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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 ABAs waveguide. The measured
propagation loss of the fundamental mode is indistinguishable from the material absorption, setting
an upper limit of 50 cm! (2 dB per 100um). 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 crystal$PC9 are a promising platform for the gree establishes the performance of all other optical elements
realization of ultracompact photonic circuits due to their highsuch as resonators and demultiplexers.
reflectivity for a few periods.In the band gap of a PC, the In this letter, we report on spectral transmission mea-
absence of propagating modes prevents small scatterers déérements of straight channel guides with 2D PC boundaries.
to irregularities within the crystal from radiating. This fea- We find that such guides with different widths and lengths

ture is very attractive for waveguides: conventional guidesSNOW transmission levels comparable to, or even higher than,

defined by a deeply etched ridge suffer from roughnessthose measured for conventional ridge waveguides of identi-

induced scattering losses reaching the &mange only for cal width etched in the same fabrication run. The guides
e.g., optimized, InP-based guides\at 1.55um.? For a PC£ defined by three missing_ rows, are multimode. We ShOW’
as a waveguide boundary, scattering due to roughness shour? wever, from the analysis of a minigap related to the peri-

beinhibited, reduci ton | for th tab .odic nature of these guides, that our measurement scheme
€inhibited reducing propagation 10Sses Tor the same 1abllyg | aia5 the transmission of the fundamental mode.

ca'Fio.n tolerances. There i§ limited experimental eyidence of Electron-beam lithography and reactive-ion etching were
guiding by the sole photonic band gap effect at optical wavey,ga( to define both ridge waveguides and PC chariPés-
lengths, apart from the photonic crystal fifewaveguides WGS in a GaAs-based heterostructur@00-nm-thick
and sharp bends have, however, been demonstrated in thf%'o_gGaO_zAs/ZZO nm GaAs core/310 nm fiGay As  top
dimensional structurésat microwave frequencies. But, on a cladding, with an effective index of 3.4 at 955 it vari-
submicron scale, due to fabrication difficulties, the main fo-ous periods =240, 260, and 280 nyof the PC triangular
cus has been to pattern two-dimensio2D) PCs into a lattice were used to “lithographically tune” across the 2D
dielectric waveguide, leading to confinement in PCin-plane TE photonic band gaf 8 The air filling factor was
cavitieS™’ and photonic bandgap lasé.As for PC  about 38%(hole diameterd=168nm fora=260nmn) and
waveguides, Refs. 10 and 11 implemented the single missingie etch depth was Am in the large trenches. The PC-WG
row scheme, whereas Ref. 12 showed evidence for BlocWas defined as three missing rows in a PC of length from
modes outside the band gap, along the ideas of Ref. 13. 152 to 24( [Fig. 1(a)]. The width of the ridge guides is
The propagation losses have not been clearly quantifie§du@l to the physical width of the PC-WEig. 1(a)], w
in the earlier work. Quantitative data are nevertheless cruciaT’Zﬁa_d (e.g.,w=802 nm fora=280 nm.

because the third dimension represents, in a 2D PC, a very.. ;Lhee EZ?;?fﬁ:éigg:égf?gﬁﬁeA: ilzg;lliint%;?g(ggfs)Ref.
plausible loss channel. Only Floguet—Bloch modes below " b q

the “light line” for the cladding material are, ideally embedded in the GaAs core was excited and their guided PL
314 . . . " ' was used as a prodé&ig. 1(b)]. The three planes of QDs
Iosslesgl.' As soon as translational invariance 1 brf)kenwere grown with a large size distribution in order to give a
(e.g., with bends losses become unavoidable and their dey,.qo4 pL spectrurt960—1050 nrn The excitation point was
typically at 20 um from the PC-WG entrance. The TE
dElectronic mail: hb@pmc.polytechnique.fr guided signal was collected at the cleaved fat®i image of
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laser excitation

'*?EK the periodic corrugation of the waveguide boundary, which

focus on guide exit . . . .
virtual image couples the guided modes that ordinarily propagate in the

_ _ _ o ~ corresponding noncorrugated guides, leading to an anticross-
FIG. 1. (a) Micrograph of a straight PC waveguide consisting of 3 missing ing in their dispersion reIatiori’s".The analysis of its spectral

rows, and of length 3@ for a PC perioda=260 nm; w=802 nm is the . . - _
physical width.(b) Geometry of the guide transmission measurement usingloCatlon for other PC penodét lies at A=990nm fora

guided photoluminescence as a probe. The insets show video images ob= 260 ni), as well as the strong attenuation encountered in
tained at the cleaved edge and at the indicated focusing depth. this region for long enough guides £120a) clearly indi-

cate that the fundamental guided mode is the only one being
Fig. 1(b), see Ref. 16 In order to check the absence of Measured, and the only one that survives after long propaga-
spurious light scattered by adjacent patterns, we focussed ti@n lengths.
collection lens to the PC—WG exit virtual imadfeat a locus From Fig. 2, as a first estimate far=280nm, the at-
determined by refraction at the facet. This resulted in a bearfgnuation ratio between the,=120a andL ;=240 guides
elongated normally to the facet, on account of the beants: outside the m|n|gap feature, of the order of 0.75, giving
astigmatism{bottom image of Fig. ()]. This ensured that roughly a~100cm *. To be more precise, one has to form

the collected light had indeed traveled along the waveguidéhe ratio ofL,=120a and L3=240a to L;=30a. One can
being probed. note that the minigap&rrow at 1060 nmare not identical

It was straightforward to compare quantitatively the for the various guides, due to fabrication variations such as

transmission levels of PC—WGs and deep-ridge waveguidegncorrected proximity effects in the electron-beam lithogra-
with identical dimensions from the ratio of their cleaved Phy. This part of the spectra should be discarded, as well as
edge spectra. Inhomogeneities of the local PL yield, generthe region at around 1010 nm due to the feature arrowed on
ally below =20%, were corrected by using the front PL in- the L=30a sample.
tensity. Theabsolutenormalization of guide transmission is In Figs. 3@ and 3b) we show the extinctionr= aqp
a more delicate task. Our former methddpased on the + apc, deduced from the two ratios that correspond.to
guided PL of a nearby unpatterned area as a reference, 182408 and L,=120a with L;=30a. The arrows indicate
inappropriate for a waveguide with unknown input and out-the spurious features discussed earlier. The first main result
put characteristics: for example, the internal collection anglérom this work is the fact that, for both caseg)) cannot be
6 is here 6.5°. Thus, light diverging beyortdat the guide distinguished fromxgp(\) (also plotted in the transmission
exit is not collected. To obtain propagation losses reliablywindows. Both extinction ratios are somewhat noisy, but, we
we rather compared the signalsand|, obtained inidenti-  can conclude with reasonable confidence that the out-of-
cal excitation and collectiomeometries but with guides of plane lossespc are certainlyless thans0 cm* (2 dB per
different lengths k. andL,=L,+L. The ratiol,/I, is then 100 um). When analyzing the shorter guidésngth 1% to
of the form exp(al), wherea measures the totalxtinction 60a and PC perioda=260 and 280 nm we were similarly
of the guided beam, and contains, in addition to the lossegnable to distinguishw from aqp, exp(—al) being then
apc directly caused by out-of-plane scattering, a merely ab<€lose to unity. In the case of a 240ong, 240 nm period,
sorptive contributionagp due to the QDs. We determined PC—WG, and only in this case, we could find with the same
separately the modal absorptien,, by taking guided PL  procedure aclear3|gn of out-of-plane losagg on the order
spectra of an unpatterned area with the laser spot located af 40—80 cm* [Fig. 3(c)]. These higher losses are attributed
increasing distancesfrom the cleaved edge: the signal then to the shallower holes upon etching smaller diameter cylin-
follows an expeaQDx)/x decay. We foundagp to be  ders.
around 100 cm* at 1000 nm. In Fig. 4, we compare the transmission from the same
Guides with a PC perio@=280nm were probed for PC-WG (24@ long, a=280nm, i.e.L=67.2um) to that
lengths of 1%, 30a, 60a, 120, and 24@. All guides had a  of deeply etched ridge guides with the same physical width,
characteristic minigap of 15—20 nm width, located at aboutv=802 nm, and length. The second main result is that the

1060 nm(Fig. 2, raw spectna This minigap is a signature of transmission ratio is on the order of 1.4 in favor of the
Downloaded 08 Dec 2004 to 138.251.31.213. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 77, No. 18, 30 October 2000 Smith et al. 2815

1000 (b) = +—PC-guide ~
L=240a o
= = 100[
S, | a=280 nm | minic %
c stop- €
-% band 3
£ 5
x @ ridge guide
[0 [}
= 1748 £
2 . : 3
100 AR : 3
0 3 0 = 5 0f
MR P PR PR 900 1000 1100
980 1020 1060 980 1020 1060 wavelength (nm)
wavelength (nm) wavelength (nm)
c FIG. 4. Transmitted intensity from the 240PC guide of Fig. 2 &
] (c) ﬂ’ a= 240 nm =280 nm) and from a ridge guide of identical length and width, etched in
g — 200f M«“"M/\u‘.‘.‘—“h_‘.: 1 the same run on the same sample, as depicted in the inset.
3§ o=
5 = L= 240 a ] three missing rows in a 2D PC, below 50 th{2 dB per 100
E 0 pm). This is an excellent upper value as many ultracompact
980 1020 1060 PC-based elements can be cascaded in a length ofufi®0
wavelength (nm) (hundred of periods A shallower etch increases the scatter-

FIG. 3. (@ Thin line: Total extinctiona= apct aqp, (out-of-plane losses Ing loss, thereby Squortmg the .ql.JeSt of hlgh_aSpeCt_ratlo
+absorption deduced from the ratio df;=240a andL,=30a. Thick line: PCs. To set a lower bound in sufficiently deep eftc_hed struc-
agp, deduced from a separate series of measureméjtsSame forL,  tures (PC perioda=280nm), we are presently limited by
=1208. (c) Same forl;=240, but witha=240 nm. Arrows refer to re-  measurement uncertainties. The propagation losses of PC
gions discarded from the analysiee Fig. 2 guides have also been shown to be smaller than those of
ridge guides obtained by the same etching method, a trend
PC-WG in the shorter wavelength region. While noisethat we attribute to the PC-induced inhibition of roughness
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