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Variable-temperature scanning tunneling microscopy was used to study the effect of
kinetic cluster energy and rare-gas buffer layers on the deposition process of size-
selected silver nanoclusters on a platinum(111) surface. Clusters with impact energies
of =1 electron volt per atom could be landed nondestructively on the bare substrate,
whereas at higher kinetic energies fragmentation and substrate damage were observed.
Clusters with elevated impact energy could be soft-landed via an argon buffer layer on
the platinum substrate, which efficiently dissipated the kinetic energy. Nondestructive
cluster deposition represents a promising method to produce monodispersed nano-
structures at surfaces.

Nanostructure formation at surfaces has
been studied extensively both because of
the intrinsic interest in structures with re-
duced dimensions and because of potential
technological applications. The most ad-
vanced techniques for the synthesis of
nanostructured surfaces are atomic manip-
ulation with scanning-probe methods (1, 2)
and self-organized growth (3). A promising
alternative route is the controlled deposi-
tion of nanoclusters from the gas phase (4,
5). The deposition of clusters on a solid
substrate is characterized by a number of
important physical phenomena. When a
cluster impinges on the surface, it must
transfer its kinetic energy and the energy of
condensation to the substrate crystal lattice
to ensure efficient sticking. The energy dis-
sipation depends primarily on the relation
between cluster surface and internal cluster
binding strength and on the cluster impact
energy. At high impact energies, the con-
densation energy is negligible, and a large
amount of energy can be delivered to a
localized region of the surface during the
collision, resulting in substantial cluster
fragmentation, substrate damage, and even
implantation. The extreme nonequilibrium
conditions in energetic cluster surface col-
lisions have been exploited to grow smooth
films at low temperatures (6). In contrast,
the synthesis of nanostructured surfaces re-
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quires low kinetic energies to be released
during the impact to ensure a nondestruc-
tive deposition in which the nanoclusters

maintain their individual characteristics.
Despite considerable recent effort in
studying cluster surface interactions (5,
7-12), the effect of the impact parameters
on the result of the deposition process has
not been characterized in situ on the mi-
croscopic scale to date. We now report the
investigation of the deposition of size-se-
lected Ag, clusters (n = 1, 7, and 19) of
varying kinetic energy (1 to 14 eV per
cluster atom) onto a Pt(111) substrate in
ultrahigh vacuum (UHV). Deposition took
place either onto the bare surface at 80 or
90 K or into a preadsorbed Ar buffer layer at
26 K, which was subsequently evaporated at
90 K (13). The surface and cluster morphol-
ogies were characterized in situ in the same
UHV chamber by variable-temperature
scanning tunneling microscopy (STM)
(Fig. 1) before and after annealing to 300 K.
Our study was motivated by the hope of
obtaining controlled soft landing through
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Fig. 1. The apparatus for the cluster deposition experiment consists of two UHV chambers separated
by a gate valve. The Ag clusters were produced by sputtering of a Ag target in a differentially pumped
secondary ion source, energy-filtered (Bessel box), and mass-selected by a quadrupole (5). During
deposition, the non-rare gas background pressure was held in the 10~1° mbar range. Cluster current
densities ‘were on the order of several 10" atoms cm~2 s~1, the equivalent to deposition of 0.1
monolayer in about 10 min. After deposition onto the Pt(111) crystal, the resulting structures can be
examined by variable-temperature STM (25 to 800 K) (25). All STM images were measured in constant-
current mode, with a typical tunneling resistance of 108 ohm.
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energy dissipation in a rare-gas buffer layer,
This |"|"'~'~I|'!i]ili',' was suggested by recent ma
trix deposition experiments which demon-
serated thar size-selecred Ap clusters code
posived with rare pases do not frogment (14,
15, and by the molecular dynamics simu
lations of Cheng and Landman (16), who
studied in detail the deposition dynamics of
Cu nanoclusters on bare and fare sae—conv-
q:r1.'.| {.11I|;'| | | ]

A useful reference experiment for the

chuster deposition is the “thermal” conden-
AT U|. ‘-'EI;"‘:'—T—L'E‘FII'I"‘l[L'L{ .'J’\E ATGNNS e I;I|1_'
clean Pei 111} surface under otherwize 1len-
vical conditions, that is, a repical molecular
beam epitaxy (MBE) experiment. During
thermal growth of 0.1 me -n-r|;.:',,=-;r (ML} of
Ag on Pr{1I1) ar 80 K (Fig. 2A), «nall
ramificd Ag clusters of monoatomic heigh
were formed ina neclemtion and aggregation
process that has been analyzed in derail (17,
183, The average island size was =100 at-

Tabie 1. Analysis of the size disribution of Ag aggregates formed upan low-temperature deposition of
size-selected Ag, clusters on P11 The width o® of the size distribution is descrbed by the standard
devialion over all island areps, nomalized Lo 1he average sknd arsa. The errcrin the average sland size
does not dascrbe the width of the dietribution, but rather the uncertainty of its center position. n the
case af MBE-grown Ag islands, the average isiand size s a unction of temperature and coveraga, In the
two sofi-landing cases, the o values ars resclution-limited,
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Fig. 2 {left). [A) Growth of ramified Ag clusters upon deposition of hammal &g afoms
onta P17 et B0 K. Coverage 8 = 0.1 ML, deposition lux A = 2 x 105 ML/s. (B
The MEE-grown Ag islands decay by Ostwald rpening upon annsaling o 300
K Fig. 3 (right]. Destructive and nondestructive decosition of Ag. and Ag,,
Clusters at 80 K |20 K for [E]} onta the bare Fi{117) suface. The kinatic enargy per
clustar atom wes 13,6 eV (A, 2.9eV (8. and 1 eV (EL |B, D. and F] The surfaces after
annaaling to 300 K. Because of (he tharmal drift during the annealiing procedure, the
STM does nat picture eeactly the seme spot, By lowering the kinetic energy of the
clestars 10 1 eV per atam, the deposition process became nondestructiva, Tha sima of
all images s 500 A by 500 A,
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oms, amd the island size distribution showed
the expected scaling (19) with a mather Loee
nommalized standard deviation a* = 0.55.
Here, o* = afis) is defined as the standard
deviarion over all island aress, normalized o
the mean islind arca. Upon annealing of the
islanchs to 300 K, the Ag clusters decaved as
a result of Ostwald ripening, that is, by va-
porization of single atoms from the island
edees into a two-dimensional (20 g
phase, and the Ag condensed at preexistent
Prostep edpes, leaving behind clean substrane
cerraces (Fip. 2B) (20).

The ageregates thae formed afrer deposi-
tion of size-selected nanoclusters showed
markedly  different
compact forms (Fig. 3}, Further, the islands
creared by depositiom of 3D clusters were
always ohserved to be 21 on the surface,
thar is, of monoatomic height, implying thag
the 2D smuctore 5 encrgerically favored.
This finding can ke rationalized by means of
simple bond-counting areuments. For small
clusters, a 21} structure permits an increased
number of meral-metal bonds (21).

In a =ll.']‘~'hll'lnl‘| experiment, the kinetic
energy relessed during the impact mighe
cause even a4 more substantial recrpaniza-

structures, L'}i]lil‘.\lrll'lu

ton of the atomic strachure, which can
include clusrer fragmentation or substrate

.ﬂ.nnaalmg
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Fig. 4. Soft landing of Ag,
clustars (2.9 &V per alom)
through enargy  dissipation
inars Ar buffer layer (10 ML)
an Pi{111) at 26 K, The sur-
face is imaged after desorp-
ticw ol tha Ar fayer at 30 K (A&
ard after further annealing to
300 K (B). (G} The nonmal-
ized islarkd size disirbution
of the apgregates at 90 K.
With n_ being the density of
clusters of area 5, (5} the av-
eraga ciuster arsa, and H

the total Ag coverage, n, (/8 is tha normalzed density of clusters of relative
siza 5Ms), The standard deniation o as a8 fraction of mean wsland size

damage. These effects were observed for the
“harder” landing conditions imvestigated,
Adrer the low-temperature (T = 80 KY dep-
ositien of A, clusters onto the bare sub-
serate with an impact energy of 93.eW (rhat
iz, 13.6 eV per atom) and subsequent an-
nealing o 300 K, there were still small
tslands found on the terraces (Fig. 3, A and
Bl As explained above, small MBE-grown
A islands on Pr(111) decay under these
conditions by Osewald ripening. Hence, the
cluster deposition process must have creat-
ed surface defects thar now acr as pinning
centers for the diffusing atoms up W tem-
peratures of ar lease 300 K. e is likely thae
these defecrs are either Pt adatoms or Ag
substiturional aroms i the subscrare that
are created in an exchange process during
the energetic tmpact. Above 600 K, Ag
forms a surface a'||ml.' with the Ped111) sur-
face (22, 23). Locally, this temperature can
be reached wpon an energeric cluster -
pact. The density of the pinning centers was
founed to mcrease with the kinetic enerpy
per atom of the impinging clusters, sawrat-
ing ar abour cne pinning cenrer per four 10
six depesited clusters in the energy range
imvestigated {that is, up w 13.06 eV per
cluster atom), In the case of Ag, clusters
deposived with 2.9 eV per atom, for exam-
ple, only one pinming center per == 10 de-
pusited clusters was creared (Fig 3, O and
). This dependency shows the way oward
a nondestructive deposition of clusters onmo
bare substrares: Lrw\:nnlg the kinetic COCTEY
per cluster atom should drive the system
roward a soft-landing behavion, Indeed, for
.":".;_:_l o Clusters with a kineric cnergy af 20 &Y
(that is =1 eV per atem), no pinning cen-
ters were found - and all the deposited ma-
terial had condensed ar the step edges of the
subsrrate crvsral after annealing o 300 K
(Fig. 3, E and F).

The absence of any surface defects does
nor necessarily imply char the deposition
process s nondestructive for the clusters
themselves, The relegsed enenry mighe be
sutficient ro disintegrate the clusters without
crearing any substrate damage. To mvesti-

]

annaaling

gate this possibility, we examined gquantita-
tively the sland size distributions (Table 1),
A expected, the normalized width o was
sharpest for the nondestructive landing and
increased with harder landing condirions,
indicating substantial frogmentation during
the deposition process in the laer cases,
The mean island size in the nondestrucrive
landing case corresponded within the exper-
imental error with the number of atoms in
the deposited clusters, Bor even after a bard
|.Hr|d.|r|j;1 T]'LI: average 'i:"'\-lanl.{ SIZC thL" SUT-
face equals the original cluster size, and the
width of the size diseribution dees not ex-
ceed that seen in an MBE-growth experi-
ment. This result indicares that parts of the
clusters stay rogether in the fragmentation
process and act as efective nucleation sites
for releazed adaroms. The overall island den-
sity om the surface 15 thus determined by the
number of deposited clusters.

To study the effect of a rare-gas buffer
layer on the deposition process, we com-
pared two similar experiments: the landing
of Ag, with kinetic energy B, = 20.eV
on the clean surface {see above) and via
an Ar buffer laver. In the lotter case, the
clusters were deposited at T = 26 K inte a
preadsorbed Ar layer of abour 10 ML (24},
By subsequent annealing ww 90 K, the As
was desarbed, and the clusters conld be
imaged on the Prosurface (Fig. 4A) In
contrast to the bare substrare case, this
landing procedure did not creare any pin-
ning centers (Fig. 4B), Furthermore, the
small relative width of o* = 0,35 indicares
a sharp size disteibution (Fig. 40

Clur experiments illustrare the possibility
of soft landing of nanoclusters through ener-
by L']J:aeiipnrhm INtO o Tare-gas buffer l:-:ycr.
Clusters, which under otherwise identical
condirions decay during the deposition
'I"FI."L"Cﬁﬁ Hr'lk:l Ccredte !El.l":-l‘r:LLl: Jn:r.l.:tlb. WETeS
landed nondestructively by the use of such
layers. The opposice case of a hand landing
ale provides interesting potenrial for the
manostructuring of surfaces, In our experi-
mients, othersise themmally unstable struc-
tures could be stabilized by the use of de-
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iz {135, compared 1o o” = 0,45 ior landng on the bare subsirate. The lne s
a Gaussian fit thal serves as a guide to the eye.

fects that were creared in the violent dep-
i'l&iln'l'i';ﬂ:'l Prucess,
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