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Platinum nanoparticles were grown by pulsed laser depogiB&D) on highly oriented pyrolitic graphite
substrates and characterized by scanning tunneling microscopy. Unexpectedly, as the nominal Pt thickness
is increased from 0.1 to 20 nm, the mean diamétk) of the Pt nanoparticles follows the power laly,

«tYZ with a dynamic exponerf=4.7+10 %. This growth law is found to be valid for incident kinetic energy
(Kg) of the ablated species involved in the growth process ranging from 4 to 130 eV/at. We also show that the
shape of isolated Pt nanoparticles can be greatly influence€ebpur results point out that PLD Pt nano-
particles nucleate and grow on the substrate rather than being formed in the ablation plume.
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Nanoparticles containing a few to thousands of atomsanalysis of our results in relation to a conceptual model
have recently been extensively investigated due to their urpoints to a surprising analogy between Pt nanoparticle depo-
usual and surprising electrical, magnetic, optical, and chemisition by means of PLD over a wide range of incident kinetic
cal properties=2 In the field of heterogeneous catalysis, spa-energy and the apparently quite differ¢ahd much less en-
tially separated metallic nanoparticles on surfaces can exhibdrgetio molecular beam epitaxyMBE) growth of metal
pronounced size-dependent catalytic properties that diffenanoparticles.
considerably from those of single-crystal surfates. Platinum nanoparticles were grown at room temperature

The pulsed laser depositiofi°LD) technique is a very by ablating a pure polycrystalline Pt target by means of a
promising approach for the deposition of nanoparticles oKrF excimer laser(wavelength=248 nm; pulse duration
various materials under a very wide range of growth condi=17 ns; repetition rate=20 Blin a high-vacuum deposition
tions, thereby opening the prospects for the synthesis ofhamberresidual pressure- 107 Torr). The laser beam was
novel nanostructured materi&s:t As an example, the PLD focused on thé5 cmx 5 cm) Pt target(99.99% purity at an
growth of silicon nanoparticles presenting a narrow size disincident angle of 45°. To perform deposition under reproduc-
tribution has been studied for the development of new optoible ablation conditions, the target was continuously moved
electronic deviced? For silicon nanoparticles, plasma across the laser beam via a dual rotation and translation mo-
spectroscopy-based experiments have shown that clustgon of the target holder. The on-target laser fluence was kept
nucleation and growth occurs in the ablation plume. How-at about 4 J/crh The substrates consisted of freshly cleaved
ever, in contrast with the conclusions of Ref. 10, this growthHOPG samples mounted on a holder that is parallel to the
mode seems to apply only for some materials grown undefarget surface at a variable perpendicular target-to-substrate
specific deposition conditions. Indeed, nucleation and coalestistance(D,). The nominal Pt thickness was varied by
cence of nanoparticles on substrates have been reported fireasing the number of laser pulses from 5 to 1000 under
different laser-ablated metals, including Au/gldss, three distinct deposition conditions whedg and the helium
Fe/Cu111),'? Au/highly oriented pyrolitic graphite packground pressure were selected so as to obtairalues
(HOPG,*® Fe/Ma(110),'* and Ag/Si'® The model currently  of 4, 45, and 130 eV/df Kg values were deduced from
proposed for Si nanoparticles fails to describe the growth ofime-of-flight (TOF) emission spectroscopy following the
these systems. There is thus a clear need for a model thgame procedure previously describefibr the investigation
describes the growth of PLD metal nanoparticles. Becausef the expansion dynamics of gold ablated species. In the
platinum represents an ideal catalyst material in manyresent study, the temporal evolution of the Pt plasma was
applicationst® the particular case of the growth of Pt nano- obtained by recording the emission intensity of th@)Rteu-
particles constitutes an especially interesting system, particural platinum line centered at 306.47 nrdifetime of
larly so because the possibility of growing Pt nanoparticles~10 ng. The as-grown samples were then characterized
with controlled dimensions in the nanometer range opensitu using a commercial STNNanoScope Ill, Digital Instru-
new avenues in the field of heterogeneous catafysis. mentg operated at room temperature in ambient air.

In this paper, we report a scanning tunneling microscopy Typical STM images of the PLD Pt nanoparticles grown
(STM) investigation of the early stages of growth of Pt nano-at Kg=45 eV/at. as a function of the number of laser pulses
particles deposited by PLD onto HOPG substrates. The focuare presented in Fig. 1, together with their corresponding size
is put here on the growth dynamics of the Pt nanoparticles adistribution histograms. The STM images show that the Pt
a function of both the laser pulse number and the kinetimanoparticles present a relatively round shape regardless of
energy(Kg) of the ablated specie@toms, dimers, trimers, their size. No evidence of particle agglomeration or neck
and clusters, etg.in the ablation plume. In particular, the formation between nanoparticles was observed. As shown in
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Diameter (nm) under the 45 eV/at. conditiolf,in comparison to the two
otherKg conditions, the films obtained under a given number
FIG. 1. Typical STM images and size distribution histograms forof laser pulses are naturally thicker and consequently their
PLD Pt nanoparticles grown on HOPG undg¢g=45 eV/at. at  constituting particles are slightly larger. This shows that the
three selected nominal Pt thicknessea) t=0.1 nm (five laser  number of laser pulses is not necessarily the most appropri-
pulses, (b) t=1 nm(50 pulsey and(c) t=10 nm(500 pulses The  ate parameter to compare the thi€g conditions investi-
solid lines are Gaussian fits of the experimental data. The error ogated in this study. Instead, it was preferred to use the
the mean diameter reported in the text corresponds to the FWHM Céquivalent deposited Pt thickné%as a common experimen-
the Gaussian fit. The size of the STM images is<&D nn? (typi-  tal parameter. Hence, the evaluationtdbr each of thed,,
cal tip. voltage and tunneling current were 1V and 1nA, yglues displayed in Fig.(8) has permitted us to plat, as a
respectively. function oft as shown in Fig. @), in a log-log plot form.
Remarkably, alld,, values, regardless of the magnitude of
Fig. 1(a), the sample prepared with five laser pulses consist&, are found to follow some sort of universal law in which
of spatially separated Pt nanoparticles randomly distributedwo distinct growth regimes can be clearly distinguished. For
on the HOPG surface. In this case, the mean diameter of the<0.1 nm, the Pt nanoparticles have an average valug, of
deposited nanoparticléd,,) was found to be 1.25+£0.25 nm, of about 1.3+0.3 nnjas those shown in Fig.(d)]. The fact
while the equivalent Pt layer thickne§s was estimated to thatd,, remains somewhat constant witltould be ascribed
be about 0.1 nm. As the number of laser pulses is increasdd a nucleation regime, and suggests that energetic impinging
from five [Fig. 1(a)] to 50 and to 50QFigs. Xb) and Xc), species diffuse along the HOPG surface until they reach a
respectively, the surface coverage has clearly increased, tothermodynamically stable nucleation site. Such an enhanced
gether withd,,, which increases from 2.5+0.6 nifior 50  diffusion behavior is not surprising since the high mobility of
pulses, t=1nm) to 3.6x0.6 nm (for 500 pulses, the ablated species on the substrate is one of the specific
t=~10 nm).18 It is also observed that und&z=45 eV/at. a features that distinguish PLD from other deposition
laser pulse number50 (or t=1 nm) is required to form a methods’4Moreover, motion of metal adatoms over typical
continuous film consisting of densely packed Pt nanopardistances in the 4—12 nm range has been reported for Au/
ticles (having ad,, of ~2.5 nm). HOPG grown by PLD2in agreement with the internanopar-
The dependence af,, on the number of laser pulses for ticle distance of 3—11 nm measured from Figa)1For the
the three Kg conditions investigated her¢4, 45, and second growth regimé&=0.1 nm, the Pt nanoparticles are
130 eV/at) is presented in Fig.(3). In these three cased,,  now found to grow in size witht. Indeed, an unexpected
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FIG. 3. All d,, values are reported as a function their respective ) .
growth condition. Open symbol§/): spatially separated Pt nano- Such as Figs. (b) and Xc) (filled symbo). Therefore, asl,
particles. Filled symboléA): Pt nanoparticles forming a continuous INcreases with for eachKe condition, a complete coverage
film. The hatched area illustrates the separation of the two growtl®T the HOPG surface by Pt nanoparticles is seen to occur at
domains and defines the limit sizé,;7) for the growth of spatially @ given thickness, referred here to as a transition thickness
isolated nanoparticles for the thre conditions investigated here. (tr). For eactKg condition, a corresponding transition mean

diameter(d,,7) can be associated to this transition thickness.

linear relation between I¢d,,) and lodt) is obtained[Fig.  Thisd,,;value is located in the hatched area of Figwhich
2(b)]. From a fit of the experimental data, we find a growthis intended only as a guide to the gy®y following the
law of the typed,,=t'%, with a dynamic growth exponent variation of this transitionatl, value as a function oKg, it
Z=4.7+10 %. Surprisingly, thiZ value is very comparable is seen that,,; noticeably decreases from about 3 to 2 nm
with those reported for different metals grown by a ratherwhenKg is increased from 4 to 130 eV/at. This decrease of
different method such as MB#. d7 with increasingKg can be interpreted by an increase of

Similar growth behaviors between MBE- and PLD-grown the density of surface defects created at the HOPG surface by
materials have also been reported for Fe islands grown ontimpingement of the Pt ablated specféSuch an increase of
Mo(110) substrates at room temperature. In this specific syssurface defects, which act as nucleation sites for the diffusing
tem, the Fe island density, as well as the mean island-toPt species, will naturally lead to a higher nucleation density
island distance, were found to be the same, regardless of theth a concomitant reduction af,, value.
deposition methodi.e., MBE or PLD.** The authors ex- Finally, by plottingty as a function ofKg (Fig. 4), we
plained this similarity by the fact that the high surface mo-were able to gain insights on how the shape of the deposited
bility (D) of laser-ablated species was compensated by theanoparticles is influenced b¢e. Indeed, Fig. 4 shows that
high instantaneous fluxF) of species impinging the sub- at low K¢ (4 eV/at), spatially separated Pt nanoparticles
strate when deposition is performed @t close t9 room  reach their limit size at & value of about 1.5 nm, a con-
temperature, leading thereby D /F)p p= (D/F)yge. Such  tinuous film being formed fot;>1.5 nm. We emphasize
a relationship betweed/F values could explain the similar- that sucht; value is comparable to the radius of the nano-
ity (Z~4) we observed between MBE-grown materials andparticles(d,,~3 nm whilety= 1.5 nm), thus suggesting that
our results on PLD Pt nanoparticles. hemispherical-shaped Pt nanoparticles are formed preferen-

The results presented in Fig(? showed thad,, is es- tially under lowKg deposition conditions. On the other hand,
sentially independent dfg for t<20 nm, a result which is when Kg is high (130 eV/at), Pt nanoparticles of~2 nm
somewhat surprising at first. Considering that atoms depogdiam form a continuous film whenis only of about 0.3 nm.
ited by MBE impinge the substrate with a typi¢gt of about  In this case, the highly energetic impinging species are un-
0.1 eV/at. and that,, follows the same growth law even likely to land on the top of preformed Pt nanoparticles be-
whenKg is increased from 4 to 130 eV/at., it is legitimate to cause of their high surface mobility. On the contrary, they are
guestion how the excess energy of the Pt species would inmore likely to attach to new nucleation siteghose density
fluence the growth kinetics of Pt nanoparticles deposited byncreases at the highekg, as discussed aboydirectly on
PLD. Although there is no comprehensive answer yet, therthe HOPG substrate or at the edges of existing Pt
is an effect due td<g when the substrate coverage is only nanoparticleg® thereby leading to the growth of flattened
partial. Figure 3 reports all the,, values presented in Fig. 2 nanoparticles, as was observed for other PLD grown systems
as a function oK (error bars have been omitted for clajity like Fe/Cuy111) (Ref. 12 and Fe/M@110).1
An open or filled symbol was used for each sample, accord- In conclusion, by investigating the early stages of growth
ing to whether our STM images revealed isolated nanoparef Pt nanoparticles deposited by PLD on HOPG substrates,
ticles such as in Fig.(&) (open symbolor a continuous film  we were able to demonstrate that their size scales with the
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deposited thickness, regardless of th€p (Kg being in a  only the magnitude oKg but also the deposited thickness
range as wide as 4-130 eVatln particular thed,,=<t¥?  (i.e., the number of laser pulsespatially separated nano-
growth law that typically applies to the MBE growth metal particles with a range of nanostructured characteristics can
islands has also be_en shown to describe well the growth bye grown by PLD, allowing the investigation of their size-
PLD of Pt nanoparticles on HOPG substrates. In contrast tQenendent properties with a fairly high degree of size control
this growth law, which is independent 8, there is, how- on the nanometer scale. It is left to future investigation to

ever, aKe effect' on the Siz€ as well as on the tra.nS'tlondetermine how or whether this might aff¢tbr instance the
thickness at which the transition from isolated particles to . ! .
atalytic properties of the PLD Pt nanoparticles.

continuous film takes place. Indeed, the size of isolated Pt
nanoparticle at this transition thickness was found to de-
crease somewhat from3 to 2 nm (F|g 3) as KE is in- The authors would like to thank T.W. JOhnStdINRS-
creased from 4 to 130 eV/at. At this size limit, Pt nanopar-EMT, Canadaand R. Rose{Universita’ di Trieste, Italy for
ticles grown at lowKg are hemispherical in shape, while their valuable discussions and comments. This work was fi-
those deposited at higke have a rather flattened shagf¢ég.  nancially supported by the Natural Science and Engineering
4). These results demonstrate that, by properly adjusting ndResearch Counc(NSERQ of Canada.
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