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Interface bonding and manipulation of Ag and Cu nanocrystals on Si111)-(7x7)-based surfaces
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Clusters of pure Ag, pure Cu, and mixed Ag-Cu were grown on solid Xe at 50 K. Subsequent desorption of
the Xe buffer layers delivered the nanocrystals to pristin@13j-(7X7). Imaging with scanning tunneling
microscopy showed that these structures ranged in size from 100 to 40000 atoms. We investigated their
interactions and bonding with the surface, and attempted to manipulate them on the surface using the tip of the
scanning tunneling microscope. Silver nanocrystals could be pushed by mechanical contact, and they left
behind a Ag track due to site-selective Ag-atom transfer to the surface. Copper nanocrystals could not be
moved but they could be sheared by tip contact. Composite Ag-Cu nanocrystals could be pustigdipnosi
low Cu contents, though adhesive interactions with the surface tended to separate the constituents. These
results are discussed in terms of the bonding with the surface, the tendency to form necks with the tip, and the
dynamics of particle movement. For Ag nanostructures, we also examined interface formation and manipula-
tion on Ag111), on S{(111-(1/3x/3) Ag, and on Br-exposed and adsorbate-decoratéid §i(7X 7).
[S0163-182009)06224-4

INTRODUCTION (3D) structures of variable size could be deposited onto a
selected substrate. Nanocrystal formation and delivery was
The manipulation and assembly of nanoscale objects is done as follows. Clean Qi11)-(7x7) samples were prepared
topic of considerable current interest. Several authors havend characterized in the STM measurement chamber before
shown that individual atoms and small molecules can be potransfer to a connected chamber where they were cooled to
sitioned with atomic scale accuracy using the tip of a scan50 K using a closed-cycle helium refrigerator. Subsequent
ning tunneling microscop€STM).1=> Others have demon- exposure to ultrapure Xe resulted in the growth of a buffer
strated manipulation of weakly bound clusters on surfacetayer whose thickness was estimated from the Xe pressure
via mechanical contact with the tip of an atomic force mi-and exposure tim& The buffered sample was then exposed
croscopg AFM).8 It is also possible to fabricate nanofeaturesto a flux of Ag or Cu atoms from thermal sourde®position
with the tip by field evaporatioh, by electron-induced rate ~0.6 A/min). These metal atoms were sufficiently mo-
desorptiorf and by enhanced surface diffusidiRecently, bile on Xe that they formed clustets.Composite samples
we demonstrated the concept of “nanopainting,” using thederived from Ag and Cu were prepared by depositing Ag and
STM tip to manipulate Ag particles containing up t610°  then Cu on the buffer layer. Desorption of the buffer layer
atoms on clean §111)-(7x7).1° occurred when the samples were removed from the cold
In this paper, we discuss the manipulation of nanostrucstage by a transfer fork. The desorption process agitates the
tures derived from 100 to 40 000 atoms. The nanostructuregusters and, depending on the Xe layer thickness, the clus-
are pure Ag, pure Cu, and mixed Ag-Cu, and the surfaces arers contact each other and coalesce before reaching the pris-
Si(11D-(7x7), Si(111-(V3xy3) Ag, Ag(11l, and tine Si surfacé? Imaging was done at room temperature
adsorbate-exposed ($11). Silver and copper were chosen under conditions that minimized the influence of the tip,
because they have different bonding characteristics witthamely, slow scan rates with-2.0-V sample bias and
Si(111)-(7x7) and different tendencies to bond with the 0.2-nA current. Manipulation was done under different con-
tungsten tip. Most of the measurements were performed igitions, as discussed below.
ultrahigh vacuum(operating pressure<5x 10 1! Torr) to
maintain a clean environment where impurities would not
change the adhesive properties. Others were done after inten-
tional exposure to assess changes in interface bonding. We Contact between the growing clusters anL$1)-(7X7)
discuss behaviors that include weak, intermediate, and strorig established as Xe desorbs 280 K. The atomic-level
substrate bonding, manipulation with adhesive wear, particlgetails of the contact will depend on the chemistry of the
lift-off, particle shearing, and particle coarsening. Through-constituents and the constraints imposed by kinetics. Thus
out the discussion, we focus on the atomic-scale structur@re should expect different systems to exhibit different ten-
and bonding at the interfaces between the particle and theencies to wet or to modify the surface region. For example,

RESULTS AND DISCUSSION

surface and between the particle and the tip. we would expect Ag particles to wet ALl because of the
high diffusivity of Ag on Ag, and we show that this is the
EXPERIMENT case. For nanostructures of Si, however, there are higher bar-

riers associated with changes in shape and wetting would be
These studies were made possible by our buffer-layerunlikely at 300 K and below. As far as reaction is concerned,
assisted growth technigtfe® whereby three-dimensional photoemission studies of transition metal clusters delivered
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O, atoms'? this object would have grown by coalescence from
(a) cormer hole P K genter adatom ~70 clusters. Upon contact with Si, it would have changed

: ¢ shape to optimize interface bonding and to minimize its sur-
face energies. The base of the Ag particles is drawn as
stepped to emphasize contact irregularity, and Ag atoms are
o ragasy depicted as moving to the Si rest-atom sites. The contact is
restatom &+ S then laterally inhomogeneous on the scale of the7 aunit
dangling bond ¢ cell, as will be discussed in more detail below for both Ag
and Cu.

Figure Xc) depicts a Ag nanostructure that is about to
establish mechanical contact with a hypothetical STM tip.
(For simplicity, the cross section represents a close-packed
structure, though our tips were bg€ontact with the shank
rather than the active tip is implied since the radius of the
curvature for a tip may be-1000 A, and that of the particle
may be 50 A. During manipulation, two competing processes
must be considered, and both are dynamic. One involves
bonding with the substrate and the other involves bond for-
mation with the tip. Manipulation on the surface can occur if
tip wetting does not occur and substrate bonding is Weak.
Wetting will be favored if the surface energy of the tip is
high and that of the particle is low. This tip wetting is analo-
gous to what occurs when the particle wets the substrate after
Xe desorption. If a strong neck is formed and substrate bond-
ing is weak, then the particle may transfer to the tip. In this

FIG. 1. (8) Model of the S{111)-(7x7) surface showing ad- Case, imaging with STM will be unstable. Nanomanipulation
atoms and rest atoms that have dangling bonds and are the sitesWll then be sensitive to the details of the bonding at the two
greatest chemical affinity. Atoms of the corner holes are fully co-contacts and the dynamics associated with atom diffusion
ordinated and are inertb) Representation of a Ag nanostructure and structural changes.
formed by buffer-layer-assisted growth and cluster coalescence. It From Fig. Xc), the size of the nanostructure determined
is approximately hemispherical and would be made up-@000 by (noncontagt STM imaging would reflect the convolution
atoms. Contact with the surface implies kinetically restricted strucith the tip, making it appear larger than itf5On the other
tural changes and bond formation that includes site-selective trangyand, the height relative to the surface would be determined
fer of atoms to active sites of the Si surface. Crystallinity is implied, more reliably, and we use this height in characterizing a
though the sketch is not crystallographically rigoroles Depiction  particle’s size. The assumption in estimating the number of
of a STM tip with close-packed atoms that is about to make mexioms in a particle is that it is hemispherical in shape. Sup-
chanical contact with a Ag nanostructure. The nanostructures W”bort for this simplification comes from photoemission studies
move with the tip if bonding to the substrate is not too great. It will 41,5+ related the cluster size to its ability to attenuate the sig-
be transferred to the tip if a_neck is formed with a strength thatnal from the substrate beneathlitEstimates of the total
exceeds the substrate attraction. cluster volume on the surface agree with measurements us-

ing a quartz-crystal oscillator adjacent to the sample during

aﬂ%position. Finally, when Ag nanostructures can be moved,
we see track widths that are approximately twice the mea-
sured height, in agreement with the hemispherical particle
hpic:ture.

(b)

to GaA4110 and InR110 showed minimal disruption of
the surface, as judged by the absence of states in the gap
Fermi level movement' Photoemission studies of metal
clusters delivered to YB&u;0O, showed surface layer reac-
tion driven by thermodynamics but this reaction was muc
less than that seen for atom-by-atom deposition because of
kinetic stabilization at 300 K?

Figure 1 helps to visualize the contact between a Ag Figure 2 shows several nanocrystals produced after de-
nanocrystal and §111)-(7x7). Figures 1a) and 1b) show positing 1.3 A of Ag onto a 60-ML Xe layer on Qil1)-
the characteristic features of clear{19i1)-(7x7). The cross (7X7). A step crosses the image. The rectangular box dem-
section in Fig. 1b) corresponds to a line drawn between theonstrates that theX77 reconstruction persists after Xe subli-
corner holes. The top, or adatom, layer has a very low planamation, as expected, and that there is no contamindtibn
density. Dangling bonds of this layer and the rest-atom layetained with+2-V sample bias and 0.7-nA tunneling current
tend to be chemically active with adsorbates. Atoms of the=rom larger-size images, the Ag island density is
corner holes are fully coordinated and relatively inert. The2.8x 10'° cm~2 and the heights vary from 9 to 70 #00—
(diagona) center-to-center distance between corner holes i40 000 atomks Structure | in Fig. 2 is~27 A high, approxi-
46.6 A. This is about 16 times the nearest-neighbor separanately the size of the particle represented in Fitp).1Struc-
tion for Ag, 2.89 A. The cross section in Fig(h) for Agis  ture Il is irregular and appears to have been formed from
drawn close packed for simplicity. If it were hemispherital, contact of two intermediate-sized objects. It may be chang-
it would contain ~2000 atoms. Since nucleation on the ing shape slowly due to on-cluster Ag diffusion. Shape
buffer layer produces clusters with a mean size~e28  changes can be enhanced by repeated scanning at higher cur-

Ag nanocrystals and S{111)
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Ag/Si(111)-7x7

FIG. 2. Three-dimensionally rendered image of13i)-(7X7)
onto which Ag nanocrystals have been deposited. The inset shows
that the X7 reconstruction is preserved during Ag growth on Xe
and Xe desorption. Structure | contair®00 atoms, as in Fig.(th)
and is 27 A high. Il represents a structure derived from two that had
made contact upon reaching the surface. It is likely to be undergo-
ing a shape change to reduce its surface energy. Il is actually two
separate structures that appear to touch. Their lateral sizes are ex-
aggerated because they are imaged with the tip. There is no Ag-
atom exchange among separated structures, and coarsening is not
observed.

rent(20 nA), as discussed below. Structure Ill appears to be
derived from two crystallites but, based on their heights and
apparent footprints, these two are not in physical contact.
Noncontacting features did not change in size or position
with time or repeated scanning. Their stability against coars-
ening indicates that there was little atom exchange. Thus, the
number of Ag atoms exchanging between the Ag nanostruc-
tures and SiL11)-(7X7) terrace sites is small at room tem-
perature.

Figure 3 shows an area equivalent to Fig. 2 before an

after pushing the nanocrystals with the tip. The white streak efines the direction of tip motion during the scan that established
are due to Ag atoms that have transferred to the surfaCgpniact in the fast-approach mode. The distribution of Ag in the

Such painting has been done in two ways. In one procedurgcy ingicates preferential transfer to the active sites of th 7
we scanned a large area in the imaging mode, as in E&. 3 ¢

and then positioned the tip so that its path would cross the

feature to be moved. A single line scan was then made with . . ) .

a fast scan spegd-10 um/s), so that the feedback could not tact_lnvolved the shank an_d not _the active tunneling tip.
respond to avoid impact. When contact was established, th_lngvalent rgsults were obtained with a second approach that
nanocrystal moved laterally with the tip, and the tip tried toinvolved a single line scan at a slower scan speed000
retract. Normal scanning was then resumed for the retractind/s) with the feedback disabled to assure contact. The tip-to-
line scan. Figure ®) was obtained after the nanocrystals surface distance was10 A*° as in the fast-approach mode.
were modified, one by one, in the fast-approach mode, movwanipulation was also possible with structures derived from
ing the tip from right to left. The tracks decrease in width clusters that were in contact with each other but were still
because the contact area shrinks as material is transferredistinguishable, such as structure Il in Fig. 2 or structure 6 in
The density of the Ag track was estimated from the totalFig. 3. Patterning could be done by selecting which nano-
number of atoms of a cluster before and after a short distancstructures within an array would be painted and which would
“nudge” where we could measure both the change in heighbe left—and in what orde(in Fig. 3, structure 5 was moved
of the cluster and the area of the Ag track. This gave a planavefore structure ¥ Nonlinear painting could be done by
density of ~1.0x 10" atoms cm?. From results for more changing the scan direction relative to the sample in sequen-
than 50 cluster manipulations, we conclude that the atoms itial nudging. The results for both fast-approach and fixed-
the tracks represent up te3 of the atoms from the initial height manipulation were reproducible with different tips
nanocrystal. The remainder have adhered to the tip. The feand different samples. Moreover, painting could be done
tures in the painted areas werel.6 A higher than the Si when the tip passed over the particle on center or off center.
adatoms The resolution of the image did not change muchThe overall irregularity of the painted line suggests complex
when a particle was nudged or picked up, implying that condynamics of motion and contact.

FIG. 3. (a) Distribution of Ag nanostructures, as in Fig. 2, be-
fore manipulation with the tiptb) Tracks left by Ag nanostructures

s they were moved by the tip. The numbers aid the eye in identi-
?ing the original positions ina) and the track inlb). The arrow
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TABLE I. Consequence of UHV manipulation of clusters derived from 100—40 000 atoms.

Substrate-cluster

Cluster Substrate interaction Result of manipulation
Ag Si(11D)-(7X7) intermediate Ag track created by adhesive wear,
(increases with partial transfer to tip farx80 A

contact arep

Ag track created,
cluster remained on surface for
80 A<h<120 A

h>120 A, no movement, tip crash

Cu S(111)-(7X7) strong no track, failure within cluster,
partial transfer to tip

Ag+Cu S(111)-(7X7) mixed Ag track plus Cu clusters on surface,
partial transfer to tip fo<25-at. % Cu,

no track, failure within cluster,
partial transfer to tip,
surface residue for-25-at. % Cu

Ag Ag(11) and strong failure within cluster,
Si(11D)-(v3% 3) Ag partial transfer to tip, surface residue
Ag vacuum-aged weak adsorbates reduce adhesive wear,
Si(111)-(7X7) partial transfer to tip
Ag Si(111) weak cluster removed without track,
oxidized in air no wear
Ag Br/Si(111)-(7X7) weak complete transfer to tip, no residue

The ability to move Ag nanostructures like these was defocal strain. The fact that the track is only one layer in thick-
pendent on their size because of the contact area and themess indicates that transfer does not involve shearing pro-
fore the number of Ag-Si bonds. The contact area betweenesses in the Ag nanostructure.
the cluster and the @ill) surface increased as the height of  Finally, Ag dots could be made on($1L1)-(7X7). This
the cluster increased. Those whose heights were greater thgenerally happened when nanocrystals were scanned under
~120 A (~200 000 atomscould not be moved® For them,  high tunneling current condition§>20 nA). Under such
the force of adhesion was large enough to resist movememwonditions, the tip was much closer to the particle than under
by the tip, and the tip crashed. Those with heights of 80—12Mormal imaging, and contact is established somewhere on the
A (60000-200000 atomsould be nudged and left tracks, tip shank[Fig. 1(c)]. Since the tip is following the height
and they remained on the surface. Structures whose heighpsofile of the particle, however, contact with the particle is
were less than about 80 A formed tracks but disappearedot as robust as that obtained in the fast-approach single-scan
from the surface after pushing, as in Fig. 3. These results anmode. Typically, it required several scans with high current
summarized in Table I. to establish a sufficiently strong neck for removal to occur.

From the paint marks produced by manipulation, Ag-atom
transfer occurs to the triangular areas bounded by the ad-
atoms but not to the corner holes or the dimerized lines that
border the unit celt® This selective transfer is consistent  To investigate surface adhesion for a metal which has a
with the fact that these areas are favored bonding sites whegreater tendency to react with($11)-(7x7) than does Ag,

Ag atoms are deposited on (B1D)-(7X7) at low we used the buffer layer process to grow and deliver Cu
temperaturé! Growth by atom deposition produces a dilute nanocrystals. Figure 4 shows five nanocrystals grown by de-
interface layer that preserves th& 7 reconstruction but also positing 0.1 A of Cu on 500 ML of Xe on Si. Before at-
produces a high-qualitgl11)-oriented Ag overlayet® From  tempted manipulation, they were 18—26 A in heigh®00—

our manipulation results, it is clear that Ag transfer to those3000 atoms—smaller than in Figs. 2 and 3 because of the
active sites represents an energy gain relative to bonding temaller amount of material. Figure 4 shows these same clus-
Ag. This occurs atom by atom, as can be envisioned fronters after attempted manipulation using the fast-approach
Fig. 1(b), as atoms hop from low coordination Ag sites to procedure that was successful for Ag. Nanopainting was not
form Ag-Si bonds, sacrificing Ag-Ag bonds and introducing achieved. However, each Cu particle was modified by con-

Cu nanocrystals and S{111)
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Cu/Si(111)-7x7
Before After

FIG. 4. STM images showing five Cu clusters or{13il)-(7X7) before and after modification by the tip in the fast-approach mode.
Strong Cu-Si bonding prevented manipulation and painting. Instead, they were reduced in heights as they were sheared. The debris along the
path indicates that the sheared material transferred to the tip, but was deposited when the tip reapproached the surface.

tact because their heights were reduced to 8—-13 A. Struaoes not happen. Instead, the images show that failure occurs
tures I, Il, and IV were broken into parts, and there waswithin the Cu particle as it is sheared. The interaction with
debris approximately at the end of the line scan. For structuréhe tip that could establish a neck is also different than for
I, the debris was close to a step. We conclude that contadkg. In particular, the surface free energy of Cu is comparable
with the tip exceeded the shear strength of the nanocrystab that of W, and much higher than that of Ag, and this
and that part of it was first attached to the tip but could bereduces the tendency to wet the foMoreover, the activa-
transferred to the surface when the tip reapproached the suiien energy for diffusion of Cu is greater than that of Ag.
face. These repeated contacts did not cause any visibM/eak bonding to the tip accounts for the deposition of frag-
changes in the quality of the images. In Table I, thements when the tip returns to the surface at the end of the
substrate-cluster interaction is judged to be strong, in comline scan.
parison to that for Ag.

The differences between manipulation of Ag and Cu
nanocrystals on clean @ill) reflects differences in interface
bonding. For Cu-$111), the interface formed by atom depo-
sition at room temperature exhibits significant intermixing as To explore the manipulation and adhesion of composite
the 7X7 reconstruction degradé$This disruption is driven  nanocrystals, we formed mixed structures of Cu and Ag. In
by the tendency to produce structures having threethis case, Ag was deposited onto 60-ML Xe to form clusters
dimensional Cu-Si coordination. In this case, heating wouldaverage size of-28 atoms), and then Cu was added. These
produce CySi. For cluster deposition and relaxation at themetals have little bulk solubility but their surface energies
surface, strong Cu-Si bonds can form, and limited intermix-indicate that Ag would wet C# Figure 5a) depicts Ag
ing involving adatoms may occur. Subsequent attempts talusters on Xe that form first. Also shown are separate Cu
manipulate Cu particles must overcome these bonds, and thitusters and Cu that has contributed to the growth of a com-

Cu-Ag nanocomposites and $1L117)
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Ag Cu Ag with contacting and wetting will result in mixed interface
/\ /\ / I \ bonding, again subject to atom diffusion. If these mixed
structures were to be heated, then we would expect to see
areas of Cu-Si and areas with Ag-Si products, depending on
(a) Xe the thermodynamic state achieved.
Si(111) Figure 5c) shows the consequences of manipulation for
structures grown from 0.93-A Ag and 0.07-A &uThe ini-

tial cluster density was 8 10'°cm ™2, and the heights ranged
from 9 to 80 A. There was nothing distinctive about the
starting clusters that would reveal their compositional
makeup. Manipulation resulted in Ag painting but, in con-
trast to pure Ag, there was also residual material near the
starting position. Line |, for example, shows five clusters
3-7 A in height near the beginning of the track. The initial
height of the composite was 55 A. The end of the track
corresponds to the point where transfer to the tip occurred. It
is reasonable to associate the track with Ag and the small
features to Cu. Line Il was produced by defining the end of a
fast-approach line scan to be400 A beyond a nanocrystal
whose initial height was 28 A. After contact, the larger re-
sidual cluster was 8.5 A. The rest of the particle adhered to
the tip. While equivalent short lines and cluster pickup was
observed for pure Ag, there was no material left at the start
of the line. We propose that the two components of the com-
posite in lines | and Il were separated by their different af-
finities to bond to Sil11) and the tip. This separation is not
complete because the volume of the leftover material is in-
sufficient to account for the amount of Cu deposited. Thus,
some Cu will have transferred to the tip along with the Ag.
Line Ill is a result of painting with a nanocrystal 33 A in
height. Painting was successful but the moving structure
eventually adhered to the tip. At the original site of the struc-
ture, we see two small clusters of3-A height. We cannot

o , unambiguously identify their elemental make-up but note
FIG. 5. (a) Depiction of the formation of an array of Ag clusters, again that such debris was unusual for pure Ag painting.

Cu clusters, and Cu-Ag clusters on Xe after exposure to Ag and Composite nanostructures could be produced with any

then Cu atoms from a thermal souréle) Desorption of Xe agitates relative amount of Cu, but attempts to nudge or paint failed
the clusters, and coalescence occurs when they contact each oth

I, " - ot o
A cross section through one possible composite that has reached tg%rr’nicl::rnt]g?sgls%nzf eﬁfg?&”\ge?: oatzlta?nec(:ju.TlhnesE:%ﬁ’ Ifeiart#crﬁ_s
Si(111)-(7X7) surface would show a nanostructure of predomi- P ’ P

nantly Ag bonded to a smaller structure of Cu and wetting thephomgy Qf the as-formed composite vyou]d make it unlikely
copper. Another through a larger Ag nanostructure would show C'}hat the tip could extract the Ag. _“f' _prlnC|pI_e, Ag could wet
decorating the outside, encapsulated within, and bonding to the $a79€r Cu clusters to form a sacrificial lubricant, but the Ag
surface.(c) Fast-approach manipulation of composite Ag-Cu par-Mobility on Cu is likely to be the limiting factor for exten-
ticles grown by depositing 0.93-A Ag and then 0.07-A Cu resultedSIV€ Wetting.

in painting due to the dominance by Ag. Small clusters close to the

heads of the tracks are associated with Cu that had bonded to the Si

surface and had been selectively separated from the moving Ag.

Ag nanostructures on modified Si surfaces

The balance between surface and tip adhesion for Ag par-
posite structure. Depending on the number and make-up dfcles is sensitive to the cleanliness of th¢l3il)-(7X7) sur-
clusters that coalesce during Xe desorption, we would expedace. To investigate this, we formed a nanostructure array, as
to find composites on the @il1)-(7x7) surface like those in Fig. 3(@), on a freshly prepared Si surface. Manipulation
shown in cross section in Fig(ly. Both are Ag rich. The with the tip was successful, as in Figbg The sample was
one on the left is small, and Ag has wetted the Cu particlesthen agedn vacuofor ~70 h to allow adsorbate accumula-
The one on the right has grown to substantial size with onéion at the chemically active surface sites. For these
Cu cluster incorporated, one touching the Si surface, and twadsorbate-decorated surfaces, we were unable to resolve the
at the outside. Mixed structures like these are a consequen@7 reconstruction with STM. Under these conditions, the
of their formation process. Once in contact with the Si sur-Ag particles transferred more readily to the tip, and the like-
face, we would expect different reactivities for Cu and Ag,lihood of painting was greatly reduced; see Table I. In effect,
constrained by kinetics. Structural rearrangements associateedsidual gas adsorption reduced the ability of the nanopar-
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ticles to bond to Si111) while necking with W was less
affected. Note that footprints at the initial positions of the
particles were still evident.

In another experiment, we dosed&i1)-(7X7) with Br
at 300 K?? Ag nanostructures that were delivered to this
surface were unstable under our imaging conditions. Scan-
ning had the effect of removing the Ag, and we conclude that
it transferred to the tip. Hence attraction to the tip through
necking was strong and adhesion to the surface was insuffi-
cient to assure contact. This is reasonable since monovalent
Br would saturate the Si dangling bonds so that Ag bonding
and transfer is frustrate¢Heating this Ag-Br-Si surface pro-
duced AgBr crystallites.

In a third experiment, we explored the possibility that
nanostructures formed by buffer-layer-assisted growth could
be manipulated after being exposed to air. In this case, Ag
structures were deposited on(Bil)-(7X7), as in Fig. %a),
and then exposed to air to oxidize the Si surface and modify
the Ag particles. These particles could be imaged with an
atomic force microscope, using the soft-tapping noncontact
mode and an etched Si tip. They could also be moved with
higher-amplitude tapping, and areas could be swept free of
Ag. During manipulation, they remained on the oxidized sur-
face, and they moved without leaving tracks that could be
seen with the AFM. Such manipulation occurs under condi-
tions where surface bonding is weak and necking is negli-
gible. It is analogous to that of Ref. 6, though buffer-layer-
assisted growth introduces control over the particle size and
increases the range of its elemental makeup.

The interaction of Ag with clean Si was varied in another
way by changing the surface reconstruction tdq18$i)-
(y/3% +/3) Ag. This was done by depositing 20 A of Ag onto
Si(11D)-(7X7) and heating to 700 K. This produces two
lower energy structures, namely, @d1) crystallites and
large areas of $111)-(\/3%+/3) Ag. The 3x /3 recon-
struction contains 1 ML of Ag positioned slightly above a
half-bilayer of Si atoms arranged into trimers. In this struc-
ture, each Ag atom has four Ag neighbors and one bond to
the Si atoms at the corner of each Si trifiéSubsequent
delivery of Ag nanostructures produced features equivalent
to those of Fig. &). Attempts to move them with the STM
tip were unsuccessful, but the upper portions of the nano-
crystals were removed from the main body through a nano-
shearing process. Such intraparticle failure indicated that the FIG. 6. (a) Distribution of Ag nanocrystals on @i11)-(7x7)
Ag nanostructure itself was the weak link relative to bonds tdmaged with 0.2-nA current(b) Image derived from line scans at

the tungsten tip and the @iL1)-( \/§>< \/§) Ag surface. 20-nA current. Weak contact with the nanostructures causes them to

With these two-phase samples, we were also able to e)‘%‘_drlbble” away with each successive line scan. The arrow identi-

amine the stability of Agq hanocrvstals delivered to . ies the p_ath of structur¥. Eventually, pgrticle _motion is arrest_ed,
Images obtainedyshortglly after )éelivery showed %?Iayerand the lip passes over (t) Image a(.:q“'red with 0.2 nA showing
(111) islands with hexagonal footprints that corresponded tothe location of the arrested Ag particles and the tracks created by

. L . adhesive wear during movement by the tip.
(110 steps. Neither nanopainting nor removal was possible vew tring mov y P
for these particles. Impact with them did result in shearing
but the base remained intact. Imaging before and after im-

pact indicated a reduction in height as material was trans-

ferred to the tip. A series of images of the same portion of High-current manipulation of Ag nanocrystals

the surface showed that 3D islands decayed into monolayer on Si(11D-(7x7)

high islands and that these islands coarsened. Such coarsen- ) ) o

ing is consistent with the high diffusivity of Ag on Agy11) The above discussion of Ag painting on(Bi1)-(7X7)

and the low barrier for atom hop-dowimterlayer transpoyt ~ €mphasized manipulation by tip contact. A different kind of

Approach to the equilibrium final state was readily observedainting can be achieved by increasing the tunneling current
at 300 K, as has been discussed elsewHere. from 0.2 to 20 nA at+2-V bias. In this case, there is inter-
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mittent contact with the nanocrystal while the tip is scanning.
This is a more delicate form of manipulation than that of
high-speed impact.

Figure 6 shows the effect of high-current scanning for an
array of nanocrystals obtained after depositing 0.2-A Ag on
60 ML of Xe. The features evident in Fig.(@® ranged in
height from 20 to 46 A, and featus¢ was 46 A high. They
were smaller than those of Fig. 3 because less Ag was
initially deposited. After obtaining Fig. (), the tunneling
current was increased from 0.2 to 20 nA. Scanning at

h=27 A (~ 2400 atoms)
h=23 A (~ 1500 atoms)

high current produced images that showed white streaks = »

[Fig. 6(b)], that indicated the positions of the nanocrystals as Ve=2V. |, =20 nA =327k (= 4000 atorts)
the tip moved them. Imaging at 0.2-nA current revealed 4 scans

the positions of the cluster array without disturbing them

[Fig. &(c)].

This high-current form of pushing is analogous to drib-
bling a soccer ball with the side of the foot. With each line
scan, the tip comes very close to a Ag particle, establishing
contact, and the particle is bumped away. In these scans, the
tip moves along a line from right to left, and then retraces
that line before advancing upward by one line. No data ac- FIG. 7. Two A particles~100 A apart on SiL11)-(7x7) were
quisition takes place during the retracing movement, but conimaged at low current, top, and then scanned four times at 20-nA
tact can be made. This explains why the particles sometimasurrent. This scan direction was along the internuclear axis. The tip
appear to move to the right. With each right-to-left scan, thecaused the two structures to come into contact and to coalesce.
tip “sees” the retreating features. From Figlb®, this drib-
bling is not 100% successful. In particular, featdtehas
advanced with the tip but it is arrested about two-thirds of
the way to the top of the image. We can speculate that thiand to bring them into contact with equally clean surfaces.
jump over the particle is due to a change in the tip itself as anterface intermixing of the sort associated with atom depo-
new active tunneling point is established. During dribblingsition and overlayer growth is minimized, and a unique
contact, nanocrystals do not transfer to the tip, though thegolid-solid contact is established. This procedure can be fol-
are as small as 20 A in height-1000 atoms lowed for a wide range of materials.

The fast-approach manipulation mode is reproducible In this paper, we used a STM tip to manipulate, modify,
with different tips and samples, as noted above. The driband remove clusters from surfaces that were atomically clean
bling mode is more dependent on the tip profile because ther intentionally altered to alter the local chemical interac-
contact is more subtle. We speculate that dribbling occursions responsible for adhesion. As summarized in Table | and
under conditions that do not favor neck formation, perhapsliscussed in the text, the results depended on the bonding
hindered by impurities on the tip. Such tip-sample mechaniwith the substrate and with the tip. The contact between Ag
cal interaction is still largely unexploréﬁ.lt is possible that and S{111)-(7X7) was relatively weak, and the particles
nanopainting with the dribbling mode can be improved bycould be moved even if they were derived from tens of thou-
using a tip with lower surface energy than the nanocrystal osands of atoms. Associated with this movement was the
by passivating the tip° transfer of Ag atoms to the Si surface to selectively form

Finally, Fig. 7 shows two Ag clusters that werel00 A Ag-Si bonds. This represents adhesive wear. For Cu par-
apart. Based on their heights, they were not in contact wheticles, the interface bonding was stronger and manipulation
first imaged at 0.2-nA tunneling current, top. Scanning fourwas not possible. For Ag deposited onto(Agy1), there was
times at 20 nA produced a change in shape, when observewetting, the formation of multilayer islands, and the decay of
under normal imaging conditions, bottom. Such tip-inducedhe islands because of high atom mobility on Ag terraces. In
coalescence was successful only when the scan direction waentrast, clusters deposited onto(13il)-derived surfaces
along the internuclear cluster axis, indicating that the tipwere trapped in higher-energy states because atom exchange
nudged one cluster toward the other and contact occurresvas minimal.

Shape changes that lowered the surface energies were thenFuture studies will expand the scope of those discussed
assisted by high current and tip bumping. Such merging wabere. They will consider the formation and the compatibility
done under ultrahigh-vacuum conditions, and coalescencef particles of nanoscopic dimensigwith hundreds to thou-
was thermodynamically favored. Merging was observed foisands of atomswith metal and semiconductor surfaces.
clust}a\r heights between 20 and 110 A and separations up to

400 A.
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