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Abstract

:

In this work, we report a study on the effect of the laser-assisted alloying effect on plasmonic properties of Pd and Au-Pd nanostructures using surface-enhanced Raman spectroscopy (SERS). The monometallic and bimetallic nanostructures are formed by nanosecond-laser induced de-wetting and the alloying of pure Pd and bimetallic Au-Pd nanoscale-thick films deposited on a transparent and conductive substrate. The morphological characteristics of the nanostructures were changed by controlling the laser fluence. Then, 4-nitrithiophenol (4-NTP) was used as an adsorbed molecule on the surface of the nanostructures to analyze the resulting SERS properties. A quantitative analysis was reported using the SERS profile properties, such as FWHM, amplitude, and Raman peak position variation. An excellent correlation between the variation of SERS properties and the nanostructures’ size was confirmed. The optical enhancement factor was estimated for Pd and Au-Pd nanostructures for the laser fluence (0, 0.5, 0.75, 1, and 1.5 J/cm2).
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1. Introduction


Bimetallic nanostructures have attracted a lot of attention due to their plasmonic and catalytic properties [1,2,3]. Bimetallic nanostructures have opened the way for various application in catalysis, sensing, renewable energy, environment, biomedicine, medicine, electronics, and food [1,2,3,4,5,6]. Gold–Palladium (Au-Pd) nanostructures have proved to be a better catalyst than monometallic mixtures of Pd and Au nanoparticles [7]. Au-Pd NPs have been shown to be an excellent catalyst in the colorimetric sensing of hydrazine [8]. Au-Pd colloids were used as surface-enhanced Raman scattering substrates [1].



Selectivity and sensitivity can be improved and tuned by controlling the size and composition of Au-Pd nanostructures [3,9]. Localized surface plasmon resonance (LSPRs) played a crucial role in the mechanism of surface enhanced Raman spectroscopy (SERS) towards the amplification of the detection of the finger print of analyte adsorbed to Au-Pd nanostructures. Confining the local electric field to specific sites with a controllable shape and size is crucial to enhancing the Raman scattering generated by the adsorbed molecules. SERS is a very sensitive vibrational technique for revealing the chemical and structural properties of molecules adsorbed into Au-Pd nanostructures. SERS has been proved to detect sub-monolayers, and even single molecules [10,11,12,13].



Different methods have been developed to synthesize bimetallic Au-Pd nanostructures, such as chemical reduction, photoreduction, hydrolysis, microwave-assisted synthesis, thermolysis, and sol-gel synthesis [14,15,16,17,18]. Although the aforementioned chemical routes are cost effective and simple to use, they present some environmental safety limitations due to the presence of chemicals reducing agents and surfactants in their products. Therefore, developing new physical methods to fabricate the bimetallic alloy using pulsed laser is great of interest for a large application of products. The novelty of this work consists of using new physical methods of fabrication on solid film and using SERS to study and understand the effect of laser fluence on the plasmonic properties of Pd and Au-Pd nanostructures.




2. Materials and Methods


2.1. Materials Preparation


Slides of glass (soda lime) with a thick Fluorine-doped Tin Oxide (SnO2:F, FTO) film sputter-deposited on the surface were used (KINTEC, Hung Hom, Kowloon, Hong Kong [19], with an average transmittance of 73.2% in the 400–1100 nm wavelength range, 8.6 ohm/sq sheet resistivity). Pure Pd and bimetallic Au-Pd thin films were deposited on the FTO surface by using an RF Emitech K550X sputter coater (Quorum Technologies, East Sussex, UK). Pd monometallic or Au-Pd bimetallic targets were used, respectively (99.999% purity, Au64Pd36 with 64 atomic % Au and 36 atomic % Pd). The effective thickness d of the deposited metal films was tuned by controlling the deposition time and the emission current, and checked ex situ by means of Rutherford backscattering spectrometry analysis (using 2-MeV 4He+ incident ions and backscattered at 165°). In particular, the samples analyzed in this work are characterized by Pd film of thickness dPd = 17.6 nm, and a Au-Pd film of thickness dAu-Pd = 48.6 nm (5% error). The 48.6 nm thickness for the Au-Pd film was chosen so that 36% (as established in the Au64Pd36 alloy) of this thickness corresponds to 17.5 nm, the thickness of the sole Pd film.



The metal films on the surface of the FTO/glass slides were irradiated by nanosecond pulsed laser (one pulse per film) exploiting a nanosecond pulsed (12 ns) Nd: yttrium aluminum garnet YAG laser at wavelength of 532 nm (Quanta-ray PRO-Series pulsed Nd:YAG laser, Spectra Physics, Santa Clara, CA, USA). The laser spot was circular with a diameter of approximately 4 mm, and the intensity had a Gaussian spatial distribution (full width at half maximum of 1 mm). For the experiments presented in this work, the peak intensities of 0.50, 0.75, 1.0 and 1.5 J/cm2 were used (measurement error of 0.025 J/cm2). In this experiment the laser beam fell directly onto the sample surfaces with a 4 mm beam diameter (without using focusing lens). However, due to the Gaussian shape of the laser intensity, 97% of the highest laser intensity (peak intensity) was maintained within a circular area of 600 μm in diameter centered at the maximum of laser intensity. Hence, the 4 mm diameter circular area of the film was covered at a single pulse, and the M2 value for the laser was ~20.



These irradiations served to form Pd or Au-Pd nanoparticles (by a molten-phase de-wetting process [20]) on the FTO surface from the deposited continuous films. However, the Gaussian spatial distribution of the laser intensity determined a decreasing laser intensity from the center to the edge of the circular spot, resulting in different nanostructuration effects. Hence, the data presented in the following refer to the circular area with a diameter of 600 μm from the center of the laser spot [21].



A solution of 4-NTP in ethanol absolute with a concentration of 10−3 M was used to functionalize the Pd/FTO and Au-Pd/FTO films. In order to assure a complete bonding between 4-NTP molecules and Pd and Au-Pd atoms towards the thiol group, we immersed the substrate for 24 h. The ethanol was used again in order to eliminate the non-bonded molecules from the substrate that will be used for SERS measurements.



FTO was chosen as the supporting substrate for several reasons:




	(a)

	
It is transparent to the laser wavelength. Hence, it should not be affected by absorbed laser irradiations (at least, at not-so-high laser fluences) and the samples’ modifications should be related only to the laser-induced modifications of the metallic films.




	(b)

	
The FTO is also a material with high electrical and thermal conductivity. Hence, during the laser irradiations of the metallic films, the laser-generated heat in the metallic films (by laser energy absorption) can be rapidly dissipated through the conductive substrate, apart very high laser fluences.




	(c)

	
FTO is a transparent and conductive substrate used in several technological applications and plasmonic metallic nanoparticles/FTO systems. Thanks to the combined optical properties of the nanoparticles, high transparence and high conductivity of the substrate, it can be used in technological applications such as optical sensing, plasmonic solar cells, etc.










2.2. Experimental Methods


Scanning electron microscopies (SEM) were performed by using a Zeiss FEG-SEM Supra 25 Microscope (Carl Zeiss Microscopy, New York, NY, USA), and the resulting images were studied by means of Gatan Digital Micrograph software (version 3.0, GATAN Inc., Pleasanton, CA, USA).



The surface roughness (Root Mean Square, RMS) of the samples was evaluated by analyzing Atomic Force Microscopy (AFM) images acquired by using a Bruker-Innova microscope (Bruker Instruments, Billerica, MA, USA) operating in contact mode. Si tips were used to perform these analyses (MSNL-10 from Bruker Instruments, radius of curvature ∼2 nm). The AFM images were analyzed by means of the SPMLabAnalyses V7.00 software (Veeco Instruments Inc., Plainview, NY, USA).



A confocal Raman spectrometer (LabRAM HR800, Horiba Scientific, Villeneuve-D’Ascq, France) was used to measure the Raman spectra in a backscattering configuration.



The samples were irradiated by a He-Ne Laser with a wavelength of 632.8 nm and an output power of 2 mW. A 50× objective with a 0.5 numerical aperture and a 1800 L/mm grating were selected for the SERS measurement.





3. Results


3.1. Morphological Analyses


Figure 1 shows the representative SEM microscopies of the bare FTO surface (a) and of the FTO surface covered with the 17.6-nm-thick Pd film (b) and by the 48.6-nm-thick Au-Pd film (c).



We can recognize the non-flat topography of the FTO layer on the glass supporting substrate. In fact, by the inspection of the plan-view SEM images, the FTO layer shows a morphology as composed by micrometric structures, randomly located over the entire glass surface, having an approximately truncated pyramidal shape. However, this is the standard morphology for sputter-deposited FTO layers [22] growing by anisotropic columnar structures. After the Pd and Au-Pd depositions, the pyramidal structuration of the FTO layer is still recognizable; however, over the pyramids’ surfaces a nano-granular morphology develops, typical for sputtered metal films on non-metal surfaces and arising from the nucleation and growth processes of the metals [23]. By using the SEM images, the mean distance between two neighboring apexes of the FTO pyramids was about 220 nm before and after the Au and Au-Pd films’ deposition. Similarly, the surface roughness, evaluated by the RMS parameter, was 19.4 nm for the bare FTO and it was the same after the Au and Au-Pd films deposition. These facts indicate that the Au and Au-Pd films, for the effective thicknesses used, conformally covered the FTO surface, following the FTO surface morphology and adapting on the surface without altering the surface planar distances between apexes of neighboring FTO pyramids and without altering the vertical distances between the highest and lowest points on the surface. Eventually, much higher films thicknesses are required to completely fill the holes between FTO pyramids and to completely cover the FTO surface for a flat, uniform surface. However, this is not of interest for the present results.



Figure 2 shows SEM microscopies of the 17.6-nm-thick Pd film on the FTO surface after laser irradiation at fluence values of 0.5 J/cm2 (a), 0.75 J/cm2 (b), 1.0 J/cm2 (c) and 1.5 J/cm2 (d). Similarly, Figure 3 shows representative SEM images of the 48.6-nm-thick Au-Pd film on the FTO surface followed by laser treatment at fluence values of 0.5 J/cm2 (a), 0.75 J/cm2 (b), 1.0 J/cm2 (c) and 1.5 J/cm2 (d). In general, metal thin films such as Au and Pd de-wet from the substrate surface during nanosecond-pulsed laser irradiations. The irradiations result in the metallic films melting, followed by holes being formed in the films (reaching the substrate surface) and films retreating away from the holes towards the formation of droplets of a circular section. At the higher fluence values, the vaporization and recondensation of the droplets can also occur [24,25].



Through the inspection of the SEM images in Figure 2 and Figure 3 we can conclude that the laser irradiations led to the formation of spherical particles, and when the starting thickness of the deposited metal film was fixed, by increasing the laser fluence, a strong modification of the nanoparticles occurred. In general, by increasing the laser fluence, the de-wetting process evolves, leading to more and more separated droplets: at low fluences the film can be only partially de-wetted, i.e., a continuous film is obtained with holes developing along it. By increasing the fluence, the holes grow in planar size, leading to more and more film agglomeration in droplets until a sharp separation is observed between droplets. This is clear from Figure 2a,b and Figure 3a,b. After irradiations at 0.50 J/cm2, droplets with a diameter generally in the 100–200 nm range were obtained in the case of the 17.6-nm-thick Pd film; droplets with a diameter in the 200–400 nm range were obtained in the case of the 48.6-nm-thick Au-Pd film. These particles were well-separated from each other (high surface–surface gap). The evaluation of the sizes of the de-wetted nanostructures was performed by using the SEM images analyzed by means of the GATAN software; in particular, considering an SEM image, we established a threshold for the brightness of the image resulting in bright areas in the images with intensity value 1 representing the metal particles, and in dark areas with intensity value 0 representing the supporting substrate. The size D of a particle was evaluated as the diameter of the smaller circumference inscribing the particle.



However, by increasing the laser fluence at 0.75 J/cm2 (and higher, 1.0 and 1.5 J/cm2) the situation changed: we obtained smaller particles with a lower surface-to-surface distance (higher droplets surface density). Increasing the laser fluence from 0.75 J/cm2 to 1.50 J/cm2, the obtained droplets decreased their size, increased their surface density and decreased their surface-to-surface distance. This phenomenon is due to vaporization and re-condensation processes of the de-wetted particles when produced at high laser fluences for which the temperature reached was higher than the material boiling temperature (i.e., photo-fragmentation) [24,25]. This fragmentation occurred due to metal atoms which evaporated from large, formed metal clusters. These evaporated atoms re-condensed on the substrate surface, forming smaller clusters. The final result was the formation of droplets surrounded by smaller droplets.



The melting of the thin metal film as resulting from the laser pulse can be described by considering that the total heat S, per unit area, transferred to the film of thickness d, treated by one pulse characterized by the time Δt and having a top-hat temporal profile of S = IΔt(1 − r)[1 − exp(−αd)], with r being the reflectivity of the film at the laser wavelength. For bulk Au, the reflection coefficient at a wavelength of 532 nm is about 0.76 and the optical absorption length is α−1 = 18 nm. The reflection coefficient r and, hence, the absorption coefficient, are functions of d. If heat losses are not considered, then the temperature rise in a thin film of thickness d is ΔT = S/Cd with C as the heat capacity per unit volume. In the condition αd << 1, then S~IΔt(1 − r)αd. Therefore, with the limit of small d and ignoring heat conduction, ΔT= IΔt(1 − r)αd/C can be obtained. Therefore, considering, for example, the fluence 1.00 J/cm2, α = 106 cm−1 and C = 2.5 J/cm3 K we obtain, without losses, ΔT ≈ 4 × 105 K, and all droplets had to be immediately evaporated at this temperature. Now, the key point is that for thin films, the heat conductance to the substrate cannot be omitted, in particular if the substrate is highly temperature conductive, such as in the case of FTO. This will change the trend to the opposite, and the melting laser fluence will increase with decreasing film thickness. Thus, the fluence required to melt the film will increase with decreasing d. As an estimation, for example, taking into account losses, with the fluence 1 J/cm2, α = 106 cm−1 and C = 2.5 J/cm3 K, we obtain for ΔT about 2000 K [26]. However, this temperature rapidly increases when increasing the laser fluence. To describe our experimental data, we also take into in account the results arising from the work of Setoura et al. [27]: they laser irradiated Au nanoparticles (NPs) with a 100 nm diameter deposited on a glass substrate. However, they used a 488-nm-wavelength continuous laser and varied the laser power density from 106 to 107 Wcm−2. Such a power density is similar to that of a typical nanosecond pulsed laser: for example, in our specific case, using a 10 ns laser pulse, the 0.5–1.5 Jcm−2 range fluence corresponds to 5 × 107–1.5 × 108 Wcm−2. Analyzing the transformation of a single NP under the laser irradiation versus the laser power density, the authors recognized the NP fragmentation: increasing the power density, the diameter of the starting NP decreased and, correspondently, a higher number of smaller NPs appeared around the initial NP. The authors evaluated an increase in the NP temperature from about 1200 K to about 6000 K by increasing the laser power density from 106 to 5 × 106 Wcm−2. Therefore, the NP is easily heated at temperatures higher than the Au boiling temperature. Consequently, the authors explain the Au NPs fragmentation as a result of the photothermal-laser-induced explosive evaporation. These results suggested to us the following qualitative description of the steps occurring in the formation process of our nanostructures: during the laser irradiation of the Pd or Au-Pd film by the nanosecond pulse, the laser energy is absorbed by the film and the laser-generated heat increases the film temperature above the bulk metals’ melting temperatures (the melting temperature of Au is 1337.15 K; the melting temperature of Pd is 1825.15 K). The molten metal film de-wets to form the droplets. However, the laser fluences exploited in this work, 0.5–1.5 J/cm2, should be high enough to increase the films’ temperature above the metals boiling temperatures, as well (the boiling temperature for Au is 2973.15 K and the boiling temperature for Pd is 3200.15 K). This is due to the fact that the air and FTO/glass constituting the media with which metals interact do not dissipate the laser-generated heat from the NPs rapidly enough (although rapidly enough, however, to avoid the complete ablation of the films). Therefore, NPs’ photothermal vaporization can occur after melting. The absorbed energy determines the films’ boiling, and then a vapor layer of metal is formed due to the vapor pressure of the liquid metal. The amount of metal vapor depends on the vapor pressure at the metal/air interface, which depends on the temperature T reached by the NPs. After being cooled, some vaporized metal atoms revert to the starting principal particles, while some are condensed into small particles which are re-deposited on the starting principal particles’ surface and on the surrounding FTO substrate. However, a fraction of the atoms can definitely be desorbed from the surface. At the highest fluences, the underlaying FTO substrate can also be partially melted, as evident, for example, in Figure 3d.




3.2. SERS on Pd Nanostructures


Raman spectra were measured on 4-NTP functionalized nanostructured Pd film irradiated with different laser fluence values of 0 J/cm2, 0.5 J/cm2, 0.75 J/cm2, 1 J/cm2 and 1.5 J/cm2. The vibrational modes of 4-NTP molecules were observed in the various laser fluence; see Figure 4 left. The vibrational modes located at 1080 cm−1, 1110 cm−1, 1340 cm−1 and 1574 cm−1 were assigned to C-H, C-N, NO2 and C-C, respectively. The Raman intensity of vibrational modes attributed to 4-NTP was amplified by the localized electrical field enhanced by Pd nanostructures [28]. In fact, a monolayer of 4-NTP was formed on the Pd surface, and 4-NTP molecules bonded towards its sulfur atom with Pd. Many studies have reported the adsorption of thiol molecules on Pd atoms [29,30]. In conclusion, at ambient temperatures, a 4-NTP layer was formed into a surface without any dimerization effect. As the NO2 mode is the most intense, it was used for the adjustment with a Lorentzian function to extract the parameters of the Raman lines (amplitude, Raman peak position and full width at half maximum (FWHM)). Each Raman spectrum represented in Figure 4 left was averaged over four positions of the sample surface. Before fitting, a background subtraction and smoothing were performed on the spectra. Figure 4 right shows the variation of the amplitude, the Raman peak and FWHM by varying the laser fluence. The amplitude increased when the laser fluence increased from 0 to 0.5 J/cm2, and then it changed slightly between 0.5 and 1 J/cm2. From 1 J/cm2 to 1.5 J/cm2, the amplitude dropped drastically. The Raman peak position located around 1340 cm−1 shifted to the red when the laser fluence varied from 0 to 0.5 J/cm2 and 0.75 and J/cm2. It was blue shifted between 0.5 J/cm2 and 0.75 J/cm2. The FWHM of the Raman line was decreased when the laser fluence varied from 0 and 0.5 J/cm2 and 0.75 and 1 J/cm2. It increased from 0.5 to 0.75 J/cm2 and 1 to 1.5 J/cm2. The areas irradiated with the laser exhibited an increase in the Raman intensity between 0.5 J/cm2 and 1 J/cm2, and this confirms how the laser affected the optical enhancement of the Pd nanostructures in this range. After exceeding this range, the enhancement decreased drastically due to a change in the morphology of Pd nanostructures. Indeed, with the high laser fluence, the vaporization and re-condensation processes of the de-wetted particles occurred and, hence, a drastic change occurred in the physical properties such as surface density, shape and size, which strongly affect the dielectric function of Pd nanoparticles. The latter deactivates the plasmon mode of Pd nanostructures. The shift of the Raman peak towards the red between 0 and 0.5 J/cm2 was due to the film rupture and the formation of nanoparticles; hence, a plasmon resonance of Pd nanostructures could be activated and this led to the fast amplification of SERS, of about three times compared to that without laser fluence [31]. The blue shift between 0.5 and 0.75 J/cm2 was due to the decrease in the Pd nanostructures’ size. It is known that localized surface plasmon resonance (LSPR) shifts towards the short wavelength when the size decreases in the noble metal nanostructures [32,33]. The red shift between 0.75 and 1 J/cm2 was due to the decreasing and the formation of more spherical particles larger than the case for 0.75 J/cm2. It is clear that the morphology was sufficiently de-wetted and treated by the laser compared to the case of 0 and 0.5 J/cm2; see Figure 2. It is known that LSPR shifts towards the lower energy when the nanoparticles size increases and the gap distance decreases. However, the fast red shift between 1 and 1.5 J/cm2 could be due to the strong modification in the morphology resulting from the higher fluence that caused a vaporization and recondensation. Overall, the laser fluence, FWHM, correlated inversely with the amplitude, e.g., FWHM increased when the amplitude decreased, and inversely. It has been reported that the LSPR band width increases with the increasing of size nanostructures and the decreasing of the gap distance [31]. Indeed, FWHM varies inversely with the variation of LSPR band width. At 1.5 J/cm2, the FHWM increased to around 70 cm−1, which reflected an important transition in the structuration and the arrangement of the Pd atomic structure. For example, it is probably that an amorphous phase started forming at this higher laser fluence. The average size calculated from the statistical studies on the samples correlated well with our observation. For example, the two samples irradiated at 0.75 J/cm2 and 1 J/cm2 had a smaller size and different morphology than 0 J/cm2 and 1.50 J/cm2. From the above results, we conclude that a threshold laser fluence is confirmed around 0.5 J/cm2.




3.3. SERS on Au-Pd Nanostructures


Raman spectra were measured on 4-NTP functionalized nanostructured Au-Pd film irradiated with different laser fluence values of 0 J/cm2, 0.5 J/cm2, 0.75 J/cm2, 1 J/cm2 and 1.5 J/cm2. The vibrational modes of 4-NTP molecules were observed at the various laser fluence values; see Figure 5 left. The vibrational modes located at 1080 cm−1, 1110 cm−1, 1340 cm−1 and 1574 cm−1 were assigned to C-H, C-N, NO2 and C-C, respectively [34]. The Raman intensity of vibrational modes attributed to 4-NTP was amplified by the localized electrical field enhanced by Au-Pd nanostructures [1]. In fact, a monolayer of 4-NTP was formed on the Au-Pd surface and the 4-NTP molecules bonded towards its sulfur atom with Au-Pd. The latter has been reported in different studies [35,36]. In conclusion, at ambient temperatures, a 4-NTP layer is formed into the surface without any dimerization effect. SERS spectra confirmed the non-presence of the dimerization process. As the NO2 mode is the most intense, it was used for adjustments with a Lorentzian function to extract the parameters of the Raman lines (amplitude, Raman peak position and full width at half maximum (FWHM)). Each Raman spectrum represented in Figure 5 left was averaged over four positions of the sample surface. Figure 5 right shows the variation of the amplitude, the Raman peak and FWHM by varying the laser fluence. We can see that the amplitude increased when the laser fluence increased from 0 to 0.75 J/cm2. Then, it decreased from 0.75 to 1.5 J/cm2. The Raman peak position located around 1340 cm−1 shifted to the blue when the laser fluence increased from 0 to 0.5 J/cm2 and 0.75 and 1.5 J/cm2. It was red shifted between 0.5 J/cm2 and 0.75 J/cm2. The FWHM of the Raman line decreased when the laser fluence varied from 0 to 0.5 J/cm2 and 0.75 and 1 J/cm2. It increased slightly from 0.5 to 0.75 J/cm2 and from 1 to 1.5 J/cm2.



The areas irradiated with the laser exhibited an increase in the Raman intensity between 0.75 J/cm2 and 1 J/cm2; this confirms how the laser affected the optical enhancement of the Au-Pd nanostructures in this range. After exceeding this range, the enhancement decreased drastically due to a change in the morphology of Au-Pd nanostructures. This is clear in their morphology, as shown in Figure 3d. The shift of the Raman peak towards the blue between 0 and 0.5 J/cm2 could be due to the transition of the morphology from the semi-continuous film to a nanostructured film with large nanostructures of Au-Pd (see Figure 3); it can clearly be seen that the laser affected the structure of Au-Pd nanostructures, and different studies have reported that there are different LSPR in Au-Pd depending on the arrangement of atoms. We supposed that the LSPR is blue-shifted relative to the excitation wavelength [2,37]. However, the red shift of the Raman peak can be explained by the combination of two effects with the predominance of the gap effect, the decrease in size of the Au-Pd nanoparticles and the decrease in the gap distance between 0.5 and 0.75 J/cm2. The blue shift between 0.75 and 1 J/cm2 could be due to the increase in gap distance accompanying the decrease of optical enhancement. The significant blue shift between 1 and 1.5 J/cm2 could be due to the transition, again to the photothermal vaporization phenomenon that led to a partial melting of FTO with the metal nanoparticles; see Figure 3d. Overall, the laser fluence for Au-Ag, FWHM correlated inversely with the amplitude between 0 and 0.5 J/cm2 and between 1 and 1.5 J/cm2, e.g., FWHM increased when the amplitude decreased, and inversely. For the range [0.5–1 J/cm2], FWHM correlated well with the amplitudes, but it was different in the case of pure Pd. It is known that the LSPR band width increases with the size of nanostructures [1,2]. The average size calculated from the statistical studies on the samples correlates well with our observation. For example, the two samples irradiated at 0 J/cm2 and 0.75 J/cm2 have smaller sizes than 0.5 J/cm2 and 1 J/cm2. From the above results, we conclude that a threshold laser fluence is confirmed around 0.75 J/cm2.




3.4. Effect of Composition


Figure S1 (see Supplementary Materials) shows the variation in amplitude generated by Pd and Au-Pd versus the laser fluence (0 J/cm2, 0.5 J/cm2, 0.75 J/cm2, 1 J/cm2 and 1.5 J/cm2). The maximum optical enhancement was measured at 0.5 J/cm2 for Pd; however, for Au-Pd it was located at 0.75 J/cm2. Au-Pd alloys support the laser fluence more due to its stability. Concerning the variation, it is almost the same for Pd and Au-Pd; overall, Au-Pd showed a high enhancement than pure Pd. This is expected, as the LSPR of Au-Pd is energetically closer to the excitation wavelength than pure Pd [2]. Figure S1 shows the variation in the Raman peak position generated by Pd and Au-Pd versus the laser fluence (0 J/cm2, 0.5 J/cm2, 0.75 J/cm2, 1 J/cm2 and 1.5 J/cm2). The first observation is that the two samples exhibit reverse features in the shift of Raman peak, e.g., when Raman peak shifts to red in Pd, it shifts to blue in Au-Pd, and inversely. This shows that the composition effect strongly affected the plasmon properties of nanostructures that, in turn, affected the Raman shift; it is more composition-dependent than other factors [3,6,38]. Another important point is that the shift variation is more important in the case of Pd than Au-Pd. This confirms the stability of Au-Pd alloys regarding the pure Pd. Figure S1 shows the variation in FWHM generated by Pd and Au-Pd versus the laser fluence (0 J/cm2, 0.5 J/cm2, 0.75 J/cm2, 1 J/cm2 and 1.5 J/cm2). Both Pd and Au-Pd showed similar features; however, the variation was higher in Pd than in Au-Pd. It was experimentally observed that the FWHM of bulk plasmon in pure Pd was larger than in pure Au [2,3,39]. This confirms how alloying increased the resistance of materials and, hence, decreased the change in plasmonic properties. The higher peak position and larger FWHM observed in Pd than Au-Pd correlates well with the position of maximum LSPR and its band width.




3.5. Enhancement Estimation and Comparison


The SERS enhancement factor G is calculated by:


  G =     I   S E R S       I   R a m a n         N   R a m a n       N   S E R S      



(1)




with     I   S E R S     as the intensity of SERS generated by 4-NTP on Pd and Au-Pd nanoparticles, and     I   R a m a n     as the intensity of the Raman far field generated from the SERS substrate where there is no enhancement.     N   R a m a n     number of molecules are excited by a laser spot with a diameter of 1.5 μm.     N   S E R S     is the number of molecules excited by the hotspot between the nanoparticles. As the occupied surface area of a molecule is 0.5 nm2 and the surface of a laser spot is around 1.8 μm2,     N   R a m a n     is estimated to be approximately 106 molecules. It is important to mention that the number of hotspots excited by the gaps N is much less than N. The latter depends on the surface density of the nanoparticles, and also on the density of hotspots, based on different statistical studies performed on the hotspots’ density reported in our previous work [40]. If we roughly estimate a number of 102–103 excited molecules, thus       N   R a m a n       N   S E R S     =   10   3   −   10   4    . Based on that, the enhancement factor at 632.8 nm for the Pd and Au-Pd are presented in Table 1. The obtained values are comparable to those reported in the literature, e.g., an enhancement of porous silicon plated palladium nanoparticles was estimated to be 105 [41]. Seto et al. reported an enhancement of 104–107 for Au-Pd films fabricated with DC magnetron sputtering [42]. Hu et al. developed Au@Pd core–shell nanoparticles with an SERS enhancement factor of 103 [43].





4. Conclusions


In this work, we reported an SERS analysis for monometallic Pd and bimetallic Au-Pd nanostructures produced on an FTO surface by laser-induced de-wetting of the deposited Pd or Au-Pd films. In particular, the nanostructuration of the films as induced by the laser irradiations, leading to the formation of nano-droplets from the continuous deposited films, resulted in the increasing of the SERS enhancement factor with respect to the as-deposited untreated film. However, the value of the enhancement factor was strongly dependent on the morphology of the metallic droplets resulting from the laser irradiations. The increase in the laser fluence from 0.5 to 1.5 J/cm2 resulted in the increase of the droplets’ temperature above the Au and Pd boiling temperatures (just at 0.75 J/cm2). Hence, at 0.50 J/cm2 the formation of large, well-separated spherical particles was obtained. At 0.75, 1.00 and 1.50 J/cm2, the vaporization process of the de-wetted particles resulted in smaller particles with higher surface density and very close together. This evolution resulted in a decrease in the SERS enhancement factor. The starting deposition thickness of the film (17.6 nm for the pure Pd film and 48.6 nm for the bimetallic Au-Pd film) influenced the sensing property of SERS by establishing different sizes and spacings between the formed nanostructures. Such a connection between morphology and the SERS enhancement factor allows morphology selection on the basis of the fabrication process parameters in order to design materials with desired enhancement factors for desired applications.
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Figure 1. SEM images of bare FTO surface (a) and of the FTO surface covered with the 17.6-nm-thick Pd film (b) and by the 48.6-nm-thick Au-Pd film (c). 
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Figure 2. SEM images of FTO surface covered by 17.6- nm-thick Pd film and laser irradiated at the fluence values (a) 0.50 J/cm2, (b) 0.75 J/cm2, (c) 1.00 J/cm2 and (d) 1.50 J/cm2. 
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Figure 3. SEM images of FTO surface covered by 48.6-nm-thick Au-Pd film and laser irradiated at the fluence values (a) 0.50 J/cm2, (b) 0.75 J/cm2, (c) 1.00 J/cm2 and (d) 1.50 J/cm2. 
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Figure 4. On the (left): Raman spectra taken from different areas of Pd with a thickness 17.6 nm irradiated with various laser fluence values (0 J/cm2, 0.5 J/cm2, 0.75 J/cm2, 1 J/cm2, 1.5 J/cm2), the peak located at 1340 cm−1 adjusted with a Lorentzian function (red curve); on the (right): extracted parameters (Amplitude, Raman peak position, FWHM) from the adjustment with the Lorentzian function versus laser fluence. 
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Figure 5. On the (left): Raman spectra taken from different areas of Au-Pd with a thickness 48.6 nm irradiated with various laser fluence values (0 J/cm2, 0.5 J/cm2, 0.75 J/cm2, 1 J/cm2 and 1.5 J/cm2), and the peak located at 1340 cm−1 adjusted with a Lorentzian function (red curve); on the (right): extracted parameters (Amplitude, Raman peak position, FWHM) from the adjustment with the Lorentzian function versus laser fluence. 
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Table 1. Experimental values of enhancement factor for Pd and Au-Pd with different laser fluence values (0 J/cm2, 0.5 J/cm2, 0.75 J/cm2, 1 J/cm2 and 1.5 J/cm2).
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Sample

	
Enhancement Factor G




	
0 J/cm2

	
0.5 J/cm2

	
0.75 J/cm2

	
1 J/cm2

	
1.5 J/cm2






	
Pd

	
103–104

	
5 × (103–104)

	
5 × (103–104)

	
5 × (103–104)

	
2 × (103–104)




	
Au-Pd

	
5 × (103–104)

	
2 × (104–105)

	
3 × (104–105)

	
3 × (104–105)

	
5 × (103–104)
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