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ABSTRACT

Aberration-corrected scanning transmission electron microscopy (STEM) is used to reveal individual Au atom configurations inside Si nanowires
grown by Au-catalyzed vapor-liquid-solid (VLS) molecular beam epitaxy (MBE). We identify a substitutional and three distinct interstitial
configurations, one of which has not been previously identified. We confirm the stability of the observed point defect configurations by
density functional theory (DFT) calculations. The observed number densities of the various configurations are in accord with their calculated
formation energies. The concentration of Au atoms is larger than the solubility limit, but the effect may be caused by the STEM beam.

Vertically aligned Si nanowires are commonly grown by the
vapor-liquid—solid (VLS) mechanism in which a metal
catalyst forms eutectic droplets at the growing tips of the
nanowires.'” A supply of Si vapor supersaturates the droplets
with Si and leads to its precipitation at the liquid—solid
(droplet—silicon) interface. Au has been favored as a catalytic
material because of the deep eutectic reaction with Si
(Aug,Sijs at 360 °C), which enables low temperature growth
of Si nanowires (500-650 °C in most cases>”). In addition,
the low equilibrium solubility (e.g., 2 x 10" Au atoms/cm?
in Si at 650 °C)? and the absence of stable silicides in the
Au—Si phase diagram suggests growth of clean Si nanowires
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might be possible. However, in situ TEM growth has directly
shown that surface migration of Au atoms occurs from the
smaller droplets to the larger ones (Ostwald ripening),*
suggesting that the sidewalls of Si nanowires are covered
by a significant amount of Au.*>’ Furthermore, metastable
growth techniques such as chemical vapor deposition (CVD)
or MBE’ may extend the solubility limit of Au in Si
nanowires or lead to high nonequilibrium supersaturations.
Au is known to adversely affect the carrier lifetime in Si.?
Recent atom probe tomography has indeed demonstrated that
Au catalyst atoms can be incorporated into InAs nanowires
beyond the solubility limit.!°

In this study, we utilize single-atom sensitivity of high-
angle annular dark field (HAADF) STEM, also known as
Z-contrast imaging.''> With the very small depth of focus
resulting from the correction of aberrations,'*"'> imaging and
localization of individual Au atoms in Si nanowires grown
by the VLS mechanism using MBE becomes possible. With
the three-dimensional resolution, a through-focal series of
HAADF images unambiguously distinguishes Au atoms
inside the volume of the nanowire from those decorating the
surfaces. Very high number densities of Au atoms are found



Figure 1. Low magnification HAADF images of Si nanowires. (a)
Si nanowire capped with a solidified Au—Si droplet. (b) Faceted
and tapered Si nanocone with no solidified droplet. The Z-contrast
clearly shows the surface decoration by Au covering the nanowires.

both on the sidewall surfaces and inside the nanowires.
Concentrations are estimated in the range of 10?° Au atoms/
cm? closer to the wire surfaces. Although the nonequilibrium
nature of the VLS-MBE growth process may contribute to
the supersaturation, the STEM beam may be causing the
effect through local heating and knock-on events. Further-
more, the projected atomic sites, one substitutional and three
distinct interstitial configurations, and their number densities,
are directly revealed from the images and agree with the
sites and formation energies predicted by DFT calculations.
Configurations are seen to change between successive
images, consistent with the high diffusivity of Au in Si,
which occurs by interconversion between interstitial and
substitutional configurations.'6-!8 Observation at lower tem-
peratures might enable the dynamic observation of diffusion
process at the atomic scale.

Vertically aligned Si nanowires were grown on Au-coated
Si (111) substrate at 500 °C by MBE. Details of the growth
are described in ref 5. Nanowires were observed in cross-
section at ambient temperature with an aberration-corrected
STEM operating at 300 kV (VG Microscopes HB603U), an
electron probe size of less than 0.08 nm," and a depth of
field of 34 nm.'* The nanowires were found to be covered
by a significant amount of Au nanoclusters, as exhibited by
the brighter Z-contrast (Figure 1). Diverse wire morphologies
were observed depending on the size of solidified Au—Si
droplets. The decrease of wire diameter is associated with
the reduction in droplet size, which results from the migration
of Au. In Figure la, for example, it appears that there was
a significant reduction in droplet size in the middle of growth.
A facetted nanocone in Figure 1b shows no solidified droplet
left at the tip, indicating that the surface migration of Au
continued to cause complete depletion of Au in the droplet.
The pronounced surface diffusion may be due to the low-
pressure environment of VLS MBE, relative to VLS CVD,
where gold surface diffusion would compete with other
surface processes. Stacking faults have been observed at the
junctions of two different orientations of sidewall facets.?

Figure 2 shows three image frames extracted from a
HAADEF through-focal series recorded near the edge of the
Si nanowire. Starting from a far overfocus imaging condition
(beam focused before the specimen), a total number of 41
frames were acquired successively with focus advancing into
the sample in 2 nm steps. The through-focal imaging
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Figure 2. Three frames selected from a through-focal series of
HAADF images acquired in 2 nm defocus increments in the cross-
sectional [112[Jorientation. Au (single atoms and nanoclusters)
atoms existing at different surface locations can be identified. In
each frame, the Au nanoclusters in focus are indicated by arrows:
(a) on the top sidewall at O nm, (b) at the edge sidewall at —16
nm, and (c) on the bottom sidewall at —32 nm relative defocus.

a Af =0 nm (Referencey ] b

Figure 3. Six frames selected from a through-focal series of
HAADF images acquired with 1 nm defocus steps at the cross-
sectional [110Corientation. The in-focus plane is located (a) above
and (b) near the top surface of the nanowire. Four successive frames
were acquired when the electron beam is focused in the center of
the nanowire volume at relative defocus values of (¢) —23 nm, (d)
—24 nm, (e) —25 nm, (f) —26 nm.

technique and the depth resolution are treated in more detail
in ref 14. When the top surface of the thick region of the
nanowire comes into focus along with surface Au atoms (the
right-hand side of Figure 2), the corresponding defocus value
is set as reference (Figure 2a). Further decrease of defocus
by 16 nm brings the edge of the nanowire into focus (Figure
2b), while the Au atoms at the bottom surface come into
focus only after decreasing the defocus by an additional 16
nm (Figure 2¢). Therefore, in the thick part of the nanowire
in the center of Figure 2b, the beam is focused inside the
nanowire, when atoms on the top and bottom surfaces are
not in focus and are not visible in the image.

HAADF through-focal series were then acquired at higher
magnifications with finer defocus increments of 1 nm and
revealed Au atoms to be present inside the Si nanowires at
both interstitial and substitutional sites. Figure 3 shows six
frames extracted from such a through-focal series. When the
electron beam is focused near the top surface region, the
surface Au atoms and/or the substitutional atoms located just
below the surface are in focus (Figure 3b). As the electron
probe is moved toward the center of the nanowire, interstitial
Au atoms appeared while the number of substitutional Au
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Figure 4. HAADF images of a Si nanowire in [100zone-axis
orientation (left panel). A slight image distortion caused during the
scan was unwarped. Boxes show the regions used for intensity
profiles, with Au atoms in various configurations arrowed: (a)
substitutional, (b) tetrahedral, (c) hexagonal, (d) buckled Si—Au—Si
chain configurations. The intensity profiles across the Si dumbbells
correspond to a width of 18 pixels.

atoms decreased significantly. Parts c—f in Figure 3 show
four successive frames, where some interstitial Au atoms are
indicated by white arrows. Far fewer interstitial Au atoms
are observed than substitutional Au atoms (some of which
are marked by black arrows in Figure 3e). It should be noted
that the Z-contrast features we attribute to Au atoms are not
seen in images of pure Si samples or of the substrate on
which the nanowires are grown. Finally, it is noted that the
positions of Au atoms change from frame to frame, indicating
that they are migrating, either thermally or assisted by
electron beam heating or knock-on displacement. Even
repeating scans over the same area with a fixed defocus do
not find the same Au atoms in the same configurations. In a
qualitative way, therefore, one can infer that substitutional —interstitial
conversions occur, in accord with the known mechanism of
Au diffusion in Si.'®

Close inspection of HAADF images reveals interstitial Au
atoms located not only at the empty tetrahedral sites in the
Si lattice but also in other configurations. There are four
empty tetrahedral sites available in the unit cell of Si while
the other four are regular atomic sites. Note that the atomic
packing factor of the diamond structure of Si is only 0.34,
providing a large open space for the accommodation of
interstitial defects. Figure 4 shows HAADF images from the
center of the nanowire, where individual Au atoms are
marked by arrows. Accompanying line scans clearly show
the extra intensity introduced by Au atoms to be statistically
significant. Along with the substitutional configuration
(Figure 4a), three interstitial configurations are observed,
which are: tetrahedral (Figure 4b), hexagonal (Figure 4c),
and a buckled Si—Au—Si chain (Figure 4d). The hexagonal
site appears in the middle of two neighboring tetrahedral
sites, at which the Au atoms are surrounded by six neighbor-
ing Si atoms. The third configuration was observed less
frequently, with the interstitial Au atom located in a buckled
Si—Au—Si configuration. A substitutional Au atom located
in one of the Si (400) dumbbell columns shows an intensity
rise by ~30% compared to the average intensity of Si
columns. The HAADF intensity scattered by a single
interstitial Au atom is comparable to ~50% of the intensity
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Figure 5. Local views of defect configurations of Au in Si. (a)
Substitutional, (b) tetrahedral, (c) hexagonal, (d) buckled Si—Au—Si
chain configurations. The HAADF images (left panel) were
processed by maximum entropy image deconvolution (HREM
Research Inc.) using a Lorentz-type probe function. The corre-
sponding atomic models (right panel) calculated by DFT match
the images closely.

of the neighboring Si columns. These intensity levels and
the range of focus are consistent with image simulations for
single substitutional and interstitial Au atoms (see Supporting
Information).

Stable configurations of isolated Au impurities in Si were
determined using DFT. The point defects are simulated based
on a cubic supercell containing 64 Si atoms with an
additional Au atom at a particular configuration. DFT
calculations in the generalized-gradient approximation (GGA)
were performed using the Vienna Ab Initio Simulation
Package (VASP) code and projector-augmented-wave (PAW)
method.?!? Bulk Si is assumed to define the Si chemical
potential. The energetically most favorable configuration for
a single Au atom inside the Si lattice was found to be the
substitutional site. This is consistent with both our experi-
mental atomic-scale observations and with earlier diffusion
studies,'® which show that Au atoms in Si are predominantly
substitutional defects. The formation energy of a substitu-
tional Au atom is taken as a reference, to which the formation
energies for interstitial configurations are compared. Two
common interstitial defect configurations, with single Au
atoms positioned at the tetrahedral and the hexagonal-ring
interstices surrounded by Si atoms, had relative formation
energies of 1.33 and 1.46 eV, respectively. For the new defect
configuration, Figure 4d, the stable configuration was found
to consist of a Au atom inserted into a Si—Si bond, forming
a buckled Si—Au—Si bond (bond angle 108°). This config-
uration also has a comparable relative formation energy of
1.68 eV, with the Au interstitial located about 1.4 A from
the center of the undeformed Si—Si bond and 2.36 and 2.40
A from its Si neighbors. This configuration corresponds to
the observed defect in Figure 4d. Magnified images after
maximum entropy processing compare very well to the DFT
structures, see Figure 5.

The relative number density of each interstitial configu-
ration was estimated by direct count from several large-area

Nano Lett.,, Vol. 8, No. 4, 2008



Table 1. Summary of the Defect Formation Energies Calculated
by DFT (E; — E;) and the Relative Number Densities of Each
Interstitial Configuration Determined by Direct Count from HAADF
Images (Nv/Ny).

interstitial
configuration E; — E (eV) Ni/Ng
tetrahedral 1.33 0.12 4+ 0.05
hexagonal 1.46 0.08 + 0.03
buckled Si—Au—Si 1.68 0.05 4+ 0.04

HAADF images and different defocus levels. A larger
number of substitutional Au atoms is counted closer to the
wire surface, in agreement with the typical diffusion profile
that Au attains in Si, the so-called “U-shape” profile.'® The
count of each interstitial configuration was divided by the
total number of substitutional atoms counted in the corre-
sponding image. Then, these relative numbers obtained from
different images were averaged. The resulting relative
number densities follow the ordering that would be predicted
from the calculated formation energies, i.e., lower formation
energy implying higher density (Table 1). We stress that
number densities are only approximate due to a different
depth of focus for interstitial and substitutional atoms and
possible double counting as a result of atom migration.

The relative defect densities decrease as the formation
energy increases, but fitting an Arrhenius-type equation, the
local temperature is estimated in excess of 1000 °C. A
possible interpretation of this result is that the beam causes
interconversion among interstitial configurations both by
momentum transfer and local heating. A similar phenomenon
has been demonstrated to occur in Si grain boundaries, where
beam-induced vacancy creation initially occurs selectively
in columns with low vacancy formation energies.??

In summary, we report observations of catalyst Au atoms
inside Si nanowires. Four different Au point defect configu-
rations are distinguished in Z-contrast images, which were
confirmed through multislice image simulations and DFT
calculations. The observed number densities of the various
configurations are in accord with their calculated formation
energies. The present work demonstrates that direct imaging
of distinct impurity configurations in a crystal and determi-
nation of relative densities is feasible by aberration-corrected
STEM. These results, perhaps in conjunction with detailed
simulations of beam—crystal interactions, set the stage for
the extraction of information about point defect dynamics
and defect reactions in nanostructures.
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