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ABSTRACT: Magnetic and electrical properties of the nano-
structured ZnO films are affected by the nonrandom distribution
of impurities in the film due to segregation at grain boundaries
(GBs) or extended defects. However, mapping the nature and
distribution of the impurities in the film is not trivial. Here we
demonstrate a simple, statistically relevant, and nondestructive
procedure of quantitative determination of the paramagnetic
impurities segregated at the GBs in nanostructured semiconduct-
ing and insulating films. From correlated electron paramagnetic
resonance and transmission electron microscopy investigations, we
determined the localization of trace amounts of Mn2+ ions, present
as native impurities in a ZnO film deposited by magnetron sputtering at room temperature. In the as-deposited ZnO film, the
Mn2+ ions were all localized in nanosized pockets of highly disordered ZnO dispersed between nanocrystalline columns. After the
samples had been annealed in air at >400 °C, the size of the intercrystalline region decreased and the diffusion in GBs was
activated, resulting in the localization of a portion of the Mn2+ ions in the peripheral atomic layers of the ZnO columns
neighboring the GBs. The proportion of Mn2+ ions still localized at the GBs after annealing at 600 °C was 37%. The proposed
method for the assessment of the presence and nature of impurities and the quantitative evaluation of their distribution in
semiconducting and insulating nanostructures is expected to find direct applications in nanotechnology, in the synthesis and
quality assurance of thin films for spintronics and opto- and nanoelectronics.
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1. INTRODUCTION

The wide-band gap (3.37 eV) transparent semiconductor ZnO
is presently one of the most studied materials following the
prediction of room-temperature ferromagnetism (RTF) in p-
type Mn-doped ZnO.1 However, despite intensive research in
this field over the past decade, both the existence and the origin
of the RTF in diluted magnetic semiconductors (DMS) are still
controversial.2−5 Recent reviews3,4 concluded that the observed
RTF could be an effect of a nonrandom distribution of the
magnetic ions, in many cases aggregated into ferromagnetic/
metallic nanoclusters in the semiconductor host, or even of an
experimental artifact such as contamination, because randomly
distributed localized ions/spins could not actually produce
RTF. Indeed, extensive surveys of the existing literature have
shown that epitaxial ZnO films doped with magnetic ions such
as Mn or Co were paramagnetic and RTF manifested only in
nanostructured ZnO films, associated with grain boundaries
(GBs), surfaces, or interfaces.5

In fact, there are several emergent phenomena at oxide
interfaces, expected to offer scientific and technological
opportunities in the coming years: interface ferromagnetism,
superconductivity, quantum Hall effect, etc.6,7 In particular, in
ZnO nanostructures, the observed interface ferromagnetic and
electrical properties8,9 could be exploited in spintronics and

nanoelectronics. Although such applications are still a
challenge, undoped and doped ZnO structures, particularly as
thin films, have already been successfully used for many other
applications in optics, electronics, solar cells, sensors, energy,
medicine, etc.10−13 The uniform doping of thin films is very
important for most applications, but as Droubay et al.14 have
shown, even highly soluble ions such as Mn2+ in ZnO, expected
to be randomly distributed in an epitaxial film, have a
propensity to cluster. In nanostructured films, the impurity
distributions are usually nonuniform, because of segregation at
GBs, extended defects, and interfaces. The segregation process
at interfaces and GBs is the subject of intensive research,
because of the way in which it affects the mechanical, electrical,
and magnetic properties of the materials.15−18 However, the
actual determination of the amount of impurities segregated at
the GBs is not trivial. To the best of our knowledge, such
determinations are usually performed on sliced and/or
fractured materials15,17,19 and for impurity concentrations of
>1%. Only recently have such studies been performed for lower
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impurity concentrations, but with quite elaborate and time-
consuming methods.15,17

We propose electron paramagnetic resonance (EPR) spec-
troscopy as a reliable technique for studying segregation
processes of impurity/dopant ions in insulating and semi-
conducting materials, as it can accurately determine both the
nature and localization of the paramagnetic impurities.20 The
EPR spectra are extremely sensitive to small changes in the
nature and configuration of the neighboring ligand atoms/ions,
being able to offer a wealth of information about the local
structure and composition of the lattice host. As recently shown
in the case of semiconducting Zn-based nanocrystals doped
with manganese at concentrations from several parts per
million to 0.5%,21−23 with this method we were able to
determine the core or surface localization of the Mn2+

impurities and the formation of aggregates.
In the case of epitaxial Mn-doped ZnO films, detailed EPR

studies showed the substitutional incorporation of low
concentrations of isolated Mn2+ ions at Zn2+ sites.4,24,25

However, the previously reported EPR investigations of
nanostructured Mn-doped ZnO films failed to clearly
determine the localization of the Mn2+ ions, because of the
high doping levels used, at least 1% order of magnitude. At such
concentrations, the competing dipolar and exchange inter-
actions determine the excessive EPR line broadening, with the
inevitable loss of information about the doping ion localization.
We have investigated the segregation process of the Mn2+

ions present at low concentrations (∼1 ppm) in nanostructured
ZnO films prepared by RF magnetron sputtering at room
temperature (RT). From correlated EPR and transmission
electron microscopy/high-resolution transmission electron
microscopy (TEM/HRTEM) investigations, we have deter-
mined the localization of the Mn2+ ions in the as-deposited and
thermally treated nanostructured ZnO thin film. We have
evidenced the segregation of the Mn2+ ions in the intercrystal-
line region (IC) in the as-deposited film as well as their slow
diffusion in the GBs in the pulse-annealed ZnO film. From the
EPR spectra, we have estimated the proportion of Mn2+ ions
still localized in the GBs or diffused into the peripheral atomic
layers of the ZnO columns neighboring the GBs after
annealing.
As our results show, EPR offers a simple method for directly

determining the amount of paramagnetic impurity ions
segregated at the GBs in a nondestructive manner, even for
very low impurity concentrations. The method is also
statistically relevant, as it measures the whole film volume
and very useful for determining the preparation conditions of
nanostructured films with specific doping levels and/or
impurity distributions for envisaged applications.

2. MATERIALS AND METHODS
ZnO thin films were synthesized onto r-cut sapphire substrates by RF
magnetron sputtering in a UVN-75R1 (1.78 MHz) deposition system.
The target was prepared by pressing pure ZnO powder (Sigma-
Aldrich, puriss., product no. 14439) into a compact pellet. Film
deposition was conducted for 3 h at a pure argon pressure of 0.3 Pa,
with a RF power of ∼80 W. The substrate temperature was dependent
on only plasma self-heating, reaching ∼80 °C.
The crystalline structure of the films was determined by X-ray

diffraction (XRD), using a Bruker D8 Advance diffractometer, in
parallel beam setting, equipped with a copper anode X-ray tube. The
TEM/HRTEM investigations were performed on a JEOL ARM 200F
high-resolution electron microscope operated at 200 kV.

X-Band (9.5 GHz) and Q-band (34 GHz) EPR experiments were
performed at RT, in the Research Center for Advanced ESR/EPR
Techniques (CetRESav) of the National Institute of Materials Physics.
Details about the equipment and magnetic field calibration procedures
can be found in ref 21 and at http://cetresav.infim.ro/. EPR
measurements have been performed on both as-deposited and pulse-
annealed ZnO films. For the pulse annealing experiments, the film
inserted in the EPR tube was annealed in air in a temperature-
stabilized (±1 °C) furnace at set temperatures of 300, 400, 500, and
600 °C. The sample was kept at the set temperature for 15 min and
afterward cooled to RT where the EPR spectrum was recorded. The
annealing temperatures and/or durations were selected to facilitate
comparison with similar experiments on ZnO nanopowders26 and
nanostructured ZnO films deposited by magnetron sputtering at RT
on SiO2/Si substrates.

27

Details regarding the thin film deposition procedure and the various
characterization techniques are given in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. XRD and TEM/HRTEM Characterization of the

ZnO Film. The XRD pattern of the ZnO film deposited on r-
cut sapphire (Figure 1) shows the formation of a single-phase

nanostructured ZnO layer, strongly textured around the c-axis
[corresponding to the (002) peak] (see JCPDS Card No. 89-
1397). An average size of 19 nm has been calculated for the
coherence domains along [001], taking into account the
instrumental contribution to the peak broadening. Because the
nonuniform strain contribution cannot be estimated, as only
one peak is clearly observed, only the minimum value of the
grain size along [001] can be calculated, considering a fully
relaxed film.
However, using the procedure detailed in ref 27, we could

evaluate c-axis strain εzz and the biaxial compressive stress. The
obtained εzz of 1% indicates an out-of-plane tensile strain for an
estimated in-plane biaxial compressive stress of 4.6 GPa, which
is similar to those previously calculated.27 The out-of-plane
tensile strain corresponds to a shift toward smaller angles of the
ZnO(002) diffraction peak, with respect to its position in the
diffractogram of the ZnO powder used to prepare the
sputtering targets. The asymmetry of the ZnO(002) peak
points to a partial relaxation of the thin film, most probably in
the topmost region.
The TEM image in Figure 2a shows the typical columnar

growth of the ZnO film with a thickness of ∼580 nm,

Figure 1. XRD diffractogram of the ZnO thin film deposited on r-cut
sapphire.
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consisting of densely packed ∼50 nm wide columns. The
electron diffraction pattern in Figure 2b corresponds to a
selected area that includes the ZnO layer and the substrate. The
diffraction spots denoted with a subscript s belong to the
sapphire substrate.
The electron diffraction pattern confirms that the ZnO film is

highly textured along the c-axis (direction of rapid growth for
ZnO), according to the following dominant crystallographic
orientation relation with respect to the substrate: (001)ZnO||
(012)s and (100)ZnO||(0−14)s.
Strain contrast decorating the ZnO columns can be observed

at low magnifications. In our opinion, the origin of the strain
can be explained by the following film growth mechanism.
During the first stages of film growth, ZnO crystal grains with a
rather random orientation are nucleated on top of the sapphire
substrate. Because ZnO exhibits a direction of rapid growth
along the hexagonal c-axis, only those ZnO nanograins having
the c-axis oriented almost perpendicular to the substrate are
favored to grow, giving the [001] film texture. Neighboring
grains with the c-axis slightly tilted away from the substrate
normal [contributing to ZnO(002) peak broadening] will come
into contact, exerting pressure upon each other and hence
leading to the buildup of the in-plane biaxial compressive stress.
An additional contribution to the biaxial stress comes from the
lateral growth of the ZnO columns. As observed on the low-
magnification TEM micrographs, the ZnO columns are
significantly broader in the topmost region compared to the
bottom part of the film. The accumulating in-plane compressive
stress leads, on one hand, to out-of-plane tensile strain as
measured by XRD. On the other hand, it is partially relaxed by
the formation of planar defects (mainly stacking faults) along
the hexagonal basal plane of ZnO, as shown by the TEM/

HRTEM micrographs. The presence of the mentioned stacking
faults inside the ZnO columns can be observed at higher
magnifications (Figure 2c). Diffraction contrast imaging in the
thinnest areas of the TEM specimen reveals also the imperfect
contact between the ZnO columns. Thus, in Figure 2d, rows of
nanometric pockets (2−5 nm in diameter), exhibiting brighter
contrast in underfocused objective lens conditions, can be
noticed lined up along the interfaces between the ZnO
columns.
High-resolution TEM imaging of the ZnO crystal grains

confirms the presence of the stacking faults (Figure 3a) and, on
the other hand, reveals the presence of the amorphous phase at
the interfaces between the columns, especially inside the
nanoscaled pockets trapped between the growing ZnO
columns. Figure 3b presents the interface between two ZnO
crystal grains, namely, grain A oriented along the [−120] zone
axis [the (001) and (100) planes are indicated in the figure]
and grain B [the (101) planes are indicated in the figure]. The
area denoted C between grains A and B contains the
amorphous or poorly crystallized phase.
These nanometric pockets filled with amorphous phase at the

GBs are no longer observed in the sample annealed at 600 °C
for 45 min. The thermal treatment determined a process of
atomic reordering of the GBs, and the interfaces of the ZnO
columns became fully crystallized. The illustrating HRTEM
image in Figure 3c shows the contact between three ZnO
crystal grains in various crystallographic orientations, with no
amorphous phase at the interface. However, the TEM
observations did not allow us to detect a noticeable evolution
of the density of structural defects after the thermal treatment.

3.2. EPR Investigation. The Q-band EPR spectrum of the
as-grown ZnO film consists of six isotropic lines attributed to a
very small amount of Mn2+ ions present as an unintended
impurity in ZnO (Figure 4), as well as several anisotropic lines
from the Cr3+ impurity in the single-crystal sapphire substrate.
The X-band spectrum contains only the Cr3+ lines, showing
that the amount of Mn2+ ions in the film is below the nominal
detection limit of the X-band spectrometer of ∼2.5 × 109

spins/G. Given the volume of the ZnO film in the measured
sample, of ∼8.4 × 10−3 mm3, we can estimate the concentration
of Mn2+ ions in the ZnO film to be on the order of 1 ppm.
The low concentration of doping Mn2+ ions is expected to

ensure their incorporation into the host lattice as isolated ions,
allowing an accurate determination of the localization of Mn2+

ions in the ZnO film. Also, a low concentration of Mn2+

impurity ions does not affect the grain growth process in the
nanostructured ZnO, which has an activation energy of ∼23 kJ/
mol for both undoped ZnO and ZnO doped with a low Mn2+

concentration.26 Therefore, the Mn2+ ions can be used to probe
the annealing induced changes in the nanostructured ZnO
lattice, associated with a crystallization process.
To evaluate the transfer of the impurities from the target to

the film, we have also measured an amount of ZnO powder
used to prepare the sputtering target. According to the
manufacturer, the powder contains a maximal KMnO4 level
of 50 ppm. As the target was prepared by pressing the ZnO
powder into a compact pellet, without further sintering, it is
assumed that the distribution of the impurity in the target is
similar to its distribution in the original powder. No EPR
spectra from isolated manganese ions could be observed from
the ZnO powder in the X- or Q-band, showing that the Mn2+

ions observed in the ZnO film were formed during the
sputtering. The amount of Mn2+ in the film is 1 order of

Figure 2. (a) Low-magnification cross-section TEM image showing
the columnar growth of the ZnO thin film. (b) Selected area electron
diffraction pattern revealing the textured growth of the ZnO layer and
crystallographic orientation with respect to the sapphire substrate
(subscript s indices). (c) Stacking faults inside the ZnO columns
generating strain contrast. (d) Imperfect contact between the ZnO
crystal grains, with rows of nanometric pockets trapped at the
interfaces.
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magnitude smaller than the nominal manganese amount in the
target, which could be due to a nonstoichiometrical transfer
from the target to the film, or to the presence of EPR silent
manganese ions.
The analysis of the EPR spectra of the Mn2+ ions was

performed with the spin Hamiltonian (SH) and line shape
simulation procedure presented in the Supporting Information,
developed for nanopowder samples. The SH parameter values
determined for the Mn2+ ions in the as-deposited ZnO film
(Table S1 of the Supporting Information) match the values
reported in ref 22 for the Mn2+-d centers in ZnO nanopowders
and correspond to the substitutional localization of the impurity
ions at Zn2+ sites in disordered regions of the ZnO film. The
EPR spectrum simulated with these SH parameters is displayed
in Figure 4 and reproduces well the experimental spectrum.
As seen from the HRTEM image (Figure 3b), in the as-

deposited film there are nanometer-sized pockets of disordered
ZnO dispersed between the ZnO grains. Therefore, as revealed
by the EPR data, in the ZnO films prepared at RT by RF
magnetron sputtering, the Mn2+ impurity ions do not enter the
crystallized ZnO nanograins and are all gathered in the IC
region at the GBs.
When the ZnO film is annealed in air, the line shape of the

EPR spectrum of Mn2+ changes progressively, signaling a
change in the environment of the Mn2+ ions (Figure 5). The
EPR spectrum after the 300 °C annealing is similar to that of
the as-deposited film. For pulse annealing temperatures (Tann)
of ≥400 °C, another Mn2+ spectrum starts to grow, while the
intensity of the Mn2+-d spectrum from the disordered ZnO
decreases.
As the recorded Mn2+ EPR spectra remained isotropic after

all annealing steps, we have employed the same line shape
simulation procedure for the determination of the SH
parameters of the new observed Mn2+ centers. We have
determined their SH parameters from the EPR spectrum
measured after annealing the ZnO film at 600 °C for an
additional 30 min (annealing for 45 min at 600 °C in total),
which was recorded with 20 scans for a better resolution
(Figure 6). They are further called Mn2+-c centers, as they
resemble the Mn2+-c centers in ZnO nanocrystals22 in both SH
parameter values (Table S1 of the Supporting Information) and
behavior. We should mention that all the experimental spectra
displayed in Figures 4−6 were recorded for an orientation of
the static magnetic field parallel to the film plane, with an error

Figure 3. (a) HRTEM image of the as-deposited ZnO film showing
the presence of stacking faults inside the ZnO columns. (b)
Amorphous or poorly crystallized phase at the interface between the
ZnO columns in the as-deposited film. (c) Fully crystallized interfaces
between the ZnO columns after annealing at 600 °C for 45 min.

Figure 4. Experimental (exp.) Q-band EPR spectrum (20 scans) of the
ZnO film and the simulated spectrum (sim.) for substitutional Mn2+

ions.
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of <5°, because a better signal-to-noise ratio was obtained
under these conditions.
Using the determined SH parameters, we have simulated the

EPR spectra of the Mn2+-c centers in the ZnO film annealed at
different temperatures from Figure 5. Each experimental
spectrum contains the contributions of both Mn2+-c and
Mn2+-d centers, as shown in detail in Figure 6. However, in
Figure 5, only the simulation of the Mn2+-c centers is
represented, to highlight their evolution with the annealing
temperature. The intensity and line broadening of the Mn2+-c
spectrum change with increasing annealing temperature,
pointing to structural transformations in the annealed ZnO
film. The EPR line broadening parameter σ(D), as defined in
the Supporting Information, is a measure of the local strain.
The EPR spectrum intensity of a center, calculated by the
double integration of the spectrum, is proportional to the
concentration of the respective center in the host lattice.
Therefore, the changes in the relative intensities of the two
centers with the annealing temperature show the increase in the
Mn2+-c center concentration at the expense of the Mn2+-d
centers. Considering the initial localization of the Mn2+ ions in

the disordered IC region, such changes can be explained by the
crystallization of the disordered ZnO phase and/or the
diffusion of the Mn2+ ions into the crystallized grains.
If we define fc and fd as the concentration fractions in percent

of the Mn2+ ions in the crystalline and disordered ZnO phases,
respectively, where fc + fd = 100%, the double integration of the
simulated spectra of the Mn2+-c and Mn2+-d centers
represented in Figure 6 results in fc = 63% and fd = 37%.
The accuracy of this result is limited by the errors in the fitting
of the total experimental spectrum (5%, due to the low signal-
to-noise ratio) and in the evaluation of the relative intensity of
the spectra of Mn2+ ions in nanocrystals and at the GBs (up to
2%).
As seen in Table S1 of the Supporting Information, the value

of the D parameter for the Mn2+-c centers in the annealed ZnO
film is smaller than in the ZnO nanocrystals. According to ref
24, the D parameter absolute value varies in correlation with the
manganese concentration in the ZnO host, decreasing with the
increase in the doping level. Because the ionic radius of Mn2+ in
tetrahedral coordination (0.80 Å) is greater than that of Zn2+ in
tetrahedral coordination (0.74 Å), a larger concentration of
dopant ions induces a distortion of the hexagonal lattice, which
leads to changes in the local crystal field at the Mn2+ sites. In
our case, the local concentration of Mn2+ impurities is expected
to be considerably larger than the concentration in the target
material, as the Mn2+ ions are localized in a very small fraction
of the nanostructured ZnO film volume, namely only in the
proximity of the GBs. Moreover, it is very likely that the Mn2+

ions are not the only impurities contributing to the distortion of
the ZnO lattice in the GBs region. The Mn2+ ions are assumed
to have a high solubility in the ZnO lattice, because of the
match of their electric charge and ionic radius with the Zn2+

host cations, and thus, their incorporation only at the GBs is
quite unexpected. The impurities with a segregation probability
higher than that of Mn2+ due to the difference in their ionic
radii and/or valences28 are even more likely to be found in the
regions of GBs. Such impurities are the K+ ions, with an ionic
radius (1.33 Å) considerably larger than that of the host cations
and a different valence, that resulted from the decomposition of
the KMnO4 compound in the starting material. Therefore, the
lower D parameter value of the Mn2+-c centers in the
nanostructured ZnO film is most likely associated with a
higher local concentration of Mn2+ ions and other impurities
(i.e., traces of K, Pb, Cd, and Fe cations and Cl− anions, as
listed by the producer, as well as EPR silent Mn ions)
transferred from the target material to the film.

3.3. Discussion. Assuming that in the pulse-annealed film
the disordered phase from the IC region suffers a crystallization
process, the nucleation of the crystallized phase is expected to
take place at the GBs. The decrease in the broadening
parameter σ(D) of the Mn2+-c centers with the annealing
temperature (Figure 5) reveals an ordering of the local host
lattice around the Mn2+ ions, as the ordered phase grows. Our
previous study of ZnO nanopowders showed that up to 400 °C
the dominant growth process consists of the rearrangement of
atoms at interfaces, driven by a decrease in the surface-induced
strain.26 Above this temperature, atom diffusion in the
interfaces and GBs starts contributing as well to the grain
growth, becoming the dominant process above 500 °C and
leading to an increase in the larger grains at the expense of the
smaller ones.
The broadening parameter σ(D) of the Mn2+-c centers in

ZnO nanocrystals decreases with an increase in the average

Figure 5. Thick black lines are experimental Q-band EPR spectra (five
scans) of the ZnO film annealed for 15 min in air at the indicated
annealing temperatures. Thin red lines are simulations of the Mn2+-c
EPR spectra with different broadening parameter σ(D) values. The
EPR lines of the Cr3+ ions from the sapphire substrate are marked with
blue asterisks.

Figure 6. Experimental (exp., 20 scans) and simulated (sim.) Q-band
EPR spectra of the ZnO film annealed in air at 600 °C for 45 min. The
dotted lines are the calculated spectra of the Mn2+ in the
nanocrystalline (Mn2+-c) and disordered (Mn2+-d) ZnO. The EPR
lines of the Cr3+ ions from the sapphire substrate are marked with blue
asterisks.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5035329 | ACS Appl. Mater. Interfaces 2014, 6, 14231−1423814235



crystallite size d as σ(D) ∼ exp(−d/δ), where δ is a constant.26
When applying this empirical relation to the Mn2+-c centers in
the annealed ZnO film, assuming that they remain in the space
of the original IC region and do not diffuse in the ZnO
columns, from the calculated σ(D) values listed in Figure 5, one
would expect the newly formed ZnO grains to reach 5, 8, and
14 nm after being annealed at 400, 500, and 600 °C,
respectively. In the case of the nanostructured films, the
original pockets of disordered material are only a few
nanometers wide. The surrounding GBs of the ZnO columns
offer nucleation sites for the ZnO grains in the IC regions, but
the growth of these grains is limited by the width of the
disordered regions. While the presence of ∼5 nm grains after
annealing at 400 °C is not unreasonable, the growth of larger
grains seems not to be plausible. Moreover, under these
annealing conditions, a recrystallization of the film, with the
nucleation and growth of new grains at the expense of the
original strained ones, is excluded, because for films with strain
values of <1.4% the temperature threshold for recrystallization
is >600 °C.27

A more reasonable explanation is that the ZnO columns have
grown by the ordering of the atoms at the GBs, incorporating
also the Mn2+ ions, especially at the temperatures at which
atom diffusion in the GBs is activated. Indeed, as observed by
HRTEM (section 3.1 and Figure 2), after annealing at 600 °C,
the crystallized ZnO columns are separated by well-defined
GBs, without any inclusions of poorly crystallized material. The
activation energy of the diffusion process in the GBs, ∼79 kJ/
mol, is considerably smaller than the bulk diffusion activation
energy.29,30 The observed variation of the broadening
parameter of the Mn2+-c centers with the annealing temper-
ature reflects thus the diffusion of the Mn2+ ions in the GBs. As
an additional argument in favor of this hypothesis, the diffusion
of the Mn2+ ions is expected to lead to an increase in the
distances between the ions and thus a decrease of the dipolar
interaction, reflected in the decrease in the individual EPR line
width of the Mn2+ spectra from 0.4 mT in the disordered phase
to 0.15 mT in the crystalline phase after annealing at 600 °C
(see Table S1 of the Supporting Information).
Considering the spectrum in Figure 6, the longer annealing

time did not affect the local strain “seen” by the Mn2+ ions,
showing that their diffusion is quite slow at this temperature.
Indeed, both Mn2+-c and Mn2+-d spectra do not change in
either intensity or line broadening before or after the
supplementary 30 min annealing at this temperature. Our
results are consistent with those of Puchert et al.,27 showing
that the compressive strain decreases approximately linearly
with the annealing temperature, and at 630 °C, most of the
structural changes occur within the first 10 min of annealing.
According to their data, annealing at 600 °C should lead to a
quite low biaxial compressive strain (∼1 GPa) and an average
crystallite size of ∼30 nm. The rather large lattice strain sensed
by the Mn2+-c centers, reflected by the 20% D value of the
broadening parameter σ(D), can be explained only by the
localization of the Mn2+ ions in the more disordered regions
near the GBs, as expected when this diffusion process is the
dominant one.
We can conclude that, after annealing at 600 °C, the Mn2+

ions remain nonhomogeneously distributed within the film,
37% of them remaining at the GBs while the rest are localized
in the peripheral atomic layers of the ZnO columns, close to the
GBs. The presence of extended defects could facilitate the

migration of the impurities inside the grains,31 but they cannot
ensure a uniform distribution either.
We should mention at this point that our nanostructured

ZnO film with such a low concentration of Mn2+ ions
constitutes a simplified case study, with only two clear
localizations of the Mn2+ ions. For higher impurity concen-
trations, other phenomena could become observable, leading to
more information about the distribution and behavior of the
impurities. Thus, if enough impurity ions penetrate in the more
ordered regions from the nanocolumn core, the film texture
could lead to anisotropic spectra from these impurities. Another
possible effect, especially for aliovalent impurities, is the
aggregation of the impurities during annealing, usually reflected
in a dipolar broadening of the EPR lines.
To the best of our knowledge, this is the first EPR

quantitative estimation of the segregation of paramagnetic
impurities in nanostructures. As mentioned in the Introduction,
the analysis of the segregation of impurities at GBs is not trivial,
and the commonly used methods (Auger electron spectrosco-
py, secondary ion mass spectroscopy, analytical electron
microscopy, field ion microscopy, or atom probe tomography)
involve slicing and/or fracturing the materials, need impurity
concentration levels of >1%, and/or lack statistical rele-
vance.15,17,19 Recently, Wang et al.15 have identified very low
impurity concentrations by HRTEM imaging, associated
spectroscopic techniques, and first-principles calculations.
They have thus obtained spatial distribution information and
identified nonparamagnetic impurities, as well, but their very
complex method raises a statistical problem, as the investigated
sample volume was very small.15 Herbig et al.17 used correlated
atom probe tomography and TEM with an optimized setup to
realize a statistically robust analysis of the GB segregation space.
Although very informative, the method is very complex and
time-consuming. Comparatively, our method applies only to
paramagnetic impurities, at sufficiently low concentrations
(<1%) to have small dipolar interactions and consequent line
broadening, and does not provide crystallographic information
about the GB space. However, its simplicity and nondestructive
aspect, as well as its statistical relevance, speak in its favor. It
also shows a relatively simple and less time-consuming manner
for establishing the optimal preparation conditions, such as
temperature, annealing duration, and atmospheric composition,
for nanostructured films with a desired structure and impurity
distribution. Indeed, EPR provides a ready feedback not only
about the type and localization of the dopants but also about
the phases present in the nanostructures prepared by various
methods, with an accuracy level that is often not available with
structural methods such as XRD or TEM.23 The proposed
EPR-based method of evaluation of the presence and
distribution of impurities could thus be adapted as a regular
test for the quality assurance of the defect-engineered thin
films.
We emphasize that this method is not restricted only to the

Mn2+ impurity but can be applied to other combinations of
paramagnetic impurity and nanostructured semiconductor or
insulating host, as it is based on the sensitivity of the
paramagnetic ions to the local strain or disorder in the host
lattice. For example, dependencies of the EPR line broadening
parameter on the nanoparticle size, similar to that observed for
Mn2+ in ZnO, have been observed in several other systems of
technological interest: Cr+ in PbTiO3,

32 Fe3+ in ZnO,33 and
Gd3+ in LaF3.

34
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We should also mention that the experimental results of this
study offer answers to some important questions with regard to
the properties of doped nanostructured thin films. First, they
confirm previous theoretical studies of the segregation in GBs
of higher concentrations of dopants in nanostructures.35,36

Thus, on the basis of the Mn solubility limit in ZnO, shown to
be dependent on grain size, Straumal et al.35 have concluded
that in Mn-doped nanograined ZnO films the dopant
accumulates at the GBs in Mn-enriched layers, consisting of
several monolayers. Our study confirms and extends the validity
of their results toward low dopant concentrations and provides
an instrument for directly monitoring the variation with the
annealing of the distribution of impurity ions in the ZnO film.
Second, our results suggest another possible origin of the

RTF observed in nominally pure or doped with nonmagnetic
ions ZnO nanostructures, along with the generally attributed
one, namely intrinsic defects such as oxygen and/or zinc
vacancies.37−40 As we have shown here, the low concentrations
of unintentional impurities in the starting material could
become, by the accumulation of impurities at the GBs, local
concentrations that are sufficiently high to give rise to dipolar
and exchange interactions between the impurity ions, thus
affecting the magnetic properties. In the case of intentional
doping, the nonuniform localization of the impurities in the IC
region close to the GBs could seriously influence not only the
magnetic properties of the nanostructured ZnO films5 but also
their electrical conductivity and photoluminescence. As all
possible applications in spintronics and opto- and nano-
electronics require the control of these properties in
nanostructures, the identification of their origin is of paramount
importance.
We emphasize that these results were obtained for

nanostructured ZnO films deposited by RF magnetron
sputtering at RT. Differences in the preparation method of
the films will very likely affect the incorporation of dopants.
Thus, heating the substrate is expected to affect the film growth
and morphology, as well as the diffusion of the impurities in the
film. Films prepared by wet chemistry methods could have a
more uniform distribution of impurities in the lattice, which is
important for applications in optoelectronics. In each case,
similar investigations of the incorporation of dopants like that
presented here could be performed, for an informed selection
of the appropriate preparation method of the films for specific
applications.

4. CONCLUSIONS
The localization of Mn2+ ions in ZnO nanostructured films
containing only traces of Mn impurity ions (∼1 ppm) was
investigated by correlated EPR, XRD, and TEM/HRTEM
techniques. We have experimentally demonstrated by EPR that
in a nanostructured ZnO thin film, even at a very low Mn
concentration, all the Mn2+ ions accumulate in the disordered
regions of the film. As seen by HRTEM, such regions
correspond to nanometric pockets filled with amorphous
phase along the GBs. To the best of our knowledge, this is
the first direct observation of the complete segregation at GBs
of very low impurity concentrations, and also the first time that
EPR was used to probe the segregation process.
We have also shown that even after thermal annealing at 600

°C for 45 min, when equilibrium was achieved, the distribution
of the Mn2+ ions is still nonuniform in the nanostructured ZnO
film, 37% of the Mn2+ ions remaining at the GBs, while the rest
are localized in the peripheral strained regions of the ZnO

columns neighboring the GBs. Our results demonstrate a
simple, statistically relevant, and nondestructive procedure for
evaluating the amount of paramagnetic impurities segregated at
the GBs in a nanostructured film, which can be further used to
establish the preparation conditions for films designed for
specific applications. Moreover, the proposed EPR-based
method can be adapted as a regular test for the quality
assurance of the defect-engineered thin films. Such applications
could be of real interest for nanotechnology. The limitations of
this method are, as shown, that it can be applied only for
paramagnetic impurities at concentrations of <1%, for which
the dipolar interactions do not wipe out the relevant
information in the EPR spectra.
Our findings are highly important with regard to any

application involving doped nanostructured ZnO films, as they
show that even in nominally pure films the native impurities
could accumulate in quite high local concentrations at the GBs,
being able to affect the magnetic and electrical properties of the
films. This effect could be further controlled by defect
engineering for specific applications. We expect that these
results are of interest for a broad research and technology
community, as they can help improve the knowledge for top
applications in spintronics and opto- and nanoelectronics.
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