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Abstract

:

Metallic alloy nanoparticles (NPs) possess great potential to enhance the optical, electronic, chemical, and magnetic properties for various applications by the control of morphology and elemental composition. This work presents the fabrication of ternary AuAgPd alloy nanostructures on sapphire (0001) via the solid-state dewetting of sputter-deposited tri-metallic layers. Based on the systematic control of temperature, thickness, and deposition order of tri-layers, the composite AuAgPd alloy nanoparticles (NPs) with various shape, size, and density are demonstrated. The metallic tri-layers exhibit various stages of dewetting based on the increasing growth temperatures between 400 and 900 °C at 15 nm tri-layer film thickness. Specifically, the nucleation of tiny voids and hillocks, void coalescence, the growth and isolated nanoparticle formation, and the shape transformation with Ag sublimation are observed. With the reduced film thickness (6 nm), tiny alloy NPs with improved structural uniformity and spatial arrangement are obtained due to enhanced dewetting. The growth trend of alloy NPs is drastically altered by changing the deposition order of metallic tri-layers. The overall evolution is governed by the surface diffusion and inter-mixing of metallic atoms, Rayleigh-like instability, surface and interface energy minimization, and equilibrium state of the system. The UV-VIS-NIR reflectance spectra reveal the formation of an absorption band and reflectance maxima at specific wavelengths based on the morphology and composition of AuAgPd alloy NPs. In addition, Raman spectra analysis shows the modulation of intensity and peak position of natural vibration modes of sapphire (0001).
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1. Introduction


Multi-metallic alloy NPs have garnered considerable research interest because of their wide range of structural and elemental tunability and functional diversity, making them applicable in many nanodevices and -technologies [1,2,3,4,5,6]. In addition, the electronic heterogeneity, site-specific response, and combinational effect of constituent metals are some interesting features of the alloy NPs, which could not be achieved with monometallic NPs. At the same time, the alloy NPs can provide additional flexibility for tuning optical [7,8], catalytic [9,10,11,12,13], electronic, and magnetic [14,15,16] properties by controlling shape, size, and density [17] as well as elemental composition. In particular, the localized surface plasmon resonance (LSPR) frequency of alloy NPs can be modulated through the composition variation, which potentially enables many applications in the plasmonic, energy, and biomedical fields. For instance, the durability of Pd-based nanocatalysts has been significantly improved by the addition of Au in the NPs [18] and the incorporation of Pd into Ag NPs can demonstrate a red shift of plasmon resonance peak from 440 to 732 nm along with the increased Pd composition [19]. In recent years, monometallic Au, Ag, and Pd NPs have been successfully utilized in many fields owing to their promising plasmonic and catalytic properties; therefore, the fabrication of AuAgPd alloy NPs can offer novel application as well as improved performance of existing applications [20,21,22]. The systematic fabrication of ternary AuAgPd alloy NPs with tunable surface morphology and elemental composition, however, has not been reported in the literature. In this study, the AuAgPd alloy NPs’ growth is demonstrated on c-plane sapphire (0001) via the solid-state dewetting of tri-metallic thin films. The solid-state dewetting is a process of transformation of a continuous thin film into isolated particles or droplets by means of atomic diffusion, which has been extensively used to fabricated substrate-supported nanostructures [17,23]. The atomic diffusion can initiate the dewetting process by the nucleation of holes in the film upon heating. Then, along with elevated temperature or time of heating, the holes grow larger due to the hole edge retraction, resulting in the formation of ligaments and finally of particles due to the Rayleigh-like instability. The overall transformation occurs at solid state, which is driven by the energy minimization of the thermodynamic system. The structure, shape, size, and orientation of the resulting nanostructures mainly depend upon the initial film thickness, temperature, and duration of annealing. Therefore, in this work, controlled thermal energy is employed to induce the successful dewetting of sputter-deposited tri-metallic thin films below the melting temperature. Depending upon the annealing temperature, initial film thickness, and deposition sequence, various composite alloy NPs are obtained, which are discussed based on the related growth mechanism and models. The surface morphologies, elemental composition, and optical properties are investigated by using atomic force microscope (AFM), a scanning electron microscope (SEM), an energy-dispersive X-ray spectroscope (EDS), and reflectance spectroscopy, correspondingly.




2. Materials and Methods


2.1. Substrate Preparation and Fabrication


Sapphire (0001) wafers used in this work were ~430 µm thick with ±0.1° off-axis (iNexus Inc., Seoul, South Korea). Initially, sapphire wafers were diced into square pieces (6 × 6 mm2) using a mechanical saw. Degassing was performed at 900 °C for 30 min under 1 × 10−4 Torr in a pulsed laser deposition (PLD) chamber. The surface contaminants, dust particles, and oxide particles were expected to be removed and a smooth surface texture was observed by AFM scanning after degassing, as shown in Figure A1a,b. In addition, the Raman characteristic showed six active phonon modes that resemble the natural phonon modes of sapphire, as shown in Figure A1c. Then, metal layers of Au, Ag, and Pd were sequentially deposited on sapphire (0001) from high-purity (99.999%) metal targets using plasma sputtering. The deposition condition was identical for all metal layers with a deposition rate of 0.01 nm·s−1 and ionization current of 5 mA under 1 × 10−1 Torr chamber pressure. In the first set, Au, Ag, and Pd layers were sequentially deposited with a 5 nm thickness of each layer (Au/Ag/Pd). Similar deposition order of Au/Ag/Pd with 6 nm total thickness (2 nm of each layers) was also prepared to study the effect of a lower thickness. Furthermore, the deposition order was altered to Pd/Au/Ag with 6 nm total thickness to observe the deposition order effect. Following the deposition of metallic multilayers, samples were transferred to a PLD chamber for annealing at various temperatures between 400 and 900 °C. For the growth of nanostructures at specific temperatures, individual samples were annealed. In order to maintain the consistency, the annealing process was controlled by computer-operated recipes and the target temperature was attained at a ramping rate of 4 °C·s−1. After reaching the target temperature, the dwelling duration of 450 s was equally applied for each sample. To finish the fabrication, the heating system was turned off and samples were kept inside a vacuum until the temperature dropped to ambient.




2.2. Characterization


The surface morphologies of as-fabricated AuAgPd alloy NPs were studied using an atomic force microscope (AFM, Park Systems, Seoul, South Korea) and a scanning electron microscope (SEM, CoXEM, Seoul, South Korea). The surface arrangement, configuration, dimension, and density of NPs were extracted from AFM images and large-scale surface morphologies were studied by SEM images. The results were analyzed in terms of cross-sectional line profiles, FFT power spectra, 3D side-views, roughness, and surface area ratio. The elemental analysis of the alloy NSs were performed by an energy dispersive X-ray spectroscope (EDS, Thermo Fisher, Noran System 7, Waltham, MA, USA). The Raman and reflectance spectra were measured with a UNIRAM II system (UniNanoTech Co. Ltd., Seoul, South Korea) equipped with ANDOR sr-500 spectrograph, CCD detector, and various pieces of optical equipment. Combined halogen and deuterium lamps (OCEAN Optics, Largo, FL, USA) and a 532 nm CW diode-pumped solid-state (DPSS) laser at 220 mW were utilized for reflectance and Raman spectra, respectively.





3. Results and Discussion


Figure 1 shows a general depiction of AuPdAg alloy NPs fabrication on sapphire (0001) based on the temperature control along with the different evolution stages. The alloy NPs were fabricated at various temperatures between 400 and 900 °C for 450 s. As shown in Figure 1a, the metal tri-layers consisted of Au, Ag, and Pd layers in the order of Au/Ag/Pd with 5 nm individual layer thickness, for a total thickness of 15 nm. The growth of alloy NPs can be divided into two steps: (i) void and nanocluster evolution, and (ii) nanoparticle evolution. The formation of multi-metallic alloy NPs from the Au/Ag/Pd tri-layers can be discussed based on the solid state dewetting of thin films by means of surface and interface diffusion at elevated temperature, as shown in Figure 1b. Generally, the sputter-deposited metallic thin films can be unstable or meta-stable, which can be transformed into individual particle of the certain configuration with the appropriate annealing. The deposited atoms can be activated by the applied thermal energy and diffusion through the surface and interface of distinct metal layers (inter-mixing) can be induced. The diffusion coefficient     (   D S   )     of atoms and temperature can be related as follows:     D S  ∝ e x p  (  −    E  a i     k T    )    , where     E  a i      is the activation energy, K is the Boltzmann constant, and T is the annealing temperature. In response to sufficient diffusion, voids/pinholes can be perforated at the low energy sites in the thin films: i.e., at misfit dislocations, triple junctions, grain boundaries, and steps on substrates [18]. Then, along with the temperature increment, the diffusion and inter-mixing of atoms can be enhanced through the pinholes. Consequently, once the voids are formed, they start to grow larger by merging with nearby ones due to the capillary forces around void rims/edges, as shown in Figure 1c. Therefore, the dewetting can be progressively enhanced by the void growth and ligament formation due to the instability of retracting edges. Finally, the breakdown of ligaments can occur due to Rayleigh-like instability resulting in the formation of isolated NPs [23]. At the same time, owing to the stronger binding energy between metallic atoms than with sapphire atoms, the 3D growth of alloy NPs occurs based on the Volmer–Weber growth model, as displayed in Figure 1d. Furthermore, the inter-mixing of atoms depends on the system temperature, and therefore the elemental distribution of Au, Ag, and Pd within alloy NPs can be improved with temperature. The solid-state dewetting process depends largely on the substrate temperature, film thickness, chemical potential, surface and interface energies, and substrate properties [24,25]. In the multilayer system, each metal layer possesses different thermal expansion coefficient, surface energy, and diffusivity, and thus the dewetting process of multilayers can be more complex as compared to the monometallic film. For example, the surface energies of Au, Ag, and Pd are 1363, 1065, and 1808 mJ·m−2, respectively, which indicates that Ag has the highest surface diffusion, followed by Au and Pd [26]. Previous results clearly showed the distinct dewetting behavior of Au, Ag, and Pd metal layers on various substrates. Generally, Ag layers have shown significant dewetting around 400 °C, whereas Au and Pd demonstrated visible dewetting above 500 and 600 °C, respectively [27,28,29]. On the other hand, the interaction force between metal film and substrate will also play an important role in the dewetting process, such that the interaction force of Pd-sapphire is higher than Au-sapphire, which will be discussed in the later section on altered tri-layer deposition. Nevertheless, the overall dewetting process is driven by the surface and interface energy minimization of the thermodynamic system. In the case of Au, Ag, and Pd, they all possess an fcc crystallographic structure with complete miscibility, and thus the composite AuAgPd alloy nanostructures can be fabricated by sufficient dewetting and inter-mixing at a certain temperature [30]. Previous studies have shown the fully inter-mixed AuAgPd alloy NPs from the evaporation deposited tri-layers of ~25 nm thickness by heating to ~500 °C [31]. The surface morphology of the as-deposited (Figure A2) uniform tri-layers was gradually transformed by the evolution of voids and nanoclusters at a relatively low temperature, and then isolated NPs at high temperature, as seen in Figure 1c,d. The detailed analysis of the AuAgPd alloy NP formation is presented in Figure 2. As shown in Figure 2a, at 400 °C, tiny voids or pinholes were perforated on the film surface as an initial stage of dewetting at a relatively low temperature. Meanwhile, a few large nanoclusters already developed around the void rims because the diffusion of atoms can be enhanced through the void edges, as discussed earlier [32]. At this stage, the inter-mixing of metal atoms might not be sufficient and thus the partially dewetted nanoclusters might consist of an inhomogeneous distribution of Au, Ag, and Pd atoms. When the temperature was increased to 600 °C, the voids extended due to the retraction of void rims along with enhanced surface diffusion. Specifically, the typical void width increased from ~50 nm to above 150 nm between 400 and 600 °C, which can be clearly observed in the cross-sectional line profiles in Figure 2(a-1–c-1). The void expansion and coalescence with the neighboring ones can be driven by the interfacial energy minimization between the film and substrate [33]. Subsequently, large nanoclusters were formed due to the enhanced diffusion and inter-mixing of Au, Pd, and Ag atoms at a high temperature. For example, between 700 and 900 °C, the transformation of irregularly connected nanoclusters into isolated NPs was observed due to the Rayleigh-like instability of connected ligaments [34]. Consequently, the isolated NPs developed into a more regular and compact configuration along with the increased temperature, as shown in Figure 2d–f. More specifically, between 800 and 900 °C, the evolution of alloy NPs mainly occurred as the shape transformation and number of irregular and wiggly NPs were gradually reduced, whereas the number of semi-spherical NPs increased. The evolution of semi-spherical NPs can be due to the tendency to achieve an isotropic surface energy distribution in order to gain thermodynamic stability with reduced surface energy [27,35]. The cross-section line profiles of the typical alloy NPs clearly demonstrated a dome-shaped rim, as shown in Figure 2(e-1,f-1). The surface morphologies of large nanoclusters and isolated alloy NPs were further inspected by large-scale SEM images, shown in Figure 2(d-2–f-2). Moreover, the surface modulation was studied by the roughness and surface area ratio (SAR), as shown in Figure 2g,h. The roughness parameters; root mean square roughness (Rq), and average roughness (Ra) are given as:    R a =  1 n    ∑  1 n   |  Z n  |     and    =    1 n    ∑  1 n   Z n 2      , where Zn is the height profile at each pixel. Both Rq and Ra were amplified with the temperature, indicating the average height growth due to the formation of nanoclusters and subsequent NPs. In terms of SAR, the percentile increment of surface area is:    =    A g  −  A s     A g    × 100 %   , where Ag and As are the geometric (2D) and surface area (3D), respectively. The SAR also increased as the 3D surface area of alloy nanostructures was enlarged with temperature. The elemental analysis of each sample was performed by EDS spectra measurement. The full EDS spectrum range in Figure 3a shows the elements present in the samples at 400 °C and the insets display Ag- and Pd-related peaks at 400 and 900 °C. The EDS count corresponds to the Au Mα1, Ag Lα1, and Pd Lα1 peaks, summarized in a plot in Figure 2i. Generally, Ag Lα1 peak counts are higher in comparison with Ag Lα1 and Pd Lα1 peak counts due to the higher atomic number of Au. From the EDS counts of elements, Au and Pd were found to vary slightly within the error range throughout the temperature; however, Ag gradually decreased above 600 °C. This indicates that Ag sublimation occurred significantly above 600 °C and the sublimation rate escalates along with the temperature [28,29]. Therefore, the evolution of alloy NPs at high temperature can also be affected by the Ag sublimation, such that we see size reduction and shape transformation. The sublimation loss of Ag in this case was much lower compared to the pure Ag nanoparticles due to the inter-mixing with Au and Pd [29]. Furthermore, the atomic homogeneity of metal elements can improve with increased temperature, exceeding the melting point, as observed in previous results [36]; however, Ag can be extensively sublimated.



The optical properties were investigated by UV-VIS-NIR reflectance spectroscopy. Figure 3b shows the reflectance spectra for various configurations of AuAgPd alloy NPs on sapphire (0001). The bare sapphire (0001) exhibited an almost flat spectral response, with ~8% average reflectance between 300 and 1100 nm. Depending on the surface morphology evolution of AuAgPd alloy NPs, the reflectance characteristics were significantly modulated. In general, the average reflectance gradually decreased with the elevated temperature, as shown in Figure 3c, in which the average reflectance decreased from ~39% to ~10% when the temperature varied between 400 and 900 °C. This can be correlated to the average surface coverage of sapphire by the alloy nanostructures, as the metallic layer possesses high reflectivity and incident light can be significantly reflected in the case of large surface coverage and vice versa. At the same time, with the formation of definite structure and spacing between NPs, the absorption or scattering effect can be enhanced in the specific wavelength range. For instance, a peak in the UV regime (~380 nm) and a wide shoulder in the NIR regime were commonly observed in all samples. On the other hand, the reflectance was significantly attenuated in the visible region, i.e., ~420–600 nm making a wide dip centered ay ~460 nm, which might be the absorption enhancement due to the surface plasmon resonance of alloy NPs [37,38,39]. The peak observed in the UV region and NIR region can be due to the quadrupolar and dipolar resonance mode of alloy NPs, respectively, which has been previously observed in the case of pure Ag and Pd NPs [27,29]. The formation of peaks and dips in a similar manner with pure metal NPs indicates that the alloy NPs are composed of well-mixed Au, Ag, and Pd and the optical response collectively contributed by each element. Furthermore, the UV peak and NIR shoulder were gradually weakened, which can be correlated to Ag sublimation, but there was no obvious shift in peak position. The incident light interaction with Ag is stronger as compared with other metal elements; therefore, the LSPR peak intensity decreases with reduced Ag components in alloy NPs. The reflectance spectra of an individual sample and the average reflectance can be found in Figure A5 and Table A2, respectively. In addition, the Raman spectra of the samples were measured by the excitation of a 532-nm laser from CW diode-pumped solid-state (DPSS) at 220 mW, as shown in Figure 3d. Six vibration modes of sapphire (0001) were commonly observed in all samples, in which the peak at 419 cm−1 is due to the A1g and others are due to the Eg vibration modes [40]. The intense vibration mode, i.e., A1g at 419 cm−1 was used to characterize the samples based on the peak intensity and peak position. In general, after the fabrication of the AuAgPd alloy NSs, the peak intensity was weakened as compared to the bare sapphire. As summarized in Figure 3e, the peak intensity was lowest at 400 °C and gradually increased with temperature. The peak intensity showed a direct dependency on the average surface coverage by the alloy NPs such that the higher the surface coverage the lower the peak intensity and vice versa. This can be caused by the absorption of the incident laser by the alloy NPs, as suggested by the dip in the visible region of the reflectance spectra. On the other hand, the peak positions were slightly red shifted (<1 cm−1) in all samples except the one at 400 °C, possibly due to the stress that developed between alloy nanostructures and substrate lattice [41]. The specific values of peak intensity and peak position are summarized in Table A3.



Figure 4 presents the evolution of small and dense semi-spherical AuAgPd alloy NPs, fabricated with relatively low film thickness, i.e., 6 nm, which consist of 2 nm Au, Ag, and Pd (Au:Ag:Pd = 1:1:1) in sequential order. The AuAgPd alloy NPs were fabricated in an identical environment as the previous set, i.e., between 400 and 800 °C for 450 s. As compared to the previous set, a sharp distinction of the dewetting process was observed due to the variation of initial film thickness. In general, the alloy NPs exhibited improved uniformity in shape, surface coverage, and spatial homogeneity due to the enhanced dewetting of thin layers. As discussed, the dewetting of the uniform thin film depends on the temperature and thickness [32]. Due to the thinner initial film thickness, significant surface diffusion and inter-diffusion can occur even at a relatively low temperature, leading to the formation of isolated alloy NPs. Generally, voids form when neighboring vacancies or nuclei are coalesced due to the momentum or surface diffusion of the atoms. In the case of thin films, it can be faster with the rapid coalescence of vacancies due to the enhanced surface diffusion of atoms. Therefore, the void nucleation, growth, and accumulation of atoms can be much enhanced with the thinner film thickness, due to which the overall dewetting process can be enhanced. As shown in Figure 4a, at 400 °C, densely packed small alloy NPs were obtained. With the increment of annealing temperature between 600 and 800 °C, the alloy NPs were well-structured by increasing their shape, size, and spacing. Mostly the alloy NPs attained a dome-shaped configuration due to the isotropic surface energy distribution, as discussed earlier. After the formation of isolated NPs, normally NPs can be enlarged in order to gain equilibrium configuration along with enhanced surface diffusion. An enlarged view of alloy NPs along with cross-sectional line profiles is shown in Figure 4(a-3–c-3) and Figure A6. Additionally, the average diameter and height were measured and expressed in terms of histograms, along with the Gaussian distribution curve, as shown in Figure 4(a-1–c-1),(a-2–c-2). As clearly presented by the summary plots, the size of NPs increased significantly between 400 °C and 600 °C, whereas only a minor increment was observed at 800 °C. In addition, the roughness (Rq, Ra) and SAR also showed a similar trend with the temperature. At 800 °C, the dimensional enhancement was not significant, which can be due to the Ag sublimation that may hinder the NPs’ growth. The Ag sublimation was confirmed by the EDS spectra analysis, as displayed in Figure 5a. The summary of EDS counts for Au Mα1 and Pd Lα1 was consistent, whereas a gradual reduction of Ag Lα1 counts was observed. Corresponding optical properties were studied by the UV-VIS-NIR reflectance spectra of each sample. The average reflectance was found to decrease with increasing temperature, as presented in Figure 5d, which can be correlated with the enlarged spacing or reduced surface coverage by alloy NPs. On the other hand, there was no significant development of peaks and dips in a specific wavelength region, which is likely due to the broadband absorption of incident light as alloy NPs possessed a smaller size compared to the incident wavelength [42]. Furthermore, the Raman spectra of all samples exhibited six vibration modes of sapphire and the peak intensity and position were probed by the A1g vibration mode. The peak intensity gradually increased and peak position was slightly red shifted after the fabrication alloy NPs, as summarized in plots in Figure 5e,f.



Figure 6 presents the fabrication of alloy NPs on the sapphire (0001) by changing the deposition order of tri-layers. Four specific structural configurations of PdAuAg alloy NPs are displayed in terms of 3D side-views in Figure 7a–d at different temperatures. In this case, the tri-layer deposition order was altered to make Pd the first, as shown in the schematic (inset) in Figure 6a, but the growth conditions (400 to 900 °C for 450 s) and total thickness (6 nm) were kept identical. As compared to the previous set, the dewetting process was significantly altered by the variation of deposition order only. For example, a partially dewetted surface morphology was observed at a lower temperature in Figure 7a,b, indicating a hindered diffusion as compared to the previous set, and much larger NPs were formed at a high temperature in Figure 7c,d, indicating enhanced overall diffusion. As the interfacial energies and diffusivities of each metal are distinct from those of sapphire, their dewetting nature and hence the resulting nanostructures can also vary accordingly. For instance, at 400 °C, the nanostructures were mostly connected and irregular, as shown in Figure 6a, and connected nanostructures, partial segmented nanoclusters, and few isolated NPs resulted between 500 and 600 °C. Meanwhile, spherical isolated NPs were observed at 400 °C, with a gradually increased size in the previous set. This may indicate a hindered diffusion in this set, which can be due to the stronger binding energy between Pd-sapphire than Au-sapphire and the lower diffusivity of Pd atoms [43,44]. With the Pd layer being deposited first, it can demonstrate a resistivity or stability to the dewetting at lower temperatures so that partially dewetted structures can be observed. After increasing the temperature to 700 °C, mostly isolated but irregular alloy NPs evolved due to the Rayleigh-like instability of large nanoclusters, as discussed. After the formation of isolated NPs, the shape transformation of alloy NPs was observed up to 900 °C, as shown by the height histograms in Figure 6(a-1–f-1) and summary plots in Figure 6g. Between 700 and 900 °C, the resulting isolated alloy NPs were much larger and the density was much lower as compared to the previous set, which can indicate an enhanced overall diffusion. With the Pd atoms being deposited first, the Pd atoms can create a modified surface matrix by binding with the O atoms in the sapphire matrix due to the higher binding energy [43,44]. Thus, the overall diffusion of well inter-mixed atoms at a high temperature can occur at a modified surface now, such that the dewetting of tri-layers can be enhanced and significantly larger alloy NPs can result with the decreased density. General trends of alloy NPs in this set can also be discussed in terms of the roughness and SAR, as presented in the summary plots in Figure 6h. The average values escalated sharply between 400 and 600 °C, along with the rapid surface evolution of irregular connected NPs; meanwhile, the surface parameter increased mildly between 700 and 900 °C along with the shape transformation. On the other hand, the size enlargement could be hindered by the Ag sublimation at a higher annealing temperature, which likewise can be seen from the EDS count plot in Figure 6i. As a result, only a minor increment in the surface parameters of NPs was observed. Individual EDS spectra are supplied in the appendix. The reflectance measurement of the AuAgPd alloy NPs on sapphire (0001) over the range of 300 to 1100 nm is shown in Figure 7e,f. Along with the evolution of alloy NPs of various configurations, the average reflectance and spectral response varied at different wavelength regimes. In general, the average reflectance was gradually reduced along with the temperature, similar to the previous sets, as shown in Figure 7f. For instance, the average reflectance for the 400 °C sample was ~20%; along with the formation of widely-spaced, smaller and isolated dome-shaped NPs, the average reflectance was gradually attenuated up to ~12% when the temperature reached 900 °C. For the specific peak formation, up to 600 °C, a UV peak at ~380 nm was clear and a wide dip was formed in the visible region in Figure 7e. As the temperature increased above 700 °C, the UV peak and VIS dip gradually vanished. Instead, a clear dip was observed in the NIR region at ~1000 nm with the formation of isolated alloy NPs; this can be correlated to the Ag sublimation, as discussed before.




4. Conclusions


In summary, the evolution of various configuration of self-assembled AuAgPd alloy NPs from the sputter-deposited tri-layers on sapphire (0001) was demonstrated by means of the solid-state dewetting approach. Based on the control of tri-layer thickness, temperature, and deposition order, the alloy NPs were significantly varied in terms of configurations, size, and spatial arrangement. The overall dewetting sequence of as-deposited tri-metallic thin film with 15 nm total thickness exhibited the various steps of dewetting: void initiation, void growth, and cluster breakdown with increasing temperature. With low deposition thickness, i.e., 6 nm, semi-spherical alloy NPs with uniform surface coverage, size, and spatial homogeneity were obtained by the enhanced dewetting of thin tri-layers. On the other hand, the change in disposition order drastically altered the dewetting process under identical growth conditions, in correlation with the distinct binding energy with the substrate and the diffusivity of metals. The formation of composite alloy NPs was attributed to the surface diffusion and inter-mixing of tri-metallic layers by thermal energy and driven by the surface and interface energy minimization to gain equilibrium configuration. Furthermore, Ag sublimation at a relatively high temperature was found to affect the surface morphology and elemental composition of alloy NPs. The optical characterization by reflectance spectra demonstrated a reverse relationship between the average reflectance and the surface coverage of sapphire by alloy NPs, and an absorption band and peaks were formed at specific wavelengths based on the surface morphology, e.g., peaks in the UV and NIR regions and a wide absorption band in the visible region, whereas small NPs (<200 nm) exhibited broadband absorption. The peak intensity showed high dependency on the Ag content of alloy NPs.
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Figure A1. AFM top-views of bare sapphire (0001) before degassing (a) and after degassing (b) at 900 °C for 30 min under 1 × 10−6 Torr. (a-1–b-1) Cross-sectional line profiles depicts the surface texture profile. (a-2) Roughness and (b-2) surface area ratio (SAR) before and after degassing. (c) Raman spectra of the bare sapphire (0001) depicting six natural vibration modes. (d) UV-VIS-NIR reflectance spectra of bare sapphire. 
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Figure A2. Pre-annealed samples surface morphology after the deposition of Au, Ag, and Pd tri-layer with distinct thickness: (a) total thickness of 15 nm with 5 nm of Au, Ag, and Pd in a sequence; (b) total thickness of 6 nm with 2 nm of Au, Ag, and Pd in a sequence. The surface morphology depicts higher roughness with 15 nm of thickness, as shown by the cross-sectional line profiles. 






Figure A2. Pre-annealed samples surface morphology after the deposition of Au, Ag, and Pd tri-layer with distinct thickness: (a) total thickness of 15 nm with 5 nm of Au, Ag, and Pd in a sequence; (b) total thickness of 6 nm with 2 nm of Au, Ag, and Pd in a sequence. The surface morphology depicts higher roughness with 15 nm of thickness, as shown by the cross-sectional line profiles.



[image: Metals 07 00472 g009]







[image: Metals 07 00472 g010 550] 





Figure A3. Evolution of dome-shaped AuAgPd alloy NPs from deposited tri-layers of 15 nm total thickness with 2 nm of of Au, Ag, and Pd layers. The fabrication was performed between 400 and 900 °C for constant 450 s. (a–f) AFM 3D side-views of 3 × 3 µm2. (a-1–f-1) Corresponding FFT power spectra. The circular pattern of FFT spectra gradually reduced with the evolution of alloy NPs denoting the improved overall surface height distribution. 
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Figure A4. (a–f) EDS spectra of the AuAgPd alloy NPs on sapphire shown in Figure A3. Insets show the evolution of Au Mα1, Pd Lα1, and Ag Lα1 peaks with annealing temperature. 
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Figure A5. (a–g) Reflectance spectra of the bare sapphire (0001) and samples shown in Figure A3; (h) summary of average reflectance with respect to the temperature. 






Figure A5. (a–g) Reflectance spectra of the bare sapphire (0001) and samples shown in Figure A3; (h) summary of average reflectance with respect to the temperature.



[image: Metals 07 00472 g012]







[image: Metals 07 00472 g013 550] 





Figure A6. (a–c) EDS spectra between 0 and 8 keV of the samples with various temperature as labeled. The initial total film thickness was 6 nm with the composition of 2 nm Au, 2 nm Ag, and 2 nm Pd in a sequential order. In sets highlights the Au Mα1, Pd Lα1 and Ag Lα1 peaks of the samples. (a-1–c-1) Corresponding surface morphologies of the samples with AFM side-views of 1 × 1 µm2. 






Figure A6. (a–c) EDS spectra between 0 and 8 keV of the samples with various temperature as labeled. The initial total film thickness was 6 nm with the composition of 2 nm Au, 2 nm Ag, and 2 nm Pd in a sequential order. In sets highlights the Au Mα1, Pd Lα1 and Ag Lα1 peaks of the samples. (a-1–c-1) Corresponding surface morphologies of the samples with AFM side-views of 1 × 1 µm2.



[image: Metals 07 00472 g013]







[image: Metals 07 00472 g014 550] 





Figure A7. Tri-layer deposition order on the evolution of AuAgPd NPs at increased temperature between 400 and 900 °C. The tri-layers consist of 2 nm thick Pd, Au, and Ag layers in sequence (Pd:Au:Ag = 1:1:1). (a–f) AFM side-views of 1 × 1 µm2. 
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[image: Metals 07 00472 g014]







[image: Metals 07 00472 g015 550] 





Figure A8. (a–f) Large scale AFM top-views of Pd–Au–Ag tri-metallic nanostructures annealed temperature between 400 and 900 °C (Tri-layer of Pd–Au–Ag of total thickness 6 nm and equal composition). (a-1–f-1) Cross-sectional line-profiles. Insets in (a–f) are FFT power spectra. 
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Figure A9. (a–f) EDS spectra of various Pd-Au-Ag nanostructures with tri-layer of Pd-Au-Ag of total thickness 6 nm and equal composition followed by annealing between 400 and 900 °C. (a-1–f-1) Enlarged EDS spectra. 






Figure A9. (a–f) EDS spectra of various Pd-Au-Ag nanostructures with tri-layer of Pd-Au-Ag of total thickness 6 nm and equal composition followed by annealing between 400 and 900 °C. (a-1–f-1) Enlarged EDS spectra.
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Figure A10. (a) Raman spectra of samples shown in Figure A8. (b,c) Summary plots of intensity and peak position of Raman band A1g. 
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Table A1. Summary of roughness (Rq), surface area ratio (SAR) of the samples with various deposition amount, composition, and annealing temperature.
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Temperature [°C]

	
Au:Ag:Pd, 15 nm

	
Au:Ag:Pd, 6 nm

	
Pd:Au:Ag, 6 nm




	
Rq [nm]

	
SAR [%]

	
Rq [nm]

	
SAR [%]

	
Rq [nm]

	
SAR [%]






	
400

	
3.18

	
0.7

	
5.13

	
2.86

	
8.32

	
7.5




	
500

	
4.12

	
1.25

	
-

	
-

	
10.9

	
9.98




	
600

	
12.32

	
4.07

	
9.17

	
7.07

	
12.82

	
11.31




	
700

	
21.36

	
7.38

	
-

	
-

	
12.85

	
12.04




	
800

	
23.58

	
7.89

	
9.6

	
7.32

	
12.53

	
10.53




	
900

	
25.46

	
8.88

	
-

	
-

	
13.47

	
10.98
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Table A2. Summary of average reflectance (ref.) of the samples at various temperature, composition, and film thickness.
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Temperature [°C]

	
Au:Ag:Pd, 15 nm

	
Au:Ag:Pd, 6 nm

	
Pd:Au:Ag, 6 nm




	
Ref. [%]

	
Ref. [%]

	
Ref. [%]






	
Bare

	
7.821

	
7.951

	
7.96




	
400

	
39.258

	
18.629

	
20.41




	
500

	
34.385

	
-

	
17.93




	
600

	
29.00

	
15.82

	
17.09




	
700

	
20.870

	
-

	
14.50




	
800

	
13.246

	
12.105

	
12.83




	
900

	
10.119

	
-

	
11.94
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Table A3. Summary of Raman peak intensity and peak position (PP) of the samples with distinct temperature, composition, and thickness.
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Temperature [°C]

	
Au:Ag:Pd, 15 nm

	
Au:Ag:Pd, 6 nm

	
Pd:Au:Ag, 6 nm




	
Intensity [a.u.]

	
PP [cm−1]

	
Intensity [a.u.]

	
PP [cm−1]

	
Intensity [a.u.]

	
PP [cm−1]






	
Bare

	
2711.73

	
418.67

	
2583.28

	
418.52

	
2786.12

	
417.91




	
400

	
238.90

	
418.73

	
987.04

	
418.28

	
972.05

	
417.73




	
500

	
251.80

	
418.39

	
-

	
-

	
1091.37

	
417.77




	
600

	
370.67

	
418.58

	
1011.01

	
418.31

	
1104.38

	
417.71




	
700

	
729.88

	
418.62

	
-

	
-

	
1348.80

	
417.77




	
800

	
1024.83

	
418.54

	
1561.28

	
418.39

	
1510.26

	
417.72




	
900

	
1220.36

	
418.49

	
-

	
-

	
1511.32

	
417.68
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Table A4. Summary of average diameter (AD) and average height (AH) of the samples at distinct annealing temperature and composition.
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Temperature [°C]

	
Au:Ag:Pd, 6 nm

	
Pd:Au:Ag, 6 nm




	
AD [nm]

	
AH [nm]

	
AH [nm]






	
400

	
115.54

	
14.17

	
24.29




	
500

	
-

	
-

	
27.42




	
600

	
140.43

	
27.53

	
31.99




	
700

	
-

	
-

	
34.25




	
800

	
141.16

	
27.74

	
31.77




	
900

	
-

	
-

	
37.08
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Figure 1. Evolution of ternary AuAgPd NPs on sapphire (0001), annealed between 400 and 900 °C for 450 s with 15 nm total thickness. (a) Tri-layer deposition schematic showing the deposition sequence of Au, Ag, and Pd layers (Au:Ag:Pd = 1:1:1). (b) Illustration of surface diffusion and inter-diffusion between metallic layers. (c) Atomic force microscope (AFM) top-views display the voids and nanoclusters evolution at relatively low temperature from 400 and 600 °C. (d) Irregular-connected to isolated-dome shaped AuAgPd alloy nanoparticle (NP) evolution between 700 and 900 °C. Corresponding insets present a zoomed-in view of the selected region and Fourier filter transform (FFT) power spectra. 
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Figure 2. Formation of self-assembled ternary AuAgPd alloy NPs. (a–f) AFM top-views of 1 × 1 μm2 show the gradual evolution of voids, nanoclusters and nanoparticles (NPs) between 400 and 900 °C for 450 s. (a-1–f-1) Cross-sectional line profiles based on the line in AFM top-views. Summary plot of (g) roughness, (h) surface area ratio (SAR) and (i) energy dispersive x-ray spectroscope (EDS) counts with respect to the annealing temperature. (d-2–f-2) Scanning electron microscope (SEM) images of alloy NPs between 700 and 900 °C. 
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Figure 3. (a) EDS spectra between 0 to 7.5 keV of the samples at 400 °C and 900 °C. (b) Reflectance spectra of tri-metallic NPs at various temperatures on sapphire (0001) as a function of wavelength. (c) Summary plot of average reflectance. (d) Raman spectra of the samples. (e) Summary plots of peak intensity and peak position with respect to the temperature. 
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Figure 4. Spherical tiny AuAgPd alloy NPs fabricated with relatively thinner tri-layers (6 nm) by annealing between 400 and 800 °C for 450 s. The tri-layers consisted of 2 nm Au, Ag, and Pd each. (a–c) AFM top-views of 3 × 3 μm2. (a-1–c-1) Diameter distribution histograms. (a-2–c-2) Height distribution histograms. (a-3–c-3) Enlarged 3D side-views and cross-sectional line profiles. (d–f) Summary plots of average diameter (AD), average height (AH), roughness, and SAR. 
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Figure 5. (a) EDS peak counts of Au, Ag, and Pd of the samples shown in Figure 4. (b) Corresponding reflectance spectra. (c) Raman spectra. (d–f) Summary plots of average reflectance, Raman intensity, and Raman peak position with respect to the temperature. 
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Figure 6. Tri-layer deposition order effect on the evolution of AuAgPd NPs at increased temperature between 400 and 900 °C for 450 s. The tri-layer consisted of 2 nm thick Pd, Au, and Ag layers in sequence (Pd:Au:Ag = 1:1:1), as shown in the inset. (a–f) AFM top-views of 3 × 3 µm2. (a-1–f-1) Corresponding height distribution histogram. (g) Plot of average height (AH) acquired from histogram. (h) Plots of Rq, Ra, and SAR. (i) Plots of EDS counts corresponding to Au, Ag, and Pd. 
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Figure 7. (a–d) Enlarged side-views of specific samples from Figure 6 showing the typical surface morphology of AuAgPd NPs at different temperatures, as labeled. (e) Reflectance spectra. (f) Summary of average reflectance with respect to the temperature. 
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