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Use of Fano resonances for bistable optical transfer through photonic crystal films

Virginie Loussé&?* and Jean Pol Vignerdn
ILaboratoire de Physique du Solide, Facslteniversitaires Notre-Dame de la Paix, 61 rue de Bruxelles, B-5000 Namur, Belgium
2Department of Electrical Engineering, Stanford University, Stanford, California 94305, USA
(Received 26 November 2003; revised manuscript received 2 February 2004; published 14 April 2004

Bistable or multistable transmissions are classically the result of the introduction of nonlinear layers into a
resonant Fabry-Perot cavity. A single inhomogeneous film, with a periodic lateral structure, can also give rise
to a bhistable transmission for significant intensity ranges, due to Fano resonances, a strong frequency-
dependent transparency variation related to the transfer via guided modes. A self-consistent simulation tool
which allows for the computation of multivalued transmission is developed and the peculiar shape of the
hysteresis loops associated with Fano resonances is studied.
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I. INTRODUCTION The paper is organized as follows. First, we introduce the
extension of the transfer-matrix technique required to de-
Optical bistability generally occurs at carefully chosenscribe nonlinear, multivalued transmissions. Then, after
frequencies, when a nonlinear Fabry-Perot-type resonaiefly discussing the origin of the asymmetric Fano trans-
cavity transmits high intensity light.The initial ingredient ~mission profiles in the linear-response regime, we will de-
needed to produce a multivalued transparency is a sharp pe&kfbe the mechanisms of bistability based on the spectral
in the spectral transmission, so that it is commonly believedlisplacement of Fano line shapes with the transiting inten-
that the design of a bistable filter should start with the instalSity, due to the nonlinear response.
lation of two reflectors, creating a high-finesse resonant cav-
ity. This “Lorentzian” bistable device, governed by the care-
ful alignment of two reflecting films, has received much
attention, and the hysteresis cycle which develops in these
nonlinear structures has been described, both theoretically We first briefly sketch the self-consistent procedure which
and experimentallg* allows to determine the intensity-dependent and possibly
The nonlinear behavior of inhomogeneous structures andnultivalued transmission through a nonlinear, three-
in particular, periodic ones has been investigated by severalimensional, photonic-crystal film. The computing strategy
authors.~’ Fabry-Perot resonators and “Kerr” materials are is designed to reduce the nonlinear approach to a converging
the basic ingredients of several cleverly engineered strucsequence of simpler, linear computations. Similar idfeas
tures, all expected to open the road to the optical control ofvere used for the calculation @ffinite nonlinear photonic-
optical signalé The optical transistdrtransfers a signal crystal band structuré$,where the technique is reminiscent
modulation from a first to a second light beam. An opticalof the self-consistent treatment of many-particle ground state
discriminatof® is transparent to a light pulse only when its in quantum mechanicd.
amplitude exceeds a fixed threshold. An optical liritor We consider a film of three-dimensional photonic crystal
saturates its output intensity so that it becomes independegbntaining nonlinear materials. The type of nonlinearity con-
of the incident intensity for strong signals. A pulse shapersidered here is restricted to the “optical Kerr effect,” where
can be designed, for instance, with a Fabry-Perot interferomthe volume refractive index of the material is modified lin-
eter tuned for transparency for a specific pulse wave packegarly with the square of the local electric field:
and detuned by the presence of the pulse it€elin optical
trigger® delivers a strong light pulse upon reception of a - - I
command optical signal. An optical oscillatbproduces a n(r)=no(r)+na(r)[E(r)
beating signal from a stationary, constant amplitude beam of
light. All these signal-processing tools require a nonlineaiReading this expressiony(r) is the refractive index in the
behavior of the material which completely or partially fills jjcance of transiting Iighn(F) is the refractive index modi-

he resonator cavity. . . - S oo L
the resonator cavity. ied by the illumination, andeE(r) is the local electric field.

Logical gates can also be developed from a nonlinea h i fracti fficient of the K terial at
resonatol* and the optical memory switching between fwo ' '€ Noninear refraction coeticient of the Kerr material a

or several stable stat&shas been demonstrated. the locationr, expressed in units of v 2, is denoted by

In the present work, we wish to emphasize the use of nevmz(F).
spectral features, found in single photonic-crystal films, to The nonlinear transmission is a self-consistent process:
possibly produce bistability. These spectral features are usuke cavity transparency controls the transmitted wave which,
ally referred to as “Fano” resonancésand have been shown in turn, controls the value of the Kerr medium refractive
to dominate the reflection or transmission spectra of corruindex. This, by acting on the optical path, reacts back on the
gated dielectric films’ transparency.

II. SELF-CONSISTENT TRANSMISSION COEFFICIENTS
OF A PHOTONIC-CRYSTAL FILM
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The transmission coefficient of the film, summed over allloop. Then, as will be shown in examples below, for even
transmitted beams, is a functional of the inhomogeneous reiigher intensities, the system is forced to converge to another
fractive index: transparency state and suddenly jumps to a very different

R transmission coefficient. This new state is maintained as the
T=T[n(r)], (2 only stable convergence limit when the incident intensity is
and, in the present work, we use a transfer-matri further_ in_creased, but also, when bistability occurs, when the
tech,niqu(ﬂl1 to proceed with it’s construction. Moreover the)ﬁmfEnSIty Is decreased to aIreaQy ex.plored va_lues._Th_e hysFer—
: ’ esis loops can then be described if the various incident in-

o e e e St iy eSS e SXloed i slowly creasing o Gecreasing s
’ P q uences and if the self-consistent iterations are carried out in

the incident fieldg,, such a way that the starting refractive index of the iterations
- N for a new incident intensity is the final, converged value
[E(r)[?=£&ln(r),|Eol*]. (3 found in the previous, slightly different, incident intensity.

The building scheme of this functional being assumed to p&Or most incident intensities, the number of iterations is very
known, the nonlinear transmission is virtually obtained, ag€asonablél0 is a typical numbey except at the switching

the square modulus of the electric field can be extracted frontpres_hocljds, where a few hundreds iteration steps are often
the following nonlinear equation: required.

= V2 e NErV2 1B |2 IIl. EVALUATION OF THE ELECTRIC FIELD AND

B =8no(r) + (DB [Eol"). @ TRANSMISSION FUNCTIONALS
This relation requires that the square of the modulus of the ) .
electric field should be brought to self-consistency: intro- W& now turn to a brief account of the evaluation of the
duced in the right-hand side expression, this quantity shoulfinctionals in Eqs(2) and (3), in the case of a photonic-
behave as a “fixed scalar field” for Eq4). From a more crystal film with a given distributiom(r) of the refractive
technical point of view, an iterative approach can be appliedindex.
starting with a reasonable approximation of the refractive The transmission coefficient functionlis computed in
index and its associated squared electric field, introducing ithe framework of the transfer-matrix formalism, by first
in the right-hand side of Eq4) to attempt to refine it, re- splitting the film into a finite numbeN of thin layers, creat-
peating this refinement step iteratively, until adequate coning N+1 interfaces, located at the abscissas, p
vergence is reached. In case of slow, or even lack of conver=0,1,2 ... ,N. On each of these interfacés region of zero
gence of this process, acceleration schemes are knowlgngth, where the refractive index is assumed to be that of
which extrapolate the new field from several past iteratesthe incidence region/e, the fields are given the form of
For instance, the corrector step plane waves,

[E(D)[Gu= al BN [ourt (1= a) BN, (5 E(pzp)=3 N mgeide ikt

with an appropriate value ot has been found adequate in g
our simulations. e ikedz—z)ai (Rt )

The initial field used to start the iterations could be the +2 Npgmge™ "oz sl ar
field obtained with the unmodified refractive inde&(?). ¢
However, this procedure would not allow to describe bistable
transmission, as the convergence would always occur onto
the same field state. This is not advisable, as several solu-
tions of Eq.(4) may exist for the same value of the source
parameters, i.e., the same incident intensity. Some of these
states are stablé slight change of the incident intensity o
leads only to a slight modification of the transmisgjome  for the electric field, and

i E x;é);;;eikéz(z—zp)ei(k,,+g)p
9

+> x;é);ée—ikgz(z—zp>ei<ﬁu+§)5 6)
g

others are unstabl@ small change of the incident intensity Je o
causes a drastic modification of the transmissiddnder H(p,zp)=— — > N -y elka(z-2)gi(ky+a)p
convergence, the iterative process can only lead—by P Cuo °g  PO70

definition—to stable states. This allows to handle bistability /s

situations in a quite elegant way: starting with a very low _ Ve N_Q)_('jefikg‘z(zfzp)ei(lz,ﬁré);;
intensity, the transmission coefficient is iterated, taking, as a Cuo g P99

starting refractive index, the “dark” limit(r). This con- Je o
verges to a new, corrected refractive indefr), which is +—— 2 X -pgekedz-zlei kit o)
used as a starting point for the next, increased intensity. The Cuo g P9

converged transmissions then follow the branch of stable Je o
states varying continuously from the low-intensity limit, un- +—_— E x*-,;ée—ikgz(z—zp)ei(k//+9)p (7)
til this state eventually ceases to exist in a bistable hysteresis Cumo°g P9
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for the magnetic field. Only the continuous components par- Zp

allel to the film surface need to be known. In these expres- :

sions the summation covers the reciprocal-lattice veagors it b; t*
associated with the two-dimensional periodicity parallel to — — —

the photonic-crystal film. The Bloch wave vectﬁ,g is se-
lected in the two-dimensional Brillouin zone when defining
the incident wave, and, for a harmonic wave with angular )
frequencyw, the local normal wave vector is P

2 p

i ) R -0 -~ @ ~—
kgz= \/ e —Iky+gl”. 8 :
c :

The polarization vectors can be written as

,aI!I

FIG. 1. Geometry for the calculation of the square modulus of
the electric field of a photonic-crystal film as a functional of the

. (|2//+§) . inhomogeneous refractive index. The field components parallel to
Ng= == X€;, 9 the film are computed at the boundary between two joining layers
k;+g of the film. This requires the evaluation of two partial scattering
matricesX, and =, .
and
> > > > Ocell +
-+ _kgc ky+g [k tglc. J(t+)=—2 > kN+1§z[|NN+1g|2
Xg =+ — + e,. (10 Mow
wve |ky+d| w\e ,
. . . + o2 @ L2
Maxwell’s equations allow to produce the scattering matrix Xy 1610 enii— —lky+0l?], (13
g c

Sy Which relates the outgoing waves ( with coefficients

N, andX, , andt” with c:oefﬁmentsz+l anpr+1) to the o

mgomg waves (" with coefficientsN} and X, , andi~  to the incident current
with coefficientsN,, ; and X, ) for each Iayer

t+
{r -

For multilayer films, these scattering matrices areCarried by asingle incident wave, with incidence angiend
assemblett using the following stable expressiof€q. & Mixing ofs (TE) andp (TM) polarizations with respective
(12)]. If a layer which scatters the light with the scattering amplitudeso?_, andop_,.

matrix S, is added on the emergence side of a layer which The functional which defines the square of the electric
scatters the light with the scattering mat$, the global field throughout the structure is easily evaluated in the

o egCcosf
J(i+)= cell\/—

S++ S+—
(12) 2HqC

St s

[og_ol+log_ol?1 (14

scattering matrixSis constructed as framework of the above transfer-matrix formalism. The idea
is to compute thex,y) components of the electric and mag-
t=git(1-8l s, ") s, netic fields on all layer boundaries from the plane-wave co-

efficientsN;, X;, N, , andX, , and interpolate these con-
tinuous field components inside each layer. Then Ampere

=S, +S,7(1-5, S, )7's[ s, law, in Maxwell’s equations, allows to make the electric field
information complete, by providing the explicit value of the
S t=s"+S S, f(1-Sf s, ) IS, discontinuouszz component of the field. For very thin layers,

the square modulus of the electric field may be considered
S . et independent of the depthin the layer. For a given interface,
S =8 [1+S,(1-85, S, 7)77S; 1S, - (120 atz=z,, the calculation of the field coefficients requires two
partial scattering matricesee Fig. 1 the first one &) rep-
The scattering matrix which represents the wave admissiofesents the scattering by all the layers of the film between the
from the incidence region, and the one which expresses thgiterface and the incidence region, and the second &e (
exit to the emergence region should not be left out of theepresents the scattering by all the layers of the film between
global film Smatrix. Once this photoniclcrystal fil@matrix  the interface and the emergence region. Denotingg)ymd
is known for the given refractive indaxr), the value of the b, the coefficients of the wavegespectively, from inci-
transmission functional [n(r)] is found as the ratio of the dence to emergence, and from emergence to incidence re-
transmitted current, gions on interfacez,, we have
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+ ++ =15+ T —~ 0.9
b, _ 2,0 2, || (15 3 T I
r- Eer 277 b* o 0.8 —
p p IL%p =
g T 07 —
an =
. 0.6 — —
+ =+t =t Rt | |
t :{_p 2, |[by 6 g 0.5
Tz =—|i- | 5 04 —
by [Ep," E, Jli™] = o
In these expressions, , i*, t*, andi~ contain the wave g o ]
amplitudes in the incidence and emergence regions, as dete ¥ 0.2 — ]
mined by the full-film scattering matrix and the incident _g 0.1 —
wave. The requested interface coefficients are then easil é 0.0 | | | | |
obtained: 00 05 1.0 1.5 20 25 3.0
I . k d/2m
by=(1-3; E, ") s (17 7

FIG. 2. Dispersion relations of the modes TE of a flat, homoge-

neous film of constant thickness in vacuum. Here, the dielectric

b-==_*p". (18) constant of the film is chosen to le=13. One distinguishes the
P PP guided modes, under the vacuum light line=kyc, and the dif-

These considerations actually extend the widely used eledused, radiative modes above the vacuum light line.
tromagnetic transfer-matrix technique to make it suitable for
handling nonlinear layers and provide its incident-intensity- In the frequency domain above the vacuum light line,
dependent transmission coefficient. As will be seen in théhere is no guided mode, as the waves outside the film re-
remaining part of this paper, the same extension is also incover a real wave vector, and are able to carry an electro-
strumental in providing detailed information on the bistablemagnetic current and draw energy from the slab. The trans-

and

behavior of inhomogeneous dielectric films. mission is maximum for resonance frequencigg which
closely verify
IV. FANO ASYMMETRIC TRANSMISSION PROFILES q
®n 1
i idi i iodic fi ———=m 19
The lateral corrugation of a bidimensional periodic film 27C 2 Ve (19

has a very significant impact on the transmission spectrum
(from now on, “lateral” means parallel to the film surfages ¢, k ~0. These resonances all have the same lifetime

In a homogeneous film, standing waves lead to symmetriG, hich leads to a Lorentzian profile with a half-widh that
Lorentzian structures. If the film exhibits a periodic variation .o pe expressed by

of the refractive index in the lateral directions, new spectral
structures show up due to the possible hybridization of I'od 1
guided and radiative modes. These structures are recogniz-
able, as they produce characteristic asymmetric profiles in
the transmission or reflection spectra. These asymmetrighis turns out to be rather large, even for films made from a
lines indicate Fano resonand@s;jescribed as typical feature yery high refractive index material. Fer=13, for instance,
of periodically corrugated f"m%’- o _the line width turns out, in reduced units, to be 0.023, which
Figure 2 shows the photonic structure of a thin dielectricrepresents a significant fraction of the distance, in reduced
film, with a thicknessd and a nondispersive dielectric con- frequency, between successive resonances.
stant e. With a flat, homogeneous film, two classes of The two types of modes we have just described—guided
‘modes” can be distinguished. The first comprises theanq radiative—are strictly independent in a flat, infinite ho-
guided modes, characterized by an evanescent behavior Rfogeneous film. They appear in different regions of the
t_he outer field and sh_arp di_spersion_ relations below the “ghblane (,k,) and cannot exchange energy or decay into each
line w=kyc. These dispersion relations are asymptotic to &ther, The situation changes when refractive index inhomo-
new light line w=kc/\/= which describes the wave propa- geneities appear in the film. The above guided and radiative
gation in an infinite medium of dielectric constant equal tOmodes are not pure e|ectromagnetic eigenmodes of the slab,
that of the film ). For a given value of the parallel wave which means that they are now able to hybridize. For a lat-
vectorky, a finite number of guided modes is found, which erally periodic slab, an incident wave with a specific lateral
corresponds to the installation of standing waves in the thickyayve vectork, can excite guided modes, because this lateral
ness of the film. These standing waves essentially differ byvave vector can be augmented during transmission with any
the normal componerk, of the wave vector K’c?=ew?  reciprocal-lattice vector, bringing the final state into the ra-
—kf,cz). This component controls the internal incidencediative region. Figure 3 shows the same information as in
angle so that higher frequencies lead to more normal inciFig. 2, but adequate translations have been applied in order
dence, until the total internal reflection angle is passed oveto account for the addition of reciprocal-lattice vectors to the
and the modes become radiative. lateral wave vectok, (“Umklapp” process. The applied

ﬁ:ﬂ'(l—ks)' (20
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0.5 I here denoted as “incidence line.” The incidence line, above
the vacuum light line, is shown in Fig. 3, where it crosses
0.4 = 7 all many resonant states. The crossings are labelbd. . . i,
7 > and identify transmission structures on the spectrum of Fig.
65 <l il 4. The features, b, d, i are related to the line crossings
: with the same label on the dispersion relation diagram. These
broad resonances are associated with the direct transfer via
02— - radiative standing waves characteristic of a flat homogeneous
film. The other features, denoted ase, f, g, andh arise
0.1 — — from the guided modes, folded back by periodic diffraction,
a and hybridized to radiative waves because of the periodic
0.0 L Ll inhomogeneity. The line shape is still very narrow; for a
"~0.5-0.4-0.3-0.2-0.10.0 0.1 0.2 0.3 0.4 05 weak periodic perturbation, the acquired decay rate of the
k. d/2n guided modes is kept low and the linewidth of the corre-
o sponding profiles remains narrow.

FIG. 3. The Umklapp process(diffraction) can bring guided Note that these transmission mechanisms actually give

modes into the radiative zone¢&k,c) and allow their hybridiza- rise to asymmetric transmission profiles. This asymmetrical
tion with radiative modes. profile finds its origin in the very different phase variations

of the guided and diffused waves when sweeping the fre-
L i . . . guency. When the periodic permittivity corrugation couples
corrugation is a one-dimensional modulation of peribdf the two types of waves, the transiting radiation is the inter-

the dielectric constant. T_he radiative zone t_hen receives ?érence of the guided and radiative waves with the same
number of new states which correspond to diffracted guided

modes. Located in the regian>k,c, these modes will be point (w,k,) in the radiative continuum. The phase of the
. \C,

coupled to radiative modes by the periodic corrugation. For gwded wave varies very quickly around its resonance fre-

o : RS uency, whereas the phase of the scattered wave, off-
weak periodic inhomogeneity, however, the coupling is weakl .
and thF:a lifetime of theie gui)clied modes is kept?ong. resonance, experiences nearly no phase change. One thus

The TE reflectance spectrum of a corrugated film ex_obtains constructive and destructive interference conditions
posed to a plane wave F())f angular frequem?y under a'n on a very narrow frequency interval, explaining the peculiar,
PO . - Y . mmetric transmission profifé.
incidence=30°, is shown in Fig. 4. The period of this asymmetric transmission profifé

Hattice is made of two lavers of identical thickn Both types of spectral lineorentzian and asymmetri-
superiatiice 1S made of two layers of identical thic essesCal) can be exploited to create transfer functions which ex-
with respective dielectric constants= 10 ande = 13. For an

incid . th o f rols the lat hibit bistable characteristics:?* As symmetric, Lorentzian
Incidence angie, the angular frequency controls the fateral o, 5 g cteristics, generated in Fabry-Perot structures, have al-
wave vectork, by the relation

ready been studied for producing hysteresis cycles in trans-

mission, we will focus the discussion here on the new pos-
k.C sibility implied by Fano resonances in corrugated films: the

0= ——, (22 use of asymmetric line shapes to produce multivalued trans-
sing mission coefficients.

Reduced frequency (od/2nc)

a b c d e g8 h i V. HYSTERESIS NEAR SYMMETRIC AND ASYMMETRIC
1.0 —Hh— i A SPECTRAL LINES
0.8 — In this section, we use the computational scheme devel-
oped in Sec. Il in order to show that asymmetric Fano reso-
0.6 | nances can lead to transmission hysteresis cycles and under-

line the variability of these cycles.

04— | A. Symmetric lines

0.2 |— M The “standard”(i.e., best knowhhysteresis cycle appears
A in a planar Fabry-Perot cavity which contains a nonlinear

Transmission coefficient

| | | / | layer. The multivalued transmission occurs when self-
0.0 . . . .
0.0 0.1 0.2 0.3 0.4 0.5 consistency is reached between the independent constraints
wd/2ne that, first, the square modulus of the electric field adapts to

the refractive index of the nonlinear layen,(), as in Eq.
FIG. 4. Transmittance of a slightly corrugated film. The radia- (3), because the refractive index controls the optical path of
tive modes which correspond to a transmission through the homathe cavity and, consequently, the cavity tuning and the ad-
geneous, unperturbed film appear as a slowly varying backgroungnitted field
The guided modes shifted back to the radiative region by the film
periodicity give rise to very sharp, asymmetric structures. n2| E|2: G(nyy) (22
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(109

o | R
n2|E|2=An < i 18 |
~ - = N ]
15 |- 7 ] = : i
o e || | || -I
H  jp|— Stable ~7 — L o
E states  /~ n,|EF=G(n,+4n) m || II
- gt il
sl = _ Il | .
//// 'I

0 2 | | ]

0 5 10 15 =0

FIG. 6. Fabry-Perot cavity closed by two three-dimensional
photonic-crystal films(woodpile structure of perio) acting as
FIG. 5. Typical situation leading to a bistable transmission. Areflectors. Electromagnetic energy crosses this structure by optical
one-dimensional Fabry-Perot cavity is created in a homogeneougnnel effect, feeding the resonant cavity which contains a nonlinear
medium of dielectric functior = 13. The TE incident wave, with a layer. Each reflector film is made of four woodpile periods of total
wavelength of 1.5.m, defines an incidence angle of 20° and hasthickness 4, of bars with a square sectiaw'4 and a dielectric
an amplitude such that,|Ey|?=10"* v2m™2. The cavity con- constants=13. The empty cavity length ise2and incorporates a
tains an homogeneous Kerr |ayer’ O.QZS] thick, inserted between central nonlinear Kerr Iayer of thickneag20. The lateral period of
two identical empty layers with a thickness finely adjusted tothese reflectors id=a/ /2.
0.380442um.

Index change An (x1078)

fraction of the light transiting to the emergence side of the
and, second, the square modulus of the electric field on theevice starts changing the refractive index, which causes the
nonlinear layer depends on the refractive index according t&ning of the cavity towards a higher transmittivity. Then, an

the Kerr law, Eq(1). The latter condition can also be written avalanche effect takes place and the system switches to a
as high-transmittance, high-index state. Still increasing the in-

tensity maintains the system in this stable state. Then, for
decreasing intensities, the transmission remains in this high-
transparency state as long as it exists, showing a hysteresis
For a simple, homogeneous, one-dimensional Fabry-Pereiffect. The width of the bistable intensity range depends very
system with a thin nonlinear layer, the field and the refractivesensitively on the incident frequency. A memory effect is
index reduce to simple scalar variables, and the solutions afssociated with the hysteresis cycle, as the system remem-
this system of nonlinear equations can be viewed on a grapbers its crossing of the hysteresis switching points by staying
such as that presented in Fig. 5. On this graph, the selin the final transmission state. The large contrast of transmit-
consistent conditiofEq. (4)] is satisfied where the straight tance near the low-intensity switch point was also noticed in
line meets the resonance curve, i.e., three times, two ahe case of planar devices. The transmission hysteresis loop
which are stable. Changing the incident intensity means @escribed here will actually represent the “classical” hyster-
proportional change of amplitude of the resonance curvesis shape, to which the new shapes described in the follow-
G(n). If the intensity is too weak or too large, the high-index ing section will be compared.
solution disappears and the system turns back to monostable.

This leads to a well-defined range of intensities where the 1.0 I I
system is bistable.

For laterally corrugated systems, the number of param-
eters to be obtained self-consistently is too large, and &g
graphic approach becomes intractable. One then has to rescg
to a numerical treatment. This is the case with the nonlinear3
Fabry-Perot system represented in Fig. 6, leading to the sym§g
metric resonance shown in Fig. 7. Due to the inhomogeneityg
of the reflectors, the field inside the cavity and the refractive &
index on the nonlinear layer are not constant and their value:
at each point in the active layer must be self-consistent ev-
erywhere. The result, howevésee Fig. 8 leads to charac- 0.0 (a) |
teristics very similar to those of a classical planar Fabry- 030156 0.30157 0.30158 0.30159 0.30160
Perot: at low incident intensity, the system is highly wd/2mc
reflecting and very few light crosses the cavity. The refrac-
tive index of the nonlinear layer keeps very close to the dark FIG. 7. Transmittance at normal incidence, showing a symmetri-
value ng, which, by positive feedback, maintains the low cal resonance, for the Fabry-Perot cavity of Fig. 6. The limiting
transmission. With increasing incident intensity, however, thecase of a darkzero-intensity refractive index is used.

Ny E[2=ny—no. (23

0.8 — —

0.6 — —

0.4 — —

0.2 — —
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1.0 | 1.0
b
il
0.8 —;! — 0.8
o A o
: Y g
§ b i | s o8
E ' \.\. g
g 04— N — £ 04
. N, ~
e ; Sy =
0.2 —i | 0.2 — _
i
' | | 0.0 | | |
0.0 0.967 0.968 0.969 0.970 0.971
0 1 2 3 4 : : ‘ ‘ :

Nlumination nyE’F  (x107%) wd/2me

. o . FIG. 10. Transmittance at normal incidence, in a spectral range
~ FIG. 8. Transmittance at normal incidence as a function of theyp,qing an asymmetrical resonance, for the inhomogeneous film of
incident intensity obtained for the cavity described at Fig. 6. TheFig. 9. The limiting case of a darizero-intensity refractive index
existence and width of a hysteresis loop very sensitively depends 08 Used.

the incident frequency, here chosen equabt/27c=0.301 570,
labeleda in Fig. 7. the structure was in no way optimized for minimizing fabri-
cation problems: our aim is here, primarily, to explore the
B. Fano asymmetric lines variability of hysteresis loop shapes.
A small, detailed part of the transmission spectrum of this

Figure 9 shows a totally different system. The film can be orrugated film is shown in Fig. 10. The linear part of the

described as an homogeneous slab cut in a linear materiq'm is made from a material with a dielectric constant
perforated with a triangular lattice of cylindrical holes. This =13 and the total slab thickness is representecibfhe
geometry is designed to create well-defined Fano resonanc fangular lattice of holes is such that the distance between

in the transmission spectrum. The thickness of the perforate&iN0 neighboring holes is exacttyand the radius of the holes

film is interrupted by a layer of nonlinear, Kerr material but is set tor=0.481. The nonlinear material is apparent as a

layer of thickness 0.@5 and a dark refractive indexg
=2.5 located in the cylindrical holghis could match AsS;,

with  a nonlinear refraction coefficient n,=1.4
X10"2'm?V~2). The line shape obtained in Fig. 10 de-
scribes a relatively abrupt change from high to low transmit-
tance. The linewidth is still reasonably small, though the cor-
rugation responsible for the addition of radiative components
to the guided modes is particularly strong. To some extent,
this can be tuned to even narrower lines by weakening the
corrugation contrast: by decreasing the initial film refractive
index, filling the holes with a larger index material, or reduc-
ing the hole radius.

The film transmittance as a function of the incident inten-
sity for selected frequencies is shown in Fig. 11. The hyster-
esis in Fig. 11a) spans a rather wide range of intensities
which, if needed, can be reduced by narrowing the Fano line
profile, as explained above. The interesting point in this hys-
teresis loop is that it is reversed, compared to the “normal”
situation created by a symmetric line. The low-intensity state
is highly transmitting, keeping a high and rather constant
value until the system jumps into a lower transmission state.
This is maintained for high incident intensities and, once the
transition has taken place, for decreasing intensities. The
contrast between the two transmittance states is largest at
low intensity, just above the transparency threshold. The
width and location of the hysteresis loop changes sensitively

FIG. 9. Geometry of the photonic-crystal bistable film studied in with the incident frequency.
this section. Reflectors are absent but a strong two-dimensional pe- At higher frequencies, closer to the dark total transmis-
riodic corrugation of the refractive index is created along the filmsion point(see Fig. 10 the hysteresis loop encompasses a
surfaces. narrower intensity ranggsee Figs. 1() and 11c)], until it
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0 t 2 s .+ 5 0 2 4 6 8 1 FIG. 11. Transmittance given as a function of
(@) Mumination nJE (<107 (C) ltumination ngfET"  (x107) the incident intensity, for the frequencies selected
1.0 T T ata-d in Fig. 10. For some of these frequencies,

a hysteresis cycle develops.

Transmittance
Transmittance

0.0 L L | L 0.0 1 | L

0 1 2 3 4 5 0 5 10 15 20
(b) Ilumination nJE°?  (x107%) (d) Nlumination nJE¥  (x1075)
completely disappearfsee Fig. 14d)]. In this latter case, The structure shown in Fig. 12 leads to a different result.

however, the transmission remains a sensitive function of thelere the nonlinearity is located outside the perforations, but
input intensity, fully transmitting weak signals, but cutting the geometrical parameters are the same as in the preceding
off much of their power above a well-defined threshold. Thisexample. The total film thickness @sand the dielectric con-
limitor action is already present when the hysteresis is irstant ise=13, except in the nonlinear layer of thickness
effect. In this case, the limitor device actually integrates @.05d. The perforations again correspond to cylindrical holes
memory function; if the intensity is driven to high enough with a radiusr =0.48& arranged on a triangular lattice such
values, the system lowers its transmittance, and keeps that the distance between neighboring holed. is

memory of this when brought back to lower illuminations. The transmission spectrum presents two “polarizations”
of Fano resonances, which we will refer as “descending” or
“ascending.” The first, descending transmission resonance
(see Fig. 13 first experiences high values before suddenly
dropping down to lower transparency with increasing fre-
quencies. The second, ascending resonéee Fig. 14var-

ies in the opposite way and gets depressed to a low transmis-
sion before switching to high values.

1. Hysteresis from a descending Fano resonance

A descending Fano resonance is shown in Fig. 13, as part
of the transmission spectrum of the film in Fig. 12. The non-
linear behavior is quite different when the incident frequency

1.0 I I
0.8
0.8

0.4

Transmittance

02

l 1
0(599065 0.9070 0.9075 0.9080
FIG. 12. Geometry of the second bistable film. In this structure, wd/2me
a nonlinear layer is inserted between two identical homogeneous
linear films. The whole composite film is then perforated on the FIG. 13. Descending Fano resonance, obtained at normal inci-
nodes of a triangular lattice. dence in the transmission spectrum of the film described in Fig. 12.
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FIG. 14. Ascending Fano resonance, obtained at normal inci-

dence in the transmission spectrum of the film described in Fig. 12. FIG. 16. Monovalued transmission for a descending Fano reso-
nance, when the incident frequency is set close to the center of the

is locked on frequencies like those indicated dyr b. A resonancepd/2wc=0.907 15, labeled in Fig. 13.
frequency inais located well below the resonance, so that an
increase of the nonlinear indgfor increasing intensitigs  nonlinear refractive index directly follows the incident inten-
will lower the center of the Fano resonance, which is thersity and the transmission is monovalueste Fig. 16 The
driven to be swept by the incident frequency. A mechanisntransmission coefficient decreases when the incident inten-
similar to that encountered with a symmetric resonance leadsity increases, following the descending part of the spectral
to the hysteresis loop shown in Fig. 15. This hysteresis loopprofile.
is rather unusual, as it shows a crossing of the two transmis-
sion states inside the bistability range. The branch which 2. Hysteresis from an ascending Fano resonance

continues the low-intensity state remains rather constant ag shown in Fig. 14, Fano resonances can also be ascend-
when the intensity is varied, a behavior reminiscent of that oﬁng_ The transmission of the film at the frequencies denoted
a linear system. This “linear” state ceases to exist for a IargeOy a andb are shown, respectively, in Figs. 17 and 18. The
threshold intensity, where the transmission switches in to frequency labeled is slightly off-resonance and leads to a
lower value. Then, coming back from the high-intensity hysteresis cycle with a shape very similar to the one gener-
monovalued limit, we follow a new state with a transmissiongeq for a symmetric line. The frequency labetealso leads
depending sensitively on the incident power. This hysteresig, 4 hysteresis loop. For gradually increasing intensities, the
loop actually defines a switch between a “linear” and atansmission keeps constant, until the high-intensity end of
“nonlinear” state. The memory effect associated with theihe cycle is reached. Then the transmission changes abruptly
hysteresis loop allows to keep a stable record of this propg g high value. The contrast between the low and high trans-
erty. In other words, the system can be put reversibly inyjssion values is particularly interesting. Then, increasing
nonlinear response state, which will be maintained until vol-3gain the incident intensity leads to a new constant transmis-
untarily removed from this state. sion. The transmission profile in this state is a step function.

A frequency Iikeb_ is _Iocated_ near the center of the Fano gch 3 filter specifically starts transmission when the inci-
resonance. Then, with increasing intensity, the change of the

1.0 , | , | Lo T I | |
0.8 — _ . 0.8 i ]
y
| S osl"
- | o] 0.6 — ™o —
S o6 !1'. = i ey
E i g E
g 04—y - g 04— ]
o]
& &
0.2 ] 0.2 |- ]
0.0 | | | | 0.0 | | | |
0.000 0.002 0.004 0.006 0.008 0.010 0 2 4 6 8 10
Nlumination n,|E%? Nlumination n E°®  (x107°)

FIG. 15. Hysteresis loop for a descending Fano resonance, when FIG. 17. Hysteresis loop for an ascending Fano resonance, when
the incident frequency is set off-resonanegl/2wc=0.9068, la- the incident frequency is set off-resonanesl/27c=0.898 89, la-
beleda in Fig. 13. beleda in Fig. 14.
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1.0 I I I I in @ momentum-spaceg.e., coupled-modesormalism. The

ideas developed in this work can easily be applied to extend

0.8 — S other formalisms and other wave representations into the

- nonlinear domain.

! The spectral line shape of the resonances, either symmet-

0.6 — i ] ric or asymmetric, should be chosen narrow, so that a very
i weak change of the nonlinear refractive index allows for a

0.4 — i — complete scan of the line shape at the incident frequency.
Ii This puts constraints on the precision to be achieved in the

Transmittance

: geometry of the structured film and on the definition of the
G2 _\J\J o incident frequency. The incident wave must be very highly
monochromatic, with a four-to-six figures accuracy and sta-
0.0 ' ' ' ' bility. The most difficult requirement may be the constraint
0 2 % g 8 19 on the accuracy of the geometric structure. However, these
Nlumination n E°®  (x1077) requirements can be significantly relaxed if nonlinear mate-
) . rials with larger values of the nonlinear refraction coefficient
FIG. 18. Hysteresis loop for an ascending Fano resonance, whe 'hoome available. Much research is currently conducted
the incident frequency is ;et .close to the center of the IlneWith this objective.
©d/2mc=0.898 92, labeled in Fig. 14, The widely adjustable shape of the hysteresis loop gener-
dent intensity reaches a specific well-defined value widely‘rjlteo.I by Fanc_) resonances may have a great impact on _the
adjustable by changing the incident frequency Beéause qe5|gn of op_tlcal _S|gnql processing dewce_s_. The transmission
the hysteresis effect observed when decreasin;g the incide wters. desc_rlbed in this paper (_)ften exh'b't tv_vo processing
intensity, this transfer function is combined with a memoryPu.r.]Ctlons. S|multaneous[y. The first one is a triggering capa-
effect. This means that once the transition to high transpart—““ty’ which abruptly switches the transparency towards high

nov has taken place. the svstem cannot iumnp back to the low values, according to the chosen Fano profile; the sec-
ency has taken p ' YS Jump ond is a memory function, which tends to maintain the last
low transmission state or oscillate between the two state%
even if the incident intensity fluctuates in a non-negligible

manner.

isited states. This combination of functions is highly desir-
able for certain processing systems, like the so-called “arti-
ficial neuron.” This optical logical component is inherently a

bipolar switch which delivers an output signal when the in-
VI. CONCLUSION put intensity reaches a well-defined level. However, the out-

This paper has shown that a bistable transmission can gt signal is only delivered to specific neighboring neurons,

obtained not only with nonlinear Fabry-Perot cavities gener\Vhich aré determined by a training program. The coordina-

ating symmetric transmission profiles but also with corry-ion of th? NEeurons in Fhe network has to be me.morlzed. The
gated photonic-crystal films generating asymmetric Fané:omblna.tlon'of the trigger and memory funct|on§, as de-
resonances. Bistability manifests itself by the appearance (ﬁ?”bed in this papet, cg_n_potentlally be mcludec_i n the de-
a hysteresis cycle in the diagram showing the transmission axd" Of an all-optical artificial-neuron network. This is, how-
a function of the incident intensity. The shape of the hyster—ever' only an example. It IS still difficult toda_y {0 assess Fhe
esis curves associated with Fano resonances can, howev‘é?‘,a‘ct structure of a massively parallel optical information
be very different from those arising from symmetric spectralprocessmg system.

lines. They are also very sensitive to the choice of the inci-
dent frequency.

In order to describe the hysteresis curves in a quantitative V.L. was financially supported by the Belgian National
way, an alternative theory and alternative simulation toold~und for Scientific ReseardfNRS. This work was carried
were needed. The self-consistent methodology introduced iout with support from EU5 Centre of Excellence Grant No.
the present paper has proven particularly adequate to décAl-CT-2000-70029 and from the Inter-University Attrac-
scribe multivalued transmission coefficients in the case ofion Pole(Grant No. IUAP P5/1 on “Quantum-size effects
monochromatic incident waves. The nonlinear problem idn nanostructured materials” of the Belgian Office for Scien-
seen as a converging sequence of linear transmission calctific, Technical, and Cultural Affairs. We acknowledge the
lations. This theory is equally applicable to planar, one-use of Namur Interuniversity Scientific Computing Facility
dimensional photonic-crystal films and to more complex(Namur-ISCH, a common project between the Belgian Na-
three-dimensional structures. It is presently based on the déional Fund for Scientific Resear¢BENRS), and the Faculte
scription of the transmission coefficients by transfer matricedJniversitaires Notre-Dame de la PaixUNDP).
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