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One-dimensional (1D) semiconductor nanostructures are promising building blocks for future nano-
electronic and nanophotonic devices. ZnO has proven to be a multifunctional and multistructural
nanomaterial with promising properties. Here we report the growth of ZnO nanosquids which can be
directly grown on planar oxidized Si substrates without using catalysts and templates. The forma-
tion of these nanosquids can be explained by the theory of nucleation, and the vapor-solid crystal
growth mechanism. The branching nanowires of these ZnO.nanosquids could have potential appli-
cation in multiplexing future nanoelectronic devices. The sharp band-edge emission at ~380 nm
indicates that these ZnO nanosquids are also applicable, for,interesting optoelectronic devices.
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1. INTRODUCTION

ZnO has proven to be a multifunctional material with
prospective properties. It has a wide direct band gap
of 3.37 eV at room temperature making it suitable for
short-wavelength opto-electronic devices such as Laser
Diodes and Light Emitting Diodes. Their high exci-
ton energy (60 meV) renders them most applicable for
making these room temperature optoelectronic devices.
Another important property of ZnO is its piezoelectric-

ity which is attributed to its non-centrosymmetric.struc-

ture. In addition to their multifunctional properties, ZnO
nanostructures can appeared in various morphologies such
as nanowires,! nanorods,? nanobelts,’> nanocombs,* nano-
nails,” nanocastles,® nanotubes’ etc. Some of these ZnO
nanostructures have been reported for their electronic,’°
optics,” mechanical,'® and piezoelectric'! applications.
These nanostructures will enable production of increas-
ingly complex electronic components.

Here, we report another type of ZnO nanostructures that
would be useful for device multiplexing. We call these
nanostructures ZnO nanosquids. These nanosquids consist
of multiple ZnO nanowires with diameters range from ~80
to ~150 nm. These nanowires are branching out from one
end of a ZnO nanorod or a ZnO nanotube. These branch-
ing ZnO nanowires could be used as the multiplexing con-
duction channels from one device to other devices. The
sharp band-edge emission at ~380 nm indicates that these
ZnO nanosquids are also applicable for interesting opto-
electronic devices.
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2. RESULTS AND DISCUSSION

The formation of these nanosquids is identical to the
growth of single crystalline ZnO nanotubes reported
earlier.” In brief, the growth was performed in a double-
tube horizontal furnace. This system consists of a quartz
tube vacuum chamber. A smaller quartz tube (one end
closed, 60 cm long and 2 cm in diameter) contained the
precursor materials and the substrates, was placed within
the vacuum chamber so that the closed end is at the center
for [the ifurnace. A mixture of ZnO (0.2 g) and graphite
(041 g) powder in an alumina boat was used as the pre-
cursor materials. These are placed at the closed end of the
smaller quartz tube as shown in Figure 1(a). A series of
oxidized silicon substrates (1 to 4) were then placed down
stream from the mixture in the small quartz tube as shown.
At ~350 °C, oxygen gas was introduced into the furnace
at a flow rate of 40 sccm. The furnace was held at 1100 °C
for 30 minutes and turned off to allow cooling to 600-
700 °C in ~30 mins. Then experiments are terminated by
cooling the system to RT by opening the heating panel of
the furnace. According to a calibration experiment, when
the furnace is heated to 1100 °C, the temperatures of sub-
strates 1 to 4 are about 700 °C, 600 °C, 500 °C, and
420 °C, respectively. These temperatures will be lower as
the furnace temperatures decrease from 1100 °C. All sam-
ples were examined with scanning electron microscopy
(SEM), Raman spectroscopy and photoluminescence (PL).
We found that ZnO nanosquids are always formed on sub-
strate 3 and 4.
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Fig. 1. (a) Experimental setup in a double-tube horizontal furnace.
(b) Nucleation sites on a surface with a step. (c) Preferential condensation
of growth species at the c-plane edges of a ZnO nanorod. (d) Appearance
of a ZnO nanotubes.

In fact, the growth mechanism of these ZnO nanosquids
can be explained by the theory of nucleation, and the vapor
solid crystal growth mechanism, which is related with the
growth of ZnO nanotubes.” Theory suggests that grév&'/th
species prefers to condense on locations with the maxi-
mum number of nearest neighbors.'> Thus for a growth
surface with a step as shown in Figure 1(b), growth species
prefers to condense at sites 6, 5, 1, 4, 2, 3, according to
sequence since B4 > Bs > B, > B, > B, > B;.12 Here, B
is a numerical factor directly proportional to the binding
energy of the ionic growth species E, where 3 = E % In
this relation, a is the lattice spacing and ¢ is the charge of
the ion.

For a flat 2D growth surface without steps, only site 1,
2, and 3 exist. In this case, higher binding energies at the
edges (sites 1 and 2) will enable selective condensation of
growth species at the edges. For ZnO, it is well known
that the growth rate along the c-axis is relatively faster.!
At decreased growth temperatures, the nucleation proba-
bility Py, and the surface migration will be suppressed.
Here Py = Nexp(—ma?/k*T*Ina), where o is the sur-
face energy, a — 1 is the supersaturation, o = p/p,, p is
the pressure of vapor, p, is the equilibrium vapor pres-
sure of the condensed phase at that temperature, k is the
Boltzmann constant, and 7 is the temperature in Kelvin."
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Thus if the growth temperatures are low enough to sup-
press migration along the atomically flat 2D surface of the
c-plane but high enough to sustain the growth along the
c-axis, the condensation and the growth will be limited at
the edges of the c-plane of a ZnO nanorod base as shown
in Figure 1(c). Under these conditions, the growth of ZnO
nanotubes along the c-axis of the nanorod base will occur
as shown in Figure 1(d).

However, during the cooling process, if steps or vacan-
cies are formed, nucleation will preferentially take place
at these sites due to their higher B values than those
at the edges [like sites 5 and 6 in Fig. 1(b)]. Since the
rapid cooling process in our experiments was introduced
by turning off the power supply of the furnace and lack
precise controls. Thus fluctuation of the growth condi-
tion will happen during this cooling process. This has
induced the formation of two types of ZnO nanosquids.
The first type of nanosquids was formed when the initial
nanorod, base failed to nucleate into a nanotube. Due to
the fluctuation of the growth condition, steps or vacan-
cies will be formed on the growth surface of the nanorod
base and induced nucleation as schematically shown in
Figure 2(a). As these nuclei continue to grow into sta-
ble ZnO islands, they will prefer to form nanowires along
the c-axis. In this way, multiple ZnO nanowires will be
formed on the nanorod base. The SEM images of this type
of ZnO nanosquids are as shown in Figures 2(b) and (c) at
different magnification (detector tilted at 40°). The growth
of the second type nanosquids was induced after the for-
mation of ZnO nanotubes. In this case, the fluctuation of
the growth condition disrupted the continuous growth of
ZnO nanotubes and initiated steps or vacancies at the tubu-
lar edges. This gives rise to the preferential attachment of

Inew growth species at the defects as schematically shown
| 7in) Figure 2(d). The growth of multiple ZnO nanowires

was then initiated at these defects. The appearance of this
'tfq:;e of "ZnO nanosquids are shown in the SEM images
at Figures 2(e) and (f) at low and high magnification,
respectively (detector tilted at 40°). The cavities of the
ZnO nanotubes can be clearly observed in these images.
In addition, the branching nanowires of these nanosquids
are having well faceted hexagonal shapes like the nanorod
base, as also highlighted in Figures 2(g) and (h). These
appearances indicate that these nanowires are growing
along the c-axis as explained by the theory discussed
earlier.

Figure 3(a) shows the typical X-ray diffraction spectra
of these nanosquid samples by using the Cu K, source
(wavelength ~0.154 nm). The major X-ray peaks in these
spectra can be indexed for diffractions from the (002),
(101), (102), and (103) planes of wurtzite crystals with lat-
tice constants ¢ = 0.325 mm, and ¢ = 0.521 nm, which are
corresponding to ZnO according to the JCPDS database.
The predominated (002) peak indicates that the nanorod
base of these ZnO nanosquids are preferentially grown
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(a) Schematic of nucleation at the defects formed on the c-surface of a nanorod. The corresponding SEM images of ZnO nanosquids at (b)

low, and (c) high magnification. (d) Schematic of nucleation at the defects formed on the edges of a nanotube. The corresponding SEM images of ZnO
nanosquids at (e) low, and (f) high magnification. The branching nanowires are having hexagonal facets (g), (h).

along the c-axis as also suggested by their hexagonal mor-
phologies. The (101), (102) and (103) peaks are induced

by the imperfect vertical alignment of these nanorod, Qaies. i

and the branching nanowires. These spectra are also ‘iden-

observed as shown in Figure 3(b) and corresponds to the
band-edge emission of ZnO attributed to the recombination
of .the free excitons. A weak broad emission at ~770 nm
is attributed to intra-band defect levels including the singly

tical to those detected from our ZnO nanotubes rsarf1ples.7 2 -iohi'zed‘oxygen vacancy in ZnO.'*> These ZnO nanosquids
An X-ray peak at 32.97° is also detected, which couldibe i were: also characterized with Raman spectroscopy using

related to the zinc silicate (Zn,SiO,) (112) diffraction peak
(33.06°).14

These ZnO nanosquids are then analyzed by photolu-
minescence (PL) as excited by a HeCd laser (wavelength
~325 nm). A predominant emission peak at ~380 nm is

a HeNe laser (wavelength ~633 nm) as the excitation
source. As shown in Figure 3(c), multiple Raman shifts
were detected at 333, 378, 438, and 583 cm™~!, which are
corresponding to the E,; — E,;, A7, E,y, and E,; phonon
modes of ZnO.”-16-18 The detected XRD, PL and Raman
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Fig. 3. (a) XRD, (b) PL and (c) Raman spectra of ZnO nanosquids.
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signals indicate that the ZnO nanosquids maintain the band
structures and crystalline structures of the bulk wurtzite
ZnO crystals.

3. CONCLUSION

In summary, we demonstrate a promising route of grow-
ing single crystalline ZnO nanosquids without catalysts
and templates by conventional thermal CVD technique.
These ZnO nanosquids were grown on the c-surfaces
of ZnO nanorods and nanotubes and can be explained
by the theory of nucleation, and the vapor-solid crystals
growth mechanism. The branching nanowires of these ZnO
nanosquids could have potential application in multiplex-
ing future nanoelectronic devices. The sharp band-edge
emission at ~380 nm indicates that these ZnO nanosquids
are also applicable for interesting optoelectronic devices.
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