Broadband Optical Absorption caused by Plasmonic Response of Coalesced Au Nanoparticles Embedded in a TiO2 Matrix 
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Abstract
The effect of Au nanoparticles (NPs) concentration, size and spatial distribution within a TiO2 dielectric matrix on the Localized Surface Plasmon Resonance (LSPR) band characteristics, were experimentally and theoretically studied. The results of the analysis of the Au NPs’ size distributions allowed to conclude that isolated NPs grow only up to 5-6 nm in size, even for the highest annealing temperature used. However, for higher volume fractions of Au, the coalescence of closely located NPs yields elongated clusters, which are much larger in size and cause a considerable broadening of the LSPR band. This effect was confirmed by Monte Carlo modeling results. Coupled dipole equations were solved to find the electromagnetic modes of a supercell, where isolated and coalesced NPs were distributed, from which an effective dielectric function of the nanocomposite material was calculated and used to evaluate the optical transmittance and reflectance spectra. The modeling results suggested that the observed LSPR band broadening is due to a wider spectral distribution of plasmonic modes, caused by the presence of coalesced NPs (in addition to the usual damping effect). This is particularly important for detection applications via Surface-Enhanced Raman Spectroscopy (SERS), where it is desirable to have a spectrally broad LSPR band in order to favor the fulfillment of the conditions of resonant matching, to electronic transitions in detected species.


1. Introduction
Emerging technologies based on plasmonics, namely, metallic nanoparticles (NPs) embedded in a dielectric matrix, provide new design possibilities to improve surface plasmon resonance (SPR) sensors in terms of sensitivity, resolution, multiplexing and tunability. Plasmonics is a rapidly developing field concerned with the generation, control, manipulation, and transmission of Surface Plasmons (SPs, collective electronic excitations accompanied by an oscillating electromagnetic field), which occur at interfaces between a metal and a dielectric environment.1-2 The SPs can propagate along a metal-dielectric interface, in which case they are called Surface Plasmon-Polaritons (SPPs), or be confined to a metallic nanoparticle. In the latter case, they are commonly referred to as Localized Surface Plasmons (LSPs). Both SPPs and LSPs can couple to external electromagnetic fields and, therefore, influence the optical properties of hybrid metal-dielectric materials. In the case of SPPs, there are momentum conservation restrictions, which allow their coupling to propagating light waves only under particular conditions (e.g. using a grating), while LSPs can couple to light directly.3-4
The exploitation of plasmonic effects has a long tradition, especially in art,5 but the efforts to fully explain the scientific content behind these phenomena, and to take advantage of it in different scientific and technological areas, are relatively recent and are still the motive of several research studies.6 As a particularly notorious example, it is well-known and widely accepted that for several centuries the windows of medieval cathedrals incorporated traces of noble metal NPs (e.g. coming from Ag and Au powders), which gave rise to some astonishing color effects. Engineering and fabrication of optimized plasmonic structures for their implementation is one of the challenges of nanoplasmonics.4, 7 Nowadays, plasmonic materials, where gold (Au), silver (Ag) and, more recently, graphene are among the most commonly studied, have attracted the interest of scientists all over the world, in both fundamental research 8-12 and within a wide range of technological applications, such as those related with waveguides,13 switches,14 tweezers,15 data storage systems,16 plasmon-based detectors and modulators,17 Bragg reflectors,18 plasmonic metamaterials,19 LSP-enhanced solar cells20-21 22 23 and light emitting diodes;24 as well as systems for nanolithography,25 photocatalysis26-33, plasmonic enhancement34 and sensing.35-41 More recently, the knowledge acquired about plasmonic materials is being studied for the development of chemical and biological (LSPR) sensors.42-51. Furthermore, taking the advantage of Raman scattering from molecules located on top of plasmonic materials, the Surface-Enhanced Raman Scattering (SERS) effect is often used in chemical sensing, since it may allow single molecule detection.52-53 This effect is due to a strong local electromagnetic field enhancement, since the resonant Raman scattering probability is proportional to the fourth power of the field amplitude.6 Furthermore, SPR effect is also being claimed for possible use in fundamental studies, in biology and in the detection of chemical and biological species in different areas, such as food quality and safety analysis (e.g. chemical contaminants, veterinary drugs), medical diagnostics (e.g. cancer markers, hormones) and environmental monitoring (e.g. dioxins, heavy elements).44 The interaction between the plasmons and the molecular species of interest leads to detectable shifts in the SPR frequency.4, 6, 42 For metallic NPs and their composites, it has been demonstrated that there are several parameters which influence the LSPR characteristics, such as NP shape,54-55 concentration,56-57 size,58 and spatial distribution.59-60 Their control can be used as means for the nano-engineering of the surface plasmon bands for specific needs, including the development of optical biosensor devices that are aimed in the frame of the present work.
Among dozens of material combinations and nanocomposite-type approaches, previous studies have shown the versatility of the Au/TiO2 system, which possesses several degrees of freedom for tuning LSPR bands.8, 61-62 Physical vapor deposition (PVD) techniques, e. g. magnetron sputtering, such as the case of the presented work, have been widely used to produce those materials. They are associated to low cost production, being relatively simple and versatile, and are considered environment friendly in comparison to traditional preparation methods based on colloidal solutions and chemical vapor deposition techniques.3 Depending on the synthesis parameters’ combinations and post-deposition treatments (for example a subsequent annealing procedure, as is the case here), several characteristics of the nanocomposite materials can be controlled, namely: (i) matrix dielectric constant via different phase composition, (ii) shape and size of the NPs, and (iii) their different spatial distributions. 12
In the present work, Au/TiO2 thin films were prepared by magnetron sputtering and post-deposition in-air annealing, revealing different nanoparticle size distributions, depending on the volume fraction of Au and annealing temperature. The nanocomposites’ optical response was studied for different Au concentrations, via transmittance and reflectance spectra measurements. Furthermore, electromagnetic modes in ensembles of metallic NPs, with the presence of elongated randomly oriented coalesced ones, were investigated by means of modeling based on the numerical solution of coupled dipole equations (CDEs), showing that it is possible to achieve wide LSPR bands by increasing the Au concentration and the annealing temperature. It is suggested that this is caused by the broader spectral distribution of SPs modes, in addition to the usual damping effect.

2. Experimental section
Au/TiO2 thin films were prepared by reactive DC magnetron sputtering, using a rectangular (200×100×6 mm3) Ti target (99.8% purity), containing various amounts of small Au disks (~4 mm diameter) placed in its preferential erosion zone. The gas atmosphere was composed of Ar (4.0×10-1 Pa) and O2 oxygen (partial pressure of 5.6×10-2 Pa). The power supply was set to operate in the current regulating mode, using a constant DC current density of 100 A.m-2 on the target. The films were deposited on glass (ISO 8037), SiO2 (fused silica) and Si (type P/Boron, with (100) orientation). All substrates were grounded and the substrate holder was rotating in front of the target with a frequency of 9 rpm, heated at 100 ºC. Before each deposition, the substrates were subjected to an in-situ pre-sputtering process, in a pure Ar atmosphere (4.0×10-1 Pa), applying a pulsed DC current of 0.5 A (Ton= 1536 ns and f = 200 kHz), during 1200 s. After the deposition of the films, an in-air annealing process was carried out in order to tailor the size, shape and distribution of the Au NPs. The selected annealing temperatures were in the range of 200 to 800 ºC. The heating ramp used was 5 ºC/min. and the isothermal period was fixed to 1 h. The samples were let to cool down freely and then removed from the furnace after it reached the room temperature.
The chemical composition of the films was estimated by Energy-dispersive X-ray Spectroscopy (EDS), using a JEOL JSM-5310/Oxford X-Max. The structural analysis of the coatings were carried out using Grazing Incidence X-Ray Diffraction (GIXRD), using a Philips X-Pert diffractometer (Co-Kα radiation), operating at an angle  = 2º. The scans were done between 15º and 80º, with a scan step of 0.025º and an acquisition time of 1 s. Winfit software12 was used for the deconvolution of the XRD patterns, assuming Pearson-VII functions. Peak position and intensity, the preferential growth of the crystalline phases and the calculation of the grain size from the integral breadth were some of the parameters that were taken from the peak fitting process.
The morphological features were probed by scanning electron microscopy (SEM), using a Zeiss Merlin instrument, equipped with a field emission gun and charge compensator. Both in-lens secondary electron and energy selective backscattered electron detectors were employed. The thickness of the samples was estimated by cross-section SEM analysis, and the growth rate was calculated by the ratio between the average thickness and the deposition time (90 min. for all samples).
Cross-section samples for transmission electron microscopy (TEM) analysis were prepared by conventional sample preparation method, finishing with a grazing incidence ion bombardment in a Precision Ion Polishing System (Gatan 691) at 5 kV at a grazing angle of 6°, followed by 3 kV at 4°. TEM and Scanning TEM (STEM) analyses of the samples were carried out on a FEI Tecnai F30 TEM, equipped with a field emission source (FEG), operating at 300 kV. Conventional TEM bright field images and STEM HAADF (Z-contrast) images were taken at different regions along the film and at the film-substrate interface in order to obtain the particle size distribution of Au in TiO2 matrix. The electron probe diameter was estimated to be about 0.5 nm, which causes the smallest NPs, with a diameter of about 1 nm, to be blurred to up to 1.4 nm. This can lead to a discrepancy between the measured NP diameter and the real NP size of about 0.2 nm. This systematic error is within the error of the measurement, and does not affect the interpretation of the optical data in this work. ImageJ and Digital Micrograph software were used for particle size analysis. For each sample analyzed, the Feret diameter was measured for 100 - 200 particles. Since the particles are assumed to be ellipsoids, the Feret diameter is the square root of the product of Feret maximum (largest possible distance between two parallel tangents of the part) and Feret minimum (closest possible distance between the two parallel tangents of the particle where). After the Feret diameter calculation, the results were represented on a histogram of normalized counts vs. Feret diameter (increments of 1 nm).
The optical transmittance and reflectance spectra of the films were measured using a Shimadzu UV-3101 PC UV–vis–NIR, equipped with an attached integrating sphere of 60 mm (inner diameter). In order to eliminate both the photometric and wavelength dependent artifacts (e.g. steps at instrumental filter and detector change points), which are typical of systems with integrating spheres, two standards, a STAN-SSH High- Reflectivity Specular Reflectance Standard and a WS-1-SL Spectralon White Reflectance Standard, were used to correct the reflectance spectra.


3. Results and discussion
3.1 Microstructural evolution of annealed Au/TiO2 films
3.1.1 Structural changes induced by annealing treatments
In recent works, it has been demonstrated that the structure of sputtered nanocomposite Au/TiO2 films changed considerably when they are subjected to annealing treatments at different temperatures.12, 61-64 Since the deposition of the films is processed at relatively low temperatures (T < 200 ºC), the system is far from thermodynamic equilibrium and thus it is expected to be highly disordered, leading to the formation of quasi-amorphous materials.12 The small Au clusters that might exist in these as-deposited samples are too small to be resolved by XRD analysis, giving rise to amorphous-like patterns.65 However, as soon as the films are subjected to thermal annealing, some XRD peaks started to appear, which were related with the crystallization of both Au NPs and TiO2 matrix itself. These features were studied in a previous work by the authors,12 where it was also evaluated how the change of Au concentration in the film affected the structural evolution of the annealed Au/TiO2 films. For that study, several sets of films had been prepared, which were divided into three main regions of Au concentrations, where major microstructural differences were also observed (see Figure 1). The first main region corresponds to low Au concentrations (below ~5 at.%), while the second main one corresponds to relatively high Au contents (above ~15 at.%). Between these two main regions, an intermediate zone was designated, corresponding to Au concentration between ~5 at.% and ~15 at.%.12
The overall set of results showed that for low Au contents, the crystallization of the noble metal NPs started to occur only at relatively high annealing temperatures (T ~500 ºC), Figure 1(a). Nevertheless, there were only small traces of clustering, but the Au NPs were found to be well dispersed throughout the matrix, as discussed in Ref. 12 and shown here using a representative SEM micrograph, taken at 500 ºC (see Figure 1(a)). For intermediate noble metal contents, the formation of crystalline domains of Au was clearer, beginning at much lower annealing temperatures (T ~200 °C), as highlighted in Figure 1(b). Moreover, the average size of the crystalline domains of Au was estimated to be in the range of 2 to 25 nm (according to XRD peak fitting),12 as the annealing temperature increased up to 800 ºC. The microstructural analysis also showed major changes in the distribution of the NPs with the increase of the Au content (see example in Figure 1(b)), but mainly with the annealing temperature,12 as it can be seen below in detail. For the highest Au concentrations, the films tended to form relatively large Au clusters due to its segregation. This is visible already at 400 ºC, with sizes up to hundreds of nanometers,12 as evidenced by the SEM image displayed in Figure 1(c). Another important feature is related with the changes observed in the crystalline structure of the matrix. XRD results revealed that the TiO2 matrix crystallized in the anatase phase at about 300 ºC, for low Au concentrations, and at 400 ºC for intermediate and high Au contents. The rutile TiO2 phase was also detected, but only for the highest annealing temperatures (≥ 700 ºC) and high Au concentrations (≥ 15 at.% Au).12


Figure 1. X-Ray diffraction patterns and SEM micrographs of representative samples with (a) low, (b) intermediate and (c) high Au contents. For each set of samples, it is presented one image taken in cross-section, where it is possible to observe: (a-b) Au nanoparticles dispersed throughout the matrix, at 500 ºC; (c) Au clusters formed on the top of the TiO2 matrix, at 400 ºC. The diffraction patterns show the progressive crystallization of Au, and of the matrix into anatase (a-TiO2) and rutile (r-TiO2), due to the annealing treatment. The average grain size (d) of the Au nanoparticles was estimated by XRD.

3.1.2 Morphological changes: size distributions of the Au NPs
XRD peak fitting turned out to be an important tool for the estimation of the average size of the Au crystalline domains dispersed in the TiO2 matrix.12 Nevertheless, it is clear that TEM is the most powerful technique to characterize individual NPs and to infer a possible profile for the nanoparticle size distribution. With the aim of correlating the evolution of the NP size distributions with the optical properties of the films, several samples were analyzed. The nano-morphology of different areas of selected thin films was checked, and a special focus was put on the estimation of the (Feret) diameter of individual NPs. In order to reduce the influence of projection effects, which would let two or more NPs appear as one, only the areas near the thinnest parts of the films were used to measure the particle size distributions. Two groups of samples were selected for this analysis: (i) a set of low and intermediate Au concentrations (CAu ≤ 15 at.%) annealed at the same temperature (T = 500 ºC), and another (ii) with the same Au concentration (CAu= 11 at.%), annealed at different temperatures. The two sets were selected due to the most promising optical spectra that have been identified within the mentioned composition regions.12 
The results of the average size of the Au NPs are presented in Table 1, which include the data obtained from Feret analysis of individual nanoparticles scanned by TEM and XRD peak fitting. 
The average size of the Au NPs seems to be very similar for samples with Au concentrations up to 11 at.% (about 1.7-2.0 nm). Nevertheless, the standard deviation () progressively increases as a function of the Au at.% and annealing temperature, which suggests different size dispersions. Furthermore, for the highest Au concentration (15 at.%) and higher annealing temperatures (above 600 º), the average grain size increases and the standard deviation is almost of the same magnitude. This is clearly indicative of a large dispersion of sizes or even a bimodal distribution, as it can be seen below in Figures 2 and 3.
It is also worth mentioning that the average grain sizes values obtained by Feret analysis are generally lower than the ones obtained by XRD peak fitting. Anyway, these differences might be understandable since XRD gives only the mean scattering domain size, while TEM allows a direct observation of the nanoparticles. Furthermore, XRD signal is proportional to the volume occupied by the crystalline domains, while TEM signal is proportional to the area shadowed by the NPs, and thus this effect can also produce some difference in the mean size value of the NPs. Lastly, and probably more important, the XRD technique is mostly sensitive to larger NPs while the smallest ones are simply not detected.

	Table 1: Average size of the Au NPs estimated by TEM (Feret analysis) and XRD peak fitting.

	Au concentration (at.%) and annealing temperature 
	TEM analysis
	XRD peak fitting

	
	Particle counts
	Average Feret diameter (nm)
	Standard deviation, 
	XRD scattering domain size (nm)
	Reliability of the fit (Winfit software)

	2 at.% Au @ 500 ºC
	650
	1.8
	0.6
	-----
	-----

	6 at.% Au @ 500 ºC
	245
	2.0
	0.9
	2.6
	87%

	11 at.% Au @ 500 ºC
	179
	1.7
	1.2
	4.1
	90%

	15 at.% Au @ 500 ºC
	206
	4.2
	4.3
	7.3
	94%

	11 at.% Au @ 300 ºC
	90
	1.3
	0.6
	2.0
	87%

	11 at.% Au @ 600 ºC
	206
	1.4
	0.8
	5.0
	90%

	11 at.% Au @ 800 ºC
	209
	2.5
	2.2
	10.9
	93%




[bookmark: OLE_LINK1]A more detailed analysis of the particles showed distributions of sizes that rapidly decay for larger sizes (see histograms displayed in Figures 2 and 3). Moreover, for higher volume concentrations and annealing temperatures, a long fluctuating tail, or even a second maximum in the size distribution, seem to develop.
Figure 2(a) shows the sample with the lowest Au content (CAu = 2 at.%), annealed at 500 ºC. Around 65% of the screened Au NPs revealed Feret diameters from 1 to 2 nm (just a few tens of atoms), and 25 % between 2 and 3 nm. For Feret diameters lower than 1 nm and higher than 3 nm, a residual number of particles was observed (< 5% in both cases). TEM analysis also suggested that the particles were approximately spherical. 


Figure 2. Particle size distributions of samples with different atomic concentrations of Au, (a) 2 at.%, (b) 6 at.%, (c) 11 at.% and (d) 15 at.%, all annealed at 500 ºC. The histograms of the left panel were plotted based on Feret analysis of hundreds of particles, scanned by TEM-BF and STEM-HAADF. In order to minimize projection effects in NP size determination, the NP size was extracted from the thinnest part of the sample.

With the increase of the Au concentration (intermediate region, 5 at.% < CAu  15 at.%), Feret diameters varying from 1 to 3 nm are, again, the most frequent. However, the number of Au NPs in this range is proportionally decreasing as the Au concentration increases, since larger NPs started to appear, see Figure 2(b-d). As a matter of fact, the number of NPs with Feret diameters higher than 3 nm is gradually increasing, with the size distribution becoming bimodal. For a Au concentration of 6 at.%, about 15% of the NPs have Feret diameters in the range 3 to 7 nm; while in the case of 11 at.% Au, about 18% of the clusters have sizes between 3 and 10 nm. Finally, for the highest Au concentration analyzed by TEM (15 at.%), an even larger distribution of sizes could be observed, with a frequency count of about 40%, in the range 3-16 nm. Taking into account the histograms presented in Figure 2, and even if the majority of the particles are small (1-3 nm), the results demonstrate that larger NPs can be formed with the annealing treatment (500 ºC, in the case of the samples presented in Figure 2). Another important result related with the number of larger NPs is the progressive change of their shape. As evidenced by the TEM analysis, for Au concentrations up to 6 at.%, the screened NPs are typically spherical, while for higher Au concentration (≥ 11 at.%) there is a clear tendency of formation of spheroidal and elongated NPs. Moreover, since larger particles are less dense, the projection effects would have a smaller influence on the NPs size determination and thus the formation of these spheroidal NPs is real. These results are of paramount importance for the interpretation of the broadening of the absorption spectra of the films due to LSPR, as it will be seen later.
Figure 3 (a-c) shows the evolution of the size distribution for a Au/TiO2 sample with ~11 at.% Au. From these micrographs, it was possible to observe that the formation of spheroidal NPs occurs already for low annealing temperatures (T= 300 ºC), even though the number of these NPs is low. As the temperature increases up to 800 ºC, the number of spheroids is clearly increasing, although the majority of the NPs are still small and spherical in shape. 


Figure 3. Particle size distributions of samples with Au concentration of 11 at.%, annealed at (a) 300 ºC, (b) 600 ºC and (c) 800 ºC. The histograms of the left panel were plotted based on Feret analysis of hundreds of particles, scanned by TEM-BF and STEM-HAADF. In order to minimize projection effects in NP size determination, the NP size was extracted from the thinnest part of the sample.


3.2 Modeling the optical properties of Au NPs distributed in a TiO2 matrix 
3.2.1 Theoretical analysis of the NPs growth
As known, the growth of NPs from atoms initially dissolved in the matrix and distributed uniformly in space, occurs through three main stages:66-68 (i) nucleation, when some NPs of the new phase, formed by a fluctuation, eventually reach a critical size and form stable nuclei; (ii) so-called normal growth of the nuclei at the expense of dissolved matter and; (iii) coalescence (when two NPs are in contact and merge to form one larger NP) or Ostwald ripening (when small NPs are dissolved and the atoms are transferred to larger NPs). As stated before, NPs growth was promoted, in this work, via thermal annealing,12 since the deposition temperature (< 200 ºC) is relatively low to promote the formation of significant number of nucleation centers. At the first stage, and according to the classical nucleation theory,69-70 the nucleus size obeys a Gaussian distribution around the so-called critical size (dc), which is entirely determined by the interface free energy per unit area, and the bulk free energy decreases per unit volume, due to formation of the new (metallic, in the case of the present study) phase. The average size, equal to dc, is independent of time at this stage. Thermodynamics yield for the critical diameter the expression dc= 4/G, where  is the surface tension at the metal-matrix interface and G is the bulk free energy decrease associated with the formation of the metal phase.70 During the normal (second) growth stage, the NPs mean size increases with time approximately as t1/2, while the distribution remains approximately Gaussian. At the third stage, some (larger) particles grow at the expense of the disappearance of smaller ones, yielding a specific asymmetric size distribution derived by Lifshitz and Slyozov,68 and the average size increases approximately as t1/3.
Let us assume that Au nucleation occurs at certain nucleation centers such as defects, which are randomly distributed in the matrix with an average concentration (Nd) and act as drains for the Au atoms dissolved in the matrix, causing the growth of very small NPs. Some of these Au NPs eventually reach the critical diameter, dc. If within a distance of the order of dc, from the first nucleus, there is another nucleation centre, another NP can grow and finally merge with the first one, yet within the nucleation stage. If the cluster-cluster interaction (via atom exchange) is neglected, one can conclude that the probability to find a merged NP is proportional to the probability of finding two nucleation centers within a region of size of the order of dc. Such a coalescence process within the early stage of the Au phase formation may be induced by the unusual proximity of the nucleation centers that occurs by fluctuation.
The (small) number of nucleation centers within a certain volume V (V ~dc3 in this case) obeys the Poisson statistics. If the average number of centers in such a volume becomes large, so that     =NdV >> 1, the Poisson distribution converges to a Gaussian one, with the mean value and the dispersion both equal to .71 In such case, the effect of small numbers vanishes and the properties of the system where nucleation starts at some centers (defects) are the same as those of an entirely homogeneous system. 
In the particular case of the films with the highest Au concentration (≥ 11 at.% Au), the majority of the NPs have also few nanometers (see Figure 2 and 3), which means that the nucleation and growth process pertains the nucleation stage. However, as discussed above, there is a fraction of large NPs to be considered, which forms a broad “tail” or even a “stability island” in the size distribution, for larger particle diameters. The mechanism behind the formation of this asymmetric-extended or, perhaps, bimodal distribution of NPs might be particle migration (diffusion) leading to their coalescence, since the distribution is skewed with a tail toward the larger particle sizes according to the histograms displayed in Figure 2 and 3.62, 72 Nevertheless, the Ostwald ripening mechanism cannot be disregarded since it also produces asymmetric distributions, although they are also expected to be skewed, but with a tail toward the smaller particle sizes.73

3.2.2 Nanoparticles’ size and shape
According to the results presented above, the system can be considered rather complex, due to the formation of a large dispersion of sizes and shapes of Au NPs. Therefore, the major concern was not the fitting of the optical spectra, but the calculation of the optical properties using a minimal essential model. This model includes small spheres and large particles with spheroidal shape (for higher Au concentrations), in accordance with the experimentally observed trends.
For Au concentrations up to 6 at.% it was assumed that the Au NPs are randomly distributed throughout the TiO2 matrix and that they are roughly spherical. For computational purposes this distribution was achieved by a Monte Carlo procedure generating x, y and z coordinates of each particle over a cubic lattice supercell.74 The size was randomly prescribed to each particle according to a Gaussian-type distribution function (see details of the sizes used for calculations in Table 2).
For higher Au concentration (i.e. 11 at.% Au) it was assumed that besides the small spheres, there are also some larger NPs that have arisen from coalescence processes. For simplicity, it was considered that they are spheroidal in shape, elongated and randomly oriented (see inset in Fig. 8). Spheroidal particles are characterized by an effective radius R* and an eccentricity e,

,                                                                                                                      (1)




where b and c are the semi-axes  along the X axis and Z axis, respectively, of the reference frame linked to the particle. The orientation of each spheroidal NP is described by two randomly attributed angles,  and , between the axes of the particle’s frame and those of the “laboratory frame” (i.e. of the considered cubic supercell, see Appendix). The effective radius of a spheroidal NP is given by . To avoid superposition, the large NPs were distributed first and then small spheres were added, so that they did not touch each other. Two parameters were controlled in this case, the total NP concentration (C) and the volume fraction of Au (f), that could be easily recalculated into Au atomic percentage in order to compare with experimental results.
For the calculations of the optical properties, the experimental results of the NPs’ size distributions were used as indicative. In fact, for larger particles, the exact size of the NPs (and their dispersion) is not the main issue, since they are much smaller than de wavelength. On the other hand, and given the uncertainty of the experimental data, the size of the small NPs is indeed important, because it influences the damping parameter (see Sec. 3.2.3). Therefore, several attempts were made by changing the size of the small NPs (see Table 2). In the particular case of the sample with the highest Au concentration (11 at.% Au), a bimodal distribution based on the particles’ size analysis was assumed. The average sizes were estimated to be about 2.0 nm (= 1.0), for the group of samples revealing small NPs, and 7.8 nm (= 3.7), for the group of samples revealing large NPs. The fraction of large particles was found to be close to 10%, which was the value assumed in the model. Table 2 summarizes the parameters used in the calculations of the optical properties, which results are displayed below in Figures 6, 7 and 8.

	Table 2: Parameters used in calculations of the optical properties.

	Au concentration (at.%)
	“Small” (spherical) NPs diameter (nm)
	“Large” (spheroidal) NPs diameter (nm)
	Spectra

	
	
	2R*
	Eccentricity ()
	

	2 at.%
	2-6
	---
	---
	Figure 6

	6 at.%
	2-6
	---
	---
	Figure 7

	11 at.%
	4
	8 (10%)
	0.55-0.80
	Figure 8



3.2.3. Modeling the effective dielectric function of the nanocomposite material 
A polarizable particle possesses a hierarchy of multipole resonances of which only the lowest order dipolar modes strongly couple to electromagnetic field. The dipolar polarizability of a spherical particle is given by:75

,                                                                                                           (2)




where  and  are the (frequency dependent) dielectric functions of the metal and dielectric host, respectively, and V is the NP volume. There is a single triple-degenerate resonance mode whose frequency is determined by the pole of . Taking  in the simple Drude model, the LSPR frequency is given by:

,                                                                                                             (3)



where  is the bulk plasma frequency and ε∞ is the high frequency dielectric constant of the metal. Therefore, the optical spectra of a NP (with absorption dominating over scattering if the NP size is much smaller than ) depends on its shape, type of metal and dielectric function of the surrounding material. If one stays within the Drude model for , the NP size does not enter in Eqs. (2) and (3). The Drude model fails for very small NPs (size below 1 nm) and microscopic models are required.76 For NPs which are only a few nanometres in size, the most significant size effect is the increase of the plasmon damping parameter due to surface scattering of the electrons, which is taken into account in a simple phenomenological way.56



The optical properties of an ensemble of polarizable NPs in the low concentration limit are simply scaled with the NP concentration (C). For instance, the absorption coefficient of a hypothetical diluted composite material, containing identical spherical particles, is equal to , where the extinction (i.e. scattering plus absorption) cross-section of an individual NP is given by , where  is the wavevector.77 It is simply proportional to the metal volume fraction,  f = VC. However, for higher NP concentrations, the electromagnetic interactions between different particles become increasingly important and the situation becomes much more complex. For f ≤ 0.1 it is possible to introduce a renormalized polarizability that takes into account the dipole-dipole interactions within the modified Maxwell-Garnett approach,55, 78 equivalent to the so-called average T-matrix approximation.78-79 Furthermore, this can be done if NPs form a periodic array.80 However, in most cases, none of these assumptions is valid, since NPs concentration is higher and their spatial distribution is disordered. Here, the major concerns are the effects arising from specific spatial distributions of NPs and their shape, so one needs to go beyond the range of validity of the existing analytical theories. Numerical analysis of such composites is possible using the so-called coupled dipole equations (CDEs).81 This approach allows to investigate the effects of short-range clustering or fractal geometry in the spatial distribution of NPs on the spectral characteristics of the SPR bands. 59, 74, 82









After the distribution of the particles over the lattice sites of the supercell, the CDEs are solved in order to find the electromagnetic modes (frequencies and eigenvectors) of the supercell. Then, the Green’s function of the system is constructed, , which is a  matrix formed by  blocks  and the “hat” means that it is a Cartesian tensor (note that the indices run only over the  lattice sites of the supercell occupied by NPs).82 For the calculation of the spectral dependence of , the bulk dielectric functions of Au and TiO2 were used. For the former (), the Drude model with interband transitions added 83 was used, with the size-dependent damping parameter () of the form , where A is a constant of the order of the Fermi velocity56 and  is the particle radius. 

The dielectric function of the matrix () was separately calculated using SCOUT software (W. Theiss Hard- and Software) for a pure TiO2 film annealed at 500 ºC (anatase phase). The experimental results (transmittance and reflectance spectra) were fitted using an imported tabulated dielectric function of TiO2 from Ref.84 (contained in the SCOUT software database “TiO2 – Jellison”), and assuming some porosity incorporated in the film through the Bruggemann formula (see Figure 4(a)). The real and imaginary parts of the dielectric function, refractive index and extinction coefficient were calculated as a function of the wavelength and are displayed in Figure 4(b).


Figure 4. (a) Measured and fitted, transmittance (T) and reflectance (R) spectra of the host matrix (pure TiO2 annealed at 500 ºC) and (b) calculated optical properties; real (εr) and imaginary (εim) parts of the dielectric function, refractive index (n) and extinction coefficient ().


From the Green’s function, the lattice susceptibility can be calculated as the proportionality coefficient between the total dipole moment of the supercell divided by its volume, , and the external electric field:

.                                                                                                     (4)

After averaging over a number of different generated samples of the same average NPs concentration, the susceptibility can be considered as a scalar quantity, . The effective dielectric function (EDF) of the composite material (ε*) is obtained through the relation:

.                                                                                                               (5)
With the knowledge of this function describing the composite film, transmittance (T) and reflectance (R) spectra of the whole structure (film plus substrate) can be calculated using the standard multilayer optics approach.77
When elongated NPs are added to the model, the procedure is generally the same. For a spheroidal NP, in its local reference frame (X, Y, Z), the polarizability tensor is diagonal with the following principal components:

;                                                                                        (6)

                                                                                                   (7)

where  is the volume of the spheroid and 


                                                         (8)
are the depolarization coefficients. The polarizability tensor is then transformed to the laboratory reference frame (x, y, z) (see Appendix), where it is non-diagonal.

Each of the three dipole resonance frequencies is determined by setting the real part of the denominator of the polarizability tensor components, (6) and (7), equal to zero. For prolate spheroids considered here, there are two distinct resonances, a double-degenerate transverse one (occurring at a higher frequency) and a longitudinal resonance, which can be pushed to longer wavelengths by increasing the aspect ratio (i.e. the eccentricity, which makes  smaller). For less symmetric NPs shapes, three distinct modes are obtained (see e.g. 80).



The coupled dipole equations are simply generalized to the case of tensor polarizability of individual particles and they are written in the laboratory frame (see Appendix). Their solution for each distribution of NPs (which includes their positions and also the orientations of the spheroidal particles) yields its specific Green’s function. As known, the Green’s function possesses the so-called self-averaging property, which means that its components averaged over different particle distributions have well-defined limiting values (in contrast with eigenvalues and eigenvectors) when the number of Monte Carlo samples tends to infinity. The system, after averaging over NPs’ orientations, is isotropic and this feature was checked by calculating both diagonal and non-diagonal components and verifying if the latter are at least two orders of magnitude smaller than the former. It permits to use the same Equations, (4) and (5), in this case as well, with the only replacement of  by  where  is the polarizability tensor of the i-th particle in the laboratory frame.

3.3 Experimental optical spectra and comparison with modeling results
Figure 5 shows the transmittance and reflectance spectra of the as-deposited Au/TiO2 films with different Au concentrations, including a pure TiO2 film. Since the thickness of the as-deposited films is of the same order of magnitude of the incident wavelength, the pure TiO2 film (0.34 m thick) shows an expected interference-caused behavior, as evidenced by the interference fringes observed in the transmittance and reflectance spectra. The TiO2 transmittance drops to zero at about 360 nm, just before the substrate, confirming its semiconductor nature (with a bandgap typically ranging from 3.0 to 3.4 eV85). The increase of the Au content in the Au/TiO2 films induced significant changes in the optical response of TiO2, as shown by the transmittance and reflectance spectra (see Figure 5), for Au contents ranging from 2 to 20 at.%.


Figure 5. Transmittance and reflectance spectra of as-deposited samples of TiO2 and Au/TiO2.

The plotted results show that the films become less transparent as the Au content increases, and the wavelength at which they become opaque is red-shifting. As shown by the XRD and TEM analysis (Figures 2 and 3), the Au NPs are only clearly formed after the annealing treatment of the films, and thus the absorption is related with inter and intra-band transitions in small Au clusters, though the latter cannot be called true collective (plasmon) oscillations because of the small number of participating electrons.
In order to monitor the influence of the annealing treatment and Au content on the optical properties of the films, the transmittance and reflectance spectra of the thin films were measured for representative samples of each of the three sets: one from the low Au contents (CAu = 2 at.%) and two samples with intermediate Au contents (CAu = 6 at.% and 11 at.%). The optical spectra of the films with higher Au contents (≥ 15 at.%) were also evaluated, however those results are not presented here. In such cases, Au segregated to the surface after thermal annealing (see SEM micrograph of Figure 1(c)) and this is not desirable for the particular optical applications envisaged with this work.
The results from the theoretical calculations, namely the EDF, absorption coefficient and optical response (transmittance and reflectance spectra) are also presented to demonstrate a qualitative comparison with the experimental results. It is also important to recall that different NPs size distributions were assumed taking into account the particular concentrations of Au in the films (see section 3.2.2).
The transmittance and reflectance spectra of the set of samples with low Au content (CAu = 2 at.%) are plotted in Figure 6 for selected temperatures. The main feature present in this set of films is the significant change of the optical response, with the increase of the annealing temperature. The transmittance spectrum in the visible range shifts to lower values, with a gradual disappearance of the interference behavior. A transmittance minimum located at LSPR= 580 nm starts to appear for 500 ºC, corresponding to an enhanced LSPR absorption, due to the formation of the Au NPs. The LSPR absorption peak becomes even more intense as the annealing temperature increases up to 800 ºC, probably due to the enhanced contribution of larger NPs. A careful analysis of the resonance peak position reveals also a progressive redshift from 580 nm (500 ºC) to 610 nm (800 ºC), which is most likely caused by the increase of the refractive index of the host matrix. As reported in previous works,8, 61 the phase transformations in the dielectric TiO2 matrix from amorphous to anatase and then to rutile induces important changes in its dielectric function, thus shifting the LSPR peak position to longer wavelengths, according to Equation (3).
In order to calculate the EDF, ε*, of the samples with low Au concentration (represented by the sample with CAu = 2 at.%), the noble metal NPs were randomly distributed throughout the matrix. The results are plotted in Figure 6(a) for different NPs sizes, in order to mimic the effect of the annealing temperature on their growth. The calculated absorption coefficient (defined as equal to 4/) is also presented in Figure 6(b), showing a LSPR band peaking at about 610 nm, becoming more intense as the NPs sizes increase. The transmittance and reflectance spectra were calculated for a thickness of about 0.30 m (the same as the as-deposited film, measured by SEM in cross-section). As it can be observed by the results plotted in Figures 6(c) and (d), the spectra of the calculated optical transmittance and reflectance are very similar to the experimental results, which is an indication of the robustness of the model and the validity of the assumptions that it contains.


Figure 6. Calculated optical properties and experimental optical responses of nanocomposite Au/TiO2 films with low Au concentration (2 at. %). The calculated spectra of the EDF (real and imaginary parts) are displayed in (a) and the absorption coefficient in (b). The optical response of the structure (nanocomposite film + substrate) is calculated from ε* using standard multilayer optics (SCOUT software). The results of the experimental transmittance and reflectance vs. wavelength are presented in (c) and can be qualitatively compared with the calculated optical transmittance and reflectance spectra in (d).

When the concentration of Au increases to 6 at.% (intermediate Au content), it is possible to observe that the interference behavior starts to disappear already at 200 ºC, see Figure 7; a significant change when compared with the result obtained for the previous set of samples (CAu = 2 at.%). At this temperature, the formation of Au crystalline domains was already being developed, as demonstrated by the presence of XRD broad peaks, indexed to crystalline Au.12 From the analysis of the transmittance spectrum displayed in Figure 7(c), its profile progressively shifts to lower values, as the annealing temperature increases to 400 ºC, which is in agreement with the small sharpening and narrowing of the XRD peaks.12 At this particular temperature (400 ºC), although not very pronounced, a transmittance minimum at about 550 nm can be identified. For higher temperatures, a well-defined band can be observed due to the LSPR absorption.
The optical properties of a nanocomposite film with Au concentration of 6 at.% were also calculated, assuming again a random distribution of small spherical NPs, as in the case of the sample with a CAu = 2 at.%. The thickness of the film used for the calculation of the transmittance and reflectance spectra was about 0.34 m (SEM measured value). The calculated LSPR absorption peak is at the same position as in the previous case, since the dielectric function is based on the same model. As expected, there is an enhancement of the peak intensity as the particle size and the volume fraction of Au increase.


Figure 7. Calculated optical properties and experimental optical responses of nanocomposite Au/TiO2 films with intermediate Au concentration (6 at. %). The calculated spectra of the EDF (real and imaginary parts) are displayed in (a) and the absorption coefficient in (b). The optical response of the structure (nanocomposite film + substrate) is calculated from ε* using standard multilayer optics (SCOUT software). The results of the experimental transmittance and reflectance vs. wavelength are presented in (c) and can be qualitatively compared with the calculated optical transmittance and reflectance spectra in (d).

For the sample with 11 at.% Au, the interference fringes observed in the as-deposited sample spectrum (Figure 8) have almost disappeared from the visible range, in the case of the films annealed at 200 ºC. This is most probably due to the contribution of small NPs that started to crystallize. Increasing further the temperature, the transmittance region progressively shifts to lower values, as a consequence of an enhanced LSPR absorption due to the formation of larger Au clusters. In fact, the experimental results reveal that the films become quite opaque in the range of 550 to 750 nm (as revealed by the transmittance result, which drops to zero). This optical response is in agreement with the theoretical predictions for this particular system, resulting from the coalescence of the NPs into larger clusters with spheroidal shapes. The formation of closely spaced groups of particles, seen as large particles by the structural characterization techniques, or truly coalesced NPs is responsible for the broadening and the spectral shift of the absorption band related to the surface plasmon resonance localized to the individual NPs. The broadening expressed in terms of Full Width at Half Maximum (FWHM) of the LSPR band caused by the presence of spheroidal NPs, was also calculated to show the importance of non-sphericity of the particles. When large particles are also assumed spherical (spectrum showed in Supporting Information), the absorption band is related solely with plasmon damping (FWHM= 174 nm). But, as soon as the eccentricity increases up to 0.80 the FWHM of the absorption band shifts about 20 nm (for more details see Supporting Information).

Figure 8. Calculated optical properties and experimental optical responses of nanocomposite Au/TiO2 films with intermediate Au concentration (11 at. %). The calculated spectra of the EDF (real and imaginary parts) are displayed in (a) and the absorption coefficient in (b). The optical response of the structure (nanocomposite film + substrate) is calculated from ε* using standard multilayer optics (SCOUT software). The results of the experimental transmittance and reflectance vs. wavelength are presented in (c) and can be qualitatively compared with the calculated optical transmittance and reflectance spectra in (d). For the calculations it was assumed a bimodal distribution of Au NPs, which included 225 small spherical particles with 2R*= 4 nm and 25 spheroidal particles with 2R*= 8 nm, with variable eccentricity (e).
4. Conclusions
In this work, the LSPR band characteristics of nanocomposite films of Au NPs dispersed in TiO2 were studied experimentally and theoretically, with the focus on the Au concentration and NPs size and distribution effects. The Au/TiO2 samples were prepared by DC magnetron sputtering, followed by annealing treatment to promote the growth of small Au atomic clusters into larger crystalline NPs.
The results demonstrated that the Au concentration in the films and the annealing temperature influenced strongly the size and spatial distributions of the NPs, which are two key factors to tune the LSPR phenomena. The TEM analysis of the films revealed the formation of bimodal distributions of the NPs’ size if the Au concentration is sufficiently high. The NPs are dispersed in the amorphous (or polycrystalline, depending on the annealing temperature) TiO2 matrix, which was the basis for the theoretical modeling of the optical properties of the films. The transmittance and reflectance spectra of the system (nanocomposite film + substrate) were calculated using the multilayer optics approach taking the effective dielectric function, ε*, of the nanocomposite material. The latter was obtained by numerically solving the coupled dipole equations for a system containing small spherical and randomly oriented larger spheroidal NPs. This algorithm mimics the coalescence of small NPs into larger and elongated ones. This mechanism may explain the unusual NPs size statistics measured experimentally in the annealed samples and determines the spectral changes in the optical properties of the nanocomposite films.
The results showed that it is possible to achieve broad LSPR bands by increasing the annealing temperature and the modeling results suggest that this is caused not only by the usual damping effect but also by a broader spectral distribution of surface plasmon modes. This is particularly important for the detection applications via SERS where a spectrally broad LSPR band is desirable to favor the fulfillment of the condition of resonant matching to electronic transitions in detected species. Of course, the rapid decrease of the magnitude of the electromagnetic field associated with the localized surface plasmons, created in the vicinity of the sample surface, is always a serious constrain in terms of SERS. Our expectations in this respect are related with two facts: (i) Au NPs are formed not just inside the film but also very close to its surface, where some of them can even come out, and (ii) clustering of NPs leads to the formation of so called “hot spots”, regions where the electromagnetic field is strongly enhanced, which can act as SERS centers if good adhesion of analyte to the film is achieved. In this respect, the coalescence of NPs without losing their crystallinity is a desirable phenomenon. 
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SI-3. Measuring the broadening of the simulated absorption spectrum as a function of the eccentricity;
This material is available free of charge via the Internet at http://pubs.acs.org/



Appendix 


Here we provide some details of the mathematical treatment of the case when randomly oriented particles are included. The spatial orientation of the local coordinate axes of a particle (x1, x2, x3) with respect to the laboratory frame (x, y, z) can be defined by the so called Euler angles. Here we shall consider axial-symmetric particles (revolution ellipsoids), so we can choose  coincident with the nodal line, i.e.  (see Fig. A1). The orientation of the nanoparticle is then entirely determined by the Euler angles .


Figure A1. Randomly oriented spheroidal particle with its local reference frame and the laboratory frame.


In the local frame, the nanoparticles polarizability is given by a diagonal tensor:


                                                                                                    (A1)


The rotation matrix from to frame is given by:

                                                                                                     (A2)









where, , ,  and . The polarizability tensor in the laboratory frame is where . For each particle in the lattice, we start by generating the Euler angles , then we calculate the polarisability tensor , and then we solve the CDEs. In order to generate the Euler angles, we considered   to be chosen randomly according to a uniform distribution between 0 and 2. We also assume  randomly distributed between 0 and 1.
The coupled dipole equations in the laboratory frame read:[77]

                                                                                                       (A3)



where  is the dipole moment of the i-th particle,  and the external field,  is the dipole-dipole interaction tensor. It is convenient to rewrite (A3) as:

,                                                                                                                  (A4)












where  is a 3CN-component vector composed of  with ,  is a 3CN-component vector of CN times repeated , CN is the number of lattice sites occupied by NPs, and  is a  matrix formed by  blocks . The formal solution of Eq. (A4) is the definition of the Green’s function (also a  matrix formed by  blocks ):

,                                                                                                    (A5)

where  is a unit matrix.
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