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Structural and electronic properties of rare earth silicide nanowires on Si(557)
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We report on the atomic structure and electronic properties of self-organized dysprosium and erbium silicide
nanowires on Si(557), studied using scanning tunneling microcopy and angle-resolved photoelectron spectros-
copy. The nanowires were prepared by deposition of different rare earth amounts and subsequent annealing for
silicide formation. Due to the stepped structure of the Si(557) surface, nanowires form along the step edges,
showing a variety of structurally and electronically different types, depending on the preparation conditions. At
submonolayer dysprosium coverages, different chainlike structures dominate, showing one-dimensional dis-
persion with half-metallic properties. These nanowire regions are separated by 7 X7 reconstructed Si(111)
facets or submonolayer dysprosium silicide patches on these facets. At monolayer coverages, in contrast,
mainly nanowires with lengths exceeding 1 um and widths of a few nanometers are found, forming on the
(I11) facets of the Si(557) surface. Their electronic properties are characterized by a two-dimensional band
structure with strong dispersion both parallel and perpendicular to the nanowires and clear metallic behavior,
and it is demonstrated that they are formed from hexagonal DySi, monolayers. In the case of thicker silicide
layers, metallic nanowires form again on the Si(111) facets, but with clear structural and electronic character-
istics of hexagonal Dy;Sis multilayers. At these coverages, additional structures are found, which show an
intense signal in the photoelectron spectroscopy data. Related experiments on the growth of erbium silicides

indicated the formation of very similar nanowire structures.

DOI: 10.1103/PhysRevB.79.155428

I. INTRODUCTION

Nanostructures are of high interest because of the quan-
tum effects due to the nanometer scale, which result in physi-
cal properties tunable by size and shape, allowing a variety
of applications, e.g., in electronic devices. For the prepara-
tion of nanostructures, self-assembly is one of the most pow-
erful tools both to overcome the resolution limits of tradi-
tional lithographic techniques and for reducing the amount of
crystalline defects, which may deteriorate the electronic and
optoelectronic properties. In this respect, self-organized
nanowires are interesting both for an improved understand-
ing of the growth mechanisms and because of the peculiar
physical and in particular electronic properties of these one-
dimensional structures. Furthermore, they are attractive, e.g.,
for the fabrication of electronic devices or for high-density
data storage.

About one decade ago it was demonstrated that self-
organized rare earth silicide nanowires can be grown on pla-
nar Si(001)2 X 1 surfaces,’ and since then several studies
were performed to study growth, structure, and electronic
properties on both planar and vicinal Si(001)2X 1
surfaces.>® The structural properties of these nanowires
were shown to depend strongly on the preparation condi-
tions, notably rare earth coverage and substrate temperature
during deposition or post-growth annealing. One species
dominant at monolayer coverages, the so-called broad nano-
wires, was shown to consist of hexagonal rare earth disilicide
such as DySi, with its ¢ axis aligned perpendicular to the
nanowires but within the surface plane.>* These nanowires
are forming due to anisotropic strain, which is negligible in
nanowire direction but considerable in ¢ direction. Recently
it was demonstrated that these nanowires are metallic and
characterized by a one-dimensional electronic structure with
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a strong dispersion in nanowires direction but negligible dis-
persion in perpendicular direction.>

The nanowire growth on Si(001) is in strong contrast to
the layered growth of rare earth silicides found on planar
Si(111). In the latter case, the trivalent rare-earth metals are
forming silicides with wide defect-free terraces’ and rather
extreme Schottky-barrier heights.!®!? In the case of mono-
layer coverages, almost unstrained rare earth disilicides with
the ¢ axis normal to the substrate surface are observed,'
which are metallic and characterized by a two-dimensional
electronic structure.!®!3 In the case of thicker layers, the di-
silicide is slightly modified due to an ordered arrangement of
silicon vacancies in the planar graphenelike silicon sheets
located in the silicide bulk, resulting in a V3 X y3R30° su-
perstructure with—for the case of dysprosium—a Dy;Sis
composition.'? On vicinal Si(111) surfaces with high miscut
angles, rare earth silicide growth was observed as well, but in
this case arranged in the form of silicide nanowires along the
step edges.!®

The latter result indicates that self-organized nanowire
growth can also be expected for the Si(557) surface. Si(557)
is vicinal to Si(111) by an angle of about 10°, and the bare
surface facets into (111) terraces with widths of about 3 nm,
separated by [112]-oriented regions of about the same
width.!7-1° Up to now, only a few investigations were per-
formed to study thin-film growth on the Si(557) surface.
Mainly the formation of Au chains?*??> and Pb nanowires>
on Si(557) was studied in detail. In the case of the Au chains,
an anisotropic electronic structure was observed, which,
however, did not show a pure one-dimensional behavior
since weak interactions of neighboring nanowires lead to a
weak dispersion perpendicular to the nanowires.?> For Pb
nanowires, a temperature-dependent switching of the dimen-
sionality could be observed.?* Rare earth silicide structures
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on the Si(557) surface, however, were—to our knowledge—
not investigated, with the exception of a recent publication,
where we briefly reported on the properties of dysprosium
silicide nanowires at monolayer coverages.’*

In this work we present a detailed study on the formation
of different wirelike rare earth silicide structures on the
Si(557) surface in a large range of exposures and post-
growth annealing conditions. The use of scanning tunneling
microcopy (STM) and angle-resolved photoelectron spec-
troscopy (ARPES) provides both structural information and
k-resolved data on the electronic properties, respectively. De-
pending on the preparation conditions, different structures
with different dimensionality of the electronic properties are
found. Submonolayer dysprosium coverages lead to chain-
like structures with clearly one-dimensional electronic prop-
erties and half-metallic behavior. At coverages around one
monolayer, in contrast, rather broad nanowire structures were
formed on the (111) facets of the Si(557) surface, which
show both structural characteristics and the two-dimensional
electronic properties of metallic hexagonal DySi, monolay-
ers on Si(111). The situation is similar at thicker layers,
where predominantly hexagonal Dy;Sis multilayers are
formed on the (111) facets, but here also other structures
seem to contribute. STM and ARPES data of erbium silicides
on Si(557) show essentially a very similar behavior.

II. EXPERIMENTAL DETAILS

Clean Si(557) surfaces were prepared in the usual way?®
by repeated flashing a resistively heated p-doped Si(557) wa-
fer to 1100—1200 °C and then cooling down, which oc-
curred slowly during about 5 min within the temperatures
range from 800 °C to 500 °C in order to allow the forma-
tion of the facetted surface structure. The sample tempera-
tures were measured using an infrared pyrometer with an
accuracy of =20 °C.

The rare earth silicide structures were prepared in situ by
deposition of 99.9% pure dysprosium or erbium from
electron-beam heated tungsten crucibles on the substrate held
at room temperature. The amount of rare earth exposure was
determined by using a quartz-crystal microbalance with an
accuracy of 20%. Afterwards the sample was annealed for
about 2 min for silicide formation, resulting in different
nanowire types depending on the rare earth exposure and
post-growth annealing temperature.

For the STM experiments we used a noncommercial setup
with tunneling currents from 0.1 to 0.5 nA and sample volt-
ages between —1 and -2.5 V, i.e., the filled states mostly
related to the silicon atoms were imaged.'? The ARPES ex-
periments were performed at the BUS beamline (U125/2-
SGM) at BESSY II in Berlin using a Scienta SES 100 spec-
trometer at a photon energy of 41 eV. The base pressure in
both systems was lower than 5X 10~'! mbar and did not
exceed 2 X 1079 mbar during the entire preparation process.
It should be noted that such excellent ultrahigh-vacuum con-
ditions are necessary in order to prevent contamination of the
highly reactive rare earth systems.

III. RESULTS AND DISCUSSION
A. Bare Si(557) surface

In Fig. 1, representative STM results are shown for the
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FIG. 1. (Color online) (a) STM overview image and (b) detailed
image of the bare Si(557) surface, with the 7 X7 unit cell marked
by red rhombi. (c) Height profile (black) along the yellow line in (b)
to determine the facet orientations. The red lines indicate facets
with an angle of about 10° with respect to the average (557) surface
(dotted black line), typical for (111) facets, while the green lines
with an angle of about —10° can be related to (112) facets.
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FIG. 2. (Color online) ARPES data of the bare Si(557) surface

taken (a) along and (b) perpendicular to the steps in [110] direction,
which separate the facets.

bare Si(557) surface. It is clearly observed in Fig. 1(a) that

the surface forms regular facets with steps along the [110]
direction. Another high straight step is observed at the bot-
tom of the image, which is related to a slight misorientation
of the silicon wafer. As shown in Fig. 1(b), one facet family
consists of (111) terraces with 7 X7 (and sometimes also 5
X 5, not shown here) reconstructed patches and widths of
one to two 7 X7 unit cells amounting in average to about 3
nm.'” As derived from the height profile shown in Fig. 1(c),
also the angle of these terraces (indicated by the red lines),
amounting to about 10° with respect to the average substrate
surface (black dotted line), agrees nicely with the (111) ori-
entation. The other facet family (green lines) also shows
atomic resolution and can be assigned to a stepped Si(112)
surface on the basis of the measured angle of about —10°
with respect to the average surface. These findings are in
agreement with earlier STM results on this surface.!’°
Figure 2 shows corresponding ARPES results of the bare
Si(557) surface (a) along and (b) perpendicular to the steps.
These plots show the photoelectron intensity as a function of
binding energy and angle and thus directly visualize the dis-
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persion of the electronic states in the tilt direction of the
analyzer with respect to the sample. The ARPES data are
filtered using illumination effects in order to highlight the

dispersing features. Here and in the following, Ml qand Ty,
represent the symmetry points in the surface Brillouin zone

of the (111) facets, while I'ss, stands for the surface normal.

At binding energies of 0.2 and 0.8 eV, the typical nondis-
persing surface states of the Si(111)7X7 surface are
found,? which are marked by blue arrows. At about 0.7 eV
binding energy there is a step in the photoelectron intensity,
marked by dashed green lines, which can be related to the
bulk valence-band maximum, in nice agreement with Ref.
25.

There are further strongly dispersing states at higher bind-
ing energies, which are mainly related to silicon bulk bands
and will thus not be discussed here. In the following, only
bands within the substrate band gap will be considered, i.e.,
with binding energies up to about 0.7 eV, since they clearly
belong to the silicon surface and/or the deposited silicide
nanostructures.

B. Submonolayer dysprosium coverages

Now we discuss the structural and electronic properties
observed at low Dy exposures. At submonolayer Dy cover-
ages of 0.5—1 A, various linear structures are observed by
STM, as shown in Fig. 3. These structures have some simi-
larities with the so-called thin nanowires observed on
Si(001).2%7 As it is shown in Fig. 3(b), they usually consist
of thin linelike features with only minute corrugation in
nanowire direction and atomic chains in between with strong
corrugation, but also fractions of this structure are observed.
Both linelike and chainlike features show a 0.76 nm period-
icity in nanowire direction, corresponding to two lattice vec-

tors of the Si substrate in [110] direction. The typical width
of the entire nanowire structure amounts to about 2 nm. The
nanowires form a rather periodic lattice with a lattice con-
stant perpendicular to the nanowires of about 3 nm.

In Fig. 3(a), an inclined stripe showing the Si(111)7 X7
reconstruction is visible in between the chainlike nanowires.
In contrast, Fig. 3(b) shows a similar inclined stripe with a
periodic structure different from Si(111)7X7. A closer
analysis shows windmill-like triple protrusions (orange ar-
row) with a periodicity of about 1.2 nm on several nanometer
wide patches separated by linear dislocations. These struc-
tural features are typical for a silicide found on Si(111)
formed from half a monolayer of dysprosium, which is char-
acterized by a 243 X 23 superstructure.!3

The height contour across the nanowires shown in Fig.
3(c) shows the characteristic angle of about 10° between the
(111) facets (red line) and the average surface (black dotted
line), as already expected. Furthermore, the green line marks
the orientation of the nanowire facet, which has an angle of
about —2° to the average surface orientation, indicating that
the nanowires grow on facets different from (557). This be-
havior demonstrates that the initial faceting of the bare
Si(557) is not conserved when the chainlike nanowires are
formed. The formation of wide non-(557) facets indicates a
high thermodynamic stability of this submonolayer nanowire
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FIG. 3. (Color online) STM images of submonolayer nanowire
structures on Si(557) prepared (a) with 0.5 A Dy and an annealing
temperature of 650 °C and (b) with 1 A Dy and 700 °C, and (c)
height contour along the yellow line in (b). In (a) and (b) also (111)
terraces are found with different appearances.
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structure, which, however, also requires extended (111) fac-
ets in order to compensate the misalignment of the nanowire
facets with respect to the average (557) surface.

Unfortunately, the present STM data do not allow the de-
velopment of a structure model for the thin nanowires on
Si(557). This is attributed to the large unit cell as well as the
stepped substrate surface, resulting in a rather complicated
structure. In addition, up to now high-resolution STM im-
ages could not be obtained at positive voltages, where
dysprosium-related features are pronounced. However, there
are some indications for certain structural building blocks.
First, dysprosium atoms may be found inside of silicon cages
because of the surplus of silicon during silicide formation, as
already found for the broad nanowires on Si(001). Second,
also dysprosium atoms directly at the surface, such as in the
23 X 2\/3 superstructure on the Si(111) facets,!? cannot be
excluded since this structure is also stable at high tempera-
tures up to 700 °C, as observed in Fig. 3(b). Third, accord-
ing to the structural model for the thin nanowires on Si(001)
(Ref. 26) the different corrugation amplitudes of the atomic
chains and the linelike features could be related to different
orientations of Si dimers on top of the silicide. Hence, these
three building blocks could contribute to a structural model.

The typical electronic structure of the chainlike nanowires
prepared at submonolayer coverages is shown in Fig. 4. It is
characterized by a band with strong dispersion parallel to the
nanowires with a holelike state just reaching the Fermi en-
ergy at the J point located at off-normal angles [arrows in
Fig. 4(a)]. From the curvature of this band at J, the effective
mass can be determined to about 0.13m,, with m, being the
free-electron mass. Perpendicular to the nanowires, in con-
trast, no dispersion is observed [Fig. 4(b)] since the experi-
mental band width including the experimental uncertainty is
well below 0.2 eV.

The observed spectral features close to the Fermi energy
differ strongly from the surface states of the bare Si(111)7
X 7 surface shown in Fig. 2, so that they can be related to the
nanowires. The typical surface-state emission of Si(111)7
X7 is also expected to be very weak because of the small
fraction of the surface corresponding to (111) facets. In ad-
dition, the features cannot result from the 2\6 X 2\/§ struc-
ture on the (111) facets, which would show a two-
dimensional band structure. Thus it may be concluded that
the nanowires have a practically one-dimensional electronic
structure with half-metallic behavior in nanowire direction
and only negligible coupling of the electronic states from
neighboring nanowires.

It should be noted here that such holelike parabolic bands
close to the Fermi energy were already observed in the case
of the bare Si(557) surface, as shown in Fig. 2(a), but with an
extremely low intensity. In principle they could be related to
step-induced surface states of Si(557) if such a structural unit
would also be present in the submonolayer case. However,
the much higher intensity of this feature in the present case
makes this assignment improbable. Thus it cannot be ex-
cluded that small amounts of dysprosium stay on the surface
even after flashing since this wafer had already been exposed
to dysprosium before preparation of the bare Si(557) surface.
This could result in a weak nanowire related signal in Fig.
2(a).
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FIG. 4. (Color online) ARPES data of the chainlike nanowire
structure on Si(557) prepared with 0.5 A Dy and an annealing tem-
perature of 700 °C, taken (a) along and (b) perpendicular to the
nanowires.

Parallel to the nanowires, the electronic states reach the
Fermi energy at the J points. These angles of high symmetry
correspond to the boundary of the Brillouin zone of a struc-
ture with 0.38 nm periodicity, indicating that no influence of
the double periodicity observed by STM is found in the
ARPES data. This behavior can be discussed in the frame-
work of the structure of the thin nanowires on Si(001),2°
which probably consists of similar building blocks as the
present structure. This structure contains dysprosium chains
surrounded by a silicon cage structure with 0.38 nm period-
icity, while the surface is characterized by silicon surface
dimers with 0.76 nm periodicity. Thus it can be assumed for
the present case that the main features in the observed elec-
tronic structure and in particular the half-metallicity in nano-
wire direction can be related to the dysprosium atoms and to
those silicon atoms, which are located underneath the surface
and have 0.38 nm periodicity. In contrast, the silicon surface
dimers—and other structural units with 0.76 nm
periodicity—do not contribute significantly to the ARPES
data, but dominate the appearance in the STM images.

PHYSICAL REVIEW B 79, 155428 (2009)
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FIG. 5. (Color online) STM images of DySi, nanowires on
Si(557) prepared with 2 A Dy and an annealing temperature of
700 °C. (a) Shows an overview image of the nanowire growth on
the sample surface, (b) a more detailed image, and (c) is a height
contour along the yellow line in (b). The orange dotted lines in (b)
indicate the endpieces of the nanowires with hexagonal shape char-
acteristic for DySi, monolayers on Si(111).

C. Monolayer dysprosium coverages
2 .
For coverages around 2 A, i.e., close to one monolayer,

different silicide nanowires grow along the [110] direction,
as shown in Fig. 5. These so-called broad nanowires are
characterized by widths of 3-5 nm and lengths exceeding
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(111) facet 0.665 nm

FIG. 6. (Color online) Schematic model of the silicide nano-
wires consisting of hexagonal DySi, monolayers on the (111) fac-
ets, (a) side view and (b) top view. The lateral dangling bonds of the
surface silicon layer are indicated by red ellipses. In reality, the
facets are wider than it is shown here.

1000 nm. In principle, the length of the nanowires is deter-
mined by the diffusion kinetics along the terraces and the
amount of available dysprosium. Under optimum conditions,
the length is only limited by the high substrate steps formed
due to a misorientation of the substrate, as observed in Fig.
1. The area in between is covered by structures similar to the
thin submonolayer nanowires discussed in Sec. III B.

The angle of about 10° between the surface of the broad
nanowires and the average substrate orientation, as derived
from the height contour in Fig. 5(c), indicates that these
nanowires grow on the Si(111) terraces. Furthermore, they
show hexagonal endpieces with clear straight edges along

the {110} directions, as indicated by the dotted lines in Fig.
5(b). These orientations of the edges are characteristic for
hexagonal DySi, monolayer islands grown on Si(111) with
their ¢ axis in surface-normal direction.'

It will be demonstrated in the following that these nano-
wires prepared with monolayer dysprosium coverages in fact
consist of hexagonal DySi, grown on the (111) facets since
(a) their surface has the orientation of the (111) facets, (b) the
structure of the endpieces agrees nicely with the edges of
DySi, on Si(111), and (c) the band structure matches exactly
that of the similar ErSi, monolayers on Si(111).

A schematic model for the growth of the DySi, structure
on the (111) facets is shown in Fig. 6. The hexagonal ¢ axis
is normal to the Si(111) facets where the nanowires grow on.
DySi, consists of a silicon bilayer at the surface and a dys-
prosium layer underneath. Such a growth of two-dimensional
films, as it was observed for the planar (111) surface at
monolayer exposures,’> is also strongly favored in the
present case because of the negligible lattice mismatch.

PHYSICAL REVIEW B 79, 155428 (2009)

However, growth is limited here to the width of the substrate
terraces. Thus, in this case silicide nanowires form in a self-
organized way without the influence of strain, in contrast to
the nanowire growth on Si(001).

The formation of hexagonal endpieces, which is charac-
teristic for the disilicide monolayers, can be attributed to the
low density of lateral dangling bonds of the silicon surface

bilayer at {I110}-oriented edges. As derived from Fig. 6(b),
{110}-oriented edges have a dangling-bond density of

1/0.384 nm=2.60/nm, in contrast, e.g., to {112}-oriented
edges with a 15% larger dangling-bond density of
2/0.665 nm=3.01/nm.

It should be noted here that atomic resolution could gen-
erally not be achieved at the DySi, nanowire surfaces (and
also not for the Dy;Sis nanowires discussed in Sec. III D)
since this would require rather low tunneling voltages of a
few 100 mV.!3 At the present nanowire samples, however,
the rather narrow silicide regions are too close to surface
regions covered with submonolayer nanowires, where such
tunneling conditions cannot be maintained. Thus the un-
avoidable thermal drift prevented an imaging of the nano-
wire surface at low voltages. Hence, no clear structural as-
signment is possible on the basis of the present STM data
alone. However, the ARPES data shown in the following
clearly demonstrate that the nanowires consist of hexagonal
DySi, monolayers.

ARPES data of these nanowires for angular variations
along and perpendicular to the nanowire direction are shown
in Figs. 7(a) and 7(b), respectively. A strong energy disper-
sion is observed in both cases with bands crossing the Fermi
energy, indicating a two-dimensional metallic band structure.
The dispersion along the nanowires, as shown in Fig. 7(a), is
characterized by parabolic bands crossing the Fermi energy
at off-normal directions, while a wavy dispersion is found

around the surface normal I'ss; at a binding energy of about
1 eV. The dispersion perpendicular to the nanowires, as
shown in Fig. 7(b), is also characterized by parabolic bands
around the Fermi energy. Here, the angle of highest symme-

try of the dispersion (at I';;;) is tilted by about 10° away

from the surface normal (at I'ss;), in agreement with the
nominal angle between the (111) facets and the average
(557) surface, indicating that the observed electronic struc-
ture stems from overlayers grown on the (111) facets.

No significant additional bands are observed in Fig. 7.
Only an almost negligible contribution is found from the
half-metallic nanowires dominant at submonolayer cover-
ages since in nanowire direction a small signal from the
holelike parabolic dispersion is visible around M, [corre-
sponding to J in Fig. 4(a)], as marked by the arrows in Fig.
7(a). Such submonolayer nanowires are also observed in the
STM data presented in Fig. 5(b). Furthermore, no features at
different angles of high symmetry are found in Fig. 7(b), so
that other facets—such as the (112) facet of the Si(557)
surface—do not contribute significantly. This suggests that
other facets are not covered by a dysprosium silicide.

In order to confirm the assignment of the nanowire struc-
ture to DySi, monolayers on Si(111) facets, our ARPES data
are compared with previous experimental findings on the
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FIG. 7. (Color online) ARPES data (a) along and (b) perpen-
dicular to the DySi, nanowires prepared with 2 A Dy and an an-
nealing temperature of 700 °C. The blue dots mark points of high
symmetry in the ARPES data. The horizontal lines at around 4.5
and 5.5 eV binding energy stem from the Dy-4f emission. (c) Band
structure of ErSi, on Si(111) from Refs. 14 and 15 for comparison.
(d) Surface Brillouin zone of DySi, showing the directions of the
measurements by red arrows.
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electronic properties of the ErSi,/Si(111) system,'*!> which
are shown in Fig. 7(c). Since ErSi, and DySi, monolayers on
Si(111) are structurally and chemically identical,'? also their
electronic properties are expected to be very similar. In Fig.
7(d), the surface Brillouin zone of DySi,/Si(111) is shown
with electron pockets around M, and a hole pocket around
I'};1, as reported in Refs. 14 and 15 for ErSi,/Si(111). It
should be noted here that experimental constraints only al-
lowed us to tilt the sample away from the surface normal

corresponding to T'ssy, which lies 55% away from the 'y
point on the way to the M, point at the used photon energy
of 41 eV. Thus our data were taken along the red arrows
marked by || and L in Fig. 7(d).

A detailed analysis shows an excellent agreement of our
data taken along both directions with the reported
ErSi,/Si(111) band structure. This is manifested in particular
by the blue markers labeled 1 to 5. At marker 1, the electron
pockets of the M, point can be clearly identified in Figs.
7(a) and 7(b). At the M,;, point there is a second dispersion
curve at around 1.7 eV binding energy (marker 2). This
curve will reach the Fermi energy at the hole pocket around

the ', point (marker 4). Marker 3 is the I'ss; point, and

marker 5 lies at 55% on the way from the I'};; point to the
Ky point.

Perpendicular to the nanowires, the agreement of our
ARPES data shown in Fig. 7(b) with the dispersion along

['};;—M,, for ErSi, shown in Fig. 7(c) is obvious. Also the
binding energies at the markers 1, 2, and 4 are nicely repro-
duced. Parallel to the nanowires, the angular scan shown in
Fig. 7(a) goes through markers 3 and 5, leading to the wavy

appearance around I'ss;, and hits markers 1 and 2 at M.
Again, a nice agreement is obtained at these points with the
results reported for ErSi,/Si(111).

The different appearance of the minima of the parabolas
at the M, point (marker 1) in Figs. 7(a) and 7(b) can be
related to an unavoidable sample misalignment in the order
of 1°, resulting in a slight deviation of the actual angular
scans from the red arrows in Fig. 7(d). In particular, this
misalignment results in a strongly reduced signal at marker 1
in Fig. 7(b), where the electron pocket is only cut at its
margin.

From the curvature of the states crossing the Fermi en-
ergy, the effective masses can be determined. At the electron
pockets around the M, point (marker 1) it amounts to about

0.5m,. At the hole pocket around I';,; (marker 4), in contrast,
the band maximum is unoccupied so that the dispersion has
to be extrapolated, yielding an estimated value for the effec-
tive mass in the order of 0.8m,.

From the structural observations and the measured elec-
tronic dispersion in excellent agreement with the
ErSi,/Si(111) band structure, it can be concluded that the
nanowires grow on the (111) facets forming DySi, monolay-
ers, resulting in a metallic two-dimensional electronic band
structure with sixfold symmetry.

D. Multilayer dysprosium coverages

At larger coverages of 3 A and above, characteristic for
multilayer growth, similar nanowires are observed at the
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FIG. 8. (Color online) STM images of Dy;Sis nanowires on
Si(557) prepared with 3 A Dy and an annealing temperature of
700 °C. (a) Shows an overview of the nanowire growth on the
sample surface, (b) a more detailed image, and (c) is a height con-
tour along the yellow line in (b). The orange dashed line in (b)
indicates the endpieces of the nanowires with rounded shape char-
acteristic for Dy;Sis multilayers on Si(111).

(111) facets, as shown in Fig. 8. They appear slightly broader
and denser than the monolayer-type nanowires described
above. Furthermore, the endpieces are rounder than in the
monolayer case, as indicated by the dashed line. Such end-
pieces are characteristic for the Dy;Sis multilayer structure
on Si(111),3 which was found to form rather round terraces.
This structural assignment is in agreement with recent trans-
mission electron microscopy data on dysprosium silicide

PHYSICAL REVIEW B 79, 155428 (2009)

nanowires grown on vicinal Si(111) with higher miscut
angles of 12° and 15°.16

In the Dy;Sis compound, the silicide bulk consists of de-
fective graphenelike Si sheets characterized by an ordered
array of silicon vacancies, separated by dysprosium layers.
Because of this vacancy structure, the density of dangling
bonds does not seem to vary much with the orientation of the
edge.'® Accordingly the energy of the different edge orienta-
tions may be similar so that the {110} orientation is not fa-
vored any more. This holds in particular for the case of
thicker nanowires, where the surface does not dominate any
more, resulting in a rounder appearance of the endpieces.

In order to control if the nanowires actually consist of
hexagonal Dy;Sis, representative ARPES results are shown
in Figs. 9(a) and 9(b). In these data, again strongly dispersing
states crossing the Fermi energy are observed in both direc-
tions.

Since the Dy;Sis/Si(111) multilayer forms a 3
X \3R30° superstructure with respect to the substrate, the
Brillouin zone reduces by a factor of V3. This is shown in
Fig. 9(d), where the dashed hexagons mark the Brillouin
zone of the silicide and the solid one the Brillouin zone of

the substrate. The symmetry points I'|,;, M},,, and K|, are

now related to Dy;Sis, and some of them match with |
My, and Ky from the 1 X1 reconstructed DySi, because
of zone folding effects.

In Fig. 9(c), previous ARPES results on the electronic
structure of Er;Sis/Si(111) multilayers® are shown, charac-
terized by two bands in the binding-energy range up to 0.8
eV. In order to compare these states with the present data,
Figs. 9(e) and 9(f) show an amplification of the ARPES data
in the region of low binding energies.

The electronlike parabola reported at low binding energies
around M{,, for Er;Sis/Si(111) is also found in the present
data, as indicated by marker 1 and the red curves in Figs.
9(e) and 9(f). However, the band is only observed clearly at
those M,, points matching with M;,; (marker 1), while it
cannot be detected at the other M{,, points at marker 5. This
behavior indicates that zone folding effects, which are due to
scattering at the defective silicon sheets in the silicide bulk,
do not play a significant role in the present ARPES experi-
ments. This effect can be related to the high surface sensitiv-
ity at hv=41 eV and further supports the view that the states
close to the Fermi energy are more related to the rare earth
atoms.? From the parabolas at the M|, points, an effective
mass of about 0.5m, is derived, similar to the monolayer
case.

The second band at slightly higher binding energies re-
ported in Ref. 28 is also found in the ARPES data taken in
both directions, as marked by red lines in Figs. 9(e) and 9(f).
Parallel to the nanowires, a wavy structure is observed,
which nicely matches the Er;Sis/Si(111) bands at markers 2,
3, and 6, as shown in Fig. 9(e). In perpendicular direction,
the W-shaped curve around M, is clearly observed, as in-
dicated by markers 2, 3, and 4 in Fig. 9(f). These findings
confirm the assumption that Dy;Sis multilayers grow on the
(111) facets of the Si(557) surface.

However, besides the features characteristic for
Dy;Sis/Si(111) multilayers, marked by red lines, also other
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FIG. 9. (Color online) ARPES
data (a) along and (b) perpendicu-
lar to the Dy;Sis nanowires pre-
pared with 3 A Dy and an anneal-
ing temperature of 700 °C. The
horizontal lines at around 4.3 and
5.4 eV binding energy stem from
the Dy-4f emission. (c) Band
structure of Er3Sis on Si(111)
from Ref. 28 for comparison. (d)
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showing the directions of the mea-
surements by red arrows. Images
(e) and (f) show respective details
of (a) and (b) at low binding ener-
gies, with the contributions from
Dy;Sis/Si(111) marked red and
those from another unknown
structure marked yellow.
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rather intense bands are found, which are marked yellow in
Figs. 9(e) and 9(f). In Fig. 9(f), they might have the same

symmetry around I';;; so that they could be related to addi-
tional structures on the (111) facets. From the present data,
however, these bands cannot be assigned to a specific struc-
ture.

It should be noted that ARPES data from the Dy;Sis
multilayer nanowires were taken within this study only at
dysprosium exposures up to 3 A. Thus the coexistence of
Dy;Sis nanowires with an additional unidentified structure
can be due to nonideal sample preparation conditions. At
present, it may only be speculated that higher dysprosium

angle [°]

coverages lead to more homogeneous samples with dominat-
ing Dy;Sis nanowires.

E. Erbium silicide nanowires

Erbium was found to form essentially similar silicide
nanowire structures on the Si(557) surface as dysprosium. As
an example, the STM image in Fig. 10(a) shows mainly
ErSi, monolayer nanowires with the characteristic hexagonal
endpieces (dotted lines) already known from DySi,. In addi-
tion, linear and chainlike structures typical for submonolayer
nanowires are occasionally visible in between the monolayer
nanowires.

155428-9



WANKE et al.

a)

N

N

binding energy [eV]
w

[6)]

()

10

0
angle [°]

FIG. 10. (Color online) (a) STM image of ErSi, nanowires on
Si(557) prepared with 2 A Er and an annealing temperature of
700 °C. The dotted line indicates the endpieces of the nanowires
with hexagonal shape characteristic for ErSi, monolayers on
Si(111). (b) Corresponding ARPES data along the erbium silicide
nanowires. The blue markers are related to those in Fig. 7.

This structural finding is supported by the ARPES mea-
surements displayed in Fig. 10(b). The dominating features
are the bands typical for the ErSi, monolayer, as indicated by
the blue markers, which match exactly the bands of the
DySi, monolayer. Less intense features from half-metallic
submonolayer nanowires are also observed, as indicated by
arrows, demonstrating that also very similar submonolayer
structures are formed.

Generally it has been found more difficult to prepare pure
ErSi, nanowires without additional Er;Sis nanowires or sub-
monolayer structures. This might be due to the fact that the
annealing temperature for the ErSi, nanowires is about
50 °C higher than for the case of DySi, nanowires so that
the parameter range for the preparation of homogeneous
samples seems to be more limited.

IV. DIMENSIONALITY OF THE ELECTRONIC
STRUCTURE

In this work it has been demonstrated that for submono-
layer coverages of dysprosium or erbium, only a dispersion
parallel to the nanowires was observed, while there is no
dispersion perpendicular to the nanowires. Such a behavior is
expected for nanowire structures with widths on an atomic
scale and a negligible coupling to neighboring nanowires

PHYSICAL REVIEW B 79, 155428 (2009)

since here a one-dimensional electronic structure develops.

In contrast, the DySi, or ErSi, monolayer nanowires as
well as the Dy;Sis or Er;Sis multilayer nanowires are char-
acterized by a two-dimensional electronic structure with hex-
agonal symmetry. Such a behavior is also expected since the
width of the nanowires amounts to 3-5 nm and thus to 10
unit cells or more so that quantum size effects do not play a
significant role and are—within the present experimental
accuracy—not observed in the ARPES data.

Interestingly, the two-dimensional electronic structure of
DySi, or ErSi, nanowires, grown on Si(557), is in strong
contrast to the one-dimensional electronic structure of the
so-called broad rare earth silicide nanowires grown on
Si(001),>° although they are formed from the same chemical
compound, hexagonal rare earth disilicide. The main differ-
ence is that for the silicides on Si(557) the hexagonal c axis
lies vertical to the (111) facets, while it lies within the sub-
strate surface for the case of Si(001). Because of the layered
structure of the silicide, the electronic coupling between
neighboring rare earth layers is significantly lower than
within the layers. This explains why a one-dimensional elec-
tronic structure is observed for disilicide nanowires on
Si(001).

However, there are several similarities of the band struc-
ture in both nanowire systems: If the electronlike bands at

the M;; points are projected in I',;;—=M,,, direction [see
Fig. 7(d)], which corresponds to the [001] direction of the
Si(001) substrate, similar parabolic bands are expected in the
direction of the broad nanowires on Si(001). Indeed, such

bands were observed for DySi, nanowires at the Lo; and
Joo1 points,> and a similar behavior was found for GdSi,
nanowires, where they were only observed at the J,; point.°®
Thus the different dimensionalities found for nominally the
same compound can be related to the different c-axis orien-
tations.

V. SUMMARY

In summary we presented STM and ARPES results on the
formation, atomic structure, and electronic properties of self-
organized dysprosium and erbium silicide nanowires on the
Si(557) surface. Depending on the preparation conditions
different nanowire types with different structural and elec-
tronic properties were found.

For submonolayer coverages, thin linear and chainlike
structures were observed on facets tilted by about —2° rela-
tive to the (557) surface, characterized by a one-dimensional
half-metallic electronic structure. The other facets with a tilt
angle of about 10° were found to be (111) oriented, either
with the 7 X7 reconstruction of pure silicon or with the
2\3%x2\3 superstructure of a rare earth submonolayer sili-
cide.

For monolayer and multilayer coverages, broader nano-
wires are forming mainly on the (111) facets, with lengths
even exceeding 1000 nm in some cases. They show a two-
dimensional metallic dispersion of the electronic states with
electronlike and holelike bands crossing the Fermi energy.
From both structural and electronic data it was demonstrated
that these nanowires consist of silicides already known to
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grow on the Si(111) surface. For monolayer coverages, the
nanowires consist of hexagonal DySi, or ErSi,, and for
multilayer coverages of the similar Dy;Si5 or ErsSis com-
pounds. Because of the good lattice match of these silicides,
the self-organized nanowire formation is related to the step
structure of the substrate, in this way limiting the nanowire
width.

The two-dimensional electronic structure observed for
broad nanowires on Si(557) was found to be in contrast to
the one-dimensional electronic structure of similar nanowires
forming on Si(001), despite of the same material, hexagonal

PHYSICAL REVIEW B 79, 155428 (2009)

DySi, or ErSi,. This effect could be related to the different
c-axis orientations in both cases.
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