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Zn Cluster Drifting Effect for the
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ABSTRACT Metal catalysts are widely used for nanowire (NW) growth and are one of the essential parameters
that dictate the crystal growth phenomena, thus controlling the NW’s morphology. Although extensive research
has been conducted on catalyst effects, the catalyst drifting effect is generally underestimated for controlling the
morphology of nanostructures grown at a relatively high temperature. In this paper, we report a discovery of Zn
cluster drifting phenomenon during ZnO vapor deposition. Because of the deposition of ZnO along the drifting
path, the dynamic process of cluster drifting could be visualized after the growth. This phenomenon provides a
sound explanation of the formation of randomly orientated ZnO nanowall networks. The cluster drifting direction
could be intentionally directed by designing the surface inclination, through which a partially parallel aligned
ZnO vertical nanofin array was created. This 3D nanoarchitecture would possibly provide a novel configuration
for designing high performance integrated nanodevices. The drifting of Zn clusters could be a general
phenomenon for most metal catalysts and would provide a new insight into nanofabrication and nanodevice
development.
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drifting

tarting with the discovery of carbon
nanotubes in the early 1990s,1 followed by extensive development of
semiconducting nanowires (NWs),2⫺4 onedimensional (1D) nanostructures have
quickly been considered a key technology
for the next generation of high performance nanodevices in the areas of
electronics,5,6 photonics,7,8
optoelectronics,9⫺11 mechanics,12⫺14
biosensors/detectors,15⫺17 and so on.
Among them, zinc oxide (ZnO) is known as
an important technology material due to its
interesting semiconducting and piezoelectric properties. 1D ZnO nanostructures, including NWs18 and nanobelts,19 have been
demonstrated as a good candidate for solid
state laser diodes20 and light emitting diodes (LEDs)21 in the near UV range due to
its direct 3.37 eV bandgap with a high exiton binding energy (60 meV). ZnO NWs also
exhibit great promise in the application of
field effect transistors (FETs), spintronics,
transducers, and sensors.22,23 The coupling
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of semiconductor and piezoelectric properties in ZnO NWs recently provided opportunities in micro or nanoscale mechanical energy harvesting.24,25
To sustain the rapid development of
NW-based technology, one essential issue
is to provide reliable NW building blocks
with controlled composition, dimension,
orientation, and position over a large quantity. Recently, vertically aligned growth of
NWs has been shown as an effective way to
organize NWs during growth for immediate nanodevice fabrication and
integration.20,26 In such a process, a metallic catalyst is typically used for determining
the NW position, directing the anisotropic
crystal growth, and confining the size
through a vapor⫺liquid⫺solid (VLS)
process.27,28 Aligned NWs could also be synthesized without catalysts. In this case, it is
generally believed that the metal clusters,
such as Zn from ZnO, would act as the
nucleation sites.29 Research has shown that
the catalysts, either predeposited foreign
metal or self-generated clusters from the
source, could exhibit diffusion phenomenon along or within the NWs during the
growth at high temperature.30,31 However,
few insights have been put forth about the
initial stage before the growth of NWs. In
general, catalysts are considered staying at
where they were deposited, thus determining the location and distribution of NWs.
This is true for most cases; but under certain circumstances, catalysts might be able
to move prior to the formation of NWs, particularly when the deposition temperature
is high. This effect would be of great importance in practical applications of the VLS
process as well as for understanding certain growth phenomena, such as horizontally aligned growth of NWs,32,33 and the
www.acsnano.org
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Figure 1. SEM observation of the Zn cluster drifting phenomenon. (a) A low magnification SEM image of the drifting traces
located inside the surface concaves of a ZnO epitaxial layer. Inset top-right shows the surface concave structure without the
drifting traces. Inset bottom-left shows a cross-section image of the hierarchical structure, which reveals that each trace
was formed by a “fin”-like structure terminated at one vertically grown NW. (b) A 30° side-view SEM image showing the distribution of the NW-nanofin structures in one concave surface. (c) A higher magnification 30° side-view SEM image showing the detailed structure of the NW-nanofin structure, where a series of steps can be clearly observed on the nanofin surface indicating curving of the nanofin along the inclined bottom surface.

formation of side branches or bottom networks under
vertically aligned NW arrays.34,35 Nevertheless, due to
the vigorous reaction condition, it is very difficult to observe such a phenomenon and perform in-depth
investigation.
In this paper, we report a discovery of Zn cluster
drifting phenomenon during ZnO vapor deposition. At
high Zn vapor concentration, ZnO could be deposited
along the drifting path, so that the dynamic process of
cluster drifting could be visualized after the growth.
This phenomenon provides a sound explanation of the
formation mechanism of nanowall network structures.
By controlling the drifting direction, a parallel aligned
vertical ZnO nanofin array was synthesized, which could
be a novel 3D nanoarchitecture for nanodevice assembly and integration.
RESULTS AND DISCUSSION
Observation of Zn Cluster Drifting Phenomenon. In our experiments, the ZnO nanostructures were deposited on
www.acsnano.org

GaN epi-layer covered sapphire substrate without using any catalysts. During a vapor deposition process
that has been widely used for growing ZnO NWs,36
when the vapor concentration was significantly increased by reducing the volume of the growth chamber (see details in the experimental section), a twodimensional film growth condition could be reached
and a ZnO epitaxial layer was formed on the (0001) GaN
surface. The ZnO layer exhibited a rough surface composed of packed concaves, possibly due to the competition between surface energy and strain energy.37
These concaves were several micrometers wide and
⬃2⫺3 m deep. NWs could be grown during the furnace cooling process, when the production of Zn vapor
was reduced by lowering the temperature, thus bringing the vapor concentration to a lower level that was favorable for 1D NW growth. The scanning electron microscope (SEM) image in Figure 1a shows the secondary
NW growth around the centers of most surface concaves on the ZnO layer. The surface concaves are shown
VOL. 3 ▪ NO. 6 ▪ 1594–1602 ▪ 2009
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Figure 2. TEM analysis of the ZnO NWs and nanofins: (a) ZnO NW with
a small broken nanofin attached at its root; (b) sharp and clean tips
of the ZnO NWs showing no foreign catalyst was involved during the
growth; (c) selective-area electron diffraction (SEAD) patterns taken on
the body and root areas of the NW shown in panel a; (d) broken piece
of a nanofin structure, inset is the SEAD pattern showing its single crystalline structure; (e) high resolution TEM image taken in the highlighted area in panel d showing a dislocation free crystal lattice on
the flat area on the nanofin.

in the top-right inset of Figure 1a, which was formed
by quickly removing the reactive gases from the growth
chamber before the cooling process began, so that the
substantial NW growth was effectively eliminated. The
cross sectional SEM image clearly shows the hierarchical structure (bottom-left inset of Figure 1a). The thickness of the ZnO layer was ⬃4 to 5 m at the summit of
the concaves and ⬃2 to 3 m at the bottom. The slope
of the concave surfaces was about 25° to the horizontal plane. Most of the NWs were located around the bottom region of those concaves, and interestingly, most
of them carried a long “tail” originating from the top of
the concaves.
A side-view SEM image in Figure 1b shows the tails
were actually vertical thin films, like a “fin” structure.
All the nanofins originated around the edges of the
concaves and pointed down along the inclined con1596
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cave surfaces toward the NWs standing around the bottom. The orientations of the nanofins possibly indicated the drifting trace of the Zn cluster before the
formation of NWs since no other catalyst was applied
for the growth. The detailed structure of the nanofins
is shown in Figure 1c. A typical nanofin was formed by
a several-micrometer-long ZnO thin film with a thickness of only tens of nanometers. One end of the nanofin merged with the NW’s side wall, while the other end
was half “buried” into the concave surface. A very sharp
tip was also observed on each ZnO NW, which resulted from the decreasing of reactive vapor concentration during cooling process.
The crystallography of the ZnO NWs and the nanofins was further investigated by transmission electron
microscopy (TEM). Figure 2a shows a typical ZnO NW
with a broken nanofin attached on its root. The angle
between root plane of the nanofin and the horizontal
direction was measured to be 27°, which closely
matches the slope angle of the concave surfaces, indicating this NW was removed from the concave surfaces.
The sharp tip of the NW can be clearly seen from the
TEM image. The tip is about 10 nm wide and 100 nm
long. At the very front of the small tip, no trace of foreign catalysts could be identified. More tip structures
are shown in Figure 2b, all of which exhibited a clean,
smooth, fine tip indicating all the NWs were formed by
self-catalyzing from zinc clusters. This sharp tip structure is one typical NW morphology when no foreign
catalysts are presented during the vapor deposition.
Yang et al. have already performed a comprehensive
microscopy study on the tip’s crystal structure and interpreted the formation mechanisms,38 whereas our intention here is to reveal the catalyst behavior before it
initiates the NW growth. Selected-area electron diffraction (SAED) patterns shown in Figure 2c were taken at
the body of the ZnO NW and around the residue nanofin region, respectively. Identical SAED patterns were received indicating that the NW and the attached nanofin were one piece of single crystal. As expected, the
NWs were grown along the [0001] direction.
One broken piece of a nanofin was collected and
shown in Figure 2d. The dark contrast lines were attributed to the bending of the fin. Such bending can be
commonly observed on most nanofins as shown in Figure 1. Figure 1c also reveals that curving of the nanofin was composed by stepped side surfaces, which released the bending induced strain energy. Despite the
bending, the nanofin exhibits a single crystalline crystal
structure as shown by the SAED pattern (inset of Figure 2d). High resolution TEM image taken along the
edge of the nanofin (indicated by the dashed square
box in Figure 2d) revealed a dislocation-free structure
on the flat area (Figure 2e). Therefore, from the TEM
analysis, it can be confirmed that the ZnO NW and its attached nanofin are one piece of single crystal.
www.acsnano.org
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Surface Effects on Zn Cluster Drifting. Figure
3a shows a top view of several surface concaves, where all the nanofins originated
from the edges, headed toward the center
and finally terminated with a vertical NW.
From the distribution of the nanofin structures, one can easily assume that they may
reflect the moving trace of the catalyst clusters following the surface gradient. The epitaxial relationship between the NWs and
the substrate was clearly revealed by a top
view SEM image shown in Figure 3b, where
all the NWs exhibited a hexagonal cross section. All of their six side surfaces were either parallel to or 60° from each other indicating the homoepitaxial growth of NWs on
the thin film. However, such a relationship
could not be observed from their attached
nanofins. As shown in Figure 3c, all the tails
aligned toward the center from random directions. Such randomness was demonstrated by the statistical result shown in Figure 3d. By defining a line that was parallel
to one group of ZnO NW’s side surfaces as
the 0° line (as shown in Figure 3c), the angle
between other nanofins and the 0° line
was measured on ⬎100 nanofin structures.
The angle distribution shown in Figure 3d
clearly shows that the orientation of the
nanofins was completely random and
nearly covered all possible angles without
the preference of 60° intervals. This reveals
that the nanofins might not be epitaxially
initiated from the ZnO film or from the ZnO Figure 3. Angular dependence analysis of the drifting paths: (a) top view SEM image
NW’s side surfaces; instead, they most likely showing the overall drifting path distribution among the surface concaves; (b) top view
SEM image of the NWs grown at the center of a concave. The three dashed lines (60°
originated from the thermal drifting trace
from each other) are guides to the eye; (c) top view SEM image of the nanofin strucof the Zn clusters. Therefore, observing the tures on inclined concave surface. The 0° line was arbitrarily chosen along one side surdistribution of the nanofins could reveal the face of a ZnO NW as a reference for determining the angular dependence; (d) statistical results of the angle distribution of the nanofins in the surface concaves; (e) statistical
dynamic process of the Zn cluster’s movresults of the angle distribution of the nanowalls grown on a flat surface (its structure
ing behavior before it formed a NW.
is shown in Figure 4b).
In addition to the inclined crystal surThis phenomenon could be used to explain the forface, the drifting behavior was also observed on flat
mation
of ZnO nanowall network structures. Such a
crystal surfaces. By reducing the vapor concentration
structure
has been discovered by several research
in the deposition chamber, the epitaxial ZnO layer
groups
and
the growth mechanisms were proposed to
growth was eliminated; while a small number of Zn
be epitaxial branching growth from the side walls or the
clusters can still be precipitated from the vapor
root of ZnO NWs.34,35,39,40 However, those proposed
phase serving as catalysts. The drifting of Zn clusmechanisms could not explain the randomly orientated
ters was evidenced by small NWs winding around
nanowalls, which typically did not exhibit any matchthe GaN substrate (Figure 4a). Similarly, the moving
of Zn clusters does not show any relationship to the ing to the lattice orientation of either ZnO NWs or the
substrate (Figure 4b). With the discovery of the ther(0001) surface of GaN, indicating such drifting was
mally driven Brownian motion of Zn clusters, the formacompletely a Brownian motion. The drifting of Zn
clusters was ceased by lowering the deposition tem- tion of ZnO nanowall networks can now be fully understood. By adjusting the vapor concentration to a level
perature. Additional ZnO could still be deposited
that was favorable for rapid surface nucleation but still
on the small cluster forming a relatively big tip
(pointed by the arrows in Figure 4a) or even a small not high enough for epitaxial layer growth, the nanovertical NW if vapor source was sufficient.
wall structure was formed (Figure 4b). All the walls
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Figure 4. Zn cluster drifting phenomenon on a flat surface: (a) the
random drifting traces visualized by the deposition of ZnO along the
paths. The arrows are pointing at the heads of the drifting traces; (b)
nanowall network structure formed by enabling a rapid surface nucleation to substantially increase the amount of Zn clusters. Inset is the
side view of the nanowall network structure.

were perpendicular to the substrate (inset of Figure
4b) but their horizontal orientations were completely
random. The orientation angle distribution was measured on ⬃80 nanowalls and the 0° line was arbitrarily
chosen along one nanowall. As shown in Figure 3e, the
orientation was unpreferentially distributed among all
angles from 0⫺180° indicating that the substrate lattice
had no influence on the nanowalls’ horizontal orientation. It was the random thermal drifting of a large
amount of Zn clusters that defined the distribution of
the nanowall structure.
General Mechanisms of the Zn Cluster Drifting Phenomenon
and the Resulted Nanostructures. By fully analyzing the
growth phenomena induced by Zn cluster thermal
drifting, one general mechanism could be concluded.
At a relatively high temperature (⬃875 °C), the Zn clusters that were precipitated on the substrate through
heterogeneous nucleation could drift and leave an active trace that was more favorable for further deposition
through a vapor-solid process. The drifting resulted
morphology will be discussed in two
circumstancesOon inclined surface and on flat surface.
On an inclined crystal surface, the Zn clusters intended to flow “down” along the surface driven by thermal vibration. However, we believe this tendency was
1598
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more likely induced by the stepped-crystal surface,
where the lattice step ledges below the Zn cluster were
more energetic favorable places for Zn atoms to move
onto (Figure 5a); while the crystal surface behind the
cluster could be quickly flattened out by forming ZnO
along the steps (Figure 5b). It should be noticed that at
such a small scale, gravity typically has negligible effects on driving the movement of the clusters. This has
been verified by depositing ZnO crystals at the same experimental condition on a vertically placed flat GaN
substrate, where no downward moving traces of the
deposited ZnO nanostructures were discovered.
Once the deposition temperature was reduced below ⬃700 °C so that the thermal energy became insufficient to drive the drifting of Zn cluster, or the Zn cluster reached the bottom flat area, where the limited
space restricted its further movement, the Zn cluster
would stay fixed and start to catalyze the growth of a
NW. The growth of the NW created a new corner edge
between the NW and the film formed along the moving
trace. This corner was a thermodynamically favorable
site for Zn atoms to diffuse to and to be adsorbed forming ZnO (Figure 5c). The ledges created along the moving trace were also thermodynamically favorable sites
for additional ZnO deposition from vapor phase until
they were flattened out. As a result, the nanofin film
typically exhibited a relatively flat top surface with a
slightly higher region near the NW (Figure 5d) due to
the diffusion of Zn atoms from the NW.
When no lattice steps or other dislocations were
present on the surface, the drifting of Zn clusters became completely random. At a relatively low Zn vapor supersaturation condition, low density nucleation occurred,
where the nuclei were at least a few hundred nanometers away from each other. The growth mechanism under this situation is schematically shown in Figure 6a. The
Brownian motion of the Zn cluster also left a visible trace
by forming a horizontal ZnO NW. However, this trace
could rarely grow into a vertical film as on the inclined surfaces, simply due to the absence of the stepped ledges
serving as deposition sites. The drifting of Zn clusters
could be stopped by merging with another moving trace,
sticking on a substrate defect, or reducing the local temperature. With sufficient vapor supply after the clusters
stopped moving, vertically aligned NWs grew out of the
Zn clusters through a self-catalyzed VS process, as shown
in Figure 6b, where the NWs grown at the end of the moving traces are indicated by arrows.
High density heterogeneous nucleation could occur
at a slightly higher Zn vapor supersaturation and the corresponding growth mechanism is schematically shown
in Figure 6c. Similarly, the Zn clusters would also move
randomly at the beginning. However, because of the high
density of the clusters, they would quickly collide with
each other and cease their movements leaving a networkshaped trace of movement. In addition, those clusters
would initiate vertical growth of ZnO NWs, which crewww.acsnano.org

www.acsnano.org

VOL. 3 ▪ NO. 6 ▪ 1594–1602 ▪ 2009

ARTICLE

ated thermodynamic favorable corner edges
between their side surfaces and the horizontal moving traces for ZnO deposition. Because of the higher vapor concentration and
the small distance between ZnO NWs, the
space between NWs could be quickly filled
by a thin wall of ZnO crystal. Therefore, led by
the growth of NWs, a continuous nanowall
network could be formed. Since the nanowalls were originated from the Brownian motion traces of Zn clusters, their distribution
did not follow the substrate lattice, although
the entire film could be considered as a
c-plane orientated epitaxial film.40
Application of the Drifting Phenomenon for
Figure 5. (a-c) Schematic mechanism of the Zn cluster drifting phenomenon on an inMorphology Control. The discovery of catalyst
clined surface and the formation of NW-nanofin structure. (d) A cross-section image
showing the height variance of the nanofin structure.
drifting phenomenon would bring a new
pathway for controlling the nanostructure
tween two wide stripes of exposed substrate. Under this
morphology. The vertically grown thin film structure has
situation, a “valley” was formed between two inclined
been suggested as one promising model of a next genZnO epitaxial base layers and high density ZnO NWs were
eration high-density integrated circuit system, such as the
grown along the “valley”, as shown in the inset of Figure
41,42
Si-fin FETs.
To demonstrate a possible way to achieve
7d. Similarly, ZnO vertical nanofins formed along the incontrol growth of the vertical ZnO nanofins, a line patclined base surfaces heading toward the center of “valley”
tern of Au catalyst film coated substrate was created to
(Figure 7d). The parallel aligned ZnO nanofin structures
confine the distribution of inclined base surfaces on GaN
exhibit obvious morphological advantages over Si finFET
substrate. This is because high density NWs were typically
fabricated via lithography processes. As shown in Figure
formed with the existence of Au catalysts, while ZnO epi7c, the nanofin structure can be grown with ⬃20 nm in
taxial layers were preferentially grown on
the non-Au covered region. In the experiments, two types of patterns were applied
for the growth control.
One type of pattern was a thin line (⬃5
m wide) of exposed substrate sandwiched
between two wide stripes of Au catalyst
film. Under this situation, the growth of ZnO
epitaxial layer was limited by the gold catalysts, which catalyzed the growth of NW forests. Therefore, the center of the exposed
area exhibited the fastest growth rate thus
formed a “hill” shaped ZnO epitaxial base
layer, as shown in the inset of Figure 7a.
Most Zn clusters were nucleated along the
central line at the summit of the “hill”,
where the heterogenerous nucleation energy was minimized. Following the inclined
base surface, Zn clusters drifted to the bottom of the “hill” and initiated the formation
of ZnO nanofins that were approximately
parallel to each other, as shown in Figure 7a.
Because of the existence of a central wall,
which possibly resulted from the dense
nucleation sites along the summit, the vertical nanofins exhibited a more uniform
Figure 6. Mechanisms of the Zn cluster drifting on a flat surface. (a) The situation when
height from their origin positions to their
the density of Zn cluster is low, where winding NWs on the surface were typically observed. (b) SEM image showing a vertical NW could also be grown after the cluster
NW terminations (Figure 7b).
stopped moving, where the arrows pointing the NWs grown from the end of the surAnother pattern was a thin line (⬃2 m
face drifting traces. (c) The situation when the density of Zn cluster is high, where a
wide) of Au covered region sandwiched benanowall network structure can always be formed.
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It should be noted that the onset temperature for catalyst drifting was found
out to be ⬃700 °C in our system. Below
this temperature, only perfectly aligned
ZnO NWs were received without any side
branches or nanowall networks. Although this catalyst drifting phenomenon was observed on Zn clusters in a
ZnO deposition system, we believe this
could be a general phenomenon that applies to most metal catalysts. Depending
on the melting temperature, surface
chemistry, and the metal-substrate interaction, the temperature needed to initiate the drifting should be different for
different metal catalysts and substrates.
Meanwhile, the drifting temperature
should be maintained sufficiently high
to avoid large super cooling of the source
vapor, since quick precipitation from vapor phase under large super cooling
would pin the catalysts onto substrate.
CONCLUSIONS
This paper presents a discovery of a
Zn cluster thermal drifting phenomenon
during the vapor deposition process of
ZnO nanostructures. The dynamic drifting path of Zn clusters could be observed
from the resulting ZnO nanofins or NWs
initiated from the moving trace. The drifting of Zn clusters can be directed by the
Figure 7. Formation of parallel aligned ZnO nanofin arrays by controlling the lattice steps along an inclined crystal sursurface inclination: (a) ZnO nanofin arrays grown on a “hill” base formed be- face and form vertically aligned nanofins
tween two wide stripes of nanowire forests. Inset shows a schematic illustration of such a configuration; (b) an approximately parallel aligned ZnO nano- along the trace. On a flat substrate surfin array showing a more uniform height distribution due to the formation
face, the drifting of Zn clusters was comof a center wall; (c) the cross-section of ZnO nanofins, which are only ⬃20 to
pletely random and was not confined by
30 nm thick and ⬃1 m tall (the one in the middle is terminated with a nanothe substrate lattice. This phenomenon
wire); (d) ZnO nanofin arrays grown in a “valley” base. Inset shows a schematic illustration of the “valley” configuration.
provides a sound explanation of the formation of randomly orientated ZnO
thickness and close to one micrometer in height. The asnanowall
networks.
By intentionally controlling the sursynthesized side surfaces of the nanofins are very flat and
face
inclination
to
create
directed drifting of Zn clusters,
smooth. Such a thin and vertical single-crystalline semia
parallel
aligned
ZnO
nanofin
3D nanoarchitecture was
conductor film is greatly desired for constructing finFETs
realized.
This
nanofin
array
would
possibly provide a
that can offer high current in a small footprint area and
41
novel
configuration
for
designing
high
performance intecan effectively suppress the short channel effect. Theregrated
nanodevices.
The
drifting
of
Zn
clusters
could be
fore, the self-assembled nanofin arrays would possibly
a general phenomenon for most metal catalysts and
serve as a promising novel 3D nanoconfiguration for
would provide a new insight into nanofabrication and
finFET-based high performance nanoelectronic device
nanodevice development.
development.

METHODS
A horizontal tube furnace system was used to perform the
vapor deposition of ZnO nanostructures. A small quartz tube 25
cm in length and 1.6 cm in inner diameter was used to support
the precursor and substrate and increase the vapor concentra-
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tion. In a typical process, ZnO powder (0.3 g) and graphite powder (0.3 g) were mixed and ground together and placed in a
quartz boat positioned 5 cm from one end in the quartz tube. A
500-nm-thick GaN epilayer covered sapphire substrate was used
for ZnO nanostructure deposition. Four pieces of the substrate
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