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Abstract
We report the creation of unusual biaxial textures in Cu nanorod films, through the control of
the incident vapor flux during oblique angle deposition. High-density twin boundaries were
formed using a periodic azimuthal swing rotation of the substrate while the incident angle of the
Cu flux was fixed at 85◦ with respect to the surface normal. In contrast, depositions on
stationary substrates resulted in nanorod films with a much lower density of twinned crystals.
From transmission electron microscopy and x-ray pole figure analysis, the nanorod axis was
shown to coincide approximately with the 〈110〉 crystallographic directions. We also observed
the branching of these nanostructures into ‘nanotrees’. This branching was attributed to the
creation of edge dislocations during the deposition and was particularly prevalent for the case of
swing rotation. The mechanisms for the development of texture, twinning, and branching in
these nanostructures are discussed.

1. Introduction

The morphology and texture (preferred crystal orientation)
of a film is not only a subject of fundamental scientific
interest but also draws much attention in practical applications.
The morphology and texture directly controls many important
physical properties such as the optical, magnetic, and electrical
properties of the film [1, 2]. Controlling the grain size,
crystallinity, and texture is therefore essential in tailoring the
properties of films for specific applications. A recent intriguing
example is the use of pulsed electrodeposition to create pure
copper sheets with a high density of nanoscale twins that can
have ultrahigh strength and retain good electrical conductivity
at the same time [3, 4]. High-density nanoscale twins can also
be produced using high-rate sputter deposition [5]. Different
volume fractions of nanosized Cu twins can have different
rate sensitivities for both the flow stress and the hardness.
Specifically, a higher density of Cu twins increases the rate
sensitivity of the hardness compared with nearly twin-free pure
Cu of the same grain size [4].

Results of recent experiments using both real-space
imaging and diffraction techniques show that shadowing

during growth, particularly the direction of incident flux, can
have a profound impact not only on the morphology but also
on the evolution of crystal orientation of the film [6–9]. A
particularly effective way to achieve shadowing is the use
of a directional flux incident with an angle off the substrate
normal during growth, known as oblique angle deposition
(OAD) [10–12]. In this technique the flux arrives at the
substrate with an angle α measured with respect to the
surface normal. (For α > 70◦, the term OAD can be
used interchangeably with the term glancing angle deposition
(GLAD) [13].) It has been shown that this deposition technique
is capable of producing films with a rod-like structure
accompanied by a crystal orientation quite different from that
obtained using normal incidence vapor deposition [7–9]. In
both OAD and GLAD, one can rotate or swing the substrate to
create structures other than slanted rods.

In the paper, we report the use of OAD to grow Cu
nanorods and ‘nanotrees’ on stationary substrates and ∼90◦
azimuthally swung substrates (i.e. back and forth rotation
of substrates in a 90◦ angular range), respectively. In our
work, a large oblique angle of 85◦ was used for the Cu
deposition. We focus on the study of the morphology,
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Figure 1. Morphologies of Cu nanostructures grown by oblique angle vapor deposition with an oblique incident angle of ∼85◦ with respect to
the substrate normal. SEM plane views of (a) nanorods grown on stationary substrate and (b) ‘nanotrees’ grown on a substrate with 90◦ swing
motion. The nanorods and ‘nanotrees’ have been removed from the left-hand side of the SEM images (by scraping) so that the entire lengths
of the structures are visible. The flux directions indicated in these figures are projections of the flux that was incident at an angle of 85◦ with
respect to the substrate normal. The nanorods in (a) have smooth surfaces, while the ‘nanotrees’ in (b) have rugged surfaces. TEM bright field
images of (c) nanorods and (d) ‘nanotrees’.

crystalline characteristics, texture, and twin formation in
these nanostructures. Detailed characterization of these
nanostructures was carried out using scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and x-ray pole figure analysis. It was found that Cu nanorods
grown under OAD on a stationary substrate have a 〈110〉
crystalline direction along the rod axis and have a low density
of twins. Azimuthal swing rotation [14] of the substrate can
modify the morphology, texture, and twin formation in the
nanorods. We found that numerous twin interfaces in the
‘nanotrees’ can be systematically produced using a periodic
swing rotation of the substrate during OAD.

2. Experimental details

The Cu nanostructures were grown by thermal evaporation of
Cu on Si substrates with a native oxide layer at the surface. The
incident vapor flux was at ∼85◦ with respect to the substrate
normal. The silicon substrates were either held stationary
or swung with a period of 200 s over an azimuthal angle
of 90◦ during the Cu deposition. A detailed experimental
setup for OAD deposition can be found in [15]. The pressure
during deposition was ∼1 × 10−6 Torr. The growth rate was
∼0.25 nm s−1 as recorded from a quartz crystal thickness
monitor. Its reading is calibrated through thin film deposition
at normal incidence. The total time for the Cu deposition
was 100 min. There was no intentional substrate heating or
cooling in the experiments. The morphology, crystallography,
and texture of the deposited samples were characterized using

scanning electron microscopy (SEM, model JEOL JSM 6335),
transmission electron microscopy (TEM, model JEOL 2010,
200 kV), and x-ray diffractometry (XRD, Bruker D8 Discover
with area detector, Cu tube). The TEM samples were prepared
by scratching the Cu nanostructures off the Si substrate onto a
lacy carbon coated copper TEM grid with a droplet of acetone
sitting on it. The acetone subsequently evaporated, leaving
behind dispersed Cu nanostructures on the TEM grid.

3. Results and discussion

3.1. Morphologies: nanorods on stationary substrate and
‘nanotrees’ on swing substrate

Figure 1 shows the morphology of the Cu nanostructures
grown by the OAD technique. The SEM (plane view) and
TEM images of the samples grown on stationary substrates are
presented in figures 1(a) and (c), respectively. Specifically,
nanorods around 30 nm in diameter were formed. These
nanorods are straight and have relatively smooth surfaces.
The TEM bright field image in figure 1(c) shows that
although the contrast varies along the rod axis there are few
boundaries observed, suggesting a single crystalline nature
of the individual nanorods. In contrast to these nanorods,
the ‘nanotrees’ grown with the swing substrate deposition are
differentiated by their multiple branches, as seen in figure 1(b)
(plane view SEM image) and figure 1(d) (TEM image). We
have used quotation marks here to denote that our nanotrees are
different, compared to those of sequentially seeded hierarchical
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Figure 2. (a)–(c) Bright field TEM images of a typical ∼500 nm long Cu nanorod imaged from three different viewing angles of the same
rod: (a) with the electron beam off the zone axis; (b) from the bottom part B (dark in contrast) oriented in the 〈001〉 zone and the upper part U
(bright in contrast) off the zone axis, giving rise to the different contrast in two parts. The mirror plane is indicated by an arrow. The edges of
the rod tip are outlined by dotted lines. One edge makes ∼70◦ with the twin plane and the other is parallel to the mirror plane. (c) By tilting
the rod to the 〈011〉 zone axis, both parts became dark in contrast. (d) and (e) are selected area diffraction patterns (SADPs) from the bottom
‘B’ part and upper ‘U’ part of the nanorod in (b), respectively. (f) SADP from the B and U parts in (b) showing a twinning relationship. The
unit cell of matrix with indexed diffraction spots is highlighted by solid lines; the unit cell of the twin is highlighted by dashed lines and the
diffraction spots are referred to by ‘T’. The rough surface in (c) was induced by electron beam irradiation.

nanowire structures [16, 17]. From the plane view SEM image
shown in figure 1(b), it can be seen that each ‘nanotree’ is
nearly symmetric with respect to the ‘nanotree’ trunk axis
that inclines towards the flux incident direction. Further TEM
morphology shown in figure 1(d) suggests that the ‘nanotrees’
have roots consisting of small nanorods of ∼20 nm in diameter,
trunks of ∼100 nm in diameter, branches of ∼50 nm in
diameter, and crowns that can be a few hundred nanometers
wide due to an increased spreading of the branches. We have
used quotation marks in ‘nanotrees’ to indicate that swing
rods have a morphology similar to the readily observable and
familiar branching structure observed in trees. Except for some
branches at the top of a tree, the kinks were generally observed
along a branch axis. At the root of the ‘nanotrees’, the kinks
appear to be denser than in other sections of the nanorod. At the
broadened top the kink structures are rarely observed. Using
the height of ‘nanotrees’ (∼1.5 μm) and deposition parameters
(200 s per period, 100 min deposition time), we deduce that a
thickness of ∼50 nm copper was deposited for each period.
Under both stationary and swing deposition conditions, the
nanostructures are tilted ∼70◦ off the substrate normal and are
tilting towards the incident flux. It was obvious that azimuthal
swinging of the substrate facilitated branch formation. It has
been shown that fibers were often observed in amorphous Si
nanopillars grown by oblique angle deposition due to the self-
shadowing effect [18].

3.2. Single crystalline nanorods, their twinning, and
branching

Nanorods grown on a stationary substrate were characterized
first. As there was no substrate rotation, the features of
the nanorods are determined by the material properties, the
oblique angle, and the deposition rate. In figures 2 and 3 the
TEM images of typical Cu nanorods deposited on a stationary
substrate are shown. Most of the nanorods appear to be single
rods with no branches (see figure 2). Some of the longer
nanorods developed branches at heights of around 1 μm (see
figure 3).

In figure 2, the total nanorod length is ∼500 nm. Only
one twin interface along the nanorod axis was observed.
Figures 2(a)–(c) are TEM images of the same nanorod as
viewed from three different tilt angles. For the majority of
tilt angles (similar to figure 2(a)) there is very little contrast
observed at the top section of the nanorod. However, by tilting
the nanorod until the 〈001〉 zone is into the page, the interface
becomes apparent, as shown in figure 2(b). The bottom part
of the nanorod (in figure 2(b)) is marked with a ‘B’ and is in
the 〈001〉 zone axis; the corresponding selected area diffraction
pattern (SADP) is shown in figure 2(d). The upper part of
the nanorod marked ‘U’ is off the 〈001〉 zone axis and the
corresponding SADP is shown in figure 2(e), which contains
a few irregularly arranged diffraction spots. The high-contrast

3



Nanotechnology 19 (2008) 335708 H-F Li et al

Figure 3. A typical ∼1200 nm long Cu nanorod with branches. The nanorod is positioned with the 〈110〉 zone axis parallel to an electron
beam. (a) Bright field TEM image. (b) Dark field TEM image by selecting a diffraction spot corresponding to the mirror plane. Before and
after each twinning along the rod, the vector of the mirror plane (‘T’) for twinning and the 〈110〉 directions which are close to the rod axis are
illustrated in (b). (c)–(e) are magnified views of the parts in square boxes in (b), showing two twin interfaces and one branch, respectively.
The diffraction pattern in (f) is from the selected area (e), indicating that the branch has its (111) plane tilted ∼3◦ off the original (111) plane
of the rod.

interface (figure 2(b)) makes an angle of ∼20◦ relative to
the nanorod axis. The high-contrast interface was confirmed
to be a twin boundary by tilting the nanorod to the 〈011〉
zones. Under this condition both sections U and B are dark,
as shown in figure 2(c). The SADP (shown in figure 2(f)) of
sections U and B indicate a twinning relationship. In order
to clearly show the locations of the twin diffraction spots,
the unit cells of matrix and twin are connected as solid and
dashed parallelograms, respectively. The matrix reflection
spots are marked by Miller indices and the twin reflections are
denoted by ‘T’ without indices. In figure 2(b), the twin plane
(11̄1) is represented by a dashed arrow. The crystallographic
directions along the nanorod before and after twinning are also
shown. Since the projected length of the nanorod did not
change significantly during tilting of the nanorod as shown in
figures 2(b) and (c), we can use the patterns in figure 2(f) to
approximate the surface planes of the tip. In figure 2(b) the left
edge of the tip represented by the dotted line has an angle ∼70◦
with respect to the (11̄1) mirror plane, and the right edge of the
tip is nearly parallel to the mirror plane. It is expected that the
bottom part of the nanorod has the [111̄] direction as its axis
and the upper part has the [100] direction as its axis. This
is because the [100] direction of the twinned crystal (upper
part) is only 15.8◦ off the original [111̄] direction (bottom part).
The growth rate in the [100] direction must have been slower
and the nanorod was subsequently shadowed by faster growing
adjacent nanorods.

In the ∼500 nm long nanorod shown in figure 2, the twin
interface has an angle ∼20◦ with respect to the rod axis. In
figure 3 the ∼1200 nm long nanorod has twin interfaces at an
angle of ∼70◦ with respect to the rod axis, when the electron

beam is oriented parallel to the twin interfaces. Under this
imaging condition, all parts separated by the twin interfaces
are in the 〈011〉 zones. The bright field image of the nanorod is
shown in figure 3(a). By selecting a diffraction spot from the
mirror plane as the imaging beam source, a dark field image of
the nanorod is obtained as shown in figure 3(b). The varying
contrast along the rod is mostly due to the curvature/strain in
the rod and the difference in thickness along the electron beam
path. Figures 3(c)–(e) are the magnified images of the regions
enclosed by the squares in (b). They are two twin interfaces
and one branch, respectively. The nanorod axis nearly lies in
a 〈110〉 crystallographic direction, labeled as dot–dashed lines
in figure 3(b).

Nanorods that survive in late stages of growth develop
branches. In our case, branching was mostly observed at
lengths greater than 1 μm. The near single crystalline
diffraction pattern shown in figure 3(f) from the branched
region suggests that branching is not due to twinning. There
is no interface or grain boundary between branches before they
separate and it is evident that they belong to a single crystal.
In figure 3(f) there is ∼3◦ rotation of {111} planes as judged
from the associated elongated spots, and smaller rotation of
{200} and {311} planes as judged from less elongated spots.
We consider the edge dislocation to be the mechanism for
branching. Previously branching has been reported in some
OAD nanostructures [10, 19, 20], and it was believed to be due
to the creation of stacking faults from a crystallographic point
of view. Stacking faults usually occur in the {111} planes of
face-centered cubic (fcc) crystals, which is a plane effect and
cannot easily induce a crystal rotation. Therefore it is unlikely
that stacking faults are driving the branch formation in this
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Figure 4. Texture in the Cu nanostructures from the (111) x-ray pole figure analysis: (a) stationary substrate, (b) 90◦ azimuthal swing
substrate. The incident flux directions are indicated by arrows in (a) and (b). Dashed curves in (a) indicate the pole concentration regions lying
in two circles ∼35◦ and 90◦ with respect to the rod axis denoted by a diamond icon. The most pole-concentrated regions are labeled A, B, and
C. A: from crystals with symmetrically tilted (111) planes with respect to the flux direction, B: from crystals with (111) planes facing the flux,
and C: twinning. (c) The schematic nanorod configurations of type A and type B, together with the crystal unit cells oriented relative to the
nanorods and examples of their twinned crystals. The mirror plane is parallel to the plane of faded atoms in the unit cell. Red arrows in (c) are
the possible mirror planes for twinning.

single crystalline structure. In contrast, an edge dislocation is a
line defect that can easily induce crystal rotation. For example,
arrays of dislocations can usually form a small angle grain
boundary between two grains. In the nanorod structures, the
strain induced by dislocations can be readily relaxed due to the
small rod size. In an extreme case an assumption can be made
that the strain is ideally relaxed during the incorporation of an
edge dislocation (the Burger’s vector can be a

2 [11̄0], where
a is the lattice constant) in a nanorod of 50 nm diameter; a
rotation of around 6◦ can be obtained in the {111} plane which
is not parallel to the Burger’s vector of the dislocation. We can
imagine that, during the deposition, one more line of atoms is
inserted into the growth front as the edge dislocation. Further
deposition may form a wall along this line, which may split
the crystal into two parts with little difference in their crystal
orientation. In this way the fastest growth direction splits and
a branch is formed due to limited surface diffusion coupled
with shadowing. The split growth fronts can merge due to
coarsening when the branches are small.

3.3. Texture in nanorods and ‘nanotrees’

The above microscopy analysis suggests that the nanorods
grown on a stationary substrate have a preferred 〈110〉 direction

along the rod axis. The crystalline orientation of large numbers
of nanorods can be examined using x-ray pole figure analysis.
Figure 4(a) shows the (111) pole figure of Cu nanorods grown
on a stationary substrate. The substrate normal is at the
center of the pole figure. The nanorod axis is marked by a
diamond symbol in the pole figure shown in figure 4(a). (These
nanorods are tilted at ∼70◦ off the substrate normal towards the
direction of the incident flux.) It can be seen that the intensity
distribution of the (111) pole is arranged on two dashed curves
(yellow color regions) which are parts of two circles at ∼35◦
and ∼90◦ relative to the nanorod axis. We name the circle at
∼35◦ from the nanorod axis the ‘small circle’ and the circle
at ∼90◦ from the nanorod axis the ‘large circle’. Since the
angle between 〈111〉 and 〈110〉 can be either 35.3◦ or 90◦,
the diamond marked region should be approximately the 〈110〉
direction, i.e. the nanorod axis within experimental uncertainty
should lie along a crystallographic 〈110〉 direction.

In figure 4(a), four ovals (solid curves) are drawn around
selected (111) poles. These pole regions (red in color) are
divided into two types, one labeled as type A and the other
as B. The two type A regions have a mirror symmetry about
the flux direction and have a separation of ∼70◦, while the two
type B regions are along the flux direction and again have a
separation of ∼70◦. The (111) poles of an fcc crystal have an
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angle of 70.53◦ between each pole, so if a (11̄1̄) pole from one
typical nanorod sits in one of the type A regions, then other A
type region should be the (111̄) pole. The same is true for the
nanorods with poles sitting in the type B regions. It can thus
be inferred that the nanorods have two preferential crystalline
orientations. One has symmetric (111) planes (sitting in the
large circle) ∼35◦ off the plane containing the flux direction
and substrate normal. The other orientation consists of (111)
planes with one sitting in the large circle and one sitting at
the dashed curve (part of the small circle) near the upper
edge of the pole figure within the plane containing the flux
direction and substrate normal, which does not have a mirror
symmetry about the flux direction. Therefore, the nanorod film
is comprised of a bimodal population of nanorods each having
its own biaxial textures.

Geometric twinning in the nanorods can only occur when
the pole of the mirror plane is located on the small circle which
is ∼35◦ relative to the 〈110〉 rod axis. If a pole from a mirror
plane sits in the large circle which is ∼90◦ relative to the 〈110〉
axis, then the other (111) poles from the twinned crystal would
still be included in the two circles, i.e., they are simply like two
nanorods with twinning relationship but not one nanorod with
two twinned parts. For the nanorods arranged in type A, the
two (111) pole intensity concentration sitting in the small circle
are equivalent to a mirror plane. For the nanorods arranged in
type B, the plane which faces more towards the flux can be the
mirror plane. The region marked B in the small circle near the
edge of the pole figure in figure 4(a) is thus the concentrated
intensity pole. Through twinning, the (111) pole intensity can
be distributed in more regions, such as the one in region C
marked in figure 4(a). The primary contribution to region C is
due to the twinning of nanorods with ‘type A’ biaxial texture.

The x-ray pole figure in figure 4(a) suggested a new biaxial
texture for the nanorods, from which the real-space crystal
structure can be deduced. Figure 4(c) schematically illustrates
two preferred crystallographic configurations for the nanorods.
The nanorod axis has a ∼70◦ angle with respect to the substrate
normal and faces the incident flux (from the right). In the
schematic, one 〈110〉 direction sitting close to the rod axis
and four 〈111〉 directions are included. The red arrows are
the possible mirror planes for twinning. The thicker arrows
represent the directions of planes which probably form the
surface of the nanorods. For nanorods of type A shown in the
left panel of figure 4(c), there are two red arrows symmetrically
located aside from the nanorod axis 〈110〉, representing the
directions of two equivalent mirror planes. One of them is
illustrated using unit cells, based on the mirror plane slightly
tilted across the page. The unit cell consisting of spheres
is retrieved from the crystal, showing the crystallographic
orientation relationship. The planes containing faded spheres
in the unit cells are parallel to the mirror plane. The arrow
within the unit cell is in a 〈110〉 direction related to the nanorod
axis. The right panel in figure 4(c) illustrates that the nanorods
of type B are mostly twinned through the {111} plane located
nearly perpendicular to the flux. The red arrow in the right
panel of figure 4(c) indicates the possible direction of the
mirror plane.

Formation of biaxial texture in OAD deposition is not
new. For example, oblique angle deposited biaxial MgO

films have been used as the buffer layer for the growth of
oriented high-Tc superconductor films [21, 22]. However, the
mechanism for texture formation is not yet clear. It is generally
considered that in OAD deposition, the slow growth front
will be shadowed by the fast growth front, which gives rise
to a selective growth along the favorite crystallographic axis
direction; in the meantime, the crystallographic plane with the
greatest capture cross section turns towards the flux direction,
which determines another crystallographic orientation [21, 22].
It is also argued that the step barrier can play a role in texture
selection [23]. The films grown under normal deposition are
different: the crystallographic planes with minimum surface
energy construct the film surface, and generally a fiber texture
was observed in these films. The degree and type of biaxial
texture in OAD films is material dependent, i.e., it depends on
the surface diffusion on crystallographic planes of a specific
material.

It is interesting to note that the texture obtained in this
work is different from the texture of nanorods deposited at 75◦
incident angle reported by Alouach et al [24] and Tang et al
[7] where the 〈111〉 direction was found preferentially lying
between the long axis of nanorods and the substrate normal. In
their reports, rods with a diameter larger than 100 nm were
deposited, which were about three times larger in diameter
compared with the nanorods we grew in this work. The
mechanism that led to the evolution of texture with deposition
angle is presently not clear.

Swinging of the substrate during deposition played a role
in the texture development. In figure 4(b), it can be seen
that the (111) pole intensity is arranged with three slightly
concentrated regions centered along the flux direction. The
two regions marked B′ in figure 4(b) can be correlated with
the two regions marked B in figure 4(a). It is obvious that the
region B in the large circle in figure 4(a) has been widened to
∼90◦ in figure 4(b), consistent with the 90◦ azimuthal swing of
the substrate. However, region C in figure 4(a), which mostly
comes from twinning, loses its concentration after swinging.
Meanwhile region C′ shown in figure 4(b) has been created,
which is a result of B′ twinning. It can thus be concluded
that type B configuration is preferred under the condition of
azimuthal swinging of the substrate during growth. This is
because the flux reception plane in type B configuration is less
affected by the change of flux direction during swinging, while
for the type A configuration, this plane can be self-shadowed
at some angular range. The growth rate of this type of nanorod
is therefore decreased and finally shadowed by the surrounding
faster growing nanorods.

We can imagine that for a 360◦ azimuthal rotation of the
substrate, the intensity distribution of the (111) poles will be
concentrated on the dotted circles across B′ and C′ regions
in figure 4(b). It is also expected that the two inner circles
will overlap and combine into one, in which the poles will
have an angle ∼35◦ with respect to the substrate normal.
The outermost circle in figure 4(b) has an angle ∼90◦ with
respect to the substrate normal. The 〈110〉 pole intensity
will concentrate at the substrate normal direction, which is
consistent with previously reported data [24].
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Figure 5. Repeated twins in the nanostructure obtained from 90◦ azimuthal swing rotation of substrate during OAD. (a) Bright field TEM
image. (b) The dark field TEM image was taken by selecting the circled diffraction beams in the SADP shown in (c). This image discloses the
layered structure and repeated twin interfaces. The white arrows indicate twin interfaces and the dashed arrows indicate kinks. (d) SADP from
the nanostructure shown in (a) and (b) after tilting the sample to the 〈110〉 zone axis, showing multiple twinning. The two mirror planes m1

and m2 for twinning are indicated by arrows in (d).

3.4. Effect of substrate swing rotation on the formation of
twins in ‘nanotrees’

From the above morphology and texture analyses, we have
learned about swinging induced branching, kinked surface,
and pole rearrangement. In this section, we show that
swing rotation can induce high-density twin formation in
the ‘nanotrees’. Since the electron beam cannot transmit
through the large size of severely branched ‘nanotrees’, a
‘nanotree’ with fewer branches or parts was selected for TEM
analysis.

Figure 5(a) is a TEM bright field image of a typical
part of a ‘nanotree’ grown by swing motion of the substrate.
By positioning the nanostructure in the orientation having a
diffraction pattern shown in figure 5(c) and using the dark
field imaging of the diffraction spots circled in figure 5(c),
we can see a layered structure, shown in figure 5(b). The
bright interface in each layer indicated by white solid arrows
in figure 5(b) actually corresponds to a {111} face, which is the
twin interface, i.e. the mirror plane m1 labeled in figure 5(d).
The layer thickness between two twin interfaces shown in
figure 5(b) is ∼50 nm. The twin is clearly displayed when
the nanostructure is positioned in an orientation in the 〈110〉
zone as in figure 5(d). This set of twins with mirror plane m1

is similar to the one described in figure 2(f). We can also see
from the diffraction pattern in figure 5(d) that there is another
twinning with mirror plane m2. The unit cells and twins for
this mirror plane m2 are labeled. More work to investigate
the correlation of swing frequency and twin density in copper
nanostructures as well as the twin formation mechanism is in
progress.

3.5. Effect of substrate swing rotation on the formation of
branches in ‘nanotrees’

Further nucleation and growth at the kinks in ‘nanotrees’
and side walls are possible, leading to fanning out or
branching if the sites are not shadowed by local or neighboring
nanostructures. With the continuous rotation of a substrate off
the swing center, self-shadowing of nanorods occurs, which
separates a branch from the trunk. Because the branches
receive less flux compared to the trunk, the branches die out
as the deposition continues and their growth period depends on
the shadowing from the trunk and neighboring nanostructures.

At the initial stages of growth, because of the high density
of nucleation centers, broadening of nanorods can easily merge
several nanorods into one. This is more serious in the case
of growth on substrates in swing motion since it has a time
varying azimuthal angle and the sidewalls can receive flux.
This can explain the formation of roots in the ‘nanotrees’.
There can be two possible situations: a single preferred
growth front, in which a single crystal will be developed;
and multiple growth fronts, where a polycrystalline structure
will be developed. From the analysis of nanorods grown
on a stationary substrate, branching may be promoted by
edge dislocations and a few degree of crystal tilting may
result. For the deposition under azimuthal swing rotation
of a substrate, the nanostructure could grow larger because
atoms stick on the sides of rods and the shearing stress could
be created. Thus more dislocations could be produced and
therefore abundant branches can be formed. The ‘nanotree’
structure is thus dominant in the OAD copper with swing
motion of the substrate.
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4. Conclusions

In this work, a detailed microscopic analysis of copper
nanostructures deposited by the OAD technique with 85◦
incident angle with respect to the surface normal was carried
out. It was found that the morphology, texture, and twin
formation are closely related to whether a stationary substrate
or a substrate with a swinging rotation is used during OAD.
For stationary substrate deposition, single crystal Cu nanorods
were formed with few twins. The nanorod axis was determined
to be coincident with a 〈110〉 crystallographic direction and
the nanorods were found to have a biaxial texture with two
preferred crystallographic orientations. The branches in the
nanorods are believed to be due to edge dislocations promoted
during the deposition. For OAD with azimuthal swing rotation
of the substrate, ‘nanotree’ structures are formed consisting
of twins, kinks, and branches. Swing motion may be used to
optimize the texture and to control the twinning density in Cu
nanostructures.
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