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Nanocomposites consisting of a dielectric matrix, such as TiO,, with embedded noble metal
nanoparticles (NPs) possess specific optical properties due to the surface plasmon resonance (SPR)
effect, interesting for several applications. The aim of this work is to demonstrate that these
properties are sensitive to the nanostructure of magnetron-sputtered TiO,/Au thin films, which can
be tuned by annealing. We study the role of the shape and size distribution of the NPs, as well as
the influence of the crystallinity and phase composition of the host matrix on the optical response
of the films, All these characteristics can be modified by vacuum annealing treatments of the
deposited films. A theoretical interpretation and modeling of the experimental results obtained is
presented. The model involves a modified Maxwell-Garnett approach for the effective dielectric
function of the composite (describing the SPR effect) and the transfer matrix formalism for
multilayer optics, Input data are based on the experimental information obtained from the detailed
structural characterization of the films. It is shown that the annealing treatments can be used for
controlling the optical properties of the composite films, making them attractive for decorative
coatings. © 2011 American Institute of Physics. [doi:10.1063/1.3565066]

L. INTRODUCTION &+ 2ey = 0, h

The interest in composite matertals containing  metal
mnopartickes (NPsi embedded m diclectne matnces is related
to their polential for a wide range of advanced technological
applications. To begin with, noble metal NPs have provided

where 2z 15 the dielectne constant of the host (matnx) and &,
denotes the diclectric function of the metal, In the simple
Drude model,
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cathedrals for centuries. Modem applications include color fil- ) =t | ) = ——E—], (2)
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ters.' bio- and optical sensors,” — absorption elements of solar m[w ' ;r,_)

cells,? enhancement of electrical Athermal conductivity of coat-
ings, photocatalytic antibacterial® and pollutant-degradation where £ Iy a positive constant, l'r is a plasmon damping pa-
materials,” * and gas sensors, ™" NP composites are also con- rumeter (proportional to the electron scattenng mte) and
sidered for nonlincar optical propertics™""* and surfuce
cnhonced Raman scattering (SERS) effect.” Most of these
applications, in particular, those belonging to the decorative
fickd, rely on the o called surface plasmon resonance (SPR)
ubsorption, which 1s governed by the type of the metal, the
morphology of NPs, and the diclectne properties of the me-
dium where the NPs are dispersed, "7

SPR in small metallic partickes 15 generated by collec-
tive oscillwtions of the free clectrons, induced by external
electromagnetic radiation. Its spectral charncterstics depend It tollows trom Eq. (3) that the SPR spectral position is inde-
on both the NPs and host matnix propertics. Let us recall the pendent of the NPs size. but does depend on the diclectric
cssentinl SPR features i a single metallic particle embedded  constant of the host, In order w0 achieve SPR in the visible
in a dielectric matrix, Considering a perfectly sphesical parti- runge, one is practically limited to the noble metals and still
cle and the dipole approximation of the Mice theory ™ (valid has to use host materiads with sufficiently high dielectnc con-
when the mdinton wavelength, £, 1s much lasger than the stant. The width of the resonance is proportional to I'r which
particle mdius, K). the SPR condition s should increase for smaller particles because an additional
scattering mechamism (called surface scattering) becomes
more important as R decreases. The intensity of the reso-
“Electronic madl: miorrel Hardd g ml cony nance is proportional to the particle volume.

o), = \/4mne* [{rom®) is the plasma trequency (nn is free
clectron concentration and m* is the effective mass). Then,
assuming l’, << . it follows from Egs. (1) and (2} that

the SPR frequency for a spherical NP is given by
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SPR propertics are atfected by the shape and onentation
of the particles in the matrix if they ane not sphesical.'® For
example, axal-symmetric nanorods are expected to produce
two SPRs, with the characteristic frequencies given by
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where 5, and ), are so called depolarization coeflicients,™
which are geometrical non-negative factors that obey the
relation g + 2, = 1. 1f nanorods are embedded in o marix
m 4 random-orientation way, then one should expect 1o
observe both SPR peuks.

Inter-particle spacing (i.c.. the particle concentration)
can wso have an cffect on the SPR mtensity. peak position
and width, It is related to the clectromagnetic interaction
(mostly dipole-dipole) between the particles. These effects
become considerable when the volume friaction of the par-
ticles iy above =10%. Both theory' and experiment™ indi-
cate that mcreased volume fraction of gold NPs rawses the
SPR intensity and leads to a redshift of the position of the
TeSONANCe,

Thus, for a given metal, there are several means for tun-
ing the SPR speciral properties, namely, (1) dielectric constant
af the matnx, (2) NP shape, (3) NP concentration, and, to
some extent, (4) NP size, In this work, we study these possi-
hilitics both experimentally, using thermal annealing of mag-
mnetron-sputiered TiO»/Au thin films, and theoretcally. The
paper is organized as follows. The next section presents exper-
imental details conceming the preparation of the samples and
the tochniques used for therr structural churacterzation.
Section 11 1s devoted to the expenmental results. In Sec. IV
we present the theoretical approach and modeled optical spee-
tra, The last section contiuns discussion and conclusions,

o =

ll. EXPERIMENTAL DETAILS

Ti); films were deposited on glass/quartz substrates and
in sitn Au doped by reactive magnetron co-sputtering. One
step deposition his been used o produce the host diclectr
matrix (Ti04) and the gold NPs, in a single process. For this,
the films were grown using two vertically opposed reclangu-
lar magnetrons (unbalanced of type 2) placed in a closed ficld
configuration in the deposition chamber. Only one electrode
was powered, composed of a titanim target (99.6% purity),
with 8 Au pellets (with a 40 mm?® surface area and ~2 mm
thickness) symmetncally incrusted in the erosion zone. A
constant de current density of 100 A m ™ was applicd. Argon
and oxygen were used to produce the gas mixture, 60 scem
{3 107" Pa) and 10 scem (8 % 1077 Pa), respectively, The
deposition temperature was kept approximately constant at
a value of about 150 “C. The temperature of the coated
substrates was monitored with a thermocouple placed close
to the surface of the substrate holder. A delay time of 5 min
was used before positioning the surface of the samples in
front of the target. This delay time was used 1o avoid target

poisoning resulting from previous depositions and also to
assure o practically constant deposition temperature of the
substrates dunng film growth, These conditions produce an
approximitely constant working pressure of 3.8 % 107" Py
during the deposition process. The substrate holder was
placed in rotation at 6 rpm and i grounded conditions,

The Au-doped films were annealed, in vacuum, after the
deposition. Annealing treatments were carned out in a sec-
ondary vacuum fumace, after its evicuation 1o about 107
Pa. The anncaling temperature range wis fixed from 200 to
800 °C, and the isothermal period was fixed 1 60 min, after
the required heating ramp of 5 °C/min. The samples cooled
down freely in vacuum before their removal to room condi-
nons, The films annealed at temperatures above 400 "C were
deposited on quanz substrates since it is more stable than
glass at clevated tempertures. The purpose of these anneal-
ing treatments was to promote the diffusion mechanisms in
order to uffect NP size, shape. and spatial distribution.

The atomic composition of the as-deposited samples was
measured by Rutherford Backscuttenng Spectroscopy (RBS)
using (1.4, 1.75) MeV and 2 MeV for the proton and *He
beams, respectively. The scattering angles were 1407 (stand-
ard detector, IBM geometry) und 180" (annular detector), tilt
angles 07 and 30°, Composition profiles for the as-deposited
samples were generated using the sofiware NDF. S Foe the
%0 data, the cross-sections given by Ramos ef al* were
used, The analvzed area was about 0.5 x 0.5 mm®, In addition,
for some samples, Particle Induced X-ray Emission (PIXE)
measurements were performed to cheek for impurities.™

The crystalling structwre of the TiOy matrix and Au
nanociusters as well as the NP size were investigaed by
Xeray diffraction (XRD) using a Philips PW 1710 diffrac-
tometer (Cu-K. radiation) operating in a Bragg-Brentano
configuration. The XRD patterny were deconvoluted assum-
ing the Voigt functions in order to yicld the peak position,
integrated intensity and integrated width (ImW). The average
NP size was determined by three different methaods (Integral
Breath, Founer Analysis, and Scherrer formula) using the
Au-FCC (111) peak in the XRD pattemns.

The thickness and morphology of the films were studied
by NanoSEM FEI Nova 200 scanning microscopy and trans-
mission electron microscopy (TEM) using a Hitachi 800H
apparatus. TEM microscopy was used also to chanctenze
the shape, size, und distribution of Au NPs with respect to
the annealing femperature.

Ill. EXPERIMENTAL RESULTS

Optical transmission spectroscopy measurements have
been carried out in order 1o study the SPR effect in the TiO,/
Au samples prepared, The spectrn presented in Fig, | show
that the overall transmission decreases with the increase of
the annealing semperature, correspoading to an enhanced
absorpion due to the formation of Au NPs, The morphologi-
cal changes can be observed by comparing the planar view
TEM images of the as deposited samples (Fig. 2(a)) and
those anncaled wt 500 “C (Fig. 2tb)) and 700 °C (Fig. 2(c)),
revealing the coalescence of small atomic Au clusters into
munoparticles, In fact, in the as-deposited sample clusiers
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FIG, | 1Coloe online) Traosmssion spectrn of the TiOYAuliling on Si0;
substrates annealed af different lemperntures. The mset sbaws a zoom mio
the SPR ahsorption reghon

consisting of only few Au atoms are¢ spread all over the
entire coating volume. Their coalescence, promoted by the
anncaling, tends 1o form well detined Au NPs homogenously
dispersed in the dielectric matnx, Bevond this morphological
change, onset of a composition gradient could be expected
due to enhanced Au diffusion into the substrate. However, it
18 not seen until the 800 "C anncaling temperature as
revealed by the RBS analysis (Fig. 3). For temperatures up
0 700 °C, the composition profile analysis indicates that the
samples are proctically homogencous across the film thick-
nesy, These results cin have an mfluence on the optical prop-
erties of the films.

Taking mnto account the observed compositional and
morphological changes and the specific optical behavior
(including the surface color tones) of the as-deposited and
anncaled samples, three different groups of TiOy/Au hlms
can be distinguished as depicted in Fig. 4. The SPR position
and grain size for the zone I samples are not presented due
the absence of any noticeable SPR absorption band in the op-
tical spectra of these films and their predominantly amor-
phous structure (no XRD peak firting was possible), These
wo samples are practically transparent and peesent clear in-
terference fringes. This correlwes with the TEM data of
Fig. 2(a) where only a few Au stomic ¢lusters are observed,
and afso with the XRD datu presented in Fig. S where no dif-
fraction partern is seen for these samples

The interference fringes stan o disappear in the spectra
of samples annealed ar temperatures higher than 200 °C,
These samples beloag to the second group (zone Il in Fig, 4).
where the Au cluster growth takes place. Although the trans-
mittance spectrum of the 300 “C sample still shows some in-
terference structure, o transmuttance minimum close to the
610-620 nm can be detected (Fig. 1), At anncaling tempera-
tures higher than 300 =C, the merference fringes appirently
disappear and the transmittance minimum becomes deeper,
For all the samples in this group, the absorprion peak is
detected on the range of 610-640 nm, which is characteristic
of the SPR of the Ti0,:Au sumples,**? The different optical
propertics of the two groups of films corrclate with the XRD
pattemns of Fig. 5. The growth of gold NPs, occurring already

FIG. 2. (4) Planar TEM view of the as-deposited sample. (b) Planar TEM
yiew of the snple anoealed at SO0 °C showmyg growmyg gobd NPs. (©) Pla-
nar TEM view of the sample amealed st 700 “C showing the formation of
larger and ekingated NPx.

at 300 “C. is munifested by the observation of the Au face
centered cubic (foc) phase structure [ICDD card n® (M-
0787]. The diffraction peaks located at 20 =38.2" and
20 = 44.47 arc consistent with the (111) and (200) planes of
the Au fee-tvpe struciure, These two peaks become narrower
and more intease with the increase of the annealing empera-
mre, which is also consistens with the already mentioned
growth of the Au particles observed in Fig, 2. The XRD data
of Fig. 5 also show clear evidence of the crystallization of
the TiO; matnix m the anatase phise [1CDD 21-1272] at 500
C%7 With further increase of the annealing temperature,
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FI0. 3, (Color online) Concentration profiles of different components in dif
ferent samples, as-deposiied (a) anncaked at 700 “C (b) and 800 “C (o)
obtuned by RBS.

the TiO; anatase crystallites transform into rutile-type struc-
twre [ICDD 21-1276]. Both phases coexist in the second and
third groups of samples, and only at 800 °C the transforma-
ton seems to be complete. The gradual change of the TiO,
matrix, from amaorphous 1o erystalline with different phases

Nanoparticle Size (nm)

§ &8 8 8 8 8 d§ ¢#
SPR pasition (nm)

Annealing Tempenture

of the

FIG. 4. (Color onlme) Comy sswon spectra aod nano-
structure of the samples. The LY § in logaribmic scale
together with the NP size ane ity standard deviation, and SPR peak position,

dominating as the anncaling temperature grows, results i an
increase of its diclectric constant®™™* uffecting the SPR
cffect.

Finally, let us consider the festures of the samples
annealed at 700 and 800 °C, constituting the third group of
sumples, denoted as Zoae 11 in Fig. 4. Our TEM analysis
revealed quite a different morphology of these two samples,
compared 10 the groups | and 1L, a8 can be seen in Fig. 2(¢),
This figure reveals some tendency of change of the NP's
shape, most likely owing to their coalescence. It seems that
NPs become elongated (and also bigger). Even though a 3D
morphology analysis would be required 1o confirm it, this
conclusion is supported by the optical data, namely. by the
shape of the SPR bund as discussed in the next section. Also
1o motice that for these samples, a diffuson-segregation pro-
cess starts 1o occur, leading to the accumulation of gold near
the surface and ot the film-substrate interface, as manifesied
by the RBS results of Fig, 3.
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HG. 5. XRD patterns of the anoealed TiOy/Au films,



The changes in the absorption spectriy, which accompany
the morphological and structural changes induced by the
anncaling process, can also be confirmad by the changes i the
color coordinate values measured on the CIEL*w*h* seale™"
(see Fig. 6), The evolution of the CIEL*a"b* coordinates is
also in accordance with the three different zones of anncaling
temperature, previously wlentified for the transmission spectra
The changes are particularly clear as far as the a* parameter 18
concerned. Zone | samples show an undetined interference-
type color that changes w0 red-brownish after anncaling
treatments at higher temperatures (Zone ). Red (a* > 0) and
vellow (b* < D) colors appear with the increase of the anneal-
mg temperature. At the highest annealing temperatures (Zone
1), a change m the trend is observed. Fimst, the b* values start
to decrcase, whach is also followed by a drop of the a* value at
800 °C, Simultaneously, the L* valve (Lighiness) increases
significantly and a goldenlike color starts to prevail,
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FIG. 6. (Color onling) CIELab measurements of the samples anncaled
differcnt temperanares.

IV. OPTICAL SPECTRA MODELING
A. Theoretical background

In order to understand the observed carrelution between
the morphological and structural data and the optcal spectra of
the nanocomposite films, we performed o theoretical modeling
of the latter, hased on the concept of effective diclectric func-
non and using the approaches known i the optics of compesite
and Invered media. We begin this purt by presenting the essen-
tial refations and highlighting the underlying physics.

If the wavelength of the electromagnetic radiation is large
compared 1o both the pamicle size and the mter-particle dis-
tnoe, the composite medium can be deseribed by an effective
dielecine function (EDF), There are two well-known mean-
field theories for the EDF calculanon, proposed by Maxwell-
Gamett and by Bruggemann, The first one is vald in the low-
concentranon limit {volume fraction of the panticles f << 1)
while the second, on the contrary, can be applied when both f
and (1~ f) are not too small (see, ¢.g. Refs, 31 and 32 for
discussion). For f = 0.1, which is our situation, none of these
classical approximations s suitable. The Maxwell-Gamett
(MG) approximation (assuming independent polanisable pur-
ticles) can be improved and, consequently, extended to higher
J by taking o account the dipole-dipole interactions
between the particles, ™ This formalism will be hercafier
referred 1o as renommalized MG IRMG) approxmation smce
it considery a renomalized (by the nteractions) polarizability
of the panticles (Eq. 5). 11 s conceptually equivalent to the av-
erage T-matrix approximition known in the theory of disoe-
dered medin ™ The RMG approach has been gencralized to
namsphencal particles in Ref. 33

An individual particle, polarized by the external electro-
magnetic ficld but not inferctmg with other particles. 1s
described by a bare polanzability tensor with the principal
components given by

N A
,,:_'_"*_(—).;: LEX O
l&g/ey = 1)y, + 1 \dn

Here Vs the particle volume and g, are the depolarization
coefhicients mentioned i the Introduction (two of them coin-
cude if the particle possesses axial symmetiy). For a spheroid
with (small) cccentricity e, they are given by™

Sy oo Bl s
ql—EIEC,lV .-",J—i_ﬁt".lf..

where the two signs correspond to the prolate (elongated)
and oblate shape. respectively.

Within the classical MG approximation, the cffective
diclectric function, &*, of the composite medium containing a
small fruction of scparste inclusions is obtained from the

relation,
e~y dn

—_— =N, 7
2 3
where N =f/V s the panxcle’s concentmnion  and

a = 3, /3. The dipole-dipole interaction between the par-
tckes  renormalizes  their average  polarizability,  which
becomes™
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where v = 3v8/[1 — W1 —8)], v =7 (4n&/3V)" and & =
£(e*/15) (e /m5 — 1)/ (5 /5y + 2)]. Note that a* — & when
f = 0. Equation (8} 1s valid for uniform size paricles und the
more sophisticated formulse taking into account the NP size
dispersion can be found m Ret. 33, The effective diclectnic
function within the RMG approach is calculmed by Eq. (7)
with 2* replacing 4 Once the diclecinc function o* (@) 15
described it is possible o caleulate the optical peoperties of
the thin Blm nanocompesites, Far thin films has 1o be taken
mto account the eventual multple reflections at the mierfa-
cels), causimg the interference offect also detected on this
maternials for low concentrutions of nunoparticles or smallest
sizes. When the diclectsic functions of the ilm and the sub-
strate wre known, the most convenient method is to use the
tramsfer matnx formalism 1o calculate the tramsmission anxd
reflection spectra (see, ¢.g., Ref. 35),

B. Calculated spectra

The formalism outlined above has been applied to the
modeling of the optical spectra of TiO/Au composites. First,
we present results caleulated for a semi-infinite medium, in
order 1o demonstrate the cffect of Au nanoparticie size (R),
shape {(eccentricity, related 10 the aspect ratio of the sphe-
wid, §, sccordng 1o ¢ = y/ F 1), and the Hilling fraction
1), not obscured by the mfluence of the multiple reflections.
Afrer this, we tum to the real samples,

For the modeling purposes, a semiempincal relation for
the complex diclectric function of gold was used where two
extra contributions, G{) and Gy(w), representing inter-
hand transitions were added to the Drude part (Eq, (2)). Both
extra terms are of the form, ™

explidy) expl—id,)
(o —er—ip) (o + o+ iy) :

Gy w) = C) =12
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with the transinon frequencaes and the parameters C, @ and 3
given in Ref. 36, For the Drude term, we took
hieyy = 6.91 eV and &y, = 1.53. We also considered the size-
dependent plasmon damping paramcter according o’

h,(R) = Ay (bulk) + g,vp /R
= 00244 4 0922, /R eV, (1)
where vp 15 the Fermi velocity, g, is a geometneal factor of
the order of umity and R s in nanometers. For the geometri-
cal factor, a value of g, = 0.7 has been suggestied.™
Dispersion of the refructive mdex of the TiO; matrix
was taken into account according to the semiempirical rela-
tions of Refs. 36 and 39 for rutile and anatase phases, respec-
tively. For amorphous TiQ), (titania), the refractive index is
known o be lower than for the erystalline phases. According
10 Ref. 40, its value for 2 = S50 nm is between 2.0 and 2.2,
compared to 2,903 for rutile and 2,488 for anatase,*’ but no

dispersion relstion s available for titania. It was generated
by assuming a cenmam volume fraction of the crystalline
TiO; phases and voids wnd using the Bruggemann approxi-
mation. The caleulated value of (4 = 550 nm) has been
used s« reference fitting parameter.

Calculated absorption spectra are presented i Figs. 7-9.
As one can see from g, 7, the dipole-dipole interaction
(taken into account within the RMG approach) becomes
increasingly important as the volume fraction of Au NPs
increases. All the other results were obtained using the RMG
approxumation,

Figure 8 shows thar a decrease of the mean NP radius,
(R), results in a broader absorption spectrum while the peak
position remains practically unshifted. Contrary to what
one might expect, size dispersion does not produce an addi-
tional mhomogencous broadening of the ubsorption band
(as it is typical of semiconductor nanoparticles). On the
contrary, the absorption peak becomes slightly namower
and higher. For the same (R), & broader size distribution
mereases the number of large NPs, that have stronger
absorption (notice thit & is proportional to the volume), and
are characterized by a smaller homogencous broadening
(Eq. {10)),

Figure Y demonstrates the effect of the shape of the NPs
on the SPR, It is cleardy seen that there are two separate
resonances already for moderately elongated NPy (¢ =075
comesponds to an aspect ratio of just 1.25). For nanorods
1y — 0 and the low-frequency SR should be strongly red-
shifted with respect 10 @gpy characteristic of spherical NPs,

Now let us consider the real structures, i.c., composite
thin films on cither glass or quartz substrates. As it has been
mentioned above, the calculation of their optical spectra
requires the frequency dependent diclectne tunction for the
substrate, We used the expression and pariimerers proposed
in Ref, 42 for the complex diclectnc function of silica glass.
For gquartz, we considered the real part of the complex
diclectre function according to the threeaerm: Sellmeier
equation®® mnd neglected its imaginary part in  the

m T T 3 T v v
\ Spherical NPs
25 A R=10 nm

Absorption coefficient [cm‘l]

Wavelength (nm)

¥1G. 7. (Color onkine) Absorp spectra of composites with different vol
ume fraction of Au spherical NPy of 10 am in mdins, calculated wsing the
stancand MG and RMG approcimations, sy (4 = S50 am) = 24,
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FIG. 8. (Codor online ) Calculated abx sprectra of Comyg in-
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ultraviolet region which s beyond the spectral range con-
sidered here, The fitting results for two samples are pre-
sented in Fig, 10 and the comesponding fitting parameters
are listed in Table 1. For the 8OO “C sample we attempted to
take into account the segregation of Au near the interface
by divading the hlm into sub-lavers with different values of
f. similar to the procedure used in Ref. 44, However, no
significant ¢ffect an the trunsmission spectra was obtained.
Another effect included in the model for this sample, ulso
related to gold diffuston at high temperature, s the (weak)
absorption in the substrare, i the near-infrared (NIR)
range. Comparing the NIR part (£ > 900 nm) of the spectm
of two samples in Fig, 10, we notice the higher absosption
of the 800 “C one. We associate this absorption with the Au
lans penctrating the substrate and modeled it by adding a
Lorentzian imaginary part 1o the diclectric constant of
quartz,
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FIG, % (Color onling) Calcolated ubsorption spectra of componaes con-
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with fiexy = D9 eV, & = 0.3 eVandA = 1+ 107 ¢V,
Given the complexity of the system, the agreement
berween theoary and expeniment in the spectra of Fig. 1) s
quite good. From Table 1 it is obvious that the samples
anncaled at higher temperature contain farger Au NPs, in
agreement with our expenmental  results  presented  in
Sec. L According to the fitting, the film anncaled at higher
temperature experienced a 15% loss of gold, probably due to
the segregution and outward diffusion effects, The effective
diclectric constunt of the matnx is higher for the 800 °C sum-
phe due to the change of its phase composition of matrix (ru-
tile mther than snatase), The increased £, causes the shift of
SPB peak toward the lower energy region. The shape of the
gold particles represented by the eccentricity has also been
changed for the samples anncaled at higher temperature. The
NPs wre almost spherical when the sample is annealed at
400 °C but they become clongated after annealing at 800 °C.



TABLE L Parameters used foe the calcul of spectra ed in Fg. 10,
Tempemture Pammeter #0°C 80 °C
Film tnckness (nm) 400 400
Valume fractson of gold (%) 125 0.5
Ratius of Au particles inm) 12 15
Bccenineny 0 06

nj{i = S50 am) 06 712

It resulis i the splitting of the rosonance into two (Fig. 9),
appearing as broadening of the absorption band for the
higher temperature sumple {Fig, 10). Let us stress the impor-
tance of taking into account the multiple reflections at the
film/substrte interface, since this s the only way 1o repro-
duce the transmission spectra outside the strong absomption
region,**

V. DISCUSSION AND CONCLUSION

Companng  globally the experimental and caleulated
results for different groups of samples, we can conclude that
as grown and low-temperature {(zone 1) annealed TiOx/Au
composite films do not possess SPR absorption because there
are just clusters of a few Au atoms (< | nm, not detectable by
XRD) present in these samples. Higher anncaling temperni-
tures (corresponding to zones 11 and 1) are required to pro-
duce gold NPs and, conscquently, the SPR cffect on the
optical spectra, Such annealing treamments affect both the
TiO, matnx, in what concems its erystalline/amorphous struc-
ture and phase composition, and the metallic phase, not only
changing the NP size but also the shape. These changes are
evidenced by the TEM images presented in Figs. 2(a)-2(¢),
XRD daty of Fig. § and the optical parameters summanzed i
Fg. 4. The expenimental data are strongly supported by the
modeling results indicating that the redshift of the SPR band
is mainly produced by the change of the diclectric constunt of
the host matenal due to 1ts crvstallization and the rutile phase
onset, while the band broadening is caused by the break of
the spherical symmetry of the NPs leading 10 the splitting
of the SPR frequency (e < wspr < gl The growth
of clongated NPs is chamctenstic of samples amneaked at
TO0-800 “C (zone 11 in Fig. 4) and probably is related to the
coalescence of smaller NPs, We stress that the increase of the
size of the NPs leads o the growth of the SPR intensity but
does not afteet its posinion, &s long as the characteristic wave-
lengths are much Lrger than (R) and the typical inter-particle
distunce.

Thus, the results presented show that the chametenistics
of the SPR resonance can be tuned by choosing the appropri-
ate anncaling temperature, numely, it is possible to change
the SPR position in the range of approximately 610-7 10 nm
and also the width of the absorption band. This result in
chimges of the visual appearance of the annealed samples, ™
quantified interms of their color coordinates (Fig. 6), making
the composite TiOyAu films attractive for decorative coat-
mgs. The SPR absorption appears after annealing treatments
at temperatures higher than 300 “C. The SPR band becomes
broader for higher emperatures, which can be usetul for

centam applications, ¢.g., these mvolving SERS." However,
we would like to point out that the increase of the anncaling
temperature o or above 800 °C leads to some additional
(and probably undesired) effects; such as the segregation of
gold at the surfuce and interface and its penctmtion into the
substrate. These ditfusion effects of the Au nanoparticles
deserve a separate study.,

To conclude, we have shown that the “one step” co-
sputtering of a Ti-Au target, followed by an appropriate ther-
mal treatment, 18 a wseful way o produce composite TiOy/
Au hlms with adjustble nanostructure and, consequently,
controllable SPR-reluted optical properties and color. The
factors allowing for such control melude the growth of dif-
ferently shaped gold nanoparticles and the change in the
crystallinity and phase composition of the mammx. The NP
growth can be montored by XRD and TEM. The optical
properties of the composite films with NP volume fraction of
the order of 0.1 are well described by the renormalized Max-
well-Gamett approxmation for the effective dielectric func-
tion, > combined with the standard multilayer optics
approach.

ACKNOWLEDGMENTS

The authors acknowledge the Portuguese Foundation for
Science and Technology (FCT) for the financial support
through project PTDC/CTM/Z00372006 funded under the
progeam “Programa Operacional Factores de Competitivi-
dade (COMPETE)” from “Quadro de Referénca Estratégico
Nacional (QREN)" co-participated by FEDER.

"H. Takele, H. Geeve, C, Poch V. Zaporojich
Nanotechnology 17, 3499 (2006},

*E. Huteer sl ). H, Fendler, Adv, Mager. 16, 1685 (2004},

G, Walters and 1. P, Parkin, J. Mater. Chemn. 19, 574(2009).

“M. Tarrell, P. Machado, L. Cunha, N. M. Figueiredo, 1, C. Oliveim, C
Louro, ond F. Vaz, Surf, Coal. Techmol. 204, 1569 (2010),

*f. Lian, L M. Wang, R. C. Ewing, and L. A_ Boatrer, Nucl. Inst. Methods
Fhyn, B242, 348 (2006).

“C. Pacholski, A. Kormowski, and H. Weller, Amgew, Chem. Int Ed.

A3036), 4774 (2004)

7)-5. Wi and C-H. Tseng. Appl. Catal. B 66. 51 (2006,

'Y, Li, ¥. Hy, §. Peng, G. Lu. and §, Li, J. Phys. Chem © 113, 9352
(2008,

M. Z Atsbbar, H. T, Sun, B, Gong. W, Wlodarski, and R. Lansh, Tlun
Solul Filivs 326, 238 (1998).

YR Waklon, D, 1. Dwyer, §. W. Schwank. ind ), L. (land, Appl. Susf.
Sci. 125, 1R7 (1998),

VMG Manern, J, Spadavecchia, D, Boso, €. de Julian Ferndndez, G, Mal-
teh, A Mastuecl, . Mubvaney, ). Pérez-Juste, R. Refla, L. Vieanelly, and
P, MazzoMdi, Sens, Actuatoes B 132, 1, 28107 {200),

*F, Hache, D. Richard, C. Flytzanis, and K_ Kreibg, Appl. Phys. A. 47, 347
(1988),

YK Kim, Ho B, Lee, LK, Yoon, D. Shin, s K, S Shis, ), Phys. Chem, €
114, 13589 (2010),

"D, Dalacu and L. Martiou, 1. Vac. Sci, Technol A 17, 877 (1999,

B8, H Cho. §, Lee. S. Gioee. S, Jin Park, W, Mok Kim. B, Cheong, M.
Chung, K. B. Soog, T. S. Lee, und S G, Kim, Thin Solid Films 377, 97
(20000,

"*D. Dalacu and L. Martinu, J. Appl. Phys. 87, 228 (2000),

¢, F, Baheen und D, R, Huffman, Absorprion and Scatiering of Light by
Semaf! Parnicles (Wikey, New York, 1998)

G, Mie. Ann Phya 25, 377 (1908),

). Rodrigucs-Femandez, C. Novo, V. Myroshaychenko, A. M. Funston, A.
Sanchez-lglessas, | Passoriea-Saatow, J. Pérez-Juste, F. J, Garcia de Abajo,
L. M. Liz-Marzén, and P, Mubvaney, I. Phys. Chem. C 1LY, 1RA23 2009),

ko, and F. Faupel,



T D, Laoddou snd E M. Lifshie, Elecrodymamics of Continwous Media
(Pergamon, Oxford, 1984).

. Ung, L. M. Liz-Marzae, and P Mulvaney, | Phys. Chemn. B 108, 3341
Q0012

EN, P. Barradss, C. Jeynes, and R P, Webb, Appl, Phys Len. 78, 291
(19971

AR, Ramos, A. Pagd, L. Rijmiers, M, F, chi Sitva, and J. C. Soares, Nucl
lestr. Meth. B 190, 95 (2002).

M. Lee, L. Chne, and K. C, Lee, Nasostroct. Mater. 11, 195 (1999),

M. Toerell, L. Cunha, A. Cavaleiro, E, Alves, N #. Barmdas, and F, Vaz.
Appl Surl. Sci, 256, 6536 (2010,

M. Hasan. A, Haseeb, R, Ssidur, H Masjuki, and M. Hamdi, Ope. Mater.
32, 690 (2010).

FIN. Martm, C. Rousselot, D. Rondot. F. Palmi
Sodid Films 300, 113(1997),

0. Buso, ). Pocifico, A. Monucci, and P, Mulvaney, Adv. Funct, Masey,
17, 347 (2007).

FColorimesry, CIE Publ. 15 (Comenission |
Paris, 1971),

“Recommendatians on Uniform Color Spaces, Difference~fifference equa.
tiowes, povchomerrks color terms, CLE Publ, (Commission [neemuationale de
L' Ecluirage, Vietma, 1986),

M1 Genzel, and U Kreibig. Z Phys. B 37, 93 (1980).

and R, Mercwer, Thin

3 aL—r’an-

2V M. Shalaev, Nowlinear Optics of Random Media (Springer, Berlin, 2000)

M. 1. Vasilevskiy and E V. Anda, Phys. Rey. B 54, 5844 (1996).

M. L Vasilesskiy, Phys, Stat Sol. B 219, 197 (2000,

“E. Maluinho, M. I Vasdevikiy, P. Alpaim, and §. A Filonovich, 1. Appl.
Phys. 106, 073110 2009)

p_ 0. Erchegoln, E €, Le Ru, and M. Mever, | Chiem. Phys. 125, 164708

(2006).

TTE. D. Palik, Handhook of Opical Convsames of Solids { Acadenic Press.
New York, 1985), Vol 1.

""H. Baida, P Billand, §. Marhaba, 1. Chirsstofilos, E. Cottancin, A, Crut, J.
Lenmé, P. Maiol. M, Pellarin, M, Broyer, N. Del Fauk, and F, Valke,
Nano Lett, 9, 3463 (2009),

YA R. Forouhi und 1. Bloomee, Phys. Rev. B M, 7018 (1986).

“D. Mergel, D. Buscendoef, S Eggen. R. Grammes, anl B, Sammet, Thin
Solid Films 371, 218 (2000),

G B. Sony, J. K. Lisng, F. S, L, T. 1 Peng, and G. H. Rao, Thin Solid
Falms 491, 110 (2005),

*D. Franta, ). Necas, and L. Zajickova, Ope. Exp. 13, 16230 (2007).

1 H. Matitson, 1, Opt Soc. Am, S5, 1205 (1965)

T, Polcar, T. Kuban, E. Malsinho, M. Vasdlevskiy, N. Parreira, and A.
Cavaketm, Nasolechinology 19, 395202 ( X08),

M. Tomell L. Cunba, M. R Kabir. A. Cavaleito, M, | Vasilevskiy, and F.
Vaz, Mut. Let 64, 2624 (2010).



