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c-axis preferential orientated ZnO:Co thin films were synthesized on c-plane sapphire substrates by using pulsed laser deposition
(PLD) technique in an oxygen-deficient ambient. X-ray diffraction spectra, scanning electron microscopy, X-ray photoelectron
spectroscopy, energy dispersive spectroscopy, UV-vis transmittance spectra, and Raman spectra were used for characterization.
Ferromagnetic behavior was clearly observed at room temperature and verified to be the intrinsic property of the material. The
presence of second phase was ruled out.

1. Introduction

Dilute magnetic semiconductors (DMSs)—semiconductors
doped with a few percent of magnetic atoms—have been
intensely researched in the past few years due to their
promising application in spintronics devices [1]. Based on
the theoretical works of Dietl et al. [2], ZnO-based DMS
has attracted a considerable amount of interest due to
their proposed applications of room-temperature ferromag-
netism. Many reports on the observation of ferromagnetism
at room temperature have been published, while surprisingly
other reports did not evidence any ferromagnetism in the
compounds [3–5]. These controversial results suggested
that the magnetism is very sensitive to the preparation
conditions. There is a continuous debate about the origin of
ferromagnetism and it is not clear whether ferromagnetism
is originated from secondary phases or it is an intrinsic
phenomenon. It is, therefore, important to ascertain whether
the ferromagnetism is related to the presence of second
phases.

In this work, we report the structure and magnetic
properties of ZnO:Co thin film with special emphasis
on clarifying the origin of magnetic behavior from the
perspective of structural characteristics. The Co appears to
substitute for tetrahedrally coordinated Zn cations in the
lattice and exhibits a +2 oxidation state. For the thin films we

are able to identify there is not any impurity phase, indicating
an intrinsic origin to the room-temperature ferromagnetism.

2. Experiment

c-axis-oriented thin films of Co-doped ZnO have been grown
on c plane of sapphire single-crystal substrates using pulsed
laser deposition (PLD) technique. The Zn0.95Co0.05O target
used was prepared by the conventional solid state reaction
technique. ZnO (99.99%) powder and Co2O3 (99.9%)
powder as raw materials were mixed for 6 hours using a
ball-mill, then uniaxially pressed (200 MPa) into a disk. The
corresponding target was continuously sintered at 800◦C,
1000◦C and 1200◦C for 2 hours in air and then quenched
to room temperature finally [6]. A pulsed KrF excimer
laser with a wavelength of 248 nm, a frequency of 10 Hz,
and energy density of 2∼3 J/cm2 was used for deposition.
The target-to-substrate distance was fixed at 4 cm. The
deposition period was 15 min. During the deposition, the
substrates were kept at a constant temperature 500◦C.
After deposition, the samples were slowly cooled down to
room temperature. The PLD system was evacuated by a
turbomolecular pump to a base pressure of 5 × 10−5 Pa. The
oxygen partial pressure for film growth was varied between
10−4 and 10 Pa. The substrates were ultrasonically cleaned in
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acetone and methanol, then rinsed in deionized water. In any
case, Al2O3 substrates have been outgassed at 750◦C prior to
deposition.

The magnetic measurement was carried out using a
MicroMag Mode 2900 alternating gradient magnetometer
(AGM). The structure of the deposited films was examined
using a Rigaku D/max-rB X-ray diffractormeter (XRD) and
a Zeiss supra55 field emission scanning electron microscopy
(FESEM). The composition of the films was measured using
a PHI-5300 X-ray photoelectron spectroscopy (XPS) and
an Oxford X-Max energy dispersive spectroscopy (EDS).
Optical measurements were made using a U-4000 Hitachi
spectrophotometer. Raman spectra were acquired from a
Renishaw inVia micro-Raman spectrometer in the backscat-
tering geometry.

3. Results and Discussion

The magnetic measurement results for the sample deposited
under 1.3 × 10−3 Pa oxygen partial pressure at 500◦C
are shown in Figure 1. Inset (a) shows the ferromagnetic
signal of the ZnO:Co film before subtracting the linear
diamagnetic background signal arising from the substrate.
The hysteresis loops of the sample clearly indicate that the
as-grown ZnO:Co thin film is ferromagnetism with Curie
temperature (Tc) above room temperature. The coercive
field of the sample is about 70 Oe. Oxides of cobalt (CoO
TN = 291 K, Co3O4 TN = 30 K) are well known to be
antiferromagnetism with the Néel temperature below room
temperature. Hence, the observed ferromagnetic behaviors
might not be explained in terms of the formation of oxides
of cobalt.

The film is highly crystallized as seen from the sharp
diffraction peaks shown in Figure 2 and the full width at half-
maximum (FWHM) of the rocking curve is close to 0.33◦.
The two diffraction peaks observed around 34.4◦ and 72.7◦

are characteristic of the hexagonal ZnO wurtzite with the c-
axis perpendicular to the substrate plane. The c-axis lattice
constant, estimated from the peak position of the (002)
line, is 0.5217 nm, as compared to the c-axis lattice value of
0.5206 nm recorded for ZnO powder. The average grain size,
inferred from the line broadening of (002) peak using the
Scherrer formula, is found to be in the 25 nanometer range.
In addition, within the detection limits of XRD, we do not
find any evidence of second phase.

The surface and cross-sectional morphology were ana-
lyzed using a FESEM. Figure 3 shows the typical surface and
cross-sectional images of the as-deposited film. We could
see clearly that the as-deposited film consists of dense and
uniformly sized grains and has a smooth surface without
any voids and cracks. The existence of these small grains
indicates that the nucleation density is rather high and the
growth proceeds in a three-dimensional fashion. The cross-
sectional SEM also obviously shows the 3D columnar growth
[7] mode.

XPS was also used to characterize the charge state of
Co ions in the film. Figure 4 shows XPS spectrum for the
as-grown film. The C peak in the as-grown spectrum is
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Figure 1: Magnetization curve for film deposited under 1.3 ×
10−3 Pa oxygen partial pressure at room temperature. Inset (a)
shows magnetization curve before subtracting the diamagnetic con-
tribution from the substrate. Inset (b) shows the magnified portion
of the magnetization curve near origin.
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Figure 2: XRD pattern of the ZnO:Co grown under 1.3 × 10−3 Pa
oxygen partial pressure. The inset depicts the rocking curve of (002)
reflection of the film.

presumably due to the adsorption of adventitious hydrocar-
bons during sample was transferred through air. The inset
shows the Co 2p spectrum of the sample. The spectrum
shows four peaks, the 2p3/2 and 2p1/2 doublet and shake-up
resonance transitions (satellite) of these two peaks at higher
binding energies. The Co 2p3/2 core levels for Co-O bonding
is 781.4 eV, and the energy difference between Co 2p3/2 and
Co 2p1/2 is 15.4 eV, which matches that of standard CoO,
indicating the presence of a high-spin divalent state of Co
in these samples [8, 9]. Thus, within the detection limits of
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Figure 3: SEM and cross-sectional SEM images of the as-grown
film under 1.3 × 10−3 Pa oxygen partial pressure.
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Figure 4: The full-range XPS spectra of the ZnO:Co thin film,
revealing only Zn, Co, O, and C peaks. The inset shows the Co 2p
spectrum of the sample.

the spectrometer, we can rule out metallic Co as the source
of the observed ferromagnetism.

EDS is used to measure the percentage of cobalt in the
ZnO:Co film. The EDS data taken at a number of locations
throughout the specimen reveal a uniform distribution of
Co dissolved in ZnO lattices. The cobalt content of the film
deposited under 1.3 × 10−3 Pa oxygen partial pressure is
6.6%, that is, the dopant concentration in the film is higher
than in the target. Similar results of the transition metal
enrichment in doped ZnO films grown by PLD have been
reported [10–12]. The reasons have been analyzed by the
higher sputter yield of the Zn atoms than Co atoms from
the thin film surface, which caused by the high energy ions
(several hundred eV [13]) in the laser ablation plasma plume.
The preferential sputtering from the film surface was caused
by two factors: surface binding effects and mass difference

effects [11]. For ZnO:Co alloy film, sputtering from the
surface is strongly determined by the surface binding energy
(BE) of the metal atoms and to a lesser extent by their atomic
mass [13]. Thus, the sputter yield is higher for Zn because it
has the lower surface energy (the surface BE for Zn of ZnO
is 3.04 eV, while the surface BE for Co of Co3O4 is 6.05 eV
[13]), resulting in a higher cobalt concentration in the film
than in the target.

Evidence for Co substitution in the ZnO lattice for our
film can be inferred from optical absorption measurements.
Figure 5 shows the optical transmission for ZnO:Co film. An
undoped ZnO film is included as reference. Three absorption
peaks are observed in the doped film and labelled as 1, 2,
and 3. The absorption peaks at approximately 566, 611, and
655 nm can be identified as the d-d transitions from the
4A2(E) ground state toward 2A1(G), 4T1(P), and 2E(G)
excited states of Zn substituted Co2+ ions in ZnO [14, 15].
This shows the presence of cobalt in a tetrahedral crystal
field in the +2 state. The Co doping also leads to bandgap
narrowing, which is typically interpreted as due to the sp-
d exchange interactions between the band electrons and the
localized d electrons of Co ions [16]. Based on the above
experiment results, we can find that the Co cations have
successfully entered into the hexagonal wurtzite structure
and substituted for Zn cations sites in the ZnO lattice.

The Raman measurements were performed in the back-
scattering geometry at room temperature with a 514.5 nm
(2.4 eV) Ar+ laser as an excitation source. The Raman
spectra of the Zn0.95Co0.05O target (inset of Figure 6) are
dominated by five broad peaks. The peaks at 198, 322, and
429 cm−1 can be attributed to the 2E2L; 2TA, E2H-E2L, and
E2H modes, respectively [17]. The vibrations at around 230
and 530 cm−1are assigned to the acoustic-phonon branch
at the zone boundary and shallow donor defects bound on
the Co sites, respectively [18]. Figure 6 shows the spectra
of Co-doped ZnO deposited under 1.3 × 10−3 Pa oxygen
partial pressure. In addition to the phonon modes from
the sapphire substrate (the peaks labelled with “s”) and the
peaks which also can be observed in the target, additional
modes are observed. It also shows that the E2H peak
substantially reduced in the film compared with that in the
target. The Zn0.95Co0.05O target is polycrystalline ceramics,
thereby the intensity of E2H peak is high and FWHM is also
large. However, the ZnO:Co thin film is single crystal. The
pronounced weakening of E2H peak is the consequence of
the structural defect formation and local lattice distortions
induced by doping [8, 18, 19]. The peaks at 380, 407, 576
and 670 cm−1 can be attributed to the A1(TO), E1(TO),
A1(LO) and TA + LO modes, respectively [17]. The mode
of 644 cm−1 which is also revealed in Fe, Sb, Al, N, and (Mn,
Co) doped ZnO may correlate with Zn interstitials or oxygen
vacancies by the impurity doping [20, 21]. The mode of
694 cm−1 is still uncertain. Sudakar et al. tentatively assigned
the mode observed in ZnO:Co samples at about 690 cm−1 to
the Zn-O-Co local vibration [22]. The peak at 134 cm−1 due
to scattering on E2g phonon of hcp-Co [23] and the peaks
at about 146 and 300 cm−1 related to CoO magnons [24, 25]
were absent in our sample. Thus, for the thin film we are able
to identify no mode of impurity phases. This provides further
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Figure 5: Room-temperature optical transmittance spectrum for
ZnO:Co and ZnO thin films.
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Figure 6: Room-temperature Raman spectrum of ZnO:Co thin
film. Peaks attributed to the substrate are labelled with “s”. The inset
shows the Raman spectrum of the Zn0.95Co0.05O target.

evidence for the observed ferromagnetism in the samples is
not induced by phase segregation.

The samples are carefully characterized using XRD, XPS,
UV-Vis, and Raman and we are able to make a convincing
case that there are no impurity phases present, at least
within the limitations of these characterization techniques.
Having ruled out the possibility of the presence of second
phase through our structural and optical investigations, we
infer that the presence of second phase could not be the
cause of the observed room-temperature ferromagnetism.
Hence, we conclude that the observed room-temperature
ferromagnetism is an inherent property of the material.
There are several mechanisms proposed in the literature

regarding the origin of ferromagnetism in DMSs [26]. The
exact mechanism of intrinsic ferromagnetism in TM-doped
oxides is still under debate. The Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction is based on free electrons, but
ZnO cannot transform into a metal at such a low dop-
ing. Direct interactions such as double-exchange or super-
exchange cannot be responsible for the ferromagnetism
because the magnetic cations are dilute in our samples.
Coey et al. proposed that ferromagnetic exchange in dilute
ferromagnetic oxides is mediated by shallow donor electrons
that form bound magnetic polarons, which overlap to create
a spin-split impurity band [27]. However, a carrier-mediated
interpretation for the room-temperature ferromagnetism
has also been proposed [28]. Co dopant states were suc-
cessfully identified and positioned in the host ZnO bands
[29]. An observable carrier density on the order of less than
0.1 electron per Co ion could stabilize the ferromagnetic
coupling against the ambient conditions according to the
band-coupling model was demonstrated [30, 31]. The origin
of the room-temperature ferromagnetism in the ZnO:Co
films will be a study emphasis in our further research.

4. Conclusions

In conclusion, we have grown ZnO:Co thin films on Al2O3

(0001) substrates by PLD. Ferromagnetic behaviour was
clearly observed at room temperature for the ZnO:Co
films. The XRD, XPS, EDS, UV-Vis, and Raman analysis
demonstrated that cobalt can be uniformly incorporated
into the wurtzite structure and substitute for Zn cations
sites in ZnO lattice without phase segregation. There is no
evidence for the formation of either metallic Co or CoOx
particles in the thin film, indicating an intrinsic origin to
the ferromagnetism. The growth of these ferromagnetic films
opens the route for the fabrication of spin-based electronics.
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