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Abstract—One of the essential building-blocks of miniature pho-  (TIR). Waveguiding in straight channels [4]-[10], and at
tonic crystal (PC)-based photonic integrated circuits (PICs) is the pends [4], [11]-[13] has been reported, but often in a rather
sharp bend. Our group has focused on the 2-D photonic crystal qualitative manner, e.g., through scattered light [12] ([13] and

based on a triangular lattice of holes perforating a standard het- . . Lo
erostructure. The latter, GaAlAs-based or InP-based, is vertically [14] are the first optical quantitative account). Very recently, the

a monomode waveguide. We consider essentially one or two%0 SPectral analysis of bend transmission has also been reported
bends defined by one to five missing rows, spanning both casesin conferences [15], [16]. In an actual 2-D PC system with
of monomode and multimode channel waveguides. From intensive TIR confinement in the third direction, the ultimate system
modeling and various experimental measurements (both on GaAs 5 5 monomode channel waveguide used in a regime where
and InP), we point out the origin of the present level of bend in- .

sertion losses and discuss the merits of the many roads open 1‘or0_Ut'0f'plalne losses _are a? low 6_15 pOSSI_bIe. These losses are
improved design. rigorously zero only in straight guides defined in systems such
as air-bridge or silica-substrate membranes [17]. Only then can
a part of the guided mode dispersion be located below the air
(or silica) light line,w = ck/,/n (n = 1 for air and about 1.5

for silica). Such rules restrict the bandwidth to a narrow interval

. INTRODUCTION with a dispersion that tends to be that of “heavy” photons.

HE POTENTIAL of 2-D photonic crystals (PCs) for Furthermore, as soon as we leave straight guides and consider
T miniature photonic integrated circuits (PICs) is a topi€Nds, there is no mokein the system, so that large losses are
under intense investigation. Channel waveguides desigr@in likely to occur. For these reasons, and also because of the
in photonic crystals and operated at frequencies within tRePre generic heterostructure technology associated, we have
photonic bandgap (PBG) are expected to provide waveguidipigdied in recent years systems that retain a rather high index
with low losses and to allow sharp bends [1]-[3]. The preferréd@dding [7], [18]-{24]. We have established the main rules
photonic crystals that are being investigated are a trianguffi@t lead to low-loss operation in these systems [25], [26]. One
array of holes perforated through an heterostructure ensurfigpentially requires a sufficiently deep etching and medium
vertical index confinement through total internal reflectiodliameter holes (air-filling fractions around 30%), as well as
a modest index step between the core and cladding. This last
option, of course, leads to increasing constraints on the etch
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bends are also compared. To conclude Section Il, Section lIsBtting up a source that fits well into the waveguide modes of
introduces phenomenological losses in the air holes, that arterest, channeling light inside the waveguide, rather than out-
well suited to account for 3-D out-of-plane radiation losses sfde, with the best possible ratio.
the actual system, as discussed in [25]-[27]. These losses tenfiwo configurations for the 2-D FDTD simulations may be
to smooth out the calculated spectra by reducing the impactusfed. They correspond quite well to the two experimental setups
interferences between the waveguide modes. described in Section Ill. We have checked them on numerous
In Section Ill, we describe the results of various kinds afxamples and found only minor discrepancies that are easily
measurements using the designs investigated in Sectionukderstood from their different configurations.
In Section IlI-A, we present measurements obtained by anThe first method, illustrated in Fig. 1(a), is to use only a fine
end-fire method on InP systems, etched by a methane-baadflistment of the source width and location, at a moderate dis-
reactive-ion-etching (RIE) process. In this case, light frotance in front of the PC waveguide entrance, but without any
a tunable laser source is launched into the heterostructesera structures other than this PC waveguide. Unwanted lightis
through adequate optical fibers. The issue of light polarizatidhen minimal and has no marked spectral features, but we nev-
is addressed in some detail. Of particular interest in this hetrtheless cared that it could not significantly reach the exit on
erostructure is the possibility of fabricating and investigatingccount of extremely weak reflections at the PMLs. The input
access ridges that closely parallel those used in the numer@adl output detectors can then be safely located close to, but out-
simulations. In Section I1I-B, we turn to experiments performeside, the PC waveguide ends. The exit detector is a segment ori-
in GaAlAs heterostructures by means of an internal souremted normally to the exit guide axis, and only the component of
using the photoluminescence of self-organized InAs quantuhe Poynting vector parallel to that axis is stored and integrated.
dots as an internal probe, as amply reported elsewhere [IBfe incident power is measured with the detector in front of
[20], [22]. In this case, the PC was etched by electron-cyhe source but without a PC structure to avoid any reflection.
clotron-resonance reactive ion etching (ECR-RIE). The outgoing power is that measured at the detector just after
In Section IV, we compare the results and simulations withe PC structure. The transmissi@his the ratio of output to
two issues in mind: 1) we want to sort out what part of a bernidcident power. The width and position of the source are opti-
insertion loss comes intrinsically from the design, and what pamized so that the incident mode has maximum coupling to the
is added by the (pseudo-) radiation losses and 2) what are Bf@ waveguide mode and the transmission is maximum. This is
perspectives for improving the performances of the existing dalso what is sought in the experimental conditions with an in-
signs. ternal source. Also, this condition removes the ambiguity that
could come from a large power reflected at the entrance for large
II. MODELING OF PC BENDS sources, for example. We discuss later the issue of obtaining the

- . . . bend transmission by ratioing the output power of a bend to that
A. Principle of Calculation and Layout Suited to Transmissiogs 5 straight guide.

Measurement This is not the only possible method. Another typical layout

The modeling of guides based on the 2-D photonic crystal hfags 2-D FDTD simulation of straight guide transmission is
been based on the supercell method in the early days [28]. €bbwn in Fig. 1(b). The system consists of the PC waveguide
course, this method only gives eigenmodes end eigenfrequplaced between two “ridge access waveguides” (a dielectric
cies, and is not suited to understanding the transmission propége with air as the outer medium). These access waveguides
ties of such waveguides. Among the various available electrmilow guided waves to be safely injected into the PC guide
magnetic methods used in the field of photonic crystals (Trartbat have no chance to interfere with the output. These access
mission-Matrix-Methods [29], Sakoda’s method [30], etc...)guides also may naturally feed a well-defined mode into the
the FDTD method has become the method of choice to taclk€ waveguide (the fundamental mode of the ridge waveguide),
such problems, due to its versatility, tractability, and accepnd efficiently collect the output power in the same mode as
able computational cost (at least in two dimensions) [31], [32}ell. The field source then lies along a segment intersecting the
By means of the time-domain method, one can obtain speciirgbut guide. Its spatial profile is adjusted to the guided mode of
characteristics by performing a single simulation followed bythe pseudoridge, while its temporal profile is a Gaussian pulse
Fourier transform, whereas the frequency domain methods centered around the frequency of interest, e.g., the photonic
quire a separate simulation for each frequency. This is doaap central frequency. Fig. 1(e) shows the adaptation of this
mented in [33]-[35]. In-plane 2-D simulations are performedumerical setup to the case of a*@fent PC waveguide.
using the effective index.g of the underlying slab waveguide Let us briefly comment on the propagation constants of the
to account for the third dimension. Of course, it does not lemdodes involved, either in the PC waveguide or in the ridge wave-
itself in a straightforward manner to a modal analysis, but thigiide. In three dimensions, the mode effective index of a ridge
option is still possible by adequate projection of the simulatiaguide is lower than that of the supporting planar waveguide due
results. Actually, the inherent selectivity of a genuine waveguide the extra horizontal confinement. Of course, we deal with
translates into a requirement for parasitic fields generated byguides that are monomode vertically. When using the planar
unsuited field source not to interfere with the fields that havejode effective index in the 2-D simulation, the resulting ridge
indeed, propagated through the guide. This is accomplishedrhpde index will be close to the exact one unless one approaches
taking care that the best possible absorbing conditions are setthp,case of narrow ridge guides, with widths less than twice the
the so-called perfectly matched layers (PMLs) [36], and also bgight, roughly. However, this error due to the 2-D projection
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Fig. 1. (a) Layoutforthe FDTD modeling of the transmission through a single bent PC waveguide. (b) Layout for the FDTD modeling of the transimiggion thr

a straight PC waveguide with ridge access wavguides. (¢) Gap map in two dimensions for a triangular lattice of air holes in a dielectric mattivefrééac

n = 3.25. (d) Numerical calculation of ridge-to-PC coupling efficiency as a function of normalized guide witithfor the case of the three-missing-row guide
(“wW3"), hence the maximum around/a = 3. The open circles are the average transmission for the normalized frequency range 0.22 to 0.25, while the solid
circles are for the normalized frequency range 0.27 to 0.30. (e) Layout fot hdéitt PC waveguide with access ridges.

will be essentially the same for the ridge fundamental mode aadd second methods to model all the holes the same way in spite
the PC channel guide fundamental mode, since both modes haf/the triangular lattice of the photonic crystal. Furthermore, in
similar characteristics when the coupling is optimized. Henctie first method, more differenfz anddy are also needed to
although we work in 2-D, taking the planar effective index as themplement the tilted detector. Anyway, note that in the case of a
“dielectric index,” similar in the ridge or in the PC sections, stilbend not at 99and a rectangular mesh, the two arms cannot be
gives a high accuracy, except maybe for the narrowest guidesiodeled with the same symmetry.

For both methods, too low or too high frequencies that tend toEven though most of the following calculations, though, were
ignore the crystal are, in principle, separated in the final Fouridone with the first method, without access guides, let us in-
transform. However it is safer to limit the frequency span of thast that one important result of the consortium work is that
pulse for two reasons. The first one is that it proves safer to mineth methods were compared and gave close results for straight
imize the numerical impact of fields at such unwanted frequeguides and bends.
cies. The second reason is the fact that the spatial extension dfet us now turn to the choice of the photonic crystal parame-
the pulse varies with wavelengh although this is not a major ters. As stated earlier, we use as the 2-D material index the effec-
issue with the fundamental mode. The transmission is computea index of the vertically monomode heterostructure. Its value
as the ratio of the output and input powers obtained by integia-aroundn.g = 3.25 for wavelengths around = 1550 nm,
tion of the Poynting vector fluxes at the detector and the refeand InP-based planar guides, while it is around = 3.40
ence lines, respectively. For both systems, the transmission nfay; = 11.56) around 1000 nm for GaAs-based planar guides.
thus contain a sizable number of higher modes. The issue of fifee main influence of this 5% difference in the bandstructureis a
transmission in the fundamental mode is not easy to tackle wihift of all features (band edges) toward lower frequencies, pro-
the FDTD method. Moreover, we will see that there are variop®rtionally to1/n.g. For bends, of course, the detailed values
reasons why higher modes are not so large, among which traitransmission depend on this index, but the trends and all
out-of-plane losses and the collection optics. The proper coprominent features are barely affected by this difference. For this
parisons between experiments and models are, of course, crugakon, we focus on either one or the other system, depending on
to assessing this particular aspect. the specific application. For the sake of clarity, Table | gives the

Finally, the grid (thedz anddy used in the FDTD) and the parameters used in all the figures presented here.
time steps are similar to those of [31], [37]. Errors were checkedFig. 1(c) shows the TE “gap map,”i.e., the frequency range of
to be below the 1% threshold for typically meshing 20—-26 pointke first TE gap as a function of the air filling factfyfor a trian-
per unit cell. The convergence was checked with denser mespekr lattice of air holes in a dielectric matrix of refractive index
on parts of the data. A rectangular mesh proves useful in the first= 3.25. The normalized frequenay = /A is used, where
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TABLE |
PARAMETERS OFPHOTONIC CRYSTALS FOR THECALCULATIONS OF THE FIGURESLISTED IN THE FIRST COLUMN

773

Figure dielectric imaginary f Length of Others explanation
number constant part of (air bend arms
€ dielectric filling (before,
(real part) constant in | factor, %) after)
holes &
2 11.56 0 35 10a, 8a
3 11.56 0 30,35, 104, 8a
40
4 11.56 0 35 10a, 8a 17a,20a,16a Length of
double bend
straight arms
5 11.56 0 35 104, 8a
6 11.56 0 35 10a, 8a 0.2297 (A), Normalized
0.2305 (B), frequencies for field
02312 (C) patterns at extrema,
see Fig.5
Ta 11.56 0,02 35 9a, 7a
7b 11.56 0.22 35 9a, 30a
9a 10.56 0.22 50 184, 17a, 18a Length of
(B) double bend
17a, 15a, 17a straight arms
©

a is the lattice period and the wavelength in vacuum. A siz-light-line (or the silica light line) is not so clear, and no ex-
able gap is obtained around= 0.22 as soon ag = 15-20%. perimental/theoretical path toward a simple scheme to quantify
Conversely, a TM gap between the second and third bands ¢asses has been given in these systems yet. For the specific case
coincide with the TE gap at higher air-filling factors,= 60% of a PC waveguide, the propagation losses of the fundamental
or more. We will typically work in between these extreme cas@sode are proportional in a 2-D view to the overlap of the asso-
for the following reasons: small holes tend to be difficult teiated electric field with the holes [25]. Small holes are, in prin-
etch and have an insufficient etch depth, translating into largple, more favorable to low-loss propagation. For the higher
out-of-plane losses whereas large holes mean also less waweder modes which rely on Bragg reflection, the propagation
uiding in the third direction with the same kind of consequencedssses relate more to the mirror losses of a wave impinging on a
As for the possibility of investigating radiation losses in thelain photonic crystal, for which losses could be more complex
third dimension with FDTD, it requires, in principle, an exthan the considerations on the overlap of the electric field with
tremely time consuming full-vector simulation. It has also beehe air holes.
shown recently that valuable information could be obtained by Concerning now the channel waveguides, let us introduce
means of dissipation introduced in the air holes, at least fifre labeling convention that a Wn waveguide is a guide con-
PC systems such as those investigated here, with a “convsisting ofn missing rows in an otherwise perfect triangular PC.
tional” substrate having a moderate index step with respectThe guides with odah (W1, W3, W5 ...) thus have symmetric
the core waveguide, so that all the PBG frequency range lissundaries, while those of even(W2, W4, ...) have bound-
above the “light-line” of the cladding(s). Numerous configuraaries shifted by:/2 with respect to each other.
tions (simple crystal rows, cavities, waveguides) have been sucin the FDTD simulation method with access ridges, it is
cessfully investigated with this trick and compared more thamportant to avoid reflections between the ridge and the PC
satisfactorily with experiments [37]. The situation of “memsections. Fig. 1(d) shows the coupling efficiency from a ridge
brane” systems, where a part of the PBG lies below the giwhere we recall that only the fundamental mode is excited)
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toward a straight W3 PC waveguide [in the same configuration
as in Fig. 1(b)] as a function of the ridge width. It is seen

that the coupling efficiency is good (up to 99%) and that the
exact ridge waveguide width is not too critical to achieve good
coupling. The fundamental mode is, by far, the only excited
in this configuration, be it in the access guide or in the PC
guide. Note that such a good coupling is not obvious for guides
such as W2, W4, ..., that are not symmetric with respect to
their axis: in a pictorial way, the eigenmodes of these guides
have distorted wave fronts, leading to a poorer coupling to the
straight wave fronts of the access ridge eigenmodes.

In the ridgeless method [Fig. 1(a), with the source close to,
but not exactly adjacent to the entrance], the dependence of the
coupled power with respect to the width of the impinging wave
profile at the guide entrance has a rather more abrupt depen-
dence, but still, the maximum is well defined while not being
critical to attain.

The particular nature of PC waveguides makes the quantita-
tive evaluation of the bending efficiency, by referencing a bent
waveguide transmission to a straight waveguide transmission, a
delicate issue. Namely, unlike conventional guides, the periodic

Transmission

boundaries of a straight PC waveguide may act to prevent trans- oL . e e
mission in given frequency ranges. A specific phenomenon, 02 022 024 026 028 03
that will be referred below, is the so-called mini-stopband (see ' U=alh

e.g., [7], [8] for experiments and mode dispersion, and [3§1:]

: ; o P Ig. 2. Influence of guide width: (a) layout of the bends W1, W3, W5
for mOdelmg)' This phenomenon is interferometric in natur moothed by the displacement of three holes from the inner to the outer corner;

just like grating diffraction, meaning that all the cells (periodsdssociated simulated transmission spectra for the bend in: (b) W1; (c) W3;
of a straight guide participate to building-up a backwarenhd (d) W5. Dielectric constast= 11.56. Air-filling factor f = 0.35. Arm
wave that cancels the incident one. If the periodicity of tHg"9ths: see Table I for all calculations.
waveguide is broken, e.g., by a bend, the coherence of the
wavelets disappears, and transmission may even be, in suchet us examine the effect of guide width that is, of course,
regions, stronger than in a straight waveguide. Hence, gré primary parameter to affect the multimodality of the guide.
care should be exerted before claiming high bend effiCiel'll'ypically the number of modes allowed in arn\Mgcales liken.
cies as the structure does not act, powerwise, as the simplgig. 2(b) shows the transmission level of variou$ &@nds
concatenation of straight and bent sections. Normalization\igich have been “cut” by a 30section, which amounts to dis-
meaningful only in regions of sufficiently large transmission oflacing three holes from the inner side to the outer side of the
the straight guide. Therefore, data such as the spectrum of fegd, as shown in Fig. 2(a). This bend design has been chosen
reference straight guide should in principle be systematically order to increase the average transmission and to show the
displayed to assess the validity of the comparison and to pogénerality of the transmission behavior versus guide width, ir-
out the anomalous low transmission regions of the straigiispective of the particular bend design. The three widths se-
waveguide (the ministopbands) where normalized data shotddted here are W1, W3, and W5; hence, the straight sections
be considered and interpreted with the greatest care. are symmetric with respect to their axis. The air filling factor
. is f = 35% and the matrix dielectric constantdsg = 11.56.

B. Influence of the Guide Width and of the PC Parameters T |ength of the arms is short (10a, 8a) in order to isolate the

Efforts in integrated optics have been mainly devoted tmend effect. One might fear that for W5, this is excessively short.
monomode waveguides. A monomode behavior is obtainkldwever, our source directionality is such that we saw no sub-
for widths larger than J:m (hence, easier lithography steps$tantial changes upon varying the arm length.
only if the lateral index step\n (or effective index step) is  There are two important facts to note. The first point is that
sufficiently low. This, in turn, leads to important losses fothe degree of interferences (“speckle”) increases as the guide
bends with radii smaller than 100m to 10 ;zm, depending width increases. This is in agreement with the fact that increas-
on An. As the optical barriers are “perfect” for PC guidesingly more modes are available and their beating becomes more
any guide larger than the material’'s half wavelength, abocdomplex. The waveguide W1 presents two monomode regions
250 nm, is basically multimodal. Even the single-missing rowhich correspond to the two flat, relatively high transmission
guide W1 is far from being systematically monomode. Henceggions in the spectrum (fromy A = 0.220 to 0.232 and from
although multimodality is an unwanted feature, we have @262 to 0.272). Note that the absolute normalization of W1 data
cope with it if we want to use guides of acceptable size whidh particularly delicate as the result seems to have more depen-
lend themselves better to the various in- and outcoupling dence on the source profile; it might be that the “true” max-
conventional waveguides required in integrated optics. imum transmission is larger in such a bend (see the membrane
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Fig. 4. (a) Single and (b) double-bend transmission spectra in a W5
’ waveguide. Dielectric constant= 11.56. Air-filling factor f = 0.35.
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U=ah the mode profile, the better mode matching occurs at the bend,

and the higher the transmission.
. - . Until now, we have seen that spectra tend to be dominated
Fig. 3. Influence of PC air-filling factof: calculated transmission spectra of . .
the bent waveguide W1 for: (8) = 30%: (b) f = 35%: and (c)f = 40%. DY modal interference effects. These are also an issue when
Dielectric constant = 11.36. cascading bends. To assess the impact of cascading bends, we
show in Fig. 4 the transmission spectrdmof the W5 (broad)
. single-bend guide already shown in Fig. 2 € 35%, g =
experiment of [13]), say up to 0.85 rather than 0.75. The moJ 56) and compare it to the transmission spectrnof a

d|sturb§d part of Fhe spectrum/()\_: 0.23-0.26) corres_ponds .ﬂ%)uble-bend (one bend to the left, the other to the right), with
to multimode regions, for which interferences associated with _. . . -
Similar straight sections as in Fig. 2, and twenty PC rows be-

mode scrambling may occur. W3 and W5 are multimode in the

. : . een the two bends. It is seen that the double-bend waveguide
frequency range considered: W3 supports 4 to 6 guided mo@régsnsmissiorT is rarely the square of the single-bend transmis-
depending on the frequency and W5 supports 6 to 9 modes. 2 y q 9

o ) i i sion7?2. Rather, it is much more wiggly th&@f, and occasion-
The second point is that there is no obvious winner amoRy |arger, especially at some narrow spikes:Ah = 0.215

the three waveguides with the kind of transmission calculatgth 40 0.255, etc. We attribute these spikes to the resonant trans-
here, based on an integrated Poynting vector measurement,fakion through modes localized between the two bends (basi-
on modal transmission measurement. Note finally that, for the;, modes of the in-between straight guide section that expe-
short bend “arms” used here (10 rows), the mini-stopbangg,ce sufficiently reflective conditions at the two bends).
of W3 and WS are barely visible; e.g., for the fundamental 1, conclude this first scan through the basic parameters
mode of W3, it lies around/A = 0.252, causing only weak (yiqth, air filling-factor, number of bends in series), numerical
troughs in the spectrum. One of the reasons, already discusgggh evidence a number of interferometric effects that disturb
above, is the absence of coherence between the two straighttsmission, sometimes constructively. We will see below,
sections, which minimizes this mode coupling phenomenggy,yever, that these effects tend to be washed out when losses
The smoother transmission windows of the single-missing raye tymed on, which is closer to the present experimental
W1 certainly make its use easier in a real system. situation.

For us, it also has interest for easing further analysis, and in
particular the analysis of the dependence of transmission spegtr .
on the PC air filling factorg’. Spectra for W1 and increasing aire.alnfluence of the Bend Design
filling factors f = 30%, 35%, 40% are shown in Fig. 3, with the A bend is a transition whereby modes from straight sections
same matrix dielectric constaaty =11.56. The smooth win- have no special reason to match to each other one by one. In the
dows are seen to shift regularly to higher frequencieg as worst case, a bend is mainly a mode “scrambler” which could
creases. They also tend to slightly broaden. These trends closglyitrarily mix all the modes concerned, i.e., the ingoing funda-
follow the evolution of the guide dispersion relations, with almental mode with all waveguide modes propagating forward or
lowed bands of the guide shifting to higher frequencies as thackward (plus radiation losses discussed below, Section II-D).
physical width of the guide is reduced by the larger hole rdhis means, of course, a lot of reflection in the input section (but
dius. Another effect is the increase of the gap’s high frequenopt necessarily into the fundamental mode), and a poor trans-
edge, which also attracts some of the high-order guided moduaission of the fundamental mode.
while leaving the fundamental mode rather unaffected, and isHowever, there are several reasons to hope that introducing
the likely origin of the broadened transmission windows. Fa short section at 30n a 60 bend can help a lot. This is also
nally, the overall increase in transmission level with increasirie idea implemented by Mekis for a®©Bend in the pillar PBG
f can also be related to the stronger confinement: the narrowsgstem [2]. One idea is that the pair of transitions that occur can
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Fig.5. (a)Benddesigns A, B, Cin Wa3. (b) Associated simulated transmissibiP: 6: Magnetic field patterns of W3 bends at the frequenfies giving the best

spectra for: (b) design A; (c) design B; and (d) design C. Dielectric constant ransmission '$V9| around/A = 0.23, ie, (@u = 0.2297 for bend A;

11.56; air-filling factor f = 0.35. (b) u ): 0.2305 for bend B; and (ck: = 0.2312 for bend C (parameters of
Fig. 5).

interfere in such a way that reflections are destroyed, just asarounda/A = 0.24, only the smoothest bend C exhibits a siz-
a symmetric Fabry—Perot cavity at resonance (zero reflectioaple transmission, while bends A and B have both quite low
Another reason is that, in a naive ray picture, such‘asg@tion transmissions.
behaves as a mirror that can exactly send, if properly located, &o get further insight, an exhaustive analysis of field pat-
ray from one side to the other. Of course, the actual waves wiirns would be needed. This would be lengthy as these patterns
not follow such a simple behavior given the large confinemernthange in nature at each of the marked spectral features. We
but the guideline is an interesting one and is obviously helpfahly concentrate here on the peak transmission araynd=
to reduce mode scrambling: even if the reflection in a confine@d23, which seems common to all three designs. We display in
geometry partly spoils the mode profile, one may hope that tkég. 6(a)—(c) the intensity maps of the H field patterns as ob-
result is much better than what a random “scrambler” wouldined for excitation at the neighbor peak frequencigs\ (=
provide. A last issue, as far as mode scrambling is concern8d,297 for design A/ = 0.2305 for design Ba/A = 0.2312
is polarization mixing. This is not allowed in a 2-D picture of dor design C). On the input side (the horizontal segment), the
2-D-PC guide bend. But the actual 3-D nature of the problemsgraight wave fronts of the incoming field are perturbed by the
liable to induce such a mode conversion, some hints of which aeglected fields. This effect seems minor only in design B but the
discussed in the experimental section. Conversely, we can guastput field for design B clearly exhibits three lobes, suggesting
that our moderate vertical index confinement, which makes ttteat the fundamental mode has only a weak contribution to the
3-D system quite closer to a 2-D system than membrane-baseshsmission in this case. Conversely, the radiated output field
structures [38], [39], could be helpful in reducing this possiblgatterns of designs A and C are closer to that of the fundamental
polarization mixing penalty. mode. At this stage, it thus seems that the transmission peak of
Let us now attempt to smooth the bend since this simpikesign B around/A = 0.2305 is due to a combination of min-
option is supported by various points of views (interferencésal reflection, and favored coupling to a high-order mode. Fi-
as in [2], the corner mirror limit). To this end, we focus omally, can we find from the field pattern a plausible explanation
the W3 guide. Fig. 5(a) shows, in addition to the basic beridr the transmission peak of design A, the canonical W3 bend?
of design A, two designs B and C corresponding to the di$he only striking feature is the more important field concentra-
placement of one and three holes from the inner to the out@m right at the bend corner, compared to the other cases. This
bend corner. Their respective transmissions, plotted in Fig. 5(bliggests that a weak resonant-cavity effect takes place at the
show that this method is quite successful. In the low frequencgrner. Bends based on open cavities have been investigated in
regime ¢/A = 0.21 — 0.23) however, design A is performing the case of deep-etched ridge waveguides [41], and it could be
well, sometimes better than B and C. In the higher frequentlyat even the canonical 6®end design A exhibits a similar be-
range, smoothing has a clear effect on transmission, especialiyior. Light localization at bends of PC guides is still an open
in the rangea/A = 0.265-0.30. In the intermediate region, matter, to our knowledge [42].
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We also investigated the effect of smoothing on other guide 1o
widths, especially W5, and we found that the smoothing effect
is rather systematically positive. The directions to pursue are
of two kinds: first, more smoothing, e.g., by displacing more
than three holes, in order to look for some optimal behavior
and second, variants of the simple hole displacement from inner
to outer corner, such as addition or deletion of holes, sublat-
tice-step displacements of some holes, etc. To establish an op-
timum, some composite figure of merit is needed, taking into
account, e.g., the best transmission and3adB transmission
window of reasonable spectral width (e.g., 30 nm at 1550 nm, 02
which corresponds to only 0.005 around 0.5 in units 0f) to-
gether with an acceptable degree of ripple within this window.

Such studies are in progress in our group. %20 022 vz4 026 028 030
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D. Influence of the Out-of-Plane Losses

Losses out of the plane are liable to occur in our system as
it retains a high index cladding, with the consequence that the
PBG range always lies above the cladding light line. But in this
configuration, one can obtain a proper estimate of losses and
show that they scale d#\¢)?. This was shown in [25] as a re-
sult of considering the separation of variables in the propagation
equation, using a scalar wave analysis. As an important addi-
tional result, it was shown that one can then cast the out-of-plane
radiation losses into an imaginary dielectric constdhin the
air holes. More refined studies since then have confirmed var-
ious aspects of this assumption [37], [43]. Here we use the same
method to account for the effect of 3-D losses in bends. Bends
are, indeed, a case for which the assumption that there is no co-
herence between the dip0|e emitters associated with the per%.’?. (a) Bend transmission without (dashed line) and with (solid line) losses.
bation approach of [25] is more justified than in plain crystalBielectric constant = 11.56; air-filling factor f = 0.35. Here, the radiation
orin straight waveguides: the specific 2-D distribution of thgss_es ih the thi_rd dime_nsion are accountedqur ina 2-'D caICLI.Iation th_rough a
. . . igsipative medium of dielectric constaing- 0.2: in the air holes; (b) Typical
field calculated above translates into a complicated patterngafy pattern with a long exit waveguide showing the faster decay of high order
emitters that have little chance to give rise to strong coherensedes generated at the bend compared to the fundamental mode.
effects.

We exemplify the use of the imaginary dielectric constant ipated in our 2-D ansatz) and depletes the transmitted channel. At
the case of the W3 bent waveguide smoothed according to tleughs, there are destructive interferences, which are, in turn,
sign C. The value’” = 0.2 was selected in agreement withattenuated by the losses. One of the main intervening modes has
[25], although the different heterostructure and the different ettdss loss than the other(s) and the outgoing field may benefit
depth might affect this value in either direction. Fig. 7(a) showsom the amplitude of this mode without too much cancellation
as a solid line the new spectrum obtained with this level &fy the others. This leads, inthe present case, to a small net effect,
losses, and, for comparison, the lossless spectrum (dashed lifg)example atv/ A =0.242, 0.252, 0.258. This behavior is sim-
The most striking effects are the smoothing and lowering dér to, e.g., that of the symmetric Fabry—Perot cavity, with zero
the transmission values, a trend already observed in the caseefiEction at resonance only in the lossless case, and honzero re-
straight waveguides [37]. Here the two relative maxiffia= flection in case of losses.

0.9 to 0.99 for the lossless casegt\ =0.231 and 0.264, re- For multimode guides, an interesting aspect of dealing with
spectively, fall toI’ =0.6 and 0.55. a slightly lossy PC pertains to the different propagation losses

To understand what happens, it is instructive to remark thetticountered by the various modes: while the fundamental mode
the marked minima of the lossless case are almost unaffecteti@s weak overlap with the PC holes and, hence, weak propaga-
absolute value, with some hints that the lossy case might ex@m losses, the high order modes have more overlap, about a
transmit more than the lossless oneqaf =0.209 and 0.293. factor of ten higher if we compare the third to the fundamental
This counter-intuitive effect finds a natural explanation if we renode, and hence, more losses. The underlying differences in
mind that interferences between excited modes are responsiblative field-PC overlap are sizable, about a factor of ten be-
for the peaks and troughs: at peaks, there are constructive intaereen the third and the fundamental mode of W3. Fig. 7(b)
ferences, the field that builds up is large, and, as in a Fabry—Pesbbws the natural modal filtering effect that arises when a long
cavity, any losses act directly on the amplitudes of interferirexit waveguide is implemented after the bend, here with a loss
modes, and prevent the field to build up properly. The powearameter’” —=0.22 similar to Fig. 7(a): the darker ghost ray
that has built up is strongly radiated away at the bend (dis$irat appears after the bend and makes then one or two zigzags
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Fig. 8. (a) Fiber-to-fiber measurement setup; (b) Layout of a typical double-bend structure; (c) Micrograph of a PC waveguide cross sectiayréhhitr
the ridge to PC guide transition.

is a signature of the sizable amplitude of the third mode gené+3 dBm) is launched from a tunable source (1500-1590 nm)
ated at the bend. As propagation proceeds, however, the pattard collected through microlensed fibers. In order to ensure are-
is purified from this “ray,” and only the fundamental mode reproducible coupling in and out of a PC bent waveguide, the latter
mains. This suggests a simple way to perform a modal projes-inserted between two uniform monomode-TE ridge access
tion to extract the transmission of the fundamental mode onfuides. We have measured various double-bend waveguides like
Such a projection would, indeed, help fitting better the expen Fig. 8(b). Together with each bent waveguide, an adjacent PC
imental data as the experimental collection scheme favors #teaight guide of equal length was fabricated. The PC parameters
fundamental mode, as will be seen in the next section. Ho@serioda = 450 nm, air-filling factor f = 45%—50%) allow the
ever, this approach has a sizable computational cost, and caroparating wavelength = 1.55 xm to fall within the photonic
discriminate pairs of modes whose inverse of absorption diffdsandgap.
ence,(Aa)~1, is smaller than the extra length added The confinement in the vertical direction is provided through
To conclude these theoretical studies, it is seen that out-tftal internal reflection in a gas-source molecular beam epitaxy
plane losses should be included before an optimal design ¢@8MBE) GalnAsP layer, 500-nm-thick, which has a photolu-
definitely be selected. All the likely ingredients of a bend’sninescence peak at 1.22n, and is capped by a 200-nm-thick
figure of merit (peakl’, —3 dB bandwidth, ripple) depend di- InP protecting layer. The 2-D PC is dry-etched in a methane-
rectly on the loss parameter. Nevertheless, we have checked tasted plasma, the etch depth is limited to Arh. Channel
the general trends of lossless studies, such as the increaswageguides such as W2 and W3 are formed by removing 2 or
merit of designs A, B, C, were similar with the introduction o8 rows along thd'K direction. Micrographs of the cross sec-
losses, at least up to values«f = 0.2-0.4. A refined study tion and of a ridge-PC transition are shown in Fig. 8(c) and (d),
showed that the transmission of bend design A was much moespectively.
affected by the introduction of losses than bend designs B andVe have investigated in some depth the W3 double-bend
C. This can be understood when considering that bend desigwaveguides for all three designs A (no hole displaced), B
has a more “resonant-like” behavior than the others and thugishole displaced), and C (3 holes displaced) underlined above.

more sensitive to losses. The calculated transmission spectra for designs B and C are
presented in Fig. 9(a) (they result from a fit, see below), and
Ill. CHARACTERIZATION the measured ones are shown in Fig. 9(b), together with the

i transmission spectrum of a reference straight waveguide.
A. End-Fire Method Transmission spectra of straight and bent guides are presented
We start this experimental section with the end-fire methaddependently rather than ratioing them as already justified.
applied to InP-based systems, which is popular in integratétie double-bend waveguide with no hole displaced (design A)
optics. Here, transmission measurements are performed udiag poor transmission (about70 dBm optical power) and is
a coaxial fiber-to-fiber bench in TE polarization [Fig. 8(a)], unnot plotted. The coupling efficiency between the ridge access
less stated otherwise. A constant optical powee 0.5 mW guide and the straight PC guide was previously measured to
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Fig. 9. (a) Calculated transmission spectra for designs B and C, in dB, as
function of wavelength for the fitted parameters (period= 450 nm, f =
50%, ¢’ = 0.22). (b) Measured optical power spectra of W3 double bends fol
designs B and C, compared to the straight waveguide (top) when a power
—3dBm (0.5 mW) is launched at the source. (c) Micrograph of a double-ben
waveguide with C design.

be better than 95%, in agreement with the above simulatior : C
of Section II-A and the measurements of [14]. The straight Pt OCO0C000000GO000000
guide spectrum exhibits a dip (ministopband) at large wave-
lengths that we could attrlbgte to a mode coupling meChanl‘?—‘iB. 10. Analysis of reflections at W3 bends with B and C designs.
of the fundamental mode with a high order mode [6]. Clearlya), (b) Fourier transformed spectra for the B and C designs in which the peak
displacing 1 and 3 holes in the corner (designs B and C) greaﬂgﬁitions are directly related to cavity lengths. (c) Field pattern calculated
) h d _— ; ith ound the bend region, showing that the incoming field is not affected by
improves the measured transmission, in agreement wit R e fold in the input branch.
above FDTD simulations.

In the present case [Fig. 9(a)], a fit has been attempted with _ _ _
the air-filling fraction and the imaginary dielectric constafit ‘low-pass-filtered” intensity spectrum(I(1/})) and then
as the adjustable parameters, the index value being adequat@éfined the “normalized” fringes by using1/A)/(I(1/A)).
the present heterostructure; = 10.56. The best fit of the The filter characteristic was flat up to a “frequenci¥A—! =
measured spectra is obtained for an air-flling factor of 509/(7 nm) and decreased linearly to zero for a *frequency
and an imaginary part of the dielectric constafit = 0.22. AA™" = 1/(5 nm) to apodize its response. Then, to find the
Obviously, these figures point to rather high losses that we &@lévant cavities, we use the Fourier transform of the spectrum
tribute to the limited etch depth [25]. The moderate remaining1/A)/{I(1/})), and obtain strong amplitudes whenever a
discrepancies between the theory and experiments Cou|d S racteristic OSC|!|at|0n perIOd exists In the SpeCtI‘um. Exam-
from the filtering out of high-order modes by the output ridg@les of such Fourier transformed data for the B and C bend
[see Section II-D above and Fig. 7(b) for the effect of losses &§signs are given in Fig. 10(a) and (b), respectively, directly
this filtering out]. scaled in terms of the cavities optical paths,;. In our case,

Reflections at a bend are one of the possible drawbackstd¢ two peaks seen in Fig. 10(a) and (b), similar in strength,
PC bends_ We ShOW here that our fiber-to_ﬁber Setup may g|V@@ associated with the cavities defined between the input facet
guantitative estimate of the bend reflection. To this end, we &t the sample r1 and the first bend corner C1, and similarly
ploit the narrow fringes that one can guess on the experimeri&fween the second bend corner C2 and the output facet r2.
spectra of Fig. 9(b). These fringes are associated with cavitié$lis can be safely deduced from the knowledge of the group
It is well known that a cavity of lengtth and indexn with re-  effective index g0, is about 3.6) Loyt /ngroup COITEsSponds

flectorsr; andr, gives rise to a modulated transmissisgh): 0 the physical lengtti.,,y of the straight ridge-PC sections,
as measured under a microscope. The transmission spectra are

1 2 then Fourier-filtered by standard signal processing techniques
<1 T (rir2)2 + 21172 Cos(47rnL/)\)> - (D toremove all but the desired cavities and the fringe conirast
of the resulting spectrum (the ratio of maximum to minimum
To visualize easily the adequate fringes in spite of the smodtiansmitted intensities) is measured. The reflectivitiesand
variations of the bend transmission, we first formed a smoothegl of the facets are known independently from a previous

g
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calibration, as well as the propagation losses of the ridg® ( §'50* -
and of the straight PC waveguida ) sections (length<,. k=S TE detection Z ™ 1g
andLpc), using straight guides without and with PC sections. g EM‘.
The C1 corner reflectivity is then obtained according to g 60r )
the formula: 3 TM detection
E
11—\ 5
Lnrirc1 — oL, — apcLpc = Ln . 2 c -70r
ret peEPe 1+v @) g | Noise Jevel-AMVs A

l |
1500 1525 1550 1575 - 1600

We assume that-; is not wavelength dependent, which is wavelength (nm)

reasonable as the wavelength range used for the measurements
is small in comparison with the whole PBG range. For desigfy. 11. Spectra of a W3 double-bend waveguide similar to Fig. 8 obtained
B, the bend reflection is-; = 0.495, and it is considerably for T_E e_xcitation ar_ld either TE or TM collection, showing indications of
reduced ta'c; = 0.126 for design C. This drop of the reflec- Pelarzation conversion.
tion for the smoothest design C is also visible on the field pattern
shown in Fig. 10(c) calculated with afilling factor of 50%, and at
the frequency:/A = 0.2812, corresponding to the range of in-
terest. Unlike the patterns shown earlier, the wave at the entrance c’e;""’ed
. . . . acet
of the bend is here quite unperturbed. Still, at the corner, there is
guite some mode conversion toward high-order modes, which is
also partly responsible for the washing out of the mini-stopband,
clearly visible on the measured transmission of Fig. 9(b), where
the spectrum for design C does not drop at long wavelengths.
Turning now to the influence of the PC guide width, we
measured the transmission level through W3 and the narrower
W2 double-bend waveguides. The comparison of the trans-
mission levels of the straight reference W3 waveguide and
the double-bend W3 waveguide at 1540 nm (i.e., outside the
mini-stopband region), leads to a value of losses of 3 dB/bend
for the best C design. Similar W2 double-bend waveguides
have been fabricated and measured for all three designsFJQ;
B, C, with the same PC period = 450 nm and a similar
filling-factor and etch depth. Again the best transmission levBr Intérnal Probe Method
is obtained for design C, but now with losses of 2.25 dB/bendWe examine here the application of the internal probe
at 1580 nm (again outside the mini-stopband of the straight Vi#ethod, described in [44], to the measurement of single and
waveguide). This trend is compatible with Fig. 2 above (ordouble bends. Note that this experimental method is essentially
must take care of the poorer ridge-PC coupling in the casereproduced in the numerical configuration without access
W2, which is not a symmetric waveguide), and with the genematiges illustrated in Fig. 1(a). In brief, one excites, by means
“mode scrambling” argument. of a focused laser spot, the photoluminescence (PL) of species
Let us finally address briefly the polarization issue: unlikeuch as InAs quantum dots, or InGaAsP quantum wells, em-
the symmetries which may heavily restrain polarization comedded in the heterostructure of interest. The guided part of the
version in straight PC guides, bent PC guides (and bent ridgk is then collected at a cleaved edge, after interaction with the
guides as well) are likely to exhibit sizable polarization corPC pattern under study. A reference signal may be measured in
version. Of course, this effect cannot be modeled easily in tvaonearby unpatterned area with excitation at the same distance
dimensions, only in three dimensions. Hence the experimentdlthe cleaved edge to remove the guided mode reabsorption
approach is quite welcome in tackling this issue. To detect pard thus obtain quantitative measurements. Two of the main
larization conversion, a polarizer is inserted between the caldvantages of this method are its reproducibility (the coupling
lecting microlensed fiber and the photodiode. A TE mode imcertainties of the end-fire method, that require great care,
launched from the source and propagated within the ridge are eliminated) and its flexibility. It allows, for example, the
cess guide. Both TE and TM intensities are collected at the egitamination of single and double bends etched on the same
of the double-bend waveguide. In the case of W2, no significasample without any difficulty. One of the delicate issues in the
result was observed. In the case of W3, we clearly see on Fig.ddplication of the method to PC guides is to unambiguously
a TM spectrum having the same spectral behavior as the TE ocalect light that has traveled through the guides. The method
with a difference of about 12 dB, which means a signal signifised in [22], whereby an in-depth focus is used to directly
icantly larger than the residual TM polarization of the sourceisualize the guide exit inside the wafer, is a good way to lift
This is a first indication of polarization mode conversion occusuch ambiguities: we illustrate in Fig. 12 the fate of guided PL
ring in the double-bend waveguide. Further studies are neededlected by the microscope objective. The collected beam is
to assign the origin of this conversion in the cascaded bendsastigmatic, and one of its focus lies at the exit of the PC guide.
relation to the multimodal behavior of each polarization. Light emerging from the PC guide thus appears as an elongated

collection axif_ astigmatic

er focal line

ction effect

- lower focal line

12. Principle of the internal probe method for waveguide measurements.
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segment when using this focus. Spatially selective collection
coupled to the camera then ensures that only the relevant beams
are collected, with minimal crosstalk.

We used here a GaAlAs guiding heterostructure (similar
to that of [22], with essentially a thick GaAly sAs bottom
cladding, a 260-nm-thick GaAs core, and a 300-nm-thick
Gay sAlg.2As top cladding), which comprises in its core three
layers of embedded InAs quantum dots with a deliberately
inhomogeneous size and spectrum distribution in order to have
a broadband PL internal source, as well as modest reabsorption.
The spectral InAs QD'’s distribution is peaked around 1080 nm
and gently vanishes around 1190 nm, which gives access to a
large spectral range in contrast with the end-fire method where
the tunable laser is limited to less than 100 nm spectral range.

We start with the measurements of single W3 bends using a
spectrometer with a silicon CCD detector that limits the spec-

tral range of the source to 950-1060 nm. In order to circumvent 00,23 0.54 " BE o"_ig'e‘ 057 028
this limitation and to extend the normalized frequency range u=a/\
u = a/\ probed experimentally, similar patterns of identical
filling factor f = 35% were fabricated for two periods= 240 .
DOUBLE BENDS in W3

anda = 260 nm (“lithographic tuning”), allowing the normal-
ized frequency range = 0.23-0.28 to be covered. Some data
treatment is then needed to compensate for the index dispersion
and to take full advantage of the lithographic tuning when super-
imposing spectra from different periods on a commos a/A

axis hence, at differenk. The material dispersion results in
an effective index dispersion of the guided mage/oA =
—7.810~* nm~*. This dispersion tends to compress and shift
the spectra with respect to those that would result from fixed
refractive index. All the data were corrected for this dispersion
using the relatioth = Ay + JdA/dn X (n — n1), A = 1000 nm
being the wavelength for which? = ¢; = 11. With this cor-
rection, the spectra from= 240 anda = 260 nm can be safely
superimposed.

The overall length of the bent waveguides was 60 rows and
the three different bend designs A, B, C were investigated
(no hole, one hole and three holes displaced from the inner to
the outer corner).

We normalized the bent waveguide spectra by a reference 0 L L
guided-PL spectrum in an unpatterned area near each kind of 0.23 0.24 0.25 0.26 0.27
bent waveguide and at the same distance of the cleaved edge. u=a/\

Transmission

Transmission (a.u.)

02|

SIMPLE BENDS in W3

=35 %

a=240 nm

: k' 5;260 nm

),

=45 %

781

The purpose of this normalization is to remove the spectral

shape of the PL and to eliminate possible PL yield variatiof&. 13. Internal probe method on a GaAs-based samples, with InAs QDs
0 PL sources: (a)—(c) Transmission spectra through single bends in W3 for

(usua”y Ies.s than 5% throtho.Ut such small areas) b.Ut .\?ﬁee designs A, B, C; two periods 240 nm (solid line) and 260 nm (dotted

note that this method does not yield an absolute transmissighd) were measured using a Si detector, the filling factorfis= 35%:

The spectra corresponding to the three designs A, B, C &ue-(f) Transmission spectra through double bends in W3 normalized by the

i i i _ ; ; nsmission of a reference straight waveguide of the same length for designs
dlsplayed in Flg. 13(a) (C) as a function of the normaliz B, C. Two periods 240 nm (solid line) and 260 nm (dotted line) were

fr?quency on the same arbiFrary inten.SitY scale, allowing ngeasured using an InGaAs detector. The filling factgf is 50%. For each set
direct comparison of the relative transmission level among thisamples (single and double bends), the frequency range of the ministopband

different bend designs. of the straight reference waveguide is indicated in gray.
The major spectral feature in the transmission of the simple

bend [design A, Fig. 13(a)], besides small intensity variatiomavel is improved by a factor of 2. For the last design with three
upon frequency, is a dip at= 0.26, which is on account of the holes displaced [design C, Fig. 13(c)], the transmission is further
transmission ministopband of the straight waveguide sectioivaproved by a factor of 2 for the period 240 nm (the signal for
Note the good agreement between the spectra provided by bibidnperiod 260 nm is lower due to a damaged cleaved facet at this
periods in the region of their frequency overlap. For the bersdimple location). These results clearly show that smoothing the
smoothed through the displacement of one hole from the innetiend greatly improves the overall transmission level, in agree-
the outer corner [design B, Fig. 13(b)], the overall transmissianent with theoretical predictions presented above in Section Il
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When comparing these spectra to the theoretical ones in Figirisreased by inserting a small36ut at the bend. One advan-

it appears that the spectral features are much less pronouncedge of the internal probe method is the better reproducibility of
the experimental case due to the presence of slight out-of-plahe measurements and, hence, its better accuracy. The difficulty
losses. of the reproducibility of in- and out-coupling from fibers to

Double bends in W3 were probed using a similar exper&ccess ridges is suppressed, and there is no more transition
mental setup. At variance with the previous measurementsriafge-PC waveguide that slightly degrades the signal-to-noise
single bends, the excitation laser is an argon laser. Also, to eatio of the spectra, especially for waveguides narrower than
tend the measured spectrum with respect to the previous c#&2 However, the absolute signal is much higher with a laser
of a Si-based detector, an InGaAs photodiode array with cuteff used in the end-fire method, a factor which is in favor of
around 1600 nm was used after the spectrometer. This sectirel end-fire methods for narrow guides or system that have
setup was validated against the one used above. intrinsically low transmission. The internal probe method

We investigated the losses per bend in W3 double-beisdalso more flexible as it allows the measurement through
waveguides for the three bend designs A, B, C by comparisarsingle-bend as well as through a double-bend waveguide,
with reference straight waveguides of identical width W3 angthereas in the configuration of the end-fire method, the input
length (60 rows). The intermediate section between the twod output ridges must be oriented along the same axis normal
bends was 15 rows long. Two different PC periods 240 ana the cleaved facets of the sample, allowing the measurement
260 nm were fabricated, and the filling factor was kept constaot double-bend waveguides only. The measurement of a
at 50%. single bend waveguide is important as it was pointed out in

In a first step, we normalized both the straight and bent wavilte theoretical section Il. Namely, the transmission through
guide data by a reference guided-PL spectrum to correct ttheuble-bend waveguides is not necessarily the square of the
spectral shape of the PL as previously. In a second step, ttensmission through single-bend waveguides, as constructive
transmission of the bent guide was normalized with respectitderferences may occur between the two bends and possibly
the straight reference guide. As explained earlier, care mustreeonvert high order modes excited at the first bend back into
taken of the ministopband regions in the transmission specth@ fundamental mode at the second bend. However, the major
upon normalization. For the W3 guide fabricated wite- 50%, advantage of the end-fire method is the possibility of estimating
the ministopband is now centered aroung- 0.27. the reflection coefficient of one bend.

Fig. 13(d)—(f) shows the normalized transmission data. The
trend, in agreement with the above simulations, can be clearly
observed: there is an overall pronounced increase in transmitted
light intensity going from bend design A to C. Regarding the We have seen that the performance of PC bent guides is still
detail of the spectral features, they are sharper than for simplet satisfying, with reported loss levels between 1.1 dB/bend
bends due to the Fabry—Perot oscillations between the two beadd 3 dB/bend for the various cases seen earlier. These values
(see Fig. 4 for the modeling of this effect). For the smootheste in reasonable agreement with theoretical predictions. How-
bend design C, a maximal normalized transmission as highexer, one of the main uncertainties in comparing theory and
0.6 could be measured at = 0.256 for the period 240 nm, experiment is the role of high order modes: both measurement
which corresponds to a loss of 1.1 dB/bend, which points toethods used here tend to filter out the fundamental mode quite
losses weaker than those introduced in Fig. 7, for which oeéficiently, whereas simulations include all outgoing modes,
would drop to about 2 dB per bend. The uncertainty here is findamental and higher.
the order of 0.25 dB. Of course, on a broader wavelength rangeHence, a first direction towards better understanding is to
of 15-20 nm, losses are typically 1 dB higher. The transmissisompare modal transmission to overall transmission, with a sim-
of the “sharper” bends (designs A and B) is approximatelyikr work on reflections.
factor of two lower, with losses as high as 7.6 and 3.0 dB/bendA second direction is to find out which part of a bend insertion
with a smoother spectral behavior (about 40-50 nm 1 dB barldss comes intrinsically from the design, and what part is added
width). by the out-of-plane radiation losses. This can be substantiated

Note that small fluctuations in the fabrication process cay simulations with and without the adjunction«f in the air
have a significant influence on the transmission spectral fdales. On the experimental side, one could compare bends de-
tures, as transmission through bent waveguides is sensitivdined in PCs with variable etch depths. The possibility to shift
the position of single holes at the bend, and also to their depth,a resonant bend would be valid only if the present level of
which is not exactly the same for different periods of the Piinpact of out-of-plane radiation losses is weak; otherwise, it is
crystal. This could be the main origin of the discrepancies obvious that, as a resonance forces the wave to sample better the
transmission levels in the region of spectral overlap of differeRC, increased losses and poorer performance will result, espe-
periods [Fig. 13(d)—(f)]. The interesting feature, however, is thmally at the resonant frequency.
very good overall similarity of the spectral shape despite the dif- Once these issues are properly addressed, or simultaneously,
ferences in transmission level. what are the perspectives for improving the performance of the

Both methods, end-fire in InP systems and internal probe éxisting designs? In addition to the cavity-bend just signaled
GaAs systems, enable the measurement of the transmissioalmve, we can find two roads. The first road is to further in-
the fundamental mode through straight and bent waveguidesstigate the approach of a modified light path in the vicinity
They lead to the same conclusion that the bend transmissiowfighe bend, by using different kinds of bend smoothing, or

IV. DIScUsSION ANDCONCLUSION
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by changing the local width of the guide, or by a combina-[14] A. Talneau, L. L. Gouezigou, and N. Bouadma, “Quantitative measure-
tion of both. Bend smoothing leads, of course, to a larger effec-
tive bend size but the photonic crystal bends still remain compys,
pact compared to classical bends in integrated optics and they
have a larger operating bandwidth. This road essentially applies
to bends based on “broader” PC guides, say W2, W3, or eve[rllG]
larger, that are largely multimode but present the advantage of
being less lossy than the narrower W1 guide as the mode con-

finement is larger and therefore, the overlap of the field with th

17]

air holes is smaller. The second road concerns the narrower W1
guide that has the advantage of supporting a reduced numb@gl
of modes (down to the monomode limit in the proper spectral
regions), which should make the bend design easier: for this
system, a hole is a big perturbation to the basic bend, so that one
should use more continuous bends adjustments. These could %%]
locally larger or smaller holes if the etching allows, and sub-

period shifts in hole position, in the spirit of the cavity tuning
methods proposed by Painter [39] for cavities.

(20]

We have seen that a combination of intensive modeling, inte-

grated optics ideas and accurate experimental measurements
good mix for addressing the many issues underlying the prop

design of efficient PC bends. We believe that a continued ef-
fort with these three ingredients will bring the performance to a
competitive level and make PC bends a viable compact alternéz-zl
tive to present, bulky integrated optics solutions.
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