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bstract

Ultrafine ZnO nanopowders were successfully synthesized by the dc thermal plasma process with a high production rate of 1.2 kg/h. The
ombination of plasma was found to affect the nanoparticles morphology. Both X-ray diffraction and Raman spectrum analysis confirmed a high

uality wurtzite structure of the ZnO nanopowders. Photoluminescence study exhibited strong ultraviolet emission corresponding to the near band
dge emission in the ZnO nanopowders. Random laser action observed in the ZnO nanostructures by optical pumping demonstrated high optical
nd crystal quality of the ZnO nanopowders fabricated by the dc thermal plasma synthesis.

2006 Elsevier B.V. All rights reserved.
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. Introduction

ZnO nanostructures are very promising because of the wide
and gap (3.37 eV) and large free exciton binding energy
60 meV) which exhibit a wide range of applications includ-
ng field emission displays, nano-photonic devices, piezoelectric
ransducers, varistors, phosphors, and transparent conducting
lms [1–3]. To date various techniques have been used to
ynthesize ZnO nanoparticles including chemical or physical
ethods [4]. The former are thermal hydrolysis technique [5],

ydrothermal processing [6], and sol–gel method [7–9]. The
atter are spray pyrolysis [10], vapor condensation method [11]
nd thermochemical decomposition of metal organic precursors
12]. Nevertheless, the main problems of most methods have
een the poor throughput efficiency and the difficulty in size
ontrol.

In this paper, we report a rapid fabrication technique of ZnO
anopowders by dc thermal plasma synthesis with a high pro-

uction rate. By changing gas combination and the gas flow
ate, different morphology and varied growth rate of the ZnO
anopowders can be achieved. In this study, the spherical and
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od-like nanopowders were obtained by dc thermal plasma syn-
hesis and were investigated by using X-ray diffraction (XRD),
canning electron microscopy (SEM), and Raman spectra and
emonstrated high crystal quality. Furthermore, pulsed pump-
ng PL result revealed the random laser action in rod-like ZnO
anopowders indicating that high crystal quality of the nanopow-
ers could be efficiently fabricated by dc plasma synthesis.

. Experiments

In this study, ZnO nanopowders were synthesized in a novel
c plasma reactor operated at 70 kW and atmospheric pressure
s shown in Fig. 1. Commercial zinc powders (Alfa Aesar) con-
aining impurities of Cr, Fe and Pb less than 50 ppm were used as
he raw materials. The Zn powders were fed into plasma flame
hrough N2 carrier gas and subsequently underwent vaporiza-
ion, oxidation and quench processes. The ZnO nanopowders
ynthesis rate could be 1.2 kg/h. Sample A was synthesized
y using N2 and Ar as plasma gases with the flow ratio of
:1 and sample B was synthesized by using only N2. Flow
ates of the plasma, carrier and quenching gases were 15, 10
nd 3000 slm, respectively. The specific surface area of the as-

rown ZnO nanopowders was determined by a nitrogen gas
dsorption instrument (Micrometrics ASAP 2010). Nitrogen
lemental analysis was done with a nitrogen/oxygen determina-
ion (LECO Corporation, TC-436). The chemical composition
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Fig. 1. Schematic of the dc plasma reactor.

f the nanoparticles was analyzed by an inductively coupled
lasma-mass spectrometer (ICP-MS, Spectro-P). The charac-
eristics of the resulting nanopowders are listed in Table 1.
he morphology of the samples was observed by SEM. Dif-

erent shapes of two samples can be observed, i.e. rod-like and
pherical ZnO nanopowders for samples A and B, respectively.
he phase identity and crystallite size of the ZnO nanopow-
ers were examined by using an X-ray diffractometer (XRD,
hilip PW1700) and Raman spectra. The X-ray diffractometer
as operated at 40 keV and 40 mA with a Cu K� radiation. The

canning step size and the collection time for each step were set
t 0.02◦ and 5 s, respectively. An Ar ion laser emitting a 488 nm
avelength and 150 mW output power was used as the exci-

ation source of the laser Raman scattering spectrometer. The
cattered light was collected in the backscattering geometry. The
W-photoluminescence measurement was performed by using
20 mW He–Cd laser with an emission wavelength of 325 nm.
he collected light was dispersed by a TRIAX-320 spectrometer
nd was detected by a photomultiplier tube. The frequency-
ripled output (λ = 355 nm) of a mode-locked Nd:YAG laser,
ith 1 kHz repetition rate and 500 ps pulse width was used as
ptical pumping source for the room temperature optical pump-

ng experiment. The excitation laser beam was focused onto the
ample surface at normal incidence and the light emission was
ollected at 45◦ to the surface.

able 1
haracteristics and composition of the ZnO nanopowders grown by dc thermal
lasma

ample Shape Surface area
(m2 g−1)

Plasma-forming
gas

Carrier
gas

N (ppm)

Rod-like 7.5 50% Ar, 50% N2 N2 1200
Sphere 15.1 100% N2 N2 1770
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Fig. 2. XRD results of ZnO nanopowders.

. Results and discussion

The XRD patterns of the rod-like and spherical ZnO
anopowders for samples A and B are shown in Fig. 2, where two
amples show similar diffraction peak positions. No peaks were
bserved as phases of ZnO precursors and impurities, indicat-
ng high purity of the ZnO nanopowders obtained by dc thermal
lasma synthesis. All diffraction peaks could be identified as a
exagonal ZnO phase with lattice constant of a = 3.25 Å and
= 5.12 Å. The strong intensities relative to the background
ignal also indicated high crystallization quality of the ZnO
anopowders. The FWHM of the XRD is often used to esti-
ate the grain sizes of the powders from the Scherrer formula

13]

= 0.9λ

β cos θ
(1)

here λ is the X-ray wavelength, θ is the Bragg’s angle and
is the pure full width of the diffraction line at half of the
aximum intensity. After calculation from the XRD results, the

verage size along [1 0 1] direction of samples A and B were 30
nd 31 nm. On the other hand, the β value of all peaks in XRD
esults also revealed quality and crystallization of both shapes
nO nanopowders. Clearly, sample A has smaller β value than
ample B indicating the higher quality and crystallization of
ample A than sample B.

The SEM images of these two synthesized ZnO nanopow-
ers are shown in Fig. 3. Rod-like morphology of sample A
howed an average diameter of 30 nm and an average length
f 100–200 nm. Spherical morphology of sample B showed an
verage grain size of 30 nm. The specific surface areas of the
anopowders listed on Table 1 varied from 7.2 to 15.1 m2/g,
ndicating a certain extent of agglomeration in both kinds of the
anopowders. The different types of plasma gases could affect

he nanopowders morphology and fewer N2 plasma condition
hould favor formation of rod-like nanopowders. In this tech-
ique, dc plasma supplied the necessary energy of synthesis
rocess. The precursors, zinc powders, with an average particle
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Fig. 3. Representative SEM images showing morphologies o

ize of 10 �m were injected into plasma by carrier gas and subse-
uently further caused reaction within 10−2–10−1 s. Therefore,
his method is suitable for high production rate of industry.

Typical Raman spectra of the ZnO nanopowders are shown
n Fig. 4. ZnO with hexagonal wurtzite structure belongs to the

6v space group. According to group theory, there are eight
= 0 phonon modes exist, where q is the wave vector, i.e., two
2, one A1-(TO), one A1-(LO), one E1(TO), one E1(LO), and

wo B1 modes. The A1 and E1 modes are both Raman and
nfrared active, the two B1 modes are silent, and the E2 modes are
aman active. Therefore, the most intense peak at 436.7 cm−1

as the well-known E2 symmetry mode for hexagonal ZnO. The
eaks at 379.5, 529.3 and 578.7 cm−1 agreed with phonon vibra-
ion frequencies of A1-(TO), A1-(LO) and E1-(LO) modes of
he hexagonal ZnO, respectively. The weak, broad peak around
10 cm−1 was E1-(LO) [14]. The feature peak at 332 cm−1 was a
econd-order structure of ZnO, interpreted as 2E2(M) [15]. The
aman result also demonstrated that the samples were composed

f hexagonal ZnO. According to results done by Rajalakshmi et
l. [16], the peak of E1(LO) mode of Raman spectra depend on
he size of ZnO nanoparticles. However, there were no obvious
ifferences between sample A and sample B in our study. Since

Fig. 4. Raman spectra of both shapes ZnO nanopowders.
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nanostructures: sample A (rod-like) and sample B (sphere).

imensions of both kinds ZnO nanopowders in our experiment
ere bigger than the Bohr diameter, phonon confinement effect

ould not be observed.
PL spectra of the synthesized samples measured at room

emperature are shown in Fig. 5. Both samples showed strong
nd sharp ultraviolet emissions at about 390 nm, which was
ttributed to the near band edge emission of the wide-bandgap
nO [17]. The slight red-shift of the emission peak compared to

he typical emission of ZnO bandgap might be due to the effect
f the thermal accumulation caused by laser heating [18]. Sam-
le B showed a weak broad defect-related emission at 510 nm
2.43 eV) while sample A showed a relatively strong green
mission peak. The green emission was attributed to the recom-
ination of electrons in singly occupied oxygen vacancies with
hotogenerated holes in the valence band. Comparing to the
imilar results reported previously [19,20]. The vacancy defect
enters exist primarily in the thin (∼30 nm) electron-depletion
ayer near the surface of the ZnO. The intensity emitted from
ample A was obviously stronger than sample B. The UV emis-
ion/green emission ratio decreased with decreasing the size of
nO nanopowders since the reduction of surface area. Except

or the slight differences of morphology and size between two
amples caused different sampling area, moreover, heating, scat-
ering and thus poor light collection in sample B and the higher
rystallization quality of sample A might be the reason of it’s
igher PL intensity.

Fig. 6 shows the optical pumping PL spectra for samples
and B. Fig. 5(a) shows the emission spectrum measured at

ifferent location on sample A. The laser action was observed
ith several narrow and sharp peaks and the threshold pumping

ntensity was obtained to be about 35 MW/cm2. The spectral
osition of each mode changed with the excitation locations and
he mode spacing was irregular. In addition, the lasing mode
ould be observed at different detection angle. The lasing thresh-
lds observed in the nanopowders varied by orders of magnitude,
ost likely due to the degree of the powder aggregation. Cao

t al. reported that multiple scatterings with photon amplifica-

ion resulted in random laser action in highly disordered ZnO
olycrystalline films and powders. There were many closed loop
aths for light formed by optical scattering. Laser oscillations
ould occur in those closed loops where loss was less than opti-
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Fig. 5. Room temperature PL spectra of both shapes ZnO nanopowders.
al amplification. The lasing modes in the emission spectra were
rom different loops formed by scattering in the nanopowders
f sample A. In Fig. 5(a), the emission peaks of lasing modes
re about 388 nm and the PL peak wavelength is 395 nm under

ig. 6. Optical pumping spectra of ZnO nanopowders for (a) sample A at dif-
erent location area with the same pumping intensity and (b) sample B.
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he high excitation. The energy difference between these peaks
as calculated to be about 56 meV, which was close to the exci-

on binding energy. This energy difference suggested that the
L emission might be contributed by the free exciton emis-
ion. However, there might be no enough density of energy state
or excitons to overcome the optical loss. Instead, the band-
o-band emission occurred due to plenty carriers accumulated
nd obtained enough gain in the ZnO nanostructures for stim-
lated emission. On the other hand, as shown in Fig. 5(b) for
ample B, only a broad spontaneous emission peak at the same
umping intensity as used in sample A was observed. Wu et
l. demonstrated that the lasing threshold increased as the ZnO
anopowder size decreased [21]. This could be one of the pos-
ible reasons because the optical loss might be larger than the
mplification gain in the sample B with a smaller ZnO nanopow-
er size. In addition, the crystal quality of sample B revealed by
RD and PL measurement could account for the high lasing

hreshold in comparison with the sample A.

. Conclusion

In conclusion, ZnO nanopowders were successfully fabri-
ated by a novel dc thermal plasma synthesis process with a
igh production rate. The growth rate and shapes of the ZnO
anopowders could be controlled by changing plasma gas com-
ination and flow rate. The measurement results of X-ray diffrac-
ion, scanning electron microscopy and Raman spectroscopy
howed that the samples were composed of wurtzite phase ZnO.
he photoluminescence exhibited a strong ultraviolet peak cor-

esponding to the near band edge emission and a weak broad
reen peak arising from the defect-related emission. Moreover,
andom laser actions observed only in rod-like ZnO nanopow-
ers were probably due to the coherent feedback scattering in
he structure, and indicated high crystal quality of the ZnO
anopowders. This production technique of the ZnO nanopow-
ers could be applied to several practical applications such as
V absorption, NOX decomposition, deodorization, antibacte-

ial treatment and the target in molecule beam epitaxy system
22,23].
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