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In the present study, nanocomposite coatings of Au clusters embedded in two different oxides, TiO,
and Al,Os3, were synthesized using pulsed DC magnetron sputtering. The depositions were carried
out in three steps, by depositing the oxide, the Au clusters, and again the oxide. The deposition time
of the Au clusters was varied in order to achieve different cluster sizes, morphologies, and
nanocomposite topographies. The structure, microstructure, morphology, and the optical properties
of the coatings were studied. With the increase in Au content, red-shifted surface plasmon
resonance (SPR) peaks with higher intensity and increased widths were observed due to changes in
the metal clusters sizes and morphology and due to interparticle effects. In order to relate the
peculiar SPR extinction bands with the different clusters shapes and distributions, a simulation of
the optical properties of the nanocomposites was performed making use of the Renormalized
Maxwell-Garnett approach. A theoretical study concerning the refractive index sensitivity was
made in order to predict the optimal coatings parameters for sensing experiments. The increased
surface area and the strong SPR extinction bands make these coatings suitable for gas sensing and

also catalysis, albeit many other application fields can be envisaged. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861136]

. INTRODUCTION

Thin composite films consisting of metal nanoparticles
in an oxide matrix are of interest for applications in electron-
ics, sensors, catalysis, and biology.' This increasingly inter-
est is mainly due to the exhibition of Localized Surface
Plasmon Resonances (LSPRs) by the nanoparticles, optically
induced oscillations of free electrons at the surface of the
noble metal nanoparticles. The excitation of LSPRs results
in strong light extinction effects, which are heavily depend-
ent on the nanoparticle’s dielectric constant, size, and shape
but also on the dielectric constant of the surrounding me-
dium.** Materials exhibiting LSPR are thus attractive for a
number of applications, including gas sensors.

When metallic clusters exhibiting LSPR at a suitable
wavelength are embedded in chemically reactive dielectric
matrixes, significant change in the optical properties of the
nanocomposites (e.g., reflectivity) can occur as a result of
the interaction between the metal oxide and the gas mole-
cules (either by chemical reaction or by physical adsorption).
Since the LSPR is highly dependent on the dielectric proper-
ties of both the nanoparticles and the surrounding medium,
molecule-induced changes in the vicinity of the nanopar-
ticles can be detected by simply monitoring the position
of the LSPR extinction peak. The detection of small

YAuthor to whom correspondence should be addressed. Electronic mail:
nuno.figueiredo@dem.uc.pt.

0021-8979/2014/115(6)/063512/13/$30.00

115, 063512-1

concentrations of gas molecules can thus be carried out in a
novel way.*

Optical sensors have several inherent advantages as
compared to other sensor technologies including the ability
to monitor different optical properties of the sensing material
(transmission, reflection, luminescence, etc.), compatibility
with optical fibre based remote sensing approaches and the
multi-gas detection capability (by using differences in the in-
tensity, wavelength, phase, and polarization of the output
light signals). They also offer more robust operation thanks
to higher resistance to electromagnetic noise than conven-
tional resistive sensors. The LSPR gas sensors further allows
simultaneous temperature and gas sensing by monitoring of
the SPR peak width and position.®™®

The short (and tunable) characteristic electromagnetic
field decay length is responsible for the enhanced sensitivity
of the LSPR nanosensor.’ Moreover, the LSPR nanosensors
possess smaller footprint and cost at least 30-60 times less
than commercialized thin film SPR sensors.” The addition of
noble metals in the form of nanoparticles can enhance the
response of many metal oxides to different gases by increas-
ing the active surface area, improving the gas diffusion
inside the film, and allowing, in certain cases, the selective
adsorption of the target gas. LSPR sensors can thus be a suit-
able option for sensing in control and measuring systems
with excellent performance, reliability, and low price.'”

Nanostructured materials exhibiting LSPR have been
prepared mostly by colloid chemical methods, vacuum
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evaporation, lithographic techniques, laser ablation, and
electrodeposition.'' Among all, the technique of magnetron
sputtering has been widely used due to its low cost, simplic-
ity, and versatility.'?

In this study, nanostructured coatings suitable for refrac-
tive index LSPR gas sensors were deposited by alternating
sputtering. The coatings consisted of nanoclusters of Au em-
bedded in a TiO, or Al,O; matrix and followed a simple but
effective design, carefully chosen to allow optimization of
the light extinction and the overall gas adsorption of the
system.

Au is one of the most inert materials known today, and
it exhibits LSPR in the visible light spectrum. TiO, has
many possible applications such as in photo-catalysis,
heterogeneous catalysis, as gas sensors, solar cells, and
bio-compatible materials;'? as a gas sensor, TiO, is sensitive
to O,, H,, CO, CH,4, and to several alcohols. ' Al,O3 is
widely used in mechanical, optical, and micro-electronic
applications because of its excellent chemical resistance,
good mechanical strength, high hardness, transparency, high
abrasive, and corrosion resistance as well as high insulating
strength.'> Al,O; is an excellent sensing material for humid-
ity, and sensors based on Al,O3 operate mainly at near room
temperature making use of porous microstructures. At higher
temperatures, they can also sense H,, CO,, and 02.14

The deposited nanocomposite thin films of Au@TiO, and
Au@Al,O5; were characterized with respect to the structure,
microstructure, surface morphology, and optical properties.
Results of this characterization are summarized in Sec. I'V.

Then, a theoretical analysis of the nanocomposite’s opti-
cal response was performed in order to identify coating pa-
rameters that allow maximizing their sensing performance.
These results are presented in Sec. V.

Il. EXPERIMENTAL DETAILS

Experiments were performed in a Lesker CMS-18 depo-
sition system equipped with four magnetron sputtering
sources.

Ti and Al targets (99.995% purity) with a thickness and
diameter of 6 and 100 mm, respectively, were used for
depositing TiO, and Al,O3 under reactive atmosphere. Au
target (99.995% purity) with a thickness and diameter of 3
and 50 mm, respectively, was utilized for depositing the
nanoparticles. Au was deposited using a magnetron Torus
2HV by Kurt J. Lesker equipped with high strength magnetic
assembly.

Base pressure of the system was below 3 x 107> Pa. The
depositions were carried out at constant pressure by using a
pressure-controlled gate valve in the pumping system. Au
layers were deposited at a constant pressure of 1 Pa using 40
sccm of Ar. For the oxide layers, 15 sccm of O, was intro-
duced in the chamber along with the 40 sccm of Ar, and the
deposition pressure was set to 0.5 Pa. All depositions were
carried out in pulsed DC mode with a Pinnacle Plus
Advanced Energy generator. The Au was deposited at a con-
stant power of 65 W, frequency of 250 kHz, and the off time
of 0.5 us. For TiO, and Al,Oj3, the same pulsing configura-
tion was used at a constant power of 800W. All the
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depositions were carried out with substrate rotation at a rota-
tion speed of 20r.p.m. The substrates were kept at floating
potential, and no intentional heating was used.

The deposition rates of Au and TiO, or Al,O5; were cal-
culated after depositing thicker layers and determining their
thicknesses using a Dektak 150 profilometer. The deposi-
tions were carried out in a three-step process, depositing tita-
nia (or alumina), Au, and again titania (or alumina). The
thickness of each oxide layer was set to about 20nm. Au
layers with thickness corresponding to 1, 2, and 3nm were
selected. Although Au does not form a continuous film at
such low thickness, the nominal thickness is used to identify
the studied samples.

The structure was analysed by X-ray diffraction (XRD)
using a Philips (PANalytical) diffractometer with Co-K,
radiation in grazing incident configuration (GIXRD), with an
incident angle of 2°. The XRD parameters, such as the peak
position (20,), peak intensity, and full width at half maxi-
mum (FWHM) were evaluated after fitting the XRD patterns
using a Voigt function. The surface morphology of the coat-
ings was analysed by high resolution (HR) field emission
gun scanning electron microscopy (FE-SEM) using a Zeiss
Leo 1550 microscope. The ImageJ 1.45s program was then
employed for image analysis. Additional characterization of
the Au islands concerning their surface morphology was per-
formed by atomic force microscopy (AFM) using a
Veeco-Innova microscope operating in contact mode and
using ultra sharp silicon nitride tips (with 2nm tip radius).
Rutherford backscattering spectroscopy (RBS) experiments
were performed with a 5 MV HVEE Tandetron accelera-
tor.'® RBS spectra were collected using a 3.035MeV He™
beam in order to improve the sensitivity to oxygen at the
non-Rutherford cross section resonance 16O(oc,c>c)160. The
data were acquired simultaneously with two silicon surface
barrier detectors located at scattering angles of 170° with an
energy resolution of 16 keV and an ion dose of 10 uC per de-
tector. The experimental spectra were fitted using the pro-
gram RBX.'” The optical transmittance of the films was
recorded in a UV-Vis-NIR spectrophotometer, using a
Shimadzu SolidSpec-3700.

lll. THEORETICAL BACKGROUND
A. Optical properties of nanocomposite thin films

The most common way to model the optical properties
of a nanocomposite system is to use the concept of effective
dielectric function (EDF). One of the most used mean-field
theories for the EDF calculation is the Maxwell-Garnett
(MG) approximation, which is valid in the low concentration
limit (volume fraction of the particles f< 1, always lower
than 0.1'®). The MG approach can be improved and extended
to higher f by taking into account the dipole-dipole interac-
tions between particles,19 a formalism that can be referred to
as renormalized MG (RMG) approximation.”’ The RMG
approach was first derived in Ref. 21 and has been general-
ized to nonspherical particles in Ref. 19.

Considering the classical MG approach, under the mean
field approximation, the effective dielectric function &,z of
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the composite system containing a small volume fraction f of
separate inclusions on a host medium is given by

Coff — &n AT
——— =—Nu 1
Eoff + 2¢, 3 ’ 0

where ¢, is the dielectric function of the host medium, N
= f/V is the particles concentration (V refers to the particle
volume), and o = ., /3 (o; refers to the polarizability of
the individual particle following a principal axis).

An individual spherical particle of radius a < A polar-
ized by an external electromagnetic field, without interacting
with other particles, is described by the polarizability>*~*

Em — &p
= a37

, 2
em 1 2e), @)

Ol

where ¢, is the dielectric function of the metal inclusion. For
ellipsoidal particles with semi axes a, b and ¢, an analogous
expression can be found in the quasistatic approximation via
introducing geometrical depolarization factors L; along these

axes23,24

abc &m — & )
o = 3 on + Liom — o) i=1,2,3, 3)
where XL; = 1. For spherical particles, Ly =L, = L; = 1/3
and the expression (3) resumes to Eq. (2). If the particle pos-
sesses axial symmetry, two of the depolarization factors
coincide. Prolate (‘“cigar”-shaped) spheroids, for which
b =c and L, = L3, can be generated by rotating an ellipse
about its major axis and have the following analytical
expressions for L; and L, as a function of the eccentricity e:

I 11 b
L=—F¢ <—1—|——ln ”), A=1-2. @

e? 2¢ 1—e¢ a?’

1-L
L, = 2'. ®)

Oblate (“pancake”-shaped) spheroids, for which a = b
and L; = L,, are generated by rotating an ellipse about its
minor axis and have the following expressions for L; and L;
as a function of e:

Ly=1-2L,. )

The plasmon resonance thus splits into a strongly red-
shifted long-axis mode (polarization parallel to the long
axis) and a slightly blue-shifted short axis mode (polarization
perpendicular to the long axis).>* Considering incoming light
with normal incidence and ellipsoids with one of their axes
perpendicular to a plane but with otherwise random orienta-
tions, the following simplification can be used for the aver-
age polarizability:
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Em — €p
én + Ly (&m — &n)

o + o abc Em — &
{ én + Lo(&m — 3h):|
(®)

The dipole-dipole interaction between the particles
renormalizes their average polarizability, which then
becomes'’

5 — 1 12
a*_mll_ 1—x(1-9) <m+arcsm1/ )17
K 2 vl/2
)

where v =3k0/[1 — k(1 —9)], xk=f(4na/3V)>, and o
= (a1 — ocH)/(ocL +oy) is an anisotropy parameter that
accounts for the differences in polarizability (between the
axis perpendicular o; and the axis parallel o to the axis of
symmetry of the spheroid). When f — 0, then o — &. The
effective dielectric function within the RMG approach is cal-
culated by replacing o with «* in Eq. (1).

Once the effective dielectric function &4 is known, the
optical properties of the nanocomposite thin films can be
determined. For simulating light propagation in planar multi-
layer thin films, including the effects of multiple internal
reflections and interference, the “Transfer Matrix Method”?’
was implemented in Mathematica. This allowed calculating
the total reflectance (R) and transmittance (7)) of the nano-
composites. The absorbance (A) of the system was after-
wards calculated through the relation A = —logT.

B. Refractive index sensitivity of LSPR sensors

Three material parameters can be responsible for chang-
ing the plasmon resonance peak as a function of changes in
operating temperature and ambient gas atmosphere:® refrac-
tive index of the host matrix (n;,), free carrier density of Au
(N), and damping frequency of free carriers in Au (I'). Gas
phase interactions that cause changes in n;, and N result pre-
dominantly in a shift of the LSPR absorption peak while
interactions that modify I' are expected to predominantly
create a broadening or narrowing of the peak.

The changes in the refractive index of the metal oxides
have been proposed as the primary mechanism causing the
shifts in the plasmon resonance peaks position of Au nano-
particles incorporated into a number of different metal oxide
matrixes, including Au-TiO,;, Au-WO;3, Au-NiO, Au-CuO,
and Au-Co30,.”**° Such changes are due to the physisorp-
tion or chemisorption of the analyte molecules onto the sur-
face of the metal-oxide and into the porous matrix of the
films.” Metal oxides are usually slightly off-stoichiometric
resulting in either an excess [M,, O] or a deficiency
[M,,.xO] in metal ions (M) compared to oxygen ions (O),
originating either n- or p-type semiconductor, respectively.*®
Atmospheric oxygen, for instance, is reported to adsorb pref-
erentially on the surface defects of these oxides, resulting in
changes of the conductivity and optical properties according
to the n- or p-nature of the oxide vacancies.”'

Some recent studies suggest that at high temperatures,
the variations in the effective electron density of the Au
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nanoparticles can be the main cause for explaining the SPR
peak shifts of some systems.®?? Concerning such cases, it
was recently pointed out that the reducing gases that oxidize
over metal oxide nanocomposites containing Au nanopar-
ticles should donate electrons to the oxide matrix (that after-
wards can interact with Au) and not directly to the Au
nanoparticles.>' Such changes in the matrix will also likely
induce a change in the polarizability, changing its dielectric
constant as well.** Thus, for the cases where N seems to play
a definite role in the change of the optical property of interest
(which seems likely at least for the higher operating tempera-
tures of certain metal oxides), a more complex panorama of
interactions is present that requires further studies in order to
clearly identify and quantify each individual contribution re-
sponsible for the overall observed change in the optical
signal.

In this work, the sensitivity of an SPR sensor will be
evaluated in terms of refractive index sensitivity, which is
valid for many Au-oxide systems operating between room
temperature (R.T.) and moderately higher temperatures
(300400°C). Two main strategies are currently being
used to quantify the variations in the SPR peak position:
either by calculating the difference in the peak maxima
position or by determining the variation in the peak height
at a convenient point in the curve. The former strategy
will be used here.

The refractive index sensitivity of an SPR sensor with
spectral interrogation is defined as** >’

(ds’m(i))
o d;Lr‘es o dny, A="res

S = = ;
dny, (ds’m ()))
di D= s

where &', is the real part of the complex metal dielectric con-
stant (&, = &, + i¢”,). If the refractive index of the sensing
medium is altered by dny, then the resonance wavelength
shifts by d4,.s. The refractive index sensitivity of the reso-
nance is determined by the same two relations that determine
the resonance wavelength /., the resonance condition and
the wavelength dependence of the dielectric function.**

Resonance occurs at poles of the polarizability. At
wavelengths where the imaginary part of the metal dielec-
tric function is small or slowly varying, the pole of the
polarizability is found by setting the real part of the denom-
inator in Eq. (3) to zero. This results in the resonance
condition®*

(10)

Slm(lrex) = -

ny,, an

which determines the value of the real part of the dielectric
function at resonance. For the case of a sphere, L = 1/3, and
Eq. (11) reduces to the familiar expression &, (Ze5) = —2¢p.
The resonance wavelength 4., is complex because the LSP
is lossy due to material and radiative losses. Since the com-
plex permittivity of a metal is a holomorphic function, for
metals fulfilling Im{4,.;} < Re{A.}, the following rela-
tionship between the complex resonant wavelength 4,.; and
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the real wavelength of maximum extinction at which extinc-
tion peak is observed /peqx holds:

Al peak = Re{dlyes}. (12)

Thus, the changes in the experimental data can be
directly related to the analytical variations.*®

The LSPR phenomenon originates in the collective exci-
tation of free-electrons of the metal particles, which can be
described as a three-dimensional free-electron gas by the
Drude theory (the first term of Eq. (21)). The real and imagi-
nary parts of the metal dielectric constant near the resonance
are thus given by

fow?
? +T%(R)
foo,To(R)
@ + TR

&m(w,R) =1—
(13)

and &', (w,R) =

The previous expressions can be written in terms of
wavelength by using the equality w = 27c/A (where ¢ is the
speed of light in free space). For the real part of the metal
dielectric constant, it reads

fowﬁ
(2nc/2)* +T2(R)’

én(iR) =1 — (14)

Substituting Eqgs. (11) and (14) into Eq. (10) results in
the general-shape expression for LSPR sensitivity

ny[(1=1L)/L] [(2nc/im)2 +T2(A,R) ’
S = 5 . (15)
col%(ch) //13

res

The ability of a spectroscopic SPR sensor to resolve
small refractive index changes is directly proportional to the
refractive index sensitivity and indirectly proportional to the
width of the resonant feature.*>®%3% In order to further
infer the sensing potential of the coatings, the following fig-

ure of merit can thus be introduced;>-3¢-38
S

where S is the sensitivity and w is the FWHM of the extinc-
tion peak. This figure of merit does not explicitly account for
another important factor that is the SPR peak intensity.
However, the variations in SPR peak intensity are indirectly
accounted by the w term; the narrowing of an SPR peak is
usually accompanied by an increase in the peak intensity,
and the broadening of an SPR peak is accompanied by a
decrease in the peak intensity.

IV. RESULTS

This section starts with the chemical analysis of the
coatings, then describes the structural and morphological
analysis, and finally the optical properties and theoretical re-
fractive index sensitivity are evaluated.
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A. Au concentration in the coatings

The evolution of the elemental composition of the films
with Au thickness was studied by RBS. From this analysis, it
was possible to determine the atomic density of Au in
the coatings. For the TiO, case, a total of 8.8 x 10,
1.35 x 10°, and 1.82 x 10'°cm ™2 were obtained for the 1, 2,
and 3nm thick Au layer, respectively (Table I). Assuming
continuous Au layers, the corresponding thicknesses would
be 0.74, 1.74, and 2.47 nm, taking into account the Au bulk
density and molar mass. These values are roughly 20% lower
than the theoretical values, which might be due to errors in
the determination of the deposition rate from the thicker Au
film.

B. Structural properties

The titanium oxide can crystallize in different structures.
At ambient conditions, four structures are known: rutile, ana-
tase, brookite, and srilankite.'> The most common and stable
structure of TiO, is rutile.* TiO, thin films with all of the
four structures can be synthesized although for deposition
temperatures below 150 °C, amorphous TiO, thin films are
usually obtained. Regarding the Al,Os, it can appear as the
thermodynamically stable o-alumina as well as crystallized
under several other metastable polymorphs. For depositions
with substrate temperatures below 300 °C, sputtered alumina
coatings are typically amorphous.*!

For all the Au@TiO, and Au@ Al,O5 coatings, no XRD
peak concerning any of the TiO, or Al,O3 phases was found.
This was expected considering the low substrate temperature
during depositions. On the other hand, for both systems, Au
was found to be increasingly crystalline with increasing Au
content. In Figure 1, a close up of the XRD spectra concern-
ing the Au (111) peak for the Au@TiO, and Au@Al,O;
cases is shown. The particle sizes estimated from Scherrer
formula*? are presented as well.

It can be seen in Figure 1 that for the different oxide sys-
tems and Au contents, the XRD peaks become always wider

TABLE I. Surface analysis results of Au nanoparticles over Al,O3 and TiO,.

J. Appl. Phys. 115, 063512 (2014)

after the encapsulation step. This trend suggests slightly
smaller clusters after the top oxide deposition. This apparent
diminution in the clusters sizes might be simply the result of
the nucleation of smaller Au clusters (<1-2nm) that were ini-
tially trapped in the oxide defects (being undetectable either by
HRSEM or XRD) and that are now able to contribute to the
XRD spectra. The possible changes in the morphology of the
clusters could also add to the changes in the XRD peak widths.
Another more remote possibility is that the bigger clusters con-
sisting of aggregates of two or more smaller clusters get
cleaved during the bombardment of the top oxide layer, thus
moving the size distribution curve towards the smaller values.
It was found that, for all the Au contents, the clusters are
smaller in the Al,O3 system. This can be explained by the
higher surface mobility of Au on the TiO, surface.

C. Surface morphology

SEM analysis was performed before and after the depo-
sition of the top oxide layer of TiO, or Al,O3, Figure 2 and
Figure 3, respectively. From Figure 2, it is apparent that the
size and shape of the Au nanoparticles strongly depends on
the thickness of the sputtered Au layer. When increasing the
Au thickness from 1 to 3nm, the Au clusters shape goes
from rather circular to fiber-like and their average particle
size increases considerably from 6 to 10 and to 17 nm (TiO5,)
and from 4 to 7 and to 12nm (Al,O5). These three different
cases illustrate well the growth modes expected for Au on
oxide surfaces:** ™ clusters at 1 nm thick layer picture corre-
sponds to the end of the first stage of nucleation of nanomet-
ric 3D hemispherical Au clusters (Figure 2(a)); at 2 nm, a
second stage of lateral growth and some coalescence of the
3D clusters occurs (Figure 2(b)); and at 3 nm, third stage of
pronounced coalescence of the 3D clusters takes place
(Figure 2(c)). At even higher thicknesses, a vertical growth
of the coalesced clusters would finally be observed. By com-
paring the micrographs of the two oxides, it becomes appa-
rent that the Au clusters are much bigger and the cluster
density much lower in the TiO, case, for all the Au

Oxide Al,O4 TiO,

Nominal Au thickness (nm) 1 2 3 1 2 3
Ellipse major axis—a (nm) 59 9.9 16.9 6.7 12.8 229
Ellipse minor axis—b (nm) 39 6.3 9.3 4.7 8.1 12.4
Au area fraction—A (%) 34.2 41.7 47.1 36.0 44.1 49.7
Particle density (/um?) 17 044 8096 3622 13702 5254 2110
Au atomic density (RBS) (/em?) 8.8 x 10" 1.4 x 10" 1.8 x 10'¢
Cluster’s height (RBS/SEM)—¢ (nm) 3.7 6.7 8.4 3.3 6.2 8.1
Average size of the bigger axes (oblate)—x,, (nm) 4.8 79 12.5 5.6 10.2 16.7
Average size of the smaller axes (prolate)—x,. (nm) 3.8 6.5 8.9 4.0 7.1 10.0
Aspect ratio (oblate shape)—AR,,;,; 0.76 0.84 0.67 0.59 0.60 0.48
Aspect ratio (prolate shape)—AR,,,, 0.64 0.65 0.52 0.59 0.55 0.44
Equivalent diameter of a sphere (nm) 44 7.5 11.0 4.7 8.6 13.2
Interparticle distance—D (nm) 7.8 11.6 174 8.9 15.0 23.8
Au average height (XRD)—/' (nm) 3.6 5.1 5.3 43 5.3 6.4
Au average height (AFM)—# (nm) 2.8 3.5 3.9 3.1 34 3.6
Volume fraction (optical)—f 0.10 0.13 0.13 0.08 0.10 0.10
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FIG. 1. GIXRD patterns of the films with increasing Au interlayer thickness concerning the two systems: (a) Au@TiO,, (b) Au@Al,Oj3. (c) Nanoparticle sizes
estimated by the Scherrer formula, before (open symbols) and after the final encapsulation (full symbols) step.

concentrations. The higher surface mobility of Au in the
TiO, explains this difference.

From the FE-SEM micrographs of each nanocomposite
film (Figure 2), the Au area fraction, the average major and
minor axis of fitted ellipses, the Au mean particle size, and
the number density of Au nanoparticles were obtained by
image analysis. The results are given in Table I. From the
Au atomic density determined by RBS and the particle
density determined by SEM, it was possible to calculate
the average clusters height assuming the presence of spheroi-
dal particles. The particle volume of a whole spheroid is
defined by

1
Vparticle = 8 nabc, (r7)

where a, b, and c¢ are the equivalent main axes. Knowing the
average particle volume through the relation

- My, atomic density
Vparti(:le = . . R (18)
Pay Darticle density

where M, is the molar mass in [g/atom], p,, is the density
in [g/nm?], the atomic density is in [atom/um?] and the

particle density is in [number of particles/um?], makes then
easy to calculate the average height ¢ of the cluster. Since
the deposition conditions used for depositing Au were identi-
cal for the two oxides, the Au atomic density measured on
TiO, was used for the Al,O5 case as well.

The interparticle distance was evaluated with the Au
nanoparticle neighbourhood defined by the Voronoi bound-
ary in the Voronoi diagram of each film.*® For both systems,
each Au nanoparticle had six neighbours on average. For the
hexagonal lattice, the average interparticle separation can be
written as*>4¢
1/2

/X

D :7121/4141/2. (19)

Finally, and for comparison purposes, the diameter of a
sphere with an equivalent volume to the spheroid can be cal-
culated through the following equation:

Dsphere = V3 abc. (20)

All the results of these calculations are summarized in
Table 1. In most cases, the calculated clusters heights are
close but smaller than the minor lateral dimensions of the
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FIG. 2. HRSEM images of the nano-
composites with increasing Au thick-
ness, for the TiO, + Au: (al) 1 nm,

20mAU@TIO, 20mAU@ALLO,

. Average size 5 18.14-28 om . Average size 571 - 13 (bl) 2 nm, (c1) 3 nm and for the Al,O3
o + Au: (a2) 1 nm, (b2) 2 nm, (c2) 3 nm.
. . Histograms representing the Au clus-
§ § b ters size distributions are shown in
i . inset.
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Average size 5 16.7 4 6.4 nm
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Mag = 40320 K X

BT 700N

Mg =404 12KX WD 41mm FIG. 3. HRSEM images of the TiO, +
Au + TiO, samples with increasing
Au interlayer thickness: (a) 1 nm, (b) 2
nm, (c) 3 nm.
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clusters. In order to determine the aspect ratio of the spheroi-
dal particles, an average of either the two bigger axes
(oblate) or the two smaller axes (prolate) was considered.
Higher aspect ratios (ARs) were achieved for the oblate
shapes, suggesting better agreement with experiments.

Additional information about the clusters morphology
and its variation with the deposition time was obtained by
AFM. From the AFM images of both the Au@TiO, and
Au@Al,O3 systems, the average height of the deposited
clusters was determined (Table I). For both systems, it was
found that the clusters heights calculated by AFM were
lower than calculated from the RBS/SEM data and even than
calculated from XRD. Since the measured AFM image is a
convolution of the tip geometry and the geometry of the
clusters, lower values for the heights can be measured due to
the close proximity of the clusters. On the other hand, the
presence of smaller clusters in between the SEM detected
clusters could contribute as well to the lower values found
for the clusters height. A few line profiles were performed in
zones of the samples containing minor scratches (case where
the clusters were absent from the oxide surface). The average
values for the clusters heights were greater than the averaged
ones from the intact zones (the values were closer to the
ones obtained from the XRD technique).

In general terms, the data from the different characteri-
zation techniques are consistent, especially when considering
the small sizes of the nanoparticles being studied.

The current coatings design allows optimization of coat-
ings topography for gas sensing. Due to the presence of Au
nanoparticles with different sizes and shapes in the interlayer
and to the chosen thickness of the metal-oxide overcoat, it is
possible to attain a top oxide layer with increased roughness
and surface area (high density of surface defects)—a topog-
raphy following the one of the Au clusters underneath. In
Figure 3, the existence of TiO, caps separated with clear
interfaces (corresponding to the zones without Au)
observed. The size and shape of these caps closely follows
the ones of the Au nanoparticles. Both the reactivity and gas
permeability of the thin TiO, and Al,Oj3 films are expected
to be enhanced by the present coatings design.

D. Optical properties

Optical transmission spectroscopy measurements were
carried out in order to study the SPR effect with the
Au@TiO; and Au@Al,Os5 coatings (Figure 4).

J. Appl. Phys. 115, 063512 (2014)

In Figure 4, it is observed that the overall transmission
decreases with the increase in the Au thickness. This corre-
sponds to an enhanced absorption due to the higher volume
fractions of Au (Table I). There is also a red-shift and a
broadening of the SPR absorption peaks with increasing Au
thickness, due to a combined effect of changes in the size
and shape of Au nanoparticles as well as in the interparticle
distances (Figure 2).

In order to elucidate the connection between the struc-
tural and microstructural properties and the extinction signal
of the nanocomposite films, a theoretical modelling of the
optical properties was performed using the concept of effec-
tive dielectric function (EDF).

As an approximation for ¢, the optical constants (refractive
index n and extinction coefficient k) of a pure Al,O3 and TiO,
thin film (deposited under the same conditions as in the nano-
composites) were estimated numerically from the transmittance
results by means of an unconstrained optimization technique
described in detail in Ref. 47. These constants were then substi-
tuted in the complex expression &, = (n -+ ik)*. The thickness
of each oxide layer was also estimated with the application of
this method. For the pure Al,O5 and TiO, films, the refractive
index at a wavelength of 550nm was 1.68 and 2.43 and the
thickness of the thin films was 14 and 16 nm, respectively.

To represent ¢4, an analytical expression determined by
Rakic et al.*® based on the Brendel-Bormann (BB) model
was used. It was shown by the authors that, for Au, the BB
model allows better description of experimental data than
the more frequently used Drude-Lorentz (DL) model, espe-
cially where the lowest-laying interband transitions occurs.
The BB model accounts for the transitions within the con-
duction band, by using a Drude term, as well as for the inter-
band transitions from lower-lying bands into the conduction
band or from the conduction band into higher unoccupied
levels, by using a superposition of an infinite number of
oscillators. The resulting expression for the dielectric func-
tion of the metal is the following:**

) =1
¢(w)=1—-———=—
o? +ilyw
2
(¥~ @)
J
+ J exp|——=-—
Z V2no; 20'J2
fio,
X —P dx, 21)
(2 — @?) + il
- =~ wh
T FIG. 4. Transmission spectra of the (a)
Au@TiO, and (b) Au@Al,O3 samples
Au@AL0,: on glass with increasing Au interlayer
1nm Au thickness.
---2nmAu
----- 3 nm Au

1004 . - b
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where w is the frequency of light, w, is the plasma frequency
of the metal, Q, = \/fyw), is the plasma frequency associated
with intraband transitions with oscillator strength f, and
damping constant I'y, while £ is the number of BB oscillators
used to interpret the interband part of the spectrum with fre-
quency wj, strength f;, lifetime 1/I';, and line shape parame-
ter g;. The number of harmonic oscillators per frequency
interval is determined by a Gaussian function. In the present
work, the analytical solution of the second term of Eq. (21)
given in Ref. 48 was used for the calculations.

In order to account for the intrinsic size effects of the
nanoparticles, the BB model was modified by correcting the
plasmon damping parameter (I") according to the relation®’

A
r:rw%, (22)

where I’y is the relaxation constant of the bulk metal (given
in Ref. 48), A is a phenomenological parameter that is a
function of the geometry, of the order of unity, and which in
practice is adjusted to provide the best fit of the data,”® v is
the Au Fermy velocity (1.39 x 10" nm/s), and R is the radius
of the nanoparticle (in nm).

One way of estimating the volume fraction f of metal
islands from two-dimensional pictures is by using the con-
cept of “optical thickness” 7,,, as in terms of effective depo-
larifsation factors. An appropriate definition would be to
use

4
Lopt = gD’ (23)

where D is the average particle’s center-to-center distance.
The volume fraction follows then from the relation®’

== (24)

- )
Lopt

where ¢ is the nominal thickness of the film.

The results of these calculations were compiled into
Table I.

The simulations of the optical absorbance spectra were
performed considering a stack of three layers on a glass sub-
strate. The stack consisted of a top oxide layer, followed by
an intermediate nanocomposite layer and another bottom ox-
ide layer with characteristics identical to the first layer.
Different parameters were varied in order to achieve a good
fit to the experimental data, namely, the Au volume fraction
£, the phenomenological parameter A, the average diameter
2R, the shape (spherical, oblate, and prolate) and aspect ratio
AR of the clusters, and the thickness of each layer d;. The
simulated absorbance spectra are presented in Figure 5, and
their corresponding fitting parameters are listed in Table II.
The simulated spectra were divided into two major groups A
and B, following the two types of spheroidal particles that
were tested, oblate and prolate, respectively.

From all the samples, only in the 1 nm Au@TiO, case,
it was possible to consistently describe the optical absorb-
ance spectrum by means of using perfectly spherical shapes
in the simulations (AR = 1). For all the other cases, both the

J. Appl. Phys. 115, 063512 (2014)

oblate and the prolate shapes were successfully implemented
in the simulations. The main differences in parameters
between the two spheroidal shapes were found in the volume
fraction and in the aspect ratio of the clusters. They were
higher for the prolate shapes, and this difference in values
became more pronounced with the increase in the nominal
Au thickness. The size effect parameters and particles sizes
used to correct the Au dielectric function were similar in
both cases. When comparing simulation results between ox-
ide systems, it was clear that higher ARs and lower fs were
needed for the TiO, case, irrespectively of the shape being
considered.

When simulating the optical response of the metallic
spheroidal nanoparticles, two of the axes were considered to
be parallel to the thin film surface. For the particular case of
the prolate shape, this resulted in the appearance of two dis-
tinct resonances, the less intense blue-shifted one being
somewhat masked for the case of higher ARs, as shown in
Figure 5(a), but becoming evident for lower ARs, as it is
seen in Figures 5(b) and 5(c). In the experimental data, the
higher energy resonance is clearly absent, which again sug-
gests the better agreement of the oblate shape with the
experiment. Still, for the two 2 nm Au samples and the 3 nm
Au@TiO, sample, it was possible to satisfactorily simulate
the absorbance spectra by assuming the presence of prolate
shapes.

Overall, the simulations performed considering particles
with oblate shapes (group A) showed better (very good) agree-
ment with the experimental data of both the oxides, even for
the 3nm Au samples, case where the particles were more
irregular shaped. Aditionally, the simulations using oblate
shapes gave as well Au volume fraction values closer to the
ones determined from SEM images using Eq. (24).

The results from the simulations concerning the clusters
heights (given in this case by the parameter 2R) seem to
agree better with the XRD results than with the combined
RBS/SEM results (which give higher values). When estimat-
ing previously the cluster heights using RBS and SEM data,
all the Au atoms were considered to be in the SEM-detected
clusters. Both the optical and the structural results suggest
that even after the encapsulation step, there are still smaller
Au atoms (< 1-2nm) present in the coatings.

E. Sensitivity of the LSPR sensors

In Figure 6, the sensitivities and figure of merit calcu-
lated for the different coatings based on the previous simula-
tion results are presented. The shape that showed better
agreement with experiment, i.e., the oblate shape (simulation
group A) was used in the calculations.

Figure 6(a) shows that, for both oxides, there is an
increase in the sensitivity with the nominal thickness of Au.
This is mainly due to the decrease in the depolarization fac-
tor L (Table II) with the Au increase. When comparing
results between oxides, overall the Al,O; matrix shows
lower sensitivity values, despite the lower depolarization val-
ues achieved in the simulation. This is mainly due the lower
refractive index of the Al,O3. The only exception is in the
2nm Au layer, case where the difference in the
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TABLE II. Parameters used for the calculation of spec
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tra presented in Figure 5, namely, aspect ratio (AR) and diameter of the clusters (2R), size effect parame-

ter (A), volume fraction (f), and layer thickness (d). The calculated depolarization factors (L) are also shown.

Layer thickness d (nm)

Simulation  Oxide system  Au thickness (nm) Particle shape AR L A 2R (nm) f Top oxide Nanocomposite Bottom oxide
A TiO, 1 Spherical 1 0.333  0.75 3.6 0.066 16 9 16
2 Oblate 0.83 0.308 0.9 42 0.092 14 16.7 14
3 Oblate 05 0236 1 5.7 0.110 14.5 17.2 14.5
AL O; 1 Oblate 0.78 0298 0.8 2.4 0.073 14 10 14
2 Oblate 0.53 0244 09 4 0.105 12 16.5 12
3 Oblate 04 0206 1 5.4 0.120 10 21 10
B TiO, 1 Spherical 1 0.333  0.75 3.6 0.066 16 9 16
2 Prolate 0.84 0288 0.9 4.3 0.095 14 17.2 14
3 Prolate 0.62 0219 1 5.7 0.125 14.5 17.6 14.5
Al,O4 1 Prolate 0.81 0280 0.8 2.4 0.077 14 10.2 14
2 Prolate 0.62 0219 09 42 0.120 12 18 12
3 Prolate 053 0.186 1 5.6 0.145 10 22.5 10
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depolarization factors is more pronounced. For the 1 and
3nm Au cases, this difference in the depolarization factors is
attenuated and thus the higher refractive index of TiO,
allows higher sensitivities to be achieved. Interestingly, the
figure of merit (Figure 6(b)) shows the opposite trend of the
sensitivity, decreasing with the Au thickness. This is due to
the pronounced increase in the widths of the SPR peaks with
the thickness, originating less sharp SPR features.

V. THEORETICAL CONSIDERATIONS

When studying the SPR peaks—mainly shape and posi-
tion—three major impacting factors concerning the nanopar-
ticles can be identified. An increase in the size of the
nanoparticles leads mostly to an increase in the intensity and
a narrowing of the SPR peaks (up to a certain size). The
increase of dipole-dipole interactions due to reduced inter-
particle distances leads to a red-shift and a broadening of the
SPR peaks. And, finally, the presence of elongated nanopar-
ticles can lead to strongly red-shifted and also broader SPR
peaks.?’>" A proper analysis of the impact of the cluster’s ra-
dius, volume fraction, and aspect radius on the refractive
index sensitivity is thus desirable in order to allow optimiz-
ing the coatings for better sensing performance.

From Eq. (15), it is evident that S increases with I'y and ny,
and decreases with L and 4,.;. However, the phenomenological
parameter A, the clusters radius R, and the clusters volume
fraction f also influence indirectly the refractive index sensitiv-
ity. Higher A and smaller R give rise to higher I’y values,
which directly increases S, but only by a limited quantity. On
the other hand, for higher I'y values, 4. is slightly blue-
shifted, giving as well a small positive contribution to S. In
practice, however, since higher I'y values promote an increase
in the width of the SPR features, they can be detrimental for
sensing experiments. It is thus desirable to have clusters pre-
senting minimum intrinsic size effects. This occurs approxi-
mately for sizes greater than 30 nm.>® On the other hand, the
excitation of higher order multipoles, giving rise to additional
damped resonance features in the optical spectra, should be
avoided. This implies that the Au clusters should have sizes
below 70-80nm.>® The sensitivity is increased for matrices
with higher refractive indexes n;,, despite 4, being also
increased with n;,. The resonance wavelength is strongly
affected by f. An increase in f will greatly increase 4,., (due to
the increased dipole-dipole interactions), which results in
lower S values. The SPR peak widths are also increased by f.

Nominal Thickness of the Au layer (nm)

To better understand and visualize the combined effect of
the volume fraction and the refractive index of the matrix on
the refractive index sensitivity of the films, a three-
dimensional analysis of the sensitivity was made. In this anal-
ysis, the following steps were performed: (i) simulating the
absorbance spectra of different sets of coatings with different
ny, (varying from 1.5 to 2.5) and f (varying from 0.01 to 0.15),
(i) extracting the SPR peak parameters (peak maxima and
FWHM), (iii) fitting linear functions of the resonance wave-
length and of the SPR peak width to the sets of data, and (iv)
substituting these functions in the expressions of S and X. The
goal is to identify best parameters for a practical experiment.

Considering spherical particles, and setting A =0.8 and
R =15 nm, the following images in Figure 7 were obtained.

It becomes apparent that S is always greater for greater
ny, and that in general terms S is smaller for smaller f. This
suggests that it is desirable to have coatings containing Au
volume fractions below 0.05-0.07 (depending on the type of
matrix). This optimum f value should roughly correspond to

(a)

f 015

\
0.15 f

FIG. 7. (a) Refractive index sensitivities and (b) figure of merit calculated
for the range of parameters n,, € [1.5-2.5] and f € [0.01-0.15].
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(a)

(b) 001

FIG. 8. (a) Refractive index sensitivities and (b) figure of merit calculated
for the oblate shape considering the range of parameters f € [0.01-0.05] and
AR € [1-0.15].

the case where the cluster’s separation distances are greater
than the clusters diameters for which the dipole-dipole inter-
actions starts to be negligible. Considering 30 nm particles
displaced in a hexagonal lattice, from Eq. (19), the optimum
interparticle distance D of 60 nm could be accomplished for
an area fraction A of 23%. If in addition the expression for
volume fraction given by Eq. (24) is employed, for a Au
thickness of 3nm, the resulting volume fraction would be
0.04. Such an arrangement of clusters on a surface can be
achieved, for instance, by applying substrate heating on con-
ventional sputtering’> or by using a cluster source for depos-
iting the metal nanoparticles with the desired size and
distribution®® during the Au clusters deposition step.

The major factor influencing S is, however, the depolari-
zation factor L; when decreasing L, S increases exponen-
tially. L, in turn, diminishes when the aspect ratio AR of the
spheroidal particle is decreased. In order to understand how
the AR of each prolate and oblate shape in the end affects the
refractive index sensitivity, an additional three-dimensional
analysis was performed, varying f (between 0.01 and 0.05)
and AR (between 1 and 0.15), for the two shapes being con-
sidered (oblate and prolate). The n, value was set to 2. For
spheroidal particles, the influence of n;, on S is almost negli-
gible when compared to L. As in the previous study, the size
effect parameters were set to A=0.8 and R=15nm. The
results of the simulations for the oblate and prolate shapes
can be seen in Figure 8 and Figure 9, respectively.

The results show that the sensitivities of spheroidal par-
ticles increase almost exponentially when decreasing the AR,
as expected due to the decrease in L. The sensitivity values
were only slightly affected by f, being higher for lower f. For
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(a)

S 400

(b)

AR o 10

FIG. 9. (a) Refractive index sensitivities and (b) figure of merit calculated
for the prolate shape considering the range of parameters f € [0.01-0.05]
and AR € [1-0.15].

the oblate shape, a maximum S value of 360 was achieved
for the lowest studied AR of 0.15. For the prolate shape, the
S values were almost twice as higher than in the oblate
shape, and a maximum value of 650 was achieved. The fig-
ure of merit values were however similar in both cases.
Despite the higher S values of the prolate shape, the widths
of their red-shifted resonances are also greatly increased,
almost cancelling the benefit of increased S. The lower f val-
ues allowed higher X values to be reached, but now in a
more pronounced way than with S. This was due to the
increase in the SPR peak widths with f. The optimum AR val-
ues were found to be 0.35 for the oblate shape (correspond-
ing to a X value of 3.4) and 0.42 for the prolate shape
(corresponding to a X value of 3.9). The deposition by sput-
tering of the prolate particles with the suggested characteris-
tics seems currently difficult; however, the configuration of
oblate clusters can be achieved, for instance, with the appli-
cation of substrate temperature during the Au clusters depo-
sition step.>*

VI. CONCLUSIONS

The simple minimalist design for LSPR refractive index
nanosensors that was tested shows excellent flexibility con-
cerning the materials used and permits an easy deposition
process.

For both TiO, and Al,Os, an increase in the Au interlayer
thickness led to a broadening and a red-shift of the SPR peaks.
This was due to a combined effect of increased interparticle
interactions and decreased circularity of the particles. The
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coatings containing higher amounts of Au showed higher re-
fractive index sensitivities. The figure of merit was however
lower due to the increased width of the resonance peak.

Since the SPR intensity increases with the size of the
nanoparticles, and the SPR peaks are narrower in absence of
intercoupling, bigger particles with higher interparticle dis-
tances are desired to optimize the current design. In order to
achieve this configuration in the future, some energetic pro-
cess (e.g., substrate heating) or a cluster source can be used
for depositing the Au interlayers/clusters.

Au nanoparticles of 30nm with interparticle distances
greater than 60 nm were considered in simulations of refrac-
tive index sensitivities and figure of merit values of spheroidal
particles with different aspect ratios. Our results show that
higher sensitivities (almost twice as much) can be achieved
for prolate particles when comparing to the oblate shapes and
that an aspect ratio of 0.42 is optimal when the sensitivities
and the peak widths are considered for analysis. For the oblate
shapes, the optimum aspect ratio of 0.35 was found.
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