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Resonant optical tunnel effect through dielectric structures of subwavelength cross sections
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We show thatoptical tunnel effectshrough elongated structures of subwavelength cross sections can be
enhanced by the appropriate structuration of the local dielectric function. Even under total internal reflection,
transfer channels can be excited to perform spatially confined photonic transfer between transparent media
linked by such subwavelength structures. The optical properties of such systems are analyzed using field
susceptibilities, also known as electromagnetic Green’s dyadics, which determine bdticathdensity of
photon statesnd theoptical transmittanceof the system. Green’s dyadics obtained by solving numerically a
set of dyadic Dyson equations are applied to study the optical properties of subwavelength structures connect-
ing two semi-infinite material§.S1063-651X99)12005-1

PACS numbeps): 42.79—e, 42.70.Qs, 02.98.p

[. INTRODUCTION the miniaturization of optical devices. Moreover, we found
that overcoming the limit$i) and(ii) with dielectric materi-

In modern optical communication technologies, transfer-als implies also breaking the homogeneity conditidin).
ring optical energy from one dielectric medium to another isThis point of view is in agreement with the observations
achieved by an optical waveguide connection. Such deviceeported by Joannopould®]. These authors demonstrated
guide optical waves with low loss over very large distancesthat breaking the homogeneity conditi@ii) brings new in-
Most waveguides developed up to now have the followingteresting properties to optical waveguides which still respect
characteristics. the conditiond(i) and (ii).

(i) Similar topology: acore is surrounded by one or sev-  When describing the propagation of light in ordered or
eral layers. The guiding properties mostly rely on the corepartially ordered mesoscopic material structytésis break-
The surrounding layers ensure several functionalities froning the homogeneity conditiofiii)], both the radiative and
the optimization of the guiding properties to the mechanicakvanescent components of the electromagnetic field must be
and thermal protection of the device. The typical diameter olccounted for. For a given band of frequencies, the decay
the core is of several micrometers. The smaltese diam- range of evanescent waves may be commensurate with the
eterexpected on the basis of the Rayleigh criteridthis of  material structure or with parts of it. In this case, high values
the order of the incident wavelength. For transverse sizes of the transmission coefficient of the electromagnetic energy
smaller than\, the incoming electromagnetic wave decayscan be expected. In other words, the overlap of evanescent
exponentially inside the guide along the direction of propa-components generated by two material structures or defects
gation (longitudinal axis of the guide establishes the physical link that can open new optical chan-

(i) An efficient coupling of light into such an optical nels. Impressive demonstrations of such collective proximity
waveguide requires a perfeglignmentof the wave vector of  effects were extensively described in the recent literature
the incoming wave with the longitudinal axis of the guide. dealing with photonic crystalg3—5]. This literature mostly

(iii) Homogeneityf the index of refraction along the lon- presents a point of view similar to solid state physics where
gitudinal direction. This homogeneity must be conservedne focuses on the process of creating bagapisin a trans-
over large distances to ensure an optimal guiding efficiencyparent reference medium rather than on the process of creat-

The present work explores new routes to break the fundaing transmission bands in an opaque medium on which we
mental limits(i) and (i) of today’s optical waveguides. In- focus in this paper.
deed, we propose solutions to scale down the core diameters As it may be intuitively understood, such periodic or
to subwavelength sizes and to enable nonaligned incomingseudoperiodic materials modulate drastically the amount of
beams to couple to the guide. In our case, such nonalignetansferred energy as a function of the incident frequency.
incoming waves are evanescent surface waves which corré&or example, it was demonstrated both theoretically and ex-
spond to waves incoming with an angle of incidence largeperimentally that the introduction of well-calibrated micro-
than the angle for total reflection. We will show that break-cavities inside a channel waveguide modulates the optical
ing the above-mentioned limit$) and (i) has some impact transmittance of an initially homogeneous wavegujdé
on the propagation length. However, the drawback is onlyThe result of the modulation may be viewed as a photonic
apparent since it is compatible with the actual trends towardband structure in which some localized states can be created
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by adding localized defects in the periodic structure. Under np np

the normal illumination condition of a propagating light (A) .:.:.:.

beam aligned along the longitudinal axis of the channel

waveguide, the introduction of new localized states can be 25 Ry ' i I T ' '

used to create narrow transmission bands inside the photonic— . (B) JRLALD «n=2

gaps. RS A 1
In a different context, the optical tunneling effect is used § 4

to control the optical energy transfer between two transparent 8 13 '* 1

media in photon scanning tunneling microscopBSTM, = "..,’,'{ 0.

also called STOMscanning tunneling optical microscope — '[ Seaet i 1= i

[6], and the variety of configurations of scanning near-field < n=11 e

optical microscope¢SNOM) [7]. It has been clearly identi- < *° Ll el ’

fied that the PSTM setup provides images which are unam- . . . . . . )

biguously related to the distribution of the intensity of elec- %0 40 50 550 600 650 700 750 800

tromagnetic waves close to surfacd8] while the AM(nm)

interpretation of SNOM images has been, up to now, much _
less straightforward. In PSTM experiments which probe lo- 2'A:1IOG. 1@ é—:et_e;%v(\)llre geom?tt_ry V\{here=t24(i nm’N.;Ll’ Itlt |
cally the intensity of the optical near field, the sample depos;_ nm, andi>= nm resuting in a structure with -a to'a

ited on a ala ism is illuminated in total internal reflection lengthL,=1.560um. (b) Variation of the integrated LDOS of dif-
: : _g SS prls . 'S! umi . : ' ) : .‘ferent rod-shaped optical structures versus the excitation wave-
This particular illumination mode is characterized by a typ"length)\. The functionp(\) is obtained by numerical integration of

cal exponential decay of the detected intensity when the dene photonic LDOS over the volume occupied by the rod described
tector is moved away from the sample surf§@e-16. The  in (). The three different curves have been obtained by increasing
reduction of the tip to sample spacing below the tunnelinghe modulation of the index of refractiain=n;—n,. Solid curve,
decay length makes the energy transfer possible. This decayn=0. Dotted curve An=0.4. Dashed curveAn=1.

can be strongly modified by introducing some localized pho-

ton state inside the tunnel gap. This principle is similar to thenumerically stable solution of a set of dyadic Dyson equa-

resonant tunnel effect of electrof7—19. tions.

This paper presents a theoretical analysis of the applica-
tion of this principle to the enhancement of photonic transfer [l. SPECTRAL PROPERTIES OF OPTICAL
throughsubwavelength optical wavegui@@OW) excited by HETEROWIRES

a polarized surface evanescent wave. We demonstrate that
the periodic structuration of the SOW index of refraction ) ) )
along an appropriate direction stimulates the transfer effi- W€ define the heterowire geometry as a rod-shaped di-
ciency even if the SOW diameter is scaled down to afractior?lec'[rIC structure which dl_splays a variation of 'ghe optical
of the incident wavelength. In Sec. Il, we show that beyondndex of refraction along its Ipng|tud|nal axis. Figureall .

a critical modulation of the index of refraction, a periodic ShO.WS an elementary _heterowwe made of only two matenals
variation of the said index opens a photonic transmissiopSiNg Up an alternating arrang(.ame'ntl\d)fcells of optical
band. Moreover, a significant transfer of energy is associate dexn, and andN—1 cells of optical |ndex_12. The respec-
with this photonic transmission band. In Sec. Ill, we will tive lengths of the the pells along the longitudinal axis lare
study the transmittance of a SOW inserted between two plgndl2: The cross section of the wire has a square shape of
nar semi-infinite transparent materials and illuminated in toSid€ o We will show later how this heterostructure can gen-
tal internal reflectionTIR) [20,24]. The two usual polariza- €"at€ two photonic bands in the range of visible light.

tion modes transverse electfi€E) and transverse magnetic  USeful spectroscopic information can be extracted from
(TM) will be investigated. From a numerical point of view, the calculation of the LDOS)(r, ) of the wire. While it is

the study of such a complex optical system is rather chal!éll known in solid state physid®6], the use of the LDOS
lenging: computational difficulties are associated with the!S Nt commonly spread in electrodynamies]. This scalar
awkward geometry and with the important role played by theduantity is deduced ,from the electric field susceptibility
evanescent states. For example, the strong localization &reen’s dyadigS(r,r', ) of the heterowire

evanescent waves around nanometer scale structures in-
creases the computing time and downgrades the stability of
methods based on an expansion in the reciprocal space
using Fourier transforms The today well-established for-
malism of classical field susceptibilities is much more suit-wherek,= w/c is the wave vector modulus in vacuum and
able to solve Maxwell equations for the typical parameters ofm denotes the imaginary part. Solid state physics applies the
near-field optics. It turns out that this framework provides aconcept of LDOS to nonrelativistic electrons so that the
conceptually simple access to the different quantities of inLDOS corresponds to the density of probability of finding an
terest: near-field maps, local density of state, and opticatlectron of energyiw at the pointr of the solid. This func-
transmittance[22—25. Moreover, the field susceptibilities tion is directly related to the square moduli of all possible
determining both the local density of photon stateBOS) electronic wave functions associated with this energy. In the
and the optical transmittance of the system are obtained by @ase of photons, different formulations of the LDOS can be

A. Optical heterowires

n(r,w)=i2|mTl’S(r,r,w) @
kg
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proposed depending on the reference field. The most widely
used formulation relies on the calculation of the electric field
susceptibility[Eq. (1)]. With this reference field, the LDOS

is related to the square moduli of the electric field associated
with all electromagnetic eigenmodes of frequenrcyWhen

this quantity is defined on the basis of any kind of mixed
field susceptibilities, such a straightforward relation to the
electric field is not possible anymore. However, in any case, /
the LDOS is the only quantitative way to describe the con- 1F N= 5
tinuous part of the spectrum of any system independently of 0sf g
the excitation mode. In the context of optics, this means that Yo s e e
the LDOS provides spectroscopic information which is in- A(nm)

trinsically independent of any particular illumination mode.

As we will detail below, this independence allows us to sepa- kG, 2. For the same values of |5, andl, as in Fig. 1, varia-
rate unambiguously the optical properties of resonant opticajon of the integrated LDOS of two long rod-shaped optical struc-
structures and the side effe¢wich as interferencegener-  tures versus A for N=7 (L,=2.88um) and N=9 (L,

p(A) [arb. units]

ated by the incoming wave. =3.32 um), respectively. The two curves have been computed for
the same optical index contradin= 1.3 resulting from the values
B. Field susceptibility of an optical heterowire n;=2.3 andn,=1.
Within the framework of the linear response theory, the
field susceptibilities provide the value of a filelectric or S(riafj @) =Sy(ri.rj, @)
magneti¢ at an observation point and a pointlike source n
(dipolar or multipolay located atr’. Over the past 20 years, + > Xi,ow( e @) o1 T, @) (i, T, 0),
considerable works have been devoted to their theoretical k=1
analysis[28]. As indicated by Eq(1), LDOS calculations (5)

require the knowledge of the electric field susceptibility of
the system. This second rank tensor verifies the dyadiwhere the volume of the optical heterowire has been divided
Dyson equation into n meshes of volum&/, centered at,, (k=1,...n),

and
S(rr’,w)=Sy(r,r’,w)
Xkow( Tk, @) =[N3, @) = 1]V /4 (6)

+ JUSO(”"w)XOW(r”w)S(r'r”w)dr,’ is directly related to the value taken by the optical index at a
given positionr, inside the optical heterowire. As an alter-
2 native to solving Eq(5) with a standard linear algebra pro-
where Sy(r,r',w) is the electric field susceptibility of the cedure, we apply the iterative procedure described in Ref.

homogeneous medium surrounding the optical wire. Thiizzg_ WZ'Ch ?HOWS LLJ‘S_ to Eandl_(te_accurately \_/;rytla:jgei dis-
quantity has a simple analytical form cretized systems. Jsing @), i IS now possible 1o deter-

mine the density of electromagnetic eigenmodes by integrat-
ing the LDOS over the volume of the optical heterowire:

So(r,r',w)=

1
K3+ mvv)go(r,r',w), ©)

wheree, represents the optical dielectric constant of the sur-
rounding medium andj, is the scalar Green function of
vacuum (see Ref[27]). In EQ. (2), xou(r’,®), the linear
electric susceptibility of the optical heterowire is related to
its optical indexn,,(r) by the relation 100
(Mo 0y 1] plw)= — kgl Vi IMTr S(ry,ry, o). (8)
Xoul0) = === @

p(w)=f 7(r,w)dr. (7)

Due to the above-mentioned discretization, this last equation
may be cast as

For a given system, a preliminary analysis of this function
When dealing with complex optical systems such as thosellows the photonic bands to be identifigste Figs. 1 and)2
considered here, the precise resolution of Bj.calls for ~ Figure 1b) provides a first numerical example of the evolu-
particular attention. A recently developed numerical methodion of the density of states of an optical heterowire versus its
solving the problem of electromagnetic scattering by nanoindex modulatiomAn=n;—n,. The background index of re-
scopic structure$22,23 offers as a by-product a powerful fractionn,=/e,=1. In this example, the second optical in-
tool for the calculation of the electromagnetic Green dyadiadex n, is maintained constant with the same value as the
S of optical systems composed of several domains of arbibackground §,=1). Beyond a critical value oAn, we ob-
trary shape and optical indexes. In that framew&is com-  serve the gradual formation of two photonic bands of eigen-
puted on the basis of the discretization of the Dyson equatiomodes centered an=450 nm anch =600 nm. Note that, in
(2): the context of this paper, we define a photonic band as a
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n.=n, andn,>n,. When the angle of incidencg, of the
incoming wave is larger than the critical angle for total re-
b3 flection 6., the reference system is in the so-called tunnel
,__,,___,é configuration because the transmittantddefined by the
normalized energy flux transmitted in the medigay] dis-
plays a quasiexponential decay with respedt §d 1] which

(c) can be approximated by

FIG. 3. Three dielectric medigndexes of refractiom,, n,,, and T(Lo)=Aexd =T 0o ko)Lo]. ©

nc) arranged as a planar optical junctidn, is the thickness of the  The decay factorf=2[n§ sin(ao)z—nﬁ]ko depends on the
gap materialb). 6, defines the angle of incidence of the incoming gngle of incidencef,. The factorA is determined by the
wave in_ theinput medium(a). 3 is the collecting area used for the polarization mode¢ or p) illuminating the system. Accord-
integration of the Poynting vector in treitputmedium(c). ing to this simple relation, it , grows beyond a few incident

_ ) wavelengths, the amount of energy reaching the third me-
!ocal increase of the DOS due to the coupllng between I(_)caldium (¢) is not significant anymore. As stated above, the
ized photon states. Indeed, the two photonic bands of eigefyhotonic band gap is incomplete because angles of incidence
modes which show up fomg=2) in Fig. 1(b) are not sepa- smaller thand, do not lead to the total internal reflection
rated by a true gap which would be characterized by gyhich is associated with optical tunneling. This tunneling
vanishing LDOS. Furthermore, since we are working W'thphenomenon is exploited in the photon scanning tunneling
structures of finite dimensions, the heterowire cannot genemicroscope(PSTM) [6] which was inspired by the electron
ate anabsolutephotonic band gap independent o_f the inci- scanning tunneling microscog8TM) [29]. In the context of
dent wave vector. Nevertheless, the LDOS describes quantijectron physics, structuring the barrier of potential either
tatively the continuous optical spectrum of the structure. Theyith an atomic[30], or a molecular wird31], made it pos-

description is not entangled in the features of any particulagjple to control the mechanisms governing this exponential
illumination mode. Independently of the incoming wave, thegecay of the tunneling regin@2].

LDOS can be used for operation research purposes when
optimizing the geometrical parametdrsandl, as well as
the optical index modulation of a structure.

In Fig. 2, we report similar calculations performed for two ~ What happens when a heterowire connects the ifigut
more elongated wiresN=7 and 9. They will be the basis and output(c) media of the above described reference sys-
of the interpretation of the data of the next section. We cai€m? The incoming evanescent electric and magnetic fields
see that increasing the number of cells first broadens thBo(r,@) andBy(r, ) are scattered by the heterowire struc-
photonic band centered on red wavelengths while shifting it§ure. As demonstrated in Ref25,23, the resulting electro-
maximum to 660 nm and, second, deepens the gap betwe&tagnetic field{&(r, ), B(r,»)} can be computed anywhere
500 and 550 nm. This effect results from the coupling bePy introducing two generalized propagators labeled
tween the lower frequency eigenmodes supported by eadk(r,r’,) andL(r,r’, ), respectively. Since throughout all
dielectric cell. This can be checked by the comparison of théhe paper the heterowire is assumed to respond linearly to
average effective wavelength inside the structure with théXcitations, the resulting electric and magnetic fields are de-
average wavelength of the band. This important point will bescribed by the following linear relations:
confirmed by the value of the optical transmittance.

B. Transmittance of a heterowire

E(r,w)=JlC(r,r’,w)Eo(r',w)dr’ (10
Ill. SUBWAVELENGTH OPTICAL WAVEGUIDES v

In this section, we introduce the concept okabwave- and

length optical waveguidéSOW). A SOW is obtained by

inserting an optical heterowire inside a reference system. B(r,w):f L(r,r' ,o)Ey(r’,w)dr’ (11
This reference system is characterized by a photonic band v

gap where the optical transmittance vanishes. The insertion.

of the heterowire results in a SOW if it opens a transmissioﬁ'\”th

band in the photonic gap of the reference system. s(r—r")
Lr,r' w)=—7—A/
ikg '
A. An operational photonic band gap
The simplest reference system providing an operational, +f Qund 11", ®) Xowl(r", @) K(1", 1 @)dr”,
albeit incomplete, photonic gap is defined by the optical v
junction of Fig. 3 where three dielectric media, (b), and (12)

(c) are arranged in a planar geometry. Throughout the paper,

this geometry will be considered as the reference systerwhereA; labels the matrix form of the curl operator. The
which defines not only the incident electromagnetic fieldsdyadic Qy,n(r,r’,») represents the mixeelectric-magnetic
{Eq(r,w) andBy(r,w)} but also to the initial field suscepti- propagator (EMP) of the reference junction. The integrals
bilities Sy and Qq. The indexes of refraction are such that run over the volume of the heterowire. As detailed in Ref.
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[22], the generalized electric field propagatofr,r’,w) can
be formulated using the electric Green dyaf{¢,r’,w) as-
sociated with the complete geomettiyeterowire added to
the reference system

K(r,r’,w)=8(r=r")+8(r,r", o) xou(r',o). (13

The dyadicS(r,r’,w) is obtained numerically through the
same Dyson equatio5) (the one used to compute the
LDOS of the isolated wirewhere we replace the reference
dyadic S, by

0 1 CIRTTITRTIVIN n
400 450 500 550 600 650 700 750 800

A(nm)

FIG. 4. Variation of the transmittance of a subwavelength ho-
where the dyadi&, . added toS, accounts for the presence mogeneous wirésee insétas a function of the incident wavelength
of both input and output media. The analytical formulationx. The indexes of refractionn,=n.=n,,(r)=1.5 and L,
of the contributionS, . can be deduced from a pioneering =2.88 um. The calculation has been made for thepolarized
paper by AgarwalRef.[27]). A variety of numerical tech- mode of illumination withg,=46°.
nigues available in the literature allow us to evaluate such a

SundF.r" @) =S(r, 1", 0) +Sc(r.r' ), (14)

response function. D. Periodic heterowire

The values of the electri€(r,w) and magnetid3(r,w) An advantage of the formalism presented above lies in the
fields transmitted in the output mediufo) yield the time-  fact that it handles complex heterogeneous systems formed
average Poynting vector field by N distinct subdomains. In our second application, we use

this opportunity to analyze the optical coupling of the two
semi-infinite dielectric media, and n. by the heterowires
studied in Sec. l(see Fig. 2 These structures display an
alternation of two different materials of optical indexes,)
The power crossing the surface located inside the input and ng@ (see inset of Fig. b As in Sec. Il, the numerical
medium and centered around the SA@Wg. 3) is given by
the flux of the Poynting vector through. The normalization

of this power by the incident powey;,. crossing the same
surface>, defines the transmission coefficient of the hetero-
wire

1
P(r)= ERe{é'(r,w)/\B*(r,w)}. (15

1 T T T

HEEEEE:
p-polarized mode

s-polarized mode (%)

T

J P(I,Lo+Zs)u,dl

3
T(Lo,0p,\)= o . (16)
inc

In this last equationZy is the position of the surfacg along
the z axis in theoutput medium,|=(x,y), andu, is a unit
vector directed along the axis. In the following, we apply
this method in order to determine which kind of heterowire
will result in a SOW. A good convergence of the numerical
works was achieved by cubic cells having a side equal to 30
nm.

- 1 1
500 550 600 650 700 750 800

C. Homogeneous wire

For this application, the indexes of refraction of the two
semi-infinite dielectric media, andn, the functionn,(r)
are kept at the constant value 1.5. For a typical length of the
wire Ly=2.88 um, the two curves in Fig. 4 clearly evidence =
the dramatic decay of the transmission coefficient versus the A(nm)
incident wavelength whear<<A. As expected intuitively for
o in the subwavelength range, the absence of optically active g 5. () A periodic heterowirer=240 nm (,=240 nm, |,
modes in the waveguide prevents any significant energy- 2o, n{l)=1.0,n2)=2.3) replaces the homogeneous wire of Fig.
transfer between the incident and the exit media. For exs, |n thep-polarized mode, two bands of respectively wéakand
ample, around a typical wavelength of 640 nm and with  strong(b) optical transparences show up in the transmission spec-
reduced to 240 nnisolid curve, the coefficienfT(Lg,6,A)  trum. (b) The dependence of the tunnel photonic b&bdon the
falls down to 10°3. transverse size. 3=0.25 um?.

540 560 580 620 640 660 680 700
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At first sight, the SOW phenomenon could belong to a
recently identified series of photonic crystal effects where
light propagation is supported by bended lines of defgtls
However, we can bring to the fore fundamental differences
between SOW and photonic crystal effects.

(a) The SOW effect is created by simple modification of
the vacuum LDOS produced by adding some localized pho-
tonic states. In photonic crystals, the role of defects must be
understood relatively to the LDOS of an infinite periodic
system. The calculation of the LDOS of photonic crystals is
much more cumbersome than the simple LDOS of vacuum.

(b) In order to prevent the excitation of the delocalized
vacuum states, a SOW is excited by an evanescent surface

L N A
0 0.5 1 0 0.5 1

x [um] « [um] mode. This is fundamentally different from a photonic crys-
tal which requires it to be excited by a radiative wave.
FIG. 6. Planar projection of the time-averaged Poynti{g,y (c) The reduction of the SOW cross section to subwave-

=cst,z) vector in ax-z plane cutting the center of the SOW de- |ength scales still allows a transmission process. Up to now,

fined in Fig. §a). The wavelengths are chosen by inspection of Fig.photonic crystal effects have not offered this characteristic.
5(a) so that\ =475 nm(a) lies in the gap and ani=640 nm(b)

lies in the transmission band. E. Light localization and resonant tunneling

The resonant electronic tunnel effect observed in various
contexts of solid state physi¢superlattices, quantum wells,
localized defects in metal oxyde metal junctions, ) is al-

elk;ectricj. dUnIiEe thg (?cehcay of the tran;r_niszior;] coefficient ways accompanied by a localization of the electronic wave
observed at the exit of homogeneous wif&. 4), the curves function in the tunnel barrief17]. In photonics, a similar

of Fig. S(a) (o=240 nm) indicate a dramatic modification of localization phenomenon may be expected. However, in the

the transmission spectrum. Although an exponential envegfiqration analyzed in this paper, the radiative losses, in-

lope still controls the transmission coefficient for visible duced by scattering along the wire, limit significantly the
wavelengths, two photonic transmission bands show up, enyyjitude of this a phenomenon. To close our numerical

hancing the photonic transfer efficiency, respectively, aroun nalysis, we present in Figs(a and 7b), both electric and
"a:.4?5 nm ";‘”d"b:“o nm. These t"?"r’] bﬁ”ds’ where ”;]e magnetic field intensity map&(x,02)|? and |B(x,02)|2
optical tunne effect occurs, agree with the LDOS_Of tNeyhen the junction is excited by a light of incident wave-
isolated heterowire calculated previously in Sec. Il. Since thq’ength \=640 nm, i.e., corresponding to the peak of the
insertion of the heterowire opens a transmission band in they &oic bandb) iﬁ F|g 5a).

operational photonic gap of the reference system, we COM- Njear the resonance, the light field can display strong en-

clude that this particular heterowire yields a SOW. hancement at the junction between the input meditimand

When we compare this spectrum to the LDOS of Fig. _2the optical wire. In order to represent the field variations over

(solid curve, we remark that a reduced set of eigenmodes ig, e device, a logarithmic scale has been chosen. These

excited by'the TIR.iIIumination. In botk andp polgrizatipn _two maps, calculated in thepolarized mode, reveal the per-
modes, this selective effect, related to the particular |IIum|-{]

applications are performed withy =240 nm, |,=200 nm,
and the indexes of refraction{})=1.0 (air), n2)=2.3 (di-

) d d | h b ect commensurability existing between the variations of
hation mode, tends to enlarge the apparent gap between tg,q iniensity along the longitudinal axis of the SOW and the
two photonic bands$a) and (b).

I his inf ’ . disol fth modulation of the index of refraction. In particular, the seven
To cofrlnp etet r:s n c;]rmr?tm(;], Fig. ? ISpiays a_m?p ort ©magnetic field intensity maxima are precisely localized at the
energy flowing through the device for two typical wave- .onar of each cell of higher index of refraction. The electric

lengths. For a wavelength chosen in the gap, no significarge'd pattern displays more complex features, with peaks

energy transfer occurs. The efficiency increases drastically i long the lateral faces of the cells of higher index of refrac-

the wavelength corresponds to the center of the photonig,, " poih maps, complex fringe patterns show up. They

band(b) of Fig. Xa). This increasing energy flow is accom- are generated by interference between the incident surface
evanescent wave and the wave scattered by the SOW. Fi-

panied by an intriguing change of direction of the incident
wave vector when the optical wire is excited near the reso-na”y' both maps reproduce the above-mentioned drastic
change of direction of the energy flow.

nance.
For visible wavelengths, the photonic bands considerably
enhance the transfer process even for SOW with smaller
transverse sizes. Withh=200 nm, the enhancement around
the second ban(tb) is about three orders of magnitude when  The above theoretical framework, supported by numerical
passing from a homogeneous witashed curve of Fig.)40  simulations, indicates that optical tunneling effects through
the periodic heterowirgsolid line in Fig. §b)]. We note that  subwavelength optical waveguides can be enhanced by an
for the contrast of the index of refraction considered in thisappropriate structuration of the index of refraction. Further-
application @n=n)—n{})=1.3), the extinction of the more, even under total internal reflection, transmission chan-
transmission peak related to the baffl occurs for SOW nels could be excited to produce an efficient energy transfer.
diameters smaller that 160 nm, i.e., wher\/4. This effect can thus be exploited to perform otherwise for-

IV. CONCLUSION AND PERSPECTIVE
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dressing optically a region at the surface of a dielectric
material with a large number of SOW which could be packed
with a high density related to the subwavelength cross sec-
tions.

For each proposal, the development to a practical device
requires the following.

(i) The identification of dielectric materialéndexes of
refraction which are pertinent to realizing the device.

(i) The definition of the appropriate illumination mode
leading to an excitation by an evanescent wave.

(iii) The optimization of geometrical parameters to open
photonic transmission bands in the desired range of wave-
‘ lengths (visible, near infrared, infrargd This optimization
1000 2000 3000 relying on numerical simulations will also be precious to
define the characteristic operational wavelengths of the de-
vice.

Although a vertical growth process could be used to fab-
ricate the SOW connecting transparent semi-infinite media
discussed previously, the most reliable waycheckthe ef-
fects described above consists in the integration of the SOW
in planar geometry. This option must be developed by incor-
porating the illumination medium on the same substrate. The
numerical simulations of Figs. 1 and 2 indicate that the ex-
pected effects should occur beyond a certain index modula-
tion. Consequently, if the SOW is composed alternately of
air and dielectric cells, the optical index of the dielectric cells
n,; should range approximately between 2 and 3. Such con-
‘ trasts are available by using the optical properties of the
1000 2000 3000 TiO,, 1lI-V semiconductor at wavelengths close to the ab-

sorption threshold and some based on silicon compounds.

FIG. 7. Localization of light associated with the resonant opticalFOf €xample, both SiQand SiN, are good candidates to
tunneling effect(size: 4 umx4 um). The calculation has been fabricate nanostructures of h|gh Optical indexes on dielectric
made for the incident wavelength=640 nm. The computation Or Silicon waferq33].
window is in a plane-z cutting the center of the SOWa) Map of
the electric field intensity «(x,z) =In[7+]£%(x,y=0,2)]; (b) map
of the magnetic field intensity(x,z) = In[7+|B|?(x,y=02)]. A
ngarithmic scale and the arbitrary_paramei;emer_e fixc_ed respec- One of us(A.D.) acknowledges the Council of Burgundy
tively to 0.3 and 0.5, are used to improve the visualization of thefOr financial support. We acknowledge stimulating collabo-
phenomena. ration with Jean-Claude Weeber and Olivier Martin on pho-

tonic LDOS calculations as well as fruitful discussions with
bidden photonic transfer between two arbitrary transparenaniel Courjon, Joachim Krenn, and Michel Spajer. We also
media linked by a SOW. The optimization of this conceptthank Jean-Pierre Goudonnet for his encouragement and his
could lead to the realization of subwavelength optical de-€fficient support in the development of this research project.
vices that could be integrated in planar geometry. An attracWe also recognize fruitful collaboration with Bernard Rous-
tive application of the concept lies in the possibility of ad- set and Pierre Temple-Boyer of the LAAS/CNRS.
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