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Introduction

The coupling of different molecules over large distances mediated by the strong interaction with a photonic or a plasmonic mode finds applications in the field of optics, but also well beyond, in electrical transport, [1] chemistry, [2] or magnetism. [3] In this strong coupling regime, the light and the molecular excited states cannot be considered separately and are hybridized to form polaritons. [4,5] One of the key feature of this hybridization lies in the coupling of otherwise independent oscillators. The basic idea is that the hybridized state between an extended optical state and localized molecules results in a coupled coherent state involving a large number of molecules, spread over the optical/plasmonic mode extension. [6,7] Different demonstrations have been achieved [8,9] showing the coherence and extension of the hybridized state. The generation of extended coherent states can modify the transport properties of the molecules: a demonstration of conductivity enhancement has been performed. [1,10,11] The molecular extension mediated by strong coupling could also play a key role in chemistry. [12][13][14] The energy structure of molecular materials can be tailored by patterning the organic material within the coherence length. The obtained structure presents properties that average the different patterns constituting the surface but are sensitive to the geometry of the pattern. These behaviours are characteristic of metasurfaces [15] but polaritonic metasurfaces differ from usual metasurfaces because of the polariton extension which can exceed the wavelength by one or several orders of magnitude. [16] The inclusion of different materials in a system in strong coupling in adequate conditions leads to the formation of hybrid states that mix the excitons of each material. Several demonstrations of the hybridization of molecular states have been performed. [17][18][19][20] A particular application of this hybridization is the enhanced energy transfer between both materials, one donor and one acceptor, when they are in strong coupling. The energy is transferred through an intermediate state comprising contributions of donor and acceptor (middle energy polariton). [21,22] As long as both donor and acceptor are hybridized together through the optical mode the energy transfer remains efficient. [23] This non-radiative energy transfer in strong coupling, like Forster energy transfer, modifies the donor emission rate. It has been demonstrated with time resolved experiments for separation up to 100 nm, [23] to be compared with distances smaller than 10 nm for the Förster process. Very recently a demonstration of energy transfer in an extended microcavity in strong coupling has shown luminescence transfer up to 2 µm. [24] All these demonstrations have been performed on stacked layers in microcavities. The extension of polaritonic states could be advantageously applied to couple different materials laterally separated on a surface, providing flexibility to the material arrangement and easy access to the materials. The complete lateral separation of two materials in strong coupling over micrometric distances could also be useful for sources using polaritons, as polariton lasers. [25,26] Indeed, the distance obtained are compatible with separated emission and excitation, whether optical or electrical: the coherence length is larger than the diffraction limit in the visible range and also larger than diodes typical sizes.

In this paper we exploit the extension of hybrid states to mix two different molecular materials through a surface plasmon. We develop a multimaterial system based on two structured dye layers, fully spatially separated, arranged in a square lattice with a 5 µm period and deposited on a silver film. We evidence a new type of multimaterial metasurface based on the hybridization of both materials excited levels with the plasmon, and the formation of hybrid states mixing the organic materials and the plasmon. Beside the control of the energy states allowed by the geometry and averaging, these structures also show transfer of emission from one dye to the other.

Fabrication of bi-material arrays

To investigate the effect of spatial separation on the hybridization, we design two structured dye layers, one formed by a periodic array of disks, and the other by the complementary structure, namely a film perforated by holes. Both are deposited on a silver layer. To evidence the effect of the spatial separation, samples with the two dye superposed and with the dyes separated have been fabricated. A layout of the sample is shown in Figure 1a and1b. (Cy3-Et) from Few Chemicals. The dyes can be diluted in aqueous solution, a solvent suitable for a self-association of the monomers to form a J-aggregate structure. [27] J-aggregated dyes are used in this study because they present a narrow absorption linewidth associated to a high oscillator strength, and thus are very efficient to reach the strong coupling regime. [28] The absorption and emission spectra of TDBC and Cy3-Et are presented in Figure 1c. The TDBC absorption peak lies at 2109 meV, and has a full width at half maximum (FWHM) of 47 meV, while the Cy3-Et absorption is at 2000 meV with a FWHM of 73 meV. The energy separation between the absorption of both dyes is thus 109 meV, larger than their linewidths. Moreover, TDBC and Cy3-Et both present a strong emission band, located at 2086 and 1938 meV, respectively.

In order to spatially separate the two emitters, we have superimposed on a silver film two types of layers: one array of Cy3-Et disks, and one TDBC thin film perforated by circular holes. To obtain these two patterns, polyelectrolytes multilayers (PEMs) of each dye were fabricated by Layer-by-Layer assembly on microstructured PDMS stamps. [29] These stamps were fabricated by replica molding against silicon masters obtained via standard lithography and reactive ion etching (RIE) processes. The LBL method consists in alternatively dip the stamp in electrolytes of different polarity, one of these being the dye solution and the other a cationic solution of poly(diallyldimethylammonium chloride) (PDAC). [30,31] This approach is well suited for the deposition on non-planar substrates like the PDMS stamps. Reflectometry experiments were also carried out on the area where the Cy3-Et disks are printed outside the holes, i.e. located under the TDBC film (Figure 1b). The corresponding dispersion image is shown in Figure 3b. For the sake of comparison with the data obtained when the dyes do not overlap, the black crosses associated with the polaritonic lines of Figure 3a 1 ). The similarity between the dispersions of Figure 3a and 3b is a strong indication of the key role played by the extension of the polaritonic state: whether the dyes are separated or stacked on the silver layer, the energy shifts from the bare states are mainly related to the number of molecules within the mode extension.

To compare our experimental results and confirm the main trends, the dispersion relations for both sample configurations were calculated with a 3D FDTD simulation, and presented in organised in an array of 5 µm period. The thickness used for both dyes is 13 nm and their energy and linewidth are extracted from Figure 1c. A good agreement between the calculation and the experiments is obtained for both structures. A splitting around 2200 meV obtained on the FDTD dispersion is not observed on the experimental data, probably because of experimental broadening. The order of magnitude of the polaritonic propagation length in amplitude can be evaluated for the middle polariton branch as 4 µm from the dispersion of Figure 3a (k=0.5µm -1 at k=11µm -1 ) and 5µm from the FDTD calculations (k= 0.4µm -1 ).

To go deeper in the interpretation and the understanding of the strong coupling in this spatially separated system, the energy levels extracted from the dispersion have been compared to a three level model. The main interest of this calculation in our context is the determination of the coupling energies between plasmon and excitons and the weight of the different exciton in the hybrid states. The dispersion relations can be obtained by diagonalizing the following Hamiltonian:
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where Epl(k) is the uncoupled surface plasmon energy as a function of the wavevector, γpl the plasmon homogeneous broadening, ETDBC and ECy3-Et the bare excitons energies, γTDBC and γCy3-Et their respective transitions linewidths. The interaction energies between each exciton and the plasmon resonance are noted VTDBC and VCy3-Et. The dispersion relation of the bare plasmon mode was deduced by fitting the experimental reflectivity on an energy range far from the excitonic resonances (between 750 nm and 800 nm). For this purpose, we modelled the sample by a silver film covered by a continuous dielectric layer of refractive index n=1.75 with transfer matrix method. The total thickness of the equivalent dielectric layer used for this fitting is 11 nm. The polaritonic dispersions obtained when using coupling strengths of VTDBC = 90 meV and VCy3-Et = 90 meV are presented in solid lines in Figure 4a, and are in very good agreement with the experimental reflectometry data (black crosses). The green dashed line corresponds to the bare plasmon mode, the dashed horizontal lines at 2084 meV and 1984 meV to the bare excitonic states used in the calculation. The energy splitting between the three branches is thus larger than the respective linewidth of the bare states, and of the same order of magnitude than the energy separation between the two excitonic states. To go further, we calculated the plasmonic and excitonic weights of each polaritonic branches. The high (resp. low) energy polaritonic line presents an almost 50% mixing of plasmon and TDBC (resp. Cy3-Et) exciton at the resonance. Around 11 µm -1 , the middle polaritonic branch is formed by a mixing of both excitons (30% each) and plasmon (40%) (Figure 4b). This proves that this system leads to the formation of an extended hybrid state where both emitters, although spatially separated, are mixed together through their strong coupling with the plasmon mode. We demonstrate here that the metasurface effect already shown for a single dye structured on metal for period smaller than the coherence length [16] can be extended to multimaterial systems. 

Energy transfer in bi-materials metasurfaces

In order to investigate the energy transfer between the two excitonic transitions now coupled together, we study the luminescence on a region with spatially separated dyes (Cy3-Et disks located in the holes of the TDBC film). In a first step, we performed experiments with a spatially localized excitation at 532 nm. As the period of the polaritonic metasurface is larger than the diffraction limit [16] , it is possible to excite selectively the TDBC dye, which can be seen as the donor for energy transfer. To evidence the contribution of polaritons, we compare the separated dye pattern deposited on silver with a reference sample where the same pattern is deposited directly on glass. The Figure 5a is a spatial luminescence image of the sample with an excitation laser spot extended over the whole structure. To confirm the energy transfer, measurements with a larger excitation spot have been performed.

For this purpose, a 532 nm laser diode was focused on a 50 µm diameter spot on the top side of the sample, illuminating around 50 patterns. The excitation energy is non-resonant with the dye absorptions and both materials are excited. The experimental emission is presented in Figure 6a. The black crosses correspond to the three polaritonic lines recorded in reflectometry on the same area of the sample (Figure 3a). The emission in strong coupling can be separated in two contributions. [6] The first one is the coherent polaritonic emission, at the polariton wavevector/energy. This contribution is located under the light cone represented by a white dashed line on the Figure 6a. The contribution to this emission is mainly concentrated in the lower polariton (LP). Diffracted orders of the LP emission can also be seen on this figure, presenting the typical curvature of the anticrossing with the horizontal excitonic line, and the same wavevector shift of 1 µm -1 than in the reflectometry experiment. The second contribution is the dispersionless incoherent emission, which lies at the same energy as the bare excitonic states. This contribution appears as two weak horizontal lines at 1970 and 2100 meV (bare Cy3-Et and TDBC energies) in the dispersion images reported on Figure 6a. We have integrated the luminescence of the coherent and incoherent states separately, between N.A. = 1 and N.A. = 1.49 for the coherent contribution and below N.A. = 1 for the incoherent states. [8] The resulting spectra, recorded on the region were the dyes are spatially separated on silver, are shown in Figure 6b. For each spectrum, two peaks are present around 1970 and 2100 meV which can be attributed to Cy3-Et and TDBC, respectively. We define the ratio between the maximum emission of acceptor and donor as: 𝑟 = , ,

. For the coherent states this ratio is rcoh = 4.4, while for the incoherent states, taken as reference, rincoh = 1.9. An enhancement of the acceptor emission of a factor 2 is thus measured for the coherent states, i.e. the hybrid states, confirming the energy transfer between the donor and the acceptor array. It should be noted that measurement on glass could also have been taken as a reference. Indeed, luminescence spectra recorded for the same dye pattern deposited on glass are shown on Figure 6c. The ratio of emission from the two dyes r  1.7 is the same for numerical apertures smaller and larger than 1, and is of the same order of magnitude as the ratio measured for incoherent states on silver. The advantage of comparing coherent and incoherent contributions on a silver substrate instead of on glass is that it avoids any inhomogeneity contribution of the sample, as the data are taken on the same region.

Conclusion

In 

Figure 1 .

 1 Figure 1. Sketch of the sample in the areas where a) Cy3-Et disks are inserted in the holes of the TDBC layer, b) Cy3-Et disks are located under the TDBC layer. c) Normalized absorptions (solid lines) and emission (dashed lines) of TDBC (blue) and Cy3-Et (red) films.

  For the Cy3-Et layer an assembly of 8 Cy3-ET/PDAC bi-layers was formed on a stamp patterned in a square array of 4 µm diameter disks, with a p = 5 µm period. The negative stamp is used to obtain the perforated TDBC film formed by 12 TDBC/PDAC bi-layers. The disks size and array period were chosen to ensure a 50 % dye filling factor for each layer. The sample was obtained by first transferring the Cy3-Et PEMs microdisks by micro-contact printing (µCp) on a 50 nm silver film sputtered on a glass substrate. The PEMs of perforated TDBC was then printed on top of this stack. The fabrication method is summarized in Figure2. To exactly locate the Cy3-Et disks in the holes of the perforated TDBC layer, the second stamp is slightly rotated compared to the first one, to introduce a small angle between the two arrays of patterns. Due to the Moiré effect, this leads to the formation of two types of regions on the sample. In the first kind of region, the Cy3-Et disks are located inside the holes of the TDBC thin films, and both emitters are in contact with the silver layer (Figure1a). The diameter of the Cy3-Et disks has been chosen slightly smaller than the holes' diameter, as can be seen in an AFM image of this area (last panel of Figure2), hence both emitters are spatially laterally separated. The angle between the stamps is small enough to ensure large regions of spatially separated dyes. Outside these regions the Cy3-Et disks are located under the TDBC film, leading to a stack of Cy3-Et/TDBC PEMs on silver (Figure1b).

Figure 2 .

 2 Figure 2. Sketch of the sample fabrication. An AFM image of an area where the Cy3-Et disks are inserted in the holes of the TDBC film is presented in the last panel. The dashed line in this image corresponds to the detected direction in the optical setup.

Figure 3 .

 3 Figure 3. Experimental (top) and FDTD (bottom) dispersion images obtained in the areas where: a) and c) both dyes are laterally separated; b) and d) both dyes are superposed. The horizontal blue and red dashed lines indicate the energy positions of the uncoupled TDBC and Cy3-Et excitons, respectively. The black crosses indicate the positions of the three polaritonic dispersion lines identified in panel a) and are reported in the others images. The open red circles mark the low energy polariton and diffracted order of panel b) and are reported on panel d).

  are reported on this graph. Very interestingly, there is a very good superposition of the two datasets for the upper and middle polariton branches. The lower branch, marked by red open circles, show a slight shift with respect to the polaritonic line observed for non-overlapping dyes. The first diffracted order of the low energy polariton line is also observable on the bottom right part of the image. The diffracted line is shifted by ~1 µm -1 from the low energy polariton line, in good agreement with the periodicity of the structure in this direction of propagation ( √ = 0.88 µm -

Figure 3c and 3d .

 3d Figure 3c and 3d. The simulations have been performed using the software Lumerical. Disks of Cy3-Et with a diameter of 3.75 µm and a TDBC layer with holes of 4.25 µm diameter were

Figure 4 .

 4 Figure 4. a) Polariton dispersion relations obtained by the three level coupled oscillators model. The dashed lines correspond to the energies of the uncoupled surface plasmon (green), TDBC (blue) and Cy3-Et (red) excitons. The black crosses correspond to the positions of the experimental dispersion lines of Figure 3a. b) Middle energy branch Hopfield coefficients associated to plasmon (green), TDBC (blue) and Cy3-Et (red) excitons.

Figure 5 .

 5 Figure 5. a) Luminescence image of an array where the dyes are spatially laterally separated excited on the whole image surface. The red circle corresponds to the position of the localized excitation spot used in the other panels. Direct images of luminescence under localized excitation for a dye array on b) silver and c) glass. Spatially (vertical axis) and spectrally (horizontal axis) resolved luminescence of the dye arrays on d) silver and e) glass. In panels b-e, the colour scale is chosen to have the same level of saturation. In a, b and c a linear color scale is used. In d and e a log scale has been chosen to highlight the acceptor emission.

  Figure 5a. The luminescence images under localized excitation are shown in Figure 5b (dye array deposited on silver) and Figure5c(dye array deposited on glass). In the presence of the metal film, we can clearly observe light emission from the disks which are located on the side of the excitation spot. On the contrary, when dyes are deposited on a glass substrate, the luminescence remains confined around the excitation spot. To show that such a spatially extended luminescence comes from the emission of the acceptor (i.e. the Cy3-Et dye) and not from donor's emission scattering, a spectral analysis is performed. A vertical stripe is selected in the direct images of Figure5band 5c and spectrally resolved. The resulting spectral images are shown on Figure5d and 5e. An emission at the acceptor energy spatially separated from the donor emission can be clearly seen on silver, showing the energy transfer on a scale of several microns. On the glass substrate only the donor emission can be observed.

Figure 6 .

 6 Figure 6. a) Emission dispersion of the polaritonic metasurface. The black crosses correspond to the experimental reflectometry dispersion lines of Fig. 3a. The dashed white line indicates the light cone. Emission spectra of dye arrays on silver (b) and glass substrates (c). The red lines correspond to the coherent states (N.A. >1), the black lines to the incoherent states (N.A. <1).

  conclusion, a periodic structure formed by two spatially separated interlocking arrays of dyes was fabricated on a silver film. The hybridization of the two materials forming the arrays was shown by reflectometry measurements, compared with FDTD calculations and a coupled oscillator model. The intermediate polariton branch shows a quasi-equal mixture of the two materials and the plasmon (30 % for the excitons and 40 % for the plasmon), which is a requirement for efficient strong coupling energy transfer. Luminescence experiments demonstrate energy transfer between the donor and acceptor lattices even though they are spatially separated by micrometric distances. The fabrication of such polaritonic metasurfaces can allow a control of the mixing and thus of the energy levels and polarizability with various parameters offered by the geometry. The transfer from one material to the other could find applications in the excitation of organic emitter with an efficient transfer and an easy access to the in-plane separated structures. Multimaterial strongly coupled metasurfaces can also be extended to the vibrational strong coupling where the control of the energy states could find applications in strong coupling chemistry.Antoine Bard, Sylvain Minot, Clémentine Symonds, Jean-Michel Benoit, Alban Gassenq, François Bessueille, Bruno Andrioletti, Camilo Perez, Kévin Chevrier, Yannick De Wilde, Valentina Krachmalnicoff, and Joel Bellessa* Extended hybridization and energy transfer in multimaterial polaritonic metasurfaces A Polaritonic metasurface is presented herein. It is composed of interlocked arrays of two organic materials on a silver surface. Both materials excitations are strongly coupled through the plasmon despite their spatial separation. The hybridization between both dyes leads to energy transfer over mircometric distances.
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