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Silica-supported silver nanoparticles were obtained by rf sputtering from Ar plasmas softler
synthesis conditions, with particular attention to tt@mbinedinfluence 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 nanopatrticles on the silica
substrate, severdh situ and ex situcharacterization techniques were used. In particular, a laser
reflection interferometry system was employed foeal-timemonitoring of the deposition process,
providing useful and complementary information with respect to the a@keaitutechniquegx-ray
photoelectron spectroscopy and x-ray excited Auger electron spectroscopy, glancing incidence x-ray
diffraction, atomic force microscopy, optical-absorption spectroscopy, and transmission electron
microscopy. The above investigations evidenced the formation of silver-based nanosystems
(average crystallite size<10 nm), whose featuregmetal content, Ag particle size and shape,
structure and optical propertiesould be carefully tailored by moderate and controlled variations of
the synthesis parameters. 2005 American Institute of PhysidDOI: 10.1063/1.1856213

. INTRODUCTION impregnation-*3¢?%on implantatior?’? evaporatior;

) ) . ~combined thermal and electron-beam deposi?i’orand
Nanocomposite materials based on silver nanopart|cle§putteringl_9,25,32Most of the above techniques typically re-

supported and/or embedded on/in various matJrlégi;.\ave quire the use of drastic preparation and/or treatment condi-
been widely investigated for their appealing chemical andjons; thus resulting in an expensive and/or difficult process
physical properties. Among the possible applications, greatontrol, Moreover, despite the extensive research activity on
interest .has peen Qevoted to their use in adyalrgﬁlesd techngiiyer-based nanosystems, literature studies have often de-
logical f'ﬂdlé including heterogeneoggssclgﬁlysﬁs, 98S  scribed the synthesis of Ag/Sj@naterials with a high metal
sensing, ~optics, and optoelectronics.™™ “As a general ojyme fraction, while the early nucleation stages of Ag on
rule, material features are strongly dependent on silver nangsjjica have not been thoroughly investigated up to date. In
particle dimensions, size d|str|_but|?5n23£11d shape, as well as ofpjs context, the possibility of probing the system character-
the Ag amount and its dispersidfi.'* ~“Further character- jgics by a multitechnique approach involving bdth situ
istics influencing the system properties are the chemical nasnqex situanalysis methods plays a crucial role.
ture of the supporting/embeddin% 2ronzaztrix and its structural | this work, silica-supported silver nanoparticles have
and morphological charactgristii:é.' “In fact, the mutual  peen obtained by rf sputtering of Ag from Ar plasmas, with
mteractlo.nsg between silver nanoparticles and theifaricular regard to the first nucleation stages and to the
surroundings result in p%:?gzlgar features that are not dis- yroperty evolution as a function of the metal content. Atten-
played by the metal alorfe.”” Although the possibility of oy has mainly been devoted to the usesoft processing
tailoring material properties represents a major advantage fQfonitions, focusing on the influence of the applied rf power
its applications, it often constitutes a drawback from a syn4nq the total pressure on the system features in terms of

thetic point of view, since it requires the use of suitablechemical composition, surface morphology, nanostructure,
preparation and processing techniques to obtain the desiregy optical properties.

functional performance%ﬁ.
In particular, as concerns Ag/SjGhanosystems, many ||. EXPERIMENT
nthesis r hav n empl includin I-gel an
synthesis routes have been employed including sol-gel a g Synthesis

Jauthor to whom correspondence should be addressed; FAZ9-49- ' Silver depositions were performed on commercial silica
8275161, electronic mail: davide@chin.unipd.it slides(Heraeus, Quarzschmelze, Hanau, Germéaya two-
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TABLE |. Synthesis conditions for Ag/SiOnanosystems. In all cases, the X-ray photoe|ectron spectrosco;@(PS) and X-ray ex-
sputtering timg and deposition temperature corresponded to 10‘min an&ited Auger electron SpeCtI’OSCOME-AES) measurements
60 °C, respectivelyp and V,;,s denote the total pressure and self-bias po- . .
tential, respectively. were run on a Perkin EImeb .56OOCI spectrometgr at pres-
sures lower than 18 mbar, using a monochromatized Kb
rf power p Viias excitation sourcé1486.6 eV. Binding-energy(BE) correc-

Sample (W) (mbap V) tion was performed assigning to the €ine of adventitious

carbon a value of 284.8 eV. The estimated BEs standard

Sett ; 150 038 _gg deviation corresponded ta-0.2 eV. After a Shirley-type
3 15 —442 background subtraction, the raw spectra were fitted using a
4 25 543 nonlinear least-squares deconvolution program. The atomic
compositions were evaluated using sensitivity factors pro-
Set 2 5 5 0.23 -281 vided by ®v5.4A software. Sputtering treatments were per-
6 10 —376 formed using an Ar beam at 2.5 kV with an argon partial
7 15 —448 pressure of X 10°® mbar and a rastered area 0k2 mnt?.
8 25 —560 Glancing incidence x-ray diffractiofGIXRD) patterns
were recorded by a Bruker D8 Advance diffractometer
set3 o ° 0.08 —301 equipped with a Gobel mirror and a Bur source(40 kV, 40
10 10 —388 : e
1n 15 _460 mA), at a fixed incidence angle of 1.5°. The average Ag
12 25 574 crystallite size was estimated by means of the Scherrer

equation.

Atomic force microscopyAFM) micrographs were re-
electrode  custom-built  rf-sputtering  apparatus(v corded by a Pgrk Autoprobe CP instrument operating in con-
=13.56 MH2® using electronic-grade Ar as feed gas and al@ct mode in air. Background subtraction was pgrformed us-
2-in.-diameter Ag targe{0.1 mm thick; BAL-TEC AG, N9 the PROSCAN 1.3software from Pf_;lrk Scientific. Images
99.999% as silver source. During each experiment, two sub\Were taken in different sample areas in order to check surface
strates were mounted on the resistively heated electrode, U89MOgeneity. _ _
ing an electrode-to-electrode distance of 50 mm. In order to __OPtical-absorption spectra were recorded in the range of
investigate the influence of plasma parameters on the nang>0—-800 nm on a Cary S&/arian) UV-Vis-NIR dual-beam
system features, particularpftconditions were adopted. To SPectrophotometer with a spectral bandwidth of 1 nm. In
this aim, depositions were carried out at a substrate temper§aCh spectrum, the silica substrate contribution was sub-
ture of 60 °C to minimize the influence of thermal effetts. racted. _ .

After the optimization of the synthesis parameters, three 1'ansmission electron microscopyEM) images were

sample sets were preparéste Table )l using different com-  t@ken with a Philips 400T, operating at 120 kV. Ag/$iO
binations of rf powel(W) and total pressurgp), yielding, in ~ SPecimens for TEM analyses were prepared under selected

turn, different self-bias potential&/,,., see below Special conditions on prethinned silica substrg(ea. ZQOHm thick).
precautions were taken in order to minimize the exposure of "€ Substrates were subsequently ion milled to electron

silver-based nanosystems to the outer atmosphere. To thiEansparency using 6-kV Arions, operating from the back-
r%de only and protecting the deposited surface from resput-

aim, at the end of the deposition, samples were immediately™’

transferred to a desiccator evacuated by a rotary pump art§ing phenomena.

subsequently backfilled with nitrogen. Conversely, when

specimens were exposed to the outer atmosphere, a progres- RESULTS AND DISCUSSION

sive oxidation was evidenced after a few days of aging, in

agreement with previous reporfs.All obtained samples The synthesis of Ag/SiDnanosystems was performed

were characterized without any furthex situtreatment. under different conditiongTable |), with particular attention
to the deposited silver amount as a function of the applied rf

o power (W) and total pressur@). The combined influence of
B. Characterization these two parameters was reflected by the value of the self-

Laser reflection interferometryLRI) measurements bias potentialVy,s Which is the dc potential developed on
were carried out using a custom-built apparatus, consisting1e target during plasma ignitiatsee Table 1%
of a He—Ne diode laséih =670 nn) incident on the substrate YARL:
at an angle of 70° from the normal. The light reflected by the |Vbia4°<(_) (1)
growth surface was collected bypai-n diode and the signal
was digitized and recorded versus time by a computer. In The modulus of the self-bias potential versus the root
order to avoid undesired interferences from external lighsquare of the applied rf power is displayed in Fig. 1 for sets
and Ar plasma emission lind$ a filter centered at 670 nm 1-3, evidencing an optimal agreement with the theoretical
with a 10-nm bandwidt}? was mounted in front of the de- behavior. In fact, apart from the linear increasevgf,s with
tector diode. Silica slides used for LRI measurements wer&V? for each set of samples, higher self-bias potentials were
ground on the back surface to remove undesired reflectionsbserved on decreasing the total pressure, all the other pa-
from the substrate/electrode interface. rameters being constant, as expected from(EqAs a gen-
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FIG. 1. Dependence of the self-bias potentigls on the root square of the

rf power for the synthesized sample sets. 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.

eral rule, the tailoring oV,;,s 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 sputteringhe increase of the sputtering yield on going from sample 1
yield 3" Nevertheless, the knowledge of the self-bias potenio 4 (i.e., from 5 to 25 W. The same qualitative trend was
tial does not in itself guarantee a thorough understanding dgPbserved in the case of all the synthesized sample sets, but
the synthesized Ag/SiOnanosystem properties, since both resulted progressively steeper on lowering the total pressure.
homogeneous and heterogeneous processes must be talafeh a result could be traced back to the increase of the
into proper account. sputtering yield on going from 0.38 to 0.23 and, finally, to

In order to perform aeal-time monitoring of Ag depo- 0.08 mbar, all the other parameters being constant, in agree-
sition processes, we employed a LRI system, recently devement with Eq.(1). For samples with the lowest Ag amou(t
oped and applied for the diagnostics of gold growth onand 2, only small reflectance variations were obserysee
Si02.33As an example, the dependence of the reflectéRre Fig. 2 since scattering processes and optical losses were
on time for set 1 specimens is displayed in Fig. 2. A progresdominant due to the presence of highly dispersed
sive increase of the LRI signal was evidenced as a functiomanoparticle§® On increasing the substrate coverage, the
of time from 3.4%(the value for the bare silica substrate atprogressive coalescence and agglomeration between particles
the laser wavelengt) to a final value dependent on the resulted in an enhanced reflectafiteNevertheless, it is
applied rf power. Such behavior could be related to the proworth observing that no interference fringes in the LRI traces
gressive substitution of the ambience/substrate interface witivere ever detected even in the case of a complete substrate
the more reflecting ambience/silver one and, in particular, t@¢overage. This phenomenon was attributed both to the low
film thickness(<2 nm) and to the low refraction indetn
=0.140 and high extinction coefficientk=4.29 of Ag at
670 nm> Moreover, even in the case of specimens charac-
terized by a Ag surface percentage of 1008ée below, Fig.
3, sample 12 LRI signals never reached reflectance values
higher than~=10%, which are significantly lower than those
expected for bulk silvet97.29%.%32such a phenomenon

w
w

bl
1=

4.5 could be traced back to the peculiar morphology of the speci-
g mens, and, in particular, to the nanometric size of the depos-
& ited particle$*® Furthermore, the low deposited silver

b
=]

e 1o o0 by g by gy g by gy

amount could be considered responsible for deviations from
the optical properties of bulk AE].The obtained results evi-
dence the importance of LRI for both the real-time monitor-

3.5 ing of the growth process and the obtainment of complemen-
: , tary information with respect to othex situtechniquegsee
"""'"l""""'l""""'I""""';"" be|OV\b.
0 200 400 600 800 The above results were confirmed by XPS characteriza-
time (sec) tion, evidencing an exponential increase of the Ag percent-

FIG. 2. Reflectanc€%) vs time traces obtained by LRI during Ag deposi- age with th? rf power for each set of samp(lEsg. 3. More-
tion on SiQ, for the set 1 specimens. The vertical lines mark the beginningOVer lowering th.e tma—_' pressure at constant rf power result.ed
(plasma ol and the endplasma off of the deposition process. in higher deposited silver amounts, as expected for the in-

Downloaded 10 Mar 2008 to 193.205.203.3. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



054311-4 Barreca et al. J. Appl. Phys. 97, 054311 (2005)
£
8
2
g
E
Il T i S et
40
(a) 29 (degrees)
11
10
E ] p
E ] g ’
‘w9 it
2 ] e
‘=§ ] L ";
i T B
5 8] . ;
z 7] | 5
6

T | 1
15 20
RF-power (W)

2

(b)

Y

FIG. 4. (a) GIXRD patterns for the set 3 specimens. The vertical lines
indicate the peak positions for bulk sivBr(b) Average crystallite size vs rf
power in the case of the same sample set.

¥ & & Sk

0.0 0.2 0.6 0.8

crease of the sputtering yield. In other words, a suitable com- HiE

bination of the rf power and total pressure allowed us tOrG. 5. Representative AFM micrographs for two selected specinahs:
control the Ag content resulting, in turn, in systems with sample 4(average grain size=14 nm); (b) sample 12(average grain size
tunable properties. ~45 nm. In both cases, the vertical scale is from 0 to 10 nm.

Further investigation was focused on the Ag/si@ano-
structure, as probed by GIXRD. Selected spectra are dis- Surface morphology was investigated by ARMg. 5).
played in Fig. 4a) for specimens 9-12, evidencing the pres-All specimens were characterized by a homogeneous and
ence of the(111) and (200) reflections expected in the case globular surface texture. Interestingly, a progressive increase
of metallic Ag at 29=38.1 and 44.3°, respectively>**>**°  of the particle size along with the deposited silver amount
Unlike other literature reports, neither appreciable preferenwas observed, as expected in the case of a three-dimensional
tial orientationd®*nor diffraction signals arising from sil- (Volmer—Webey growth mode**#°*For all samples, the
ver oxide$* have ever been detected. A progressive intenaverage grain size turned out to be larger than the average
sity increase and narrowing of the peaks occurred whegrystallite dimensions estimated by GIXRD, evidencing that
higher rf powers were applied. This effect could be ascribedhe observed AFM particles were likely to be composed of
both to a higher deposited Ag amount and to the enhanceseveral crystallites and/or some amorphous material.
crystallinity degree under more drastic plasma conditions. The chemical composition as a function of processing
Concomitantly, a linear increase of the crystallite size withconditions was analyzed by XPS and XE-AES. Despite the
the rf power was observelFig. 4(b)], pointing out to the adoption of special precautions to minimize air exposure,
possibility of exerting a careful control on the system size-interaction with the outer atmosphere could not be com-
dependent properties. Such behavior, similar to that observesletely avoided, leading to the presence of chemical species
for Au/SiO, specimens? suggested that Ag growth on SjO  different from the sole metallic silver. Such behavior, whose
was likely to occur by a preferential interaction of the im- occurrence confirms the well-known complexity of the Ag—O
pinging silver species with preexisting sites rather than withsystem'**? reflected the silver reactivity towards oxygen-
silica. containing specie%"’, enhanced in the present case by the
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FIG. 6. CX (a) and OX (b) surface photoelectron peaks for sample 4. ] ] ]
FIG. 7. Optical-absorption spectra for samples belongingtset 1 andb)

set 3.

system nanostructure. Such phenomena can be exemplified
by the Ck and Ok spectra of specimen &ig. 6). In par-  ers  [a;=BE(Ag3ds;,) +KE(MNN);  a,=BE(Ag3ds/,)
ticular, the C% photopeakFig. 6@)] was characterized by +KE(M,NN)].>***®This evaluation is necessary since the
two components: the main ofBE=284.8 eV, assigned to  chemical shift of the Ag8 peak alone does not allow an
the presence of adventitious carbon, and a second®BBe unambiguous distinction among the various Ag chemical
=287.8 eV, ascribed to carbonates or bicarbon&tésaris-  states??* As a matter of fact, for all the synthesized speci-
ing from atmospheric exposure. mens, the obtained valués;=720.0 eV;a,=725.4 eV} fall

Similar attributions were corroborated by the analysis ofin between A¢0) and Ad) reported datd>*®
the O signal[Fig. 6(b)], characterized by a component at The presence of metallic silver was confirmed by
BE~533.0 eV due to the silica substrate and a lower BEoptical-absorption spectra. In particular, the evolution of the
peak at =~531.1eV mainly ascribable to AGOs  system optical properties is displayed in Fig. 7 for sample
AgHCO,.**** However, other species could also be responsets 1 and 3. As concerns FigaY, three major effects could
sible for the latter band, including hydroxyl groups and ad-be detected on going from sample 1 to sample 4, i.e., on
sorbed HO/O,.*"**As a general rule, both the ®And the increasing the silver surface percentage fremi0% to
C1s signals showed a higher @O)HCO; contribution for =75% (see Fig. 3 (i) the appearance and the progressive
samples characterized by a lower silver content. This effedncrease of an absorption band in the Vis region, attributable
could be explained taking into account that the latter specito the surface-plasmon resonandSPR of Ag/SiO,
mens have a lower particle sizsee above thus being the nanosystem$®2*3!(ii) a concomitant broadening of the
most reactive to atmosphere due to their nanostructure. Theame signal; andiii) a redshift from\ =450 to =510 nm
atmospheric contamination was limited to the particle sur{compare Fig. B
face, as confirmed by the disappearance of C and O photo- The band intensity increase could be mainly traced back
electron signals after a mild Arsputtering. to the higher sputtering yield on increasing the rf power from

The presence of oxidized Ag in the samples was conb (sample 1 to 25 W (sample 4, thus resulting in the depo-
firmed by the calculation of silver Augen paramet- sition of a progressively higher metal amount. In particular,

Downloaded 10 Mar 2008 to 193.205.203.3. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



054311-6 Barreca et al. J. Appl. Phys. 97, 054311 (2005)

580 4
i ]
560 ] - set ] |
] ¥ set 2 )
[}

W

&>

[=4
1

wn

[¥]

>
llllll

SPR peak (nm)

S + w
(=) -] (=3
[l (=] <
| | I

LA L LA B R L L L B LN R AL L LRI BLRLRLEL |

20 40 60 80
Ag surface percentage (%) (a)
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obtained by XPS.

in the case of sample 1, the small Ag nanoparticle size was
also responsible for the very weak absorpﬁ&ﬁMoreover,
the observed peak broadening could be attributed to a gradu-
ally wider size and shape distribution when the silver per-
centage is increaséd®?*This phenomenon was likely to be
responsible also for the marked peak asymmetry in the
samples featuring a higher Ag contént’ Finally, the peak
shift towards higher wavelengths could be ascribed to the
absorption by larger coalescence aggred&té£**and to
the increasing interaction between more and more densely
packed Ag nanoparticle$.

A more marked evolution of the optical properties was 50 nm
observed in the case of a higher Ag content, as evidenced for (b)
the set 3 specimens in Fig(bj. In fact, going from sample 9
(=75% Ag to 11 (=90% Ag), the absorption spectra char- FIG. 9. Plane-view TEM images of specimen 5.
acterized by broader and more asymmetric bands, undergo-

ing a progressive redshiffig. 8), were obtained. Finally, i, gy 10, ~750 Ag), a different morphology was observed.
concerning specimen 12, no net band in the Vis region CO”'ﬁin fact, the images were dominated by a higher density of
_be cIea_rIy d_|scerne_d. Such a phenom(_enon was ascribed _to tg er aggregates, resulting in a lower interparticle distance.
increasing interactions between previously isolated part'deﬁurthermore several agglomerates showed marked varia-
at higher S|Ivgr gmounf’éreflectlng the mtert and intraband tions from the spherical shape. The average particle size was
electron excitations due to theontinuousfilm structure, higher than in the previous sample and corresponded to a
raltth(_er thggéhgsedagﬁ_cr?ntlnu0LIJSA_g/S|_02 nanqsslstfmihdli— broader size distributio.0-50 nn). It is worth highlighting
playing ands. 1his conciusion 1S consistent with the that, as evidenced by the image contrast, most particles ap-
XPS results, which showed complete silica coverage in th%eared to be composed of several crystafliggsd with struc-
case of san:p;liggzs(()ae belolv)z Ir|1 this casgl, th(ihabsorbar:lceCitural planar defects, like twins. The corresponding selected
minimum at A= nm- closely resembies the S0-Callet a5 electron diffractionf SAED) pattern[Fig. 10c)] was
transmission windoyalready detected in the optical spectra .t o o cterized by the presence of diffuse rings, confirming a

: 3
of AU/SIO, nanosysftem ) o . random orientation for the crystalline domains and a low
In order to attain a deeper insight into the system nano- article size

structure, selected specimens were subjected to TEM mveg— In summary, the information gained by an accurate com-

tigation, which evidenced a progressive transition from dis-

nin AQ nan tems t nin iver films wh rParison of the above results allows a detailed insight into the
fr?e de?alj)ssite?j n?et(;ffmeourswt \?v:sincr:gzz ds € s whe growth and nucleation processes of Ag on Si®@hich can

In particular, sample §Fig. 9, =30% Ag atomic per- be explained as follows:
centagg was characterized by almost spherical and well-(1) At the beginning of the sputtering process A&g;, spe-
separated particles uniformly distributed on the silica sub- cies impinge on the silica surface from the plasma
strate, with average dimensions of12 nm and a narrow phase, giving rise to very small and far apart nucleation
size distribution. In the case of higher Ag amoufgample 9 sites. During the first stages, i.e., when the deposited
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(c)

FIG. 10. Plane-view TEM image®,b and SAED patterric) of sample 9.
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(2) 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 shefpe
Fig. 10@ and 1@b)]. 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.

(3) 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/SiOnanosystems.

V. CONCLUSIONS

In the present work, Ag/SiOnanosystems were synthe-
sized by rf sputtering from Ar plasmas at a substrate tem-
perature as low as 60 °C. In particular, the influenceait
preparation conditiongrf power 5-25 W; Ar total pressure
0.08-0.38 mbarwas investigated in terms of chemical com-
position, nanostructure, morphology, and optical properties.
To this aim, beside the conventiorat situcharacterization
techniques(XPS, XE-AES, GIXRD, AFM, UV-Vis, and
TEM), we adopted a LRI system forraal-time monitoring
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 sizes10 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/SiG nanosystems with well-tailored
structural and optical properties.
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