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Abstract

:

Ag/Pd multilayers and AgPd alloyed ultrathin films were deposited on Corning glass by magnetron sputtering. After being annealed in a furnace in air at 460 °C, self-assembled nanoparticles were formed. Localized surface plasmon resonances were observed only for the Ag-rich samples in the full range of the visible light spectrum. The resonance position was found to depend on the initial film thickness. In order to gain further physical insight, rigorous theoretical calculations were carried out via the rigid coupled-wave analysis method for the entire compositional range between Ag and Pd. Theoretical calculations were proven to be in suitable agreement with the experimental results.
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1. Introduction


Noble metal NanoParticles (NPs) with diameters in the nanoscale range show remarkable properties with respect to the photon absorption phenomenon. The appearance of Localized Surface Plasmon Resonances (LSPRs) makes these materials suitable for a great variety of applications nowadays. In particular, LSPRs are being used in Scanning Near-Field Optical Microscopy (SNOM), in Photon Scanning Tunneling Microscopy and for light trapping in photovoltaic systems. Furthermore, LSPRs have been assayed in nanosensors, gas sensors and biosensors, for the detection of humidity and gases in the environment, for the surface-enhanced of Raman scattering, for field enhanced spectroscopies, to the non-linear effects; see, for example, Refs. [1,2,3,4,5,6,7,8,9] and references therein.



So far, numerous works delivered on LSPRs are basically oriented toward Ag and Au NPs. However, the continuous research for novel materials with special properties in the areas of hydrogen and photocatalysis has emerged new metals, such as Pt and Pd, on the screenplay [10,11,12,13,14]. In this study, we work with AgPd plasmonic NPs. AgPd NPs were produced by initially depositing Ag/Pd multilayer structures and then annealing them in air. By tuning the thickness of the layers, we could change the composition of the NPs. We determined the optimum composition for obtaining LSPRs. Then, we showed that, alternatively, if using as starting material co-deposited AgPd alloy films of the optimum composition, we could reproduce the LSPRs. In all cases examined, the annealed films show broad LSPRs due to the presence of AgPd NPs. Thinner films result in smaller NPs and LSPRs located at about 2.7 eV, while thicker films result in larger NPs showing LSPRs with some considerable red shift. The combination of both thicker and thinner films covers the full range of optical light by LSPRs. Finally, the experimental results are discussed with respect to theoretical calculations performed with the help of the Rigorous Coupled-Wave Analysis (RCWA) in order to obtain a deeper physical insight [15,16].



We have to notice here that the most straightforward method to fabricate AgPd nanoparticles would be to perform annealing under vacuum or in a furnace filled with an inert gas [17,18]. Another more elaborate but also more costly method would be to employ nanolithography [19]. However, the most cost-effective method would be to perform the annealing in air. The limits of this method are tested here. Silver (Ag) and Palladium (Pd) show opposite behavior concerning oxidation in air: the annealing of silver oxides in air at temperatures higher than 150 °C results in the decomposition of them [20]. Therefore, Ag in air atmosphere at 460 °C is metallic. On the other hand, Pd gets gradually oxidized at temperatures above 300 °C approximately [21]. Since temperatures needed for obtaining self-organized NPs in air are higher than about 350 °C [22,23], it is important to keep oxidation of Pd at a minimal level. PdO is a semiconductor with an optical bandgap at about 2.2 eV [24]. The presence of a small discontinuity in the absorbance spectra at 2.2 eV could then be the fingerprint for the detection of PdO. Similarly, in Ag(NiO) composite materials, we could always detect the bandgap edge of NiO [25].




2. Materials and Methods


2.1. Experimental Details


Before ending up with a suitable AgPd alloy NP system, which would not show Pd oxidation effects, we tried to evaluate the composition along with the sequence of the deposited thin Ag/Pd multilayers on Corning glass. By tuning the thickness of the individual Ag and Pd layers, one may actually tune the composition.



For this purpose, multilayers were deposited by radio frequency magnetron sputtering under high vacuum conditions (base pressure ~5 × 10−7 mbar). Ag and Pd targets were put on two sputtering heads (the Torus 2 HV circular sputtering source of Kurt J. Lesker Company, Jefferson Hills, PA, USA). In order to determine the deposition rates of Ag and Pd and calibrate the quartz balance thickness monitor (Inficon XTM/2, accuracy ±0.1 nm, bought also from Kurt J. Lesker), we firstly prepared an 80 nm thick film composed of Pd buffer and coating layers and an Ag/Pd multilayer between them. Ag and Pd are fully miscible, and if one runs high-angle x-ray diffraction (XRD), the pattern consists of a solid solution (average composition) peak surrounded by satellites. By using the XRD pattern (recorded with a Bruker, D8-Advance, Karlsruhe, Germany) and the Vegard equation, one may determine the composition and the thickness of the Ag and Pd layers [26]. Deposition rates were found to be 0.12 nm/s. Via in-house software analysis [26], the full XRD pattern can be fitted, Figure 1. The full miscibility of the elements, on the other hand, guarantees that after annealing at 460 °C, the multilayer will turn into an alloy by interdiffusion [27,28].



After evaluating the proper composition for LSPRs to be observed, for comparison reasons, we modified the deposition method by employing a cost-effective medium vacuum chamber with our sputter coater device (modified Balzers Union model SCD040, Oerlikon Balzers, Balzers, Liechtenstein) [23]. We directly fabricated the desired AgPd alloy film by co-deposition of Ag and Pd, implementing the same method applied for fabricating Cu and Au alloy films in Ref. [29]. A Pd target was placed under an Ag target. On the Ag target, we drilled the appropriate number of holes so that the concentration of Pd in the alloy is the desired one.



The morphology of AgPd films after annealing was probed by Atomic Force Microscopy (AFM) performed with the help of a Multimode Microscope with a Nanoscope IIIa controller and a 120 × 120 μm2 magnet-free scanner (Model AS-130VMF) developed by Digital Instruments (Chapel Hill, NC, USA). The microscope operated in the non-contact (tapping) mode [30].



Finally, the UV-Vis spectra were recorded at room temperature in the transmission geometry with the help of a Shimadzu UV-Vis Spectrophotometer, Model: UV 1800 (Shimadzu, Kyoto, Japan) at wavelengths 200–1100 nm.




2.2. Theoretical Model


Rigorous Coupled-Wave Analysis (RCWA), an analytical approach for interpreting the diffraction of an electromagnetic plane wave incident bounded by two media [15], is a fast computational method, using the Fourier series in order to distinguish the investigated areas into layers, making all calculations easier. The RCWA theory is applied for cubes and cylinders, having the same cross-section along the z-axis.



Within each layer, the relative permittivity has a two-dimensional periodicity and can be expanded in the following Fourier series.


  ε    (  x , y , z  )  = ε  (  x + Λ , y + Λ , z  )  =   ∑   p , q    ε  p q    ( z )   e  i ( p  K x  x + q  K y  y )    



(1)




where Λ is the grating period, εpq the Fourier component of grating permittivity Κx = Κy = 2 π/Λ and i = (−1)1/2



The electric field of the incoming region can be described with the next formula.


   E I  =  e  − i (  k  x i   x +  k  y i   y +  k  z i   z )   +   ∑   nm    R  n m    e  − i (  k  x n   x +  k  y m   y +  k  z n m i   z )    



(2)




where kxn = kx0 + nKx, kyn = ky0 + mKy, kznmi = √(k2εi − k2xn − k2ym), kx0 and ky0 are the x and y components of the incident plane wave, and k = 2π/λ, Rnm is the n, m order backward diffracted wave.



The electric field in each layer is:


   E  I I   =   ∑   n m    S  n m    ( z )   e  − i (  k  x n   x +  k  y m   y +  k  z n m i   z )    



(3)




where Snm(z) are the space harmonics field amplitudes.



The electric field in the outgoing region is:


   E  I I I   =   ∑   n m    T  n m    e  − i (  k  x n   x +  k  y m   y +  k  z n m o    (  z − d  )  )    



(4)




where kznmo = √(k2εo− k2xn − k2ym), Tnm is the n, m order forward diffracted wave.



Considering n = N and m = M while keeping the continuity of the tangential electric and magnetic fields at z = 0 and z = d boundaries, then a 4 × 4 system of four equations and four unknown emerges, resulting in the solution of Rnm and Tnm values.



As RCWA requires less computational time, it outperforms other solution methods such as Density Functional Theory (DFT) and Time-Dependent Density Functional Theory (TD-DFT), which need to increase their mesh linearly as this length increases, reducing that way the computational time [25].



The dielectric function of the metals (Ag, Pd) was directly calculated from the study of Rakic et al. about the optical properties of metallic films [31]. To calculate the dielectric constant of the alloy, the dielectric of each metal is added and is multiplied with the corresponding percentage. The refractive index of the SiO2 was 1.45.





3. Results


3.1. Uv-Vis Spectra of AgPd Nanoparticles


UV-vis absorbance spectra plotted as a function of photon energy for two initially layered structures of Pd and Ag, with thicknesses as indicated, are illustrated in Figure 2. Films have been annealed at 460 °C in air. For the bilayer of Figure 2a, no LSPR is observed. On the contrary, the graph witnesses the presence of a PdO absorption edge. This becomes evident from the inset of Figure 2a, where is presented the absorbance spectrum of a mere PdO thin film. This absorption edge looks similar to one of the direct bandgap semiconductors, NiO [32] or ZnO [33]. In Figure 2b, the corresponding spectra for an initial four-layer film after annealing are plotted. The initial individual layer thicknesses are indicated in the inset drawings. Once again, the PdO edge can be observed; however, some broad LSPRs can also be identified. Figure 2 demonstrates that if the layered structures finish in Pd and/or the Pd is of significant concentration. The oxidation process is faster than the interdiffusion resulting in samples with no interesting features for plasmonics. This leads us to seek for LSPRs only in Ag-rich alloyed NPs.



The desired results came only after we decreased the Pd concentration to about 15 at.%. This is depicted in the absorbance spectra of Figure 3 for two initially layered structures (the thickness is indicated) after being annealed at 460 °C in air. Spectra show only LSPRs and no sign of PdO. The thinner sample (trilayer) after annealing shows LSPRs with a peak close to the one of Ag NPs [23]. The thicker sample (five-layer) displays LSPRs red-shifted compared to the ones of the trilayer. This may be interpreted after comparing these results to the ones of Ref. [23], where thicker Ag films after annealing resulted in larger NPs with red-shifted resonances. Two principal outcomes are stated: Firstly, the LSPRs are very broad compared to those of Ag NPs, see, e.g., Ref. [23]. However, this is not surprising if compared to the few literature data existing for AgPd NPs [10,11,12,13,14]. In the latter references, most of the LSPRs are broad and located near the red edge of the visible spectrum. As analyzed in the next paragraphs, this broadness may be attributed to the broad LSPRs calculated for net Pd NPs. Secondly, the LSPRs of the two samples together cover the entire range of the visible spectrum; therefore, they can be potentially appropriate for any LSPR application, especially photocatalysis.



In Figure 4a, we indicatively present the AFM image of the surface of the initial trilayer film of Figure 3 after annealing. The film has been transformed into self-assembled NPs, relatively homogeneous with respect to the NPs size. Nanoparticle-diameter size distribution follows well a Gaussian line, and it is exhibited in Figure 4b. The NPs have a mean diameter slightly larger than 100 nm. The NPs height is about 30–50 nm. The main reason we did this AFM experiment was to prove the presence of NPs and, additionally, to support the theoretical calculations with real geometrical parameters.



For completeness’s sake, in Figure 5, we present UV-Vis spectra for films of the same initial thickness and concentration as described above, directly produced as alloys via the co-deposition method. The alloy films were successively annealed under the same experimental conditions as the films in Figure 3. One may notice that the basic LSPR features of the alloyed films are similar to the corresponding ones of the layered films for the same total film thickness plotted in Figure 3.




3.2. Theoretical Results and Discussion


The experimental results described in the previous paragraphs of the present study are being supported by theoretical work in the context of 3.2 paragraph. Although the behavior of Ag NPs has been thoroughly examined in Ref. [23], it is briefly presented here to further enhance the experimental outcomes on LSPRs’ appearance in the UV-Vis spectrum of AgPd NPs. Attention was given to the synthesis of the bimetallic alloy of AgPd along with the changes of thickness (t), diameter (d) and lattice constant (a) values in order to better simulate the produced samples.



The majority of scenarios investigated concern bimetallic alloys of 85% Ag and 15% Pd. Extra computational time was allocated for the cases of 50% Ag and 50% Pd, 100% Ag and 100% Pd. The values of the geometry parameters simulated were either diameter equals to d = 100 nm or d = 200 nm; lattice constant a = 200 or 300 nm, along with thickness t ranging between 10 nm < t < 50 nm.



Figure 6 illustrates the examined system of the AgPd alloy. NPs are represented as cubes and cylinders because they are effectively treated in a shorter computational time when applying the RCWA method [16]. The NPs are placed on top of SiO2. It is proven from previously published articles [23,25] that despite the non-periodical behavior of material fabricated via experimental methods, there is practically a suitable agreement between the theoretical and experimental results. To calculate the disorder structure found experimentally is very difficult, if not impossible, because it needs a calculation in a big supercell, which is time and memory consuming. On the other hand, calculating one individual metal nanoparticle is not reliable because, experimentally, we see the nanoparticles to be very close to each other. For that reason, the periodic array of nanoparticles was used in the calculations. Of course, we expect the absorbance to be higher than the measurements [35].



It is highlighted that as the participation of Pd to the alloy is increased, the resonances obtain broader till they totally dampen from the UV-Vis spectrum. Only when the sample fully comprises Ag, two LSPRs show up, both well defined. Peaks appearing in the UV-Vis spectrum of the pure Ag case ran are due to the presence of the SiO2 substrate [23]. When removing the SiO2 substrate, the two peaks are smoothened. Similar behavior is observed for the Ag-rich AgPd alloy in Figure 7.



Figure 7 exhibits the decrease in Ag contribution in the alloy toward the appearance of LSPRs. The diameter of NPs equals to d = 100 nm, a = 200 nm and t = 50 nm. Starting from 100 at.% Ag presence (blue graph), gradually reducing to 85 at.% Ag and 15 at.%. Pd (red graph), to 50 at.% Ag and 50 at.% Pd alloy synthesis (green graph), further reducing the Ag concentration to 25 at.% Ag and 75 at.% Pd (dark yellow graph) we end up with 100 at.% Pd synthesis (black graph). Desired results proving the existence of LSPRs in accordance with the experimental ones are fairly reproduced with the decrease in Pd concentration in the alloy.



Case of 50 at.% Ag and 50 at.% Pd (green graph of Figure 7) is well compared to the graph of Figure 2b due to the alike composition of the AgPd film. LSPRs broadness is more evident when it comes to the 85 at.% Ag and 15 at.% Pd alloy, hence is more analyzed below. Unlike the composition of the alloy, which is kept stable, several scenarios were investigated in terms of the NPs size.



In Figure 8, the dependence of the plasmonic resonances against thickness is presented when diameter remains constant d = 100 nm and lattice constant a = 200 nm. Thickness varies from t = 30 to 50 nm, like in the experiment. The increase in absorbance is monitored with the increase in t while there is a short blue shift of the resonances to the UV spectrum. One main LSPR is observed at 2.46 eV when t = 30 nm and at 2.6 eV when t = 40 nm and two (2) broad resonances at 2.76 and 3.29 eV, respectively for t = 50 nm. Curves are compared to those of Figure 3 (trilayer) as the mean diameter of NPs is measured close to 100 nm according to the AFM images along with the synthesis of NPs, which consist of about 84 at.% Ag and 16 at.% Pd.



Extra simulations were also performed, keeping the synthesis of NPs the same as previously but changing the diameter to d = 200 nm and lattice constant a = 300 nm, see Figure 9. Thickness values were set t = 30 and 40 nm. Resonances are still distinguished for the thicker NPs of d = 200 nm compared to the resonances of the thinner films of d = 100 nm. Blue shift for increased thickness is also observed. Maximum absorbance is measured at 1.83 eV for t = 30 nm and 2.0 eV for t = 40 nm, nicely fitted to the experimental results of Figure 3 (five-layer).



The dependence of LSPRs was further evaluated in terms of thickness t, particularly examining the 85 at.% Ag and 15 at.% Pd alloy of d = 100 nm and a = 200 nm, along with t = 30 nm (blue curve of Figure 8), but decreasing the t value from 30 to 15 and 10 nm, respectively. It is obvious that the decrease in the t value causes the red shift of the resonance and a slight drop of the absorbance max value, respectively. Both graphs for either t = 10 nm or t = 15 nm reflect steeper curves compared to the curve of Figure 8 (blue graph), supporting the experimental results that the shape and position of LSPRs are straightforward to the thickness of AgPd NPs. Figure 10 illustrates the absorbance spectra with the reduced values of thickness. The blue graph depicts the absorbance spectrum when t = 10 nm, and the red graph depicts the spectrum when t = 15 nm.



From the comparative work implemented via software analysis and experiment, the graphs illustrated in Figure 3 (experiment) and Figure 8 and Figure 9 (software) show remarkable similarities in terms of LSPR features. For the three-layer sample (blue curve—Figure 3) it presents a single resonance at 2.8 eV and maximum absorbance at 0.32 absorbance units (a.u.), whereas the max absorbance for the NPs simulated of d = 100 nm and a = 200 nm (Figure 8) also present a single resonance at 2.46, 2.6 and 2.76 eV, close to the LSPR position of the three-layer. The range of values is due to the increased thickness of the NPS for t = 30, 40 and 50 nm. It is worth mentioning that the mean diameter of the three-layer NPs measured according to the AFM images is slightly bigger than 100 nm. As well, the five-layer (black graph—Figure 3) resembles the behavior of the thicker NPs simulated of d = 200 nm and a = 300 nm (Figure 9). The latest exhibit resonance at 1.83 and 2 eV with the increasing thickness from t = 30 to 40 nm, while the five-layer shows LSPR at 1.8 eV. Maximum absorbance values for both the examined spectra of UV-Vis located at 0.35 a.u.





4. Conclusions


In this work, we fabricated AgPd nanoparticles showing LSPRs after annealing at 460 °C in air initially layered Ag/Pd films or AgPd alloyed thin films thinner than 20 nm. Only Ag-rich films delivered the desired results. The combination of both thicker and thinner films covers the full range of optical light by LSPRs, making this material potentially interesting for hydrogen storage applications and photocatalysis. RCWA theory correctly predicted the position and the LSPRs features depending on the nanoparticle size. Conclusively, the augmented presence of Pd results in no resonances to the visible spectrum, other than the increasing values of the absorbance, contributing to the fact that Ag and Pd exhibit high energy absorbance from other noble metals [12], thus opening up the possibility for new materials and new fields of application.
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Figure 1. Experimental and calculated high-angle XRD pattern of an Ag/Pd multilayer grown over a relatively thick Pd buffer layer and capped by a thin Pd layer. This sample was grown on a Si (100) wafer to minimize the noise in the XRD pattern. The Pd diffraction served as a ruler for the accurate determination of the angular position of the diffraction peak of the multilayer. This, together with the position of the first-order satellite diffraction were necessary for the accurate (within 5%) determination of the Pd concentration and the thickness of the individual Ag and Pd layers in the number of atomic (at) layers as indicated [26]. 
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Figure 2. Absorbance spectra for thin Ag/Pd layered films grown on Corning glass and annealed at 460 °C. The relatively large concentration of Pd resulted in the formation of PdO (the edge is marked with arrows). Practically no LSPRs were detected in (a), while in (b), some broad LSPRs appear. For comparison, the PdO absorption edge recorded on a 10 nm film is plotted as an inset in (a). 
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Figure 3. Absorbance spectra for thin Ag/Pd layered films on Corning glass annealed at 460 °C in air. One may see broad LSPRs with a maximum at about the position of Ag NPs one, compared to Ref. [23]. It seems that the thick Ag layers on the top protected the film against oxidation and the very thin Pd ones had the time to inter-diffuse completely with the Ag ones in order for the AgPd NPs to be formed, resulting in the appearance of LSPRs. 
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Figure 4. (a) AFM image of the surface of the annealed film of Figure 3 (trilayer). The image shows NPs with a diameter slightly larger than 100 nm. (b) The relevant diameter size distribution. 
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Figure 5. Absorbance spectra for thin AgPd alloyed films on Corning glass annealed at 460 °C in air. One may see broad LSPRs with maxima close to the position of Ag NPs one, compare to Ref. [20]. The results look similar to the ones in Figure 3, showing that the LSPRs shape and position depend on the total initial film thickness and Pd concentration. For comparison’s sake, the spectrum for the non-annealed 12.5 nm thick film is presented; it shows a typical metallic behavior [23,34]. 
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Figure 6. The examined system of AgPd alloy (side view (A) and top view (B)), where a is the lattice constant, d the diameter and t the thickness of the nanoparticles. 
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Figure 7. Different syntheses of the AgPd alloy reflecting the existence of LSPRs. The parameters are: d = 100 nm, a = 200 nm, t = 50 nm. 
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Figure 8. The absorbance spectrum of 85 at.%Ag and 15 at.%Pd, when d = 100 nm, a = 200 nm. 
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Figure 9. The absorbance spectrum of 85 at.%Ag and 15 at.%Pd, when d= 200 nm, a = 300 nm. 
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Figure 10. The absorbance spectrum of 85 at.% Ag and 15 at.%Pd, with reduced t values, when d = 100 nm and a = 200 nm. 
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