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Super-long ZnO nanofibers and novel nucleation
mechanism for a gas-phase environment: spatial
linear nucleation
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Single-crystal super-long ZnO nanofibers (SZFs) have been prepared via a purposely designed vapor trans-
port process. To understand the growth process, a novel freestanding crystal nucleation mechanism, spatial
linear nucleation (SLN), is proposed. The contrast experiments show that the SLN process and crystal
growth rate are faster than that of classical mechanisms due to the higher gas supersaturation condition
and proper Zn/O ratio. We also find that, for freestanding nucleation, Zn-rich conditions facilitate spatial
dot nucleation to form tetrapod-shaped ZnO (T-ZnO), however, O-rich conditions favor SLN and nanofiber
growth when the concentration of the reactants is high enough. The SLN process depends strongly on
factors such as an ultra-high reactant concentration and an appropriate reactant ratio and temperature.
For further proving the validity of the SLN mechanism, molecular dynamics (MD) and geometry optimiza-
tion (GO) calculations based on first principles were carried out. The results of the calculations demonstrate
that the spontaneous oriented attachment of metastable primary nuclei in gas-phase environments is feasi-
ble to realize spatial linear nucleation.
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Introduction

For the past few decades, nanoscale materials have repre-
sented a new class of materials. They are touted as alterna-
tives to current thin film semiconductors and their manufac-
ture relies on new technologies. Various reasonable crystal
nucleation and growth mechanisms for nanostructures in
gas-phase environments have been presented to understand
the crystal growth process and to aid their design. The most
well-known mechanisms are the vapor-liquid-solid (VLS),"
vapour-solid (VS),*” vapor-solid-solid (VSS),*® oxide-assisted
growth (OAG),’™" and self-catalytic growth (SCG)'*"* mecha-
nisms. However, almost all of these existing mechanisms fo-
cus on the crystal growth process rather than an initial nucle-
ation process based on phase transitions and molecular
kinetics or thermodynamics. For example, the crystal growth
processes of MgO nanorods on a substrate® and tetrapod-
like ZnO (T-ZnO) nanostructures in the vapor phase®>'* can
both be interpreted using VS mechanisms. However, their nu-
cleation processes are dramatically different. The former is
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dependent on the substrate, which can significantly decrease
the thermodynamic barrier for the formation of the primary
clusters, so it is heterogeneous nucleation. The nucleation
process of the latter finishes in the gas phase without a exotic
seed crystal as the nucleus, so it is homogeneous nucleation.
Nanowires are another example and they can be prepared via
the VLS process using a metal catalyst,">'® and T-ZnO nano-
structures have also been made via the VLS process."”” How-
ever, their nucleation routes are dramatically distinct from
each other, as the former reaction has a much lower nucle-
ation barrier. Therefore, there are many key problems that are
still unclear despite there being a great deal of work on crystal
nucleation and growth, especially for homogeneous nucle-
ation crystallization that occurs in the gas phase without a
substrate offering nucleation centers.

For ZnO nanostructures, the number of studies based on
homogeneous nucleation mechanisms is far less than the
number of studies based on heterogeneous nucleation.
Homogeneous nucleation is more sensitive to the initial con-
ditions, such as the reactant ratio and concentration, reaction
temperature, homogeneous nucleation rate, saturation, etc.®
When it comes to freestanding ZnO nanostructures, it is usu-
ally the growth processes that are analyzed in detail, leaving
the nucleation mechanisms unknown, and this is true for ex-
amples such as nanobelts,'® nanosprings*® and even nano-
wires.>’ We all know that crystal nucleation processes are es-
sential but different to crystal growth processes. Therefore,
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gaining a deeper knowledge of these mechanisms is of con-
siderable basic and practical significance.??

In this work, we prepared super-long (centimeter-scale)
ZnO nanofibers (SZFs) under unique reaction conditions
using a chemical vapor deposition (CVD) method. Their
length-diameter (LD) ratio is greater than 1463. Based on a
set of contrast experiments and thermodynamics analyses, a
novel crystal nucleation mechanism, the spatial linear nucle-
ation (SLN) mechanism, is proposed, which is different to
existing freestanding nucleation models. The SLN process re-
lies on factors such as an ultra-high reactant concentration,
an appropriate reactant ratio and an appropriate
temperature.

Experimental

Fig. 1(a) is a schematic illustration of the experimental set-up
for the ZnO nanostructure preparation, which shows a hori-
zontal tube furnace with a quartz-plate-covered quartz boat
placed in the constant temperature zone of the furnace. 3 g
of ZnO powder and 3 g of graphite powder were ground to-
gether for 2 hours and transferred to the left side of the
quartz boat to be used as the material sources. A frosted
quartz plate was placed on top of the boat to prevent the Zn
vapor from oxidizing too rapidly. The green solid lines in the
figure indicate the location and the general shapes of the
SZFs. The diffusion paths of the Zn vapor and N,/O, are indi-
cated using green and purple dashed lines with arrows, re-
spectively. The depth of the quartz boat is 3 cm. Fig. 1(a) also
shows the three zones where the ZnO nanostructures grew,
zone A, B and C. Fig. 1(b) shows a sketch of the chemical va-
por transport process of the reactant diffusion (Zn vapor and
0,) in the quartz boat. The big dark green and small orange
dots denote Zn and O, respectively. Zone A, the dark green
area, denotes the Zn-rich zone and zone C, the purple area, is
the O-rich zone. Fig. 2 shows a diagram of the actual experi-
ment time dependency on the reaction concentration and ac-
tual system pressure (Psy) in the quartz boat. It includes two
sets of curves, displayed using solid and dashed lines. The
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Fig. 1 (a) Schematic illustration of the chemical vapor transport and
experimental set-up for the SZF growth. The green solid lines located
at zone B are the SZFs. The diffusion paths of the Zn vapor and O, are
indicated using dashed arrows. (b) A sketch of the reactant diffusion
process in the quartz boat.
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Fig. 2 Diagram of the reactant concentrations with actual experiment
time and system pressure in the quartz boat. The right vertical axis
shows the corresponding system pressure. The red area represents the
nucleation stage (including the first order phase transition and second
order phase transition stages) and the blue area represents the crystal
growth stage.

set of solid lines represents the Zn vapor and O, concentra-
tions with actual time changes under our unique dynamic re-
action (UDR) conditions. In the first 50 minutes of the UDR,
the tube furnace was evacuated to reach a system base pres-
sure of ~1 Pa, and then the pumping valve was closed. In the
meantime, N, was continuously introduced into the furnace
with a very large flow rate (400 sccm). Thus, the Zn vapour
was sealed in the quartz boat and reached the maximum con-
centration after 10 minutes. At the 60 minute point, O, was
introduced with a flow rate of 40 scem and the Py, value
reached its maximum (~1.8 x 10° Pa). After the above non-
equilibrium processes, much higher levels for the Zn and O
concentrations could be achieved than those using conven-
tional methods. Thus, the time from 60 to 65 minutes (the
red area in Fig. 2) should be the main reaction and nucle-
ation stage, as it has an extraordinarily high Zn vapor and O
concentration. At the 65 minute point, the N, and O, flow
rates were decreased to 100 and 2 sccm, respectively, corre-
sponding to the blue area, which indicates the VLS crystal
growth process. The set of dashed lines denotes the Zn vapor
and O, concentrations with the actual time changes under
conventional static reaction (CSR) conditions. In the CSR,
when the Py value was pumped to ~1 Pa at the 50 minute
point, N, was introduced into the furnace with a flow rate of
100 scem. Then, the pumping valve was adjusted to keep the
Py value at 5 x 10° Pa until the end of the experiment. Once
the Py value reached 5 x 10° Pa, O, was flowed with a 2
scem flux. In the CSR process, there is no clear line of demar-
cation between the nucleation and crystal growth stages, and
the concentrations of the reactants were always maintained
at lower levels than those in the UDR process.

Experiment 1

The T-ZnOs and SZFs were prepared under UDR conditions
using a thermal evaporation method on the bottom of the
quartz boat, as shown in Fig. 3 and 4. The reaction was car-
ried out in the quartz-plate-covered boat, as shown in Fig. 1a.
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Fig. 3 SEM image of the T-ZnO nanostructures in zone A of the
quartz boat in experiment 1 and a schematic illustration of zone A of
the quartz boat, where the T-ZnOs grew.
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Fig. 4 (a) SEM images of the SZF nanostructures from zone B of the
quartz boat in experiment 1. The inset image is the magnification of
one nanofiber. (b) A TEM image of one of the SZFs. (c) An HRTEM
image of the nanofiber shown in image b. (d) The corresponding SAED
pattern of the nanofiber in image c. (e) A schematic illustration of zone
B of the quartz boat, where the SZFs grew.

At the beginning, the system pressure (Pg,) was pumped to
~1 Pa. The temperature (7) of the furnace was ramped up to
1000 °C at a rate of 20 °C min". To get a high concentration
of zinc vapor, the vacuum pump valve was closed when the
temperature reached 1000 °C. Simultaneously, N, was intro-
duced into the chamber continuously at a flow rate of 250
scem. Thus, the Zn vapor was enclosed in the boat by the
raising the value of Py, When the Py, value reached 1.5 x
10° Pa, O, was introduced into the furnace with a flow rate of
40 scem as the reaction gas. When Py > 1.8 X 10° Pa, the
valve was opened and the Py value was kept at 8 x 10" Pa for
1 hour (N,: 100 sccm and O,: 2 scem). Fig. 1(b) demonstrates
the diffusion processes of the Zn vapor and O, in the quartz
boat with the probable Zn-rich and O-rich zones marked. By
using this experiment, we synthesized uniform T-ZnO in zone
A and SZF nanocrystals in zone B, as shown in Fig. 3 and 4.
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Experiment 2 (contrast experiment)

A contrast experiment was carried out under the CSR condi-
tions, shown as dashed lines in Fig. 2. When the Py, value
and temperature reached ~1 Pa and 1000 °C, respectively, N,
was flown into the furnace at a 100 sccm flow rate. Then, the
pumping valve was adjusted to keep the Py value at 5 x 10°
Pa until the end of the experiment. Once the Py, value
reached 5 x 10° Pa, O, was introduced with a flux of 2 sccm
for 1, 1.5, and 2 hours, respectively. Finally, ZnO nanorod ar-
rays (ZNAs) were prepared, as shown in Fig. 5.

The morphologies of the prepared T-ZnOs, SZFs, and
ZNAs were analyzed using scanning electron microscopy
(SEM) (Hitachi 4800s). The crystal structures of the products
were identified using high resolution transmission electron
microscopy (HRTEM, FEI F20). Room temperature PL mea-
surements were carried out using a He-Cd laser with 325 nm
excitation to evaluate the optical properties. The O 1s core-
level spectra of the T-ZnOs and SZFs were recorded using
X-ray photoelectron spectroscopy (XPS) and calibrated using
the C 1s peak.

To further prove the validity of our proposed SLN mecha-
nism, molecular dynamics (MD) and geometry optimization
(GO) calculations based on first principles were carried out
using the Dmol3 package. In all of our simulations, we used
relativistic all electron DFT total energy methods. In the MD
calculations, the Perdew-Wang exchange correlation func-
tional®® within the local-density approximation (LDA) was
used. The Monkhorst-Pack grid of 3 x 3 x 2 k-points was cho-
sen for the Brillouin zone sampling in the final geometry op-
timization calculation, which was carried out with the gener-
alized gradient approximation (GGA) and the Perdew-Burke-
Ernzerhof scheme to treat the exchange-correlation function.
The energy cut off for the plane-wave expansion was set to
380 eV and the valence atomic configurations were 3d'°4s”
for Zn and 2s*2p* for O.

Test analysis

Fig. 3 shows an SEM image of the T-ZnO nanostructures in
zone A of the quartz boat in experiment 1. Based on Fig. 3,
one leg of the T-ZnO nanostructures is about 30-50 pm,
which is much longer than values of 0.2-2 pum in existing
reports.”>*7>® It may be caused by the ultrahigh reactant con-
centrations in the UDR process compared to those in the
CSR process. So, we can speculate that the reactant

Fig. 5 SEM images of the ZNAs in experiment 2. (a) Grown for 1 hour,
the inset is the cross-section image; (b) grown for 1.5 hours, inset is a
low magnification image; and (c) grown for 2 hours.
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concentration will influence the size rather than the shape of
the nanostructures. These T-ZnO nanocrystals consist of a
ZnO core in the zinc blende structure, from which four ZnO
arms in the wurtzite structure radiate.>

Macroscopically, the SZFs have the shape of scattered fiber
bundles, stretching from the bottom of the quartz boat to the
quartz plate on top, as shown in Fig. 4(e) and 1(a). The dis-
tance between the top and the bottom of the boat is 3 cm.
The length of the SZFs is unprecedented for ZnO nanostruc-
tures fabrication via CVD methods, as it is inexplainable for
nanoscale materials to cross such a large macroscale distance
without any support from crystal nucleation and growth as-
pects. Microscopically, based on the SEM images in Fig. 4(a),
the SZFs are generally smooth and even, with diameters in a
wide range of ~110 to ~2000 nm. The inset of Fig. 4(a)
shows the magnification of one of the SZFs with a diameter
of 167 nm. Its LD ratio is greater than 1463. Such ZnO nano-
wires with a high LD ratio have not been reported previously.
From the transmission electron microscope (TEM) image
shown in Fig. 4(b), the edge of the SZF is clear and its diame-
ter is uniform. The HRTEM image in Fig. 4(c) indicates that
the SZF grew along the C-axis. There is no surface coating
layer growth, which is the characteristic feature of crystal
bottom-up growth at high temperatures. The clear SAED pat-
tern in Fig. 4(d) illustrates a wurtzite (WZ) structure with per-
fect crystalline qualities and no zinc blende (ZB) structure
was found.

Fig. 5(a)-(c) show SEM images of the most typical ZnO
nanorod arrays (ZNAs) prepared in experiment 2 for 1, 1.5,
and 2 hours, respectively. The ZNAs grew from the bottom of
the quartz boat. We know from Fig. 5 that the ZNAs are very
uniform with an excellent orientation. The inset in Fig. 5(a)
shows a cross-section image of the ZNAs, and the length of a
single rod is ~20 pm. The inset of Fig. 5(b) shows a low mag-
nification image, which demonstrates the uniformity of the
ZNAs in a large area. The most remarkable thing about Fig. 5
is that its shows that the top of the ZnO nanorods coalesce
together. The longer the growth time, the greater the coalesc-
ing effect. In other words, the nanorods, which grew upwards
from the substrate, need to find some physical support so
that they can overcome external forces, such as gravity, air-
flow disturbance, and surface energy reduction requirements.
By coalescing together, these nanorods could prevent to top-
pling down to the ground. Similar phenomena have even
been found in ZnO nanorods as short as ~20 nm.*>’

Fig. 6 shows the room-temperature photoluminescence
(PL) spectra of T-ZnO, SZFs and ZNAs, which are normalized
using the peaks located at ~380 nm. For the T-ZnOs, which
are represented by the black curve, there is high broad visible
emission located at ~490 nm, which is similar to the results
reported by Park et al.>® and Roy et al® It is the most com-
monly observed defect emission in ZnO nanostructures,
which is ascribed to the single V>**° caused by Zn-rich envi-
ronments. A number of reports have also demonstrated that
the nucleation process of T-ZnO happens under Zn-rich con-
ditions.>'”*"*> Hence, the T-ZnO grow zone (zone A) should
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Fig. 6 Room-temperature PL spectra of the T-ZnOs, SZFs, and ZNAs.
The inset image is the logarithmic coordinate plot.

be a Zn-rich environment. In addition, zone A is closer to the
Zn vapor source than zone B. The lower defect emission of
SZFs indicates that SZFs grew in an environment with a rela-
tive high proportion of O (zone B). The blue line denotes the
PL spectrum of ZNAs prepared in experiment 2. Their visible
emission located at ~490 nm is rather weaker than that of
the T-ZnOs and SZFs by 2 and 3 orders of magnitude, respec-
tively, which means that there are very few V,, defects for the
ZNAs.

In order to investigate the Vo defects of the ZnO nano-
crystals, high resolution XPS tests were carried out of O 1s
for T-ZnOs and SZFs, as shown in Fig. 7. The O 1s emissions
are asymmetric and differ from each other dramatically, indi-
cating that multi-component oxygen species may exist and
imbalance each sample. Therefore, three Gaussians were
fitted to these spectra: peak 1 (P;) at ~530.2 eV, peak 2 (Py)
at ~531.3 eV, and peak 3 (Py) at ~532.5 eV.>>?* The peaks
were calibrated using the C 1s reference peak at 284.3 eV.
The low binding energy, P;, at 529.8 eV was attributed to O,-
surrounding the ZnO systems.*® P;; was related to oxygen-
deficient regions within the ZnO matrix of the ZnO com-
pound. As a result, changes in the intensity of this
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Fig. 7 High resolution XPS spectra of the T-ZnOs and SZFs. (a) The
T-ZnOs from zone A, (b) the SZFs from zone B, and (c) the area ratio of
P; to the total area of the O 1s peak for the T-ZnOs and SZFs, where i
denotes |, II, and III.
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component may be in connection with the variations in the
concentration of the oxygen vacancies (Vo). Therefore, mate-
rials with Py are usually considered as green emission
sources. Hence, it has a large influence on green emission
peak in the PL spectra. The higher binding energy, Py, was
associated with loosely bound oxygen containing species on
the surface of the nanorods, such as -CO;, adsorbed H,O,
and adsorbed O,. The peak area ratios of P; to the total area
(Ap/Acota) are shown in Fig. 7(c), where i denotes I, II, and IIL
It is found that the values of Ap :Ai increase greatly from
0.20 to 0.46 from zone B (SZFs) to zone A (T-ZnOs). Mean-
while, the Ap, Ao values decrease from 0.64 down to 0.43.
In other words, the concentration of the V, defects of the
T-ZnOs is much higher than that of the SZFs. This indicates
that zone A should be a more Zn-rich or O-poor area com-
pared to zone B, which is beneficial for forming V, defects.
Through the above analysis, the XPS results are consistent
with the PL spectra.

Growth mechanism

The nucleation of the ZNAs in experiment 2 should be
heterogeneous nucleation, because it is dependent on the
substrate. Generally, with the CSR conditions used in experi-
ment 2, the nanofibers/nanowires grew upwards from the
substrate in the form of nanorod arrays, and the top of these
ZnO nanofibers/nanowires would stick to each other when
they were long enough®” (~20 um in our work), which always
induced the growth to halt,*®> as shown in Fig. 5. Therefore,
under CSR conditions, it is impossible to obtain SZFs with an
ultra-high LD ratio and an incredible macroscopical span (up
to 3 cm from the top of the quartz boat to the bottom). In
fact, the heterogeneous nucleation mechanism is relatively
simple and well known compared to homogeneous nucleation.
Heterogeneous nucleation can even occur at very low reactant
concentrations based on the defects on the substrate.*®
However, when the initial reactant concentration was big
enough, spatial homogeneous nucleation would occur, as
shown in Fig. 8(b). Several models have been proposed for
the spatial homogeneous nucleation mechanism. For exam-
ple, for T-ZnOs, it is generally believed that the growth of its
arm crystals proceeds based on the nucleation of the core
structure.™ Yu et al. have proven the presence of a tetrahe-
dral zinc blende core from which each arm of the tetrapod
grows.”” Another successful model, proposed by Takeuchi
et al., owing to its agreement with crystallographic measure-
ments,”® is the octa-twin model.*® The authors postulated
that a ZnO nucleus is formed from eight tetrahedral crystals,
each with three [1122] pyramid facets and one [0001] basal
plane facet. These eight tetrahedrons can then be joined to-
gether to form a single octahedron, where each basal plane
forms a facet of the structure. The present spatial homoge-
neous nucleation mechanisms for 1D ZnO nanostructures
also follow up on the idea that a particle nucleus should be
formed as the “seed”, as shown in Fig. 8(c). From what has
been mentioned above, the existing nucleation mechanisms

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Schematic of two possible crystal spatial nucleation routes
(SDN and SLN) with a high enough initial reactant concentration in the
quartz boat. (a) Initial distribution of reactant with high concentration,
(b) primary spatial homogeneous nucleation process, (c) traditional
SDN process, (d) the newly proposed SLN process.

of crystals in the gas phase have one thing in common,
which is that one and only one “seed” must be formed as the
growth center for an individual crystal.”® Here, we call this
spatial dot-like nucleation (SDN). According to the SDN
mechanism, the amount of product nanostructures must
match the quantity of initial nuclei. Meanwhile, once the nu-
cleation stage is done, it will enter the growth stage and the
number of crystals will be fixed. After the growth of the crys-
tals and the sharp reduction of the reactant concentration,
the crystals fall towards the substrate as they are subjected to
the force of gravity, as shown in Fig. 8(c). This process is just
like the formation processes of snow. Therefore, based on
the above-mentioned SDN nucleation and growth processes,
it is also impossible to interpret the nucleation mechanism
of the SZFs in experiment 1, considering their large span
from the top of the quartz boat to the bottom (up to 3 cm)
and their super large LD ratios.

One might wonder if the nucleation rate would affect the
above conclusions when the reactant concentration is ultra-
high. The nucleation rate can be expressed as

1= n*p (1)

where n* is the average number of critical clusters, and f is
the diffusion of the molecules to the cluster. Parameter n*
can be further expressed as

*
Nexp AG
kT
where AG* is the critical free energy needed, correspond-

ing to that of the critical radius, N is the number of potential
nucleation sites per unit volume, and kg is the Boltzmann
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constant. The number of clusters with a critical radius r* is a
function of the total number of atoms, n, in the system, the
free energy, AG, required to create a cluster (of that size), and
the temperature, 7. Meanwhile, we have

N o« n-AG-T )

AG = —gnr3AG‘, +4nr’o (3)

In our case, T and G are both constants. In other words,
the nucleation rate is equal to the number of Zn-O pairs, n.
So, when the reactant concentration increased, the number
of the nuclei also increased. Thus, under the SDN mecha-
nism, the size of the individual crystal will not increase no-
ticeably, despite the fact that the reactant concentration is
increased.

Based on above analysis and our UDR conditions that can
provide high reactant concentrations, we propose a novel
SLN mechanism, shown as way 2 in Fig. 8 and in more detail
in Fig. 9. It features a two-step nucleation process, primary
and secondary nucleation, and a one crystal growth process.
In particular, the secondary nucleation process forms linear
nuclei, which differs from the one-step dot-like nuclei formed
via SDN. Typically, for spatial nucleation, a first order phase
transition starts if a free energy barrier separates the parent
phase (the gas phase of Zn, O, and molecular ZnO) from the
phase that is thermodynamically more stable (the solid phase
of ZnO). Nucleation from this metastable initial state will
take place when a rare fluctuation allows the system to sur-
mount the free energy barrier. Although the phase that forms
during nucleation must be more stable than the parent
phase, it is not necessarily the phase that is the most stable
thermodynamically. A metastable phase may nucleate if the
transition to that phase is kinetically favored. A phase transi-
tion to a thermodynamically stable phase may therefore pro-
ceed via a two-step process. In the first nucleation event, a
metastable intermediate phase is formed; this then goes on
to form the final phase via a second nucleation event.**
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Fig. 9 Schematic diagram of the homogeneous SLN mechanism
presented in this article and its VLS crystal growth process in the gas
phase. (a) Large amounts of ZnO molecules are produced
instantaneously at 1000 °C when O, was flown into the furnace, (b)
initial nucleation to produce metastable primary nuclei produce at the
initial nucleation stage, (c) the secondary nucleus process, (d) the
crystal grown up process after the secondary nucleation.
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Fig. 9 shows a schematic diagram of the homogeneous
SLN mechanism and subsequent VS crystal growth process.
In our case, when O, was flown into the furnace with a huge
flux of 40 sccm, the Zn vapor was oxidized and very large
ZnO molecules are produced instantaneously, owing to the
high reaction temperature of 1000 °C and the large diffusion
flux of the reactants, as shown in Fig. 9(a). According to
Fick's law, the diffusion flux is given by eqn (4):

J:—D% (a)

where J is the net flux of the vapors, D is the diffusion con-
stant, and dM/dx is the concentration gradient of the vapors
along the propagation direction.*” High initial Zn vapor and
O, concentrations at zone A and zone C, respectively, mean
that there is a large value of dM/dx, leading to a large J value.
Hence, the number, N, of produced ZnO molecules would be
larger than that under CSR conditions. Based on eqn (1), the
nucleation rate, I, under the UDR conditions will be ultra-
high. Meanwhile, the temperature (1000 °C) is below the
maximum heterogeneous nucleation temperature (melting
temperature 1750 °C). Thus, the gas is super cooled and in a
nonequilibrium and supersaturation state,”* which is the key
driving force for homogeneous nucleation. At this stage, the
primary nucleation stage, many tiny wurtzite-structured
quasi-linear nuclei grow due to supersaturated precipitation.
Meanwhile, the huge O, flux induces a reactant distribution
fluctuation that allows the system to surmount the free en-
ergy barrier to start initial nucleation to produce metastable
primary nuclei, as shown in Fig. 9(b). They have a wurtzite
structure and are composed of tetrahedral coordinated 0>~
and Zn*" ions, stacked alternatively along the c-axis. The op-
positely charged ions produce positively charged (0001)-Zn
and negatively charged (0001)-O polar surfaces.”® Therefore,
these quasi-linear nuclei have polar charges on their top and
bottom surfaces. In order to minimize the energy of the polar
surface, these quasi-linear nuclei almost instantaneously at-
tach to each other and become a super-long linear nucleus,
which is called the secondary nucleus here, as seen in
Fig. 9(c). At this point, the two-step nucleation stage is com-
plete. Fig. 9(d) shows the growth process of the SZFs. It is
worth noting that the crystals grow mainly along the radial
direction based on the super long core structure, which is dif-
ferent from traditional SDN.

Why do we choose SLN for zone B rather than SDN? The
above paragraph points out that the high concentrations of
the reactant under our UDR conditions form dense primary
nuclei, which provide a close enough distance and high
enough number for the primary nuclei to combine together
to form secondary linear nuclei. The other crucial require-
ments are the supersaturation and Zn/O ratio. The supersatu-
ration determines the nucleation and growth rate of the
nanostructures when the thermal evaporation method is
used.** The relationship between the growth rate and gas
supersaturation can be described by eqn (5):*>
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acP,
S=—— 5
N 2amxT (5)

where S is the growth rate, o is the accommodation coeffi-
cient, o is the gas supersaturation, P, is the equilibrium pres-
sure, x is the Boltzmann constant, and T is the absolute tem-
perature. In our case, P, was approximately the same for zone
A, B and C. Therefore, S is proportional to ¢. From this perspec-
tive, nanostructures at zone B have the fastest growth rate.

Owing to the different supersaturation and Zn/O ratios,
we obtained different nanostructures, the T-ZnOs and SZFs,
in zone A and B, respectively, in experiment 1. Zone A and B
have been shown to be Zn- and O-rich areas using the above
PL and XPS analysis. In other words, the Zn/O ratio is also a
key factor for the nucleation and crystal morphologies.*****”
ZnO would change its preferred orientation from 2110 to
(0001), when the amount of O gradually increases.”” It has
been determined experimentally and theoretically that ZnO
grows with a strong preference for the (0001) orientation.*®
This may be the reason why the primary nucleus has a
wurtzite structure in zone B, while it has a tetrahedral zinc
blende'”***? structure in zone A, which finally induces dif-
ferent nucleation processes to make SZFs and T-ZnOs, respec-
tively. Considering that the O-terminated (0001) polar surface
is inert," an excessive proportion of O (O-rich) may suppress
the growth of ZnO. Zone C is a relatively O-rich environment
compared to zone A and B. Thus, in zone C, no obvious ZnO
nanostructures were found.

Since Penn and Banfield presented a novel crystal growth
mechanism, the so-called “oriented attachment (OA)” mecha-
nism, in 1998,*° there has been a new wave of research on
secondary mono-crystalline particles obtained through the at-
tachment of primary particles based on solution-phase envi-
ronments. Compared to the OA mechanism, the SLN mecha-
nism focuses on the crystal nucleation process instead of the
growth process and applies to gas-phase environments rather
than solution-phase environments. So, it is hard for us to ob-
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Fig. 10 (a) An SEM image of a many-legged nanostructure located at
zone B; (b) a magnified image of rod A; (c) a schematic diagram of the
nucleation and growth of the many-legged nanostructure; (d) and (e)
show the ball-stick models of two metastable primary nuclei before
and after the DM and GO calculations were performed; and (f) and (g)
show their corresponding energy isosurfaces of the electrons. The red
and gray balls represent O and Zn, respectively.
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serve the SLN process in situ or even find any evidence via
TEM tests. Fortunately, we found a suspended many-legged
nanostructure in zone B, as shown in Fig. 10(a). Obviously,
its nucleation should be a free-standing process just like it is
for T-ZnO. However, unlike the T-ZnO structures, there is a
completely straight nanorod (rod A) throughout the whole
nanostructure, as shown in Fig. 10(b). Therefore, it is hard to
interpret it using the SDN mechanism or other classical nu-
cleation mechanisms. The many-legged structure is a perfect
example of our newly proposed SLN mechanism. There are
many growth bands (called striations®>*') on the surface of
the legs except for rod A. Striations are growth-induced inho-
mogeneities in the crystal that are aligned along the facetted
or non-facetted growth surface or, in the case of facetted
growth with step-bunching, are related to the traces of the
macro steps.”” It is commonly assumed that striations are
caused by temporal growth-rate variations®* or lateral growth-
rate differences that are always induced by reaction concen-
tration and temperature fluctuations as the growth pro-
gresses. In spatial terms, all of the legs are in the same
microenvironment at the same time. Therefore, the clear dif-
ference in the surface morphology of the striation-free rod A
and the other legs indicates that they did not grow at the
same time in a similar reaction environment. The nucleation
process of rod A must had finished during the homogeneous
nucleation stage via the SLN mechanism and the other legs
grew later from a point defect in the middle of rod A. Based
on the above analyses, we reproduced its growth process in
Fig. 10(c). Step 1 shows the free-standing linear nucleus pro-
cess for rod A (SLN), step 2 illustrates the growth of rod A
and the precipitate nucleating at a defect on the rod, and
step 3 shows a further growth process of the many-legged
structure. In this case, two type of nucleation are involved:
SLN for rod A and classical heterogeneous nucleation around
the point defect.

To further prove the validity of our proposed SLN mecha-
nism, MD and GO calculations were carried out using the
Dmol3 package. Fig. 10(d) and (e) show the ball-stick models
of two metastable primary nuclei before and after the DM
and GO calculations were performed, respectively.
Fig. 10(f) and (g) show the corresponding energy isosurfaces
of the electrons. The results of the calculations demonstrate
that two separated metastable primary nuclei aligned along
the c-axis direction would spontaneously get close to each
other and finally integrate together. From Fig. 10(g), we know
that the O and Zn elements of the two metastable primary
nuclei form stable Zn-O chemical bonds. In other words, the
spontaneous oriented attachment of metastable primary nu-
clei in gas phase environments is feasible, which is the core
theory of our proposed SLN mechanism.

Conclusions

In conclusion, we prepared SZFs and T-ZnOs under UDR con-
ditions. A novel SLN mechanism is proposed to understand
the crystal free-standing nucleation and the growth process
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of the SZFs in gas-phase environments. The SLN mechanism
features a two-step nucleation process, primary and second-
ary nucleation, which differs from the existing nucleation
mechanisms due to the existence of a secondary linear nu-
cleus. Three crucial requirements for SLN are discussed: the
high reactant concentration, which provides a close enough
distance and a high enough number of metastable primary
nuclei for it to combine together to form secondary linear nu-
clei; an appropriate Zn/O ratio, which determines the
wurtzite structure of the metastable primary nucleus rather
than the tetrahedral zinc blende structure; and the supersatu-
ration condition, which determines whether the nucleation
and growth has the fastest rate and provides the driving force
in zone B. Different to the SZFs, T-ZnOs were prepared under
Zn-rich environments via the SDN mechanism. In other
words, the ratio and the concentration of the reactants deter-
mine the way in which the crystals nucleate. To further prove
the validity of the SLN mechanism, molecular dynamics (MD)
and geometry optimization (GO) calculations based on first
principles were carried out. The results of the calculations
demonstrate that the spontaneous oriented attachment of
the metastable primary nuclei in gas-phase environments is
feasible to realize spatial linear nucleation. We believe that
SLN and SDN presented here are helpful for establishing a
free-standing (or spatial) crystal nucleation and growth sys-
tem. Thus, a further study on this would enrich the knowl-
edge on crystal design and growth based on gas-phase envi-
ronments, and the growth of freestanding nanostructures
would be more controllable.
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