we would like to point out is that in the pre
ence of out-of-plane radiation losses, the position of
mode gaps should not be affected, but the spectral featur
a true 3D waveguide structure, as opposed to the pure
structure simulated here, will be smeared out and the tra
mission level dropped.

6
r

-
r-

r

FIG. 6. The normalized trans
mission spectra of the second o
der mode (m52) for the W3
waveguide. The length of the PC
waveguide is about 50 rows of ai
holes.
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IV. CONCLUSIONS

In conclusion, we have studied the guided modes in
two-dimensional photonic crystal waveguide, which
achieved by removing three rows of air holes in a triangu
photonic crystal. Using the finite-difference time-doma
method, we have also studied the transmission prope
through the waveguide utilizing conventional dielectr
waveguides as entrance and exit waveguides. The main
sult of the paper is the numerical analysis of mini stop ba
or ~mode gaps! in the transmission spectrum. We have sho
that these mini stop bands result from the coupling betw
the incident wave and the scattered contradirectional wav
the same inversion symmetry. Since the waveguide ha
high index central region, which supports the index confin
ment modes, there are guided modes below the lowest
m
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tonic crystal band. Therefore the mini stop band is also
served outside the band gap. We have calculated a m
attenuation in the mini stop band in terms of a coefficient
contradirectional coupling. We also showed that a very e
cient coupling between the photonic crystal waveguide an
conventional, ridge waveguides is possible.
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