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Abstract

Gold plasmonic lenses consisting of planar concentric rings-groove with different periods were milled with a Focused gallium Ion Beam on a gold thin film deposited onto an Er3+-doped tellurite glass. The plasmonic lenses were vertically illuminated with an argon ion laser highly focused by means of a 50x objective lens. The focusing mechanism of the plasmonic lenses is explains using a coherent interference model of surface plasmon-polariton (SPP) generation on the circular grating due to the incident field. As a result, phase modulation can be accomplished by the groove gap, similar to a nano-slit array with different widths. This focusing allows a high confinement of SPPs that can excites the Er3+ ions of the glass. The Er3+ luminescence spectra were measured in the far-field (500−750 nm wavelength range), where we could verify the excitation yield via the plasmonic lens on the Er3+ ions. We analyze the influence of the geometrical parameters on the luminescence spectra. The variation of these parameters results in considerable changes of the luminescence spectra.
1. Introduction

Surface plasmons (SP) enable the localization of light in nanoscale and provide an effective way to control the excitation and emission properties of quantum systems. The confinement of electromagnetic fields in regions as small as possible is important for technological applications such as sub-waveguides and optical sensors. Particularly, periodic ring structures around a nano-aperture are of great interest due to the optical transmittance through these nanostructures are improved with respect to an isolated aperture [
]. The first experimental demonstration of such effects was carried out using a silver bull’s eye (BE) structure, where a high increase in the efficiency was achieved owing to the enhanced and localized transmittance [
]. In this context, we are focusing on the so-called BE, consisting of a nano-aperture surrounded by rings-groove. In these nanostructures, the transmitted light through the nano-aperture can be strongly confinement due to the excitation of SP improved for the periodic corrugations [
, 
, 
]. Such periodic corrugations can behave like an antenna which collects and couples the incident light into SPs at a given wavelength λ, resulting in very high fields within of the nano-aperture, and therefore an improvement extraordinary optical transmission under the appropriate conditions [
]. This enables many potential applications of BEs as optical device e.g., within the photodetector architectures where it could enhances the signal to noise ratio [
], and within vertical-cavity surface-emitting lasers (VCSELs) and quantum cascade lasers (QCLs) [
] to control polarization and mode definition [
]. A maximum transmission is achieved when the SPPs interferes constructively close of the nano-aperture, i.e., the coupling between the groove and nano-aperture modes are essentials for strengthening the field within of the nano-aperture [
], allowing an improvement of the confinement of SPPs.

Tellurite glasses are possible candidates as substrates in plasmonics due to the exhibition of low optical  absorption  at  visible  and  near-infrared  wavelengths,  and  represents a compromise between a low phonon energy and a high solubility for the rare-earth ions [
]. Low phonon energy generally provides high fluorescence quantum efficiency [
]. Thus, when tellurite glasses are dopes with rare-earths ions such properties allow high radiative emission rates (higher quantum efficiencies) and exhibit high refractive index [
,
]. Furthermore, plasmonic nanostructures can also enhance nonlinear effects of these rare-earths [
, 
]. Hence, BEs can locally excited quantum systems, such as Er3+ ions, incrementing the emission intensity. 

We report our experimental results of the emission from Er3+ ions through the BEs, with periodic rings-groove around to nano-aperture forming a planar plasmonic lens. These structures can excites the Er3+ ions embedded in the substrate (tellurite glass) via SPPs, then the radiative emission of Er3+ ions forms SPPs in the interface (metallic films – substrate), and be propagated through of the nano-hole, emitting the luminescence of the Er3+ ions outside the BEs.
2. Sample preparation and experimental setup
In order to investigate the luminescence of the Er3+ ions through the BEs, as well as its dependence with the ring separation, a tellurite glass substrate with 1.0 wt % of Er2O3, submitted to 2.5 hours of annealing time was prepared [
]. The sample was cut in a square piece of approximately 6.0×3.0×0.5 mm3 and polished until obtaining a good surface quality. Then, a gold thins film with 240 nm of thickness was deposited on the substrate. Metallic films with thickness near half- or full-integer of the excitations wavelength have an optimal transmission, which implies a field high inside of the nano-aperture [
]. Finally, the nanostructures were milled with a focused ion beam (FIB) Dual Beam FEI Quanta 3D 200i (Ga+ ions, 30 keV), as illustrated in Figs. 1(a) - (c). The rings-groove elements have about a ( = 100 nm of width (see Fig. 1(a)).
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	Figure 1. SEM images of BEs with rings-groove forming planar plasmonic lens. (a) g = 300 nm and N = 15 groove-rings, (b) g = 200 nm and N = 20 rings-groove, (c) g = 600 nm and N = 9 groove-rings. N is the number of the rings-groove.


In this gold films a circle hole was milled with diameter D = 240 nm. Additionally, rings-groove (with depth h = 80 nm) were added, forming planar lenses with periodic gaps (g, separation between the rings-groove, Fig. 1 (a)). In total, five planar lenses were fabricated with N = 20, 15, 12, 10 and 9 rings-groove with g = 200, 300, 400, 500 and 600 nm, respectively, as measured by a scanning electron microscopy. In addition, was milled a square-hole of 500(500 nm2 with thickness of 240 nm.
We carried out a series of measurements of the optical emission through these BEs. The intensity luminescence (Iout) measurement set-up consists of a 488.0 nm wavelength light beam from an Ar ion laser, with a power of about 40 µW and a spot size of 1 (m, aligned to the optical axis of a microscope. The beam was focus at normal incidence onto the sample surface by a 50( objective lens (with a numerical aperture of 0.4). The emission intensity from the Er3+ emission of each BE is then gathered by an optical fiber multimode coupled to a charged-coupled device (CCD) array detector. Light intensity is obtained by integrating the signal over the entire region of interest in the CCD image and subtracting the background originating from electronic noise. The luminescence intensity of every structure was collected in the far-field. Figure 2 shows the schematic of the measurement setup. The luminescence light was collected with the same objective lens.
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Figure 2. Schematic of the micro-luminescence experiment. An Ar ion laser light source at 488.0 nm is normally focused onto the sample surface by a 50( objective lens. The CCD records the emission intensity from Er3+ ions that emitted through of the BEs.
The (spp was calculated from the usual formula for the guided wave on a flat metal surface [
], 
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, where  is the incident wavelength, ((m and (d are the dielectric constant of the metal and adjacent dielectric (here, air or glass), respectively.

3. Results and discussion

Firstly, for a wavelength (exc at 488.0 nm, the absorption coefficient ( is equal to 76.3 µm-1, with a transmittance T = 2.7×10-8, for an Au films of 240 nm of thickness. Thus, we can neglect the immediate excitation of the host matrix by (exc via the transmission T (Fig. 3 shows the background measured without the BE structure). The central nano-aperture was illuminated by the incident (exc with intensity I0 and re-illuminated by light coming from the rings-groove array via SPPs, with a (spp = 468.2 nm in the metallic surface with intensity Iispp. Here, Iispp is the intensity of diffractive wave at ith groove-ring. The SPPs can propagate along of the periodic corrugations and the surface of the metallic films with a phase modulation 
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. Therefore, a constructive interference of such diffracted beams leads to the focusing effect at a certain point on the beam axis [
]. Adjusting the parameters of the rings-groove (such as (, h, g, and N), the diffracted beams can be manipulated resulting in an enhancement of Iispp in plasmonic planar lens [15]. The spacing between the rings determines the phase mismatch between the waves generated from the inner and outer rings.  By tuning to the (spp, the periodicity provides momentum matching along the rings-groove, ensuring resonant SPPs excitation at the foci. Here, those periodic corrugations become active coupling elements that depend of g, Fig. 3. Therefore, this focusing allows a high confinement in the center of the BE structure which excites the Er3+ ions, i.e., we have an extraordinary optical transmission in the nano-hole, incremented through the rings-groove. The total transmittance intensity through the hole can be expressed as [
]:
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Where r is the radius of central hole, ri is the radius of each rings, i is the ith number of the rings-groove, lspp (=
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) is the propagation length for the SPP wave, C coupling efficiency of the groove [
]. Here, C is a complex function
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. Also, we can write 
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. Furthermore, when SPP waves propagate across a single ring, the transmitted intensity will be modified by the wave that will gain a phase 
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 [
]. Consequently, each ring-groove of plasmonic lens re-illuminates the BE via SPP.

The BE structure transmitted the light into the substrate and excites the Er3+ ions with an intensity Itotal, generating a SPP in the gold-substrate interface. The excitation of the Er3+ ions depends on localization of those to the gold films and of its proximity with the nano-aperture. Nevertheless, 1.0 wt % of Er2O3 in this substrate represents a concentration of 10000 ppm [14]. Radiative transition of the Er3+ depends of the pumped population density nf , which is small compared to the total population. For that reason, the ground state population density n0 can be considered constant, and nf  is proportional to the pump radiation intensity, i.e.,  
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 , where  
 is the nf  lifetime. 
In this way, the emission intensity of the Er3+ ion is proportional to the pump radiation intensity 
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 , which is a function of the plasmonic lens, Fig. 3. Then, the radiative transitions of the Er3+ ions can propagate in the interface via SPP. For example, for ( = 547 nm (2H11/2(4I13/2 Er3+ transition) and nsub = 1.92 (refraction index of the substrates), we have a (SPP = 210 nm. In other words, the nano-aperture excites-receives and transmits the Er3+ emission. The measured micro-luminescence clearly confirms that planar plasmonic lenses can confine the excitation beam with great efficiency. Besides, we can observed that when g decreases the Itotal increases.
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	Figure 3. Emission spectra of Er3+ ions through the nano-aperture, for the different plasmonic lens. We can see that the background line is practically neglected. Also, it is shown the emission spectra of the Er3+ ions through the square of 500(500 nm2. Inset shows the behavior of this increment for the different Er3+ ion transitions normalized. 



Figure 3 shows also the luminescence spectrum of a square of 500(500 nm2. The emission intensity from this square is lower in comparison with the BEs structures, here the effective square area is of the substrate that was excited directly by the beam light ((exc), that area is greater than the area of the nano-hole, 
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. The inset of Figure 3 shows the intensity of the peaks from different planar lens normalized with the intensity of the peaks obtained from square, IBE/Isquare for the peaks in 524 nm (2H11/2(4I15/2 transition electronic), 547 nm (4S3/2(4I15/2 transition electronic) and 659 nm (4F9/2(4I15/2 transition electronic). We can see that the emission intensity collected increases exponentially with the decrease the g. These experimental results indicate that the rings-groove array response can be understood as the response of an isolated rings-groove, Fig. 4. In fact, let us now consider an isolated groove in equation (1), where we can obtain the following approximation:
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Values of fitting are shows in the Fig. 4 for the three Er3+ ion transitions. From the obtained numeric values, we can say that for 547 nm emission peak the term 
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 is higher than the other terms, resulting in an improvement in this transition in comparison with the other transitions. This is due the dependency of C with 
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, i.e., the observed increasing is attributed to a constructive interference of such diffracted beams, allowing a strong focusing in the nano-hole. Also, we can verify the dependency of the term 
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with the emission wavelength from the Er3+ ions as, 
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Figure 4. Intensity of the peaks in 524 nm (2H11/2(4I15/2 transition electronic), 547 nm (4S3/2(4I15/2 transition electronic) and 659 nm (4F9/2(4I15/2 transition electronic). The labels show fittings from equation (2) for these transitions. Squares filled are the experimental points.
4. Conclusions

Plasmonic lenses forming bull’s eye structure with different gaps, milled in a gold thins film on the top of an Er3+-doped tellurite glass can be excited via a surface plasmon, where the intensity of transmission, Itotal, of these structures depends of  
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. That Itotal presents a maximum for given values of g. Hence, a constructive interference of the light reemitted by the rings-groove occurs into the central nano-hole. This confined light excites the Er3+ ions around of the nano-hole. Then, the emission of the Er3+ ions passing through the nano-apertures in the visible region, and clearly show their dependence with the pumped radiation intensity Itotal, which depends of the plasmonic planar lens. These bull’s eye structures have tunable surface plasmon resonances, and the coupling of the Er3+ ions to such structures can lead the discovering of interesting optical and quantum electronic properties. Besides, this might lead to applications in optical telecommunications, and, of course, in nanophotonics.
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