
APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 18 30 OCTOBER 2000
Low-loss channel waveguides with two-dimensional photonic crystal
boundaries
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We have used transmission measurements to estimate the propagation loss of submicron channels
defined in two-dimensional photonic crystals patterned into a Ga~Al !As waveguide. The measured
propagation loss of the fundamental mode is indistinguishable from the material absorption, setting
an upper limit of 50 cm21 ~2 dB per 100mm!. We also find that, provided the etching is deep
enough, propagation losses of these photonic crystal waveguides are lower than those of ridge
waveguides etched in the same run. ©2000 American Institute of Physics.
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Photonic crystals~PCs! are a promising platform for the
realization of ultracompact photonic circuits due to their hi
reflectivity for a few periods.1 In the band gap of a PC, th
absence of propagating modes prevents small scatterers
to irregularities within the crystal from radiating. This fe
ture is very attractive for waveguides: conventional guid
defined by a deeply etched ridge suffer from roughne
induced scattering losses reaching the cm21 range only for,
e.g., optimized, InP-based guides atl51.55mm.2 For a PC
as a waveguide boundary, scattering due to roughness sh
be inhibited, reducing propagation losses for the same fab
cation tolerances. There is limited experimental evidence
guiding by the sole photonic band gap effect at optical wa
lengths, apart from the photonic crystal fiber.3 Waveguides
and sharp bends have, however, been demonstrated in t
dimensional structures4 at microwave frequencies. But, on
submicron scale, due to fabrication difficulties, the main
cus has been to pattern two-dimensional~2D! PCs into a
dielectric waveguide, leading to confinement in P
cavities5–7 and photonic bandgap lasers.8,9 As for PC
waveguides, Refs. 10 and 11 implemented the single mis
row scheme, whereas Ref. 12 showed evidence for Bl
modes outside the band gap, along the ideas of Ref. 13

The propagation losses have not been clearly quant
in the earlier work. Quantitative data are nevertheless cru
because the third dimension represents, in a 2D PC, a
plausible loss channel. Only Floquet–Bloch modes be
the ‘‘light line’’ for the cladding material are, ideally
lossless.13,14 As soon as translational invariance is brok
~e.g., with bends!, losses become unavoidable and their d

a!Electronic mail: hb@pmc.polytechnique.fr
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gree establishes the performance of all other optical elem
such as resonators and demultiplexers.

In this letter, we report on spectral transmission me
surements of straight channel guides with 2D PC boundar
We find that such guides with different widths and lengt
show transmission levels comparable to, or even higher th
those measured for conventional ridge waveguides of ide
cal width etched in the same fabrication run. The guid
defined by three missing rows, are multimode. We sho
however, from the analysis of a minigap related to the pe
odic nature of these guides, that our measurement sch
isolates the transmission of the fundamental mode.

Electron-beam lithography and reactive-ion etching w
used to define both ridge waveguides and PC channels~PC–
WGs! in a GaAs-based heterostructure~400-nm-thick
Al0.8Ga0.2As/220 nm GaAs core/310 nm Al0.8Ga0.2As top
cladding, with an effective index of 3.4 at 955 nm!.15,16Vari-
ous periods (a5240, 260, and 280 nm! of the PC triangular
lattice were used to ‘‘lithographically tune’’ across the 2
in-plane TE photonic band gap.17,18The air filling factor was
about 38%~hole diameterd5168 nm for a5260 nm! and
the etch depth was 1mm in the large trenches. The PC–W
was defined as three missing rows in a PC of length fr
15a to 240a @Fig. 1~a!#. The width of the ridge guides is
equal to the physical width of the PC–WG@Fig. 1~a!#, w
52A3a–d ~e.g.,w5802 nm fora5280 nm!.

The characterization technique is similar to that of R
16: the photoluminescence~PL! of InAs quantum dots~QDs!
embedded in the GaAs core was excited and their guided
was used as a probe@Fig. 1~b!#. The three planes of QDs
were grown with a large size distribution in order to give
broad PL spectrum~960–1050 nm!. The excitation point was
typically at 20 mm from the PC–WG entrance. The T
guided signal was collected at the cleaved facet@top image of
3 © 2000 American Institute of Physics
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Fig. 1~b!, see Ref. 16#. In order to check the absence
spurious light scattered by adjacent patterns, we focussed
collection lens to the PC–WG exit virtual image,16 at a locus
determined by refraction at the facet. This resulted in a be
elongated normally to the facet, on account of the be
astigmatism@bottom image of Fig. 1~b!#. This ensured tha
the collected light had indeed traveled along the wavegu
being probed.

It was straightforward to compare quantitatively t
transmission levels of PC–WGs and deep-ridge wavegu
with identical dimensions from the ratio of their cleave
edge spectra. Inhomogeneities of the local PL yield, gen
ally below 620%, were corrected by using the front PL i
tensity. Theabsolutenormalization of guide transmission
a more delicate task. Our former method,16 based on the
guided PL of a nearby unpatterned area as a referenc
inappropriate for a waveguide with unknown input and o
put characteristics: for example, the internal collection an
u is here 6.5°. Thus, light diverging beyondu at the guide
exit is not collected. To obtain propagation losses reliab
we rather compared the signalsI 1 and I 2 obtained inidenti-
cal excitation and collectiongeometries but with guides o
different lengths L1 andL25L11L. The ratioI 2 /I 1 is then
of the form exp(2aL), wherea measures the totalextinction
of the guided beam, and contains, in addition to the los
aPC directly caused by out-of-plane scattering, a merely
sorptive contributionaQD due to the QDs. We determine
separately the modal absorptionaQD by taking guided PL
spectra of an unpatterned area with the laser spot locate
increasing distancesx from the cleaved edge: the signal the
follows an exp(2aQDx)/x decay. We foundaQD to be
around 100 cm21 at 1000 nm.

Guides with a PC perioda5280 nm were probed fo
lengths of 15a, 30a, 60a, 120a, and 240a. All guides had a
characteristic minigap of 15–20 nm width, located at ab
1060 nm~Fig. 2, raw spectra!. This minigap is a signature o

FIG. 1. ~a! Micrograph of a straight PC waveguide consisting of 3 miss
rows, and of length 30a, for a PC perioda5260 nm; w5802 nm is the
physical width.~b! Geometry of the guide transmission measurement us
guided photoluminescence as a probe. The insets show video image
tained at the cleaved edge and at the indicated focusing depth.
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the periodic corrugation of the waveguide boundary, wh
couples the guided modes that ordinarily propagate in
corresponding noncorrugated guides, leading to an anticr
ing in their dispersion relations.19 The analysis of its spectra
location for other PC periods~it lies at l5990 nm for a
5260 nm!, as well as the strong attenuation encountered
this region for long enough guides (L>120a) clearly indi-
cate that the fundamental guided mode is the only one be
measured, and the only one that survives after long propa
tion lengths.

From Fig. 2, as a first estimate fora5280 nm, the at-
tenuation ratio between theL25120a andL35240a guides
is, outside the minigap feature, of the order of 0.75, givi
roughly a;100 cm21. To be more precise, one has to for
the ratio ofL25120a and L35240a to L1530a. One can
note that the minigaps~arrow at 1060 nm! are not identical
for the various guides, due to fabrication variations such
uncorrected proximity effects in the electron-beam lithog
phy. This part of the spectra should be discarded, as we
the region at around 1010 nm due to the feature arrowed
the L530a sample.

In Figs. 3~a! and 3~b! we show the extinctiona5aQD

1aPC, deduced from the two ratios that correspond toL3

5240a and L25120a with L1530a. The arrows indicate
the spurious features discussed earlier. The first main re
from this work is the fact that, for both cases,a~l! cannot be
distinguished fromaQD(l) ~also plotted! in the transmission
windows. Both extinction ratios are somewhat noisy, but,
can conclude with reasonable confidence that the out
plane lossesaPC are certainlyless than50 cm21 ~2 dB per
100 mm!. When analyzing the shorter guides~length 15a to
60a and PC periodsa5260 and 280 nm!, we were similarly
unable to distinguisha from aQD, exp(2aL) being then
close to unity. In the case of a 240a long, 240 nm period,
PC–WG, and only in this case, we could find with the sa
procedure a clear sign of out-of-plane lossesaPC on the order
of 40–80 cm21 @Fig. 3~c!#. These higher losses are attribute
to the shallower holes upon etching smaller diameter cy
ders.

In Fig. 4, we compare the transmission from the sa
PC–WG (240a long, a5280 nm, i.e.,L567.2mm! to that
of deeply etched ridge guides with the same physical wid
w5802 nm, and length. The second main result is that
transmission ratio is on the order of 1.4 in favor of th

g
ob-

FIG. 2. Raw spectra for the PC guide with three missing rows and pe
a5280 nm for lengths 30a, 120a, and 240a. Arrows indicate spectral re-
gions to be discarded from the analysis, due to the mismatch of the di
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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PC–WG in the shorter wavelength region. While no
seems to make the measurement uncertain, we have ve
on many samples~e.g., at different distances from th
cleaved edge, from 50 to 150mm! and experimental proce
dures @e.g., collection at the facet focus or at the intern
focus, Fig. 1~b!# that the better behavior of PC–WGs is b
yond doubt. Of course, the ratio is very small in the miniga
but the attenuation is then related to the coupling to ot
modes and not to the fundamental mode loss. Hence, w
similar fabrication-induced roughness, the PC guide displ
signs of reduced losses compared to the ridge guide.
trend is a striking demonstration that, in their band gap, P
allow only evanescent waves and therefore very small s
tering losses, while the out-of-plane losses could not be m
sured. As for the;50 cm21 losses of our ridge guides~esti-
mated by the same method as PC guides!, a basic scaling by
l24 ~Rayleigh scattering! and by the squared field at the a
interface indicates that they should be 7–10 times thos
the guides of Ref. 2, i.e., 5–8 cm21, for the same rms rough
nesŝ y&. Since losses scale likêy&2, an increase of̂y& by a
factor ;2.5–3, realistic in our ridges, has to be assumed

The same experiment was carried out for smaller p
ods,a5260 and 240 nm (w5725 and 650 nm, respectively!,
in search of the effect of etch depth on propagation los
The 260 nm period PC–WG showed again weaker los
outwith the minigap, but by a smaller factor than in thea
5280 nm case. The 240 nm period PC–WG showed a tra
mission level comparable to that of the corresponding rid
guide. This latter result agrees with the measurements of
3~c! and confirms that insufficient etch depth in that case
detrimental to PC properties.

In conclusion, we have demonstrated that out-of-pla
losses are quantitatively low in a waveguide consisting

FIG. 3. ~a! Thin line: Total extinctiona5aPC1aQD , ~out-of-plane losses
1absorption! deduced from the ratio ofL35240a andL1530a. Thick line:
aQD , deduced from a separate series of measurements.~b! Same forL2

5120a. ~c! Same forL35240a, but with a5240 nm. Arrows refer to re-
gions discarded from the analysis~see Fig. 2!.
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three missing rows in a 2D PC, below 50 cm21 ~2 dB per 100
mm!. This is an excellent upper value as many ultracomp
PC-based elements can be cascaded in a length of 100mm
~hundred of periods!. A shallower etch increases the scatte
ing loss, thereby supporting the quest of high-aspect-r
PCs. To set a lower bound in sufficiently deep etched str
tures ~PC perioda5280 nm!, we are presently limited by
measurement uncertainties. The propagation losses of
guides have also been shown to be smaller than thos
ridge guides obtained by the same etching method, a tr
that we attribute to the PC-induced inhibition of roughne
scattering in its band gap.
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FIG. 4. Transmitted intensity from the 240a PC guide of Fig. 2 (a
5280 nm) and from a ridge guide of identical length and width, etched
the same run on the same sample, as depicted in the inset.
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