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Formation and disappearance of a nanoscale silver cluster realized
by solid electrochemical reaction

K. Terabe,a) T. Nakayama,b) T. Hasegawa,b) and M. Aonob),c)

Surface and Interface Laboratory, Institute of Physical and Chemical Research (RIKEN), Surface and
Interface Laboratory, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

~Received 21 December 2001; accepted for publication 8 April 2002!

We have developed a nanostructuring method using the solid electrochemical reaction induced by a
scanning tunneling microscope~STM!. 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 (Ag2S), a mixed conductor, was
used as the material for the STM tip. A nanoscale Ag cluster was formed at the apex of the Ag2S
tip when a negative bias voltage was applied to the sample. The Ag ions in the Ag2S tip are 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 Ag2S tip. The formation and
disappearance rates of the cluster were controlled by regulating the tunneling current. ©2002
American Institute of Physics.@DOI: 10.1063/1.1481775#
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I. INTRODUCTION

Fabrication of nanoscale structures has attracted sig
cant attention not only due to novel fundamental research
also due to the potential applications in new electronic
vices. The scanning tunneling microscope~STM! is a prom-
ising tool for fabricating nanoscale and even atomic sc
artificial structures~these are referred to generically as nan
structures! on samples, as well as imaging nanostructures
sample surfaces.1–9 To date, atomic letters have been writte
on a Ni sample by moving individual Xe atoms at low tem
perature~4 K!2 and nanostructures on Si samples have b
fabricated by extracting or redepositing Si atoms using
STM.3,5–8For these types of nanostructuring using the ST
physical effects caused by bias voltage and tunneling cur
between the tip and the sample have been used to ext
deposit, and displace atoms or molecules on the sample

We have developed a nanostructuring method using
solid electrochemical effects induced by the STM. For t
method, an ionic/electronic mixed conductor10 is used as the
material for the STM tip or a sample, and an oxidatio
reduction reaction of mobile metal ions in the mixed cond
tor tip is employed to fabricate the nanostructures. T
method has some distinctive features which have not pr
ously been obtained by the conventional STM method
fabricating nanostructures using physical effects. The form
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tion and disappearance of the nanostructures are revers
furthermore, the rates can be controlled by regulation of
applied tunneling current. In this article, we realized t
nanostructuring using the STM. A crystal of silver sulfid
(Ag2S),10–13 a silver ~Ag!-ionic/electronic conductor, was
used as the material for the STM tip. The nanoscale Ag c
ter was formed by the reduction of the Ag ions in the Ag2S at
the apex of the tip when a negative bias voltage was app
to the sample. The Ag cluster shrank and disappeared du
the oxidation of the Ag atoms in the cluster when the polar
of the bias voltage was switched. We discuss mechanism
the formation and disappearance of the Ag cluster.

II. EXPERIMENT

We have used a crystal of Ag2S, an ionic/electronic con-
ductor, as the material for the STM tip; the crystal is a we
known material among ionic and electronic mixe
conductors.10–13 Needlelike single crystals of Ag2S on a Ag
wire were grown by reaction of the Ag wire with sulfur va
por in an evacuated silica glass ampoule. The Ag2S crystal
on the Ag wire was used as the STM tip. Preparation of
Ag2S tip has been described elsewhere in detail.14 In order to
examine the performance of the Ag2S single crystal as a
STM tip, a platinum~Pt! plate treated by flash heating und
UHV was used as a sample. All examinations using the Ag2S
tip were conducted in UHV.

The formation and disappearance behaviors of
nanoscale Ag cluster were examined by monitoring the d
tance of the displacement of the Ag2S tip in the direction
perpendicular to the Pt sample surface under a const
current STM mode. Namely, when the Ag cluster forms
the apex of the Ag2S tip, the tunneling current increase

il:
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because of a decrease in the distance between the tip a
sample. However, under the constant-current STM mode,
tip should be pulled away from the sample in order to ke
the tunneling current constant. In the case where the Ag c
ter shrinks, the tip motion is reversed. By monitoring t
changes of piezovoltages that control the motion of the
changes in length of the Ag cluster at the apex of the Ag2S
tip were estimated during the growth and shrinkage p
cesses.

III. RESULTS AND DISCUSSION

A. Formation and disappearance of Ag cluster

An Ag2S tip was made to approach a Pt sample a
sample bias voltage ofVs52.0 V and tunneling current o
I t50.05 nA. Subsequently, the formation and disappeara
of the Ag cluster at the apex of Ag2S tip were observed whe
the tip was exposed to certain conditions ofVs and I t . This
is shown in Fig. 1, in which numbered arrows~1–3! indicate
the starting points of three different conditions in the ins
No formation of Ag clusters was observed atVs522.0 V
and I t50.05 nA ~condition 1!. However, whenI t was in-
creased toI t51.35 nA withVs kept constant~condition 2!, a
Ag cluster with a size of approximately 40 nm was form
rapidly. As seen in Fig. 1, by switching the polarity ofVs to
positive (Vs52.0 V) and by changingI t to 0.35 nA~condi-
tion 3!, the Ag cluster shrank gradually and disappeared
other words, the position of the Ag2S tip almost returned to
its initial state.

The formation and growth behaviors of the Ag clus
were investigated as the Ag2S tip was subjected to the for
mation conditions of the cluster for period of time. As w
can see in Fig. 2, no formation of the clusters was obser

FIG. 1. Formation and disappearance behaviors of the nanoscale Ag c
at an apex of the Ag2S STM tip, which were monitored through the chan
of the tip position.
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when the condition ofVs522.0 V andI t50.05 nA ~condi-
tion 1! was maintained for 1550 s. However, when the co
dition of Vs522.0 V and I t51.35 nA ~condition 2! was
maintained for 2000 s, a cluster of approximately 40 nm
size was formed and grew to a length of 200 nm at a rate
approximately 0.1 nm/s. Figure 3 shows a scanning elec
microscope~SEM! image of a Ag cluster at the apex of th
Ag2S tip, which was grown under the condition ofVs5
22.0 V andI t51.35 nA maintained for 2000 s. The grow
cluster has a filamentary shape; the length measured from
SEM image was about 200 nm and the diameter was ab
70 nm. The length of the Ag protrusion agrees with th
estimated from measurement of an Ag2S tip displacement.

B. Reversible growth and shrinkage of Ag cluster

The Ag cluster at the apex of the Ag2S tip grew and
shrank reversibly when the polarity ofVs and magnitude of
I t were changed. This behavior is shown in Fig. 4. The c
ditions ofVs andI t were changed in the order of 1, 2, 1, 4,

ter

FIG. 2. Formation and growth behaviors of the Ag cluster.

FIG. 3. SEM image of the filamentary Ag cluster.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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and 4; and this sequence was repeated three times. AtVs5
22.0 V andI t50.05 nA ~condition 1!, no Ag cluster growth
occurred. However, whenI t was increased toI t51.35 nA
with Vs kept constant~condition 2!, the Ag cluster grew at
the apex of the Ag2S tip at a growth rate of about 0.1–0
nm/s. The growth stopped whenI t was decreased again t
I t50.05 nA ~condition 1!. KeepingI t at the same value,Vs

was changed toVs52.0 V ~condition 4!. With this polarity
switching ofVs , no change was observed to occur in the
cluster. However, whenI t was increased toI t50.35 nA~con-
dition 3!, the cluster shrank at a rate of about 0.1 nm/s. T
shrinkage stopped whenI t was decreased again toI t

50.05 nA ~condition 4!. It was possible to observe th
growth and shrinkage of the Ag cluster repeatedly, as sho
in Fig. 4. Rates of the change in length of the Ag clus
during the growth and shrinkage depended significantly
the magnitude ofI t but negligibly on that ofVs . As seen in
Fig. 5, the rates increased almost exponentially with incre
ing I t .

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

The growth behavior of the Ag cluster was investigat
when the Ag2S crystal, which was detached from the A
wire, was used as the STM tip. For this experiment, the Ag2S
crystal grown on the Ag wire was detached from the wi
The Ag2S crystal was fixed on a STM tip holder using ca
bon paste to fabricate the STM tip. Formation and grow
behaviors of the Ag cluster on the Ag2S tip detached from
the Ag wire are shown in Fig. 6. AtVs522.0 V and I t

50.05 nA ~condition 1!, no formation of the Ag clusters oc
curred. This behavior agrees with that observed in the cas
using the Ag2S tip on the Ag wire~Fig. 2!. When I t was
increased toI t51.00 nA withVs kept constant, formation o
the Ag cluster was observed. The rate decreased as the le
of the cluster increased, and the growth almost stopped
length of approximately 230 nm. On the other hand, the r

FIG. 4. Reversible growth and shrinkage of the Ag cluster.
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was almost constant when the Ag2S crystal on the Ag wire
was used as the tip~Fig. 2!. The cluster shrank rapidly an
disappeared on the Ag2S tip detached from the Ag wire, a
shown in Fig. 6, whenI t was decreased toI t50.05 nA and
Vs was maintained at the same value ofVs522.0 V. The
maximum lengths of the cluster were measured when
Ag2S tip detached from the Ag wire was subjected to vario
conditions ofVs and I t . As we can see in Fig. 7, the max
mum length of the Ag cluster depended on the magnitude
I t , but negligibly on that ofVs .

D. Mechanism of formation and disappearance of the
Ag cluster

The formation and disappearance behaviors of
nanoscale Ag cluster observed in the present study can

FIG. 5. Dependence onVs and I t of the growth and shrinkage rates of th
Ag cluster.

FIG. 6. Growth of the Ag cluster on the apex of the Ag2S tip, which was
detached from the Ag wire.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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interpreted as being due to a solid-state electrochem
process15,16of mobile Ag ions in the crystal of Ag2S. Figures
8~a! and 8~b! show the formation and disappearance p
cesses of the Ag cluster. When a negative bias voltag
applied to the Pt sample, tunneling electrons from the sam
reduce the mobile Ag ions in the Ag2S tip to neutral Ag

FIG. 7. Maximum lengths of the Ag cluster on the Ag2S tip detached from
the Ag wire, when the tip was subjected to various conditions ofVs andI t .

FIG. 8. Solid electrochemical process in~a! the growth of the Ag cluster on
the Ag2S tip at a negative sample bias, and~b! the shrinkage of the Ag
cluster at a positive sample bias.
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atoms and Ag atoms precipitate at the apex of the Ag2S tip,
forming the Ag cluster. With the growth of the Ag cluster, th
electrochemical potential of the Ag ion decreases in the A2S
tip. Thus, Ag atoms in a Ag wire on the opposite side a
oxidized to Ag ions and are dissolved in the Ag2S tip in
order to compensate the decrease of Ag ions in the Ag2S tip.
On the other hand, when a positive bias is applied to
sample, Ag atoms in the Ag cluster are oxidized to Ag io
and the Ag ions are redissolved in the Ag2S tip, resulting in
the shrinkage and disappearance of the Ag cluster. Uts
found that the local accumulation of mobile silver ions in
mixed conductor consisting of a silver-selenide film could
realized by applying a bias voltage using the STM tip.17

When the Ag2S crystal detached from the Ag wire i
used as the tip, the concentration~electrochemical potential!
of Ag ions in the Ag2S tip gradually decreases as the A
cluster grows on the tip due to a lack of compensation of
Ag ions. Thus, the growth of the Ag cluster is stopped b
cause the oxidation/reduction reaction between the Ag i
in the Ag2S tip and the Ag atoms in the Ag cluste
(Ag(Ag2S)

1 1e2�Ag~cluster!) reaches the equilibrium state. I

the equilibrium state, the Ag cluster shrinks rapidly and d
appears whenI t is decreased, as we can see in Fig. 6. T
decrease ofI t indicates a decrease of the actual voltage
plied to the Ag2S tip ~the relation betweenI t and the voltage
applied to the Ag2S tip is discussed in the following para
graph!. The equilibrium state between the Ag2S tip and the
Ag cluster is disrupted due to the decrease of the volt
applied to the Ag2S tip. Thus, the dissolution reaction of th
Ag atoms into the Ag2S tip (Ag(Ag2S)

1 1e2←Ag~cluster!) be-

comes predominant, and the Ag cluster on the Ag2S tip dis-
appears.

The formation and growth of the Ag cluster on the Ag2S
tip could be also understood in the light of the knowledge
photographic science.18,19 When a negative bias voltage
applied to the Pt sample, a tunneling electron from
sample is trapped by one of the electron traps around
Ag2S surface. The trapped electron attracts and reacts w
mobile Ag ion in the Ag2S tip to form an Ag atom. The silve
cluster formation on the Ag2S takes place through the cap
ture of the tunneling electron and the Ag ion one after
other. It is recognized that the efficiency of its nucleati
stage is usually very low, while that of its growth is hig
because a deep electron trap is made by the cluster fo
tion. Namely, a silver cluster itself enhances its growth
effectively capturing the tunneling electron. It is consider
that this is reason why the Ag cluster is formed and grown
the Ag2S tip by applying an bias voltage between the tip a
the sample.

A growth mechanism of the filamentary silver, which a
produced from a silver halide crystal~silver-ionic/electronic
conductor! in photographic development, has be
proposed.20 According to this model, silver atoms are forme
at point; the surface tension causes them to pack int
sphere. However, when the particle attains a certain size
new silver atoms produced from the silver halide can
diffuse around the whole particle in time, and the shape
comes elongated. The required growth rate of at least
100 nm/s to form the filamentary silver was estimated. Ho
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ever, in our study, the growth rate of the filamentary silv
cluster on the Ag2S tip is 0.1 nm/s, which is very sma
compared to the aforementioned value~10–100 nm/s!. It is
plausible to think that the filamentary silver growth on t
Ag2S tip results from not only a limited rate of surface d
fusion of the silver atom but also electrical effects caused
the bias voltage and tunneling current between the tip
the sample.

According to the growth experiments on the Ag clus
shown in Figs. 2 and 3, one in every 105 electrons tunneling
from the Pt sample to the Ag2S tip is estimated to be used fo
the reduction of Ag ions into Ag atoms in the Ag2S tip. The
transport number@ t (Ag ion)# of the Ag ions in the Ag2S is
defined byt (Ag ion)5s (Ag ion) /(s (Ag ion)1s (el)), which repre-
sents the ratio of the current due to the flow of Ag ions to
total current, wheres (Ag ion) ands (el) are Ag-ionic and elec-
tronic conductivities of the Ag2S, respectively. Using the
reported values21 of s (Ag ion) ands (el) , t (Ag ion) is calculated
to be 1023. Thus, if the reduction process of the Ag ions
the Ag2S tip proceeds without a reaction barrier, the ratio
the electrons used for the reduction of the Ag ions to all
the electrons tunneling from the sample to the tip is cons
ered to be 1023. This value is larger than the value of 1025

estimated from the results of the growth experiments of
Ag cluster. This is because the reduction process of the
ions is actually accompanied by some reaction barriers, s
as the activation processes of the charge transfer.

The rates of the growth and shrinkage of the Ag clus
are defined by the solid electrochemical reaction of the
ions in the Ag2S tip. The barrier energy in the activatio
process of the charge transfer most likely affects the reac
rate. The barrier energy can be controlled via the bias volt
~overvoltage! applied to the Ag2S tip. When a pure Ag-ionic
conductor is used as the tip and the charge-transfer proce
a rate-determining step, the solid electrochemical reac
involving the Ag ions obeys the Tafel equation (h5a
1b log(I)), whereh is overvoltage,I is current, anda andb
are constants.22 Because the current ofI represents the flow
of electrons in the reaction, the equation indicates that
rates of the electrochemical reaction increase exponent
as the overvoltage ofh increases. In our study, because Ag2S
is used as the ionic and electronic mixed conductor, the
rent is the sum of the flows of individual electrons in t
reaction and electrons merely migrating in the Ag2S. Thus, it
is impossible to examine the rates of the solid electroche
cal reactions from the value ofI t . We estimate the reactio
rates from the rates of growth and shrinkage of the clus
The rates of growth and shrinkage are proportional to
changes in length of the cluster, because the shape o
grown cluster was almost columnar. As we can see in Fig
the rates of change in length increased exponentially w
increasingI t , namely the rates of solid electrochemical r
action increase exponentially by increase ofI t . Under the
condition that the electric resistance of the Ag2S tip is con-
stant, the actual voltage applied to the Ag2S tip increases
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with increasingI t ~even if Vs is constant!. These results
shows that the rates of the solid electrochemical reac
increase exponentially with increasing actual voltage app
to the Ag2S tip. This relationship agrees with the Tafel equ
tion.

IV. CONCLUSION

We have developed a nanostructuring method using
solid electrochemical reaction induced by a STM. In th
method, the formation and disappearance of the nanost
tures were reversible, furthermore, the rates could be c
trolled. In this study, a mixed conductor, Ag2S, which shows
Ag-ionic and electronic conductivities, was used as a ST
tip, and a nanoscale Ag cluster was formed at the apex of
Ag2S tip by subjecting the tip to certain bias voltage a
tunneling current conditions. The cluster could, then,
made to disappear by changing the polarity of the bias v
age. The rates of the growth and shrinkage could be c
trolled via the tunneling current. These phenomena are
plained by the solid-state electrochemical reaction of Ag io
in the Ag2S. We believe that the nanostructuring meth
developed in this study, which reveals interesting phenom
such as the formation and disappearance of Ag cluster,
potential means of creating functional electronic devices.
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