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Manipulation and writing with Ag nanocrystals on Si (111)-7x7
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Manipulation of Ag nanocrystals derived from up to 200 000 atoms was performed using the tip of
a scanning tunneling microscope. By varying the scanning conditions, it was possible to move them
laterally on contamination-free @il1)-7X7 surfaces or to remove them. In both cases, thin Ag
tracks were left behind. This demonstrates the concepts of nano patterning and nano painting with
metals on clean semiconductor surfaces. 1898 American Institute of Physics.
[S0003-695(198)04121-1

The modification and manipulation of nanometer-scalex 10!° cm™?). The number of atoms on a given nanocrystal
structures on surfaces has attracted considerable interestvas estimated by measuring the height and assuming a hemi-
Manipulation of single atoms and small clusters with a scanspherical shap¥ Imaging was done with-2 V sample bias
ning tunneling microscopéSTM)?>~® has been demonstrated, and 0.2 nA tunneling current. Under these conditions, the
and atomic scale lithography has been accomplished by
selective-area desorption of hydrogen with the STM®tip.
Manipulation or positioning has been reported for
a-MoO; on 2H-MoS,’ Cg, on NaCl, graphite, and i11),2
and Cu—TBP—porphyrin on €100.° Clusters and liquid
droplets have also been manipulated with scanning probe
tips in air or rough vacuurt?

To date, the manipulation of metallic nanostructures on
clean reactive silicon surfaces has been considered unfea-
sible because production of such nanostructures by conven-
tional atom deposition results in surface wetting and strong
interface bonding. However, by using our buffer-layer-
assisted growth and delivery techniqdeye have been able
to produce Ag nanocrystals with up to 200 000 atoms that
can be moved laterally in a controllable fashion on clean
Si(111)-7X7. This manipulation leaves tracks due to adhe-
sive wear as Ag atoms are transferred in a way that reflects
the local chemical activity of theX7 surface. The flexibility
of the growth technique allows us to control the size of
nanocrystals and to explore other metal-semiconductor sys-
tems as well.

The experiments were performed in a system equipped
with a STM and a cold finger stagéase pressure<5
x 10" Torr). Clean S{111)-7X7 surfaces were prepared
and characterized before being transferred to a cold finger
and cooled to 50 K. Buffer layers of Xe were then formed by
exposing to 600—3000 L of Xe where 1=.10 °® Torrs,
giving 60—300 ML thick layers? The buffer layers served to
isolate the Si surfaces from processes associated with subse-
guent Ag adatom deposition. Those adatoms were supplied
by physical vapor deposition at0.6 A/min. After Ag clus-
ters were grown, the buffer layer was desorbed and the
sample was transferred to the STM stage for imaging at
room temperature. The tungsten STM tips used in these stud-
ies were electrochemically etched and then anneialesitu
by electron bombardment.

Figure Xa) shows a STM image of Ag nanocrystals on
Sl(ll]f)_7><7' In this case, V\{G deposited 0.2 A of Ag on a 60 FIG. 1. (a) Distributed Ag nanocrystals on @il1)-7X7 (average size 3300
ML thick Xe layer. The white features are Ag nanocrystalSaiomg prepared by buffer-layer-assisted growth) Same area after tip
(average height 30 A, average size 3300 atoms, density 2Banipulation to leave only those that formed the lettdrand M.
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There is a definite correlation between the total area of
the track and the size of the original nanocrystal. The latter
can be estimated by assuming a hemispherical shape where
the base of the nanocrystal is twice the heighthe density
of the track was estimated from the total number of atoms of
a nanocrystal before and after a short-distance “nudge”
where we can measure the height change and the area of the
Ag track. This gives a planar density 6f1.0x 10*> atoms
cm 2, somewhat larger than half the density of (Agj),
namely 1.4 10"atoms cm?. Hence, the Ag tracks of Fig. 2
account for~1/3 of the atoms from the 3000—4000 atoms of

FIG. 2. (a) Close-up of Fig. lb) showing Ag tracks produced by translation these nanocrystals. We were able to vary the Ag track length

of the Ag particles. The tapering track indicates a size reduction as thdy changing the position of the end of the line scan. When

nanocrystal was abrasively worn by contact with thél 81) 7x7 surface.  the end point was close to the starting point, a larger fraction

The “push” direction was from right to left(b) Details of a 70 A wide Ag of the nanocrystal adhered to the tip. Transfer of the nanoc-

track. The grid shows the>X77 unit cell to emphasize that the corner holes : T

remain visible because of the site selectivity for Ag transfer. Sample biaé‘yStal to the tip occurred as it slipped across the Sl_Jrface'

=+1.7 V,1,=1.0 nA. Removal of the nanocrystal occurs when the tip moves
away from the surface to reestablish a tunneling gap at the

nanocrystals remained stable. A monolayer height step is vighd of a line scan. Removal indicates that the bond between

ible on the left side of the image. The surface is clean, an(ﬁhe particle an_d . t-ip exceed; that- between the part.icle and
higher resolution images show thes7 reconstruction. the su.rface. Tip-particle adhesion Wl!l depend on the tl'p con-
Figure ib) shows the same area as Figa)lafter a figuration anf the Ag atom dynamm_s associated with the
“UM” pattern was created by removal of unwanted Ag contagt ared* After several .mampulatlon evgnts, the- 'Fung—
nanostructures. Removal was done in either of two manipuSte" tip would be coated with Ag, and the high mobility of
lation modes by laterally pushing the nanocrystals with thé*d ©n Ag suggests that additional material associated with
STM tip. In one procedure, we scanned a large area in thaubsequent transfe_r will wet the tipHowever, redep_osmon
imaging mode and then placed the path of a line scan ovef! the Ag from the tip onto the surface was not feasible under
the feature to be changed. A single line scan was then mad@!l experimental conditions. It is intriguing to image the
with a scan speed that was fast enough that the feedba(qynamlc_s associated with this pushing and transfer from sur-
could not responsé>10 um/s). Hence, contact was estab- face to tip. _ .
lished and the nanocrystal moved with the tip. The second The fact that a Ag track is left on the Si surface shows a
approach involved a line scan at a slower scan sped®00  New aspect of nanocrystal interaction with regard to tip and
Als) with the feedback disabled. Similar results were ob-Substrate. The Ag track indicates adhesive wear that is now
tained with both modes, and the results were reproducibléesolved on the atomic scale for clean reactive surfaces under
with different tips, different Si samples, and nanocrystals ofultrahigh vacuun{UHV). Such wear takes place when adhe-
different sizes. sion between the sliding bodies is larger than the cohesive
Nanocrystal removal produced an elongated track thagnergy of the plastically deformed material. Here, the two
originated from the initial position of that nanocrystal. Figure surfaces are derived from Ag atoms and the7#structure of
2(a), which is a close-up view of Fig. (), shows streaks Si.'® For the latter, the adatom density is 8.60" cm2,
with the sharp end pointing in the direction of the line scan.and it is the adatoms that can come in contact with the Ag
This shape indicates that the nanocrystal size decreased @igiface, forming the bonds that ultimately facilitate material
the Ag track was created. The initial track width as observedransfer. The contact surface of the nanocrystal probably has
by STM is approximately twice the height of the original Steps and multiple defects, and material is likely to detach
nanocrystal(The track provides a better estimate of the crys-from the steps in the form of atoms or small clusters depend-
tal footprint than does direct imaging because the latter reping on the force experienced at the interface. Indeed, the Ag
resents a convolution with the tipA high resolution empty- particle will change its contact on a local scale as it is pushed
state image of one track, Fig.(8), shows its maximum across the surface and atoms are transferred from it. We
height to be 1.6 A above the adatoms of the77unit cell,  emphasize that our results differ from previous redlibe-
considerably higher than the 0.5-1.0 A observed after Agause of the strength of the interface bonds. Previous studies
atom deposition onto §i11)-7x7 at 400 K!* Similar fea-  of manipulation of large clusters focused on systems with
tures were seen in filled-state images. Although we could notan der Waals bonding, and they could not detect the transfer
observe atomic features within the tracks, site selectivity wasf material associated with adhesive w&aHere, there are
apparent since the corner holes of the77unit cell remained  both chemical bonds and van der Waals bonds.
free of Ag atoms. We attribute the unique structures in Fig. 2  To investigate manipulation of larger nanocrystals, we
to the fact that atoms were transferred through atomic-scaldeposited 1.3 A of Ag on a 300 ML thick Xe multilayer.
adhesive wear as the particles were moved across the cle&ubsequent delivery to the surface produced nanocrystals
surface. The contact area for such adhesive wear would irwith a wide distribution of crystal height, from 14 to 120 A
volve the Si adatoms of the unit cell, and both geometric anddensity 1.1 10'° cm™2). After imaging to obtain Fig. @),
kinetic constraints prevent the transferred Ag atoms fromwe nudged the structure labeled |, moving it a distance of

finding lowest-energy bonding configurations. ~1000 A to a position below structure A. Nudging was done
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We demonstrated that Ag nanocrystals can be removed
or nudged on a $111)-7Xx7 surface by the STM and that
tracks are created due to adhesive wear. This concept could
be used to nano-paint metal lines and to fabricate monolayer
thick metal quantum lines or quantum dots for nanoscale
devices. Manipulation of these novel structures should give
new insights into nanotribology where the surface quality
can be controlled. For example, studies of more reactive ma-
terials deposited onto @i11)-7X7 will show differences re-
lated to their interface bonding while those deposited onto
passivated or coated surfaces will show different behaviors.
FIG. 3. STM images demonstrating manipulation of a nanocrystal derived
from 100 000 atoms(@) Shows the staring surface with nanostructures pre- The authors thank David Cahill and E. Ganz for helpful

pared by depositing 1.3 A Ag onto 300 ML Xe and then desorbing the Xe.discussions. This study was supported by the U.S. Office of
Arrows indicate the directions and lengths of line scans used to manipulatr\laval Research

structurel. (b) Shows that nanocrystalhas been nudgee 1000 A and is
next to featureA. (c) Shows the position of after another nudging action,
demonstrating that the nanocrystal could be moved between obstaales 1C. F. Quate, irHighlights in Condensed Matter Physics and Future Pros-

B. The frame is rotated by 25° due to change of scanning configuratipn. pects,NATO ASI Series B Vol. 285(Plenum, New York, 1991 pp.
Demonstrates further nudging, with different contrast to show the Ag tack 573_g30.

formed by adhesive wear. The total number of Ag atoms in the track is2p . Eigler and E. K. Schweizer, Natufeondor) 344, 524 (1990.

~40 000. During imaging, the parameters were sample bias/, current 3| -W. Lyo and Ph. Avouris, Scienc253 173 (1991).

0.2 nA. During nudging, the scan speed was.20/s. 4J. A. Stroscio and D. M. Eigler, Scien@s4, 1319(1991).
5L. J. Whitman, J. A. Stroscio, R. A. Dragoset, and R. J. Celotta, Science
251, 1206(1992).

by using the same technique as for nanocrystal removal exéT.-C. Shen, C. Wang, G. C. Abeln, J. R. Tucker, J. W. Lyding, Ph.

cept that the length of the line scan was short to reduce theAvouris, and R. E. Walkup, Scien@68 1590 (1995.
Y. Kim and C. M. Lieber, Scienc&57, 375(1992.

Ag track lerj&?t.h' ThIS prevemfed the nar?oc_rystal from fa"mg 8Y. Z. Li, M. Chandler, J. C. Patrin, J. H. Weaver, L. P. F. Chibante, and
below ~80 in he|ght(exper|ence has indicated that struc- R g smalley, Phys. Rev. B5, 13 837(1992; R. Liithi, E. Meyer, H.
tures of<80 A in height were removed, as abgvBlote that Haefke, L. Howald, W. Gutmannsbauer, and H.-Jnterodt, Science
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scan for nudging was performed along the dashed line shownp . schaefer, R. Reifenberger, A. Patil, and R. P. Andres, Appl. Phys.
on Figs. 3a), 3(b), and 3c). In Fig. 3d), the contrast of the  Lett. 66, 1012(1995; T. Junno, K. Deppert, L. Montelius, and L. Sam-
scanned area was adjusted to show the Ag track, and Weut_elson,ibid. 66, 3_627(1995; J. Hu, R. W. Carpick, M. Salmeron, and X.
estimate that the total m_“lmber of Ag atoms_ in the track isllél.a%. i)vzggill,sil.h}-éfl?tgzi.irg\f: (1334|\%(1A?I?Jgo and J. H. Weaver, Phys.
~40 000. Note that the line scans for nudging events were Rev. Lett.62, 1568(1989; J. H. Weaver and G. D. Waddill, Scien261,
done in the manipulation mode, and the direction of move- 1444(1992.
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done with features having heights belows0 A, nudging  “The radius of the active tip is expected to be less than 100 A. See G.
was generally restricted to those having heights of 80—120 Rohrer, inScanning Tunneling Microscopy and Spectroscopy—Theory,
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