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CHAPTER XX

ENHANCED TRANSMISSION THROUGH SUB-WAVELENGTH
APERTURESBY USING METAMATERIALS

Filiberto Bilotti*, Luca Scorranp Kamil B. Alici?, Koray Aydir?, Ozgur A.
Cakmak, Ekmel Ozba$; and Lucio Vegri

'Department of Applied Electronics, University ROVRE
Via della Vasca Navale, 84 1-00146 Rome, Italy
E-mail: bilotti@uniroma3.it

“Nanotechnology Research Centre, Bilkent University
06800 Bilkent-Ankara, Turkey

® Thomas J. Watson Laboratories of Applied PhySedifornia Institute of
Technology, Pasadena, CA, USA

In this Chapter, the role of complex artificial sttures in enhancing
the power transmission through sub-wavelength apestis discussed.
Such devices are aimed at exciting highly localimzbnances in order
to increase the aperture equivalent magnetic amdtrel dipole
moments. Some examples, based on epsilon-nearaetamaterials
(ENZ), frequency selective surfaces (FSSs) and-spli resonators
(SRRs) at microwaves, and silver nano-particlespairterahertz scale,
are presented. Such structures may find applicaiorifferent fields,
such as high-resolution spatial filters, ultra+ditftive imaging systems,
high-capacity optical memories, enhanced light ulghgut tips for
nears-field scanning optical microscopes, etc.

1. Introduction

Power transmission through an electrically smabkrape in a flat,
indefinite, perfect conducting screen with negligithickness has been
deeply investigated since By Bethe [1]. According to Bethe’s theory,
if the aperture is sub-wavelength, the ratio of titmmsmitted power to
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the whole incident power on the hol& () is extremely small and it
results proportional to the fourth power of theshin electrical dimension

of the aperture:
2
a
T, ~| — 1
0 ( Aj (1)

being T, the power transmissiom, the linear geometrical dimension of
the aperture and the wavelength of the impinging radiation. Thisui¢

is achieved by neglecting the retardation effecie do the finite
thickness of the screen and the higher-order mol&-moments. In this
case, the transmission can be modelled as due tto & equivalent
magnetic dipole momenp,, parallel to the screen and an equivalent
electric dipole momenp, normal to the screen, respectively, given by:

{pe:—(aslsn)Eo

p, =-(2a’/ 3m)H, @)

being E,,H, the amplitudes of the normal electric and the ¢atgl
magnetic fields at the aperture.

Other models have been developed to generalizeeBetbsult that
has been proven to be valid only for radii smatltem0.2 1 (see [2]). In
[3], for instance, a uniform field model has beavaloped, assuming a
constant magnetic current density in the hole aedvithg analytical
expressions for the normalized cross section (wiscdefined as the
ratio of the total transmitted power to the totatident power over the
aperture area) also for the case 0.21 . However, assuming to be in the
limit a<A, expression (2) are fully verified and, in pririeipit can be
assumed that, in order to enhance the power trasgmi it is enough to
increasep,, p,, -

Power transmission enhancement through electrisatigll apertures,
has recently received a growing interest by therdific community due
to the successful experimental demonstration atalptrequencies by
Ebbesen’s group in 1999 [3], successively explaimederms of the
excitation of leaky modes by Oliner, Jackson argirtiso-workers in
2003 [4]. This phenomenon has been widely studiedding both sub-
wavelength periodic hole arrays [6-9] and structureith a single
aperture [10-16] and many different approaches baem proposed such
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as corrugating the metal surface with periodic geso[9], filling the
hole with a material of high dielectric permittiit[10,11], using
different aperture shapes [12,13] or by placingfieidlly designed
metamaterial covers in front of the aperture [14-16

In this Chapter we review our recent efforts to igiesproper
metamaterial structures aimed at enhancing thesmmasion through
single sub-wavelength apertures at both microwavel aptical
frequencies.

2. Power transmission enhancement through small apertures: the
metamaterial-based approach

To the authors’ best knowledge, the first theoettgetup based on
metamaterials (MTMs) scaling down to microwave frexacies the
phenomenon of the extraordinary transmission (&isown as EOT,
Extraordinary Optical Transmission) has been preskim [14], relying,
on the excitation of superficial leaky modes. THea was to cover the
entrance face of a metallic screen by a slab haaimgxtremely low
relative permittivity (ENZ medium) or permeabilifMNZ medium),
depending on the polarization of the incident figqfdM or TE,
respectively). By reciprocity, an identical slatplaced on the exit face.
In [14] it is demonstrated that the slab, providadt its thickness is
wisely chosen, may support leaky-modes which are &b couple
energy from the field impinging on the structured aenhance the
transmission through the aperture.

However, the leaky modes that have to be excited twt to be
highly directive modes, characterized by a smalle imaginary part
of the wave-number. This implies on one hand thexlre# materials with
extreme-valued constitutive parameters [17] andthenother hand, the
large dimensions of the cover (in terms of botlckhess and transverse
size), limiting, thus, the range of possible preadtapplications.

The structures reviewed in the following Sectionre aimed at
reducing both the overall size of the cover and dbmplexity of the
equivalent real-life structures, through to the o$different physical
phenomena.
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3. Design of real-life structures at microwaves: FSS-based devices

In order to design a complex surface suitable forpractical
implementation and capable to enhance both thestdiad) magnetic on
the hole, a possible strategy is to use frequeat®ctve surfaces (FSS)
[18], which have been proven to be a valid altéveatio bulk MTMs in

many practical cases [19].
r GZ()

I
i
Hjpgo| >~ =]
i

—_— DS D ac—

Fig. 1. Sketch of an FSS-based setup (the disk shiathe ¢SS unit cell is used as an
example) and the equivalent circuit representatiorihe circuit representation, the FSS
is modelled through its complex surface impedanu the hole contribution has been
neglected, due to its sub-wavelength dimensions.

Aiming at enhancing the power transmission throubgke sub-
wavelength aperture, the FSS surface impedZpgsshould be designed
in such a way to increase the tangential magnegid &mplitude on the
screen. The value of the equivalent shunt impedafhtke FSS is then
derived as follows (the sketch of the proposedpsetueported in Fig. 1,
along with its transmission line — TL — equivalenbdel). It is worth
noticing that, in principle, the aperture shouldrbpresented through its
equivalent shunt inductance. However, the evaloabdiothis quantity is
not a straightforward task: apart from the apershape, it depends on
both the polarization of the impinging field ane tihansverse size of the
screen (the calculations are generally done fombed structures, i.e.
waveguides, see [20]). However, assuming the metteen transverse
size being much larger than the aperture surfadettan hole diameter
much smaller than the wavelength of the impingietdf the equivalent
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inductive term representing the aperture becometigitde and, then,

the TL representation of Fig. 1 can be successtiihployed to obtain

the values of the design parameters.

Let us consider a monochromatic EEplane wave excitation (the

TM case can be easily obtained by duality) in thrent
ETE = )’ZEO(e—sz(Z"d) + RE é’kz(z*d)) gy
HTE:LDXETE (3)

KoZo

where k, = w\/& .1, , k, =k,sing, k, =./k; — ki . From the equivalent

circuit representation shown in Fig.1, the tangdntiagnetic field on the

perfectly conducting screen can be easily obtaased

Cikyy
z=0 B S\/2E0keoz lé D
° 4)
D ZFSS
k,ZessCOS(KA)+ j(K Zessh k5 4 )sin(k d)
By imposing the denominator of (4) to vanish on #ween, the
following design formula is then derived:

Ziss==(k 1 k;) Zysin(k,d)[ jecos(k,d)+ sin(k,d) (5)

The real part of (5) is always negative, in coritvagh the required
passivity of the FSS. This implies that the den@ton cannot vanish
exactly. However, assuming the spacing betweelr8 and the screen
to be electrically smallK,d «<1), a first order Taylor expansion of (5)
gives:

TE
Hy

Ziss=-d(j+k Dk Z =~ jk Z,d (6)
Analogously, for an incident TM) plane wave the following design
formula can be obtained:

Zigs=—(k,/ k) Zsin(k,d)[ jcos(k,d)+ sin(k,d) (7)
By a first order Taylor expansion, expression @jdmes:
Zl=-1z,(K1 k) d ©)
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Using either (6) or (8), it is possible to desifpr, a given distancd
between the FSS and the screen and frequindlye needed value of
Zess to increase the amplitude of the tangential magrfetld on the
aperture plane. An example is reported in Fig 2pwshg the
enhancement of the tangential magnetic field aomgiditon the screen,
normalized to the case of absence of the FSS.

Re{Zpgs1 }[Ohm]

0 =0

Fig. 2. Amplitude in [dB] of the tangential magnetic fielsh the metallic screen
(normalized to the case of absence of the FSS¥asction of the complex values of the
shunt impedance of the FSS for a design frequénsyl5 GHz andl = 0.25 mm. The
enhancement peak Bff, is obtained foZgss= -2.98-j 33.390.

In a real-life application employing a passive F8f, negative, yet
small, value of the real part &@sshas to be neglected, affecting, thus,
the enhancement performance of the setup. Howeven if the real part
of the surface impedance is completely neglectael,amplitude of the
tangential magnetic field is highly enhanced (atbtf dB with respect
to the case of the screen alone without the FSSgorted in Fig. 3.

A simple implementation can be based on the pattesquared loop
metallic surface represented in Fig. 4, designedxtubit the required
reactive value oZgss at fo = 15 GHz This is, obviously, an example
setup, designed to verify the reliability of theoposed approach. The
angular bandwidth of this configuration is, in factainly limited by the
FSS unit-cell shape, being the distarsteslectrically small. Further
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improvements are expected using more complex desifrnthe base
element shape and a triangular lattice with circslaaped element of

smaller size [18].
Ahs(H, }[4B]

ol

i

i

—  0%Re{Zry)
—  0%Re|Zpg)
—  40%Fe|Zp)
— 0% Re|Zpg)
—  30%FeiZp)

—  100%Re{Zpgs}

=40 =35 =30 =13 =20

~ l{ZpgsH[V/A]
(B)

Fig. 3. Tolerances to a mismatch of the real part moviognfthe exact design value,
100% Re{zsd, to its complete neglection, 0% Re{Z}, calculated by the equivalent

TL model of Fig.1.

Fig. 4. FSS-based layout. The squared-unit-cell FSS staetrAnsverse dimensioh
mm x17 mm The thickness of the copper metallizatiort i 0.07 mm The distance
FSS-screen id = 0.25 mm The center-center distance between two inner exlésrfor
bothx andy directions igp = 4 mm The radius of the hole is= 0.4 mm The inner gag
= 0.4 mm The element side= 2.9 mm
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The structure shown in Fig. 4 has been simulategutth CST Studio
Suite [21] inside a parallel-plate waveguide, badtdy two perfect
magnetic boundaries on the right/left sides in ptdeexcite the TEM{)
fundamental mode. In the inset of Fig. 5 the vammbf the magnetic
field amplitude at the design frequency along thepagation direction
passing through the hole, is reported. The expesttedg magnetic field
resonance is visible between the FSS and the meetatieen, where the
hole is placed. The power transmission enhancemsefdse to 20 dB.

140

30

—— With FSSs cover
—-— Without FSSs cover|

20

Magnetic field amplitude [mA/m]

Normalized Power Transmission [dB]

-30 4

12 13 14 15 16 17 18
Frequency [GHZz]

Fig. 5. Power transmission enhancement for the structypetael in Fig. 4 normalized
to the case of absence of the FSS structure atetfign frequency. (up inset) Amplitude
of the tangential magnetic field along the normas o the hole at5 GHzin the case of
a TEM(2 impinging wave. The hole plane is placedzat 0 mm The magnetic field
amplitude inz = 0 mmwithout the FSS cover EmA/m

Finally, it is also expected that, pairing two itleal structures on
both sides of the screen would result, by recipyddi4], in a significant
further increase of the power transmission, theesponding results are
reported in Fig. 6(B). Interestingly, the seconsloreant sheet introduces
a split in the enhancement peak, due to the cayddetween the two
equivalent resonating circuits, placed at the etaand exit sides of the
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hole. As the coupling is weak, being the radiughef hole electrically
small, the frequency shift results slightly pronoed.

——Single FSS
——Double FSS —
40 —-— Without FSS

Normalized Power Transmission [dB]

-30 ; ; . . . . .
13 14 15 16 17

(A) Frequency [GHZ] (B)

Fig. 6. (A) Geometrical sketch of the symmetrical structcoasisting of two identical
FSS sheets placed at both sides of the perforatellim screen. (B) Comparison
between the power transmission enhancement oftithetwre depicted in Fig. 4 and the
one of Fig. 6(A).

Finally, the effect of using multiple FSS sheetacpd on one side of
the screen only, is briefly reviewed. Let us coasidor instance, the
case of two FSS sheets, placed at a distahcend d;+d, from the
metallic plate where the hole is placed. The edeitalrL model for this
structure is depicted in Fig. 7.

Assuming a TE{ polarized electromagnetic field propagating
through the structure (the TM case is be obtaiagdin, by duality) and
both d; and d, electrically small, by imposing the denominatortbé
magnetic field amplitude to vanishzat 0, a solution for &s;is:

Zicq =~ koZo Zr (d,+d,)(j+2kd,) {kzd1 <1 )

Pz 2k 4= D+ Zkd kd <1
Introducing, without any loss in generality, twadétnal conditions:
Re{zls,}=0 , d,=d, (10)
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the imaginary and real parts &{ss;can be, then, evaluated as a function
of the imaginary part dfess,(see Fig. 8).

Nos Ko Less Nos Ko Zess No» Ko

1 1 |
1 I 1
z=-d -4, z=-d, z=0

Fig. 7. TL circuit representation of a setup based on a @aFSSs placed on the left
side of the screen. Each FSS sheet is modeledgihritsl surface impedance and the
contribution of the hole is again neglected, duigstsub-wavelength dimensions.

Zrss [V/A] — FRelfpi}

200 — Im{Zpgg)}

100+

‘ : = . I Zrssad [V1A
—100 - ]-- T00 mi Zpssz) [V/A]

100

—200

=300 -

b
-2

1
-4l

Fig. 8. Real and imaginary parts of/5;t as a function of he imaginary part of

Zl%, under the assumptions (8). The distances are d, = 0.25 mm and the design

frequency is 15 GHz.

The final result is that, if the distances of tH@S=screens from the
metallic plate are electrically small, it is podsilbo obtain two simple
solutions, one purely capacitive, the other puirtictive:

1. :
Zggsz =_EJ kdZ, ZTFES:Z ikdZ (11)
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This last setup shows better angular performandetalarance to a
mismatch of the real part of the surface impedahcempared to the
one in which a single capacitive FSS is udedtoes not appear, in fact,
in (11) and, after a first order expansion of thxaat solutions, both
Re{Zss} and Re{Zss} vanish identically. This result leads to more
complex layouts, improving the performances ofgtractures shown in
Figs. 4 and 6(A).

4. Design of real-life structures at microwaves. magnetic resonator s
based devices

Even though the previously presented results haeeis how it is
possible to enhance the power transmission thraughwavelength
apertures at microwave frequencies, without emplpyinear-zero
metamaterials, through the use of thin patternethliie surfaces, the
transverse size of these covers is still electyidarge compared to the
free-space wavelength. In order to design a devitmse size is
comparable with the size of the hole, and consatueuitable for
practical applications, a different physical medbkam rather than the
excitation of leaky waves, is heeded. However,ghgsical mechanism
should be, also in this case, such that the andgluof Bethe’s
equivalent electric and/or magnetic dipole momefifs which are
responsible for the enhanced transmission, areased.

The idea is then to excite a resonance within oy whose to the
aperture. This way, the transmission enhancemewnig due to the
resonance at the aperture and there is no needak® mse of an
electrically large coupling structure (either cowercorrugations). One
possibility to excite a compact resonance acrassfferture is to employ
the conjugate matched bi-layers shown in Fig. 9.

As already mentioned in [23], under the followiranditions:

d, =d,
& =~e,| (12)
|| = =[]
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the ENG-MNG pair has several interesting propertissich as
transparency, complete tunnelling and resonancgnguif the slabs do
have the same thickness and same but oppositehedigalues of
permittivity and permeability.

ENG MNG
H glVY
(‘
*
X
z E
H2,e2 Ha,€1
<« || «—
d d

Fig. 9 Geometry of the problem: a sub-wavelengtlerare in a perfectly electric
conducting thin screen covered by a pair of isatrapd homogeneous SNG slabs.

If the conditions (12) are met, a resonance is eeoeto occur at the
interface between the two slabs. It is worth nogcianyway, that the
structure of Fig. 9 significantly differs from thENG-MNG pair
presented in [23], due to the presence of the pedkctric screen.
Though the screen alters some features of the ENM&Mair, the
working principle of the ENG-MNG pair is used as ttarting point for
the design of a resonant structure, aimed to emh#me transmission
through a sub-wavelength aperture.

The design frequency is set atGHz and at this frequency the two
materials are designed to be conjugate matchedséme thickness and
same values but opposite signs of the constitygarameters obtained by
modelling each material by a suitable Lorentz disipe model). At3
GHzthe free space wavelengthli8 cm while the circular aperture has a
diameter o2 mm(1/50 of the wavelength) and the transverse extension
of the cover of5 mm x 5 mm(1/20 x 1/20 of the wavelength). The
structure is illuminated by a plane wave, impingimgrmally on the
screen.
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Fig. 10. Amplitude of the transverse electric gad magnetic (b) fields along the
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Fig. 10 shows the enhancement of the tangentiattrieleand
magnetic field amplitudes on the screen at thegddsequency along the
axis of the circular aperture. In Fig. 11 the poweansmission
enhancement obtained through the structure ofHigreported.

401

30

20

104

Power Transmission [dB]

— with double SNG cover

- - - - without double SNG cover

T
2,50 2,75 3,00 3,25 3,50
Frequency [GHz]

Fig. 11. Comparison of the power transmission tghoa circular aperture in the case of
presence and absence of the double SNG cover. Mmpiging wave is TEM with
respect to the normal of the screen. Each covenisnthick and the transverse extension
is the same as for the metallic scre&x G mn. The design frequency GHzand the
radius of the circular apertureris 1 mm
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This result is rather interesting, since the powransmission is
obtained with cover dimensions comparable to thesarf the aperture.
In addition, the proposed layout is rather robugtist the variation of
the cover dimensions, the angle of incidence ardotilarization of the
impinging field. Such features, in fact, come gfhdfiorwardly from the
electromagnetic behaviour of the conjugate matcmetamaterial bi-
layer [23].

However, when going to the practical implementatioh this
structure, the materials would consist of properamgements of
inclusions and, thus, their electromagnetic behawaould be rather far
from the ideal one. The term ‘ideal' refers herentaterials whose
constitutive parameters are described by losshdeiDrude or Lorentz)
dispersion models. For instance, the material wittegative real part of
the permittivity may be implemented using a wiré][@r a parallel-plate
medium [17], while the one with a negative realt pdirthe permeability
using a split-ring [25] or other magnetic resonsitf#6—28]. The main
issue is that the interface between the two madseré@an’'t be clearly
defined as in the case of ideal materials and,, thusng all of the
geometrical parameters in order to get the resanapgen at the
simulation level, turns out to be a challengingtas

This implies that the principle layout of Fig. 9shi@ be modified by
removing one of the two single-negative (SNG) metizmials, trying not
to affect the final performances of the structuag,well. This can be
done thanks to the presence of the perfect elemnductor between the
two metamaterial slabs. The screen forces the tdiagelectric field to
vanish on the screen, while the tangential magnég&td has its
maximum. Since the tangential electric (magneilgfis related to the
derivative of the tangential magnetic (electrie}di we have:

aHy oE,
0z

=0 |,
screen
Even if conditions (13) should be met only on thetallic screen, due
to the electrically small dimensions of the aperfuhey are assumed to
be met also inside the aperture at the interfatedsm the two SNG
metamaterials. In addition, due to the continuity tbe tangential

#0 (13)

screen
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components of the electric and magnetic fieldshatinterface between
the two SNG materials at the aperture, the relatioTable 1 must hold.

Table 1 Boundary conditions at the interface betwdentwo SNG slabs at the hole
aperture. The longitudinal wave-numbeks;, i=12 are defined ask; = wiug — k7,
while for the transverse wave-numbey the following condition holdskf, < WP lgg -

TEM TE, ™,
_10E 10E| _10E & OF,| _& OF, |
K ooz| K oz

,ulazap 'UzaZLp ,ulasz %azap ”
:la X
52%2

lay :lay ﬂay :&ay lal
& ;gz » & ;gz K ;gz . 2, ;gz

& /0z
The conclusion is that the key-role is played by permeabilities of the
two slabs. Therefore, the layout can be dramagicalmplified by
considering only the presence of the MNG matenia ®acuum on the
other side.
Table 1 helps us also to predict the performangesnat the angle of
incidence for both TE and TM polarizations in these of the single
MNG cover. In the case of TEM and TE waves, only thange in the
sign of the permeabilities plays a role in the &tmn of the interface
resonance. In the case of the TM polarization gadt the permittivities
play also a role. This means that the absenceeoEMG cover on the
other side of the screen might affect the perfoiceanof this layout.
Anyway, at a close look of the boundary conditiorihie case of the TM
polarization:

1 OE,

ap

ap ap ap ap

@ 2)
e OED g, 9ED

g~k 0z Lp WPE,-k? 0z

(16)

ap
it is evident that if the medium on the other sifi¢he screen has

|/U2|:|/11|2:u0
E =& =6

(17)

the slopes of the tangential electric fields ahlmdes of the aperture are
still oppositely signed and, thus, a resonancé atiturs. Of course,
when we move from normal incidence towards graZimgidence, the
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transverse wave-numbdq, increases and the resonance is ever less
pronounced.

More interestingly, the layout of Fig. 9 (neglegtithe contribution of
the ENG slab) can be now easily implemented throaglproper
arrangement of real-life inclusions exhibiting ar&itz-like permeability
dispersion. In Fig. 12 the layout employing a linearay of split-ring
resonators is shown. The array of inclusions hamsn baptimized to
exhibit the same reflection/transmission propertias an ideal
metamaterial sample with dimensioBs5 mm x6.5 mm x 6.5 mm
characterized by a Lorentz-like dispersion and liihg a negative
permeability equal tel at the design frequency &f GHz Since the
volume of the sample is electrically small, it istreasy to derive its
actual effective parameters.

3

Fig. 12. (a) Single MNG cover made of a lineaagrof 19 squared SRRs. The SRR
dimensions are the followingf = 6.475 mm, w = 0.185 mm, g = 0.37 mm, s = 0.185
mm, d = 0.46 mm. The separation between two adiz@RRs is 0.37 mm. (b)

However, the application-oriented approach propoised29] has
been used. This approach does not return the aparameters but
operative quantities, which are useful to designititlusions and their
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arrangement to get the same reflection/transmigsioperties of an ideal
metamaterial sample for a given polarization and doven sample
dimensions. In the case of the sample depictedgnlB, such operative
guantities, usually known a@Reduced Effective Parametetsave been
retrieved for the TEM(z) polarization with the magik field aligned

along the axis of the rings and for those particslEmple dimensions.
The reduced permeability of the inclusion arrangenaf Fig. 12 is

depicted in Fig. 13 where the power transmissialss shown.

As expected, a significant enhancement of the pdrkamsmission is
obtained at the design frequency: at this veryeegy the retrieved
reduced permeability equals.

The interesting result reported in Fig. 13 suggestsalternative
approach, based on a completely different phygisahomenon, in order
to get the power transmission through a sub-waggheaperture.

8 T T a0

[ap] uoissiwsu E’II_L .IQM[)d- paz|| BULIO N

Retrieved reduced relative permeability (real part)

T T L]
20 22 24 26 28 30 32 34 38 38 40
Frequency [GHz]

Fig. 13. Solid line: Simulated power transmissibrough the aperture as a function of
frequency. The plot is normalized to the value h# power transmission at the design
frequency 8 GH2 of the structure without any cover. Dotted lifetrieved reduced
relative permeability function (real part) of thelusion arrangement depicted in Fig. 12.
The simulation is performed with the following geetnical parameters: screen extension
(10 cm x 10 cry hole radiusX mn).

From Fig. 13, in fact, it can be seen that the potnsnsmission is
obtained with different values at two different duencies: one
corresponding to an effective reduced permeabdifjyal to-1 and one
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corresponding to the resonance of the permealbhilitgtion, and, thus, to
the collective resonance of the split-ring resormatdherefore, by using
an arrangement of magnetic inclusions, it is pdssib principle to
increase the power transmission through sub-wagtieapertures by
using two different resonant approaches. The secesahant peak, i.e.
the one due to the resonance of the split-ringnawos, can be easily
verified in a real-life fabricated setup. The remace of the split-rings, in
fact, is a phenomenon which can be obtained just pyoper choice of
the dimensions of the rings, while the plasmorke liesonance, existing
at the virtual interface between the arrangementsmit-rings with
reduced permeability equal it and the vacuum on the other side of the
screen, exhibits more practical issues. In theedattase, the main
problems are related to the nature of the virtotdrface and to the high
sensitivity of the layout to the geometrical dimens. Due to the
aforementioned reasons, the layout based on tlgepresonance of the
split-rings has been the first to be verified expentally. In [30] it has
been shown how it is possible to use even onlyspliéring placed in
front of the hole to get the expected enhancemietiteotransmission. In
particular, both of the configurations depicted Hiyg. 14 have been

tested.

H @ H

- (A) - (B)

Fig. 14. Single SRR based setup. In (A) the splgléged along the axis normal to the
screen in (B) is placed parallel to the screen. Refg80] for the dimensions of the split-
rings, the substrate materials, and the detailseo&xperiment.
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The configuration of Fig. 14(A) gives better resuit terms of power
transmission enhancement, because the impingiltbisi@ble to excite a
strong magnetic dipole moment parallel to the stieewell as a strong
electric dipole moment perpendicular to the scréatording to Bethe
[1], such dipole moments are responsible for thegudransmission and,
thus, increasing their amplitude would result als@n increased field
intensity on the other side of the metallic screRifferently from the
configuration in Fig. 14 (A), the one depicted ing.F14(B) is less
efficient since the strong electric dipole momenicied by the
impinging field in the split-ring is parallel to é¢hmetallic screen and,
thus, its contribution is cancelled by its out-dfage image.

Finally, in Fig. 15 the experimental curves of ffmver transmission
is shown for the two configurations depicted in.Fig (A) and Fig. 14
(B) in the case of a circular split-ring resonatargund3.8 GHz

Normalized Power Transmission [dB]

L]
3.6 3.7 38 3.9 40
Frequency [GHz]

Fig. 15. Experimental curves of the power transiois in the cases of the two
configurations depicted in Fig. 15. The plots acenmalized to the value of the power
transmission of the screen with the hole withoetgplit-ring at the design frequend:§
GH2). These experimental data come from [31]. Refd1g for the dimensions of the
split-rings, the substrate materials, and the tetdithe experiment.

5. Magneticresonatorsat Teraertz scale

Unfortunately, the resonant approach based onrapijitresonators at
microwaves cannot be straightforwardly applied ta nhear-infrared



20 F. Bilotti, L. Scorrano, K. B. Alici, K. Aydin, O. &akmak, E. Ozbay, L. Vegni

(NIR) and visible frequencies, where many intergst@pplications are
found. A saturation of the operation frequency ddtatlic resonating
inclusions is in fact expected, due to the eleckimetic inductance [31-
33].

Magnetic inclusions, which can be successfully usedexcite a
strong magnetic dipole moment on the aperture, lbeen recently
proposed in [34-36]. In the following, the stru@upresented in [35],
consisting of a gold pillar pair, will be used tohance the power
transmission through a sub-wavelength aperture. diesymmetric
resonance exhibited by this configuration is abberise a strong
magnetic dipole moment if excited by a TM polarifedd with respect
to the pillar axis. Placing this magnetic inclusamross or close to a sub-
wavelength hole drilled in a silver slab, the powransmission trough
the screen would be enhanced in the same fashiam the SRR case
demonstrated in [30].

In addition, the screen is required to be as tBipassible in order to
reduce the effect of the material absorption insfde circular aperture.
In accordance to the actual fabrication techniqaes, differently from
[35], a silver layer withh, =50 nm thickness is used. In the present case,
the pillar pair is also made of silver, modelledotigh the experimental
Drude model retrieved in [38,39]:

=& T wﬁ 17
Eny T €y m ( )

where v, =910° Hz, w,=2m210°rad/sec and ¢, =1. The
geometrical layout of the structure is reported FHig. 16. Such a
structure has been excited by a TM plane-wave,nigatihe magnetic
field vector normal to the axes of the pillars, inging on the screen
from the pillar side. The excitation of the antirayetric mode at the
hole plane significantly enhance the tangential me#ig field on the
aperture, as shown in Fig. 17(A).

The power transmission curve reported in Fig. 1&B)ws that the
power transmission enhancement is obtained exattihe resonance
frequency of the pillar pairf; =300THz) and it is 2.5 times larger than
in the case of absence of the pillar pair for @ascrtransverse size 600
nmx 700 nm The transmission peak can be tuned by a propeceiof
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the pillar dimensions or introducing a dielectagér between the screen
and the pillars. In addition, a dynamic tunabilihay be envisaged by
using thin layers of liquid crystals, as alreadyowh for other
metamaterial setups [40].

Fig. 16. Layout of a silver-nanoparticles basetlimzeThe perforated silver screen is
supposed to be deposited on a glass substratethigtnessh, =10 nm. On the other
side of the glass substrate, which is the entréammfor the radiation, we put a pillar pair
with the following dimensionsh =90 nm,r, =90nm, r, =85nm, d =225nm. At the
expected resonance frequendy=300THz of the pillar pair in the anti-symmetric
mode, the operating wavelength A5 =1xm, and, thus, the hole radiug =25nm is
reasonably sub-wavelengtk (1, / 40).

55
507 —— With pillars
454 - - = Without pillars

0.154

0.10+

Transmittance

0.054

Magnetic Field Amplitude [A/m]x10°
¢

o T T T T T T T T T 0.00 T T T
500 -00 300 200 -1 O 100 200 300 400 500 250 300 350
Position [nm] Frequency [THz]

(A) BX(
Fig. 17. (A) Magnetic field amplitude along thaesagf the circular aperture (placed at z
= 0). The pillar pair is in the negative region. (Bansmittance for TM illumination of a
700 nm x 700 nm screen. The residual transmittamtiee case without the pillars is due
to the low conductivity of silver at the considefesjuencies.
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Finally, it is also expected that, by reciprocityhen placing another
resonant pair of pillars on the exit face of theesn, the transmission
should increase by a factor of four. This hypothesas also been
verified through numerical simulations. In Fig. 18olid line), the
transmittance is in fact around 10 times highemtiva the case of
absence of the two pillar pairs. Moreover, theapiltouple on the exit
face of the screen introduces a second resonaqpdney that, coupling
to the one of the first pair, results in broadangmission bandwidth. In
order to test the sensitivity of the structure tsgble variations of the
dimensions due to fabrication tolerances, in Fi§.wk also report the
transmittance for different values of the upperebedius of the silver
pillars. These results confirm the robustness efddsign.

1.0

] r =85 nm (ref.

0'9_. ‘J,’\\ /J ———r:=88nm( )
0.8—- \%‘D : ----- r,=90nm
0.7 \\\ J‘ \‘ r,=93nm

0.6

0.5

0.4+

Transmittance

0.3
0.2+

0.1+

0.0 . ; . ; . ; . ; . ; .
240 260 280 300 320 340 360

Frequency [THz]

Fig. 18. Transmittance for TM illumination of7®0 nm x 700 nrailver screen with two
pillar pairs placed symmetrically on both entrancé exit faces. The solid line refers to
the case with the same geometrical dimensions epiltars as in the previous setups.
The dashed and dotted lines, instead, present dhiation of the transmittance by
changing the radius of the upper base of the pitire case, = 90 nmcorresponds to
cylindrical pillars).

6. Conclusions

Different resonant approaches for power transmissichancement
trough sub-wavelength apertures at both microwawvel @ptical
frequencies have been presented.
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From the FSS cover to the silver nano-particlesetof suitable
structures, characterized by a decreasing ovepaltes occupancy and
complexity and increasing performances, have bbewrs.

The FSS approach is successful in enabling theynledi a real-life
structure whose behaviour is equivalent to an ideamnogeneous
metamaterial slab. A design formula for the FSSaserimpedance has
been derived for both TE and TM polarizations ad tmpinging field,
using a TL circuit equivalent model. The given gtiahl models have
been validated through proper full-wave. Finalle possibility of using
a proper combination of both inductive and capaeifrSSs, placed at
one side of the screen, has been investigatedngpé&a the result that, if
the overall thickness of the structure is elecliycamall, the tolerances
to the incidence angle of the impinging radiation 4o the real part of
the surface impedance can be, in principle, sigguifily improved.

The SRR-based setup owns, instead, the importaahgahe of being
more compact compared to the FSS-based setup beirgased on the
excitation of leaky modes. Two working frequencdies/e been found:
one due to the proper resonance of the SRR aitraypther due to the
satisfaction of the conjugate matched pair conalitio

We have shown that the same approach can be ateodexd at
visible frequencies by employing plasmonic pillairp working in the
anti-resonant mode. Finally, it has been shownltlatsing a symmetric
setup consisting of two identical pillar pairs @dcat both faces of the
screen it is possible to further increase the tramgnce (up to 10 times)
and broaden the frequency bandwidth.

Such structures may find applications in differieitds, such as high-
resolution spatial filters, ultra-diffractive imag systems, high-capacity
optical memories, improved light throughput NSOPpktietc.
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