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Structure and far-field optical properties of self-organized bimetallic Aux-Ag1-x nanoparticles embedded in alumina thin films

1 Introduction Noble metal nanoparticles (NPs) have shown fascinating optical properties, related to the excitation of localized Surface Plasmon Resonances (SPRs), which constitute the basis of chemical and biological sensing applications such as Surface-Enhanced Raman Scattering (SERS) spectroscopy [1]. During the last couple of decades, a wide range of chemical and/or physical methods have been developed for the fabrication of planar arrays of NPs, where near-field coupling permits the increase of the Raman scattering of molecules via the strong lo-cal field enhancement that occurs in the gap between two coupled NPs. For practical and convenient sensing appli-cations, robust and reusable surfaces with high stability and low-cost production are required. A simple route to elaborate periodic chains of metallic NPs with interparti-cle gaps smaller than 3 nm consists in using nanostruc-tured surfaces as templates for the growth of self-organized NPs [2][3][4][5][6][7][8][9]. However, to obtain reusable SERS-active sur-faces, the NPs must also be capped by a protective di-electric matrix with a thickness small enough (< 6 nm) to keep sufficient field enhancement at the capping-layer surface [10]. Due to such a small thickness, inhomoge-neous or even incomplete covering of the NPs cannot be ruled out, so that the NPs stability remains an issue of major importance. Furthermore, obtaining the desired optical properties (i.e., controlling the spectral position and width of the SPR) is mandatory for improving device functionality. Among noble metals, Ag NPs present a very intense SPR but lack chemical stability whereas the opposite is observed for Au. These metals can form a homogeneous structure for all compositions, and thus bimetallic Au x -Ag 1-x NPs are promising materials for SERS experiments [11,12]. Indeed, not only the SPR spectral position can be tuned through the composition ratio x , but also 1-x the chemical stability against corrosive environments can be significantly enhanced when x > 0.1 [13]. In this work, we have studied the structure (morphology and organization), far-field optical properties and thermal evolution of Au x -Ag 1-x NPs prepared by grazing-angle deposition using alternating sources on nanoripple patterns. We show that periodically aligned chains of Au x -Ag 1-x alloy NPs can be successfully created. measurements using a Cary 5000 spectrophotometer (Agilent Technologies) equipped with a rotating polarizer. The spectra were recorded in the 250-2500 nm spectral range with a 1 nm-step using longitudinal ( ) or transverse (⊥) polarization with respect to the ripple direction. Because the intensity in the images scales linearly with the sample thickness and with Z 1.7 (Z be-ing the atomic number of the encountered atomic species), the NPs appear in bright contrast over a dark background corresponding to the signal of the alumina matrix. Both Ag and Au NPs are slightly elongated and oriented in the direction parallel to the ripples with an average in-plane aspect ratio D /D ⊥ ≈ 1.3. However, it is worth not-ing that Au NPs exhibit smaller interparticle gaps than Ag NPs (g Au ≈ 3 nm vs g Ag ≈ 5 nm). Since the Au amount is smaller than the Ag amount (t Au ≈ 0.9 nm vs t Ag ≈ 1.25 nm), it can be suggested that the Au NPs are flatter than the Ag NPs as a result of a delicate interplay between thermodynamic and kinetic effects [14]. Such effects may, for instance, be associated to different surface energies and atomic mobilities for Au and Ag, respectively. Plan-view HAADF-STEM images presented in Figs. 2(a) and 2(b) show that as-deposited bimetallic samples also display bimodal distributions with small isolated NPs (d ≈ 3.5 nm) located between periodic chains of large and elongated NPs (D > 20 nm and D /D ⊥ > 2). These re-sults tend to confirm that the NP growth is dominated by ded in alumina layers were produced at room temperature in a Dual Ion Beam Sputtering Nordiko chamber (∼ 6 × 10 -8 mbar base pressure). As a first step, deposition of amorphous alumina thin films (∼ 360 nm thick) onto surface-oxidized Si, fused silica substrates and NaCl single crystals was accomplished. In a second step, periodic nanoripple patterns were created by ion ero-sion of the as-grown alumina thin films over 800 s with 1 keV Xe + ions at a sputtering angle of 55 • with respect to the surface normal and at a rate of about 0.43 nm s -1 . The resulting pre-patterned alumina surfaces were then used as templates for the growth of metallic NPs by grazingangle sputter deposition (6 • from the mean surface) in order to obtain NP chains replicating the lateral order of the ripples by shadowing effects [3,4,8]. Monometallic NPs were grown by deposition of Ag (effective thickness t Ag ≈ 1.25 nm) or Au (t Au ≈ 0.9 nm), while formation of bimetallic NPs was achieved by alternating Ag(1.25 nm)/Au(0.9 nm) or Au(0.9 nm)/Ag(1.25 nm) deposition (here, Ag/Au means that Ag was deposited before Au, and vice versa). Lastly, the NPs were covered with an additional 15 nm-thick amorphous alumina capping-layer to prevent contamination from the external environment.

For each type of sample, cumulative annealing treatments were performed at 400, 500, 600, and 700 • C for 1 h under vacuum (∼ 2 × 10 -7 mbar).

Characterization methods

The surface topography of the pre-patterned alumina thin films deposited on Si was characterized by Atomic Force Microscopy (AFM) using a Digital Instruments NanoScope R in the tapping mode. The morphology and spatial organization of the NPs were analyzed through plan-view images obtained by High-Angle Annular Dark-Field Scanning Trans-mission Electron Microscopy (HAADF-STEM) with a JEOL 2200FS microscope operated at 200 kV and with a probe size of 0.7 nm. Prior to imaging, freestanding films deposited on NaCl were transferred onto molybdenum grids after dissolving the substrate in purified water. The far-field optical response of the samples deposited on fused silica were investigated by normal incidence transmittance shadowing effects and by inhomogeneous anisotropic coalescence in the zones illuminated by the metal flux during deposition [15]. However, contrary to monometallic NPs, it should be noted that both Au/Ag and Ag/Au NPs display inhomogeneous gray-scale contrast, which moreover differ from one deposition sequence to another. When Au is first deposited [Fig. 2(a)], bright dots appear as superimposed over elongated darker gray areas. Regarding the Ag/Au sequence [Fig. 2(b)], the elongated NPs within the periodic chains are brighter on the side facing the metal flux during deposition than the opposite side. Although we cannot distinguish between thickness and Zcontrast effects to correctly interpret HAADF-STEM images, the observed contrast might be compatible with the drawings sketched in Figs. 2(e) and 2(f). Owing to its higher atomic mobility, Ag can wrap around the previously formed Au NPs [Fig. 2(e)] whereas Au just accumulate in front of the initial Ag NPs [Fig. 2(f)]. These configurations also agree with recent molecular dynam-ics simulations, which show that Au core Ag shell NPs are more stable than Ag core Au shell NPs [16]. Nevertheless, observation of the plan-view HAADF-STEM images in Figs. 2(c) and 2(d) show that inhomogeneous gray-scale contrast tends to smooth out after annealing at 700 • C, which suggests that alloying might have happened for both Au/Ag and Ag/Au sequences. In situ HAADF-STEM experiments (not shown) proved that such an alloying effect occurs right from 400 • C. In addition to these structural modifications, annealing also induces morphological changes with more elongated NPs due to coalescence effects.

Optical properties

The transmittance spectra shown in Figs. 3(a)-3(d) exhibit an optical dichroism (∆λ = λ -λ ⊥ = 0, where λ and λ ⊥ are the spectral positions of the minimum of transmittance for longitudinal and transverse polarizations, respectively), which may be ascribed to both the spatial organization and shape anisotropies of the NPs [3,4]. Furthermore, the longitudinal SPRs are always broader than the corresponding transverse SPRs as a result of broader distributions of size (D ) and interparticle gap (g ) in the direction parallel to the ripples. The longitudinal and transverse SPRs of the asdeposited Ag sample [Fig. 3(a)] peak at lower wavelengths and are more intense than the corresponding SPRs of the as-deposited Au sample [Fig. 3(b)]. Moreover, the resulting optical dichroism is stronger for Au (∆λ Au ≈ 120 nm) than for Ag (∆λ Ag ≈ 30 nm). These effects are not only due to the nature of the metal (i.e., different dielectric functions [17]), but there is also a contribution of the NP shape and interparticle gap with Au NPs being flatter and closer to each other. Regarding the optical response of the bimetallic NPs [Figs. Au (λ ⊥Au = 586 nm). In contrast, owing to the elongated shape of the NPs and to coupling effects, the longitudinal SPRs are shifted beyond 1500 nm and are noticeably broadened. In addition, the presence of a weak peak located at a spectral position close to λ ⊥ can be noticed for both Ag/Au and Au/Ag configurations, which probably results from the contribution of isolated (and therefore uncoupled) NPs.

Figs.

3(e) and 3(f) show the evolution of the transverse SPR position and full width at half maximum (FWHM) after successive annealing at increasing temperatures T . For clarity, only the transmittance spectra measured after annealing at 700 • C are displayed in Figs. 3(a)-3(d). The most conspicuous features are a progressive blue-shift and a narrowing of the transverse SPR as T is increased. These results can be interpreted by a morphological change of the NPs, but also by a modification of the metal dielectric functions with a decrease of the damping constant arising from reduced defects in the crystal lattice [18]. It should be noted that, except for the Au/Ag sample, the characteristics of the transverse SPR are slightly affected at 400 • C and evolve more markedly at higher T . Regarding the evolution of the optical response of the bimetallic samples with longitudinal polarization, it can be observed that the second minimum of transmittance (resulting from uncoupled NPs) follows the same behavior as the transverse SPR (i.e., blue-shift, amplification, and narrowing). How- 

Figure 3 Transmittance measurements at normal incidence with longitudinal (solid lines) and transverse (dotted lines) polarizations of the incident light with respect to the ripple direction: (a) Ag(1.25 nm), (b) Au(0.9 nm), (c) Ag(1.25 nm)/Au(0.9 nm), and (d) Au(0.9 nm)/Ag(1.25 nm). Thermal evolution of the (e) transverse SPR position and (f) FWHM.

ever, the main longitudinal SPR undergoes dramatic redshift and broadening. In that case, due to thermally-induced elongation of the NPs, self-organized chains tend to behave like nanowire gratings [19]. Moreover, although the initial Au x -Ag 1-x compositions are identical (x ∼ 42 vol.%), and while alloying occurs after annealing at 700 • C, the resulting optical responses are different for the two sequences, Ag/Au and Au/Ag, which suggests that the ultimate structural properties are not totally similar.

Conclusion

We experimentally investigated the structure and far-field optical properties of Au x -Ag 1-x NP chains produced by grazing-angle alternate deposition on nanorippled alumina surfaces. We found that, due to different nucleation and growth regimes, Ag/Au and Au/Ag deposition sequences lead to as-deposited NPs with different morphologies and organization, and therefore different plasmonic responses. Nevertheless, self-organized Au x -Ag 1-x alloy NPs with small interparticle gaps were obtained after thermal annealing. We anticipate that such systems might be exploited to develop sensitive and chemically stable SERS-active substrates.

1 Figure 1

 11 Figure 1 (a) AFM image of the pre-patterned alumina surface after ion erosion with 1 keV Xe + ions over 800 s at a sputtering angle of 55 • . Plan-view HAADF-STEM images of as-deposited monometallic samples and corresponding size distributions: (b,d) tAg ≈ 1.25 nm and (c,e) tAu ≈ 0.9 nm.

3 Results and discussion 3 . 1

 31 Structural properties An AFM image representative of the pre-patterned alumina surface morphology is shown in Fig. 1(a). It confirms the formation of unidirectional ripples oriented in the direction perpendicular to the projection of the ion beam, with a ripple period of about 40 nm and a ripple height ∼ 3-4 nm. For both metals, plan-view HAADF-STEM images of the as-deposited monometallic samples show periodic chains of large NPs (in-plane size D ≈ 11 nm) that replicate the pattern of the underlying ripples together with smaller NPs (in-plane size d ≈ 3 nm) randomly distributed between the chains [Figs. 1(b)-1(e)].

Figure 2

 2 Figure 2 Plan-view HAADF-STEM images of bimetallic samples: (a) as-deposited Au(0.9 nm)/Ag(1.25 nm), (b) as-deposited Ag(1.25 nm)/Au(0.9 nm), (c) postannealed Au(0.9 nm)/Ag(1.25 nm), and (d) post-annealed Ag(1.25 nm)/Au(0.9 nm) at 700 • C for 1 h. Schematic drawing (side and top views) of the NP structure for (e) Au/Ag and (f) Ag/Au sequences. Arrows indicate the direction of the metal flux.
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