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Defect states and commensurability in dual-period AlGa;_,As photonic crystal waveguides
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Al,Ga _,As 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 a The defects are formed by increasing or decreasing the
means to control the propagation and emission of ftgHn semiconductor stripe width in one unit of the supercell by an
particular, they may support a photonic band g&BG) that ~ amountAw. We consider both commensurékgg. 1(b)] and
has generated interest for all-optical and optoelectronic apincommensuratgFig. 1(c)] structures, for whiclAw is, or is
plications. However, complex fabrication requirements makeyot, an integer multiple of the fundamental permdespec-
it difficult to obtain a full three-dimension&BD) band gap at  tjyely. In an incommensurate structure, unlike the commen-
optical wavelengths. Photonic crystal waveguidBEW9  gyrate case, the regular lattice undergoes a phase shift across
can simplify processing demands by employing a slab wavegqp defect, as can be seen by comparing Fig.ahd 1c)
guide to confine light vertically, so the patterning is required, it Fig. 1(a). These structures should be distinguished from
to control the light in the in-plane direction orily. quasicrystals? where two incommensurate periods are com-

The functionality of the resulting photonic crystal can bebineol so that there is no long-term periodicity. As we dis-

increased by incorporating light control regions, such as : : ) .
point defect<. These are analogous to the electronic donorplace the lattice on either side of an inserted defect our struc-

and acceptor states in semiconductor materials, which I’eSLEl”eS are 'al\'/vays perlodlc, with superperlag_. For point
from the introduction of defects into the crystal, for exampled€fects this issue is only relevant to 1D lattices, because in
by substitution of dissimilar atoms at lattice or interstitials Periodic 2D structures such incommensurability is not pos-
sites, or by the creation of vacancies. A widely studied exSiPle. However, 1D line defects can be introduced into a 2D
ample of a photonic defect is in 1D microcavity structutes. lattice in an incommensurate way, when the defect width is
In 2D various types of defect have been used as resoftatorsnot a multiple of the lattice periotf. Fractional dislocations
to form cavities with highQ and low modal volume, while 0f this sort are being investigated as waveguides and as strat-
line dislocations provide waveguides that can contain lowegies to enhance cavity Q8.
radius bend§. More recently, waveguiding has been The PCW's were fabricated from an asymmetric AIGaAs
achieved by chains of periodically spaced point defectsplanar waveguide grown by molecular beam epiteMBE).
which act as coupled resonatdrs. The structure consists of a 240 nmyGa, g2AS waveguide

In this Brief Report, we investigate 1D photonic crystalscore layer, clad by 800 nm {Ga,;As on the lower side
fabricated by etching air trenches into AlGaAs slaband air on the upper side, as shown schematically in Fig.
waveguides. The structures consist of a short-period lattic&(d). 1D photonic lattices were deeply etched through the
of semiconductor stripes/air trenches, permdinterrupted core into the cladding by electron beam lithogragBBL)
by periodically placed semiconductor defects, giving a superand reactive ion etchin¢RIE). A set of 80umx 80 um re-
cell periodag. Such dual-periodicity has been theoretically gions were patterned with short-period lattiae= 295 nm,
investigated in fibre Bragg grating6BG's)!° and in AIGaAs  air trench width of 65 nm, and semiconductor stripe width
Bragg stacks! showing narrow transmission regions in the w=295-65=230 nm(air fill factor of f~22%). The peri-
PBG. This corresponds to a defect band which has weafdic defects were introduced by adding a widttv of semi-
dispersion ink-space and enhanced localization of electro-conductor to every fifth stripe of the short perioti€5) to
magnetic(EM) fields in real space. The longer supercell pe-give a supercell of periods=ma+ Aw. The defect width
riod shrinks the Brillouin zongBZ) from k=*s/a to k was varied in the range- 100<Aw= +295 nm. However,
=+ m/a,, with additional folding of the bands and creation the results reported here focus ¢t a reference crystal
of minigaps at the new zone boundaries. However, manyvithout defects Aw=0), (2) a defect widthwyg=w+Aw
features of band folding due to the smaller period are re=525 nm, i.e. Aw=+295 nm,a;=1770 nm, and3) a de-
tained. fect width wy=330nm, ie., Aw=+100nm, ag
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FIG. 2. (a) Experimental reflectivity spectra for the reference
sample(without defecty between 15% §<60° in TE polarization.
(b) Calculated band structure for first- and second-order confined
vertical modes with the experimental points obtained from the re-
flectivity spectra. The gray regions indicate the first-order PBGs.

A series of reflectivity spectra for the reference strucfiire
T — without defects is s_hown in Fig.(® for_ a range of polar
angles 15% 0=<60° in a plane perpendicular to the grooves
of the structure. Two modes are observed moving toward
FIG. 1. Left side of(a), (b), and(c) are schematic representa- decreasing energy when the angle is increased. The corre-
tions of (a) the single-period reference structu@e), the dual-period ~ sponding dispersion is plotted in Fig(l2. By comparing
commensurate structure, aiid the dual-period incommensurate with scattering-matrix $-matrix) calculations;® we find that
structure. The light gray regions represent air, medium gray regionthe lower energy band is a first-order vertically confined
represent the semiconductor, and dark gray regions represent thgode and the higher energy band is a second-order mode. As
semiconductor defeca is the regular period ang is the supercell jn our previous work on 2D lattices the second-order mode is
period. On the right-hand side, surface scanning electron micropgnfined due to natural oxidation of the high Al concentra-
graphs of the real structures are shown. (& the period isa  tjon cladding region; this leads to lowering of the refractive
=295 nm, in(b) the supercell period i8;=1770 nm, and iNc)  jngex of the cladding, which increases confineménthe

?S: 1535 rlm'(d) §Chema‘,tic Crolss'seCtion view d‘?f thed PCW with o,y regions indicate the PBG for TE polarized, first-order
ayer structure and experimental geometry is indicated. Vel’tically confined I|ght

—1575 nm. Structurd3) is incommensurate, but structure  ReEflEctivity spectra as a function of polar angle for the
(2) is commensurate sindew=a, as can be seen by inspec- INcommensuratédw= +100 nm structure are shown in Fig.
tions of the surface scanning electron microgra(®&M's) (@, with accompanying theoretical spectra in Figb)3
shown on the right hand side of Figal-1(c). Many more features are now visible in the spectra than were
The structures were investigated experimentally by surseen for the single period sample in Fig. 2, with bands that
face coupling reflectivity, shown in Fig(d), in which exter- increase, decrease, and anticross as the angle is varied. There
nal EM radiation is coupled to the leaky modes of the pho4s good agreement between the experimental and theoretical
tonic band structur®~1” Measurements were performed by spectra. In Fig. &) the dispersions are plotted in the reduced
varying the polar angle, allowing direct determination of thezone scheme corresponding to the supercell BZ dgr
dispersion of the photonic bands, since light incident at angle= 1575 nm, which is 5.3 times smaller than that of Fig)2
0 with frequencyw can couple to modes in the waveguide Appropriate reciprocal lattice vectors ofn2ag are sub-
with wave vectork = (w/c)sing, as required by in-plane tracted from the experimentilvalues to translate the points
wave vector conservation across the air-photonic crystal inback into the reduced BZ.
terface. This provides information about both the defect It is clear that the new features labeled B, y in Fig.
modes and the folded modes in the supercell BZ. In thel(a) arise from zone folding of the first-order short-period
commensurate structures these latter features are weak, daands of Fig. 2. At the BZ boundary new minigaps open up,
they are much stronger in the incommensurate case, becauseis accounting for the observed anticrossings. The overall
of the phase shifts in the lattice across the defects. For 1@xtent ink space of thex, B8, y bands together is approxi-
PCWs, the transverse-electitE) and transverse-magnetic mately equivalent to that of the unfolded band between
(TM) band structures are nearly identical, except for a smalpoints X and Y in Fig. 2(b) for the reference sample, from
energy splitting, so only the measurements for TE polarizetk=0 to the boundary of the observable region in surface
light are presented here. reflectivity experiments defined by the light liishown by
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FIG. 3. (@) Experimental reflectivity spectra for the PCW FIG. 5. (a) Experimental reflectivity spectra for the PCW sample
sample, which has defects and dual periodicity witfw with Aw=+295 nm @s=1770 nm), between 52 6<60° in TE
=+100 nm @s=1575 nm), between 52 <60° in TE polariza-  polarization.(b) Theoretical comparison calculated by t&enatrix
tion. (b) Theoretical comparison calculated by tBenatrix method  method for angles 0 #<60°. In both(a) and(b) the defect mode,
for angles 0% 6=<60°. In both(a) and (b) the defect mode, indi- indicated by arrows, is visible at 1.48 eV and has relatively flat
cated by arrows, is clearly visible at1.375 eV and has relatively dispersion.
flat dispersion. Band labels are assigned to aid comparison with
Fig. 4. indicated by the shaded gray regipigs. 2b) and 4a)].

The defect mode is not observed in the reflectivity spectra
diagonal construction line Similar correspondence of the much beyond the edge of the first supercell BZ20° at this
second-order mode®pen squarésin Fig. 4a) occurs with  energy, giving a\k=2.38x 10° cm™ ). This visibility is de-
the regions betweeK’ andY’ in Fig. 2. By contrast, when termined by the extent of the mode knspace, and corre-
plotted in the BZ of the short period, as employed in Fig.sponds to the Fourier transform of the localization in real
2(b), the dispersions are complicated and difficult to analyzespace, giving k=420 nm, which is slightly more than
(not shown. one semiconductor defect stripe.

In addition to the dispersive bands, a prominent nondis- The assignment of dispersive and defect modes is con-
persive mode is observed at low angles in Fig. 3 at abouirmed bySmatrix calculations of the in-plane EM field den-
~1.375 eV, and is indicated by the filled circles in Figay sities for bandsx, B, y shown in Fig. 4b). Band 6, also
(denoteds). We attribute this feature to a defect mode lying shown in Fig. 4b), is localized within the defect region,
in the first-order PBG of the regular lattice, labeleg and  providing strong additional evidence for its attribution to a
localized defect mode. By contrast, bandsgB, v are much
more extended over the supercell, and indeed tend to be ex-
cluded from the defect region.

Experimental and theoretical analyses of several other
structures in the range- 100sAw=+295 nm were per-
formed. Each of the incommensurate structures showed
strong coupling to all dispersive and localized modes. Ex-
perimental and theoretical spectra from the commensurate
Aw= +295 nm structure are shown in Fig. 5. As in Fig. 3, a
good agreement between experiment and theory is found.
For small angles, a nondispersive defect mode is seen at

e ~1.48 eV, lying once again in the region of the PBG of the
TR regular period. As before, this feature becomes weak at the
Z/\ /\ N /k\ ] edge of the supercell BZ, which in this case occurs:a6°.

0 M v Y “/\ Unlike the Aw=+100 nm sample in Fig. 3, the only other

800-600-400:200 10 200:4001600 800 strong features in the spectra of this commensurate

Lateral position in supercell (nm) 0 .
structuré® are two bands whose energy decreases with angle.

FIG. 4. (@) Theoretical bandstructure for thew=+100 nm  These are very similar to those found in the reference sample
sample with overlaid experimental points. Bandghroughs are  in Fig. 2, arising from first- and second-order vertically con-
labeled for comparison of their in-plane electromagnetic densityfined modes as before. The other folded modes only appear
shown in(b) for k=0.6, chosen arbitrarily to be close to the center as very weak spectral features, more clearly seen in the the-
of the BZ. oretical results.
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Calculations of theAw= +295 nm commensurate band weakly. In the incommensurate case, there is an additional
structure show that it is similar to the incommensurate caseeffect due to regions of lattice on either side of a defect being
However, the folded bands of the commensurate structure agshase shifted. Theaveryreciprocal lattice vector component
much weaker in reflectivity. This marked difference can beof the original Bloch function gains small wave vector com-
understood by considering the factors affecting the visibilityponents, proportional to (CE/)[l—e(kH*G)‘S], wheres is the
of the modes in reflectivity. The strength of a coupling fea-phase shift. This enhances the coupling strength of all the
ture, for a particular photonic band structure mode, is detertg|ged bands, making them much more visible in reflectivity,
mined by the small wave vector Fourier components of the,g observed both experimentally and in the numerical simu-
Bloch function of that modétypically only that correspond-  |5tions.
ing to the lowest reciprocal lattice vect@r=0)."***?If the To conclude, both commensurate and incommensurate
bands for the regular lattice without defects are plotted in thgjya|-period 1D photonic crystal waveguides have been stud-
superperiod BZ, the folding is not physical, so there is nGieq py external reflectivity techniques. In both cases resonant
mixing to introduce new small wave vector components, antopling to a localized defect mode, which lies in the band
only one visible band is visible for eadf). When defects gap of first-order vertically confined modes, is seen. For in-
are introduced, the dispersive bands can be considered @gmmensurate structures strong coupling to folded modes in
sections of unperturbed Bloch functions in the regions ofhe reduced BZ of the long-period lattice is also observed.
regular lattice, modified close to the defect. For the commenTne zone folding features are, however, much weaker in
surate case the regions on either side of the defect look idelmmmensurate structures when the supercell period is an in-
tical to the perfect lattice, so if the defect could be ignoredigger multiple of the small period.
the visibility would be the same. In reality the defect cannot
be ignored and it mixes some small wave vector components This work was funded by EPSRC Grant No. GR/M72951/
into the other folded bands, so they are observed, but onlQ1.
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