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a b s t r a c t

O-polar and Zn-polar ZnO films were prepared by rf-plasma assisted molecular beam epitaxy (MBE) on
sapphire substrates. Arsenic ions have been implanted into high quality ZnO with a definite polarity.
Substantial temperature-independent ferromagnetism has been observed for both films, with the O-
polar film having approximately twice the magnetization as the Zn-polar film. The saturation
magnetization is shown to be due to the defects introduced during implantation, rather than to local
moments associated with the As ion. Rutherford Backscattering/Channeling and optical absorption
measurements confirm that the implantation introduces more defect states in the O-polar films, while
X-ray absorption near-edge structure measurements show that the environment of the arsenic ions was
similar for both polarities.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

ZnO-based dilute magnetic semiconductors have attracted
much attention over the past decade as promising materials for
application in spintronic devices[1]. Numerous papers report that
the inclusion of transition metal (TM) dopants in ZnO leads to
room temperature (RT)ferromagnetism[2,3], but RT ferromagnet-
ism has also been observed in non-TM or un-doped ZnO, which
implies that defects play an important role in establishing the
long-range ferromagnetism in these materials [4–7]. Theoretical
predictions indicate that ferromagnetism can occur as a result of
the formation of p–type AsZn-2 VZn complexes [8], but the doping
process also creates many vacancies, interstitials and antisites [9],
and the contribution of these lattice defects has to be considered
as well.

In this article we investigate the relative importance of p–type
complexes and lattice defects in producing magnetism in As
implanted ZnO films. There is no inversion symmetry along the
c-axis in wurtzite ZnO, so that Zn-polar ZnO(0001) and O-polar

ZnO(000–1) have opposite polarizations and differ both structu-
rally and chemically [10–12]. The influence of ZnO surface polarity
on introducing defects during As implantation process and on the
resulting magnetism has been considered in this work. To the best
of our knowledge, there are no reports on this issue so far.

We report on measurements on high quality polar ZnO films
doped with As by ion implantation. We measure substantial
saturation moments in As doped films of both polarities, with
the O-polar films having approximately twice the magnetization
as the Zn-polar films. We conclude that the lattice disorder
introduced by implantation, rather than local moments on the
As sites, is primarily responsible for the observed magnetization,
with the difference between the O-polar and Zn-polar films being
caused by differing defects densities.

2. Experimental details

A radio-frequency plasma-assisted MBE system (OmniVac) was
used to grow single crystal ZnO films of thickness 400 nm on
sapphire substrates. The controlled growth of unipolar ZnO films
was realized by interface engineering using an MgO buffer layer on
α-Al2O3 (0001) [13]. High purity As ions were introduced into both
O-polar and Zn-polar ZnO films by ion implantation. A sequence of
four implantation energies (400KeV, 200KeV, 100KeV, and 30KeV)
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was used to produce a nearly even distribution of As ions
throughout the films. SRIM simulations reveal that an As concen-
tration of about 6�1019 cm�3 was obtained from the film surface
to a depth of more than 200 nm, as shown in Fig. 1(a). Rutherford
Backscattering/Channeling (RBS/C) measurements were carried
out to characterize the implantation-induced disorder, while
information about the As sites in the ZnO films was obtained by
X-ray absorption near-edge structure (XANES).

The As-doped films should in principle have p-type conductiv-
ity, but electrical measurements show that both the as-grown and
ion-implanted ZnO films are all highly resistive, indicating a lack of
mobile carriers. Optical transmission spectra were measured to
find the band gaps and to check for the film quality after

implantation. Hysteresis loops were taken with a superconducting
quantum interference device (SQUID) at 5 K and 300 K. The
magnetizations of the doped films were found by subtracting the
diamagnetic signal measured for the undoped ZnO films on the
substrate.

3. Results and discussion

Magnetization hysteresis loops for the O-polar and Zn-polar
films at 5 K and 300 K are shown in Fig. 1(b), after separating the
ferromagnetic and paramagnetic contributions. The saturation
magnetizations measured for both the O-polar and Zn-polarfilms
are substantial: �15 emu cm�3 and �6 emu cm�3 at 4 K respec-
tively. These large magnetizations could be related either to the
local moments associated with the implanted As ions or to the
lattice defects produced by the implantation process. In the former
case we can estimate a lower bound for the magnetization of
�30 μB and�12 μB per As-ion for the O-polar and Zn polar films
respectively by assuming that the As doping level is as high as
6�1019 cm�3 throughout the whole 400 nm thickness of the film.
These values seem unrealistic and are very much higher than the
value of 1 μB predicted for the AsZn-2 VZn center [8]. Hence we
deduce that polarized lattice defects are primarily responsible for
the large magnetizations, with the weak temperature dependence
observed for our films being typical for defect-induced ferromag-
netism [14]. The larger ferromagnetic and the paramagnetic
responses of the O-polar film can then be explained by its larger
defect density, confirmed by the optical transmission and RBS/C
data presented below.

Fig. 1. ( Color on line) (a) SRIM simulated As distribution in ZnO (b) Magnetization data for As doped O polar and Zn polar ZnO films at 5 and 300 K.The inset shows the
paramagnetism at 5 K.

Fig. 2. (Color on line)(a) Optical loss coefficient α of the O- and Zn-polar films before and after implantation. (b) Rutherford backscattering/channeling spectra for As-doped
O-polar and Zn-polar ZnO films.
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Fig. 3. (color on line) The XANES data for the As-doped samples compared with
some As3þ and As5þ standards.
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The optical loss coefficients for the undoped and As-doped
O-polar and Zn-polar films are shown in Fig. 2(a). It is clear that
the implantation has led to the introduction of many defects that
have caused an increase in the scattering losses below the band
gap and less sharp absorption edges for both films, with signifi-
cantly more for the O-polar film. The energy band gap is 3.34 eV
for both the undoped films but after As implantation the gap for
the Zn-polar film is almost unchanged whereas that for the O polar
film is reduced to 3.31 eV due to defect states formed near the
band edge.

Fig. 2(b) shows the random and aligned Rutherford back-
scattering spectra for the undoped and As-doped O-polar and
Zn-polar ZnO samples. Extensive dechanneling is observed for
both films after As implantation, which is primarily attributed to
implantation-induced lattice disorder. The larger back scattering
signal observed in the aligned spectra of the As-implanted O-polar
film implies that much more lattice disorder is induced in the
implantation process for that film, in agreement with its larger
optical loss coefficient. The ratio of the backscattering yields of
aligned and random spectra in the near-surface region (i.e. the
minimum yield) increases from 9.8% to 24.5% for the O-polar ZnO
and from 11.3% to 17.3% for the Zn-polar films this indicates that
the Zn polar films were initially more disordered but that the
increase in the disorder after implantation was very significantly
higher for the O-polar films. Hence the As doped O-polar films
contain more vacancies, interstitials and antisites.

Fig. 3 shows the As XANES data compared with some As3þ and
As5þ standards showing that there is an approximately equal
mixture of As3þ and As5þ for both films. The XANES data shows
little difference between the O-polar and Zn-polar films, which
confirms that the larger magnetism observed in the O-polar film is
caused by its larger lattice disorder, as discussed above.

4. Conclusions

Arsenic ions have been implanted into high quality O-polar and
Zn-polar ZnO films prepared by rf-plasma assisted MBE on sap-
phire substrates. Substantial room temperature ferromagnetism
has been observed for both films, but the saturation magnetism for
O-polar ZnO is more than twice as large as that of Zn-polar ZnO.
The values of the observed saturation magnetizations are con-
siderably larger than the values expected from As point defects,
and the origin of the magnetism is therefore attributed to lattice
defects introduced by the ion implantation process. RBS/Channel-
ing and optical transmission measurements confirm that much

more lattice disorder is introduced by implantation in the O-polar
ZnO film.

This work demonstrates that ion implantation, without anneal-
ing, is a good method to introduce magnetic defects into insulating
ZnO films and that in this case the implantation process itself may
be more important than the atomic specie implanted.
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