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Optimum plasmon hybridization in percolation threshold of silver films near metallic surfaces

We demonstrate experimentally a strong interaction and, plasmonic hybridization from a nanosystem having both localized and delocalized surface plasmons modes simultaneously in the presence of a nearby thin continuous metallic film. In situ DC resistance measurement of silver films and percolation theory was used to determine accurately the systems where the percolation threshold exists by distinguishing the nucleation and growth regions of silver films. We found an optimum plasmon hybridization existing in this percolation threshold region which can be verified from the absorption spectra. We interpret our data in terms of a fitting of the absorption spectra to the Fano type line shapes model.

Introduction

Recently there has been huge interest in studying various metallic nanostructures capable of manipulating light in order to obtain unique optical properties. These properties are explained by their plasmon resonances behavior and strongly depend on the geometry, material and surrounding environment. They can be easily manipulated to suit different applications ranging from chemical and biological sensors [1][2][3], medical [4,5], waveguiding [6][7][8] and to metamaterials [9][10][11][12]. Most of these already obtained nanostructures suffer from losses and are not highly intensified which makes their applications limited or less efficient. However, extremely strong and localized electromagnetic fields generated in some of these metallic nanostructures have been achieved by using plasmonic interactions phenomena normally between two well known plasmonic modes, namely, localized surface Plasmon (LSP) which can represented by the subwavelength nanostructures and delocalized or surface plasmon polariton (SPP) which can represented by the continuous metallic films in both theoretically [13][14][15][16][17][18] and experimentally [19][20][21].

In this paper we show that plasmonic interactions can also be enhanced, not only very strongly, but reach optimum for a nanosystem having both modes simultaneously in the presence of a nearby thin continuous metallic film, compared with localized surface plasmon surfaces interactions. The coexistence of localized and delocalized surface plasmon modes at the percolation threshold has been proven theoretically [22] and experimentally [23], however it remains a challenge to find such percolation threshold conditions experimentally.

Experimental Details

Samples preparation

2.1.1. Percolation samples. Single-layer thin films of Ag were deposited on super white glass substrates using high vacuum, DC magnetron sputtering. The sputtering target was a 99.999% Ag disc (50mm diameter), placed 150mm away from the substrate. The substrate was rotated at10 rpm and placed at 150 mm to the flux of silver. The base pressure was better than ≅10 -6 Torr, while sputtering was carried out in presence of flowing Ar, at a pressure of ∼ 2 mTorr. The results are shown in figure 1. The oxidation of the prepared thin silver films on exposure to air was mitigated by measuring immediately after samples were fabricated. The oxidation of silver represents a significant challenge to application of percolating silver films, however capping of silver films with barrier oxides or alternate plasmonic materials such as gold may represent potential application materials.
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Plasmon hybridization samples:

The geometry of nanosystems used is shown as inset graph in Fig. 2 and consists of a three layers structure deposited on glass substrate. First, continuous silver film of thickness 40nm was sputtered onto a glass substrate and alumina (Al2O3) as spacer layer of thickness 40nm was deposited over the silver surface and finally the required silve r film region was deposited on top of the spacer with precise measurement of the mass thickness by quartz-crystal film-thickness monitor. The Silver and Alumina layers were prepared by using high vacuum DC and RF high vacuum magnetron sputtering system, respectively. The sputtering targets of Au and Al2O3 were 99.99% pure discs, placed 70 mm away from the substrate. The base pressure was better than ∼10 -7 Torr, while sputtering was carried out in the presence of flowing Ar, at a pressure of ∼ 2 mTorr.

Characterization

2.2.1. Microscopy. FEI Nova-600 FEG NanoSEM Scanning electron microscopy (SEM) was used to study the nanostructure and cross-sections of the films. The Nova NanoSEM features a helix detector that delivers high resolution images in low vacuum as well as at low kV. 2.2.2. Spectrophotometry. Spectral transmittance T (λ) and reflectance R(λ) for all the samples were measured by using Shimadzu UV-3600 UV-VIS-NIR Spectrophotometer over the visible and NIR wavelength ranges 300nm 2000nm. Reflectance was measured at the near normal θ=8°and the absorbance A(λ) is deduced by using A( ) = 1-R( ) -T( ).

Results and discussions

In this experiment, the percolation threshold region has been traced and determined accurately by studying the nucleation and growth of silver films on glass substrate using in situ DC resistance measurement deposited by DC magnetron sputtering and percolation theory. The main growth stages are (see figure 1) with increasing deposited material or the fractional coverage (f ); the initial nanoislands stage (f f c ), where f c is the fractional coverage at percolation threshold, then the percolation region ((f =f c ), our main focus), and the semicontinuous region (f f c ) until the film becomes continuous (f =1). This procedure is similar to the one described by Maaroof and Evans [24], accordingly, the experimental value of the percolation threshold (f c ) of silver films has been estimated by using the equation R(f c )=(R D R M ) 1/2 ,where R D is the dielectric resistance value at f = 0 and R M is the metallic resistance value at f=1, hence f c corresponding to the R(f c ) is found (from the measured values see Ref. [24] for more details). Thus, it was found that the value of critical fractional coverage is f c =0.45 (with equivalent mass thickness=4nm). To add more accuracy, various samples have been prepared and characterized around this region both optically and structurally to confirm this. When the light strikes one of the surfaces mentioned above, it generates electron waves, called plasmons. These surface waves only exist in metals and oscillate naturally to generate local electric fields. Figure 1 shows that there are three types of plasmonic modes depending on the structure of silver films. These are (i) discontinuous structure or islands region with Localized Surface Plasmon (LSP) mode, (see inset image of figure 1 (a)). This mode is confined to the surface and becomes especially strong if the frequency of the excited light approaches the frequencies of plasmon resonances, optically see figure 2 To demonstrate strong plasmonic interactions of CLDSP with continuous thins films, we first characterized optically each single layer of the nanosystem as shown in figure 2 and3 namely, the single layer of silver film (40nm) on glass, and compare to the top layer and with the whole nanosystem, figure 2 and3 show absorption spectra for such a comparison. In figure 2 the top layer is a nanoisland film which represents LSP and figure 3 the top layer is at percolation threshold which represents CDLSP. The single layer of nanoislands with a mass thickness =2nm on glass substrates display the familiar 30% anomalous absorption at λ p =472nm which is typical for localized plasmon resonances. It is clear that local fields amplified by interaction of the island resonances with the incident radiation field while the single layer at the percolating threshold with equivalent mass thickness ≅4 nm exhibit no such pronounce peak, see figure 3, because the duality of plasmonic behavior on delocalized modes which allow transfer of the resonance over the entire system, and localized modes allow concentration of the resonance in a small part of it [22]. When the nanosystem is formed a significantly enhanced absorption is seen. First, in case where the top layer is composed of nanoislands with 2nm mass thickness with mostly localized surface plasmon modes the absorption reaches 73% and there is no shift in the wavelength as reported in reference [25]. While in case where the top layer is at the percolation threshold, with a 4nm mass thickness, the absorption is optimized to nearly 805 at λ p =485nm and this is also clearly shown from the reflectance spectrum as a sharp dip see the inset graph of figure 3. This maximum in the absorption for such nanosystems can confirm two important physical aspects: Firstly, the experimental evidence of the coexistence of localized and delocalized surface plasmons at the percolation threshold. Secondly, the preparation of films at or close to the percolation threshold can provide an addition method of control of plasmonic interactions.

To add more evidence to the reported value of the percolation threshold (f c ) =0.45 and the absorption optimization, another value of film thickness has been chosen and studied, just below the percolation threshold, with a mass thickness equal to 4.5nm (f=0.5). The SEM image for this region is shown in figure 1(c) and the absorption spectrum is plotted together with 2nm, 4nm and 4.5nm films for comparison as shown in figure 4(a). It is clear that plasmonic interaction just above percolation threshold (t=4.5nm) is also strong and shifted back to a shorter wavelength λ p =457nm but with lower amplitude. That means the film is still percolating but the concentration of the localized surface plasmon resonance on the surface is less than at the percolation threshold region.

We fit the data with a Fano line shape which can be used to explain the interaction of a continuous and discrete state. In the far field, the absorption spectra A(ω)= |a(ω)| 2 can be described by the following model [26,27,28] Where a r is the amplitude of a constant background, b j and Φ j are the amplitude and phase of surface plasmon modes, while E j and Γ j represent the spectral position and the linewidth of the individual resonances, and s stands for symmetric and asymmetric modes, respectively. Figure 4(b) shows the absorption spectra fitting for the three interaction experimental cases shown in figure 4(a) below, at and above percolation threshold, 2nm, 4nm, 4.5nm, respectively, where the fitting for each case includes only a single resonance. In all three cases, the absorption spectra are dominated by highly symmetric localized surface plasmon peak which can be fitted extremely well by Fano line shapes equation (1), which describes the interaction between localized (discrete state) and delocalized surface Plasmon (continuum state) modes. The curves shown in figure 4 The inset graph shows the absorbance plotted as a function of energy to show the resonances as a symmetric. That we observe single resonances corresponding to symmetric modes suggests that the asymmetric modes are too weak to show. The exact details of the interaction between the 40nm silver films and the CDLSP are not clear, however the thickness of the metal silver has previously been shown to have critical importance in the coupling between LSPR's and SPP's and interpret in terms of a Anderssen-Fano model [29]. We interpret the system as resulting from the coupled state of the CDLSP interacting with the SPP modes of the thick metal film.

The strong coupling that we observe we interpret as an interaction between a coupled state of the continuous and discrete plasmons in the thin film with the SPP in the thick film. We envisage a coupling between the oscillating fields induced by the propagating plasmon at the surface of the thick silver film and that propagating in the thin silver film. The presence of the localised surface plasmon resonances acts both to couple light into the delocalised plasmon modes of the thin film and to the SPP modes in the thick film, but also to modify the energy of the delocalised state in the thin film apparently to aid coupling between this delocalised state and the SPP mode.

Conclusion

In summary, we have demonstrated the first experimental evidence of optimum plasmonic hybridization at optical frequency in a nanosystem consisting of dual plasmonic modes. We have shown that this unique optical response as a result of plasmonic interactions between the coexistence of localized and delocalized surface plasmon modes which only exist at the percolation threshold of silver films. The result is then compared with localized surface plasmon interactions for more clarification. The spectra are dominated by a highly symmetric localized surface plasmon peak that can be fitted extremely well by the classical Fano equation in term of absorbance, which describes the interaction between localized and delocalized surface plasmons such unique plasmonic properties favorable and open new platform for a range of potential applications using such interesting region, such as sensors, medical, filters, metamaterials and other plasmonic devices especially if we consider using more complicated nanostructures [30].
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 1 Figure 1. DC film resistance measurement of a growing silver film on glass substrate as a function of volume fraction (f). The four inset graphs showing SEM images of silver growth processes. These are (a) the initial nanoislands stage (f f c ) with mass thickness 2nm, (b) the percolation threshold region ((f =f c ) with mass thickness 4nm, (c) the semicontinuous region (f f c ) with mass thickness =5nm and (d) the film becomes continuous at (f =1) with mass thickness=9nm.

  (2nm Ag/glass). (ii) The Percolation threshold region with coexistence of localized and delocalized surface plasmon mode (CLDSP), structurally see inset image of figure 1(b) while optically figure 3 (4nm/glass) (iii) Continuous region with delocalized surface Plasmon (DSP) mode, see figure1(d). This mode is a surface-plasmon polariton (SPP) or a surface electromagnetic wave propagating along the interface normally between two media possessing permittivities with opposite signs, such as the metal-dielectric interface.
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 2 Figure 2. Absorbance spectra as a function of wavelength for a three layers nanosystem used in this experiment in case of nanoislands. The continuous film has a thickness of 40nm and the spacer layer (Al 2 O 3 ) has a thickness of 40nm and the top layer has nanoislands film with a mass thickness of 2nm. In comparison, the measured absorbance for each silver layer has been plotted as well. The inset graph shows the reflectance, transmittance, and absorbance only for three layers nanosystem.
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 3 Figure 3. Absorbance spectra as a function of wavelength for a three layers nanosystem used in this experiment in case of percolation threshold. (a) The continuous film has a thickness of 40nm and the spacer layer (Al 2 O 3 ) has a thickness of 40nm and the top layer at percolation threshold of silver film has a mass thickness of 4nm. In comparison, the measured absorbance for each silver layer has been plotted as well. The inset graph shows the reflectance, transmittance, and absorbance only for three layers nanosystem.
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 4 Figure 4. (a) Absorbance spectra as a function of wavelength for three different nanosystems with the top layer thickness vary from 2, 4, and 4.5nm, below, at, and above percolation threshold, respectively. The inset graph shows the equivalent reflectance for each nanosystem. (b) Compared model simulations of absorbance spectra for the three nanosystems mentioned in (a). The parameters for the nanosystem with the top layer below percolation threshold (2nm mass thickness ) are a r =0.05, b=0.86, Φ=0, E=2.7 and Γ=0.35; with the top layer at percolation threshold (4nm mass thickness ) are a r =0.05, b=0.88, Φ=0, E=2.7 and Γ=0.88; and with the top layer above percolation threshold (4.5nm mass thickness) are a r =0.05, b=0.85, Φ=0, E=2.8 and Γ=0.88. The inset graph shows the absorbance plotted as a function of energy to show the resonances as a symmetric.
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