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In this work we report on the competition between growth, implantation, and sputtering effects during the
production of metal nanoparticlessNPsd by pulsed laser deposition. The production sequence involves first the
deposition of an amorphoussa-dAl2O3 layer onto which gold NPs are produced. They are subsequently
covered bya-Al2O3 and this sequence is repeated five times. The resulting nanocomposite films have metal
contents per layer in a broad range: 1–931015 at cm−2. The results clearly show the formation of two NP
layers per layer of gold deposited, the deepest one consisting of NPs produced by metal implanted into the
a-Al2O3 layer, which is acting as a substrate, and the other one consisting of NPs grown on thea-Al2O3

surface. The high kinetic energy of a significant fraction of the Au species present in the plasma and the high
fluxess1016–1018 at cm−2 s−1d at the substrate plays an essential role in the nucleation and growth of the NPs.
The competition between surface growth and sputtering at high fluence induces a self-regulation of the NP
dimensions that narrows the size distributions.

DOI: 10.1103/PhysRevB.71.125420 PACS numberssd: 61.46.1w, 81.15.Fg, 81.07.2b

INTRODUCTION

The development of nanoparticlesNPd synthesis and char-
acterization techniques that make possible the control of the
NPs features within a few nm have attracted renewed interest
to the production of metal NPs, as this opens the possibility
of taking advantage of their special properties for the devel-
opment of applications such as new catalysts, tunnel reso-
nance resistors, or optical devices. For many of these appli-
cations, the NPs have to be embedded in a dielectric host to
form a nanocomposite.

The control of the distribution, size and size dispersion of
the NPs has been a challenge for many years. Common
methods to produce NPs with controlled features are ener-
getic ion implantation1–3 or thin film technologies.4–6

Whereas the former introduces the metal into a bulk dielec-
tric, the latter produces both the metal NPs and the host
using the same deposition technique. Although sputter depo-
sition has been the most widely used technique,5 pulsed laser
depositionsPLDd has recently appeared as a promising tech-
nique due to its superior ability in producing high quality
dielectric oxides.7 An alternate PLD technique using inde-
pendent targets for the metal and the host has successfully
been used to produce metal NPs layers embedded in amor-
phoussa-dAl2O3 with an excellent control over the in-depth
separation of the NPs.8 The dimensions of the NPs are typi-
cally controlled through the number of pulses on the metal
target leading to quasispherical small NPssdiameters of
2–3 nmd, with a narrow size dispersionsaround 1 nmd for
low metal contents. The size and shape dispersion are found
to increase as the metal content increased, and the NPs be-
come larger and elongated as a result of coalescence and
coarsening.9

The role of laser fluence used to ablate the metal target on
the growth of metal NPs has been much less studied. Recent

results reported on the growth of Bi NPs using fluences in
the range 0.4–5 J cm−2 show that implantation of the metal
in the host is an important issue that scales with the laser
fluence. For low metal contents, surface nucleation of NPs
was even unexpectedly prevented at high laser fluences.10

This implantation process has been related to the high kinetic
energy s,200 eVd of a significant fraction of the species
involved in the PLD process. In addition to implantation, it is
very well known that high kinetic energy species bombard-
ing a surface produce sputtering.11 Such sputtering processes
have been reported to occur during PLD of metals with
yields as high as 0.5 and 1.0 for the deposition of AgsRef.
12d or Zn.13 They have also been considered responsible for
surface compositional changes due to preferential sputtering
of the different metal components.14 Although these two pro-
cesses, namely implantation and sputtering, are separately
reported when producing films or NPs by PLD, they must
inevitably occur simultaneously, especially when using high
fluences.

The understanding of the competition between growth,
implantation, and sputtering in the PLD process is thus es-
sential to eventually achieve a fine control of the NP mor-
phology and distribution. The aim of this work is to identify
the parameters that control the role of implantation and sput-
tering effects on the growth of metal NPs and their incorpo-
ration in a-Al2O3 by PLD. The amount of deposited metal,
the dimensions of the NPs and the kinetic energy of the
metal species involved in the process are studied as a func-
tion of the laser fluence used to ablate the metal and Al2O3
targets. We have selected gold for this study because the
range of kinetic energies accessible is broader than for
lighter metals and because the production of Au NPs has
widely been reported. To compare to earlier reports on a
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metal with lower mass such as Ag,15 we have also deter-
mined the velocity of Ag species.

EXPERIMENT

Nanocomposite films containing layers of Au NPs embed-
ded in a-Al2O3 were produced by PLD in vacuum
s10−6 mbard. An ArF excimer laser beamfl=193 nm, t
=20 ns full width at half maximumsFWHMdg operating at
10 Hz was alternatively focused on the surface of high purity
Al2O3 and Au targets at an angle of incidence of 45°. The
targets were mounted into a computer-controlled holder that
allows both the continuous rotation and the sequential abla-
tion of the targets. The growth was performed on Si and
carbon-coated substrates held at room temperature and
placed 32 mm away from the target surface.

The deposition rates of both thea-Al2O3 and the metal
were independently determined in vacuum prior to the pro-
duction of the nanocomposite films by means ofin situ re-
flectivity measurements. The synthesis sequence consisted of
the deposition of ana-Al2O3 layer to allow the NPs always
to nucleate on the same type of surface. Once the NPs were
produced, the matrix target was ablated to first fill in the
space around the NPs and second to produce ana-Al2O3
layer with a certain thickness and a flat surface.8 This se-
quence was repeated the desired number of NPs layers and
an a-Al2O3 protective layer was always deposited to encase
the films. Further details of the synthesis procedure of these
nanocomposite films can be found elsewhere.15

The dependence of the NP’s morphology on the amount
of metal and the laser fluence has been studied. The former
has been varied through the number of pulses on the metal
target, in a range from the amount of metal required to form
NPs that could be imaged by electron microscopy up to the
percolation threshold. The laser fluence varied fromF0
=2.7 J cm−2 to 3.3F0=8.9 J cm−2 by changing the laser
pulse energy while keeping the spot size at the target surface
close to 1 mm2. The spot size was determined by placing a
laser beam profiler at the position of the target surface to
measure the intensity profile of the attenuated laser beam.
The spot size corresponds to the area at which the laser in-
tensity is above 10% of its maximum value. The laser flu-
ence used to produce the matrix was in all cases the same as
the one used to produce the NPs. When changing the fluence,
the number of pulses on the matrix target was adjusted in
order to achieve a similar spacing of the NP layers and film
thickness.

Rutherford backscattering spectrometrysRBSd was used
to determine the metal content of the films deposited on Si
substrates, the film thickness and the in-depth separation be-
tween NP layers.8 A 2.0 MeV 4He+ beam was used and the
experimental spectra were analyzed using theRUMP code, the
error in the determination of the gold content being 2%.

The analysis of the morphology and the crystallographic
structure of the NPs was carried out using high resolution
electron microscopysHREMd and selected area electron dif-
fraction sSADd using a JEOL 4000EX TEM operated at
400 kV with a point-to-point resolution of 0.16 nm. The out-
of-plane morphology and distribution of the NPs was studied

in cross-section specimens having 5 NP layers produced on
Si substrates. They were prepared using a focused Ga ion
beamsFIBd milling system. The in-plane morphology of the
NPs was studied in samples grown on carbon-coated
mica substrates with a simple sandwich structure of
Al2O3/NPs/Al2O3 to prevent the overlapping of images
from different NP layers. The films were floated off the
carbon-coated mica substrate in de-ionized water and picked
up on copper grids for observation, having a typical size of
131 mm2. Within this area, the structural features of the
specimens were homogeneous. The analysis of the images
was performed by manually outlining the NPs to produce
binary images that were processed using the Gatan Digital
Micrograph software to determine the size, shape and num-
ber density of the NPs. The estimated error in the determi-
nation of the NPs size and number density was estimated to
be 10%.

Finally, the velocity of Au, Ag, and Al excited atoms in
the plasma was measured by spatially resolved real-time op-
tical emission spectroscopy using the method described
elsewhere.16 The plasma produced by laser ablation was im-
aged at the entrance slit of a spectrometer and scanned along
the normal to the target. The analysis of the emission tran-
sients recorded for different distances to the target allowed us
to determine the most probable velocity. The velocities were
determined within 10% by averaging the results for the
481.2 nm and 627.8 nm lines in the case of Au, the
466.8 nm, 447.6 nm and 546.6 nm lines in the case of Ag
and the 394.4 nm line in the case of Al. All of them corre-
spond to neutrals, since no emission lines related to Au+

could be detected in the present experiments.

RESULTS

Figure 1 shows the dependence of the areal density of
gold atoms per layersfAug, in at. cm−2d on the number of
pulses on the Au target. The results obtained for the three
laser fluences studied are all included. ThefAug content in-
creases as the number of laser pulses increases, with the
increase becoming faster as the fluence increases. For the
case of the films produced at the lowest fluenceF0, the data
clearly show a change of slope forfAug values close to

FIG. 1. Areal density of Au atoms per NP layersfAugd as a
function of the number of laser pulses used to produce each NP
layer, for increasing laser fluences:smd F0; sPd 2.3F0; and sjd
3.3F0, whereF0=2.7 J cm−2. The inset shows the evolution offAug
as a function of the laser fluence for layers grown using 200 laser
pulses.
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2.1–2.531015 at. cm−2. The inset showsfAug as a function
of the laser fluence for 200 laser pulses for the three studied
fluences. It is clearly seen that the amount of metal does not
follow a linear trend.

Figure 2 shows plan view HREM images of films pro-
duced using the highest laser fluences3.3F0d that have in-
creasingfAug contents. For the lowestfAug fFig. 2sadg, the
NPs are small and approximately round. As thefAug content
increases, both small and large NPs are observedfFigs. 2sbd
and 2scdg. For the highestfAug fFig. 2sddg, a network of
elongated metal features close to the percolation limit is ob-
served in addition to the small NPs. Since some NPs become
elongated due to coalescence, the in-plane dimensions of the
NPs have been determined from the HREM images by de-
fining for each NP a lengthsthe longer dimensiond and a
breadthsthe in-plane dimension in the direction perpendicu-
lar to the lengthd. Figure 3 shows the in-plane aspect ratio of
both the large and small NP, defined by their length to
breadth ratio as a function offAug. Note that these charac-
teristic dimensions are not well defined for the film produced
at the highest fluence with the largestfAug content fFig.
2sddg, and thus no point is plotted for the large NPs in this
case. It is clearly seen that independently of the laser fluence
used, the aspect ratio is approximately constant and equal to
1.3. For the statistical purposes considered in the present
work we have characterized the NPs with an equivalent di-
ameter calculated as the mean value of the length and the
breadth. The dispersion of the diameter of the NPs produced
at the highest fluence as a function offAug is shown on the
right-hand side of the corresponding image in Fig. 2. In all
cases, a narrow distribution centered at 1.4±0.2 nm is ob-

served. Whereas the film having the lowestfAug content only
exhibits this narrow distribution, an additional broader distri-
bution appears when increasing thefAug content, the maxi-
mum of this second distribution shifting to longer diameters
asfAug increases. This bimodal distribution for the film hav-
ing the highestfAug content is better appreciated in the inset
of Fig. 2sdd where the number of particles is plotted within
an expanded scale.

Figure 4 shows both cross-sectionsleftd and plan view
srightd HREM images of the films with increasingfAug, hav-
ing Au NPs produced using the lowest laser fluencesF0d. The
plan view images show indeed the presence of both small
and large NPs in the films having higherfAug fFigs. 4scd and
4sddg. The cross section images show that the NPs are orga-
nized in layers, whose spacing is very similarswithin 15%d
in all films as intended. Large and small NPs are located in

FIG. 2. Plan-view HREM imagessleftd and dispersion in the NP
diametersrightd for films containing Au NPs produced using the
highest laser fluences3.3F0d and having increasingfAug values
31015 at. cm−2 of sad 2.0, sbd 4.2, scd 7.7, andsdd 8.9. The inset in
sdd srightd shows the same dispersion but for NP diameters greater
than 5 nm on a magnified scale.

FIG. 3. In-plane aspect ratio of Au NPs as a function offAug for
NPs produced using laser fluences ofsn,md F0; ss,Pd 2.3F0; and
sh,jd 3.3F0. The open and filled symbols, respectively, correspond
to small and large NPs.

FIG. 4. Cross-sectionsleftd and plan-viewsrightd HREM images
of Au NPs produced using the lowest laser fluencesF0d and having
increasingfAug values31015 at. cm−2 of sad 1.2, sbd 1.9, scd 4.9,
and sdd 7.5. The arrow insad sleftd shows the growth direction.
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separate layers, with the small NPs lying beneath the large
ones. The film having the smallestfAug fFig. 4sadg only show
one NP layer that is most likely equivalent to the deeper NP
layers in the films having higherfAug, since only NPs with
diameters of 1.4±0.2 nm are seen in the corresponding plan-
view image. In the film havingfAug=1.931015 at. cm−2

fFig. 4sbdg, a few large NPs can be seen and thus this quan-
tity of metal appears to be close to the threshold for the
formation of large NPs.

Figure 5 shows cross-sectionsleftd and plan viewsrightd
HREM images of films having similarfAug but produced at
increasing fluencesfrom top to bottomd. In all cases, two
layers corresponding to small and large NPs are observed. As
the laser fluence increases, the center-to-center separation be-
tween the small and large NP layers slightly increasessfrom
3.0 nm to 4.0 nmd. In addition the large NPs become smaller
for the highest fluence. These features are more clearly seen
in Fig. 6 where the dependence of the diameter of both large
and small NPs on thefAug content is shown for films grown
at different fluences. The diameter of the small NPs remains
approximately constant independent of the laser fluence used
or thefAug content. The diameter of the large NPs increases
as fAug increases with a tendency to saturate for highfAug
values. Large NPs disappear forfAug values ,2
31015 at. cm−2, whereas the small ones are still seenfFig.
4sadg. Finally, the dependence of the diameter of large NPs
on the fluence can easily be extracted from this figure fol-
lowing the two marked vertical lines. For lowfAug contents,
all the laser fluences lead to the same diameter, whereas the
diameter of large NPs undergoes a maximum for the inter-
mediate fluence 2.3F0.

The use of increased fluence to ablate the targets influ-
ences the quantity of species ablated per pulse. Figure 7

shows the number of atoms deposited per pulse of both the
host and the metal as a function of thefAug content in the
deposited films. The results show that whereas the number of
host atoms deposited per pulse remains constant indepen-
dently of fAug, the number of Au atoms deposited per pulse
unexpectedly increases asfAug increases, the higher the flu-
ence the higher the number of atoms deposited per pulse. It
is worth pointing out that the number of atoms of the host
deposited per pulse is approximately one order of magnitude
higher than that of the metal, particularly for the lowestfAug
values.

The kinetic energy of the excited neutrals present in the
plasma is deduced from real time spatially resolved optical
emission transients measured in the fluence conditions used
to prepare the films. For a given emission line, the time at
which the maxima of the emission transients collected for a
certain emission line occur, is plotted as a function of the
distance to the target at which they were collectedsnot
shownd. The data follow a linear evolution whose slope pro-
vides the velocity of the corresponding species. This linear
evolution is consistent with the excited atoms having a con-
stant velocity as expected since the plasma expansion and
subsequent deposition take place in a vacuum.16 The veloci-
ties experimentally determined are summarized in Table I,
together with the kinetic energy calculated using these ve-
locities. It is clearly seen that the velocity of Au species
increases slightly with fluence, whereas that of Al remains
approximately constant. The velocity of the Ag species is
close to half than that of Au.

FIG. 5. Cross-sectionsleftd and plan-viewsrightd HREM images
of Au NPs having similarfAug values and produced at increasing
laser fluence:sad F0 and fAug=4.931015 at. cm−2; sbd 2.3F0 and
fAug content=4.231015 at. cm−2; scd 3.3F0 and fAug=4.2
31015 at. cm−2. The arrow insad sleftd shows the growth direction.
The vertical lines insad, sbd, scd sleftd mark the approximate loca-
tion of the deposition surface prior to the NP deposition cycle.

FIG. 6. In-plane diameter ofsn,s,hd small andsm,P,jd large
Au NPs as a function offAug for NPs produced at increasing laser
fluence: sn,md F0, ss,Pd 2.3F0, and sh,jd 3.3F0. The vertical
lines are guidelines to follow the dependence of the in-plane diam-
eter atfAug=231015 at. cm−2 and 4.231015 at. cm−2 as a function
of laser fluence.

FIG. 7. Number of Ausopen symbolsd and hostssolid symbolsd
atoms deposited per pulse as a function offAug in the films. The
data correspond to films grown atsn,md F0; ss,Pd 2.3F0; and
sh,jd 3.3F0. The lines are linear fits to the experimental data.
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DISCUSSION

The presence of two layers of Au NPs shown by the
cross-section HREM images in Figs. 4 and 5 is consistent
with the bimodal distribution seen in the plan view images.
This clearly suggests that different processes are taking place
during the production of Au NPs by PLD. The fact that the
small NPs are located deeper than the large ones suggests
that they are embedded in the previously depositeda
-Al2O3 rather than being formed on its surface. These small
NPs thus relate to metal incorporated in the matrix during the
deposition process and we will refer to them from now on as
the embedded layer, whereas the second layer of NPs is most
likely formed by NPs that have been nucleated at the surface
of the a-Al2O3 and will be referred to from now on as the
surface layer of NPs.

The separate production of the two layers of NPs could
only be observed for the lowest laser fluence used, since in
this case, the arrival rate of the Au species is much lower. As
seen in Fig. 1 for the fluenceF0, there is a change in slope in
the graph of the amount of Au incorporated in the films as a
function of the number of laser pulses. This means that for a
broad range of number of laser pulsess560–980d, fAug re-
mains approximately constant within 2.1±0.2
31015 at. cm−2. Figure 4sbd shows that thisfAug value is the
threshold for the formation of NPs at the surface since for
smaller valuesfFig. 4sadg, only the embedded layer is seen,
while for larger onesfFig. 4scdg, both surface and embedded
layers are produced. Furthermore, thisfAug threshold is in-
dependent of the laser fluence used, as seen in Fig. 6.

The embedded NP layer is always observed to be present
and consists of round NPs with a diameter of 1.4±0.2 nm
independently of thefAug content or the laser fluence. This
result suggests that the process responsible for its formation
requires a minimumfAug content to initiate nucleation, but
subsequent saturation is very fast. The cross-section images
in Fig. 5 show that the depth position of these embedded
layers with respect to the surface ones increases as the flu-
ence is increased. We define the depth at which the embed-
ded layer is produced,d, as the distance between the center
of the embedded layer and the average position of the lower
surface of the NPs belonging to the surface layer, which is

estimated to be the position of thea-Al2O3 surface, marked
in Fig. 5, left by a vertical white line. The value ofd in-
creases from 1.2 nm to 2.0 nm when the laser fluence is in-
creased fromF0 to 3.3F0. If this embedded layer is produced
by implantation of the metal in the matrix,d should depend
on the kinetic energy of the Au species arriving to the surface
of the a-Al2O3 substrate, with higher kinetic energy leading
to greater implantation depth.

In the case of laser ablation of metals well above the
plasma formation threshold, the ions present in the plasma
play a significant role on the film deposition process,17 the
ionization fraction being dependent on the laser parameters.
Recent works on UV ablation of metals in the fluence range
relevant here, have evidenced a significant ionization frac-
tion fTi s.50%d, Al s<60%d, Ag s<60%d, Bi s<15%dg
sRefs. 12, 18, and 19d and pointed out that the ion fraction
seems to depend on the melting point. Considering these
results and the fact that Au has a melting point close to that
Ag, we have estimated that in our present conditions this
fraction can lie in the range 10–50 %. Moreover, since in the
case of metals, excited neutrals are most likely the result of
electron-ion recombination processes20 and for fluences well
above the plasma formation threshold it has been reported
that excited and ground neutrals have similar peak
velocities,21 the velocities and kinetic energies shown in
Table I can be considered a good approximation for those of
the majority of the species present in the plasma.

Assuming that the variation of kinetic energy with fluence
follows a linear function over the range studied, the kinetic
energy of the energetic Au species would increase from
67 eV to 115 eV when increasing the fluence fromF0 to
3.3F0. Using these kinetic energy values for Au species, a
density of 2.95 g cm−3 for a-Al2O3 sRef. 22d, and theSRIM

software, the calculated implantation ranges are 1.4±0.1 nm
and 1.6±0.2 nm forF0 and 3.3F0, respectively. These values
agree well with the experimental implantation depths deter-
mined from Fig. 5. Thus it can be concluded that the embed-
ded layer is produced by implantation into thea-Al2O3 sub-
strate of a fraction of the metal arriving at the substrate.

The existence and location of the embedded layer is also a
consequence of the high Au mass. In earlier reports, an em-
bedded layer was clearly seen when producing Bi NPs,10

whereas it was harder to observe in the case of Ag NPs,15

and has not been observed in the case of Cu NPs.8 Bi has a
mass very similar to that of Au and the velocity reported for
Bi species in PLD processes was slightly highers14
3103 m s−1d.23 It is thus not surprising that the implanted
layer is similarly well seen for both Bi and Au. However, Ag
has half the Au mass and the velocity of Ag species deter-
mined here is approximately half than that of Au species.
Provided that the fluence used to produce the Ag NPs in the
earlier report15 was approximately half the fluence used here
to determine the velocity of excited Ag species, and assum-
ing again a linear dependence of the kinetic energy with
fluence we can estimate the kinetic energy for an energetic
Ag species in Ref. 15 to be more than 8 times lower than that
of an energetic Au species in this work and thus, the implan-
tation depth for Ag had to be much smaller. This reasoning
agrees well with the fact that although the existence of an
implanted layer in the case of Ag was inferred from a dark

TABLE I. Velocity of Au, Ag and Al species produced by laser
ablation of metal targets at different fluences, determined by optical
emission spectroscopy of the plasma.F0=2.7 J cm−2 is the lowest
fluence used for film growth. The kinetic energy of the species
calculated from these velocities is also included.

Metal
Ablation
fluence

Velocity
s3103 m s−1d

Kinetic energy
seVd

Au 1.2F0 8.3 70

Au 2.2F0 9.3 90

Ag 1.7F0 5.6 18

Al 1.0F0 13 26

Al 2.2F0 13.6 26

Al 3.7F0 13.6 26
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contrast below the NPs in the cross-section images, a layer of
embedded NPs was not formed.15 The implantation depth
estimated using the velocity measured in this work is of
0.8 nm which is in good agreement with the experimental
observations in Ref. 15. This reasoning agrees well with the
fact that the metal tends to form a quasi-continuous layer
rather than isolated NPs when the implantation energy is
decreased.24

The kinetic energy of energetic Au speciessclose to
100 eVd, and the total Au doses231015 at. cm−2d in the im-
planted layer are, respectively, at least two orders and one
order of magnitude smaller than those typically used for pro-
ducing NPs by energetic ion implantation.2,3 For the case of
Cu, it has been reported that there is a critical dose for form-
ing NPs, with this threshold being lower for low ion
energy.25 Although this agrees with our observations, the ki-
netic energiess25 keV and 3 MeVd for which this effect has
been observed are still much higher than those involved in
PLD. There is, however, another important parameter that is
scarcely discussed in the literature, namely the dose rate or
flux of arriving ions. This is typically in the range
1013–1015 ions cm−2 s−1 for ion implantation.2,3 It has re-
cently been shown that for Ti implantation at 9 keV and a
total dose of 631016 ions cm−2, a decrease of the flux by a
factor of two causes the metal to form a quasi-continuous
layer rather than NPs.24 PLD is a transient process since
most of the deposition occurs during a period of several mi-
croseconds after the laser pulse, with this deposition being
repeated after a pause of some hundred milliseconds at a
typical laser pulse frequency of 10 Hz. Considering 10ms as
a conservative approximation for the deposition time after
each pulse, the average flux per pulse of metal species arriv-
ing at the substrate using the rates plotted in Fig. 7 is in the
range of 1016–1017 at. cm−2 s−1. These fluxes are extremely
high when compared to the fluxes used during ion implanta-
tion, and thus are likely to be responsible for the formation
of the embedded layer Au NPs by the implantation of ener-
getic species. These high fluxes are also responsible for the
very sharp size distribution of the embedded layer of NPs, as
it has been previously observed that the size dispersion of
NPs produced by ion implantation is substantially reduced
when increasing the flux.2,3 Our results give thus further sup-
port to the conclusion that low energy and high flux ion
implantation is required to achieve narrow NP size
distributions,24,26and provides an explanation for the narrow
2D distribution of Au NPs produced by ion implantation re-
cently reported.1 Although the kinetic energys240 keVd in
this report was higher than that used in the earlier ones,2,3 the
flux was close to 1017 ions cm−2 s−1 and thus similar to the
one used in this current work.

Our results clearly show that for metal concentrations per
layer of 231015 at. cm−2, the implanted portion of the metal
becomes saturated and nucleation and growth at the surface
starts, the diameter of the NPs increasing as the amount of
metal deposited increases. The fraction of Au atoms leading
to the formation of the surface layer of NPs has been esti-
mated to increase from,50% of the total deposited Au at-
oms in the case shown in Fig. 2sbd up to a value close to
,80% when coalescence is clearly taking placefFig. 2sddg.
This layer corresponds most likely to the one reported earlier

for PLD of Cu or Ag NPs,8,15 for which the implantation
effects were weak and for which the diameter of the NPs
followed a nearly linear increase with the number of laser
pulses in the metal target. However, similarfAug values are
achieved over a broad range of number of laser pulsess560–
980d for the lowest fluence usedsFig. 1d. This fAug content is
in addition very close to the threshold for forming NPs at the
surface layer as seen in Fig. 4sbd. Therefore, there has to be
another competing process that slows down or even prevents
the growth of the NPs at the surface layers for lowfAug
values. This conclusion is further supported by the unex-
pected increase of the number of Au atoms deposited per
pulse asfAug increasessFig. 7d and by the sharp increase of
the deposition rate at high fluence that can be deduced from
the inset in Fig. 1. Since these competing processes influence
the metal content but not the host content, they are most
likely related to sputtering of the metal by either self-
sputtering during metal deposition or by sputtering of the
metal while covering the NPs with the Al2O3 host.

According to the classical sputtering models, the sputter-
ing yield depends on the kinetic energy of the arriving
projectiles.11 Assuming the formulation reported elsewhere
based on this theory,14 and the kinetic energies in Table I, the
sputtering yield of Au by host projectiles should be negli-
gible whereas that of Au by Au projectiles would increase
from 0.37 to 0.72 when increasing the fluence by a factor of
3.3. This important increase of the self-sputtering yield can
account for the evolution of the NP dimensions as a function
of fluence deduced from the vertical lines in Fig. 6. The fact
that this evolution undergoes a maximum for the intermedi-
ate fluence is consistent with self-sputtering being dominant
over growth above this fluence. This observation is consis-
tent with the dependence of sputtering effects on fluence re-
ported elsewhere during deposition of metals by PLD.12,13

However, the results in Fig. 7 show that the number of Au
atomsdepositedper pulse increases with the value offAug
for a given fluence, even when thearrival flux of both Au
and host species is constant. This result clearly suggests that
sputtering of the metal caused by the host species must be
playing a role most likely related to the special features of
the PLD process that significantly differ from those of clas-
sical sputtering.27 The PLD process generates a high particle
flux, and due to the low kinetic energyscompared to sputter-
ingd, they only penetrate a very short distance into the sur-
face, and so rapidly alter the local deposit composition.
Hence, the surface composition and sputtering rates must
vary both with fluence and dose. Early examples, particularly
for metals, showed changes in sputter yields varying by up to
factors of 10.27,28 Although our results only provide clear
evidence for the self-sputtering of the metal, evidence for
sputtering of the metal by the host has been provided else-
where during covering of layers of Au NPs by a 5 nm layer
of Al2O3 produced by sputter deposition.5 The results show
that the metal content is higher in the noncovered sample
than in the covered ones only for small NPssdiameter
,2.0 nmd in agreement with our own observations. We can
conclude then that sputtering of the metal by host projectiles
is taking place in the current work because of the very high
flux during deposition of the host and is the dominant sput-
tering process for lowfAug values.
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The classical theories for surface nanoparticle nucleation
and growth predict that the main parameters controlling
these processes are the substrate temperature and the depo-
sition rate.29 The species arriving at the substrate diffuse on
the surface until they are trapped by special sitesssuch as
defects or nanoparticlesd, join other atoms to form nanopar-
ticles or re-evaporate. There is a critical NP size below which
the nuclei are unstable and thus can easily be re-evaporated
or sputtered off the surface.4,30 According to Fig. 6 and Fig.
4sbd, this critical size must be in our case,2.5 nm, or close
to 2.1±0.231015 at. cm−2. Following this reasoning, Au sur-
face NPs smaller than this critical size are more easily sput-
tered off the surface than larger NPs. Once thefAug content
is high enough to produce NPs bigger than the critical size,
these large NPs are no longer sputtered off, but remain at the
surface. This preferential sputtering process of atoms and/or
small NPs would also account for the reduced size dispersion
observed for the Au NPs at the surface layer produced at the
highest fluence, as coalescence is prevented due to sputter of
the small ones. The competition between growth and sputter-
ing processes, independent of their origin, leads to a self-
limiting size effect that promotes the production of NPs with
a narrow size distribution that helps to minimize coales-
cence.

The existence of such self-limiting effects is clearly ap-
preciated from Fig. 8 where it is shown the evolution of the
number density of NPs with the Au coverage. The number
density increases for the highest fluence, while for the lowest
one it is clear that it is either constant or slightly decreasing,
in spite of the dispersion in the data. These results, especially
the one obtained for the highest fluence, are in contrast with
earlier reports for Cu and Ag NPs produced by PLDsRefs. 9
and 15d where the number density of NPs was found to de-
crease when the coverage increased, consistent with a growth
process dominated by coarsening and coalescence. Similar
self-limiting effects have been reported during the produc-

tion of Sb NPs by cluster beam deposition,30 or transition
metal NPs produced by electron-beam deposition.4 The rea-
son why these self-limiting effects were not observed for
gold in the latter work might be related to the lower flux used
there and to the fact that the maximumfAug content
achieved was 1.3831015 at. cm−2, which is smaller than the
critical value determined in this work. Self-limiting effects
associated to high flux bombardment have also been reported
upon high-flux Cu implantation in silica2 or hydrogen bom-
bardment of carbon.31

CONCLUSIONS

Three competing processes have been identified during
the growth of Au nanoparticles by pulsed laser deposition,
namely the production of NPs by implantation of the metal
in the host acting as substrate, nucleation and growth of NPs
at the surface and sputtering of the deposited metal. The first
process leads to the production of an embedded layer of very
homogeneous, small NPss1.4±0.2 nmd whose position, with
respect to the surface scales with the kinetic energy of ener-
getic Au species arriving to the substrate. This process is a
consequence of the high arrival fluxs.1016 at. cm−2 s−1d and
is found to saturate in all the experimental conditions studied
at a metal concentration close to 231015 at. cm−2. The sec-
ond process, the nucleation and growth of NPs at the surface,
starts once implantation saturates. However, sputtering of the
metal at the surface by incoming Au and host species influ-
ences this process. The latter is linked to the very high fluxes
and appears to dominate for low metal contents. The self-
sputtering of the metal, mainly related to the increase of the
kinetic energy of the species when increasing the fluence, is
instead found to be dominant for high fluences. Both pro-
cesses are most likely to occur simultaneously and they lead
to a self-regulation of the dimensions of the NPs by prefer-
ential sputtering of the smallest NPs. This self-limiting pro-
cess is more noticeable for the highest laser fluence consid-
ered and narrows the size distribution by preventing
coalescence.
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