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Abstract—A new class of frequency-selective surface filters (FSS)5
for terahertz (THz) applications is proposed and investigated both6
numerically and experimentally. A periodic FSS array of cross-7
shaped apertures is patterned on aluminum, deposited on thin foils8
of the low-loss cyclo-olefin polymer Zeonor. Apart from the fun-9
damental filtering response of the FSS elements, we also observe10
very narrow-linewidth peaks with high transmittance, associated11
with guided-mode resonances in the dielectric substrate. The ef-12
fect of the filter’s geometrical parameters on its performance is13
systematically studied via finite-element simulation and confirmed14
by time-domain spectroscopy characterization of the fabricated15
samples. Finally, thanks to the flexibility of the employed sub-16
strates, THz-FSS filters are also characterized in bent configura-17
tion, revealing a robust response in terms of the fundamental FSS18
passband filter and a high sensitivity of the GMR peaks. These fea-19
tures can be exploited in the design of novel THz filters or sensors.
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Index Terms—Terahertz photonics, frequency-selective sur-22
faces, terahertz filters, grating mode resonances, flexible devices.23

I. INTRODUCTION24

THE terahertz (THz) frequency range has been under in-25

tense investigation due to its numerous applications from26

fundamental to applied science, among which secure short-27

range communications, life-science diagnostics, defense and se-28

curity [1]–[5]. Furthermore, this technological interest towards29

THz science is constantly growing, driven by recent advances in30

the development of novel and relatively low-cost THz sources31

with improved performance. In this context, the design of new32

components capable of manipulating the amplitude, phase, or33
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polarization, of THz radiation is of paramount importance, and 34

several research groups have been working on the development 35

of such components, e.g. polarizers [6], phase shifters [7], [8], 36

electromagnetic absorbers [9], [10], or tunable filters [11], [12]. 37

Photoconductive antennas and non-linear organic or inor- 38

ganic crystals illuminated by fs laser pulses represent perhaps 39

the most widely used THz sources [13], typically employed in 40

terahertz time domain spectroscopy (THz-TDS) setups. How- 41

ever, their radiation is broadband, spanning a range of a few 42

THz. In view of that, selective filters that allow for the bandpass 43

transmission around a specific frequency are well needed. Such 44

filters can be used also in other fields, for instance astronomy, 45

telecommunications, imaging, detection, or radar science [14], 46

[15], and have long attracted the attention of many researchers. 47

The most common typology of bandpass filters in the THz fre- 48

quency range is based on resonant frequency selective surfaces 49

(FSS), already known since 1983 [16], where a polarization- 50

independent square periodic array of cross-shaped apertures was 51

patterned on a free-standing nickel foil. Later, Porterfield et al. 52

[17] applied the same geometry using copper; these two semi- 53

nal works established the main design rules and explain how the 54

performance of the filters depends on their geometry. 55

Nevertheless, free-standing FSS filters or, in general, 56

THz components are fragile and need a mechanical support 57

[18]–[20], which raises their cost and may render both their 58

fabrication and use problematic. To alleviate this problem, 59

various attempts have been done to fabricate FSS on dielectric 60

substrates. The choice of the substrate material is critical as 61

it has to be very low-loss at THz frequencies so as not to 62

compromise the filter’s transmittance. One approach is the 63

patterning of the FSS or any metasurface, on a few micron-thick 64

polyimide films, either via photolithography [21], [22] or other 65

techniques, such as the more time and cost-consuming UV-laser 66

direct writing [23], [24]. This results in membrane-like flexible 67

samples, which still need some kind of mechanical support. The 68

use of thick substrates introduces rigidity but this may come at 69

the expense of higher losses and hence lower transmittance, as 70

in FSS filters fabricated on 1-mm thick high-density polyethe- 71

lene substrates [25], [26]. In [27] a FSS filter patterned on 72

both sides of a costly 525-μm high-resistivity silicon substrate, 73

which presents very good out-of-band rejection, although still 74

accompanied by moderate peak transmittance. Other substrate 75

solutions include the use of 100-μm polyethelene terephthalate 76
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[28], [29] or naphthalate [30], which were employed in a dif-77

ferent context, namely the design and fabrication of multi-layer78

stacks of split-ring resonator FSS and metamaterials in the THz79

spectrum [31]–[34].80

In this work, we present a numerical and experimental study81

of aluminum-based, cross-shaped aperture FSS filters fabricated82

on thin substrates made of Zeonor, a low-cost cyclo-olefin poly-83

mer that shows very low losses at THz frequencies. Apart from84

the well-known broad-line filtering response that stems from the85

metallic mesh FSS, we observe a series of Fano-like asymmetric86

narrow-line transmission peaks at higher frequencies, inside the87

diffraction regime.88

It is well known that when the operating wavelength is smaller89

than the FSS lattice pitch part of the THz radiation is diffracted,90

which may lead to various interesting phenomena, such as91

diffractive coupling between adjacent FSS elements [35]–[37].92

However, in the case of the here investigated metallic THz fil-93

ters, we observe guided-mode resonances (GMR) that occur at94

resonant frequencies where the first-order diffracted waves are95

phased-matched and thus coupled to modes guided in the dielec-96

tric substrate. These GMR are responsible for the narrow-line97

peaks and their influence on the filter’s performance is thor-98

oughly investigated.99

The experimental observation of GMR at THz frequencies has100

been only very recently reported [38] at the frequency of approx-101

imately 7 THz. Although demonstrating the proof-of-principle,102

these observed GMR peaks exhibited low transmittance and103

broad lines owing to the use of a lossy substrate. Theoretically, it104

has been proposed that GMR can lead to very narrow-linewidth105

resonances that manifest in the spectral response of THz meta-106

materials [39]. In this work, we have experimentally measured107

THz resonances with transmittance well above 50% and full-108

width half-maximum (FWHM) even below 1% of the resonant109

frequency.110

The FSS filters are fabricated using standard lithography pro-111

cesses, which can be scaled up to mass production using low-112

cost large area electronics and roll-to-roll processes. Very good113

agreement is observed between experimental THz-TDS mea-114

surements and finite-element numerical simulations. The re-115

sulting samples are both mechanically stable and conformable.116

The latter property allowed for the characterization of the filters117

in a bent configuration, which revealed two distinct behaviors,118

the robustness of the fundamental FSS filter response and the119

suppression of the GMR peaks. Finally, a discussion on possible120

applications of this novel class of FSS-THz filters in low-cost121

and flexible THz devices is provided.122

II. NUMERICAL ANALYSIS123

The schematic layout of the proposed THz-FSS filters is124

shown in Fig. 1. The periodic metallic FSS square lattice is125

characterized by the pitch P and the cross-shaped apertures are126

defined by the cross-arm length W and width w. The metallic127

screen is made of aluminum and it is supported by a thin foil128

of the cyclo-olefin polymer Zeonor of thickness d. The Al film129

thickness is 200 nm, which is thicker than the Al skin depth130

in the investigated frequency range, namely 150 and 58 nm at131

Fig. 1. Schematic layout of the investigated FSS terahertz filters. The square
lattice has a pitch P and the length and width of the cross-shaped apertures
are W and w, respectively. The FSS structure is patterned on a 200-nm-thick
aluminum layer deposited on a Zeonor foil of subwavelength thickness d.

0.3 and 2 THz, respectively. At the same time, it is thin enough 132

in order to avoid unnecessary stressing of the polymer during 133

the fabrication process. The thickness of the Zeonor layer is 134

in principle an independent variable, however in this study we 135

focus on three values, d = 40, 100, and 188 μm, which corre- 136

spond to available films for fabrication, as it will be discussed 137

in Section III. 138

The numerical simulations of the THz filters was conducted 139

via the frequency-domain finite element method (FEM), which 140

was implemented in the commercial software COMSOL Mul- 141

tiphysics. A unit cell of the periodic array was simulated by 142

properly imposing periodic boundary conditions at the x − z 143

and y − z planes. The structure was excited with an x− polar- 144

ized plane wave propagating along the z− axis as in Fig. 1. The 145

transmittance of the zero-order diffracted mode, i.e. the excited 146

planewave, was measured at the exit of the filter, below the 147

polymer film substrate, and normalized to the power carried by 148

the excitation planewave. Aluminum was modeled as a Drude 149

medium [40] and Zeonor as a dielectric with a refractive index 150

equal to nz = 1.52 − j0.001, as it has been demonstrated that 151

it exhibits very low dispersion in the frequency range under 152

investigation [41]–[43]. This polymeric material was selected 153

for its excellent THz properties, namely very low-losses, high 154

mechanical flexibility, heat resistance, and negligible birefrin- 155

gence. In fact, it was observed via numerical simulations that, 156

in the context of the proposed THz-FSS filters and for the sub- 157

strate thicknesses here reported, the effect of Zeonor’s dielectric 158

losses was negligible. 159

Fig. 2(a) provides a reference result on the transmittance of 160

a free-standing THz filter, i.e. in the absence of the polymer 161

substrate, for P = 160 μm, W = 110 μm, and w = 10 μm. 162

A Lorentzian-shaped filter is observed with peak transmittance 163

T = 0.88, resonant frequency f0 = 1.293 THz, and a FWHM of 164

200 GHz, i.e. ∼ 15% of f0 . The filtering effect stems from the 165

response of THz wave transmission through the cross-shaped 166

apertures owing to the resonance of the fundamental mode in 167

the cross arm slots, which is maximized at the frequency f0 , 168
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Fig. 2. (a) Power transmittance of the zero-order diffracted mode, numerically
calculated for a free-standing FSS filter with P = 160 μm, W = 110 μm, and
w = 10 μm. The dashed line corresponds to the frequency f0 predicted by
the approximative formula for resonant dipoles, whereas f2 denotes the onset
of the first diffractive order, associated with Wood’s anomaly that leads to zero
transmittance at the frequency f2 . (b,c) Transmittance of the filter for a substrate
thickness d = 40 μm and d = 100 μm, respectively, where other parameters
as in (a). The shaded region denotes the frequency interval where guided-mode
resonance can manifest and the dotted lines mark the resonant frequencies
predicted by GMR theory.

due to impedance matching [44]. When w/(P − W ) < 1, the169

resonant frequency can be well approximated by the formula for170

resonant dipoles f0 = c0/(2.1W ) [16], marked as a dashed line171

in Fig. 2 and thereafter. As in other similar filters reported in the172

literature, this resonance only marginally depends on the pitch173

P , since it is not diffractive in nature, and in this work we denote174

it as FSS resonance (FSSR). At the frequency f2 = c0/P that175

marks the threshold at which the first diffractive order appears,176

c0 being the speed of light in free-space, the Wood’s anomaly177

associated with zero transmittance is observed [21], [45].178

Fig. 2(b) and (c) investigate the same FSS structure, albeit in179

the presence of the Zeonor substrate, with a thickness of 40 and180

100 μm, respectively. Compared to the free-standing reference181

case of Fig. 2(a), two major differences are observed. First, the182

FSSR is shifted towards lower frequencies by a factor183

ns =

√
(n2

zr + 1)
2

, (1)

where nzr is the real part of nz , and ns is the index correspond-184

ing to the average permittivity of materials on the two sides185

of the FSS, namely air and Zeonor. Equation (1) is valid for186

substrate thicknesses higher than one tenth of the THz wave-187

length [21], which is the case for the considered values of d.188

In general, in the presence of a substrate or superstratum the189

THz wave has a shorter wavelength in the dielectric medium,190

the cross dimensions become electromagnetically larger and191

the FSSR frequency decreases. Second, apart from the FSSR,192

other resonances are observed, whose number and position de-193

pends on the polymer thickness. These resonances stem from194

the coupling of waves diffracted on the periodic FSS screen to195

propagating modes in the substrate, which can be thought of 196

as a dielectric slab waveguide, a phenomenon known as GMR. 197

Grating filters based in GMR have been long known in the field 198

of optics and photonics [46] and recently it has been shown that 199

bandpass GMR filters can also be designed at THz frequencies, 200

where the role of the anti-reflecting surface [47] can be played 201

by the metallic FSS layer [38]. 202

According to GMR theory, first-order resonances for normal 203

incidence can be observed in the interval 204

c0

nzrP
≤ fr ≤ c0

P
, (2)

at those resonant frequencies fr that satisfy ni = c0/(frP ), 205

where ni is the effective index of a mode guided in the substrate 206

slab waveguide. In Fig. 2(b) and (c) we have annotated with 207

grey shading the spectral window where GMR can occur. In- 208

side these regions, we have calculated a set of GMR frequencies, 209

marked as dotted lines, according to the following steps: first, the 210

resonant frequencies fr calculated by the FEM simulations are 211

identified, i.e. the transmission maxima in the gray-shaded areas 212

of the calculated spectra. Then, for each slab thickness the effec- 213

tive modal indices at fr are calculated using a freely available 214

electromagnetic mode solver for 1-D dielectric multilayer slab 215

waveguides [48]. Among the resulting modal indices ni(fr ), the 216

frequencies co/(niP ) are calculated and the one closely match- 217

ing fr is marked, with each resonant frequency associated with 218

a different slab mode. Better agreement is achieved for higher 219

values of d and for modes closer to the limit f1 = c0/(nzrP ). In 220

both cases, these modes show higher confinement thanks to ei- 221

ther the higher slab thickness or the higher effective modal index 222

and hence lower modal order. The discrepancy between GMR 223

theory and FEM simulations is attributed to the presence of the 224

reflecting metallic FSS screen, which introduces a perturbation 225

in the geometry of the slab waveguide. 226

It is clear that the positions of the GMR frequencies depend 227

strongly on d and P , as these parameters control the matching 228

condition between the wave vector of the diffracted orders and 229

the propagating substrate modes. This strong dependence is not 230

to be expected as far as the exact geometry of the cross-shaped 231

apertures is concerned. In order to further elucidate this point, 232

we have calculated the transmittance of a series of filters with 233

fixed d = 100 μm, P = 160 μm, w = 10 μm, for various val- 234

ues of the cross-arm length W . The results reported in Fig. 3 235

demonstrate that the GMR are only slightly affected by the 236

variation of W , as summarized in the results of Table I, while 237

the opposite stands for the FSSR, which depends on W via 238

f0 = c0/(2.1Wns). Fig. 4 investigates a complementary sce- 239

nario, namely the variation of the pitch P for an FSS with fixed 240

W = 110 μm, w = 10 μm, for the three available thicknesses 241

of the Zeonor film thickness. In this case it is the FSS resonant 242

frequency f0 that remains approximately at the same position, 243

while those of the GMR shift towards lower frequencies for 244

higher pitch values, given the condition described by (2). More- 245

over, as d gets higher, a larger number of GMR is supported 246

that corresponds to a higher number of modes guided in the slab 247

waveguide, whose positions are well resolved by the numerical 248

simulations described above. 249
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Fig. 3. Transmittance of the FSS filter for d = 100 μm, P = 160 μm, w =
10 μm, for various values of the cross-arm length W . The main resonant
frequency f0 shifts towards lower frequencies for higher W , whereas the GMRs
remain unaffected. The spectral position of the GMRs is well approximated by
calculating the frequencies fi = c0/(neff, i P ), marked as dashed lines, where
ni are the effective indices of the modes supported by the single Zeonor slab
waveguide.

TABLE I
SIMULATED GUIDED-MODE RESONANT FREQUENCIES (IN THZ)

FOR THE FILTERS STUDIED IN FIG. 3

W (μm) f 1,sim
r f 2,sim

r f 3,sim
r f 4,sim

r

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
110 1.379 1.453 1.753 1.817

The resonances predicted via GMR theory
(dashed lines) occur at f 1

r = 1.37 THz, f 2
r =

1.438 THz, f 3
r = 1.733 THz, and f 4

r =
1.803 THz, and the corresponding slab modal in-
dices [48] are n1 = 1.368, n2 = 1.302, n3 =
1.081, and n4 = 1.038.

Apart from the interesting underlying physics, the GMR fil-250

ters show also great potential in view of THz applications that251

need narrow-line selective filtering. In this respect, one main252

drawback of the traditional FSSR filters is that their linewidth,253

defined as FWHM/f0 , is in the range 5% ∼ 20%, according to254

the various designs [38]. Achieving more narrow filters is pos-255

sible by reducing the aperture’s dimensions, particularly w, or256

by stacking more than one FSS filters, although this comes to257

the expense of significantly reduced transmittance. On the con-258

trary GMR-based THz filters can have linewidths lower than 1%259

[38], without compromising the filter’s transmittance, which is260

validated both numerically and experimentally in this work.261

III. EXPERIMENTAL DEMONSTRATION262

We have experimentally investigated the properties of the263

proposed THz filters by fabricating samples with different pe-264

riod and cross-arm length values on low-loss flexible 40, 100,265

and 188-μm-thick Zeonor foils using standard photolithogra-266

phy techniques. First, an aluminum layer of 200 nm thickness267

was thermally evaporated on Zeonor foils. Subsequently, a film268

of the positive photoresist S1813 from Shipley was deposited269

Fig. 4. Transmittance of the FSS filter numerically calculated for W =
110 μm, w = 10 μm, various values of the lattice pitch P and for three com-
mercially available thicknesses of the Zeonor substrate, namely (a) d = 40 μm,
(b) d = 100 μm, and (c) d = 188 μm. The main resonant frequency f0 remains
fixed at f0 � c0 /(2.1P ns ), whereas the GMRs shift as a function of the lattice
pitch and the substrate thickness.

by spin-coating at 3000 rpm for 30 seconds and then cured at 270

115 °C for 2 minutes. The resulting thickness of the photoresist 271

layer was 1.3 ± 0.1 μm. Photolithography was carried out on 272

the metalized surface using a Karl Suss MA150 mask aligner 273

with a wavelength of 365 nm and intensity of 60 mW/cm2 . The 274

samples were immersed in the developer MF319 for 50 seconds, 275

rinsed with deionized water, dried with nitrogen and cured at 276

120 °C for 5 minutes. Then, the exposed aluminum was wet- 277

etched in H3 PO4 :H2 O:CH3 COOH:HNO3=16:2:1:1 and the 278

residual photoresist was removed with acetone. The filters were 279

cut in samples of 2 cm × 2 cm. 280

The transmission properties of the fabricated THz filters were 281

investigated by means of THz time domain spectroscopy using 282

a Menlo Systems TERA K15 THz-TDS all fiber-coupled spec- 283

trometer in transmission mode using collimated and polarized 284
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Fig. 5. Direct comparison of the FSS filter’s transmittance between numerical
FEM simulations and experimental TDS measurements for a series of fabricated
samples with different geometrical parameters.

radiation. The power transmittance measured for each sample285

was normalized to that of the reference signal, i.e. in the ab-286

sence of the sample. The spot-size of the collimated beam was287

approximately 10 mm in diameter and a time scan of 400 ps288

was employed for a spectral resolution of 2.5 GHz. The mea-289

surements were done in an atmosphere purged with nitrogen290

to prevent the absorption of THz radiation from water vapor in291

the air.292

Fig. 5 shows a direct comparison between the numerically293

simulated transmittance of the THz filters, calculated by means294

of the finite-element method, and the experimental TDS mea-295

surements for six different chips, two for each one of the avail-296

able Zeonor foil substrates. The experimental results reproduce297

very well the numerical simulations, in terms of both the po-298

sition and the lineshape of the various transmission peaks. For299

d = 40 μm and P = 140 μm (Chip #2) two clearly separated300

resonances are observed, the FSSR at 0.8 THz and a single301

GMR at 1.8 THz. It is experimentally verified that, owing to302

the different underlying physical mechanisms, these two reso-303

nances show very different linewidths: the FWHM measured for304

Fig. 6. TDS measurements of Chip #4, as in Fig. 5, for different angles ϕ of
the sample’s rotation in the x − y plane, demonstrating polarization-insensitive
operation.

the FSSR and GMR is 40% and only 2.3% of the resonant fre- 305

quency, respectively. For d = 100 μm and 188 μm, the existence 306

of closely spaced GMR peaks, stemming from the excitation of 307

more modes in the slab waveguide substrate, leads to asym- 308

metric Fano-like linewidths [49], with high transmittance and 309

even more narrow linewidths. For instance, Chip #4 is character- 310

ized by three GMR at 1.546, 1.597, 1.921 THz with linewidths 311

FWHM/f0 equal to 2.5%, 1.3%, and 1%, respectively, while the 312

high-transmittance resonances at 1.63 and 1.88 THz for Chip 313

#6 exhibit corresponding linwidths of 1% and 0.7%. 314

It is observed that in the case of some GMR the experimen- 315

tally measured transmittance peak values are somewhat lower 316

than the numerically calculated prediction. This is attributed to 317

three factors: a) the very narrow linewidths of such resonances, 318

particularly for d = 188 μm, which are comparable with the 319

TDS resolution, b) minor defects in fabrication or the planarity 320

of the samples, c) non-ideal collimation/ residual divergence of 321

the spot, and d) the finite dimensions of the sample and THz 322

spot, with a diameter of a few tens of wavelength in size, in con- 323

trast to the infinite periodic array assumed in the simulations. 324

The latter, in particular, is very relevant for GMR, since these 325

are numerically simulated as the result of constructive interfer- 326

ence of the excited waveguide modes and the diffractive waves 327

on an infinite periodic FSS metallic screen, while the measure- 328

ments are conducted over a finite truncated lattice. Nevertheless, 329

apart from these small discrepancies, it is overall demonstrated 330

that the fabricated FSS-THz filter can achieve both broad- and 331

narrow-band filtering, depending on the selection of the geo- 332

metrical parameters. 333

An important trait of the proposed THz filters is that they 334

are polarization-independent, owing to the square FSS lattice 335

and the symmetry of the cross-shaped apertures. This has been 336

experimentally verified by rotating the fabricated samples in 337

the x − y plane, i.e. perpendicular to the propagation direction 338

of the x− polarized THz wave, and recording the measured 339

TDS spectra. Fig. 6 shows a set of results obtained for the 340

filter characterized by P = 140 μm, W = 110 μm, w = 10 μm, 341
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Fig. 7. (a) Micrograph taken under the microspcope in transmission mode of
a fabricated sample with P = 140 μm, W = 130 μm, and w = 10 μm on a
Zeonor foil with d = 100 μm. (b) The same sample bent at a radius of 1 cm
and fixed on a properly assembled mount in order to characterize its properties
as a conformal THz filter.

and d = 100 μm (Chip #4 with reference to Fig. 5), where the342

angle ϕ denotes the rotation angle of the sample, measured from343

the x− axis. The spectra recorded for ϕ = 0°, 15°, 30°, and344

45° overlap, thus demonstrating the polarization-independent345

response of the THz filter.346

Among the appealing properties of the employed thin poly-347

mer films are their flexibility and ability to easily conform to348

curved surfaces [6]. In this work, we have experimentally inves-349

tigated the transmission properties of Chip #4, when bent down350

to a curvature with radius 1 cm. The inset of Fig. 7(a) shows351

a micrograph of the fabricated filter taken under optical micro-352

scope in transmission mode with a 20x microscope objective,353

where the black parts are aluminum, while the transparent foil354

appears white. Fig. 7(b) shows the bent sample mounted on a355

properly designed frame, so that it is placed in the THz beam356

path of the TDS setup. It is remarked that, after processing, the357

filter does not show any buckling and maintains its mechanical358

and electromagnetic properties after bending it several times.359

Fig. 8 shows the experimental characterization of the bent360

THz filter, where the numerical and experimental results for361

the flat configuration are also reported for comparison. In the362

experimental characterization, the incoming THz wave was po-363

larized along the x− axis, as defined in Fig. 7. It is evident that364

the bent filter retains its filtering property as far as the FSSR365

is concerned, while all remaining peaks that stem from GMR366

excitation are no longer observed. These interesting features can367

be explained by taking into account the physical origin of the368

filter’s resonances. The FSSR involves the excitation of a lo-369

calized mode inside the cross-shaped aperture, which depends370

on the aperture’s dimensions and is not diffractive in nature,371

hence the very weak dependence of its central frequency on the372

lattice pitch, as demonstrated in Fig. 4. Also, the presence of the373

substrate induces a shift of the resonant frequency by the factor374

ns , but does not otherwise affect the transmission mechanism375

of the filter.376

On the contrary, the GMR are excited due to the coupling377

of first-order diffracted waves into the substrate slab modes.378

This coupling is strongly dependent on both the lattice pitch379

and the polymer film’s thickness. When the sample is bent, the380

Fig. 8. Comparison of the experimentally measured transmittance of the FSS
filter shown in Fig. 7 between the flat and bent configuration. The numerical sim-
ulations for the flat case are also shown for reference. The main FSS resonance
remains unaffected, demonstrating the capability of the fabricated samples to
operate as flexible and conformal thin film THz filters. The GMR peaks in the
bent configuration are suppressed.

impinging THz plane wave does not sample the same effective 381

pitch across the filter’s surface and the substrate is no longer 382

a flat slab dielectric waveguide. This leads to the suppression 383

of GMR peaks, as evidenced in the results of Fig. 8. There- 384

fore, apart from the filtering properties already demonstrated in 385

Fig. 5 for the flat configuration, the proposed THz filters show 386

very interesting properties also when bent, which can be readily 387

exploited in various applications. For instance, flexible filters 388

based on the FSSR can be designed for use as thin conformal 389

layers on curved surfaces or components in THz setups. More- 390

over, the sensititivity of the GMR transmittance and central 391

frequencies on the bending radius can provide the basis for the 392

development of sensor devices, for instance curvature sensors or 393

components for the measurement of the thickness and/or refrac- 394

tive index of thin dielectric layers at THz frequencies by placing 395

the FSS-GMR filters on top of the sample and measuring the 396

shift of the GMR frequencies. 397

IV. CONCLUSION 398

In brief, we have numerically and experimentally investigated 399

a new class of THz filters based on the patterning of metallic 400

cross-shaped FSS on thin films of the low-loss cyclo-olefin poly- 401

mer Zeonor. By properly adjusting the geometrical parameters 402

of the device both broad- and narrowline filters can be designed, 403

the first stemming from the transmittance of THz waves through 404

FSS cross-shaped apertures, while the latter from the excitation 405

of guided-mode resonances in the polymer substrate. Not ob- 406

served before in this kind of FSS structures, the GMR filters 407

show extremely narrow linewidths with high transmittance. The 408

FSS filters are shown robust to the bending of the flexible Zeonor 409

films, thus paving the way for conformal THz filters integrated 410

on curved surfaces. On the contrary, the diffractive nature of 411

GMR renders them sensitive to deformations or changes of the 412
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substrate’s properties, properties that could be exploited in the413

design of sensors working at THz frequencies.414
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Broad- and Narrow-Line Terahertz Filtering in
Frequency-Selective Surfaces Patterned on Thin

Low-Loss Polymer Substrates

1

2

3

Antonio Ferraro, Dimitrios C. Zografopoulos, Roberto Caputo, and Romeo Beccherelli4

Abstract—A new class of frequency-selective surface filters (FSS)5
for terahertz (THz) applications is proposed and investigated both6
numerically and experimentally. A periodic FSS array of cross-7
shaped apertures is patterned on aluminum, deposited on thin foils8
of the low-loss cyclo-olefin polymer Zeonor. Apart from the fun-9
damental filtering response of the FSS elements, we also observe10
very narrow-linewidth peaks with high transmittance, associated11
with guided-mode resonances in the dielectric substrate. The ef-12
fect of the filter’s geometrical parameters on its performance is13
systematically studied via finite-element simulation and confirmed14
by time-domain spectroscopy characterization of the fabricated15
samples. Finally, thanks to the flexibility of the employed sub-16
strates, THz-FSS filters are also characterized in bent configura-17
tion, revealing a robust response in terms of the fundamental FSS18
passband filter and a high sensitivity of the GMR peaks. These fea-19
tures can be exploited in the design of novel THz filters or sensors.

Q1
20

Q2

Q3

Q4

Q5

21

Index Terms—Terahertz photonics, frequency-selective sur-22
faces, terahertz filters, grating mode resonances, flexible devices.23

I. INTRODUCTION24

THE terahertz (THz) frequency range has been under in-25

tense investigation due to its numerous applications from26

fundamental to applied science, among which secure short-27

range communications, life-science diagnostics, defense and se-28

curity [1]–[5]. Furthermore, this technological interest towards29

THz science is constantly growing, driven by recent advances in30

the development of novel and relatively low-cost THz sources31

with improved performance. In this context, the design of new32

components capable of manipulating the amplitude, phase, or33
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polarization, of THz radiation is of paramount importance, and 34

several research groups have been working on the development 35

of such components, e.g. polarizers [6], phase shifters [7], [8], 36

electromagnetic absorbers [9], [10], or tunable filters [11], [12]. 37

Photoconductive antennas and non-linear organic or inor- 38

ganic crystals illuminated by fs laser pulses represent perhaps 39

the most widely used THz sources [13], typically employed in 40

terahertz time domain spectroscopy (THz-TDS) setups. How- 41

ever, their radiation is broadband, spanning a range of a few 42

THz. In view of that, selective filters that allow for the bandpass 43

transmission around a specific frequency are well needed. Such 44

filters can be used also in other fields, for instance astronomy, 45

telecommunications, imaging, detection, or radar science [14], 46

[15], and have long attracted the attention of many researchers. 47

The most common typology of bandpass filters in the THz fre- 48

quency range is based on resonant frequency selective surfaces 49

(FSS), already known since 1983 [16], where a polarization- 50

independent square periodic array of cross-shaped apertures was 51

patterned on a free-standing nickel foil. Later, Porterfield et al. 52

[17] applied the same geometry using copper; these two semi- 53

nal works established the main design rules and explain how the 54

performance of the filters depends on their geometry. 55

Nevertheless, free-standing FSS filters or, in general, 56

THz components are fragile and need a mechanical support 57

[18]–[20], which raises their cost and may render both their 58

fabrication and use problematic. To alleviate this problem, 59

various attempts have been done to fabricate FSS on dielectric 60

substrates. The choice of the substrate material is critical as 61

it has to be very low-loss at THz frequencies so as not to 62

compromise the filter’s transmittance. One approach is the 63

patterning of the FSS or any metasurface, on a few micron-thick 64

polyimide films, either via photolithography [21], [22] or other 65

techniques, such as the more time and cost-consuming UV-laser 66

direct writing [23], [24]. This results in membrane-like flexible 67

samples, which still need some kind of mechanical support. The 68

use of thick substrates introduces rigidity but this may come at 69

the expense of higher losses and hence lower transmittance, as 70

in FSS filters fabricated on 1-mm thick high-density polyethe- 71

lene substrates [25], [26]. In [27] a FSS filter patterned on 72

both sides of a costly 525-μm high-resistivity silicon substrate, 73

which presents very good out-of-band rejection, although still 74

accompanied by moderate peak transmittance. Other substrate 75

solutions include the use of 100-μm polyethelene terephthalate 76

1077-260X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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[28], [29] or naphthalate [30], which were employed in a dif-77

ferent context, namely the design and fabrication of multi-layer78

stacks of split-ring resonator FSS and metamaterials in the THz79

spectrum [31]–[34].80

In this work, we present a numerical and experimental study81

of aluminum-based, cross-shaped aperture FSS filters fabricated82

on thin substrates made of Zeonor, a low-cost cyclo-olefin poly-83

mer that shows very low losses at THz frequencies. Apart from84

the well-known broad-line filtering response that stems from the85

metallic mesh FSS, we observe a series of Fano-like asymmetric86

narrow-line transmission peaks at higher frequencies, inside the87

diffraction regime.88

It is well known that when the operating wavelength is smaller89

than the FSS lattice pitch part of the THz radiation is diffracted,90

which may lead to various interesting phenomena, such as91

diffractive coupling between adjacent FSS elements [35]–[37].92

However, in the case of the here investigated metallic THz fil-93

ters, we observe guided-mode resonances (GMR) that occur at94

resonant frequencies where the first-order diffracted waves are95

phased-matched and thus coupled to modes guided in the dielec-96

tric substrate. These GMR are responsible for the narrow-line97

peaks and their influence on the filter’s performance is thor-98

oughly investigated.99

The experimental observation of GMR at THz frequencies has100

been only very recently reported [38] at the frequency of approx-101

imately 7 THz. Although demonstrating the proof-of-principle,102

these observed GMR peaks exhibited low transmittance and103

broad lines owing to the use of a lossy substrate. Theoretically, it104

has been proposed that GMR can lead to very narrow-linewidth105

resonances that manifest in the spectral response of THz meta-106

materials [39]. In this work, we have experimentally measured107

THz resonances with transmittance well above 50% and full-108

width half-maximum (FWHM) even below 1% of the resonant109

frequency.110

The FSS filters are fabricated using standard lithography pro-111

cesses, which can be scaled up to mass production using low-112

cost large area electronics and roll-to-roll processes. Very good113

agreement is observed between experimental THz-TDS mea-114

surements and finite-element numerical simulations. The re-115

sulting samples are both mechanically stable and conformable.116

The latter property allowed for the characterization of the filters117

in a bent configuration, which revealed two distinct behaviors,118

the robustness of the fundamental FSS filter response and the119

suppression of the GMR peaks. Finally, a discussion on possible120

applications of this novel class of FSS-THz filters in low-cost121

and flexible THz devices is provided.122

II. NUMERICAL ANALYSIS123

The schematic layout of the proposed THz-FSS filters is124

shown in Fig. 1. The periodic metallic FSS square lattice is125

characterized by the pitch P and the cross-shaped apertures are126

defined by the cross-arm length W and width w. The metallic127

screen is made of aluminum and it is supported by a thin foil128

of the cyclo-olefin polymer Zeonor of thickness d. The Al film129

thickness is 200 nm, which is thicker than the Al skin depth130

in the investigated frequency range, namely 150 and 58 nm at131

Fig. 1. Schematic layout of the investigated FSS terahertz filters. The square
lattice has a pitch P and the length and width of the cross-shaped apertures
are W and w, respectively. The FSS structure is patterned on a 200-nm-thick
aluminum layer deposited on a Zeonor foil of subwavelength thickness d.

0.3 and 2 THz, respectively. At the same time, it is thin enough 132

in order to avoid unnecessary stressing of the polymer during 133

the fabrication process. The thickness of the Zeonor layer is 134

in principle an independent variable, however in this study we 135

focus on three values, d = 40, 100, and 188 μm, which corre- 136

spond to available films for fabrication, as it will be discussed 137

in Section III. 138

The numerical simulations of the THz filters was conducted 139

via the frequency-domain finite element method (FEM), which 140

was implemented in the commercial software COMSOL Mul- 141

tiphysics. A unit cell of the periodic array was simulated by 142

properly imposing periodic boundary conditions at the x − z 143

and y − z planes. The structure was excited with an x− polar- 144

ized plane wave propagating along the z− axis as in Fig. 1. The 145

transmittance of the zero-order diffracted mode, i.e. the excited 146

planewave, was measured at the exit of the filter, below the 147

polymer film substrate, and normalized to the power carried by 148

the excitation planewave. Aluminum was modeled as a Drude 149

medium [40] and Zeonor as a dielectric with a refractive index 150

equal to nz = 1.52 − j0.001, as it has been demonstrated that 151

it exhibits very low dispersion in the frequency range under 152

investigation [41]–[43]. This polymeric material was selected 153

for its excellent THz properties, namely very low-losses, high 154

mechanical flexibility, heat resistance, and negligible birefrin- 155

gence. In fact, it was observed via numerical simulations that, 156

in the context of the proposed THz-FSS filters and for the sub- 157

strate thicknesses here reported, the effect of Zeonor’s dielectric 158

losses was negligible. 159

Fig. 2(a) provides a reference result on the transmittance of 160

a free-standing THz filter, i.e. in the absence of the polymer 161

substrate, for P = 160 μm, W = 110 μm, and w = 10 μm. 162

A Lorentzian-shaped filter is observed with peak transmittance 163

T = 0.88, resonant frequency f0 = 1.293 THz, and a FWHM of 164

200 GHz, i.e. ∼ 15% of f0 . The filtering effect stems from the 165

response of THz wave transmission through the cross-shaped 166

apertures owing to the resonance of the fundamental mode in 167

the cross arm slots, which is maximized at the frequency f0 , 168
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Fig. 2. (a) Power transmittance of the zero-order diffracted mode, numerically
calculated for a free-standing FSS filter with P = 160 μm, W = 110 μm, and
w = 10 μm. The dashed line corresponds to the frequency f0 predicted by
the approximative formula for resonant dipoles, whereas f2 denotes the onset
of the first diffractive order, associated with Wood’s anomaly that leads to zero
transmittance at the frequency f2 . (b,c) Transmittance of the filter for a substrate
thickness d = 40 μm and d = 100 μm, respectively, where other parameters
as in (a). The shaded region denotes the frequency interval where guided-mode
resonance can manifest and the dotted lines mark the resonant frequencies
predicted by GMR theory.

due to impedance matching [44]. When w/(P − W ) < 1, the169

resonant frequency can be well approximated by the formula for170

resonant dipoles f0 = c0/(2.1W ) [16], marked as a dashed line171

in Fig. 2 and thereafter. As in other similar filters reported in the172

literature, this resonance only marginally depends on the pitch173

P , since it is not diffractive in nature, and in this work we denote174

it as FSS resonance (FSSR). At the frequency f2 = c0/P that175

marks the threshold at which the first diffractive order appears,176

c0 being the speed of light in free-space, the Wood’s anomaly177

associated with zero transmittance is observed [21], [45].178

Fig. 2(b) and (c) investigate the same FSS structure, albeit in179

the presence of the Zeonor substrate, with a thickness of 40 and180

100 μm, respectively. Compared to the free-standing reference181

case of Fig. 2(a), two major differences are observed. First, the182

FSSR is shifted towards lower frequencies by a factor183

ns =

√
(n2

zr + 1)
2

, (1)

where nzr is the real part of nz , and ns is the index correspond-184

ing to the average permittivity of materials on the two sides185

of the FSS, namely air and Zeonor. Equation (1) is valid for186

substrate thicknesses higher than one tenth of the THz wave-187

length [21], which is the case for the considered values of d.188

In general, in the presence of a substrate or superstratum the189

THz wave has a shorter wavelength in the dielectric medium,190

the cross dimensions become electromagnetically larger and191

the FSSR frequency decreases. Second, apart from the FSSR,192

other resonances are observed, whose number and position de-193

pends on the polymer thickness. These resonances stem from194

the coupling of waves diffracted on the periodic FSS screen to195

propagating modes in the substrate, which can be thought of 196

as a dielectric slab waveguide, a phenomenon known as GMR. 197

Grating filters based in GMR have been long known in the field 198

of optics and photonics [46] and recently it has been shown that 199

bandpass GMR filters can also be designed at THz frequencies, 200

where the role of the anti-reflecting surface [47] can be played 201

by the metallic FSS layer [38]. 202

According to GMR theory, first-order resonances for normal 203

incidence can be observed in the interval 204

c0

nzrP
≤ fr ≤ c0

P
, (2)

at those resonant frequencies fr that satisfy ni = c0/(frP ), 205

where ni is the effective index of a mode guided in the substrate 206

slab waveguide. In Fig. 2(b) and (c) we have annotated with 207

grey shading the spectral window where GMR can occur. In- 208

side these regions, we have calculated a set of GMR frequencies, 209

marked as dotted lines, according to the following steps: first, the 210

resonant frequencies fr calculated by the FEM simulations are 211

identified, i.e. the transmission maxima in the gray-shaded areas 212

of the calculated spectra. Then, for each slab thickness the effec- 213

tive modal indices at fr are calculated using a freely available 214

electromagnetic mode solver for 1-D dielectric multilayer slab 215

waveguides [48]. Among the resulting modal indices ni(fr ), the 216

frequencies co/(niP ) are calculated and the one closely match- 217

ing fr is marked, with each resonant frequency associated with 218

a different slab mode. Better agreement is achieved for higher 219

values of d and for modes closer to the limit f1 = c0/(nzrP ). In 220

both cases, these modes show higher confinement thanks to ei- 221

ther the higher slab thickness or the higher effective modal index 222

and hence lower modal order. The discrepancy between GMR 223

theory and FEM simulations is attributed to the presence of the 224

reflecting metallic FSS screen, which introduces a perturbation 225

in the geometry of the slab waveguide. 226

It is clear that the positions of the GMR frequencies depend 227

strongly on d and P , as these parameters control the matching 228

condition between the wave vector of the diffracted orders and 229

the propagating substrate modes. This strong dependence is not 230

to be expected as far as the exact geometry of the cross-shaped 231

apertures is concerned. In order to further elucidate this point, 232

we have calculated the transmittance of a series of filters with 233

fixed d = 100 μm, P = 160 μm, w = 10 μm, for various val- 234

ues of the cross-arm length W . The results reported in Fig. 3 235

demonstrate that the GMR are only slightly affected by the 236

variation of W , as summarized in the results of Table I, while 237

the opposite stands for the FSSR, which depends on W via 238

f0 = c0/(2.1Wns). Fig. 4 investigates a complementary sce- 239

nario, namely the variation of the pitch P for an FSS with fixed 240

W = 110 μm, w = 10 μm, for the three available thicknesses 241

of the Zeonor film thickness. In this case it is the FSS resonant 242

frequency f0 that remains approximately at the same position, 243

while those of the GMR shift towards lower frequencies for 244

higher pitch values, given the condition described by (2). More- 245

over, as d gets higher, a larger number of GMR is supported 246

that corresponds to a higher number of modes guided in the slab 247

waveguide, whose positions are well resolved by the numerical 248

simulations described above. 249
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Fig. 3. Transmittance of the FSS filter for d = 100 μm, P = 160 μm, w =
10 μm, for various values of the cross-arm length W . The main resonant
frequency f0 shifts towards lower frequencies for higher W , whereas the GMRs
remain unaffected. The spectral position of the GMRs is well approximated by
calculating the frequencies fi = c0/(neff, i P ), marked as dashed lines, where
ni are the effective indices of the modes supported by the single Zeonor slab
waveguide.

TABLE I
SIMULATED GUIDED-MODE RESONANT FREQUENCIES (IN THZ)

FOR THE FILTERS STUDIED IN FIG. 3

W (μm) f 1,sim
r f 2,sim

r f 3,sim
r f 4,sim

r

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
110 1.379 1.453 1.753 1.817

The resonances predicted via GMR theory
(dashed lines) occur at f 1

r = 1.37 THz, f 2
r =

1.438 THz, f 3
r = 1.733 THz, and f 4

r =
1.803 THz, and the corresponding slab modal in-
dices [48] are n1 = 1.368, n2 = 1.302, n3 =
1.081, and n4 = 1.038.

Apart from the interesting underlying physics, the GMR fil-250

ters show also great potential in view of THz applications that251

need narrow-line selective filtering. In this respect, one main252

drawback of the traditional FSSR filters is that their linewidth,253

defined as FWHM/f0 , is in the range 5% ∼ 20%, according to254

the various designs [38]. Achieving more narrow filters is pos-255

sible by reducing the aperture’s dimensions, particularly w, or256

by stacking more than one FSS filters, although this comes to257

the expense of significantly reduced transmittance. On the con-258

trary GMR-based THz filters can have linewidths lower than 1%259

[38], without compromising the filter’s transmittance, which is260

validated both numerically and experimentally in this work.261

III. EXPERIMENTAL DEMONSTRATION262

We have experimentally investigated the properties of the263

proposed THz filters by fabricating samples with different pe-264

riod and cross-arm length values on low-loss flexible 40, 100,265

and 188-μm-thick Zeonor foils using standard photolithogra-266

phy techniques. First, an aluminum layer of 200 nm thickness267

was thermally evaporated on Zeonor foils. Subsequently, a film268

of the positive photoresist S1813 from Shipley was deposited269

Fig. 4. Transmittance of the FSS filter numerically calculated for W =
110 μm, w = 10 μm, various values of the lattice pitch P and for three com-
mercially available thicknesses of the Zeonor substrate, namely (a) d = 40 μm,
(b) d = 100 μm, and (c) d = 188 μm. The main resonant frequency f0 remains
fixed at f0 � c0 /(2.1P ns ), whereas the GMRs shift as a function of the lattice
pitch and the substrate thickness.

by spin-coating at 3000 rpm for 30 seconds and then cured at 270

115 °C for 2 minutes. The resulting thickness of the photoresist 271

layer was 1.3 ± 0.1 μm. Photolithography was carried out on 272

the metalized surface using a Karl Suss MA150 mask aligner 273

with a wavelength of 365 nm and intensity of 60 mW/cm2 . The 274

samples were immersed in the developer MF319 for 50 seconds, 275

rinsed with deionized water, dried with nitrogen and cured at 276

120 °C for 5 minutes. Then, the exposed aluminum was wet- 277

etched in H3 PO4 :H2 O:CH3 COOH:HNO3=16:2:1:1 and the 278

residual photoresist was removed with acetone. The filters were 279

cut in samples of 2 cm × 2 cm. 280

The transmission properties of the fabricated THz filters were 281

investigated by means of THz time domain spectroscopy using 282

a Menlo Systems TERA K15 THz-TDS all fiber-coupled spec- 283

trometer in transmission mode using collimated and polarized 284
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Fig. 5. Direct comparison of the FSS filter’s transmittance between numerical
FEM simulations and experimental TDS measurements for a series of fabricated
samples with different geometrical parameters.

radiation. The power transmittance measured for each sample285

was normalized to that of the reference signal, i.e. in the ab-286

sence of the sample. The spot-size of the collimated beam was287

approximately 10 mm in diameter and a time scan of 400 ps288

was employed for a spectral resolution of 2.5 GHz. The mea-289

surements were done in an atmosphere purged with nitrogen290

to prevent the absorption of THz radiation from water vapor in291

the air.292

Fig. 5 shows a direct comparison between the numerically293

simulated transmittance of the THz filters, calculated by means294

of the finite-element method, and the experimental TDS mea-295

surements for six different chips, two for each one of the avail-296

able Zeonor foil substrates. The experimental results reproduce297

very well the numerical simulations, in terms of both the po-298

sition and the lineshape of the various transmission peaks. For299

d = 40 μm and P = 140 μm (Chip #2) two clearly separated300

resonances are observed, the FSSR at 0.8 THz and a single301

GMR at 1.8 THz. It is experimentally verified that, owing to302

the different underlying physical mechanisms, these two reso-303

nances show very different linewidths: the FWHM measured for304

Fig. 6. TDS measurements of Chip #4, as in Fig. 5, for different angles ϕ of
the sample’s rotation in the x − y plane, demonstrating polarization-insensitive
operation.

the FSSR and GMR is 40% and only 2.3% of the resonant fre- 305

quency, respectively. For d = 100 μm and 188 μm, the existence 306

of closely spaced GMR peaks, stemming from the excitation of 307

more modes in the slab waveguide substrate, leads to asym- 308

metric Fano-like linewidths [49], with high transmittance and 309

even more narrow linewidths. For instance, Chip #4 is character- 310

ized by three GMR at 1.546, 1.597, 1.921 THz with linewidths 311

FWHM/f0 equal to 2.5%, 1.3%, and 1%, respectively, while the 312

high-transmittance resonances at 1.63 and 1.88 THz for Chip 313

#6 exhibit corresponding linwidths of 1% and 0.7%. 314

It is observed that in the case of some GMR the experimen- 315

tally measured transmittance peak values are somewhat lower 316

than the numerically calculated prediction. This is attributed to 317

three factors: a) the very narrow linewidths of such resonances, 318

particularly for d = 188 μm, which are comparable with the 319

TDS resolution, b) minor defects in fabrication or the planarity 320

of the samples, c) non-ideal collimation/ residual divergence of 321

the spot, and d) the finite dimensions of the sample and THz 322

spot, with a diameter of a few tens of wavelength in size, in con- 323

trast to the infinite periodic array assumed in the simulations. 324

The latter, in particular, is very relevant for GMR, since these 325

are numerically simulated as the result of constructive interfer- 326

ence of the excited waveguide modes and the diffractive waves 327

on an infinite periodic FSS metallic screen, while the measure- 328

ments are conducted over a finite truncated lattice. Nevertheless, 329

apart from these small discrepancies, it is overall demonstrated 330

that the fabricated FSS-THz filter can achieve both broad- and 331

narrow-band filtering, depending on the selection of the geo- 332

metrical parameters. 333

An important trait of the proposed THz filters is that they 334

are polarization-independent, owing to the square FSS lattice 335

and the symmetry of the cross-shaped apertures. This has been 336

experimentally verified by rotating the fabricated samples in 337

the x − y plane, i.e. perpendicular to the propagation direction 338

of the x− polarized THz wave, and recording the measured 339

TDS spectra. Fig. 6 shows a set of results obtained for the 340

filter characterized by P = 140 μm, W = 110 μm, w = 10 μm, 341
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Fig. 7. (a) Micrograph taken under the microspcope in transmission mode of
a fabricated sample with P = 140 μm, W = 130 μm, and w = 10 μm on a
Zeonor foil with d = 100 μm. (b) The same sample bent at a radius of 1 cm
and fixed on a properly assembled mount in order to characterize its properties
as a conformal THz filter.

and d = 100 μm (Chip #4 with reference to Fig. 5), where the342

angle ϕ denotes the rotation angle of the sample, measured from343

the x− axis. The spectra recorded for ϕ = 0°, 15°, 30°, and344

45° overlap, thus demonstrating the polarization-independent345

response of the THz filter.346

Among the appealing properties of the employed thin poly-347

mer films are their flexibility and ability to easily conform to348

curved surfaces [6]. In this work, we have experimentally inves-349

tigated the transmission properties of Chip #4, when bent down350

to a curvature with radius 1 cm. The inset of Fig. 7(a) shows351

a micrograph of the fabricated filter taken under optical micro-352

scope in transmission mode with a 20x microscope objective,353

where the black parts are aluminum, while the transparent foil354

appears white. Fig. 7(b) shows the bent sample mounted on a355

properly designed frame, so that it is placed in the THz beam356

path of the TDS setup. It is remarked that, after processing, the357

filter does not show any buckling and maintains its mechanical358

and electromagnetic properties after bending it several times.359

Fig. 8 shows the experimental characterization of the bent360

THz filter, where the numerical and experimental results for361

the flat configuration are also reported for comparison. In the362

experimental characterization, the incoming THz wave was po-363

larized along the x− axis, as defined in Fig. 7. It is evident that364

the bent filter retains its filtering property as far as the FSSR365

is concerned, while all remaining peaks that stem from GMR366

excitation are no longer observed. These interesting features can367

be explained by taking into account the physical origin of the368

filter’s resonances. The FSSR involves the excitation of a lo-369

calized mode inside the cross-shaped aperture, which depends370

on the aperture’s dimensions and is not diffractive in nature,371

hence the very weak dependence of its central frequency on the372

lattice pitch, as demonstrated in Fig. 4. Also, the presence of the373

substrate induces a shift of the resonant frequency by the factor374

ns , but does not otherwise affect the transmission mechanism375

of the filter.376

On the contrary, the GMR are excited due to the coupling377

of first-order diffracted waves into the substrate slab modes.378

This coupling is strongly dependent on both the lattice pitch379

and the polymer film’s thickness. When the sample is bent, the380

Fig. 8. Comparison of the experimentally measured transmittance of the FSS
filter shown in Fig. 7 between the flat and bent configuration. The numerical sim-
ulations for the flat case are also shown for reference. The main FSS resonance
remains unaffected, demonstrating the capability of the fabricated samples to
operate as flexible and conformal thin film THz filters. The GMR peaks in the
bent configuration are suppressed.

impinging THz plane wave does not sample the same effective 381

pitch across the filter’s surface and the substrate is no longer 382

a flat slab dielectric waveguide. This leads to the suppression 383

of GMR peaks, as evidenced in the results of Fig. 8. There- 384

fore, apart from the filtering properties already demonstrated in 385

Fig. 5 for the flat configuration, the proposed THz filters show 386

very interesting properties also when bent, which can be readily 387

exploited in various applications. For instance, flexible filters 388

based on the FSSR can be designed for use as thin conformal 389

layers on curved surfaces or components in THz setups. More- 390

over, the sensititivity of the GMR transmittance and central 391

frequencies on the bending radius can provide the basis for the 392

development of sensor devices, for instance curvature sensors or 393

components for the measurement of the thickness and/or refrac- 394

tive index of thin dielectric layers at THz frequencies by placing 395

the FSS-GMR filters on top of the sample and measuring the 396

shift of the GMR frequencies. 397

IV. CONCLUSION 398

In brief, we have numerically and experimentally investigated 399

a new class of THz filters based on the patterning of metallic 400

cross-shaped FSS on thin films of the low-loss cyclo-olefin poly- 401

mer Zeonor. By properly adjusting the geometrical parameters 402

of the device both broad- and narrowline filters can be designed, 403

the first stemming from the transmittance of THz waves through 404

FSS cross-shaped apertures, while the latter from the excitation 405

of guided-mode resonances in the polymer substrate. Not ob- 406

served before in this kind of FSS structures, the GMR filters 407

show extremely narrow linewidths with high transmittance. The 408

FSS filters are shown robust to the bending of the flexible Zeonor 409

films, thus paving the way for conformal THz filters integrated 410

on curved surfaces. On the contrary, the diffractive nature of 411

GMR renders them sensitive to deformations or changes of the 412
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substrate’s properties, properties that could be exploited in the413

design of sensors working at THz frequencies.414
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[11] H. Němec et al., “Thermally tunable filter for terahertz range based on a445
one-dimensional photonic crystal with a defect,” J. Appl. Phys., vol. 96,446
pp. 4072–4075, 2004.447

[12] A. Ferraro, D. C. Zografopoulos, R. Caputo, and R. Beccherelli, “Peri-448
odical elements as low-cost building blocks for tunable terahertz filters,”449
IEEE Photon. Technol. Lett., vol. 28, no. 1, pp. 2459–2462, Nov. 2016,450
doi:10.1109/LPT.2016.2600645.451

[13] R. A. Lewis, “A review of terahertz sources,” J. Phys. D, vol. 47, 2014,452
Art. no. 374001.453

[14] A. M. Melo, A. L. Gobbi, M. H. O. Piazzetta, and A. M. P. A. da Silva,454
“High-selectivity bandpass frequency-selective surface in terahertz band,”455
Adv. Opt. Technol., vol. 2012, 2012, Art. no. 530512.456

[15] R. J. Williams, A. J. Gatesman, T. M. Goyette, and R. H. Giles, “Radar457
cross section measurements of frequency selective terahertz retroreflec-458
tors,” Proc. SPIE, vol. 9102, 2014, Art. no. 91020R.459

[16] S. T. Chase and R. D. Joseph, “Resonant array bandpass filters for the far460
infrared,” Appl. Opt., vol. 22, pp. 1775–1779, 1983.461

[17] D. W. Porterfield et al., “Resonant metal-mesh bandpass filters for the far462
infrared,” Appl. Opt., vol. 33, pp. 6046–6052, 1994.463

[18] Thorlabs, Inc., Newton, NJ, USA, “THz Bandpass Filters: 10 μm–464
590 μm Center Wavelength,” [Online]. Available: (https://www.thorlabs.465
com/newgrouppage9.cfm?objectgroup_id=7611).

Q6
466

[19] Tydex, St. Petersburg, Russia, “THz Band Pass Filters,” [Online]. Avail-467
able: (http://www.tydexoptics.com/products/thz_optics/thz_band_pass_468
filter).469

[20] N. Born, R. Gente, I. Al-Naib, and M. Doskolovich, “Laser beam ma-470
chined free-standing terahertz metamaterials,” Electron. Lett., vol. 51,471
pp. 1012–1014, 2015.472

[21] M. E. MacDonald, A. Alexanian, R. A. York, Z. Popović, and E. N.473
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