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Competing processes during the production of metal nanoparticles by pulsed laser deposition

J. Gonzald; A. Perea, D. Babonneduand C. N. Afonso
Laser Processing Group, Instituto de Optica, CSIC, Serrano 121, 28006 Madrid, Spain

N. Beer, J.-P. Barnes, and A. K. Petford-Long
Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, United Kingdom

D. E. Hole and P. D. Townsend
Science and Technology, University of Sussex, Brighton BN1 9QH, United Kingdom
(Received 14 May 2004; revised manuscript received 21 October 2004; published 24 Margh 2005

In this work we report on the competition between growth, implantation, and sputtering effects during the
production of metal nanoparticléslP9 by pulsed laser deposition. The production sequence involves first the
deposition of an amorphou&@-)Al,O5 layer onto which gold NPs are produced. They are subsequently
covered bya-Al,O3; and this sequence is repeated five times. The resulting nanocomposite films have metal
contents per layer in a broad range: 1<90'° at cmi?. 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-Al,O5 layer, which is acting as a substrate, and the other one consisting of NPs grown aAkh®3
surface. The high kinetic energy of a significant fraction of the Au species present in the plasma and the high
fluxes(10'-10'8 at cmi?2s7Y) 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 nunt®er61.46+w, 81.15.Fg, 81.0%b

INTRODUCTION results reported on the growth of Bi NPs using fluences in

The development of nanopartial¥P) synthesis and char- the range 0.4-5J cthshow that implantation of the metal
acterization techniques that make possible the control of thé1 the host is an important issue that scales with the laser
NPs features within a few nm have attracted renewed intere$tuence. For low metal contents, surface nucleation of NPs
to the production of metal NPs, as this opens the possibilityvas even unexpectedly prevented at high laser fluelices.
of taking advantage of their special properties for the develThis implantation process has been related to the high kinetic
opment of applications such as new catalysts, tunnel res@nergy (~200 eV) of a significant fraction of the species
nance resistors, or optical devices. For many of these applinyolved in the PLD process. In addition to implantation, it is
cations, the NPs have to be embedded in a dielectric host %ry well known that high kinetic energy species bombard-
form a nanocomposite. . . . . ing a surface produce sputterifgSuch sputtering processes

The control of the distribution, size and size dispersion o have been reported to occur during PLD of metals with
the NPs has been a challenge for many years. Commolﬂelds as high as 0.5 and 1.0 for the deposition of (Rgf.

methods to produce NPs with controlled features are enel-z) or Zn13 They have also been considered responsible for

Whereas the former introduces the metal into a bulk dielec—Surface compositional changes due to preferential sputtering

tric, the latter produces both the metal NPs and the hogt! the different metal component$Alithough these two pro-

using the same deposition technique. Although sputter dep&€SSes, namely implantation and sputtering, are separately

sition has been the most widely used technigjpalsed laser ~reported when producing films or NPs by PLD, they must
deposition(PLD) has recently appeared as a promising techinevitably occur simultaneously, especially when using high
nique due to its superior ability in producing high quality fluences.
dielectric oxides. An alternate PLD technique using inde-  The understanding of the competition between growth,
pendent targets for the metal and the host has successfulijpplantation, and sputtering in the PLD process is thus es-
been used to produce metal NPs layers embedded in amagential to eventually achieve a fine control of the NP mor-
phous(a-)Al,O5 with an excellent control over the in-depth phology and distribution. The aim of this work is to identify
separation of the NP5The dimensions of the NPs are typi- the parameters that control the role of implantation and sput-
cally controlled through the number of pulses on the metatering effects on the growth of metal NPs and their incorpo-
target leading to quasispherical small NRtiameters of ration ina-Al,03 by PLD. The amount of deposited metal,
2-3 nm, with a narrow size dispersiotaround 1 nm for  the dimensions of the NPs and the kinetic energy of the
low metal contents. The size and shape dispersion are fourrdetal species involved in the process are studied as a func-
to increase as the metal content increased, and the NPs W#n of the laser fluence used to ablate the metal an®Al
come larger and elongated as a result of coalescence atafgets. We have selected gold for this study because the
coarsening. range of kinetic energies accessible is broader than for
The role of laser fluence used to ablate the metal target olighter metals and because the production of Au NPs has
the growth of metal NPs has been much less studied. Recenidely been reported. To compare to earlier reports on a

getic ion implantatiofr® or thin film technologie$:®
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metal with lower mass such as Agwe have also deter- :
mined the velocity of Ag species. < 101 . gsj
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EXPERIMENT I . o 4a
Nanocomposite films containing layers of Au NPs embed- Z |m:® aada

ded in a-Al,O; were produced by PLD in vacuum - “, . . .
(10® mbap. An ArF excimer laser beanix=193 nm, 7 0 400 800 1200 1600
=20 ns full width at half maximun{FWHM)] operating at Number of pulses

10 Hz was alternatively focused on th(—;- sgrface of hlghopunty FIG. 1. Areal density of Au atoms per NP laydiAu]) as a
Al,O5 and Au targets at an angle of incidence of 45°. The .

- function of the number of laser pulses used to produce each NP
targets were mounted into a computer-controlled holder th

: . . quer, for increasing laser fluencedh) Fy; (@) 2.3, and (H)
allows both the continuous rotation and the sequential ablaé.azo, whereFo=2.7 J cm? The inset shows the evolution pAu]

tion of the targets. The growth was performed on Si andas a function of the laser fluence for layers grown using 200 laser
carbon-coated substrates held at room temperature angses.

placed 32 mm away from the target surface.

The deposition rates of both tf@Al,0; and the metal in cross-section specimens having 5 NP layers produced on
were independently determined in vacuum prior to the pro- P 9 yers p

duction of the nanocomposite films by meansirofitu re- Si substrates. They were prepared using a focused Ga ion

flectivity measurements. The synthesis sequence consisted% am(FIB) milling system. The in-plane morphology of the

the deposition of am-Al,O3 layer to allow the NPs always icsa V;izstsrgiglsedwiltr;] S;msl?ﬁslegrg;vgl dvx?igh Cztrz%?lﬁgatg?
to nucleate on the same type of surface. Once the NPs weﬁ% O4/NPS/ALO, to prevent trF])e overlapping of images
produced, the matrix target was ablated to first fill in the, 23 3 P ppIng 9

space around the NPS and second to producerah0; - 78 TR, T RS, 1S TS o R ke
layer with a certain thickness and a flat surf8cEhis se- P

quence was repeated the desited number of NPs layers aff 31 PPe” 31s I Shssriadon, havn 8 s ozt o
an a-Al,O; protective layer was always deposited to encas ) ’

the films. Further details of the synthesis procedure of thesghccimens were homogeneous. The analysis of the images
nanocomposite films can be found elsewhiére. was performed by manually outlining the NPs to produce

The dependence of the NP's morphology on the amoun inary images that were proce_ssed usi_ng the Gatan Digital
of metal and the laser fluence has been studied. The form icrograph software to determine the size, shape and num-

nas becn varied Urough the number of puies on the metfr 7 O 02 NS The seted otor 1 e el
target, in a range from the amount of metal required to for y

. X e 10%.
NPs that could be imaged by electron microscopy up to th . : . .
percolation threshold. The laser fluence varied fréiy Finally, the velocity of Au, Ag, a_lnd Al excited atoms in
=27 Jcm2to 3.3,=8.9 Jcm? by changing the laser the plasma_was measured by spgnally resolved real-tlmg op-
pulse energy while keeping the spot size at the target surfac,I cal em|s§|on spectroscopy using the metho_d descr!bed
close to 1 mr& The spot size was determined by placing a® sewheré® The plasma produced by laser ablation was im-

laser beam profiler at the position of the target surface t ged at the entrance slit of a spectrometer and scanned along

measure the intensity profile of the attenuated laser beal he normal to the target. The analysis of the emission tran-

The spot size corresponds to the area at which the laser i'?éeg:erren?%rg?ggogglsftrerreont::tl)féa\?eﬁiiito t_lrfﬁéavrggcililggvvevzrlf
tensity is above 10% of its maximum value. The laser flu- P Y-

. o 0 .
ence used to produce the matrix was in all cases the same% termined within 10% by averaging the results for the

: 1.2 nm and 627.8 nm lines in the case of Au, the

the one used to produce the NPs. When changing the fluenc . X ’
the number of pulses on the matrix target was adjusted in 66.8 nm, 447.6 nm ar_1d 546.6 nm lines in the case of Ag
order to achieve a similar spacing of the NP layers and fiImand the 394.4 nm I|n_e in the case (.)f AI'.A” of them corre-
thickness. spond to neutrals,. since no emlssmn.lmes related t6 Au

Rutherford backscattering spectrometBBS) was used could be detected in the present experiments.
to determine the metal content of the films deposited on Si
substrates, the film thickness and the in-depth separation be-
tween NP layer§.A 2.0 MeV “He" beam was used and the
experimental spectra were analyzed usingRtieP code, the Figure 1 shows the dependence of the areal density of
error in the determination of the gold content being 2%. gold atoms per layef(Au], in at.cm?) on the number of

The analysis of the morphology and the crystallographigulses on the Au target. The results obtained for the three
structure of the NPs was carried out using high resolutioraser fluences studied are all included. The] content in-
electron microscopyHREM) and selected area electron dif- creases as the number of laser pulses increases, with the
fraction (SAD) using a JEOL 4000EX TEM operated at increase becoming faster as the fluence increases. For the
400 kV with a point-to-point resolution of 0.16 nm. The out- case of the films produced at the lowest fluefgethe data
of-plane morphology and distribution of the NPs was studiectlearly show a change of slope fgAu] values close to

RESULTS
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40 3 NPs produced using laser fluences(4fA) Fq; (O,@) 2.3F;; and
(CJ,m) 3.3,. The open and filled symbols, respectively, correspond
: =0 to small and large NPs.
Hﬂ':m ZO served. Whereas the film having the lowfsti] content only
b5 ﬂ H exhibits this narrow distribution, an additional broader distri-
" e 20 bution appears when increasing thu] content, the maxi-
! mum of this second distribution shifting to longer diameters
HN 0 as[Au] increases. This bimodal distribution for the film hav-
2 4 6 8 ing the highesfAu] content is better appreciated in the inset
Diameter (nm) of Fig. 2d) where the number of particles is plotted within

an expanded scale.

FIG. 2. Plan-view HREM image@eft) and dispersion in the NP Figure 4 shows both cross-sectigieft) and plan view
diameter (right) for films containing Au NPs produced using the (right) HREM images of the films with increasifigu], hav-
highest laser fluencé3.37o) and having increasingAu] values  jng Au NPs produced using the lowest laser flueffgg. The
Xlol.s at.cmi? of (a) 2.0, (b) 4.2,(c) 7.7, and(d) 8.9. The insetin 1o view images show indeed the presence of both small
Eﬁ;g'g?:gﬁg:ﬂg‘;:%gg sdézﬁaersmn but for NP diameters greatef, 4 |arge NPs in the films having higHexu] [Figs. 4c) and

‘ 4(d)]. The cross section images show that the NPs are orga-
2.1-2.5< 10% at. cni2. The inset show§Au] as a function  hized in layers, whose spacing is very similaithin 15%)
of the laser fluence for 200 laser pulses for the three studield all films as intended. Large and small NPs are located in
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 fluen@&3F,) that have in-
creasing[Au] contents. For the lowe$u] [Fig. 2@)], the
NPs are small and approximately round. As ffAe] content
increases, both small and large NPs are obsefiviggs. 2b)
and Zc)]. For the highes{Au] [Fig. 2d)], 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 lengtlithe longer dimensionand a
breadth(the in-plane dimension in the direction perpendicu-
lar to the length 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 ¢Au]. Note that these charac-
teristic dimensions are not well defined for the film produced
at the highest fluence with the largd#tu] content[Fig.
2(d)], 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 FIG. 4. Cross-sectiofleft) and plan-view(right) HREM images
at the highest fluence as a function[#fu] is shown on the of Au NPs produced using the lowest laser fluetfeg and having
right-hand side of the corresponding image in Fig. 2. In allincreasing[Au] valuesx 10'° at. cm? of (a) 1.2, (b) 1.9, (c) 4.9,
cases, a narrow distribution centered at 1.4+0.2 nm is oband(d) 7.5. The arrow in(@) (left) shows the growth direction.
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FIG. 6. In-plane diameter afA,O,[1) small and(A,@®,H) large
Au NPs as a function dfAu] for NPs produced at increasing laser
fluence: (A,A) Fg, (O,@) 2.3F, and (CJ,W) 3.3, The vertical
lines are guidelines to follow the dependence of the in-plane diam-
eter aff Au]=2x 10® at. cnT2 and 4.2x 10 at. cn? as a function
of laser fluence.

shows the number of atoms deposited per pulse of both the
host and the metal as a function of th&u] content in the

FIG. 5. Cross-sectiofleft) and plan-view(right) HREM images ~ deposited films. The results show that whereas the number of
of Au NPs having similafAu] values and produced at increasing host atoms deposited per pulse remains constant indepen-
laser fluencefa) Fo and [Au]=4.9x 10! at. cni? (b) 2.3F, and  dently of[Au], the number of Au atoms deposited per pulse
[Au] content=4.2<10%at.cni? () 3.3F, and [Au]=4.2 unexpectedly increases p&u] increases, the higher the flu-
X 10%° at. cm2. The arrow in(a) (left) shows the growth direction. ence the higher the number of atoms deposited per pulse. It
The vertical lines in(@), (b), (c) (left) mark the approximate loca- is worth pointing out that the number of atoms of the host
tion of the deposition surface prior to the NP deposition cycle.  deposited per pulse is approximately one order of magnitude

higher than that of the metal, particularly for the lowgsti]

separate layers, with the small NPs lying beneath the larggg|yes.
ones. The film having the smalld#tu] [Fig. 4a] only show The kinetic energy of the excited neutrals present in the
one NP layer that is most likely equivalent to the deeper NRyjasma is deduced from real time spatially resolved optical
layers in the films having highdAu], since only NPs with  emission transients measured in the fluence conditions used
diameters of 1.4+0.2 nm are seen in the corresponding plaRp prepare the films. For a given emission line, the time at
view image. In the film havindAu]=1.9x 10" at.cnm®  \hich the maxima of the emission transients collected for a
[Fig. 4b)], a few large NPs can be seen and thus this quancertain emission line occur, is plotted as a function of the
tity of metal appears to be close to the threshold for thejistance to the target at which they were collectedt
formation of large NPs. shown. The data follow a linear evolution whose slope pro-

Figure 5 shows cross-sectigieft) and plan view(right)  vides the velocity of the corresponding species. This linear
HREM images of films having simildriAu] but produced at evolution is consistent with the excited atoms having a con-
increasing fluencéfrom top to bottom. In all cases, two stant velocity as expected since the plasma expansion and
layers corresponding to small and large NPs are observed. Afibsequent deposition take place in a vact®ifhe veloci-
the laser fluence increases, the center-to-center separation kigs experimentally determined are summarized in Table I,
tween the small and large NP layers slightly incredé®sn  together with the kinetic energy calculated using these ve-
3.0 nm to 4.0 nm In addition the large NPs become smaller |ocities. It is clearly seen that the velocity of Au species
for the highest fluence. These features are more clearly segficreases slightly with fluence, whereas that of Al remains

in Fig. 6 where the dependence of the diameter of both larggpproximately constant. The velocity of the Ag species is
and small NPs on thpAu] content is shown for films grown ¢lose to half than that of Au.

at different fluences. The diameter of the small NPs remains

approximately constant independent of the laser fluence used ° g a B
or the[Au] content. The diameter of the large NPs increases § 10 ®'s b .
as[Au] increases with a tendency to saturate for higi] 5 XK-D """" "‘ﬂ
values. Large NPs disappear fofAu] values <2 5 1 __'_'5?.5{7' i

X 105 at. cnT?, whereas the small ones are still sg&ig. ) L Y-S
4(a)]. Finally, the dependence of the diameter of large NPs - R

on the fluence can easily be extracted from this figure fol- ™37 6 & 10

lowing the two marked vertical lines. For lopAu] contents,

all the laser fluences lead to the same diameter, whereas the

diameter of large NPs undergoes a maximum for the inter- F|G. 7. Number of Auopen symbolsand host(solid symbols

mediate fluence 2R, atoms deposited per pulse as a functior{Ad] in the films. The
The use of increased fluence to ablate the targets infludata correspond to films grown &i\,A) Fg; (O,®) 2.3F;; and

ences the quantity of species ablated per pulse. Figure (71,W) 3.3, The lines are linear fits to the experimental data.

[Au] (10%°at em™?)
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TABLE I. Velocity of Au, Ag and Al species produced by laser estimated to be the position of tlaeAl,O; surface, marked
ablation of metal targets at different fluences, determined by opticain Fig. 5, left by a vertical white line. The value aof in-
emission spectroscopy of the plasnfa=2.7 J cm? is the lowest  creases from 1.2 nm to 2.0 nm when the laser fluence is in-
fluence used for film growth. The kinetic energy of the speciescreased front to 3.3. If this embedded layer is produced

calculated from these velocities is also included. by implantation of the metal in the matrig, should depend

on the kinetic energy of the Au species arriving to the surface

Ablation Velocity Kinetic energy of the a-Al,O5 substrate, with higher kinetic energy leading

Metal fluence (X10°ms?h (eV) to greater implantation depth.
In the case of laser ablation of metals well above the
Au 1.2 8.3 70 plasma formation threshold, the ions present in the plasma
Au 2.2F, 9.3 90 play a significant role on the film deposition procésshe

ionization fraction being dependent on the laser parameters.

Ag 1.7 5.6 18 Recent works on UV ablation of metals in the fluence range

Al 1.0F, 13 26 relevant here, have evidenced a significant ionization frac-
Al 2 9F 13.6 26 tion [Ti (>50%), Al (=60%), Ag (=60%), Bi (=15%)]
oo ' (Refs. 12, 18, and 19%nd pointed out that the ion fraction
Al 3-7Fo 136 26 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
DISCUSSION fraction can lie in the range 10-50 %. Moreover, since in the
The presence of two layers of Au NPs shown by thecase of metals, excited neutrals are most likely the result of
cross-section HREM images in Figs. 4 and 5 is consistenglectron-ion recombination proces&eand for fluences well
with the bimodal distribution seen in the plan view images.above the plasma formation threshold it has been reported
This clearly suggests that different processes are taking pladeat excited and ground neutrals have similar peak
during the production of Au NPs by PLD. The fact that the velocities?! the velocities and kinetic energies shown in
small NPs are located deeper than the large ones suggedigble | can be considered a good approximation for those of
that they are embedded in the previously deposited the majority of the species present in the plasma.
-Al,O5 rather than being formed on its surface. These small Assuming that the variation of kinetic energy with fluence
NPs thus relate to metal incorporated in the matrix during thdollows a linear function over the range studied, the kinetic
deposition process and we will refer to them from now on asgnergy of the energetic Au species would increase from
the embedded layer, whereas the second layer of NPs is mdst €V to 115 eV when increasing the fluence frdy to
likely formed by NPs that have been nucleated at the surfac8.3Fo. Using these kinetic energy values for Au species, a
of the a-Al,O5 and will be referred to from now on as the density of 2.95 g ci# for a-Al,O; (Ref. 22, and thesrim
surface layer of NPs. software, the calculated implantation ranges are 1.4+0.1 nm
The separate production of the two layers of NPs couldand 1.6+0.2 nm foF, and 3.%,, respectively. These values
only be observed for the lowest laser fluence used, since iagree well with the experimental implantation depths deter-
this case, the arrival rate of the Au species is much lower. Agnined from Fig. 5. Thus it can be concluded that the embed-
seen in Fig. 1 for the fluendg,, there is a change in slope in ded layer is produced by implantation into taeé\l ,O3 sub-
the graph of the amount of Au incorporated in the films as &trate of a fraction of the metal arriving at the substrate.
function of the number of laser pulses. This means that for a The existence and location of the embedded layer is also a
broad range of number of laser puls@&§0-980, [Au] re-  consequence of the high Au mass. In earlier reports, an em-
mains  approximately  constant  within  2.1+0.2 bedded layer was clearly seen when producing Bi NPs,
X 105 at. cnT2. Figure 4b) shows that thigAu] value is the ~ Wwhereas it was harder to observe in the case of Ag RPs,
threshold for the formation of NPs at the surface since forand has not been observed in the case of CuiN\Bishas a
smaller valuegFig. 4(a)], only the embedded layer is seen, mass very similar to that of Au and the velocity reported for
while for larger onegFig. 4(c)], both surface and embedded Bi species in PLD processes was slightly highgrd
layers are produced. Furthermore, thhai] threshold is in- X 10° ms7%).2% It is thus not surprising that the implanted
dependent of the laser fluence used, as seen in Fig. 6. layer is similarly well seen for both Bi and Au. However, Ag
The embedded NP layer is always observed to be presehas half the Au mass and the velocity of Ag species deter-
and consists of round NPs with a diameter of 1.4+0.2 nnmined here is approximately half than that of Au species.
independently of th¢Au] content or the laser fluence. This Provided that the fluence used to produce the Ag NPs in the
result suggests that the process responsible for its formaticgarlier report® was approximately half the fluence used here
requires a minimunjAu] content to initiate nucleation, but to determine the velocity of excited Ag species, and assum-
subsequent saturation is very fast. The cross-section imagé¥y again a linear dependence of the kinetic energy with
in Fig. 5 show that the depth position of these embeddefluence we can estimate the kinetic energy for an energetic
layers with respect to the surface ones increases as the fldg species in Ref. 15 to be more than 8 times lower than that
ence is increased. We define the depth at which the embedf an energetic Au species in this work and thus, the implan-
ded layer is produced], as the distance between the centertation depth for Ag had to be much smaller. This reasoning
of the embedded layer and the average position of the loweagrees well with the fact that although the existence of an
surface of the NPs belonging to the surface layer, which ismplanted layer in the case of Ag was inferred from a dark
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contrast below the NPs in the cross-section images, a layer é6r PLD of Cu or Ag NP<%° for which the implantation
embedded NPs was not form&dThe implantation depth effects were weak and for which the diameter of the NPs
estimated using the velocity measured in this work is offollowed a nearly linear increase with the number of laser
0.8 nm which is in good agreement with the experimentajpulses in the metal target. However, simil&wu] values are
observations in Ref. 15. This reasoning agrees well with thechieved over a broad range of number of laser puy588—
fact that the metal tends to form a quasi-continuous laye®80 for the lowest fluence usdéFig. 1). This[Au] content is
rather than isolated NPs when the implantation energy i addition very close to the threshold for forming NPs at the
decreased* surface layer as seen in Figlb} Therefore, there has to be
The kinetic energy of energetic Au speciéslose to  another competing process that slows down or even prevents
100 e\), and the total Au dos& x 10 at. cn?) in the im-  the growth of the NPs at the surface layers for Iptw]
planted layer are, respectively, at least two orders and onealues. This conclusion is further supported by the unex-
order of magnitude smaller than those typically used for propected increase of the number of Au atoms deposited per
ducing NPs by energetic ion implantatiéf For the case of pulse agAu] increasegFig. 7) and by the sharp increase of
Cu, it has been reported that there is a critical dose for formthe deposition rate at high fluence that can be deduced from
ing NPs, with this threshold being lower for low ion the insetin Fig. 1. Since these competing processes influence
energy?® Although this agrees with our observations, the ki-the metal content but not the host content, they are most
netic energie$25 keV and 3 MeV for which this effect has likely related to sputtering of the metal by either self-
been observed are still much higher than those involved irsputtering during metal deposition or by sputtering of the
PLD. There is, however, another important parameter that ismetal while covering the NPs with the /&5 host.
scarcely discussed in the literature, namely the dose rate or According to the classical sputtering models, the sputter-
flux of arriving ions. This is typically in the range ing yield depends on the kinetic energy of the arriving
10*-10"ions cm?s™! for ion implantatior?? It has re-  projectilest! Assuming the formulation reported elsewhere
cently been shown that for Ti implantation at 9 keV and abased on this theofy,and the kinetic energies in Table I, the
total dose of 6< 10'® ions cm?, a decrease of the flux by a sputtering yield of Au by host projectiles should be negli-
factor of two causes the metal to form a quasi-continuougjible whereas that of Au by Au projectiles would increase
layer rather than NP¥. PLD is a transient process since from 0.37 to 0.72 when increasing the fluence by a factor of
most of the deposition occurs during a period of several mi3.3. This important increase of the self-sputtering yield can
croseconds after the laser pulse, with this deposition beingccount for the evolution of the NP dimensions as a function
repeated after a pause of some hundred milliseconds ataf fluence deduced from the vertical lines in Fig. 6. The fact
typical laser pulse frequency of 10 Hz. Consideringuias that this evolution undergoes a maximum for the intermedi-
a conservative approximation for the deposition time afterate fluence is consistent with self-sputtering being dominant
each pulse, the average flux per pulse of metal species arriover growth above this fluence. This observation is consis-
ing at the substrate using the rates plotted in Fig. 7 is in théent with the dependence of sputtering effects on fluence re-
range of 16°-10'" at. cmi?s™%. These fluxes are extremely ported elsewhere during deposition of metals by PEE
high when compared to the fluxes used during ion implanta- However, the results in Fig. 7 show that the number of Au
tion, and thus are likely to be responsible for the formationatomsdepositedper pulse increases with the value[éfu]
of the embedded layer Au NPs by the implantation of enerfor a given fluence, even when tkerival flux of both Au
getic species. These high fluxes are also responsible for thend host species is constant. This result clearly suggests that
very sharp size distribution of the embedded layer of NPs, asputtering of the metal caused by the host species must be
it has been previously observed that the size dispersion gdlaying a role most likely related to the special features of
NPs produced by ion implantation is substantially reducedhe PLD process that significantly differ from those of clas-
when increasing the fluk® Our results give thus further sup- sical sputtering’” The PLD process generates a high particle
port to the conclusion that low energy and high flux ionflux, and due to the low kinetic energgompared to sputter-
implantation is required to achieve narrow NP sizeing), they only penetrate a very short distance into the sur-
distributions?*26and provides an explanation for the narrow face, and so rapidly alter the local deposit composition.
2D distribution of Au NPs produced by ion implantation re- Hence, the surface composition and sputtering rates must
cently reported. Although the kinetic energy240 keV) in  vary both with fluence and dose. Early examples, particularly
this report was higher than that used in the earlier 83¢se  for metals, showed changes in sputter yields varying by up to
flux was close to 18 ions cm2s™® and thus similar to the factors of 102728 Although our results only provide clear
one used in this current work. evidence for the self-sputtering of the metal, evidence for
Our results clearly show that for metal concentrations pesputtering of the metal by the host has been provided else-
layer of 2x 10'° at. cm?, the implanted portion of the metal where during covering of layers of Au NPs by a 5 nm layer
becomes saturated and nucleation and growth at the surfacé Al,O5 produced by sputter depositi6riThe results show
starts, the diameter of the NPs increasing as the amount &fat the metal content is higher in the noncovered sample
metal deposited increases. The fraction of Au atoms leadinthan in the covered ones only for small NRdiameter
to the formation of the surface layer of NPs has been esti<2.0 nm in agreement with our own observations. We can
mated to increase fromr50% of the total deposited Au at- conclude then that sputtering of the metal by host projectiles
oms in the case shown in Fig(l up to a value close to is taking place in the current work because of the very high
~80% when coalescence is clearly taking plg€sy. 2(d)].  flux during deposition of the host and is the dominant sput-
This layer corresponds most likely to the one reported earlietering process for loyyAu] values.
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- tion of Sb NPs by cluster beam depositf¥nor transition

§ 12 . A A metal NPs produced by electron-beam depositidhe rea-

:‘9 A* - son why these self-limiting effects were not observed for
Z 08 e gold in the latter work might be related to the lower flux used
g e there and to the fact that the maximuphu] content

2 o4 o achieved was 1.38 10" at. cni?, which is smaller than the

z 5 - 3 o " critical value determined in this work. Self-limiting effects

associated to high flux bombardment have also been reported
upon high-flux Cu implantation in sili@eor hydrogen bom-
bardment of carboft

Coverage (%)

FIG. 8. Number density of surface NPs as a function of cover-

age for films grown atA) Fq and (H) 3.3F,. CONCLUSIONS

The classical theories for surface nanoparticle nucleation
and growth predict that the main parameters controllin . i
these processes are the substrate temperature and the dgt he growth of Au nanoparticles by pulsed laser deposition,

- 9 . S . mely the production of NPs by implantation of the metal
sition rate? Thg species arriving at the subgtrate diffuse %M the host acting as substrate, nucleation and growth of NPs
the surface until they are trapped by special simgh as

defects or nanoparticlsioin other atoms to form nanopar- at the surface and sputtering of the deposited metal. The first
ticles or re-evaporate. There is a critical NP size below whic rc;:]:gssefeiiz tc;rt:ae"p'\rl%(iuzﬂ%nzo:]%nv\?g 2deoi?tilgze\:v%very
the nuclei are unstable and thus can easily be re—evaporateg 9 ’ o 0sep ’
or sputtered off the surfade®® According to Fig. 6 and Fig respect to the surface scales with the kinetic energy of ener-
4(b), this critical size must bé in our case2.5 n.m or close. getic Au species arriving to.the substr%te. Th|_32 p_rlocess IS a
to 2’1+0 2< 10% at. cnT2. Following this reasonin7g Ausur- consequence of the high arrival flGx 10'° at. cni?s™1) and
face NPs smaller than this critical size are more éasily spulj-s found to saturate in all the experimental conditions studied
; 5 =2 _
tered off the surface than larger NPs. Once[the] content at a metal concentration close to<20™® at. cni. The sec

is high enough to produce NPs bigger than the critical sizeond process, the nucleation and growth of NPs at the surface,

these large NPs are no longer sputtered off, but remain at th%arts once implantation saturates. However, sputter?ng .Of the
surface. This preferential sputtering process of atoms and/(fpet""I at _the surface by Incoming Au and host species influ-
small NPs would also account for the reduced size dispersioﬁnces this process. T'he latter is linked to the very high fluxes
observed for the Au NPs at the surface layer produced at th%ndttap_pear? ttho donglr?ate folr IOV\I' ;nzt?l (t:r(])nt_ents. The fstehlf-
highest fluence, as coalescence is prevented due to sputter%%u ering ot the metal, mainly refated to the increase of the
the small ones. The competition between growth and sputteF—'ne’tIC energy of the species when increasing the fluence, is

ing processes, independent of their origin, leads to a seli’-"‘s‘te"’Id found to be dominant for high fluences. Both pro-

limiting size effect that promotes the production of NPs with cesses are mosF likely to oceur simultaneously and they lead
a narrow size distribution that helps to minimize coales-tO a self-regu_lanon of the dimensions of _the NP.S _b_y prefer-
ential sputtering of the smallest NPs. This self-limiting pro-

cence. . ) . .
The existence of such self-limiting effects is clearly ap- €SS 1S More noticeable for the highest laser fluence consid-
ered and narrows the size distribution by preventing

preciated from Fig. 8 where it is shown the evolution of the

number density of NPs with the Au coverage. The numbelcoalescence.
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