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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-gafes mini stopbandsarising 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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[. INTRODUCTION is achieved, in which both conventionéhdex confineg
modes and PC modes confined by the all-reflecting photonic
Photonic crystal§PC’s) may offer a possibility of elimi-  crystal surrounding can exist. Two geometries for the bound-
nating electromagnetic wave propagation within a frequencyry between the triangular PC and the waveguide were stud-
band, i.e., a photonic band g&PBG).>? In particular, ideal ied in Ref. 16(see Fig. 1 of Ref. 16 A type, where a wave-
two-dimensional2D) photonic crystals, which are periodic guide is formed by an odd number of missing holes, and
in a plane(e.g.,xy plane and uniform in the perpendicular B-type waveguide with an even numb_er of holes missing. It
direction (e.g., z direction, hold substantial promise for ap- Was found that for the\-type waveguide a mode splitting

plications in optoelectronics and integrated optics due td®CCUrs at the edge of the Brillouin zone. The splitting can be

their compactness and possibilities to engineer dispersion réi—ttr'bUted to coupling between forward and backward propa-

lations, although they do not provide full three—dimensionalgggngnﬂzgegoojntgzrSar:gleegrdseirmaillgsrmc%l:rolm B(r)a::%%rglf:;a(;-
(3D) PBG’s. For a 2D triangular lattice of air holes in a Y ’ pling

: . . . . conventional waveguide with periodically perturbed walls or
dielectric medium, the 2D PBG is larger than for their €9 in other types of waveguided distributed Bragg reflectors.

respondi_ng square lattice counterparts d_ue t_o theif MOre Clajithin the coupled mode theory it already was treated by
cular Brillouin _zonez. Therefore, |r_1ten5|ve |nvest|_gat|0ns Kogelnick and Shari. For the B-type waveguides, where
have been carried out recently on triangular photonic crystalg, o boundary holes are not symmetrically located with re-
(see, e.g., Refs. 3-12 ~ spect to the waveguide center wgphasedy a half of the
Although it has been demonstrated that almost ideajattice constant, the mode splitting did not occur. This is
(holes depth much larger than the incident beam spo}-sizguite understandable since the coupling between the same
2D PC can be fabricated for the far-infrared wavelengthmode, no matter what its symmetry is, cannot be caused by
range}'? PC structures for the near-infrared telecommuni-an antisymmetric perturbatidf.In Ref. 19 the mode gaps,
cation window are typically realized by etching hol&x  primarily at the zone edge, were discussed in more detail and
rods through a three-layer slab waveguid® which assures their implications for localized states in waveguide bends
light confinement in the vertical direction. In the present pa-and discontinuities were addressed. It was also briefly shown
per we consider such structures, however, to reduce compusee Fig. 4 in Ref. 19 and Figs. 2 and 3 in Ref) tttat mode
tational effort we apply the effective index approximation for gaps, also called mini stop ban€8ISB), may also occur
the vertical direction and the 2D finite-difference time- away from the zone edge. In the present paper we study such
domain(FDTD) method for the in-plane propagation, which mode gaps for thé-type PC waveguide in more detail and
is a good approximation assuming well confined slab modeshow that they occur due to contradirectional coupling be-
The out-of-plane radiation losses which may arise from intween different order of modes but only of the same symme-
appropriate design of a slab waveguidrinsic los3,"***or  try. This is again in analogy to coupling between phase
from too shallow hol€S, are not addressed in our studies. matched, lower and higher order modes in a periodically
When a line defect is introduced into a photonic crystal,perturbed conventional waveguide. However, because of the
the electromagnetic wave whose frequency is in the band gagery high contrast of the refractive index one cannot apply
can be guided along the line defect without appreciablehe perturbation theory but a numerically exact treatment is
losses. Thus, formed waveguides could be used to realizeeeded. For our studies we employ the finite-difference time-
compact integrated optical circuits. PC waveguides in a phodomain (FDTD) method, allowing us to compute the trans-
tonic crystal can be obtained by removing rows of air holesmission spectra of PC waveguides as a function of a number
(i.e., by not etching thein Thus a high index central region of parameters; excitation frequency, symmetry of an excita-
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tion mode, or width and length of a waveguide. Moreover, in

order to address the external excitation and detection prob-
lems we consider a structure consisting not only of a PC
waveguide but also of two conventional, access and exit
ridge waveguides, which to our knowledge has not earlier
been done.

The outline of the papers is as follows. In Sec. Il we show
the dispersion relation for the 2D PC waveguide and intro-
duce the mode classification. In Sec. Ill we give detailed
numerical results of the transmission spectrum for a PC
waveguide inserted between two conventional, ridge
waveguides, and relate the dips in the transmission to the
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mini stop bands in the dispersion diagram. Mode attenuation
in the mini stop band is given in terms of a coupling constant
for the contradirectional coupling. We also show how the
coupling efficiency depends on the relative width of the PC
and the ridge waveguides. In Sec. IV we conclude the ob-
tained results.

Normalized frequency u (a/\)

o
-

Il. GUIDED MODES IN A PC WAVE GUIDE: DISPERSION ) .
RELATION AND MODE DENOMINATIONS e

Many studies have been carried out concerning guided :
modes in two-dimensional dielectric photonic band gap crys- 0.05 > T
tals(see, e.g. Refs. 16,19-R1n the present paper, we study
guided modes in a 2D dielectric photonic crystal, which is a ) > Evenmodes
triangular lattice of air holes in a dielectric medium corre- = _Oddmedes
sponding to the carefully studied case of GaAs samples in 0 0.8 1
Ref. 9. The effective dielectric constant of the materia& is
=11.0, and the radius of the holesRs=0.32a (filling factor
f=37%, wherea is the lattice constantIt has been shown FIG. 1. The eigenfrequencies of the guided modes in the W3
that there is a band gap for thé-polarization(TE) Casegy waveguide obtained by removing three rows of holes. The solid
between 0.22 and 0.3&/{\). However, there is no band gap lines represent the even modes, and the dotted lines represent the
for the E-polarization(TM) case. Thus, only polarization odd modes. The gray areas are the projected band structure of the
is considered in the present paper. A waveguide is introducegerfect crystal.
here by removingnot etching one or several rows of air
holes in the photonic crystal. Here we denote a waveguideesents forward propagation, while a negative numben of
Wn, wheren is the number of removed holes. represents backward propagation. Consequently, the modes

In this paper we will mainly present results for a W3 PC of the conventional waveguide with the artificial periodicity
waveguide(of type A in the notation of Ref. 16 Figure 1  can be labeled bym,n] according to the above equation
shows the eigenfrequencies of the guided modes in such (gee Fig. 1 The even modes correspondio=1,3,5 . . .

W3 waveguide. The eigenfrequencies of the guided modeand the odd modes correspondne-2,4.6 . . . .

are calculated with the 2D FDTD method, and the details of From Fig. 1 one can see that there are two types of mode
calculations can be found in Refs. 22—-26. The effective ingaps. The ones occurring at the Brillouin zone edge are due
dex method is used to account for the vertical confinemento the coupling between the forward and backward propagat-
In the figure we have also given a mode classificatrande
numbers. It can be shown that all PC waveguide modes can

be related to guided modes in a conventional metallic
waveguidet®?*in which one imposes an artificial periodicity PML
d in the direction of the wave propagati¢e.g.,x direction.

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

0.I4 0.6
Wavevector k (n/a)

PML

t" PML
X

Source

)|

Reference

H,=Cysinma(y/b+1/2)]x ' 2md+kx

m=123...n=0=x1+2, ..., (1)

whereC, is a coefficient and is the effective width of the
waveguide, respectivelk is the irreducible wave vector in
the Brillouin zone. A positive numbedmcluding O of n rep-

PML

FIG. 2. Setup for the computation of the transmission through
the W3 waveguide.
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1 ' ' - order to control the excitation conditions more accurately, a
005 conventional dielectric waveguide is used as an entrance
(and an exit waveguide, as schematically depicted in Fig. 2.
09t 1 A pulse source is located at the entrance. The source is the
c product of the Gaussian function and the exact solutain
Qossy the center frequengyf the guided mode in the conventional
E osk ) waveguide. Thus, one can excite different guided modes in
o the W3 waveguide by introducing different solutions of the
S 0751 1 modes(i.e., differentm) in the entrance waveguide. Another
o7l advantage of the current configuration is that one can easily
' normalize the transmission spectra, by comparing the Poyn-
065} ] ting vector at the reference line and the detector (se Fig.
2).
08, 2 3 4 5 6 Experimentally, only the fundamental guided moda (
Access waveguide width (w/a) =1) is usually involved due to the excitation scheme of the

o _ experimental setup!®?8Therefore, we first consider the fun-
FIG. 3. The transmission from the entrance waveguide 10 th§yamental guided mode. For this mode, the transmission from
exit waveguide, through the W3 PC waveguide, as a function of th‘?he conventional waveguide to the PC waveguide could be
width of the conventional waveguide. The open circles are the av-

erage transmission for the normalized frequency range from 0.22 oY high, if the width of the conventional waveguide is

0.25 @/\), while the solid circles are for the normalized frequency carefully adJUSted_' Figure 3 Sh_OWS the tr_ansm'SS'on from the

range from 0.27 and 0.3G()). entrance waveguide to the exit waveguide, through the W3
PC waveguide, as a function of the width of the conventional

ing modes of the same ordésame value ofn), i.e., the Waveguide. The open circles are the average transmission for

ordinary Bragg scattering of a distributed feedbdtiEB)  the normalized frequency range from 0.22 to 0.28)(),
lasert’” The other ones are mode gaps due to the contradiredvhile the solid circles are for the normalized frequency range
tional coupling between modes of different orders, e.g., thdrom 0.27 and 0.30d/\). When the width of the conven-
mode gap between thel,— 1] mode and thd5,0] mode. tional waveguide is about 2#& the transmissions have their
Since the considered W3 waveguide is of thetype, the ~Maximums for both the frequency rangewore than 97%
coupling occurs only between modes of the same symmetrjfansmission For the W3 waveguide, the distance between
Furthermore, it is worth mentioning that since the W3 wave-the opposite air holes in the waveguide boundary is about 2.8
guide has a high index central region, which supports thé- Therefore, when the conventional waveguide width is

index confinement modes, there are guided modes below tiMmilar as the PC waveguide width, one can obtain a very
lowest photonic crystal band. high coupling efficiency. In the following calculations, the
width of the entrance and the exit waveguides is fixed to 2.6
a.
Il ANALYSIS OF THE MODE TRANSMISSION Figure 4 shows the calculated transmission spectra of the

The 2D FDTD method combined with the effective index fundamental modeni=1) for different lengths of the W3
approximation is also used to simulate the wave propagatiowaveguide. The edge of the photonic band gap is indicated
in the W3 waveguide. The setup for the computation isby gray lines. One can easily see from the figure that there is
shown in Fig. 2. Since we consider a finite structure here, tha mini stop bandMSB) in the band gap, centered at the
whole computational domain is surrounded by perfectlynormalized frequency 0.26a(\), which is in good agree-
matched layeré (PML's) to absorb the outgoing waves. In ment with the experimental result 0.268/).2® When the
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FIG. 4. The normalized trans-
mission spectra of the fundamen-
tal mode fm=1) for different
lengths of the W3 waveguide.
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extract a coupling constant. In a coupled mode language, the
transmission of the waveguide is approximately givelfby

0
10 &

T=1- tantf(kL)~2e <", for kL>1, 2

whereT is the transmission and is the length of the wave-
guide. Using the data of Fig. 4 we may extract the coupling
constantk. For that purpose we position ourselves in the
middle of MSB (in the band gap0.26 @/\). The transmis-
sions at this frequency for different lengths of the W3 wave-
guide are shown in Fig. 5. The open circles are for calculated
results, and the solid line represefits 1—tantf(«L), with

a fitted value ofk=0.0392(in units of inverse lattice con-
stanta™1). The results follow the “coupled mode” results

Transmission
=S

2
10

o 10 20 30 20 50 well and exhibit an approximate exponential decrease as ex-
W3 waveguide length (a) pected for an evanescent field. The transmission drops by
about—0.34 dB per lattice constant.
FIG. 5. The transmission as a function of the lengibf the W3 Finally, in order to underscore the coupling as a result

PC waveguide, for the frequency inside the mini stop band 0.2thetween the same symmetry modes, we study the transmis-
(a/\) for the fundamental guided mode. The open circles are forsion properties of the second order moae=(2), which is
calculated results, and the solid line represéitsl—tantf(«L),  an odd mode. Figure 6 shows the normalized transmission
where k=0.0392(unitsa™ ). spectra for the mode. Similarly, the edge of the photonic
band gap is indicated by gray lines. One can see from the
fundamental mode propagates into the W3 waveguide, it exfigure that there are two mini stop bands for the second order
cites the higher order, back propagating, modes via the phassode. The first one, centered at the frequency 0.284)
matched Bragg scattering on the periodic side walls. Thigesults from the coupling between th2,— 1] mode and the
results in dips in the transmission spectrum and the relatef,0] mode. While the second one, centered at the frequency
mini stop bands in the modal dispersion diagram. In particu0.297 @/\), results from the coupling between th2,— 1]
lar, the MSB centered at the frequency 0.28X) results mode and th¢6,0] mode. For the frequency range from 0.24
from the coupling between thel,— 1] mode and thé5,0] (a/\) to 0.29 @/\), there is no MSB, contrary to what was
mode (see Fig. 1 From Fig. 4 one can also find another found for the fundamental mode. Therefore, albeit it may not
MSB centered at the frequency 0.17&/X), which is out of be so easy to accomplish in practice, if one wants to avoid
the band gap, but below the light line. It results from thethe MSB in this frequency range, one should excite only the
coupling between thgl,— 1] mode and th¢3,0] mode. Fur-  second order mode in the entrance waveguide.
thermore, it is worth to point out that other transmission dips One thing we would like to point out is that in the pres-
outside the bandgap arise from the coupling between thence of out-of-plane radiation losses, the position of the
fundamental mode and a phase matched part of the continmode gaps should not be affected, but the spectral features in
ous spectrum of the photonic crystal modes. a true 3D waveguide structure, as opposed to the pure 2D
For estimation of modal attenuation due to contradirecstructure simulated here, will be smeared out and the trans-
tional coupling in a mini stop band, it could be of interest to mission level dropped.
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FIG. 6. The normalized trans-
mission spectra of the second or-
der mode (h=2) for the W3
waveguide. The length of the PC
waveguide is about 50 rows of air
holes.
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IV. CONCLUSIONS tonic crystal band. Therefore the mini stop band is also ob-

In conclusion. we have studied the auided modes in served outside the band gap. We have calculated a mode
. . ' ; gula . ' Lttenuation in the mini stop band in terms of a coefficient for
two-dimensional photonic crystal waveguide, which

achieved by removing three rows of air holes in a trianguIarcomr""d'recuon"’lI coupling. We also showed that a very effi-

: - o : . —cient coupling between the photonic crystal waveguide and a
photonic crystal. Using the finite-difference time-domain conventional, ridge waveguides is possible.

method, we have also studied the transmission properties
through the waveguide utilizing conventional dielectric
waveguides as entrance and exit waveguides. The main re-
sult of the paper is the numerical analysis of mini stop bands
or (mode gapkin the transmission spectrum. We have shown The authors would like to acknowledge H. Benisty, M.
that these mini stop bands result from the coupling betweeRattier, S. Olivier, and C. Weisbuch for useful discussions
the incident wave and the scattered contradirectional wave and for friendly sharing knowledge on their experimental
the same inversion symmetry. Since the waveguide has @sults on mode gaps. This work was supported by the Eu-
high index central region, which supports the index confineropean Commission through the IST PCIC project, and The
ment modes, there are guided modes below the lowest ph&wedish Foundation for Strategic Resea(S&B.
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