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lonic /electronic mixed conductor tip of a scanning tunneling microscope
as a metal atom source for nanostructuring
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Silver sulfide (AgS) which has Ag-ionic/electronic mixed conductivity is used for fabricating a tip
used for a scanning tunneling microscope. The mixed conductor tip is capable of nanostructuring by
depositing Ag atoms continuously on a sample as well as imaging the surface structure. To obtain
the surface image, a nanoscale Ag protrusion is formed at an apex of the tip using a local solid
electrochemical reaction, working as “a mini-tip.” We fabricate a nanoscale line structure on the
sample by scanning the A§ tip with the protrusion under appropriate bias voltages and tunneling
currents. The structuring is thought to be made up of two layers of Ag atoms deposited from the
protrusion. © 2002 American Institute of Physic§DOI: 10.1063/1.1480887

The scanning tunneling microscof®TM) has enabled continuously onto a sample surface from the tip, an efficient
the fabrication of nanoscale and even atomic scale artificianethod to fabricate nanostructures would become feasible.
structureqthese are expressed generically as nanostrugturetn the present work, we have found that the STM tip made of
on samples, as well as the imaging of the atomic structureg mixed conductor is useful as a source of metal atoms.
of sample surfaces. Fabrication of nanostructures using thieurthermore, it is found that a local solid electrochemical
STM'~® has attracted significant attention, since this methodeaction at the apex of the tip occurs by applying a bias
makes a variety of novel fundamental and applied researctoltage between the tip and sample, and this interesting phe-
feasible. So far, atomic letters were drawn on a Ni sample byiomenon has also been investigated.
moving individual Xe atoms at a low temperati#eK) (Ref. The material of the STM tip to be used as a nanoscale
2) and nanostructures on Si samples were fabricated by efoundation pen is required to have both ionic conductivity
tracting or redepositing Si atoms using the S¥R1’Most of ~ and electronic conductivity, since tunneling current must
the methods which fabricate nanostructures using a STMlow between the tip and sample. We have used silver sulfide
have required the physical and chemical effects caused by #d.S) crystal as the material of the STM tip; the crystal is
bias voltage and tunneling current between the tip and & well-known material of Ag-ionic and electronic mixed
sample in order to extract, deposit, and displace atoms ctonductors.* Needlelike single crystal of Ag was pre-
molecules. Such ways of manipulating individual atoms arg®ared by the reaction of a Ag wire with sulfur vapor in an
not efficient to produce practical electronic devices. If it wereevacuated silica glass ampotfeThe AgS crystal grown on
possible to fabricate nanostructures by depositing metal athe Ag wire was used as the STM tip. In order to examine the
oms continuously from a STM tip onto sample surfatese ~ Performance of the Ag tip, a Si111) wafer with 7X7 sur-
could produce nanostructures efficiently using the STM. Thdace structure prepared by repeated flush heating under an
products of this process appear as if the nanostructures akéHV was used as a sample. All examinations using theSAg
drawn on the sample surface using a “nanoscale foundatioRP Were conducted in an UHV.

pen” containing ink of metal atoms or molecuféstowever, Using a AgS tip, we examined whether tunneling cur-
the method of fabricating nanostructures using such a func-
tional STM tip has not been established yet. . N

Toward this end, we consider an ionic/electronic mixed metal ion source W

conductor for use as the material of the functional STMtip.
Since metal ions in the ionic/electronic mixed conductor are
easily moved by an applied electric field, the mixed conduc-
tor is expected to be used as a source of metal atoms. Figure sTMtp —
1 shows a schema of nanostructure fabrication using metal (lonicielectronic conductor)
atoms transferred from the STM tip of the mixed conductor ~ ® :Mobile metal ion

to a sample surface. If it were possible to supply metal atoms

Nanostructure. @
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FIG. 2. A constant-current STM image (18010 nn?) of a silicon (111) 0 200 400 600 800
surface using the A tip. (b) The cross-sectional profile along A—B (a). Time (sec.)

] ] FIG. 3. Growth and shrinkage of the Ag protrusion at the apex of sSAg
rent flows between the tip and Si sample, and whether STMp, which were monitored through the change of the tip position.

images of the $111) surface are obtained. STM operations
of tip approaching and surface imaging were performed at & 0.35 nA, the Ag protrusion shrank gradually and disap-
sample bias voltage &fs=+2.0 V and tunneling current of peared. The AgS tip almost returned to the initial position.
I;=0.05 nA. After the tip approached the sample, the tunnel- It has been reported that millimeter-scale Ag whiskers
ing current between the tip and the sample was detected, bulere grown on the Ag in a galvanic cell:
it was not sufficiently stable to image the Si surface strucPt/Ag/Agl/Ag,S/Pt, when a certain bias voltage was applied
ture. It was found that tunneling current became stable angetween Pt electrodé4!® Silver iodide used in the cell is a
step structure images of Si surfaces were obtained, as showvell-known Ag-ionic conductor. The growth mechanism of
in Fig. 2(a), if the Ag,S tip was subjected to a certain con- Ag whiskers was explained based on the solid electrochemi-
dition of V4 andl; for a while. The step height is about 0.3 cal reaction of mobile Ag ions in the cell. The growth and
nm as shown by the cross-sectional profile in Fign)2This  shrinkage of the nanoscale Ag protrusion found in our work
height corresponds to an actual step he{@®813 nm of the  can also be interpreted as the local solid electrochemical pro-
Si (111) 7x 7 surface? In fact, a nanoscale Ag protrusion cess of Ag ions in the A tip. Figure 4 shows the growth
was grown at an apex of the A§ tip under certain condi- process of the Ag protrusion. When a negative bias voltage is
tions of Vg and |, working as a sharp “mini-tip” to image applied to the sample, tunneling electrons from a sample
the structure of the silicon surface. However, the mini-tipreduce mobile Ag ions in the A& tip to neutral Ag atoms,
was not so stable to resolve the atomic structure of the Sand Ag atoms precipitate at the apex of the,8dip which
surface. Interestingly, we found the Ag protrusion shrankform the protrusion. At the same time, Ag atoms in a Ag wire
gradually and disappeared, when the polarity \af was  on the opposite side are oxidized to Ag ions and are dis-
switched. The behaviors were revealed by the following exsolved in the AgS tip so as to keep the Ag ion concentration
amination. in the AgS tip constant. On the other hand, when a positive
The growth and shrinkage were examined by monitoringbias is applied to the sample, Ag atoms in the Ag protrusion
the moved distances of the Ag tip perpendicular to the are oxidized to Ag ions, and the Ag ions are redissolved in
sample surface under a constant-current STM mode. Namelthe Ag,S tip which results in the shrinkage of the protrusion.
when the Ag protrusion grows at the apex of the,8dip, The rates of the growth and shrinkage of the Ag protru-
the tunneling current increases because of a decrease in thi®mn increased with an increase lgf but hardly by that of
distance between the tip and the sample. However, under thé,. The reason for this is thought to be that energy barriers
constant-current STM mode, the tip should be pulled awayor solid electrochemical reactions of Ag ions exist at the
from the sample so as to keep the tunneling current constant.
By monitoring the changes of piezovoltages that control the +, -
motions of the tip, the lengths of the growth and the shrink- N
age of the Ag protrusion can be estimated. The growth and | ,e
shrinkage of the Ag protrusion under different conditions of | !

Vg and |, are shown in Fig. 3. No motion of the tip was ' siverwire Ages siverprotrusion . substrate
observed atV;=—2.0V and|,=0.05nA. Whenl,; was, % 7/ +

however, increased tQ=1.35 nA with V¢ kept at the same Ag A Agt — Ag ‘
value, rapid motion of the tip by a distance of about 30 nm /. / e (Vs <0)

was observed, and then the tip moved at a rate of about 0.1

nm/s. A direct examination using a scanning electronic mi-

croscope revealed that the Ag protrusion was grown at an

apex of the AgS tip.~ As seen in Fig. 3, by switching the FIG. 4. Solid electrochemical processes for the growth of a Ag protrusion at

polarity of V¢ to positive (/s=+2.0V) and b%/ chan%ingt;t the apex of AgS tip.
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0.2 nm, and that the roughness in height is as small as 0.1
nm, suggesting that the structure is made of two layers of
atoms. Depositions from the A§ tip with the protrusion
were also obtained by scanning under conditionsVQf
=—2.0V andl;<0.50 nA; no further growth of the protru-
sion was observed under such conditions. We consider that
the depositions are caused by the field evapordtiohAg
atoms from the Ag protrusion. High-field condition required
for evaporating the Ag atoms is achieved by the high-speed
vibration of the protrusion. According to electrochemical
treatment, an interchange between Ag ions in&@nd Ag
atoms forming the Ag protrusion occurs at the interface even
at equilibrium state. The interchange accompanies a high-
speed change of the height position of the protrusion at an
(b) (c) atomic scale. The high-field condition is instantly achieved
= . step  steps o2 Tabricated i by decreasing the distance between the protrusion and
' ' i sample due to the change of the height position. Further-
more, the reason, why the atomic structure of the Si surface
could not imaged in Fig. 2, is that the interchange with the
vibration of the protrusion disturbs the atomic-scale imaging.
In conclusion, a mixed conductor of A§ was used as
. . . . L the tip material of STM. After the AgS tip was subjected to
R e oy % Dstancsmy . acertain condition o¥/s andl, the step image of Si surface
was obtained using the tip. It was found that the nanoscale
IG5 (a) Al tabricated b ot - along A_B Ag protrusion was grown on the apex of the Agtip by this
atasy észj of'qenf;r/‘;c;zrf z%c\a/tgn dli’ji"f‘;g":g t(bfﬁg;'&)afh”é’ aross treatment, working as a mini-tip to image the surface struc-
section along A—B and C—D ife), respectively. ture. The protrusion growth is explained by the solid electro-
chemical reaction of Ag ions in A&. A line nanostructure
] . . on a sample surface could be fabricated by scanning the
growth and shrinkage of the protrusion. Whirincreases, ag.s tip with the protrusion. The structure is thought to be
the energy barriers are surmounted and the rates increasgade up of two layers of Ag atoms deposited continuously
According to solid electrochemical treatment, the appliedyom the protrusion. We believe that it is possible to establish

bias voltages change the height of energy barriers, namelyn, efficient method for nanostructuring, if a mixed conductor
they control the rates of the reactions. However, the rateg; ,sed as a material of the STM tip.
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