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Silica-supported silver nanoparticles were obtained by rf sputtering from Ar plasmas undersoft
synthesis conditions, with particular attention to thecombinedinfluence of rf power and total
pressure on the system composition, nanostructure, morphology, and optical properties. In order to
attain a thorough insight into the nucleation and growth phenomena of Ag nanoparticles on the silica
substrate, severalin situ and ex situcharacterization techniques were used. In particular, a laser
reflection interferometry system was employed for areal-timemonitoring of the deposition process,
providing useful and complementary information with respect to the otherex situtechniquessx-ray
photoelectron spectroscopy and x-ray excited Auger electron spectroscopy, glancing incidence x-ray
diffraction, atomic force microscopy, optical-absorption spectroscopy, and transmission electron
microscopyd. The above investigations evidenced the formation of silver-based nanosystems
saverage crystallite sizeø10 nmd, whose featuressmetal content, Ag particle size and shape,
structure and optical propertiesd could be carefully tailored by moderate and controlled variations of
the synthesis parameters. ©2005 American Institute of Physics. fDOI: 10.1063/1.1856213g

I. INTRODUCTION

Nanocomposite materials based on silver nanoparticles
supported and/or embedded on/in various matrices1–10 have
been widely investigated for their appealing chemical and
physical properties. Among the possible applications, great
interest has been devoted to their use in advanced techno-
logical fields including heterogeneous catalysis,2–4,10–13gas
sensing,1,14,15optics, and optoelectronics.6,8,16–19As a general
rule, material features are strongly dependent on silver nano-
particle dimensions, size distribution and shape, as well as on
the Ag amount and its dispersion.4,8,15,20,21Further character-
istics influencing the system properties are the chemical na-
ture of the supporting/embedding matrix and its structural
and morphological characteristics.1,13,20,22In fact, the mutual
interactions between silver nanoparticles and their
surroundings5 result in peculiar features that are not dis-
played by the metal alone.20–25 Although the possibility of
tailoring material properties represents a major advantage for
its applications, it often constitutes a drawback from a syn-
thetic point of view, since it requires the use of suitable
preparation and processing techniques to obtain the desired
functional performances.26

In particular, as concerns Ag/SiO2 nanosystems, many
synthesis routes have been employed including sol-gel and

impregnation,1,13,16,24ion implantation,27,28evaporation,4,29,30

combined thermal and electron-beam deposition,31 and
sputtering.19,25,32Most of the above techniques typically re-
quire the use of drastic preparation and/or treatment condi-
tions, thus resulting in an expensive and/or difficult process
control. Moreover, despite the extensive research activity on
silver-based nanosystems, literature studies have often de-
scribed the synthesis of Ag/SiO2 materials with a high metal
volume fraction, while the early nucleation stages of Ag on
silica have not been thoroughly investigated up to date. In
this context, the possibility of probing the system character-
istics by a multitechnique approach involving bothin situ
andex situanalysis methods plays a crucial role.

In this work, silica-supported silver nanoparticles have
been obtained by rf sputtering of Ag from Ar plasmas, with
particular regard to the first nucleation stages and to the
property evolution as a function of the metal content. Atten-
tion has mainly been devoted to the use ofsoft processing
conditions, focusing on the influence of the applied rf power
and the total pressure on the system features in terms of
chemical composition, surface morphology, nanostructure,
and optical properties.

II. EXPERIMENT

A. Synthesis

Silver depositions were performed on commercial silica
slidessHeraeus, Quarzschmelze, Hanau, Germanyd by a two-
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electrode custom-built rf-sputtering apparatussn
=13.56 MHzd33 using electronic-grade Ar as feed gas and a
2-in.-diameter Ag targets0.1 mm thick; BAL-TEC AG,
99.99%d as silver source. During each experiment, two sub-
strates were mounted on the resistively heated electrode, us-
ing an electrode-to-electrode distance of 50 mm. In order to
investigate the influence of plasma parameters on the nano-
system features, particularlysoftconditions were adopted. To
this aim, depositions were carried out at a substrate tempera-
ture of 60 °C to minimize the influence of thermal effects.4

After the optimization of the synthesis parameters, three
sample sets were preparedssee Table Id using different com-
binations of rf powersWd and total pressurespd, yielding, in
turn, different self-bias potentialssVbias, see belowd. Special
precautions were taken in order to minimize the exposure of
silver-based nanosystems to the outer atmosphere. To this
aim, at the end of the deposition, samples were immediately
transferred to a desiccator evacuated by a rotary pump and
subsequently backfilled with nitrogen. Conversely, when
specimens were exposed to the outer atmosphere, a progres-
sive oxidation was evidenced after a few days of aging, in
agreement with previous reports.16 All obtained samples
were characterized without any furtherex situtreatment.

B. Characterization

Laser reflection interferometrysLRId measurements
were carried out using a custom-built apparatus, consisting
of a He–Ne diode lasersl=670 nmd incident on the substrate
at an angle of 70° from the normal. The light reflected by the
growth surface was collected by ap-i-n diode and the signal
was digitized and recorded versus time by a computer. In
order to avoid undesired interferences from external light
and Ar plasma emission lines,34 a filter centered at 670 nm
with a 10-nm bandwidth35 was mounted in front of the de-
tector diode. Silica slides used for LRI measurements were
ground on the back surface to remove undesired reflections
from the substrate/electrode interface.

X-ray photoelectron spectroscopysXPSd and x-ray ex-
cited Auger electron spectroscopysXE-AESd measurements
were run on a Perkin ElmerF 5600ci spectrometer at pres-
sures lower than 10−9 mbar, using a monochromatized AlKa
excitation sources1486.6 eVd. Binding-energysBEd correc-
tion was performed assigning to the C1s line of adventitious
carbon a value of 284.8 eV. The estimated BEs standard
deviation corresponded to60.2 eV. After a Shirley-type
background subtraction, the raw spectra were fitted using a
nonlinear least-squares deconvolution program. The atomic
compositions were evaluated using sensitivity factors pro-
vided by FV5.4A software. Sputtering treatments were per-
formed using an Ar+ beam at 2.5 kV with an argon partial
pressure of 5310−8 mbar and a rastered area of 232 mm2.

Glancing incidence x-ray diffractionsGIXRDd patterns
were recorded by a Bruker D8 Advance diffractometer
equipped with a Göbel mirror and a CuKa sources40 kV, 40
mAd, at a fixed incidence angle of 1.5°. The average Ag
crystallite size was estimated by means of the Scherrer
equation.

Atomic force microscopysAFMd micrographs were re-
corded by a Park Autoprobe CP instrument operating in con-
tact mode in air. Background subtraction was performed us-
ing the PROSCAN 1.3software from Park Scientific. Images
were taken in different sample areas in order to check surface
homogeneity.

Optical-absorption spectra were recorded in the range of
250–800 nm on a Cary 5EsVariand UV-Vis-NIR dual-beam
spectrophotometer with a spectral bandwidth of 1 nm. In
each spectrum, the silica substrate contribution was sub-
tracted.

Transmission electron microscopysTEMd images were
taken with a Philips 400T, operating at 120 kV. Ag/SiO2

specimens for TEM analyses were prepared under selected
conditions on prethinned silica substratessca. 200µm thickd.
The substrates were subsequently ion milled to electron
transparency using 6-kV Ar+ ions, operating from the back-
side only and protecting the deposited surface from resput-
tering phenomena.

III. RESULTS AND DISCUSSION

The synthesis of Ag/SiO2 nanosystems was performed
under different conditionssTable Id, with particular attention
to the deposited silver amount as a function of the applied rf
powersWd and total pressurespd. The combined influence of
these two parameters was reflected by the value of the self-
bias potential,Vbias which is the dc potential developed on
the target during plasma ignitionssee Table Id.33,36

uVbiasu~SW

p
D1/2

. s1d

The modulus of the self-bias potential versus the root
square of the applied rf power is displayed in Fig. 1 for sets
1–3, evidencing an optimal agreement with the theoretical
behavior. In fact, apart from the linear increase ofVbias with
W1/2 for each set of samples, higher self-bias potentials were
observed on decreasing the total pressure, all the other pa-
rameters being constant, as expected from Eq.s1d. As a gen-

TABLE I. Synthesis conditions for Ag/SiO2 nanosystems. In all cases, the
sputtering time and deposition temperature corresponded to 10 min and
60 °C, respectively.p and Vbias denote the total pressure and self-bias po-
tential, respectively.

Sample
rf power

sWd
p

smbard
Vbias

sVd

Set 1 1 5 0.38 2270
2 10 2372
3 15 2442
4 25 2543

Set 2 5 5 0.23 2281
6 10 2376
7 15 2448
8 25 2560

Set 3 9 5 0.08 2301
10 10 2388
11 15 2460
12 25 2574
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eral rule, the tailoring ofVbias by a proper choice of the rf
power and total pressure is a valuable tool for the process
control, since this parameter is proportional to the sputtering
yield.37 Nevertheless, the knowledge of the self-bias poten-
tial does not in itself guarantee a thorough understanding of
the synthesized Ag/SiO2 nanosystem properties, since both
homogeneous and heterogeneous processes must be taken
into proper account.

In order to perform areal-timemonitoring of Ag depo-
sition processes, we employed a LRI system, recently devel-
oped and applied for the diagnostics of gold growth on
SiO2.

33 As an example, the dependence of the reflectancesRd
on time for set 1 specimens is displayed in Fig. 2. A progres-
sive increase of the LRI signal was evidenced as a function
of time from 3.4%sthe value for the bare silica substrate at
the laser wavelength33d to a final value dependent on the
applied rf power. Such behavior could be related to the pro-
gressive substitution of the ambience/substrate interface with
the more reflecting ambience/silver one and, in particular, to

the increase of the sputtering yield on going from sample 1
to 4 si.e., from 5 to 25 Wd. The same qualitative trend was
observed in the case of all the synthesized sample sets, but
resulted progressively steeper on lowering the total pressure.
Such a result could be traced back to the increase of the
sputtering yield on going from 0.38 to 0.23 and, finally, to
0.08 mbar, all the other parameters being constant, in agree-
ment with Eq.s1d. For samples with the lowest Ag amounts1
and 2d, only small reflectance variations were observedssee
Fig. 2d since scattering processes and optical losses were
dominant due to the presence of highly dispersed
nanoparticles.38 On increasing the substrate coverage, the
progressive coalescence and agglomeration between particles
resulted in an enhanced reflectance.38 Nevertheless, it is
worth observing that no interference fringes in the LRI traces
were ever detected even in the case of a complete substrate
coverage. This phenomenon was attributed both to the low
film thicknesssø2 nmd and to the low refraction indexsn
=0.140d and high extinction coefficientsk=4.29d of Ag at
670 nm.39 Moreover, even in the case of specimens charac-
terized by a Ag surface percentage of 100%ssee below, Fig.
3, sample 12d, LRI signals never reached reflectance values
higher than<10%, which are significantly lower than those
expected for bulk silvers97.2%d.18,38,39Such a phenomenon
could be traced back to the peculiar morphology of the speci-
mens, and, in particular, to the nanometric size of the depos-
ited particles.8,18 Furthermore, the low deposited silver
amount could be considered responsible for deviations from
the optical properties of bulk Ag.8 The obtained results evi-
dence the importance of LRI for both the real-time monitor-
ing of the growth process and the obtainment of complemen-
tary information with respect to otherex situtechniquesssee
belowd.

The above results were confirmed by XPS characteriza-
tion, evidencing an exponential increase of the Ag percent-
age with the rf power for each set of samplessFig. 3d. More-
over, lowering the total pressure at constant rf power resulted
in higher deposited silver amounts, as expected for the in-

FIG. 1. Dependence of the self-bias potentialVbias on the root square of the
rf power for the synthesized sample sets.

FIG. 2. Reflectances%d vs time traces obtained by LRI during Ag deposi-
tion on SiO2 for the set 1 specimens. The vertical lines mark the beginning
splasma ond and the endsplasma offd of the deposition process.

FIG. 3. Ag surface percentage as a function of the applied rf power for the
three sample sets. The silver percentage was evaluated including only Ag
and Si photopeaks.
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crease of the sputtering yield. In other words, a suitable com-
bination of the rf power and total pressure allowed us to
control the Ag content resulting, in turn, in systems with
tunable properties.

Further investigation was focused on the Ag/SiO2 nano-
structure, as probed by GIXRD. Selected spectra are dis-
played in Fig. 4sad for specimens 9–12, evidencing the pres-
ence of thes111d and s200d reflections expected in the case
of metallic Ag at 2q=38.1 and 44.3°, respectively.18,24,25,32,40

Unlike other literature reports, neither appreciable preferen-
tial orientations3,18,38nor diffraction signals arising from sil-
ver oxides7,13 have ever been detected. A progressive inten-
sity increase and narrowing of the peaks occurred when
higher rf powers were applied. This effect could be ascribed
both to a higher deposited Ag amount and to the enhanced
crystallinity degree under more drastic plasma conditions.
Concomitantly, a linear increase of the crystallite size with
the rf power was observedfFig. 4sbdg, pointing out to the
possibility of exerting a careful control on the system size-
dependent properties. Such behavior, similar to that observed
for Au/SiO2 specimens,33 suggested that Ag growth on SiO2

was likely to occur by a preferential interaction of the im-
pinging silver species with preexisting sites rather than with
silica.

Surface morphology was investigated by AFMsFig. 5d.
All specimens were characterized by a homogeneous and
globular surface texture. Interestingly, a progressive increase
of the particle size along with the deposited silver amount
was observed, as expected in the case of a three-dimensional
sVolmer–Weberd growth mode.2,4,8,9,14 For all samples, the
average grain size turned out to be larger than the average
crystallite dimensions estimated by GIXRD, evidencing that
the observed AFM particles were likely to be composed of
several crystallites and/or some amorphous material.

The chemical composition as a function of processing
conditions was analyzed by XPS and XE-AES. Despite the
adoption of special precautions to minimize air exposure,
interaction with the outer atmosphere could not be com-
pletely avoided, leading to the presence of chemical species
different from the sole metallic silver. Such behavior, whose
occurrence confirms the well-known complexity of the Ag–O
system,41,42 reflected the silver reactivity towards oxygen-
containing species,43 enhanced in the present case by the

FIG. 4. sad GIXRD patterns for the set 3 specimens. The vertical lines
indicate the peak positions for bulk silver.40 sbd Average crystallite size vs rf
power in the case of the same sample set.

FIG. 5. Representative AFM micrographs for two selected specimens:sad
sample 4saverage grain size<14 nmd; sbd sample 12saverage grain size
<45 nmd. In both cases, the vertical scale is from 0 to 10 nm.
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system nanostructure. Such phenomena can be exemplified
by the C1s and O1s spectra of specimen 4sFig. 6d. In par-
ticular, the C1s photopeakfFig. 6sadg was characterized by
two components: the main onesBE=284.8 eVd, assigned to
the presence of adventitious carbon, and a second onesBE
=287.8 eVd, ascribed to carbonates or bicarbonates42,44 aris-
ing from atmospheric exposure.

Similar attributions were corroborated by the analysis of
the O1s signal fFig. 6sbdg, characterized by a component at
BE<533.0 eV due to the silica substrate and a lower BE
peak at <531.1 eV mainly ascribable to Ag2CO3/
AgHCO3.

42,44 However, other species could also be respon-
sible for the latter band, including hydroxyl groups and ad-
sorbed H2O/O2.

41,42As a general rule, both the O1s and the
C1s signals showed a higher CO3

2−/HCO3
− contribution for

samples characterized by a lower silver content. This effect
could be explained taking into account that the latter speci-
mens have a lower particle sizessee aboved, thus being the
most reactive to atmosphere due to their nanostructure. The
atmospheric contamination was limited to the particle sur-
face, as confirmed by the disappearance of C and O photo-
electron signals after a mild Ar+ sputtering.

The presence of oxidized Ag in the samples was con-
firmed by the calculation of silver Augera paramet-

ers fa1=BEsAg3d5/2d+KEsM5NNd; a2=BEsAg3d5/2d
+KEsM4NNdg.24,45,46This evaluation is necessary since the
chemical shift of the Ag3d peak alone does not allow an
unambiguous distinction among the various Ag chemical
states.5,24 As a matter of fact, for all the synthesized speci-
mens, the obtained valuessa1=720.0 eV;a2=725.4 eVd fall
in between Ags0d and AgsId reported data.16,45

The presence of metallic silver was confirmed by
optical-absorption spectra. In particular, the evolution of the
system optical properties is displayed in Fig. 7 for sample
sets 1 and 3. As concerns Fig. 7sad, three major effects could
be detected on going from sample 1 to sample 4, i.e., on
increasing the silver surface percentage from<10% to
<75% ssee Fig. 3d: sid the appearance and the progressive
increase of an absorption band in the Vis region, attributable
to the surface-plasmon resonancesSPRd of Ag/SiO2

nanosystems;4,16,24,31 sii d a concomitant broadening of the
same signal; andsiii d a redshift froml<450 to <510 nm
scompare Fig. 8d.

The band intensity increase could be mainly traced back
to the higher sputtering yield on increasing the rf power from
5 ssample 1d to 25 W ssample 4d, thus resulting in the depo-
sition of a progressively higher metal amount. In particular,

FIG. 6. C1s sad and O1s sbd surface photoelectron peaks for sample 4.
FIG. 7. Optical-absorption spectra for samples belonging tosad set 1 andsbd
set 3.
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in the case of sample 1, the small Ag nanoparticle size was
also responsible for the very weak absorption.1,24 Moreover,
the observed peak broadening could be attributed to a gradu-
ally wider size and shape distribution when the silver per-
centage is increased.4,20,23This phenomenon was likely to be
responsible also for the marked peak asymmetry in the
samples featuring a higher Ag content.25,31 Finally, the peak
shift towards higher wavelengths could be ascribed to the
absorption by larger coalescence aggregates16,22,23,25and to
the increasing interaction between more and more densely
packed Ag nanoparticles.26

A more marked evolution of the optical properties was
observed in the case of a higher Ag content, as evidenced for
the set 3 specimens in Fig. 7sbd. In fact, going from sample 9
s<75% Agd to 11 s<90% Agd, the absorption spectra char-
acterized by broader and more asymmetric bands, undergo-
ing a progressive redshiftsFig. 8d, were obtained. Finally,
concerning specimen 12, no net band in the Vis region could
be clearly discerned. Such a phenomenon was ascribed to the
increasing interactions between previously isolated particles
at higher silver amounts,8 reflecting the inter- and intraband
electron excitations due to thecontinuousfilm structure,
rather than those ofdiscontinuousAg/SiO2 nanosystems dis-
playing SPR bands.26 This conclusion is consistent with the
XPS results, which showed complete silica coverage in the
case of sample 12ssee belowd. In this case, the absorbance
minimum at l<320 nm closely resembles the so-called
transmission window, already detected in the optical spectra
of Au/SiO2 nanosystems.33

In order to attain a deeper insight into the system nano-
structure, selected specimens were subjected to TEM inves-
tigation, which evidenced a progressive transition from dis-
continous Ag nanosystems to continuous silver films when
the deposited metal amount was increased.

In particular, sample 5sFig. 9, <30% Ag atomic per-
centaged was characterized by almost spherical and well-
separated particles uniformly distributed on the silica sub-
strate, with average dimensions of<12 nm and a narrow
size distribution. In the case of higher Ag amountsssample 9

in Fig. 10,<75% Agd, a different morphology was observed.
In fact, the images were dominated by a higher density of
silver aggregates, resulting in a lower interparticle distance.
Furthermore, several agglomerates showed marked varia-
tions from the spherical shape. The average particle size was
higher than in the previous sample and corresponded to a
broader size distributions10–50 nmd. It is worth highlighting
that, as evidenced by the image contrast, most particles ap-
peared to be composed of several crystallites3 and with struc-
tural planar defects, like twins. The corresponding selected
area electron diffractionsSAEDd pattern fFig. 10scdg was
characterized by the presence of diffuse rings, confirming a
random orientation for the crystalline domains and a low
particle size.

In summary, the information gained by an accurate com-
parison of the above results allows a detailed insight into the
growth and nucleation processes of Ag on SiO2, which can
be explained as follows:

s1d At the beginning of the sputtering process Agn/Agn
+ spe-

cies impinge on the silica surface from the plasma
phase, giving rise to very small and far apart nucleation
sites. During the first stages, i.e., when the deposited

FIG. 8. Dependence of the SPR peak position on silver surface percentages
obtained by XPS.

FIG. 9. Plane-view TEM images of specimen 5.
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silver amount is low enough, very small spherical nano-
particles, with a narrow size distribution, are formed on
the silica surface. The very high surface-to-volume ratio,
resulting in enhanced scattering phenomena, and the low
metal content lead to a limited reflectance increase com-
pared to the bare silica substrate and in a relatively weak
SPR band. For the same reasons, no appreciable diffrac-
tion peaks are detected, even though the presence of
silver-containing species is confirmed by XPS analyses.

s2d A progressive increase in the silver deposited amount
results both in the formation of further nucleation sites
and in the growth of preformed ones, according to a
Volmer–Weber mechanism. It is interesting to note that
these processes are accompanied by a marked evolution
of the system properties. In fact, as the Ag percentage
increases, bigger particles with a broader size distribu-
tion are typically observed. While some aggregates still
appear spherical like, others present a prolate shapefcf.
Fig. 10sad and 10sbdg. All the above effects and the con-
comitant lowering of the interparticle distance result in a
steeper increase of the system reflectance and in a stron-
ger absorption band in the Vis region, whose intensity,
shape, and position markedly depend on the system mor-
phology.

s3d Finally, when the deposited metal amount is still higher,
all particles are interconnected between each other to
form a continuous layer which displays optical features
different from discontinuous Ag/SiO2 nanosystems.

IV. CONCLUSIONS

In the present work, Ag/SiO2 nanosystems were synthe-
sized by rf sputtering from Ar plasmas at a substrate tem-
perature as low as 60 °C. In particular, the influence ofsoft
preparation conditionssrf power 5–25 W; Ar total pressure
0.08–0.38 mbard was investigated in terms of chemical com-
position, nanostructure, morphology, and optical properties.
To this aim, beside the conventionalex situcharacterization
techniquessXPS, XE-AES, GIXRD, AFM, UV-Vis, and
TEMd, we adopted a LRI system for areal-timemonitoring
of Ag deposition processes on silica. No previous LRI re-
ports on similar systems have ever appeared in the literature.
A careful control of the substrate coverage, with a typical
nanocrystal sizeø10 nm and average grain size up to 50 nm,
was attained. Finally, the progressive evolution from spheri-
cal and dispersed nanoparticles to bigger multidomain ag-
glomerates and, ultimately, to continuous silver films as a
function of the deposited metal amount, indicated the possi-
bility of obtaining Ag/SiO2 nanosystems with well-tailored
structural and optical properties.
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