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An air-bridged, 120-nm-thick semiconductor slab with a two-dimensional~2D! square array of
through holes on a 480 nm pitch~L! was fabricated using selective wet etching techniques. The
second order photonic resonances of the structure were studied by comparing broadband optical
scattering data with numerical solutions of Maxwell’s equations. Features observed in these spectra
over a 1200 cm21 range, near 9500 cm21, indicate that the 2D texture splits the energy degeneracy
of slab modes with propagation constants$62p/L,0% and$0,62p/L% by as much as 14%. ©1997
American Institute of Physics.@S0003-6951~97!02811-8#
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The distributed feedback~DFB! laser is a commercia
example of how novel functionality can result from contro
ling the refractive index profile of a dielectric structure o
length scales comparable to the operating wavelength o
optoelectronic device.1 In a typical DFB laser this advantag
results from a slight modification of the electromagnetic e
citation spectrum of a planar waveguide structure that is
duced by a small amplitude, one-dimensional~1D! periodic
corrugation of the refractive index. More dramatic effec
have been observed in semiconductor microcavity struct
in which the physical structure itself@1D periodic in the case
of small-diameter vertical cavity lasers,2 and three dimen-
sional~3D!, nonperiodic in the case of microdisk lasers3# has
a larger influence on the density of electromagnetic mo
that interact with electronic excitations within the structu
Possible applications for this more general class of dielec
microstructures include thresholdless lasers,3 single-mode-
light-emitting diodes,4 squeezed light generators,5 and clad-
ding layers for low-loss waveguides.6

In this letter, we present experimental results on the f
rication and optical characterization of an air-bridged se
conductor slab waveguide containing a two dimensio
~2D! lattice of air holes that completely penetrate the sl
This structure, which we refer to as a porous wavegu
~PW!, integrates several concepts reported previously in
context of controlling the local photonic density of stat
over a wide spectral range.7–9We provide evidence showin
that the spectral range over which the PW affects the b
optical properties of the guide is approximately two orders
magnitude larger than in a typical DFB structure.

A scanning electron micrograph of the cleave throug
PW is shown in Fig. 1, and a cross-sectional schematic
pears as an inset to Fig. 3~a!. The structure consists of a 2D
square lattice of nearly cylindrical air holes with a pitch,L,
of 480 nm. The holes were obtained by wet etching
waveguide through a mask of 200-nm-thick polymeth
methacrylate~PMMA! which had been exposed by an ele
tron beam from a 30 KeV scanning electron microsco

a!Electronic mail: young@physics.ubc.ca
b!Also at: Department of Electrical Engineering, University of British C
lumbia, Canada.
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~SEM! over an 80mm380 mm area. The air-bridge wa
formed by etching away the underlying 0.85-mm thick sac-
rificial Al 0.6Ga0.4As layer through the air holes using a hig
contrast etchant.10 This process selectively removed only th
Al0.6Ga0.4As under the patterned section of the wavegui
leaving the PW supported on its perimeter by unetch
Al0.6Ga0.4As, and from underneath by a small number
randomly located Al0.6Ga0.4As mesas that resisted the etc
A cleave was then made through the air-bridged PW. T
symmetric waveguide, which was grown by molecular be
epitaxy ~MBE!, is comprised of a single 6.1 nm
In0.2Ga0.8As quantum well in the center, flanked by 24 nm
GaAs and 33 nm of graded AlxGa12xAs(x:0.1→0.4) on

FIG. 1. Scanning electron micrograph of the cleaved section of a po
waveguide. This is the view looking down, from right to left, in the sch
matic diagram included as an inset to Fig. 3~a!.
7/70(11)/1438/3/$10.00 © 1997 American Institute of Physics
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PW,

g ge-
each side. The GaAs and In0.2Ga0.8As quantum well~QW!
layers were undoped.

To contrast the optical properties of this porous wa
guide with those of a conventional DFB-like waveguide, fi
consider a DFB waveguide in terms of photonic band str
ture nomenclature. A weak 1D corrugation of a planar wa
guide perturbs the dispersion of the slab modes of the wa
guide as schematically shown for one polarization in Fig
In particular there are optical ‘‘gaps’’ opened up when t
propagation constant,b, is close to a multiple ofkg/2, where
kg52p/L. In the reduced zone scheme, eigen states be
the vacuum light line remain bound modes of the textu
guide while those above are ‘‘leaky modes,’’ or ‘‘resona
states,’’ because they have a finite lifetime associated w
field components that couple to radiation modes.

To describe a planar waveguide with two-dimensio
~2D! texture, it is necessary to deal with 2D reciprocal spa
where, for a square lattice, the reciprocal lattice vectors
Kn,m5n2p/Lx1m2p/Ly. We restrict the following dis-
cussion to second order resonant states. In the 1D case,
are primarily made up of fields with wave vecto
b56kgx that are coupled to one another through the sec
order, 2kg component of the refractive index profile. Wit
2D texture, the second order resonant states are prim
superpositions of four fields with wave vectorsb56kgx;
6kgy, thekgx component coupling to the others through t
2kgx;kgx1kgy;kgx2kgy components of the refractive in
dex profile. Thus for a square 2D lattice one expects f
resonant states~per polarization! in the vicinity of the second
order optical gaps. In the reduced zone scheme this co
sponds to a cluster of four 2D bands, one for each reso
state, at the center of the Brillouin zone. The separation
these bands reflects the strength of the Fourier compon
of the refractive index modulation listed above.

We have probed the second order resonant states u
radiation incidentnormal to the wafer surface. This take
advantage of the leaky nature of the second order reso

FIG. 2. The dispersion~schematic! of TE polarized guided modes in a sla
waveguide containing a 1D grating with pitchL52p/kg . The solid and
dotted curves show the extended zone and reduced zone represent
respectively. The dashed line is the vacuum dispersion.
Appl. Phys. Lett., Vol. 70, No. 11, 17 March 1997
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states: thefirst order Fourier components of the grating in
dex profile couple the strong local fields of the reson
states in the PW to radiation modes withb50.12 A broad-
band ~700–1600 nm! unpolarized light source was focuse
into one arm of a single-mode, two-into-oneY-coupled fibre
and the single-ended output was imaged normally onto
top PW surface. The size of the irradiated spot w
wavelength- and focus-dependent, but could be as small
mm. The normal-incidence reflection was obtained by
cording the spectrum of light reflected from the PW surfa
back into the second arm of theY-coupled fiber@see arrows
in inset to Fig. 3~a!#. The reflected spectrum, normalize
using the reflection spectrum obtained from an untextu
part of the same waveguide, is shown in Fig. 3~a!. Since the
reflectivity of the untextured waveguide is essentially co
stant over the spectral range of interest, this normaliza
takes into account the input spectrum and the spectral
sponse of the collection and detection systems. The re
exceeds unity in places due to absolute errors associated
the sensitivity of the reflective coupling geometry.

In a separate experiment using the same excitation c
ditions, the light scattered at 90° to the incident beam, in
basal plane of the waveguide along the@10# direction of the
square lattice, was imaged into the spectrometer throug
polarizer@see arrows in inset to Fig. 3~b!#. The spectrum in
Fig. 3~b! is from scattered light with an electric field vecto
in the basal plane: very little scattered light was obtained
the orthogonal polarization. In this geometry, the strong

ons,

FIG. 3. ~a! Normalized spectrum of normal-incidence, specular reflect
from the porous waveguide surface. Inset shows the schematic of the
with the cleaved edge on the right, and the reflection geometry.~b! Normal-
ized 90° scattered spectrum. Inset shows a schematic of the scatterin
ometry.
1439Kanskar et al.
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signal was achieved with the excitation spot focused clos
the cleaved edge, but negligible scattered light was dete
when exciting the cleaved edge of an untextured part of
sample.

The light scattered at 90°, from the cleaved facet of
PW, signifies the excitation of strong local fields, primar
with b56kgx;6kgy, associated with the second order, T
like resonant states of the PW.~TM-like states with the
above propagation constant do not exist in the energy ra
examined experimentally.! The structure in the 90° and th
normal-incidence reflectivity spectra are correlated with e
other, and both represent the influence of the TE-like sta
on the scattering properties of the PW. It is clear from
experimental results that this influence extends over a br
range of frequencies, nearly 1200 cm21.

A detailed analysis of our solution of Maxwell’s equ
tions for the PW structure will be presented elsewher11

Based on these calculations, Fig. 4~a! shows the reflectivity
spectrum, and Fig. 4~b! shows the amplitude of the dom
nant,b5kg , component of the excited local fields, for plan
wave radiation normally incident on a square 2D PW co
sisting of cylinders with a radius of 130 nm, on a pitch
480 nm. The four TE resonant states are associated with
four peaks in the first order scattering amplitudes, ea

FIG. 4. ~a! Calculated normal-incidence, specular reflection spectrum.~b!
Calculated first order scattering amplitudes for normal-incidence radiat
1440 Appl. Phys. Lett., Vol. 70, No. 11, 17 March 1997
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identified in Fig. 4~b!. As in the 1D case,12 resonant coupling
to leaky slab modes manifests itself in the specular reflec
ity as bipolar perturbations of the nominal reflectivity
shown in Fig. 4~a!. A direct comparison of our theoretica
model with experiment is not possible at this time main
due to the fact that the ‘‘normally’’ incident radiation con
sisted of a tightly focused spot on the PW. The correspo
ing range of incident wave vectors in the experiment affec
even qualitatively, the experimental results as compared
the theory. Nevertheless, the model accurately predicts
location and range over which the texture modifies the s
tering properties of the PW, and it provides useful insight
to the nature of these modifications.

In summary, both experiments and model calculatio
suggest that the degeneracy of guided modes with prop
tion constants@6kg ,0# and@0,6kg# in a 2D porous wave-
guide can be split by;1000 cm21, approximately two or-
ders of magnitude larger than the second order stop g
achieved in conventional 1D, low-contrast DFB-like gratin
structures. This represents a substantial modification of
density of electromagnetic modes supported by the s
Similar structures, derived by varying the pattern of the te
turing, should offer new opportunities for both passive a
active optoelectronic device development.
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