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Photonic band structure of dielectric membranes periodically textured in two dimensions
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The real and imaginary photonic band structure of modes attached to two-dimensionally textured semicon-
ductor membranes is determined experimentally and theoretically. These porous waveguides exhibit large
(1000 cm * at 9500 cm) second-order optical gaps, highly dispersive lifetimes, and bands with well-defined
polarization along directions of high symmetry.

The past decade has seen much progress in understandidigular to the texture. The purpose of the present paper is to
the fascinating properties of photonic crystafsit is now identify and quantify the effects of relaxing this translational
well-established that two-dimension@D) and 3D dielectric  invariance on the structure’s photonic eigenstates. By suc-
texture can be used to produce artificial optical materials thagessfully comparing an electromagnetic moglelith our ex-
exhibit full photonic bandgaps, or ranges in frequency ovePerimental optical scattering data, we show that these eigen-
which it is classically impossible to propagate light in anystates can largely be understood as renormalized TE-
direction, with any polarization. Furthermore, defects in thePolarized slab modes that conta@ssential TM-polarized
respective dielectric lattices can support photon modes thdteld components. The renormalization caused by scattering
are localized in 2D or 3D. Such structures having lattice Of the slab modes from the 2D texture leads to dramatically
constants on the order of centimeters have been used in ti#tered dispersiorimeasured second-order gapsl0% of
microwave region as high-Q filters and broadband reflectivéhe center frequengyand finite lifetimes(Q’s) that exhibit
antennae platfornts. wide variation over the Brillouin zone.

Semiconductor heterostructures, in many senses, make Figure 1 schematically shows the sample structure used to
ideal hosts for photonic crystals. The refractive index differ-obtain the data reported below. It consists of an air/AlGaAs/
ence between air and several important Group_|v an(P\"OXide Waveguide WhiCh, in the absence of the 2D array of
Group-lII-V semiconductorsAn~2.5, is sufficient to allow Pores, would support only a single TE polarized bound mode
the formation of complete optical bandgaps using the approl .the near infrared. It was fabricated using m.olecular-beam
priate lattice geometrigsArtificial semiconductor quantum epitaxy, electron-beam lithography, dry-etching, and wet-
wells, wires and dots can be formed in a number of ways téXidation technique¥’
achieve tunable electronic propertigesonant frequencies, ~ AS previously discussed by us and othété;“the energy
densities-of-statesthroughout the near infrared part of the Of the leaky modes is revealed through Fano-like features in
spectrum. Thus it will soon be possible to independently tunéhe specular reflectivity spectrum of a broadband collimated
the electronicand photonic properties of semiconductor het- source incident on the porous waveguide at a well-defined
erostructures in order to realize qualitatively new quantumangle. Reflectivity spectra were collected for various incident
electronic phenomena based on the concept of photonigngles using &—26 setup employing reflective optics, a
bandgaps:® polarizer, and a Fourier transform interferometer.

There are significant challenges to achieving 3D texture in  Figure 2a) shows thep-polarized reflectivity spectrum as
crystalline semiconductors on the required length scalegbtained from the experiment and from the model
(~200-500 nn). However, deep 2D texture with these di- calculatiort!” for the case ofp-polarized light incident at
mensions is achievable, although not trivially. Given the im-0="5° along thel'-X symmetry direction $=0°) of the
portance of slab waveguides in present optical communica-
tions devices, 2D textured semiconductor waveguides offer a Binc |
medium for exploring the effects of photonic band structure
engineering in a practically useful geometr}* Recently,
Painteret al® fabricated an optically pumped infrared laser
based on a photonic defect state in a 2D-textured semicon-
ductor waveguide. This demonstrates the power and poten-
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tial of these concepts in the optoelectronic context. ‘80n¢m A=350 nm
In this paper we quantitatively address the fundamental Al oxide 1.8 (i
properties of electromagnetic modes localized in the vicinity cleaiig

of thin, 2D-textured semiconductor membranes. These struc-
tures represent an intriguing limit of 2D photonic crystals
that are not translationally invariant in the direction perpen- FIG. 1. Sample structure and scattering geometry.
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FIG. 3. Real part of band structure for the structure in Fig. 1:
mode frequency versus magnitude of in-plane wave vector for ex-
periment(solid lines and markeysand modeldotted lines and hol-

FIG. 2. Reflectivity spectra for light incident alodg— X: (a) low markers for s (circles andp (squarespolarized radiation. The
Experimentalsolid line) and modeldotted ling reflectivity spectra  inset schematically depicts the band structure for the case of weak
for p-polarized radiation incident a®5(b) Experimental spectra for  texture.
s-polarized radiation incident at various angles.
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dispersion zone folded to the first Brillouin zone by the in-

square Brillouin zone. Similar quality spectra were obtainedolane Fourier components of the square grating. The inset to
from over 12 related structures with pitches ranging fromFig. 3 schematically illustrates that situation.
500 nm to 575 nm. The broad features are Fabry-Perot The effect of the strong periodic scattering in the fully-
fringes due to the cavity formed by the 18n Al-oxide etched membrane is, therefore, to lift degeneracies and to
layer; they would be present in the absence of the 2D gratflatten bands near “gaps” that open both at the center of the
ing. The sharper bipolar feature indicates resonant couplingrillouin zone, and at interior points where certain zone-
to a leaky slab mode attached to the textured waveguid®lded bands cross. Note that the lifting of the degeneracies,
structure. Figure @) shows a scaled series efpolarized  with respect to the center frequencies, and the extent of the
reflectivity spectra taken at different angles of inciderce bandbending, with respect to the width of the first Brillouin
with the in-plane momentum always oriented along R zone, are on the order of 10%. This is a measure of the
direction of the Brillouin zone. degree to which the photonic properties of the membrane are

These reflectivity spectra reveal much about the nature dflifferent from those of the bare slab. For reference, the op-
electromagnetic modes localized to porous membranes. Theal gaps in the 1D textured waveguides used in commerical
basic dispersion of various bands excitedsgyolarized ra-  distributed feedback lasers are onl0.1%.
diation can be deduced by cursory inspection. There are clear It is an important property of these structures that for light
gaps, or avoided crossings at the zone center. Comparison ioicident along the crystal symmetry directiong= 0° and
the s and p polarized spectra a=5° reveals the fact that ¢=45 in the present cage¢here is ncs-p or p-s scattering
modes from different bands are excitetther by s or by p in the specular direction. That is, the polarization of the ra-
polarized radiation when probed along theX direction.  diative component of the eigenmodes is a “good quantum
The same is true for excitation along theM symmetry number” and has, therefore, been used to label the curves in
direction. Finally, the linewidths of the modes varies consid-Fig. 3. Notice that a givefand cannot be given a unique
erably from band to band, and within bands. Detailed experipolarization label because away from directions of high sym-
mental and model analysis suggests that each leaky mode inetry, leaky eigenmodes will in general radiate an ellipti-
this 2D periodic waveguide geometry should be charactereally polarized field. Indeed, the fourth highest energy band
ized by an energy, a lifetime, and a polarization label. Theshown in Fig. 3 radiates-polarized light along thd'-X di-
nontrivial variation of all these characteristics makes the corfection, andp-polarized light along thé'-M direction.
responding photonic band structure much richer than in pure At first it might seem unusual that eigenmodes that are all
2D or 3D photonic crystals. dominated by TE-polarized field components might be la-

The widths and positions of the obvious resonant featurebeled asp polarized. In fact, it is the relatively small but
in these and other spectra were extracted by fitting them witlessential zeroth-order Fourier field componghé one lying
Fabry-Perot and Fano lineshape functions. Figure 3 showaithin the first Brillouin zong¢ that determines the polariza-
the resulting dispersion of the resonant modes of the strudion selection rules for these modes, since this is the only
ture along high-symmetry directions of the square Brillouinpart of the Bloch state that can be phase matched to plane
zone. Figure 3 also shows the dispersion as calcifatéd waves propagating above the membrane. This zeroth-order
using the parameters given in Fig. 1. The significance of theomponent of the polarization field associated with the Bloch
dispersion lies in how it differs from that which would be states is a superposition of the dominafitst orde) TE-
obtained from a similar structure if the array of holes werepolarized field components as they scatter via the first-order
only etched a small fraction of the way through the mem-Fourier components of the dielectric texture. The resulting
brane. In that case the corresponding dispersion curvgsolarization can therefore only keor p along lines of the
would effectively represent the bare TE polarized slab mod@rillouin zone that possess mirror symmetry, since the cor-
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lated lifetime is infinite there. The finite size of the mem-
brane, 90umx90 um, puts a lower limit of~60 cm ! on
200+ . ) . .
© the experimentally resolvable linewidth. However, for life-
100 times greater than this lower limit, the experimental and cal-
culated lifetimes are in good agreement, and both exhibit a
- 0 strong modulation towards the zone boundary. The calcu-
£ lated linewidth of this mode exhibits no such modulation
EZOO' when the oxide cladding layer is assumed to be infinitely
a (b thick. The calculated linewidth in fact oscillates as a function
S 100 i . X .
g of the cladding layer thicknesses. This confirms that the net
E 0 strength of the radiative component of the Bloch state is
strongly influenced by the vertical cavity formed by the finite
200+ thickness cladding layer. Because all of theminantfield
(2) components of the Bloch states in this band are evanescent in
1004 the cladding layer, and are not, therefore, influenced by the
oxide layer thicknesgwhen it exceeds-500 nm), the line-
0 T T T T width of the modes can be tuned over a significant range
00 0.l 0.2 0.3 0.4 0.5

while leaving the basic mode energy essentially fixed. For
these bands then, the vertical 1D oxide cavity is coupled to

FIG. 4. Experimentaldots and solid linésand model(open  the 2D in-plane “cavity,” through the lowest-order Fourier
circles and dotted linedinewidths of lowesta), fourth lowest(b), ~ component of the Bloch states.
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and fifth lowest(c) band vs in-plane wave vector along the- X Finally, we draw attention to the anticrossing between
direction. The crossed circle represents a zero linewidth that wastates in the two highest-energy bands alonglthe direc-
inferred from the absence of any feature in the spectrum. tion, which occurs neaB/B,~0.25. The energy of closest

approach is comparable to the width of the gap that opens up

responding modes must be made uppairs of TE-polarized ~ at zone center. This implies that the corresponding modes are
field components that are either in or out-of-phase with restrongly mixed. Away from the anticrossing, towards the
spect to each othefirst order TE components lying along zone center, the modes in the fourth band are predominantly
the line of mirror symmetry can clearly only drigeoriented  composed of a TE-polarized field component,(ﬁfﬁ ,89§<.
polarization in the zeroth orderThus alongl’-X, going  The modes in the fifth band below the anticrossing are pre-
awa?/ f_rorr(; the Secon'gr;ordzer Qtilap alt Zg!"e center, th((ajre aredpminantly composed of a symmetric superposition of TE-
s-polarized modes. The 2 stron ispersive modes ar , : o S -
d(?minated by TE field componen?syalignped aldng¥, and BolanfedA field -components ?BHX—BQEX?LY] and fx

the s-polarized mode with little dispersion consists primarily ~BglX—Y]. Both have s-polarized radiative components

of a symmetric superposition of TE field components ori-and, therefore, have the appropriate relative symmetries to
ented nearly perpendicular to the direction of propagationcouple through scattering from the Fourier components of
The p-polarized band with little dispersion consists primarily the grating a{3,[x+y] and B4[x—y]. Bands with opposite

of an anti-symmetric superposition of TE field componentspolarization labels do not couple, and therefore they do not
oriented nearly perpendicular to the direction of propagationanticross. States in the two bands near the anticrossing are
Similar sym?etry ?rg(;Jments immediatefly eﬁplain I\g}?y therecomposed primarily of three TE-polarized field components
are two moderately ispersive pairs o modes a i, at Bx+Box, Bix—Bx+y] and Bix— B x—Y]. The

with one of eacts and one of eacl polarized. tateHs in tﬁe fiftrq bang consist of a s!/mmegtric superposition

Sy”.‘”‘e”y also explains the degeneracies and linewidt f all three components, while the states in the fourth band
behavior of modes at the zone center. For a mode to have a

finite lifetime (nonzero linewidth at the zone center, it must Nave thegx+ Bgx component out of phase with the other
be at least twofold degenerate because there can be no pf©. This leads to the interesting appearance of a perfectly
ferred polarization for the radiated field component right atbound mode(zero linewidth on the lower side of the anti-
normal incidence. For the same reason, modes that are no@rossing, away from any point of high symmetry in the lat-
degenerate at the zone center must have infinite lifetimeice. The linewidths for these anti-crossing modes are shown
(zero linewidthg there. These symmetry properties are faith-in Figs. 4b) and 4c). Clearly, the calculation verifies the
fully reproduced by our model calculations, and they areexistence of this perfectly bound mode. The lower state dis-
consistent with the experimentally determined lifetimes.appears from the experimental reflectivity spectra in the vi-
Note that the lowest two modes essentially disappear fronginity of the anticrossing, consistent with this picture.
the spectra in Fig. 2 as they approach the zone center, while Note that agreement between model and experiment is
the fourth highest energy mode, which converges with thesomewhat poorer for both the frequency and linewidth of the
third highest energyp-polarized mode at the zone center, fifth band. This is partly due to the fact that it lies in the
maintains a significant linewidth. vicinity of and above the electronic bandgap of GaAs, which
Figure 4a) shows the calculated and measured linewidthforms roughly half of the waveguide core. In this region the
of the lowest-order band along tlie X direction. This mode model used for the dielectric constant of GaAs neglects the
is nondegenerate at zone centsee Fig. 3, and its calcu- imaginary part and is not strictly valid even for the real part.
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It is also due to the omission of higher-order Fourier com-efficient model and reveal interesting polarization symme-

ponents of the field, that become significant at these highdries of the 2D lattice. The imaginary part of the band struc-

energies. ture, as measured by the linewidths, agrees qualitatively with
To summarize, we have fabricated a robust AlGaAsthe model and displays interesting features associated with

waveguide with a high-index contrast 2D photonic latticeCUPINg to the oxide cavity. Both the real and imaginary

and used resonant specular reflectivity measurements rts of. the band structure exhibited anticrossing behqwor
suggestive of a purely bound mode away from a high-

probe the dispersion of the complex photonic band structur : :
The real part of the band structure exhibits a gap 10% of thegymmetry point of the square lattice at second order.

center frequency that represents a substantial modification of We wish to thank NSERC, the Cable Labs Fund, and the
the density of electromagnetic modes supported by the slal€enter for Innovation in Photonics for their financial support
The results agree extremely well with our computationally-of this work.
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