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ABSTRACT: Luminescence properties that are correlated to near band edge emission and defect-related emission of
milled zinc oxide (ZnO) powder prepared by high energy ball milling technique are investigated. Commercial ZnO
powder (particle size of 525 nm) was chosen as starting material in milling process to produce ultrafine ZnO powder.
The milling process was carried out at different speeds; 0, 200, 400 and 600 rpm for 10 min. After milling at high
speed, change in color of milled ZnO powder was clearly observed that could be due to the defects in ZnO structure
induced by mechanical strain during milling process. Surface morphology of milled ZnO powder was monitored by
field-emission scanning electron microscopy (FESEM). Element component and surface chemical states of the samples
were analyzed by X-ray photoelectron spectroscopy (XPS). Optical property of milled samples was investigated by
diffuse reflectance UV-Vis spectrometer. Meanwhile, room-temperature photoluminescence spectroscopy of the milled
samples was performed. The milled ZnO particle size was distinctly decreased to ca. 200 nm affirmed by FESEM images.
Photoluminescence (PL) spectra of milled ZnO sample showed two prominent emission bands; UV and visible region.
Visible emission intensity increased with increasing milling speed that would be attributed to greater structural defects
caused by high mechanical strain during milling process.
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INTRODUCTION

Zinc oxide (ZnO) based material is greatly attrac-
tive as an effective semiconductor owing to its
remarkable properties including direct wide band
gap energy (3.37 eV), large exciton binding energy
(60 meV), high electron mobility and good stabili-
ties at high thermal and chemical environment [1,
2]. Regarding promising properties of ZnO nanos-
tructures, various demanding utilizations are based
on this material such as antibacterial material, pho-
todetector, photocatalyst, light emitting diode, solar
cell and optical waveguide [3–7]. Thus, the pro-
duction of ultrafine ZnO powder in nanoscale has
been focused and different synthesis methods have
been proposed via both bottom-up and top-down
processes. For bottom-up processes, final product
of ZnO particles in different sizes and geometries
can be obtained via chemical route using zinc pre-
cursor with reducing agents, depending on proper

precursor ratio, temperature and pressure. Different
methods for the preparation of ZnO nanoparticles
have been conducted including homogenous pre-
cipitation, spray pyrolysis, sol-gel network and hy-
drothermal method [8–11]. However, ZnO powder
in commercial product is in the stable powder as
oxide powder that is difficult to produce in nanosize
structure. Therefore, top-down process such as
mechanical milling process is an alternative route
to reduce particle size and obtain amorphous or
nanostructured material and meet the requirement
of large-scale production. High energy ball milling
process is one of effective technique in mechanical
process for particle size reduction and deformed
structure by impact force mechanism. The impact
energy during this process provides greater effect on
milled materials than conventional milling process
resulting in further particle size reduction in shorter
process time. During the milling process, particle
fracture can be created by the collision among par-
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ticles, balls and container wall leading to significant
size reduction [12]. Meanwhile, the strain in the
lattice and smaller pieces in the crystal occurring in
this reaction can lead to the defects in its structure,
for example, vacancies, dislocations, stacking faults
and grain boundaries [13]. The effects of several pa-
rameters under milling process must be investigated
such as operation time, milling speed, temperature,
diameter and number of balls, container volume,
and the mass ratio between balls and precursor
weight [14]. Milling speed is considered to be a
crucial parameter in milling process. It was reported
that the particle size of alumina and magnesia mix-
ture in high energy milling process was decreased
gradually from 42.92 to 9.00 µm under different
milling speeds from 60–240 rpm within 3 h [15].
Meanwhile, color changing from white to yellow
in ZnO powder can be occurred after milling at
high speed. This result can be originated from
thermal energy during milling operation leading to
metallothermic reduction or compound formation
and relevant structural defects. Therefore, further
study in type of defects playing key role in color
changing of ZnO powder is necessary.

In this work, size reduction of ZnO powder was
carried out by mechanical high-energy ball milling
method. The products of as-received and milled
ZnO powder were characterized by mean of sur-
face morphology, crystalline structure and particle
size. Meanwhile, the defect and oxidation state of
ZnO powder after milling process was deeply in-
vestigated by photoluminescence spectra and X-ray
photoelectron spectroscopy technique to identify its
origin in yellow appearance.

MATERIALS AND METHODS

Commercial zinc oxide (ZnO) powder (Ajax
Finechem Pty Ltd, Australia) with average particle
size of 500 nm was used as starting material in high
energy ball milling process. The as-received ZnO
powder with powder to zirconia ball (φ = 1 mm,
(Tosoh, Japan)) weight ratio of 1:30 was loaded in
zirconia container. The milling speed was varied
200, 400 and 600 rpm for 10 min under ambient
air atmosphere at room temperature. After that,
ZnO power was separated from the balls by sifting
and baked at 100 °C for 2 h to remove moisturizer
in the sample. The relevant properties of ZnO
ultrafine powders after milling were investigated
by various techniques. Crystalline structure and
phase identification were characterized by X-ray
diffractometer (XRD; Rigaku Smartlab) with Cu
Kα (λ=0.154 nm). Morphologies of before-/after-

Fig. 1 XRD patterns of as-received ZnO powder (black
line, overlaid with red line), and milled-ZnO at 200 rpm
(red line), 400 rpm (green line) and 600 rpm (blue line).

Fig. 2 FESEM images (×50 000) of (a) as-received ZnO
and (b) milled-ZnO at 600 rpm for 10 min.

milled products were monitored by field-emission
scanning electron microscopy (FESEM; JEOL JSM-
7001F). Chemical element and oxidation state on
ZnO surface were observed by X-ray photoelectron
spectroscopy (XPS) at beamline 5.2, Synchrotron
Light Research Institute, Thailand. Meanwhile,
crystalline defect of ZnO structure was analyzed by
PL spectroscopy performed at room temperature
using He-Cd laser with specific wavelength at
325 nm and diffuse reflectance spectroscopy
technique.

RESULTS

Fig. 1 illustrates XRD patterns of as-received ZnO
powder and ZnO powders milled at different speeds
of 200, 400, and 600 rpm. The characteristic
peaks situated at 2θ of 31.3°, 34.4°, 36.9°, 47.7°,
56.5° are associated to (100), (002), (101), (102)
and (110) hexagonal wurtzite zinc oxide planes,
respectively (JCPDS No. 36-1451). It is noticeable
that the characteristic XRD peaks become broaden
and their intensities drop significantly as the milling
speed was beyond 400 rpm, implying reduction in
their crystallite size. Their corresponding crystallite
size was also calculated using well-known Scher-
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Fig. 3 Average particle size (�) and calculated crystallite
size (Î) of as-received ZnO (0 rpm) and milled-ZnO at
speeds of 200, 400 and 600 rpm.

Fig. 4 Diffuse reflectance spectra of as-received ZnO and
milled-ZnO at speeds of 200, 400 and 600 rpm.

rer’s equation as illustrated in Fig. 3. The particle
size values measured by particle size analyser and
FESEM images are shown in Fig. 2. As observed
in Fig. 2(a) and Fig. 2(b), significant reduction in
its size was achieved after milling process. The
average particle size of the powder was reduced
considerably from ∼530 nm for as-received sample
to ∼240 nm for ZnO sample milled at 600 rpm. In
milling process, the increase in crystallite size at
milling speed of 200 rpm and 400 rpm could be
originated from the shear force between material
and balls occurring at low milling speed that can
lead to the agglomeration of ZnO particles and
also the increase in crystallite size. Meanwhile,
greater impact force during milling at higher milling
speed beyond this certain speed could lead to crystal
distortion and reduction in crystallite size.

Fig. 4 reveals the UV-Vis diffuse reflectance
spectra of all samples. It is noticed that the re-
flectance in UV region (λ=300–375 nm) of all sam-
ples is less than 5%, suggesting high UV absorptivity
of the samples. The sharp reflectance edge can be

Fig. 5 Photoluminescence of: as-received ZnO and
milled-ZnO at speeds of 200, 400 and 600 rpm for 10 min.

Fig. 6 IVIS/INBE peak intensity ratio of as-received ZnO
and milled-ZnO at speeds of 200, 400 and 600 rpm for
10 min.

observed for all samples at λ∼375 nm due to typical
band gap of ZnO. Light with lower photon energy
than its optical band gap is unable to be absorbed
and photon-induced electron-hole pair is not gener-
ated, leading to high reflectivity of light in visible
region. Moreover, it is obvious that the reflectance
intensities of milled ZnO powders in visible region
(λ=400–600 nm) drops significantly with increas-
ing milling speed, suggesting the enhancement in
visible absorptivity of the milled samples. The color
of the sample consequently changes from white for
as-received ZnO to pale yellow appearance for the
sample milled at 600 rpm (pictures are not shown).
This feature could relate to the optical absorption
of structural defect levels within ZnO band gap.
Therefore, this result implies the creation of struc-
tural defects of the samples induced by mechanical
milling process.

As seen in Fig. 5, PL spectra of as-received ZnO
sample possesses prominent narrow peak positioned
at about 375 nm that is corresponded to typical
near-band-edge (NBE) emission of ZnO related to
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Fig. 7 Energy levels of structural defects in ZnO and
corresponding transition pathways responsible for its pho-
toluminescence.

its typical band gap of 3.37 eV and is also in har-
mony with the reflectance spectra in Fig. 4 [16].
Moreover, there is an observable shoulder blue lumi-
nescence spectrum nearby NBE emission at around
420 nm in all samples which is related to the emis-
sion of zinc interstitial and zinc vacancy defect [17].
The broad emission covering the wavelength of
450–700 nm typically attributed to relevant defects
including oxygen vacancy (λpeak ∼550 nm) and
oxygen interstitial (λpeak ∼600 nm) whose peak is
positioned at around 550 nm can be observed in
all samples. This emission spectrum indicates the
defects from oxygen vacancy which leads to the
appearance of broad yellow emission relating to
oxygen interstitial defect [18]. It is obvious that the
intensities of both NBE and visible emission band
decrease significantly as the milling speed increases.
The peak intensity ratios of visible broad emission to
near-band-edge emission (IVIS/INBE) of all samples
indicating the qualitative and quantitative existence
of defect-related emission compared to NBE emis-
sion are represented in Fig. 6. The IVIS/INBEratio
is increased considerably as the milling speed in-
creases. The intensity ratio of as-received ZnO is
found to be about 1 and this ratio increases dras-
tically to be 14 as the milling speed increases to
600 rpm. This phenomenon suggests that these
structural defects could be increased by greater
mechanical stress provided by milling process with
higher speed. The PL spectra of all samples are
accompanied with weak near infrared band peaked
at 760 nm that is typically related to lattice disorder
or defect along c-axis of ZnO [17].

DISCUSSION

According to PL results, schematic picture of energy
level positions that take responsibility of NBE and

visible emission is proposed as depicted in Fig. 7.
There are various transition pathways of emission.
Under laser excitation with photon energy greater
than optical bandgap of ZnO (>3.37 eV), electrons
are excited to conduction band leaving holes in
valence band. After few nanoseconds, electrons
will recombine with holes and emit corresponding
photon by different transition pathways. The NBE
emission is from the recombination of electrons
at the bottom of conduction band and holes at
the uppermost of valence band (CB→VB). Many
structural defect levels including zinc interstitial
(IZn), oxygen interstitial (IO), zinc vacancy (VZn)
and oxygen vacancy (VO) can be created during ball
milling process. IZn and IO are located at 0.22 eV
and 1.65 eV below conduction band [19–21]. While
VZn and VO are typically situated at 0.30 eV and
0.90 eV over valence band [22, 23]. It is possible
for excited electrons either from conduction band
or captured electrons at ZnO to recombine with
holes in valence band or captured holes at VZn
to release blue emission with corresponding wave-
lengths of 394 nm (IZn →VB), 405 nm (CB→VZn)
and 435 nm (IZn →VZn), (λ=400–450 nm). This
emission band is clearly observed as a shoulder
band nearby NBE. Furthermore, prominent broad
green-yellow emission in PL spectra with increas-
ing IVIS/INBE for the milled samples is attributed
to the emission from CB→VO (λ∼500 nm) and
IZn →VO (λ∼550 nm). Meanwhile, the red-near
infrared emission (λ=600–750 nm) could be orig-
inated from the CB→IO (λ∼750 nm) and IO →VB
(λ∼720 nm) transition. In addition, there is
significant red-shift of visible emission band to
higher wavelength as the milling speed increases to
600 rpm. The behavior suggests that the greater
mechanical impact can induce the shift in defect
level of VO and IO, that is responsible for the shift
of visible emission of milled ZnO.

XPS measurement of as-received ZnO and ZnO
milled at 600 rpm was carried out to further in-
vestigate the chemical states in both samples. As
shown in Fig. 8(a), the Zn2p3/2 peak positioned at
1021.4 eV with spin orbit splitting around 23 eV is
a characteristic for divalence Zn2+ of Zn−O bond in
ZnO lattice. Slight shift to higher binding energy
than typical Zn in perfect lattice could contribute
to Zn−Ovacancy bonds in the inner surface without
change in surface Zn state induced by milling pro-
cess. It is implied that such defects should occur in
the lattice rather than its surface [24]. In Fig. 8(b),
O1s peak of oxygen in wurtzite ZnO lattice should
typically be at around 529.8–529.9 eV [24–27].
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Fig. 8 XPS spectra in (a) Zn2p3/2 and (b) O1s of as-
received ZnO and milled-ZnO at 600 rpm.

Therefore, the peak at 530.0 eV with slight shift
should be attributed to oxygen of Zn−O in ZnO
lattice accompanying with small part of Zn−Ovacancy
at the inner surface, that is in accordance to the
XPS spectra of Zn2p3/2 [28–30]. In addition, the
O1s peak at 531.7 and 531.9 eV normally associates
to oxygen of surface adsorbed hydroxy group -OH
and zinc hydroxide Zn(OH)2 [24, 31–36]. How-
ever, there are no evidence of zinc hydroxide at
Zn2p3/2 which should appear at around 1022.5–
1023.4 eV [27, 37, 38]. This behavior suggests that
the surface state is stable with insignificant influence
by milling process.

CONCLUSION

High energy ball milling method was employed to
reduce particle size of ZnO powder. Its size can be
reduced from 530 nm to 240 nm with the milling
speed of 600 rpm for 10 min. However, color change
from white to pale yellow occurred as the powder
was milled at higher speed beyond 400 nm. Diffuse
reflectance spectra of the milled sample in visible
wavelength decreased significantly suggesting the

existence of structural defects created during milling
process that are responsible for this color change. PL
spectra of the samples can qualitatively describe the
increase of structural defects including zinc inter-
stitial, oxygen interstitial, zinc vacancy and oxygen
vacancy by ball milling process. Meanwhile, XPS
results suggest that such defects are mostly located
in ZnO lattice rather than at the surfaces.
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