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ABSTRACT: The microstructure, morphology, and structural e
quality of ZnO nanowires grown by a vapor—solid (VS) mechanism o
and by oxidation during Joule heating of Zn wires by a current are
compared using high-resolution transmission electron microscopy
(TEM) and scanning TEM (STEM). Growth of the nanowires by
Joule heating is a rapid process, with times of treatment in the range
of seconds or minutes, whereas times for more conventional and
widespread VS growth are normally in the range of hours at an
elevated temperature. Nanowires grown by the two techniques are
shown to have similar morphologies and to be single crystalline.
The incorporation of Tb dopants into both kinds of nanowires was
investigated by using energy-dispersive X-ray spectroscopy and
electron energy-loss spectroscopy. In nanowires grown by the VS
method, Tb was found to aggregate and form Tb oxide nanoparticles on parts of the nanowire surfaces. In nanowires grown by Joule
heating, no segregation of the dopants was observed. These results contribute to the understanding and development of inexpensive
Joule synthesis methods for nanowires of ZnO and other oxides.

Temperature
Sy

1. INTRODUCTION this method has been reported primarily for ZnO'>"’ and
CuO,'""* with the growth mechanisms discussed in re-
views.'”"” A more recent approach for the growth of oxide
nanowires by thermal oxidation involves oxidation of the

Nanostructures of metal oxides are of increasing interest due to
their applications in different scientific and technical fields,
including optics, electronics, and nanomedicine. The successful

growth of nanostructures of MoO;, ZnO, SnO,, Ga,0;, CuO, starting metal by using the flow of an intense current to cause
and other technologically important oxides has been reported Joule heating of the sample. The growth of oxide nanowires on
for different synthesis methods. In particular, the vapor—solid the surface of a metal wire during Joule heating by an intense
(VS) method, which involves evaporation of metal atoms from current has been reported to take place for different metals in
a precursor in a furnace under a flow of oxidizing gas followed times as short as a few seconds or minutes'® >’ or in some
by deposition onto a substrate at lower temperature, has been cases tens of minutes.”’ Oxidation of a Mo wire by Joule
used to grow nanostructures of many materials in the form of heating has also been found to lead to the nearly instantaneous
nanowires, nanoplates, nanotubes, and other morphologies, as growth of micro- and nanoplates of MoO3,22 The synthesis of
described, e.g, in reviews”” and refs 3—10. An alternative oxide nanowires by Joule heating therefore offers an advantage
evaporation-solidification method for the growth of nanowires in synthesis time by orders of magnitude when compared with
of oxides and other materials is the vapor—liquid—solid (VLS) the use of conventional thermal oxidation. Joule heating also

method, in which drops of a metal catalyst on a substrate act as
nucleation sites for nanowire growth."”'" Both VS and VLS
evaporation-deposition mechanisms enable the growth of
binary and more complex oxide nanostructures as well as
oxide heterostructures. Normally, they require processing
temperatures in the range of 500 to 900 °C for times of
several hours.

Oxide nanowires can also be grown by direct thermal
oxidation of metals in oxidizing atmospheres in a furnace or on
a hot plate at an elevated temperature. Nanowire growth using

offers the possibility to grow doped structures, as have been
demonstrated in previous works.”” The use of Tb as a dopant
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is very interesting from a technological point of view. As is the
case for doping with different rare earth elements, the
possibility to tailor luminescent properties is a great
advantage.”*™" In the particular case of Tb, the main
luminescent transition of Tb®" is located at 2.28 eV which
corresponds to one of the primary colors (544 nm). Hastir et
al.”® have also reported a high selectivity to ethanol gas of
ZnO:Tb and Singh Lotey et al.”’ reported the ferromagnetic
behavior of this system associated with the 3d electrons of Tb
ions. On the other hand, in previous studies of the authors,
extensive characterization of ZnO doped with different rare
earth elements, e.g, Tb, grown by VS has been performed.
Hence ZnO:Tb is an appropriate system to compare with
results obtained by means of the different growth methods.

However, several questions remain about oxide nanowire
synthesis using Joule heating. One question is the nature of the
mechanism that leads to nanowire growth in such short times,
which requires the rapid diffusion of both metal and oxygen
ions. The high thermal gradient from the core of the metal wire
to its surface during the flow of a current has been proposed to
favor outward ion diffusion and hence growth of nanowires."
Another mechanism that could contribute to ra}y)id nanowire
growth during Joule heating is electromigration.'”** A further
open question is the possible difference in the quality of
nanowires grown using Joule heating when compared with
nanowires grown by the slower VS evaporation-deposition
process.

Here, advanced methods of (S)TEM imaging and spectros-
copy are used to investigate and compare the morphology,
crystalline quality, and chemical composition of ZnO nano-
wires grown using the VS method and using Joule heating of
Zn metal wires.

2. EXPERIMENTAL SECTION

ZnO nanowire growth by the VS method was performed by using
thermal evaporation of ZnS powder and compaction to form a disk
pellet, followed by deposition under a gas flow onto the same pellet,
which acted as a substrate for nanowire growth. Thermal treatment
was carried out at 950 °C for 10 h under a flow of 1.0 L/min of N,
gas. These samples are referred to as NW-VS. For Tb-doped ZnO
nanowire growth by the VS method, a mixture of ZnS and Tb,0,
powders containing ~1.1 at % Tb relative to the total mixture was
used as a precursor. This mixture was homogenized in a centrifugal
ball mill for 5 h and compacted into a disk pellet. The same thermal
treatment was used to grow nanowires onto the substrate using
evaporation-deposition. These samples are referred to as NW-VS-D.
Additional information about the growth of undoped and Tb-doped
ZnO nanowires using the VS method from a ZnS precursor is
described in ref. 30

ZnO nanowire growth by Joule heating was performed by using
commercial Zn wires of diameter 0.25 mm (Goodfellow) as the
starting materials. The ends of ~7 cm-long wires were fixed to metal
contacts, and a current of 3.8 A was passed through them for 30 s in
air.”? During this treatment, ZnO nanowires grew on the surfaces of
the metal wires. These samples are referred to as NW-J. Tb-doped
ZnO nanowires were grown by Joule heating of a Zn metal wire,
whose central part was embedded in Tb oxide (Tb,O,) powder to
ensure a homogeneous Tb source, using a current of 4.5 A. These
samples are referred to as NW-J-D (see Table 1). The experimental
set up has been already published,” and a schematic drawing has
been included in Figure SI.

The morphologies of the as-grown ZnO nanowires were first
assessed by using an FEI Inspect scanning electron microscope.
Compositional analysis was performed using energy-dispersive X-ray
spectroscopy (EDX) with a QUANTAX 70 detector attached to a
TM3000 Hitachi scanning electron microscope. Photoluminescence
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Table 1. Investigated Samples

NW-VS ZnO nanowires grown by the VS mechanism
NW-VS-D Tb-doped ZnO nanowires grown by the VS mechanism
NW-J ZnO nanowires grown by Joule heating

NW-J-D Tb-doped ZnO nanowires grown by Joule heating

(PL) of the nanowires was measured in a LabRAM HR800
microscope by using excitation with 325 nm light from a He—Cd
laser. Micro-Raman spectroscopy was carried out in the LabRAM
system by using an excitation wavelength of 633 nm. For measuring
PL, an LMU-40X-NUV Thorlabs objective (0.47 NA) has been used
(spot diameter at the sample of ~0.8 ym), and for performing Raman
spectroscopy, a 100X Olympus objective (0.9 NA) has been
employed (spot diameter of ~0.9 um).

TEM specimens of as-grown nanowires were prepared for (S)TEM
investigations either from the substrates (for the VS-grown samples)
or from the surfaces of oxidized wires (for the Joule-heated samples).
The ZnO nanowires were transferred onto Cu TEM grids coated with
holey C films by gently scratching the surfaces of the substrates or
oxidized wires and rubbing them against the grids. This method
enabled the observation of individual nanowires without the use of
chemical solutions. More than ten nanowires were characterized for
each nanowire system (Table 1).

The as-grown ZnO nanowires were investigated using different
methods in the TEM. In order to obtain information about their
microstructure and crystal structure, bright-field (BF) imaging, high-
resolution TEM (HR-TEM) imaging, and selected area electron
diffraction (SAED) were performed at an accelerating voltage of 300
kV on an FEI Titan 80—300 TEM equipped with a field emission gun
and an image Cs corrector (CEOS CETCOR).»! High-angle annular
dark-field (HAADF) STEM imaging at lower magnification and at
atomic resolution was performed at an accelerating voltage of 200 kV
on an FEI Titan G2 80—200 ChemiSTEM equipped with a Schottky-
type high-brightness electron gun and a probe Cs corrector (CEOS
DCOR).”> EDX and electron energy-loss spectroscopy (EELS) in
STEM mode were used to obtain information about the chemical
compositions of the local regions of individual nanowires.

3. RESULTS AND DISCUSSION

3.1. Characterization of ZnO Nanowires Grown by
the VS Method and by Joule Heating Oxidation. VS
growth using ZnS powder as a precursor resulted in the growth
of dense arrays of ZnO nanowires (NW-VS) on the disk-
shaped substrates (Figure la), in agreement with ref 30. The
nanowires had high length-to-diameter aspect ratios, lengths of
up to several um, uniform average diameters of up to several
hundreds of nanometers, hexagonal cross sections, and flat
surface facets. Raman spectroscopy and PL and SEM-EDX
were used to verify the natures of the as-grown nanowires.
Raman spectra recorded from the NW-VS samples (Figure le)
showed bands at 438 and 101 cm™}, corresponding,
respectively, to E, (high) and E, (low) vibration modes
characteristic of wurtzite ZnO. PL spectra showed typical
emissions for ZnO, with a near-band-edge emission at ~387
nm and a “green band” emission centered at ~530 nm related
to lattice defects (Figure 1f). Qualitatively similar PL spectra,
showing quantitative differences in the relative intensities of
the two bands, were recorded from all four kinds of samples.
SEM-EDX analyses confirmed the presence of Zn and O in the
nanowires (Figure S2a). A small Cu peak in the spectrum
originates from the sample support grid.

Corresponding nanowires grown using the ZnS-based
precursor material and a small amount of Tb,0, (NW-VS-
D) are shown in Figure 1b. These nanowires have dimensions
similar to those of the undoped nanowires. However, the

https://doi.org/10.1021/acs.cgd.4c01012
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Figure 1. Morphologies of the as-grown ZnO nanowires. SEM images of (a) NW-VS, (b) NW-VS-D, (c) NW-J, and (d) NW-J-D. Images (c) and
(d) were taken on the oxide layer formed surrounding the metal core of the Zn wire. (e) Raman spectrum from NW-VS nanowires. (f) PL

spectrum from NW-VS nanowires.
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Figure 2. Microstructure and elemental composition of NW-VS. (a) BF image of an individual nanowire. (b) HR-TEM image recorded at the side
of the nanowire in (a). (c) Electron diffraction pattern acquired from the nanowire in (a). (d) HAADF-STEM image of another nanowire. STEM-
EDX elemental maps of (e) Zn and (f) O recorded from the nanowire in (d).

oxygen partial pressure during growth and the stresses induced
by the presence of the dopant oxide may alter the growth
morphology, giving rise to tapered structures.””** Their
morphologies and dimensions are shown in Figure S3b. Just
as for NW-VS, Raman spectra from the NW-VS-D sample
showed characteristic ZnO peaks. However, the spectrum
exhibited a higher background signal than that for the undoped
sample. PL spectra showed no Tb*" luminescence emission
peaks because they are in the same energy range as the intense
defect band centered at ~530 nm, as also reported in ref 30.
SEM-EDX measurements contained small Tb peaks in
addition to Zn and O (Figure S2b). Quantification of the
EDX data yielded a value of 0.2 at % Tb using the standards
included in the Bruker QUANTAX 70 software. This analysis
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of the measured EDX data takes into account the electron
beam energy and the elements identified during qualitative
analysis (standardless analysis).

The samples grown by Joule heating (NW-]) were measured
to have a lower area density of nanowires on the oxidized Zn
metal wire surface than those for the VS method (Figure 1c).
These nanowires have lengths that are typically below 1 pm,
diameters of below 100 nm, and cone-like shapes. Raman
spectra did not reveal detectable ZnO peaks due to the low
density of ZnO nanowires on the surface, resulting in a
dominant contribution to the signal from the oxidized Zn
metal wire on which the nanowires were grown. Just as for
NW-VS, PL spectra recorded from the NW-J sample showed
characteristic features for ZnO. Analysis using SEM-EDX

https://doi.org/10.1021/acs.cgd.4c01012
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Figure 3. Microstructure and elemental composition of NW-J. (a) HAADF-STEM image of individual nanowires. (b) Atomic-resolution STEM
image recorded from the nanowire marked with a red arrow in (a). (c) FFT pattern generated from (b). (d) HAADF-STEM image of another
nanowire. STEM-EDX elemental maps of (e) Zn and (f) O recorded from the nanowire in (d).

confirmed the presence of Zn and O in the nanowires from
characteristic peaks in the spectra.

Corresponding ZnO nanowires that had been grown by
Joule heating in air on the surfaces of Zn metal wires
embedded in Tb,O, powder (NW-J-D) were also measured to
have a lower area density than that for growth using the VS
method (Figure 1d). These nanowires typically have lengths
below 1 pm, conical shapes, and base diameters below 100 nm.
Their morphology is similar to that of NW-] nanowires. Just as
for the NW-J sample, Raman spectra did not show detectable
ZnO peaks. However, SEM-EDX analysis confirmed the
presence of Zn, O, and Tb in the nanowires, with
quantification of the spectra yielding a value of 0.3 at % Tb.

3.2. (S)TEM Characterizations of Individual ZnO
Nanowires. 3.2.1. Undoped NW-VS and NW-J Nanowires.
The microstructures of the NW-VS nanowires were inves-
tigated using high-resolution imaging and electron diffraction
in the TEM. Figure 2a shows a BF image of a nanowire on a
lacey C film. HR-TEM images of different regions of the
nanowire confirm that it is single crystalline (Figure 2b). SAED
patterns recorded from the complete nanowire are consistent
with the ZnO hexagonal wurtzite structure (Figure 2c). The
growth direction was identified as (0001) from the diffraction
pattern, as indicated by an arrow in Figure 2b. The lattice
spacing in the growth direction was measured to be 0.26 nm,
as expected for the ZnO (0002) planes. All of the examined
NW-VS nanowires had the same single crystalline hexagonal
wurtzite structure and (0001) growth direction. Figure S4a
contains a further example. Figure 2d shows an HAADF-
STEM image of an NW-VS nanowire that has small particles
attached to it. EDX elemental maps for Zn (Figure 2e) and O
(Figure 2f) show that these particles are ZnO. The bright
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contrast in the HAADF-STEM image shown in Figure 2d can
be indicative of a greater thickness, density, and/or atomic
number and is likely to originate here from a local increase in
projected thickness where the particles are attached to the
nanowire. Images of other nanowires with particles attached to
them are shown in Figures S3a and S4a.

The same techniques were used to characterize the NW-J
nanowires. The measurements show that these nanowires are
also chemically homogeneous with single crystalline hexagonal
wurtzite structures. Figure 3a shows an HAADF-STEM image
of the NW-J nanowires on a lacey C film. An atomic-resolution
STEM image recorded from the nanowire marked in Figure 3a
confirms the perfection of the crystal lattice and the absence of
extended defects (Figure 3b). A Fast Fourier transform (FFT)
shown in Figure 3c is consistent with the hexagonal wurtzite
structure of the ZnO nanowire. A [1010] growth direction can
be identified from the FFT, as indicated by an arrow in Figure
3b. The lattice spacing in the growth direction was measured
to be 0.28 nm, as expected for (1010) ZnO planes. While the
NW-VS nanowires had only [0001] growth directions,
different growth directions were observed for the NW-J
nanowires, as shown in Figure S4c. Figure 3d—f shows an
HAADE-STEM image of another nanowire and EDX
elemental maps that reveal a uniform chemical composition.

These results show that the NW-VS and NW-J nanowires
are all single crystalline and homogeneous despite their
different growth mechanisms. An important parameter is the
growth time, which can be in the range of seconds or minutes
for oxidation by Joule heating. Our results show that the short
growth time for Joule heating does not prevent growth of the
nanowires and does not affect their crystalline quality. A
notable difference from the slower VS growth mechanism is

https://doi.org/10.1021/acs.cgd.4c01012
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Figure 4. Microstructure and elemental composition of NW-VS-D. (a) BF image of an individual nanowire. (b) HR-TEM image recorded at the
side of the nanowire in (a). (c) Electron diffraction pattern acquired from the nanowire in (a). (d) HAADF-STEM image of another nanowire.
STEM-EDX elemental maps of (e) Zn, (f) O, and (g) Tb recorded from the nanowire in (d).

, 3210
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Figure S. Microstructure and elemental composition of NW-J-D. (a) HAADF-STEM image of an individual nanowire. (b) Atomic-resolution
STEM image recorded from the nanowire in (a). (c) FFT pattern generated from (b). (d) STEM-EDX elemental maps of (d) Zn, (e) O, and (f)

Tb recorded from the nanowire in (a).

that NW-J nanowires have a range of growth directions,
whereas all of the analyzed NW-VS nanowires have an [0001]
growth axis of the ZnO wurtzite structure. Nanowire growth by
Joule heating has been proposed to involve rapid metal out-
diffusion from the core of the Zn metal wire due to the thermal
gradient from the core to the surface of the wire during current
flow."” The high current density during Joule heating would
contribute to metal out-diffusion through heating-assisted
electromigration and to the formation of the nanowires on the
surface.”> Rapid metal diffusion during growth of the NW-J
nanowires can lead to different growth axes, whereas for the
slower VS mechanism all of the nanowires have an [0001]
growth axis, which provides the lowest surface free energy, as
discussed in ref 35. The growth of structures with different
morphologies, hence different growth directions, has great
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potential to provide control of the optical properties, for
applications as resonant cavities and light guides.**%*’

3.2.2. Doped NW-VS-D and NW-J-D Nanowires. The
doped NW-VS-D nanowires were observed to have a
morphology and crystal structure similar to those of the
NW-VS nanowires grown in the absence of Tb. Figure 4a
shows a representative image of a nanowire that has a shape
and size similar to those of the NW-VS nanowires in Figure 2a.
The nanowire in Figure 4a has a single crystalline hexagonal
wurtzite structure and a [0001] growth axis. HR-TEM images
(Figure 4b) and SAED patterns (Figure 4c) provided a
measured interplanar spacing along this direction of 0.26 nm,
in agreement with the spacing of the ZnO (0002) planes.
STEM-EDX elemental maps revealed the presence of Tb oxide
nanoparticles on the nanowire surfaces (Figure 4d—g). Some

https://doi.org/10.1021/acs.cgd.4c01012
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of the nanoparticles that were below 100 nm in size were
observed to agglomerate (Figure 4d). Elemental maps for O
(Figure 4f) and Tb (Figure 4g) confirmed that the clustered
nanoparticles were Tb oxide. Some nanowires had larger
nanoparticles attached to their surfaces. The attached nano-
particles were always identified to be Tb oxide from HAADF-
STEM images and EDX elemental maps (Figure SS), as well as
by comparing STEM-EDX spectra recorded from the nano-
particles and the nanowires (Figure S6) with an EDX spectrum
showing Tb-L characteristic peaks in a region containing
nanoparticles (Figure S6f). An EDX spectrum recorded from a
particle-free region of the nanowire showed Zn-K and O-K
characteristic peaks and a very weak Tb-L peak (Figure S6e),
which may result from the presence of a low concentration of
Tb atoms that is close to or below the detection limit of
STEM-EDX here. The Cu-K characteristic peaks in Figure
S6e,f originate from the TEM specimen grid. Separate signals
from ZnO nanowires and Tb oxide nanoparticles were
recorded by using EELS in the same manner as by using
STEM-EDX (Figure S6g).

Corresponding doped NW-J-D nanowires were also found
to have a single crystalline ZnO hexagonal wurtzite structure.
Figure Sa shows an HAADF-STEM image of a nanowire at the
edge of a lacey C film. Figure 5b shows an atomic-resolution
STEM image, which was recorded from the side of the
nanowire, and confirms its single crystallinity. A corresponding
FFT pattern is consistent with a ZnO hexagonal wurtzite
structure and a [3210] growth direction, as marked by an
arrow in Figure Sb (Figure Sc). Crystallographic analysis of the
STEM images and corresponding FFT patterns confirms that
the NW-J-D nanowires have different growth directions, just as
for the undoped NW-J nanowires.

Nanowires with branches of different diameters were also
observed. In the example shown in Figure S7, both the
nanowire and the branches have a single crystalline ZnO
hexagonal wurtzite structure, with a [1122] growth direction of
the main nanowire. FFT patterns generated from different
parts of the branched nanowire are almost identical, suggesting
that it formed with a single crystallographic orientation and
without significant defects at the joints between the main
nanowire and its branches. Such nanowire arrangements were
previously observed for Tb-doped ZnO nanowires of types
NW-J-D** and NW-VS-D.* It has been suggested that the
branches on such doped nanowires form as a result of
segregation to the nanowire surfaces of dopants that create
nucleation sites for lateral growth.’® Since the samples were
prepared by scratching oxidized ZnO, the branched nanowires
occasionally became damaged, and only parts of them could be
used for TEM. The STEM-EDX maps shown in Figure 5d—f
reveal a homogeneous composition of the ZnO phase and a
noisy Tb signal over the whole nanowire. Unfortunately, the
EDX spectrum shown in Figure S8e did not have a sufficiently
high Tb signal to assess the presence of Tb along the
nanowires. Figure S8a—d shows an HAADF-STEM image of
another nanowire and corresponding EDX elemental maps.
The EDX spectrum shown in Figure S8f contains a weak Tb-L
peak, while the EELS measurement shown in Figure S8g
contains almost no Tb M-edge signal, suggesting that the Tb
concentration in the nanowire is below the quantification limit
of STEM-EDX and the detection limit of EELS under the
present experimental conditions.

The different distributions of Tb in the ZnO nanowires
grown by the VS method and Joule heating may be related to
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different diffusion processes for the two growth methods.
During VS growth, evaporation of atoms from the precursor is
followed by deposition of the atoms onto a substrate or a
precursor pellet. Such an evaporation-deposition process is
known to result in the diffusion of evaporated atoms on the
substrate surface until they reach energetically favorable sites,
such as steps or kinks. In the VS samples, Tb atoms may
aggregate during surface diffusion and form Tb oxide particles
on the nanowire surface. In the case of Joule heating, outward
diffusion of Zn atoms from the core of the wire can lead to the
formation of ZnO nanowires on the wire surface, resulting in
the incorporation of Tb atoms from the Tb oxide layer
covering the Zn wire.

4. CONCLUSIONS

A comparative study of undoped and Tb-doped ZnO
nanowires grown by thermal methods of evaporation-
deposition (or VS) and Zn oxidation under Joule heating by
a current has been carried out. As Joule heating has growth
times of seconds or minutes, compared to the much longer
times of the VS procedure, it is important to determine
whether the crystalline quality of the nanowires grown by using
the two techniques is comparable. Advanced (S)TEM
techniques were used to perform a comparative structural
and chemical study of four nanowire samples (see Table 1).
HR-TEM, HAADF-STEM, and STEM-EDX and -EELS
measurements revealed that undoped and Tb-doped nanowires
grown by using the two methods are single crystalline and
homogeneous. Nanowires grown using the VS method have an
(0001) growth axis, while nanowires grown by oxidation
during Joule heating are of good crystalline quality but have
different growth directions. A study of the incorporation of Tb
into the ZnO nanowires during growth shows that Tb can be
detected and imaged as nanoparticles on the surfaces of Tb-
doped ZnO nanowires grown by the VS method. Neither
nanoparticles nor Tb aggregation were observed on the Tb-
doped ZnO nanowires grown by Joule heating. STEM-EDX
measurements showed a weak Tb-L peak, while corresponding
compositional maps showed only noisy Tb signals from the
nanowires. The presence of Tb in these samples is below the
detection limit of the EELS measurements.
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