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Out-of-plane losses of two-dimensional photonic crystals waveguides:
Electromagnetic analysis
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A method for the electromagnetic analysis of photonic crystal waveguides is described. It is tested
against experimental transmission data obtained for AlGaAs slab-waveguide structures perforated
by a two-dimensional hexagonal lattice. A good quantitative agreement is obtained for the band
edge locations, for the ripples in the transmission windows, and more importantly, for the
out-of-plane losses induced by the finite hole depth. The ultimate performance of the structure for
deep etched holes is predicted. ©2001 American Institute of Physics.@DOI: 10.1063/1.1331331#
s
io
a-
a

fa
-
ic

af
in

g
ne
-
fi-

ly
er
n
7,
d

e
g

la
m
re
e
om
i

w
m

e
io

e

e
is

are

ies
-

by

y
tain
Photonic crystals are artificial optical materials, who
dielectric constant presents a strong periodic modulat
The modulation offers the possibility of controlling and m
nipulating light by opening a photonic band gap within
given range of frequencies. Because of the challenge to
ricate three-dimensional~3D! photonic crystals with submi
cronic feature sizes, much efforts are devoted to the fabr
tion of two-dimensional ~2D! photonic crystal etched
through waveguides. These waveguides, called here
ICPC for index-confined photonic crystals, are a promis
substitute to conventional planar lightwave circuits.1 Experi-
mentally, reflection, transmission, and propagation throu
semiconductor-based ICPC have been demonstrated at
infrared wavelengths.2–6 The analysis of ICPC is often per
formed with 2D band gap calculations of crystals with in
nite depth, thereby ignoring the vertical confinement.

Although computation plays a crucial role in such ana
sis because Maxwell’s equations for linear dielectric mat
als are exact, methods for modeling ICPC are not commo
the literature. With the exception to the work of Ref.
where finite-difference time-domain methods are used to
termineindirectly the modal reflectivity of ICPC through th
computation of microcavity quality factors, no 3D modelin
of the propagation through ICPC have been reported.

The method proposed here belongs to the general c
of frequency-domain modal methods. It is inspired fro
crossed grating theory8 in the sense that Fourier series a
used to expand the electromagnetic modes, but its nov
consists in extending these theories to waveguided ge
etries. A 2D example of a similar extension is proposed
Ref. 9. Figure 1 shows one possible ICPC geometry that
be used here to illustrate the method. The ICPC is assu
to be periodic in thex direction ~period Lx! and to have a
finite spatial extent into thez direction. They direction is
normal to the dielectric stack. The corrugated waveguid
assumed to be illuminated from the input unpatterned reg
by the fundamental TE0 or TM0 mode under an incidenc

a!Electronic mail: philippe.lalanne@iota.u-psud.fr
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angleu. We denote bykx thex component of the mode wav
vector. The wavelength in the vacuum of the incident light
l(k05v/c52p/l).

In the orthogonal Cartesian coordinate~x,y,z! system, the
curl Maxwell equations in the Gaussian system of units
curl H 52 iv/ce(r )E andcurl E5 iv/cH. H andE are the
magnetic and electric fields ande is the relative permittivity.
Due to periodicity along thex direction, a pseudoperiodic
plane-wave basis can be used for thex expansions ofE and
H ~Floquet or Bloch theorem!. Following Ref. 9, we intro-
duce an artificial periodization with absorbing boundar
along they direction@periodLy , see Fig. 2# and use a plane
wavey expansion for the electromagnetic fields. Thus,H and
E are written

H5(
l ,m

~Uxlmx1Uylmy1Uzlmz!expi @~kx1 lGx!x1mGyy#

~1a!

E5(
l ,m

~Sxlmx1Sylmy1Szlmz!expi @~kx1 lGx!x1mGyy#,

~1b!

whereGa52p/La and theSa lm and Ua lm ~a5x, y, or z!
arez-dependent coefficients. In the following, we denote
K lm the vector equal to (kx1 lGx)x1mGyy. By incorporat-
ing expressions~2a! and ~2b! into the curl equations and b
expanding the equations in the plane-wave basis, we ob

1

k0

d@C#

dz

5F 0 0 KyK
À1Kx 1ÀKyE

À1Ky

0 0 KxE
À1KxÀI 2KxE

À1Ky

KxKy exÀKy
2 0 0

Kx
2Àey 2KxKy 0 0

G
3@C#, ~2!

whereC is equal to@SySxUyUx#
t, a column vector formed

by the electric- and magnetic-field coefficients. In Eq.~2!, K x
2 © 2001 American Institute of Physics
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andK y are diagonal matrices whose diagonal coefficients
the components of vectorK lm and E is the Toeplitz matrix
formed by the Fourier coefficient of the relative permittivit
Matricesex andey , that are also formed by the Fourier c
efficients of the relative permittivity, are not simply Toepli
matrices; for more details see Ref. 10 where high conv
gence performance are reported for the computation of p
tonic band structures with the plane-wave method.

To integrate Eq.~2!, the real continuous profile is ap
proximated by a stack of slices with piecewise-constant p
mittivities, see Fig. 2~b!. Within this approximation, the in-
tegration is done analytically; the modes and the propaga
constants in every slice~p! are computed as the eigenvecto
Wm

(p) and eigenvalueslm
(p) of the corresponding matrice

V(p). Thus, in each slice~p!, the electromagnetic fieldsC(p)

are looked on as a superposition of these modes

C~p!~z!5(
m

Wm
~p!@bm

~p! exp~2lm
~p!z!1 f m

~p! exp~lm
~p!z!#, ~3!

FIG. 1. ICPC geometry. The structure is periodic in thex-direction, has a
finite arbitrary extent in thez direction and is illuminated by the fundamen
tal mode of the unpatterned waveguide~incidence angleu!.

FIG. 2. ~a! Artificial periodization along the verticaly direction with ab-
sorbers, see Ref. 9 for more details.~b! Slicing along thez direction.
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whereb(p) and f(p) are column vectors whose elements a
the amplitudes of the modes propagating backward~in the
2z direction! and forward~in the z direction!, respectively.
Because of the linearity of Maxwell’s equations, a mat
relationship between the mode amplitudes in the input m
dium ~H plane! and those in the output medium~H8 plane!
exists. To avoid any numerical problems relative to the
ponentially divergent terms in Eq.~3!, aS-matrix ~denotedS!
approach11 is used to relate the amplitudesb( i ) ~resp.f(t)! of
the modes propagating backward~resp. forward! at the H
~resp.H8! plane to the amplitudesf( i ) of the modes propa-
gating forward at theH8 plane

Fb~ i !

f~ t ! G5SF 0
f~ i !G . ~4!

The zero vector of the bracket in the right side of Eq.~4!
expresses the fact that no light is impinging on the IC
from the output region (b(t)50). From the knowledge of the
incident illuminationf( i ), the reflected and transmitted inten
sities into the diffracted guided modes are derived from E
~4! by calculating the ratio between the time-averag
Poynting-vectorz components of the diffracted modes an
that of the fundamental incident mode.

The present method is tested against experime
results12 obtained for ICPC fabricated by etching a plan
monomode asymmetric waveguide. The waveguide
composed12 of a GaAs~refractive index 3.5! 250 nm wide
core with claddings with refractive indices 3.4 for the cov
and 3.0 for the substrate. The cover thickness is 330 nm.
ICPC consists of a triangular array of holes with a latti
parametera. We define byf the air fill factor ~ratio of holes
to total area!. The holes are assumed to have straight si
walls ~perfect cylinders! and to have a finite depthh. The
hole depth and the fill factor are the free parameters used
fitting the calculations to the experimental data.

For the numerical computations, we best match the
perimental conditions and consider that the PC waveguid
illuminated under normal incidence (u50) by the funda-
mental TE0 mode of the waveguide. This mode is assumed
be perfectly collimated along thex direction. In the experi-
ment, a maximum internal angle ofu566° with respect to
the z direction is collected. Moreover, in line with th
experiment,12 seven different lattice periodsa5180, 200,
220, 240, 260, 280, and 300 nm and with identical fill facto
are considered. Finally, two directions of propagation alo
the GM and GK principal crystallographic axis are invest
gated. For theGM andGK cases, the number of hole rows i
the z direction are 8 and 15, respectively.

Figure 3 shows a comparison between the experime
~noisy curves! and the numerical~solid curves! transmission
results as a function of the normalized frequencyu5a/l.
For theGM direction, see Fig. 3~a!, the seven lattice period
are shown. For theGK direction, see Fig. 3~b!, only the three
lattice periodsa5240, 260, and 280 nm near the airba
edge are shown. These three periods are crucial to qua
the radiation losses because, at the air-band edge, the fie
localized inside the holes. For the calculation, we use a
factor of f 518%. This value controls the position of ban
edges. Then we assume that the hole depth is varying
euse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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early from one sample to the other:h(a)5Ca1h0 . This
assumption~large holes are deeper than small ones! is rea-
sonable with respect to the well-known properties of
reactive-ion-etching process used for the fabrication. W
h05155 nm andC51.92, the depth varies linearly from 50
nm for the 180 nm period sample to 731 nm for the sam
with the largest period.

Essentially, an excellent agreement between the exp
mental and the numerical results is obtained. The band e
and the ripples on the sides of the gaps are correctly loc
for GM and GK propagation directions. The model is als
able to predict quantitatively the losses induced by out-
plane diffraction. The degree of radiation losses~mostly in
the substrate! is basically dictated by the finite depth of th
holes, and is extremely sensitive to this parameter, as
observed during the fitting procedure.

The model is able to quantitatively predict the loss
achievable with holes etched deeper into the substrate
this specific waveguide. Forh5800 nm, a realistic value
with current etching techniques, we predict excellent perf
mance as shown by the transmission dashed curves of F
with a peak transmission of'90% at the air-band edge fo
the GM direction. For theGK direction, the 65% transmis
sion at the air-band edge is smaller. This lower transmiss
is due to a high~25%! in-plane diffraction into the6 first
orders. Figure 4 shows a comparison for the loss~a crucial
quantity that is delicate to measure! between the actual per
formance and anticipated performance for deeper holes
view of the different results, it is reasonably predicted th
the ultimate intrinsic losses in the band gap for 0.18,u
,0.22 are reached for a 800 nm hole depth. In Fig. 4,
losses include not only the out-of-plane scattering but a
the in-plane diffraction into the transmitted and reflect
positive- and negative-first diffracted guided waves. N
however that this in-plane diffraction appears only foru
.0.295 as shown by the loss bump in Fig. 4. More impr
sive is the performance achieved in the band gap; ove
wide frequency interval from 0.185 to 0.215, the losses
h5800 nm are smaller than 1%. In this interval, the refle
tivity exceeds 98%. One obvious consequence of this h
reflectivity with small intrinsic losses is the feasibility o
microcavities withQ factor larger than 5000, that can have
great impact on future all-optical telecommunication pho
nic crystals.

FIG. 3. Comparison between experimental transmission measure
~noisy curves! and theoretical predictions~solid curves!. The dashed curves
correspond to theoretical predictions for 800 nm deep holes.
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The model presented here to estimate the ultimate
formance of photonic crystals etched through waveguide
versatile. TheS-matrix approach can be applied to an
index-confined photonic crystal, with arbitrary heterostru
ture, atom shape and mirror size. It can also address in-p
photonic-crystal cavities~line defects in Ref. 7!. Validation
by the experimental data of Refs. 3–4 shows that, in revis
of Ref. 12, the hole depth is the limiting factor to the perfo
mance of these particular ICPC. Conversely, the results
dicate that ultimate performances could be attained foh
5800 nm etch depth, with losses of no more than 1% in
gap, confirming the good potential of 2D photonic crys
etched through conventional waveguides.
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