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Abstract

The present work is devoted to the optical propsraf Au:TiQ thin films in order to clarify
the role of the Au clusters inclusions in the Ti@electric matrix. Three series of films
containing about 30 at. % (29.2), 20 at. % (19r8) 40 at.% (9.3) Au were deposited by dc
reactive magnetron sputtering.

On thermal annealing in the range from 300 to 8D0rf protective atmosphere, significant
changes on the crystalline phases and clustersndiores were detected. The most promising
optical behavior was found for the film 20% Au:T%iQvhere the films revealed some colour
changes, evolving from several shades of grey fferdnt tones of red. This change in the
optical behaviour of the films was found to be etated with a cluster size increase from 2 to
17 nm. For higher size values (> 20 nm) the filmdependently of the Au content, showed a
golden appearance colour. The optical changes warérmed by reflectivity and CIELab
colour measurements. Regarding the films with I 2hat. % Au, the results confirmed that
there is an evident range of compositions and elsstize where the SPR is more evident.
Sample A (10 at. % Au) it seems to be in the loWwmit of the SPR showing a typical
interferometric behaviour on the reflectivity mewsuents, similar to the TiOoptical
behaviour. Regarding the 30 at. % Au one, the tesdems to indicate that the amount of

gold particles and their grain size is in the ugdpeit to show a SPR activity.



1. Introduction

The interband transitions (d band to the s — pdaotion band) at shorter wavelengths
and the intraband absorption (free electron) agdéonwavelengths, are known to rule the
optical properties of bulk noble metals. One indarg feature is set when a noble metal is
placed in a certain type of media, as it is theeaafsdielectric matrixes like that of titanium
oxide, TiG. In fact, metallic nanoparticles, sometimes ref@rto as metal clusters or
nanoparticles, are being increasingly studied toabelied in many fields of modern
technology, which may range from simple decoragiueposes (let us recall sinc8 and %'

BC gold particles provided color for various maaésiincluding glass and ceramics), towards
more technological ones, such as those of opticenddicine, optoelectronics, biosensors,
magnetic storage, energy conversion, optical ijtetc.[1-5] In scientific terms, the
preparation of materials where these nanopart&tesdispersed in dielectric media (latex,
polystyrene, thiol- and disulfide monolayers, sodlicitrate aqueous colloid solution [5], IO
[6], SIO, [7] etc...), are actually becoming one of the magpartant fields in some specific
areas of materials science, and one of the new airttee nanoscience and nanotechnology.
The importance of these types of hanocompositegsafrom two tunable parameters. First,
the individual nanoparticle used as elementarydmgl blocks may have size or shape-
dependent properties. Second, the interparticlecispacan be modified through metal
nanoparticles concentration within the host matsirce it is affected from the geometry or
the volume fraction [1-4]. Noble metals with frelearons (essentially Au, Ag and Cu), as
well as some of their alloys and alkali metals,dl¢a interesting changes on the optical
properties due to the resonances in the visibletgpa, which give rise to intense colors
[Error! Bookmark not defined.].

In the particular case of the optical propertiée @riving force in the present work), their
behaviour depends strongly upon the nanoparticlaphology [1]. The absorption spectrum
is dominated by the resonant coupling of the inuidkeld with quanta of collective
conduction electron plasma oscillations, insteachohotonically increasing with wavelength.
This resonance is called Surface Plasmon Reson@fRR), and it is dependent on the
concentration, size and shape of the metal cluaigds of course, on the dielectric properties
of the surrounding mediumEfror! Bookmark not defined., 8, 9]. The impact of these
parameters is due to the changes of the frequeviosn the conduction electrons oscillate in
response to the alternating electric field of acidant electromagnetic radiation [10]. An
interesting example of such behaviour is expeotetie obtained by the material resulting

from the dispersion of gold clusters within a dodtee matrix of titania, TiQ(Au). This



composite media exhibit strong changes on the aptelectric and magnetic properties,
which are not present neither in the bulk mateddl], not in the correspondent metallic
particles.

Taking this into account, and within the frame loé present work, gold was selected as
clustering metal due to its quasi-free-electrondvebur in the UV-visible spectral range;
while titanium dioxide was used as dielectric matowing to the inherent high refractive
index and good stability [12]. With the combinatioiithese two materials, the main objective
of the present study is to use the shifts on thdr&puency to produce films with different
optical properties responses. For that, magnetpottesed Au:TiQ films with different Au
contents were prepared and annealed at differenperatures (in vacuum) to study the
influence of different structural arrangements (poted by the thermal annealing) in their
optical properties. Since the optical propertiesnahoparticles dispersed into dielectric
matrixes are related to their morphology and voldraetion, it is expected that the thermal
treatments can modify these parameters and, coestyguthe optical properties of the

sputter-deposited Au: TiKFilms.

2. Experimental Details

The Au:TiG thin films were deposited into silicon (100) ankhsy substrates by dc
reactive magnetron sputtering, in a laboratoryesideposition apparatus. A one step process
has been carried out to obtain the dielectric matith the embedded nanoparticles at the
same time, so the sputtering process belongs te tgpe one as defined by G. Walters et al.
[Error! Bookmark not defined., 13] Two vertically opposed rectangular magnetrons
(unbalanced of type 2) were disposed in a closeltl fconfiguration in the deposition
chamber. Only one electrode was powered, compokedtitanium target (99.6 % purity)
with varied amounts of Au pellets (20 risurface area and ~ 2 mm thickness), which were
symmetrically incrusted in its preferential erodexhe (denominate hereafter as Ti-Au target).
The number of Au pellets was varied in total amewfit6, 4 and 2, giving rise to three series
of films with different chemical compositions. Stiage holder was positioned at 70 mm from
the Ti-Au target in all the runs, using a cons@mturrent density of 100 AA mixture of
argon (flux constant of 60 sccm) and oxygen (flewte 10 sccm) was used, being the partial
pressure of oxygen in the reactive mixture of 7®*Pa. The total working pressure was
approximately constant during the depositions (varynly slightly between 0.4 and 0.5 Pa),
with a vacuum pumping speed adjusted for 356"LTée substrates were biased (-50 V) and

the deposition temperature was set to a value 6f Z0) The temperature of the coated



substrates was monitored with a thermocouple platesk to the surface of the substrate
holder. A delay time of five minutes was employesfdne positioning the surface of the
samples in front of the Ti-Au target. This proceslwas used in order to avoid films
poisoning resulting from previous depositions ansb ao assure a practically constant
deposition temperature of the substrates during fidrmation.

After film deposition, all samples were subjectedannealing experiments in vacuum.
The annealing studies were carried out in a seegna@euum furnace, after its evacuation to
about 10 Pa. The selected temperature range varied fromt@®800 °C, and the isothermal
time was fixed to 60 min, after the required hegattime at 5°C/min. The samples were
allowed to cool down in vacuum before their remdeahmbient environment.

The chemical composition of the coatings was ingattd with a Cameca SX-50
Electron Probe Micro Analysis (EPMA), operatingl1&t keV. The elemental quantification
was performed by comparing the peak intensity i@ #ample with standards for each
element, and applying a ZAF correction to the rissdThe chemical uniformity of the films
throughout their entire thickness (< 300 nm) wa®cghby Rutherford backscattering
spectrometry (RBS) carried out in a IBA Data FumalDF v9.2e at 2 MeV with Hé with
an scattering angles of 140° (standard detectad) 1890° (annular detector) and incidence
angles of 0 and 20° [14]. The structure and thes@hdistribution of the coatings were
analyzed by X-ray diffraction (XRD), using a PhdilPW 1710 diffractometer (CuzK
radiation) operating in a Bragg-Brentano configrat The XRD patterns were
deconvoluted, assuming to be Voigt functions tddytee peak position, integrated intensity
and integrated width (IntW). These parameters alt@alculating the interplanar distance,
preferential orientation and grain siz€he colour and reflectivity characterization were
computed using a commercial MINOLTA CM-2600d pohkabspectrophotometer
(wavelength range from 400 to700 nm), using diftLdlimination at a viewing angle of 8°.
The spectrophotometer was equipped with a 52 mmaeter integrating sphere and 3 pulsed
xenon lamps. Colour specification was computed urtde standard CIE illuminant D65
(specular component excluded) and representedeirCtk 1976 L*a*b* (CIELab) colour
space [15,16].



3. Resultsand discussion
3.1. As-deposited films
The fundamental characteristics of the three casitgd Au:TiQ series are presented in
table 1. During this work, the films will be dendtes is ascribed in table 1.
Tablel. General conditions and characteristics of depositied

Film series pemléts Thickness (nm) A;%(;at_ *Au volu?;(jfraction,
A 6 270 29.2 0.41
B 4 320 19.8 0.29
C 2 250 9.3 0.15

*. consideringp(Au) = 19.3 g/cm andp(TiO,) = 4 g/cni

Considering the chemical composition, the EPMA wsialrevealed that the Au content
ranged from 10 to 30 at. %, showing a linear refeghip between the number of Au pieces in
the Ti target and the Au content in the films. Allms from the three different series
presented compact morphologies, which can be @kedsis very dense T type from Thornton
zone model or featureless [17]. In respect to thdeposited structure, Fig. 1, all films exhibit
broad and low intensity X-ray diffraction peaksisitnoticed that the breadth and intensity of
the Au peaks decrease with the decrease of Au mbimehe films. For films containing Au
contents up to 20 at.%, the two broad peaks cemtrddl of 38.2° and 44.4°, fits quite well to
the (111) and (200) reflections of the fcc-Au phe&®D 04-0787], respectively. Beside the
features of (100) silicon substrates, no diffrattijpeaks were obtained from any known
crystalline phase of the binary Ti-O compounds. sThit can be concluded that the
microstructure of the Au:Ti@films consist of elementary Au building blocks irareed into
an amorphous titanium oxide matrix, in agreementh® results of other authors [18].
Furthermore, both EPMA and RBS confirmed that ttemium oxide phase is approximately
stoichiometric.

Nevertheless it is important to notice that, in #sedeposited state, the variation of the
Au volume fraction (achieved by using theoreticapmximation [19]) as well as the
correspondent clusters diameter, do not displayortapt optical characteristics. In fact, the
films from A and B series (with the highest Au amts) revealed an intrinsic-like grey

colour, with no apparent differences between thRegarding the films from series C (the



one with the lowest Au content), the visual inspcdf its surface revealed a blue-gray tone,
characteristic of an interference-like behaviownsistent with the overall results that will be
shown latter on this paper in the respective réflieg curves. The relatively low Au content
in this sample and the correspondent large staiegioc TiO, matrix are consistent with this

type of behaviour.

3.2. Annealed coatings

After deposition, all the films were submittedtb@rmal annealing in vacuum up to 800
°C. The main idea was to promote some structurdlmaarphological changes in the films,
namely the change of the Au clusters size and tdisitribution in the dielectric Ti®
surrounding medium and, consequently, to analyegetiange of the optical properties of the
films. Figure 2 shows the reflectivity measuremdatgilms from series A, both as-deposited
and after annealing at 300 °C. For comparison m@&foa sample of bulk gold was also
analyzed. As expected, the films present clearexds that the Au content, close to 30 at. %,
could be already in the upper limit to observe apjical interesting features, namely
concerning its sensitivity to the SPR effects.dntf the occupancy of about 40 % of the total
film volume by the Au phase (table 1), and the eseénce of them, leads to a golden-like
appearance of the surface after thermal annedlitegrgperatures as low as 300 °C. Moreover,
and consistent with the relatively high volume fiag, the optical behaviour of the post-
annealed series A is actually very similar to thiatiained for “pure” gold (Fig. 2). The higher
reflectivity of the “pure” gold sample is due t@s ibulk morphology. As reported for “pure”
TiO, films, the reflectivity of the as-deposited filnoes not show any unexpected optical
behaviour. Furthermore, it is also important taiyahat the “pure” TiQ films are known to
show no remarkable optical behaviour changes, ewleen heat treated at high annealing
temperatures [20].

Similar to the metal free-Tithin films [21], the reflectivity of the 29.2 &% Au:TiO,
films shows no important changes in the opticalaveur after thermal treatments up to 800
°C. The similarity of the series A optical reflety upon annealing can be understood from
the structural changes observed by XRD investigathnalyzing the structural evolution as
function of the annealing temperature, Fig. 3,ah de concluded that the well defined
crystalline fcc-Au structure is immediately achidvier a temperature as low as 300 °C. The
XRD peaks of the metallic gold, (111) and (200)drae narrower and more intense, which
is a behaviour that is characteristic of some m&atlyzation and grain growth processes.

However, no significant Au crystallite size varatiis observed during heating from 300 to



800 °C. Thus, these high Au content annealed tilimsfdo not loose their nano-
characteristics, presenting a mean grain size winicteases from roughly 3-4 nm in the as-
deposited sample to about 23-25 nm, when samples amnealed from 300 to 800 °C. These
results are in straight agreement with those obthiny optical reflectivity characterization,
which actually show also a notorious constancyradtenealing from 300 to 800 °C, in
comparison to the as-deposited sample. The mataréea this series of thin films seems to
be that related with the occurrence of coalesceftiee Au particles, which due tot the high

grain sizes decrease the probability of SPR appeara

Regarding the films from series B, with a Au caritef 19.8 at. % (corresponding to a
volume fraction of about 29 % (table 1)), the irigegtion revealed the most interesting
results in terms of structural and morphologicatdees, and consequently in terms of the
optical properties variation. The first importaet sf results that are worthy to be mentioned
are those related with the colour coordinates afigativity. In fact, the surface coloration
evolved from a dark grey tone, characteristic & #s-deposited films, to a red-brownish
colour tone after the annealing treatment at 3Q0T*s change is similar to the one reached
in films deposited by CVD techniques, even though li* coordinates show different values
[22].

With the increase of the annealing temperaturesémeples were firstly found to reveal some
darkening of their surface red tones, and finalty turn golden-yellow for annealing
temperatures above 600 °C. These visual colourgesamere confirmed by the CIELab

measurements, as illustrated in Fig. 4.

In fact, the analysis of this figure allows graugpithe chromaticity coordinates into three
distinct zones, matching these coloration changds twose observed by direct inspection of
the samples surface. For the first thermal anngatarried out at 300 °C, and similarly to
what has been observed for the samples from s&ri@slear change of all colour coordinates
is observed when compared to those obtained iagkdeposited sample (zone [). The region
containing the samples annealed at these firstaeatyres, denoted as zone Il, congregate all
the samples annealed up to 600 °C; and it is clesized by a slight increase of both a*
(redness) and b* (yellowness) coordinates and aftwaobehaviour of the L* parameter. For
higher annealing temperatures, T > 600 °C, the dltias are kept approximately constant,

while a* values show a slight decrease. This i@greement with the colour changes from the



red-brownish tone to the golden-like surface. Tam@es that evolved to a golden-yellow
region was designated as zone lll, being also cheniaed by an increase of the L* values
coincident with the brighter golden-like tone tktiz¢ samples presented.

The evolution of the CIELab parameters for anreedilens are also in accordance with
the reflectivity behaviour presented in figure Safnfirming the significantly different
reflectivity behaviour that was observed in the ealad samples when compared to the as-
deposited one, as it was also observed in the ssnfigm the previous series. As a general
trend, it can be observed that the decrease okflextivity for the low wavelength range (up
to < 500 nm) is then followed by a significant iease for wavelength above 500 nm, where a
minimum seems to occur in its vicinity for all sdeg Anyway, and due to the relatively
close behaviours, the derivative of the reflecyiapectra, which is presented in figure 5b), is
a better option to show the different behaviourshef reflectivity curves. A first observation
that can be drawn form the set of these two pbthat there are non-neglecting shifts that
can be detected in the maximum peak position, posipe to the minimum of reflectivity that
are located, as mentioned, at almost the same araytél value for all the thermally annealed
films, Fig. 5a). The minimum in reflectivity corqgsnds to a derivative zero value in the Fig.
5 b). Furthermore, it is also evident from the gsigl of Fig. 5b) that the trend of the
derivative spectra, located between 480 and 51Gshows a higher slope with the increase of
the annealing temperature, so a higher reflectrdtg is reported, the variation of reflectivity
per wavelength unit is higher. Therefore, consitgthe groups defined previously for 19.2

at. % Au:TiQ films chromaticity coordinates, the following cdmsions could be drawn:

Zone | - The as-deposited samples reveal an alowstant and relatively low reflectivity
(between ~20.2 and 24.0 %) in the visible regiastifying the observed grey colour.

Zone Il — The samples annealed at temperatures 600G °C reveal that the locations of the
reflectivity minima are slightly shifting to highewavelengths, when the annealing
temperature increases from 300 to 600 °C (480.@in390 °C to 490.1 nm for 600 °C). This
fact is in accordance with the red-brownish tontected by the CIELab coordinates for the
samples. The darkness of the red-brownish coloratdh the increase of the annealing
temperature is in agreement with the decrease efréflectivity at higher wavelengths.
Another important observation is the differencewssin the reflectivity values in the
wavelength range between 480 and 510 nm. In gentbehigher the annealing temperature
is, the higher the slope values are and, thushitgiger is the reflectivity. As a consequence,

either it could give rise to a change in the tdre tan disguised the lower reflectivity in that



region, for the samples annealed at 500 and 600r°@e shifting of the maximum for lower
wavelengths (570 nm for 300 °C and 530 nm for 8Dp °

Zone Il — For the samples that were thermally atet at temperatures above 600 °C, a
further increase of the reflectivity values betwet0 and 510 nm is detected, with the
maximum occurring at slightly lower wavelengths (e border of the green region of the
visible spectrum). Thus, in this region, the reflaty is very high, approaching the optical
behaviour for “pure” gold, and in consequence, dappearance of the gold-like tones on the
films annealed at 700 and 800 °C.

In order to validate the contribution of the stuuat/morphological changes in the observed
optical behaviour, an extensive set of XRD expeniseavere carried out. Figure 6 shows the
diffraction patterns obtained after thermal anmagpior temperature up to 800 °C in vacuum.
The analysis of this figure allows concluding tivaportant phase transitions in addition to
structural parameters variations are presented afitgealing process. The first important note
that is worth being mentioned is that by allowinfjusion and coalescence phenomena, the
thermal annealing leads to a progressive growinp@fAu clusters. In fact, the enhancement
of the intensity and the narrowing of the XRD pealssigned to the fcc-Au phase as the
annealing temperature increases are evident, inosoign to the as-deposited state,
characterized by a very broad and low intensityljIr&flection of metallic gold. Moreover,
and as can be observed in Fig. 6, besides thedefiled diffraction peaks of the fcc-Au, the
others, of minor intensity, can be indexed as,lphase (see Fig. 6). This result clearly
indicates that the thermal treatments at tempeatabove 400 °C also give rise to the
crystallization of the dielectric TiOmatrix. Pure anatase phase [ICDD 21-1272] is daitde

at 400 °C and persists up to 600 °C. XRD peaksvarg broad indicating small size
nanocrystalline TiQ particles [22, 23]. At 600 °C, rutile related pegtCDD 21-1276]
started to appear and a mixture of both anatasedile phases are present in the samples
from this B series. No anatase related peaks asere&d at or above 700 °C, indicating a
complete phase transformation from anatase toerufihe correlation is clear, though the
shape of Au (200) peaks, especially at 500°C, caudicate the presence of a bimodal
distribution of the grain size. On the Ti{@u) films, with nanoparticles under approximately
4 nm, the collective oscillation is confined toraftne grains obtained during the deposition
[24]. These results are in agreement with thoserteg for crystallization of Ti-O sputtered
films [17] and for AQ:TiQ studies [21] that showed changes from the themaephase
transformation temperatures [21, 23], as well adikms of TiO,:Au type deposited by CVD



[22, 25]. These CVD thin films showed very similagptical behaviour in spite of the big
difference on the production conditions and th&ahgrain sizes of Au clusters There are at
least two clear factors that contribute to the g¢earon the optical behaviour of thin
nanocomposite films due to the SPR referring topiasicles. These factors are, the amount
of gold particles, producing an increase of thdedieic constant of the matrix and the grain
size of the embedded particles. This two paramstere critical values which depend on the

morphology, route of production and structure @f whole film [22]

Important also to note is that both phases coati€00 °C, exactly where the optical
behaviour changes are more severe. Au clusteréeaateethe anatase-rutile transformation at
this Au concentration, as happens with Ag nanoehssat lower concentrations [26]. This
result confirms that not only the type of clustdtrsir distribution and shape, but also the
nature of the dielectric matrix are affecting thatical behaviour of these type of systems
having a non-neglecting effect on the energy as agebn the width of the surface plasmon
resonance [26, 27], tuning the optical propertiethe film. Moreover, both anatase and rutile
phases reveal some differences in their opticatacheristics. Rutile has a refractive index
that varies from 2.42 to 2.66, while the anatasesphs characterized by a range of 2.33-2.38
[21]. Change in the matrix structural arrangemeantyralso play an important role for the
observed optical behaviour of the B series filmsldar correlation between cluster grain size
and their SPR is discussed on the final step efgbction.

Regarding the set of samples from series C, haatngu fraction volume of about 15 %
(corresponding to an Au content of 9.3 at. %), Figpresents the CIELab chromaticity
evolution as a function of annealing temperaturee Tirst noticeable result is that the as-
deposited sample showed a blue interference-like,tavhich changed with the annealing
experiments to a red-brownish tone. However, anceasaled in all cases, there were some
traces of the interference optical behaviour, whrelmained on the annealed samples
reflectivity curves. Due to this apparent interfeze-like behaviour, this figure should be
analyzed carefully, since the measured values neaaffected by this particular type of
behaviour. In this series, the intrinsic goldereligolour was never reached, even for the
highest annealing temperatures, in opposition &b ¢ibserved for series A and B. As a first
conclusion, one might claim that this concentratiegime (below 10 at. % of Au) is already
in the lower limit of concentration to have an insic response of this kind of

nanocomposites..

10



For annealing temperatures higher than 500 °Ceac¢hes the highest values, which can
explain the red-brownish colour observed in the @am Anyway, and as mentioned, the
apparent interference-like behaviour of the samptesm this series does not allow an
accurate separation of the samples in terms of thaiticular colour. The interference
behaviour of colour was also confirmed on the otility curves presented in Fig. 8. Though
the interference-like behaviour seems to persisalfioannealing temperatures, the as-deposit
sample has a total interference optical behaviohichvseems to be smoothened at higher

annealing temperatures.

In order to follow the structural changes that rhaye occurred, a detailed XRD analysis
was carried out. The first important result, anaftcing the quite different behaviour
obtained for these samples in comparison to thdseedes A and B, is that also the
diffraction patterns seem to follow a differentride particularly in the case of the dielectric-
base matrix. XRD analyses show the anatase-rutdasformation with the annealing
temperature. This transformation occurs at differi@mperatures in B and C series. The
different size and amount of Au clusters affect th&®©, phase transformations. At
temperatures higher than 600°C anatase peak arpres¢nts on B series, although it is
already present at 800°C for C series. Higher atsoafrgold particles (series B) promote the
phase transformations at lower temperatures, bpgaeis nucleation sites for titania crystal
growth [22, 28], while the different phases composi on the matrix also affect the SPR
[29].

The low Au content in addition to the low nanopdes dimension developed during
thermal treatments, places C series in a bordeavii@lr between a typical interference thin
film behaviour (as is the case of metal-free Jiins) and the optical SPR nanocomposite
conditions (reached in this work for addition of2@t. % Au). In fact, the variation of the Au
clusters size on the C samples never reachesntiiteolf ~15 nm, value for which the main

optical changes appeared in films of the B sedssxan be confirmed in Fig. 10.

The trend in the variation of the cluster dimens® similar in all the sputtered Au:T;O
films, where the main feature is that related vaithincrease that is observed with increasing
annealing temperatures (Fig. 10). Neverthelesgetlseem to be some clear differences
between the three series. The results from the Isamipdexed to series B show a critical

nanoparticle size when the SPR and the optical gdmmare evident due to a high clusters

11



interaction. SPR effects might be present on tts¢ dinnealed samples but are more evident at
600°C annealed samples corresponding to 15-20 rotustiers size [30]. Clusters uniformity

is shown as a key factor to reach SPR phenomenimichvehanges the optical behaviour of
the film. At low annealing temperatures the SPRow, due to interaction among the
nanoparticles. Higher annealing temperatures leadhigher grain size and increase the
distances between the Au clusters. At 600°C thaghrehe optimal distance and the SPR
effects are more intense.

Coalescence between Au nanoparticles could gegdiden appearance colour observed
in films with Au content higher than 20 at. %. Fbe particular case of B series, it seems that
this “critical” grain size, where the SPR seem#&iappen for 15-20 nm, is obtained after the
heat treatment at 600 °C. The coalescence willkedserthe probability of particles interaction
giving the golden appearance. On the studied sys3&R only takes place with cluster lower
sizes than 22-24 nm. For higher temperatures, andegjuently for higher clusters sizes, the
19.2 at. % Au:TiQ films become golden-like, similarly to A serie9(B°C), meaning that the
thermal conditionsnight be above those required to observe SPR.

As shown in Fig. 10, Au clusters are confined be hanometrical scale, and their
average size is growing with the increase of theealing temperature. The SPR frequency
and the consequent optical properties are venytsenso the shape and size distribution of
the Au clusters [31]. This figure clearly illusteatthe grain size growing during the annealing
treatments, especially after 300 °C, where the m&flactivity changes are reported (Fig. 5).
The reflectivity at nominal wavelength becomes rgger with the growth of the small Au
particles, as it happens with the absorbance arlavavelength. Anyway, it is important to
emphasize that in spite of the only slight increagrain size that Fig. 10 indicates for the
annealing up to 500 °C, it is to admit that thipaent slight growth might be hidden by the
shape of the diffraction peaks itself, i.e., thaigrsize values could be modified due to some
bimodal size distribution or agglomerations as sitreported in some CVD studies of
nanocomposites thin films [22]. The growing processld be non-homogeneous and some
particles grow while others keep the as-deposited. dt is already known that a narrow
distribution has a more sensitive response. Sonsestence between Au as-deposited
particles is also present. The particle growth togfeneous process is a possible explanation
for the unsymmetrical shape of the XRD peaks of408 °C and 500 °C diffractograms,
shown on Fig. 6. At 500 °C, the peak becomes nardscause there is a predominant grain
size, larger and more crystalline, which is moresgeve to the particles interaction, giving

the main SPR. This fact is linked with the main rides on the reflectivity and colour

12



analysis. The 300 °C annealed sample shows thagjrie size is quite similar to those
obtained in the as-deposited sample, which meaasthie significant changes that were
observed in optical characteristics (reflectivindaCIELab colour coordinates, Fig.s 4 and 5)
are mostly due to the redistribution or agglomeratof Au nanoparticles, and some grain
growing that may occur, even the hypothetical biedadorphology hide the possible field
resonance. The golden like surface appears at gia@s higher than 22-24 nm, which has a
higher size than the reported on the samples fesmessA, for annealing at 300°C. This result
induces that, in fact, a mixture of composition gndin morphology are ruling the changes
on the percolation responsible of the SPR, andtduhis tunable SPR, the changes on the
optical responses were obtained [32]. The rapiavtitrmf the clusters can be due to the high
diffusion. It is clear that at Au concentrationdvibeen 30 at % and 10 at. %, the SPR and
colour of the Au:TiQ thin films can be tuned by annealing treatmentsesthey monitor the

grain size and distribution of the Au clusters loa tlielectric matrix.

4. Conclusions

The “One Step” Co-Sputtering technique of Ti-Awtrwere highlighted as one of the most
useful way to obtain sensitive films structuresoptical change, with the proper volume
particles fraction and particle size to reach SRBractions.

Reflectivity percentages on the visible spectrumgeaand CIELab colour values show a
direct relation with the annealing temperature Whe&cchanging the grain size of gold clusters
embedded in the dielectric matrix.

The interaction of the gold nanoparticles, and ansequence the colour of the nanocermet
thin films, can be monitored by the grain size lué Au nanoparticles which shows a rapid
growth with the annealing heat treatments in vacuum

Concentrations of 20 at% are showed as the mositisenfilms with the most interesting
results. The changes of their optical behaviour esldur are evident at the first annealing
temperatures and show a wide range of optical betawntil the golden like surface is
reached.

Clusters size between 12 and 22 nm produce optiwaiges due to their interaction on the
dielectric matrix. At higher sizes golden appeaears reported on the surface. The main
optical changes are observed at annealing tempesatiwound 500-600°C with average grain

size around 10 nm.
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Figure 1. XRD pattern of the as-deposited Au:Tifdms with (a) 29.2 at. % Au (b) 19.8 at.
% Au and (c) 9.3 at. % Au

Figure 2. Reflectivity on the visible spectrum of the 29t2% Au:TiO; films from series A
(as-deposited and post-annealed at 300 °C), cochpatie a Au bulk sample.

Figure 3. Structural evolution of the A series films as aduon of the annealing temperature.

Figure4. CIELab 1976 color space chromaticity coordinateswethe annealing

temperature for the samples from B series.
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Figure 5a). Reflectivity on the visible spectrum of samplestRlifferent annealing

temperatures.

Figure5b). Derivative and details of the reflectivity spedffég. 5a).

Figure 6. XRD Diffractograms of samples from series B afedi#nt annealing temperatures.

Figure 7. CIELab values versus the annealing temperaturthé®€ conditions samples

Figure 8. Reflectivity on the visible spectrum of sampleat@ifferent annealing

temperatures.
Figure 9. XRD difractograms of sample C at different annegaliemperatures.
Figure 10. Comparison of the size grain growh of three fisesies and their correlation with

the SPR optical effects

Tablel. General conditions and characteristics of deposilied

u (111)

Counts (a.u.)
L (111)
{T

1C Series

-A Series

Au (200)

Angle 2 (9
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Figure 1. XRD pattern of the as-deposited Au:Fifdms with (a) 29.2 at. % Au (b) 19.8 at.

% Au and (c) 9.3 at. % Au
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Figure 2. Reflectivity on the visible spectrum of the 29t2% Au:TiO, films from series A

(as-deposited and post-annealed at 300 °C), conhpatie a Au bulk sample.
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Figure 3. Structural evolution of the A series films as aduon of the annealing temperature.

19



Zone | Zone |l Zone |l

157 [ i I T I T I T % T I T Ii 62

E % 460

@ 104 ! /sf?/ \* |58
§ o ! O/ | Lk g
5 27 -
S °2/ O | / ley, ©
s] <% 4 154 5
o O/ : o)
* : : 452 O
o 0%/ ! ] x
- I ***a* : 1

x i : f*fb* : 7 50

@© * O—1L ! ]
54 | | 148
- i 46

300 400 500 600 700 800
Annealing Temperature (°C)

Figure 4. CIELab 1976 color space chromaticity coordinategswe the annealing

temperature for the samples from B series.

20



404

Reflectivity (%)

800 °C 500 °C

400 450 500 550 600 650 700
Wavelength (nm)

Figure 5a). Reflectivity on the visible spectrum of samples B different annealing
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Tablel. General conditions and characteristics of depositied

Film series peIAIl(Jets Thickness (nm) | A5 (;ﬂ- *Au volu;szraction,
A 6 270 29.2 0.41
B 4 320 19.8 0.29
C 2 250 9.3 0.15

*. consideringp(Au) = 19.3 g/cm andp(TiO,) = 4 g/cni
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