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All-pass transmission or flattop reflection filters using a single photonic
crystal slab
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We show that a single photonic crystal slab can function either as optical all-pass transmission or
flattop reflection filter for normally incident light. Both filter functions are synthesized by designing
the spectral properties of guided resonance in the slab. The structure is extremely compact along the
vertical direction. We expect this device to be useful for optical communication system200®
American Institute of Physics[DOI: 10.1063/1.1763241

Compact optical filter structures are of great interest formodes that are even or odd with respect to the mirror plane at
optical communication applications. In particular, optical all-the center of the slab, a guided resonance could also be de-
pass transmission filters, which generate significant delay atigned to have either even or odd symmetry. By appropri-
resonance, while maintaining 100% transmission both orately choosing the structural parameters, it is then possible to
and off resonance, are useful for applications such as optic@lace both an even resonance and an odd resonance in the
delay or dispersion compensatibhAlso, flattop reflection  Vicinity of the signal frequency.
filters, which completely reflect a narrow range of wave-  The transmission properties of a photonic crystal slab for
lengths while letting other wavelengths pass through, are imexternally incident light are determined by a Fano interfer-
portant for channel selection in wavelength-division multi-ence between a direct and an indirect transmission
plexing systems. pathway'® In a direct pathway, the incident light passes

Guided resonances in photonic crystal sfabsprovide through the slab without exciting the guided resonance. In an
a very compact way to generate useful spectral functions folndirect pathway, the incident light first excites the guided
externally incident light. An example of a photonic crystal 'éSenance. The power in the resonance then slowly decays

slab consists of a periodic array of air holes introduced into 41t the free space. For a structure with two resonances, such
high index dielectric slab, as shown in Figal Wang and interference effects can be described by a theoretical model,

Magnusson showed that a slab can function as a notch filtgichematically shown in Fig.(). This model is based upon
with a Lorentzian reflection line shape, when the slab thick-COUpIIng of modes in a time-dependent formalism for optical

ness is appropriately chosen and a single resonance is pIacree{‘;ftﬁga:;'n\;":ézhiS'Sh?g%gerally valid when the quality factor

within the vicinity of the signal frequency. Based upon 0
guided resonance effects, a number of novel spectral filter(gaﬁven ' . .

have been proposéd:*’It was recently shown that by cou- gt~ U®@ever™ Yeven Qevert | V YeverS1+ IV YeverS2+
pling two photonic slabs together, all-pass transmission or 1)
flattop reflection could be synthesiz&In this letter, we

show that asingle photonic crystal slalbban function either dagggq

as an all-pass transmission filter or as a flattop reflection gy~ @odd™ Yodd Bodd™ | VYoudrs ~ | VVouos . (D
filter, thus providing an extremely compact way of generat-
ing useful filter functions, and further demonstrating the ver-s;,_ =s,, +j \'YeveReveri- | VYodcPodd: 3
satility of photonic crystal structures.

To generate either an all-pass transmission or narrowSa— =51+ +j v YeverRever—  \ Yoddoda- (4)

band reflection filter functions, one will need to have two . .
Here aq e, and a,qq are the amplitudes in the even and odd

resonant modes in the vicinity of the signal frequendesfesonances respectivelyo,e, and wygq represent their fre-
which possess opposite symmetry with respect to the mirror » Fesp even odd €P

. . T quencies, andre.enand yyqq are their decay rates. The out-
plr?rlen?erpren(t:ilcl:ul(le\rbto theh p\:v%p?r?agin%aflrt?ﬁ%nn ;hent going wave amplitudes; _ ors,_, each consists of a sum of
P odo cc y_s?j slab as Z ?j by th 9 - de esona ?direct term that is equal to the incoming wave amplitude,
modes required are provided by the guided resonances. 1+ Or S, , and two indirect terms that are proportional to
guided resonance originates from the guided modes in a ung

. ) ) X = ~"the amplitudes of even and odd resonanagg,, and a,qq.
form dielectric slab, and is therefore strongly confined W|th|n.|.he indirect terms describe the decay of the resondit

the slab. And_ yet the per_iodic index contrast provides the(g) and (4)]. In the direct terms, we assume that the partial
phase matching mechanisms that allow these modes 'S

. o ) , L ansmission coefficient through the slab is unity. This is
couple into free space radiations in the vertical dlrec:t|on.important for creating both all-pass transmission and flattop

Since a dielectric slab structure supports TE or TM guidedefiection filter characteristics, and can be accomplished
by choosing an appropriate optical thickness of the Yab.
3Electronic mail: shanhui@stanford.edu We note that the indirect terms fro@,e, and a,qq are of
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FIG. 1. (a) Schematic of a photonic crystal filter consisting of a single
photonic crystal slab. The arrow represents the direction of the incident
light. The radius of air holes is 0.22 and the thickness is 2.85wherea

is the lattice constantb) Schematic of a theoretical model for a resonator
system that supports two resonant states with opposite symmetry with re- 0.0 . .
spect to the mirror plane perpendicular to the incident light. 0.391 0.392 0.393 0.304

0.5}

transmission

5000
opposite signs due to the different symmetry properties of S a000] ()]
the modes. Using this model, the transmission coefficient & Lo00l
through the slab can be calculated as 2000}
Y Yodd S 1om
even (o]
t=1 ) oae 0.392 0.393 0.394
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When the condition of an accidental degeneracy is satisfied,

I.8., Yever™ Yodd="7Y» @ever= Wodd™ @o, the transmission co- FIG. 2. Spectral response functions for the one slab structure shown in Fig.
efficient becomes 1(a) with a dielectric constant of 10.07a) The spectra of resonance ampli-
tudes for the even modg@lashed ling and the odd modésolid line). (b)

frequency (c/a)

j(w— wo) —y Transmission spectrum for normally incident ligkt) Group delay spec-
= (6) trum. In both(b) and(c), the solid line represents the theory and the open
(o—wo)+y circles correspond to FDTD simulations.

and the structure behaves as an all-pass filter. The amplitudes
of the transmission are unity both on and off resonancef€sults with the theoretical analysis, we extract the param-
while the phase goes through a very rapid change from 0 tgters from Fig. 2a) and generate the theoretical spectra by
2 in the vicinity of the resonance, and thus gives rise to aUsing Eq.(5). We see excellent agreement between the simu-
strong resonant delay. On the other hand, wheration and the theoryFigs. 2b) and(c)]. The peak delay of
Yever™ Yodd=Y: | ®ever— @odd =27, the transmission becomes 5000@/c) corresponds to 10.14 ps, when the operating
4 wavelength is at 1550 nm. For such a delay, the structure is
17— (0= wo)” (7)  only 1.2um thick
(0—wy)*+4y* A flattop reflection filter can also be designed in a single
photonic crystal slab, by choosing a different set of either
Wherewo=(wevent woqd/2. The structure shows flat-top re- gy,04ra) o dielectric parameters. For simplicity, we fix the
flectlc_)n_ qharacterlstlcs, with a narrow range of frequency ifyicyness and the radius of air holes, and vary only the di-
the vicinity Of @, C(_)mpletely reflected, while all other fe- glectric constant. Our simulations show that the frequency of
quencies are passing through. Therefore, depgndmg on tl?ﬁe even and odd mode varies with the dielectric constant in
choice ofweven wodd: Yeven @NdYoqq, the transmission Co- o igterent fashion, while the width of the resonance is
efficient in Eg.(S) exhibits eith.er.all—pass transmission or largely insensitive t,o the dielectric constafig. 3. There-
flattop reflgcﬂon filter chgrgcterlsucs. . . __fore, by choosing the dielectric constant to 1Qv¢hich is
Both filter characteristics can be physically realized N till accomplishable using AlGaAs with a different aluminum
the single §Iab structure as Sh‘?W” in, nga)1|n a finite- conten}, we obtain the flattop behavior as seen in Fig. 4.
difference time-domaiFDTD) simulation, we ex_mte the Again, the simulation shows excellent agreement with the
resonant modes by a pulse of a normally incident plane

wave. The line shapes of even and odd modes can then be .
obtained by Fourier-transforming the temporal decay of the
resonance amplitudes. When the structure is chosen to have a
thickness of 2.0&8 wherea is the lattice constant, a radius of

air holes of 0.13, and a dielectric constant of 10.07, which
corresponds to that of AlGaAs in optical frequendigbpth

the even and odd mode have the same frequency and widths -4 L
as shown in Fig. @). The transmission spectrum therefore 85 90 95 100 105 11.0 115 120

shows near 100% transmission over the entire bandwidth relative dielectric constant

both on and off resonanc_e as can be S.een n FE@’ S_Z/hlle FIG. 3. Difference of the resonance frequencies for even and odd modes
a large resonant delay is generated in the vicinity of the,ormalized by the decay rate as a function of the slab dielectric constant, for

resonant frequencjFig. 2(c)]. To compare the simulation the structure shown in Fig.(4).
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FIG. 4. Transmission spectrum for normally incident light upon the struc-
ture in Fig. 1a), when the dielectric constant is 10.9. Solid line represents
the theory and the open circles are FDTD simulations.
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