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Driving forces are investigated for assembling low dimensional, metallic, erbium and dysprosium disilicide
nanowires on Si(001), using both scanning probe microscopy and density functional theory. Side-by-side
comparison between emulated and measured scanning tunneling microscopy images allows establish-
ment of reliable atomic models for complex adatom surface reconstructions of Er/Si(001) and Dy/Si(001)
that are precursors to high aspect ratio disilicide nanowires. Peculiar surface reconstructions and
relaxation of Si bonds are identified as the key factors for nucleation of these disilicide nanowires in
parallel arrays on vicinal Si(001). Stable nanowire widths and heights are calculated with predicted atomic
models that are consistent with experimental observations. A clear understanding of the nanowire-
substrate interface is determined by correlating adatom reconstruction patterns with nanowire formation
that is imperative to the development of unique procedures for massive fabrication of monodisperse
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1. Introduction

Metal nanostructures exhibit unique physical properties and are
promising for broad applications including catalysis, sensors, nanoe-
lectronics, optical communication and quantum computing. Self-
assembled structures such as carbon nanotubes [1] and yttrium
disilicide nanowires [2,3] permit observation of one-dimensional
transport in metallic systems, which are important for the advance-
ment of both fundamental science and innovative nanotechnology.
Lithographic means typically cannot fabricate metal nanostructures
at length scales where quantum size effects are observed. It is there-
fore crucial to study the atomic interactions that govern self assembly
of functional nanosystems with different building blocks. Atomic
interactions not only yield interesting physical phenomena, these
mechanisms are also critical for the control of growth patterns.
Rare earth disilicide nanowires (RESi, _ ») are of considerable interest
since they self-assemble on Si(001) [4-7] and have high conductivity
[8-11] and low Schottky barrier height on n-type silicon [12], with
strong potential for integration with present Si technologies. Disilicide
nanostructures fabricated in ultra high vacuum (UHV) can be probed
in situ so it is possible to correlate morphology and electronic
properties and to further examine quantum confinement effects in
low dimensional metallic systems. Furthermore, uniform high-
density RESi; _x nanowires (RE=Er, Dy) can be used as templates
for Au [13] or Pt [14] clusters which have been demonstrated to be
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important nanocatalysts [15,16]. Overall, RESi, _, nanostructures
represent a multi-purpose low dimensional system and it is
indispensable to understand the physical processes governing their
assembly, starting from the adsorption of metal adatoms. Although
the driving force for disilicide nanowire formation on Si(001) has
been attributed to the asymmetric strain between RESi, _, in the
hexagonal aluminum diboride (AIB,) type lattice and the Si(001)
diamond cubic lattice [10,17], forces leading to nanowire nucleation
with particular size and orientation have not been satisfactorily
elucidated.

Using density functional theory (DFT) calculations and scanning
tunneling microscopy (STM) analysis, our previous investigations
predicted stable arrangements of Y adatoms in the wetting layer on Si
(001) [19-21] at various adatom coverages and explained adatom
geometries in experimentally observed RE/Si(001) surface recon-
structions such as (2x3), [6,22,23] (2x4), [19,24-27] and (2x7)
[24,26-28] reported in the literature. The predicted surface dipole
established by charge transfer from Y adatoms to Si, confirmed
through scanning Kelvin probe force microscopy measurements of
RE/Si(001) [20], was found to be crucial for understanding the
formation of peculiar reconstruction patterns. In this paper, we
provide a platform to answer challenging issues regarding nucleation,
nanowire-substrate interface, and morphology of RESi, _, (RE=Er
and Dy) nanowires on Si(001). RESi, _, nanowires (RE=Er, Dy, Gd,
Sm, Ho) [5,6,26] are reported to orient with the long axis
perpendicular to Si dimer rows on (2x1) reconstructed vicinal Si
(001) surfaces; however the atomistic interactions driving this
phenomenon and nanowire-substrate interface have not been
explained. Synergistic STM characterization of Er/Si(001) and Dy/Si
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(001) and ab initio calculations of Y/Si(001) reveal stable adsorption
geometries of the wetting layer that lead to nanowire orientation
perpendicular to Si dimer rows and thereby in unidirectional nanowire
arrays on vicinal Si(001) surfaces. Formation energy calculations for
narrow YSi, nanowires provide insight into the mechanisms that
stabilize YSi, nanowire structures, such as internal strain relaxation and
nanowire surface reconstruction that are found to be relevant to
RESi, _ x nanowires.

2. Materials and methods

Experimentally, Si(001) (2x1) reconstructed surfaces were
prepared and rare earth deposition was performed in ultra high
vacuum using methods published in our previous work [19].
Dysprosium or erbium was evaporated from a molybdenum crucible
in an electron beam evaporator onto p-type Si(001) substrates with
dopant density of approximately 10'® cm~2 at a substrate tempera-
ture of 600 °C and annealed post growth for 2 min. Samples were
transferred to the analysis chamber without exposure to ambient
conditions. Scanning tunneling microscopy imaging was performed at
room temperature in UHV and parameters have been published
previously as well [19-21].

First principles calculations were performed within the density
functional framework using the generalized gradient approximation
(GGA) for the description of exchange-correlation effect, as imple-
mented in the Vienna ab initio Simulation package (VASP) [29]. To
circumvent the difficulty in dealing with the strongly localized 4f shell
of RE atoms, we used yttrium to represent RE elements, as was
demonstrated to be a good substitute in our previous work [19-21]. Y
is a trivalent atom that does not have f valence electrons but has
chemical and physical properties very similar to the RE elements [30].
For example, the atomic and electronic structures of YSi, monolayers
on Si(111) were found to resemble RESi, _, thin films using low
energy electron diffraction and density functional calculations [31,32].
Furthermore, the lattice parameters of hexagonal YSi, (a=0.384,
¢=0.414 nm, and c/a=1.08) are close to those of RESi, _ experi-
mentally characterized in this work (e.g., a=0.383 nm, c=0.412 nm,
and c/a=1.08, for DySi, _4; and a=0.379 nm, c=0.409 nm, and c/
a=1.08, for ErSi, _,) [33]. Ultra-soft pseudopotentials (US PP) were
used to represent the electron interaction with ionic cores [34]. The
plane-wave basis set was constructed with an energy cutoff of 300 eV.
To explore reconstruction orientation preferences, a (2x6) Si(001)
surface, 8 layer cell was used with 6x2x 1 k-points. YSi, nanowires
were modeled on (1x10), 6 layer Si(001) cells with 12x1x1 k-
points, using the experimental lattice parameter of 0.384 nm [35]. The
bottom 3 layers of Si were fixed at their bulk positions and dangling
bonds were passivated with hydrogen atoms for all cases. All other
atoms were allowed to relax, with a criterion that forces are lower
than 0.01 eV/A, along with a vacuum 15 A thick. Convergence tests
were completed to optimize k-points.

3. Results and discussion

RESi, _, nanowires self-assemble with the long axis perpendic-
ular to Si dimer rows with respect to the clean Si(001) substrate as is
evident on vicinal surfaces [5,6]. Fig. 1(a) shows an STM image of
three ErSi, _, nanowires, labeled I, II, and III, having widths of
approximately 1 nm, 1 nm and 3 nm, respectively, grown on a
vicinal Si(001) substrate with a miscut of 2.5° toward [110]. The
inset shows the vicinal Si(001) surface before Er deposition with the
same scan angle; the clean Si(001) surface is predominantly covered
with Si dimer rows oriented perpendicular to step edges and with
double atomic step heights. The dashed white lines highlight dimer
rows on A-type terraces, dimer rows oriented parallel to step edges,
and the solid white lines highlight dimer rows on B-type terraces,
dimer rows oriented perpendicular to step edges. The reason the

surface in the inset is predominantly covered with B-type terraces
is that the surface energy of B-type terraces with double atomic
step height between adjacent terraces is lower than that of A-
type terraces with double atomic step height and that of alternating
A- and B-type terraces with single atomic step height on vicinal Si
(001) with a miscut toward [110] [36]. It is clear from Fig. 1(a) and
the inset that nanowires grow with the long axis perpendicular to Si
dimer rows on the original clean Si(001) surface. Fig. 1(a) also
shows that disilicide formation consumes Si surface atoms and ex-
poses underlying Si terraces since dimer rows are observed parallel
to nanowire long axis and step edges after disilicide growth.
However, before Er deposition, Si dimer rows are perpendicular to
step edges. This rearrangement of surface Si atoms has made it
difficult to determine the atomic relationship at the nanowire-sub-
strate interface and how this is related to dimer row reconstruction
on clean Si(001). For example, from Fig. 1(a) it may appear that
nanowires nucleate at step edges due to a narrow average terrace
width, yet on nominally flat surfaces, it is clear that nanowires do
not nucleate specifically on step edges [7,37], but can nucleate in the
middle of a terrace.

In order to elucidate the nanowire-substrate interface, we
examined preferred adatom surface reconstruction patterns in the
wetting layer and orientation of adatom chains relative to the clean Si
(001) surface dimers. We then compare disilicide nanowire orienta-
tion with adatom chain orientation. Binding energies (BE) for Y
adatom arrangements in energetically preferred (2x3) and (2x4)
reconstruction patterns were calculated and compared for the
formation of atomic chains parallel and perpendicular to Si dimer
rows (designated to be along [110]), where:

BE = (EY/Si(OOU_ESisub_EY) /N. (1)

Ey/sicoo1) is the total energy for the relaxed Y/Si(001) system,
Es;i sup is the total energy for the Si(001) 8 layer substrate, Ey is the
total energy for a single Y atom in bulk and N is the number of Y
adatoms in the Y/Si(001) system. Fig. 1(d) shows calculated BE per
adatom for groups of adatoms on (2x6) supercells with atomic
chains aligned perpendicular, shown in Fig. 1(b), and parallel,
shown in Fig. 1(c), to Si[110], dimer row direction. Adatom sites are
labeled (1,2) for atomic chains having a width of 2 and (1,2,3) for
groups having a width of 3 adatoms that were found in our previous
work to represent (2x3) and (2x4) reconstruction patterns,
respectively [21]. Configuration (b), with the atomic chain along
[110], perpendicular to Si dimer rows on the original Si(001) surface
(highlighted in gray), is preferred by approximately 100 meV/
adatom according to our calculations. Note that thermal energy
during the deposition process is 75 meV. Thus, Y adatoms are pre-
dicted to prefer to form atomic chains having width of 2 or 3
adatoms perpendicular to dimer rows on (2x 1) reconstructed Si
(001), which is consistent with experimental observations for Er,
[21,23] Dy [19,25], Sm, [6,21] Gd, [24] and Ho [26,27].

We next examine the geometric relationship between the pre-
ferred Y adatom arrangements in the wetting layer and the formation
of disilicide nanowires having the hexagonal AIB, crystal struc-
ture [18,38]. As mentioned prior, due to the reorganization of surface
Si atoms during disilicide formation [17,40,41] the nucleation site
cannot be unambiguously assigned to the step edge nor can the
relationship with the clean Si(001) substrate be determined from STM
images alone. When one examines the Y adatom arrangements in the
energetically preferred four-fold hollow site on Si(001) shown in the
adatom reconstruction patterns of Fig. 1(b), [19,39] YSi, [1120] must
be parallel to Si[110], i.e., nanowire long axis is parallel to Si dimer
rows in order for a hexagonal YSi, cell to have a coherent interface
with a Si(001) surface. This orientation is in agreement with atom
arrangement in the hexagonal lattice observed in transmission
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Fig. 1. (a) STM image of three ErSi, _ , nanowires (labeled 1, II, and III) on miscut Si(001), taken with Vyj,s=—1.93 V and 100 pA tunneling current. 20 x 20 nm inset shows clean

miscut Si(001) before Er deposition where dimer row direction on A-type terraces is highlighted by white dashed lines and dimer row direction on B-type terraces is highlighted by
solid white lines, taken with Vj,;,s = — 2.27 V. On the right side, ball and stick models for Y adatoms (cyan circles labeled 1, 2, and 3) on four-fold hollow sites on Si(001) with adatom
chains (b) perpendicular and (c) parallel to Si[110], dimer row direction. Surface Si dimers are represented by red spheres, bulk Si is represented by dark gray solid spheres, and gray
shading highlights the direction of the long axis of adatom chains. (d) Table with binding energy per adatom [eV/Y] for configurations of two adatoms in a row (1,2) and three
adatoms in a row (1,2,3) for adatom chains parallel (bottom row) and perpendicular (top row) to Si[110].

electron microscopy images of the cross section along [1120] [38].
Fig. 2(a) is an STM image of one DySi, _, nanowire on flat Si(001)
which shows adjacent terraces consisting of both dimer rows
perpendicular (terrace B) and parallel (terrace A) to nanowire long
axis. What is significant about Fig. 2(a) is that the line profile provided
as an inset reveals that the nanowire-substrate interface is on the
same plane as surface Si atoms on terrace A. The dimer rows on
terrace A are parallel to nanowire length, a necessary condition for a
coherent nanowire-substrate interface as discussed above. An atomic
schematic is provided in Fig. 2(b) to elucidate the structure: Si dimer
rows (red spheres) on terrace A are parallel to YSi, [1120] and lie in
the same plane as the nanowire-substrate interface; Si dimer rows on
terrace B are one atomic layer higher than the nanowire-substrate
interface and are perpendicular to YSi, [1120].

BE calculations and experimental STM images show that adatoms
in the wetting layer form adatom chains perpendicular to Si dimer
rows. STM images of DySi, _ x nanowires show that nanowires are
oriented parallel to Si dimer rows in the plane of the nanowire-
substrate interface. These two results indicate that the adatom chain
orientation in the wetting layer defines disilicide nanowire orienta-
tion on Si(001) since nanowires are observed to orient perpendicular
to dimers with respect to the clean Si(001) surface. These results also
indicate that surface Si atoms neighboring adatom chains in the
wetting layer reorganize and some atoms are consumed for
incorporation into disilicide nanowires and thereby reveal dimer
rows parallel to the nanowire long axis after nanowire formation. This
is in agreement with previous reports observing that the silicon
surface reorganizes after nucleation of RESi, _, nanostructures
[7,37,41].

Stable nanowire morphologies were investigated by calculating
formation energy as a function of nanowire width. Formation energies
were calculated for nine nanowires on Si(001) having widths ranging
from 1 to 9 as;. Fig. 3 plots formation energies (FE) of the nanowires
versus the inverse of nanowire width, defined as:

FE = (Evsi, si~Esisub—Nysi, Evsi, “NsiEs ) / Nysi, 2)

E, i is the total energy of the system that is composed of the
nanowire and Si(001) substrate, Es;isyp is the total energy of the Si
(001) dimer reconstructed substrate, Eys;, is the energy of aYSi, unit
cell in bulk, Ns; is the number of Si atoms needed to complete the
edge of the nanowire, Es; is the energy of a Si atom in bulk, and Nys;,
is the number of YSi, cells in the nanowire. The FE compares the
energy between a freestanding YSi, cell and a YSi; cell formed on a
Si(001) substrate. The graph of Fig. 3 shows that single layer YSi,
nanowires with widths less than 3 as; have relatively high and
positive formation energy; they are predicted to be energetically
unfavorable in comparison to Y adatom induced surface reconstruc-
tion, such as (2x3) and (2 x4), indicated by the dashed area on the
graph. The FE approaches zero for N=3. In fact, a 3 as; wide YSi,
nanowire (~1 nm wide) is consistent with the smallest nanowire
width observed in the experiment. Experimental statistics found for
single layer DySi, _, ErSi, _, and YSi, _, nanowires have widths
ranging between 1 and 10 nm [5,7,37,42]. Examination of the plot of
FE in Fig. 3 also shows that the FE increases again for N=4. An
alternating high-low trend in energies is found for calculated FE;
FE=0.10eV, 0.26 eV, —0.005 eV, 0.01 eV and —0.071 for N=3, 4,
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Fig. 2. (a) DySi, — y nanowire (running diagonally from the lower left to the upper right
portion of the image) on flat Si(001) acquired with Vy;,s = — 2.0 V and 200 pA feedback
current. The dimer row direction on A-type terraces is highlighted by white dashed
lines and dimer row direction on B-type terraces is highlighted by solid white lines. The
inset in the left lower corner is a line profile along the black line in (a). (b) A schematic
of a YSi, unit cell on Si(001) shows the atomic configuration of the surface and interface
that is consistent with the data in (a), purple cross hatched spheres represent Si atoms
in the YSi, unit cell, cyan open sphere represents Y, red spheres represent Si surface
dimers, and gray solid spheres represent bulk Si.

5, 6, and 7, respectively. Thus, FE calculations show a preference
for nanowires having width of an odd multiple of as; for N=3
through 7, as has been reported experimentally for YSi, nanowires
on Si(001) [2,3]. It must be noted that the differences in FE given in
the graph of Fig. 3 are normalized for the number of YSi, cells, thus
when the total energy difference (FE times the number of cells in
the system) is compared, the differences are significant. The point at
1/N=0 represents the formation energy of 1 full ML of YSi,
calculated on a 1x 10 substrate slab. The shallow FE energy curve is
not surprising due to the meta-stability of these types of nanowires
observed in experiments. At annealing temperatures of 750 °C and
above, a phase transition to larger islands with the tetragonal crystal
structure occurs [42-44]. Although adatom induced reconstructions
have been reported to coexist with disilicide nanowires on Si(001),
comparing STM images of DySi, _ ,/Si(001) annealed at 600 °C with
those annealed at 680 °C shows that the substrate has a higher
coverage of Si dimer rows at the higher annealing temperature. This
indicates that adatom incorporation in DySi, _, may be energeti-
cally preferred but limited by kinetic factors [20].

In order to understand the dependence of FE on nanowire
width, the relaxed structures of YSi, wires having a width of 1 to 5
as; were calculated and are shown in Fig. 4(a)-(e). It is observed
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Fig. 3. Graph of formation energy versus inverse nanowire width for single disilicide
layer nanowires (width = N*ag;).

that Y atoms located in a trough between Si dimer rows, labeled Y,
shift upward in relation to Y atoms located under a Si dimer pair,
labeled Yy. Strain within the nanowire, as a result of the 7.9% lattice
mismatch [33] along the nanowire width, may be reduced by this
alternating Y,~Yq4 buckling behavior [45]. The Si-Si distance under Y,
(~0.35 nm) is less than bulk (as;=0.384 nm) and the Si-Si distance
under Yy (~0.48 nm) is slightly greater. This variation is expected to
provide some relaxation along the disilicide/silicon interface as a
transition from the bulk silicon structure to the AlB, structure. Y
atoms for N=4 do not exhibit the same alternating Y;-Yq buckling
that occurs in N=3 and 5 nanowires, that may provide strain
relaxation. From examination of the relaxed structures, all of the Si
surface atoms form (2 x 1) dimers on top of nanowires for N=1, 3
and 5, as shown in Fig. 4(a), (c) and (e), respectively. In contrast, for
the case of N=2 and 4, not all Si nanowire surface atoms form
(2x1) dimers. Apparently, dimer formation on top of nanowires is
important for the reduction in FE by reducing dangling bonds on the
surface. Similar DFT studies have been performed for freestanding
YSi, nanowires [46], which show Si dimer reconstruction for the
nanowire surface; however, the alternating Y;-Yq buckling observed
in Fig. 4 does not occur. Strain relaxation of the misfit at the
nanowire-substrate interface via buckling would not be necessary
on a freestanding structure.

An STM simulation of the relaxed structure of a 3 as; nanowire
from Fig. 4(c) with a sample bias of — 1.5V is shown in Fig. 5(a) and
has surface features consistent with dimer formation on nanowire
surfaces. Filled states experimental STM data shown in Fig. 5(b) for a
1 nm wide DySi, _, nanowire (labeled I) shows dimer row recon-
struction on the nanowire surface, as observed in other work as well
[2,47]. White circles have been added in order to illustrate the
positions of individual Si surface atoms. As RE coverage increases,
RESi; _, nanowires may increase in width or height. In order to
explore stable morphologies at higher coverage, FE for 3 as;, 5 as; and 7
as; wide YSi, nanowires having a height of two disilicide layers were
compared to those having a height of one disilicide layer. Nanowires
having two YSi, layers were found to be 100-200 meV lower than
single layer YSi, counterparts in agreement with experimental
observations [27,48]. STM data of a DySi, _, nanowire shown in
Fig. 5(c) verifies multilayer disilicide growth. The accompanying line
profile (white line) shows feature heights of approximately 0.4 nm
high for features on DySi,_, nanowire surfaces. This height is
consistent with a second layer on the nanowire surface; one layer
of the hexagonal cell of the DySi,_, is reported to be 0.35 nm high
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Fig. 4. YSi, nanowires having a width of (a) 1 as;, (b) 2 as;, (¢) 3 as;, (d) 4 as; and (e) 5 as; are shown, as; = 0.384 nm. Y atoms are represented by cyan open spheres and gray spheres
represent Si atoms. Y, refers to Y atoms located in the trough between Si dimer rows and Yy refers to Y atoms located under Si dimer pairs.

Fig. 5. (Cold to warm colors represent increasing feature heights) (a) Simulated STM
image with Vj,;,s=— 1.5V for a single YSi, nanowire with width =3 as; and a single
layer in height. (b) STM image of DySi, — , nanowires on flat Si(001), a nanowire with
width =3 as; and a single layer in height labeled I next to wider multilayer nanowires,
labeled II and III, acquired with Vp,s=—1.85V and 100 pA feedback current.
White open circles on nanowire I highlight Si atom positions on the nanowire sur-
face that have the same periodicity as that of the simulation in (a). (c¢) STM image of
DySi, — x nanowires (highlighted with white arrows) on miscut Si(001) acquired with
Vbias= — 1.67 V and 101 pA feedback current. A height profile (white line) is included
on one of the wires to highlight multilayer growth on DySi, _ y nanowires; the top layer
is 0.4 nm above the initial nanowire layer.

[48,49]. Nanowires having width greater than 1 nm and multilayer
height typically do not show dimer row reconstruction, as seen in
Fig. 5(b) and (c), respectively. A variety of other nanowire surface
reconstructions have been observed, such as p(1x1) and c¢(2 x2), for
DySi, _ [10,48] and ErSi, _ , [50] nanowires. These may be due to Si
vacancies, which are thought to reduce the strain caused by lattice
mismatch [46]. Incorporation of vacancies into the atomic models is
left for future work.

4. Conclusions

Synergistic ab initio calculations of Y/Si(001) and STM measure-
ments of Er/Si(001) and Dy/Si(001) were performed for the
orientation dependence of adatom induced reconstructions and
disilicide nanowires on Si(001). We provide the first calculations
that relate the atomic configurations in the wetting layer with the
nanowire-substrate interface. The orientation of disilicide nanowires
on Si(001) was explained as a result of a preference for adatoms to
form atomic chains perpendicular to Si dimer rows on the clean Si
(001) surface; these atomic chains are precursors to nanowires.
Subsequent disilicide formation occurs as Si diffuses and reorganizes,
therefore revealing dimer rows parallel to nanowire length on the
plane of the nanowire-substrate interface. This is consistent with the
wetting layer geometry where a coherent hexagonal disilicide
nanowire-substrate interface must be formed with [1120] parallel
to Si dimer row direction. Formation energy calculations reveal a
preference for nanowires having widths = Nyqqds;, governed by free
energy reductions associated with Si dimer formation on nanowire
surfaces and local relaxation of rare earth atom bonds in the interior of
a nanowire. The calculated YSi, nanowire width predictions are in
good accordance with STM images of DySi, _ , nanowires that are one
unit cell in the height direction. FE energy calculations show that as


image of Fig.�4
image of Fig.�5

1486 A. Shinde et al. / Surface Science 604 (2010) 1481-1486

Y coverage increases, full monolayer disilicide formation on Si(001)
is not energetically favorable compared to second layer growth on
YSi; nanowire surfaces, thus providing an explanation for multiple
layer disilicide growth seen in experimental STM data of DySi,
nanowires. The combination of theory and experiment has allowed a
general comprehension of thermodynamic variables and morphology
of nanostructures that cannot be understood through STM alone. This
study provides information regarding atomic arrangement of adatoms
and equilibrium nanowire structures that is essential for the
utilization of this material system in future device applications.
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