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Abstract: Subwavelength hole array (HA) metasurfaces support the so-called extraordinary optical 
transmission (EOT) resonance that has already been exploited for sensing. In this work, we 
demonstrate the superior performance of a different resonant regime of HA metasurfaces called 
anomalous EOT, by doing a thorough numerical and experimental study of its ability as a thin-film 
label-free sensor in the terahertz (THz) band. A comprehensive analysis using both the regular and 
anomalous EOT resonances is done by depositing thin layers of a dielectric analyte of different 
thicknesses on the structures in different scenarios. We carry out a detailed comparison and 
demonstrate that the best sensing performance is achieved when the structure operates in the 
anomalous EOT resonance and the analyte is deposited on the non-patterned side, improving by a 
factor between 2 and 3 the results of the EOT resonance in any of the considered scenarios. This can 
be explained by the comparatively narrower linewidth of the anomalous EOT resonance. The results 
presented expand the reach of subwavelength hole arrays for sensing applications by considering 
the anomalous EOT regime that is usually overlooked in the literature. 
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1. Introduction 

The discovery of extraordinary optical transmission (EOT) through a subwavelength hole array 
(HA) by Ebbesen et al. [1] contributed decisively to relaunch the topic of plasmonics opening new 
avenues towards the use of apertures much smaller than the operation wavelength [2,3]. Although 
initially interpreted as the coupling of light to surface plasmons, it was soon noticed that similar 
peaks could be obtained even with perfect conductors [2–4]. This enabled the replica of the 
phenomenon at frequencies in which metals do not follow a Drude model (typical of the plasmonic 
approach), such as millimeter-waves [5]. Nowadays, EOT has been found all along the 
electromagnetic spectrum [2,3] giving rise to disruptive technological applications such as structural 
color pixels [6,7], metamaterial devices [8–10], etc. Interestingly, the high field intensity near the 
subwavelength apertures at the EOT resonance has been exploited for sensing applications [11–13] 
and nowadays one can find in the literature the examples of EOT biosensors [14], sensors combining 
nanofluidics and nanoplasmonics [15], and even sensing platforms for a direct detection and 
monitoring of viruses [16]. There are excellent reviews in the recent literature accounting for the latest 
progress in this exciting and expanding topic [17–20].  

Sensing applications are also gaining momentum in the terahertz (THz) range. This portion of 
the electromagnetic spectrum goes from 0.1 to 10 THz and is far less developed than the infrared (or 
microwaves) due to the historical difficulties of generating and detecting radiation at these 
frequencies. However, a series of breakthrough discoveries made this band accessible, bridging 
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effectively the “THz gap”[21]. Currently, THz spectroscopy and imaging are emergent fields that find 
applications in a variety of sectors such as security, defense, pharmaceutics, etc. [22,23]. THz 
spectroscopy is considered to be promising for label-free sensing of substances because this radiation 
is sensitive to weak molecular interactions, it can deeply penetrate optically opaque materials of non-
polar structure and is crucial to detect and identify biological samples, explosives, plastics, 
semiconductors, superconductors, while having a non-ionizing impact on matter due to a low energy 
of electromagnetic quanta [24,25]. Nevertheless, a major limitation is the relatively large wavelength 
that makes THz waves largely myopic when the amount of substance to detect is very small. 
Metasurfaces (of which EOT HAs are a particular example) are revolutionizing sensing all along the 
electromagnetic spectrum and especially at THz [24–26], because they produce a high electric field 
intensity near the metasurface, enhancing the light-matter interaction with the substance analyzed 
and producing a sharp change in the spectral response, usually a shift of the metasurface resonance. 
This allows for a reliable detection even with minute amounts of analyte, a feature that is optimal for 
label-free thin-film sensing analysis. 

The first example of a thin-film sensor based on EOT HAs operating at THz was reported in [27]. 
In [28] a thorough study of the sensing performance of a fishnet structure composed of two stacked 
EOT HAs was evaluated. The sensing capability was put in terms of both the amplitude modulation 
and the frequency shift of the EOT resonance, showing that both strategies could be used for thin-
film sensing. Typical EOT sensors consist of HAs with a square unit cell. Nevertheless, as we 
demonstrated in the past, a rectangular unit cell provides a richer response allowing for the excitation 
of two different EOT resonances depending on the polarization of the wave, called regular and 
anomalous EOT [29]. As demonstrated in that paper and analyzed in depth in [30,31], the anomalous 
EOT resonance is excited when the wave is polarized along the short hole periodicity provided the 
HA is loaded with a dielectric slab with a minimum thickness and permittivity. On the other hand, 
the regular EOT is the classical EOT resonance that happens for a polarization parallel to the long 
hole periodicity and can exist even in absence of a dielectric slab. It is worth mentioning that the effect 
of adding a dielectric layer to a EOT HA had been studied in the past [32,33], but always considering 
the effect on the regular EOT resonance. Up to now, anomalous EOT has been exploited to develop 
compact THz polarizers even with dual band operation [34,35], and has been combined with an 
artificial wire medium for an accurate control of the resonance[36]. In that paper, its potential as a 
biosensor was pointed out, although this has never been realized in practice. 

In this paper, we perform a thorough analysis of the sensing capability of several HAs loaded 
with dielectric slabs of different thicknesses, in such a way that some of the structures support the 
anomalous EOT resonance whereas others are in the limit or do not support it at all. We start the 
analysis by comparing the features of anomalous and regular EOT in idealized structures, based on 
purely numerical simulations. Then, we do a thorough analysis of the sensing performance by 
considering realistic structures in a variety of scenarios. To do it, we deposit thin layers of a dielectric 
analyte on the structures, and calculate both the sensitivity and the Figure of Merit (FOM, a finer 
parameter to assess the performance of sensing devices) of each structure. We conclude the study by 
comparing quantitatively the results obtained using the regular and anomalous EOT resonance 
regimes and demonstrate that the optimal case is when we use anomalous EOT and deposition on 
the non-patterned side. 

2. Materials and Methods 

As shown in the unit cell representation of Figure 1(a), the metasurfaces studied in this work 
consist of a periodic array of circular holes etched on an aluminum (Al) layer of thickness t = 0.4 µm 
laying on polypropylene (PP) slabs of two different thicknesses hPP = 50 and 75 m. PP from 
GooFellow Company [37], whose permittivity is evaluated as PP  2.25∙(1-j∙10-3) [38,39], was 
intentionally chosen as a substrate material to minimize the dielectric losses of the metasurfaces. The 
relevant dimensions of the HA unit cell are dx = 115.5 µm, dy = 350 µm and the hole diameter 
a = 105 µm. In this study we considered both cases of linear polarizations exciting the HA under 
normal incidence: parallel to the large period of the structure (dy), which corresponds to the regular 
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EOT resonance excitation [5]; and parallel to the short period of the metasurface (dx), which, under 
the appropriate conditions, gives rise to the anomalous EOT resonance [29–31]. 

The sensing performance of the metasurfaces was evaluated by depositing a photoresist material 
(AR-P 3250 produced by ALLRESIST GmbH [40]) of variable thickness (from 3 m to 13 m) on them, 
either on the PP or the HA side using a standard spin coating deposition technique. The photoresist 
complex permittivity, plotted in Figure 1(d), was extracted experimentally from direct transmission 
measurements of a 100 µm thick liquid cell. In the initial study presented in the next section, a non-
dispersive and lossless analyte with permittivity a = 2.65 was considered. This value was chosen as 
the mean value of the permittivity in the experimental frequency span. 

 

 

 

Figure 1. (a) Front view and (b), (c) cross-section of the metasurface unit cell, showing the 
metallization (gray), PP substrate (blue) and analyte (red). Deposition of the analyte is done 
on the HA (b) and PP (c) faces. Dimensions: dx = 115.5 µm, dy = 350 µm, a = 105 µm, hPP = 50; 
75 µm, t = 0.5 µm, ha = 3; 7; 10; 13 µm. (d) Measured frequency response of the complex 
analyte permittivity, with error bars: real (blue, left axis) and imaginary (red, right axis) 
components. 

All the design and numerical results in the paper have been obtained using the commercial 
electromagnetic solver CST Microwave Studio®. To model the HA metasurface as an infinite array, 
the regime of Floquet ports and unit cell boundary conditions applied to the designed unit cell has 
been employed. The Al-layer was modeled as a non-dispersive medium with the conductivity 
σ = 1.5×107 S/m whose value, according to our earlier study [39], was found to be reduced versus the 
nominal conductivity of bulky Al due to inherent surface roughness and granularities of PP films 
[38]. After designing, the structures were fabricated via a standard contact photolithography 
technique [38,41,42] which was specifically adapted to flexible PP-film substrates, whose industrial 
production does not allow obtaining a liquid material suitable for posterior film deposition via spin 
coating. Al-metallization was sputtered onto the PP films by using a vacuum thermal deposition 
method. Prior to sputtering, the PP substrates were treated with a glow discharge in O2 atmosphere 
to improve adhesion of Al to PP.  

The experimental characterization of the designed HA metasurfaces was done on a custom-
made terahertz time-domain spectrometer (THz-TDS) developed in the Laboratory of Information 
Optics at the Institute of Automation and Electrometry SB RAS (Novosibirsk, Russia). It utilizes a 
conventional TDS scheme based on a mode-locked Er-fiber laser with a second harmonic generation 
module (λ=775 nm, τ=130 fs, P=100 mW). The THz emitter is a multi-slit photoconductive antenna 
iPCA-21-05-1000-800-h (Batop GmbH, Germany) and the detection is based on conventional electro-
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optic sampling technique [43]. The spectrometer enables the complex transmission measurements 
within the spectral range of 0.1–2.5 THz with a spectral resolution of 10 GHz and he dynamic range 
of more than 60 dB (@ 0.85 THz). 

3. Results and discussion 

Before characterizing the sensing performance of the fabricated HA metasurface, we begin the 
study by analyzing the response of an ideal lossless structure. Thus, we model the metallic parts as 
perfect electric conductors with zero thickness and all dielectric materials are described only by a 
non-dispersive real permittivity with values PP = 2.25 and a = 2.65. We consider both vertical and 
horizontal polarizations in order to excite regular and anomalous EOT, respectively, and ascertain 
which of the two options offers the best results for sensing purposes. As discussed in [30,31] the 
appearance of the anomalous EOT depends on the dielectric slab characteristics (hPP and PP) as well 
as the large HA periodicity, dy. More specifically, the anomalous EOT resonance cutoff can be 
calculated with the auxiliary factor F = hPP(PP-1)/dy , so that if F  0.25, the anomalous EOT peak will 
appear. In this initial study we fix the thickness of the PP substrate to the value hPP = 78.25 m so that 
F = 0.25 and hence the anomalous EOT is exactly at cutoff. On the other hand, the regular EOT 
resonance exists even in absence of a dielectric substrate, so for this study just a free-standing 
structure without PP substrate is considered. 

As shown in Figure 2(a) and (b) (black line) in absence of analyte, the regular EOT resonance 
takes place at 0.81 THz, whereas the anomalous EOT resonance occurs at 0.84 THz. To evaluate the 
performance of each resonance in label-free thin-film sensing applications, a dielectric slab acting as 
analyte with permittivity a = 2.65 and thickness ranging from ha = 3 µm (8.5×10-30, where 0 is 0.35 
mm) to 15 µm (42.9×10-30) with a step of 3 µm is added on top. In the anomalous EOT study, the 
analyte is put on external face of the PP substrate, whereas, obviously, in the regular EOT case (free-
standing) the analyte touches the holey metal. As the analyte thickness increases, the transmission 
peak redshifts for both resonances, see Figure 2. To have a quantitative assessment of the behavior, 
the wavelength shift is plotted as a function of ha in panels (c) and (d). Comparing both plots, it is 
clear that the shift is stronger for the regular resonance, suggesting at first sight that this regime is 
more appropriate for sensing purposes. Nevertheless, to clarify this aspect we must carry out a formal 
evaluation of the performance in terms of the sensitivity (S) and Figure of Merit (FOM), represented 
in Figure 2(e) and (f). The sensitivity is defined as the ratio between the variation of the resonance 
wavelength and the analyte thickness, S = ∆/ha. With this definition, the average sensitivity is equal 
to the slope of the regression lines in Figure 2(c,d). However, in many cases this value alone is not 
enough to determine the quality of a sensor. That is why the more refined FOM parameter is usually 
preferred. The FOM relates the sensitivity and the full width at half minimum (FWHM) in 
wavelength dimensions, FOM = S/FWHM, and has units of mm1. A sensor with high quality factor 
would present a high sensitivity and a narrow spectral line, leading to a high FOM.  

With these definitions, we find that the regular EOT configuration is slightly better than the 
anomalous EOT in terms of average sensitivity: 2.04 vs. 1.19. However, the FOM shows that the 
anomalous EOT is clearly superior to the regular EOT resonance, with an average value of 
153.7 mm1. This is much higher than the value of 45.4 mm1 calculated for the latter and is due to the 
comparatively narrower FWHM of the anomalous EOT resonance. With these results, it can be 
affirmed the anomalous EOT presents a better behavior for sensing purposes than the regular EOT, 
improving the FOM by a factor of more than 3. 

After this initial study, we concentrate now on the analysis of the designed and fabricated HA 
metasurfaces. As our aim here is to evaluate in depth the performance of the anomalous EOT 
resonance as a sensing platform, two different substrate thicknesses are used hPP = 75 m (Figure 3) 
and hPP = 50 m (Figure 4), that correspond to F = 0.24 and 0.16, respectively. The first case is chosen 
to have the anomalous resonance very near cutoff, so that a slight change provoked by an analyte can 
give rise to a strong spectral variation. Conversely, in the second case the anomalous EOT resonance 
is deeply in cutoff and we do not expect a sharp response, at least with thin analytes. The sensing 
performance of the structures is evaluated by depositing four different analyte thicknesses: ha = 3 µm 
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(8.5×10-30,); 7 µm (19.8×10-30); 10 µm (28.3×10-30); and 13 µm (36.8×10-30). Numerical results are 
shown in the upper panels (a), (b), (e), (f); and experimental measurements on the lower panels (c), 
(d), (g), (h) of Figures 3 and 4. To have a complete picture of the performance, two different scenarios 
were considered: analyte deposited on the HA side and on the PP side, schematically depicted in 
Figure 1(b) and (c).  

 
Figure 2.  Transmission coefficient for the regular EOT (a) and anomalous EOT (b) of the structure 
under study. (c) Wavelength shift as a function of the analyte thickness for extremely thin analytes, 
for the regular EOT resonance, calculated as  = a0, with a the resonance wavelength at each ha 
and 0 the resonance wavelength without the analyte. (d) Idem for the anomalous EOT. FOM as a 
function of the analyte thickness, for the regular EOT (e) and for the anomalous EOT (f). 

Focusing first on the horizontal polarization (anomalous EOT), we find that the transmission 
coefficient without analyte (ha = 0) shows in all considered cases clear resonant features at 0.85 THz, 
with a very good agreement between simulation and measurement, see black curves in Figure 3. 
Although in the case of the 75 m thick PP film [Figure 3(a)-(d)] the anomalous EOT resonance is 
slightly below cutoff, it is close enough so that it gives rise to a high transmission peak followed by a 
null in the spectrum. This is in contrast with the behavior of the 50 m thick PP film [Figure 3(e)-(h)] 
that shows only a local maximum (a “kink”) with reduced amplitude (0.5), as expected [29–31]. 
Now, the sensing performance of each configuration is analyzed by increasing the analyte thickness.  
It can be seen that the best scenario for sensing purposes is the one in which the analyte is deposited 
on the PP side of the hPP = 75 µm thick metasurface [Figure 3(a), (c)], with an average sensitivity of 
0.8 (1.24) and an average FOM of 28.6 mm1 (46 mm1) in the experimental (numerical) results. 
This is in agreement with our analysis above, since depositing on the PP side is equivalent to 
increasing the substrate thickness (as a side comment, note that the peak amplitude decreases as ha 
increases due to the growing ohmic loss because, unlike the previous study, we are considering here 
a lossy and dispersive analyte. Note also that this effect is more evident in the simulation than in the 
experimental results, probably because in the experiment the characteristics of the analyte might 
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differ between successive depositions and, in addition, it is rather difficult to have a proper 
characterization of metal and dielectric losses). When the analyte is deposited on the HA side [Figure 
3(b), (d)] the frequency shift of the anomalous EOT resonance is negligible, rendering this 
configuration ineffective for sensing purposes. As explained in our previous paper [31], two different 
anomalous EOT peaks can be excited independently by placing dielectric slabs on both sides of the 
holey metal. In the configuration considered here, the analyte slab is too thin and hence unable to 
excite its own anomalous EOT resonance (i.e. F << 0.25 in that side). This is why in the spectral 
response we only see the peak corresponding to the PP slab, which is largely insensitive to the analyte 
deposition on the other face. 

For the 50 µm PP thick structure with analyte deposited on the PP side we find that the “kink” 
becomes narrower and its amplitude grows faintly as ha is enlarged, see Figure 3(e), (g). This is 
because that we are approaching gradually, but never reaching cutoff, even with the largest analyte 
thickness. In practice, this means that it might be feasible to perform sensing by looking at the peak 
amplitude variation. At least in simulation [Figure 3(e)] this looks viable, but it seems virtually 
impossible in the experiment [Figure 3(g)], probably due to fabrication tolerances, and that high Q 
resonances are greatly affected by losses. When the analyte is placed on the HA side [Figure 3(f), (h)] 
we notice a negligible frequency shift but, interestingly, a clear amplitude increment of the “kink”. 
This enhancement in the transmission coefficient is associated with a better impedance matching of 
the structure. From the specialized literature [44], it is known that the optimal operation of frequency 
selective surfaces and spatial filters is achieved when both faces of the metallic film are coated with 
dielectric slabs of identical characteristics. In our case, increasing the analyte thickness leads to a 
better matching of the impedance seen at both interfaces, giving as a result a higher peak amplitude. 
This way, it is possible to define a new sensitivity, referred to as Amplitude Sensitivity (AS) and 
calculated as the ratio between the variation of the amplitude at the resonant frequency and the 
variation of the analyte thickness: AS = ∆A/ha. With this definition, we get experimentally AS = 0.02 
µm1. Note that in this case it is impossible to define a FOM, due to the inexistence of a valid FWHM. 
If we define the amplitude sensitivity as done in [28], AS% = ∆A(%)/ha, we achieve a maximum 
experimental value for the case of ha = 3.2 µm of 35%/µm. Although this value is pretty much lower 
than the 66 %/µm reported in [28], note that in our case it is only needed to tune the spectrum at a 
single frequency. In addition, our amplitude modulation is done “positively”, and does not 
experience vanishing of the signal as the analyte increases. Indeed, our device experiences an 
amplitude rise as we add analyte material.  

We consider next vertical polarization (regular EOT) just for comparison purposes, see all results 
in Figure 4. In this case, the response is very similar regardless the PP thickness, as this parameter is 
not critical for the performance (in contrast to anomalous EOT). Therefore, we will study both cases, 
hpp = 50 and 75 m, in parallel. The first difference we observe in the spectral response in comparison 
with the previous study is that there are two resonance peaks, at 690 and 847 GHz. Each peak is 
related with the EOT resonance principally at the PP and air interfaces [45]. Therefore, depositing the 
analyte on the PP side mainly shifts the low frequency peak and depositing on the air side mainly 
shifts the high frequency peak. Although in the simulation both peaks can be potentially employed 
for sensing purposes, in the measurement only the low frequency resonance presents noticeable shift. 
Furthermore, the structure with hpp = 50 µm has a better performance in practice, probably due to the 
thinner substrate, which is further from the saturation point of the maximum achievable frequency 
shift. Consequently, we only select the cases highlighted with a dotted circle for the calculation of the 
sensitivity and FOM as these are the ones in which we can appreciate a frequency shift enough to use 
the structure as a sensing device, and we have a good agreement between the simulated and 
measured results. Note that in the case of the second resonance when depositing on the HA side, the 
FOM cannot be calculated due to the low magnitude of the peak. 

To ease the comparison all the values of the cases of interest extracted from the experimental 
measurements are collected in Table 1. As shown there, although the sensitivity in the anomalous 
EOT case is below the regular EOT case, the FOM is much higher in agreement with our initial study.  
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Figure 3. Transmission coefficient magnitude at the anomalous EOT regime in HA metasurfaces with 
hpp = 75 µm (a)-(d) and hpp = 50 µm (e)-(f) µm under normal incidence and different analyte thicknesses: 
ha = 3 µm (red); 7 µm (green); 10 µm (dark blue); 13 µm (cyan) for the anomalous EOT. Simulated 
(top) and measured (bottom) results. In panels (f) and (h) is plotted (dashed grey line) the resonance 
frequency (0.85 THz) where we can perform the amplitude sensitivity analysis. 

 

 
Figure 4. Transmission coefficient magnitude at the regular EOT regime in HA metasurfaces with hpp 
= 75 µm (a)-(d) and hpp = 50 µm (e)-(f) µm under normal incidence and different analyte thicknesses: 
ha = 3 µm (red); 7 µm (green); 10 µm (dark blue); 13 µm (cyan) for the anomalous EOT. Simulated 
(top) and measured (bottom) results. 

 

Table 1. Comparison of different values of average sensitivity and FOM achieved in the different 
configurations shown in Figures 3 and 4, experimental results. 

Resonance hpp (m) Analyte side S FOM (mm1) 

Anomalous 
75 

PP 0.8 28.6 
HA   

50 
PP   
HA 0.02 µm1 *  
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Regular 
75 

PP   
HA   

50 
PP 1.2 12.9 
HA 1.85/0.68 ** 16.6/ 

*Note that in this cases we are referring to the amplitude sensitivity, AS = ∆A/ha.** The first/second number 
refers to the first/second resonance  

4. Conclusions 

To sum up, we have demonstrated the superior performance of a HA metasurface when it 
operates at the anomalous EOT resonance, exceeding largely the results obtained at the regular EOT 
in label-free thin-film sensing applications Although the frequency shift and hence the sensitivity of 
the anomalous EOT resonance are smaller than those of the regular EOT resonance, its comparatively 
narrower FWHM leads to an increment of the FOM. In our initial study considering idealized 
structures we have achieved an average FOM of 153.7 mm-1, which exceeds the results obtained with 
the regular EOT by a factor of more than 3. Two HA metasurfaces of different PP thicknesses have 
been fabricated and measured to analyze the effects on the sensing quality parameters depending on 
the side in which we deposit the analyte under measurement. We have demonstrated that, for thick 
enough substrates, sensing in the anomalous EOT and depositing on the non-patterned side of the 
metasurface is a much better option with lower sensitivity but a higher FOM magnitude, with an 
improvement of a factor between 2 and 3 compared with the best case of the regular EOT resonance. 
Using the optimal configuration brings the additional advantage that in routine operation the 
structure can be cleaned without damaging the metallic pattern. Additionally, we have found an 
alternative for thin-film sensing based on a variation of amplitude. This can be used when the 
substrate thickness is too thin to exhibit the anomalous EOT peak and takes place when the analyte 
is deposited on the patterned side of the metasurface. These results demonstrate the excellent 
performance of the anomalous EOT resonance in practical thin-film sensing platforms. 

Author Contributions: conceptualization, M.B.; methodology, I.J.-L., P.R.-U., S.A.K., N.A.N. and M.B.; software, 
I.J.-L. and P.R.-U.; validation, S.A.K. and N.A.N.; formal analysis, I.J.-L. and P.R.-U.; investigation, S.A.K. and 
N.A.N.; resources, S.A.K.; writing—original draft preparation, I.J.-L., and M.B.; writing—review and editing, 
I.J.-L., P.R.-U., S.A.K., N.A.N. and M.B.; visualization, I.J.-L., P.R.-U., S.A.K. and M.B.; supervision, S.A.K. and 
M.B.; project administration, S.A.K. and M.B.; funding acquisition, S.A.K., N.A.N. and M.B 

Funding: This research was funded by the Spanish Ministerio de Economía y Competitividad with European 
Union Fondo Europeo de Desarrollo Regional (FEDER) funds grant number TEC2014-51902-C2-2-R. The work 
is partially supported by the Russian Foundation for Basic Research (Project #17-32-80039). The authors 
gratefully acknowledge the Shared Equipment Center “Spectroscopy and Optics” of the Institute of Automation 
and Electrometry SB RAS for the provided instrumental support of THz measurements and the Rzhanov 
Institute of Semiconductor Physics SB RAS for the provided technological support (State Assignment Program, 
Project No. 0306-2016-0020). 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to 
publish the results. 

References 

1.  Ebbesen, T. W.; Lezec, H. J.; Ghaemi, H. F.; Thio, T.; Wolff, P. A. Extraordinary optical transmission 

through sub-wavelength hole arrays. Nature 1998, 391, 667–669. 

2.  Garcia-Vidal, F. J.; Martin-Moreno, L.; Ebbesen, T. W.; Kuipers, L. Light passing through subwavelength 

apertures. Rev. Mod. Phys. 2010, 82, 729–787, doi:10.1103/RevModPhys.82.729. 

3.  García de Abajo, F. J. Colloquium: Light scattering by particle and hole arrays. Rev. Mod. Phys. 2007, 79, 

1267–1290, doi:10.1103/RevModPhys.79.1267. 

4.  Martín-Moreno, L.; García-Vidal, F. J.; Lezec, H. J.; Pellerin, K. M.; Thio, T.; Pendry, J. B.; Ebbesen, T. W. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2018                   doi:10.20944/preprints201810.0021.v1

Peer-reviewed version available at Sensors 2018, 18, 3848; doi:10.3390/s18113848

http://dx.doi.org/10.20944/preprints201810.0021.v1
http://dx.doi.org/10.3390/s18113848


 

Theory of Extraordinary Optical Transmission through Subwavelength Hole Arrays. Phys. Rev. Lett. 

2001, 86, 1114–1117, doi:10.1103/PhysRevLett.86.1114. 

5.  Beruete, M.; Sorolla, M.; Campillo, I.; Dolado, J. S.; Martín-Moreno, L.; Bravo-Abad, J.; García-Vidal, F. 

J. Enhanced millimeter-wave transmission through subwavelength hole arrays. Opt. Lett. 2004, 29, 2500–

2502, doi:10.1364/OL.29.002500. 

6.  Xu, T.; Shi, H.; Wu, Y. K.; Kaplan, A. F.; Ok, J. G.; Guo, L. J. Structural colors: From plasmonic to carbon 

nanostructures. Small 2011, 7, 3128–3136, doi:10.1002/smll.201101068. 

7.  Zhao, Y.; Zhao, Y.; Hu, S.; Lv, J.; Ying, Y.; Gervinskas, G.; Si, G. Artificial Structural Color Pixels: A 

Review. Materials (Basel). 2017, 10, 944, doi:10.3390/ma10080944. 

8.  Beruete, M.; Sorolla, M.; Campillo, I. Left-handed extraordinary optical transmission through a photonic 

crystal of subwavelength hole arrays. Opt. Express 2006, 14, 5445–5455, doi:10.1364/OE.14.005445. 

9.  Navarro-Cía, M.; Beruete, M.; Sorolla, M.; Campillo, I. Negative refraction in a prism made of stacked 

subwavelength hole arrays. Opt. Express 2008, 16, 560–566, doi:10.1364/OE.16.000560. 

10.  Valentine, J.; Zhang, S.; Zentgraf, T.; Ulin-Avila, E.; Genov, D. A.; Bartal, G.; Zhang, X. Three-

dimensional optical metamaterial with a negative refractive index. Nature 2008, 455, 376–379, 

doi:10.1038/nature07247. 

11.  Brolo, A. G.; Gordon, R.; Leathem, B.; Kavanagh, K. L. Surface plasmon sensor based on the enhanced 

light transmission through arrays of nanoholes in gold films. Langmuir 2004, 20, 4813–4815, 

doi:10.1021/la0493621. 

12.  Gordon, R.; Sinton, D.; Kavanagh, K. L.; Brolo, A. G. A New Generation of Sensors Based on 

Extraordinary Optical Transmission. Acc. Chem. Res. 2008, 41, 1049–1057, doi:10.1021/ar800074d. 

13.  Gordon, R.; Brolo, A. G.; Sinton, D.; Kavanagh, K. L. Resonant optical transmission through hole-arrays 

in metal films: Physics and applications. Laser Photonics Rev. 2010, 4, 311–335, doi:10.1002/lpor.200810079. 

14.  Ding, T.; Hong, M.; Richards, A. M.; Wong, T. I.; Zhou, X.; Drum, C. L. Quantification of a Cardiac 

Biomarker in Human Serum Using Extraordinary Optical Transmission (EOT). PLoS One 2015, 10, 

e0120974, doi:10.1371/journal.pone.0120974. 

15.  Eftekhari, F.; Escobedo, C.; Ferreira, J.; Duan, X.; Girotto, E. M.; Brolo, A. G.; Gordon, R.; Sinton, D. 

Nanoholes As Nanochannels: Flow-through Plasmonic Sensing. Anal. Chem. 2009, 81, 4308–4311, 

doi:10.1021/ac900221y. 

16.  Yanik, A. A.; Huang, M.; Kamohara, O.; Artar, A.; Geisbert, T. W.; Connor, J. H.; Altug, H. An optofluidic 

nanoplasmonic biosensor for direct detection of live viruses from biological media. Nano Lett. 2010, 10, 

4962–4969, doi:10.1021/nl103025u. 

17.  Chen, J.; Gan, F.; Wang, Y.; Li, G. Plasmonic Sensing and Modulation Based on Fano Resonances. Adv. 

Opt. Mater. 2018, 6, 1–21, doi:10.1002/adom.201701152. 

18.  Blanchard-Dionne, A.-P.; Meunier, M. Sensing with periodic nanohole arrays. Adv. Opt. Photonics 2017, 

9, 891, doi:10.1364/AOP.9.000891. 

19.  T. Chorsi, H.; Zhu, Y.; Zhang, J. X. J. Patterned Plasmonic Surfaces—Theory, Fabrication, and 

Applications in Biosensing. J. Microelectromechanical Syst. 2017, 26, 718–739, 

doi:10.1109/JMEMS.2017.2699864. 

20.  Escobedo, C. On-chip nanohole array based sensing: A review. Lab Chip 2013, 13, 2445–2463, 

doi:10.1039/c3lc50107h. 

21.  Siegel, P. H. Terahertz technology. IEEE Trans. Microw. Theory Tech. 2002, 50, 910–928, 

doi:10.1109/22.989974. 

22.  Tonouchi, M. Cutting-edge terahertz technology. Nat. Photonics 2007, 1, 97–105, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2018                   doi:10.20944/preprints201810.0021.v1

Peer-reviewed version available at Sensors 2018, 18, 3848; doi:10.3390/s18113848

http://dx.doi.org/10.20944/preprints201810.0021.v1
http://dx.doi.org/10.3390/s18113848


 

doi:10.1038/nphoton.2007.3. 

23.  Dhillon, S. S.; Vitiello, M. S.; Linfield, E. H.; Davies, A. G.; Hoffmann, M. C.; Booske, J.; Paoloni, C.; 

Gensch, M.; Weightman, P.; Williams, G. P.; Castro-Camus, E.; Cumming, D. R. S.; Simoens, F.; Escorcia-

Carranza, I.; Grant, J.; Lucyszyn, S.; Kuwata-Gonokami, M.; Konishi, K.; Koch, M.; Schmuttenmaer, C. 

A.; Cocker, T. L.; Huber, R.; Markelz, A. G.; Taylor, Z. D.; Wallace, V. P.; Axel Zeitler, J.; Sibik, J.; Korter, 

T. M.; Ellison, B.; Rea, S.; Goldsmith, P.; Cooper, K. B.; Appleby, R.; Pardo, D.; Huggard, P. G.; Krozer, 

V.; Shams, H.; Fice, M.; Renaud, C.; Seeds, A.; Stöhr, A.; Naftaly, M.; Ridler, N.; Clarke, R.; Cunningham, 

J. E.; Johnston, M. B. The 2017 terahertz science and technology roadmap. J. Phys. D. Appl. Phys. 2017, 50, 

43001, doi:10.1088/1361-6463/50/4/043001. 

24.  O’Hara, J. F.; Withayachumnankul, W.; Al-Naib, I. A Review on Thin-film Sensing with Terahertz 

Waves. J. Infrared, Millimeter, Terahertz Waves 2012, 33, 245–291, doi:10.1007/s10762-012-9878-x. 

25.  Rodríguez-Ulibarri, P.; Beruete, M. Sensing at Terahertz frequencies. In; 2016. 

26.  Xu, W.; Xie, L.; Ying, Y. Mechanisms and applications of terahertz metamaterial sensing: a review. 

Nanoscale 2017, 9, 13864–13878, doi:10.1039/c7nr03824k. 

27.  Miyamaru, F.; Hayashi, S.; Otani, C.; Kawase, K.; Ogawa, Y.; Yoshida, H.; Kato, E. Terahertz surface-

wave resonant sensor with a metal hole array. Opt. Lett. 2006, 31, 1118, doi:10.1364/OL.31.001118. 

28.  Yahiaoui, R.; Strikwerda, A. C.; Jepsen, P. U. Terahertz plasmonic structure with enhanced sensing 

capabilities. IEEE Sens. J. 2016, 16, 2484–2488, doi:10.1109/JSEN.2016.2521708. 

29.  Kuznetsov, S. A.; Navarro-Cía, M.; Kubarev, V. V.; Gelfand, A. V.; Beruete, M.; Campillo, I.; Sorolla, M. 

Regular and anomalous extraordinary optical transmission at the THz-gap. Opt. Express 2009, 17, 11730–

11738, doi:10.1364/OE.17.011730. 

30.  Beruete, M.; Navarro-Cía, M.; Kuznetsov, S. A.; Sorolla, M. Circuit approach to the minimal 

configuration of terahertz anomalous extraordinary transmission. Appl. Phys. Lett. 2011, 98, 14106, 

doi:10.1063/1.3533815. 

31.  Beruete, M.; Navarro-Cia, M.; Sorolla Ayza, M. Understanding Anomalous Extraordinary Transmission 

From Equivalent Circuit and Grounded Slab Concepts. IEEE Trans. Microw. Theory Tech. 2011, 59, 2180–

2188, doi:10.1109/TMTT.2011.2160076. 

32.  Miyamaru, F.; Sasagawa, Y.; Takeda, M. W. Effect of dielectric thin films on reflection properties of metal 

hole arrays. Appl. Phys. Lett. 2010, 96, 21106, doi:10.1063/1.3292024. 

33.  Han, J.; Lu, X.; Zhang, W. Terahertz transmission in subwavelength holes of asymmetric metal-dielectric 

interfaces: The effect of a dielectric layer. J. Appl. Phys. 2008, 103, doi:10.1063/1.2837090. 

34.  Navarro-Cía, M.; Rodríguez-Ulibarri, P.; Torres, V.; Beruete, M. Quarter-Wave Plate Based on Dielectric-

Enabled Extraordinary Resonant Transmission. IEEE Photonics Technol. Lett. 2012, 24, 945–947, 

doi:10.1109/LPT.2012.2191399. 

35.  Torres, V.; Sanchez, N.; Etayo, D.; Ortuño, R.; Navarro-Cía, M.; Martinez, A.; Beruete, M. Compact Dual-

Band Terahertz Quarter-Wave Plate Metasurface. IEEE Photonics Technol. Lett. 2014, 26, 1679–1682, 

doi:10.1109/LPT.2014.2330860. 

36.  Navarro-Cía, M.; Rodríguez-Ulibarri, P.; Beruete, M. Hedgehog subwavelength hole arrays: control over 

the THz enhanced transmission. New J. Phys. 2013, 15, 13003, doi:10.1088/1367-2630/15/1/013003. 

37.  Goodfellow Cambridge Ltd. http://www.goodfellow.com. 

38.  Navarro-Cia, M.; Kuznetsov, S. A.; Aznabet, M.; Beruete, M.; Falcone, F.; Ayza, M. S. Route for bulk 

millimeter wave and terahertz metamaterial design. IEEE J. Quantum Electron. 2011, 47, 375–385, 

doi:10.1109/JQE.2010.2090512. 

39.  Kuznetsov, S. A.; Paulish, A. G.; Navarro-Cía, M.; Arzhannikov, A. V. Selective Pyroelectric Detection 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2018                   doi:10.20944/preprints201810.0021.v1

Peer-reviewed version available at Sensors 2018, 18, 3848; doi:10.3390/s18113848

http://dx.doi.org/10.20944/preprints201810.0021.v1
http://dx.doi.org/10.3390/s18113848


 

of Millimetre Waves Using Ultra-Thin Metasurface Absorbers. Sci. Rep. 2016, 6, 21079, 

doi:10.1038/srep21079. 

40.  ALLRESIST GmbH, https://www.allresist.com. 

41.  Aznabet, M.; Navarro-Cía, M.; Kuznetsov, S. A.; Gelfand, A. V.; Fedorinina, N. I.; Goncharov, Y. G.; 

Beruete, M.; Mrabet, O. El; Sorolla, M. Polypropylene-substrate-based SRR- And CSRR-metasurfaces for 

submillimeter waves. Opt. Express 2008, 16, 18312–18319, doi:doi:10.1364/OE.16.018312. 

42.  Kuznetsov, S. A.; Arzhannikov, A. V.; Kubarev, V. V.; Kalinin, P. V.; Sorolla, M.; Navarro-Cia, M.; 

Aznabet, M.; Beruete, M.; Falcone, F.; Goncharov, Y. G.; Gorshunov, B. P.; Gelfand, A. V.; Fedorinina, N. 

I. Development and characterization of quasi-optical mesh filters and metastructures for subterahertz 

and terahertz applications. Key Eng. Mater. 2010, 437, 276–280, 

doi:10.4028/www.scientific.net/KEM.437.276. 

43.  Antsygin, V. D.; Mamrashev, A. A.; Nikolaev, N. A.; Potaturkin, O. I.; Bekker, T. B.; Solntsev, V. P. 

Optical properties of borate crystals in terahertz region. Opt. Commun. 2013, 309, 333–337, 

doi:10.1016/j.optcom.2013.08.014. 

44.  Munk, B. A. Frequency Selective Surfaces: Theory and Design; Wiley-Interscience, 2000; ISBN 978-0-471-

37047-5. 

45.  Lomakin, V.; Michielssen, E. Enhanced transmission through metallic plates perforated by arrays of 

subwavelength holes and sandwiched between dielectric slabs. Phys. Rev. B 2005, 71, 235117, 

doi:10.1103/PhysRevB.71.235117. 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2018                   doi:10.20944/preprints201810.0021.v1

Peer-reviewed version available at Sensors 2018, 18, 3848; doi:10.3390/s18113848

http://dx.doi.org/10.20944/preprints201810.0021.v1
http://dx.doi.org/10.3390/s18113848

