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1. INTRODUCTION
Supported bimetallic nanoparticles (NPs) are used for
several technological applications, ﬁrst of all industrially
important heterogeneously catalyzed reactions.1 2 Main
examples are PdAu NCs catalysts whose applications
include CO removal in car exhaust,3 trichloroethene
production4 hydrogen peroxide synthesis,5 etc. The physical and chemical properties of bimetallic NPs are strikingly dependent on the NPs size and different from their
single metal counter parts. In particular, various physical properties such as melting point, magnetic properties,
electronic structure, optical response vary as a function of
composition and size. On the basis of such a technological importance, various studies have emerged, recently,
about the chemical and physical synthesis of bimetallic NPs
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on suitable surfaces and on controlling their composition,
size and distribution: PdAu on TiO2 ,1 PdAu and AgAu
on carbon,6 CuPd on NaCl,7 AgAu on TiO2 ,8 PdAu
on graphite,9 PtRh on TiO2 ,10 PdAu on nanostructured
alumina,11 AgAu on graphite.12 The key point is, obviously, the reaching of a complete understanding of the
kinetic growth mechanisms of the NPs as a function
of process parameters during preparation and/or postfabrication processes parameters. In this way, a correlation
between the structural properties of the NPs (composition,
structure, size, distribution, etc.) and the process parameters could be reached obtaining practical methodologies to
control such properties for desired applications.
On the basis of such considerations, in the present
work we report on the preparation of PdAu bimetallic
NPs on SiO2 and on the possibility to manipulate their
size inducing a self-organization phenomenon by thermal
processes. The PdAu system is chose since it plays an
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PdAu nanoparticles have been grown on SiO2 by room-temperature sequential sputtering depositions. The nucleation and growth kinetics have been determined crossing atomic force and scanning
electron microscopy measurements. From these measurements the mechanisms of the nucleation
and growth have been determined. In particular: (1) during the deposition of the ﬁrst metal (Pd),
atoms adsorbed on the substrate are readily trapped on the substrate defects, forming stable nuclei
which grow further. During the deposition of the second metal (Au), adsorbed atoms are captured by the clusters formed during the ﬁrst deposition, before they have time to form a stable
nucleus of pure second metal on the surface sites. So, the nucleation is mainly controlled by the
Pd and the Au atoms are incorporated essentially by direct impingement of the vapour atoms on
the already formed particles. (2) ﬁxing the amount of Pd and Au, during post-deposition thermal
treatments, a surface diffusion limited ripening of the NPs occurs. Applying the standard ripening growth theory several parameters characterizing the process were determined, in particular,
the growth exponent n and the activation energy Ea . n was found to be dependent on temperature and amount of Au deposited. Ea was found to linearly increase with the amount of Au
deposited. Such a dependence is discussed separating Ea in two terms: one describing the activation energy for atomic surface diffusion (independent on the amount of Au deposited), the other
one describing the activation energy for the ﬁlm clustering process (dependent on the amount of
Au deposited).
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important role in catalysis. The PdAu NPs are generated on SiO2 surface by an easy and cheap method based
on the sequential sputtering depositions of Pd and Au.
Using the atomic force microscopy (AFM) and scanning
electron microscopy (SEM) techniques we studied the
self-organization mechanisms of the PdAu NPs ﬁxing
the amount of deposited Pd, increasing, step by step,
the amount of Au and performing thermal processes in the
973–1173 K temperature and 1200–6000 s time ranges.
The evolution of NPs size is studied as a function of
annealing temperature T and time t and analyzed within
the theoretical framework of the ripening growth theory to
derive the key parameters governing the NPs growth. Following this approach, the evolution of the mean NPs size is
linked to the process parameters T and t obtaining a practical way to tailor, in a wide range, a so important structural
property.
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2. EXPERIMENTAL DETAILS
A cz-100 silicon wafer (resistivity  ≈ 6 × 10−3  cm)
was used as starting substrate. It was etched in 10% aqueous HF solution to remove the native oxide. Then it was
annealed at 1223 K for 15 minutes in O2 in order to
grow an uniform, 10 nm thick, amorphous SiO2 layer. The
depositions were carried out at room-temperature using
a RF (60 Hz) Emitech K550x Sputter coater apparatus
onto the Si/SiO2 slides and clamped against the cathode
located straight opposite of the source. Sequentially were
performed, ﬁrst the Pd deposition, then the Au depositions (99.999% purity targets). The electrodes were laid
at a distance of 40 mm under Ar ﬂow keeping a pressure of 0.02 mbar in the chamber. The Pd deposition rate
was 15 × 1014 Pd/cm2 s, while the Au deposition rate was
30 × 1014 Au/cm2 s. The sputtering deposition time for Pd
was 15 s (so to obtain an amount hPd = 22 × 1015 at/cm2 ,
while the deposition time for Au was varied in the range
10–60 s so that to vary the total amount of deposited Au,
hAu in the range 30 × 1015 –18 × 1016 at/cm2 .
The annealing processes were performed using a standard Carbolite horizontal furnace in dry N2 . AFM analyses were performed using a Veeco-Innova microscope
operating in high amplitude mode and ultra sharpened Si
tips (MSNL-10 from Veeco Instruments, with anisotropic
geometry, radius of curvature ∼ 2 nm, tip height ∼ 2.5 m,
front angle ∼ 15 , back angle ∼ 25 , side angle 22.5 ) were
used and substituted as soon as a resolution loose was
observed during the acquisition. The AFM images were
analyzed by using the SPMLabAnalyses V7.00 software.
SEM analyses were performed using a Zeiss FEG-SEM
Supra 25 Microscope operating at 6 KV of acceleration.
The SEM images were analyzed using the Gatan Digital
Micrograph software.
The amount of deposited Pd and Au was quantiﬁed
in atoms/cm2 by Rutherford backscattering analyses using
2 MeV4 He+ backscattered ions at 165 .
2
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3. RESULTS AND DISCUSSION
3.1. Depositions: Generation of PdAu NPs
Figure 1 shows a representative 1 m × 1 m AFM
image of the starting SiO2 substrate. In Figure 2 we show,
as examples, three representative 3D AFM and two SEM
images of the SiO2 substrate Pd and Au sputter-deposited.
In particular: (a)–(c) report 1 m × 1 m 3D reconstructions of AFM analyses of the samples deposited by amount
of Pd and Au, respectively, of (a) hPd = 22 × 1015 Pd/cm2
and hAu = 0 Au/cm2 , (b) hPd = 22 × 1015 Pd/cm2 and
hAu = 30 × 1015 Au/cm2 , and (c) hPd = 22 × 1015 Pd/cm2
and hAu = 18 × 1016 Au/cm2 ; (d)–(e) report 1.5 m ×
1.5 m (the insets 200 nm × 200 nm) SEM images of the
samples deposited by amount of Pd and Au, respectively,
of (d) hPd = 22 × 1015 Pd/cm2 and hAu = 0 Au/cm2 , and
(e) hPd = 22 × 1015 Pd/cm2 and hAu = 30 × 1015 Au/cm2 .
In these images, The bright regions (particularly evident
in the insets) correspond to the NPs. The ﬁlm appears
quasi-continuous, being formed by very small NPs very
close each to the other. We can cross the AFM and SEM
analyses to obtain an accurate estimation of the NPs sizes
(we could join the huge statistic and accuracy that can be
carried out by both techniques). In particular, by the AFM
analyses and using the SPMLabAnalyses V7.00 software,
that deﬁne each NPs area by the surface image sectioning
of a plane that was positioned at half NP height, we can
quantify the NPs diameter D and height R0 . Furthermore,
we can quantify the NPs surface density N (NPs per unit
area) by direct inspection and counting. By the SEM analyses and using the Gatan Digital Micrograph software we
can, also, quantify D and N . The results obtained by AFM
and SEM analyses are in good agreement (the respective
results are identical within the statistical error). So, crossing the AFM and SEM analyses we obtain, ﬁrst of all, the
evolution of R0 and D as a function of hAu . For example,
Figure 3 reports the evolution of the distribution of R0 as a
function of hAu . Each distribution was calculated on a statistical population of 500 NPs and ﬁtted (continuous lines

Fig. 1. 1 m × 1 m AFM image of the starting SiO2 substrate.
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Fig. 2. (a)–(c): 1 m × 1 m 3D AFM images of the SiO2 substrate samples deposited by (a) hPd = 22 × 1015 Pd/cm2 and hAu = 0 Au/cm2 ,
(b) hPd = 22 × 1015 Pd/cm2 and hAu = 30 × 1015 Au/cm2 , and (c) hPd = 22 × 1015 Pd/cm2 and hAu = 18 × 1016 Au/cm2 ; (d)–(e) 1.5 m × 15 m (the
insets 200 nm × 200 nm) SEM images of the samples deposited by (d) hPd = 22 × 1015 Pd/cm2 and hAu = 0 Au/cm2 , and (e) hPd = 22 × 1015 Pd/cm2
and hAu = 30 × 1015 Au/cm2 .

(1)

being the standard deviation on R0 . The ﬁts parameters were R∗0 and . The mean value of R0 was obtained
by R0  = R∗0 exp 2 /2. In the same way for D. However, the AFM analysis show that D ≈ 2R0  indicating
a semi-spherical shape of the NPs. So we consider only the
R0  size as the mean NPs radius. In Figure 4(a), R0  is
reported as a function of hAu . It increases from about 1 nm
at hAu = 0 to about 3 nm at hAu = 18 × 1016 Au/cm2 . Furthermore, in Figure 4(b) we report the NPs surface density
N as a function of hAu . For hPd = 22 × 1015 Pd/cm2 and
hAu = 0 Au/cm2 N is about 318 × 1012 cm−2 . Adding Au,
until an amount of hAu = 90 × 1015 Au/cm2 , N remains
about unchanged. For higher hAu , N decreases rapidly
until a value of about 21 × 1012 cm−2 for hAu = 18 ×
1016 Au/cm2 . Such a behavior was already observed for the
sequential sputtering deposition of Pd and Au on alumina11
and suggests the following picture: during the deposition
of the ﬁrst metal (Pd), atoms adsorbed on the substrate
are readily trapped on the substrate defects, forming stable nuclei which grow further. During the deposition of
the second metal (Au), adsorbed atoms are captured by
the clusters formed during the ﬁrst deposition, before they
have time to form a stable nucleus of pure second metal
on the surface sites. So, the nucleation is mainly controlled
by the Pd and the Au atoms are incorporated essentially
J. Nanosci. Nanotechnol. 12, 1–9, 2012

by direct impingement of the vapour atoms on the already
formed particles. In this stage the NPs grow so that their
mean size R0  increases while N remains constant. When
the coalescence of the NPs takes place (NPs touch between
them) so that from two or more NPs only one is formed
(to address the total surface free energy minimization) the
mean size continues to increase but N begins to decrease.
This is what we observe, in Figures 4(a)–(b), for hAu >
90 × 1015 Au/cm2 . So, for the room-temperature sequential Pd–Au sputtering on SiO2 , Pd ﬁrst nucleates on the
defects of the substrate. Pd nucleation and growth proceeds
at the defects and the Pd NPs density increase rapidly
until a saturation value of nearly 318 × 1012 cm−2 . During the second sputtering deposition, Au atoms adsorb on
the SiO2 and diffuse towards Pd NPs without forming
new nuclei. The Au atoms are trapped by the preformed
Pd NPs, forming PdAu bimetallic NPs, as schematized in
Figure 4(c), of increasing size. Increasing hAu , the system
passes from a nucleation and growth stage to a coalescence
stage. A core–shell structure for this type of NPs has been
demonstrated to be the more energetically stable.14 15
3.2. Annealing Treatments: Thermal-Induced
Self-Organization Processes
Once bimetallic PdAu NPs on SiO2 were produced,
to induce a mean NPs size evolution, by NPs selforganization, we performed thermal treatments on the
samples. In particular, we considered all the fabricated
samples each characterized by the same amount of
3
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in Fig. 3) by the log-normal function13


1
ln2 R0 /R∗0 
f x = √
exp −
2 2
2 R0

Generation and Self-Organization of Bimetallic Pd/Au Nanoparticles on SiO2

Rufﬁno et al.

RESEARCH ARTICLE

Fig. 4. Evolution of the mean NPs radius R0  (a) and NPs surface
density N (b) as a function of the amount of deposited Au (hAu . (c) Representative scheme of the bimetallic Au NPs on SiO2 .

Fig. 3. Distributions of the NPs radius R0 for the samples deposited
by (a) hPd = 22 × 1015 Pd/cm2 and hAu = 0 Au/cm2 , (b) hPd = 22 ×
1015 Pd/cm2 and hAu = 30 × 1015 Au/cm2 , (c) hPd = 22 × 1015 Pd/cm2
and hAu = 60 × 1015 Au/cm2 , (d) hPd = 22 × 1015 Pd/cm2 and hAu =
90 × 1015 Au/cm2 , and (e) hPd = 22 × 1015 Pd/cm2 and hAu = 18 × 1016
Au/cm2 . The continuous lines are the log-normal ﬁts.

Pd (22 × 1015 Pd/cm2  but by different amount of Au
(hAu = 30 × 1015 Au/cm2 , hAu = 60 × 1015 Au/cm2 , hAu =
90 × 1015 Au/cm2 , hAu = 18 × 1016 Au/cm2 , respectively)
and we performed annealing processes in dry N2 in the
4

973–1173 K temperature range (by step of 100 K) and
1200–6000 s time range (by step of 1200 s). The starting
mean NPs radius (radius before the annealing processes) in
these sample is, respectively, R0  ≈ 17 20 22 28 nm.
As example, in Figure 5 we show: (a)–(d) representative
1 m × 1 m 3D AFM images of the sample deposited
by hPd = 22 × 1015 Pd/cm2 and hAu = 30 × 1015 Au/cm2
and annealed at 973 K–1200 s (a), 1073 K–1200 s (b),
1073 K–3600 s (c), and 1173 K–3600 s (d), respectively;
(e)–(f) show representative SEM images of the same sample annealed at 973 K–1200 s (e), and 1073 K–1200 s.
In Figure 6 we show: (a)–(d) representative 1 m × 1 m
3D AFM images of the sample deposited by hPd = 22 ×
1015 Pd/cm2 and hAu = 60 × 1015 Au/cm2 and annealed at
973 K–1200 s (a), 1073 K–1200 s (b), 1073 K–3600 s (c),
and 1173 K–3600 s (d), respectively; (e)–(f) show representative SEM images of the same sample annealed at 973 K–
1200 s (e), and 1073 K–1200 s. The AFM and SEM images
show that increasing T or t the PdAu NPs remain semispherical and separated, their size increases and their surface density decreases. Also in this case we were able to
obtain, for each sample, the distribution of the NPs radius
R being each distribution calculated on a statistical population of 500 grains and ﬁtted by the log-normal function
(1) to obtain the mean NPs radius R. It was reported as
dots in Figure 7 as a function of t for each T .
J. Nanosci. Nanotechnol. 12, 1–9, 2012
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Fig. 5. (a)–(d) 1 m × 1 m 3D AFM images of the sample deposited by hPd = 22 × 1015 Pd/cm2 and hAu = 30 × 1015 Au/cm2 and annealed at
(a) 973 K–1200 s, (b) 1073 K–1200 s, (c) 1073 K–3600 s, and (d) 1173 K–3600 s; (e)–(f) SEM images of the same sample annealed at (e) 973 K–1200 s,
and (f) 1073 K–1200 s.

R − R0  = Kt n

(2)

being R the mean NP radius after annealing, R0 
the initial mean NP radius (at t = 0), t the annealing
time, K a temperature dependent rate constant and n the
growth exponent. The constant K can be expressed in an
Arrhenius type equation
K = K0 exp−Ea /kB T 

(3)

with Ea the activation energy for the NPs growth process,
kB the Boltzmann constant, T the absolute temperature.
In Eq. (2) the value of n is characteristic of the growth
mechanism and it can results, on the basis of the considered system, dependent20 23 25 or independent21 22 24 on T .
In Figure 8 we report (in log–log scale) as dots the experimental data R − R0  for each sample, each ﬁxed T , as a
function of t. We ﬁtted these data (continuous lines) by
Eq. (2) being K and n the free parameters. In particular,

Fig. 6. (a)–(d) 1 m×1 m 3D AFM images of the sample deposited by hPd = 22 ×1015 Pd/cm2 and hAu = 60 ×1015 Au/cm2 and annealed at (a) 973
K–1200 s, (b) 1073 K–1200 s, (c) 1073 K–3600 s, and (d) 1173 K–3600 s; (e)–(f) SEM images of the same sample annealed at (e) 973 K–1200 s,
and (f) 1073 K–1200 s.

J. Nanosci. Nanotechnol. 12, 1–9, 2012
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To analyze the data in Figure 7 we use the surfacediffusion-limited Ostwald ripening theoretical framework.
Such a modeling approach is usually used to describe the
grain growth kinetics phenomenology in numerous systems including clustering on surfaces, grain growth in
polycrystalline materials, in thin organic and inorganic
ﬁlms, nanostructured ﬁlms and so on.16–27 According to the
Lifshitz–Slyozov–Wagner theory26 27 of the ripening process the driving force for the NPs growth results from the
decrease of the system free energy by decreasing the total
NPs surface energy. At any stage during ripening there is a
so-called critical particle radius Rc particles with R > Rc
will grow and particles with R < Rc will shrink. The rate
of the NPs growth is proportional to the radius of curvature
of the NP and the equation of the NPs growth kinetic is17
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Fig. 7. Evolution of the mean NPs radius R, for each ﬁxed temperature T , as a function of the annealing time t for the samples deposited
by: (a) hPd = 22 × 1015 Pd/cm2 and hAu = 30 × 1015 Au/cm2 , (b) hPd =
22 × 1015 Pd/cm2 and hAu = 60 × 1015 Au/cm2 , (c) hPd = 22 × 1015
Pd/cm2 and hAu = 90 × 1015 Au/cm2 , and (d) hPd = 22 × 1015 Pd/cm2
and hAu = 18 × 1016 Au/cm2 .

using such an approach, the growth exponent n results
temperature-dependent. In Figure 8, the obtained n value
for each ﬁt is reported. Furthermore, the obtained values
of n as a function of T are reported (dots) in Figure 9 for
each sample. From these plots, n appears to increase linearly with T , in the analyzed temperature range at least, for
all the samples. Therefore, we ﬁtted the experimental data
by a linear relation (continuous lines in Fig. 9)
n = b + cT

(4)

obtaining: b = −034 ± 006, c = 6 × 10−4 ± 6 ×
10−5 (K−1  for hAu = 30×1015 Au/cm2 , b = −038±008,
6
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Fig. 8. Experimental (dots) R − R0  (in semi-log scale) of the PdAu
NPs as a function of the annealing time t, for each ﬁxed T , for the
samples deposited by (a) hPd = 22 × 1015 Pd/cm2 and hAu = 30 × 1015
Au/cm2 , (b) hPd = 22 × 1015 Pd/cm2 and hAu = 60 × 1015 Au/cm2 ,
(c) hPd = 22 × 1015 Pd/cm2 and hAu = 90 × 1015 Au/cm2 , and (d) hPd =
22 × 1015 Pd/cm2 and hAu = 18 × 1016 Au/cm2 . The continuous lines
represent the ﬁts as indicated in the text.

c = 67 × 10−4 ± 8 × 10−5 (K−1  for hAu = 60 × 1015
Au/cm2 , b = −037 ± 005, c = 7 × 10−4 ± 5 × 10−5 (K−1 
for hAu = 90 × 1015 Au/cm2 , b = −038 ± 009, c =
74 × 10−4 ± 9 × 10−5 (K−1  for hAu = 18 × 1016 Au/cm2 .
Finally, the obtained values of n as a function of hAu are
reported (dots) in Figure 10 for each sample (the dashed
lines are only guides for the eyes).
To complete our analyses, the activation energy Ea for
the NPs growth process have to be determined. It can
be determined directly by Eq. (2), considering that, using
J. Nanosci. Nanotechnol. 12, 1–9, 2012
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Fig. 11. Experimental (dots) R − R0  (semi-log scale) of the PdAu
NPs as a function of the annealing temperature T at 1200 s, 2400 s,
3600 s, 4200 s, 3600 s for the samples deposited by (a) hPd = 22 ×
1015 Pd/cm2 and hAu = 30 × 1015 Au/cm2 , (b) hPd = 22 × 1015 Pd/cm2
and hAu = 60 × 1015 Au/cm2 , (c) hPd = 22 × 1015 Pd/cm2 and hAu =
90 × 1015 Au/cm2 , and (d) hPd = 22 × 1015 Pd/cm2 and hAu = 18 ×
1016 Au/cm2 . The continuous lines represents the ﬁt as indicated in the
text from which the activation energies are obtained.

Eqs. (3) and (4),
R − R0  = K0 exp−Ea /kB T t b+cT

Fig. 10. Behaviour of the growth exponent (dots) as a function of hAu
for each T . Dashed lines are only guides for the eyes.

J. Nanosci. Nanotechnol. 12, 1–9, 2012

(5)

So, in Figure 11 we reported (in semi-log scale) the experimental (dots) R−R0  as a function of T and ﬁtted these
data, for each sample, by Eq. (5) with the only ﬁt parameters K0 and Ea . In this way we estimate the activation
energy Ea = 054 ± 003 eV for hAu = 30 × 1015 Au/cm2 ,
Ea = 055 ± 003 eV for hAu = 60 × 1015 Au/cm2 , Ea =
057 ± 002 eV for hAu = 90 × 1015 Au/cm2 , Ea = 060 ±
002 eV for hAu = 18 × 1018 Au/cm2 . So, as reported
7
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Fig. 9. Behaviour of the growth exponent (dots) as a function of T
for the samples deposited by (a) hPd = 22 × 1015 Pd/cm2 and hAu =
30 × 1015 Au/cm2 , (b) hPd = 22 × 1015 Pd/cm2 and hAu = 60 × 1015
Au/cm2 , (c) hPd = 22 × 1015 Pd/cm2 and hAu = 90 × 1015 Au/cm2 , and
(d) hPd = 22 ×1015 Pd/cm2 and hAu = 18×1016 Au/cm2 . The continuous
lines represent the ﬁts as indicated in the text.

Generation and Self-Organization of Bimetallic Pd/Au Nanoparticles on SiO2

Fig. 12. Activation energy Ea (dots) as a function of hAu . The continuous line is the linear ﬁt.

in Figure 12, Ea increases linearly as a function of hAu
according to
Ea = 053 ± 002 eV

RESEARCH ARTICLE

+ 39 × 10−18 ± 8 × 10−19  eV cm2 hAu

(6)

as obtained by the linear ﬁt of the experimental data. To
understand the increase of Ea with hAu we can think that
increasing hAu the PdAu NPs form more and more a quasicontinuous ﬁlm. So, when the NPs are coalesced to form a
quasi continuous a portion of Ea , EB , is used to “break” the
ﬁlm and cause the ﬁlm clustering. EB must be thicknessdependent. Another portion of Ea , ED , is the activation
energy for the atomic surface diffusion process that regulates the NPs growth by the ripening phenomenon. It is
thickness-independent and depends only on the nature of
the diffusing atoms and on the substrate. So we can think
at Ea as
Ea = ED + EB = ED + EB0 · hAu
(7)
Comparing (6) and (7) we have ED = 053 ± 002 eV the
activation energy for the atomic surface diffusion on SiO2 ,
and EB0 = 39 × 10−18 ± 8 × 10−19  eV cm2 . The term
EB = 39 × 10−18 ± 8 × 10−19  eV cm2 ] · hAu is the activation energy for the clustering process of a quasi-continuous
ﬁlm of thickness hAu .

4. CONCLUSION
PdAu NPs were produced on SiO2 surface by sequential room-temperature sputter-depositions of Pd and Au.
The self-organization mechanisms of the PdAu NPs on
the SiO2 substrate were studied by the AFM and SEM
techniques. We infer that for the room-temperature sequential Pd–Au sputtering on SiO2 , Pd ﬁrst nucleates on the
defects of the substrate. Pd nucleation and growth proceeds
at the defects and the Pd NPs density increase rapidly
until a saturation value of nearly 318 × 1012 cm−2 . During the second sputtering deposition, Au atoms adsorb
8
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on the SiO2 and diffuse towards Pd NPs without forming new nuclei. The Au atoms are trapped by the preformed Pd NPs, forming PdAu bimetallic NPs which size
increase. Then, the amount of deposited Pd was ﬁxed in
hPd = 22 × 1015 at/cm2 and four samples were prepared
differing by the amount of Au, hAu : 30 × 1015 , 60 × 1015 ,
90 × 1015 , and 18 × 1016 at/cm2 . Annealing processes
were performed on these samples in the 973–1173 K temperature range (by step of 100 K) and 1200–6000 s time
range (by step of 1200 s) to induce the NPs size change.
The evolution of the mean NPs size was quantiﬁed by
AFM and SEM analyses and studied within the theoretical
framework of the surface diffusion-limited Ostwald ripening mechanism to correlate the mean NPs size evolution
with the process parameters T and t. In particular, by this
approach, several important parameters and information
characterizing the growth mechanism were derived:
(a) the mean NPs size was correlated to the process
parameters by the standard ripening formula R − R0  =
K0 exp−Ea /kB T t n with a temperature-dependent growth
exponent n = b + cT ;
(b) the growth exponent was, also, found, dependent
on hAu ;
(c) explicating the temperature dependence in the kinetic
equation as R − R0  = K0 exp−Ea /kB T t b+cT the activation energy for the NPs growth process was evaluated from the ﬁt of the experimental data. In particular,
Ea was found to change with hAu : 054 ± 003 eV for
hAu = 30 × 1015 Au/cm2 , 055 ± 003 eV for hAu = 60 ×
1015 Au/cm2 , 057 ± 002 eV for hAu = 90 × 1015 Au/cm2 ,
060 ± 002 eV for hAu = 18 × 1018 Au/cm2 . This evolution is consistent with a linear increase described by Ea =
ED + EB = ED + EB0 · hAu where ED = 053 ± 002 eV is
the activation energy for the atomic surface diffusion on
SiO2 , and EB = 39 × 10−18 ± 8 × 10−19  eV cm2 · hAu is
the activation energy for the clustering process of a quasicontinuous ﬁlm of thickness hAu .
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