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We have developed a nanostructuring method using the solid electrochemical reaction induced by a
scanning tunneling microscog&TM). This method has some distinctive features that have not
previously been obtained by conventional nanostructuring STM methods. The formation and
disappearance of the nanostructure are reversible, and the rates can be controlled using STM. These
features are realized via a local oxidation/reduction reaction of mobile metal ions in an ionic/
electronic mixed conductor. In this study, a crystal of silver sulfide,&g a mixed conductor, was

used as the material for the STM tip. A nanoscale Ag cluster was formed at the apex of,the Ag

tip when a negative bias voltage was applied to the sample. The Ag ions in ji$etifdcare reduced

to Ag atoms by the tunneling electrons from the sample, and the Ag cluster is formed by the
precipitation of the Ag atoms at the apex of the tip. The Ag cluster shrank gradually and disappeared
when the polarity of the sample bias voltage was switched to positive. Ag atoms in the Ag cluster
are oxidized to Ag ions, and the Ag ions redissolve into the,dip. The formation and
disappearance rates of the cluster were controlled by regulating the tunneling curre2@020
American Institute of Physics[DOI: 10.1063/1.1481775

I. INTRODUCTION tion and disappearance of the nanostructures are reversible;
furthermore, the rates can be controlled by regulation of the
Fabrication of nanoscale structures has attracted signifiapplied tunneling current. In this article, we realized the
cant attention not only due to novel fundamental research buianostructuring using the STM. A crystal of silver sulfide
also due to the potential applications in new electronic de{Ag,S),}°~** a silver (Ag)-ionic/electronic conductor, was
vices. The scanning tunneling microscai® M) is a prom-  used as the material for the STM tip. The nanoscale Ag clus-
ising tool for fabricating nanoscale and even atomic scaleer was formed by the reduction of the Ag ions in the,Bat
artificial structuregthese are referred to generically as nano-the apex of the tip when a negative bias voltage was applied
structureg on samples, as well as imaging nanostructures ofo the sample. The Ag cluster shrank and disappeared due to
sample surfaces.’ To date, atomic letters have been written the oxidation of the Ag atoms in the cluster when the polarity
on a Ni sample by moving individual Xe atoms at low tem- of the bias voltage was switched. We discuss mechanisms of
perature(4 K)? and nanostructures on Si samples have beethe formation and disappearance of the Ag cluster.
fabricated by extracting or redepositing Si atoms using the
STM.3°8For these types of nanostructuring using the STM,
physical effects caused by bias voltage and tunneling currer“‘
between the tip and the sample have been used to extract, We have used a crystal of Ag, an ionic/electronic con-
deposit, and displace atoms or molecules on the samples. ductor, as the material for the STM tip; the crystal is a well-
We have developed a nanostructuring method using theknown material among ionic and electronic mixed
solid electrochemical effects induced by the STM. For thisconductors® 13 Needlelike single crystals of A§ on a Ag
method, an ionic/electronic mixed conducttis used as the wire were grown by reaction of the Ag wire with sulfur va-
material for the STM tip or a sample, and an oxidation/por in an evacuated silica glass ampoule. The\grystal
reduction reaction of mobile metal ions in the mixed conduc-on the Ag wire was used as the STM tip. Preparation of the
tor tip is employed to fabricate the nanostructures. ThisAg,S tip has been described elsewhere in défdii.order to
method has some distinctive features which have not previexamine the performance of the &) single crystal as a
ously been obtained by the conventional STM method ofSTM tip, a platinum(Pt) plate treated by flash heating under
fabricating nanostructures using physical effects. The formayHV was used as a sample. All examinations using thgSAg
tip were conducted in UHV.
dAlso with: Nano Materials Laboratory, National Institute for Materials Sci- The formation and disappearance behaviors of the
ence, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan; Electronic maiinanoscale Ag cluster were examined by monitoring the dis-
b)terabe-|_<a.zuya@nimS-@JO-ip ' tance of the displacement of the 48 tip in the direction
Also with: SOREST, Japan Science and Technology Corpord&,  pemendicular to the Pt sample surface under a constant-
4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan.
9Also with: Department of Precision Science and Technology, Osaka Unicurrent STM mode. Namely, when the Ag cluster forms at
versity, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan. the apex of the AgS tip, the tunneling current increases
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FIG. 2. Formation and growth behaviors of the Ag cluster.

Time (sec)

FIG. 1. Formation and disappeargnce behavior_s of the nanoscale Ag clustgghen the condition o/=—2.0V andl,=0.05 nA (condi-
ﬁ} f‘h“eatip;’;g;;t';% STM tip, which were monitored through the change iy 1) \vas maintained for 1550 s. However, when the con-

' dition of V;=—2.0V and|;=1.35nA (condition 2 was

maintained for 2000 s, a cluster of approximately 40 nm in

because of a decrease in the distance between the tip and $ze was formed and grew to a length of 200 nm at a rate of
sample. However, under the constant-current STM mode, th@pproximately 0.1 nm/s. Figure 3 shows a scanning electron
tip should be pulled away from the sample in order to keepgnicroscope(SEM) image of a Ag cluster at the apex of the
the tunneling current constant. In the case where the Ag clusid,S tip, which was grown under the condition b=
ter shrinks, the tip motion is reversed. By monitoring the —2.0V andl;=1.35nA maintained for 2000 s. The grown
changes of piezovoltages that control the motion of the tipgluster has a filamentary shape; the length measured from the
changes in length of the Ag cluster at the apex of theAg SEM image was about 200 nm and the diameter was about
tip were estimated during the growth and shrinkage pro70 nm. The length of the Ag protrusion agrees with that

cesses. estimated from measurement of an,&gtip displacement.
Ill. RESULTS AND DISCUSSION B. Reversible growth and shrinkage of Ag cluster
A. Formation and disappearance of Ag cluster The Ag cluster at the apex of the A% tip grew and

An Ag,S tip was made to approach a Pt sample at shrank reversibly Wh_en the p_ola_rity /8 an_d m_agnitude of
sample bias voltage 0¥ =2.0V and tunneling current of It_ were changed. This behavior is shown in Fig. 4. The con-
I,=0.05nA. Subsequently, the formation and disappearancdtions ofVs andl were changed in the order of 1, 2, 1, 4, 3,
of the Ag cluster at the apex of A§ tip were observed when
the tip was exposed to certain conditions\afandl;. This
is shown in Fig. 1, in which numbered arrois-3) indicate
the starting points of three different conditions in the inset. Ag protrusion
No formation of Ag clusters was observed &= —2.0V
and 1,=0.05nA (condition 1. However, whenl, was in-
creased td,= 1.35 nA with V¢ kept constanfcondition 2, a
Ag cluster with a size of approximately 40 nm was formed
rapidly. As seen in Fig. 1, by switching the polarity 6§ to
positive (Vs=2.0V) and by changingd; to 0.35 nA(condi-
tion 3), the Ag cluster shrank gradually and disappeared. In
other words, the position of the A§ tip almost returned to
its initial state.

The formation and growth behaviors of the Ag cluster
were investigated as the A§ tip was subjected to the for-
mation conditions of the cluster for period of time. As we
can see in Fig. 2, no formation of the clusters was observed FIG. 3. SEM image of the filamentary Ag cluster.
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FIG. 4. Reversible growth and shrinkage of the Ag cluster. )
FIG. 5. Dependence oW and |, of the growth and shrinkage rates of the

Ag cluster.

and 4; and this sequence was repeated three timeg At

—2.0V andl,=0.05 nA (condition 1, no Ag cluster growth was almost constant when the /& crystal on the Ag wire
occurred. However, wheih, was increased td,=1.35nA  was used as the tifFig. 2). The cluster shrank rapidly and
with V, kept constanfcondition 2, the Ag cluster grew at disappeared on the A§ tip detached from the Ag wire, as
the apex of the AgS tip at a growth rate of about 0.1-0.2 shown in Fig. 6, wherl; was decreased tq=0.05nA and
nm/s. The growth stopped whep was decreased again to Vs was maintained at the same value\af=—2.0V. The
I,=0.05nA (condition 1. Keepingl; at the same value/, maximum lengths of the cluster were measured when the
was changed t&/,=2.0V (condition 4. With this polarity ~ Ag,S tip detached from the Ag wire was subjected to various
switching ofVg, no change was observed to occur in the Agconditions ofV andl;. As we can see in Fig. 7, the maxi-
cluster. However, wheh was increased th=0.35nA(con-  mum length of the Ag cluster depended on the magnitude of
dition 3), the cluster shrank at a rate of about 0.1 nm/s. Thd, but negligibly on that oiv.

shrinkage stopped wheh; was decreased again th

=0.05nA (condition 4. It was possible to observe the D. Mechanism of formation and disappearance of the

growth and shrinkage of the Ag cluster repeatedly, as showft9 cluster

in Fig. 4. Rates of the change in length of the Ag cluster The formation and disappearance behaviors of the

during the growth and shrinkage depended significantly omanoscale Ag cluster observed in the present study can be
the magnitude of, but negligibly on that oVg. As seen in
Fig. 5, the rates increased almost exponentially with increas- 300

ing 1. Vs=2.0V 1=0.05 nA !
Vs=-2.0V It=1.00 nA
250 | |

C. Effect of an Ag wire on the growth of the Ag
cluster

The growth behavior of the Ag cluster was investigated 200

when the AgS crystal, which was detached from the Ag
wire, was used as the STM tip. For this experiment, theSAg
crystal grown on the Ag wire was detached from the wire.
The AgS crystal was fixed on a STM tip holder using car-
bon paste to fabricate the STM tip. Formation and growth
behaviors of the Ag cluster on the Ag tip detached from
the Ag wire are shown in Fig. 6. AV;=—2.0V and |,
=0.05 nA (condition 1), no formation of the Ag clusters oc-
curred. This behavior agrees with that observed in the case of o
using the AgS tip on the Ag wire(Fig. 2. When |, was

increased td,;=1.00 nA withV kept constant, formation of

the Ag cluster was observed. The rate decreased as the length

of the cluster increased, and the growth almost stopped at@g. 6. Growth of the Ag cluster on the apex of the /&gtip, which was
length of approximately 230 nm. On the other hand, the ratéetached from the Ag wire.
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FIG. 7. Maximum lengths of the Ag cluster on the Agtip detached from

the Ag wire, when the tip was subjected to various conditiong céndl, .
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atoms and Ag atoms precipitate at the apex of theSAtp,
forming the Ag cluster. With the growth of the Ag cluster, the
electrochemical potential of the Ag ion decreases in theSAg
tip. Thus, Ag atoms in a Ag wire on the opposite side are
oxidized to Ag ions and are dissolved in the /&gtip in
order to compensate the decrease of Ag ions in theSAwm.
On the other hand, when a positive bias is applied to the
sample, Ag atoms in the Ag cluster are oxidized to Ag ions
and the Ag ions are redissolved in the /gtip, resulting in
the shrinkage and disappearance of the Ag cluster. Utsugi
found that the local accumulation of mobile silver ions in a
mixed conductor consisting of a silver-selenide film could be
realized by applying a bias voltage using the STMfip.
When the AgS crystal detached from the Ag wire is
used as the tip, the concentrati@ectrochemical potentigl
of Ag ions in the AgS tip gradually decreases as the Ag
cluster grows on the tip due to a lack of compensation of the
Ag ions. Thus, the growth of the Ag cluster is stopped be-
cause the oxidation/reduction reaction between the Ag ions
in the AgS tip and the Ag atoms in the Ag cluster
(Ag{Agzs)Jr € SAdustey) reaches the equilibrium state. In
the equilibrium state, the Ag cluster shrinks rapidly and dis-
appears whem, is decreased, as we can see in Fig. 6. The

interpreted as being due to a solid-state electrochemicglecrease of, indicates a decrease of the actual voltage ap-
proces$1°of mobile Ag ions in the crystal of Ag. Figures
8(a) and 8b) show the formation and disappearance pro-gpplied to the AgS tip is discussed in the following para-

cesses of the Ag cluster. When a negative bias voltage igraph. The equilibrium state between the /ytip and the

applied to the Pt sample, tunneling electrons from the samplg\g cluster is disrupted due to the decrease of the voltage
reduce the mobile Ag ions in the A8 tip to neutral Ag
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FIG. 8. Solid electrochemical process(a the growth of the Ag cluster on
the AgS tip at a negative sample bias, aflil the shrinkage of the Ag

cluster at a positive sample bias.

plied to the AgS tip (the relation betweeh and the voltage

applied to the AgS tip. Thus, the dissolution reaction of the
Ag atoms into the AgS tip (Agag,s)+ € —AG(cuuster) De-
comes predominant, and the Ag cluster on the 3\gp dis-
appears.

The formation and growth of the Ag cluster on the, &g
tip could be also understood in the light of the knowledge of
photographic sciencé:'® When a negative bias voltage is
applied to the Pt sample, a tunneling electron from the
sample is trapped by one of the electron traps around the
Ag,S surface. The trapped electron attracts and reacts with a
mobile Ag ion in the AgS tip to form an Ag atom. The silver
cluster formation on the A takes place through the cap-
ture of the tunneling electron and the Ag ion one after the
other. It is recognized that the efficiency of its nucleation
stage is usually very low, while that of its growth is high
because a deep electron trap is made by the cluster forma-
tion. Namely, a silver cluster itself enhances its growth by
effectively capturing the tunneling electron. It is considered
that this is reason why the Ag cluster is formed and grown on
the Ag,S tip by applying an bias voltage between the tip and
the sample.

A growth mechanism of the filamentary silver, which are
produced from a silver halide cryst@ilver-ionic/electronic
conductoy in photographic development, has been
proposed? According to this model, silver atoms are formed
at point; the surface tension causes them to pack into a
sphere. However, when the particle attains a certain size, the
new silver atoms produced from the silver halide can not
diffuse around the whole particle in time, and the shape be-
comes elongated. The required growth rate of at least 10—
100 nm/s to form the filamentary silver was estimated. How-

Downloaded 21 Dec 2004 to 132.229.211.106. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



10114  J. Appl. Phys., Vol. 91, No. 12, 15 June 2002 Terabe et al.

ever, in our study, the growth rate of the filamentary silverwith increasingl; (even if Vg is constant These results
cluster on the AgS tip is 0.1 nm/s, which is very small shows that the rates of the solid electrochemical reaction
compared to the aforementioned vald®—-100 nm/s It is increase exponentially with increasing actual voltage applied
plausible to think that the filamentary silver growth on theto the AgS tip. This relationship agrees with the Tafel equa-
Ag,S tip results from not only a limited rate of surface dif- tion.
fusion of the silver atom but also electrical effects caused by
the bias voltage and tunneling current between the tip anl, ~oncLUSION
the sample. . .

According to the growth experiments on the Ag cluster ~ We have developed a nanostructuring method using the
shown in Figs. 2 and 3, one in every51é1ectrons tunneling solid electrochemical reaction induced by a STM. In this
from the Pt sample to the A§ tip is estimated to be used for method, the formation and disappearance of the nanostruc-
the reduction of Ag ions into Ag atoms in the /g tip. The tures were reversible, furthermore, the rates could be con-
transport numbeft agion] Of the Ag ions in the AgS is troII_ed.. In this study, a.mixed cor}d.u_ctor, 49, which shows
defined byt (agion)= T (agion)/ (T (agion)+ T(en), Which repre- Ag-lomc and electronic conductivities, was used as a STM
sents the ratio of the current due to the flow of Ag ions to thetip, and a nanoscale Ag cluster was formed at the apex of the
total current, whereragion) ando ey are Ag-ionic and elec-  Ag,S tip by subjecting the tip to certain bias voltage and
tronic conductivities of the AgS, respectively. Using the tunneling current conditions. The cluster could, then, be
reported value? of O (agion) ANd o)y, t(agion) iS calculated made to disappear by changing the po_larlty of the bias volt-
to be 10°3. Thus, if the reduction process of the Ag ions in age. The rates of the growth and shrinkage could be con-
the AgS tip proceeds without a reaction barrier, the ratio oftrolled via the tunneling current. These phenomena are ex-
the electrons used for the reduction of the Ag ions to all ofplained by the solid-state electrochemical reaction of Ag ions
the electrons tunneling from the sample to the tip is considin the AgS. We believe that the nanostructuring method
ered to be 103, This value is larger than the value of 70  developed in this study, which reveals interesting phenomena
estimated from the results of the growth experiments of théuch as the formation and disappearance of Ag cluster, is a
Ag cluster. This is because the reduction process of the Agotential means of creating functional electronic devices.
ions is actually accompanied by some reaction barriers, such
as the activation processes of the c_harge transfer. 1R. S. Becker, J. A. Golovchenko, and B. S. Swartzzentruber, Nétore
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