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Abstract—A new class of frequency-selective surface filters
(FSS) for terahertz (THz) applications is proposed and inve-
tigated both numerically and experimentally. A periodic FSS
array of cross-shaped apertures is patterned on aluminum,
deposited on thin foils of the low-loss cyclo-olefin polymer
Zeonor. Apart from the fundamental filtering response of the
FSS elements, we also observe very narrow-linewidth peaksitiv
high transmittance, associated with guided-mode resonaes in
the dielectric substrate. The effect of the filter's geomeical
parameters on its performance is systematically studied i finite-
element simulation and confirmed by time-domain spectrosqay
characterization of the fabricated samples. Finally, thaks to the
flexibility of the employed substrates, THz-FSS filters are &o
characterized in bent configuration, revealing a robust reponse
in terms of the fundamental FSS passband filter and a high
sensitivity of the GMR peaks. These features can be exploiden
the design of novel THz filters or sensors.

Index Terms—Terahertz photonics, frequency-selective sur-
faces, terahertz filters, grating mode resonances, flexibléevices.

I. INTRODUCTION

Photoconductive antennas and non-linear organic or inor-
ganic crystals illuminated by fs laser pulses represeriayes
the most widely used THz sources [13], typically employed
in terahertz time domain spectroscopy (THz-TDS) setups.
However, their radiation is broadband, spanning a range of
a few THz. In view of that, selective filters that allow for the
bandpass transmission around a specific frequency are well
needed. Such filters can be used also in other fields, for in-
stance astronomy, telecommunications, imaging, detectip
radar science [14], [15], and have long attracted the attent
of many researchers. The most common typology of bandpass
filters in the THz frequency range is based on resonant
frequency selective surfaces (FSS), already known sin88 19
[16], where a polarization-independent square periodeyaf
cross-shaped apertures was patterned on a free-standkej ni
foil. Later, Porterfieldet al. [17] applied the same geometry
using copper; these two seminal works established the main
design rules and explain how the performance of the filters
depends on their geometry.

Nevertheless, free-standing FSS filters or, in general, THz

HE terahertz (THz) frequency range has been undesmponents are fragile and need a mechanical support [18]—
intense investigation due to its numerous applicatiofid0], which raises their cost and may render both their
from fundamental to applied science, among which secuegbrication and use problematic. To alleviate this problem

short-range communications, life-science diagnostiegrise various attempts have been done to fabricate FSS on dielectr
and security [1]-[5]. Furthermore, this technologicaleigist substrates. The choice of the substrate material is dritisa
towards THz science is constantly growing, driven by receitthas to be very low-loss at THz frequencies so as not to
advances in the development of novel and relatively lont-casompromise the filter's transmittance. One approach is the
THz sources with improved performance. In this context, thgatterning of the FSS or any metasurface, on a few micron-
design of new components capable of manipulating the ampuliick polyimide films, either via photolithography [21],4Ror

tude, phase, or polarization, of THz radiation is of parantouother techniques, such as the more time and cost-consuming
importance, and several research groups have been workinglaser direct writing [23], [24]. This results in memban

on the development of such components, e.g. polarizers [l}e flexible samples, which still need some kind of mechahic

phase shifters [7], [8], electromagnetic absorbers [9],[br
tunable filters [11], [12].
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support. The use of thick substrates introduces rigidity bu
this may come at the expense of higher losses and hence
lower transmittance, as in FSS filters fabricated bmm
thick high-density polyethelene substrates [25], [26][2]
a FSS filter patterned on both sides of a cos§thj-um high-
resistivity silicon substrate, which presents very goot aft
band rejection, although still accompanied by moderaté pea
transmittance. Other substrate solutions include the is@0s
um polyethelene terephthalate [28], [29] or naphthala@,[3
which were employed in a different context, namely the desig
and fabrication of multi-layer stacks of split-ring restora
FSS and metamaterials in the THz spectrum [31]-[34].

In this work, we present a numerical and experimental
study of aluminum-based, cross-shaped aperture FSS filters



fabricated on thin substrates made of Zeonor, a low-cosbeyc

olefin polymer that shows very low losses at THz frequencies. g H
Apart from the well-known broad-line filtering responsettha
stems from the metallic mesh FSS, we observe a series of
Fano-like asymmetric narrow-line transmission peaksgtt i
frequencies, inside the diffraction regime.

It is well known that when the operating wavelength i
smaller than the FSS lattice pitch part of the THz radiat®n i
diffracted, which may lead to various interesting phenoajen
such as diffractive coupling between adjacent FSS elements
[35]-[37]. However, in the case of the here investigated )
metallic THz filters, we observe guided-mode resonances . Aluminum
(GMR) that occur at resonant frequencies where the firsf— 2€0nor
order diffracted waves are phased-matched and thus coupled
to modes guided in the dielectric substrate. These GMR are

1. Schematic layout of the investigated FSS terahdt&zsi The square

resp9n5|,b|e for the narr_ow-llne peaks_ and _thelr influence é\@i.ce has a pitchP? and the length and width of the cross-shaped apertures
the filter's performance is thoroughly investigated. areW andw, respectively. The FSS structure is patterned @d@nm-thick

The experimental observation of GMR at THz frequencieg:minum layer deposited on a Zeonor foil of subwavelengtbkhessd.
has been only very recently reported [38] at the frequency of
approximately7 THz. Although demonstrating the proof-of-
principle, these observed GMR peaks exhibited low transmit The numerical simulations of the THz filters was conducted
tance and broad lines owing to the use of a lossy substrati the frequency-domain finite element method (FEM), which
Theoretically, it has been proposed that GMR can lead ¥s implemented in the commercial software COMSOL
very narrow-linewidth resonances that manifest in the spec Multiphysics®. A unit cell of the periodic array was simulated
response of THz metamaterials [39]. In this work, we haJy properly imposing periodic boundary conditions at the
experimentally measured THz resonances with transmitaric— = andy — z planes. The structure was excited with an
well above50% and full-width half-maximum (FWHM) even z—polarized plane wave propagating along theaxis as in
below 1% of the resonant frequency. Fig. 1. The transmittance of the zero-order diffracted mode

The FSS filters are fabricated using standard lithograph§- the excited planewave, was measured at the exit of the
processes, which can be scaled up to mass production fifér, below the polymer film substrate, and normalized t® th
ing low-cost large area electronics and roll-to-roll premes. Power carried by the excitation planewave. Aluminum was
Very good agreement is observed between experimental THodeled as a Drude medium [40] and Zeonor as a dielectric
TDS measurements and finite-element numerical simulatioM4th a refractive index equal to. = 1.52 — j0.001, as it has
The resulting samples are both mechanically stable and c&§en demonstrated that it exhibits very low dispersion & th
formable. The latter property allowed for the characteigra frequency range under investigation [41]-[43]. This potyio
of the filters in a bent configuration, which revealed twénaterial was selected for its excellent THz properties, elgm
distinct behaviors, the robustness of the fundamental A®@$ fi very low-losses, high mechanical flexibility, heat resise,
response and the suppression of the GMR peaks. Finally2?d negligible birefringence. In fact, it was observed via

discussion on possible applications of this novel classg+ numerical simulations that, in the context of the proposed-T
THz filters in low-cost and flexible THz devices is providedFSS filters and for the substrate thicknesses here repaieed,

effect of Zeonor’s dielectric losses was negligible.

Figure 2(a) provides a reference result on the transmitanc
of a free-standing THz filter, i.e. in the absence of the

The schematic layout of the proposed THz-FSS filters @lymer substrate, fo® = 160 um, W = 110 pm, and
shown in Fig. 1. The periodic metallic FSS square lattice i8 = 10 pm. A Lorentzian-shaped filter is observed with peak
characterized by the pitch and the cross-shaped apertures ateansmittancé/” = (.88, resonant frequency, = 1.293 THz,
defined by the cross-arm lengtii and widthw. The metallic and a FWHM 0of200 GHz, i.e.~ 15% of fy. The filtering
screen is made of aluminum and it is supported by a thin faffect stems from the response of THz wave transmission
of the cyclo-olefin polymer Zeonor of thicknedsThe Al film  through the cross-shaped apertures owing to the resonance
thickness is200 nm, which is thicker than the Al skin depthof the fundamental mode in the cross arm slots, which is
in the investigated frequency range, naméfhp and 58 nm maximized at the frequencyy, due to impedance matching
at 0.3 and 2 THz, respectively. At the same time, it is thin[44]. Whenw/(P — W) < 1, the resonant frequency can
enough in order to avoid unnecessary stressing of the polyrbe well approximated by the formula for resonant dipoles
during the fabrication process. The thickness of the Zeonfir = ¢o/(2.1W) [16], marked as a dashed line in Fig. 2 and
layer is in principle an independent variable, however is ththereafter. As in other similar filters reported in the e,
study we focus on three valueg,= 40, 100, and 188 um, this resonance only marginally depends on the piclsince
which correspond to available films for fabrication, as itlwiit is not diffractive in nature, and in this work we denote it
be discussed in Section Il as FSS resonance (FSSR). At the frequeficy= ¢,/ P that

II. NUMERICAL ANALYSIS



(a) F 'di ' - ' ' TABLE |
ree-standing SIMULATED GUIDED-MODE RESONANT FREQUENCIESIN THZ) FOR THE
FILTERS STUDIED INFIG. 3.

fo:C,;/ (2.] W) M_C/P W (um) Tsm 7.5im 3.5im Z,5Tm
27 *) T T T T
~ 150 1.371 1.443 1.743 1.797

140 1.372  1.445 1.749 1.803
130 1.373  1.448 1.753  1.809
120 1.375 1.451 1.753 1.815

f=c,/(2.1Wn,) 110 1.379 1453 1.753 1.817
ﬁ:c(,/(nZP) The resonances predicted via GMR theory (dashed linesy atcf)’ = 1.37 THz,
f2 = 1.438 THz, f2 = 1.733 THz, and f! = 1.803 THz, and the corresponding

slab modal indice$48] aren; = 1.368, no = 1.302, ng = 1.081, and

© : :
—— =100 ym /‘\ ng = 1.038.

0.5 i :
J : L_Lk two sides of the FSS, namely air and Zeonor. Equation (1) is
1 ; valid for substrate thicknesses higher than one tenth of the

04 06 08 Fréquencl};z(THZ)l"" 16 18 2 wavelength [21], which is the case for the considered vaifies
d. In general, in the presence of a substrate or superstragm t
Fig. 2. (a) Power transmittance of the zero-order diffrdeteode, numerically THZz wave has a shorter wavelength in the dielectric medium,
;ﬁ'é’”'ate‘iof‘ﬂ 2 f{?}‘é'ztaagﬁgég"r'?siofr"rf:sfp"(‘)’n'm;j:té?ﬁeuff:‘e’quef;’;rlezitltfga the cross dimensions become electromagnetically largér an
w = .

by the approximative formula for resonant dipoles, whergaslenotes the the FSSR frequency decreases. Second, apart from the FS_SR’
onset of the first diffractive order, associated with Woaat®maly that leads Other resonances are observed, whose number and position
to zero transmittance at the frequengy. (b,c) Transmittance of the filter for depends on the polymer thickness. These resonances stem

a substrate thickness = 40 um andd = 100 pum, respectively, where other . . -
parameters as in (a). The shaded region denotes the frggirtewal where from the COUpI'ng of waves diffracted on the per|0d|c FSS

guided-mode resonance can manifest and the dotted linds tharesonant Screen to propagating modes in the substrate, which can be

®) =40 um

Transmittance

—_

frequencies predicted by GMR theory. thought of as a dielectric slab waveguide, a phenomenon
' ' ' ' ' , , known as GMR. Grating filters based in GMR have been
W=150 um A\ \ long known in the field of optics and photonics [46] and
L~ J N recently it has been shown that bandpass GMR filters can
o |//=140 ym /\ | also be designed at THz frequencies, where the role of the
:é O~ U anti-reflecting surface [47] can be played by the metalliSFS
% W=130 um /:'\ \ layer [38].
§ ” 1204/ L~ J L According to GMR theory, first-order resonances for normal
& PrZ120 pm ! A incidence can be observed in the interval
N~ ) L e o
W=110 ym J/‘?\\¥ j )L —p <5 (2)
0 04 06 08 1. 12 1',4 1.6 18 2 at those resonant frequencigs that satisfyn; = co/(f»P),
Frequency (THz) where n; is the effective index of a mode guided in the

substrate slab waveguide. In Figs. 2(b) and 2(c) we have
Fig. 3-10Transn]jittan0<? of thel FSS ]{ilttir fo = 100 ulm, P =TL60 Hm,  annotated with grey shading the spectral window where GMR
oo o varous vl of tre crosear endt, The T can occur. Inside these regions, we have calculated a set of
the GMRs remain unaffected. The spectral position of the GM&Rwell GMR frequencies, marked as dotted lines, according to the
approximated by calculating the frequencigs= co/(ner,i ), marked as following steps: first, the resonant frequencigscalculated
?haesZﬁ?glléngi;o‘r'lvgfg%ba\fvea\fzgu?éfee_cm’e indices of the modes supported by, the FEM simulations are identified, i.e. the transmission
maxima in the gray-shaded areas of the calculated spectra.
Then, for each slab thickness the effective modal indice$ at
marks the threshold at which the first diffractive order appe are calculated using fieely available electromagnetic mode
co being the speed of light in free-space, the Wood'’s anomadplver for 1-D dielectric multilayer slab waveguid¢48].
associated with zero transmittance is observed [21], [45]. Among the resulting modal indices;(f.), the frequencies
Figures 2(b) and 2(c) investigate the same FSS structurg/(n;P) are calculated and the one closely matchifig
albeit in the presence of the Zeonor substrate, with a tleiskn is marked, with each resonant frequency associated with a
of 40 and100 um, respectively. Compared to the free-standirdjfferent slab mode. Better agreement is achieved for mighe
reference case of Fig. 2(a), two major differences are obser values ofd and for modes closer to the limft = ¢q/(n.,P).
First, the FSSR is shifted towards lower frequencies by tfacIn both cases, these modes show higher confinement thanks to
5 either the higher slab thickness or the higher effective ahod
N = (n, + 1)’ (1) index and hence lower modal order. The discrepancy between
2 GMR theory and FEM simulations is attributed to the presence
where n_, is the real part ofn,, and ns is the index of the reflecting metallic FSS screen, which introduces a

corresponding to the average permittivity of materials lo@ t perturbation in the geometry of the slab waveguide.



(a) ' ' d=40 pm ' the three available thicknesses of the Zeonor film thickness

P=160 pm i A ' In this case it is the FSS resonant frequerfgythat remains
Do~ . approximately at the same position, while those of the GMR
o LL=150 um N\ A shift towards lower frequencies for higher pitch valuesegi
% | \____ 4| the condition described by Eg. (2). Moreoverdagets higher,
g P=140 um P \\ a larger number of GMR is supported that corresponds to
Z | N a higher number of modes guided in the slab waveguide,
E P=130 um P A\ whose positions are well resolved by the numerical simuati
. ! / N\ described above.
P=120 pm /'J:\ Apart from the interesting underlying physics, the GMR fil-
0 s s . i ters show also great potential in view of THz applicatioret th
®) ' ' d=100pm ' . need narrow-line selective filtering. In this respect, oram
P=160 um N\ A ) drawback of the traditional FSSR filters is that their lindthi
N I\ N defined as FWHMY, is in the range&% ~ 20%, according
o LP=150 pm /\ A | to the various designs [38]. Achieving more narrow filters is
% I~ \k possible by reducing the aperture’s dimensions, partilyula,
é P=140 pm /N\ | or by stacking more than one FSS filters, although this comes
z | J to the expense of significantly reduced transmittance. @n th
& [ P=130 um N contrary GMR-based THz filters can have linewidths lower
1 | Y, than1% [38], without compromising the filter’s transmittance,
P=120 um /E\ A which is validated both numerically and experimentallyhist
0 L . work.
(S /.\”’:“‘8 pm
P=160 um .
N ] I1. EXP.ER|MENTA-L DEI\-/IONSTRATION |
o | P=150 um N\ ! We have exp_enmentally |_nve_st|gated the p_rope_rtles of the
§ N } proposed THz filters by fabricating samples with (_Jllffereet p
E | P=140 um /" 5 : . riod and cross-arm length values on low-loss flexie 100,
é : ‘k and188-pm-thick Zeond? foils using standard photolithogra-
E P=130 um AN i phy techniques. First, an aluminum Iay_erzﬁ)[) nm thickness _
. DoS~—— J )\ was thermg_lly evaporatgd on Zeonor foils. _Subsequentltma _f|
P=120 um PN k of the positive photoresist S1813 from Shipley was depdsite
0 , | ) : : by spin-coating a8000 rpm for 30 seconds and then cured at
04 06 08 1 12 14 16 1.8 2 115°C for 2 minutes. The resulting thickness of the photoresist
Frequency (THz) layer wasl1.3 + 0.1 um. Photolithography was carried out on
the metalized surface using a Karl Suss MA150 mask aligner
Fig. 4. Transmittance of the FSS filter numerically caledafor W = \\ith a wavelength 0865 nm and intensity 060 mW/cme. The

110 pym, w = 10 um, various values of the lattice pitcR and for three - .
commercially available thicknesses of the Zeonor sulsstraamely (ayl — Samples were immersed in the developer MF3195foisec-

40 pm, (b)d = 100 um, and (c)d = 188 pum. The main resonant frequency onds, rinsed with deionized water, dried with nitrogen and
fo remains fixed afo ~ co/(2.1Pn.), whereas the GMRs shift as a functioncred at120°C for 5 minutes. Then, the exposed aluminum
of the lattice pitch and the substrate thickness. was wet-etched in kPO,:Hy0:CH; COOH:HNO,=16:2:1:1
and the residual photoresist was removed with acetone. The
filters were cut in samples &f cm x 2 cm.

It is clear that the positions of the GMR frequencies dependThe transmission properties of the fabricated THz filters
strongly ond and P, as these parameters control the matchingere investigated by means of THz time domain spectroscopy
condition between the wave vector of the diffracted ordes ausing a Menlo Systems TERA K15 THz-TDS all fiber-coupled
the propagating substrate modes. This strong dependencepigctrometer in transmission mode using collimated and po-
not to be expected as far as the exact geometry of the crdssized radiation. The power transmittance measured foh ea
shaped apertures is concerned. In order to further elcidaample was normalized to that of the reference signal,n.e. i
this point, we have calculated the transmittance of a sefiesthe absence of the sample. The spot-size of the collimated
filters with fixedd = 100 um, P = 160 um, w = 10 um, beam was approximatell0 mm in diameter and a time scan
for various values of the cross-arm lengifi. The results of 400 ps was employed for a spectral resolutior2df GHz.
reported in Fig. 3 demonstrate that the GMR are only slightljhe measurements were done in an atmosphere purged with
affected by the variation of’, as summarized in the resultsnitrogen to prevent the absorption of THz radiation fromewat
of Table I, while the opposite stands for the FSSR, whickapor in the air.
depends oV via fo = ¢o/(2.1Wny). Figure 4 investigates Figure 5 shows a direct comparison between the numer-
a complementary scenario, namely the variation of the pitatally simulated transmittance of the THz filters, calcetht
P for an FSS with fixediW = 110 um, w = 10 um, for by means of the finite-element method, and the experimental



d=40 pm —— Theory CHIP #1

W=110 pm | e [ e Experiment i
P=120 um |
I 0.8F
I
| L
I o
- —seLrah 2 |
#2 i}
A E |
72}
=
S 8
F

0.2F

f
L\{/_____

o 0 L Wi i g
3 i 04 06 08 1 12 14 16 18 2
S ! § Frequency (THz)
= I o B
% d=100 pm #4 Fig. 6. TDS measurements of Chip #4, as in Fig. 5, for diffeeerglesy of
s | =130 um | the sample’s rotation in the—y plane, demonstrating polarization-insensitive
= | P=140 um 1 operation.

tally measured transmittance peak values are somewhat lowe

45
W=110 pm than the numerically calculated prediction. This is atttéa to
P=140 ym | I three factors: a) the very narrow linewidths of such resoean

particularly ford = 188 um, which are comparable with the
TDS resolution, b) minor defects in fabrication or the plitya

d=188 pm : 46| of the samples, c) non-ideal collimation/ residual diveicge
W=130 um /\ I of the spot, and d) the finite dimensions of the sample and

I
1
0512140 m ! THz spot, with a diameter of a few tens of wavelength in
J i size, in contrast to the infinite periodic array assumed & th
o . B . : Y : simulations. The latter, in particular, is very relevamt@VR,
1 04 06 08 1 12 14 16 18 » since these are numerically simulated as the result of con-

Frequency (THz) s’Fructiv_e interference of _thg _excited_ ngeguide mod_es hed t
diffractive waves on an infinite periodic FSS metallic scree
Fig. 5. Direct comparison of the FSS filter's transmittaneséwieen numer- while the measurements are conducted over a finite truncated
ical FEM simulations and experimental TDS measurementsafgeries of lattice. Nevertheless apart from these small discreﬁsndii
fabricated samples with different geometrical parameters . ) ! . .
is overall demonstrated that the fabricated FSS-THz filtar ¢
achieve both broad- and narrow-band filtering, depending on

TDS measurements for six different chips, two for each one Bé selection of the geometrical parameters.
the available Zeonor foil substrates. The experimentalltes An important trait of the proposed THz filters is that they
reproduce very well the numerical simulations, in terms @fre polarization-independent, owing to the square FSgdatt
both the position and the lineshape of the various transonissand the symmetry of the cross-shaped apertures. This has bee
peaks. Forl = 40 um andP = 140 pm (Chip #2) two clearly experimentally verified by rotating the fabricated sampites
separated resonances are observed, the FS8R @tz and thexz —y plane, i.e. perpendicular to the propagation direction
a single GMR atl.8 THz. It is experimentally verified that, of the z—polarized THz wave, and recording the measured
owing to the different underlying physical mechanismsséhe TDS spectra. Figure 6 shows a set of results obtained for the
two resonances show very different linewidths: the FWHNilter characterized byP? = 140 pm, W = 110 um, w =
measured for the FSSR and GMRI¥% and only2.3% of the 10 pm, andd = 100 pm (Chip #4 with reference to Fig. 5),
resonant frequency, respectively. kb= 100 pm and188 pm, Where the angle» denotes the rotation angle of the sample,
the existence of closely spaced GMR peaks, stemming franeasured from the —axis. The spectra recorded for= 0°,
the excitation of more modes in the slab waveguide substrat&®, 30°, and45° overlap, thus demonstrating the polarization-
leads to asymmetric Fano-like linewidths [49], with highndependent response of the THz filter.
transmittance and even more narrow linewidths. For ingtanc Among the appealing properties of the employed thin poly-
Chip #4 is characterized by three GMR a46, 1.597, mer films are their flexibility and ability to easily conform
1.921 THz with linewidths FWHMJ, equal t02.5%, 1.3%, to curved surfaces [6]. In this work, we have experimentally
and1%, respectively, while the high-transmittance resonancewestigated the transmission properties of Chip #4, when
at 1.63 and 1.88 THz for Chip #6 exhibit correspondingbent down to a curvature with radius cm. The inset of
linwidths of 1% and0.7%. Fig. 7(a) shows a micrograph of the fabricated filter taken
It is observed that in the case of some GMR the experimeamder optical microscope in transmission mode with a 20x
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Fig. 7. (a) Micrograph taken under the microspcope in trassion mode
of a fabricated sample wit® = 140 pm, W = 130 pm, andw = 10 pm
on a Zeonor foil withd = 100 pm. (b) The same sample bent at a radius of
1 cm and fixed on a properly assembled mount in order to chaizetis
properties as a conformal THz filter.

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (THz)

Fig. 8. Comparison of the experimentally measured tratante of the FSS
filter shown in Fig. 7 between the flat and bent configuratiome fiumerical
simulations for the flat case are also shown for reference flin FSS
) o . resonance remains unaffected, demonstrating the capatbilihe fabricated
microscope objective, where the black parts are aluminusamples to operate as flexible and conformal thin film THzréiltdhe GMR

while the transparent foil appears white. Figure 7(b) showpgaks in the bent configuration are suppressed.
the bent sample mounted on a properly designed frame, so

that it is placed in the THz beam path of the TDS setup. . . .
It is remarked that, after processing, the filter does notvsh e basis for the development of sensor devices, for instanc
' ' curvature sensors or components for the measurement of the

any buckling and maintains its mechanical and electrom&gne . L L .
properties after bending it several times. thickness and/or refractive index of thin dielectric layext

Figure 8 shows the experimental characterization of thTé"Z freqlljenmgs by plap|ng1hthe th?S'f(fr':ARng? on top.of
bent THz filter, where the numerical and experimental resufpe sampie and measuring the shitt ot the requencies.

for the flat configuration are also reported for comparison.
In the experimental characterization, the incoming THz evav IV. CONCLUSIONS
was polarized along the—axis, as defined in Fig. 7. It is

evident that the bent filter retains its filtering propertyfas y%ﬁtecj a new class of TH filters based on the patterning of

as the FSSR is concerned, while all remaining peaks t . L
stem from GMR excitation are no longer observed. Thegnetalhc cross-shaped FSS on thin films of the low-loss cyclo

interesting features can be explained by taking into accien olefin polymer Zeonor. By properly adjusting the geometrica

; e o . garameters of the device both broad- and narrowline filters
physical origin of the filter's resonances. The FSSR inwlv . . : .
can be designed, the first stemming from the transmittance

the excitation of a localized mode inside the cross-shape. THz waves through FSS cross-shaped apertures, while the

aperture, which depends on the aperture’s dimensions an $ N . .
. L ak er from the excitation of guided-mode resonances in the
not diffractive in nature, hence the very weak dependence 0

. . : . polymer substrate. Not observed before in this kind of FSS
its central frequency on the lattice pitch, as demonstrated . . .
. . structures, the GMR filters show extremely narrow linewsdth
Fig. 4. Also, the presence of the substrate induces a shifieof ™. . . .
—__with high transmittance. The FSS filters are shown robust to
resonant frequency by the factor, but does not otherwise . : : .
Y : : the bending of the flexible Zeonor films, thus paving the way
affect the transmission mechanism of the filter. . .
. . for conformal THz filters integrated on curved surfaces. kan t
On the contrary, the GMR are excited due to the couplin : . N
. . . ntrary, the diffractive nature of GMR renders them séresit
of first-order diffracted waves into the substrate slab nsod

. N : S0 deformations or changes of the substrate’s propertieg:
This coupling is strongly dependent on both the latticelpitc_ . ges ol ; broperties:p.
A . ﬁrues that could be exploited in the design of sensors wgrki

and the polymer film’s thickness. When the sample is bent, t .
TR at THz frequencies.
impinging THz plane wave does not sample the same effective
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