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EPR and photoluminescence spectroscopy studies on the defect structure of ZnO nanocrystals
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Structural and optical properties of ZnO nanoparticles can be fine tuned by a novel variant of milling performed
at cryogenic temperatures. In this study intrinsic defect centers such as oxygen and zinc vacancies are characterized
using electron paramagnetic resonance (EPR) and photoluminescence (PL) spectroscopy. Three different surface
defects with different g factors were identified by EPR for which the spectral intensities change upon decreasing
the crystal size. EPR and PL intensities revealed a linear correlation giving detailed information about optical
and electronic properties of ZnO. The core-shell model established from optical emission and EPR suggests
distinguished electronic states in the band gap belonging to negatively charged Zn vacancies and positively
charged oxygen vacancies. This model indicates a correlation between red emission and positively charged
oxygen vacancies, which lead to a possible transition from a typical n-type to a p-type ZnO semiconductor.
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I. INTRODUCTION

Transition metal oxides with nanostructures have attracted
considerable interest in many areas of chemistry, physics,
and materials science. Compared to other metal oxide nano-
materials, zinc oxide (ZnO) displays novel nanostructures
such as nanosprings,1 nanobelts,2 nanorings,3 nanotetrapods,4

and nanowires.5 ZnO nanostructures can be easily distin-
guished by their favorable features such as the wide band
gap (Eg = 3.4 eV at 300 K)6 and their piezoelectric and
pyroelectric properties.7 For example, the energy gap in
ZnO is wide enough to generate ultraviolet (UV) photons,
unlike semiconductors with too narrow band gaps used in
conventional lasers.8 Because of its flexibility of forming
different nanostructures, ZnO is of great interest and serves as
promising material in numerous applications, particularly in
piezoelectric transducers,9 electrodes for solar cells,10 catalyst
for electronics,11 field-effect transistors,12 thin-film printing,13

and transparent conductors.14

A number of studies have been conducted to synthe-
size nanocrystallite ZnO using different techniques, such
as hydrothermal synthesis,15 conventional ball-milling,16

microwave-assisted synthesis,17 hydrolysis/condensation,18

and sol-gel processing.19 Among these methods, milling
in a cryogenic environment (freezer milling) allows for facile
and cost-efficient fabrication. Thus, milling can be applied
as a method for reducing the particle and crystallite size
of materials down to the nanometer range. In addition, this
technique offers advantages in controlling the microstructure
of materials in terms of their crystallite size and morphology,
which both strongly affect the physical, electric, electronic, and
optical properties of a specific structure. All these effects have
already been discussed in detail in a number of reviews.6,20–25

By specific mechanical and thermal treatment during high-
energy ball milling, a large number of defect structures with
different physical and chemical properties can be generated in
the grain structure of nanostructured ZnO.26–28 These defects
allow such systems to exhibit certain desirable properties that
cannot be obtained in defect-free crystals. In this study we
demonstrate that milling at very low temperatures (77 K),

as compared to room temperature high-energy ball milling,29

accelerates the fracturing process of ZnO powders. In addition,
low-temperature milling led to rapid grain refinement by
suppressing recovery and recrystallization processes.

The usual approach to investigate defects is to vary
their concentration by changing synthesis conditions, or by
applying irradiation and/or thermal treatment, and to search
for interrelated changes in measurable optical properties,
such as absorption (luminescence)20 and Raman bands.30

Electron paramagnetic resonance (EPR), on the other hand, is a
powerful technique for characterizing the magnetic properties
of defect centers on an atomic scale. Correlation of EPR
and optical spectroscopies hence allows one to yield a more
complete insight into defect structures in general and into ZnO
in particular.

Possible defect centers in ZnO are (i) zinc vacancies (VZn),
(ii) zinc on interstitial sites (Zni), (iii) oxygen on interstitial
sites (Oi), and (iv) oxygen vacancies (VO). From the EPR
point of view, the four possible centers can be distinguished as
follows. (i) Zni as an interstitial has the electron configuration
ending with 4s2 and is hence diamagnetic. Consequently, it
is impossible to detect Zni defect centers by EPR. External
effects (light, thermal) are required to pass an electron into
the conduction band of ZnO (Zn+

i + e). A so-generated
paramagnetic Zn+

i state can only be detected by EPR when
the electronic wave functions of various Zn+

i centers do not
overlap. (ii) Oxygen on interstitial sites (Oi) has possible
electron configurations ending with 2p4, 2p5, and 2p6, giving
Oi, O−

i , and O2−
i , respectively. The O2−

i state is diamagnetic
and, therefore, cannot be observed by EPR. The Oi state with
the 2p4 configuration assumes a triplet multiplicity. The O−

i
state with the 2p5 electron configuration is a paramagnetic
center, which can be easily detected by EPR. On the other
hand, the interaction of this paramagnetic defect with other
diamagnetic defects of ZnO has to be taken into account.
(iii) Three possible states of oxygen vacancies can be dis-
tinguished. (1) The diamagnetic oxygen vacancy that does
not trap an electron with respect to the lattice results in a
doubly positively charged vacancy and can be assigned as
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V2+
O . It has four Zn2+ ions in its neighborhood, and there are

no unpaired electrons left so that it is diamagnetic. (2) The
vacancy of oxygen occupied by one electron is designated V+

O.
This vacancy results from reduction by one electron from the
conduction band so that it is positively charged with respect
to the lattice. This defect center may also be attributed to an
F-center in alkali halides. (3) Finally, the vacancy-designed
VO is neutral with respect to the lattice and captures two
electrons. The VO defect center is diamagnetic if the spins of
both electrons captured in the vacancy somehow compensate.
If they do not, then one may expect the existence of a triplet
state, which is EPR active as well but shows significantly
broadened signals.

In this contribution a structural model, the so-called
core-shell model of ZnO nanoparticles, is presented to of-
fer a possible explanation for size effects in ZnO and to
show that the surface shell covers the particle core with a
hexagonal structure. This model has previously been applied
to explain quantum-size effects for ferroelectric PbTiO3

nanoparticles31,32 prepared from a combined polymerization
and pyrolysis route and to semiconductor ZnO prepared by
the microwave-assisted method.12

II. EXPERIMENTAL

Commercial zinc oxide (ZnO) powder (Alfa Aesar 99.90%,
purity) was used as starting material. The powder was milled
in a magneto-ball mill (Spex 6770 Freezer mill, New Jersey,
USA) for various time periods between 1 and 10 min using a
liquid nitrogen (LN) medium. 5 g of ZnO powder were loaded
into a polycarbonate vial and milled in a horizontal direction
by magnetic shuttling of a steel impactor back and forth against
two stationary end plugs. In the freezer mill experiments, the
vial was immersed in LN, thereby powders do not contact the
coolant. Prior to milling, samples were precooled for 10 min
and afterwards were collided at a rate of 7 cps.

Milled and commercial ZnO powders were thoroughly
characterized by x-ray diffraction (XRD) using a Bruker D8
Advanced Series powder diffractometer with a CuKα (0.15406
nm) radiation source employing a step size of 0.02◦ at a rate
of 0.6◦/s. Crystallite sizes and lattice strains of the milled
ZnO powders were evaluated from the first three reflections of
ZnO peaks for each milling time using the TOPAS 3 (Bruker
AXS) software.33 Atomic force microscopy (AFM) studies
were carried out in the tapping mode using a Park System
XE-100 SPM instrument. Samples for AFM investigations
were prepared by drop casting a colloidal solution (a mixture
of ethanol and ZnO nanoparticles) onto a mica surface.
Thereafter, the samples were placed in a vacuum oven (10−3

Torr) at 150 ◦C for 1 h to evaporate the ethanol at the surface
of the particles and the mica substrate.

X-band (9.33 and 9.47 GHz) and Q-band (34.2 GHz)
continuous-wave EPR measurements were performed at room
temperature with Bruker EMX and ESP380 spectrometers, re-
spectively, using a rectangular TE102 (X-band) or a dielectric-
ring TE011 (Q-band) resonator (both from Bruker). Calibra-
tion of the magnetic field was performed with polycrystalline
DPPH (2-diphenyl-1-picrylhydrazyl) of known g factor (g =
2.0036). EPR spectral simulations were performed using the
EasySpin toolbox from MATLAB.34

Photoluminescence (PL) emission spectra of the powder
samples were recorded at room temperature using a Varian
Cary Eclipse spectrophotometer with an excitation slit width
of 20 nm and an emission slit of 10 nm. Prior to the mea-
surements, ZnO powder samples (0.1 mol/l) were dissolved
in isopropanol (i-PrOH). Absolute i-PrOH was used as the
reference blank solution for the samples. The samples were
excited at 325 nm, and the PL spectra were monitored as a
function of the wavelength in a range between 350 nm and
800 nm.

III. RESULTS AND DISCUSSION

Control of the microstructure during milling is very
important since a considerable amount of structural and
microstructural defects are produced depending on the milling
conditions. Note that in this study, for a collision speed of
7 cps, the milling time is the only controllable parameter during
freezer milling to obtain a desired microstructure. The milling
time was limited to 10 min to achieve milling efficiency and to
restrict the contamination from collisions of the impactor and
end plugs.

XRD patterns of the as-received (i.e., no milling) and milled
ZnO powders are shown in Fig. 1. This figure also gives
the crystallite sizes and lattice strain values of samples as a
function of the freezer milling time. All detectable diffraction
peaks in Fig. 1(a) belong to the ZnO phase [International
Center for Diffraction Data (ICDD) Card no: 70-8070, Bravais
lattice: primitive hexagonal, a = b = 0.324 nm and c =
0.520 nm]. No impurities or contaminations could be detected
in the XRD analyses of ZnO powders after milling for
different durations. Sharp diffraction peaks of ZnO were
observed for the as-received powders, whereas a considerable
broadening of peaks concomitant with a decrease in intensity
was noticed with increasing milling time [Fig. 1(b)]. This
indicates crystallite size refinement of ZnO as well as the
accumulation of internal strain [Fig. 1(c)].

During freezer milling, the repeated action of the steel rod
against two stationary end plugs leads to squeezing of powders
between them. This impact induces a series of repeated
fragmentations. Thus, powders are subjected to extensive and
repeated plastic deformation. This impact also introduces
strain into the powder; as a result, the crystallites rupture down
to the nanometer range. The average crystallite sizes of the
ZnO phase in both the as-received and the milled powders were
obtained from the XRD data (Fig. 1) using a convolution profile
fitting procedure. This profile fitting is normally associated
with microstructure analysis where the sample contribution
needs to be separated from the instrument contribution in
an observed profile.36 The profile-fitting function applies
the Debye-Scherrer formula37 to estimate the crystallite size
based on individual peak widths. Figure 1(c) represents the
variation of the average crystallite sizes and lattice strains of
ZnO particles as a function of milling duration. The average
crystallite size of ZnO decreases from 221 nm to about 89 nm,
whereas the lattice strain increases up to 0.378% for the
prolonged milling time (10 min). Scanning and transmission
electron micrograph (SEM and TEM, respectively) results
are consistent with the XRD data in terms of obtained crystal
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FIG. 1. (Color online) XRD patterns of ZnO powders for various milling times for 2θ in the range of (a) 30–80◦ and (b) 31–38◦, and
(c) average crystallite sizes and lattice strains of ZnO particles as a function of milling time. Asterisks (∗) in (b) indicate residual Kα2.35

sizes (see supplementary material38 for representative SEM
and TEM results on the ZnO sample that was milled for
7 min).

AFM investigations were conducted to reveal the mor-
phological features (particle shape, size, and surface mor-
phology) of ZnO nanoparticles. Figures 2(a) and 2(b) show
representative noncontact AFM images of ZnO particles
generated by freezer milling for 10 min. Figure 2(c) gives
the line-scan profile analysis results taken from the data in
Fig. 2(b).

This image also shows the presence of uniformly distributed
ZnO nanoparticles with high spatial density. Based on the
line-scan profile analysis result in Fig. 2(c), the typical size
for ZnO particles is in the 119–171 nm range, and the average
particle size calculated from the image analysis is (144 ±
18) nm. Note that the average particle size with its standard
deviation was calculated by measuring the size of 10 different
particles using a total of five AFM images from various regions
of the ZnO nanopowders (milled for 10 min). Our XRD
and AFM results are consistent with a core-shell structure:

FIG. 2. (Color online) (a) AFM image of ZnO nanocrystallite particles obtained by 10 min of freezer milling; (b) an expanded image of
the red region shown in (a); (c) line-scan profile analysis taken along the trace shown in (b).
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FIG. 3. (Color online) (a) X-band (9.33 GHz) EPR measurements at room temperature for 0–10 min freezer-milled ZnO samples; (b) ratios
of core and surface defect centers deduced from X-band EPR intensity as a function of the milling time; and (c) comparison of X- and Q-band
EPR signals on a common g-factor scale.

AFM images yield the geometrical size of the entire particles
(core + shell + agglomerates), and the XRD analyses reveal
only the crystallite size (core).

In order to further investigate intrinsic defect centers
generated during freezer milling, X-band and Q-band EPR
measurements were carried out on ZnO samples as a function
of particle size. Figure 3(a) shows the room temperature
X-band EPR signal of the as-received (no milling) ZnO sample
and also those of freezer-milled ZnO samples for different
milling durations (1–10 min). Contaminations of the samples
from either metal ions, such as Mn2+, Fe3+, or Cr3+ (which
can in principle be easily detected by EPR even at extremely
low concentrations), or from nitrogen (EPR-active state: N0),
are not observed and can therefore be excluded. Preliminary
EPR investigations of samples that were milled for durations
longer than 10 min did not reveal further spectral changes (data
not shown).

Inspection of Fig. 3(a) reveals that, except for the as-
received powder, all freezer-milled ZnO samples exhibit the
same types of paramagnetic defect centers. The unmilled
ZnO sample shows only one single EPR line at g = 1.960
[Fig. 3(a)] that has already been reported in the literature.39–44

However, the origin of this intrinsic defect signal has been
controversially discussed; assignments to shallow donors,
singly ionized oxygen vacancies, Zn vacancies, or oxygen and
zinc interstitials have been put forward. This controversy can
be at least partially resolved by assigning the signal at g =
1.960 to a core signal in the framework of the core-shell
model.45 The line shape of this core signal changes with
increasing milling time, thus indicating strong size effects due
to the confinement of electrons in the core.45

Surface defects (on the shell) were observed by EPR for the
milled samples (1–10 min of freezer milling) and are depicted
in Fig. 3. The resonances for X-band EPR measurements at
room temperature are highlighted with a dashed rectangle in
Fig. 3(a). The intensities of EPR signals arising from surface
defects (shell) significantly increase with increasing freezer
milling time. Interestingly, for the case of bulk ZnO, the EPR
signal at around g ∼ 2.00 has been controversially discussed in

the literature: assignment to a singly ionized Zn vacancy,46,47

or to an unpaired electron trapped on an oxygen vacancy
site,40,48,49 i.e., an F+ center, have been put forward.50 The for-
mer assignment was based on the resolved hyperfine interac-
tion with the four neighboring Zn nuclei, which, however, was
only observed when ZnO was irradiated.51 This observation
is also consistent with results from density functional theory
(DFT) calculations,52 which indicate that a certain excitation
is required to generate the paramagnetic +1 state. On the other
hand, the oxygen vacancies at the ZnO surfaces53 are stable
and could trap electrons to form paramagnetic centers (F+
centers). This could also account for the stable EPR signal at
g ∼ 2.00.

The core and shell signal intensity ratios obtained from an
analysis of the EPR spectra are presented in Fig. 3(b). A strong
reduction of the core intensity after just 1 min of milling by
a factor of nearly 40 is observed. The shell thickness for ZnO
samples prepared by a microwave-assisted route has already
been determined as 1 nm.12

Q-band EPR was employed to take advantage of the higher
sensitivity of EPR at higher frequencies and to attain better
spectral resolution of defect centers in ZnO samples. A
comparison of X-band and Q-band EPR signals calibrated to
a common g-scale is shown in Fig. 3(c). The g factors refer to
the ZnO sample milled for 1 min. Both X- and Q-band spectra
reveal virtually the same spectral features with respect to the
g factor [Fig. 3(b)].

To determine the concentrations and relative EPR intensity
ratios of various defect centers, accurate simulations are
required. By the aid of spectral simulations we clearly resolve
and identify three magnetically inequivalent EPR signals that
belong to three different defect centers, in the following
named D1, D2, and D3. Their origin will be discussed below.
Figure 4 shows a comparison of experimental and simulated
EPR spectra for the ZnO sample that was milled for 10 min.
The contributions of D1 and D2 to the overall EPR spectrum
are clearly anisotropic whereas that of D3 is isotropic (see
parameters listed in Table I). The relative contributions of
D1, D2, and D3 are 1.0097, 0.1401, and 0.0489, respectively
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FIG. 4. (Color online) Room temperature X-band (9.47 GHz)
EPR spectrum for the 10 min freezer-milled ZnO sample (black
curve) and its overall spectral simulation (red/dark gray curve). The
green (light gray), blue (medium gray), and violet (gray) curves show
spectral contributions of D3, D2, and D1, respectively. The overall
EPR spectrum (intensity Itotal) is built up from the contributions of D1,
D2, and D3 as follows: Itotal = 1.0097, ID1 + 0.1401, ID2 + 0.0489
ID3.

(normalized: D1 + 7.2D2 + 20.6D3). All defect centers have
S = 1/2; no resolved hyperfine coupling or zero-field splitting
was observed. Hence, only the contribution arising from
the Zeeman interaction has to be considered in the spin
Hamiltonian.

The thermal stability and atmospheric reactivity of all
defect centers, D1, D2, and D3, were also investigated by
EPR under certain atmospheres (vacuum, argon, and nitrogen)
at an annealing temperature of 240 ◦C. Additionally, the
microwave power saturation behavior of the defect centers
was investigated. (Details on stability, reactivity and saturation
measurements can be found in the supplementary material.38)

To complement our EPR investigations and to gain more
insight into the electronic structure, PL measurements were
carried out. PL data taken from both the UV and the visible

TABLE I. Room temperature X-band EPR parameters
obtained from a spectral simulation for the 10-min freezer-
milled ZnO sample.

Defect center
(at the surface) g factor FWHM linewidth [mT]

gx = 2.001(1)
D1 gy = 2.004(1) 0.21

gz = 2.017(1)
D2 gx = 2.006(1) 0.24

gy = 2.004(1)
gz = 1.998(1)

D3 giso = 2.011(1) 0.37

spectral region can be found in the literature.6,54 However, the
origin and the mechanism underlying the luminescence centers
are not well understood6,26,54; occasionally, assignments have
been put forward without compelling experimental evidence.
Thus, the nature of the green luminescence (GL),42,44,55,56

orange-red luminescence (ORL),57 and yellow luminescence
(YL)58 bands remain controversial. In undoped ZnO, the GL
peak usually dominates the defect-related part of the PL
spectrum54 and was attributed to oxygen vacancies. Others
proposed that GL in ZnO originates from metal impurities42 or
from a transition between a singly charged oxygen vacancy and
a photo-excited hole.44 YL and ORL bands are only detectable
under certain preparation conditions,54 such as Li doping and
annealing at high temperatures under air, respectively. Both
emissions were attributed to oxygen interstitials.54 Also, the
simultaneous existence of blue and yellow emissions in ZnO
was explained by two different processes. The first process
involves the recombination of a shallow-trapped electron
with a deep trapped hole due to the presence of oxygen
vacancies, and the second process involves the recombination
of a shallow-trapped electron with a shallow-trapped hole due
to the presence of the amine ligand at the surface.59 Recent
analyses of electroluminescence data on ZnO confirmed that
the red emissions in the range from 620 to 690 nm arise from
oxygen interstitials and those in the range from 690 to 750
nm from oxygen vacancies.60 We believe that one can resolve
such controversy by combining the results from EPR and PL
spectroscopies.

Freezer milling introduces metastable electronic states in
the band gap, and these defects are expected to influence
optical emission. Figure 5(a) shows the PL emission spectra
of both unmilled and milled ZnO samples upon excitation
at 325 nm. The emission spectra of all samples display one
peak in the UV region at 388 nm, which is a near band-edge
emission.61 It is usually considered a characteristic emission
of ZnO and is attributed to band-edge emission or donor-band
excitation.16 However, in many PL reports, this characteristic
peak in the UV region does not appear;16,44 for example, it
was suppressed in ZnO nanowires, which were produced by
high-energy ball milling and annealing methods.16 We suggest,
opposite to some reports in the literature, that the presence of
the emission at 388 nm is likely due to differences in powder
preparation methods, i.e., room temperature high-energy ball
milling as compared to freezer milling. By the latter method,
ZnO particles become more brittle and hence are more likely
to crack into nanosize. Furthermore, since defect generation is
temperature dependent, annihilation of defects might occur
during temperature rises in the conventional ball milling
method, thus leading to altered PL spectra.

On the other hand, we observed a very intense broad
emission at 470 nm [see Fig. 5(a)]. This signal disappears
when the milling time exceeds 1 min. Emissions in the visible
range are generally considered to be induced by defects,
the concentration of which increases with milling time. For
example, beyond the 3 min of freezer milling, a sharp signal
emerges in the red range at around 655 nm.26 Previously62–64

this emission was attributed to transitions between neutral and
singly ionized oxygen vacancies. According to our core-shell
description, core defects dominate the optical properties of
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FIG. 5. (Color online) (a) PL spectra recorded at room temperature, (b) integrated area of core and shell signals from PL spectra (for details,
see text), and (c) linear relation of EPR spectral intensity and PL signal intensity (at 655 nm) for the surface defects (shell).

ZnO in the bulk. Thus, bulk ZnO emits energetically higher
blue light than nanosized particles that emit red light. The
situation is reversed when reducing the particle size by
increasing the milling time. In this case, as is seen in Fig. 5(b),
surface defects become dominant, and the intensity of the
red-light emission at 655 nm increases drastically.

A similar trend is observed for the intensity of the EPR
surface defect signals [Fig. 3(a)], and indeed, the PL intensity
at 655 nm can be linearly correlated with the EPR signal
intensities of surface defects at the various milling times
[Fig. 5(c)]. From this linearity we conclude that singly ionized
oxygen vacancies (V+

O) are the origin of the red emission
in the PL data. This suggestion is consistent with recent
electroluminescence measurements.60

To establish a relation between the EPR and PL measure-
ments, a model for nanocrystalline ZnO is shown schemat-
ically in Fig. 6. By increasing the strain during milling, the
interior core becomes negatively charged due to an increase
of V−

Zn defects. V−
Zn has spin quantum number S = 1/2, and

therefore it reveals a typical single EPR line at g ∼ 1.96.

In principle, one could also attribute the same signal of bulk
ZnO to the oxygen vacancies which are positively charged.
However, according to our EPR and PL results, the core-shell
model supports the negative charging of core and positive
charging of the shell. This is mainly due to the decrease
of the EPR signal at g ∼ 1.96 upon decreasing the crystal
(core) size. Clearly, more oxygen vacancies are formed on
the surface than in the core. The oxygen vacancies formed
on the surface can trap either one (V+

O) or two electrons (VO)
upon irradiation of the crystal with high-energy electrons or
neutrons.

As seen in Figs. 3 and 4, we observe an overlap of three
different EPR signals (D1, D2, and D3) belonging to oxygen
vacancies in the shell. Estimated from the relative intensity
ratio of these defects (see Fig. 3), most show low symmetry,
thus leading to a rhombic EPR signal (D1); whereas the
others, however, occurring much less frequently, have higher
symmetry, thus producing nearly axial symmetric (D2) and
isotropic (D3) EPR signal contributions. Although conclusive
evidence still needs to be presented, one could, in a very

FIG. 6. (Color online) Schematic illustration of a ZnO nanocrystal, obtained from freezer milling. It consists of a negatively charged interior
core and a positively charged outer shell. The EPR and PL spectra are given for the 1 min milled sample where we clearly observe core and
shell defects simultaneously.
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simple picture, tentatively assign D1 to defects that are in close
proximity to the surface of the nanoparticle where one would
expect that they be generated at rather high concentration. The
D2 defects, on the other hand, could be localized very near
the core. Their symmetry, roughly axial symmetric, reports
on the core structure, which is strongly influenced by the Zn
vacancies that are known to be surrounded by four oxygen
lattice ions in a tetrahedron, which is trigonally distorted along
the c axis.51 Finally, the D3 defects could be localized in
between the core/shell boundary and the nanoparticle surface.
Their signal, being isotropic with rather large inhomogeneous
line width, reports on the featureless interphase that provides
a surrounding that is effectively isotropic in symmetry. Our
attempts to characterize the stability/reactivity of the defects
D1, D2, and D3 (see supplementary material38) corroborate
our tentative assignment with the D1 and D3 defects being
surface exposed. Hence they are more susceptible towards
changes in the surroundings and D2 near the core, thus showing
rather good resistibility towards thermal treatment. But again,
this assignment should be considered preliminary. Clearly,
further studies need to be performed to corroborate these
notions. In any case, our data provide strong evidence for
three magnetically inequivalent nanocrystalline sites.

Our observations lead to a possible transition from typical
n-type ZnO to p-type ZnO semiconduction when going from
bulk to nano size. On the other hand, we present evidence for
a core-shell structure from our optical emission spectra which
shows that core defects (V−

Zn) emit mainly blue (2.63 eV)
and partly green (2.21–2.48 eV) light whereas shell defects
emit red (1.89 eV) light; the lower photon energy excites
surface defects rather than core defects, because core defects
are shallow acceptors and surface defects are deep donors.

FIG. 7. (Color online) Sketch of the band gap as a function of the
defect structure in core-shell structured nano-sized ZnO synthesized
by the freezer milling method. It shows that the oxygen vacancies at
the surface act as deep donors and the Zn vacancies in the core act as
shallow acceptors.

Figure 7 presents a schematic diagram of our defect model.
The core is dominated primarily by shallow acceptors whereas
at the shell deep donors prevail. As a consequence, the
development of p-type ZnO is favorable for sufficiently small
particle sizes. The core-shell model suggests the negative
charge of the core and the positive charge of the shell. This
is supported not only by the decrease in EPR intensity of the
signal at g ∼ 1.96 but also the increasing amount of red-light
emission in the PL data when decreasing the crystal (core)
size. Evidently, the concentration of positively charged oxygen
vacancies increases drastically in the shell rather than in the
core, and conversely, more negatively charged Zn vacancies
are formed in the core than at the surface.

IV. CONCLUSIONS

The present study provides detailed information on the
structural and optical properties of ZnO powders as a function
of freezer milling time. Using our facile freezer milling
method, highly uniform and homogeneously dispersed ZnO
nanoparticles having nanocrystallite sizes below 100 nm were
obtained after 10 min of milling. Therefore, it can be suggested
that the desired crystallite size is controllable only with
the milling time (for a constant collision speed) by using
the freezer milling method. To understand the appearance
and behavior of intrinsic defect centers in ZnO powders
that were milled for different times, advanced EPR and
PL studies were combined. A linear correlation has been
found for the signal intensities arising from the surface.
EPR (yielding information on the defect surroundings) and
PL (yielding information on excitation energies) results also
confirm the core-shell model of ZnO, where the core is still
hexagonal and contains negatively charged Zn vacancies and
the shell is a medium containing high concentrations of defect
complexes, in particular positively charged oxygen vacancies,
thus resulting in a selective behavior of defect centers
towards different excitation energies (optically vs microwave).
This, in principle, allows the material to become a p-type
semiconductor.

For technological applications in semiconductor research,
further improvement can be achieved by developing novel
strategies to adjust the parameters of core-shell nanomaterials
and to control defect concentrations. This result will push the
limits of p-type ZnO production and might be helpful for
technological applications in multidisciplinary fields, such as
in electronics and biomedicine.
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