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Abstract 

In this work we have developed an infiltration methodology to incorporate metal nanoparticles 

(NPs) with controlled size and shapes into the open voids available in Oblique Angle Deposited 

(OAD) thin films. These NPs exhibited well-defined surface plasmon resonances (SPR). The 

nanometric confined space provided by their porous microstructure has been used as a 

template for the growth of anisotropic NPs with interesting surface plasmon resonance 

properties. The fabrication methodology has been applied for the preparation of films with 

embedded silver and gold NPs with two associated plasmon resonance features that developed 

a dichroic behaviour when examined with linearly polarized light. A confined alloying process 

was induced by near IR nanosecond laser irradiation yielding bimetallic NPs with SPR features 

covering a large zone of the electromagnetic spectrum. The possibilities of the method for the 

tailored fabrication of a wide range colour palette based on SPR features are highlighted.  
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1. Introduction 

During the last decades, metal nanoparticles (NPs) or assemblies with controlled composition, 

geometry, size and surface state have deserved a continuous interest due to their outstanding 

physical (e.g., optical or magnetic) and chemical (e.g. catalytic) properties.[1–5] These 

morphological features have been controlled using a large variety of chemical processes in 

liquid phase.[6–10] However, wet methodologies usually face the inconvenient that the 

synthesized NPs may aggregate by van der Waals forces, a feature that hinders applications 

associated to the physical properties of single and isolated entities.[11] To overcome this 

problem, alternative procedures entailing NPs synthesis and immobilization on solid supports 

have been developed,[12–14] where generally a random and un-oriented distribution of isolated 

particles is obtained. 

Controlling the aspect ratio of anisotropic noble metal NPs is critical to tune their Surface 

Plasmon Resonance (SPR) bands and dichroic behaviour when examined with linearly 

polarized light.[14–20] SPR features are the result of a collective oscillation of the free electrons 

at the metal surfaces that produces a localized absorption of light and an important 

electromagnetic field enhancement in the proximities of NPs.[21,22] Due to this surface-related 

character, SPR bands are affected by the nature, size, shape and dielectric environment around 

the metal nanostructures.[4,23–25] In particular, anisotropic metal NPs or other plasmon 

resonance nanostructures showed different SPR modes depending on the relative orientation of 

the incident light electric-field along their long (longitudinal mode, LSPR) or short (transverse 

mode, TSPR) axes. Relying on this characteristic, their optical response has been used for the 

fabrication of dichroic filters, polarized light nanosources and encoding data systems, among 

other applications.[16,26–29] A general condition for the functionality of these systems is that 

the individual nanostructural features incorporated into the device present a common orientation 

along a preferential axis. In the case of NPs this has been achieved by means of hosts or 

templates with anisotropic pores of similar size defining a preferential orientation.[14] Synthesis 

procedures relying on this approach use the template voids as nanoreactors to grow NPs in 

their interior. Advantages of such a methodology include: 1) the use of green solvents and 

reactants since shape is not controlled by organic surfactants but defined by the 

template,[13,30] 2) natural inhibition of nanoparticle aggregation[31] and 3) fabrication of highly 

aligned anisotropic structures.[16,26] Liquid and suspension procedures consisting in the 

alloying or merging of two metals in a single structure (e.g., core shell structures or alloyed 
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NPs[32,33]) have been attempted to expand the optical response ranges. However, only single 

metal NPs (e.g., silver or gold) have been synthesized within template structures.  

Oblique angle deposited (OAD) thin films prepared by evaporation present a nanostructure 

formed by highly aligned tilted nano-columns[34–38]. This microstructural feature bestows the 

OAD samples with anisotropic optical properties which, in the case of noble metals, have been 

used for developing photonic components such as coloured dichroic polarizers or SERS based 

sensors.[39–41] Unfortunately, Oblique Angle Deposition consumes a high amount of metal due 

to the high substrate-source distance (to ensure a narrow angular distribution) and to the tilting 

angle of the substrates (the flux of condensing molecules/atoms is reduced by the cosine of the 

deposition angle). These factors, together with the high electrical consumption required to 

electron evaporate metals with high thermal conductivity (e.g., Ag, Au), makes that direct OAD 

deposition of metals is not always suitable for mass applications.  

A remarkable characteristic of OAD thin films is that, depending on the material and 

deposition angle, their nanocolumns arrange in the form of “bundles” aligned along the direction 

perpendicular to the incoming material flux.[34,38,42] The size of these anisotropic pores 

separating the bundles depends on the type of material and film deposition angle.[34,38] We 

have shown in previous works that this bundling association in transparent films deposited by 

OAD induces an anisotropic growth of metal nanoparticles upon incorporation in the film pores 

either by vacuum or wet methodologies.[16,17,26,36,43] This template-based approximation 

makes use of much less noble metals than procedures based on their direct OAD.  

In the present work, we have developed a template method for the synthesis of both Ag and 

Au NPs within the anisotropic pores of SiO2 thin films prepared by OAD. Primarily, we show that 

the pore space of the OAD thin films may act as a nanometric template to tailor the growth of 

metal NPs of controlled size. In addition, we show that the anisotropy of the void space defined 

by the nanocolumnar bundles existing in the SiO2 thin films induces the growth of oriented disc-

shape Au NPs. Finally, the use of the pore space as a nanoreactor is proved upon Near Infrared 

(NIR) laser annealing of bimetallic composite films in a process that yields size-controlled 

alloyed Ag:Au NPs embedded in the films. This work is the continuation of a previous 

investigation showing that anisotropic gold NPs can be synthesized within the tilted mesopore 

spaces separating the nanocolumns of OAD SiO2 thin films.[16] Herein we go a step forward 

showing the possibility of fabricating either two metals and/or alloy NPs inside an OAD oxide 

thin film acting as template. The reported methodology does not make use of additives to 

control the size of the nanoparticles and therefore the growth is template directed.  
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The resulting composites possessed a rich SPR spectral response (i.e., an ample colour 

pallet associated to the Ag, Au and Ag:Au alloy NPs) and an strong dichroic behaviour 

associated to the disc-shape of the individual Au NPs. The results reported here represent an 

important advance in the controlled synthesis of anisotropic metal nanoparticles and alloying 

processes into OAD film voids. This latter aspect is enabled by the high transparency, inertness 

and chemical stability of SiO2 layers. The unique plasmonic properties, surface area, open 

porosity and biocompatibility of the anisotropic metal nanoparticles synthesized will have a 

significant impact not only in the field of photonics and selective dichroic systems,[20,44,45] but 

also in biological applications such as sensing and imaging among others.[14–17,46]  

 

2. Materials and Methods 

2.1. Sample preparation.  

SiO2 thin films were prepared in an electron beam evaporator using pellets of this material as 

target. Quartz plates or pieces of a Si (100) wafer with a size of 2x2 cm2 were used as 

substrates. Deposition was carried out at room temperature in 10-4 torrs of O2 (residual pressure 

in the reactor was 10-6 torrs). Two types of OAD films were fabricated by placing the substrates 

at glancing zenithal angles, α, with respect to the evaporator source of 60º and 80º (see Figure 

S1, available online). Such oblique geometries produced films with a tilted columnar 

microstructure caused by geometrical shadowing during the thin film growth.[34] For SiO2 these 

nanocolumns associate in the form of lateral “bundles” or strips along the perpendicular 

direction to the incoming material flux.[16,37,42] The lateral distance between strips formed 

along the perpendicular to the evaporation direction increases for the films prepared at larger 

zenithal evaporation angles. These OAD thin films were used as templates for the chemical 

synthesis of Ag and Au NPs without mediating any further treatment or conditioning. 

For the preparation of silver NPs, Ag+ cations were infiltrated in the films voids using a 

solution of PMMA (0.5% (w/v) and AgClO4 (60 mM) in acetone which was spin coated and dried 

onto the porous SiO2 OAD layers. The obtained samples were then heated up to 270 ºC with a 

5º C/min ramp under a constant flux of a mixture H2:Ar (5% H2) at 1 atm. This thermal treatment 

at a temperature above the PMMA glass transition temperature (100-160ºC) promotes the 

polymer and AgClO4 diffusion into the SiO2 pores. In other words, the PMMA is used as a 

sweep vector of silver cations in a kind of Melt Capillary Infiltration method.[16] In addition, the 

Ar:H2 atmosphere produced the complete reduction of silver inside the pores and the formation 
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of silver NPs in the film voids. Some excess of PMMA and silver precursor at the surface were 

removed by ultrasonic treatment in acetone during 15 minutes. A small amount of PMMA was 

deliberately left inside the voids to assist the posterior reduction of gold precursor. To this aim, 

before proceeding to gold NP formation, the presence of a little fraction of polymer remaining 

into the voids of the Ag/SiO2 thin films was confirmed by FT-IR reflectance measurements (see 

Figure S2). Gold was incorporated into these Ag/SiO2 thin films by immersion in a solution of 

AuClO4 (120 Mm) during different periods of time, 10, 20, 30 min. In this step, gold precursor 

reduction and NP formation was induced by the residual PMMA still present in the pores and a 

minority redox reaction with the silver NPs grown in the first step.[16] The formation of silver and 

gold NPs in the SiO2 template films (i.e., Ag:Au/SiO2) was ascertained by the UV-Vis recording 

of SPR spectra. 

Laser annealing to induce the alloying of the silver and gold NPs formed inside the films was 

performed at room temperature with a 20 W diode-pumped Nd:YAG (Powerline E, Rofin-Baasel 

Inc.) unpolarized laser emitting at 1064 nm with 100 ns of pulse width and a 20 kHz repetition 

rate.[26] The films were scanned with a spot of 0.1 mm diameter at a speed of 1 m s−1. The 

laser power used for the treatments will be referred as a percentage of its maximum irradiance, 

PMAX = MLP= 240 kW/cm2. 

The nomenclature used for the samples is (Metal) / (OAD film) where: (Metal) is Ag or Au 

depending on the metal incorporated, or Ag:Au if the layer contains the two metals; Ag-Au refers 

to alloyed NP films; (OAD film) is 60º or 80º, indicating the zenithal angle used for the deposition 

of the SiO2 layers.  

2.2. Characterization methods 

The microstructure of the films deposited on a silicon wafer was examined by Field Emission 

Scanning Electron Microscopy (FESEM) in a Hitachi S5200 microscope operated at 2KV in 

backscattered detection mode. The backscattered electron image is sensitive to heavier 

elements thus allowing a better visualization of the Ag and Au NPs. Cross sectional views were 

obtained by cleaving the silicon substrates. Samples were cleaved along two perpendicular 

directions to cross section viewing the films along the bundling directions and its perpendicular. 

This allows a direct observation of, possibly, dissimilar x-z and y-z planes of the films (see 

Figure 1 a-c).  
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The Electron Microscope system is equipped with a Scanning Transmission Electron Detector 

(noted as STEM measurements) that was used to analyse individual particles and with energy 

dispersive X-ray spectrometer (EDX) to perform their elemental analysis. 

The optical properties of the films were studied by transmittance (beam impinging at normal 

incidence) and specular reflectance (at 30º) measurements in a Cary 100 UV-Vis 

spectrophotometer (VARIAN) in the 300-800 nm range and a 1 nm monochromatic step. The 

monochromatic incident beam used for the analysis was either unpolarised or linearly polarized 

along two different directions, x and y, according to the coordinate axis in Figure 1 b). CIELab 

color space coordinates for both x- and y- polarizations were calculated from the transmittance 

spectrum by using a D65 illuminant.[47] 

Real photographs of some representative samples have been taken by placing the samples 

on top of a white light screen and using a single linear polarizer to observe their anisotropic 

optical response. 

Specular Reflectance Fourier Transformed Infrared (FT-IR) spectroscopy was analysed in a 

Bruker IFS 66/S spectrometer. For this type of measurements, the OAD samples were 

deposited onto a 100 nm gold thin film deposited on a silicon wafer with a Ti interlayer, acquired 

from Sigma-Aldrich.  

 

3. Results and discussion 

The OAD SiO2 thin films were used in first place to synthesize silver NPs inside their inter-

bundles voids, using the experimental methodology detailed in the experimental section.[16] It is 

noteworthy that SiO2 is an insulator material and becomes charged under the electron beam 

impingement during the SEM measurements shown in the Figure 1. This effect is the 

responsible of the slightly blurry appearance of the images. Figures 1 d) and e) present two 

perpendicular cross sectional SEM images of the Ag/60º composite thin films along the y-z and 

x-z planes, respectively. As schematized in Figure 1 a), c), these two images clearly reveal the 

tilted columnar nanostructure of the template thin films but no significant differences in silver 

particle size along the two observation directions, likely indicating that the silver NPs, with 

diameters between 20-50 nm, have a rather spherical shape. In addition, the optically isotropic 

behaviour of the silver NPs determined with polarized light (see next section) further confirmed 

their quasi-spherical shape. This spherical shape is tentatively attributed to the high mobility of 

silver at the relatively high temperature used for their synthesis. 
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Secondly, gold NPs were grown inside the voids of the SiO2 template films already containing 

silver NPs. For this aim, the remaining PMMA initially utilized as sweep vector for Ag infiltration 

acted as a reducing agent to synthesize the gold NPs and as a protective barrier separating Ag 

and Au NPs to avoid their mixing or the formation of core-shell structures (the separate 

formation of NPs of these two metals was proved by EDX measurements (Figure S3).  

Figures 1 f-g) (Ag:Au/60º) and h-i) (Ag:Au/80º) show orthogonal cross section views of these 

two samples along the y-z and x-z planes. It is apparent in the images that the density of 

particles in these bimetallic samples has increased with respect to the monometallic case. In 

addition, in sample Ag:Au/60º some NPs appeared elongated along the y-z plane (Figure 1f), a 

feature that, to a minor extent, was also apparent in sample Ag:Au/80º where particles 

presented a larger size (Figure 1h). We relate this anisotropic growth in the form of discs to the 

confinement of NPs between the bundle walls. 
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Figure 1. a-c) Scheme of cross section views of the NPs distribution inside the SiO2 films along the y-z 

(a), x-y (b) and x-z (c) planes. The two perpendicular planes used to cleave the samples for their cross 

sectional analysis by SEM are the y-z (a, left) and x-z (c, right). The formation of anisotropic NPs (brown 

color) between bundled walls (blue forms) is described in the schemes and experimentally observed for 

gold NPs in sample Ag:Au/60º.  d), f), h) Cross sectional images along the y-z plane of Ag/60º (d), 

Ag:Au/60º (f) and Ag:Au/80º (h). e), g), i) Cross sectional images of the same samples along the x-z plane 

 

The growth of gold discs in sample Ag:Au/60º can be easily understood in terms of the 

Scheme 1. Spherical Au NPs start growing until they touch the adjacent bundle walls confining 

the space where they are growing. From this point, the NPs are forced to grow in the free 

directions available in the voids and to develop their characteristic disc-shape. It will be shown  

that these Au NPs present quite different longitudinal (L) and transversal (T) SPR spectral 
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modes which, together with their common alignment along a given direction (determined by the 

nanocolumnar bundles) produces a strong dichroism for the composite films (see below).  

 

Scheme 1. Template synthesis of disc-shape gold NPs. The initially spherical growth regime is followed 

by the disc growth once the particle size exceeds the distance between bundle walls. 

 

The plasmonic behaviour of the composite thin films has been characterized by UV-Visible 

transmittance measurements analysed with x- and y-polarized light. Spectra are presented in 

Figure 2 for samples Ag/60º (a) and Ag/80º (e) and bimetallic samples Ag:Au/60º (a-d) and 

Ag:Au/80º (e-h). According to these spectra, silver NPs present a very weak optical anisotropy 

since the films showed similar SPR bands with slightly different intensities and centred at 393 

and 396 nm when recorded with x- and y-polarized light, respectively. These absorption maxima 

and the symmetrical shape of the bands are consistent with the presence of quasi-spherical 

particles with a relatively narrow size distribution around 20-50 nm [48] as observed in the SEM 

images in Figure 1 d), e).  

The growth of Au NPs was conducted by dipping the OAD films containing silver NPs for 

increasing times in a solution containing AuClO4 (see Experimental section). The x- and y-

polarized spectra of Ag:Au/60º and 80º samples are shown in Figure 2 b)-d) and f)-h), 

respectively. These spectra exhibited two plasmon features, the first attributed to silver NPs (at 

around 400 nm) and the second to gold NPs (at 500-600 nm). It is noteworthy that the SPR at 

400 nm remained unaltered after the incorporation of Au NPs. This discards the formation of 

alloys or core-shell structures which are typically accompanied by important changes in the SPR 

bands.[33]  The SPR associated to Au NPs presented a high optical anisotropy when examining 

the samples with polarized light along the x- (blue) and y-directions (red). We attribute these two 
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different light absorptions to the longitudinal (with x-pol) and transversal (with y-pol) SPR modes 

of the disc-shape of the Au NPs. Figure 2 b-d) and f-h) reveal an increasing difference in the 

wavelength and intensity of these two SPR modes as the gold incorporation time increased up 

to a maximum of 30 min. For sample Ag:Au/60º (Figure 2 b-d), the increased separation 

between bands resulted from a progressive shift of the LSPR (x-pol) mode from 560 to 605 nm 

(see blue dashed line), whereas the TSPR (y-pol) remaining unchanged at approximately 510 

nm. A similar, though less pronounced effect, was observed for sample Ag:Au/80º, where the 

LSPR only shifted from 550 to 560 nm for 10 to 30 min of processing time. In an attempt to have 

a fuller picture of the optical properties, specular reflectance spectra of the sample Ag:Au/60º 

were recorded at 30º (red curves) with unpolarised light (see Figure S4 in the supporting 

information). The typical oscillations due to the refractive index contrast air/OAD film/glass were 

enhanced in these reflectance measurements which, together with the polarization induced 

refraction/reflection effects under non-normal angles, hampered a precise evaluation of the SPR 

peaks.  

As it can be observed in Figure 2, the SPR bands are wide indicating a relatively large size 

distribution of the Ag and Au nanoparticles. This is likely the result of the heterogeneous 

character of the SiO2 nanocolumnar template and of a synthesis method that does not make 

use of chemical additives to control the size of the nanoparticles. Although it is not the scope of 

this work, we envisage that the growth process can be highly improved by using chemical 

methodologies to control nanoparticle growth.[10,19] The template growth model shown in the 

scheme 1 is consistent with the smaller optical anisotropy observed for sample Ag:Au/80º, 

where the separation between bundles along the y axis is larger than in the 60º SiO2 sample 

(see Figure 1). This increased separation between bundles can be seen in Figure S5 showing  

high resolution cross section SEM images of 60º (a) and 80º (b) OAD SiO2 samples. The 

photographs taken with x- and y-polarizers for samples Ag/60º and Ag:Au/60º(30 min) permit a 

direct visualization of  sample colours: a yellow-green colour with very small or negligible 

differences was found for samples Ag/60º, while for sample Ag:Au/60º(30 min) blue and pink 

colours were observed depending on polarizer orientation.  
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Figure 2. UV-Vis Transmittance spectra recorded with x- and y-polarized light for Ag:Au/60º (a-d) and 

Ag:Au/80º (e-h) samples. a)-d) Series of spectra of sample Ag/60º before the immersion in the AuClO4 

solution (a), and after the immersion for 10min (b), 20 min (c) and 30 min (d). e)-h) The same series of 

spectra are reported for metallic samples prepared in SiO2 80º host thin films. The plots show vertical 

lines to guide the eye in the spectral positions of the different SPR modes observed. a) and d) include 

photographs of the corresponding samples taken with x- and y- oriented polarizers. The xyz axes defined 

with respect to the samples surface as indicated in the photographs have been also included. 

 

In previous works we have demonstrated that laser annealing of OAD-SiO2 samples 

containing either silver or gold nanoparticles can be used to modify their geometry and therefore 

the optical properties associated to the plasmon bands.[16,26] Herein we have used the 
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confined space provided by the OAD SiO2 thin films to control the laser alloying processes 

between different metal NPs embedded in their voids. First, we have studied the effect on 

Ag/60º samples irradiated with an infrared nanosecond laser at different powers. Figure 3 

shows the optical evolution of laser treated Ag/60º film at 50 and 90% maximum laser power 

(MLP). In all cases, laser annealing produced a slight blue shift in the plasmon absorption band, 

their narrowing and an increase in intensity. These optical modifications rendered a yellow 

colour for the samples (see Figure 3 d) and were more significant at higher laser powers. They 

can be understood as resulting from the weld fragmentation of bigger particles and their resize 

into smaller ones. It is also striking that low power laser treatments (30 % MLP) did not produce 

any significant optical change, thus suggesting the existence of a threshold laser power to 

induce the fragmentation of particles.  

 

Figure 3. UV-Vis Transmittance spectra recorded with x- and y-polarized light for sample Ag/60º as 

prepared (a) and laser treated at 50% (b) and 90% (c) of maximum power (MLP=240 kW cm
-2

). d) 

Photographs of the samples illuminated with y-(top) and x-polarized (bottom) visible light. The 

photographs show four areas treated with 30, 50, 70 and 90% MLP. 
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The optical changes induced by laser treatment were radically different in the bimetallic 

samples. Figure 4 shows the evolution of the SPR spectra of sample Ag-Au/60º treated at 50 

and 90% MLP. For the sake of comparison, spectra of sample Au/60º subjected to similar laser 

treatments are plotted in Figures 4 a-c) with dashed lines.[16] The laser treatment of sample Ag-

Au/60º produces a gradual loss of the gold associated SPR band anisotropy and the 

progressive vanish of the silver SPR band (originally at 400 nm). As a result, the 90% MLP laser 

treated Ag-Au/60º sample developed a single broad absorption band at 500 nm with almost no 

optical anisotropy. We attribute this merging of the gold and silver SPR modes to the formation 

of bimetallic alloy spherical nanoparticles, although a direct observation of the laser induced 

structural changes of nanoparticles was not possible due to the insulating nature of the glass 

substrates that hinders their visualization by electron microscopy.  

 

Figure 4. UV-Vis Transmittance spectra recorded with x- and y-polarized light for sample Ag:Au/60º(0%) 

as prepared (a) and treated with a laser at 50% (b) and 90% (c) MLP. Equivalent spectra recorded for 

sample Au/60º plotted with dashed lines are shown for comparison. d) Photographs of the samples 

illuminated with y- and x-polarized visible light showing the two areas treated with laser at 50 and 90% 

MLP. e) Scheme of the alloying process taking place during the laser treatment. 
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In previous works,[16,26] we have demonstrated that nanosecond-laser treatments with pulse 

durations longer than the metal electron-phonon relaxation time produce nanoparticle reshaping 

due to heat accumulation in the metal. In the bimetallic films studied here reshaping is 

complemented with the alloying of silver and gold. A model of the bimetallic alloy formation and 

spherical reshaping by laser treatment is shown in Figure 4 e), assuming that silver and gold 

clusters are close enough to enable their intermixing without entailing a long diffusion length for 

the atoms. Gold-silver alloy formation is thermodynamically favoured by a negative mixing 

enthalpy, [32,33,49] which ensures the stability of the formed Ag:Au NPs. This metal alloying 

was accompanied by a slight damage of the SiO2 template films as evidenced  by an increase in 

light scattering at low wavelengths observed in the reflectance spectra (see Figure S4 b).  

Alloying produces significant differences when the samples were observed with the bare 

eyes. The photographs in Figure 4 d) taken with x-and y-oriented polarizers show a gradual loss 

in anisotropy as the laser power increased to 90% MLP when a similar pink colour was obtained 

for the two polarizers. It is noteworthy the excellent optical contrast between the non-treated and 

laser treated areas, a feature that in previous works was utilized for optical encoding.[16,26] 

The rich variety of colours achievable by NPs synthesis in the template structure of OAD thin 

films is illustrated in a CIELAB colour space representation in Figure 5. CIELAB colour 

coordinates have been calculated from the transmittance spectra in Figures 2 d), 3 a), c) and 4 

a), c) for both x- and y-polarizations. Figure 5 shows the bimetallic Ag:Au/60º and monometallic 

Ag/ and Au/60º systems before and after the 90% MLP laser treatment. CIELAB colour space is 

well-suited to highlight colour differences, since the luminosity (L*) is taken as a separate 

coordinate.[47,50] In this representation, coordinates a* and b* represent the green-red and 

yellow-blue colours, respectively and the origin (a*=b*=0) indicates the absence of colour. 

According to the plot in Figure 5, the laser annealed Ag/60º samples change their colour to a 

stronger yellow, characterized by the a* coordinate close to zero, and a very high b* value. In 

contrast, the Au/60º sample, characterized by an initial dichroic response (note the two separate 

coordinates in the diagram) experienced a small modification in colour coordinates upon laser 

irradiation (slight colour alteration resulted from the merging of the coordinates associated to the 

loss of optical anisotropy). Also, samples Ag:Au/60º were originally characterized by two points 

in the diagram and rendered a single point after laser alloying (see the red arrow highlighting the 

coordinate changes upon laser irradiation). The initial dichroic response of this sample rendered 

a more saturated red colour upon laser annealing. The quite different colour coordinates 
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represented in this diagram confirms the variety of colours achievable, varying from blue to pink-

orange that can be obtained with the template synthesis approach described in this work. It is 

noteworthy that despite the rich variety of plasmonic colours and dichroism obtained in this 

work, it is less rich than that achievable with more sophisticated methodologies such as electron 

or nanoimprint lithography,[51,52] yet the simplicity and versatility of the OAD template plus 

laser methodology is a very promising plus for future developments in photonics.   

 

 

Figure 5. CIELAB color coordinates a* and b* extracted from the x- (black square) and y-polarized (grey 

circle) UV-Vis transmittance spectra of the samples Ag/60º(90%MLP), Au/60º(90%MLP) and 

Ag:Au/60º(90%MLP). A photograph of each sample has been included. 

 

4. Conclusions 

In this work we have developed a new template methodology to control metal NPs growth and 

alloying processes in anisotropic confined spaces provided by the pores of OAD columnar thin 

films. It has been demonstrated that the tilted columnar morphology of OAD films and their 

association along columns bundles act as a “mold” to restrict the growth of silver and gold NPs 

in their interior. Another outstanding result is that this template approach can be extended for 

the synthesis of bimetallic composite thin films and that their laser irradiation induces the 

formation of alloyed NPs with a size range defined by the void structure of the host SiO2 thin 

films. These modifications are gradual and can be tuned with the laser power.  The NPs 

synthesized within the SiO2 thin films give rise to a large variety of SPR absorption spectra, and 
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a dichroic behaviour for the samples containing gold prior to the laser treatment.  It has been 

demonstrated that the use of OAD SiO2 thin films as template for the chemical synthesis of NPs 

has a general character being a quite versatile procedure for the fabrication of embedded mono, 

bi- and alloyed NPs, these latter upon laser irradiation. The rich variety of colours and optical 

properties obtained by this methodology opens the way for the “a la carte” fabrication of 

advanced optical systems based on SPR. 
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