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This paper reports that the high-quality Co-doped ZnO single crystalline films have been grown on a-plane sapphire

substrates by using molecular-beam epitaxy. The as-grown films show high resistivity and non-ferromagnetism at room

temperature, while they become more conductive and ferromagnetic after annealing in the reducing atmosphere either

in the presence or absence of Zn vapour. The x-ray absorption studies indicate that all Co ions in these samples

actually substituted into the ZnO lattice without formatting any detectable secondary phase. Compared with weak

ferromagnetism (0.16 µB/Co2+) in the Zn0.95Co0.05O single crystalline film with reducing annealing in the absence of Zn

vapour, the films annealed in the reducing atmosphere with Zn vapour are found to have much stronger ferromagnetism

(0.65 µB/Co2+) at room temperature. This experimental studies clearly indicate that Zn interstitials are more effective

than oxygen vacancies to activate the high-temperature ferromagnetism in Co-doped ZnO films, and the corresponding

ferromagnetic mechanism is discussed.
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1. Introduction

The ZnO semiconductor has gained substan-

tial interest in the research community for its wide

prospects in optoelectronic applications, such as ul-

traviolet light emitters, sensors, displays, solar cells,

etc., owing to its direct wide band gap of ∼3.37 eV

and large excitonic binding energy of 60 meV at room

temperature (RT).[1−4] Currently, ZnO-based diluted

magnetic semiconductors (DMSs), which involve the

charge and spin degrees of freedom of electrons in

a single substance, are attracting much more atten-

tion due to their potential applications in ‘spintron-

ics’ devices.[5,6] Theoretically, Dietl et al. first pre-

dicted that p-type Mn doped ZnO would show ferro-

magnetism with TC well above RT.[7] However, ZnO

is intrinsically n-type conducting and the p-type ZnO

with high hole concentration is notoriously difficult

to realize experimentally.[8] In contrast to Mn doped

ZnO, Co doped ZnO was theoretically predicated to

become ferromagnetic with n-type doping[9] and a

flood of experimental studies of this subject have been

reported upon.[10−20] However, the presented data

were plagued by instability and a lack of reproducibil-

ity. In some cases, the ferromagnetism can be at-

tributed to uncontrolled ferromagnetic clusters or sec-

ondary phases,[10,11] which is absent from single phase

specimens.[12] However, in many other cases, high-

temperature ferromagnetism could have been caused

by defects, including Zn interstitials (Zni) and oxy-

gen vacancies (VO) which are presented in the TM-

doped ZnO, as explained by the bound magnetic po-

laron (BMP) model.[13,14] Schwartz and Gamelin[15]

firstly reported a reversible ferromagnetic ordering in

Co-doped ZnO nanocrystals and films by lattice in-

corporation and removal of the native n-type defects,
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Zni. While Hsu et al.[16] demonstrated that the ferro-

magnetism in Co-doped ZnO DMSs should be strongly

correlated with VO in ZnO. In fact, the defect chem-

istry of ZnO is very complex, with Zn interstitials, Zn

vacancies, oxygen interstitials and vacancies all known

to be presented in varying concentrations.[21] Usu-

ally, the predominant defects in ZnO are Zni and/or

VO, which depend on the growth and post-annealing

conditions. In the present work, we used molecular

beam epitaxy (MBE) to grow high-quality Co-doped

ZnO single crystalline films with very low residual car-

rier concentration. Compared with neglectable fer-

romagnetism in the as-deposited films, the films be-

came good conductive and ferromagnetic after anneal-

ing in the reducing atmosphere both in the presence

and absence of Zn vapour. After careful and system-

atic studies on the structural and magnetic proper-

ties, we clearly demonstrate that Zn interstitials are

more effective than oxygen vacancies to induce high-

temperature ferromagnetism in Co-doped ZnO films.

2. Experiment

Co-doped ZnO (Zn0.95Co0.05O) thin films with a

thickness of 500 Å were prepared in an MBE system

with a base pressure of 5×10−8 Pa on Al2O3 (112̄0)

substrate at 400 ◦C using the δ-doping technique.[22]

A 50 Å pure ZnO film was grown on the substrate

as a buffer layer before the Co-doped film was de-

posited. Pure (99.995%) ZnO and Co in a ratio of

20 : 1 were evapourated from two independent e-

beam sources. The oxygen pressure was kept to be

1 × 10−4 Pa to control the oxygen stoichiometry and

the typical deposition rate was about 0.02 Å/s (1 Å=

0.1 nm). Sequential post-annealing of the as-deposited

Zn0.95Co0.05O thin films were performed by sealing

the films in an evacuated quartz tube in the pres-

ence or absence of metallic Zn. The samples were

then annealed at 500 ◦C for 60 min, and then cooled

to RT. Oxidative annealing was undertaken in the

same system at 500 ◦C for 60 min in flowing oxygen

atmosphere. The atomic concentrations of the dop-

ing element were checked by energy dispersive x-ray

analysis (EDAX). The film structure and crystalline

quality were determined by in situ high-energy elec-

tron diffraction (RHEED) and high-resolution x-ray

diffraction (XRD) at the BL17B beamline of the Tai-

wan Light Source (TLS) in Hsinchu, Taiwan. The x-

ray-absorption fine structure (XAFS) measurements

of the Zn and Co K-edges were performed in the

wiggler-C beamline of TLS to determine the electronic

state and local environment of the Zn and Co in the

doped films. Magnetization studies were carried out

by using a superconducting quantum interference de-

vice (SQUID) magnetometer (MPMS, XL-7T) in the

temperature range 5–350 K. Electrical transport in-

cluding Hall measurements was carried out by using a

four terminal van der Pauw configuration in magnetic

fields up to 1 T.

3. Results and discussion

Because of neglectable lattice mismatch (< 0.1%)

between ZnO(0001) and Al2O3(112̄0),
[23] epitaxial

growth of high-quality Zn0.95Co0.05O films were re-

alized on a-plane sapphire substrates. For the as-

deposited films, clear c-oriented ZnO [1010] and

[112̄0] streaky in situ RHEED patterns were observed

(Fig. 1(a) inset), indicating the doped ZnO epilay-

ers were grown in the two-dimensional layer-by-layer

growth model.[24] The out-of-plane and in-plane ori-

entational relationships are ZnCoO [0001]//sapphire

[1120] and ZnCoO [1120]//sapphire [0001]. It seems

that the as-grown Zn0.95Co0.05O samples are high-

quality single crystalline thin films with atomic flat

surface morphology, which are suitable for multilayer

devices. High-resolution XRD measurements of both

the as-grown and post-annealed films were performed

and shown in Fig. 1(a). Clearly, all of the doped films

exhibit a strong c-axis texture without any detectable

second phase, suggesting that the doped Co ions could

be as substitution into ZnO lattice. The full width

at half maximum (FWHM) of (0002) peak is below

0.20◦, indicating excellent crystallinity of the doped

films. The typical ϕ scan from a (101̄1) plane of the

as-grown Zn0.95Co0.05O sample was also performed to

verify its single crystalline characteristics, as shown in

Fig. 1(b). The sixfold symmetry of the ZnO hexago-

nal structure crystal basal plane is clearly revealed by

the six peaks separated by 60◦. The FWHM of the

peaks is about 1.4◦, revealing very good epitaxy.

As is well known, even there is no evidence of

any secondary phases by XRD measurements, the sec-

ondary phases, such as metallic Co, in trace amounts

and small clusters which below the detection limit of

XRD are still possibly hidden in the Co-doped ZnO

thin films.[25] On the contrary, XAFS based on syn-

chronization radiation has been considered to be one
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Fig. 1. (a) x-ray θ–2θ scans of the as-grown Zn0.95Co0.05O thin film, and films annealed at 500 ◦C for 60 min

in a reducing atmosphere with and without Zn vapour, respectively. (b) A typical ϕ-scan from a (1011) plane

of the as-grown Zn0.95Co0.05O thin film. The inset shows its corresponding RHEED patterns.

of the most useful and powerful techniques in this area

and is very sensitive to formation of metal bonding

to the level of a few percent of the dopant atoms.[26]

Here the electronic state and local environment of the

doped Co ions in all the films were studied by XAFS.

The x-ray absorption near-edge structure (XANES) is

highly sensitive to the electronic structure of doped

ions in host oxides. Figure 2(a) shows the Co K-edge

XANES spectra of the as-deposited and post-annealed

Zn0.95Co0.05O thin films as well as those of the stan-

dard Co metal and the oxides for comparison. In con-

trast to the marked shoulder around 7712 eV for the

Co metal, the Co K-edge spectra of all the samples

show clear 1s to 3d pre-edge features around 7709 eV,

which are characteristic of Co2+ substitution for Zn2+

in ZnO.[27] Additionally, it is clear that for all sam-

ples, the Co absorption edge rises at the same pho-

ton energy as CoO, indicating that Co ions in all the

samples might be in the divalent Co2+ valence states.

The sensitivity of XANES to Co0 is limited to below

5% of the Co dopants forming metallic Co; smaller

fractions of Co0 would be difficult or impossible to

detect. Extended XAFS (EXAFS) is also adopted to

clarify the local structures around the Co atoms. Fig-

ure 2(b) plots the radial distribution function (RDF),

the Fourier transform amplitude of EXAFS, at the Co

and Zn K-edge for all the samples. For the Zn RDF,

the first and second peaks observed can be identified

as Zn–O and Zn–Zn bonding, respectively. The RDFs

for all the films at the Co K-edge are very similar

to those of the Zn K-edge spectra, implying that Co

ions have similar local structures, as do the Zn ions

in ZnO. The EXAFS results reveal that nearly all Co

atoms actually substitute into the ZnO lattice without

the formation of any detectable metallic Co or other

secondary phase. In summary, XAFS studies provide

strong evidence that there is no change in the Co2+

speciation and no phase segregation upon reducing an-

nealing either in the presence or absence of metallic Zn

vapour.

Fig. 2. (a) Normalized absorption spectra of the as-grown Zn0.95Co0.05O thin film, and films annealing treat-

ment with and without Zn vapour on Co K-edges, and (b) the radial distribution functions of Co from Fourier

transform magnitude of EXAFS of Co K-edges, respectively.
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Measurements of the resistivity and Hall effect of

the as-grown and post-annealed Zn0.95Co0.05O thin

films were made, and the data are shown in Table

1. The as-grown Zn0.95Co0.05O thin films are highly

resistive (> 50Ω · cm), which is indicative of near

oxygen-stoichiometric films with low structural de-

fects. Upon the reducing annealing with and without

Zn vapour, the resistivity ρ of the Zn0.95Co0.05O film

greatly decreases several orders of magnitude, down to

4.6×10−2 and 5.4×10−2Ω · cm, respectively, because

of the presence of a large carrier concentration nc.

The large carrier concentration is introduced by the

high-density VO and/or Zni defects, which are the

shallow donors in ZnO semiconductor and easily gen-

erated upon annealing in the reducing atmosphere.

Usually, the predominant defects are VOs upon an-

nealing in vacuum, while a lot of additional Zni defects

would be introduced by annealing in the presence of

Zn vapour.[28] Here we noted that carrier concentra-

tion of the film annealed in the reducing atmosphere

with Zn vapour (1.1 × 1019 cm−3) was higher than

that without Zn vapour (1.0 × 1019 cm−3), revealing

that the presence of additional Zni defects induced by

the Zn vapour increased the carrier concentration, as

expected. On the other hand, the difference of carrier

concentration is only 10%, indicating that the number

of induced carriers by Zni defects through Zn vapour is

much smaller in comparison with the concentration of

VOs, which is well consistent with the results reported

by other groups.[29]

Table 1. Electrical and magnetic parameters at 300 K of the as-deposited and post-annealed Zn0.95Co0.05O

thin films. (1 Oe = 79.5775 A/m)

sample ρ/(Ω · cm) nc/cm−3 µ/(cm2 ·V−1 · s−1) MS/(µB/Co2+) HC/Oe

as-grown > 50 - - 0 0

Zn vapour 4.6 × 10−2 1.1 × 1019 12.4 0.65 110

no Zn vapour 5.4 × 10−2 1.0 × 1019 11.6 0.16 80

The field dependence of in-plane magnetization

of the as-deposited and post-annealed Zn0.95Co0.05O

thin films was measured at 300 K, as shown in

Fig. 3(a). To eliminate the influence of substrates,

the M–H curves of the films were obtained after the

contribution of the sapphire substrate had been sub-

tracted. The as-deposited Zn0.95Co0.05O thin film has

nearly no ferromagnetic signal at 300 K, indicating all

of the doped Co ions are in paramagnetic and/or anti-

ferromagnetic coupling due to few structural defects in

the high-quality single crystalline films, as expected.

On the contrary, upon annealing in the reducing at-

mosphere, the doped films show clear ferromagnetic

hysteresis loops at 300 K, suggesting that the ferro-

magnetic ordering of doped Co ions is effective to be

activated by the reducing annealing. It is also no-

ticed that the ferromagnetism in the post-annealed

film without Zn vapour is very weak with a low mag-

netic moment (Ms) of only 0.16 µB/Co
2+ and coer-

cive field (Hc) of 80 Oe at 300 K. Comparatively,

the ferromagnetism became much stronger after re-

ducing annealing in the presence of Zn vapour, and

the corresponding Ms and Hc reach 0.65 µB/Co
2+

and 110 Oe at 300 K, respectively. As discussed

above, the free carrier concentration is almost sim-

ilar in the post-annealed Zn0.95Co0.05O films with

or without Zn vapour, suggesting that the free car-

rier concentration is not the key factor in determin-

ing the ferromagnetism. In other words, the sig-

nificantly enhanced ferromagnetism is reasonable to

be attributed to the high-density Zni defects intro-

duced by Zn vapour, which have been considered to

play an important role in mediating the ferromag-

netism in Co-doped ZnO thin films.[28,29] The ferro-

magnetic mechanism can be understood in the frame-

work of the BMP model in which ferromagnetic ex-

change is mediated through localized donor electrons

in the Zni impurity band.[30] Exchange interactions

between one localized carrier introduced by Zni and

many surrounding Co2+ ions aligned all the Co2+

spins around the carrier localization centre, form-

ing a BMP. The overlapping of neighbouring BMPs

can result in the long range Co2+–Co2+ ferromag-

netic coupling in the Zn0.95Co0.05O thin films. More-

over, in order to shed light on the magnetic origin in

the post-annealed Zn0.95Co0.05O films, both the zero-

field-cooled (ZFC) and field-cooled (FC) magnetiza-

tions as a function of temperature at applied field of
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50 Oe were measured, and the results for the post-

annealed films with and without Zn vapour are shown

in Fig. 3(b). Clearly, the ZFC curves appear rather

smooth between 300 K and 20 K and no blocking tem-

perature due to ferromagnetic nano-clusters could be

seen. Furthermore, it is found that the FC M(T ) data

can be well fitted by a standard block spin-wave model

(M(T ) = M0(1−AT 3/2),[31] whereM0 is the zero tem-

perature magnetization, added a Curie–Weiss model

(χ = χ0 + C/(T − θ)), revealing a mixed magnetic

phase, i.e. a ferromagnetic phase plus a paramag-

netic one. Indeed, there is just a fraction of doped

Co2+ ions in ferromagnetic ordering and the others

are still in paramagnetic or antiferromagnetic order-

ing, with consideration that the saturated magnetic

moment is only several tenths µB/Co
2+, much below

the expected value of 3 µB/Co
2+ for tetrahedrally co-

ordinated high-spin Co2+ ions.

Fig. 3. (a) Magnetic hysteresis loops measured at 300 K with the applied magnetic field parallel to the film

plane for the as-grown and post-annealed Zn0.95Co0.05O thin films. (b) Magnetization of the post-annealed

Zn0.95Co0.05O thin films as a function of temperature in a field of 50 Oe with ZFC and FC. The fitting results

of the FC data are also shown.

Finally, the reversibility of the RT ferromag-

netism in Zn0.95Co0.05O single crystalline thin films

was studied by alternately reducing and oxidizing an-

nealing of the films, as shown in Fig. 4. The re-

sults of the first reducing annealing of the as-deposited

films have been discussed in detail above. Oxidiz-

ing the post-annealed thin films was performed by

heating them at 500 ◦C for 60 min in flowing oxy-

gen atmosphere. Interestingly, all of the films be-

came insulating and non-ferromagnetic after oxidiza-

tion, i.e. returned to their original as-deposited state.

Furthermore, re-reducing annealing of the same films

with or without Zn vapour also can returned them

quantitatively to the conductive and ferromagnetic

state which they had after the first reduction. The

chemical perturbation that leads to RT ferromag-

netism in Zn0.95Co0.05O single crystalline thin films

is therefore fully and quantitatively reversible. It in-

dicates that the switching of the magnetic state is

most likely to arise from incorporation or removal of

Zni and/or VO into the lattice of non-ferromagnetic

high-quality Zn0.95Co0.05O, which activates ferromag-

netism by forming a large number of BMPs. Con-

sidering that much stronger ferromagnetism can be

activated by reducing annealing with additional Zn

vapour, we know that Zni defects are more effective

than VO defects to mediate high-temperature ferro-

magnetism in Co-doped ZnO films.

Fig. 4. Variation of the saturation moment at 300 K of

the Zn0.95Co0.05O thin film alternately annealed in a re-

ducing atmosphere with and without Zn vapour, and an

oxidizing atmosphere.
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4. Conclusions

In summary, high-quality Zn0.95Co0.05O single

crystalline films have been grown on a-plane sapphire

by MBE. The as-deposited films showed high resis-

tivity and neglectable ferromagnetism at RT, and an-

nealing in the reducing atmosphere induces ferromag-

netism and low resistivity. Compared with weak ferro-

magnetism (0.16 µB/Co
2+) in the Zn0.95Co0.05O thin

film after reducing annealing in the absence of Zn

vapour, the film annealed in the reducing atmosphere

with Zn vapour is found to have much stronger ferro-

magnetism (0.65 µB/Co
2+) at RT. Our experimental

observations clearly indicate that Zn interstitials are

more effective than oxygen vacancies to activate the

high-temperature ferromagnetism in Co-doped ZnO

films by forming a large number of BMPs.
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