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The interaction between a monokinetic and mass resolved low-energy gold cluster beam andld 3jold
surface is studied in detail at room temperature by means of molecular dynamics. The model makes use of the
classical second moment tight-binding approximation to estimate the interatomic forces. A model is described
to account for the electron-phonon coupling. Clusters of the nanometer size are modeled to slow down one
after the other on the gold surface until a nanostructured layer about 7 nm thick is formed. The cluster slowing
down is studied in detail and the consequences of the diffusionless accumulation of clusters on the surface is
investigated. The first impinging clusters undergo pronounced epitaxy with the substrate surface although
defects of various kinds can take place in them. The further cluster slowing down stimulates the annihilation of
these defects. A pronounced surface roughness indicates no significant coalescence. As the slowing down
proceeds further, cluster layers become increasingly defective and highly stressed. This stress field propagates
into the first cluster layer, inducing lattice distortions. The memory of the surface orientation is progressively
lost as the deposited layer thickness increases. The cluster assembled is characterized by numerous cavities of
the nanometer size that may be interconnected and form nanopores. Incident conditions are found to play an
important role, which motivates a realistic comparison between simulated and real experiments.

[. INTRODUCTION hand, since classical atomic scale models are partially em-
pirical, there is a need for a support by experimental facts
Nanostructured materials represent a class of solidbefore to allow predictions beyond the limit of the experi-
formed by structural elements of a few nanometer size withmental observation possibilities. One of the currently used
specific properties governed by the nature of these elementiechnique is the low-energy cluster beam deposition
Most of these properties are still not well known and stimu-(LECBD) method'* The mesoscopic modelling of such de-
late a huge and growing interest. Although such materialposited metallic cluster aggregation by means of cluster dif-
can be synthesized for more than two decades by means offasion is achieved in Refs. 15 and 16, which very nicely
wide range of methodésee, for instance, Refs. 1}8heir  reproduce the experimentally observed diffusion patterns.
systematic fundamental study is quite recent. The detail of the interatomic interactions is not accounted for
Because of the lack of periodicity, the accurate experiso far and the method does not allow predictions about the
mental characterization of such systems is unfortunately aatomic accommodation at the cluster interfaces. Classical
arduous task and therefore, atomic scale modelling reprenolecular dynamic$MD) with a simple Lennard-Jones po-
sents a useful method for predictions beyond the limit oftential allowed us to identify the conditions for cluster
presently available experimental capabilities. The effortdiffusion!’ The importance of the lattice-parameter mis-
achieved in this direction is quite substanfiat? Simulated match between the substrate surface and the cluster is em-
nanostructured materia{dlsMs) are constructed in different phasized and no significant diffusion is predicted in the case
ways. NsMs deformation mechanisms are discussed in Rebf good lattice-parameter matching. This particular case was
6, and film growth is studied in Ref. 7 by modeling the specifically considered in Ref. 18 with a realistic semiempir-
cluster accumulation on a substrate surface by energetical potential.
slowing down. The compacting of initially adjacent clusters The present paper is part of a program, which aims at
is simulated in Ref. 10. In Refs. 8 and 9, crystals are growrdeveloping a method that combines experiment and atomic
on geometrical lattices from seeds randomly distributed andcale modeling for understanding the growth and the proper-
oriented in space until space filling is obtained. A similarties of nanostructured films formed by deposition without the
method is used in Refs. 11 and 12 according to which crystatontribution of cluster diffusion. This paper emphasizes the
seeds are embedded into a melt that crystallizes into sommaodeling method and predictions are made about NsM char-
nanostructured system. The simulated interfaces can then lagteristics, which can be expected in a real experiment.
analyzed in detail as well as their response to external meFhese are useful to set up the NsM study combining simu-
chanical constraint$®'3Since none of these modeling meth- lated and real experiments. The conclusions reached with
ods exactly reproduce the experimental synthesis techniquesyich a combination will be presented in a distinct paper.
the sensitivity of the obtained NsMs models on the construc- The size of clusters produced by LECBD is typically of 1
tion methods needs thorough investigation. On the otheto 5 nm, which represents a few hundred to a few thousand
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atoms. Apart from the interactions between clusters and subnteraction between atoms is nowadays the only practicable
strate, the interactions between deposited clusters could alsnethod to simulate a system that consists of a few thousands
play an important role in the morphology of cluster- or more atoms, as needed in the present study.

assembled films. In the present paper, we focus on the inter-

action between the clusters and the substrate on which they A. The model

are deposited and the interaction between the clusters them- . . S

selves during the deposition process. We also consider the It 'S_We” known that the atom_lc traje(_:tones In a MD.
memory of the substrate ordering on the structure of thélmulatlon strongly depend on the interaction potentials. It is

overlayer and some properties of this overlayer as compar SO we_II_ known, as already predicted by the Friedel theor.y
to those of macroscopic bulk materials. of transition metals, that the many-body nature of the atomic

We simulate the deposition and assembling of identicainteractions need to be accounted for in order to correctly
Au clusters formed by a few hundred atoms on an(ALd) describe the interaction between atoms in materials. To this

single-crystal surface. This way, no significant lattice mis-PU'P0S€, & many-body potential based on the second moment

match between the clusters and the substrate is expected aﬂaoroximation of the Friedel tight-binding theofyB) is

cluster diffusion is discarded. The simulations of the deposiSU99€sted in Ref. 23 and later in Ref. 24. As an alternative,
P embedded atom moddEAM) was developed for

tion and assembling for large clustéc®ntaining a few hun- . ;
g g ¢ g metals?®?® based on the local density-functional theory. Al-

dred atoms or mopewas first given in Refs. 20 and 21 where . ;
the simulations are carried out for a two-dimensional systeni10Ugh based on different physical grounds, both the EAM
and TB cohesion models may be expressed in similar math-

with Lennard-Jones interactions. In Ref. 7, this modeling ical f | f Dairwise . d
technique was extended to three-dimensional systems with gnatical forms, namely, a sum of pairwise interactions and a
um of many-body noncumulative contributions. The cohe-

realistic interaction model. The authors investigated the’! ; .
slowing down of Mo clusters containing about thousand atS1V€ €Nergy projected onto one atom can then be written as
oms on a Ma001) surface with deposition energies from 0.1 1

to 10.0 eV/atom. This study was achieved by classical mo- Ei=F(p)+52 o(r), (1)
lecular dynamics. An overall examination of the results 2{7

shows that in the softest landing case, the clusters are Ioose\;yh
stacked together without significant change in their morphol-_ on atomi and ¢(r;;) is the repulsive energy between
ogy and voids remain between them. In the highest-energ {omsi and] separateléi by the distancg . The total cohe-
case, which is way above typical LECBD energies, the Clus'sive energy of the system is '

ters form a dense epitaxial film, partially buried in the sub-

strate. In a later work® and already in view of studying N

LECBD conditions, the detail of the deposition of a single ET:E E;. 2
Cu cluster containing 440 atoms on a @M01) surface with =1

!‘ECB.D '”C'de'f“ energies and at different tgm_peratures Waﬁ/lany empirical potentials in this form have been generated
|nyest|gated with a S|m|.lar method. The main issues are thf) fitting experimental measurements of elastic constants,
epitaxy of the cluster with the substrate and the dependen cancy formation energies, etc. They are commonly applied
of its morphology on the deposition energy. The epitaxy ofrE ’

ereF(p;) is anN-body function of the electronic density

Il metall lust inal wal surf o describe properties of bulk and surface of metals. In the
small metallic nanoclusters on singie-crystal surtaces was a5 o gent paper, we adopt the Fermi surface type potential

ready °bsy‘3£"ed by high-resolution transmission electiofyj.ep, in Ref. 27. Because of its semiempirical nature, this
MICroScopy. gEftential does not perfectly and systematically reproduce all

h Ir; the pt'resenft piapter we con(l;tlenératel do? the dgposmon a operties different from those used to adjust its free param-
€ formation of cluster-assembied gold 1ayers by Means Olyarg  For instance, the short range usually employed does

deposition of gold clusters, one after the other, until a thick, ¢ 6y 4 correct description of some planar extended de-

cluster layer is obtained. We simulate the deposition of Clus5fects in periodic crystal® This is an obvious drawback of

te\? tconta_|rr;]|n9 |44? altoms with an impact energ_)t/_ of 0'2_”all semiempirical potentials, which is however not crucial for

E g'om. ;.C Lchs erll ayer growing process conditions wi gualitative or generic predictions. It is thus not expected to
e discussed in detall. imperil the present paper.

In Sec. II, we give a descr|pt|on on the adopted simulation "y o aspects of the cluster-surface interaction problem
model, with special emphasis on the electron-phonon cous

picture of a nanostructured film growth i.s given in.Sec. I\./'the MD model. Indeed, two factors should be considered in
and the condltlon_s to b_e met for realistic comparison W|th,[he heating up of the system, subsequent to the impact of a
experiment are briefly discussed. cluster on a substrate. First, the cluster will transfer its trans-
lation energy to the substrate and directly contributes to the
thermalization of the ionic system. Second, when the system
evolves toward thermodynamic equilibrium, the ionic system
The model gold clusters considered here contain a feveouples with the electron gas and both systems exchange
hundred atoms each, which is a typical size of clusters irenergy according to the electron-phonon interaction dynam-
LECBD experiments. The simulated substrate should bécs. Because of high-thermal conductivity of the electron gas
large enough to model a semi-infinite solid. The classicain metals, the energy transferred to the electron system is
MD method with a semiempirical potential to describe thequickly dispersed. Femstosecond laser spectroscopy showed

II. MODEL AND SIMULATION
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this dispersion characteristic time to be of the order of 0.5 9
ps2® Since the evolution of a cluster impinging on a semi- Fivi=—uvi-vi=— (3kgT). (5)
infinite system toward thermodynamic equilibrium is of the
order of 100 ps, the electron gas can be considered as According to Eq.(3),
thermostat at constant temperature.

MD methods in the canonical ensemble are well estab- wV;-Vi=3kga Ti(t) —T]
lished and commonly make use of the so-called extendegng sinceT,=muv?/3kg, or v?=(3kg/m)T;, we have
system method. In this line, an additional degree of freedom
to a Hamiltonian system is introducé8which governs the (Ti—Te)
dynamics of the exchange of energy between the system and p=Me———. 6
an external thermal bath. An inertial factor controls the rate '
of energy exchange at constant volume. Similarly, the voldn this model, the motion of atoris thus governed by the
ume can be considered as an isotropic dynamic paratheterequation
in order to describe the evolution of a system at constant 2
external pressure. This method was generalized to any defor- ﬁ = i — LV

] . B 2 V. Er—uv;. (7)
mation of the simulation bo¥ Both methods at constant dt m;

volume and at constant pressure are formally demonstratéghs equation is similar to the Nosguation of motion in the

to dgs_cnbe the partition fur}ctlon of an e_qumbrlum canom_calfOrm written by Hoover® Therefore, we think it describes

statistical ensembfe. The direct application to the dynamic e eyolution of a system toward thermodynamic equilibrium

evolution of a nonequilibrium system toward thermodynamici, e canonical ensemble. It introduces a relationship be-

equilibrium is however not realistic provided a physical un-yyeen electron-phonon coupling and the inertial parameter

der_stan_dmg_ of the inertial fac_tors introduced can be 9iVeNintroduced by Nosewhich will not be discussed in the

wh|ch. is still an open guestion. Therefore, the Langevm resent paper.

equaqon of motlc.m. has been used to model the.e\./olutlon of As shown in the appendix, the Sommerfeld theory for

a solid system initiated by a cascade of ballistic atomiGyetals allows writing down the inverse of the electron-

coII_|S|ons. " The stochastic Langevin force is u_sed to de'phonon coupling timex as

scribe the electron-phonon interaction explicitly at the

atomic scale, which depends on the local electronic density, OpT.Lne’kgZ

similarly to the embedded atom methods for interatomic = T o ke (8)

forces. A simple approximate functional dependence on the enE

electronic density is suggested in Ref. 33 for copper andvhere®y is the Debye temperaturkg the Botlzmann con-

compared to density-functional and Hartree-Fock estimatestant,L the Lorentz numbem the density of electrong the

This procedure is empirical and needs to be repeated for eastalence, « the thermal conductivitygg the Fermi energy,

different system. ande andm, the electron charge and mass, respectively. In
An alternative approach is suggested in Ref. 35, which ighis expression, all quantities are available and none is much

briefly outlined here and extended on the basis of the Somtemperature dependent. Using the experimental value of the

merfeld theory of metals to be used in the present cluster-orentz number, the characteristic time * for Au is about

surface interaction study. In this model, two coupled macro20 ps at room temperature.

scopic nonlinear heat transport equations describing the time Equation(5) is integrated numerically by the scheme pro-

evolution of the electronic and the ionic temperatures modeposed by Swopet al>’ The force evaluation makes use of

the electron-phonon interaction. This system reduces to onéerlet neighbor lists combined with a linked cell algorithm.

single equation with the simplifying assumption that theThe potential cutoff distance selected is given in Ref. 27 and

electronic temperature is constant. In this case, the equationcludes third neighbors for fcc metals.

for the rate of change of the ionic temperature is

d B. The simulation conditions
Ti(t
—dli ):_a[Ti(t)_Te]- ©) We consider the deposition of gold clusters formed by

440 atoms on a fc€111) gold surface. The substrate is 12
wherea is the inverse of the characteristic cooling time, andMonolayers thick and each layer containsxZ® atomic
T, and T, are the temperature of the atoms and electronsSellS. Thus, the size of initial substrate box is &8 20a,
respectively. Notice that this equation applies to the instan 122, parallelepiped, where

taneous temperature of atohand it thus can be used for V3

atomic scale modeling. a,=—ay,
Considering that a damping force can describe the 2

electron-phonon energy exchange through small electron-

atom energy transferS,this damping force on an atontan A= \/_6 a

be written as YT g4 9O

Fi:_MUi- (4) and
Then, the rate of change of thermal energy may be expressed a =§a
by z 3 0
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with ag being the gold lattice parameter. Such a surface area
is of the same order as the perfect fcc domains observed in
reconstructed A(111) surfaces at room temperatlff‘e'.rhe
effect of boundaries between faulted and unfaulted areas is
not considered. Born von Karman periodic boundary condi-

tions are applied in thex andy directions, parallel to the B s
(112) surface plane. Before simulating the deposition pro- R oo R0
cesses, the substrate is prepared by relaxation at room tem- B ST e L bev S oo Tu s isessasss)

perature(300 K).
Each cluster is constructed by cutting a sphere out of a fcc
box. No particular attention is paid to the initial cluster mor-
phology, which is unknown in the gas phase. It is hoped that b)t=4ps
an equilibrium morphology is found by a heating and cooling
cycle before thermalization at 300 K. The possible role of the
cluster morphology on deposition will be addressed in an-

other study. Before starting the dynamics of the cluster- e

surface interaction, the cluster is rotated at random around its evesres e aee]
center-of-mass and positioned at random inxtyglane[the eSirsaiss eseseeed]
plane parallel to th¢111) surfacd. The z coordinate above RO .
the surface is selected to warrant a distance between the

nearest atom in the cluster and the topmost atom in the sur-

face to be just smaller than the interaction cutoff distance & t=16 ps

substrate(the previously deposited clusters are accounted

for). The cluster is then set to its initial translation velocity.

For each cluster, the simulated process lasts for 200 ps and

the equilibrium is checked by controlling the time evolution

of the temperature and the configuration energy. Then, a next R, TR
run begins for a next cluster and so on, until a thick nano- ;grh’x sasess : s L “‘E‘X{g
structured layer is formed. [essserevecsivisrossansvaisareseiosed

The use of periodic boundary conditions allows energy to
artificially propagate back to where it comes from and this
can be avoided, e.g., by applying suitable applied stochastic

forces in selected box areas. In the present case however, the d) t=100 ps

impact energy is small enough and the surface area suffi- oo IO
ciently large that such a precaution is not found necessary. It possrrrrarred

is well known however that the impact of a heavy particle on e
a solid induces a compressive wave that propagates across ey

the substrate. The reflection of this wave at the boundaries of SOOI CO00
the finite simulation box is undesirable and this one needs to B T ]
be presently avoided. The problem is addressed in Ref. 39 L e
and was recently revisited in Ref. 40 where a damping

mhethOd IS fS.UQQeStefd usm% Spher.lcal symme.trﬁ/ to Sf?.p.arall%fo atoms on a A1l surface. The cluster is initially positioned
the zone of interest from a harmonic system with an efficient, q,q, 5 way that a distance close to the potential cutoff separates

damping interface. V\_/e_ notice thgt, in the case of.smaII im_”the closest cluster atom from the surface.tAt100 ps, the cluster
pact energies, an efficient reduction of the reflection ampliig fully epitaxial to the surface.

tude could also be obtained by applying E4). with a short-

time damping force to the atoms Ina plane_[ayer n theThe compressive wave mentioned above is formed within
bottom of the simulation box. The time this artificial damp- 4 first picosecond and it disappears by the combined effect
ing is applied is long enough for the compressive wave 10,¢ yorma) dispersion and the damping applied in the bottom
reach the bottqm of the box, but shor't enoug'h to prevent any 1o simulation box, within a delay of the order of 2 ps.
interference with the cluster-surface interaction process. s is one order of magnitude shorter than the characteristic
electron-phonon coupling time.
. RESULTS Figure 1 displays four snapshots illustrative of the dynam-
For the convenience of discussion, we subdivide the dei-cs of the intg(action betyveen the first cluster and th? S.Ub'
tailed results into four sections. strate. The !nltlal cluster is crashed onto thg surface within a
simulation time shorter than 4 ps, along which process, some
mixing between the cluster and the substrate takes place. The
number of exchanges represents no more than 1% of the
We here provide details about the impact of the first clusnumber of the cluster atoms. This exchange rate is also ob-
ter of 440 atoms on the gold surface at 300 K. The initialserved when the slowing down is repeated with different
translation energy of the incident cluster is 0.25 eV per atomrandom initial orientations and positions of the cluster. No

FIG. 1. Snapshots of the deposition of a Au cluster containing

A. Deposition of a first cluster
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converted into heat in the ionic system, which then exponen-
tially cools down, with the characteristic time of the

electron-phonon coupling, simultaneously with a decrease of
the mean configuration energy, toward thermodynamic equi-
librium. The electron-phonon time constant is 20 ps at 300 K
and, consequently, equilibrium is only reached at times
larger than 100 ps. This is the reason why the simulation
time for each slowing down lasts 200 ps in the present paper.

t=0ps
B. Deposition of the second cluster
t=4ps Figure 3 exhibits snapshots of the deposition of the sec-
ond cluster. The first cluster has the configuration shown in
t= 16ps Fig. 1(d) and the second, initialized as described above, turns
out to be positioned in the vicinity of the first. Before hitting
t= s the substrate, this cluster undergoes a slight impact from the
first deposited cluster, as shown in Figa3 This impact
t= 100ps causes a local compression of both clusters. Some minor
g ' 5 i 3 ' H mixing takes place. Since the second cluster interacts with
R (in lattice unit) the first cluster before reaching the surface, no significant

compression wave propagates into the substrate. In addition,

FIG. 2. The pair correlation functions at different cluster- no mixing with the substrate is observed. In the later stages,
substrate interaction times. At=4 ps, the disappearing of the sec- epitaxy is observed to progress from the interfaces with the
ond neighbor peak in the pair-correlation function shows that thesubstrate/snapshot in Fig. @)] and with the first cluster
short-range order is destroyed. At 16 ps, the second peak ap- [snapshot in Fig. @)]. The snapshots are selected tat
pears again, showing that the order is partially restored.t At =16 ps and=32 ps, respectively. At the end of this run, the
=32ps the cluster structure is almost fully recovered. epitaxy is not as perfect as that for the first cluster. In con-

trast with the first slowing down, disorder remains and the

later exchange is observed and mixing is thus a minor shorecond cluster is not fully epitaxigfig. 3(d)]. Planar defects
term effect. Att=4 ps, the initial structure of the cluster is llke stacking faults or twin boundaries are found in other
destroyed. This is verified by an examination of thennor- ~ €ases as well. As will be shown below, such defects can be
malized radial pair-correlation function in the cluster, mea- @Mnihilated by the impact of further coming clusters.
sured as a function of time and displayed in Fig. 2. Indeed, at
t=4 ps, the second peak of the correlation function has com- C. Deposition of the first cluster layer
pletely disappeared. At=16 ps, this second peak starts to )
restore and the process is completedtat32 ps. Aftert More clusters can be accumulgted the same way anq _F|g.
— 10 ps, the epitaxy starts from the cluster-substrate interfack S10Ws the morphology of the first cluster layer at equilib-
and quickly propagates across the cluster. Figuce shows  rium, viewed in a[110] direction. The clusters are all fully
an intermediate state dt=16 ps where a defect remains. epltaXIal to the substrate. The defect in the second cluster
This one is annealed dt=32 ps, as it comes out of the shown in Flg 3 is annihilated. It is observed that when a
pair-correlation function in Fig. 2. It is foun@snapshots not ~ cluster slows down in the vicinity of another one, which is
shown herpthat betweer=32 ps and = 100 ps, the system defective, the energy transferred either directly or via the
still evolves as the atoms exchanged with the substrate urgubstrate is sufficient to overcome the energy barrier for an-
dergo further site exchanges. This indicates the occurrence #fhilation. The effect is enhanced by the fact that epitaxy not
diffusion jumps in the cluster, while altering neither its over- Only originates from the substrate but also from the neigh-
all morphology nor its pair-correlation function. Facets char-boring clusters. One question often addressed is that of the
acteristic of its final morphology can be noticed in Figdl ~ Possible cluster coalescence during the slowing down pro-
consistently with similar simulations performed in the casecess. The top view of the first cluster lay&ig. 4(b)] clearly
of copper*® It is predicted in Ref. 41 that a tiny gold tip Shows that the clusters keep their identity. They display a
(containing less atoms than our model clustiposited on a  Pronounced tendency of well-defined facets for which rela-
gold (111) surface, collapses at 800 K within a time interval tive orientations are governed by the crystallography. Cavi-
of several hundred pico seconds. This is not observed in thées between the clusters remain. This is qualitatively consis-
present case because the average temperature used is 30¢eRt with the simulation of heterogeneous cluster-substrate
and the electron-phonon coupling moderates the duration siystems presented in Refs. 41 and 42 where a similar layer
the local heating. growth mechanism is found and where it is shown that high

The kinetic evolution of the system toward thermody-t€mperatures are necessary to induce the cluster collapse.
namic equilibrium is governed by the characteristic electron-The coalescence of free gold clusters was also predicted at
phonon coupling time. In a first step, the conversion of thehigh temperature, though below the melting pdiht. _
initial cluster kinetic energy into potential energy occurs \We have also investigated the inner structure of the first
within a few picoseconds. The result of this step correspondsluster layer by observing the sample in Figa)slice-by-
to the configuration in Fig. (b). This potential energy is then slice. Figure 4c) is one of suctf 110] slice and Fig. &) is
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FIG. 3. Snapshots of the deposition of a second cluster. The
initial configuration for this slowing down is not shown. This sec-
ond cluster has a slight impact with the first clustert Atl6 ps, the
cluster starts to become epitaxial with the substrate and, at
=32ps, with the first cluster. A defect is still remaining @&t
=100 ps, which will not be annihilated before the end of the simu-
lation time.

a slice selected in the cluster layer along fh#1] direction, 5 Pa e T g
parallel to the substrate surface. Both illustrate the occur- ods el R

rence of cavities with size on the same order as that of the % $ %

clusters themselves. Atoms of a later coming cluster may pt 2 e

however fill spaces left empty by the previously deposited

ones, hence tending to make this first cluster layer somewhat

more compact than a stacking of hard spheres would be. An

animation of the process shows that such a filling happens

during impact stage, that is, before the epitaxial ordering FiG. 4. The first cluster layer, as formed by the five clusters.
starts. The pronounced roughness of the surface of this firgthese clusters are fully epitaxial with the substrate. The clusters
layer should be noticepFigs. 4a) and 4c)], with a charac-  keep their distinguishable shape and no obvious coalescence is ob-
teristic length of the order of the cluster diameter. As will beserved (a) View in the[110] direction, (b) view in the[111] direc-

shown below, this rOUghneSS is a determinant in the depOSii'on’ (c) and(d) are slices in(a) and(b), respectively. Their thick-
tion process of the next cluster layer and the overall state ofess is of one monolayer.
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a thick cluster assembled layer grown by low-energy cluster eoebo0eoee

beam deposition. © ©oPR® © POLROEREEEELO
o 60OPELOTDOOTECRCOTHEERCE

bod RO CUEOE0EOC®

D. Deposition of a thick cluster layer and equilibrium :': ::%ﬂ%,:
structural properties : o:;:‘““"“wmgww??

After the first cluster layer shown in Fig. 4 is formed, the 00 0o006 0000 MW—?&%@
cavities left are too small to allow the further deposited clus- mw&omaohmeoqu&%:ﬁzs
ters to come into direct contact with the substrate surface. 7 ?;:‘““ﬁmmwmwm“
Owing to the model geometry, five clusters were enough to Z ¢ © 600 ® mooMcecch‘f‘_‘*w‘.. 4
form the first cluster layer. A second layer was formed of GO L € &f:ﬁg:::;wm

seven additional clusters. The roughness of the nanostruc- t‘m"& acgewtﬂéﬂtﬁgz <

tured cluster surface formed makes the definition of a cluster CALOCO R L ;ﬁ&ﬁ:ﬁ:ﬁtﬁgﬁ“
layer inaccurate. Here we define the first layer as formed by ::“:2’::':‘ qm&wewfbﬁﬁﬁ‘:@?
the first five clusters because they are in direct contact with G DOELLObE B M‘}'Z;ﬁ&u&:
the substrate. The second layer is defined for convenience as i AL ALAALT
formed by the clusters in direct contact with those in the first, L::t:ﬁ :‘f&%&ﬁ:ﬁtm‘(f
but not with the substrate, and so on. ::‘f‘f'f“»&MOno‘.:nﬁzmuga&u%u-%bbcﬁ'
_The clusters in the second layer also undergo epitaxy wﬁmemmm.:'““?‘“fﬂf&ﬁii
without any impact induced coalescence. By visualizing the AR LD 0000 00000 OPO D LA
deposition processérot displayed hepeit is observed, just “::f&m::::::m ::‘;‘:::::t
as in the case of the first layer deposition, that in a first step, LD P0C0POEROOLOORD SRl
the second cluster layer structure is heavily damaged. The mﬁﬂéﬁﬂ;mmmaﬁ
final structure of this layer is not influenced by the perfect mmn_,mmﬁmgm;ﬁ?@: :g:?f:ﬂ:?yﬂ>
substrate surface, but by the rough surface of the first layer. TOSOCOCAR00GCONCTOOLOCCTDCH0A000D

. . . R ! AL O K O YO
This represents a major difference with the first layer depo- HECe IR CURRtRCECIRIe0)

Zitifontand(;he edpgaxt}/] Of_ the Sfcond layer is ;)rll:y part_i;]i_ll' '{hde FIG. 5. A one monolayer slabs in the thick nanoclustered film
Ae ?I:: Sdm uc_(ta. y the m(;pai:h aré no moref trl: y agntl |ta € formed by 20 clusters viewed in tHel12] direction. The arrow

S the deposi |c_)n prOC(_ae S, (€ memory o the Substrate SUfe;nio 14 the core of an edge dislocation, parallel to the substrate
face becomes increasingly loose and the nanostructure b

, , urface.
comes dominantly governed by the cluster-cluster interac-

tion. _ . with the help of an order parameter and we use the structure
Clusters are deposited further at time intervals of 200 pfractorS(k) the same way as in Ref. 18(k) provides better

until a film is formed containing 20 clusters. lts total thick- o ,anitative information than visualization. It is here defined
ness is about 7 nm. The deposition of the third layer modifie

the structure of the second for which epitaxy is still further
decreased. As a result, major rearrangement takes place, 1 N
which is now described. S(k)= NE expiker)),

This 7-nm-thick nanostructured layer is formed by nano- =
crystal grains separated by interfaces for which spatial extenyhere N is the number of atoms concernddjs the wave
sion has no straightforward relation with the size of the ini-yector defined for convenience by
tial clusters. In addition, the clusters deposited after the first
cluster layer do not fill the empty spaces left in it. The former 4
deposited clusters support them and, like the preceding ones, k= ?(”x Ny,Ny)
they leave cavities of the nanometer size. Figure 5 displays a_ . . .
typical slice in this nanostructured layer. Large holes arVith @ being lattice parameter and(,ny,n,) the Miller
clearly observed. Lattice distortion is observed too, which ighdices. With this definition, the square modulj(k)|?, of
commented below. a perfect fcc crystal is equal to one in the case of full order

Our simulated sample is too small to allow a statisticajand to zero in case of full disorder. For the cluster layer, we
study of the grains. Specific features however can be clearlySek parallel to low index directions in the substrate in such
identified, which are now discussed. The large holes ob@ Way thatS(k)|? provides a quantitative measure of direc-
served in Fig. 5 may interconnect to form pores that cros$ion correlations between the substrate and the deposited
most of the sample thickness. The slice in Fig. 5 displays ndayer. Much of the information discussed above can be re-
other lattice defects than an edge dislocation for which thdrieved by a detailed analysis of the structure factor, which
line is located in the plane marked by an arrow. This demWill not be presented here. We limit ourselves to the measure
onstrates that at least a partial memory of the substrate off the memory of the substrate ordering in each deposited
dering is maintained across the whole layer. Further examicluster. .
nation of this model sample reveals strong three-dimensional One example of the evolution of the structure factor mea-
lattice distortions and other extended defects like twin grairfured in given clusters as a function of the number of further
boundaries and stacking faults, which are not shown heréleposited clusters is given in Fig. 6. This figure represents
The nanostructure is thus highly complex and will not bethe structure factor wittik parallel to[ 110], associated to a
analyzed in detail. Overall trends may be better emphasizediven cluster as a function of the number of further deposited
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FIG. 6. The structure factor associated to individual clusters gyred along th¢111] direction perpendicular to the substrate sur-

vector parallel to the substraf@10] direction as a function of the  face (z direction in the figurg The first 12 peaks correspond to
number of deposited clusters. Clusters are numbered from 1 to 28ubstrate monolayers.
according to the deposition sequence. Each impact modifies the

structure factor associated to the formerly deposited clusters. Thig, 4 compact staking of hard spheres. The peaks in the clus-

figure represents the structure factor measured in fourth, seventh,, layer are quite broad, illustrating the distortions men-

eighth, and ninth deposited clusters as a function of the furthe ioned above and the layer structure vanishes close to the
deposited ones. Its value in the substrate is also shown. The sué

strate and the fourth deposited clustsitting in the first cluster urface. This one is characterized by a smooth tail, which

X illustr its roughness.
layern keep high constant structure factor values. The structure fac- ustrates Its roughness

tor associated to the seventh deposited cluster is initially small and
is enhanced by the impact of the tenth cluster for which the struc- IV. CONCLUDING REMARKS
ture factor value is on its turn enhanced by the slowing down of the . . ) )
twelfth cluster. This enhancement effect competes with damage, At this stage, it becomes possible to provide a compre-
also resulting from further cluster deposition. hensive, though qualitative, description of metallic nano-
structured diffusionless film growth.
clusters. Several features are coming out. For instance, the when a gold cluster of the nanometer size impinges on a
structure factor associated to the seventh deposited cluster dgystalline gold surface at low energy in an otherwise iso-
enhanced because of the deposition of the tenth cluster. Thigted environment, it becomes pronouncedly epitaxial with
shows that the tenth cluster impact makes the seventh clustgfe substrate. The time required to reach thermodynamic
epitaxial. The further slowing down, as commented aboveequilibrium is determined by the electron-phonon coupling
then progressively deteriorates this epitaxy. A similar phetime which is, according to the Sommerfeld model of metals,
nomenon of sudden epitaxy enhancement followed by it@bout 20 ps for gold at room temperature. The epitaxy starts
progressive deterioration is systematically observed for th@t the cluster-substrate interface and quickly propagates
later deposited clusters. Epitaxy becomes progressively l00sfrough the cluster. In the present paper, 200 ps system evo-
as the layer thickness increases, except in the first layer iition is necessary for each cluster slowing down in order to
which the structure factor remains close to constant as theeach thermodynamic equilibrium. Clusters are deposited
slowing down proceeds, because of the substrate. This igne-by-one and when the deposited dose is large enough,
shown in Fig. 6 on the example of the fourth deposited clusfurther incident clusters interact with both the substrate sur-
ter. The substrate remains undamaged. face and the already deposited clusters. Their impact may be
These observations displayed in the case d&f wector  sufficient to annihilate existing defects and their own epitaxy
parallel to[ 110] are found for all other considerddvectors is induced by both the substrate surface and the already de-
and are cross checked by an examination of the density fungosited epitaxial clusters. This way, a perfectly epitaxial
tion measured normal to the substrate surface, which isluster monolayer can be formed, which is however charac-
shown in Fig. 7. This figure shows that the atomic layerterized by nanosize cavities between them, the absence of
structure becomes increasingly loose as the thickness is iwoalescence and a rough monolayer surface. This roughness
creased. A decrease of the peak height is observed, balancidhibits the epitaxy of later incident clusters, as it tends to
by broadening, in the vicinity of the substrate surface. Thigoromote defect formation. Clusters in this forming overlayer
illustrates interface relaxation, which turns out to be shor@are thus less stable than those in contact with the substrate
range in the substrate, related to an enhancement of thermaihd they tend to loose their identity by interacting together.
vibration amplitudes. A close comparison of the peak inte-Deep rearrangement progressively takes place leaving dislo-
grals, providing the layer-by-layer density, demonstrates, ircations, stacking faults, and twin boundaries in the film. The
relation with the holes commented above, that the nanostru®verlayer is consequently stressed and the stressed field
tured layer density is not significantly depth dependent and ipropagates inside the first cluster monolayer inducing strong
somewhat less then 80% of the substrate density. This is tattice distortions. Large cavities are distributed through the
be compared with the density of 0.52 that should be obtainedhole film, which may interconnect. The nanostructured
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layer surface roughness seems independent on the layer kgOpksTeN(Ep)  kg®pN(Ep)veTiTe
thickness but it is characteristic of the cluster size. In the Rex= =
presently modeled experiment, because of the occurrence of
cavities, the nanostructured layer density is no more than,q the net rate as
80% of bulk single-crystal gold. The interaction between the

A4
Tei roTo A4

clusters makes this density larger than that of a compact .
stacking of hard spheres. tzkE‘@DN(EF)UF(T' Te)Te_ (A5)
It was shown in Ref. 18 that, within an energy range ToTo

between 0 and 1 eV per atom, the morphology of a deposited o .

cluster at equilibrium depends on the incident energy. It cafiOW: the energy balance for the ionic system is

be expected that it is also dependent on the cluster size and

the substrate temperature. Since, at room temperature, their aT;
. - Ci—

size and morphology determines the roughness of the surface "ot

film and that this roughness plays an important role in the

further film growth, size and energy are obviously importantwhere; is the thermal conductivity of the ionic systenf,

parameters determining the nanostructures. In a real low efis its specific heat, and,, the ionic density.

ergy (neutra) cluster beam deposition and film formation,  In the absence of a source terWqT;=0), it is shown in

the incident energy is not accurately known since it is uneasyRef. 34 that

to measure with high resolution. The mass distribution, al-

though quite narrow as compared to other techniques, has aT; 30pvrYe. Ti—Te

some appreciable width. Therefore, in order to model a hano- T o T (AT)

structured film as obtained by the LECBD technique quanti- T TokiPm 0

tatively, it is necessary to take these parameters into accou%/

:KiVZTi_Rt with Ci:Civpm, (A6)

This is precisely what is done in a next step to the prese here y, is the electronic specific-heat coefficient. By com-

paper which is reported in Ref. 19. The role of temperature ning I_Eq.(A?) W'th EC_]' (A3), one obtains the inverse char-
. ; : -acteristic cooling time:

as well as the mechanical properties of the films produced is

the subject of further investigations.

_ 30pyeTevr (A8)

- WzrcivmeO .
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According to the law of Dulong and Petit,

APPENDIX
According to Ref. 34, let us write the electron-phonon Civ:3—p 7K, (A9)
mean-free patlimean-free path of the electrons for the scat- "
tering by iong as wheren is the free-electron density arfithe valence. In a
free-electron gas,
oTo
Ne=——, (A1) 2 12
Ce=%Yele and ye=—5 —n. (A10)
2 EF

wherer is the size of the Wigner-Seitz cell. Assuming that
the number of electrons taking part in the scattering b

phonons is )LI'O can be eliminated provided an expression is found in Eq.

(A1) for Ao. The characteristic time for electron-ion scatter-
ing may be written as

kgTeN(EF), (A2)

whereN(Eg) is the density-of-states at the Fermi energy, the oo Me _ Me (A11)
mean-free flight time for the electron-ion scattering is then ° Pelné ne?’

Ne ToTo where o is the electrical conductivity. Since the Lorentz

Tei=— = , (A3)  numberL is defined by

(= Ti UE
where T, is the temperature at which the mean-free flight EzLT (A12)
equals the Wigner-Seitw cell radius. Consider that the mean o '

energy exchanged in an electron-phonon collisiokgd®
(kg : Boltzmann constant) : Debye temperatujethen the  where is the thermal conductivity, and sinde=T, when
rate of energy exchange can be written as N=rg, using Eq.(Al), one gets
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K Mg Making use of Eqs(A9), (A10), and(A13), Eq.(A8) can be
ro= UFLT ne? written as
or
OpTLne’kgZ
_ UpMe o= — . (A14)
O—anez K. (A13) 2meK8|:
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