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Heavy photon dispersions in photonic crystal waveguides
V. N. Astratov,a) R. M. Stevenson, and I. S. Culshaw
Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, United Kingdom

D. M. Whittaker
Toshiba Europe Research Ltd, Cambridge CB4 OHE, United Kingdom

M. S. Skolnick
Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, United Kingdom

T. F. Krauss and R. M. De La Rue
Department of Electronics and Electrical Engineering, University of Glasgow,
Glasgow G12 8LT, United Kingdom

~Received 29 February 2000; accepted for publication 23 May 2000!

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 solitons. ©2000 American Institute
of Physics.@S0003-6951~00!04728-8#
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There has been a great deal of interest recently in
properties of two-dimensional~2D! photonic crystals fabri-
cated in the form of thin films, commonly termed photon
crystal waveguides~PCWs!.1–5 A feature of the design o
PCWs in comparison with conventional grating waveguid6

is the very deep patterning which leads to wide photo
band gaps~PBG! and strong dispersive effects over lar
ranges of energy.7,8 Such structures show significant promi
to solve the long-standing problem of light extraction fro
light emitting diodes~LEDs!9 and to create PBG-define
microlasers.10 These applications require detailed knowled
of the dispersions of the photonic bands of PCWs, wh
exhibit pronounced heavy photon properties in the vicinity
band edges.

Until very recently, the experimental investigation
photonic dispersions in PCWs was limited to measurem
of in-plane transmission and reflection spectra.1,5 We have
now shown that surface coupling techniques allow dir
measurement of photonic dispersion curves in PCWs.11–13In
this method illumination at a particular angle of inciden
selects a specific value of in-plane wave vector, with c
pling to the photonic bands appearing as sharp resonanc
reflectivity. By varying the geometry we are able to map o
large parts of the photonic band structure. Similar inform
tion has also been obtained recently from angle-resol
emission measurements.14

In the present letter heavy photon dispersions with gro
velocities suppressed by two orders of magnitude relativ
those in bulk semiconductors are clearly observed in
dimensionally~1D! patterned AlGaAs waveguides. For 2
honeycomb lattices of air cylinders we show that photo
dispersions with pronounced heavy photon properties ak
vectors within the first Brillouin zone can be achieved due
anticrossing of photonic bands. In comparison with conv
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tional fiber and waveguide coupling methods15 such surface
coupling techniques possess the important advantage o
ternal angular control of the group velocity and group velo
ity dispersion of the modes excited. We demonstrate
control by coupling external light directly to regions wit
very strong anomalous dispersion, opening the prospec
observation of nonlinear effects connected with propaga
of ultrashort pulses.15,16

1D lattices of air stripes@Figs. 1~a! and 1~b!# and 2D
honeycomb lattices@Fig. 3~a!# of air cylinders of periods
360–740 nm were fabricated by deep etching~etch depthh
5650 nm), using electron beam lithography and reactive
etching,1 of Al xGa12xAs waveguides having 400 nm thic
x50.12 cores and 1.35mm thick, x50.35 cladding. Reflec-
tivity experiments were carried out using plane parallel wh
light illumination from a tungsten halogen lamp. The lig
reflected from the 1003100mm2 lattices was strongly mag
nified ~;50 times! and imaged on to the slits of a spectrom
eter and detected with a charge coupled device camera.

We first present the calculations of the reflectivity pro
erties for structures patterned at different depths. In cont
to the well known case of shallow gratings which can
understood by simplified perturbation theories,6 for deeply
etched structures the patterning is a strong perturbation
an accurate theoretical approach needs to be based on
orous solution of Maxwell equations. Such calculations w
carried out using a scattering matrix~SM! treatment of Max-
well equations, as described elsewhere,17 including all layers
in the structure and coupling to the external fields. Spec
are presented@Figs. 1~c! and 1~d!# for a 1D lattice of period
740 nm, air fill factor 0.19, transverse electric~TE! incident
polarization, and illumination perpendicular to the groove

Spectra calculated for different etch depthsh!d, h5d
andh.d ~whered is the thickness of the waveguide core! at
the same angle of incidenceu560°, are shown in Fig. 1~c!.
For very shallow patterning (h!d, 50 nm!, two very sharp
peaks at;1.33 and;1.54 eV are observed due to resona
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coupling to the folded band structure of very weakly p
turbed guided modes.6 For h5d, resonance features are n
observed due to the loss of waveguide confinement as a
sult of the reduction of the average index of the core, wh
leads to strong scattering and leakage into the cladd
However, most importantly, loss into the cladding is stron
suppressed whenh significantly exceedsd due to recovery of
the effective index guiding, as shown by the reappearanc
sharp resonance features in the simulated reflectivity spe
for h.d. Even though such deeply etched structures sca
light much more strongly than their shallow grating count
parts, the calculations show that coupling features can n
ertheless be observed with high finesse in the ra
102– 103, as in Fig. 1~c!.

This conclusion is confirmed by comparison of calc
lated spectra with experiments performed on the 740
period 1D lattice for TE polarization and a range of angleu
from 15° to 60°, shown in Fig. 1~d!. Sharp resonant feature
indicated by arrows, which shift strongly in energy withu,
superimposed on broad oscillations, are observed. The s
tra are reproduced by the calculations very well, in both
ergy position and lineshape, for allu.

In reflectivity measurements, the in-plane photon wa
vector is related tou by k5(v/c)sinu. Thus, angular depen
dent reflectivity spectra can be used to map out PCW dis
sion curves as shown in Figs. 2~a!, 2~b!, and 2~c! where the

FIG. 1. ~a! Scanning electron micrograph of typical 1D photonic crys
waveguide~with 630 nm period!. ~b! Schematic diagram of structure and th
experimental geometry.~c! Calculated TE reflectivity spectra atu560° as a
function of etch depth.~d! Experimental~full ! and theoretical~dashed! re-
flectivity spectra for 740 nm period 1D structure, as a function ofu, for TE
incident polarization. The edge of the folded BZ boundary is reache
;30°, where it is seen that the energies of the sharp features indicate
arrows exhibit either minima~at 1.47 eV! or maxima~at 1.33 eV!.
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measured energies~squares! of the sharp features are plotte
versusk for 360, 530, and 740 nm periods, respectively. T
energies of the features are seen to increase withk for 360
nm, to decrease withk for 530 nm and to exhibit turning
points in theE–k diagram of Fig. 2~c!. In Figs. 2~d!, 2~e!
and 2~f! the variation of the photon group velocity (vg) with
k, obtained from the derivativedv/dk of the dispersion
curves of Figs. 2~a!, 2~b!, and 2~c! is presented. Regions o
positive, negative and very smallvg;1022c, wherec is the
light velocity in vacuum, are found. The regions of ve
small ofvg represent regimes with pronounced heavy pho
properties, and correspond to suppressions by factors of
100 relative tovg in AlGaAs.

The E–k results can be understood by comparison w
band structure calculations, where the 1D structure is m
eled as a periodically modulated layer with perfectly refle
ing surfaces. The band structure was calculated using s
dard plane wave techniques,18 with inclusion of a
perpendicular wave vector (q5p/d* , whered* is the effec-
tive thickness of the guide! to allow for the vertical confine-
ment. The results of the calculations are shown by the
lines on Figs. 2~a!, 2~b!, and 2~c! and are seen to be in ver
good agreement with experiment for all three periods, w
the only adjustable parameterd* 5550 nm.

From inspection of Figs. 2~a!, 2~b!, 2~c! and the Fig. 2~a!
inset, it is clear that as a result of the approximate ene
scaling of the band structure with inverse lattice period (1a)
we are able to realize coupling to different photonic bands
varying the period~the scaling is approximate since the e

l

at
by

FIG. 2. ~a!, ~b!, and~c!—measured photonic dispersions for 360, 530, a
740 nm 1D lattices indicated by squares, and calculated~full lines!. The
inset to Fig. 2~a! shows the calculated band structure for the 360 nm latt
with bands labeled~1!–~6!. The diagonal dashed lines on 3~a! and 3~c!
indicate the boundary of the light cone. 3~d!, 3~e!, and 3~f!—group veloci-
ties, in units of the velocity of light in vacuum~c!, obtained by differentia-
tion of the results of Figs. 3~a!, 3~b!, and 3~c!, crosses experimental, ful
lines theory; arrows show the direction of increasingk.
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ergies of the bands are also affected by the vertical confi
ment!. Coupling to the third TE band is observed for 360 n
@Fig. 2~a!#, with the fourth band for 530 nm@Fig. 2~b!# and
with the fifth and sixth bands for 740 nm@Fig. 2~c!#. For the
530 nm period the wave vector coverage of the light co
reaches the edge of the first Brillouin zone~BZ!, and for the
740 nm period extends across the BZ boundary into the
ond zone@dashed diagonal line on Fig. 2~c!#, thus allowing
the coupling of incident light directly to heavy photon stat
in the regions of BZ boundaries.

We now show that 2D patterned PCWs may also exh
heavy photon properties not only at BZ boundaries, but a
in regions ofk space far from any boundary. In this case t
regions of dv/dk50 arise from polarization mixing7,12,13

which occurs in the presence of both 2D patterning and v
tical waveguide confinement. Mixing between nominally T
and transverse magnetic bands leads to anticrossing, fink
regions of near zerovg .

This behavior is illustrated by SM calculated@Fig. 3~a!#
TE spectra for the 360 nm 2D structure as a function ou
along theG –K direction. Pronounced reflectivity features~x
andy! approach one another with an anticrossing splitting
about 10 meV atu530°. The experimental spectra in Fi
3~b! are very similar to those in Fig. 3~a!, although in this
case the linewidths are of the order of the splitting. Howev
calculations predict that the splitting can be significantly
creased in the structures with stronger vertical confinem
This is illustrated by the band structure calculated for a 3
nm, 2D PCW clad by perfectly reflecting mirrors, shown
Fig. 3~d!. A large anticrossing gap of;70 meV then occurs
between bandsx andy leading to strong bending of photon
dispersions and pronounced heavy photon properties.

We have thus shown for both 1D and 2D structures t
as a result of the wave vector selectivity of surface coupl
techniques, we are able to achieve coupling to specific po
of dispersion curves by variation ofu. This permits control

FIG. 3. ~a! Schematic diagram of 2D photonic crystal waveguide.~b! The-
oretical, ~c! experimental reflectivity spectra for 360 nm 2D lattices, me
sured along theG –K symmetry direction. Featuresx andy exhibit anticross-
ing at ;30°. The dashed lines on Fig. 3~b! are a guide to the eye.~d!
Calculated band structure for waveguide clad by perfectly confining mirr
The region with anticrossing splitting between bandsx andy of ;70 meV is
visible at;1.35 eV.
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not only of the group velocity@Figs. 2~d!, 2~e!, and 2~f!# as
discussed earlier, but also of the group velocity dispers
parameterb25d2k/dv2 a key factor in determining the
propagation of ultrashort pulses.16,19,20 The energy depen
dence ofb2 diverges at band edges, with branches of b
normal and anomalous (b2,0) dispersion. By selectingu,
we can access each branch separately and realize very
values of ub2u up to 103 ps2/m, three orders of magnitud
larger than that for ordinary glass, opening up a ve
straightforward way to access nonlinear effects19 of gap soli-
ton propagation. Furthermore by comparison with e.g., sh
low grating waveguides21 and fiber gratings, the regions o
large dispersion extend over very wide energy ranges of
der 100 meV, due to the large photonic band gaps in PC

To conclude, we have demonstrated that very strong
persive effects can be accessed directly by the use of sur
coupling techniques in photonic crystal waveguides. The
rect characterization of the heavy photon dispersions
ported earlier is of considerable significance is design
photonic structures to achieve efficient extraction of light
LEDs.14 We have also showed that photonic crys
waveguides and associated surface coupling techniques
find important application in the study and realization of g
soliton effects.
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