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o make significant progress in the

development of innovative nano-

technologies, it is crucial to not only
fabricate nanomaterials but also under-
stand the origins of their new physical prop-
erties. Strong quantum confinement ef-
fects and high surface/bulk ratios exhibited
in nanometer-scale structures often yield in-
teresting features that are extremely useful
in broad applications, from catalysis to nan-
ophotonics. For the rational development
of nanosystems, it is desired to find correla-
tions among different physical and chemi-
cal properties that are governed by a few
key factors. For instance, Norskov et al.
found from theoretical calculations that ac-
tivities of metallic and bimetallic surfaces
can be correlated well to the shift of their
d-band centers.! It was also shown that
catalytic reaction rates, in the context of
electrochemical catalysis, exhibit an expo-
nential dependence on the catalyst work
function.? The establishment of these con-
nections and the clear understanding of the
underlying physical mechanism will un-
doubtedly levitate the effectiveness of the
search of new nanocatalysts.

Here we investigate an experimental
core—shell metallic system, Au on dyspro-
sium disilicide nanowires, and compare
theoretically predicted changes in elec-
tronic structure with experimental observa-
tions. Rare earth disilicide (RESi,) nanowires,
since first observed to self-assemble on sili-
con substrates,>* have attracted extensive
attention in the past decade as they have
low Schottky barriers on the n-type Si.>®
Various RESi,”® and YSi,’ nanowires grown
on flat or vicinal Si(001) surfaces have been
found to exhibit tunable quantum confine-
ment effects, and furthermore, they permit
fabrication and manipulation of metallic
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ABSTRACT (lear understanding of the relationship between electronic structure and chemical activity will

aid in the rational design of nanocatalysts. Core —shell Au-coated dysprosium and yttrium disilicide nanowires

provide a model atomic scale system to understand how charges that transfer across interfaces affect other

electronic properties and in turn surface activities toward adsorbates. Scanning tunneling microscopy data

demonstrate self-organized growth of Au-coated DySi, nanowires with a nanometer feature size on Si(001), and

Kelvin probe force microscopy data measure a reduction of work function that is explained in terms of charge

transfer. Density functional theory calculations predict the preferential adsorption site and segregation path of

Au adatoms on Si(001) and YSi,. The chemical properties of Au—YSi, nanowires are then discussed in light of

charge density, density of states, and adsorption energy of CO molecules.

KEYWORDS: density functional calculation - scanning tunneling microscopy - Kelvin
probe force microscopy - CO oxidation - Au core—shell nanowire

and bimetallic nanostructures by coating
them with Au, Pd, or Pt.'° Although RESi,
nanowires are highly active and tend to de-
compose in ambient conditions, Pt-coated
RESi, nanowires have been found to be
rather stable even under reactive ion-
etching conditions.'"'? Several advantages
of these nanosystems, e.g., their uniform
and controllable size and shape and negli-
gible diffusion of metal atoms to the interior
region, and resistance against thermal coa-
lescence are very attractive for making
novel nanocatalysts.

To further develop these nanosystems
for practical applications, synergistic den-
sity functional calculations and scanning
probe microscopy (SPM) studies are per-
formed in this work. Au nanoclusters have
been found to display unusually high activ-
ity toward catalyzing various chemical reac-
tions, such as CO oxidation, when their size
is reduced to 2—3 nm."*"® To our knowl-
edge, the catalytic activity of Au/disilicide
nanostructures has not been measured yet.
Due to the change of support and morphol-
ogy, the chemical properties of Au/disilicide
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Figure 1. STM images of DySi, nanowires: (a) before Au deposition obtained with V};,s = —1.6 V and 200 pA tunneling cur-
rent, (b) after Au deposition obtained with V. = —1.8 V and 200 pA tunneling current, and (c) a different sample after Au
deposition obtained with Vy,;,; = —1.95 V and 100 pA tunneling current. Warm to cold colors reflect high to low surface

corrugations.

nanostructures might be substantially different from
other Au nanosystems that have been explored exten-
sively in the last two decades. It is therefore essential to
establish their structural models and furthermore to
probe their electronic structures and surface activities
toward small adsorbates. Using SPM data and ab initio
results, we provide an understanding of the kinetics and
the energetics leading to formation of Au/RESi, nano-
structures. The establishment of atomic models for the
Au—disilicide systems allows further investigations of
their electronic and chemical properties. Interestingly,
we found that charge transfer from Au adatoms to the
nanowires simultaneously determines energy position
of Au d-orbitals, surface work function, and, moreover,
CO adsorption energy. Simple relationships between
different physical quantities offer useful insights for un-
derstanding of these new core—shell metallic
nanostructures.

RESULTS AND DISCUSSION

Au Aggregation on Disilicide Nanowire Surfaces. Scanning
tunneling microscopy (STM) images of DySi, nano-
wires on the p-type Si(001) surface before and after Au
deposition are shown in Figure 1a and b, respectively. In
Figure 1a, we show that the DySi, nanowire surface be-
fore Au deposition exhibits a c(2 X 2) reconstruction,
as was also observed by others for DySi,'” and ErSi,'®
nanostructures. Meanwhile, the neighboring regions
comprise both (2 X 1) reconstructed Si(001) surface
manifested by Si dimer rows and complex Dy —Si metal
reconstructed regions. Figure 1b shows a DySi; nano-
wire/Si(001) surface after Au deposition and annealing
at 550 °C. The DySi, nanowire surface no longer exhib-
its the c(2 X 2) reconstruction that is seen in Figure 1a
but instead has a corrugated surface that is the indica-
tive of Au aggregation on the surface. The neighboring
Si(001) surface again shows a combination of Si dimer
rows and metal reconstructed regions. Another DySi,
nanowire/Si(001) sample was prepared, and a STM im-
age after Au deposition is shown in Figure 1c. In this
sample, corrugations are also evident on the nanowire
surfaces, and Si dimer rows are observed on the neigh-

NTA NS ] ;
@%\&) VOL.5 = NO.1 = OUYANG ET AL.

boring substrate area. Since we observed Au clusters
forming on DySi, nanowire surfaces but not on the
Si(001) substrate at lower Au coverage, this indicates a
preferential aggregation of Au on the nanowire surface
versus Si(001). It appears that Au clusters will form on
Si(001) if the Au coverage exceeds the nanowire surface
density. This is clearly demonstrated in the Supporting
Information where STM images of DySi, before Au (Fig-
ure STa), after Au deposition for 1 min (Figure S1b),
and after Au deposition for 2 min (Figure S1c) are given.
These results show that the thickness of Au on DySi, is
within the monolayer range.

In order to understand the mechanism of the prefer-
ential Au aggregation on the nanowire surfaces exhib-
ited in the STM results, we performed first principles cal-
culations of Au adsorption on the YSi, nanowire and
the Si(001) surface. We used a double-layer 3ag-wide
YSi, nanowire on Si(001) as the template for studies of
the energetics of Au aggregation. The double-layer 3as;-
wide YSi, nanowire structure has been determined to
be a stable minimum-energy structure and is consistent
with experimental observations of multilayer
growth,'? also evident in the STM image of Figure
1a. The double-layer 3ag-wide YSi, surface has two Si
dimer rows on top, separated by a trench over the cen-
tral Y atoms. The top- and side-views of the optimized
surface model are shown in Figure 2a and b, that con-
sists of one double layer 3ag-wide YSi, nanowire on a
6-layer Si slab. A monolayer of hydrogen atoms was in-
corporated to passivate the dangling bonds at the bot-
tom surface of the slab. To mimic Au adsorption on an
isolated nanowire, we used a (1 X 8) supercell in the lat-
eral plane. The positions of H atoms and three bottom
layers of Si atoms were fixed while all the other atoms
were allowed to relax, with a criterion that the calcu-
lated force on each atom is smaller than 0.01 eV/A. Con-
vergence tests were performed to optimize number of
k-points, thickness of slab, and energy cutoff. The 5 X 1
X 1 k-points were found sufficient to sample the essen-
tially one-dimensional Brillouin zone.

To identify stable adsorption geometries for sys-
tems with Nj, gold atoms in the unit cell, we calculate
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Figure 2. The (a) top- and (b) side-views of the relaxed ball-and-stick model for the YSi,/Si system. The cyan, white, and yel-
low spheres represent Y, H, and Si atoms, respectively. Surface Si dimers in nanowire are colored in red. (c) Adsorption ener-
gies of Au on sites along a segregation path J -~ H — F — edge-low — edge-high - D —B — A.

and compare the site dependent adsorption energies
defined as

E, = (E, = NuFay = E)/N, (1)

Here, E; is the total energy of Au/YSi,/Si(001), Ea, is the
energy per Au atom, and E; is the total energy of the
YSi,/Si(001) template. First, total energies were calcu-
lated for a single Au adatom on the eight nonequiva-
lent high-symmetry adsorption sites highlighted in Fig-
ure 2a for quantitative comparison of the site
preference. In order to calculate the adsorption ener-
gies associated with these sites, the vertical position of
the Au adatom was allowed to relax on sites A—D and
G—J, while the lateral coordinates of Au were fixed.
However, lateral positions of the Au adatom on sites E
and F were also allowed to relax, since binding sites
near the edge of the nanowire are not clearly defined.

From the calculated total energies, we identified a
segregation path of the Au adatom along a direction
that is perpendicular to the nanowire, and the values
of E, for Au at different adsorption sites are give in Fig-
ure 2c. The most stable adsorption site for the Au ada-
tom is on site A over the nanowire surface, with an ad-
sorption energy of E,5 = —3.83 eV. This is much lower
that corresponding values for Au at adjacent site B (E,g
= —293¢eV), C(Epc = —3.06 eV), and D (Epp = —2.91
eV), indicating that site A is very attractive for the Au
adatom once it is on top of the YSi, nanowire. Similarly,
the open site J serves as the attractive center on Si(001)
since the adsorption energy there (E,; = —3.72 eV) is
also much lower than those of Au at surrounding sites:
G (Epc = —3.15€V), H (Exy = —3.07 eV), and | (Ep; =
—2.38 eV). In fact, the Au adatom directly migrated to
site E (Epe = —3.26 €V) or J from their initial positions on
site G or | when lateral motion was allowed in the struc-
tural optimization procedure.

It is interesting to note that £, is 0.11 eV lower
than E,, which suggests that for Au to bind at site A is
about 20 times more preferable than to bind at site J at
room temperature, according to a simple estimate us-
ing Boltzmann statistics. Therefore, Au adatoms tend to
diffuse toward nanowires in ambient conditions, in
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good accordance with our experimental findings. Along
the path from site J to A: ) - H — F — edge-low —
edge-high — D — B — A, the activation energy for Au
migration is ~1.0 eV, indicating a high probability of
diffusion of Au toward the nanowire under our experi-
mental condition, T = 550 °C. The steepest changes in
energy along this path occur at J — H and B — A, with
an energy cost or gain of 0.65 and 0.9 eV, respectively.
Au adatoms appear to be rather mobile in other re-
gions, even to climb up the wire. We found that Au in-
duces large reconstruction in the YSi, nanowire and the
Si(001) surface. For example, the Si dimer rows on top
of the YSi, nanowire, highlighted by red balls in Figure
2a and b, are pushed apart by more than 1 A with the
presence of the Au adatom at site A.

We then performed calculations for cases with two
and three Au adatoms on YSi, nanowires, for compari-
son to our experiments. From extensive tests with dif-
ferent initial geometries, we identified several preferen-
tial geometries and list them in Table 1. The most stable
geometry for two Au adatoms on the nanowire is
shown as model-3 (M3) in which Au adatoms take the
A and Csites. This structure has an adsorption energy of
—3.50 eV per adatom, slightly better than the average
of E,a and Epc for single Au, —3.45 eV, benefiting from
the Au—Au interaction. However, the best configura-
tion for two Au is to have them taking the A and J sites;
the adsorption energy for this configuration is the same
as the average of E, and Ey, ;, 3.78 eV, since they are
well separated in space (~12 A apart). The third Au ada-
tom, essentially making monolayer coverage over the
nanowire, takes the other C site (cf. M4 in Table 1). The
adsorption energy for this structure is around —3.39 eV
per adatoms, still better than the average adsorption
energies of three individual Au adatoms: (E, o + 2E,c)/3
= —3.32 eV. Another possible model is where Au forms
a cluster (actually a wire) along the trough of YSi,
nanowires (M5), but its adsorption energy is slightly
higher than that of M4. Interestingly, we noted that Au
adatoms in M4 cause significant expansion of Si dimers
on the YSi; nanowire. If we remove the capping Si and
directly place Au on Y as depicted in model M6, then
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TABLE 1. Side Views of the Relaxed Structural Models for YSi,/Si(001) and Au/YSi,/Si(001)°
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“Cyan, yellow, and black spheres represent Y, i, and Au atoms, respectively. E, and E; ¢ are adsorption energies (in eV) of Au on YSi,/Si(001) and CO on Au/YSi,/Si(001), re-
spectively. A red-to-blue color band was used to show the calculated work functions in a horizontal plane 2.8 A over YSi,/Si(001) and Au/YSiy/Si(001) in a range of 4.3

(red) to 4.9 eV (blue).

the adsorption energy may approach a value as high
as —3.90 eV.2° From M2—M4 to M6, one may find that
the presence of Au adatoms on top of the disilicide
nanowire surfaces substantially distorts and finally de-
stabilizes Si bonds. As discussed below, this stems from
the substantial charge transfer from Au adatoms to
their surrounding regions, which weakens the Si—Si
bonds by filling the antibonding states of Si.

From the adsorption energies, we may conclude
that most Au adatoms tend to aggregate to nanowires
if the Au coverage matches the nanowire surface den-
sity, to form structures like M6 and M4. Moreover, we
found that the adsorption energies for two and three
Au adatoms around site J are 0.27 and 0.31 eV less fa-
vored compared to M3 and M4, respectively. Note that

the presence of Au only causes a minimal change in
the nanowire height, a fact that is also confirmed by
the experimental data. In the Supporting Information,
we show the line profiles across DySi; nanowires in Fig-
ure S2. The average nanowire heights before and after
Au deposition are approximately 0.95 and 1.00 nm,
respectively.

Electronic Structure of Au/Disilicide Nanowires. Since the ad-
sorption energies of single Au adatom on sites A and J
are much lower than those on other sites, we first exam-
ine the local charge densities of these two configura-
tions in order to understand the site preference of Au
on YSi,/Si(001) versus on Si(001). Charge density differ-
ences, Ap = pauwvsissioon) — PAu — Pysissicon), are shown in
Figure 3 for Au at sites A and J. From contours of Ap in

Figure 3. Charge density differences of (a) Au/YSi,/Si(001) and (b) Au/Si(001). White solid circles represent the positions of
Au; dashed circles represent the positions of Si atoms; and the red circle represents the position of Y atom. Cold colors (green,
cyan, and blue) and warm colors (yellow, red, and pink) represent electron depletion and accumulation, respectively. Con-
tours start from =1 x 1073 e/A® and change successively by a factor of 1.15. Line profiles on the side show the planar aver-
ages of the corresponding charge density differences along the vertical axis. Positive and negative signs represent the in-

crease and decrease of electron density, respectively.
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a cross-sectional plane passing through the Au ada-
tom (highlighted by white circles), we found that elec-
trons deplete from Au and accumulate in regions be-
tween Au and surrounding Si and Y atoms for both
geometries in Figure 3a and b. This differs from the in-
tuitive picture that Au gains electrons from Si because
of its higher electronegativity. In Figure 3a, one may
find that electrons accumulate between Au and two
nearby Si atoms in the horizontal plane as well as be-
tween Au and Y in the vertical plane. This suggests the
formation of Au—Siand Au—Y bonds in Au/YSi,/Si(001).
In Figure 3b, electrons also accumulate between Au
and neighboring Si atoms in the horizontal plane, and
the Au—Si bonds appear to be even stronger (larger
pink area) for Au on the site J. However, this structure
lacks the vertical Au—Y bond and thus is slightly less fa-
vorable than that of Au on the site A.

An important effect of the charge redistribution in
Figure 3 is the apparent electron charge polarization
from Au toward the substrate. To better appreciate this,
we also give the planar average of Ap as a line profile
along the vertical direction on the right side of the cor-
responding contour plots of Figure 3. The outstanding
feature in the Ap(z) curves is that electrons transfer from
the top-half of Au (signified by the negative sign) to
the area under it (signified by the positive sign). This
type of electron redistribution and polarization was also
found in models with two and three Au adatoms shown
in Table 1, except in M5 where the Au cluster draws
electrons from Si. With electron accumulation at the
bottom of Au nuclei, the presence of Au adatoms estab-
lishes an upward dipole layer on Si and YSi, nanowire
surfaces. This reduces the average local potential
around Au atoms and hence leads to decreases of the
local work function and eigen energies of Au states.

The two-dimensional maps of the work function dis-
tribution on top of YSi,/Si(001) and Au/YSi,/Si(001) are
plotted on the right column of Table 1, over a 15 A wide
region across the nanowire. The calculated local work
functions are 4.9 eV over Si(001) and 4.6—4.9 eV over
YSi,/Si(001). The work function on top of Au/YSi,/Si(001)
is substantially reduced, especially if examined right
above Au adatoms. Overall, calculations show that the
presence of Au adatoms leads to a reduction of work
function by 0.2—0.7 eV on the nanowire surface, with
the largest reduction observed in M4. The exception is
for M5, in which the formation of Au clusters actually
enhances the local work function to >4.9 eV. This value
is close to that of the clean Au(111) surface, 5.1—5.5
eV, as measured from Kelvin probe force microscopy
(KPFM) and photoelectric effect measurements.?! We
found that work function above the Au adatom on the
Si(001) terrace is ~4.6 eV, also reduced by 0.3 eV from
that of the clean Si(001) surface. Interestingly, work
function varies over different Au adatoms in configura-
tions M3, M4, and M6, owing to the dissimilar Au—Si
and Au—Y bonds. For M3 and M4, the change of work
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function is much more obvious over the Au adatom at
the center than that of over the Au adatom at site C.

In order to experimentally probe how the work func-
tion evolves as Au is deposited on disilicide nanowire
surfaces, simultaneous atomic force microscopy (AFM)
topography and KPFM contact potential difference
(CPD) data for DySi, nanowires were acquired before
and after Au deposition. Figure 4a and b is 500 X 500
nm topography and CPD images, respectively, of a Dy/
Si(001) sample before Au deposition. Figure 4c and d is
topography and CPD images, respectively, of the same
Dy/Si(001) sample after Au deposition. The color scales
on the right of Figure 4b and d represent the work func-
tion of the surface. The method for determining the
work function from KPFM-CPD data is discussed in the
Supporting Information. By visual comparison of Figure
4b and d, it is clear that the work function decreases
due to the presence of Au on the surface as predicted
in the calculations shown in Table 1.

For quantitative evaluation, Table 2 lists the aver-
age work function values with standard deviation for
two different samples of DySi, nanowires on Si(001) be-
fore and after Au deposition. The first data column
gives the work function of the clean 2 X 1 recon-
structed Si(001) surface from KPFM measurements. The
p-type Si(001) substrate has a work function, 4.8—5.0
eV, in agreement with the theoretical value discussed
above and also with the accepted value, 4.9 eV?? for the
p-type Si at the dopant density listed by the manufac-
turer. It is obvious that work function values of Si(001)
depend sensitively on the presence of metal adatoms
on the surface. The second and third data columns in
Table 2 provide the average work functions over re-
gions on Si(001) between DySi, nanowires, as shown
in Figure 4b and d, before and after Au deposition, re-
spectively. The substrate work function decreases due
to the presence of Dy and Au adatoms Si(001), indicat-
ing that the aggregation of both elements to nanowires
is preferential but not selective. The accepted work
function of DySi, thin films is 4.42 eV.? The local work
function of DySi, nanowires from CPD measurements
is approximately 4.25 eV; it is reduced from the thin film
value due to quantum size effect.® KPFM measure-
ments of Au on DySi, nanowires yield work functions
between 3.9—4.0 eV, which is further reduced from the
value of the nanowire work function. These experimen-
tal values are somewhat smaller than the calculated
work functions displayed in Table 1, probably due to
the difference in height of planes. Yet the Au-induced
reduction of the work function agrees reasonably well
between theory and experiment. For example, we mea-
sured a reduction in work function of ~0.35 eV on
Si(001) and ~0.30 eV on YSi, nanowires due to Au
deposition that correlates very well with DFT calcula-
tions. Since experimental results indicate no increase of
work function after the deposition of Au, M5 is unlikely
to form in real samples.
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Figure 4. The 500 X 500 nm AFM topography (left) and KPFM (right) images for DySi, on Si(001) before (a and b) and after
(c and d) Au deposition. The color scale on the right displays the calculated work function from CPD data.

€0 Absorption on Au/YSi,/Si(001). The varying properties
of Au—disilicide systems in different geometries allow
us to examine how adsorption energy of simple mol-
ecules correlates with electronic features, such as work
functions. As mentioned before, both the Au d-band
center and the local work function stem from the
charge redistribution around Au adatoms. The former
is known to be a key factor for the activity of metallic
systems toward adsorptions and reactions of simple
molecules such as CO.2*> Here we also use CO as the
probing molecule and calculate the CO adsorption en-
ergy over different Au atoms as

Eb,CO = ECO/Au/YSi/Si(Om) - EAu/YSi/Si(OOl) — Eeo )

Here, total energies of Au/YSi,/Si(001) (Eauysissioory) and
free CO molecule (Eco) are used as the references. As de-
picted in Figure 5a, CO takes a straight adsorption ge-
ometry on a single Au adatom over YSi,/Si(001). The
equilibrium C—0 bond length is 1.15 A, and the C—Au
bond length is 2.12 A. The calculated value of E,co on
Au/YSi,/Si(001) is —0.52 eV. In fact, the CO adsorption
energies are also around 0.5 eV on several configura-

tions of Au/YSi,/Si(001) with more Au adatoms except
M4. Note that systems with CO adsorption energies
about —0.5 eV are appropriate for the purpose of cata-
lyzing various reactions, in particular those with CO poi-
soning problems, as in fuel cells.?* For Au/YSi,/Si(001)
with two or three Au adatoms, more than one site is
available with varying CO adsorption energies. For ex-
ample, CO adsorption energy in the configuration M6
changes from —0.19 and —0.42 to —0.46 eV on
Au;—Aus, respectively, as denoted in Figure 5b. The
availability of multiple attractive sites in a small area
may find important use to catalyze chemical reactions,
since they can optimally break chemical bonds of differ-
ent reactants and provide the appropriate ensemble ef-
fect, as found on bimetallic surfaces.® Experimental
and theoretical studies in this direction will be pursued
in the future.

We also explore if there is a simple correlation be-
tween work function and CO adsorption energy of Au/
YSi,/Si(001). From the calculated values of E,co and ® in
Table 1, one may find that the correlation between
Epco and the average work function of Au/YSi,/Si(001)
indeed exists if results for M5 are excluded. For ex-

|
TABLE 2. KPFM measured work functions for Au/Dy/p-type Si(001)

Si (001) Substrate d [eV]

DySi,—Nanowire ® [eV]

2 X 1reconstructed after Dy dep after Au dep before Au dep after Au dep
Sample 1 5.01 = 0.06 4.54 * 0.06 4.11 £ 0.06 4.21 £0.07 391 £0.07
Sample 2 4.79 = 0.08 451+ 0.06 4.24 +0.07 4.29 +0.06 3.99 = 0.07
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Figure 5. The relaxed atomic geometries and charge density differences of CO adsorption on Au/YSi,/Si(001) in geometries
of M2 and M6 denoted in Table 1 are found in (a and b). Red, gray, black, cyan, and yellow balls represent O, C, Au, Y, and Si
atoms, respectively. The red contours represent areas of electron accumulation, whereas the blue contours represent elec-
tron depletion. The plots of density of states projected in different atoms are found in (c and d). The vertical line at zero is the

position of the Fermi level.

ample, the M4 structure has the lowest E, o as well as
the smallest work function among all models given in
Table 1. The work function of M3 is higher than that of
M2 at the center of the nanowire, but M3 has one addi-
tional Au aside, so the chemical activities of these two
structures toward CO are similar. The projected density
of states (PDOS) curves of Au adatoms plotted in Figure
5c and d indicate that Au d-band centers are typically
low, as a result of the charge transfer from Au to the
nanowire underneath. For instance, the top of Au
d-band in the single Au/YSi,/Si(001) shifts to 4 eV be-
low the Fermi level in Figure 5c. In the structure M4,
which has the smallest £, co, the top of Au d-band is at
—4.5~—4.8 eV. Therefore, it appears that the CO ad-
sorption energy, position of the d-band center, and lo-
cal work function correlate well with each other in most
of these systems.

The charge density differences in Figure 5a and b
for CO on Au/YSi,/Si(001) with either one or three Au
adatoms suggest that the Au-e, state donates electrons
to the CO 27* orbitals. Bader charge analysis provides
more information regarding the electron transfers on
individual atoms.?® For instance, CO gains 0.083 elec-
tron charge (0.076 e on C and 0.007 e on O) from Au/
YSi,/Si(001) (0.055 e from Au). We can see that the val-
ues of PDOS of Au around the Fermi level are very small
in Figure 5c and d. Yet the CO 27* orbitals expand to a
very wide range, with the tail extending to below the
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Fermi level. The CO 5c-orbital is also broadened to a
small resonance peak at —2.5 eV in the PDOS plot in Fig-
ure 5¢. It is interesting to note that the adsorption of CO
causes additional charge accumulation under Au in Fig-
ure 5a and b. Obviously, chemical interaction between CO
and Au/YSi,/Si(001) is appreciable, in terms of adsorption
energy, orbital hybridization, and charge transfer.

CONCLUSIONS

The preferential aggregation of Au on disilicide
nanowire surfaces versus the Si(001) surface observed
in STM experiments was found to be associated with a
lower adsorption energy on nanowire surfaces versus
Si(001). DFT calculations also revealed a diffusion path
for Au adatoms on Si(001) and YSi, surfaces. The corre-
sponding energy barrier, ~1.0 eV along this path, indi-
cates that Au adatoms are mobile under growth condi-
tions. This is the first study of the kinetics of aggregation
of Au toward disilicide nanowire surfaces. Both KPFM
measurements and DFT calculations indicate that the
adsorption of Au reduces the local work function of di-
silicide nanowires and Si(001) surfaces. This change in
work function could have implications in the chemical
activity of Au on these surfaces. The resultant chemical
properties of Au/YSi,/Si(001) were probed and dis-
cussed in the context of CO adsorption. The CO adsorp-
tion energy indeed depends on the local work func-
tion for most cases; and the effect of different charge
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transfer between Au and substrate was assigned as
the origin. Thus this work provides a foundation for us-

MATERIALS AND METHODS

All samples for our experimental observations were fabri-
cated in an ultrahigh vacuum chamber with a base pressure
of 8 X 107" Torr. The chamber is equipped with an Omicron
variable temperature scanning probe microscopy (VT-SPM)
system and an external Omicron Kelvin probe force micro-
scope (KPFM) electronics module for in situ characterization.
Silicon substrates were B-doped, with a resistivity in the
range of 0.01—0.04 Q-cm. Clean Si(001) (2 X 1) reconstructed
surfaces were prepared using the standard protocols. Dy
(99.9%, ESPI) was evaporated from a molybdenum crucible
using a mini e-beam evaporator (Quad-EV-C, Mantis) at an
emission power of approximately 20—23 W for 1 min to ob-
tain a submonolayer coverage. During Dy deposition, the
Si(001) substrates were held at 600 °C, and the chamber pres-
sure was approximately 3 X 107° Torr. After Dy deposition,
samples were postannealed at 630 °C for 2 min for the forma-
tion of DySi, nanostructures; these samples were subse-
quently analyzed with STM, AFM, and KPFM after returning
to room temperature. After SPM characterization of DySi,
nanostructures, Au was evaporated from a Au foil (0.1 mm
thick, purity >99.999%, Alfa Aesar) on a vitreous carbon cru-
cible at a power of 10 W for 1 min, and the sample was an-
nealed post growth for 30 s at a substrate temperature of 550
°C for both instances. STM, AFM, and KPFM analyses were
performed after the samples returned to room temperature.
Details of our KPFM experimental setup can be found in ref 8.

First principles calculations were performed within the
framework of DFT using the Vienna ab initio simulation package
(VASP).?” The generalized gradient approximation (GGA)?® was
used for the description of the exchange—correlation interac-
tion among electrons. The projector augmented wave (PAW)?
pseudopotentials were used to represent the ionic cores. We set
an energy cutoff of 350 eV for the plane-wave basis expansion.
To avoid complexity in dealing with the f-electrons of Dy, we
used Y as a substitute throughout our calculations. Bulk YSi, has
an identical crystal structure of hexagonal RESi,, and their lat-
tice constants are also similar. Many previous publications have
demonstrated the appropriateness of using Y as a RE substitute
for theoretical studies of atomic geometries and chemical prop-
erties of these systems.3*~32 The adsorption patterns of Y on
Si(001)*3* and the morphology of YSi, nanowires on Si(001)
have been analyzed recently using DFT calculations and SPM
measurements. In particular, DFT predicted that YSi, nanowires
with a width of 3as; are the thinnest stable configuration on
Si(001), in agreement with experimental observations for both
YSi, and RESi, nanowires.
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Supporting Information Available: Principles of Kelvin probe
force microscopy and calibration of tip work function are de-
scribed. Table S1: Contact potential difference data from DySi,
nanoisland calibration sample and tip work function calculated
from the known work function of the calibration sample. Figure
S1: Scanning tunneling microscopy images of DySi, nanowires
on Si(001) (a) before Au deposition, (b) after Au deposition for 1
min and (c) after Au deposition for 2 min acquired at with Vy,s =
—1.9 Vand 100 pA tunneling current. Figure S2: Line profiles ob-
tained across nanowires before and after Au deposition as
shown in Figure (a) S1a and (b) S1b, respectively. This material
is available free of charge via the Internet at http://pubs.acs.org.

ing charge transfer and work function to further under-
stand chemical activity in nanosystems.
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