ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Surface Science 602 (2008) L29-1.32

SURFACE SCIENCE

www.elsevier.com/locate/susc

Surface Science Letters

Scanning tunneling microscopy imaging of facet surfaces of
self-organized nanocrystal using metal-coated carbon nanotube tip

Yuya Murata, Takehiko Kimura, Takashi Matsumoto, Shin-ichi Honda,
Mitsuhiro Katayama *

Division of Electrical, Electronic and Information Engineering, Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita,
Osaka 565-0871, Japan

Received 23 October 2007; accepted for publication 29 December 2007
Available online 9 January 2008

Abstract

The facet surfaces of a self-organized ErSi, nanocrystal were observed by the STM with a metal-coated carbon nanotube tip. The 10-
nm-scale radius and high aspect ratio of the tip was able to provide detailed images of the facet surfaces. The stereographic STM imaging
showed that the nanocrystal had (105) facets of the tetragonal ErSi, on all facet surfaces with a 1 x 1 periodicity. Bias-dependent STM
images revealed that the facet surface has a bulk-truncated structure consisting of Si dimers and Er atoms. Moreover, scanning tunneling
spectroscopy exhibited a difference in density of states between top and facet surfaces.

© 2008 Elsevier B.V. All rights reserved.
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Self-organized nanocrystals on a Si surface have at-
tracted considerable interest from the standpoint of both
device application and fundamental science. To clarify
their formation mechanism and open opportunities in de-
vice application, it is essential to elucidate their surface
structures and electronic properties. In studies of Ge nano-
crystals on Si, the topography of nanocrystals and their
evolution in size and shape were extensively investigated
by various methods such as atomic force microscopy [1],
transmission electron microscopy (TEM) [2], low-energy
electron microscopy [3], and grazing incidence small angle
X-ray scattering [4]. On the other hand, scanning tunneling
microscopy (STM) studies [5-7] yielded the surface peri-
odic structures of the Ge/Si(100) nanocrystal including
the {105} facet, which is tilted by a slope angle of 11.3°
from the substrate plane. However, the steeper the slope
angle of facet surfaces, the more difficult in observation
of the surface structure of the facets. This is because a con-
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ventional metal tip has a radius of approximately 100 nm
and conical shape, which prevents easy access to the steep
facet surface.

Carbon nanotubes (CNTs) have been regarded as an
ideal nanomaterial of the STM tip apex due to their supe-
rior properties such as nanometer-scale radius, high aspect
ratio, and mechanical robustness. We have recently devel-
oped a high-yield fabrication process for CNT tips coated
with a thin PtIr layer to stabilize their overall conductivity
[8]. The geometrical and electrical advantages of the Ptlr-
coated CNT tip were demonstrated in single- and multi-
probe STM [9,10].

In this study, we used the Ptlr-coated CNT tip for the
STM imaging of the facet surfaces of an ErSi, nanocrystal
on Si(100). The atomic-resolution image and the scanning
tunneling spectroscopy (STS) measurement showed the
surface periodic structure and the electronic density of
states specific to the facet surface. Furthermore, a struc-
tural model was proposed on the basis of bias-dependent
STM results.

The detailed fabrication process for Ptlr-coated CNT
tips has been described elsewhere [8]. From scanning
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electron microscopy (SEM) and TEM observations, it was
confirmed that the Ptlr-coated CNT had a length of about
200 nm and a radius of curvature of about 10 nm. The Ptlr-
coated CNT tip and Si(100) substrate were introduced into
an STM chamber with a base pressure of 1 x 10~ Pa. The
Si(100) substrate was degassed at 900 °C and cleaned
above 1150 °C by direct current heating. Er was deposited
onto the substrate at room temperature, and the sample
was subsequently annealed at 900 °C for 10 min, and then
cooled down to room temperature. We repeated this se-
quence several times, and obtained silicide islands with a
height of several tens of nm. Then, STM observations were
carried out at room temperature. After STM observations,
the sample was ex situ characterized by TEM.

From the STM imaging of several ErSi, islands, the
islands were found to have a rectangular base with sides
parallel to (110)g; directions, a width of 50-200 nm and
a height of 20-50 nm, similar to the AFM study reported
by Peto et al. [11]. Fig. 1a shows a typical STM image of
an ErSi, nanocrystal obtained using the Ptlr-coated CNT
tip. Four flat facet surfaces were clearly observed around
the top surface. Line profiles in Fig. 1b and ¢ show that
each of the four facets formed a slope angle of about 34°
with respect to the substrate plane. On the other hand,
when we used the conventional W tip with a typical radius
of curvature of 100 nm for STM imaging, a blunt and non-
uniform structure was observed at the facet surface of the
nanocrystal, due to the artifact produced by the conical
shape of the tip apex. This indicates that we can reduce
the scale of such artifacts to less than 10 nm using the
Ptlr-coated CNT tip. The Ptlr-coated CNT tip also induces
some artifacts in the images, but they have nanometer-scale
tolerances. Due to the tip radius of 10 nm, the nanocrystal
was likely to have a few nm larger width than it really have,
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Fig. 1. (a) An STM image of an ErSi, nanocrystal (scale bar: 50 nm,
Vs=-15V, I=04nA). (b) and (c) Line profiles along [110]s; and
[110]; directions.
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and the roundly eroded image emerges around the top
edges of the nanocrystal. The area of the bottom edges with
a height of a few nm could not be observed.
High-resolution STM images of top and facet surfaces
are shown in Fig. 2. The unit mesh of each surface is shown
by the solid square. The superstructure of the top surface
was identified to be a ¢(2 x 2) reconstruction with a period-
icity of 0.56 nm, consistent with the previous study [12].
Fig. 2b and c shows a three-dimensional image, and a
two-dimensional image viewed from the direction normal
to the facet surface, taken at the square area on the facet
surface in Fig. la. From Fig. 2c, it was found that the sur-
face periodic structure on the facet surface has a centered
rectangular lattice with a short side parallel to the edge of
the nanocrystal, in which the periodicity parallel to the edge
was 0.4 nm, and the periodicity up the face of a facet was
2.4 nm. Using the slope angle of 34°, the periodicity in the
direction normal to the substrate was estimated to be about
1.3nm. This length agrees with the lattice constant of
1.326 nm along the c-axis in the tetragonal ThSi,-type
ErSi,. It was reported that both tetragonal ThSi,-type [12]
and hexagonal AlB,-type [11] crystallites have been found
for ErSi, _ ./Si(100) epitaxial growth. Their epitaxial rela-
tions on Si(100) are tetragonal ErSi,(100)||Si(100) (the a
and b axes are parallel to the surface) and hexagonal
ErSiy(1100)[/Si(100) (the @ and ¢ axes are parallel to the
surface). The isotropic slope angle of each facet surface is

Fig. 2. (a) An STM image of the top surface (3.4 x 3.4nm> V,=—02V,
I=0.4nA). (b) A three-dimensional STM image of the facet surface
(Vs=-0.7V, I=0.4nA). (c) An STM image of the facet surface viewed
from the direction normal to the surface (2.6 x 3.7 nm?, V,=-0.7V,
I=0.4nA).
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reasonable for the formation of the tetragonal ErSi, crystal-
lite, since the tetragonal ErSi, has isotropic lattice constants
along the two orthogonal [110]s; directions (¢ =5b=
0.396 nm), whereas the hexagonal ErSi, has anisotropic
ones (@ = 0.3785 nm, ¢ = 0.408 nm).

From the slope angle of 34°, all four facet surfaces are
determined to be {105} planes of the tetragonal ThSi,-type
ErSi,. This finding was also confirmed by the ex situ cross-
sectional TEM observation (not shown) after STM obser-
vation. Additionally, the detailed inspection of the STM
image showed that the unit mesh of the facet surface
(0.4 nm x 2.4 nm) corresponded to the 1 x 1 periodicity
in the ThSi,-type ErSi,(105) plane (0.396 nm x 2.383 nm).

Fig. 3a shows a dual-polarity STM image of the facet
surface together with a schematic showing the positions
of maxima. This is a projected image onto the substrate
plane. The right side of the image is closer to the top of
the nanocrystal than the left side. STM maxima were com-

ars | [110]s;
' ©_i11015i
1001]s;
1
q
{ -0.59V
(<
4Vs=+0.59V

brighter row darker oval

0 o 0] : filled state

0 empty state

b - coeQQccococooelPe e Qo e
C?LL ce@e ow?g coole @ Top Ex
° ; e s QQo o @ i
C oo cele o(LiEccuoOo DTOPSI
° = e eLc ¢ e 2ndEr

Qooccco@eoeQQoocococ@e

e@ec eQQecococce@e e QPoo LGdajnd
X 3rd Si
c L U e Nl
g°g’
110]s; e _0l0_e
B 929 %e %0 e © &
[001]s; ©e®0®0®e Er Si
= o 0,88, 8 E
[110]s; 0%0%e%e%e%e®e®
3 g B Bl b By
© 0808080808g80t0
0,.0,.0,.6,.0_0_606_606_60,

Fig. 3. (a) A dual-polarity STM image of the facet surface with schematic
highlighting maxima (3.4 x 3.4 nm?, V,=+0.6V, I=0.4nA). (b) The
proposed model of the facet surface viewed from the direction normal to
the substrate plane. The topmost Er and Si atoms are illustrated as larger
spheres. (c) A side view of the proposed model.

posed of bias-independent brighter rows, and bias-depen-
dent darker ovals between brighter rows. In the empty
state, darker ovals appeared right in the middle of brighter
rows, while in the filled state, the positions of these ovals
were shifted by 0.24 nm toward the top of the nanocrystal.
A similar dependence on bias polarity was seen in the volt-
age range from +2.0 Vto —2.0V.

On the basis of the STM results, we proposed a structural
model for the facet surface. A proposed model is shown
from the view of the direction normal to the substrate plane
in Fig. 3b, and from the side view in Fig. 3c. Since the 1 x 1
periodicity was preserved on this surface, the surface recon-
struction over a unit mesh is not likely to occur. There are
some cleavage surfaces when one cleaves the ErSi, crystal
along the {105} plane. This proposed model represents
one of the as-cleaved surfaces, in which we correlated
bias-dependent and -independent maxima in the STM im-
age to the topmost Si dimer and Er atom (illustrated as lar-
ger spheres in Fig. 3b), respectively. The bias-dependent
changes in the STM image reflect differences in the spatial
contribution of occupied and unoccupied states. We inter-
preted darker ovals in the filled state and those in the empty
state as a bonding orbital at the center of the topmost Si di-
mer and an antibonding orbital of a dangling bond of the
lower Si atom in the dimer (labeled L in Fig. 3b), respec-
tively. The dangling bonds of the upper Si atoms (labeled
U) were expected to represent protrusions in the empty
state, however, they were not clearly observed. It is likely
that the buckling of the Si dimers occurred due to charge
transfer from the lower Si atoms to the upper ones, so that
only the lower Si atoms contributed to the empty state im-
age. Consequently, it was suggested that maxima in bias-
independent brighter rows correspond to the positions of
Er atoms. It can be ruled out that the charge transfer be-
tween Si and Er atoms [13] might bring STM maxima in
the empty and filled states that emerge at surface Si and
Er atoms, since there were bias-independent brighter rows.

The electronic property of the nanocrystal was measured
by STS. Fig. 4 shows STS spectra of the top and facet
surfaces. Each spectrum was an averaged one of several
hundreds of I-V curves taken at unspecified sites on each
surface. The spectrum obtained at the top surface exhibited
the finite density of states (DOS) near the Fermi level,
which was consistent with the report that the tetragonal
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Fig. 4. STS spectra of the top and facet surfaces.



ErSi, film had a metallic property [14]. On the other hand,
the DOS close below the Fermi level was evidently reduced
in the spectrum at the facet surface, which was likely to ex-
hibit a semimetallic behavior. However, the origin of the
difference in the DOS between the two surfaces was not elu-
cidated yet. In the near future, the theoretical investiga-
tions combined with site-specific STS measurements will
uncover the mechanism of the emergence of the peculiar
electronic state of the facet surface observed in this study.

In conclusion, we have investigated the surface structure
and density of states of the facet surface of an ErSi, nano-
crystal using a Ptlr-coated CNT tip. Stereographic STM
imaging revealed that the facet surface has a bulk-trun-
cated structure of tetragonal ErSiy(105), which consists
of Si dimers and Er atoms. The STS spectra showed differ-
ence in density of states close below the Fermi level
between the facet and the top surface. Our method pre-
sented in this study will provide a novel route to the atom-
ic-scale investigation of the structure and the density of
states of three-dimensional nanostructures.
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