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An accurate model for the out-of-plane radiation losses occurring when a guided wave propagating

in a conventional waveguide impinges on a photonic crystal waveguide is presented. The model

makes clear that the losses originate from insertion losses resulting from a mode mismatch. A

generic taper structure realizing an adiabatic modal conversion is proposed and validated through

numerical computations for cavities with large Q’s and large peak transmission. © 2001 American

Institute of Physics. @DOI: 10.1063/1.1354666#

Photonic crystals ~PC! etched through waveguides have

inspired great interest recently because of their potential use

in integrated circuits. These structures can find many appli-

cations, including the fabrication of two-dimensional dielec-

tric mirrors1 and narrow-band filters,2 of ultrashort in-plane

microlasers3,4 and of waveguides with sharp bends.5,6 In PC

waveguides, we are resorting to standard index guiding in

the vertical direction and light can couple to radiative modes.

The reduction of the out-of-plane radiation losses is essential

for future applications.

To understand the origin of these losses, we consider the

basic scattering problem shown in Fig. 1, where a guided

wave propagating in the positive z direction in a conven-

tional waveguide impinges on a PC waveguide. We assume

that the wave frequency is in the gap and that the PC wave-

guide is long enough so that no light is transmitted, the light

being reflected or scattered. We also assume that the PC

waveguide supports a genuine nonleaky guided mode.7

Many experimental observations have reported losses for the

considered problem, for planar waveguides perforated with

deep grooves3,4 or with two-dimensional ~2D! arrays of

holes,1,8 and for ridge waveguides2 with one-dimensional

~1D! arrays of holes. Although the losses have been previ-

ously studied with three-dimensional ~3D! electromagnetic

analysis9–13 or with ingenious perturbation models,8 their

origin is not clearly understood. It is often admitted that the

losses are weaker for strongly confined waveguides, for sub-

l/4 air–hole widths and for deep etches, the smaller loss

~usually called ‘‘intrinsic’’ losses! being achieved for etches

that fully overlap the mode profile of the unperturbed wave-

guide. In this letter, we propose a model for the losses and

show that the losses simply originate from a mode mismatch

~provided that a genuine nonleaky guided mode exists!.
From this understanding, we propose a generic taper struc-

ture for adiabatic coupling between conventional waveguides

and PC waveguides and predict performances better than the

intrinsic ones.

Like the coupled-mode theory14 used in integrated optics

for the analysis of waveguides with small periodic corruga-

tions, our model assumes that the field in the PC waveguide

is a linear combination of two contradirectional propagating

PC modes. What is meant by PC mode will be precisely

defined hereafter. Qualitatively, the losses are seen to be re-

sulting from a triple scattering process in which the incident

wave is first scattered into the PC mode propagating into the

positive z direction with efficiency h, then this PC mode is

coupled back into the counter-propagating PC mode without

loss,7 and finally this counter-propagating PC mode is scat-

tered back into the conventional waveguide with efficiency h
~reciprocity theorem!. The out-of-plane losses are simply 1

2h2. More quantitatively, let us denote by E1
(p) , p51, 2...,

the infinite set of the normal modes ~propagation constants

lp’s! of the conventional waveguide. We also introduce the

Bloch modes15
EF

(n) of the PC waveguide. Owing to the com-

pleteness of the E1
(p) ’s, we have

EF
(n)

5(
p

@ap ,n
1 exp~lpz !1ap ,n

2 exp~2lpz !#E1
(p)~x ,y !.

~1!

We can now define the PC modes ET
(n) introduced earlier in

the qualitative model description as

ET
(n)

5(
p

ap ,n
1 exp~lpz ! E1

(p)~x ,y ! ~2!

for modes propagating in the positive z direction. PC modes

propagating in the negative z direction are defined similarly.

Let us denote by ET
(1) the nonleaky guided mode supported

by the PC waveguide. By use of the classical approximate

expression14 for the coupling efficiency at an interface be-

tween two slightly-different conventional waveguides, we

have

a!Electronic mail: philippe.lalanne@iota.u-psud.fr

FIG. 1. Basic scattering problem considered for modeling out-of-plane the

losses when a guided wave impinges on a PC waveguides. The PC wave-

guide can be a very short 1D Bragg reflector, a 2D photonic band gap

structure, a strip waveguide with a 1D array of holes, or an even more

complex PC structure like that of Fig. 3.
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h5

ReH FE E dxdy~E1
~1 !

3HT
~1 !*!ezE E dxdy~ET

~1 !
3H1

~1 !*!ezGY FE E dxdy~ET
~1 !

3HT
~1 !*!ezG J

ReH E E dxdy~E1
~1 !

3H1
~1 !*!ezJ

, ~3!

for the coupling efficiency h between E1
(1) and ET

(1) . In Eq.

~3!, ez is the unit vector along the z direction and H is the

standard notation for the magnetic field. The overlap integral

of Eq. ~3! is all the more accurate as the modes are similar.

This amounts to considering that the etches are not deep and

large at the same time, the relative amount of removed ma-

terial in the holes having to remain small.

The model is now tested for PC waveguides composed

of 1D periodic structures deeply etched into planar

waveguides,3,4 an extension of classical Bragg reflectors to

strong corrugations, by comparing the out-of-plane losses

computed with exact electromagnetic theory16 to 12h2. The

E1
(1) and ET

(1) modes required for the overlap integral com-

putation are obtained following Ref. 16. The losses are plot-

ted in Fig. 2 for several etch depths d and polarizations. In

Fig. 2~a!, a silicon-on-insulator ~SOI! waveguide corre-

sponding to a ‘‘strong-confinement’’ case is considered for

transverse electric ~TE! polarization. The waveguide is com-

posed of a silicon ~refractive index 3.505! 205 nm thick core

with claddings with refractive indices 1 and 1.5. In Fig. 2~b!,
a ‘‘weak-confinement’’ case is considered for TE and trans-

verse magnetic ~TM! polarizations. The waveguide is com-

posed of a GaAs ~refractive index 3.5! 250 nm large core

layer deposited on a substrate with refractive index 3. The

refractive index of the 400 nm thick cover is 3. Within the

frequency range of interest i.e., in the band gaps indicated by

thin horizontal lines, we find a very good agreement between

the losses predicted by the present model ~markers! and

those provided by exact electromagnetic theory ~solid

curves!. The maximum deviation does not exceed 0.05. Out-

side the gap, the model is not accurate. It is mainly due to the

fact that the PC mode is not coupled back into the counter-

propagating PC mode and that it rather propagates backward

and forward between the two reflector boundaries in a same

way as multiple interference occurs in a thin film. The quan-

titative agreement in Fig. 2 in the gaps makes us confident on

the model validity. It is reasonable to infer that the losses

observed through electromagnetic computations9–11 or

through experiments with 1D-periodic2–4 or 2D-periodic8 PC

waveguides are mainly due to insertion losses.

Within the scope of the model, we can qualitatively un-

derstand the influence of the hole depth d on the amount of

losses. For small d values, as in DFB Bragg reflectors for

example, E1
(1) and ET

(1) have similar profiles and insertion

losses can be neglected, as is usually done for the perturba-

tion approach used in the coupled-mode theory. As d in-

creases, the E1
(1) and ET

(1) profiles start to depart from each

other and the overlap integral h decreases. As shown by

numerical evidence especially for strongly confined

waveguides, this decrease is only weakly due to a profile

distortion, the prime effect being due to a transverse dis-

placement of ET
(1) relatively to E1

(1). Referring to Fig. 1, the

displacement originates from the fact that, in comparison

with the unpatterned region of the waveguide, the field ex-

periences a material with a lower refractive index in the top

etched region of the waveguide; thus as d increases, the ET
(1)

mode is shifted down to the substrate, remaining confined in

the unpatterned waveguide region. As d increases further, the

transverse displacement still increases, passes through a

maximum value, then diminishes to reach an asymptotic

weak value s for deep holes fully overlapping E1
(1) ~intrinsic

case!. For symmetric waveguides deeply etched into the sub-

strate or for fully etched membranes in air, s is even null17

and losses result only from the mode profile mismatch. The

fact that small s values are achieved for deep etches into both

weakly- and strongly-confined waveguides is responsible for

the fact that short mirrors ~or cavities! with acceptable losses

are manufacturable with almost any waveguide index profile.

The previous analysis shows the necessity of having an

adiabatic impedance matching between conventional and PC

waveguides. The design and manufacture of these tapers are

almost untreated18 in the literature. A generic approach for

these tapers is sketched in Fig. 3. The taper is formed by a

series of etches whose feature dimensions vary progressively

to convert the waveguide mode into the PC waveguide

mode. The progressive adaptation requires the manufacture

of holes with lateral dimensions smaller than those of the PC

waveguide, see Fig. 3~a!. These tiny holes effectively gener-

ate artificial dielectric layers with progressively varying ef-

fective indices. They are likely to be difficult to fabricate

with deep etches and for this reason, in Fig. 3~b!, large holes

are assumed to be deeper than small holes. This assumption

FIG. 2. Comparison between the model predictions ~markers! for the losses

and exact electromagnetic numerical results ~solid curves!. ~a! First-order

Bragg SOI reflector for TE polarization with L580, L5275, d5160,

~circles! and d5205 nm ~triangles!. ~b! Second-order Bragg GaAs wave-

guide with L580, L5330 nm. Squares ~resp. circles! are obtained for TM

~resp. TE! polarization and for d5900 nm ~resp. 700 nm!. The band gap

intervals are indicated by horizontal lines.
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is reasonable with respect to well-known properties of con-

ventional etching processes.

To confirm the taper principle, let us consider the same

SOI waveguide as in Fig. 2 ~L 5 80 nm, L 5 275 nm, and

205 nm core thickness!. Figure 4 shows a comparison be-

tween tapered and nontapered situations. The numerical re-

sults are all obtained with exact electromagnetic theory.16

The nontapered situation corresponds to the intrinsic case ~d
5 500 nm!. The tapered situation holds for Bragg reflector

with a groove depth of 160 nm ~the core is partially etched!.
It is worth mentioning that, for d 5 160 nm, the loss exceeds

30% in the absence of taper for a guided wave with a fre-

quency in the central part of the gap that impinges on a PC

waveguide. In Fig. 4~a!, the dashed curve shows the reflec-

tion spectrum of a ten-groove reflector with d5500 nm. The

solid curve is obtained with a ten-groove reflector for d

5160 nm, but with a six-groove taper at the front face of the

reflector. Figure 4~b! shows the transmission spectra of a SOI

cavity around the resonance wavelength without tapering,

dashed curve, and with tapering, solid curve. For the nonta-

pered case, the cavity is formed by a 1.3 mm long defect

surrounded by two five-groove reflectors with d5500 nm.

The tapered cavity is obtained by adding four identical six-

groove tapers at the four reflector extremities, while the re-

flector etch depth d is only 160 nm. Clearly, the tapered

cavity with 160 nm deep slots ~peak transmission above 98%

and Q'2600) outperforms the intrinsic one with 500 nm

deep slots. In our opinion, this excellent performance clearly

indicates that very deep etches for intrinsic operation are not

necessarily required for efficient coupling in many future ap-

plications.

In this letter, we have proposed a model for the out-of-

plane losses encountered when light interacts with PC

waveguides with low- or high-index confinements. The

model makes clear that the loss comes from a mode mis-

match and that the Bloch wave of the periodic structure

~even if the PC waveguide is only a few periods long! is the

key electromagnetic quantity of concern for studying the

mismatch. Although the model was validated only for planar

PC waveguides composed of 1D arrays of grooves, it seems

reasonable that it applies as well for more complex structures

since the model relies solely on the periodicity in the propa-

gation direction. Adiabatic mode converters based on pro-

gressively adaptive geometries relying on narrow and tiny

etches might be expected to play a significant role in photo-

nic circuits based on PC waveguides.
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FIG. 3. Adiabatic taper for coupling into PC waveguides. Gray zones cor-

respond to a high refractive-index material. ~a! Top view. The PC wave-

guide shown for the sake of illustration is a ridge waveguide perforated by

a 1D array of air holes and surrounded by a 2D PC composed of a square

array of square pillars. ~b! Cross section in the xz plane shown in ~a! with a

dashed line. For fabrication constraints, large holes are assumed to be etched

deeper than small ones.

FIG. 4. Illustration of the performance improvement achieved by tapering.

The numerical results are obtained for the same SOI waveguide as in Fig. 2.

Dashed curves are obtained without tapering for d5500 nm ~intrinsic case!.
Solid curves are obtained for d5160 with a taper formed by a series of 6

grooves with L i520, 30, 40, 50, 60, 70 nm, with d i ~nm!52.5(L i2L1! 1

10 and with all the S i’s equal to L2L5195 nm. ~a! Reflection spectra

computed for a ten-groove reflector. ~b! Cavity transmission spectra com-

puted near the peak resonance. Dashed curve: the cavity is formed by a

1.257 mm long defect inserted between two five-groove Bragg reflectors.

Solid curve: the cavity is formed by a 1.3 mm long defect surrounded by

two tapered mirrors composed of a taper, a three-groove reflector and a taper

again.
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