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Defect states and commensurability in dual-period AlxGa1ÀxAs photonic crystal waveguides
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Al xGa12xAs waveguides with one-dimensional dual-period patterning, consisting of a short period lattice of
semiconductor stripes with periodically placed defects, are investigated by surface coupling reflectivity. Defect
states, characterized by flat dispersions and enhanced optical density in the defect region, are observed within
an energy gap arising from the short period modulation of the structure. When the defect width is incommen-
surate with the short period, strong additional features due to band folding are observed. The experimental
spectra and dispersions are found to be in very good agreement with the predictions of scattering-matrix
calculations.
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Periodically patterned dielectric materials provide
means to control the propagation and emission of light.1,2 In
particular, they may support a photonic band gap~PBG! that
has generated interest for all-optical and optoelectronic
plications. However, complex fabrication requirements ma
it difficult to obtain a full three-dimensional~3D! band gap at
optical wavelengths. Photonic crystal waveguides~PCWs!
can simplify processing demands by employing a slab wa
guide to confine light vertically, so the patterning is requir
to control the light in the in-plane direction only.3

The functionality of the resulting photonic crystal can
increased by incorporating light control regions, such
point defects.4 These are analogous to the electronic do
and acceptor states in semiconductor materials, which re
from the introduction of defects into the crystal, for examp
by substitution of dissimilar atoms at lattice or interstitia
sites, or by the creation of vacancies. A widely studied
ample of a photonic defect is in 1D microcavity structure5

In 2D various types of defect have been used as resonato6,7

to form cavities with highQ and low modal volume, while
line dislocations provide waveguides that can contain l
radius bends.8 More recently, waveguiding has bee
achieved by chains of periodically spaced point defe
which act as coupled resonators.9

In this Brief Report, we investigate 1D photonic crysta
fabricated by etching air trenches into AlGaAs sl
waveguides. The structures consist of a short-period lat
of semiconductor stripes/air trenches, perioda, interrupted
by periodically placed semiconductor defects, giving a sup
cell periodas . Such dual-periodicity has been theoretica
investigated in fibre Bragg gratings~FBG’s!10 and in AlGaAs
Bragg stacks,11 showing narrow transmission regions in th
PBG. This corresponds to a defect band which has w
dispersion ink-space and enhanced localization of elect
magnetic~EM! fields in real space. The longer supercell p
riod shrinks the Brillouin zone~BZ! from k56p/a to k
56p/as , with additional folding of the bands and creatio
of minigaps at the new zone boundaries. However, m
features of band folding due to the smaller period are
tained.
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The defects are formed by increasing or decreasing
semiconductor stripe width in one unit of the supercell by
amountDw. We consider both commensurate@Fig. 1~b!# and
incommensurate@Fig. 1~c!# structures, for whichDw is, or is
not, an integer multiple of the fundamental perioda, respec-
tively. In an incommensurate structure, unlike the comm
surate case, the regular lattice undergoes a phase shift a
each defect, as can be seen by comparing Figs. 1~b! and 1~c!
with Fig. 1~a!. These structures should be distinguished fro
quasicrystals,14 where two incommensurate periods are co
bined so that there is no long-term periodicity. As we d
place the lattice on either side of an inserted defect our st
tures are always periodic, with superperiodas . For point
defects this issue is only relevant to 1D lattices, becaus
periodic 2D structures such incommensurability is not p
sible. However, 1D line defects can be introduced into a
lattice in an incommensurate way, when the defect width
not a multiple of the lattice period.12 Fractional dislocations
of this sort are being investigated as waveguides and as s
egies to enhance cavity Q’s.13

The PCW’s were fabricated from an asymmetric AlGa
planar waveguide grown by molecular beam epitaxy~MBE!.
The structure consists of a 240 nm Al0.08Ga0.92As waveguide
core layer, clad by 800 nm Al0.9Ga0.1As on the lower side
and air on the upper side, as shown schematically in F
1~d!. 1D photonic lattices were deeply etched through
core into the cladding by electron beam lithography~EBL!
and reactive ion etching~RIE!. A set of 80mm380 mm re-
gions were patterned with short-period latticea5295 nm,
air trench width of 65 nm, and semiconductor stripe wid
w52952655230 nm~air fill factor of f '22%). The peri-
odic defects were introduced by adding a widthDw of semi-
conductor to every fifth stripe of the short period (m55) to
give a supercell of periodas5ma1Dw. The defect width
was varied in the range2100<Dw<1295 nm. However,
the results reported here focus on~1! a reference crysta
without defects (Dw50), ~2! a defect widthwd5w1Dw
5525 nm, i.e.,Dw51295 nm,as51770 nm, and~3! a de-
fect width wd5330 nm, i.e., Dw51100 nm, as
©2003 The American Physical Society03-1
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51575 nm. Structure~3! is incommensurate, but structur
~2! is commensurate sinceDw5a, as can be seen by inspe
tions of the surface scanning electron micrographs~SEM’s!
shown on the right hand side of Figs. 1~a!–1~c!.

The structures were investigated experimentally by s
face coupling reflectivity, shown in Fig. 1~d!, in which exter-
nal EM radiation is coupled to the leaky modes of the ph
tonic band structure.15–17 Measurements were performed b
varying the polar angle, allowing direct determination of t
dispersion of the photonic bands, since light incident at an
u with frequencyv can couple to modes in the waveguid
with wave vectorki5(v/c)sinu, as required by in-plane
wave vector conservation across the air-photonic crystal
terface. This provides information about both the def
modes and the folded modes in the supercell BZ. In
commensurate structures these latter features are weak
they are much stronger in the incommensurate case, bec
of the phase shifts in the lattice across the defects. For
PCWs, the transverse-electric~TE! and transverse-magnet
~TM! band structures are nearly identical, except for a sm
energy splitting, so only the measurements for TE polari
light are presented here.

FIG. 1. Left side of~a!, ~b!, and ~c! are schematic representa
tions of ~a! the single-period reference structure,~b! the dual-period
commensurate structure, and~c! the dual-period incommensurat
structure. The light gray regions represent air, medium gray reg
represent the semiconductor, and dark gray regions represen
semiconductor defect.a is the regular period andas is the supercell
period. On the right-hand side, surface scanning electron mi
graphs of the real structures are shown. In~a! the period isa
5295 nm, in~b! the supercell period isas51770 nm, and in~c!
as51575 nm. ~d! Schematic cross-section view of the PCW wi
layer structure and experimental geometry is indicated.
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A series of reflectivity spectra for the reference structur18

without defects is shown in Fig. 2~a! for a range of polar
angles 15°<u<60° in a plane perpendicular to the groov
of the structure. Two modes are observed moving tow
decreasing energy when the angle is increased. The co
sponding dispersion is plotted in Fig. 2~b!. By comparing
with scattering-matrix (S-matrix! calculations,19 we find that
the lower energy band is a first-order vertically confin
mode and the higher energy band is a second-order mode
in our previous work on 2D lattices the second-order mod
confined due to natural oxidation of the high Al concent
tion cladding region; this leads to lowering of the refracti
index of the cladding, which increases confinement.16 The
gray regions indicate the PBG for TE polarized, first-ord
vertically confined light.

Reflectivity spectra as a function of polar angle for t
incommensurateDw51100 nm structure are shown in Fig
3~a!, with accompanying theoretical spectra in Fig. 3~b!.
Many more features are now visible in the spectra than w
seen for the single period sample in Fig. 2, with bands t
increase, decrease, and anticross as the angle is varied. T
is good agreement between the experimental and theore
spectra. In Fig. 4~a! the dispersions are plotted in the reduc
zone scheme corresponding to the supercell BZ foras
51575 nm, which is 5.3 times smaller than that of Fig. 2~b!.
Appropriate reciprocal lattice vectors of 2p/as are sub-
tracted from the experimentalk values to translate the point
back into the reduced BZ.

It is clear that the new features labeleda, b, g in Fig.
4~a! arise from zone folding of the first-order short-perio
bands of Fig. 2. At the BZ boundary new minigaps open
thus accounting for the observed anticrossings. The ove
extent ink space of thea, b, g bands together is approxi
mately equivalent to that of the unfolded band betwe
points X and Y in Fig. 2~b! for the reference sample, from
k50 to the boundary of the observable region in surfa
reflectivity experiments defined by the light line~shown by

ns
the

o-

FIG. 2. ~a! Experimental reflectivity spectra for the referen
sample~without defects!, between 15°<u<60° in TE polarization.
~b! Calculated band structure for first- and second-order confi
vertical modes with the experimental points obtained from the
flectivity spectra. The gray regions indicate the first-order PBGs
3-2
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diagonal construction line!. Similar correspondence of th
second-order modes~open squares! in Fig. 4~a! occurs with
the regions betweenX8 andY8 in Fig. 2. By contrast, when
plotted in the BZ of the short period, as employed in F
2~b!, the dispersions are complicated and difficult to analy
~not shown!.

In addition to the dispersive bands, a prominent nond
persive mode is observed at low angles in Fig. 3 at ab
;1.375 eV, and is indicated by the filled circles in Fig. 4~a!
~denotedd). We attribute this feature to a defect mode lyin
in the first-order PBG of the regular lattice, labeledEg and

FIG. 3. ~a! Experimental reflectivity spectra for the PCW
sample, which has defects and dual periodicity withDw
51100 nm (as51575 nm), between 5°<u<60° in TE polariza-
tion. ~b! Theoretical comparison calculated by theS-matrix method
for angles 0°<u<60°. In both~a! and ~b! the defect mode, indi-
cated by arrows, is clearly visible at;1.375 eV and has relatively
flat dispersion. Band labels are assigned to aid comparison
Fig. 4.

FIG. 4. ~a! Theoretical bandstructure for theDw51100 nm
sample with overlaid experimental points. Bandsa throughd are
labeled for comparison of their in-plane electromagnetic den
shown in~b! for k50.6, chosen arbitrarily to be close to the cen
of the BZ.
03330
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indicated by the shaded gray region@Figs. 2~b! and 4~a!#.
The defect mode is not observed in the reflectivity spec
much beyond the edge of the first supercell BZ ('20° at this
energy, giving aDk52.383108 cm21). This visibility is de-
termined by the extent of the mode ink space, and corre
sponds to the Fourier transform of the localization in re
space, giving 1/Dk5420 nm, which is slightly more than
one semiconductor defect stripe.

The assignment of dispersive and defect modes is c
firmed byS-matrix calculations of the in-plane EM field den
sities for bandsa, b, g shown in Fig. 4~b!. Band d, also
shown in Fig. 4~b!, is localized within the defect region
providing strong additional evidence for its attribution to
localized defect mode. By contrast, bandsa, b, g are much
more extended over the supercell, and indeed tend to be
cluded from the defect region.

Experimental and theoretical analyses of several ot
structures in the range2100<Dw<1295 nm were per-
formed. Each of the incommensurate structures show
strong coupling to all dispersive and localized modes. E
perimental and theoretical spectra from the commensu
Dw51295 nm structure are shown in Fig. 5. As in Fig. 3
good agreement between experiment and theory is fou
For small angles, a nondispersive defect mode is see
;1.48 eV, lying once again in the region of the PBG of t
regular period. As before, this feature becomes weak at
edge of the supercell BZ, which in this case occurs at'15°.
Unlike theDw51100 nm sample in Fig. 3, the only othe
strong features in the spectra of this commensur
structure20 are two bands whose energy decreases with an
These are very similar to those found in the reference sam
in Fig. 2, arising from first- and second-order vertically co
fined modes as before. The other folded modes only app
as very weak spectral features, more clearly seen in the
oretical results.
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y
r

FIG. 5. ~a! Experimental reflectivity spectra for the PCW samp
with Dw51295 nm (as51770 nm), between 5°<u<60° in TE
polarization.~b! Theoretical comparison calculated by theS-matrix
method for angles 0°<u<60°. In both~a! and~b! the defect mode,
indicated by arrows, is visible at;1.48 eV and has relatively fla
dispersion.
3-3
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Calculations of theDw51295 nm commensurate ban
structure show that it is similar to the incommensurate ca
However, the folded bands of the commensurate structure
much weaker in reflectivity. This marked difference can
understood by considering the factors affecting the visibi
of the modes in reflectivity. The strength of a coupling fe
ture, for a particular photonic band structure mode, is de
mined by the small wave vector Fourier components of
Bloch function of that mode~typically only that correspond
ing to the lowest reciprocal lattice vectorG50).16,19 If the
bands for the regular lattice without defects are plotted in
superperiod BZ, the folding is not physical, so there is
mixing to introduce new small wave vector components, a
only one visible band is visible for eachki . When defects
are introduced, the dispersive bands can be considere
sections of unperturbed Bloch functions in the regions
regular lattice, modified close to the defect. For the comm
surate case the regions on either side of the defect look i
tical to the perfect lattice, so if the defect could be ignor
the visibility would be the same. In reality the defect cann
be ignored and it mixes some small wave vector compon
into the other folded bands, so they are observed, but o
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