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ABSTRACT We have synthesized epitaxial Au, Pd, and AuPd nanowire arrays in vertical or horizontal alignment on a c-cut sapphire
substrate. We show that the vertical and horizontal nanowire arrays grow from half-octahedral seeds by the correlations of the geometry
and orientation of seed crystals with those of as-grown nanowires. The alignment of nanowires can be steered by changing the atom
flux. At low atom deposition flux vertical nanowires grow, while at high atom flux horizontal nanowires grow. Similar vertical/horizontal
epitaxial growth is also demonstrated on SrTiO3 substrates. This orientation-steering mechanism is visualized by molecular dynamics
simulations.
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Precisely controlled growth of nanowires (NWs) on a
substrate along a chosen crystallographic direction
has been greatly sought in nanotechnology.1-11 This

would allow for integration of one-dimensional building
blocks into a designed system and mass production of
nanodevices from bottom-up approach. So far epitaxial
alignment of NWs has been determined by the crystal
orientation of the substrate.12-16 Selection of the alignment
(whether vertical or horizontal) of NWs on the same sub-
strate by only adjusting the reaction conditions would be
more desirable and help provide fabrication of more versa-
tile three-dimensional nanodevices.

Noble metal NWs have attracted much attention because
of their unique optical, catalytic, sensing, and electronic
properties.17 Although a large number of reports on the
synthesis of noble metal NWs are available,18-21 epitaxial
growth of noble metal NWs has not been reported yet.
Epitaxially aligned noble metal NW arrays on a substrate can
be utilized as advanced platforms for plasmonics, optoelec-
tronics, sensing, selective catalytic reactions, and nano-
electronics.22-26

Here we show for the first time that we can epitaxially grow
noble metal (Au, Pd, and AuPd) NW arrays in a selected
alignment without using any catalysts or capping reagents.
Furthermore, we show that the alignment of NWs (vertical or
horizontal) can be steered by changing the atom flux on the
same substrate. How these metals with an isotropic crystal
structure (face-centered cubic) can grow into aligned NW arrays
without using any catalysts or templates? How their alignment
can be steered by atom flux change? As an answer to these

intriguing questions, we present a detailed mechanism for the
vertical and horizontal epitaxial growth of Au NWs.

The Au NWs are synthesized by a simple vapor transport
method27 using a Au slug as a metal source. Vertical Au NWs
are grown on a c-cut sapphire substrate at a source temper-
ature of 1100 °C. Figure 1a shows a scanning electron
microscope (SEM) image (tilted 45°) of vertical Au NWs. The
NWs have diameters of 90-190 nm and lengths of 10-20
µm. The transmission electron microscope (TEM) images
and selected area electron diffraction (SAED) patterns con-
firm that these Au NWs are single crystalline without twins
or defects and grow along the [110] direction (Supporting
Information, Figure S1 and S2). Magnified images in Figure
1b show that the Au NWs are well-faceted and have grown
in three orientations at angles 120° (or 60°) to one another
with their top edges having a [11̄0] direction parallel to the
substrate. These three orientations of the Au NWs are
consistent with the 3-fold symmetry of c-cut sapphire. Each
NW is an elongated half-octahedron, made up of four {111}
side facets, two {111} top facets consisting of equilateral
triangular planes, and a (110) bottom surface with the
epitaxial relationship between vertical NWs and sapphire of
(110) Au//(0001) sapphire.

The key experimental conditions affecting the growth
process are the deposition flux (number of Au atoms depos-
ited per unit time and unit area), substrate temperature, and
local flow conditions.28 The values of these parameters
strongly depend on the location on the substrate, leading to
distributions of various nanostructures on the substrate.
Among the nanostructures grown on the substrate, we have
identified half-octahedral Au nanocrystals as the seeds of
vertical NWs. Figure 1c shows a top-view image of the half-
octahedral Au nanocrystals observed at different locations
on one same substrate. These particles are also aligned in
three orientations at 120° to one another. Figure 1b,d shows
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that the orientations of these half-octahedral nanocrystals
are the same as those of the vertical NWs. The strong
correlation of the geometry and orientations of the half-

octahedral nanocrystals with those of the vertical NWs
indicates that the vertical Au NWs grow from the half-
octahedral Au nanocrystals.

FIGURE 1. Vertically and horizontally grown Au NWs and their half-octahedral seeds on c-cut sapphire substrates. (a) 45° tilted SEM image
of vertical NWs. (b) Magnified SEM images of (a). The NWs have three orientations at 120° to one another. Yellow arrows indicate the three
top edges with a [11̄0] direction parallel to the substrate. (c) Top-view SEM image of Au seeds aligned in three orientations at 120° to one
another (indicated by arrows and a triangle). (d) Magnified and 45° tilted SEM images of half-octahedral Au seeds in three orientations. Yellow
arrows indicate the three top edges with a [11̄0] direction. (e) Top-view SEM image of horizontal NWs grown along three 〈112̄0〉 directions of
sapphire. (f-h) Magnified and 45° tilted SEM images of horizontal NWs. (i) Magnified and 45° tilted SEM image of a half-octahedral seed in
the same orientation as (h). (j) Cross-sectional TEM image of the horizontal NW grown on c-cut sapphire. (k) HRTEM image and FFT patterns
of the red square in (j). The lattice spacing of the Au (100) planes is 4.08 Å, and that of sapphire (1010) planes is 4.12 Å (mismatch 0.98%).
Scale bars in (b,d,f-i) are 100 nm.
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When we raise the source temperature to 1300 °C, we
observe horizontal rather than vertical NWs (Figure 1e). These
NWs grow along the three equivalent 〈112̄0〉 directions of
sapphire rotated by 120° on the basal c plane. Figure 1f-h
shows the geometry of the horizontal NWs. Half-octahedral
nanocrystals aligned in the same three orientations as the
horizontal NWs are also found on the same substrate (compare
Figure 1h,i), suggesting that the horizontal NWs grow from half-
octahedral nanocrystals. The cross-sectional TEM image shows
that the horizontal NWs have triangular cross sections (Figure
1j). The high-resolution TEM (HRTEM) image and its fast Fourier
transform (FFT) patterns (Figure 1k) reveal that the horizontal
NWs have all {111} facets except a (110) bottom surface. Thus,
the epitaxial relationship between the horizontal NWs and
sapphire is also (110) Au//(0001) sapphire.

If the seed is half-octahedral, only when the NWs grow along
the 〈110〉 directions, they would be enclosed by the most stable
{111} top and side facets.29 Growth to other direction would
lead to formation of less stable facets. NW growth from a half-
octahedral seed is thereby confined to either a vertical or
horizontal direction. The three orientations of the vertical and
horizontal NWs arise from the initial nucleation of half-
octahedral seeds in three orientations. An identical epitaxial
relationship of the vertical and horizontal NWs with c-cut
sapphire confirms that both NWs grow from the same half-
octahedral seed.

Figure 2 illustrates that half-octahedral seeds can grow
into NWs along two different paths: cfbfa and cfdfe for
source temperatures of 1100 °C and 1300 °C, respectively.
The Au deposition flux at 1300 °C is about 50 times higher

FIGURE 2. The growth process of Au NWs from half-octahedral seeds on c-cut sapphire substrates. Panels a-e show 45° tilted SEM images
from the same perspective. (a,b) Vertically grown Au NWs. (c) A half-octahedral Au seed. (d,e) Horizontally grown Au NWs. Vertical NWs (a,b)
are obtained at a source temperature of 1100 °C whereas horizontal NWs (d,e) are obtained at 1300 °C. (f) Schematic for Au NW growth
model. (g) MD simulated images of the vertical growth from a half-octahedral seed by direct impingement as seen from the side (see Supporting
Information, Movie S1). (h) MD simulated images of the horizontal growth from a half-octahedral seed by surface diffusion as seen from the
top (see Supporting Information, Movie S2). Scale bars in (a-e) are 100 nm.
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than that at 1100 °C, as estimated from the Au vapor
pressure.30 All other experimental parameters are kept
identical. We thus deduce that the magnitude of the deposi-
tion flux determines whether the growth from the half-
octahedral seed will be vertical or horizontal.

Among the possible NW growth mechanisms, we can
exclude screw dislocation-driven growth because no disloca-
tion is observed in the Au NWs.31,32 We also exclude
vapor-liquid-solid and vapor-solid-solid growth because
no catalyst is used in these experiments.33-37 We propose
the following explanation for the observed orientation-
steering growth. Anisotropic growth can be induced by an
anisotropic environment that provides anisotropic flows of
material to the seed crystal.38 In our experiments, the
magnitude of the deposition flux determines the dominant

material flux direction toward the seed, which in turn steers
the NW growth direction. Gold atoms colliding with the
substrate will diffuse and nucleate to form small seed crystals
aligned along the orientation of the substrate (Figure 1c,d).
Au atoms are supplied to the seed by direct impingement
from the vapor or by surface diffusion.

In the low deposition flux regime, Au atoms colliding with
the substrate diffuse either alone or as a small cluster of a
few Au atoms, desorbing easily. Thus, Au atoms reaching
seed crystals via diffusion will be greatly outnumbered by
those colliding with the seed by direct impingement. The
situation is reversed in the high deposition flux regime. As
the deposition flux increases, the aggregation rate of Au
atoms increases nonlinearly to form large clusters that do
not desorb easily and diffuse at a rate comparable to that

FIGURE 3. Vertically and horizontally grown Au NWs on Nb-doped SrTiO3 (110) substrates. (a) 45° tilted SEM image of vertical Au NWs grown
at a source temperature of 1,100 °C. The inset shows a top-view SEM image of vertical NWs. (b) Top-view SEM image of horizontal Au NWs
grown at a source temperature of 1,250 °C. NWs grow horizontally along one direction because of the 2-fold symmetry of the Nb-doped
SrTiO3 (110) substrate. 45° tilted magnified SEM images of (c) the vertical NW, (d) the half-octahedral seed, and (e) the horizontal NW. The
temperatures of the substrates were both maintained at 1,000 °C and all other reaction conditions (e.g., pressure, and Ar flow rate) were the
same in the two experiments. The distance from the center of the heating zone to the center of the substrate was 5.3 cm for the 1100 °C
experiment (low flux) and 7.9 cm for the 1,250 °C experiment (high flux). Scale bars in (c-e) are 50 nm.
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for adatoms.39 Since the area of the substrate from which
the diffusing atoms are collected by the seed is much larger
than that of the top face of a seed to which atoms directly
impinge, the atom supply to the seed will be dominated by
surface diffusion rather than by direct impingement. The
NW growth rate induced by surface diffusion would increase
more rapidly with the increase of deposition flux than that
induced by direct impingement.

While Au atoms directly impinging to the half-octahedral
seed contribute mostly to the vertical growth, the diffusing
atoms (or clusters) arriving at a vertical side face of the half-
octahedral seed (forming a reentrant edge) contribute mostly
to horizontal growth.40 Consequently, vertical growth domi-
nates when Au is supplied largely by direct impingement
(low flux regime), and horizontal growth dominates when
surface diffusion is the major supply of Au atoms (high flux

regime). A schematic illustrating this explanation is shown
in Figure 2f.

Our interpretation of the observed growth behavior is
consistent with the results from molecular dynamics (MD)
simulations presented in Figure 2g,h. The MD simulations
were carried out at 800 K using a canonical ensemble. A
half-octahedral Au seed composed of 614 atoms was fixed
onto a double layer graphite support. Relevant potential
parametersofAuweredescribedbyaquantumSutton-Chen
potential.41 The interaction between Au and C atoms was
parametrized with a 12-6 Lennard-Jones potential.42 Ini-
tially, 20 Au clusters composed of 5 atoms each were
placed 0.5 nm above the top of the seed crystal or
distributed on the surface of a supporting layer freely to
simulate direct impingement or adatom diffusion, respec-
tively. Additional 100 Au atoms (20 Au clusters composed

FIGURE 4. Vertically and horizontally grown Pd and AuPd NWs on c-cut sapphire substrates. 45° tilted SEM images of vertical NWs (a) for Pd
and (b) for AuPd. The insets are magnified images showing the tip shape. Top-view SEM images of horizontal NWs aligned in three orientations
at 120° to one another (c) for Pd and (d) for AuPd. HRTEM images and SAED patterns of the NWs (e) for Pd and (f) for AuPd. (g) XRD patterns
of Pd, AuPd, and Au NWs grown on c-cut sapphire substrates. The peaks corresponding to the (111) and (200) planes of the fcc Pd, AuPd, Au
crystal structure are shifted to a higher d-value (lower 2θ value) as we move from Pd to AuPd and Au. Scale bars of the insets in (a,b) are 100
nm.

© 2010 American Chemical Society 436 DOI: 10.1021/nl903002x | Nano Lett. 2010, 10, 432-438



of 5 atoms each) were continuously added to the system
in every ns of simulation time.

We took graphite as a supporting layer to reduce com-
putation time. Graphite is a typical supporting material for
metal clusters.43 Moreover, Au-C interaction is not too
strong to prevent the surface diffusion of Au adatoms at the
reaction temperature.44 We constructed two contrastive
simulation models to illustrate the influence of direct im-
pingement and adatom diffusion on the directional growth
of Au seed crystals. It is remarkable that directly impinged
Au clusters were spread out to form a (111) layer. After
redistribution, each atom created a surface layer on top of
the Au seed. The range of dynamic movement of impinged
atoms was restricted to the surface layer of the seed.
Continuous addition of Au atoms on the top layer resulted
in vertical NW growth. For the simulation of horizontal
surface diffusion, freely distributed Au clusters on the surface
of the supporting layer approached and coalesced with the
seed leading to horizontal NW growth as the simulation
proceeded.

Vertical NW growth is illustrated in Figure 2g and Sup-
porting Information, Movie S1. Horizontal NW growth is
illustrated in Figure 2h and Supporting Information, Movie
S2. The images in Figure 2g,h are snapshots obtained by MD
simulations during direct impingement and surface diffu-
sion, respectively, of the Au atoms. Although the Au atoms
in practice are always supplied from both directions, if the
supply from one direction is much larger than the other, the
seed grows toward the dominant Au flux.

This seed-initiated orientation-steering growth of Au NWs
is successfully employed on other substrates. Figure 3a
shows a 45° tilted SEM image of Au NW arrays on an Nb-
doped SrTiO3 (110) substrate, synthesized at a source tem-
perature of 1100 °C. Interestingly, the orientations of the
NWs are all identical (inset in Figure 3a). This is due to the
2-fold symmetry of the Nb-doped SrTiO3 (110) substrate.
The equilibrium shape of a metal nanoparticle crystallized
on a substrate is determined by the surface energy of the
crystal facets and the interface energy between the crystal
and the substrate.45 The c-cut sapphire and the SrTiO3 (110)
have favorable lattice match with the half-octahedral Au seed
(Supporting Information, Figure S4), leading to formation of
well-oriented half-octahedral seed consistent with the crystal
symmetry of the substrate (3-fold in c-cut sapphire or 2-fold
in SrTiO3 substrates). The growth direction of Au NWs (either
vertical or horizontal) was also steered by redirecting the
dominant material flux toward the seed. When we raise the
source temperature to 1250 °C, we observe horizontal
rather than vertical NWs (Figure 3b). All other reaction
conditions except source temperature were the same in the
two experiments. Half-octahedral seeds aligned in the same
orientation as the vertical and horizontal NWs are also found
on the same substrate (compare Figure 3c, 3d and 3e).

We have achieved similar seed-crystal-initiated orienta-
tion-steering growth of Pd and AuPd NWs on c-cut sap-

phire substrates. Synthesis of these twin-free, single-
crystalline, and well-faceted Pd and AuPd NWs on the
substrate has not been previously reported. Vertical Pd
and AuPd alloy NWs are grown at a source temperature
of 1100 °C (Figure 4a,b). When the source temperature
is raised to 1300 °C, horizontal NWs of Pd and AuPd are
obtained (Figure 4c,d). The HRTEM images and SAED
patterns of the Pd and AuPd NWs (Figure 4e,f) are fully
indexed to fcc Pd and AuPd structures with lattice con-
stants 3.890 and 3.983 Å, respectively,46 and show that
the NWs have single crystalline nature and a [110] growth
direction. The lattice spacing of the planes parallel to the
growth direction is calculated to be 0.137 and 0.141 nm,
agreeing well with the spacing of the (110) planes of fcc
Pd and AuPd structures, respectively. These observations
indicate that the growth mechanisms of the Pd and AuPd
NWs are very similar to that of the Au NWs.

We have demonstrated the orientation-steering growth
of Au, Pd, and AuPd NWs on a substrate without catalysts
and have proposed a new mechanism explaining how the
NWs grow from seed crystals. The growth direction of NWs
can be steered by redirecting the dominant atom supply flux
toward seed crystals formed epitaxially on a substrate. By
employing this seed-crystal-initiated growth, it would be
possible to fabricate more versatile three-dimensional NW
devices as well as to induce aligned epitaxial growth of NWs
from new materials.
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