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Zn0.92Co0.08O thin films were fabricated on p-type Si (100) and quartz substrates by pulsed laser deposition
using a ZnCoO ceramic target. The structural and magnetic properties of the films were characterized by field
emission scan electronic microscopy, x-ray diffraction, x-ray photoemission spectroscopy, UV-visible
transmission spectra, extended x-ray absorption fine structure spectroscopy and physical property
measurement system. Substitutional doping of Co2+ in ZnO lattice is demonstrated in the films. The as-
deposited Zn0.92Co0.08O thin film displayed intrinsic room temperature ferromagnetism with saturation
magnetization (Ms) of ~0.20μ B/Co. The corresponding Ms increased to ~0.23μ B/Co when annealed in vacuum
and further to ~0.42μ B/Co after annealed in hydrogen. In turn, the Ms dropped to the value of ~0.13μB/Co after
annealed in oxygen. Our studies indicate that oxygen vacancy density plays a key role in mediating the
ferromagnetism of the diluted magnetic semiconductor films.
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1. Introduction

Diluted magnetic semiconductors (DMSs) have attracted much
attention due to their unique spintronic properties with potential
technological applications [1–4]. Among numerous DMSs, the 3d
transition metal (TM) doped ZnO have been intensively studied not
only because of their desired high curie temperature predicted by
theoretical and experimental studies, but also abundance in nature,
controllable synthesis as well as the outstanding transport properties
[1, 3, 5, 6]. Up to date, room temperature ferromagnetism of ZnO-
based DMS materials has been reported by many groups [7–9].
Recently, Wang et al. reported the room temperature ferromagnetism
for the Co-doped ZnO films prepared by electrochemical deposition
[10]. Xu et al. reported single-phase Zn1−xCoxO (x=0.02, 0.04)
powders synthesized by a simple co-precipitation technique showing
robust room temperature ferromagnetic behavior [11]. Though
ferromagnetism was extensively observed in the Co:ZnO films and
nanostructures, there have been some reports which argued that the
Co:ZnO itself is non-ferromagnetic [12–14] and the experimentally
observed ferromagnetism in Co:ZnO films comes from the secondary
magnetic phases such as ZnCo2O4 or Co clusters [15, 16]. To clarify the
origin of the magnetic properties of DMSs, various magnetic
interaction mechanisms based on carrier-mediated ferromagnetism
[3, 17], the sp-d exchange, and the double exchange between d states
of TM elements have been proposed [1]. On the other hand, defects
related to magnetic exchanges have been suggested to play an
important role in the magnetic origin for oxide DMSs. Different
mechanisms such as structural defects, oxygen vacancy, Zn inter-
stitials, Zn vacancies have been proposed to be responsible for the
occurrence of ferromagnetism in ZnO based DMSs [18, 19]. The real
role of defects in mediating ferromagnetic ordering still remains
unclear at present [20, 21]. To clarify the origin of the ferromagnetism
in the ZnO-based DMSs, experimental investigations based on
different methodologies are particularly in need.

In this work, pulsed laser deposition (PLD) was used to deposit Co-
doped ZnO thin films on p-type Si (100) and quartz substrates. The
effect of annealing atmosphere on the structure and magnetic
properties of the Zn0.92Co0.08O thin films was investigated. After
annealed in oxygen, the saturation magnetic moment (Ms) of the
Zn0.92Co0.08O thin films decreases 35% compared with the as-
deposited thin film, while the corresponding value increases 15%
and 110% after annealed in vacuum and hydrogen respectively. The
observations suggest that the defect (oxygen vacancy) mediated
exchange mechanism is responsible for ferromagnetic ordering in the
Co:ZnO films.
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Fig. 1. θ–2θ XRD patterns of the (a) Zn0.92Co0.08O target and (b) Zn0.92Co0.08O thin films
deposited on Si (100) substrates: (1) as-deposited, (2) O2-annealed, (3) vacuum-
annealed, and (4) H2-annealed. The diffraction peaks of metallic Co (pink) and CoO
(gray) are marked on the X-axes of (b) for comparison.
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2. Experiment

In the experiments, Zn0.92Co0.08O thin films were deposited on p-
type Si (100) and quartz glass substrates by a PLD technique. The
content of Co in ZnO thin films was measured by x-ray fluorescence.
The films grown on quartz substrate were characterized by UV–visible
transmission spectroscopy and Hall effect sensor. The ceramic target
of ZnCoO was prepared by conventional solid-state reaction method.
Well mixed stoichiometric mixtures of 4 N purity ZnO and Co2O3

powders were calcined at 873 K for 10 h in the air with an
intermediate regrinding. The obtained powder was ground, pellet-
ized, and sintered at 1473 K for 10 h in the air, then the sintered target
was cooled down to room temperature naturally. A pulsed KrF
excimer laser (λ=248 nm and τ=25 ns) was used for the ablation of
the target. Prior to deposition, the Si substrates were dipped into 10%
HF solution for 30 s to remove native oxide and then cleaned
sequentially with acetone, anhydrous alcohol and deionized water.
The substrates were placed at a distance of 50 mm away from the
target. Before deposition, the target was pre-ablated for 15 min to
remove surface contamination, while a shutter was put to prevent the
substrate from being deposited. The target and the substrate holder
are kept rotating during the process of the film growth in order to
obtain a uniform deposition. The energy density and the repetition
rate of the laser beam were 250 mJ/pulse and 10 Hz, respectively. The
deposition chamber was evacuated to a base pressure of ~10−4 Pa.
During the deposition, the substrate temperature was kept at 873 K
and the deposition period was 3 h, yielding films with thickness of
about 500 nm. In order to study the effects of defects (oxygen
vacancies) on magnetism, some of the as-deposited films were post-
annealed in oxygen/hydrogen atmospheres of 20 Pa and vacuum at
973 K for 100 min, respectively.

The structure of Zn0.92Co0.08O films was characterized by x-ray
diffractometer (XRD, Bruker D8) with Cu Kα radiation and Ni filter.
The morphology of the thin films was investigated by field emission
scanning electronic microscopy with operating voltage of 20 kV. (FE-
SEM, JEOL JSM-6700F). The bonding states of cobalt and oxygen
elements in samples were examined by x-ray photoemission
spectroscopy (XPS) using Al Kα radiation (hυ=1486.6 eV). The
samples were cleaned by Ar ion sputtering with 3 keV energy and
current density of 5 μA cm−2. The binding energy was measured with
respect to C 1s peak of adventitious carbon (248.5 eV). The peaks for
Co 2p3/2 and 2p1/2 and their shakeups are fitted using a mixed method
of Gaussian and Lorentzian functions by using software (XPS Peak
4.1). The room temperature UV–visible transmission spectra were
measured in the range of 200–800 nm using an UV–vis–NIR
spectrophotometer. The Co K-edge extended x-ray absorption fine
structure (EXAFS) measurements were carried out at the XAFS station
in the National Synchrotron Radiation Laboratory (NSRL) of Univer-
sity of Science and Technology of China. The data of Zn0.92Co0.08O
were collected in fluorescence mode, and the reference data from Co
foil, CoO, Co2O3, and ZnO powders were collected in transmission
mode at room temperature. The magnetic properties were measured
using a physical property measurement system (PPMS) in the
temperature range of 10–350 K, with a magnetic field parallel to the
film plane and all of the magnetization data have been corrected for
the diamagnetic contribution of the Si substrates. Room temperature
Hall effect measurements were performed on Accent HL5500 Hall
System using four-point van der Pauw-Hall method.

3. Results and discussion

XRD patterns of ZnCoO target as well as the corresponding as-
deposited,O2-annealed, vacuum-annealed andH2-annealedZn0.92Co0.08O
thinfilms are shown in Fig. 1a andb, respectively. The polycrystallineXRD
pattern in Fig. 1a suggests that the target is single phasewith a hexagonal
ZnO wurtzite structure and no traces of any secondary phase or metal-
related peaks are observed. In addition, as shown in Fig. 1b, the four
samples show similar hexagonal ZnO wurtzite structure XRD patterns.
The ZnO (002) diffraction peak is predominant in the patterns indicating
that the crystals are with preferential growth direction along (002)ZnO in
the films. The weakness of the (103), (200), (112) diffraction peaks
indicate that the alignment along (002)ZnO of thefilms are improved after
annealed in vacuum and oxygen atmospheres, especially in the oxygen
atmosphere. But the phenomenon is not obvious for the H2-annealed
sample. On the other hand, as marked on the X-axes of Fig. 1b, no
diffraction peaks related to cobalt oxides were observed in the O2-
annealed sample, nor diffraction peak of metallic cobalt was presented in
vacuum/H2-annealed (reducing atmosphere) samples. These facts sug-
gest the lack of secondary phase in the as-deposited Zn0.92Co0.08O thin
films. Then, theXRDanalysis indicates that Co-doping andpost-annealing
do not change the ZnO crystallography structure and the cobalt atoms are
fully incorporated into the ZnO lattice within the detection limits of this
technique.

Fig. 2 presents the FE-SEM images of as-deposited, vacuum-
annealed, O2-annealed and H2-annealed Zn0.92Co0.08O thin films,
respectively. It can be seen from Fig. 2a that the as-deposited film
possesses piece-like crystals. After vacuum-annealing, the film is



Fig. 2. FE-SEM images of Zn0.92Co0.08O thin films deposited on Si (100) substrates: (a) as-deposited, (b) vacuum-annealed, (c) O2-annealed, and (d) H2-annealed.
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found to be composed of densely packed uniform columnar crystals
(Fig. 2b). After annealed in oxygen atmosphere and hydrogen
atmosphere, the size distribution of crystals in the films is homogenous
as well (Fig. 2c and d). The results suggest that high temperature
annealing improve the uniformity of the crystals in Zn0.92Co0.08O thin
films.

XPS was used to investigate the bonding characteristics and
oxidation states of the dopant atoms in the as-deposited Zn0.92Co0.08O
film. Fig. 3a shows the high resolution scan XPS spectrum of the Zn
2p3/2 peak which locates at 1021.9 eV. The highly symmetry of the
peak indicates that Zn exists in the +2 state within the Zn0.92Co0.08O
film. The high resolution scan XPS spectrum of the Co 2p peak of the
as-deposited sample is shown in Fig. 3b. The Co 2p3/2 and 2p1/2 core
levels for Co dopants are found to be at 781.4 eV and 796.9 eV with
clear satellite peaks located at 786.5 eV and 802.7 eV, respectively,
being in agreement with that of Co in an oxygen surrounded
environment [22]. As it has been known, if Co exists as metal clusters
(Co0) itself in the film, the bonding energy should be 778.3 eV for the
Co 2p3/2 peak and the energy difference between Co 2p3/2 and 2p1/2
core levels is 14.97 eV [23]. The high resolution scan XPS spectrum of
the Co 2p shown in Fig. 3b confirms that Co exists in the +2 formal
oxidation state in tetrahedral symmetry and excludes the possibility
of forming Co-metal clusters. Fig. 3c is a typical O 1s XPS high
resolution scan spectrum of as-deposited film. It was observed that
the O 1s peak can be de-convoluted into two components. The peak at
~530 eV can be ascribed to O2− ions in a wurtzite structure of
hexagonal Zn2+ ion arrays, whereas the peak at ~532 eV is related
with O2− ions in oxygen-deficient regions [23]. It suggests that there
are a large number of oxygen vacancy defects in the as-deposited
Zn0.92Co0.08O thin film.

The room temperature UV–visible transmission spectra for the as-
deposited and H2-annealed Zn0.92Co0.08O thin films are shown in
Fig. 4. The spectra show characteristic absorption peaks approxi-
mately located at 568, 616, and 658 nm wavelengths. These peaks are
characteristics of d–d transitions of the tetrahedrally coordinated
high-spin state Co2+ ions. They are assigned to the 4A2(F)–2E(G), 4A2

(F) –4T1(P), and 4A2(F) –2A1(G) transitions, respectively [24, 25]. The
presence of the sub-band transitions indicate that the Co2+ ions have
substituted for Zn2+ ions in a tetrahedral crystal field without
changing the wurtzite crystal structure of ZnO in the Co:ZnO films.

In order to further exclude the existence of Co-related secondary
phases, the normalized near-edge spectra of EXAFS at the Co K-edge of
as-deposited, H2-annealed Zn0.92Co0.08O films and reference samples
of Co, CoO, and Co2O3 and the Zn K-edge of ZnO are presented in
Fig. 5a. One can see that the shoulders, main peaks and shapes of
Zn0.92Co0.08O films are different from those of CoO, Co2O3, and Co foil.
The difference in the positions of absorption edge excludes the
existence of Co2O3. Specifically, in the region of 7737 eV (E–
Eedge=28 eV) where there is a decrease in intensity for the CoO
spectrum as well as an increase in intensity for the Zn0.92Co0.08O films
indicate the films do not contain CoO [26]. Besides, the Co K-edge
spectra of the samples show clear 1s-3d pre-edge absorption peaks
which locate at around 7709 eV (E–Eedge=0 eV), in contrast to the
typical shoulder around 7712 eV (E–Eedge=3 eV) for Co foil. These
features are characteristic of Co2+ dissolve into ZnO and substitute for
Zn2+ ions in the valence of +2 state [27]. Fig. 5b shows the Fourier
transforms (radial distribution functions, RDFs) of the Co K-edge
EXAFS oscillation functions k3X(k) for as-deposited and H2-annealed
Zn0.92Co0.08O thin films. The Co K-edge functions for Co foil, CoO and
Co2O3 powders, Zn K-edge for ZnO are also shown as references. The
first and second major peaks in the RDFs of the pure ZnO correspond
to the nearest O and Zn atoms from the central Zn atoms. For
Zn0.92Co0.08O samples, they correspond to the nearest O and Zn atoms
from the central Co atom. Fig. 5b shows that the RDF shapes of
Zn0.92Co0.08O films are similar to that of ZnO but they are significantly
different from Co, CoO and Co2O3. The interatomic distances for both
two major peaks (1.55 and 2.86 Å) of Zn0.92Co0.08O are close to those
of ZnO (1.56 and 2.87 Å) rather than Co-related metal or oxides. It is
therefore excluded the existence of Co cluster or Co-related secondary
phase. Clearly, the aforementioned results of XRD patterns, XPS
spectra, UV-visible transmission spectra as well as EXAFS give strong
evidence that the doped Co ions are located substitutionally at the Zn
sites for the as-deposited and annealed Zn0.92Co0.08O thin films.

Up to date, several different mechanisms have been proposed to
explain the ferromagnetic property of DMSs, among which defect
(oxygen vacancy)-mediated mechanism has been extensively
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Fig. 3. XPS high-resolution scan spectra of (a) Zn 2p, (b) Co 2p, and (c) O 1s peaks for as-
deposited Zn0.92Co0.08O thin film deposited on Si (100) substrate.

Fig. 4. Room temperature optical transmission spectra of the (a) as-deposited and
(b) H2-annealed Zn0.92Co0.08O thin films deposited on quartz substrates.

Fig. 5. (a) The normalized near-edge spectra of EXAFS at Co K-edge for as-deposited and
H2-annealed Zn0.92Co0.08O thin films and reference samples of Co foil, CoO, and Co2O3

powders. (b) Fourier transforms at the Co K-edge of k3-weighted EXAFS oscillation
functions for as-deposited and H2-annealed Zn0.92Co0.08O thin films, respectively. Zn K-
edge for ZnO powder is also shown for reference.
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discussed. The relationship between oxygen vacancy concentration
and ferromagnetic ordering has been recently reported on some DMSs
systems, such as Fe:SnO2 [28], Co:TiO2 [29], Co:CeO2 [30], Co:ZnO [31–
34], Ni:ZnO [35] and Mn:ZnO [36]. Based on this, considering that the
Zn0.92Co0.08O thin films were deposited under vacuum environ-
ment, a large number of oxygen vacancies might be generated in the
as-deposited films, which has been demonstrated by the XPS results
discussed earlier. On the other hand, oxygen is an effective oxidant to
decrease the density of oxygen vacancies in DMS films during
annealing process, while hydrogen as an effective reducer will create
more oxygen vacancies. In our experiment, post-annealing the
Zn0.92Co0.08O films was applied respectively in oxygen, vacuum and
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hydrogen atmospheres to investigate the influence of oxygen vacancy
density on the magnetic properties and accordingly interpret the
origin of the room temperature ferromagnetism. Fig. 6a presents the
magnetization-field curves for the as-deposited and annealed films
recorded at room temperature by using a PPMS system. The obvious
hysteresis loops indicate that the samples have room temperature
ferromagnetism. As previously described, a series of analysis showed
that Co ions are located substitutionally at the Zn sites for the as-
deposited and annealed films, and it is reasonable to conclude that the
ferromagnetism is intrinsic in our Zn0.92Co0.08O films. For the as-
deposited Zn0.92Co0.08O film, the Ms derived from the loop (1) in
Fig. 6a is 0.20 (±0.006) μB/Co. After annealed in vacuum and
hydrogen atmospheres, it increased to 0.23 (±0.016) μB/Co (loop
(3)) and 0.42 (±0.013) μB/Co (loop (4)), respectively. Contrarily, as
the film was annealed in oxygen atmosphere, the Ms droped to 0.13
(±0.016) μB/Co as shown in loop (2). These values are within the
experimental error arising from uncertainties in the film thickness
and instrument sensitivity. Some other research groups have also
reported similar annealing effect on the magnetism of oxide DMSs
[20, 21]. Fig. 6b shows magnetization curves under field-cooling (FC)
and zero-field-cooling (ZFC) conditions with a magnetic field of
7.96×104 A/m for the H2-annealed Zn0.92Co0.08O film. Ferromagne-
tism behavior can be observed at temperature above 350 K, i.e., curie
temperature (Tc) is above 350 K, and it is suitable for the application
of room temperature DMS devices.
Fig. 6. (a) Magnetic hysteresis loops for Zn0.92Co0.08O thin films recorded at room
temperature: (1) as-deposited, (2) O2-annealed, (3) vacuum-annealed, and (4) H2-
annealed. (b) temperature-dependent magnetization curve of the H2-annealed sample
under field-cooling (FC) and zero-field-cooling (ZFC) conditions.
The room temperature electrical properties of the ZnCoO films
were carried out by Hall-effect measurements with a four-point Van
der Pauw configuration. It's shown that all of the ZnCoO samples are
n-type semiconductors. The carrier concentrations of the H2-annealed
and vacuum-annealed ZnCoO films are ~2.46×1021 cm−3 and
~1.66×1020 cm−3, respectively. They are 1–2 orders of magnitude
larger than that of the as-deposited films (~7.76×1019 cm−3).
Nevertheless, the O2-annealed ZnCoO films exhibit much lower
carrier concentration (~2.02×1018 cm−3) comparing with the as-
deposited films. As it is well known that oxygen vacancies are shallow
donors in ZnO materials, at room temperature each oxygen vacancy
could contribute to two free electrons and thus results in the increase
of carrier (electron) concentration in the ZnO films. As a consequence,
the carrier concentration determined by the Hall-effect measurement
is directly related to the oxygen density in the ZnO films. In our
experiments, the variation of saturated magnetization in terms of
annealing environment is well consistent with the trend of carrier
(oxygen vacancy) concentrations in the ZnCoO films. This suggests
that the oxygen vacancies play an important role in mediating the
ferromagnetism in the ZnCoO films, and ultimately a defect-mediated
mechanism could be applied to explain the observed room temper-
ature ferromagnetism in our experiments.

4. Conclusion

In summary, uniform Zn0.92Co0.08O DMS thin films with ZnO
wurtzite structure have been fabricated on Si (100) and quartz
substrates by PLD. The intrinsic ferromagnetism of the Zn0.92Co0.08O
thin films is supported by structural and optical measurements. XRD
and detailed structural characterizations using x-ray photoemission
spectroscopy, UV–visible transmission spectra, x-ray absorption fine
structure spectroscopy indicate that Co2+ substitute for Zn2+ in the
tetrahedral configuration without forming secondary phases. The
saturated magnetization of Zn0.92Co0.08O films is found to be
significantly affected by the annealing atmosphere: oxygen atmo-
sphere annealing weakens the Ms of Zn0.92Co0.08O films while vacuum
and hydrogen annealing enhance the Ms. A maximum Ms value of
~0.42μB/Co is achieved for the Zn0.92Co0.08O thin film annealed in
hydrogen atmosphere. The enhancement of magnetization is possibly
due to the increased carrier (electron) concentration that was induced
by the generation of oxygen vacancies during annealing in a reducing
environment (vacuum and hydrogen), suggesting a mechanism
related with carrier-mediated ferromagnetism.
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