PHYSICAL REVIEW B VOLUME 56, NUMBER 12 15 SEPTEMBER 1997-II

STM tip-induced diffusion of In atoms on the Si(111)v3Xv3-In surface
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Scanning tunneling microscopySTM) tip-induced diffusion of In atoms was observed on the
Si(11)v3xv3-In surface. We found that In migration to the region beneath the tunneling tip results in the In
coverage increase and spontaned®isv3-In—2X2-In structural transformation at negative tip bias voltages.

At positive tip bias voltage In diffusion from the region beneath the tunneling tip results in the In coverage
decrease and>22-In—v3Xv3-In structural transformation. Indium adatoms in our experiments show up as
being positively charged. STM tip field-induced In-atom migration occurs at room temperature, at bias voltages
typical for the STM observations, without additional tip movement toward the surface.
[S0163-182697)06836-7

. INTRODUCTION atom diffusion on the $111)v3xv3-In surface at room tem-
perature(RT). It is well known that electromigration of in-
The scanning tunneling microscope has become one afium occurs on the §i11) surface?® and its mass transport
the most important experimental techniques for surface sciis driven by the electric field along the surface rather than a
ence studies. It has provided images of surfaces and adsorbdulect current through the sample. Thus one can expect a
atoms and molecules with atomic resolution. The scanningioticeable effect of the strong electric field under the STM
tunneling microscope has also been used to modify surfacé on In-adatom diffusion. Furthermore, to reduce the sur-
at the nanometer scale and to move single atbfRecently ~ face corrugations of the Si(111)77 surface we formed a
variable-temperature scanning tunneling microsc(®yM)  Si(111)v3Xv3-In structure. After that we formed a meta-
has been used fan situ dynamic surface phenomena study stable “low-temperature” SiL11)2X2-In structure on it.
such as diffusion, microscopic mechanisms of crystalThis structure was formed during In adsorption onto the pre-
growth, and surface orderirig2® In this case the surface is deposited substrate, the(811)v3Xxv3-In surface at around
imaged while keeping the sample at a temperature at whicRT>>??We found that a STM tip can repulse and attract In
adsorbates movéiffuse) with a rate suitable for STM to adatoms, resulting in 22-In—v3Xv3-In and v3Xv3-In
track>1° However, it was recognized, that the presence of—2X2-In structural transformations at positive and nega-
the STM tip causes adatoms diffusion, especially for adsortive tip bias voltages, respectively. The results were ex-
bates with a large net charge or polarizabifty”**Never-  plained by STM tip-induced diffusion of In atoms on the
theless, the experimental study of STM tip-induced diffusionv3 Xv3-In and 2<2-In surfaces. We found that In atoms
on semiconductor surfaces has not known a comparable deave high mobility on the’3xXv3-In and 2x 2-In surfaces.
velopment. Indium diffusion occurs truly reversibly, at RT, at bias volt-
STM tip field-induced diffusion on semiconductor sur- ages, typical of the STM observations, without additional tip
faces has been investigated in several works. By applying amovement toward the surface.
appropriate voltage pulse between the sample and probe tip,
Cs adatoms were induced to diffuse into the region beneath
the tip, forming one-dimensional chains on the GEA$)
surfacet® Reversible displacement of Au on the A Si(111) sample (213 mnf) was cut from Sb-doped
Si(111)v3Xv3-Ag surface were observed when the tip wasn-type Si wafers(0.05 () cm) and mounted on a sample
moved toward the surface in order to increase the field at theolder of a STM-LEED (low-energy electron diffraction
sample surfacB As a result, the edge of th¢21x \21-Au  (*Omicron”) operated in an ultrahigh vacuuHV) of
structure moved toward the tip or in the opposite directionabout 8<10 ! Torr and cleaned by repeated heating at
depending on the tip bias. 1250 °C in UHV better than 2 10" ° Torr to obtain a X 7
In this paper, we report studies of STM tip-induced In- surface. Electrochemically etched tungsten tips, cleaned by

Il. EXPERIMENT
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V3x4/3-In

FIG. 1. Filled state STM images, 3800 A?, of the surface
coexisting domains of 2 2-In andv3Xv3-In structures. The im-
age was taken with a tip voltage &f1.3 V and tunneling current of
0.05 nA.

in situ heating, were used. Indium was deposited from a Ta
foil tube at the rate of about 0.1 ML/min.>22 reconstruc-
tion was formed by In deposition at temperature300 °C

on to the predeposited @1 1)v3Xv3-In surface. The latter
structure was produced by the deposition of about 0.33 ML
of In on the Si(111) X 7 surface held a=550 °C. All STM
images were taken with a tip voltage ofr2.0V,
[;=0.07 nA, and a scan speed of 1040 nm/s, unless other-
wise stated.

Ill. RESULTS AND DISCUSSION

Surface modifications induced by STM were detected in
term of changes in the STM image that result from the
2X2+v3XV3 structure transformation. It is well known
that the Si111)v3Xxv3-In structure has a coverage of 0.33
ML, 2% while the S{111)2x2-In structure has a saturation
coverage of 0.75 MI?? Therefore, the X 2—v3 X V3 struc-
ture change during STM observation was associated with the
decrease of In coverage in the region beneath the STM tip,
and thev3Xv3—2X 2 structure change with the increase of
In coverage. FIG. 2. Filled-state STM images, 58®%00 A2, showing that

A high-resolution filled-state STM image ofv8 X v3-In the STM tip can induce % 2-In structure formation in the region
surface partially covered by ax22-In structure is shown in beneath the STM tip when the tip is negatively biased; before pulse
Fig. 1. The area covered byx2-In reconstruction has a (d, and after pulsgb). The tip was pulsed a¥,=—2.0 V, and
honeycomb arrangement of protrusions, and has an apparédnt 0-2 NA for 5 s in thecenter of the imaged surface.
height of 2.5 A with respect to thé3 X v3-In one?® Thus it
looks brighter in Fig. 1 and in all STM images presented A STM image ofv3Xv3-In surface partially covered by
below. the 2X 2-In structurg(at the bottomis shown in Fig. 2a). In

Prior to our experiments, we checked whether the STMhis case, an additionat0.2 ML of indium was deposited on
tip can modify av3 xv3-In surface, did not find any STM the v3Xv3-In surface. After this image was recorded, the
tip-induced modification of this surface at our experimentalSTM tip was held over the position indicated by a white
conditions. We observed STM tip-induced modification onlycircle in Fig. 2a), and the tip bias was pulsed t02 V for 5
after deposition of some additional In atoms on thes. The image subsequently recordédlg. 2(b)] reveals the
v3X+V3-In surface at around RT. In our experiments, first,formation of the 2<2-In structure in the region beneath the
we imaged the surface, then the STM tip was held over théip and, thus, the increase of In coverage. It should be noted
definite position of the sampl@usually at the center of the that there are two terraces on the surface shown in Fig. 2.
imaged arep and the tip bias was pulsed #62 or —2 V for ~ The darkest areéthe top of the imagecorresponds to the
some period of time. After that we imaged the same surfacéower terrace covered by th& X v3-In structure.
region again. We repeated the experiment on th& 2-In surface at the
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neath the tip, and’3 Xv3-In structure formation in the re-
gion. As expected, we found that the amount of In added
(removed to (from) the region beneath the tip at negative
(positive) tip bias increased with the pulse length. The
amount of In also increased with the increase of the tunnel-
ing current. Thus one can see that the positive voltage pulse
results in the removal of In atoms in the region beneath the
STM tip, while the negative one results in the increase of In
coverage in the region beneath the STM tip.

There are two possible explanations for the observed phe-
nomena: First, extraction and deposition of In atoms induced
by the STM tip, and second, STM tip-induced diffusion.
That is, the decrease of In coverage at positive tip bias volt-
ages can be explained by In-atom diffusion from the STM
tip, or by extraction of In atoms by the STM tip; while the
increase of In coverage at negative tip bias voltages can be
explained by In-atom diffusion toward the STM tip or by
deposition of In atoms from the STM tip. To elucidate the
mechanism of STM tip-induced surface modifications, we
carried out the following two experiments. In the first experi-
ment we started from the surface with the patch of the
v3Xv3-In structure which was produced by positive tip bias
pulse. A STM image of this surface is shown in Figa4
After this image was recorded, the STM tip was held over
the position, indicated by a white circle in Fig@@} and the
tip bias was pulsed te-2 V for 5 s. The image subsequently
recorded[Fig. 4(b)] shows a dramatic redistribution of the
the area covered by thexX2-In structure. One can see that
the negative voltage pulse-induced detachment of In atoms
from the edge of the € 2-In structure, diffusion towards the
tip, and 2x< 2-In structure formation in the region. We esti-
mated that the total area covered by 2-In (as well as by
v3Xv3-1n) structure in Figs. @) and 4b) is constant within
the accuracy of our experiment. Thus this experiment defi-
nitely rules out In-atom deposition from the STM tip as, in
this case, the increase of the total In coverage and so the
increase of the total area covered by<2-In structure
should occur.

In the second experiment we found the region with coex-
isting v3Xv3-In and 7X7-In structures. A STM image of
this surface is shown in Fig.(& (the 7X7-In structure at
the center. After this image was recorded, the STM tip was

FIG. 3. Filled-state STM images, 58%00 A%, showing that held over the center, indicated by a circle in Figa)5and
the STM tip can inducev3xXv3-In structure formation on the the tip bias was pulsed te 2 V for 360 s. The image sub-
2X2-In surface when the tip was positively biased; before pulsesequently recordefFig. 5(b)] reveals the formation of the
(a), after pulse(b). The tip was pulsed aV¥;=+2.0V, and  2x2-In structure around theX7-In structure. If this were
I:=0.4 nA for 10 s in the center of the imaged surface. Small holeghe |n deposition from the STM tip, one would expect the
are natural defects of thex22-In surface. These defects are stable appearance of In atoms or clusters in the region beneath the
with respect to the STM imaging. On the other hand, the domairsTM tip on the 7 7-1n surface, but this is not the case. The
boundary betweer3Xv3-In and 2x2-In phases shown at the top gt of the experiment can be easily explained based on the
of the images is unstable with respect to the STM imaging. Scang,  that adatom mobility on the ¥7 surface essentially
ning at a positive tip bias voltage results in the repulsion of Inlowerthan that on the3 X v3 one2* Adatoms were attracted
atoms, 2< 2-In — v3Xv3-In structural transformation and, finally, by the STM ti d d al : %V3 f but th
to the reduction of the area covered by the 2-In structure. y Pj‘ |p”an moved along3 surtace, but they

were “stopped” by the presence of thex?/ surface. Thus
two these experiments make it apparent that we did observe
positive tip bias pulse. A STM image of thex2-In struc- STM tip-induced diffusion.
ture is shown in Fig. @). After this image was recorded, the  Indium atoms are weakly bonded in th&2-In structure.
STM tip was held over the position, indicated by a whiteIn our experiments we observed that the STM tip induces
circle in Fig. 3a), and the tip bias was pulsed t62 V for 10  In-atom detachment from the edge of th& 2-In structure
s. The image subsequently record&ily. 3(b)] reveals that at distances<300—400 A. This is essentially larger than
the positive voltage pulse-induced removal of In atoms bethat for the Au adatoms on the (BL1)v3Xxv3-Ag surface®
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FIG. 4. Filled-state STM images, 58%00 A2, showing that FIG. 5. Filled-state STM images, 108000 A2, showing that
the STM tip can induce In-atom detachment from th®22In the STM tip can induce In-adatom migration toward the STM tip
structure, and migration toward the STM tip when the tip was negaover the 7x7 surface when the tip was negatively biased; before
tively biased; before puls@), after pulseb). The tip was pulsed at pulse (a), after pulse(b). The tip was pulsed a¥,=-2.0V,
V;=—-2.0 V, 1;=0.2 nA for 5 s in thecenter of the imaged surface. 1;=0.2 nA for 360 s in the center of the imaged surface.

Two different full grey scales were used.

of the v3Xv3-In surface attracted additional In atoms
The authors observed a noticeable displacement of the edgeright small spots on the3xv3-In surfacg, while In ada-
of the S{111)+/21X+/21-Au structure only within a small toms are not imaged on this surface, apparently due to their
region with a diameter of-20 A around a tip in both attrac- high mobility on this surface. Most likely they are repulsed
tion and repulsion modes. by the STM tip during scanning. After this image was re-

Indium adatoms on the3 Xv3-In “feel” STM tip attrac-  corded, the STM tip was held over the center of Fitn)6
tion at a distances of about several thousand A. This is illusand the tip bias was pulsed t62 V for 400 s. The image
trated by the following experiment. We prepared asubsequently recorded, shown in Figb) reveals the for-
v3Xv3-In surface, and after that additionalty0.1 ML of  mation of the 2<2-In structure in the region beneath the
indium was deposited on it at around RT. A large-scale STMSTM tip and in another part of the same terréatthe bot-
image of this surface is shown in Fig(@. The surface con- tom part the image The latter 22 structure was about
sists of several terraces covered byZxv3-In structure. 1000 A apart from the STM tip during voltage pulse. Note
The upper part of left terrace is covered by 2-In. Defects  that the shape of the area covered by the22In structure
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All the experiments mentioned above were carried out
with a tip held at a fixed position to induce In diffusion along
the surface, and the surface was imaged before and after
voltage pulse was applied. However, STM tip-induced diffu-
sion occurs during the imaging itself. We observed that the
area covered by the>22 structure reduced when we succes-
sively imaged the same area of the sample partially covered
by the 2<2-In structure at positive tip bias voltages. In this
case an increase of tunneling current or a reduction in scan
speed resulted in an increasing tip-induced diffusion rate.
Thus we have always used the lowest possible tunneling cur-
rent and highest scan speed for the imaging of the surface
during our experiments to minimize STM tip-induced diffu-
sion rate. We found that the removal rate of the area covered
by the 2x2-In structure from the scan area due to the the
In-atom repulsion from the STM tip depends on the area
covered by the X2-In structure, the size of this area, and
their relative location on the3xv3-In surface?®

IV. CONCLUSION

We have shown that the STM tip induces In-atom diffu-
sion on the Si111) surface at room temperature, and this
diffusion is the reason for theX2-In—v3Xv3-In structural
transformation on the 8i11) surface. We have found that In
atoms have a high mobility on thé Xv3-In and 2<2-In
surfaces, and In atoms are weakly bonded in the22In
structure. The STM tip induces In-atom detachment from the
2% 2-In structure at a distance about 300-400 A, while In
adatoms on th&3 X v3-In “feel” STM tip attraction at dis-
tances of about several thousand A. Indium adatoms in our
experiments show up as being positively charged. Indium
STM tip-induced diffusion occurs truly reversibly, at room
temperature, at relatively low bias voltages, typical of the
STM observations, without additional tip movement towards
the surface. Our experimental results definitely show that
STM tip-induced diffusion can strongly affect the surface
processes during high-temperatuie, situ, real-time STM
observation. Although all our experiment were conducted at

() room temperature, nevertheless the mobility of In adatoms
] ) 5 were high enough, and one can consider the (213) sys-

FIG. 6. Large-scale, filled-state STM images, 28@D00 A%, o 45 5 good prototype for the observation of the results of

showing that the STM tip induces long-range In-adatom migrationgs tip field-induced atom migration on the initial growth

toward the STM tip when the tip is negatively biased; before pulse ) ;.
(@ and after pulse(b). The tip was pulsed alV——2.0V. stage and phase-transition process of crystal surfaces, as well

1:=0.2 nA for 400 s in the center of the imaged surface. as the atomic-level control of of materials.
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