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Long-wavelength limit and Fano profiles of extraordinary transmission through metallic slit
gratings in the THz range
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Transmission measurements through thin metallic slit gratings deposited over a dielectric substrate are
presented in the THz range below and above the limit at which radiative diffraction occurs. The results are
analyzed owing to numerical and analytical modeling based on the modal method, especially in the long-
wavelength limit. Rayleigh-Wood anomalies and extraordinary transmission are observed and explained by a
pure interference mechanism, which gives rise to Fano profiles at discrete mode wavelengths over a diffraction

background fed by evanescent diffraction orders.
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The physical origin of extraordinary transmission through
subwavelength apertures in metallic films has been a matter
of controversy since the effect was demonstrated with two-
dimensional hole arrays at optical frequencies.! Early inter-
pretations emphasized the role of electronic polarizability in
the metal, which is governed by electronic conduction and
the dynamics of surface plasmons.>* While mixed light-
matter excitations, the surface plasmon polaritons (SPPs),
undoubtedly are involved under adequate polarization condi-
tions, extraordinary transmission through periodic arrays
more profoundly relies upon diffraction*® and can be de-
scribed within the dynamical diffraction theory.* The inci-
dent electromagnetic waves only interfere with discrete
eigenmodes,>’ constructively at transmission maxima or
destructively at transmission minima. Such eigenmodes may
be SPPs,” or any other surface wave that may arise when
dielectric layers are deposited on the grating.®° Fabry-Pérot
resonances in the apertures also give rise to near unity
transmission, %2 but the line shapes do not exhibit dips at
transmission minima. Recent theoretical approaches further
attenuate the importance of SPPs in the mechanism of ex-
traordinary transmission, because the SPP generation effi-
ciency progressively diminishes as the wavelength
increases.'?

In this Brief Report, the continuum of evanescent surface
waves generated by diffraction at the metal-dielectric inter-
faces is shown to be a key ingredient to explain extraordi-
nary transmission, rather than the SPP concept. This is dem-
onstrated using guided mode resonances in an underlying
substrate as discrete eigenmodes. Theoretically, a fully ana-
Iytical model is derived from the modal method. Experimen-
tally, transmission measurements through a metallic grating
of thin rectangular slits deposited on a highly transparent
substrate are performed at THz frequencies.'* On one hand,
the one-dimensional slit array under classical incidence, i.e.,
with the incidence plane perpendicular to the slits, allows
clear assignments to SPP effects, because excitation of sur-
face plasmons is forbidden when the incident electric field is
parallel to the metallic surfaces (TE polarization). On the
other hand, it is essential to carry out measurements over a
broad spectral range, both below and above the diffraction
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limit where the first radiative diffracted order appears, and
this is most easily accomplished in the THz range, especially
using broadband time-domain techniques. Furthermore, in
this range, usual metals exhibit very low losses and very
weakly deviate from the perfect metal. Also, surface rough-
ness and fabrication defects can be made negligible at the
wavelength scale. As a result, resonance widths and mode
couplings are minimally obscured by dissipation or broaden-
ing.

The sample is made by evaporating a gold layer (thick-
ness =320 nm) over a high resistivity (8—14 k() cm) sili-
con wafer (diameter of 2”) and a thin 15 nm Ti buffer layer.
Parallel metal strips are patterned thanks to standard photo-
lithography and lift-off techniques. The slit periodicity is
d=100 pm and the width is a=50 um. After metal deposi-
tion, the substrate is thinned down to L=143 um by etching
its back side mechanically. The transmission spectrum is
measured thanks to a classical THz time-domain setup,'* us-
ing LTG-GaAs photoswitches as emitting and receiving an-
tennas. The latter are excited by fs pulses at 800 nm from a
mode-locked Ti:Sa laser. The THz beam is made almost par-
allel at the sample location by a set of parabolic mirrors (3
cm diameter at 1 THz). It is linearly polarized, with an or-
thogonal component less than 1%. The ultimate resolution of
the setup is ~6 GHz. In practice it is only better than 10
GHz due to the finite number of illuminated slits.

Figure 1 shows THz amplitude transmission spectra for
TM and TE polarizations at normal incidence. Weak trans-
mission Rayleigh-Wood anomalies and extraordinary trans-
mission (>v0.5, i.e., 70.7%) are observed above the diffrac-
tion limit (~0.9 THz). Below that limit, successive TM
transmission peaks remain close to unity, while the TE peaks
progressively increase. As expected from former results at
optical frequencies, the spectra are nicely reproduced by a
numerical model based on the modal method in the surface
impedance approximation (see solid lines in Fig. 1), which is
very satisfactory in the THz range.'*!> Comparison with the
case of an infinite substrate (dotted lines) exhibits the contri-
bution of the grating itself, with the substrate SPP resonance
in TM polarization, and brings evidence of additional sub-
strate effects. Exact understanding of the latter and their in-
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FIG. 1. THz transmission at normal incidence for TM and TE
polarizations from Ref. 14: experimental data (open circles), full
calculation (solid line), and calculation for infinite substrate thick-
ness in the one-mode model (dotted line). The drawing defines the
dielectric constant g,, in each medium m.

terplay with diffraction require however more elaborate ana-
Iytical derivations from Ref. 15.

At the heart of the model is the relation between the field
of the incident and reflected plane waves in dielectric me-
dium A (see drawing in Fig. 1) and the field in the slits. This
relation relies upon two combined, easy to identify, and
phase preserving mechanisms: (i) slit mode diffraction at
both interfaces and (ii) roundtrip between the upper and
lower interfaces, which gives rise to slit Fabry-Pérot effects.
In the following, only the lowest slit mode is considered for
either polarization, with the one-mode approximation being a
very good assumption for subwavelength apertures:
a<\/2.2'0 Then, diffraction effects are governed by the
modal diffraction amplitudes,'>

+ a R ¢ +on
Si=m§(lipm)|Ln|2=Z§SA , (1)

where = stands for TM or TE, respectively; n=1/ V’% is the
surface impedance; L;f is the modal projection of Rayleigh
diffracted wave of order n; and p,1 is the Fresnel reflection
coefficient for this wave at a virtual plane interface between
a metallic plane with surface impedance 7 and medium A,

1- 77’7An
MA = —_ (2)
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with y,, as the wave-vector component perpendicular to the
interfaces (in reduced units of wave vector in vacuum
ko=2/\). If 0 denotes the incidence angle,
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FIG. 2. (Color) THz transmission at normal incidence for TM
and TE polarizations: one-mode numerical model (red curves), ana-
lytical model up to Rayleigh order n=0 [Eq. (5)] without (dashed
black curves) and with (blue curves) evanescent cloud, or up to
Rayleigh orders n= =1 [Eq. (8), dashed green curves].

’7An = \/SA - (Sin 0+ n)\d_l)z.

Diffraction at the lower interface is expressed similarly using
generalized reflection R,;; or transmission T, coefficients,
which take into account all the interfaces between the slits
and the output medium B. More specifically, in the modal
diffraction amplitudes Sy, the Fresnel coefficient p,,; in Eq.
(1) must be replaced with Rz, and 1= Ry z=(1+py{)F,,
where F, is a substrate Fabry-Pérot factor,

N 1+ pi e kol
" e pipig e ©
pi5" is the Fresnel coefficient at the interface between the
substrate and medium B. As comparison of Fig. 1 (solid
lines) to Fig. 2 (red curves) shows, the one-mode calculation
retains all the essential features of the measured transmission
spectra. Slight deviations are observed only near the diffrac-
tion limit or when higher-order modes are no longer sub-
wavelength, near 2 THz.

As to the roundtrip effects, since the metal is very thin in
comparison to the wavelengths, the slit Fabry-Pérot can be
considered at resonance, and for a perfect metal (7=0) the
transmission coefficient takes a simple form, inversely pro-
portional to the diffraction amplitude,

_a Tup
T dSy+S;’

n

n

fo Tyg=7""""TyslLo . (@)
The above assumptions do not significantly alter the trans-
mission curves (see red and green curves in Fig. 2), and Eq.
(4) is retained for the rest of this Brief Report. For the sake
of clarity, it is written for e,=ep=1.

To go further, the transmission coefficient is evaluated in
the long-wavelength limit using primed variables,

Van = ilsin O+ nN\d”| =¥,

which amounts to setting €4=0 for order n and is valid for
n=0 if [n|>(Je, Fsin 6)d/\. When the approximation is
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also legitimate at the interface with the substrate, i.e., below
the diffraction limit of the structure, all the Rayleigh orders
are evanescent but order zero. Then, all the evanescent or-
ders can be summed up in Eq. (1), so that

—
e P NEA, T ariox| @
Sy =2 SA’0+17(\’8Ak0d)180(3)], (5)

where S (x) is a purely geometrical function of the aperture
ratio x and the incidence angle 6, which can be given an
explicit analytical form in terms of special functions for a
perfect metal [otherwise, Sg(x) can be expanded as a power
series of %"!]. A similar result prevails for S~ for the sub-
strate is thick enough to ensure that ¢,=7%;,koL>1 and
F;=1 when n#0. Thus, below the diffraction limit, the
transmission is governed by radiative order n=0 together
with an evanescent cloud, which either vanishes as or di-
verges as 1/k, in the long-wavelength limit for TM or TE
polarization, respectively. Neglecting the evanescent orders
yields the black dashed curves in Fig. 2, which reflect the
substrate Fabry-Pérot effects. As expected, the latter are po-
larization independent at normal incidence. They do not ac-
count for the slow variations of the spectra below the diffrac-
tion limit. Contrarily, the transmission is fairly accounted for
by incorporating the evanescent orders (blue curves).
Denoting by to the amplitude transmission coefficient
at dlffractron order n=0 and using S=S;+S;, where
S;—w (Ve kod)ﬂS /(mLy?) for i=(A,1), the transmis-
sion T9=|r0|? is not significantly altered taking =0 in Eq.
(5) and then writes

1 1
07 1+ 821 + F(S)sin® ¢y + G(S)sin 2¢,

(6)

for both polarizations, with the finesse functions,

Fle—-1-48 F 1 28
Fo)= e 1+8 ¢(5)= 7 g, 1+8%

Hence, the substrate Fabry-Pérot behavior is roughly pre-
served in the long-wavelength limit, but the maximum trans-
mission varies as 1/(1+&?) and the finesse of the substrate
slab F=mr\e;—1/2 is decreased by factors [\(e;—1)/g;]/2
and 1/vg; as S—0 and S—o in TM and TE polarizations,
respectively. In addition, the phase is shifted by 7/2 in the
TE polarization.

If the frequency is progressively increased, 7;, for n#0
vanish and become real and the assumptions g;~0 are no
longer valid and the Rayleigh orders successively become
radiative. They can be added to Eq. (5) as

a

_S S!*n’ S*n I+,n , 7
yi o ™

where 7¥;, are replaced with %;, in Eqgs. (1) and (2) to obtain

S/™". In Sg™, terms such as
e F" Yk
L4 Rjjfy=— g T
neL+ Vin 1+ NY1n

cancel the transmission coefficient (4) at the poles of the
substrate Fabry-Pérot factor 1/ Ff =0, i.e., when a discrete
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FIG. 3. (Color) (a) THz transmission at normal incidence for
TM and TE polarization: full numerical model (black curves), ana-
lytical model up to Rayleigh order n=0 with evanescent cloud [Eq.
(5), blue curves] and fitted Fano profiles (orange curves) with Fano
factors ¢7=2.37, g3=0.62, q;=-9.98, and ¢;=-2.36. (b) Evanes-
cent part of transverse field in the incidence plane, inside and above
the substrate: modulus of magnetic (electric) field in TM (TE) po-
larization at frequencies indicated by arrows in (a). Black bars mark
the extension of the substrate (right axis) and the thin metal strips at
z=0 (top axis).

confined mode is excited by Rayleigh diffraction order n.
These modes are the usual guided modes: they are radiative
in the substrate plane, but evanescent in the far field in the
direction perpendicular to the layers. The transmission also
cancels in the TM polarization when 7e;+7;,=0, which is
the SPP resonance condition at the metal-substrate interface
in the surface impedance approximation.”? As 7 (1-i) is
quite small in the THz range and %, evolves from purely
imaginary to purely real with frequency, a SPP quasireso-
nance occurs near 7y;,=0 at the frequency of a long-
wavelength surface plasmon in the metal (see dotted line for
infinite substrate in Fig. 1). In the present sample, the SPP is
in strong interaction with the TM substrate modes. The SPP
quasiresonance is hidden but modifies the substrate mode
line shapes, shifting their frequency in the vicinity of the
mixed resonance condition: (7e,+%,)/F, —0 at real fre-
quencies.

Then, inserting degenerate orders n=*1 at the metal-
substrate interface, the transmission coefficient at normal in-
cidence to the first diffraction order can be written as

1
1 0

th=t — — — 8
RS TR A - S P ®)

fo 1s a rather slowly varying function of frequency, whereas
S -S; ! rapidly changes in the vicinity of the discrete
substrate modes. Assuming that 7] is a constant near a mode,
Ty differs from T{ by a factor Wthh tends toward 1 in the
long wavelength  limit  (Sz"'=S,™"), goes to zero
(Sz"' —) at the mode wavelength and nearby reaches a
maximum equal to sec? Arg(1)/7,;,) (=1), i.e., T} exhibits
all the features of a Fano profile.”!'® Actually, Fig. 2 shows
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six asymmetric lines at diffraction orders n= %1 around the
successive substrate modes. Remarkably, they are quite sat-
isfactorily accounted for if tg is directly multiplied by appro-
priate Fano line shapes [see blue and orange curves in Fig.
3(a)],!'” with positive (negative) Fano factors in the TM (TE)
polarization.

The evanescent Rayleigh orders can thus be considered as
a diffraction background that strongly affects the transmis-
sion resonances above the diffraction limit and steadily per-
sists below [see in Fig. 3(b) the transverse fields after the
removal of the propagative waves, markedly localized at the
metal-dielectric interfaces]. Resulting from diffraction of the
incident wave, they are further rediffracted by the grating.>
Together with radiative order n=0, they form an unstructured
continuum, in which no Rayleigh diffraction anomalies ap-
pear although diffraction is taken into account to all orders in
the long-wavelength limit. Above the diffraction limit, inter-
action of the continuum with discrete modes, such as SPPs or
sub(super)strate modes, gives rise to Fano interference pro-
files, and the radiative diffracted orders n # 0 must be con-
sidered as deviations from the long-wavelength limit [see Eq.
(7)]. They can also be viewed as order-dependent perturba-
tions to an ideal system in which the dielectric constant of
the nonmetallic layers is set to nought. Finally, as the single-
particle excitations in the metal are only weakly coupled to
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light, the plasmons are the electronic excitations at the origin
of the metal polarizability and the SPP picture,'® but they
play no specific role in the purely optical and interferential
mechanisms of extraordinary transmission.

In conclusion, THz extraordinary transmission through
metallic slit gratings in TM and TE polarizations relies on a
Fano interference, involving interaction of discrete photonic
eigenmodes with the continuum formed by the undiffracted
waves and a background of diffracted waves. As evanes-
cently confined electromagnetic energy at the metal-
dielectric interface, the diffraction background can be con-
sidered as a surface mode associated with metal bulk
plasmon excitations through lattice diffraction both in TM
and TE polarizations. In fact, the really unique property of
metallic apertures that dielectric media do not possess is their
ability to reject high-order modes in the apertures thanks to
metal opacity, which actually makes it possible to control
subwavelength fields. No doubt, the present views also apply
to two-dimensional metallic hole arrays or to any apertured
conductive medium.
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