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The use of scanning tunneling microscopy in an electrochemical environment as a tool 
for the nanoscale modification of gold electrodes was demonstrated. Small copper 
clusters, typically two to four atomic layers in height, were precisely positioned on a 
gold(l l1) electrode by a process in which copper was first deposited onto the tip of the 
scanning tunneling microscope, which then acted as a reservoir from which copper could 
be transferred to the surface during an appropriate approach of the tip to the surface. 
Tip approach and position were controlled externally by a microprocessor unit, allowing 
the fabrication of various patterns, cluster arrays, and "conducting wires" in a veryflexible 
and convenient manner. 

Continuing miniaturization of electronic " 

and mechanical devices has led in recent 
years to an interest in the generation of 
nanometer-sized structures on surfaces. The 
invention of scanning probe techniques, par- 
ticularly scanning tunneling microscopy 
(STM) ( I ) ,  has made it possible to modih 
surfaces at the nanometer scale and to ma- 
nipulate even single atoms with the STM tip 
(2) .  In a pioneering study, Becker et nl. re- 
ported in 198i an atomic-scale modification 
of Ge( l l1)  with an ultrahigh vacuum 
(UHV) STM (3). The most striking exam- 
oles of nanoscale modification have been 
given by Eigler et nl., who arranged individ- 
ual Xe atoms on a NiillO) surface 14) and , , 

constructed quantum corrals from single at- 
oins by means of an STM tip (5). These 
experiments were done in UHV with an 
STM operating at low temperatures (4 K) .  
Others have used field evaporation of tip 
atoms under STM conditions by applying 
relatively large voltage pulses to generate 
nanometer-sized metal clusters, for example, 
using an Au tip in air to decorate Au( l l1)  
surfaces with small Au clusters (6, 7). 

The use of STM in an electrocl~eruical 
ellvironment has triggered the development 
of new methods for the nanostructuring of 
electrode surfaces. Penner and co-workers 
were among the first to use electrochemical 
STM for nanoscale modification of electrode 
surfaces by depositing small metal clusters at 
preselected sites on highly oriented pyrolytic 
graphite (8, 9). Surface defects that were 
generated with the STM tip then acted as 
nucleation centers for the metal de~osition 
reaction (8, 9). In situ atomic force micros- 
copy has also been used to locally enhance 
electrochemical metal deposition by creating 
surface defects, for example, in a passivating 
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overlaver on Cu surfaces 11 0). Ullmann et a1 ~, 

reportid on a method of electrochemical 
nanoscale modification (1 1 , 12), namely, 
the formation of CLI clusters on an Au( l l1)  
surface during an appropriate approach of 
the STM tip as a result of the transfer of Cu 
predeposited onto the STM tip, without 
damaging the substrate surface. We report a 
modified technique, based on the tip-in- 
duced metal deposition described in (1 1, 
12)- for the nroduction of clusters and cluster 
ensembles with high speed and precision. 
We have developed a microprocessing unit 
that allows a very controlled tip approach 
and hence reproducible generation of vari- 
ous Dattems and cluster arravs in a flexible 
and convenient manner. This procedure can 
be considered a sten toward the automatic 
fabrication of nanostructures on electrode 
surfaces. 

We performed STM studies using either 
the electrochemical version of a Nanoscope 
E (Digital Instruments, Santa Barbara, Cal- 
ifornia) or a PicoSPM (Molecular Imaging 
Corporation, Tempe, Arizona). All images 
shown in this report were obtained in the 
constant-current mode. The electrolyte 
used tllroughout this study was 0.05 M 
H2S04 + 1 mM CuS04, prepared from 
H1S04 (Merck, suprapure), CLIO (Merck, 
puriss, p.a.), and Milli-Q water (Millipore). 
Counter and reference electrodes were 
made of Au and CLI wires, respectively. All 
potentials were measured and are quoted 
against the Cu/Cu2+ reference electrode. 
Technical details are given in (13). 

In earlier reDorts we demonstrated that 
Au surfaces can be modified on a nanometer 
scale by tip-induced deposition of Cu clusters 
(1 1 ,  12). The Cu was first deposited on the 
tip and then transferred from the tip to the 
substrate by an appropriate tip approach. In 
our earlier experiments, we applied a poten- 
tial step to the sample during whlcll the 
tunneling voltage LiT changed its sign, that 

is, LiT passed through zero. I11 such a case, 
the feedback circuit forced the tip to ap- 
proach the surface in order to maintain a 
constant tunnel current. By choosing appro- 
priate damping parameters for the internal 
feedback, a tip crash could be avoided so that 
Cu clusters could be deposited without dam- 
aging the electrode surface. In this case, the 
potential step was not applied for electro- 
chemical reasons (for example, discharge of 
cu'+ ~ons) ,  but rather was used to force the 
feedback circuit to react and to move the tip 
toward the surface. 

In the technique of controlled tip ap- 
proach for tip-induced Cu deposition that 
a7e report here, we applied an externally 
generated voltage pulse directly to the z- 
piezo, which leads to a corresponding move- 
ment of the STM tip in the z direction. A 
"signal access module" break-out-box (Dig- 
ital Instrume~lts. Santa Barbara. California) 
is connected between the controller an2 
the STM. The controller is responsible for 
generating, among other things, the volt- 
ages for the x-, y-, and z-piezos to move the 
STM tip. By modifying the x- and y-piezo 
signals, it is possible to move the tip across 
the surface by external control. In order to 
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Fig. 1. The mposition of an external voltage pulse 
U, on the z-piezo (A) causes a change in the tun- 
nel current I, (B) and a t~p  movement in the z 
direction (C). The voltage pulse heght I U ,  = 0 28 
V causes an approach of I z  = 1.2 nm.  Pulse 
duraton was At = 10 ms. The Au(l11) electrode 
was in 0.05 M H,SO, - 1 mM CuSO,. Sample 
potental Es,,pl, = + 10 mV versus Cu/Cu2-; tp  
potental E,,, = 3 0  mV; tunneling current I, = 2 
nA. In (B), t is shown that after about 3 ms the 
feedback crcut causes the t p  to retract In order 
that the tunneling current regain ts  predetermned 
value of I, = 2 nA (constant-current mode). The 
reverse step of the z pulse causes the STM tip to 
retract from the surface by 1.2 n m .  The corre- 
sponding decrease in current, however, IS hardly 
seen on the near scale In (B). 
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form a pattern, the required coordinates of 
the cluster positions are calculated and sent 
to the microprocessor, which generates the 
corresponding control voltages for the x- 
and y-piezos, thereby moving the tip from 
one desired cluster position to the next. 
The coordinates can be stored in a comput- 
er file, thus automating the whole pattem- 
ing process. 

An  external voltage pulse on the z-piezo 
results in simultaneous responses of tip 
height and tunnel current (Fig. 1). On the 
forward step of the z pulse, the tunnel cur- 
rent exhibits a sudden drastic increase up to 
saturation within the first millisecond (Fig. 
lB), showing that the STM tip approached 
the surface. The height scan illustrates the 
formation of a Cu cluster (Fig. 1C). These 
results demonstrate that the tip approach 
due to an additional voltage pulse on the 
z-piezo leads to the deposition of a Cu 
cluster, provided that this approach is close 
enoueh. " 

We suggest the following mechanism of 
material transfer (Fig. 2). First, Cu is depos- 
ited on the tip if the tip potential is held at 
values that are slightly negative compared 
with those of the Cu/Cu2+ reference elec- 
trode, typically at about -30 mV versus 
Cu/Cu2+. Then the Cu-covered tip is 
forced by an external voltage pulse to ap- 
proach the surface momentarily for a trans- 
fer of material from the tip to the substrate. 
This will leave a small Cu cluster on the Au 
surface, while the retracted tip will be load- 
ed aeain with Cu from solution. Various " 
theoretical models have been proposed to 
describe the material transfer Drocess (14- 
16). For instance, at a certain tip-to-sample 
separation [for example, for a Ni tip and an 
Au surface qr an Au tip and a Ni surface at 
about 4.2 A (16)], a so-called "jump-to- 
contact" can occur that leads to a "connect- 
ing neck" between the tip and the sample. 

After retraction of the tip, the neck breaks 
and a cluster is left on the substrate. Re- 
cently, Kuipers et al. have reported experi- 
mental evidence for W tips and Pb surfaces 
in UHV, which is consistent with this 
mechanism of material transfer (17). They 
suggested that this behavior is a conse- 
quence of surface diffusion, as the "jump-to- 
contact" ability increases with increasing 
temperature. 

To illustrate microprocessor-controlled 
tip-induced metal deposition, we deposited 
12 Cu clusters on an Au(ll1) surface in a 
circular array (Fig. 3A). The Cu clusters are 
sitting not directly on the Au surface but on 
a (1 x 1) Cu monolayer formed by under- 
potential deposition of Cu on Au(ll1) (18) 
at this sample potential (E = + 10 mV ver- 
sus Cu/Cu2+). At this potential, bulk Cu 
deposition from solution is thermodynami- 
cally impossible. The individual Cu clusters 
are about 0.8 nm high (Fig. 3B), correspond- 
ing to four atomic layers of Cu, and show a 
full width at half maximum (FWHM) of 
about 3.5 nm. The latter value, however, 
most likely reflects the lateral resolution of 
the STM rather than the actual width of the 
clusters. Although the sample potential was 
slightly more positive than the correspond- 
ing Nernst potential for Cu deposition (E = 
+ 10 mV versus Cu/Cu2+), the clusters were 
remarkably stable, even at more positive po- 
tentials (12). Only when the sample poten- 
tial was raised to about +300 mV versus 
Cu/Cu2+ did all Cu clusters dissolve, usually 
leaving an undamaged Au surface. This in- 
creased stability is most likely because of tip 
shielding. 

With the microprocessor unit we found 
it possible to readily generate patterns on 
even a larger scale. An array consisting of 
400 single Cu clusters (20 clusters by 20 
clusters) on an area 245 nm by 275 nm (Fig. 
4) was fabricated in less than 90 s. We were 

able to achieve this relatively fast pattern- 
ing process by allowing the tip to approach 
the surface while it was scanning over the 
surface as in the usual imaging mode. It was 
necessary to apply the additional voltage 
pulses on the 7-piezo for the tip approach at 
the right moments; these times were calcu- 
lated by an additional circuit that can de- 
tect the beginning and end of a scan line. In 
principle, such an array could be produced 
also as a programmed pattem as in the case 

Fig. 3. (A) STM image of 12 Cu clusters on an 
Au(ll1) electrode in 0.05 M H,S04 + 1 mM 
CuSO,. E,,,,, = + 10 mV; Etip = -50 mV; IT = 2 
nA. The clusters were generated by 12 pro- 
grammed approaches of the tip to the surface 
caused by external voltage pulses to the z-piezo. 
Tip displacement Az = 1.6 nm; pulse duration At 
= 10 ms. (B) Cross section through the center of 
the circle (diameter, 41 nm), showing the height 
and FWHM of the Cu clusters. 

400 nrn 

Fig. 4. STM image of an array of 400 Cu clusters 
on Au(ll1) in 0.05 M H,S04 + 1 mM CuSO,, 

/ 
covering an area 245 nm by 275 nm. E,,,, = 
+10 mV; Etip = -30 mV; IT = 2 nA. The Cu 

Au surface clusters were generated by 400 single voltage 
pulses on the z-piezo while the tip was scanning 

Fig. 2. Schematic diagram of the suggested mechanism of material transfer from a Cu-covered STM tip over the surface. Tip approach Az = 0.8 nm; 
to the Au substrate, caused by an appropriate tip approach. pulse duration At = 2.5 ms. 
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of the clrcle shown In FIE. 3A. However, - 
because the tip arould have to be moved 
from one cluster position to the next, con- 
trolled bv the micronrocessor, this method 
arould be much slow'er (approximately by a 
factor of 10) than cluster production during 
scanning. Although 400 CLI clusters were 
produced during a very short time, there 
was no indication of Cu denletion at the tio 
as all clusters are nearly identical in size 
(height h = 0.6 nm, FWHM = 3.5 nm). 

u 

This result suggests that the CLI reservoir at 
the tip is continuously refilled as a result of 
permanent CLI deposition from solution (tip 
potential E,,, = -30 mV versus Cu/Cu2'). 

Continuous structures can also be een- " 

erated with microprocessor-controlled clus- 
ter formation by placing the Cu clusters 
very close together so that they can contact 
each other. For example, are have produced 
nanometer-sized "conducting wires" with a 
FWHIvl of 3 to 4 nm and a length of several 
hundred nanometers on Aui.111) 11 9). 

In addition to precisely positioning in- 
dividual Cu clusters with identical 
heights, it is also possible with this system 
to vary the size of the deposited clusters in 
a controlled manner within certain litnits. 
This can be done by varying the extent of 
the tip approach with the external i pulse, 
which controls the amount of Cu trans- 
ferred from the tip to the Au surface (Fig. 
5, '4 and B) .  In general, the cluster height 
increases with increasing 7-pulse height, 

but, above a tip displacement of az .= 1.2 11 R.  Ulmann, T. W I ,  D M. Kolb. Chem Phys, Lett. 
209, 238 (1 993). 

nm, the height did not increase 17 , Ber, Bunsenges, Phys, Chem, 99, 1414 
further and holes auueared in the surface 11 995) . . $ - -- ,  
instead. This result suggests that the tip 13. The potentas of t p  and sample could be controlled 

displacement became too large and the tip "epedent  of each other by means of a blpoten- 
tlostat The t p s  used for mod~f~cation and magng 

struck the substrate. were made from a Pt , r  wre  (80:201 bv eectrochem- 
c a  etchng and were subsequently cbated w t h  Apl 
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Five-Coordinate Hydrogen: Neutron Diffraction 
Analysis of the Hydrido Cluster Complex 

[H,Rh, ,(C0),,I3- 
Robert Bau," Mary H. Drabnis, Luigi Garlaschelli, 

Wim T. Klooster, Zuowei Xie,-f-Thomas F. Koetzle," 
Secondo Martinengo* 

A 
I Pentacoord~nate hydrogen atoms were ldent~fled by slngle-crystal neutron dlffractlon 

5 Lo1; ; 4  'I /--- 

analysls of [N(CH3),]3[H2Rh,3(CO)24]. The hydrogen atoms are located In square pyra- 
midal cavltles of the Rh,, cluster, In posltlons almost coplanar w~th  the Rh, faces on the - surface of the cluster. They are sllghtly displaced inward, toward the central rhodlum 

A z ( n m ) = 0 7  1 2  1 6  atom of the cluster, wlth average H-Rh(centra1) and H-Rh(surface) distances of 1 84(2) 
and 1.97(2) angstroms, respectively. Th~s result shows that hydrogen, wh~ch normally 

-1 
0  x (nm) 120 forms only one bond, can be attached to flve other atoms s~multaneously In a large metal 

B cluster. - 
E ' O] - = 0 8 ~  

III the late 1970s, ~t was shorn11 by neutron elther slx-coordinate (p6-H), located at the 
0  6- - dlffractlon (1-3) that H atoms could exlst ~n centers of metal octahedra (1, 2 ) ,  or ~n trlplv 

the lnterstltlal sltes of metal cluster corn- brldglngpos1tlo1ls ( F ~ - H )  on the ~nterlor faces 
U 0 4 -  ! .."" 

~ounds  such as [HCo,(CO),,]-, [HRu,. of metal octahedral cavltles (3). Here we re- 

g o 21-, (CO) ,,I-, [ H N ~ ,  2(C0)21]3-, and [H2Nl12 port an example of pentacoordlnate hydrogen 
0 6  0 8  1 0  1 2  1 4  1 6  1 8  2 0  (C0)21]2-. The H atoms mere found to be (p j -H)  fou~ld In the square pyralnldal cav- 

lz (nm) 
ltles ot the cluster comnlex IH7Rh7-  

L 1 ,  

Fig. 5. (A) Cross section of six Cu clusters in a row R, Bau, M, H, Z, Xie, Department Chemistv, (C0)2413-. 
on Au(lll) in 0.05 M H2S04 + 1 mM CuSO4. unlverslty of Southern Cafornla, Los Angeles, CA The [H2Rh13(C0)2,]3- anion, first report- 
which demonstrates the variation of cluster height 90089, USA. ed in 1975 (4), is a member of a family of 
with thez-pulse height, The corresponding tip dis- L. Garlaschell~ and S. Martlnengo, Dipartlmento di (5-x) -  

placement lz is shown i n  h e  f i g u r e ,  pulse duration Chlmlca lmrgan~ca, Metaorgan~ca e AnaI$ca, Unve r  cl"sterst [H~Rh13(C0)24] (X = 1 to 4), 
of At  = 10 ms: Esample = +l  0 mV: E,,, = -50 mV; sit$ di Mano ,  Via G, Venezan 21, M a n o  201 33, t ay .  whose members are i~lterconvertible by means 

W. T. Klooster and T. F. Koetzle, Chemstry Department, of a series of acid-base equilibria (4-9). The 
'T = nA, jB) Mean height' as derived from Brookhaven Natona Laboratory Post Offce Box 5000, 
15 experiments. as a function of the tip disp!ace- Upton, NY 11973, USA. Na salt of the title anion was prepared by 
merit used to generate the Cu ciusters, The -To whom correspondence should be addressed. 

refluxing a mixture of Rh4(CO),, and NaOH 
dotted lines indicate the height of a Cu monolayer. .i-Present address: Department of chemistiy, chinese in isopropanol under an atmosphere of H2, 
Esampl, = +I0 mV: E,,, = -50 mV; I ,  = 2 nA. Unversty of Hong Kong, Shatin, Hong Kong. follo\ved by addition of Na2C03 (8). It was 
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