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a b s t r a c t

By introducing excessive zinc during the growth process, degenerated Mg0.46Zn0.54O films have been

prepared. The resistivity of the Mg0.46Zn0.54O films is only 0.053 O cm, and the electron concentration is

1.0�1019 cm�3, which is well above the Mott concentration of ZnO (2.9�1018 cm�3). The origin of

such a high electron concentration can be attributed to the excessive zinc in the films. The results

for the fabrication of ZnO-based heterostructures or deep ultraviolet optoelectronic devices.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

A degenerated semiconductor is a semiconductor with such a
high carrier concentration that the material starts to act more like
a metal. Since generated semiconductors are highly conductive,
they are necessary in a variety of applications in optoelectronic
devices [1]. Ultraviolet semiconductor optoelectronic devices
have potential applications in information storage, air and water
sterilization, biology and medical therapeutics, etc. [2,3]. Zinc
oxide (ZnO) has been a promising candidate for the aforemen-
tioned applications for its unique properties such as large band-
gap (3.37 eV), large exciton binding energy (60 meV), abundance,
and bio-compatibility [4,5]. In many cases, the optoelectronic
devices are fabricated from heterostructures by a proper bandgap
engineering. For the fabrication of heterostructures, larger band-
gap materials acting as a counterpart of ZnO are usually indis-
pensable. MgZnO has been considered as a suitable candidate for
such a counterpart for its large bandgap and small lattice-
mismatch with ZnO [6]. Also by alloying with MgO, the bandgap
of ZnO can be extended to the deep ultraviolet region (with
wavelength shorter than 300 nm); thus deep ultraviolet devices
may be realized from MgZnO-based semiconductors [7–9]. In
order to develop ZnO-based heterostructures and deep ultraviolet
devices, one important issue is to fabricate conductive or even
degenerated MgZnO films. Nevertheless, with increasing Mg
ll rights reserved.
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content, the conductivity of MgZnO decreases drastically. There-
fore, it is of great importance and significance if highly conductive
degenerated MgZnO films can be prepared. To realize conductive
ZnO-based materials, group III elements such as Ga and Al have
been adopted as donor dopants [10,11]. Although many reports
on group III elements doped ZnO films have been prepared, no
report on degenerated MgZnO films can be found to date.

In this letter, by introducing excessive zinc during the growth
process, degenerated Mg0.46Zn0.54O films have been prepared. The
carrier concentration in the films is as high as 1.0�1019 cm�3, which
is well above the Mott concentration of ZnO (2.9�1018 cm�3). Such a
high carrier concentration MgZnO films have not been reported
before.
2. Experiment

The MgZnO films were grown on a-plane sapphire substrates
in a plasma-assisted molecular beam epitaxy technique. Elemen-
tal zinc (6 N) and magnesium (5 N) contained in Knudsen cells
were employed as precursors of the MgZnO films, and atomic
oxygen generated from O2 gas (5 N) via a 13.56 MHz radio
frequency plasma cell operated at 300 W was employed as the
oxygen source. Before growth, the substrate was treated by
oxygen plasma at 600 1C for 10 min to produce an oxygen-
terminated surface. During the growth process, the pressure in
the growth chamber was fixed at 2�10�5 mbar, and the sub-
strate temperature at 600 1C. To obtain excess zinc in MgZnO, the
growths were conducted intentionally in a zinc-rich condition. In
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this way, MgZnO films with a thickness of 600 nm have been
prepared.

The structure characterization of the films was carried out in a
Bruker D8 X-ray diffractometer (XRD) with CuKa (l¼1.54 Å) as
the excitation source. The absorption spectra of the MgZnO films
were recorded in a Shimadzu UV-3101PC scanning spectrophot-
ometer. The electrical properties of the films were measured in a
Hall measurement system (Lakeshore 7707). Temperature-depen-
dent Hall measurement was conducted over the temperature
range from 85 to 400 K using a continuous flow liquid nitrogen
cooling system. The composition of the MgZnO films was deter-
mined by energy-dispersive X-ray spectroscopy.
3. Results and discussion

The Mg content in the MgZnO films determined by energy-
dispersive X-ray spectroscopy is 0.46. The typical XRD patterns of
the Mg0.46Zn0.54O films are shown in Fig. 1. Only one strong peak at
34.91 can be observed in the y–2y powder diffraction pattern
besides the peak from the substrate, which can be indexed to the
diffraction from hexagonal MgZnO (0002) facets. The powder
diffraction data reveal that the films are crystallized in hexagonal
phase with (0002) preferred orientation. The X-ray rocking curve of
the films displays a good symmetric Gaussian lineshape, and the full
Fig. 1. y�2y XRD spectrum (a), the (0002) X-ray rocking curve (b) and the phi-

scan (102) reflection (c) of the Mg0.46Zn0.54O films.
width at half maximum of the curve is 1883 arcsec, as shown in
Fig. 1(b). X-ray phi-scan analysis of the films is shown in Fig. 1(c),
and six well-defined peaks with 601 interval can be observed in the
pattern, which indicates that the films have a six-fold symmetry.

The Hall measurement shows that the room temperature elec-
tron concentration of the Mg0.46Zn0.54O film is 1.0�1019 cm�3, the
mobility of the film is 10.6 cm2/V s, and the resistivity of the film is
0.053 O cm. In order to confirm the high conductivity of the film,
temperature-dependent electrical properties of the Mg0.46Zn0.54O
film were studied, as shown in Fig. 2. Interestingly, the electron
concentration of the film is almost independent of temperature in
the investigated range from 85 to 400 K, as shown in Fig. 2(a). This
symbolizes that the Mg0.46Zn0.54O film may be degenerated. To be
degenerated, the Mott transition carrier concentration has to be
reached. The Mott transition carrier concentration n in a condensed
matter can be expressed by the following equation [12]:

nCð0:2=aHÞ
3

ð1Þ

where aH is the exciton Bohr radius. For ZnO, the exciton Bohr radius
is 1.4 nm [13]; then the Mott transition carrier concentration of ZnO
obtained from Eq. (1) is about 2.9�1018 cm�3. Note that the
electron concentration in our MgZnO films (1.0�1019 cm�3) is well
above the Mott transition electron concentration, the Mg0.46Zn0.54O
film is degenerated, and thus the electron concentration in the film
is almost independent of temperature.

Temperature-dependent mobility also confirms the degener-
ate nature of the Mg0.46Zn0.54O films, as shown in Fig. 2(b).
Generally, three major types of scattering mechanisms are the
limiting factors that determine the mobility of an alloy semicon-
ductor. (I) Impurity scattering, which arises from the scattering
caused by the impurities in the material. The ionized impurity
scattering of carriers depends on temperature as mIIpT1.5.
Fig. 2. Temperature-dependence electron concentration (a) and mobility data

(b) of the Mg0.46Zn0.54O films obtained by Hall measurement, and the solid lines in

(b) are fittings to the scattered experimental data.



Fig. 4. Absorption spectra of the as-grown and annealed MgZnO films.
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However, in the case of degenerate semiconductors, the equation
should be modified as mII¼CþAT1.5, where C is the constant
mobility that will be approached as the temperature goes to zero,
and A is the proportionality factor for the ionized impurity
scattering [14]. (II) Lattice scattering, which results from the
thermal motion of the lattice atoms at temperature above 0 K;
the agitation of the atoms causes variations in the potential
resulting in the emission of phonons which transfer energy
between the lattice and the free carriers. The mobility due to
lattice scattering depends on temperature by the following
expression: mLApT�1.5. (III) Alloy scattering—this type of scatter-
ing occurs in alloys. The alloy scattering depends on temperature
can be written as mALpT�0.5 [15]. The total mobility of an
alloy material considering the three abovementioned scattering
factors can be approximated according to Matthiessen0s rule:
mTotal
�1
¼mII
�1
þmAL
�1
þmLA
�1. It is found that the fitting curve agrees

fairly well with the factor of ionized impurity scattering mII in a
degenerated semiconductor, as shown in Fig. 2(b). Therefore, the
temperature-dependent mobility data further confirm that the
films are degenerated. Note that there have been some reports on
degenerated ZnO [16–18], but no previous report on degenerated
MgZnO can be found. We note that the preparation of the
degenerated MgZnO films is not occasional because over three
samples have been grown under identical conditions, and similar
results have been obtained.

The absorption spectrum of the degenerated Mg0.46Zn0.54O
film is shown in Fig. 3. The film shows a sharp absorption edge at
around 290 nm. To evaluate the bandgap (Eg) of the films, we
employed a a2

p(hn–Eg) expression to fit the absorption spectrum
of the Mg0.46Zn0.54O films [6], where a is the absorption coeffi-
cient and hn is the photon energy. Hence, the bandgap for the
Mg0.46Zn0.54O films deduced from the absorption spectrum is
about 4.344 eV. Meanwhile, it has been demonstrated that the
dependence of the bandgap of wurtzite structured MgxZn1�xO
Eg(MgxZn1�xO) on its composition can be expressed by the
following formula [19]:

EgðMgxZn1�xOÞ ¼ 3:384þ1:705x ð2Þ

where x is the Mg composition in the MgxZn1�xO film. By
inserting the Mg composition of 0.46 into Eq. (2), a bandgap
value of 4.168 eV can be derived. Note that this value is noticeably
smaller than the one obtained from the absorption spectrum
(4.344 eV). The above phenomenon indicates that some zinc
Fig. 3. Absorption spectrum of the Mg0.46Zn0.54O films, and the inset shows the

bandgap determined from the absorption spectrum.
contents do not contribute to the bandgap of the Mg0.46Zn0.54O
film. It has been demonstrated that the excess zinc might occupy
the interstitial sites, and the interstitial zinc may contribute to the
conduction of ZnO based films [20]. Therefore, it is presumed that
the high electron concentration in the MgZnO films obtained in
our experiment may be caused by the excess zinc.

To test the above presumption, the films were annealed in
argon ambient at 800 1C for 30 min. We have shown in our
previous paper that thermal annealing can remove the interstitial
zinc out of MgZnO alloys effectively [21]. If the excess zinc really
contributes to the conduction of the degenerated Mg0.46Zn0.54O
films, the removal of excess zinc will lead to a drastic decrease of
the electron concentration in the Mg0.46Zn0.54O films. Experimen-
tally, the electron concentration of the annealed film decreases to
6.5�1016 cm�3, which is over two orders of magnitude smaller
than that of the as-grown film (1.0�1019 cm�3). The above fact
confirms that the excess zinc has really contributed to the high
electron concentration in the Mg0.46Zn0.54O films, and after the
annealing process, the excess zinc comes out from the films. Then
one can speculate that the zinc content should be decreased,
while the bandgap of the film will change little after the annealing
process. In fact, the zinc content in the films decreases from 0.54
to 0.45, while the absorption edge almost remains unchanged
after the annealing process, as shown in Fig. 4. Here, inserting the
Mg composition of 0.55 Eq. (2), a bandgap of 4.322 eV can be
derived, which is in reasonable agreement with the one obtained
from the absorption spectrum (4.344 eV). The above phenomenon
indicates doubtlessly that the excess zinc is the cause of the high
electron concentration in the degenerated MgZnO films.
4. Conclusion

In summary, by introducing excess zinc during the growth
process, degenerated Mg0.46Zn0.54O films have been prepared
without using any extrinsic dopants. The resistivity of the films
can reach 0.053 O cm and the electron concentration is as high as
1.0�1019 cm�3. The results reported in this paper provides a way
to conductive degenerated MgZnO films; thus they may lay a
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ground for the fabrication of ZnO-based heterostructured optoe-
lectronic devices or deep ultraviolet devices.
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