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Abstract

We present a theoretical study on the extraordinary optical transmission through square hole arrays
in a metal film, focusing on the dependence on the metal thickness. More precisely, we will study
the crossover from the (now canonical) optically thick films to the case of optically thin films. We
show that, as the thickness of the metal film decreases the extraordinary optical transmission peak
redshifts, due to the coupling of light with the short-range surface plasmons. Remarkably, the ratio
between the maximum and minimum values of the transmittance is high even for metal thicknesses
as small as one skin depth.

1. Introduction

Since the discovery of extraordinary optical transmission (EOT) [1], i.e., resonances in the transmission
of light through subwavelength holes drilled in a metal film, numerous works have explored different
parameter configurations of two-dimensional hole arrays (2DHAS) [2]. In the original EOT configuration
the metal film is opaque. In this case, the EOT process involves surface modes at each side of the
film that couple through the holes [3]. On the other hand, continuous metal films (thin enough to be
translucent), also present transmission resonances when periodically corrugated. In this configuration,
resonant spectral features are related to the surface plasmon polaritons (SPPs) of the thin film [4, 5]: the
short-range SPPs (SRs), and the long-range SPPs (LRs).

The transmission through 2DHA for films with thicknesses of a few skin depths has been studied in the
terahertz regime [6, 7]. The spectral position of EOT peaks was found to be mainly determined by the
lattice parameter. In this presentation we will extend the study on EOT in thin films to the optical regime.

2. EOT thorough 2DHA in thin films

We consider square lattices of square holes; the period, P, is chosen to be 400 nm (to obtain EOT in
the visible). The metal is gold (with a frequency dependent dielectric constgntaken from [8]).
The film is immersed in a medium with dielectric constant 2.25. This is so because thin films
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Fig. 1: Panel (a): Zero-order transmittance through 2DHAs in gold, as a furftite film thickness
w (P=400 and a=160 nm). The dielectric constant is 2.25 everywhere in the non-metallic regions.
Panel (b): Spectral position as a functiomefor both the EOT maximum (triangular symbols) and the

EOT minimum (circular symbols). The horizontal dashed line rend

should lie on a glass substrate for mechanical stability and the presence of an index-matching liquid
facilitates the interpretation of results [9]. The inset to Fig. 1(b) presents a schematic of the structure.
Calculations where performed with the FDTD method with the particular implementation for metals
described in [10]. Figure 1(a) shows the calculated zero-order transmittance spectra through 2DHAS with
different thicknesses, revealing the presence of resonances that redshift as the metal thickness decrease.
At optically thick films (with thicknesses of several skin depths, i.e. larger than around 100nm) the
resonance is slightly redshifted with respect to the Rayleigh wavelength=( /e3P = 600nm).

However, for film thicknesses of the order of the skin depth, both maximum and minimum transmittance
redshifts by even hundreds of nanometers while, notably, keeping high peak visibility.

In order to understand these results we have computed the band structure for EM modes bounded to
the metal film. A flat unperforated optically thick metal layer supports an SPP on each surface. When
the film thickness is reduced, these two modes interact and are substantially coupled whenever the film
thickness is smaller that — 3 skin depths. In this case, the dispersion relations of film modes can
greatly differ from that of the SPP. We denotedy,q. () the in-plane wave vector of these film modes

(the labelmodecan be either SPP, LR, or SR). The periodic corrugation of the metal film allows light to
couple to these otherwise bounded modes. If the corrugation is small the coupling occurs at the condition

i 2nm\? i 2mm\?
(k:r +P) + (ky +P) :qgnode(A) (1)

wherek;, = (ki k?j”) is the in-plane momentum of the incident field andndm are integers.
We denote by\(sng,";) the wavelength that holds Eq. (1) at normal incidence for given valuesaid

m. Figure 1(b) shows the spectral positions of both minimum and maximum of the EOT peak appearing
at the largest wavelengths. We find that when the film is thick enough the EOT minimum very ap-
proximately coincides witli%}lf) [11]. In contrast, both maximum and minimum redshift as the film
thickness reaches the optically thin regime. To analyze whether the EOT phenomenon through optically
thin 2DHASs has its origin in the excitation of an EM mode bounded to the film, we focus on the case
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with w = 20nm and study the dependence with hole size. Figure 2 renders the spectral positions of
bothmaximum and minimum of peak appearing at largest frequencies. It also shows the the wavelengths
/\(Sj;’o) of the short-range SP#&f the holey film(denoted beSR and extracted from the band structure

of electromagnetic modes see [12]), as well as the value obtained from the SR of the flat surface through

Eq. (1). This last value gives the limit for the resonant wavelength as the hole size vanishes.
1050

—_—

1000

m

Wavelength (n
o] (] [{=} ©
(=] (3. (=] (5]
e . °e.e. °

40 60 80 100 120 140 160
Hole size (nm)

Fig. 2: EOT maxima (square symbols), minima (circular symbols), and wavelengthditation of the
SRSPP of the holey film (triangular symbols) as a function of the hole size.

4. Conclusion

We have shown that the EOT peak can be tuned to longer wavelengths (by even hundreds of nanometers)
by decreasing the film thickness without strongly affecting either transmission intensity or peak visibility
(which is still large atw ~ 20 nm). We have demonstrated that short range surface plasmons are
responsible for the EOT phenomenon in optically thin metallic 2DHAs.
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