Applied Surface Science 669 (2024) 160566

ELSEVIER

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Contents lists available at ScienceDirect » Applied
Surface Science

Full Length Article

Nucleation and growth of plasma sputtered silver nanoparticles under

acoustic wave activation

Helene Reichel ?, Aurelio Garcia-Valenzuela ™', José Andrés Espino-Roman “, Jorge Gil-Rostra ?,

Guillermo Fernando Regoddn “, Victor Rico-Gavira®, Ana Borras®, Ana Gomez-Ramirez
Alberto Palmero , Agustin R. Gonzalez-Elipe ® , Manuel Oliva-Ramirez

a,b
)

a,b,*

2 Laboratory of Nanotechnology on Surfaces and Plasma. Instituto de Ciencia de Materiales de Sevilla (CSIC-Universidad de Sevilla), Avda. Américo Vespucio 49, E-

41092 Seville, Spain

b Departamento de Fisica Atomica, Molecular y Nuclear, Universidad de Sevilla, Avda. Reina Mercedes, E-41012 Seville, Spain

ARTICLE INFO ABSTRACT

Keywords:

Plasma-acoustic waves interaction
Electroacoustically activated surfaces
Growth of silver nanoparticles
Plasma sputtering deposition
Acoustic Waves

Plasmon

Early results on the plasma deposition of dielectric thin films on acoustic wave (AW) activated substrates
revealed a densification pattern arisen from the focusing of plasma ions and their impact on specific areas of the
piezoelectric substrate. Herein, we extend this methodology to tailor the plasma deposition of metals onto AW-
activated LiNbO3 piezoelectric substrates. Our investigation reveals the tracking of the initial stages of nano-
particle (NP) formation and growth during the submonolayer deposition of silver. We elucidate the specific role
of AW activation in reducing particle size, enhancing particle circularity, and retarding NP agglomeration and
account for the physical phenomena making these processes differ from those occurring on non-activated sub-
strates. We provide a comparative analysis of the results obtained under two representative plasma conditions:
diode DC sputtering and magnetron sputtering. In the latter case, the AW activation gives rise to a 2D pattern of
domains with different amounts of silver and a distinct size and circularity for the silver NPs. This difference was
attributed to the specific characteristics of the plasma sheath formed onto the substrate in each case. The pos-
sibilities of tuning the plasmon resonance absorption of silver NPs by AW activation of the sputtering deposition

process are discussed.

1. Introduction

Acoustic waves (AWs) generated by the electroacoustic excitation of
piezoelectric materials are currently used for many applications in a
large variety of fields. Handling of liquids in microfluidics, [1,2]
controlled separation of cells and nanoparticles from suspensions, [3-5]
materials and metamaterials actuation, [6,7] activation of de-icing
processes, [8-10] and many others [11,12] are examples of the rich
variety of technical possibilities offered by this technology.

Among these applications, AWs and surface AWs (SAWs) have been
used for the synthesis of materials and nanomaterials in liquid phase,
with examples referring to the synthesis of silver nanoparticles (NPs)
and nanostructures in microfluidic devices, [13] their mediation by the
addition of DNA [14] or the promotion of their self-assembly in more

complex structures [3]. However, the use of AW to activate the synthesis
of nanostructures or thin films in vacuum or plasma environments has
only recently been explored. An early but not sustained work by Taka-
hashi et al. [15] reported the SAW-activated growth of Ni thin films to
modify their magnetic properties. More recently, it has been realized
that ultrasounds may activate a silica support during the silver ion im-
plantation and lead to a modification of the size and form of the
embedded silver nanoclusters.[16]. Furthermore, we have also shown
that the interaction of AWs with plasmas during the magnetron sput-
tering (MS) deposition of dielectric thin films drastically affects the
deposition processes [17,18]. These effects have been explained by
considering the appearance of a polarization pattern on the piezoelectric
surface linked to the AW and its interaction with the plasma, resulting in
the generation of a non-homogeneous plasma sheath and the focusing of
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impinging plasma ions on certain spatial regions of the substrate [19].
Patterning effects have been recently reported for plasma enhanced
chemical vapor deposition by atmospheric pressure plasmas generated
in a dielectric barrier discharge reactor, where local modifications in the
distribution of plasma filaments appears to be the main cause of the
heterogenous deposition. [20].

The initial nucleation of ad-atoms deposited by physical vapor
deposition (PVD) methods, either evaporation or sputtering, the subse-
quent formation of nanoparticles (NPs) and their eventual coalescence
into large islands is of paramount importance for the control of thin film
properties and, as such, has deserved many sound experimental and
theoretical studies over the years [21-24]. In this context, formation,
growth, and coalescence of silver nuclei have been recurrently studied
under the influence of a large variety of physical variables and activation
interactions, including temperature, density, the type and distribution of
surface defects, and other energy activation processes. From a funda-
mental point of view, research has focused on analyzing or simulating
basic physical phenomena, such as ad-atom diffusion, agglomeration,
Ostwald ripening, and other physical processes taking place when metal
ad-atoms are deposited on weakly interacting substrates [25-27]. The
application works derived from these fundamental studies have pursued
the determination of the best deposition conditions to achieve a strict
control over particle size and shape and, in this way, gain an effective
control over final properties of silver NPs and films such as optical and
plasmonic behavior [28-30] or antimicrobial activity, two areas where
the use of silver has raised most interest during the last years [31-34].

The aim of this work is to explore the effects of AW activation during
the first stages of nucleation and growth of metal NPs deposited by
sputtering in the presence of plasma. Our previous work on dielectric
thin films (i.e., TiOy and SiO3) grown on AW activated substrates
revealed a 2D patterning of their density and composition when they
were plasma deposited by magnetron sputtering (MS) and demonstrated
that this patterning replicated the polarization domains associated to the
standing AW used for excitation [17,18]. In a leap forward, the present
investigation addresses the sputtering deposition of metallic silver in the
presence of plasmas under the AW activation of a LiNbO3 piezoelectric
substrate to study the initial stages of nucleation and NP growth. Ex-
periments have been carried out using diode sputtering (DS)[35] or
magnetron sputtering (MS)[36,37] to determine whether different
plasma conditions may affect the deposition process. In both cases, the
silver NPs were smaller and had a less tendency to agglomerate than
those without AW activation. Remarkably, the appearance of a 2D
patterned distribution of NPs was restricted to MS deposition, a feature
that provides experimental clues about the plasma-AW interaction
conditions required to give rise to this patterning phenomenon.

This investigation has contributed to shed light into the under-
standing of the physical processes involved upon AW activation of
substrates. In addition, it has been possible to establish a series of
principles to control the nucleation and growth processes of silver NPs
prepared by sputtering. The disclosed mechanisms offer new engineer-
ing possibilities to adjust the size, shape, and 2D distribution of silver
NPs, establishing a series of principles that can be straightforwardly
transferred to practical applications where it is required a strict control
over particle morphology and properties.

2. Experimental
2.1. Silver NP and thin film deposition

Silver has been deposited by plasma sputtering using two different
experimental methods to disclose how NP growth is influenced by the
interaction between the AW field and the plasma and to determine
possible modifications due to the plasma characteristics. Selected
plasma sputtering methods were the diode sputtering (DS) and the more
widely utilized magnetron sputtering (MS). These two methods operate
at two different pressures and therefore entail a different mean free path
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of particles within the plasma gas. They also differ in the thickness of the
plasma sheath generated on the substrate surface [35].

The DS deposition device consisted of a silver filament (15 cm long)
negatively polarized at a voltage of 400 V in the interior of a cylindrical
chamber where the sample holder was introduced with the substrates
facing the filament at a distance of 2 cm. A scheme and photographs of
this system are reported as supporting information, Figure S1. In this
device, a stable Ar plasma was maintained at a pressure of 1.7e 107!
mbar. The sputtering yield in this system was rather low and long
deposition times in the order of tenths of minutes were required to reach
deposited amounts of silver similar to those obtained after 1-2 min by
the second procedure (i.e. magnetron sputtering (MS)).

The MS procedure consisted of a DC-pulse MS deposition system,
making use of an oblique angle deposition (OAD) geometry. In this
configuration, the substrate is rotated with respect to the target surface
(with substrate rotation of 85° in our case). Unlike the common use of
this geometrical configuration to get nanocolumnar thin films, [38,39]
in this work this oblique configuration did not aim to control a thin film
nanostructure, but to reduce the arrival rate of silver atoms onto the
surface and, in this way, to have a better control over submonolayer
coverages. A circular 2" magnetron head working under the following
conditions was used for the experiments: an Ar pressure of 5e 107>
mbar, a DC pulse frequency of 120 kHz, and an applied power of 25 W.
Experiments were carried out for deposition times ranging from 30 s to
8 min. For comparative purposes and to have a better control over the
first stages of NP growth, only samples deposited for 1 and 2 min were
selected for analysis because they depicted an amount of deposited silver
and a surface coverage similar to those reached upon deposition during
tens of minutes using the DS technique.

2.2. Deposition of silver NPs under AW activation

Deposition under AW activation was carried out on transparent
LiNbO3 single crystal plates (20x10x0.5 mm) cut through the 0112
crystallographic plane (128° Y-cut). These plates were provided by
Roditi International Corporation Ltd. The plates were held in a specially
designed sample holder, where damping and possible attenuation of the
AWs were minimized. Essentially, the LiNbO3 plate was back-contacted
with two metal electrodes (1x0.5 cm) placed on the two sides of the
plate, according to a lateral field excitation (LFE) configuration [40-42].
This way, the upper surface of the plate was free and could be directly
exposed to the sputtering source. It has been demonstrated that elec-
troacoustic activation using this configuration generates standing AWs
that propagate perpendicularly to the electrodes all along the piezo-
electric substrate. These AWs have a predominant shear character (i.e.
corresponding to a thickness shear mode (TSM) [43]) with a wavelength
in the order of 1 mm.[8] A full description of this holding piece and
metal electrode can be found in previous works [8,17,18]. Moreover,
and for comparative purposes, a reference LiNbO3 substrate not sub-
jected to AW activation and/or silicon or quartz substrates were also
placed on the holder.

The two metallic contacts on the back side of the plate were used for
electroacoustic excitation through the application of a sinusoidal
voltage AC signal (112 V and 10 V amplitude for the DS and MS ex-
periments, respectively) with a frequency in the range of 3.4 MHz,
matching the resonance conditions of the plate. A schematic description
of the holder setup, its location, deposition geometry, substrate and
electrodes, and other experimental details can be found in the sup-
porting information, Figure S2 where a scheme of the AW generation
and displacement current is also included. Further details about this
experimental setup and the electronic system utilized for activation have
been described in previous works [8,17,18].

To ensure that proper AW resonance conditions are selected for the
experiments, return loss spectra (i.e. S1; parameter) were recorded with
a vector network analyzer (VNA, SDR-Kits, model VNA 3SE) prior and



H. Reichel et al.

during silver deposition. Since AW activation for long periods of time
induced certain drifts in the resonance frequency likely because of an
increase in temperature, [44] readjustments of that frequency were
occasionally required. An example of such a drift is reported in the
supporting information, Figure S3. Due to the long deposition times
required for the experiments, this effect could be significant by DS
deposition, but it was almost or negligible during the short periods of
silver deposition by MS.

Along the text, the samples selected for characterization and analysis
will be designated as Dt, Dyet, MSt and MSyst, where ref means reference
(i.e. without AW activation), D and MS diode and magnetron sputtering
correspondently, and t stands for the deposition time utilized in each
case.

2.3. Characterization of silver NPs

The deposited silver particles were optically characterized by UV-vis
transmission spectroscopy in normal configuration in a Cary 100 in-
strument. In the MS samples an optical microscope (Olympus SZ40
Stereomicroscope) was also utilized to characterize the unbalanced
distribution of silver NPs in the different submillimeter domains devel-
oped in this case.

Particle size, shape and distribution were characterized by Scanning
electron microscopy in a Hitachi S4800 microscope provided with a field
emission source (typically working with an acceleration potential of 2
kV) and an EDX detector capable of mapping the silver distribution over
the surface (EDX Bruker-X Flash-4010). Both optical and SEM images
were analyzed by the ImageJ software [45]. The SEM images were
converted into black and white maps by applying a grey-scale threshold
to determine the contours of the particles. The morphological operator
Opening was applied to the images to identify adjacent distinct particles.
The circularity of the particles was determined using the formula
circularity = 4r(area/perimeter"2), and the particle sizes were estimated
from their areas by approximating the shape of the particles to circles
and determining their diameters.
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3. Results
3.1. Aw-activated silver deposition and film formation

The deposition of silver onto the AW-activated substrates was
monitored following the evolution of the return loss spectra recorded
with the VNA during the deposition. This evolution was registered for
the MS experiments, where the deposition rate is high enough to ensure
a proper control of the deposition process within a reasonably short
period of time. Fig. 1a) shows a series of return spectra recorded while
depositing silver onto the LiNbOg3 substrate. To record the S;; spectra,
the VNA applies a very small AC voltage (200 mV) that is not high
enough to induce any pattering or change in the growing mode of NPs.
Curves with similar shapes have been reported for the deposition of
silver on a quartz substrate activated with AW via a trice polar Antenna
Transducer Acoustic Resonance (ATAR) setup AC excited with a signal
of ca. 1 MHz frequency [46]. The thickness excitation (TE) of quartz
crystal microbalance is known to proceed through TSM waves similar to
those formed during LFE of piezoelectric substrates [43]. A shift in
frequency towards lower values and a broadening and decrease in in-
tensity until the complete neglect of the resonant S;; peak are the main
changes observed as a function of the deposition time as visualized in
Fig. 1b). In this figure, frequency and intensity are plotted as a function
of the deposition time. We link the shape in the S;; plot in Fig. 1b) to
successive silver deposition steps. First, an initial deposition step char-
acterized by a constant resonance frequency and intensity of the S;;
band (plateau in Fig. 1b)) where silver nuclei have not yet coalesced as
illustrated in panel i) of Fig. 1c). When particle coalescence starts,
roughly after 8 min of deposition, S1; peak progressively shifts and
broadens (i.e., in Fig. 1b), and c) and panels ii) and iii)). For the
experimental conditions in this work, the break point between isolated
silver NPs and a continuous film occurs for a thickness of silver aggre-
gates of approximately 20 nm (see supporting information S4). At this
point, the formation of a continuous highly conductive film of perco-
lated silver particles makes the surface of the substrate equipotential and
prevents its polarization, leading to the complete banishment of the
piezoelectric response of the activated substrate and the loss of their
piezoelectric properties (i.e., the S;; minimum disappears). We can
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Fig. 1. Evolution of the piezoelectric resonance for increasing Ag deposition times by MS. a) Plot of the S;; spectra for different deposition times. b) Evolution of the
S11 peak frequency and intensity for increasing deposition times. c) Pictorial representation of the growth of the Ag nanoparticles of the LiNbO3 plates depicting: i)
early particle deposition stages (0—6 min); ii) particle growth stage (6-8 min); coalescence of the particles (8-9.3 min).
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therefore conclude that this type of S;curves can be used to monitor the
progressive coverage of the piezoelectric substrate by silver particles
and aggregates and their coalescence up to the build-up of a continuous
metal film.

For the purposes of the present work, this experiment provides a
direct assessment of the amount of deposited silver and the evolution of
its coalescence state. In particular, the practically constant values of
intensity and frequency of S1; up to 2 min of deposition provides a time
window where silver should stay in the form of isolated NPs and the
piezoelectric properties of the LiNbOg plate are not affected. Taking this
into account, we have selected 1 and 2 min of deposition time for the MS
experiments. In the DS experiments, similar but less defined changes in
the S;; parameter due to thermal drifting were found for longer depo-
sition times between 16 and 40 min.

3.2. Silver NP formation by DS deposition under AW activation

First, silver deposition under AW activation was investigated for DS
experiments. Fig. 2a) shows a series of photographs of samples prepared
for the indicated times under AW activation and, for comparison,
simultaneously without activation. In the two cases, the samples
depicted a homogenous aspect without any hint of patterning in the
color distribution. A close inspection of the coloring of the two sets of
samples reveals that D,ef samples are darker than those prepared under
AW activation for a given period of time. This coloring is typical of
deposited silver NPs and is attributed to their plasmon resonance ab-
sorption [28-30,47,48]. The spectra in Fig. 2b) and c) correspond to
depositions for 15, 30 and 40 min and clearly reflect a progressive
variation in the plasmon spectra of the samples. The absorption bands
are better defined, i.e. narrower peaks, and have minima at shorter
wavelengths in the samples prepared under AW activation (minima of
the plasmon band at 483 + 5, 476 + 5, and 540 + 5 nm for samples D15-
D40, vs 502 + 5 and 580 + 5 nm for samples Dyefl5, D30, and not
well-defined plasmon in samples Dy.r40). From the common knowledge
about the plasmon properties of plasmonic nanoparticles, this behavior
suggests that nanoparticles are smaller, more homogeneous in size, and
present a lesser coalescence in the AW-activated samples than in the

reference ones.
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SEM analysis confirmed this assessment of the morphological char-
acteristics of the NPs. Fig. 3 shows a series of normal-view SEM micro-
graphs and the contours obtained by applying the ImageJ software for
samples deposited for 15, 30 and 40 min.

At first sight, it appears that NPs are bigger in samples Dy than in D
and that an incipient aggregation has occurred in samples D30 and
Dr40. This assessment was fully confirmed by analyzing the particle
size distribution and circularity with ImageJ software. Fig. 4 shows the
evolution of these two magnitudes for samples D15-D40 and D;efl5-
Dyef40. The mean particle size and circularity values deduced from this
analysis are summarized in Table 1. An estimate of the percentage of the
substrate surface covered by silver and the number of particles in an area
of 5:10° nm? (area of a micrograph) are also included in this table. Both
Fig. 4 and Table 1 prove that silver NPs are smaller and more circular in
the AW-activated samples. Data in Table 1 also show that the number of
NPs per unit area is higher in the AW-activated samples (up to 2.6 times
higher for 40 min deposited samples). Interestingly, the percentage of
substrate area covered by silver is rather similar in all cases except for
sample D;.r40 where coverage amounts to almost half of the substrate.
This coincides with a high degreee of agglomeration of NPs, which are
the largest and the less circular of the whole series.

3.3. Silver NP formation by MS deposition under AW activation

Since the deposition rate by MS is much higher than by DS deposi-
tion, much shorter deposition times, on the order of 1-2 min were
required to achieve a similar coverage in both cases. For samples MS1
and MS,1, Fig. 5 shows some basic characterization results including
their photographs (Fig. 5a), a specific image treatment of the color
distribution (Fig. 5b), and the UV-vis absorption spectra of these two
samples taken with a standard spectrometer with a beam approximately
5 mm in diameter (Fig. 5c). This figure highlights that unlike the ho-
mogeneous character of sample MS,f1, sample MS1 presents on a blue
background a patterned distribution of whitish spots aligned perpen-
dicularly to the pattern of standing AW and separated by a distance of
ca. 1 mm. This patterned distribution of standing AWs has been char-
acterized by doppler vibrometry and simulated by COMSOL in previous
works [17,18].

———
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300 400 500 600 700 800 900
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Fig. 2. AW activated deposition of silver nanoparticles by diode DC sputtering. a) Photographs of AW-activated samples and comparison with reference samples
prepared simultaneously. b) UV-vis absorption spectra taken for samples D15-D40. ¢) Idem for Dyef15-Dyer40 samples.
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Fig. 3. SEM characterization and comparison of reference and AW-activated deposited Ag nanoparticles by DS. SEM micrographs (left) and J-image derived contours
(right) of samples D15-D40 (top) and Drefl5-Dref40 (bottom).
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Table 1
Mean particle size and circularity for samples D and MS.
D15/Dyef15 D30/D;e£30 D40/D;40 MS1,/MS1,,* MS,f1 MS2;,/MS2,,* MS,ef2

Mean size (nm) 10.4/12.9 11.4/16.9 15.2/29.3 9.5/14.3 21.2 11.6/28.5 42.5
Circularity 0.90/0.88 0.94/0.80 0.85/0.65 0.85/0.72 0.77 0.88/0.72 0.83
Covered area (%) 23.0/24.6 24.7/34.4 32.5/49.9 19.5/28.8 46.4 15.8/52.3 52.4
Number of particles in 5-10° nm? 5476/5303 5091/3056 3697/1454 1097/715 446 879/265 290
Particle Ratio AW/Ref 1.03 1.66 2.53 2.46/1.60 1 3.03/0.91 1

“ The two values provided in these columns correspond to the bluish (MS;) and whitish (MS,,) domains developed in MS samples.
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Fig. 5. A) photographs of samples ms1 and ms;.rl, as indicated. b) Color map of the substrate area framed within the yellow dashed square of the MS1 photo in a).
The color scale represents the grey intensity value after converting the image to a grey scale, the yellow-green color representing the greyest and the dark-red the

whitest. ¢) UV-vis absorption spectra of these two samples.

The color map of the grey scale distribution (Fig. 5b) confirms that
the spots are laterally separated by a distance of approximately 1 mm.
This pattern is very similar to the standing AW pattern generated onto
the LiNbO3 substrate as reported in ref [17,18]. The homogenous bluish
coloration of sample Ml is due to a relatively broad plasmon ab-
sorption band at 608 nm (Fig. 5c¢), i.e., close to the minimum of the
absorption band of sample D,¢40. Meanwhile, the plasmon absorption
spectrum of sample MS1 appears at 633 nm and must correspond to an
average of the contributions of the bluish and whitish zones examined
with the spectrometer. As a working hypothesis, we assume that this
patterned distribution of coloration reflects a heterogeneous distribution
of silver NPs on the substrate.

A detailed characterization of the particle size distribution in these
samples was obtained by SEM. Fig. 6, shows selected SEM micrographs
of samples MS,¢f1 and MS1, in this case reporting a different distribution
of silver NPs in the bluish and whitish zones developed in this sample. In
this figure, the SEM images and the contour plots obtained by the
ImageJ software prove that NPs are bigger in sample MS,.f1 where a
certain agglomeration of NPs has already taken place. In sample MS1, it
is also apparent that the NP size is smaller in the whitish spots than in the
bluish zones. A more complete set of SEM results for sample MS1 is
reported in the supporting information section, Figure S5, where images
taken at 100 um intervals along a line connecting the whitish and the
bluish domains are reported. A similar evolution of particle sizes and

shapes between the whitish and bluish domains are found for the all
regions of the sample (see Supporting information S6 for the analysis of
other zones, as indicated).

Complementary evidence about the distribution of silver NPs in the
whitish and bluish domains of sample MS1 refers to the percentage of
substrate surface covered by silver in each type of domain (this
magnitude can be taken as a semiquantitative estimate of the amount of
silver). An evaluation of this parameter obtained by the particle contour
maps in Fig. 6 renders percentages of 19.47 and 28.75 for sample MS1
(whitish, MS1,,, and bluish, MS1y, zones) and 46.37 for sample MS 1.
The distinct values found for sample MS1 suggest that there is less silver
on the whitish domains of this sample. This assessment was confirmed
by a linear EDX analysis of the evolution of the silver content, giving an
approximate ratio of 4.0/7.3 (MS1,,/MS1y) for the silver EDX signals
taken in these two zones.

The particle size distribution and circularity of the silver NPs
determined from the analysis of the images in Fig. 6 are reported in
Fig. 7a. The average value of particle sizes and circularities included in
Table 1 clearly confirm that the size of NPs is smaller in the MS1 sample
than in the MS;fl. Moreover, the circularity analysis with a clear
maximum at 0.85/0.80 (Fig. 7) and an average value of 0.85/0.72
(Table 1) for the NPs in the whitish/bluish domains in sample MS1
further confirms that NPs are different than in sample M1, where a
broad distribution of circularity with values down to 0.70 (Fig. 7b) and
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N
AL,

Fig. 6. SEM micrographs (left) and contour maps (right) obtained with the imaging software ImageJ for samples MS;¢1(a) and MS1(b, c). The two images/contour
maps of sample MS1 corresponding to the center of a whitish zone and the adjacent bluish zone have been taken in the zone defined by the black dashed square of the
MS1 photo in Fig. 5a). The same photo is reproduced in the bottom part of this figure where it is presented in successive enlargements from left to right.

an average value of 0.77 are found. On the other hand, the plots in
Fig. 7b showing the variation in average particle size and circularity
along a line connecting a whitish and a bluish zone in MS1 depict a size
variation from ca. 10 nm to 15 nm and a circularity change from 0.90 to
0.70. A similar evolution is found for the NPs in adjacent domains in
other regions of the substrate (see for example the analysis reported in
the supporting information Figure S5 and S6).

An analysis similar to that performed for sample MS1 was also done
for a MS sample deposited for 2 min (MS2 and MS,¢2). The particle size
distribution and circularity results, presented in the supporting infor-
mation section (Figure S7) and the average values of these parameters
included in Table 1 show similar tendencies than for samples MS1-
MS;¢fl, i.e. larger and less rounded particles in sample MS,.f2 than in
MS2, and in this latter case, smaller and more rounded particles in the
whitish domains compared to the bluish zones.

4. Discussion

In previous work we have shown that the lateral field electroacoustic
activation of a piezoelectric LiNbO3 substrate with an AC signal at a
frequency around 3.4-3.5 MHz gives rise to the generation of plate
standing bulk AWs with a predominant shear character [17,18] and a
wavelength on the order of 1 mm. The results above have evidenced that
this activation of the substrate deeply affects the initial stages of the
plasma deposition of silver and that the accumulation of metal up to the
full coverage of the substrate hampers the activation. In fact, according
to Fig. 1, Figure S11 intensity and frequency remain rather constant
during the first minutes of silver deposition, when no silver agglomer-
ation neither a continuous film formation have yet taken place. A shift in
resonance frequency and the broadening and eventual vanishing of the
S11 spectrum occur for deposition times longer than 7 min. This behavior
is consistent with the agglomeration of silver NPs into a continuous
silver layer on top of the piezoelectric substrate, a situation that pre-
cludes the formation and propagation of AWs. This effect has been

suggested as a monitoring procedure of a metallic thin film formation in
other types of TSM devices [46].

The results in Figs. 2-7 have revealed that for short deposition times
silver forms separated NPs, whose shape and distribution differ from
those found in reference samples. This proves that the AWs affect the
initial stages of silver deposition.

A general result of the AW activation during deposition is that NP
size was smaller, circularity higher, and their agglomeration degree
smaller than in reference samples. By MS deposition, a characteristic
submillimeter patterning of the NP distribution has also been found.
These differences had a direct correlation with the plasmon resonance
spectra as shown in Figs. 2 and 5.

Nucleation and growth of silver NPs by sputtering have been widely
studied either experimentally [49-51] or by theoretical simulation
[52,53]. These studies provide a clear understanding of the individual
steps involved in this process, namely ad-atom diffusion, nuclei forma-
tion, particle growth, and particle agglomeration [25-27]. These stages,
except for the ad-atom diffusion that cannot be observed in our exper-
iment, can be clearly recognized in the series of SEM micrographs in
Figs. 3 and 6 for the D¢ and MS,.f samples. Significantly, the AW acti-
vation of sputtered NP growth seems to prevent or delay the agglom-
eration stages, which cannot be easily identified for samples D and MS in
Figs. 3 and 6. There may be several factors responsible for this differ-
ence. The first hypothesis is that the mechanical oscillations induced in
the LiNbOg3 substrate due to the inverse piezoelectric effect provide
momentum and kinetic energy to the ad-atoms, nuclei, and NPs on the
surface, this leading to an increase in mobility. The considerable shear
component (i.e. around one order of magnitude larger than the normal
component)[8] of the generated standing AWs might be particularly
effective in this regard. For the DS experiment and long deposition
times, it can neither be discarded that acousto-thermal effects [54]
might contribute to enhance the diffusion of ad-atoms and nuclei.
However, the experimental trends appear contradictory with an
enhancement of mobility, since in all AW-activated samples the NPs
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Figure 7. - a) Particle size and circularity distribution of the particles of a
bluish and a whitish region of sample MS1 (positions 500 and 800nm, and
yellow and green stars in panel b), respectively). The values for the MSrefl are
also included for comparison. b) Average Particle size distribution and circu-
larity of the silver NPs along a path connecting the two whitish regions con-
tained in the black dashed square of the MS1 photo in Fig. 5a). The black and
blue dashed lines represent the mean particle size and the circularity of the
sample MSrefl, respectively.

were more numerous, smaller in size, and more circular than in the
reference ones. This suggests either that the mechanical oscillations of
AWs are ineffective in mobilizing silver or, most likely, that additional
factors counteract the mobilization or diffusion of species and/or induce
the disruption of the nuclei formed during the initial stages of the
deposition process.

A rough estimation of the percentage of substrate area covered by
silver renders values that were approximately 35 % smaller in the AW-
activated samples (cf. Table 1). This feature, together with the relatively
less amount of silver determined by EDX analysis in the AW-activated
samples, indicates that the effective sticking coefficient of silver is
smaller. This is to say that some ad-atoms might have been reemitted
from the surface under the combined effect of plasma and AW
excitation.

Since AW activation was effective in altering NP formation and
distribution only if applied during deposition (i.e., when ad-atoms
become adsorb and diffuse onto the surface), the aforementioned
changes with respect to reference samples should consider the interac-
tion of plasma with the activated substrate as the main activation phe-
nomenon. In our previous work on the AW-activated MS deposition of
dielectric layers, we proved that the main factor accounting for the 2D
patterning of the films was a focused bombardment with accelerated Ar*
plasma ions, an effect that was due to the polarization field generated at
the piezoelectric substrate during excitation. [17,18] We claim a similar
mechanism to account for the distinct NP growth found in this work for
the AW-activated samples. The simulation model of this process in this
previous work showed that the energy of impinging ions onto the AW-
activated piezoelectric substrate may reach values in the order of 10
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eV or higher for MS deposition conditions. This energy range is high
enough to provoke the reemission of weakly surface-bonded silver ad-
atoms, the formation of surface defects on the piezoelectric plate
acting as nucleation centers, and the prevention of coalescent phe-
nomena among NPs [55-58]. A schematic of this focused ion
bombardment process during MS deposition is shown in Fig. 8a).
Therefore, the effective focusing of relatively high energy ions in sam-
ples MS1/MS2 must be blamed for the 2D patterning observed in the
distribution of NPs. The effects are more relevant in the whitish zone
where ion impingement is maximum. The effect of this local exaltation
of ion bombardment induces a further decrease in the size of NPs and in
the amount of silver, both phenomena resulting from a localized sput-
tering/reemission of ad-atoms.

The main difference between samples D and MS is the absence of any
2D patterning in the former case, although they still present similar
differential tendencies when comparing the features of their NPs with
those in samples D,f. In a recent work on the plasma characteristics of a
cylindrical diode sputtering discharge [35] it is reported that while the
electron density, on the order of 10'®> m~3, does not significantly differ
from values typical of a MS discharge, the electron energy sharply drops
at distances higher than 2-3 cm from the cathode. Moreover, simulation
analysis of this kind of plasma renders that its characteristic Debye
length, and therefore the thickness of the sheath formed on the sub-
strate, is around ten times larger than in a typical MS configuration. This
fact, together with the higher gas pressure (and therefore shorter mean
free path) when operating the DS (1.7e 107! mbar) with respect to the
MS (5¢ 10~2 mbar) discharges, are two factors that may account for the
lack of patterning phenomena in samples D. Under these conditions, the
much thicker sheath formed over the substrate during DS has a colli-
sional character (a rough estimate renders that the mean free path of
species is A_nfp~0.3 mm against a Debye length of A_p~1 mm away from
the cathode)[35,36]. This means that ions pervasively collide with the
gas species in their trajectories through the sheath up to the substrate
where they arrive along randomized trajectories and comparatively less
energy. This agrees with that no effective focusing occurred in samples
D, in spite that the activation voltage of the AW was 112 V (for 10 V by
MS deposition) and that the polarization field at the surface of the
piezoelectric plate should be larger than during deposition of MS sam-
ples. These differences between MS and D processes are schematized in
Fig. 8, showcasing that no 2D patterning appears in the latter case.

In summary, the findings reported in this work about the formation
of silver NPs by sputtering deposition on AW-activated substrates can be
accounted for by the occurrence of Ar+ ion bombardment phenomena,
as previously modeled for dielectric thin film deposition [18]. The
characteristics of the plasma (electron energy and pressure) may play a
large role in this regard, since focusing effects can be neglected for
certain plasma conditions.

5. Conclusions

The previous results and discussion have shown that following the
evolution of the AW resonances of piezoelectric substrates during the
plasma deposition of metals provides a monitoring procedure to assess
the formation and agglomeration of particles. It has also been found that
NPs formed by plasma deposition techniques under AW activation differ
in size, shape, and agglomeration state from those prepared without AW
excitation. This provides an effective way to tailor particle sizes and
shapes, provided that the deposition/activation processes are well
controlled. The interaction of the electrical polarization field generated
at the substrate with the plasma ignited during MS deposition gives rise
to a 2D pattern where nucleation and growth of sputtered NPs occur
differently due to the interaction with focused and accelerated Ar*
plasma ions. We prove that these focused ion impingement phenomena
do not occur during diode sputtering, where plasma characteristics and
gas pressure preclude achieving the conditions required for the focusing
phenomena to occur. The observable differences in NP size and
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Fig. 8. Schematic of the sheaths formed around the substrates during deposition in MS a) and D b). The yellow particles and the arrows depict hypothetical tra-
jectories of ions that impinge on the substrate. The boundary limits of the sheaths are indicated by black dashed lines in both cases. The sinusoidal wave in the two

cases represents the local polarization of the substrate due to its AW activation.

circularity with respect to reference samples must stem from a combi-
nation of excitation phenomena including a residual ion bombardment,
the mechanical activation of ad-atoms and/or acousto-thermal effects.

In general, the modulation of the sputtering deposition by AWs can
be used as an efficient mechanism to retard the agglomeration stage of
NPs, a typical step by the deposition of silver thin films. This permits the
fabrication of NPs with a higher circularity and smaller size than when
the deposition is carried out without AW activation. A 2D patterning and
the formation of domains, where NPs depict different sizes and circu-
larities, is another output result of this activation by AWs.
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