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Nanoscale electrodeposition: A new route to magnetic nanostructures?

W. Schindler,? D. Hofmann, and J. Kirschner
Max-Planck-Institut fu Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

Localized electrochemical deposition of small Co clusters or{24i) has been achieved by using

the tip of a scanning tunneling microscof®TM) as an electrochemical nanoelectrode. In contrast

to most of the reported techniques to create nanostructures, this approach avoids irreversible
modifications of both substrate and deposit during the preparation process. A special polarization
routine of the STM tip allows a purely electrochemical growth of Co clusters with diameters as
small as 15 nm. ©2000 American Institute of PhysidsS0021-89780)47308-1

I. INTRODUCTION purely electrochemical mechanism is able to generate clus-
ters of diameters as small as 15 nm, as measured bitu
The physics of nanometer sized particles and structureSTM, even if the STM tip is withdrawn more than 10 nm
with lateral dimensions of less than 100 nm achieved infrom the substrate surface during deposition.
creasing interest in the recent years, driven on the one hand
by the requirements of the chip and magnetic storage techt. EXPERIMENTAL DETAILS
nology to decrease the structure size, but on the other hand . .
b | properties of the nanostructures, which deviate The exper_|ments have been performed N an elec_tro-
y novel prop ,
from the bulk material propertiés? In order to study the chemical version of the Nanoscope Il scanning tunneling

S . . . microscope, which has been modified to allow the applica-
intrinsic material properties of nanostructures, it would be

desirable to grow these structures without preparation inyon of external yoltages independently to either the substrate
or to the STM tip.

duced irreversible modifications of either substrate or de- o . .
The deposition experiments were performed in a deaer-

posit, which are likely to be introduced by conventional
lithographic preparation techniques. Thus, a variety of techf’ﬂEd aqueous electrolyte of 0.25 M j$&; and 1 mM

; . ) X . : CoSQ, (pH~4-5,T=298K). Au (111 surfaces were cho-
nigues using a scanning tunneling microsc@€M) tip as a . .
sen as substrates, which show atomically flat terraces of sev-
tool to generate nanostructures have been reported. Amon

Slal hundreds of nanometers. STM tips were prepared by

these techniques, the generation of nanostructures at the?ectrochemical etching from 0.25-mm-diam Au wire, and

solid—liquid interface is advantageous for at least two rea—manually coated with Apiezon wax. The area of the uniso-

Pated apex is of the order of 18m? as measured by scan-

chemical electrode, and Fermi levels of tip and substrate can. . :

: ning electron microscopy. These tips have been found to be
be independently controlled. Second, over and undersatura- . . . :
. ) - well suited as electrochemically inert nanoelectrodes, which
tion during cluster deposition can be well controlled, and

rapidly changed by a simple variation of the potentials can simultaneously be used to image the deposited clusters

which is difficult to achieve in ultrahigh vacuum STM based Y " S STM. .
deposition. Figure 1 shows the current—voltage characteristics of the

However, even among the electrochemical methods, un-

wanted mechanical interaction between STM tip and sub-
strate cannot be excluded in most of the reported 107
technique$:® The mechanism of Kolket al. achieves the o5 Co dissolution—
cluster deposition onto the substrate by a soft “jump to con- )
tact” mechanisnf;” which may prevent damage of the sub- o0
strate, whereas the mechanism of Pereteal. is based on —_ h o
the generation of defects on the substrate surface, which act < 05. :
as nucleation centers for subsequent growth of nanosized = ) AEfi‘p):
clusters® =~ 1o AR

The imponderabilities of these approaches may be over- tip
come by a purely electrochemical deposition, using the STM 154 :
tip as a reversible “nanoelectrode®’Deposition onto the Co deposition
substrate may be initiated by a local increase of the ion con- 204 f
centration in the electrolyte around the STM tip, which : . : . .
makes the effective, local Nernst potential for deposition at -1000 -800 -600 -400 -200 O
the substrate surface underneath the STM tip more positive. E; (mV)

We will show in this article exemplarily for Co that this

FIG. 1. Current—voltage characteristics of the Co deposition and dissolution
at the Au STM tip. Potentials are quoted with respect to the standard
dElectronic mail: werner.schindler@ihg.uni-karlsruhe.de calomel electrode.
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: : . FIG. 3. Two electrodeposited Co clusters on a(All) terrace. The height
480 : of the clusters, as measured by STM, is 7.5 nm, the FWHM is 15 nm.
_ 1 Tip-substrate distanc&z= 15 nm during deposition, Go emission current
g 3201 - 520 nA, cathodic tip charge 400 pE,ye= — 770 mV during deposition and
~. 1: subsequent STM measureme(the scan lines across the two clusters seem
- 1607 to indicate a deeper substrate surface than the scan lines besides the clusters
1 \ do. This is an artifact of the measurement due to the large height variation
0+ — during the STM scan.

0 20 40 60 80 _ o N .
ited by applying this deposition procedure twice. The STM
tip was withdrawn from the substrate surface by 15 nm dur-
FIG. 2. Time dependence of the applied tip potential, and correspondingng the cluster deposition. The large distance between STM
current transient, for a complete deposition cycle. The STM tip is in atip and substrate surface avoids any unwanted mechanical
constant distance of 10-30 nm from the substrate surfdEge tact of the STM tio to th bstrat £ to th
=—770mV is held constant during the complete deposition cycle. con QC 0 € Ip t0 Ine substraie su_r ace or 1o the
growing Co cluster. The absence of electrical, and hence
mechanical contacts, is also proved by the current transients

Co deposition and dissolution onto the uncovered apex of thas shown in Fig. 2.

Au STM tip. This is basically the same curve as it is re-  The diametefFWHM) of the clusters, as measured by
corded during Co deposition onto the A1) substrate. Ad- STM, is approximately 151 nm (Fig. 3. The slightly coni-
justing the potential below the Nernst potential of CdfCo cal shape of the clusters results from the convolution of the
results in a deposition of €6 from the electrolyte, whereas approximately spherical shape of our STM tip apex and the
an electrode potential more positive than the Nernst potentideal shape of the deposited clusters. For this reason, the real
results in a dissolution of previously deposited Co. Arounddiameter of the clusters would be even smaller than the mea-
the Co/C8" Nernst potential there is a balance of cathodicsured 15 nm.

and anodic C®" currents. During deposition as well as dur- ~ The mechanism of the cluster formation can be com-
ing subsequent STM imaging, the substrate potential is adletely explained by electrochemical consideratithBur-
justed within this particular potential range, approximatelying dissolution of Co from the STM tip, Co diffusion into the
20 mV more positive than the onset of the?Caucleation,  electrolyte creates a &b concentration profile in the elec-

in order to prevent Co bulk deposition from the electrolytetrolyte around the STM tip. Due to the constanfCaurrent

onto the substrate, and to stabilize deposited clusters on tiensity during Co dissolutioriFig. 2), this concentration
substrate surface. profile is stationary for the time of b emission from the
STM tip,*° which is typically between 0.5 and 5 niBig. 2).
The spacial increase of the €oconcentration around the
STM tip results in a laterally varying increase of the
The electrochemical growth of Co clusters on the AuCo/Cd" Nernst potential at the substrate surface, according
(119 surface has been achieved by a two step process: The the concentration dependence of the Nernst equation.
first step of the deposition procedure consists of Co deposi- In order to understand the mechanism and its parameters
tion onto the STM tip which is achieved by a potential jumpin more detail, a model calculation has been carried out
AEg? of the tip potential from—600 to approximately-900  based on the diffusion equation for €0 Since the anodic
mV (Fig. 1). The cathodic tip charge, as measured during Calissolution current from the STM tip is limited to 520 nA by
deposition onto the unisolated apex of the STM tip, correthe current—voltage converter of our STHig. 2), the apex
sponds to a coverage of the STM tip apex of approximatelyf the STM tip can be simulated by a continuously?Co
10-20 ML Co. Then, a second potential jumﬂiﬁ) to ap- emitting hemispherical constant current source. Thus, the
proximately —100 mV (Fig. 1) is applied to the STM tip. stationary C&" concentration profile, and hence the increase
This results in the dissolution of Co from the STM tip, ob- ANP(x) of the Co/C3" Nernst potential underneath the
served as a large anodic €ocurrent peak in the current STM tip, have been calculated with respect to the Nernst
transient(Fig. 2), which is limited to approximately 520 nA potential of the 1 mM C%' electrolyte solution. The result is
by the current—voltage converter of our STM. This anodicplotted as a function of the lateral distanc&om the center
dissolution peak is nearly rectangular shaped with a fullof the STM tip (Fig. 4).
width at half maximumFWHM) of 0.5-5 ms, depending on ANP(x) adds to the uniform Co/Cé Nernst potential
the previously deposited cathodic tip chafgey. 2). of the 1 mM CG@" electrolyte solution, resulting in a laterally
Figure 3 shows two Co clusters, which have been deposrarying effective Co/C® Nernst potential. The maximum

time (ms)

IIl. RESULTS AND DISCUSSION
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line of constant IV. CONCLUSIONS
Co?*- concentration

In contrast to the large number of approaches to deposit

°. ° nanostructures using the tip of an STM, in ultra high vacuum
°e * e (UHV) as well as in electrolytic solutions, the reported
Nl mechanism of electrochemical Co cluster growth is certainly
o, s not affected by any mechanical interaction of STM tip and
= substrate, due to the large distance between STM tip and
200 (am) substrate of more than 10 nm during cluster deposition.

Since the deposition procedure presented here is based
on a purely electrochemical process, it can be easily ex-
tended to other deposit—substrate systems as, e.g., Cu on
Au.l! The growth of clusters does not require any special
growth area property of the substrate surface as, e.g., defects or recon-
(ANP>34 mV) structions. In particular, the presented mechanism is ex-
pected to allow both the deposition of clusters showing a
strong as well as a weak deposit—substrate interaction. This
is important in view of the preparation of metal clusters on
FIG. 4. Calculation of the lateral variation of the increasP(x) in the  SeTmiconducting substrates as, e.g., Si or GaAs, which show
Co/C&* Nernst potential. Tip-substrate distanse=15nm; Cé* emis-  Usually weak deposit—substrate interactions.
sion current 520 nA; tip apex diameter 100 nm. There is no principal limitation by the deposition process

which would prevent a further decrease of the cluster diam-
eter and height, except for the critical sizes of stable clusters
achievable increase of this effective Nernst potential at thguhich are of the order of 10 atorms.
substrate surface underneath the STM tip is equal to  Thus, the technique may be helpful in the investigation
ANP(0), which can be as high as 38 miFig. 4) at the  of the intrinsic properties of well defined, “as grown” na-
same experimental conditions as in Fig. 3E{{c is adjusted nometer sized structures.
within 38 mV above the Co/CG9 Nernst potential of the 1
mM Cc®* solution, the effective Nernst potential exceeds
Ewe within a particular area, which is named growth area INnACKNOWLEDGMENTS
Fig. 4.
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