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INTRODUCTION

The coupling to a metallic surface is a promising way to enhance light emission and absorption [1], with applications in fields such as bio-imaging [2], light-emitting diodes (LED) [3], photovoltaics [4] or single-photon sources [5,6]. Surface plasmon polaritons (SPP), coupled propagating oscillations of the electric field and the charge movements at the surface of the metal, offer a wide range of possibilities to tailor the electric field. However, for planar metallic surfaces, the SPP modes cannot be converted to far-field propagating photons (and vice versa) because the phase matching condition cannot be fulfilled. The fabrication of a nanostructured periodic grating on the metal surface is a possible way to allow plasmon-photon coupling.

We here analyse, by various characterization methods, the plasmonic properties and plasmon-photon coupling of such a metallic grating obtained by a self-organization protocol. Section 2 describes the sample fabrication and structural characterization. In Section 3, we probe the photon-to-plasmon conversion mechanism by gonioreflectometry. Almost 100-% light absorption is demonstrated due to the SPP mode. The SPP dispersion is studied as a function of the grating depth and compared to a theoretical model. In Section 4, we deposit colloidal nanocrystals on the metallic grating and use their near-field fluorescence to excite the SPP modes. By comparing the light emission diagram with theory and estimating the amount of SPP-mediated signal, we demonstrate a useful method to determine the plasmon-to-photon out-coupling efficiency (extraction efficiency). Finally, we use photo-emission electron microscopy to map the electric field of the photo-excited plasmonic modes. We evidence both SPP and localized plasmon ("hot spot") modes.

SAMPLE STRUCTURE

Self-assembly offers many promising paths for nanostructuration. Opal samples (three-dimensionally ordered stacks of sub-micrometer spherical beads) have been the subject of many studies and their fabrication is now a mature technology [10]. We used a silica opal as a template in order to create a periodic pattern for a metallic film. The structure of the samples is indicated in Fig. 1a. A silica opal is covered by a gold layer (and sometimes a silica sub-layer is added in order to smooth the gold pattern). Scanning electron microscopy (SEM) (Fig. 1b) and atomic-force microscopy (AFM) (Fig. 1c) shows that the gold surface follows the 2D order of the opal template. We define the groove depth from the AFM profile as shown on Fig. 1c. By adjusting the gold and silica thicknesses, the obtained value of h can be tuned from 55 to 150 nm, as presented in table 1. The gold thickness is always much larger than the plasmon skin depth (typically 30 nm) so that the gold film can be considered infinite; the opal acts only as a template but does not contribute to the optical properties.

Table 1. Sample deposition parameters and corresponding obtained groove depth h (measured by AFM).

Beads We used opals obtained by a sedimentation protocol, as described in [9]. It is well established that such a protocol produces opals with 3D-ordered domains of typically tens of microns, with random in-plane orientations with respect to each other. Sections 3 and 4 will analyse the optical properties of the plasmonic gratings measured on sample portions of millimetre scales. The measured quantities will thus be averaged over all possible sample in-plane orientations. Further characterization of the sample order and disorder multiscale properties can be found in [7].

GONIOREFLECTOMETRY CHARACTERIZATION

We performed angle-resolved reflection measurements. The emission from a white halogen lamp was collimated as a 1-mm beam, passed through a polarizer and impinged on the sample with an angle θ controlled. The reflected light at the specular angle -θ was collected by an optical fiber and analysed by a spectrometer. The spectra were normalized but the spectrum of the lamp incident directly into the fiber. A typical result is shown on Fig. 2. For a flat gold film (dotted lines), the reflection is almost complete at higher wavelengths and drops for wavelengths below 550 -500 nm due to bulk gold absorption. The same feature appears on the plasmonic gratings reflection spectra, but dips also appear at certain wavelengths. We attribute these dips to absorption of the photons by creation of a plasmon mode. For s-polarized excitation, no SPP excitation is expected as SPPs are transverse-magnetic modes. A dip appears however below 600 nm in the measured spectra, which we attribute to the excitation of localized plasmonic modes as they show no dependence on the excitation angle. On the other hand, the dip in the p-polarized reflection spectra shows a strong spectral shift as a function of the incidence angle, which is a signature of SPP excitation. It is attributed to the excitation of a SPP mode, where the phase matching condition between the incident photon in-plane wavevector k // and the SPP wavevector k SPP is fulfilled due to the grating vector G 4 (as defined on Fig. 2c). The dip reaches almost 0%, indicating that the photon-toplasmon coupling is extremely strong and that very efficient light absorption can be generated by this selfassembled grating.

A similar feature appears for the p-polarized excitation spectra of all samples, as plotted on Fig. 3a. The dependence of the dip wavelength as a function of the angle (plotted in Fig. 3b as circles) is more pronounced for the lower groove depths. The line plots the theoretical correspondance for vanishing h, calculated by combining the phase matching condition (k SPP = k // + G 4 ) with the theoretical dispersion relation ω(k SPP ) of a SPP mode on a planar gold surface, and averaging over all possible grating orientations φ to take into account the sample multi-domain disorder structure (see [7] for details). The measured curves indeed converge towards the theoretical one for decreasing h, validating the model. (including the effect of averaging over all possible in-plane orientations as described in [7]).

FLUORESCENCE EMISSION DIAGRAM AND PLASMON EXTRACTION EFFICIENCY

In order to study the SPP out-coupling efficiency, we used the fluorescence of nano-emitters (CdSe/CdS nanocrystals, emission at 625 nm) to excite SPP modes (the near-field emission being coupled to the SPP, while the far-field is not). We sputtered on the sample an intermediate 80 nm silica layer to avoid quenching and then deposited the nanocrystals on silica. We performed angle and polarization-resolved emission spectra. The obtained emission diagram are plotted on Fig. 4a for several wavelengths. For the p-polarized emission, we observed a wavelength-dependent peak of emission. We plot on Fig. 4b the relation between the wavelength and the angle of this emission peak (black squares) and find that it matches the relation (red circles) obtained for this sample (after 80-nm silica coverage) for the dip in the reflection spectra. We thus attribute this peak in emission to the excitation of plasmon modes by nanocrystals and re-emission of plasmons to far field p-polarized radiation. In order to quantize the efficiency of the extraction of SPP (probability that a SPP is scattered as a far-field photon), we compared the obtained spectra to the case of nanocrystals on a plane gold surface. We performed lifetime measurements in both cases to check that the corrugation has no influence on the emission rate and so that the two configurations can be compared. We modelled the emission diagram of nanocrystals at 80 nm from a flat gold surface (lines on Fig. 4a) [11]. In s polarization, the theoretical flat gold curve is in good agreement with the measured grating curve, showing as expected to re-emission in s polarization. On the other hand, the p-polarized measured curves show a surplus of emission at the peak described above. This surplus can be quantified (see detail in [8]) and we found an extraction efficiency of 3% to 5% respectively at 600 and 660 nm, corresponding to an increase of 10% to 20% of the total emitted light. The experimental method developed here can be generalized to other systems and provides an interesting tool for designing light-extracting devices.

PHOTO-EMISSION ELECRON MICROSCOPY

We used photo-emission electron microscopy (PEEM) in order to further characterize and distinguish the excited SPP or localized modes. PEEM provides a high-resolution (25-nm) mapping of the electric field of the photoexcited plasmonic modes. When excitation is performed in p polarization (Fig. 5), we find continuous electric field modulations which we attribute to the SPP modes. In both polarizations, localized "hot spots" appear, corresponding to localized plasmonic modes. The analysis of these images provides insight into the photonplasmon coupling mechanism. 

CONCLUSION

We discussed various characterization methods for a self-assembled plasmonic grating and analysed the coupling of far-field photons to SPP modes. By gonioreflectometry, almost complete photon absorption by SPP modes was demonstrated and characterized as a function of the groove depth. By using fluorescent nanocrystals as nearfield SPP launchers, we demonstrated photon re-emission and quantified the extraction efficiency of this mechanism. Finally, PEEM can be used to provide further insight into SPP and localized plasmon modes and the role of defects.
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 1 Figure 1: (a) Schematic of the fabricated structure; (b) Scanning electron microscopy image of a sample -scale bar: 500 nm (inset : damaged portion, showing the silica beads covered with gold); (c) Atomic-force microscopy image and profile of the sample.

Figure 2 .

 2 Figure 2. Specular reflection spectra in (a) p and (b) s polarizations, for a plasmonic sample of groove depth 90 nm (full lines) and for a flat gold film (dotted lines, divided by 2 for clarity), for various incidence angles θ ; (c )Schematic of the metallic grating first Brillouin zone and phase matching relation.

Figure 3 :

 3 Figure 3: (a) P-polarized specular reflection spectra for angles θ from 20 to 80°, for the 6 samples described in table 1 (groove depth h ranging from 150 to 55 nm); (b) Circles: wavelength of the measured reflection dip as a function of the incidence angle θ for the 6 samples. Line: theoretical line describing the case h = 0

Figure 4 :

 4 Figure 4: (a) Photoluminescence emission diagram (norm.) at 600 (blue), 630 (green) and 660 nm (red), in s and p polarizations, measured for nanocrystals on a plasmonic sample (circles) and calculated for nanocrystals on a flat sample (lines); (b) Correspondence between wavelength and angle of detection for the dip in specular reflection spectra (red circles) and for the peak in emission (black squares) at p polarization.
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 5 Figure 5. PEEM image under p-polarized excitation (the black shape on the right is an opal defect).