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With the purpose of investigating the origin of ferromagnetism (FM), Mn-doped ZnO thin films had been fabricated by radio
frequency (rf) magnetron sputtering and subsequent anneal process. The characterization of the Mn-doped ZnO thin films was
conducted by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and superconducting quantum interference
device (SQUID). With increasing the anneal temperature from 300°C to 700°C for 3 min, the influence on magnetism of the Mn-
doped ZnO thin films is slight. While extending the anneal time from 3 to 50 min at 300°C, the influence on magnetism is
obvious and the Mn-doped ZnO thin films with 30 min clearly demonstrate FM. Compared with the effect of oxygen vacancy
and substitutional Mn”" on the ferromagnetic behavior, Oy plays the main role in inducing FM of the Mn-doped ZnO thin films

with good crystal structure.
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1 Introduction

The discovery of giant magnetoresistance makes magne-
toelectronic be hot topics in the research on the magnetics.
Along with the rapid decrease of the size, the properties of
the semiconductor devices will be influenced by the quantum
effects. Diluted magnetic semiconductors (DMSs) can obtain
the ferromagnetism (FM) at room temperature by doping
magnetic atoms into semiconductor. However, the effect of
the magnetic doping is different and even contradict, so the
origin of FM is still in debate, such as in zinc oxide (ZnO)
[1-3]. After Dietl et al. [4] reported that transition-metal
(TM)-doped ZnO would show room temperature ferro-
magnetism (RTFM), many studies have successively proven
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that TM doping into ZnO is an effective method to form
DMSs. However, because of the debate of the origin of
magnetism of TM-doped ZnO, caused by the defects or
metal dopants, it is the main hinder in realizing RTFM of
ZnO materials. It is well known that the lattice defects in-
clude oxygen vacancy (Oy), zinc interstitial, Zn vacancy, as
well as interstitial oxygen, which attract extensive research
interest from experimental and computational perspective
[5-9]. The lattice defects and magnetic cations of substitu-
tional Mn”" have been considered as the main sources of FM
of Mn-doped ZnO materials [10-16].

Moreover, many studies also reported that FM in ZnO
materials might be from the defects on Zn and O sites, and
different fabrication method can induce different defects in
ZnO [7,14,17]. Furthermore, the concentration of Oy shows
the consistent change with the FM in ZnO, which suggests
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that the FM is caused by the Oy [5].

In this paper, the Mn-doped ZnO thin films had been
fabricated by rf magnetron sputtering and subsequent anneal
process. The influence of anneal condition on the magnetism
of the Mn-doped ZnO thin films was investigated. With
annealing at 300°C for 30 min, the Mn-doped ZnO thin films
clearly demonstrate FM. The relationship between the origin
of FM in the Mn-doped ZnO thin films and Oy, as well as
Mn’" is discussed.

2 Experimental

2.1 Fabrication of Mn-doped ZnO thin films

Firstly, the Mn-doped ZnO thin films formed on Al,O;
substrate had been fabricated by rf magnetron sputtering.
The target was with a composite of ZnO and Mn,O; (10 wt%).
The base pressure was lower than 5x 10 * Pa. The depositing
conditions of temperature, working pressure and sputtering
power were kept at 300°C, 0.67 Pa and 75 W, respectively.
The depositing process had been carried out in the high
purity Ar (5N) atmosphere, with the flow rate of 10 mL/cm’.
The presputtering was executed for 5 min to remove possible
surface contamination on the target surface. The formed Mn-
doped ZnO thin films have been named as “MZ0O-as”. Then,
the MZO sample was annealed in O, atmosphere at the flow
rate of 5 mL/cm’. The anneal processes are at 300°C, 500°C
and 700°C for 3 min, and at 300°C for 3, 30, 50 min, and
named as “MZO-x°Cymin”.

2.2 Characterization

The crystalline of the MZO thin films was investigated using
an X-ray diffraction (XRD, Rigaku Ultima IV) equipped
with Cu-Ka radiation (40 kV, 40 mA), employing a scanning
rate of 0.01° s . The spectra of O 1s and Mn 2p were con-
ducted by X-ray photoelectron spectroscopy (XPS, Jeol JPS-
9010MC). Magnetic properties of the samples were carried
out using a superconducting quantum interference device
(SQUID, Quantum Design MPMS-XL) magnetometry.

3 Results and discussion

3.1 Effect of anneal temperature on MZO thin films

3.1.1 Crystal structure of MZO-x°C3min

The XRD patterns of the MZO-x°C3min samples are shown
in Figure 1. Besides the peak of Al,O; from substrate, the
diffraction peak from the MZO-x°C3min samples is around
34.4°, due to the (002) crystal plane of ZnO (JCPDS # 36-
1451), corresponding to a wurtzite ZnO structure. Compared
with that of MZO-as, it could be clearly found that the peak
from (002) crystal plane of the MZO-300°C3min sample
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becomes stronger after annealing at 300°C for 3 min, in-
dicating a better crystalline structure of ZnO [18,19]. How-
ever, with further increasing the anneal temperature to 500°C
and 700°C, the intensity of the peak slightly varies, which
means that the influence of the anneal temperature over 300°C
on crystalline of Mn-doped ZnO is slight.

3.1.2  Magnetism of MZO-x°C3min

Magnetization versus applied magnetic field (M-H) curves
measured at 5 K by SQUID for the MZO-x°C3min samples
are shown in Figure 2, where the applied field is parallel to the
samples. It can be clearly seen that only the MZO-300°C3min
sample exhibits slight ferromagnetic behavior, and other
samples might be with antimagnetic behavior. It hints that
the ferromagnetic behavior is not only related with the
crystalline structure of the MZO thin films.

3.1.3 Bonding environment of MZO-x°C3min
The origin of FM of TM-doped ZnO materials has been
usually considered to the concentration of Oy providing
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Figure 1 (Color online) XRD patterns of the MZO-x°C3min samples.
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Figure 2 (Color online) M-H curves of the MZO-x°C3min samples.
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more carriers, and the magnetic cations of substitutional
Mn’* [4,10,20-22].

In order to further investigate the origin of FM in the MZO
thin films, XPS spectra have been used to gain insight into
the chemical bonding of the MZO thin films, as shown in
Figure 3. The O 1s peaks of the MZO thin films are asym-
metric and each peak could yield two contributions due to
different chemical states of oxygen, as shown in Figure 3(a).
Among them, the peak at 529.5 eV is well known to the O°~
ions, normally (lattice oxygen, Oy ) in ZnO structure [23,24]. The
peak at 531.5 eV could be considered to the oxygen-deficient
regions (such as oxygen vacancies, Oy) within the metal
oxide matrix and on the surface [24,25]. The relationship
between the chemical states of oxygens in the MZO thin
films is investigated by the relative area ratios (%) estimated
from the fitted curves as displayed in Figure 3(b). Notably, it
shows that the Oy obviously decreased from around 55% of
that of MZO-as to around 45% of that of MZ0-300°C3min,
then to around 30% of that with higher anneal temperature,
indicating that the Oy, decreases and the crystalline increases.
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Furthermore, from the Figure 3(c) and (d), it can be clearly
found that the relative concentration of Mn’" of the
MZO-x°C3min samples decreases with increasing the anneal
temperature. Considering the result of ferromagnetic beha-
vior from the MZO-300°C3min sample, it could conclude
that the complex (Oy + Mn2+) plays the role in inducing the
magnetism behavior of the MZO thin films.

3.2 Effect of anneal time on MZO thin films

3.2.1 Crystal structure of MZO-300°Cymin

Based on the above results of anneal temperature on MZO
thin films, the effect of anneal time at 300°C had been carried
out. Figure 4 shows the XRD patterns of the MZO thin films,
with extending the anneal time from 3 to 50 min at 300°C.
Compared with that of MZ0O-300°C3min, it could be clearly
found that the peak change of (002) crystal plane is slight
with extending the anneal time, until 50 min. In other words,
the crystalline of MZO decreases with too long anneal time
in O, atmosphere.
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Figure 3 (Color online) XPS spectra of the MZO-x°C3min samples. (a) O 1s and (b) its area ratio; (¢) Mn 2p and (b) its area ratio. O (lattice oxygen), Oy

(oxygen vacancy).
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3.2.2  Magnetism of MZO-300°Cymin

Figure 5 shows the M-H curves of the MZ0-300°Cymin
samples. With extending the anneal time, the change of the
magnetic behavior of the MZ0O-300°Cymin samples is obvious
(Figure 5(a)). Compared with that of MZO-300°C3min,
when the anneal time extends to 30 min, the sample clearly
exhibits the ferromagnetic behavior, and the maximum Ms
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Figure 4 (Color online) XRD patterns of the MZO-300°Cymin samples.
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Figure 5 (Color online) M-H curves of the MZO-300°Cymin samples.
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around 7 emu/cm’ is observed in Figure 5(b). Considering
the crystalline of MZO-300°Cymin, it means that the influ-
ence of the crystalline structure on the magnetic behavior is
important.

3.2.3 Bonding environment of MZ0O-300°Cymin

Figure 6 shows the O 1s peaks of the MZO-300°Cymin
samples. With extending the anneal time to 30 min, the
change on the relative area ratios of Oy is obvious, while
longer than 30 min, the decrease of Oy, becomes slightly, as
shown in Figure 6(b). In other words, the Oy of the
MZO0-300°C30min sample is not the lowest, indicating that
the concentration of Oy is not the main role on the ferro-
magnetic behavior. From Figure 7, it can be clearly found that
the relative concentration of Mn”" of the MZO-300°Cymin
samples first increases then decreases, with extending the
anneal time. Furthermore, the relative concentration of Mn®"
shows relatively higher in the MZ0O-300°C3min and MZO-
300°C30min samples. Compared with that of the relative
concentration Oy and substitutional Mn”" on ferromagnetic
behavior, it could conclude that Oy plays the main role in
inducing the FM of the MZO thin films with good crystal
structure.
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Figure 6 (Color online) XPS spectra of the MZ0O-300°Cymin samples.
(a) O 1s and (b) its area ratio.
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Figure 7 (Color online) XPS spectra of the MZ0O-300°Cymin samples.
(a) Mn 2p and (b) its area ratio.

4 Conclusion

In summary, Mn-doped ZnO thin films with ferromagnetic
behavior had been successfully fabricated by rf magnetron
sputtering and subsequent anneal process. The influence of
anneal temperature from 300°C to 700°C for 3 min on the
magnetism of the Mn-doped ZnO thin films is slight. While
extending the anneal time from 3 to 30 min at 300°C, the
Mn-doped ZnO thin films obviously demonstrate FM.
Compared with the effect of Oy and substitutional Mn’* on
magnetic behavior, Oy plays the main role in inducing FM of
the Mn-doped ZnO thin films with good crystal structure.
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