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The crystallography and microstructure of epitaxial dysprosium silicide nanowires on Si(001) have been
studied using high-resolution transmission electron microscopy. Islands grown at 750 °C have a compact
three-dimensional shape and are identified as hexagonal DySi2. Islands grown at 650 °C have an elongated
nanowire(NW) shape. They contain one or two layers of hexagonal silicide at the buried interface and two to
three surface layers with faulted stacking similar to tetragonal DySi2. The faulted layers are believed to provide
stress relief during growth of the coherently strained NW islands.
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It has recently been found that several rare-earth(RE)
metals can form self-assembled epitaxial nanowires(NWs)
on Si(001) with typical dimensions of 1 nm high
310 nm wide31 mm long.1–6 Self-assembled silicide NW
formation has also been reported in other silicide systems
including Pt/Sis001d,7 Ti/Sis111d,8,9 Dy/Sis110d,10 and
Gd/Sis111d.11 It is suspected that these NWs are metallic,
although resistivity has not yet been directly measured for
any such structures. Epitaxial silicide NWs may find appli-
cation as low resistance interconnects or as nanoelectrodes
for attaching small electrically active structures, possibly
molecules. Silicides have favorable attributes in this regard,
including low resistivity, metallurgical stability, atomically
flat surface and interface, and electrical isolation from the
substrate, via the Schottky barrier.12–15

The size and shape of the RE/Sis001d NWs and their
interaction with substrate steps has been well documented,
yet the fundamental mechanism that generates the long thin
NW shape is not fully understood. It is suggested that the
NW shape results from anisotropic lattice mismatch between
the silicide and the substrate.5 Thus, a larges,7%d mis-
match in one direction limits the width of the NW, while a
small s,1%d mismatch in the orthogonal direction allows
essentially unlimited length of the NW. In practice, the NW
length is only limited by collision with other NWs at right
angles, and can exceed 1mm. This model assumes a hexago-
nal silicide lattice with itsc axis oriented along the width of
the NW. Scanning tunneling microscopy(STM) measure-
ments of the surface unit cell and the step height are consis-
tent with this assumption.3 However, there are two other bulk
phases in these silicides, with tetragonal and orthorhombic
unit cells, which are related to the hexagonal structure by a
shearing of layers parallel to Si(001) and small adjustments
of the (relabeled) lattice parameters, as shown in Table I and
Fig. 1.16 These silicide structures are not distinguishable us-
ing STM, nor with plan-view TEM, since the surface unit
cells and projected structures have the same symmetry. The
unit cells will also have the same dimensions, if the island is
fully strained to match the substrate. These structures also
cannot be distinguished on the basis of STM-measured step

height, given the uncertain influence of electronic structure
effects.3 Thus, the crystal structure of RE silicide NWs on
Si(001) remains unknown.

The morphology of RE silicide islands grown on Si(001)
by reactive deposition depends on temperature. Generally,
NWs form at 600 °C while more compact three-dimensional
(3D) islands form at higher temperatures or with extensive
annealing at 650 °C.3 It has been suggested that the compact
3D islands are tetragonal silicide.3 This interpretation, how-
ever, is subject to the uncertainties noted above.

The issue of crystal structure can only be resolved using a
technique that is sensitive to buried layers. In this paper, we
present cross-sectional high-resolution transmission electron
microscopy(HRTEM) measurements of Dy/Sis001d islands
for both island types. We find that compact 3D islands grown
at 750 °C are fully relaxed hexagonal DySi2. The NW is-
lands grown at 650 °C contain one or two layers of hexago-
nal silicide at the buried interface and two to three surface
layers with a faulted stacking similar to tetragonal DySi2.
The faulted surface layers are believed to provide stress re-
lief during growth of the NW islands.

Samples ofn-type Si(001) with nominal miscut of ±0.5°
and resistivity 1V cm were prepared by flashing for 30 s at
1250 °C in ultrahigh vacuum(UHV). Dysprosium was de-
posited by sublimation from a high-purity foil. Coverage was
determinedin situ using a crystal oscillator as well asex situ
using atomic force microscopy(AFM) and Rutherford

TABLE I. Bulk lattice parameters for various DySi2 structures.
h is the layer spacing in the surface normal direction, usingÎ3/2 a
for hexagonal andc/4 for tetragonal and orthorhombic.

Structure Prototype

Lattice constant(Å)

h (Å)a b c

Hexagonal AlB2 3.83 3.83 4.12 3.32

Tetragonal ThSi2 4.03 4.03 13.38 3.34

Orthorhombic GdSi2 4.04 3.95 13.34 3.33
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backscattering on selected samples. One monolayer(ML )
coverage is defined as 6.7831014Dy atoms/cm2. Silicide is-
lands were grown by reactive deposition, with approximate
doses of 1 ML during 2 min while holding the substrate tem-
perature at 650 or 750 °C. They were quenched immediately
after deposition to prevent alteration of the island structure
by annealing. Samples of both island type were capped with
20 nm Ti at room temperature before removal from UHV to
prevent oxidation. NWs were not visible on uncoated
samples. While it is possible that the cap layer destroys some
features of the surface, it is not likely to induce a new or-
dered structure and certainly not a different one on the two
types of island. AFM was doneex situon a Digital Instru-
ments MultiMode III operated in contact mode. HRTEM ob-
servations were made with a JEOL 4000EX electron micro-
scope operated at 400 keV. Samples were prepared with
standard methods of mechanical polishing, dimpling, and
ion-beam milling to perforation. Images were taken at “opti-
mum defocus” so that atomic columns appear dark, but the
contrast has been inverted in the printed figures to improve
visibility.

Island morphology was found to depend sensitively on
growth temperature, as shown in Fig. 2. Islands grown at
650°C had highly elongated NW shapes with typical dimen-
sions 2 nm high, 15 nm wide, and 500 nm long. These is-
lands are somewhat larger than those grown at 600°C, and
measured with STM, but they retain the large aspect ratio
characteristic of NWs.3 Islands grown at 750°C had compact
3D shapes with typical dimensions 5 nm high, 50 nm wide,
and 200 nm long. In both cases, the long axes of the islands
were oriented along the two equivalent Sik220l directions
with equal probability. The use of these two growth tempera-

tures allowed a clear separation of the two island types. In
contrast, growth at intermediate temperatures or with various
annealing conditions produced coexisting island types.

Figure 3 is a HRTEM micrograph for a compact 3D island
grown at 750°C, viewed along the long axis of the island.
This particular island is,40 nm wide and,4 nm thick.
Using the adjacent Si lattice image as an internal calibration,
the measured plane spacing is 4.08±0.05 Å in the horizontal
direction and 3.30±0.05 Å in the vertical direction. The dis-
tinct layer-stacking sequence allows positive identification of
this structure as hexagonal DySi2 with orientation

DySi2s011̄0d iSis001d and DySi2f2110g iSif11̄0g. This stack-
ing continues up to the surface layers. The measured lattice
spacing parallel with the surface agrees closely with bulk
hexagonal DySi2, suggesting that the island is essentially
strain free. The stoichiometry of hexagonal dysprosium sili-
cide in bulk equilibrium is a vacancy structure with average
stoichiometry DySi1.6. We cannot determine stoichiometry in
this experiment, so we will refer to this structure as DySi2 for
simplicity. The buried interface for this island is not flat, but
extends into the substrate with down steps on one side and
up steps on the other. Most of these steps are one bilayer
high, and have a lateral spacing,4 nm.

Figure 4 shows HRTEM micrographs for two NW islands
grown at 650°C, viewed along the long axes of the islands.
The NW in panel(a) has dimensions 6 nm wide and six
layers thick. This NW clearly shows hexagonal stacking of
the first two layers but tetragonal stacking of the top
four layers, with orientation: DySi2s001d iSis001d and

FIG. 1. Projected lattice structures for hexagonal and tetragonal
dysprosium silicide shown(a) along DySi2-hexf2110g iDySi2-

tetf010g iSif11̄0g (cross-sectional view, corresponding to HREM
images), and (b) along Si[001] (plan view, corresponding to the
substrate normal). A single rectangular unit cell is outlined for each
lattice (solid line) and dotted lines trace the straight vs staggered
alignment of hexagonal vs tetragonal stacking, respectively.

FIG. 2. AFM images of dysprosium silicide islands grown by
depositing,1 ML Dy on Si(001) at two different temperatures:(a)
650 and(b) 750 °C. The scale and orientation are matched for the
two images.

FIG. 3. High-resolution electron micrograph along Sif11̄0g
showing part of a compact 3D island grown at 750 °C. Arrows
indicate single substrate steps at the interface. This island is identi-
fied as hexagonal DySi2.
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DySi2f010g iSif11̄0g (long axis). The top layers are narrower
and/or incomplete. The NW in panel(b) has dimensions
3 nm wide and three to four layers thick. The surface layers
again follow the tetragonal lattice, while the interface layer is
not resolved. Images from;ten different NWs showed a
similar staggered alignment of surface layers on top of one or
two hexagonal layers at the interface. The inverted sequence
(hexagonal on top of tetragonal) was never observed.

One issue in the present study is the observation that the
hexagonal phase appears at higher growth temperature than
the tetragonal phase. This seems to contradict the behavior
for extended thin films in the closely related Er/Sis001d sys-

tem, where the phase sequence is inverted.17,18We point out,
however, that there are significant differences between these
cases: continuous films are subject to lateral stress which is
reduced or eliminated for islanded films; the continuous
films are much thicker(,30 vs 2 nm) and they are prepared
under non-UHV conditions, hence the interface quality is
suspect. For these reasons, we believe that the relative sta-
bility of the hexagonal phase which we observe in these is-
land structures is an intrinsic feature.

The central result of this paper is the observation that the
NW islands grown at 650°C have faulted surface layers.
These layers are clearly associated with the NW itself, since
they do not appear on the larger(wider and thicker) 3D is-
lands. It is difficult to determine directly whether the faulted
layers are a cause or an effect of the NW shape. However,
since the tetragonal silicide has an isotropic lattice mismatch
with Si(001) of +5% each direction, it is not likely to be a
causefor the highly anisotropic NW shape. We speculate that
the NW begins growing coherently as hexagonal DySi2, with
asymmetrical strain, but soon adopts faulted surface layers to
provide stress relief for the underlying lattice. This hypoth-
esis would explain why the faulted layers do not occur on the
3D islands, since the latter are strain free. The lack of strain
is understandable, since the 3D islands are large and have
highly stepped buried interfaces. Unfortunately, there are no
calculations of critical(coherent) island size for DySi2 on
Si(001) to guide this hypothesis. Steps at the buried interface
are expected to reduce island stress as well, as they do in the
well-documented Co/Sis111d system.19

Careful inspection of Fig. 4 shows that the surface layers
on the NW are incomplete and/or defective. We note that a
vacancy row would comprise a structural basis for the
trenchlike structures described as “nanowire bundles.”3 The
presence of faulted surface layers and vacancy rows would
provide a variable degree of stress relief in the NW. This
may explain the lack of a well-defined width in this NW
system.3,5
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