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Unpolarized narrow-band filtering with resonant gratings
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Periodically corrugated planar waveguides present sharp peaks in their reflectivity spectrum due to
the excitation, by the incident beam, of an eigenmode of the structure. This property can be used to
design free-space narrow-band filters. However, the extreme sensitivity of the resonances with
respect to the angle and polarization under oblique incidence, has prevented, up to now, the
development of efficient filters with this approach. We succeed in getting round these limitations by
exiting four eigenmodes at the same time, and by modifying deeply the eigenmodes properties with
an appropriate periodic corrugation. ZD05 American Institute of Physics
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The presence of peaks in the reflectivity spectra of reso- (N =D ecexpliK . [, (1)
nant gratinggRG), known as Wood anomalies, is due to the Ke
excitation by the incident beam of an electromagnetic eigen- _ _ o )
mode, typically a leaky guided wave, which was inaccessiblé"’_hereﬂ is the reciprocal space of the periodic lattice. The_
prior to the imposition of the periodic perturbation on the elg_enmodes_of the per_turbed structure are now pseudoperi-
waveguidel. An important theoretical and experimental work odic and their electric field can be cast in the form
has been conducted to take advantage of this phenomenon to
design a new type of free-space filtéf8.The potential of E(r,t) = explik, . r —iot) >, Fr(2) expliK .r). (2
these structures, for filtering purpose, is all the more inter- Ke

esting than the maximum of reflectivity reaches 100% at thgjereafter, we consider eigenmodes whose spatial frequency
center of the pedkand the spectral width of the peak de- k, is real and inside the reduced Brillouin zone. Conse-
creases with the etching depth of the periodic corrugatfon. quently, to ensure that the homogeneous Maxwell equations
Unfortunately, it turns out that some characteristics of thenave non-null solutions, the temporal frequenctis a priori
resonance phenomenon are severe drawbacks for practiGgdmplex. When the perturbation is small, the pseudoperiodic
filtering applications. First, the resonance peak depends ogigenmode is very similar to the mode of the reference struc-
the polarization of the incident beam. In general, an incidenture. In other words, reciprocal lattice vecta@sexist such
polarization always exists for which the excitation of thethat |k,+Q|=~k.; and |o|=w. In this case, the Fourier
eigenmode is impossibfeSecond, the angular width of the components of the eigenmode are dominated-gy To ex-
peak is usually proportional to the spectral wiaﬁr,oughly cite the leaky eigenmode, the system is illuminated by a
0.01° for 0.1 nm. Thus, the efficiency of the filter is dramati- plane wave coming from the superstraté;,.(r,t)
cally disminished if one uses standard collimated incidentE, expg(iki,..r —iwint). The angle of incidence is chosen so
beam with a typical divergence of 0.2°These limitations that the projection ok, onto the(Oxy) plane isk, while the
have severely hindered the development and use of RGs ascident frequencyy,. is close to Réw) (the real part ofw).
efficient unpolarized filters. Yet, a notable exception has beefrhe resonance phenomenon yields a peak in the reflectivity
observed with two-dimensional resonant square gratings ilspectrum that reaches 100% only if the polarization of the
luminated under normal incidence. In this highly symmetri-incident beam is similar to that of the propagative component
cal configuration, the resonance occurs whatever the polaof the mode,F,.'° To obtain a resonance peak that reaches
ization of the incident beafrand the angular tolerance of the 100%, whatever the polarization of the incident beam, one
spectral peak can be improved with special design of theeeds to excite two degenerate mo@egh necessarily or-
structure>® Unfortunately, in filtering optical devices, the thogonal polarizatio)nlo’l The central frequency of the peak
normal incidence regime is usually avoided because it reis close to Réw) while the spectral width is linked to ltw)
quires the use of beam separators which yields a loss dthe imaginary part ofv). In the limit of smallh, Im(w) is
efficiency. In this work, we show how the properties of nor- proportional toh?/eq|? where € is the grating coefficient
mal incidence can be recreated under oblique incidence. responsible for the coupling of the incident beam to the
We consider a reference planar structure consisting of aigenmode? The angular sensitivity of the resonance can be
lossless dielectric waveguide deposited on a substrate and
described by its permittivitye,««(z). The slab supports a TE E
guided wave whose electric field can be expressed as X
E(r,t)=expiKes. I~ i wet)F(2) wherer =(r,2) and the real
spatial and temporal frequencies of the malg;, w,) are
linked by their reference dispersion relation. To form a reso-

S (kim::a)inc) /i\z
| gl Ve,

X
nant grating, see Fig. 1, the structure is periodically per-
turbed in a region G of height above the slab so that the
permittivity inside G can be written as: FIG. 1. Description of the resonant grating.
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rocal space wave vectors, such that=|Q|=k.s as illus-
trated in Fig. Zb). When the grating height is increased, the

®) ﬂh counterpropagative guided waves, with parallel electric field,
couple to each other via the grating coefficierts = ep.

The dispersion relation is then flattened aboutltheoint of
TE the Brillouin zone and local frequency gaps are opened. Yet,
- (krep) the degeneracy is not totally removed. Indeed, if the structure

is symmetric with respect to theaxis, the fourfold degen-
erate reference mode turns into four locally dispersionless

(d) eigenmodes among which two are degeneralithe excita-

Q tion of these dispersionless degenerate modes yields a peak
TE, in reflection that is polarization independé’nT.he spectral
(krest) and angular widths of the resonance dependings@rand

TE, €20 respe_ctively, they can be tuned independe_zntl_y by appro-
(Kyep2) priate de§|gn of the grating pattern. Doubly per|()_d!c patterns
> which satisfy|eg| < |ex0| have been shown to exhibit narrow-
M band resonances with good angular tolerance.
FIG. 2. (a) Dispersion relation of the pseudoperiodic mode in a virtual 2D Thﬁ issue now is to somehow retain these propertle§ for
monomode resonant gratingl)) excitation via €, -Q, and 4, -P of the ~ K;# 0.7~ When the reference slab supports only one guided
TE reference mode, under normal inciden@®;dispersion relation of the wave in the frequency range of interest, we observe that
pseuc_loperiodic modes in a virtual 2D bi-mode resonant gratgexcita- degenerate dispersionless modes appear solely at the highly
ﬂ?}g;%g%jg?njdgmle TE mode and via @ and 4 of the T&; mode o 1y etric points of the Brillouin zonE, M, and X which
' are of limited interest since they correspond either to normal
incidence or to Littrow mountingin this case, several orders
determined by modifying the angle of inciden@ad thuk;)  are diffracted. Thus, to introduce new possibilities for the
and studying the variation @é(k;). A good angular tolerance tailoring of the resonance peak, we have considered a refer-
is obtained if the mode is locally dispersionl@ss. ence slab that supports two TE guided waves denoted hy TE
With these theoretical considerations in mind, one carand TE with spatiotemporal frequencie® e, o) and
explain why a resonant square grating illuminated under nortk ., ). The periodic reference dispersion relation in this
mal incidence may present a narrow-band, polarizationmore complex configuration is plotted in Figic2 Along the
independent, angular-tolerant resonance peak. Fig(ale 2 I'M line, a fourfold degenerate point exists at the crossing of
plots the dispersion relation of a TE guided mode in a virtualthe branches of TE (-Q)(-P), and of TE, (+Q)(+P), when
2D grating (h tends to zerpb We represented only the zero k, satisfies simultaneousijk,—Q|=|k,—P|=k.s and |k,
branch and the branches that are deduced with a translatianQ| = |k, +P| =~ k., see Fig. 2d). Using a perturbative analy-
vectorP, Q, —P, and -Q. Along theI'M direction, the(P)  sis, it is possible to foresee the modification of this complex
and(Q) branches and the-P) and (—-Q) branches are two- dispersion relation wheh is increased, see Figs(e3-3(c).
fold degenerated. A normally incident beam will excite theFirst, the twofold degenerate branches of the, TRode
mode at thd” point of the dispersion relatior,=0. At this  along thel'M line separate into two curves corresponding to
point, the reference mode is fourfold degenerated. It is basia symmetric Tk and antisymmetric TEsmodes. The field
cally a combination of four reference guided waves withof these modes are, respectively, symmetric and antisymmet-
wave vectors § and 1P, where(Q,P) are orthogonal recip- ric about the plane defined with tH&Vl line and thez axis,

@, h=0 (d) P ]
TEz . 1 57 + : oAss 4+¢¢+++<++
r M S . .
 Rs FIG. 3. (a), (b), and(c) modification of the dispersion
o Rp relation of Fig. 2c) along thel'M line whenh is in-
creased(d),(e) loci of the maximum of reflectivity cal-
> =5 8 35 culated for 2D resonant gratings, as described in Fig.
(%) ' 4(a), and illuminated by s and p polarized incident
waves withk;,. fixed along thel'M line; (d) width of
+ Rs the square holes are A=352.10 nm, B=175.56 nm, and
. ° Rp C=276.28 NM]ezq| =0.507,|€p_q|=0.255,|p|=0.148;
4 (e) width of the square holes are now A=225.92 nm,
3 B=175.56 nm, and C=276.28 nife,o|=0.508, |ep_q|
S =0.0,|€o/=0.148.
Polarization
independence
Ep.ém - b
r M 6.5 6.75 gg 7.25 7.5
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FIG. 4. (a) Description of a 2D reso-
nant grating that supports two TE
modes(top and side view The grat-
ing cell is composed of four patterns
denoted by A, A, B, C. The patterns
are centered aboutid/4,jd/4) with
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A (um) (ie{1,3 andje{1,3). (0), (d), and
1 (e) the pattern is the same as in Fig.
(© (d) —Rs 3(e), (b) reflectivity vs the incident
---Rp wavelength for p and s polarized inci-
0.8 dent wave;(c) reflectivity vs the inci-
dent angled; (d) reflectivity vs the
0.6 angle ¢.
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which is a plane of symmetry of the structure. The frequencythat become almost degenerate wm%| > |ep_Q|, see Fig.
difference between these curves dependsgog which is  3(e). The relatively complex tri-atom pattern of the structure
responsible for the coupling between the reference mod Figs. 3d) and 3e) is depicted in Fig. é).

propagating alongs,—Q and that propagating alorig—P."* Figure 4b)—4(d) plot the reflectivity curves of the opti-
The same behavior is observed for thezTE)de At the four mized tri-atom grating of F|g (@) with respect to the wave-
intersection points A A, By, and B, of these nondegenerate |ength, # and ¢ for p and s polarized incident wave. We
curves, two different behaviors can be observed. If theypserve that the reflectivity spectrum presents a peak, what-
modes have the same symmetry properties with respect i er the incident polarization, with a very narrow spectral
I'M (points A and Ap), they couple to each other and the \\iqth and a relatively good angular tolerance. Note, that if
degeneracy is rgmoved. The W'd.th of the frequency gap .bethere are fabrication errors on the period, slab thickness, or
tween the resulting modes is mainly governed by the grating,es sizes, the angularly tolerant, polarization independent

permltt|V|Fy coefflments Wh".:h link together the cquqter- resonance will still exist, though at a different frequency and
propagative guided waves with almost parallel electric fields,

. : L incidence angle. In our opinion, this result could yield a new
If k; is not far from O, this coefficient is the same as thatkind of free-space narrow-band unpolarized filters, function-
obtained under normal incidenceyg. On the other hand, if P P '

the modes have opposite symmetry properijsnts B, and ning under obhqu_e mmdgnge with a good efficiency even
B,) they do not couple to each other and the degenerac‘{y'th standard collimated incident beams.
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