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Growth and characterization of Tb silicide nanostructures on Si(khk) substrates
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The growth of Tb-induced nanostructures on vicinal Si(111) substrates with an offcut toward the [112]
direction, so-called Si(hhk) substrates, was studied. The nanostructures were analyzed using scanning tunneling
microscopy and spectroscopy as well as core-level photoemission spectroscopy. For low Tb coverages, terraces
covered by a Tb-induced submonolayer structure are observed. At higher coverages, metallic Tb disilicide
monolayer structures are dominant. Their appearance strongly depends on the offcut direction. Well-defined
nanowires with straight edges are only present for Si(hhk) substrates with h <k. Furthermore, only these
substrates may host very narrow metallic nanolines. In general, narrower nanostructures are observed for larger
offcut angles enabling the formation of Tb disilicide nanowires with average widths as low as 2.3 nm for Si(335)

substrates.
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I. INTRODUCTION

Low-dimensional materials are fascinating systems
showing physical properties vastly different from three-
dimensional bulk materials. Electron correlations are stronger
with reduced dimensionality, leading to the breakdown of the
Fermi liquid theory in one dimension [1]. Characteristic prop-
erties of such one-dimensional materials include Tomonaga-
Luttinger liquid behavior [2—-6], spin-charge separation [7,8],
and the Peierls transition [9-11]. All materials showing
one-dimensional characteristics have in common that they
are not purely one-dimensional systems, but are stabilized by
their three- or two-dimensional environment, e.g., by coupling
of multiple parallel chains or by using a substrate. Thus, these
materials are denoted quasi-one-dimensional [1,12].

There are several ways to grow quasi-one-dimensional ma-
terials on a surface. They may form by self-organization due
to anisotropic properties of the planar substrate or the grown
nanostructures [13-23] or their growth may be promoted by
vicinal substrates leading to linear surface structures at steps
or on terraces [24-33]. The latter approach is illustrated in
Fig. 1 for the case of a rare-earth disilicide layer forming on
(111) terraces of a stepped Si(111) substrate.

Such monolayers of hexagonal rare-earth disilicides on
planar Si(111) substrates are two-dimensional metals with
heights of only about 0.4 nm, well-known electronic struc-
tures, and very intriguing physical properties [34—40]. Ini-
tially, the research focused on their electronic properties.
The observation of extremely low Schottky barrier heights
on n-type Si make them interesting, e.g., for ohmic contacts
[34-36]. Recently, their magnetic properties came into focus
since they are the first-known materials showing intrinsic
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two-dimensional in-plane ferromagnetism possibly leading to
new spintronic devices [39,40].

The possibility to confine the two-dimensional silicides
by using a substrate vicinal to Si(111) has already been
demonstrated [30-32]. However, only the combinations of
Si(557) substrates with Dy or Er as rare earth were used
and rather broad nanowires with widths of about 10 nm were
observed. Here, we report on the formation of linear Tb
silicide surface structures on various substrates being vicinal
to Si(111) and their characterization by scanning tunneling
microscopy (STM) and spectroscopy (STS) as well as by core-
level photoemission spectroscopy (XPS). In this study, mainly
the Tb coverage was varied from submonolayer coverages up
to a coverage typical for the preparation of a Tb disilicide
monolayer on planar Si(111) substrates. The annealing pro-
cedure necessary for the formation of the nanostructures was
similar as the one for the Tb disilicide monolayer on planar
Si(111) substrates.

The hexagonal rare-earth disilicides form edges preferen-
tially along the (110) directions, corresponding to a minimum
dangling bond density. To promote the formation of Tb dis-
ilicide structures with straight edges, vicinal substrates with
different offcuts toward the perpendicular [112] direction are
chosen in this paper [see Fig. 1(b)], which are denoted as
Si(hhk) substrates.

Indeed, nanostructures with straight edges are found here
for Si(hhk) substrates with i <k. In the studied Tb coverage
regime, three different types of dominating surface structures
are observed. There are metallic nanowires consisting of the
Tb disilicide monolayer with average widths down to 2.3 nm
at appropriate preparation conditions, terraces covered by a
Tb-induced submonolayer structure, and nanolines that are
less than 1 nm wide.

When using Si(hhk) substrates with & >k, the Tb-induced
submonolayer and monolayer structures are also found,
but nanolines are not observed. Furthermore, both the
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FIG. 1. (a) Structure model shown in side view of a rare-earth
disilicide monolayer on Si(111) disrupted by a monoatomic step
running in the [110] direction. (b) Schematic top view of rare-earth
disilicide nanowires on Si(hhk) substrates with steps indicated by
color gradients from black to white. In (a) and (b), rare-earth and
Si atoms are indicated by yellow and blue circles, respectively.

submonolayer and the monolayer structures now show rather
rough edges, indicating a strong influence of the offcut di-
rection on the nanostructure growth. Anyway, there is the
expected trend to narrower nanostructures for larger offcut
angles for both offcut directions.

II. EXPERIMENTAL DETAILS

The samples were cut from commercial p-type and n-type
Si(hhk) wafers and cleaned in UHV by degassing for at least
12h at 600°C followed by repeated flash annealing up to
1150°C. Afterward, the samples were slowly cooled down
from about 850 °C with a rate of about 1 °C/s to achieve well-
ordered clean substrates. An infrared pyrometer was used to
measure the temperature of the resistively heated samples
(accuracy £20°C and an emissivity setting of 0.67 for the
complete temperature range).

For the formation of the silicide structures, Tb was evap-
orated from home-built electron-beam evaporators onto the
samples held at room temperature followed by annealing at
elevated temperatures for 2 min. The deposited Tb amount
was determined by the deposition time and the deposition
rate, which was measured using a quartz crystal microbal-
ance (accuracy £20%). In this paper, the Tb coverage is
given in monolayers (ML), with 1 ML always correspond-
ing to the surface atom density of planar Si(111) substrates
(7.8x10'* atoms/cm?) for better comparison between the dif-
ferent vicinal Si(111) substrates. During the entire preparation
procedure, the pressure did not exceed 5 x 10~7 Pa, while the
measurements were performed in sifu in different chambers
with base pressures below 1x 1078 Pa.

STM and STS experiments were carried out at the Techni-
sche Universitit Berlin with a home-built STM setup operat-
ing at room temperature using a commercial SPECS Nanonis
control electronics. Electrochemically etched W tips were
used after cleaning in UHV by electron bombardment. For
processing the STM images, the WSXM software was used
[41]. STS spectra were taken as point spectra with the differ-
ential conductance measured simultaneously using a software
lock-in amplifier.

XPS data were taken at the UES6/2 PGM-1 and UES56/2
PGM-2 beamlines at BESSY II (Helmholtz-Zentrum Berlin)
using a different chamber system, which was equipped with a

SPECS PHOIBOS 100-electron analyzer operating in normal
emission geometry. Again, all data were obtained at room
temperature.

III. RESULTS AND DISCUSSION

The fundamental requirement of any growth study is the
use of well-defined substrates. Thus, the clean Si(hhk) sub-
strates used for the Tb-induced nanostructure formation are
discussed first. Afterward, STM results on the growth of
the various nanostructures are presented separately for the
two offcut directions before the nanostructures are further
characterized and identified using STS and XPS. Finally, the
influence of Tb segregation into the Si bulk is discussed.

A. The clean Si(hhk) substrates

Vicinal Si(111) surfaces with different offcut angles toward
the [112] direction are used as substrates for the growth of
Tb silicide nanostructures. Figure 2(a) shows a schematic
view though a Si crystal, in which the substrates used in this
study are highlighted. In total, four different substrates where
deployed to investigate the influence of the offcut direction as
well as the magnitude of the offcut angle. Si(775) and Si(553)
represent substrates with positive offcut angles of +8.5° and
+12.5°, respectively. In contrast, Si(557) and Si(335) have
negative offcut angles of —9.5° and —14.4°, respectively. It
should be noted that positive and negative offcut angles lead
to nonequivalent step structures. This is apparent, e.g., by
the number of dangling bonds at the step edge atoms of the
unreconstructed substrates, which are highlighted by colors
in Fig. 2(a) for the substrates used in this study. For Si(hhk)
substrates with & > k, there is only one dangling bond per edge
atom, in contrast to two dangling bonds for Si(hhk) substrates
with h <k.

Significant differences between the two offcut directions
are also observed by STM for the clean reconstructed surfaces.
For the two negative offcut angles studied here, the surfaces
show a regular arrangement of narrow (111) facets alternating
with a step structure [see Figs. 2(b) and 2(c)]. In most cases,
the (111) facets contain only a single row of 7 x 7 unit cells,
as they are known from planar Si(111) substrates. However,
the distance between neighboring (111) terraces is larger for
increasing absolute value of the offcut angle, i.e., the larger in-
clinations of the (111) terraces with respect to the nominal sur-
face have to be compensated by wider step structures. These
findings are in good agreement with the literature [42—45].

In contrast to the rather similar appearance of the substrates
with negative offcut angles, there is a larger variety for the
positive offcut angles studied here. For the clean Si(775)
surface, shown in Fig. 2(e), wide (111) terraces containing
multiple rows of 7x 7 unit cells alternate with large areas of
a fairly regular step structure. In contrast, no complete 7 x7
unit cell is usually observed on Si(553) surfaces since there
are only very narrow (111) facets forming a regular array
[see Fig. 2(d)]. Again the observations made here are in good
agreement with the literature [46,47].

In the following, it will be discussed if these apparent
differences of the two offcut directions also lead to the growth
of different nanostructures.
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FIG. 2. (a) Schematic view through a Si crystal along the [110]
direction with the vicinal Si substrates used in this study highlighted
by colored lines. The black circles represent Si atoms, while the
larger colored circles indicate Si atoms cut by the respective vicinal
substrate planes. (b) to (e) STM images of the clean pristine surfaces
of (b) Si(335), (c) Si(557), (d) Si(553), and (e) Si(775). The green
rhombi in (b), (c), and (e) mark 7x7 unit cells. The sample biases
(V) are (b) +1.5V, (c) —1.5V, (d) +1.0V, and (e) —1.5V, while
the tunneling current (/) is 100 pA for all STM images shown in this
paper.

B. Tb silicide nanostructure formation on Si(khk)

The STM results on the Tb-induced nanostructures are
presented separately for the two offcut directions starting with
the substrates having negative offcut angles toward the [112]
direction.

1. Si(hhk) substrates with h <k

The preparation parameters to obtain a closed Tb disili-
cide monolayer on planar Si(111) substrates are well known
[17,37]. Due to Tb segregation into the Si bulk (see Sec. III D),
slightly more than 1 ML has to be deposited and annealed
at about 500°C. Using this preparation procedure and a
Si(557) substrate, highly elongated nanostructures extending
in the [110] direction and characterized by straight edges
are observed [see Fig. 3(a)]. Based on the appearance of the
nanostructures as linear structures with lengths often exceed-

FIG. 3. (a) and (b) Overview STM images of preparations using
(a) a Si(557) and (b) a Si(335) substrate and the typical preparation
parameters for a closed Tb disilicide film on planar Si(111) substrates
[Tb coverage ® = 1.4 ML and annealing temperature 7 = 500 °C
for both preparations, (a) V = —1.5V,and (b) V = +1.5 V]. (c) and
(d) Overview STM images of preparations using only submono-
layer amounts of Tb on (c) Si(557) and (d) Si(335) (® = 0.6 ML,
T =500°C, and V = —1.5V for both samples).

ing 100 nm and with homogeneous widths, they are denoted
as nanowires in this paper.

The nanowires on Si(557) have an average width of about
3.6nm and their surfaces appear smooth, i.e., similar to Tb
dislicide monolayers on Si(111) substrates for the used tun-
neling conditions [17,37]. Increasing the offcut with respect
to Si(111), similar nanostructures are observed on Si(335) for
the same preparation parameters [see Fig. 3(b)]. Due to the
larger offcut, the nanowires are even narrower with average
widths of 2.5 nm, but their growth is not as homogeneous as
for the Si(557) substrate. On both substrates, the inclinations «
of the nanowire surfaces with respect to the average substrate
surfaces, |OlSi(557)| =9°42°and |OéSi(335)| =15 % 20, are in
good agreement with the values expected for (111) facets,
a further indication for Tb disilicide nanowires forming on
(111) facets.

A deposition of less than 1 ML Tb on Si(hhk) substrates
with & <k leads to (111)-oriented terraces that are even nar-
rower and longer than the nanowires observed for higher Tb
coverages [see Figs. 3(c) and 3(d)]. However, these terraces
are not uniformly covered with nanowires, but also show
roughly appearing sections indicating the formation of a dif-
ferent surface structure. Thus, while the (111) terraces are on
average much more extended in [110] direction, the nanowires
are often rather short.

The difference between the nanowires and the roughly
appearing structures is more apparent in the more detailed
images shown in Fig. 4. Green arrows indicate nanowires
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(a)

FIG. 4. Detailed STM images of the main structures observed
on Si(557) and Si(335) being nanowires (marked by green arrows),
rough terraces (marked purple), and nanolines (marked orange).
(a) Si(557) substrate covered by 1.3ML Tb (top) and 0.6 ML
Tb (bottom) annealed at 500°C (top V = —1.5V and bottom
V = +1.5V). (b) Si(335) substrate covered by 0.6 ML Tb annealed
at 500°C (V = —1.5V). The dashed line in (a) indicates (110)
directions.

and purple ones roughly appearing (111) terraces. A Tb-
induced surface structure known from planar Si(111) sub-
strates with a similar rough appearance is the 2v/3 x2+/3
submonolayer [17,38]. The present observation that the den-
sity of the roughly appearing terrace sections increases with
decreasing Tb coverage is in agreement with the assignment
to a Tb-induced submonolayer structure. Unfortunately, there
are no large domains with an apparent 2+/3 x 2+/3 periodicity
on the roughly appearing terrace sections, thus a conclusive
assignment is not possible by STM alone. Similarly, atomic
resolution was not achieved on the nanowires, preventing a
definite assignment to the Tb disilicide. However, a further
indication for the latter assignment are the edges at the
nanowire ends predominantly lying in (110) directions [see
dashed green line in Fig. 4(a)].

In addition to the nanowires and the presumed Tb-induced
submonolayer structure, there is another often occurring
surface structure, which is marked by orange arrows in
Fig. 4. Similar to the nanowires, these linear structures appear
smooth but, with widths below 1 nm, they are much narrower
than an average nanowire. In this paper, they are denoted
nanolines. Due to their small widths and the convolution of
the surface morphology with the STM tip structure in STM
images, it is not possible to determine the surface orientation
of the nanolines. Thus, they may form on a facet different
from (111). Furthermore, it is not possible at the moment
to determine if the nanolines are Tb-containing structures or
if they consist purely of Si. Clean Si(337) facets, e.g., have
a very similar appearance [42] and may be present here to
achieve the average surface orientation in the presence of the
rather wide (111) terraces.

2. Si(hhk) substrates with h >k

In the following, the STM results regarding the formation
of Tb-induced nanostructures on Si(hhk) substrates with &>k
are presented.

Figures 5(a) and 5(b) show the nanostructure formation on
Si(775) and Si(553), respectively, when using the preparation
procedure to obtain a closed Tb disilicide monolayer on planar

FIG. 5. Overview STM images of preparations on (a) and
(c) Si(775) substrates and (b) and (d) Si(553) substrates using
(a) and (b) Tb disilicide monolayer preparation parameters [® =
1.3ML, T =500°C, (a) V=-2.5V, and (b) V =—-1.5V] and
(c) and (d) submonolayer amounts of Tb (blank width) [® = 0.6 ML,
()T =500°C,(d) T =450°C, and V = —1.5V for both images].

Si(111) substrates. Nanostructures with rather large widths
often exceeding 10 nm and small lengths are observed. For
the larger offcut angle, i.e., for the Si(553) substrate, the
average aspect ratio of the nanostructures is slightly increased.
However, the width of the nanostructures often drastically
varies along the substrate steps. Thus, these nanostructures
are not labeled nanowires, which would mean large aspect
ratios and homogeneous widths. Instead, they are denoted as
elongated islands in this paper.

For Si(hhk) substrates with h <k, an increase in (111)
terrace length and a decrease in (111) terrace width were
observed for submonolayer amounts of Tb. The same occurs
for Si(hhk) substrates with &>k, where (111) terraces with
lengths exceeding 100 nm are observed [see Figs. 5(c) and
5(d)]. Furthermore, similar to the observations for & <k, the
(111) terraces are usually not covered homogeneously with a
single type of surface structure. Taking a look at the detailed
STM images shown in Fig. 6, there are again two different
terrace sections with a smooth or rough appearance, which
may be tentatively assigned to the Tb disilicide monolayer
or the 2+/3x2+/3 submonolayer, respectively. Due to the
rather wide (111) facets, it was possible to obtain a better
resolution on the roughly appearing terraces. Domain walls
of the 2+/3 x 2+/3 submonolayer structure appear to dominate
these terraces [see the inset in Fig. 6(a)] [17,38,48].

The presumed Tb disilicide monolayer sections now have
larger aspect ratios compared to the elongated islands. How-
ever, the width of these low coverage structures is still inho-
mogeneous. Thus, they are denoted as nanostripes to differen-
tiate them from the nanowires observed at & <k showing ho-
mogeneous widths. An analysis of the width of the nanostripes
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FIG. 6. Detailed STM images of the structures observed on
Si(775) and Si(553) for low Tb coverages being nanostripes (marked
by yellow arrows) and rough terraces (marked purple). (a) Si(775)
substrate covered by 0.6 ML Tb annealed at 500°C (V = —1.5V)
and (b) Si(553) substrate covered by 0.6 ML Tb and annealed at
500°C (V = —1.5V). The inset in (a) shows a 4-nm-wide area of
aroughly appearing terrace.

at their widest extensions yields values of about 8 nm for
nanostripes on Si(775) and of about 6 nm on Si(553), i.e., the
nanostripes are narrower for larger offcut angles, in analogy
to the observations made for nanowires on Si(hhk) substrates
with & <k. Also similar to the nanowires, the inclinations of
the nanostripe surfaces with respect to the average substrate
surfaces, |osi775)] = 10° £2° and |asi(s53)| = 12° £2°, are
within their uncertainties in agreement with the values ex-
pected for (111) facets.

Another remarkable difference between both offcut direc-
tions is that no nanolines are observed for Si(hhk) substrates
with & > k. This indicates that the formation of nanolines is not
connected to (111) terraces, which are found for both offcut
directions, but requires terraces or step structures having a
negative offcut angle toward the [112] direction.

C. Identification of silicide structures

Up to now, the assignment of the observed structures is
only based on their appearance in STM images. To confirm
the proposed assignment, the structures were further analyzed
using STS and XPS, as presented in the following.

1. Tunneling spectroscopy

An STS spectrum of the normalized differential conduc-
tance obtained by positioning the tip above a roughly ap-
pearing terrace on Si(335) is shown in Fig. 7(a) as a purple
graph, together with an STS spectrum taken above a do-
main of the Tb-induced 2+/3 x 2+/3 submonolayer on Si(111)
shown in black. The course of both spectra is very similar,
e.g., showing local maxima at about —1.3V, slightly above
0V, and at about 4+0.8 V. These results agree nicely with
density-functional theory calculations [38]. Thus the STS
results further prove the assignment of the roughly appearing
terraces to the 2+/3 x 2+/3 submonolayer. The main difference
between both spectra is the decreased normalized differential
conductance between —1.0V and OV for the rough terraces.
This discrepancy is related to the different tip stabilization
conditions with the tip farther away from the sample for the
submonolayer on the Si(335) substrate, leading to negligible
current [see the (V') data in the inset in Fig. 7(a)].

(@73

(dIdV)[(IIVY+c]™ (a

(b)

(dIdVy(I1V) (a.u.)

0
V(V)

FIG. 7. (a) STS data taken on roughly appearing terraces on
Si(335) in purple and on well-ordered domains of the Tb-induced
2V3%2/3 submonolayer on Si(111) in black. Due to the wide
voltage range with low current for the roughly appearing terrace
[see inset], the normalized differential conductance was calculated
in analogy to Ref. [49]. (b) STS data of the Tb disilicide monolayer
on Si(111) as continuous black graph, the Tb silicide multilayer as
dashed black graph, nanowires in green, and nanolines in orange. The
insets show corresponding /(V') curves.

For the nanowires and nanolines, in contrast, finite slopes
are observed in the (V) curves around OV, as shown by
the green and the orange graphs in the inset in Fig. 7(b),
respectively. Such a metallic behavior is expected for nano-
structures of the Tb dicilicide monolayer [37,38]. However,
the normalized differential conductance of the nanowires and
the Tb disilicide monolayer on Si(111) are distinctly different
[compare green and black graphs in Fig. 7(b)]. Similarly,
also the STS spectrum of the nanolines, shown in orange in
Fig. 7(b), cannot be related well to the Tb disilicide monolayer
on Si(111) substrates or to the nanowires. Furthermore, there
is also no spectral agreement between nanowires or nanolines
with the Tb silicide multilayer on planar substrates [dashed
black graph in Fig. 7(b)]. Thus, a clear assignment of the
nanowires or the nanolines to one of the silicide structures is
not possible on the basis of the STS results alone. On the other
hand, the STS data may be affected by a structured density of
states of the tunneling tip or by electronic confinement due to
the reduced width of the nanostructures, which may lead to
the observed spectral deviations.

2. Core-level photoemission spectroscopy

While the electronic structure of a material might change
by confinement, its chemical composition and consequently
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FIG. 8. Si-2p spectra of a clean Si(557) substrate and the same
substrate after a nanowire preparation with deposition of 1.15 ML
Tb and annealing at 500°C (hv = 200eV). The dashed Si bulk
component in the nanowire spectrum corresponds to electrons from
Si atoms not influenced by the nanowires.

the corresponding core-level spectra should be rather inde-
pendent of such effects since they are dominated by local in-
teractions. In the following, Si-2p spectra are analyzed. They
are least squares fitted using spin-orbit split Voigt profiles to
include both lifetime and instrumental broadening. A fixed
spin-orbit splitting of 0.60eV and a fixed intensity ratio of
2 : 1 are used to reduce the number of fit parameters. For every
spectrum, a constant Lorentzian width of 0.10eV (full width
at half maximum) is used for all peaks. The Gaussian widths
of the peaks were typically between 0.30eV and 0.40eV. A
constant as well as a Shirley-type background are considered.
The spectra of the same sample were fitted for different photon
energies (hv = 130eV, hv = 160eV, and hv = 200eV) until
good results were obtained with differences of the chemical
shifts of identical components below 0.01eV. Si-2p spectra
taken with Av = 200eV have the least surface sensitivity,
while measurements with v = 130eV are the most surface-
sensitive ones, enabling an assignment of spectral components
to bulk and surface Si atoms based on the dependence of their
relative intensities on the photon energy.

Figure 8 shows Si-2p spectra for a clean Si(557) substrate
and for one covered with nanowires. The spectrum of the clean
surface can be fitted well by using the spectral composition
known from planar Si(111) substrates [50]. In contrast to
typical spectra of clean planar substrates, the relative intensity
of the Si bulk component is strongly increased, in agreement
with the reduced surface coverage by the 7 x 7 reconstruction.
In addition, the so-called C; component is stronger for the
vicinal substrate, which may be related to the step structure.

The Si-2p spectrum drastically changes upon nanowire
preparation. In general, it can be fitted well using the known
spectral composition for the Tb disilicide monolayer [37], but
an additional weaker spectral component has to be included
(marked purple), which lies about 0.40eV higher in kinetic
energy than the silicide component (marked red). This addi-
tional component may originate from a surface structure that
is not significant on planar substrates.

Another difference between the nanowire spectrum and
the typical Tb disilicide monolayer spectrum is the increased
intensity of the Si bulk component attributed to substrate areas
not influenced by nanowires (dashed dark blue component
in Fig. 8). This is in good agreement with the observations
made with STM. For the nanowire sample shown in Fig. 3(a),
where typical preparation parameters for a complete coverage
of a planar Si(111) substrate were used, only a fraction of the
surface is covered by nanowires.

There is a second spectral component related to photoemis-
sion from the Si bulk (continuous dark blue in the upper part
of Fig. 8). This Si bulk component is strongly shifted in energy
with respect to the position of the Si bulk component found for
the clean Si(557) substrate. Such a strong shift is expected for
photoelectrons from below and the immediate surrounding of
Tb disilicide monolayer structures due to the induced strong
changes of the Fermi-level position in the Si band gap [37,38].
Interestingly, the corresponding shift of the Fermi level can
be determined to AEg &~ 0.37eV for the nanowire samples,
which is even slightly larger than the value of AEr &~ 0.33eV
observed for planar substrates and corresponds to a Fermi-
level position very close to the conduction band minimum of
the Si substrate [37]. The resulting Fermi-level position upon
Tb disilicide formation should be rather independent of the
substrate orientation since the same (111) interface forms, but
the initial Fermi-level position of the bare substrate may be
different for vicinal substrates due to the influence of the steps.

The relative intensity of the shifted Si bulk component
compared to the silicide component is rather low when com-
pared with data for Tb disilicide films on planar substrates.
This may be related to the fact that the Si(111) terraces with
the nanowires are surrounded by steps leading to a reduced
influence of the nanowires on the Fermi-level position in
neighboring areas. In addition, there may be contributions at
very similar kinetic energies as the silicide component, e.g.,
originating from Tb-induced structures at steps.

The good agreement between Si-2p spectra of the nanowire
preparation on Si(557) and the Tb disilicide monolayer on
Si(111) indicates the formation of Tb disilicide nanowires
confirming the above assignment based on the STM data.
Si-2p spectra of nanowire or nanostripe preparations using
Si(335), Si(775), and Si(553) substrates are shown in Fig. 9.
All spectra can be fitted well using the same spectral com-
position as found for the nanowire preparation on Si(557).
Thus, also the narrower nanowires on Si(335) as well as the
nanostripes on Si(hhk) substrates with 4>k consist of a Tb
disilicide monolayer.

The additional component (colored purple) found for the
nanowire preparation on Si(557), but not for the Tb disilicide
monolayer on planar substrates is observed in all spectra.
Consequently, it cannot be related to the presence of nano-
lines, which are only observed on Si(hhk) substrates with
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— Si bulk
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FIG. 9. Si-2p spectra of Tb silicide nanostructure preparations on
Si(hhk) substrates using submonolayer Tb coverages (hv = 200eV,
®Si(335) =0.70 ML, ®Si(775) =0.55 ML, ®Si(335) = 0.65 ML, and
T =500°C for all preparations). The dashed Si bulk compo-
nents correspond to electrons from Si atoms not influenced by the
nanowires.

h<k. Similarly, the terraces covered by the 2+/3 x2+/3 re-
constructed submonolayer can be excluded since its surface
coverage for the present nanowire preparation on Si(557)
should be very low based on the STM data [see Fig. 3(a)
and top part of Fig. 4(a)]. The only remaining common
surface structure observed for both offcut directions is the Tb
disilicide monolayer forming the nanowires and nanostripes.
Thus, the purple colored component is presumably related to
these structures.

In general, the relative intensity of this additional compo-
nent increases with increasing offcut angle, i.e., for narrower
nanostructures, and it is more pronounced for nanowires than
for nanostripes. With decreasing width of the nanostructures,
the relative contribution of the nanostructure edges increases.
This behavior indicates that the additional component may be
directly related to the straight edges in the [110] direction
that are often disrupted for nanostripes. Such edges are also
apparent for the Tb disilicide monolayer on planar substrates.

o

AR

FIG. 10. (a) STM image of areused Si(557) sample covered with
1.35ML Tb for the second time (T = 450°C and V = +1.5V).
(b) STM image of a reused Si(335) sample covered with 0.60 ML
Tb for the third time (7 = 500°C and V = —2.5 V). The lower parts
show STM images of the first identical preparations of nanowires on
the same substrates.

However, the ratio of edge atoms to inner atoms is very low for
these extended films, leading to a nondetectable edge-related
Si-2p spectral component.

D. Tb segregation

The STM images showed surface coverages well below
1 ML, even when depositing slightly more than 1 ML Tb. Still,
the grown structures consist of the Tb disilicide monolayer
as proven by XPS. While further Tb-induced structures form
on the surfaces, their heights do not indicate that they consist
of multilayers leading to an actual Tb coverage below 1 ML.
Thus, there is a finite Tb amount that is unaccounted for,
which is discussed in the following.

The segregation of rare-earth atoms into the Si bulk during
annealing procedures and their reaccumulation at the surface
during cooling is well-known for Tb, Gd, and Y [37,51-54].
This means that no completely clean surface can be recovered
by flash annealing after a preparation of Tb silicide nanostruc-
tures. This is, e.g., reflected by the observation that Si(hhk)
substrates with & < k show wider (111) terraces than at pristine
samples. The additional Tb also leads to differences in the Tb
silicide nanostructure growth when reusing substrates.

The upper image in Fig. 10(a) shows the result of a second
nanowire preparation using the typical parameters for a closed
Tb disilicide monolayer on planar substrates, but with a flash
annealing cycle in between the two nanowire preparations.
The nanowires are significantly wider than in the first prepa-
ration (shown in the lower image), now characterized by
average widths of about 4.9 nm. Furthermore, the surface
coverage with nanowires is much higher now. Thus, repeated
preparations on the same substrates strongly influence the
nanostructure growth.

On the one hand, this may pose problems regarding the
comparability of different studies. For similar preparation
parameters, wider nanowires were found on Si(557) substrates
for Dy and Er than in the present paper for Tb [31,32],
which may simply be traced back to the reuse of substrates.
On the other hand, the history of the sample also represents
an additional preparation parameter that may be useful to
achieve the desired nanostructure growth. It is found, e.g.,
that nanowires on Si(335) grow more homogeneously when
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a substrate is reused. Utilizing this approach, a homogeneous
growth of well-defined nanowires with average widths of
only 2.3 nm was achieved for submonolayer Tb coverages on
Si(335) substrates [see Fig. 10(b)].

IV. CONCLUSION

In this paper, the growth of Tb-induced nanostructures on
Si(hhk) substrates was analyzed with STM and the resulting
structures were additionally identified using STS and XPS. In-
dependently of the offcut direction, both the metallic Tb disili-
cide monolayer and the Tb-induced 2+/3 x 2+/3 reconstructed
submonolayer are formed. However, the Tb disilicide mono-
layer forms well-defined nanowires with straight edges only
on Si(hhk) substrates with & <k. Very narrow metallic nano-
lines are also exclusively observed for this offcut direction.
In general, narrower Tb disilicide nanostructures are observed

for Si(hhk) substrates with increasing absolute values of the
offcut angle with respect to Si(111). In this way, nanowires
with an average width as low as 2.3 nm were grown. For such
a strong confinement of a two-dimensional film in one direc-
tion, one may also expect a strong influence on the electronic
structure, possibly leading to the observation of quasi-one-
dimensional physics, which should be addressed in the future.
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