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ABSTRACT

ZnO nanoparticle coatings with a controlled size distribution have been grown on quartz substrates by
a novel microwave plasma assisted spray (MPAS) technique. This study presents the analysis of struc-
ture, photoluminescence, and magnetic properties of particle coatings with two distinctly different mean
particle sizes (400 nm and 200 nm). X-ray diffraction patterns show a typical wurtzite structure with-
out any impurity phases for the nanoparticle coatings. SEM and TEM investigations have shown the
grown nanoparticles to be spherical and well separated with a narrow size distribution. Nanoparticles
are polycrystalline with smaller grain sizes associated with the smaller particle sizes. Photolumines-
cence (PL) spectra reveal the presence of oxygen vacancy related defects in the 400 nm nanoparticles,
which become less pronounced in the 200 nm nanoparticles. The 400 nm nanoparticles are found to
exhibit room-temperature ferromagnetism with a clear hysteretic behavior, while the 200 nm nanopar-
ticles are diamagnetic even down to 10 K. These results suggest the oxygen vacancies were the cause for

defect-induced ferromagnetism in the 400 nm nanoparticles.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

ZnO is a widely studied material because of its multifunc-
tionality, leading to applications in optoelectronic devices [1],
piezoelectricity [2], gas sensing [3], photocatalysis [4], solar cells
[5], etc. The direct wide band gap of ZnO (E; ~3.3eV at 300K)
with a large exciton binding energy (Eg ~60 meV at 300 K) makes
it an excellent material for optoelectronic applications [6]. It has
been shown that the optical and electrical properties of ZnO can be
tuned by varying growth conditions, introducing dopants, and/or
reducing the grain dimensions [7]. These properties can be further
manipulated by forming thin films and nanostructures [6-12]. Well
separated nanorods of ZnO have been grown and tested for gas
sensing due to the increased surface to volume ratio [3]. Nanopar-
ticle coating of ZnO has found applications in electroluminescence
[13].ZnO nanostructures have also been explored in dye-sensitized
solar cell (DSSC), which is one of the most promising candidates in
photovoltaics [14,15]. Zhang et al. reported a high energy conver-
sion efficiency of up to 5.4% for polydisperse ZnO aggregates based
DSSCs [14]. ZnO nanobullets and nanoflakes have recently been
studied as active photoanodes in DSSC systems [15]. It has been
reported that the light-to-energy conversion efficiency of 3.64% is
high for the case of ZnO nanoflakes based DSSCs, while it is 1.93% for
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the case of nanobullets based DSSCs [15]. From a spintronic appli-
cation perspective, it is interesting to note that room-temperature
ferromagnetism (RTFM) has been reported on undoped and doped
ZnO thin films and nanoparticles [16-20]. In this case, a good
control over the size distribution of ZnO nanoparticles is vitally
important. Until now, synthesis of ZnO nanoparticles has been
accomplished by thermal decomposition [21,22], coprecipitation
[23,24], combustion [25,26], and sol-gel techniques [8-12,27-32].
In most of these techniques, however, the synthesized nanopar-
ticles are often not spherical and have a large size distribution.
An additional high-temperature processing step is also required
in order to obtain crystallinity, which may lead to significant side-
effects such as the formation of multiple phases [27]. Therefore,
development of a new technique for the synthesis of spherical ZnO
nanoparticles with a narrow size distribution is of great interest.

In this letter, we report on a novel microwave plasma assisted
spray (MPAS) technique for the growth of uniform ZnO nanopar-
ticles. This technique has several advantages over conventional
methods, including short reaction time, formed spherical particles,
narrow size distribution, and high purity. A comparative study of
the magnetic and photoluminescence (PL) properties of 400 nm and
200 nm ZnO nanoparticles are presented.

2. Growth of ZnO nanoparticles
As a first step, molar solutions were prepared by dissolving a

stoichiometricamount of zinc acetate Zn(CH3COO),-2H,0 in deion-
ized (DI) water. The precursor solution obtained was heated to 60 °C
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Fig.1. Schematic of a microwave assisted spray (MAS) system. 1. Substrate. 2. Outlet
for vacuum. 3. Microwave waveguide with three tuners and a handle which can slide
back and forth to adjust the length of the guide. 4. Microwave input. 5. Inlet for gas
flow. 6. Nebulizer below the cylinder which contains the precursor solution.

and stirred for 2 h using a magnetic stirrer for uniform dissolution.
This solution was used as the precursor in the MPAS process. The
precursor solution was transferred into a small cylinder containing
an ultrasonic nebulizer on its base. The nebulizer was operated at a
frequency of 2.4 MHz to generate uniformly distributed aerosols of
the precursor with an average droplet size of 1-1.5 pwm. The aerosol
from the nebulizer carried by oxygen or argon was injected into a
quartz tube which contained the plasma reaction zone (Fig. 1). High
temperature plasma of argon gas and water vapor or oxygen was
formed within the tube by tuning the waveguides. The chamber
was kept at a constant pressure of about 30 Torr in order to main-
tain a constant rate of spray. As the aerosol droplets pass through
the plasma, absorption of microwaves caused water to evaporate
reducing the salt to a particle. By controlling the precursor con-
centration the final size of the salt particle can be controlled [32].
Further heating of the particles in their transit through the plasma
led to the completion of the oxidation reaction of Zn to form the
oxide. Particles were deposited onto a substrate as they exit the
quartz tube into the chamber. One of the main advantages of this
process is the completion of the particle formation and chemical
reactions in the gas phase, and thus does not rely on the substrate
temperature.

One of the important parameters of the plasma for nanopar-
ticle growth is the temperature. Plasma temperatures of close to
2000°C were measured by spectroscopic methods. The spectro-
scopic method used to compute temperature is described below.
Temperature calculation was performed based on the Boltzmann
distribution using the emission line intensities of the plasma
(Fig. 2a) at various conditions [33]. The Boltzmann distribution for
the emission intensities can be written as

Ii')"i' E:
In( =L ) =-—L4C 1

where [;; is the intensity of the emission line, A;; is the wavelength
of the line corresponding to the energy of transition fromi to j, g; is
the known statistical weight or degeneracy of the excited state, A;;
is the transition probability of i to j transition, E; is the excitation
energy, k is the Boltzmann constant, T is the absolute temperature
and Cis a constant.

Thus a plot between In(;;A;;/g;;A;;) and the excited energy E;
would be a straight line with a slope of 1/kT, from which the tem-
perature can be obtained. Since the plasma pressure was relatively
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Fig. 2. (a) Spectral lines for argon plasma at 20 Torr. Since it was not reasonable to
resolve the sets of three oxygen lines around 777 nm and 844 nm marked by * in
the graph, only Ar-lines were used for temperature calculation. (b) Thermocouple
measurements made at the operational temperature and pressure of ZnO growth.
The location of the waveguide is marked by the vertical lines on the graph. 0 position
is the center of the waveguide.

high (30 Torr), local thermal equilibrium was expected. Therefore,
temperature calculated based on plasma emission would represent
the real temperature of the plasma environment. Relative intensity
of two well separated spectral lines of the same atomic species
were used to calculate the slope. Spectral data were taken along
the vertical axis of the quartz tube in the high intensity regime
of the plasma. Light from the plasma was collected by an optical
fiber that was inserted through an observation hole. Spectra were
obtained by feeding the optical output from the fiber into a spec-
trometer. Fig. 2a shows spectral lines of argon plasma, while water
vapor was flowing to the chamber kept at a pressure of 30 Torr.
The magnitudes of monatomic argon signature energy peaks were
recorded. Temperatures were estimated only using argon spectral
lines with and without the flow of water vapor. Argon line pairs
were chosen for these measurements at pair one wavelengths of
A1=750.38nm and A, =763.51 nm; and pair two wavelengths of
A1=750.38nmand A3 =811.53 nm, respectively. The obtained tem-
peratures were on the order of 2000 °C, and are depicted in Table 1.
Oxygen temperature would be even higher, since it has a smaller
mass than the argon, and additionally when combined with col-
lisions from H,O0 gas, the overall heat transfer would be greater
than the argon. The temperature of the plasma past the microwave
waveguide, in the direction of the moving gas was measured with
a K-type thermocouple. The thermocouple measurements were
made at the operational temperature and pressure of ZnO growth
and can be seen as solid circles in Fig. 2b. These direct temperature
measurements could be done only to within 4 cm from the center
of the waveguide without damaging the thermocouple. The tem-

Table 1
Temperatures (T) in °C calculated from two sets of well separated spectral line-pairs
of argon plasma using Eq. (1).

w/o water w/water Line pairs (nm)
T1 1905 1828 A1=750.38 and A, =763.51
T2 2043 2051 A1=750.38 and \3=811.53
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Fig. 3. SEM images of (a) 400 nm and (b) 200 nm ZnO nanoparticles at 30KX magnification. TEM images of (c) 400 nm and (d) 200 nm ZnO nanoparticles.

perature of the plasma at the center of the waveguide (calculated
from the spectral lines) would fall on the trend line of the ther-
mocouple temperature data if extrapolated. The temperature data
confirmed that the necessary temperature to complete the reac-
tion was reached, and the cooling profile showed that a fairly high
temperature was maintained for some time after passing through
the waveguide. Furthermore, the presence of high-intensity spec-
tral lines at 775 nm and 846 nm that correspond to atomic oxygen
indicate the high reactivity of the plasma in the formation of ZnO.
This in combination with the high average plasma temperature
allowed the nebulized droplets to fully crystallize before reaching
the substrate as confirmed by XRD, SEM, and TEM.

Since the precursor has the necessary components dissolved
in solution, the process consisted of several steps. The chemi-
cal process began when initial heating caused the evaporation of
the solvent, condensing the material within individual droplets to
smaller particles. After the solute evaporated, the chemicals that
were contained in the droplet reacted with oxygen and formed
ZnO nanocrystals before they were deposited onto the substrate.
The chemical reactions are summarized as follows [34]:

Zn(CH3C00),-2H,0 — Zn(CH3C00), +2H,0 2)
Zn(CH3C00), + 40, ZnO + 3H,0 + 4C0, (3)

The solvent, (water in this case) evaporated first. Then, as shown
in reaction (2), the dihydrates evaporated from the remaining
droplet. Next, as the droplets passed through the center of the
plasma, the acetates broke their bonds from the Zn, and the free
Zn combined with oxygen to make ZnO particles as depicted in
reaction (3). The airborne particles completed all reactions during
transitand were then deposited on silicon substrates. The substrate,
which was placed at 10 cm away from the center of the waveguide,
was heated (T=650°C) by the plasma heat to enhance the adhesion
of the nanoparticles onto the substrate.

3. Results and discussion
3.1. Structural analysis

The structure, morphology and crystallinity of the nanopar-
ticle samples have been studied by X-ray diffraction (XRD),
scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). Fig. 3 shows the SEM and TEM photographs
of the nanoparticles at two different concentrations of precursor
solution (0.25M and 0.03125 M, respectively). It can be observed
that the nanoparticles are spherical and well separated, with a
narrow size distribution for both concentrations. The average diam-
eter of each particle varies from 400 nm for 0.25M to 200 nm for
0.03125 M. Within each individual nanoparticle exists a number
of small crystallities. High resolution TEM (HRTEM) images (Fig. 3¢
and d) reveal the presence of larger crystallites (average size around
12nm) in each 400 nm particle, as compared to those of each
200 nm particle (average size around 6 nm). The crystallinity of the
200 nm nanoparticles is better than that of the 400 nm nanoparti-
cles. It is worth mentioning that the crystallite size scales with the
particle size, which can be tuned by varying the concentration of
the precursor solution used.

Fig. 4 shows the XRD patterns of bulk ZnO (obtained from Alfa
Aesar with 99.99% purity) and the 400 nm and 200 nm nanoparticle
samples. It can be seen that like in the case of bulk ZnO, the ZnO
nanoparticles possess a characteristic hexagonal lattice with space
group P63mc(186). No impurity peaks were observed even in the
logarithmic scale. In addition, no amorphous peak was detected in
the XRD scan.

3.2. Magnetic and photoluminescence properties

The magnetic properties of the ZnO nanoparticle samples have
been studied using a commercial Physical Property Measurement
System (PPMS) from Quantum Design with a temperature range of
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Fig. 4. XRD patterns of (a) bulk ZnO, (b) 400 nm and (c) 200 nm ZnO nanoparticles
grownon Si(100)substrate. (*)is the peak due to the silicon substrate. Miller Indices
for these peaks are (100): 33,(002): 36,(101):37,(102): 48,(110): 57,(103):
63.

5-300K and applied fields up to 7 T. The M-H data were recorded
at 10K, 150K, and 300K for the 400 nm and 200 nm nanoparticles.
The M-H data of bulk ZnO are also included for comparison. Inter-
estingly, we find that the 400 nm nanoparticles are ferromagnetic
at 300K, while the bulk and 200 nm nanoparticles are diamag-
netic even down to 10K. Fig. 5a shows the M-H loops taken at
10K for these three samples. The values of coercive field (H.) and
the remanent to saturation magnetization ratio (M,/M;) extracted
from the M-H loops of the 400 nm nanoparticles are plotted against
temperature (T), as shown in Fig. 5b. It can be observed that the
H: and M;/M; significantly decrease with increasing temperature.
The H; decreases from ~500e at 10K to ~200e at 300K. This
trend suggests the intrinsic ferromagnetism of the 400 nm ZnO
nanoparticles. The saturation magnetization of the 400 nm ZnO
nanoparticles at 300K is Mg ~ 0.0074 emu/g, which is comparable
to that of the 9nm ZnO nanoparticles reported by Inamdar et al.
(Ms~0.008 emu/g) [21].

One of the questions posed by this research is the reason
for room-temperature ferromagnetism observed in the 400 nm
nanoparticles but not in the 200 nm nanoparticles. We recall that
the RTFM has been observed in undoped and doped ZnO nanoparti-
cles[18,19,21,25,27]. Sundaresan etal.[27] argued that the origin of
RTFM in undoped ZnO nanoparticles could be the exchange inter-
actions between localized electron spin moments resulting from
oxygen vacancies at the surfaces of the nanoparticles. Garcia et al.
[18] showed the possibility of inducing RTFM in ZnO nanoparticles
without doping with magnetic transition metal ions (Co or Mn)
but simply alternating the surface electronic configuration of the
nanoparticles by capping them with organic molecules. Magneti-
zation and Raman spectra studies on ZnO nanoparticles annealed in
air at different temperatures ranging from 450 °C to 800 °Crevealed
that the RTFM decreased as the annealing temperature increased
[23]. These results point to the importance of oxygen vacancies
in inducing RTFM in undoped ZnO nanoparticles. However, Zhang
and Xie have recently argued that for ZnO nanoparticles annealed
in air at high temperatures (600 °C, 800 °C, and 1000 °C) the RTFM
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Fig. 5. (a) M-H curves of bulk, 400 nm and 200 ZnO nanoparticles; (b) temperature
dependence of coercivity (H.) and the remanent to saturation magnetization ratio
(M;/M) extracted from the M-H curves for the 400 nm ZnO nanoparticles.

is attributed to the oxygen vacancy related defects, but for ZnO
nanoparticles annealed in air at lower temperatures (e.g. 400°C)
the RTFM arises mainly from the interstitial Zn defects [28]. Recent
theoretical calculations have also suggested that both oxygen and
zinc vacancies can induce RTFM into ZnO [35]. In fact both Zn inter-
stitials and oxygen vacancies donate two electrons, leading to the
difficulty in distinguishing one from the other using electrical mea-
surements [36].

In order to address this issue in the present case, we have stud-
ied the photoluminescence (PL) spectra of both the 400 nm and
200nm ZnO nanoparticles. PL has proved useful for investigat-
ing the defects that are present in ZnO [8-12,21,28,36,37]. In the
present study, a HeCd laser (325nm) was used as an excitation
source and carriers were excited to emit PL spectra. Fig. 6 shows
the PL spectra of the 400nm and 200 nm ZnO nanoparticles. As
one can see clearly in this figure, for both samples the ultravio-
let (UV) emission is observed at 387 nm, which corresponds to a
band gap of 3.203 eV. A broad green emission with a major peak
at around 542 nm is observed for the 400 nm nanoparticles, but
this feature is largely suppressed in the 200 nm nanoparticles. The
peaks at 663 nm, which are particle size independent, are due to
the HeCd gas discharge plasma. It has been suggested that the
green emission (around 542 nm) results from the recombination
of electrons with holes trapped in singly ionized oxygen vacan-
cies [21,28,37]. The intensity of the green emission can be used to
quantitatively evaluate the oxygen vacancy concentration in ZnO.
It has been shown that the increase of the oxygen vacancy concen-
tration leads to the increase of the intensity of the green emission
[28,37]. This clearly suggests, in our case, that more oxygen vacan-
cies are present in the 400 nm ZnO nanoparticles than in the 200 nm
ZnO nanoparticles. This can be reconciled with the fact that the
crystallinity of the 200 nm nanoparticles is better than that of the
400 nm nanoparticles, as confirmed by HRTEM (Fig. 3c and d), and
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Fig. 6. Room temperature PL spectra of the 400 nm and 200 nm ZnO nanoparticles.
Defect related green emission is observed for the 400 nm ZnO nanoparticles.

XRD. The reason for poor crystallinity in 400 nm particles in com-
parison to that of 200 nm particles can be explained as follows. For
the two concentrations that were considered here, the multiple of
two in radius corresponds to a factor of 8 differences in volume.
This nearly an order of magnitude difference in material volume
in the same reaction environment causes the oxidation of Zn in
the smaller particle to be more complete leading to stoichiometric
ZnO. Additionally, ZnO particles formed at the high temperature
plasma zone goes through a rapid quenching process as they exit
the plasma. This gives rise to higher density of grain boundaries in
the larger particle which accounts for the high density of defects. In
connection with the M-H data, it is logical to infer that the oxygen
vacancy related defects are sufficient to induce the ferromagnetism
in the 400 nm nanoparticles but not in the 200 nm nanoparticles.
This result is consistent with the previous observation [37] that
annealing ZnO nanoparticles in oxygen atmosphere reduced the
number of oxygen vacancies, leading to a suppression of the PL peak
related to the green emission and hence the ferromagnetism in the
material.

4. Conclusions

A novel microwave plasma assisted spray technique has been
developed that allows growth of spherical ZnO nanoparticles with
a narrow size distribution in a single step. In this technique, the
size of the nanoparticles is dependent on the concentration of the
precursor used. Each nanoparticle consists of multiple nanocrys-
tallites, and the size of the crystallites within each particle scales
with the particle size. The oxygen vacancy related defects that
are observed in ZnO nanoparticles (400 nm) with large crystal-
lites (12 nm), become much less pronounced in ZnO nanoparticles
(200 nm) with small crystallites (6 nm). The room-temperature fer-
romagnetism observed in the larger ZnO nanoparticles (400 nm)
arises mainly from the oxygen vacancy related defects, which cor-
related with defects also seen in PL spectra. A more complete study
to determine the onset of ferromagnetism as a function of the size

(defect incorporation) would be very interesting future work. The
ZnO nanoparticles grown by this technique are also desirable for gas
sensing or a host material of a solar cell sensitizer as the surface to
volume ratio is the highest for spherical particles.
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