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Formation of Au fractal nanoclusters during pulsed laser deposition on highly oriented pyrolitic
graphite
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The topography of the Au submonolayer condensate formed by pulsed laser dep@ifron pyrolitic
graphite surface has been studied by scanning-tunneling micros8@pM). PLD technique is characterized by
an extremely high instantaneous deposition rafe to 16? atoms cm?s™1). The formation of Au fractal
nanoclusters witlD =1.33+0.08 was observed with STM. The mechanism driving the formation of fractal
nanoclusters on the surface at high deposition rate is suggested to be the result of the interacting-adatom
initial-states evolution in the system far from thermodynamic equilibrium. The geometrical structure of the
forming nanoclusters depends critically on the rate at which atoms arrive at the surface as well as on its lattice
symmetry.
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The concept of fractal geometry has got much attention irscale when the information about the initial states of the
different fields of modern physics> The nucleation of the system is not completely lost. At this time scale the discrete
new phase is one of the processes where fractal nature of tliaracter of the atom’s motion on the surface becomes im-
object often manifests itself. The formation of fractal clustersportant. Under these conditions the theory of discrete trans-
of (sub micron size on the surface during submonolayerformations of the complex plane in itself can be used, which
deposition utilizing the thermal-evaporation procéssakly  gives rise to the emergence of fractal objects that are called
nonequilibrium conditionshas been extensively studiésee  jylia set€ The proposed mechanism allows to describe
Ref. 2 and references therginThis points at the specific gyajitatively the observed pattern of the fractal clusters and
mechanism of the solid-phase nucleation. The existing mody, eyaluate its dimension. The important feature of the pro-
els desc_rlbln_g th(_a g_rovvth of fractal c!usters at this scale SUCBosed mechanism is that the fractal topography should van-
as dlffur?lon-llmned_ _ aggrggatlo?w, cluster-cluster jsn non increasing the surface coverage. It appears that the
;gegrsegr?g;?célE(“jr?chI?ai”sI?tIgnmveﬁiclr?stilém;e::j(arit?ge:t?zgteuroef shape and the dimension of clusters is determined by the rate

P ) N " at which atoms are arriving at the surface and by the sym-
usually a microns in size, grows at the later stages. metry of the substrate surface

The possibility of the formation of fractal metallic struc- The clusters were formed by the PLD of Au on a freshly

tures at the nanometer scdtée initial stage of nucleation 4 HOPG ‘ in ultrahiah
on the surface at the extremely high deposition rate was sud® P3¢ surface at room temperature in ultrahig

gested in the workwhile describing the peculiarities of Au Vacuumm (UHV) conditions at the base pressufe~5
nucleation on Na@l00) during pulsed laser deposition <10 = Torr. The surface quality prior to deposition was
(PLD). Until now, there is no full understanding of the role Monitoredin situ by Auger electron spectroscopy. The irra-
that highly nonequilibrium conditions play in the formation diation of YAG:Nd laser £ =1.06 nm) with the energyE

of fracatal clusters as well as of the link between the fractaF=80—-200 mJ operating in theQ-switched regime f(
dimension and the physics of the process. In this paper, we 15 ns) with the repetition rate 25 Hz was focused on the
present the results of an experimental study on Au-Au target at the laser power densi®~10° Wcm 2. The
nanocluster topography on a highly oriented pyrolitic graph-number of Au atoms deposited on the HOPG substrate in one
ite (HOPQ surface formed during the PLD process. We pulse lasting Tp’\"’lo_e s was varied in the range
present experimental evidence that Au clusters of nanometdi0*~10"° atoms cm 2 (corresponding to the instantaneous
scale (-5 nm in size, nucleated on HOPG surface under deposition ratgp p=10"-10"' atoms cm?s™1). The total
highly nonequilibrium conditions, have fractal structure. Weamount of the deposited Au atoms for the fixed geometry and
propose the mechanism driving the growth of fractal metallidaser output energy was measured by Rutherford-
nanoclusters under highly nonequilibrium thermodynamicbackscattering spectroscogiRBS) at E =2 MeV. For
conditions as a result of the formation of so-called connectedomparison, thermally evaporaté@iE) Au/HOPG samples
Julia sets, which are known to have fractal bounddriese  at a similar Au coverage were also prepared. The deposition
formation of fractal nanoclusters is believed to be the resultate for TE wasjrg~10'* atoms cm?s . The prepared

of the evolution in the system of deposited atoms at the tim&u/HOPG samples were investigates situwith scanning-
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‘ - . FIG. 2. The result of fractal analysis of pulsed-laser-deposited
® . - 2D Au clusters on HOPGsee Fig. 1 The slope of the straight line
e * v~1.5+0.1 corresponds to the fractal dimensién=2/v~1.33
Py (03 b A ‘ +0.08.
- PY *
‘ -9 - for sufficiently large number of clusters was performed.
- - - _‘- There is no surprise that for Au clusters formed on HOPG in

the thermal-evaporation process, the linear fit points at the

FIG. 1. STM image of Au nanoclusters formed on HOPG afterslope »~1.95+0.05, which corresponds to the nonfractal

one laser pulsen(y,~1.3x10* atoms cm?2). Scan area is 100 Shape of clusters.
X100 nm. The main difference between PLD and TE with respect to

the nucleation process is believed to be the rate at which

tunneling microscopy(STM) using Omicron UHV AFM/ atoms are arriving at the surface during deposition and nucle-
STM LF1 micropscope. In principle, STM of Au/HOPG ation of the condensed phase. For TE at the typical deposi-
does not require an UHV environment and can be performetlon rate jrg~ 10** atomscm?s ! the adatom during its
in ambient air. However, extreme stability of the employedlifetime on the surfacer,q~10"* s [7,4= 70 eXPE/KT), 7o
instrument allows the recording of the topography in the~10 s, £~0.6 eV, T=300 K] can make somem
constant-current mode at the slow scan rat(5 line/s), =r7.q/m~10° elementary jumpd r;~a%/D=3x10"1° s
which enables to analyze the shape of Au clusters down tis the time of elementary jumm=5 A is the lattice pa-
atomic resolution. The R§Iro, cut wire tips were employed. rameter,D~1x10"° cn?s ! is the surface diffusion coef-
The tunneling current was~0.8 nA, the gap voltage ficient of metal adatom on HOPG at RRef. 11]. As the
~2-4 mV. concentration of adatoms,y=]j 744 reaches the valua,q

A STM image of Au clusters formed on HOPG after one =ng, (Ngy IS the surface concentration of adatoms in the
laser pulse is shown in Fig. 1. According to RBS, this re-saturated two-dimensional gashe condensate is forming.
sulted in the deposition ohf-°~1.3x 10" atoms cm?2.  The described mechanism of the new phase nucleation rep-
The presented images were obtained by “cutting” the re-resents the classical Volmer-Weber-Zel'dovich modeAs
corded scans at the level of90A |, relative to the graphite Wwas mentioned above, PLD is characterized by a very high
surface. On the HOPG surface, the adsorbed Au atoms o¢instantaneoysdeposition rate j p/je=10). The relax-
cupy the sites in the center of carbon hexagbtierefore, ation of adatoms’ system at such deposition rate is set by the
the number of adsorption sites, on HOPG isny=5 initial conditions and occurs through the motion of each par-
X 10" cm™2. Thus, the surface coveragewas equal tos  ticle to the state defined by the minimum of energ@ie
=nh-P/ny~0.25. The topography of the deposit was ana-motion towards the attractprThe formation of the attractor
lyzed using the well-known “lake pattern” algorithff,
where the relationship between two variables of the set of
two-dimensional (2D) clusters—the are&5 vs perimeter ™
p—is evaluated. IS5~ p” in double logarithmic scale is plot-
ted, the straight line with the slope=2 (S~p?) corre-
sponds to the smooth nonfractal boundary, white2 indi- © ais?
cates the fractal structure of the boundary. The result of such ™
analysis for PLD Au clusters is shown in Fig. 2. The values -
for individual clusters are fitted with the straight line with the . *
slopev=1.5+0.1 corresponding to the fractal dimensibn . .
=2/v=1.33t0.08. :

For comparison, the similar scan for thermally evaporated .
AU/HOPG in the amount oh,:~5Xx 10 atomscm? is .
shown in Fig. 3. Although the atomic coverage is several e
times higher, the image exhibits smaller number of clusters,
which are essentially 3D. The number of clusters on the scan FIG. 3. STM image of Au clusters on HOPG formed by thermal
is too few to make statistic analysis, therefore, the set okvaporation f1,,~5x10** atoms cm?). Scan area is 100
different scans was used and “manual” evaluatiorSofs p X100 nm.
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occurs at the critical coveragk=n./ng, which is achieved D; 46,
at the timer.=n./jp p and corresponds to the average dis-
tance between adatoms-n_ . It results in the motion of 1.4
adatoms towards the attractor from the area affected by the 1.2
attractor. The size of this zorttdepends on the interaction
of adatoms and can be estimated in the mean-field approxi-
mation as the size of 1-2 coordination sphetks(2—-4)r. 0.8
The motion of adatoms towards the attractor, meaning the
formation of the cluster, takes the timg=d?/4D. This pro-
cess is maintained if during the time the arrival of the new 0.4
portion of atoms at the same area is provided, i.efjf 021
=r.. Otherwise, the concentration of adatoms in the zone of '
the attractor falls lower thafi, and the process ceases. The 0 ©02 04 06 08 1
critical coverage can be estimated from the equilibrium con- ]
dition 7n=7¢: 6.=(jpLo/D)Y%ny=0.02, whick:3 corre-
fﬁ:r;?zsetgft?ﬁe“;ter a(();ft(;?ez(()::]uds;eziggr]_n;gn%{ﬂjg-?neaisa?hdat areas on HOPG surface as a function of the surface coverage by Au
. . atoms, 6 (see the text

atoms make some ten elementary jumps before reaching the
attractor.

For quantitative description of the proposed mechanisnthat is limited by the Julia set will move towards attractor,
of cluster formation let us consider an equation for the parthus forming a cluster. Atoms that are out of this area will

1_

0.6

FIG. 4. The fractal dimensio®; of the calculated energetic

ticle’s motion in the mean-field approximation, move away from the attractor. In other words, the energetic
regions described by Julia sets emerge on the surface and the
s Ju D behavior of each adatom is described by its initial conditions.
r = - =,

This corresponds to the initial stages of the evolution of the
nonequilibrium system'’s strongly correlated states. It is im-
wherer is the radius vector of the particl&~=D/T is the Pportant to note that such energetic areas are(tnahemati-
mobility, U is the potential energy of the particlel=U, cal) fractals, which are self-similar at any scale. The model
+U,, whereUl(n,|F|) is the energy of the self-consistent assumes that the structure of the real cluster should, to some
field of all particles, which is defined by the number of near-£Xtent, repr_oducel the fractal structure of Juhg set. However,
est neighbor¢NN) and U, is the energy of crystalline field due to the finite size of the atom such an object cannot be a

representing the symmetry of the crystalline lattice on thetruﬁ Tathematlcal fractalt.h t the di . f the physical
surface. At the time scale=r; the atom motion on the el us assume now that the dimension of the physica

surface is stepwise, therefore, in Edj) one should go over cluster IS the same as that .Of the. parent Jullalslhgx. The
into the discrete representation. Then, it takes the form calculation of the fractal dimension of the Julia set for the

reflection of the form(3) was performed numerically using
the renormalization Schroeder equatiofihe dimensiorD

ar

. au(r e EdLiet :
Mer1=r— 70 £ © ) (2)  versus coveragé plot shown in Fig. 4 is calculated with the
ary following parameters: the energy of interaction of Au atoms

with each otherea,,,=0.3 eV and with the substrate
R eanc=0.4 eV, T=300 K, andq= 3, which corresponds to
fects the given atom can be representedJas- Zf(r,—r),  the Au/HOPG system. At low covera@® <1, i.e., the Julia
whereZ is the number of NN for this atonfiis the energy of  set is not connected. It means that at suchunder high

atoms pair interaction, is the average distance between ada-deposition rate, the aggregation of adatoms on the surface

toms. Taking into account the surface symmetry about th€loes not occur. The dimensidy increases with the cover-

The self-consistent field of deposited atolds, which af-

sentation can be reduced to the form forming clusters is defined by the structure of the emerging
energetic areas of the corresponding dimension. Further in-
Z . 1=Az+B(z)4 1, crease of the coverageresults in the decrease of the fractal

dimensionD ;. The sequence of Julia sets for several values
~..dU, of parameterd is shown in Fig. 5. One can see that as the
A=1-m7I'(6ng) mmhano)*m, (3 coverage is increasing, the boundaries of the energetic zones
(Julia sets are becoming more smooth. STM images of ex-
where B is the constant expressing the binding energy ofperimentally observed Au clusters on HOPG are also shown
atom with the substrate. Expressi@) is the reflection of in Fig. 5.
the complex plane in itself. It is knovirthat the images of Unfortunately, the experimental verification of the pre-
this kind of reflections are fractal, the boundaries of sucldicted evolution of the clusters fractal structure as a function
areas are the so-called Julia sets. At certain conditions on thef the surface coverage is difficult to perform for the Au/
surface @, T, q) atoms that find themselves in the areaHOPG system. Though 2D growth mode of Au clusters on
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7 _ clusters becomes impossible to perform. Nevertheless, the

i analysis of the experimental samples for four and ten laser
e 3 pulses corresponding to the total amount of deposited metal,

N\ ny=4.7<10" atoms cm? and n;o=1.75x10" atoms

1 cm ?, respectively, showed that clusters formed in these
] = n conditions also have a fractal structure with the dimension
D,=1.35-0.05 andD,;,=1.42+0.05. Although the pre-
sented model does not predict the evolution of cluster struc-
tures upon further depositioNE1), these results corrobo-
rate the general character of the observed phenomenon.

In conclusion, unlike the thermal-evaporation process, the
nanoclusters with fractal structure are forming as a result of
PLD of Au onto the HOPG surface as revealed with STM.
The formation of fractal nanoclusters on the surface at high
deposition rate is suggested to be the result of evolution of
the interacting-adatom initial states in highly nonequilibrium
system. The proposed model claims that the fractal structure

FIG. 5. The sequence of filled Julia sets for different coveragegf the forming nanoclusters depends critically on the rate at
values:(a) ¢=0.1, D,=0.54, (b) ¢=0.15, D,=1.06,(c) #=0.2,  \yhich atoms arrive at the surface as well as on its lattice

D;=1.24,(d) ¥=0.3,D;=1.43,(e) #=0.35,D;=1.54, and(f) 6 ; ; : i
=0.8, D;=1.01 compared to STM images of real Au clusters oni?’é;r::;ry and vanishes while the size of the clusters in

HOPG [scan area igg) 20X 16 nm, (h) 10X8 nm, and(i) 9
X7 nm|.
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