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Heavy photon dispersions in photonic crystal waveguides
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Heavy photon dispersion curves exhibiting group velocities suppressed by two orders of magnitude
are measured directly for deeply etched AlGaAs waveguide structures by means of surface coupling
techniques. It is shown that due to the wave vector-selective nature of surface coupling, such
techniques permit the excitation of modes of specific, known dispersion in photonic crystal
waveguides. Coupling to regions of very strong anomalous dispersion is demonstrated, with
potential to be developed into a method for excitation of gap solitons20@0 American Institute

of Physics[S0003-695000)04728-9

There has been a great deal of interest recently in théonal fiber and waveguide coupling meth&tsuch surface
properties of two-dimensiongRD) photonic crystals fabri- coupling techniques possess the important advantage of ex-
cated in the form of thin films, commonly termed photonic ternal angular control of the group velocity and group veloc-
crystal waveguide$PCWs.1~° A feature of the design of ity dispersion of the modes excited. We demonstrate this
PCWs in comparison with conventional grating waveguides control by coupling external light directly to regions with
is the very deep patterning which leads to wide photonigvery strong anomalous dispersion, opening the prospect for
band gaps(PBG) and strong dispersive effects over large opservation of nonlinear effects connected with propagation
ranges of energ{® Such structures show significant promise of yitrashort pulse$>16
to solve the long-standing problem of light extraction from 1D lattices of air stripegFigs. Xa) and ¥b)] and 2D
light emitting diodes(LEDs)° and to create PBG-defined honeycomb latticegFig. 3(@] of air cylinders of periods
microlasers® These applications require detailed knowledgess0—740 nm were fabricated by deep etchiatch depthh
of the dispersions of the photonic bands of PCWs, which_ g50nm), using electron beam lithography and reactive ion
exhibit pronounced heavy photon properties in the vicinity Ofetching,l of Al Ga,_,As waveguides having 400 nm thick
band edges. _ _ o x=0.12 cores and 1.3&m thick, x=0.35 cladding. Reflec-

Until very recently, the experimental investigation of 4 experiments were carried out using plane parallel white
phc_>ton|c d|sperS|ons n PCWs was _I|m|ted to measuremer“ght illumination from a tungsten halogen lamp. The light
of in-plane transmission and reflection spectfanve have  Zu- .o from the 100100.m? lattices was strongly mag-

now shown that surfac'e c.ouplin.g techniqu.es %I{/%Vé direCtnified (~50 timeg and imaged on to the slits of a spectrom-
measurement of photonic dispersion curves in P n eter and detected with a charge coupled device camera.

this method illumination at a particular angle of incidence ' : -
. : . We first present the calculations of the reflectivity prop-
selects a specific value of in-plane wave vector, with cou-_ . .
. . : erties for structures patterned at different depths. In contrast
pling to the photonic bands appearing as sharp resonances in . .
to the well known case of shallow gratings which can be

reflectivity. By varying the geometry we are able to map out L .
large parts of the photonic band structure. Similar informa—underStOOd by simplified perturbation theorfefor deeply

tion has also been obtained recently from angle—resolve8tCheOl structLrJ]res the ﬁ)attermnghls a Ztrongbpegturbgtlon aqd
emission measurements. an accurate theoretical approach needs to be based on a rig-

In the present letter heavy photon dispersions with grou;ﬂ)rogs solutioq of Maxwell gquatioqs. Such calculations were
velocities suppressed by two orders of magnitude relative tG"1€d out using a scattering mat(shg)_ treatment of Max-
those in bulk semiconductors are clearly observed in ondell equations, as described elsewherigcluding all layers
dimensionally(1D) patterned AlGaAs waveguides. For 2D I the structure_ and coupling to the externa_l fields. S_pectra
honeycomb lattices of air cylinders we show that photonica® presentefFigs. Xc) and Xd)] for a 1D lattice of period
vectors within the first Brillouin zone can be achieved due toPolarization, and illumination perpendicular to the grooves.

anticrossing of photonic bands. In comparison with conven- ~ Spectra calculated for different etch depthsd, h=d
andh>d (whered is the thickness of the waveguide cpes

he same angle of incidenas=60°, are shown in Fig. (¢).
dAuthor to whom correspondence should be addressed; electronic mail: 9 ' 9 ( )

V.Astratov@sheffield.ac.uk; on leave from A. F. loffe Physico-Technical ~Of VEIY shallow patterninght<d, 50 nm, two very sharp
Institute, 26 Polytechnicheskaya, 194021 St. Petersburg, Russia. peaks at~1.33 and~1.54 eV are observed due to resonant
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T y — T T FIG. 2. (), (b), and(c)—measured photonic dispersions for 360, 530, and
13 1.4 15 1.6 740 nm 1D lattices indicated by squares, and calculétedl lines). The
Energy (eV) inset to Fig. 2a) shows the calculated band structure for the 360 nm lattice,

) ) ) ) with bands labeled1)—(6). The diagonal dashed lines orfaB and 3c)
FIG. 1. (a) Scanning electron micrograph of typical 1D photonic crystal jngicate the boundary of the light cone(d3 3(e), and 3f)—group veloci-
waveguide(with 630 nm periogl (b) Schematic diagram of structure and the jjes, in units of the velocity of light in vacuuit), obtained by differentia-
experimental geometryc) Calculated TE reflectivity spectra 4t 60° as a tion of the results of Figs. (@), 3(b), and 3c), crosses experimental, full
function of etch depth(d) Experimental(full) and theoreticaldashed re- lines theory; arrows show the direction of increaskg
flectivity spectra for 740 nm period 1D structure, as a functiod,dbr TE
incident polarization. The edge of the folded BZ boundary is reached at

ar?gv\;s"g;‘:]riﬁit'te';hi?ergi;?;;;Telz';e;%'e; %g?mzrz:[plfggtg\rfs indicated 0 asured energidsquaresof the sharp features are plotted
versusk for 360, 530, and 740 nm periods, respectively. The
energies of the features are seen to increase kvitihr 360
coupling to the folded band structure of very weakly per-nm, to decrease withk for 530 nm and to exhibit turning
turbed guided modésFor h=d, resonance features are not points in theE—k diagram of Fig. 2c). In Figs. Zd), 2(e)
observed due to the loss of waveguide confinement as a rend 2f) the variation of the photon group velocity {) with
sult of the reduction of the average index of the core, whichk, obtained from the derivativelw/dk of the dispersion
leads to strong scattering and leakage into the claddingurves of Figs. @), 2(b), and Zc) is presented. Regions of
However, most importantly, loss into the cladding is stronglypositive, negative and very smazlg~10‘2c, wherec is the
suppressed whemsignificantly exceedd due to recovery of light velocity in vacuum, are found. The regions of very
the effective index guiding, as shown by the reappearance afmall ofv 4 represent regimes with pronounced heavy photon
sharp resonance features in the simulated reflectivity spectigroperties, and correspond to suppressions by factors of 10—
for h>d. Even though such deeply etched structures scatter00 relative tav 4 in AIGaAs.
light much more strongly than their shallow grating counter-  The E—k results can be understood by comparison with
parts, the calculations show that coupling features can newsand structure calculations, where the 1D structure is mod-
ertheless be observed with high finesse in the rangeled as a periodically modulated layer with perfectly reflect-
10°—1C, as in Fig. 1c). ing surfaces. The band structure was calculated using stan-

This conclusion is confirmed by comparison of calcu-dard plane wave techniqu&$, with inclusion of a
lated spectra with experiments performed on the 740 nnperpendicular wave vectogE /d*, whered* is the effec-
period 1D lattice for TE polarization and a range of angles tive thickness of the guiddo allow for the vertical confine-
from 15° to 60°, shown in Fig.(@). Sharp resonant features, ment. The results of the calculations are shown by the full
indicated by arrows, which shift strongly in energy wigh  lines on Figs. £a), 2(b), and Zc) and are seen to be in very
superimposed on broad oscillations, are observed. The spegeod agreement with experiment for all three periods, with
tra are reproduced by the calculations very well, in both enthe only adjustable parametdt =550 nm.
ergy position and lineshape, for &l From inspection of Figs.(2), 2(b), 2(c) and the Fig. 2a)

In reflectivity measurements, the in-plane photon wavenset, it is clear that as a result of the approximate energy
vector is related t@ by k= (w/c)sin 6. Thus, angular depen- scaling of the band structure with inverse lattice perio) 1/
dent reflectivity spectra can be used to map out PCW dispemwe are able to realize coupling to different photonic bands by
sion curves as shown in Figs(@, 2(b), and Zc) where the varying the periodthe scaling is approximate since the en-
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not only of the group velocityFigs. 2d), 2(e), and Zf)] as

1.5
=X discussed earlier, but also of the group velocity dispersion
= ﬁ parameterB,=d%k/dw? a key factor in determining the
510 propagation of ultrashort pulsé$!®?° The energy depen-
g dence ofB, diverges at band edges, with branches of both
0.5 (d) normal and anomalousB,<<0) dispersion. By selecting,
> o5 1o we can access each branch separately and realize very high
= 100 Wavevector (n/a) values of|3,| up to 1¢ ps?/m, three orders of magnitude
3 z/o\”\-/“'~ e~ larger than that for ordinary glass, opening up a very
% W 5° T ~——] straightforward way to access nonlinear effétef gap soli-
ce m N ton propagation. Furthermore by comparison with e.g., shal-
50° L "o\/\/‘/ low grating waveguidés and fiber gratings, the regions of
M A large dispersion extend over very wide energy ranges of or-
70° 7 ',' EF\/\W der 100 meV, due to the large photonic band gaps in PCWs.
m mes (© To conclude, we have demonstrated that very strong dis-

persive effects can be accessed directly by the use of surface
coupling techniques in photonic crystal waveguides. The di-

T ] ] rect characterization of the heavy photon dispersions re-
FIG. 3. (a) Schematic diagram of 2D photonic crystal waveguigd.The-

oretical, (c) experimental reflectivity spectra for 360 nm 2D lattices, mea- ported _ear“er is of c0n5|_derable_ s_lgnlflcance_ IS deslgm_ng
sured along th& —K symmetry direction. Featuresandy exhibit anticross- ~ Photonic structures to achieve efficient extraction of light in

ing at ~30°. The dashed lines on Fig(B are a guide to the eyed) LEDs!}* We have also showed that photonic crystal
%’il'c“'at_ed bﬁltT]d Sttr_UCture_ for Wlf_lt‘t'_eguti)df clad tk‘)y p;gzd'yfcogg”i”gvn?i”mswaveguides and associated surface coupling techniques may
€ region with anticrossing splitting between bar yor ~ mevV IS . . . . . . .
visible at~1.35 V. f|nq important application in the study and realization of gap
soliton effects.
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