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defect chemistry in oxygen-rich
zinc oxide nano-tetrapods synthesized using
atmospheric pressure microplasma†

Dilli babu Padmanaban, Paul Maguire and Davide Mariotti *

We demonstrate the synthesis of zinc oxide (ZnO) nanoscale tetrapods (nTP) using an atmospheric pressure

microplasma with a metal wire as a sacrificial electrode. ZnO nTPs were characterised using transmission

electron microscopy (TEM), X-ray diffraction, ultraviolet-visible and photoluminescence spectroscopy.

TEM clearly revealed that the nTP arm length was ∼65 nm and the diameter was around ∼11 nm, grown

in the wurtzite phase along the {0001} direction containing polar surfaces. The lattice constants of the

ZnO nanocrystals were evaluated using Rietveld refinement. A strong ultraviolet with weak visible-violet

emission was observed though photoluminescence revealing that nTP crystals are free from intrinsic

defects. Furthermore, the properties of the nTP crystals were compared with those of ZnO nanoparticles

formed under different plasma conditions. A detailed formation mechanism based on optical emission

spectroscopy and the crystal growth mechanism of the nTP were further discussed.
1. Introduction

Nanostructured materials are an emerging class of materials
that possess unique physical and chemical properties, which
have been explored and exploited for a wide range of applica-
tions including biomedical applications,1 energy,2 electronics
and many more devices.3,4 Owing to their unique properties,
nanoscale structures generally exhibit higher specic surface
area to volume ratio, which is advantageous for effective charge
collection and transport in potential optoelectronic devices.5,6

Zinc oxide (ZnO) is a transition metal oxide that showcases
numerous kinds of structural features from microscopic to
nanoscale regimes. Some of the common nanostructures of
ZnO are zero-dimensional quantum dots,7 two-dimensional
nanoplates8 or nanosheets,9 nanotubes,10 one-dimensional
nanowires,11 nanorods12 and other structures.13–20

ZnO is a II–VI direct wide bandgap (3.37 eV)21 semi-
conducting oxide with a large exciton binding energy of 60 meV.
It has already been used for many potential applications such as
ultraviolet (UV) laser diodes,22,23 transparent conductors,24 thin
lm transistors in at panel displays,25 photoelectrodes for
solar cells,26,27 piezoelectric transducers and sensors,28 dilute
magnetic semiconductors and spintronics.29

ZnO can be synthesized in a variety of techniques such as the
sol–gel method,30 chemical vapour deposition,31 pulsed laser
deposition,32 magnetron sputtering,33 arc discharge,34
lfast, BT15 1AP, UK. E-mail: d.mariotti@

tion (ESI) available. See DOI:

212–9231
molecular beam epitaxy,35 metal organic chemical vapour
deposition,36 vapour phase,37 metal organic vapour phase
epitaxy38 and recently even using atmospheric pressure
plasma.39–41 More specically, plasma processes under different
conditions have been also used for the synthesis of various
morphologies of nanoscale ZnO (see Section 5 in the ESI† for
a comparison).42–57 The synthesis of three-dimensional tetra-
pods was commonly reported through the thermal evaporation
method58–60 in which Zn metal vapour is transported at high
temperature and quenched in the presence of mainly an oxygen
atmosphere to form a tetrapod structure. From a thermody-
namic equilibrium perspective, the organisation of atoms into
a well-organised micro or nanostructure requires macroscopic
quantities such as pressure and temperature (or catalyst-
activated) to reach suitable conditions that generally lead to
an increase in the cost of the process.

Nano-tetrapods are special structured materials with unique
forms and shapes that are different from other nanostructures
like one-dimensional ZnO rods. This branched ZnO nano-
structure is reported to grow by a nonadiabatic process and
usually shows polytypism61 i.e. existence of more than one
stable ZnO crystal phase such as rods of the hexagonal wurtzite
phase tetragonally connected to a central core made up of zinc
blende altogether forming a stable nanostructure. The key
advantage of these nano-tetrapods over standard nanorods is
their geometric shape with one arm pointed normal to the
substrate surface.62 They also present notable electrical, optical
and mechanical properties seen as promising for photonic and
nanoelectronics applications.63 Some of the well-known appli-
cations of nano-tetrapods are photocatalysis,64 photovoltaics,65

humidity sensors,60 lasers,66 etc.
This journal is © The Royal Society of Chemistry 2024
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The ability to apply defect engineering to ZnO nTPs, espe-
cially intentional defect creation, would greatly enhance appli-
cation opportunities. Defect engineering is a versatile approach
used much broader in materials science and engineering with
potential applications in a broader range of elds such as
optoelectronics,67 energy storage,68 fuel-cell electrocatalysis,69

photovoltaics,70 nanoelectronics,71 nanozymes,72 bioimaging,73

thermoelectrics,74 etc.75,76

In this report, we demonstrate the synthesis of zinc oxide
nanoscale tetrapods (nTPs) via a simple setup based on atmo-
spheric pressure plasma powered by a radio frequency (RF)
source using He gas as process carrier gas. Atmospheric pres-
sure microplasma is a versatile and cost-effective technique for
the synthesis of nanomaterials77–79 offering the possibility for
direct integration in application devices78 such as in solar
cells.80 Here we show the formation of ZnO for different He gas
and RF power and we observe the formation of nTPs for
a specic parameter space. ZnO nTPs are found to be in the
wurtzite phase containing polar surfaces. Further, the optical
and crystalline properties were studied based on different RF
power. The study will open new opportunities for the processing
of nanostructured materials for microplasma in the eld of
optoelectronics.

2. Experimental section

ZnO nTPs were synthesized using a gas-phase atmospheric
pressure microplasma (Fig. 1). A 0.5 mm diameter grounded
Fig. 1 Schematic of the microplasma setup.

This journal is © The Royal Society of Chemistry 2024
zinc wire (99.99% purity, Goodfellow) is placed inside a quartz
capillary (1 mm external, 0.7 mm internal diameters). The wire
acts as the grounded electrode as well as the source of Zn for the
synthesis of the ZnO nanostructures. The wire is consumed as
the deposition of nanoscale ZnO progressed. Pure He gas (100%
purity, grade ‘A’) is used as carrier gas at 110 sccm. The end of
the quartz tube is placed through a hole of a at copper plate
which is powered by an RF (13.56 MHz, 40 W) power supply
(MKSTM, Elite 300HD-01RF) through a matching unit (MFJ,
MFJ VersaTuner V, Model MFJ-989 D with air-core roller
inductor antenna tuner). The plasma is generated by capacitive
coupling between the zinc wire and the copper plate. For
comparison, experiments were also carried out under different
synthesis conditions where ZnO nanoparticles of different
morphologies were produced. In particular, synthesis was
carried out for four different He gas ow rates 75 sccm, 110
sccm, 150 sccm and 225 sccm for xed RF power (40 W) and
three different applied power at 30 W, 40 W and 50 W with xed
He gas ow of 110 sccm. The nanocrystals are collected on a at
Si substrate and then dispersed into ethanol for further
characterisation.

Plasma optical emission spectroscopy (OES) can contribute
to understanding the formation mechanisms of the ZnO crys-
tals. This technique provides information on the presence of
various elemental species (Zn and O), thus helping in under-
standing the evolution of ZnO nTP/NPs in the microplasma. To
understand the evolution of various nanoparticles plasma OES
was carried out using an Ocean Optics USB 4000 spectrometer
J. Mater. Chem. A, 2024, 12, 9212–9231 | 9213
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portable modular (200–1100 nm range) with a 3648-element
charge couple device (CCD) array detector (Toshiba 3648-
element CCD array linear image sensor). All the spectra were
recorded with an integration time of 100 ms, averaged over 10
scans and corrected for electrical dark. A collimator-capped
bre optic tip was placed at two different positions (A and B,
Fig. 2 with insets showing the actual microplasma emission
spectra) to capture light from the plasma. The corresponding
spectra were recorded from position A, representing the emis-
sion from the plasma inside the capillary (Fig. 11a) and from
position B, producing spectra with emission mainly originating
from the aerglow i.e. the plasma interacting with ambient air
(Fig. 11b).

UV-visible (UV-vis) absorption spectra were recorded using
a Perkin Elmer-Lambda 650S UV-vis spectrometer tted with
a 150mm integrating sphere. The measurements were taken for
the ZnO nTPs/ethanol colloid in a quartz cuvette of 1 cm path
length. The transmittance of the colloid of nanoparticles
prepared for different ow and power variations was measured.
Finally, the relative absorption coefficients (a) were estimated.
Thus, the bandgap of the nTP in comparison with ZnO
Fig. 2 Setup of optical emission measurement.

9214 | J. Mater. Chem. A, 2024, 12, 9212–9231
nanoparticles prepared for different carrier ow rates and RF
power was calculated using Tauc's equation.

Photoluminescence (PL) of the nanoparticle in colloid for
different He gas ows and applied RF power was measured
using an Agilent Cary Eclipse uorescence spectrophotometer
adjusting the excitation and emission to 10 nm, at a scan rate of
10 nm per second. The ZnO nanoparticles were dispersed in
a polar solvent (ethanol, 99.5%; Sigma Aldrich) and emission
from the samples was recorded for a xed excitation wavelength
(320 nm) at room temperature.

Transmission electron microscopy (TEM) and selective area
electron diffraction (SAED) were carried out on a JOEL JEM-
2100F accessorized with a Gatan Dual Vision 600 charge-
coupled device at an accelerating voltage of 200 kV. For TEM
analysis, samples are rst deposited onto a Si substrate. Then
the powdered samples were dispersed in ethanol (Sigma
Aldrich, 99.8%) and sonicated for 10 minutes. 40 mL of samples
in ethanol colloids were drop cast onto a holey carbon-coated
grid (400 mesh, #S187-4, Agar Scientic) with an ultrathin
carbon lm (3 nm thick) and allowed to evaporate under
ambient conditions overnight; d-spacing values of the crystal
This journal is © The Royal Society of Chemistry 2024
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planes were measured on the digital image using ImageJ
soware.

Scanning electron microscopy (SEM) was carried out using
a JOEL SEM instrument at 10 kV accelerating voltage at
a working distance of 10 mm. The nanoparticles were deposited
directly from the microplasma onto an ultrasonically cleaned Si
(100) – n-type substrate at room temperature. Surface
morphology and cross-section of the samples were recorded
and further analysed using ImageJ soware. Film thickness was
measured by SEM analysing the sample cross section. The lms
were cut and mounted cross-sectionally on to an aluminium
sample holder, and further microscopy imaging was performed.
The thickness was evaluated at 15 different points and averaged
to provide a sample thickness.

X-ray diffraction (XRD) measurements were carried out on
a lm of the as-deposited ZnO nanoparticles on a Si substrate
using a Bruker AXS D8Discover instrument using mono-
chromatic Cu Ka X-ray (wavelength = 1.5406 Angstroms) radi-
ation generated at an accelerating voltage of 40 kV and current
of 40 mA in glancing angle X-ray at 0.75° with respect to the
sample plane. The data were acquired at a rate of 0.03 incre-
ments, and a scan speed of 12 s per step up to a total duration of
5 h. Semi-qualitative/phase quantitative analyses (Rietveld
renement) of the XRD patterns were carried out using the
MAUD program.81 The theoretical pattern was generated from
the standard crystal information le (cif) for Zn82 and ZnO83

obtained from the online crystallography open database.84

3. Results and discussion
3.1 Morphology and crystal structure of the ZnO nTPs

Fig. 3 shows a representative scanning electron microscopy
image of ZnO nTPs deposited as a lm on a Si substrate where
the inset displays the lm cross section. The deposit appears to
be a highly porous lm of interconnected ZnO nTPs with an
estimated average lm thickness of 10.5 ± 0.7 mm.

Fig. 4a shows transmission electronmicrographs (TEM) of the
ZnO nTPs with the insets showing the SAED pattern and high-
resolution images. For comparison, Fig. 4b and c show
Fig. 3 Morphology of the ZnO nTP film deposited on a Si substrate
(conditions: 40 W and 110 sccm).

Fig. 4 Transmission electron micrographs of ZnO obtained for
different applied RF power (a) 40 W – nTPs, (b) 30 W and (c) 50 W at
a fixed He gas flow of 110 sccmwith the inset of high-resolution image
and SAED pattern.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 9212–9231 | 9215
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nanoparticles synthesized at lower (30 W) and higher (50 W)
applied power, respectively. Under the selected synthesis condi-
tions (40 W and 110 sccm, Fig. 4a), large amounts of ZnO nTPs
are produced almost exclusively. The average and standard
deviation of the arm length and diameter were found to be
65.6 nm ± 16.9 nm and 11.5 nm ± 2.3 nm; this was determined
from the analysis of >70 nTPs. Under the other synthesis condi-
tions (Fig. 4b and c) mixed morphologies (spherical to rectan-
gular rod and disc-shaped nanocrystals) are observed with also
minor amounts of nTPs. In Fig. 4b (30W, 110 sccm), the majority
of nanoparticles were spherical (diameter 13.8 nm± 4.2 nm) with
a few rod-like particles with the aspect (length to width) ratio
ranging from 2 to 26. In Fig. 4c (50 W, 110 sccm), larger rectan-
gular-shaped particles were observed (length scale 36.2 nm ±

13.2 nm with the aspect ratio ranging from 1 to 3); also, in this
case, a small number of nTPs with much thicker arms could be
found. We have also investigated the synthesis conditions cor-
responding to lower (75 sccm) and higher (150 sccm and 225
sccm) ow rates with respect to the synthesis conditions of the
nTPs (40 W and 110 sccm, Fig. 4a); corresponding TEM images
are shown in ESI, Fig. S1a–c.† The synthesis products, under the
different conditions, all show a crystalline phase of hexagonal
wurtzite ZnO as demonstrated by the corresponding SAED
patterns (bottom right insets of Fig. 4a–c and S1a–c†).
Fig. 5 Single ZnO nTP analysis obtained at 40 W, 110 sccm. (a–d) Hig
spacing profile and the crystal planes of a single nTP arm. (e) Hexagona
a single nTP particle where the yellow coloured d-spacing represents th

9216 | J. Mater. Chem. A, 2024, 12, 9212–9231
Fig. 5 shows TEM images to aid a more in-depth analysis of
the ZnO nTPs produced at 40 W and 110 sccm. nTPs consist of
four arms at an angle of 120° with a single core of octahedral
crystal.85 The nTP arms are shown in Fig. 5a–c. The fourth arm
in Fig. 5d is perpendicular to the plane of the paper, mostly
composed of d= 0.26 nm, i.e., the [0 0 0 2] plane shows the arms
of nTPs grown along the c-axis i.e., in the {0 0 0 1} direction. A
closer analysis of the arm shows hexagonal-faced crystals which
indicates that these are oriented along the c-axis as represented
in Fig. 5e. The d-spacing measured at the faces of the nTP arms
(Fig. 5a–c) predominantly contains 0.16 nm and 0.147 nm and
correspond to planes [1 1 −2 0] and [1 0 −1 3] respectively.
Nevertheless, the SAED pattern on a single nTP (Fig. 5f and
insets) shows dots that match to the crystal planes such as [1
0 −1 0], [0 0 0 2], [1 0 −1 3], etc. related to the dominant
hexagonal phase of ZnO nTPs.

A highly resolved core of a nTP can be seen in Fig. 6a; here
the green dotted lines represent a vertex along with orange
dotted lines which depict the trigonal pyramidal part of the
core crystals; a complete geometrical schematic is shown in
Fig. 6b. These structures form the core of nTP crystals that
have eight facets and the corresponding geometrical arrange-
ment was successfully understood through a model proposed
by Iwanaga et al.,86 called in short the “octa-twin” shown in
Fig. 6c. This model suggests that the nTP core consists of eight
h-resolution transmission electron micrographs with insets of the d-
l crystal lattice of a nTP arm. (f) SAED pattern with the inset showing
e hexagonal phase of ZnO, respectively.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Representation of the crystal core of a ZnO nTP: (a) high-resolution micrograph of a nTP core where the fourth arm is perpendicular to
the plane of the image, (b and c) geometrical representation of an octahedral core crystal.
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trigonal pyramidal crystals coupled with multiple-inversion
called twin crystals. Each pyramidal core crystal with four
facets (Fig. 6c) constitutes a basal plane oriented along the {0
0 0 1} direction represented in blue colour and three other
sides having crystal planes [1 1 −2 2], [−2 1 1 2] and [1 −2 1 2]
shown in red colour respectively.60 The surface of the octahe-
dral crystal (i.e. eight faces) has a polar face along the {0 0 0 1}
direction where the four arms extend (Fig. 6b–c). The phase of
this central core crystal is reported to have cubic zinc blende
ZnO.87 The interface between the core structure and the
hexagonal wurtzite arms is inherently linked through twinning
of the crystal lattice which can be understood through the
underlying symmetry as previously reported19,85 as twinned
crystals are antisymmetric rather than mirror symmetric to the
contact plane. However, the nTP arm from the octahedral core
crystal has alternative Zn2+ {0 0 0 1} along +c and O2− {0 0 0 −1}
in the −c axis. These alternative polar surfaces with counter
charges are catalytically active and attract more precursor
species to grow rapidly along the c-axis {0001} direction
resulting in the tetrapod arm. In Fig. 6a, we also observe such
Fig. 7 X-ray diffraction pattern of ZnO nTPs and nanocrystals for variou

This journal is © The Royal Society of Chemistry 2024
a core of octa-twin crystal with geometrical face shown as
dashed lines, which were represented in the completed octa-
hedral core geometrical structure in Fig. 6b. Thus, the arms
grow from the basal plane with alternating Zn and O atoms
containing polar surfaces.19

Fig. 7 shows the XRD pattern of the ZnO nTPs (40 W) and
nanocrystals obtained from samples prepared for different
applied RF power. All samples possess identical peaks that were
indexed to the standard Joint Committee for Powder Diffraction
Studies (JCPDS) le no. 65-3411, which conrms the hexagonal
wurtzite phase (space group P63mc). The peak intensities are
found to vary slightly depending on the synthesis conditions,
where the nTPs exhibit a stronger peak corresponding to the [0
0 0 2] plane when compared to the other synthesis conditions;
this is expected due to the hexagonal structure of the nTP arms
(normalised peak height of about 0.69 for the nTPs at 40 W
compared to 0.63 and 0.60 for 30 W and 50 W respectively).
Minor peaks at 39.01° and 43.20° were identied as metallic
zinc (JCPDS le no: 04-0831), indicating that the samples
contain some traces of metallic zinc for lower (30 W) RF power.
s RF power revealing various crystal planes of ZnO.

J. Mater. Chem. A, 2024, 12, 9212–9231 | 9217

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta06821h


Table 1 Phase quantification of nanoparticles with nTPs for different
applied RF power

Applied RF power (W) ZnO (%) Metallic zinc (%)

30 99.19 0.81
40 (nTPs) 99.67 0.33
50 100 0
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Semi-quantitative analysis of the XRD peaks was carried out
using Rietveld renement with fair convergence of weighted
prole R factor88 (Rwp) ∼11–12%, Rb ∼8%, and expected R factor
(Rexp) ∼9%. Table 1 shows the results of this analysis which
conrm the presence of metallic zinc for the samples synthe-
sized at low power (30 W) as well as the existence of very minor
metallic zinc impurities in the ZnO nTP samples prepared at
40 W.

The presence of metallic zinc could be due to non-oxidized
zinc particles. XRD results also provide the opportunity to
study in more detail the crystal structure from where the lattice
constants can be determined.89 For the hexagonal wurtzite ZnO
Fig. 8 Results from semi-quantitative analysis. (a) Variation of the lattice c
unit cell condition such as aspect ratio and volume for different RF pow

9218 | J. Mater. Chem. A, 2024, 12, 9212–9231
crystal structure, experiments and rst principles calculation
show that the lattice constants are in the range of ‘a’ = 3.247–
3.250 Å and ‘c’ = 5.204–5.207 Å respectively.90,91 Fig. 8a shows
the calculated lattice constants ‘a’ and ‘c’ for different applied
RF power. The values are found to increase with RF power
probably related to lattice expansion and increase oxide phase
caused by the microplasma temperature.92 Generally any varia-
tion in thermodynamic conditions (pressure and temperature)
during synthesis could change the particle size, crystallinity,
nano/microstructure, etc.93 Particularly, lattice contraction is
dominant in small-sized nanocrystals.94 In the case of Au and Pt
metal nanoclusters, the lattice parameter varies inversely with
size.95 However, for ionic metal oxide nanoparticles such as zinc
oxide that possess electrostatic forces from the surface dipoles
and short-range repulsive forces inside the lattice the opposite
effect is more likely.96 TEM analysis shows that ZnO obtained
for different powers exhibited different sizes and morphologies,
particularly nTPs at 40 W. Furthermore, the change in lattice
parameters can also be affected by several other reasons such as
defects and crystallinity of nanoparticles. The presence of lattice
defects either as foreign dopant or decient parent atoms
onstant, (b) FWHM of the maximum intense peak [1 0−1 1] and (c) ZnO
er.

This journal is © The Royal Society of Chemistry 2024
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induces lattice strain that can contribute to the change in lattice
parameters. This depends on the ionicity of parent atoms and
atomic radii of dopant atoms respectively. Nanocrystals tend to
show improvements in crystallinity and size with temperature97

that effectively removes lattice strains in nanocrystals thus
altering the lattice parameters.91 In Fig. 8b the calculated full
width at half maximum (FWHM) of the maximum intense XRD
peak [1 0 −1 1] is shown to decrease with applied power. This
peak broadening in terms of FWHM can be ascribed to two
factors, one from nTPs/NPs and the other due to the instru-
ment. The broadening from nanoparticles occurs from induced
lattice strain due to their size, geometry, presence of defects,
etc.98,99 TEM analysis shows various sizes of the ZnO structures
such as 13.8 nm and 36.2 nm at 30 W and 50 W, while for nTPs,
the length and diameter of the arms was 65.6 nm and 11.5 nm
respectively. Thus, the presence of larger crystallites can reduce
peak broadening as observed in our FWHM values along [1 0−1
1] (Fig. 8b).

Fig. 8c shows the ‘c’ to ‘a’ ratio, with a value not larger than
1.604, while 1.633 is generally the expected value for hexagonal
wurtzite crystals;100 however, experimental values closer to the
ones we have found have been also reported.91 The value we
have observed shows a dip at 40 W power, which is likely due to
the presence of nTPs; Zhu et al. in their study on ZnO nanorods
revealed that the lattice constant ‘c’ is found to reduce with
increasing rod length.101 This is likely due to the presence of
purely one-dimensional rods in the nTPs produced at 40 W. In
such a case, a large number of c-axis preferentially grown nTP
rods can lower the lattice constant ‘c’, hence reducing the value
of the “c/a” ratio. We also observe a slight increasing trend in
the unit cell volume from 30 W to 50 W (Fig. 8c) probably from
the anisotropic nanocrystal growth at higher power that could
increase the unit cell volume.
3.2 Optical properties

Fig. 9a shows the transmittance of ZnO nTPs/NPs synthesized at
different RF applied power whereas Fig. S2a in the ESI† reveals
those for variable He gas ow. All samples exhibit strong
Fig. 9 Optical characteristics of ZnO nTPs and nanoparticles for differen
the inset, whereas (b) variation of the estimated bandgap observed for d

This journal is © The Royal Society of Chemistry 2024
absorbance near the UV region 360–390 nm. If we assume that
scattering can be considered negligible and the nature of the
transition to be direct, the bandgap is estimated from Tauc's
plot for different RF power and He gas ows respectively (inset
Fig. 9a and S2a;† see also more generally Section 2 in the
ESI†).102 In ZnO, the bandgap is determined from the hybrid-
isation between valence orbitals of the constituents, i.e. Zn 3d
and O 2p. Any change in the bond lengths (between Zn–O or O–
O or Zn–Zn) from induced lattice strain will correspondingly
affect the lattice constants and affect the valence electrons,
which will eventually determine the band edge and bandgap.
The experimental optical bandgap of ZnO has been observed to
vary from 3.1 eV to 3.3 eV,103 which can be oen the result of
different synthesis conditions leading to somewhat different
bonding arrangements. Our ZnO nanocrystals including nTPs
synthesized for different RF power and He gas ows reveal the
bandgap values in the range 3.22–3.26 eV as observed in Fig. 9b
and S2b† respectively. The bandgap of semiconducting nano-
particles can be inuenced by quantum connement.104 Our
TEM analysis (in Fig. 4 and S1†), however, has shown that the
size of the nTPs and NPs is much larger than the expected ZnO
Bohr exciton radius (2.87 nm).105 Thus, we do not expect
quantum connement to play a role here. Therefore, we can
correlate these with the trends observed in the lattice constants
and more specically to the c/a ratio (Fig. 8c). We can observe
that the bandgap in Fig. 9b follows closely the c/a ratio in
Fig. 8c, i.e. a reduction of the ratio results in a larger bandgap
and vice versa.106 This clearly shows that the optical properties,
the bandgap in the specic case, may not depend on expansion/
contraction of the crystal lattice but they might be affected by
a distortion of its unit cell.

The bandgap and nature of the transition of ZnO nTPs/NPs
in colloidal form obtained using Tauc plot were veried. Fig.
S3a in the ESI† shows the plots corresponding to the disconti-
nuity method where the bandgap can be extracted by tting
exponential functions. This yields a bandgap Eg of around
3.29 eV for all RF powers. The corresponding nature of the
transition “r” is also determined (Fig. S3b†) and resulted in
values of 0.51, 0.50 and 0.51 calculated for 30 W, 40 W and 50 W
t RF powers: (a) light transmittance with corresponding Tauc's plots in
ifferent applied power flows respectively.
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respectively. These values conrm that the ZnO nTPs/NPs ob-
tained from microplasma synthesis exhibit a direct band tran-
sition (r = 0.5).

Fig. 10a–c show the room temperature photoluminescence
emission spectra excited at 320 nm of ZnO nTPs at different
applied RF power and in Fig. S4a–c† correspond to NPs
produced at different He gas ows. All the samples show
a strong and narrow emission peak around 385–388 nm which
corresponds to the near band-to-band exciton emission; this is
conrmed by its close resemblance with the bandgap calculated
from absorption measurements (Fig. 9b). The luminescence
spectra were analysed by decomposing them into identiable
components or bands using a Gaussian tting model. The ob-
tained peaks were labelled as bands Ex, v, b, g and y listed
according to the emission wavelengths in Table 2 and S1.† A
detailed comparison of different emission bands and defects
from published sources is presented in the ESI in Table S2.† An
overall energy band diagram with an emission scheme is drawn
(3.36 eV bandgap) that can take place in ZnO nTPs and NPs.
Under thermal equilibrium, the native point defects (Vo and
Zni) predominantly exist in intrinsic zinc oxide. The formation
of zinc interstitials (Zni) can be understood via Frenkel reaction
at a zinc sublattice as shown in eqn (1) where Vex

Zn and Znex
i are

neutral vacant and interstitial zinc sites respectively and in
which the interstitial site can be further ionised to form Zni

+

and Zni
++ extended levels (eqn (2) and (3)) that lie further below
Fig. 10 (a–c) Photoluminescence characteristics of ZnO nTPs and nano
peak position for various synthesis conditions; and (e) emission scheme

9220 | J. Mater. Chem. A, 2024, 12, 9212–9231
the conduction band (CB) and Zni levels as shown in the band
energy scheme (Fig. 9). Similarly, Schottky reaction (eqn (4)) can
explain the formation of oxygen vacancy defect levels (Vo) as
Vex
o and Vex

Zn (neutral oxygen vacancies and zinc sites) in which
Vex
o undergo ionisation to form Vo

+ and Vo
++ levels as shown in

eqn (5) and (6) respectively.107

Frenkel reaction

ZnZn 4 Vex
Zn + Znexi (1)

Znexi 4 Zni
+ + e− (2)

Zni
+ 4 Zni

++ + e− (3)

Schottky reaction

0 4 Vex
o + Vex

Zn (4)

Vex
o 4 Vo

+ + e− (5)

Vo
+ 4 Vo

++ + e− (6)

All the spectra contain highly intense and narrow ultraviolet
emission (band Ex) around 385–390 nm (∼3.2 eV) formed through
recombination (interband transition) of an electron (e−) from
a free exciton level near the CB to the hole (h+) in the valence band
(VB). These excitonic peaks when plotted against different applied
particles for different RF powers, whereas (d) variation of the excitonic
from different defect levels in ZnO nanocrystals.

This journal is © The Royal Society of Chemistry 2024
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Table 2 List of emission peaks obtained from photoluminescence spectra for different applied power

RF power (W)

Interband emission,
nm (eV)

Defect emission,
nm (eV)

Ex v b g y r

30 383.76(3.23) 401.03(3.09) 418.11(2.97) 516.88(2.40) 588.45(2.11) —
40 388.53(3.19) 405.41(3.06) 431.5(2.87) — — 708.88(1.75)
50 387.03(3.20) 404.8(3.06) 448.43(2.77) — — 706.6(1.75)
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RF power show a red shi as shown in (Fig. 10d) whereas for
increased He gas ows, a blue shi is found (Fig. S4†). Another
shoulder peak (band v) is observed near the main UV emission
located around 400 nm (∼3.01 eV), which is seen consistently in
all the samples. This visible-UV emission could come either from
radiative recombination of e− captured at the interstitial zinc (Zi)
to h+ in the VB or due to e− from the CB that recombine with h+ at
the vacant zinc site (VZn). Here the Zni is identied as a shallow
donor level located 0.22 eV below the CB and it can capture an
electron from the conduction band via non-radiative
pathways.108–110 Likewise there is another weak shoulder at
around 420 nm to 450 nm, represented as band b seen in all the
samples. Zeng et. al.111 observed blue emissions (418–488 nm)
arising from zinc interstitials in zinc oxide nanocrystals processed
from the non-equilibrium laser ablation process and their
annealing treatments. This emission is from extended or ionised
zinc interstitial levels situated below the zinc interstitial levels and
CB, shown in . Therefore, the blue emission band seen in ZnO
nTPs and NPs can be from such ionised zinc interstitial states. In
ZnO NPs obtained at 30 W and 110 sccm, 40 W and 75 sccm, and
40 W and 225 sccm a broad visible emission from 450 nm to
750 nm is observed. The spectrum is deconvoluted into green
(band g) and yellow (band y) around 490–543 nm and 588–609 nm
regions. Several theories have been proposed on the origin of
these visible mainly green and yellow emissions and are believed
to occur from single/doubly ionised oxygen vacancy (Vo) deep
levels, anti-sites, oxygen interstitials, surface states, photoexcited
carriers, etc.112–114 The peaks at around 490 nm can be correlated
to radiative recombination of e− and h+ between one of the
shallow donor zinc interstitials to an oxygen-based deep acceptor
level arising from a blue shi of the green emission.111 It is also
reported that green emission is also associated with oxygen-based
deep acceptor states such as oxygen anti-sites (Ozn).115,116 Thus,
green (band g) and yellow (band y) emission are radiative (e−–h+)
recombination corresponding to the oxygen acceptor level (Voex)
to the VB and the CB to Vo

++.117 A weak red emission (∼705 nm) is
also observed in almost all ZnO nTP and NP samples and this can
be related to oxygen interstitial states (Oi). Djurǐsíc et al. ascribed
the orange-red emission (620–650 nm) to oxygen interstitials in
zinc oxide nanowires and needles or to a quenching event of
visible emissions to near-infrared emission close to ∼750 nm.112

Thus, oxygen-based defects act as deep levels responsible for
visible emissions as observed in ZnO NPs.115,116

This analysis suggests that the nTPs are free from oxygen-
based defects and instead result in a weak shoulder UV-
emission from zinc interstitial or from interface trap states.
This journal is © The Royal Society of Chemistry 2024
However, a small excitonic peak shi as shown in Fig. 10d and
S4d† for ZnO nTPs/NPs obtained for various RF power and He
gas ows is observed. These shis can be correlated with
a slight change in the bandgap revealed in Fig. 9b and S2b.†
Overall, the nTPs present a distorted crystal lattice responsible
for a larger bandgap where the low defect density also prevents
the transition from shallow states. While in part these charac-
teristics can be attributed to the morphology of the nTPs, it is
clear that the synthesis conditions at higher applied power have
to be considered also responsible for producing an oxygen-rich
ZnO. In order to understand this better, the process and growth
mechanisms have been analysed further.
3.3 Microplasma optical emission spectroscopy

Plasma optical emission lines were identied according to the
online database maintained by the National Institute of Standards
and Technology-NIST.118,119 Fig. 11a exhibits mostly lines origi-
nating from atomic (neutrals) and ionised state of Zn, He
precursor gas and minor emission lines of N2

+ band (around 425
nm). The lines from helium gas were identied at wavelengths
492 nm, 587 nm, 667 nm and 706 nm corresponding to transitions
from neutral helium metastable atoms (He*).120 These emission
lines are from the relaxation of various excited He*metastables to
ground or intermediate states, whereby the formation of these
metastables is likely through an electron impact process inside the
capillary.121–123 Helium gas atoms can undergo ionisation through
collision with electrons (e− + He / He+ + e−)124 to form singly
ionised helium ions (He+) and their presence can be conrmed
from emission at 468.6 nm in the spectra.125 In the submillimetre
gap between the capillary wall and Zn wire, the energetic He+ ions
can interact via a charge exchange mechanism called the Duf-
fendack process126 that (Zn + He+ / Zn+ + He) can produce singly
ionised Zn species; these were identied at 491.2 nm, 492.3 nm,
602.1 nm and 610.1 nm.127 However, He metastables also undergo
Penning reactions with the Zn wire (He* + Zn/ Zn+ + He + e−).128

These mechanisms were drawn based on earlier studies on
dynamics of excitation and ionisation of Zn atom in He gas which
were well studied in Zn/He lasers.129

Excitation into heliummetastables requires energies of about
19.8 eV and 20.6 eV, which are lower than the rst ionisation
energy (24.6 eV).130 In comparison, the ionization energies for
zinc are 9.3 eV and 17.9 eV,131 respectively, which are lower than
any of the He excitations above. Therefore, it is highly probable
for the He metastables to produce Zn ionised species in the
plasma, i.e. the formation of He metastable by electron impact is
likely to be followed by ionisation of Zn rather than producing
J. Mater. Chem. A, 2024, 12, 9212–9231 | 9221
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Fig. 11 Microplasma emission spectra from (a) inside the capillary tube above the exit and (b) at the exit of the capillary tube with the inset
showing the actual microplasma.
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He+ ions.132 The ionised Zn+ atom can recombine with electrons
(e−) aided by a third body (M), which can be either an ion or
neutral atom or even with capillary walls to form excited zinc
neutral species or simply Znmetastable as e− + Zn+ + M/ Zn(R)
+ M where Zn(R) is the intermediate Rydberg state which decays
radiatively to other Zn metastable levels (Zn*). This radiative
decay can in fact be observed as emission lines from the capillary
representing the most intense emissions at 468 nm, 472.2 nm,
481.1 nm and 636.1 nm with some minor lines at 328.7 nm,
9222 | J. Mater. Chem. A, 2024, 12, 9212–9231
330.8 nm and 335 nm that reect the presence of these neutrals
Zn*. Similar emission lines were reported in the case of pulsed
laser deposition133 and laser ablation134 processes. Thus, the
interaction of helium ions and metastables with the Zn wire
supports the possibility of sputtering-producing Zn ions, which
can be recombined to form Zn neutrals and can be the dominant
pathways inside the capillary tube.135,136

Fig. 11b shows the emission lines recorded from the aerglow
i.e. at position B (Fig. 2). Metastable-rich carrier gas along with
This journal is © The Royal Society of Chemistry 2024
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plasma electrons and zinc neutrals interacts with ambient air
constituents such as O2, N2 and H2O. The spectrum reveals
a similar kind of Zn lines, which are however much lower in
intensity than Zn* and Zn+ lines found from position-A emission
and stronger He lines. O2 molecules are dissociated into atomic
species by electron or ion or He metastables impact as predicted
by chemical kinetic model simulated by Stalder et al.;137 the
presence of atomic oxygen127 was seen with transitions corre-
sponding to emission at 777 nm and 845 nm. Emission of
hydrogen atomic lines Ha (656 nm),138 Hb (486 nm)120 and the OH
(307–309 nm) band can be associated with electron impact
dissociation of water vapour present in air. The emission spec-
trum also shows stronger N2 and N2

+ bands emission (391 nm
and 427 nm) which may arise from the Penning ionisation of He
metastables with N2 downstream of the plasma.139 This N2-related
product loses energy via gas heating in the aerglow enriching
the adiabatic expansion of the nanoparticles. The density of
excited species in the aerglow of the plasma is strongly affected
by collisions with neutral molecules in the surrounding air; for
example, molecular oxygen is known to effectively quench excited
N*

2 species (e.g. N*
2 þ O2/N2 þ 2O) producing atomic oxygen

species.140 Thus, near the capillary exit, the majority of excited N2

species undergo the production of atomic oxygen and can
enhance the formation of ZnO nTPs/NPs by quenching.
3.4 Formation mechanism of ZnO nTPs/NPs from
microplasma

In this section, we will mainly discuss the formation of nano-
scale zinc oxide tetrapods in this gas phase microplasma.
Fig. 12 Mechanism showing the zinc oxide nanoscale tetrapod formatio

This journal is © The Royal Society of Chemistry 2024
Optical emission results obtained from both positions clearly
show that the dominant species in the gas phase are zinc and
oxygen atomic neutrals. Henceforth we can consider that the
formation of nTPs is from these energetic atomic neutrals
present in the plasma. The Zn* species from the capillary
diffuse hydrodynamically and combine with readily available
atomic oxygen neutrals to form ZnO nuclei, which then grow to
nTP. The formation process can be understood from the sche-
matic represented in Fig. 12. The whole mechanism can be
explained through two steps, the rst represented by the
formation of nuclei and the second represented by the growth
of the arms into nTP.

The process of nucleation is thought to occur at the plasma
exit, which is a region rich in zinc neutrals from the wire and
oxygen atomic species from the atmosphere. This can be argued
on the basis of similar mechanisms occurring in thermal
evaporation-based tetrapod synthesis.141 In these cases, Zn
atoms in the vapor exist as clusters of a small number of zinc
atoms that oxidise to metastable fullerene-like structures of
(ZnO)n (with n= 11, 12, 15) that further collapse to form a stable
ZnO nucleus.142,143 In the microplasma (step 1, Fig. 12), the
formation of zinc clusters is supplied by Zn neutrals which
include metastable as well as ionized Zn, as observed by optical
emission (Fig. 11). It is possible that energetic or ionized Zn
atoms may impact the subsequent oxidation and formation of
ZnO nuclei and therefore determine the optical properties as
observed in Fig. 10. Such a process could lead to the rapid
formation of nuclei in the sub-millimetre plasma region.
However, the spontaneous generation of nuclei is actually
n in the microplasma.

J. Mater. Chem. A, 2024, 12, 9212–9231 | 9223
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related to the available free energy that depends on the satu-
rated vapor pressure of zinc neutrals,144–147 which hinges on
microplasma synthesis conditions and, for instance in the
applied RF power.115

Therefore, at a given ambient oxygen concentration in the
atmosphere, vapor pressure of zinc neutrals from the plasma
determines the phase and rate of ZnO nucleation.61 The nuclei
come together and grow as nTPs because of their interaction
energy, which is identied through a potential known as Len-
nard–Jones potential.148 The interaction potential inversely
depends on the distance between any two nuclei. In the
conned microplasma, the high density of supersaturated
neutrals (Zn and O) along with the ZnO nuclei lead to their
growth into bigger particles. However, in the expanding plasma
aerglow, since the neutrals are just energetic atoms of low
mass, the growth is primarily aided by the neutrals or small
mass nuclei that grow to nanostructure or larger nanoparticles
as we observed for various applied RF power values.

Our TEM analysis reveals that nTPs consist of four arms with
a hexagonal crystal phase, which are attached to a core crystal
with eight faces and with a cubic ZnO phase. This core crystal
with polar faces could actually exist as nuclei in the micro-
plasma. Such nuclei with eight faces and cubic zinc oxide phase
require high free energy for spontaneous growth to nTP.149 This
energy can be supplied by the applied power and He ows gas.
The presence of cubic ZnO and hexagonal arms was observed
under other conditions such as with He ows at 75 sccm and
150 sccm (40 W) and at 110 sccm (50 W). However, the amount
of nTPs appeared to be larger when the ow was set at 110 sccm
and with the power at 40 W.

The one-dimensional hexagonal rod growth of nTPs (step 2
in Fig. 12) can be described in terms of vapour–solid (VS)
mechanism. The c-axis rod growth occurs from the octahedral
core crystal that consists of a polar surface oriented along the {0
0 0 1} direction. As we discussed in our TEM analysis, this
surface acts as a catalytically active centre for the wurtzite rod to
grow along the c-axis. Each plane perpendicular to the direction
of the c-axis contains Zn2+ termination and O2− termination
along the negative c-axis direction60 that attracts more mono-
mer species. Thus, a rapid tetrapod arm growth occurs on
a oating nucleus passing adiabatically in the aerglow of the
plasma. The VS mechanism has also been identied for the
growth of nTPs in other thermal evaporation-based tech-
niques.150,151 The advantage of this technique is that there is no
metal catalyst required, which is reported to be critical in vapor–
liquid–solid methods for hierarchical nanorods growth on
various substrates.152,153 In the absence of such a faceted
nucleus, the growth would proceed isotropically, i.e. in all
directions, resulting in spherical NPs as observed in other RF
power (30 W and 50 W, 110 sccm) and ow (150 sccm and 225
sccm) conditions. Therefore, the growth of nTPs from super-
saturated neutrals (Zn* and O*) and ZnO nuclei in the aer-
glow undergo an adiabatic expansion and result in nucleation
rst and growth aer.

It is important to consider the role of other gaseous species
present in the plasma such as energetic N2 molecules. The
convective quenching during the growth of the nuclei in the
9224 | J. Mater. Chem. A, 2024, 12, 9212–9231
aerglow with metastable species, mainly N2 gas molecules,
during nTP in-ight crystal growth, determines crystallinity and
its structure. To understand this, we looked at previous reports
on the synthesis of ZnO using atmospheric plasma jets. Hsu et al.
reported the synthesis of zinc oxide thin lms using ZnCl2 as
a precursor in a nitrogen-based atmospheric pressure plasma.
They observed that the microstructure and crystallinity of the
lms improved from convective quenching of N2 metastables,
while the lms showed to be amorphous when oxygen was used
instead of N2 gas.154 Similarly, N2 has been used in other atmo-
spheric pressure plasma processes for enhancing the oxidation
of Sn155 and in the annealing of ZnO/MgZnO lms.156 Chou et al.
observed lower sheet resistance in their Ga–ZnO lms prepared
using an atmospheric plasma jet when H2 gas was included,
which was believed to cause the formation of shallow donor
states in ZnO.157 Thus in our case, the crystallinity of the nTPs
and NPs, as evidenced by TEM-SAED and XRD, could be due to
other energetic species in the microplasma aerglow.
3.5 Effect of plasma parameters on the formation of nTPs/
NPs

The synthesis conditions such as plasma power and gas ow
have a decisive function in the formation of the product
whether nTPs or nanoparticles (NPs). Let us rst consider the
effect of plasma power at a constant He ow of 110 sccm. At
30 W RF power, ∼14 nm diameter spherical particles were
mainly observed, while increasing the power to 50W beyond the
nTP synthesis conditions (40 W), a few nTPs with a larger
amount of particles could be produced. Likely, the main cause
of these changes can be attributed to changes in vapour pres-
sure of the zinc atomic species induced by the applied RF power
for a given ambient oxygen concentration in air. For nTPs to
form in the microplasma, the required pressure and tempera-
ture-inducing metastable octahedron ZnO nuclei particles are
required.158 This could be also interpreted energetically
considering the thermodynamic relation of the changes of free
energy (DG) and molar enthalpy (DH) given as DG = DH − TDS,
where DS is the change in entropy and T is the absolute
temperature. For a spontaneous formation of nTPs and NPs at
a given applied RF power, DG < 0.159 The applied power gener-
ates Zn and O neutrals with some of the energy spent in heating
gaseous species. There are reports on calculated molar enthalpy
(DH) of ZnO that are found to be different based on their
phase,160 size,161 and morphology.162 For example, the estimated
molar enthalpy at standard temperature (298.1 K) and pressure
(1 atm) for bulk ZnO is −350.46 kJ mol−1,163 nanosized (∼40
nm) zinc oxide is −322.36 kJ mol−1,164 for nanorods (∼36 nm) is
−341.43 kJ mol−1.162 Therefore a slight change in the applied RF
power and gas ow can easily impact the energetics leading to
different sized particle and nanostructures as we observed.
Nonetheless, at lower plasma power, say at 30 W and 40 W, we
observe slight metallic zinc content (∼0.8–0.3%) along with
nTPs/NPs. This is likely due to unoxidized Zn metal clusters. PL
measurements corroborate a lower supply of reactive oxygen at
low power (30 W), as a weak green emission from oxygen
vacancy sites in the lattice was observed and likely originating
This journal is © The Royal Society of Chemistry 2024
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from sub-stoichiometric reactions between excess atomic zinc
and low-density oxygen neutrals in the aerglow. Metallic zinc,
instead, is not observed at 50Wwhere all zinc clusters appear to
be able to undergo full oxidation. The reason for full oxidation
at higher power is likely due to a combination of factors that
may include a higher gas temperature, impacting the oxidation
efficiency, as well as a larger plasma that is mixing more effec-
tively with atmosphere oxygen, hence supplying a greater
amount of reactive oxygen species.

When the He gas ow is changed for a xed 40 W RF power,
we observe nTP formation with ow at 110 sccm ± 40 sccm,
although with irregular arms and other rod-shaped particles.
Their optical properties, especially photoluminescence, show
no sign of emission related to oxygen defects. However, at
higher gas ows (225 sccm), the shape of NPs changes to
spherical (−10 nm) with some oxygen-based defects.

The presence of oxygen defects such as oxygen anti-sites and
interstitials was observed in NPs produced under two different
extreme synthesis conditions such as low power (30 W) at 110
sccm and high ow (225 sccm) at 40 W. At lower applied RF
power (110 sccm, 30 W), there is the possibility of incomplete
crystallisation of NPs that results in an oxygen atom misplaced
in a zinc site. In the case of higher gas ow (225 sccm, 40W), the
convective quenching of microplasma by He gas can lead to
incomplete growth of lattice with displaced atoms as intersti-
tials in ZnO sublattice.

Optimum conditions (40 W, 110 sccm) for a given micro-
plasma geometry were found to produce defect-free nTP crystals
that can be conrmed by photoluminescence, specically with
no oxygen vacancies and a negligible contribution to oxygen
interstitials. Therefore, under these conditions, super-saturated
Zn atoms from the metal wire and rapid quenching along the
microplasma aerglow in the atmosphere produce nanoscale
ZnO tetrapods.

4. Conclusion

Synthesis of nanoscale and intrinsic oxygen vacancy free ZnO
nTPs and rich ZnO NPs was demonstrated using atmospheric
pressure plasma from a zincmetal sacricial wire as the starting
material. The formation of the nTPs is closely linked to the
synthesis conditions, whereby small changes in the synthesis
control parameters (i.e. applied plasma power and gas ow)
lead to the other ZnO morphologies with various degrees of
oxygen-related defects. This demonstrates also that micro-
plasma synthesis is a versatile approach to tune morphologies
and corresponding optical properties. The nTP arms are
hexagonal wurtzite grown along the (0002) plane containing
polar surfaces. As the crystal growth and orientation are deter-
mined by the initial supply of Zn atoms and the plasma inter-
face with atmospheric oxygen, the process could be tailored (e.g.
controlled oxygen supply in the aerglow or even changing the
reactor geometry) to favour the formation of specic morphol-
ogies, relative Zn/O concentrations or leading to diverse crystal
structures. TEM, XRD, photoluminescence and XPS measure-
ments have shown the correlation between the absence of
oxygen-related defects and the optical properties. The nature of
This journal is © The Royal Society of Chemistry 2024
the optical transition in the crystals is conrmed to be direct
with a sharp absorption transition near the UV region of the
electromagnetic spectrum. The formation mechanisms have
been also studied aided by thermodynamic, nucleation theories
and correlated with the specic crystal and defect characteris-
tics of the ZnO nTP. This work shows that this microplasma
process can contribute to the control of oxygen-related defects
in ZnO and suggests the possibility of non-equilibrium defect
engineering through the manipulation of oxygen concentration
for a larger family of metal oxides.
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X. P. Lu, Characterization of an Atmospheric Helium
Plasma Jet by Relative and Absolute Optical Emission
Spectroscopy, Plasma Sources Sci. Technol., 2012, 22(1),
015011, DOI: 10.1088/0963-0252/22/1/015011.

121 I. Korolov, M. Leimkühler, M. Böke, Z. Donkó, V. Schulz-
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