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A wurtzite N-doped MgZnO film with 20 at. % Mg �MgZnO:N� was grown by plasma-assisted
molecular beam epitaxy on c-plane sapphire using radical NO as oxygen source and nitrogen
dopant. The as-grown MgZnO:N film behaves n-type conduction at room temperature, but
transforms into p-type conduction after annealed for 1 h at 600 °C in an O2 flow. The p-type
MgZnO:N has a hole concentration of 6.1�1017 cm−3 and a mobility of 6.42 cm2/V s. X-ray
photoelectron spectroscopy measurement indicates that substitution of N for O site is in forms of N
atom �N�O and N molecule �N2�O for the as-grown MgZnO:N, but almost only in a form of �N�O for
the annealed MgZnO:N. The mechanism of the conduction-type transition induced by annealing is
discussed in the present work. © 2006 American Institute of Physics. �DOI: 10.1063/1.2345846�
Due to a wide band gap of 3.37 eV and large exciton
binding energy of 60 meV at room temperature, ZnO is con-
sidered as a candidate material for preparation of short wave-
length optoelectronic devices, such as blue-ultraviolet light-
emitting diodes �LEDs� and laser diodes �LDs� with low
thresholds.1,2 However, this material has largely failed to live
up to its potential, because LED and LD require both high
quality n-type and p-type ZnO, and it has been proven to be
very difficult to produce a stable p-type ZnO with high con-
ductivity and mobility. Recently, investigations on p-type
ZnO and ZnO based LEDs have proceeded at a more rapid
pace. Many research groups have reported obtaining p-type
ZnO by single doping of I or V group elements, such as Li,
N, P, etc., and by codoping of III-V groups, such as Al–N
etc.3–6 ZnO p-n homojunction LEDs have also been pro-
duced by using N-doped p-type ZnO recently, which emit
blue or yellow light.7–9 However, the dominant emissions do
not come from near-band-edge recombination but is related
to defects with deep levels. To obtain strong near-band-edge
violet emission and even high effective UV laser, it is nec-
essary to prepare LED and LD with active layers of ZnO
superlattice or quantum well, which need high quality p-type
ZnO and p-type ZnO alloy barrier materials. Since band gap
of MgxZn1−xO alloy with wurtzite structure is larger than that
of ZnO and can be tuned by changing Mg concentration,10,11

it is considered as candidate barrier material of ZnO based
heterostructure. However, research progress about p-type
MgZnO is limited. Only phosphor doping and N–Al codop-
ing p-type MgZnO have been reported.12,13
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In the present work, p-type N-doped MgZnO �Mg-
ZnO:N� was obtained via plasma-assisted molecular beam
epitaxy �PAMBE� followed by postannealing process. The
mechanisms of formation as well as electrical property of the
p-type �MgZnO:N� were investigated.

A MgZnO:N film was grown by PAMBE on c-plane
sapphire �Al2O3� at 425 °C. NO gas �99.99%� was used as
O source and N dopant and activated during the growth pro-
cess by an Oxford Applied Research Model HD25 rf
�13.56 MHz� atomic source. The film thickness is measured
by ellipsometer to be about 200 nm. The crystal structure of
sample was characterized by x-ray diffraction �XRD� with
Cu K�1 radiation ��=0.154 06 nm�. The electrical properties
of the samples were measured in Van der Pauw configuration
by a Hall analyzer �Lakeshore7707� at room temperature.

Figure 1 shows XRD pattern of the as-grown MgZnO:N

FIG. 1. XRD of as-grown MgZnO:N film deposited on c-plane Al2O3 sub-

strate at 425 °C. The inset shows its Mg1s peak of XPS.
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cense or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.2345846
http://dx.doi.org/10.1063/1.2345846


n

102104-2 Wei et al. Appl. Phys. Lett. 89, 102104 �2006�
film. Besides �006� diffraction peak of the Al2O3, only �002�
diffraction peak is observed at 34.60°, indicating that the
as-grown MgZnO:N is of single wurtzite structure with �002�
preferential orientation. As shown in the inset of Fig. 1, a
Mg1s peak was detected by x-ray photoelectron spectrum
�XPS� measurement, indicating existence of Mg in the film.
The XPS calculation shows that about 20 at. % Zn is re-
placed by Mg in the as-grown MgZnO:N.

The Hall measurements indicate that both as-grown un-
doped MgZnO and MgZnO:N films behave n-type conduc-
tivity in the present work. Their electrical parameters are
listed in Table I. In order to obtain p-type MgZnO, the as-
grown MgZnO:N and MgZnO were annealed for 1 h at
600 °C in an O2 flow, based on our previous research works
about preparation of p-type ZnO.14 It was found that the
annealed MgZnO:N transformed into p-type conduction,
while the annealed MgZnO still behaved n-type conductivity.
These results indicate that both N doping and postannealing
are necessary for obtaining p-type MgZnO.

As mentioned above, the MgZnO behaves n-type con-
ductivity, implying that it has many native donor defects,
such as O vacancies �VO� and Zn interstitial �Zni�. In order to
compensate these donor defects and obtain p-type MgZnO,
NO was used to produce MgZnO:N by PAMBE in the
present work. Unfortunately, the as-grown MgZnO:N does
not show p-type but n-type conductivity; furthermore, as
shown in Table I, its resistivity decreases and electron con-
centration increases by comparison with the MgZnO. It is
well known that nitrogen occupies two chemical environ-
ments in N-doped ZnO.15 One is formed by substitution of N
atom for O sublattice to act as an acceptor, denoted by NO,
and the other by substitution of N molecule for O site to act
as double donors, denoted by �N2�O. In order to understand
chemical environments of nitrogen in the MgZnO:N and
give the mechanism of the conduction-type transition in-
duced by annealing, XPSs were recorded for the as-grown
MgZnO:N and annealed MgZnO:N, as shown in Fig. 2.
Curve a presents XPS of the as-grown MgZnO:N, which
reveals three peaks, located at 396.1, 400.0, and 404.3 eV,
respectively. Since the 400.0 eV is close to N1s binding en-
ergy of C–N bond,16 the peak is assigned to radiation of N1s
in C–N bond. In the present work, formation of the C–N
bond is due to chemical reaction between N in the MgZnO:N
and C or CO2 absorbed on the surface of the MgZnO:N film.
Many research works have indicated that the 396.1 and
404.3 eV peaks are characterization radiation of N1s of �N�O

and �N2�O in N-doped ZnO, respectively.15 In the present
work, N doping was performed in the growth process of the
MgZnO film, so the N should be incorporated into the entire

TABLE I. Electrical parameters of MgZnO, and as-grown and annealed
MgZnO:N.

Sample
Resistivity

�� cm�
Hall mobility

�cm2/V s�

Carrier
concentration

�cm−3�
Conductio

type

MgZnO �as grown� 2.31 3.07 9.4�1017 n
MgZnO �annealed� 7.44 3.70 2.3�1017 n

MgZnO:N �as grown� 1.90 1.10 3.0�1018 n
MgZnO:N �annealed� 1.60 6.42 6.1�1017 p
film. Therefore, the appearance of the 396.1 and 404.3 eV
Downloaded 05 Sep 2012 to 159.226.165.151. Redistribution subject to AIP li
peaks implies that there are �N�O and �N2�O defects in the
whole as-grown MgZnO:N.

The ratio of hole to electron concentrations, which origi-
nate from �N�O and �N2�O, respectively, was estimated by
calculating the ratio of IN to 2IN2

, where IN and IN2
represent

integrated areas of the N1s peaks of �N�O and �N2�O, respec-
tively. The ratio is 0.4 for the as-grown MgZnO:N, indicating
that electron concentration originated from �N2�O is larger
than hole concentration that comes from �N�O. Assuming that
electron concentration of the native defects is not affected by
N doping, the hole concentration of �N�O and electron con-
centration of �N2�O in the as-grown MgZnO:N can be calcu-
lated to be 1.37�1018 and 3.42�1018 cm−3, respectively, by
using the data in Table I and the ratio of IN/2IN2

. Therefore,
the n-type conductivity of the as-grown MgZnO:N with high
net electron concentration is attributed to that electron con-
centration of the �N2�O is not only larger than the hole con-
centration of �N�O, but also much larger than electron con-
centration of the native donor defects.

Curve b in Fig. 2 presents XPS of the annealed
MgZnO:N, which shows that the 404.3 eV peak almost dis-
appears, while the N1s peak of �N�O located at 396.1 eV
becomes dominant. These results imply that the �N2�O de-
fects are few in the annealed MgZnO:N and the electron
concentration originated from the �N2�O can be ignored. Hall
measurement performed in the present work indicates that
electron concentration from native donor defects is about
2.3�1017 cm−3 for undoped MgZnO annealed at the same
conditions as the annealed MgZnO:N. Supposing that the
electron concentration of the native donor defects is not af-
fected by N doping and that the hole concentration of the
�N�O in the annealed MgZnO:N is the same as that in the
as-grown MgZnO:N, the net carrier concentration of the an-
nealed MgZnO:N is equal to difference between hole con-
centration of �N�O and electron concentration of the native
donor defects since electron concentration of �N2�O can be
ignored. It is calculated to be about 1.14�1018 cm−3. Hole is
the dominant carrier, implying that the annealed MgZnO:N
should show p-type conductivity, in agreement with the
present Hall measurement result. Based on above discussion,
it can be concluded that the conduction-type transition in-
duced by annealing is attributed to almost disappearance of

FIG. 2. N1s peaks of XPS of as-grown �a� and annealed �b� MgZnO:N films.
�N2�O defects in the annealed MgZnO:N, which leads to that
cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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the electron concentration of �N2�O can be ignored and the
hole concentration of the �N�O becomes much larger than
electron concentration of the native donor defects in the an-
nealed MgZnO:N.

It should be noted that the calculated net hole concentra-
tion of 1.14�1018 cm−3 is larger than the measured hole
concentration of 6.1�1017 cm−3 for the annealed MgZnO:N.
That may be due to the supposition that the hole concentra-
tion of the �N�O in the as-grown MgZnO:N is the same as in
the annealed MgZnO:N. In fact, the amount of �N�O de-
creases after annealing, so that the hole concentration of
�N�O in the annealed MgZnO:N is smaller than in the as-
grown MgZnO:N.

In summary, the as-grown MgZnO:N produced by
PAMBE is n-type conductor; it transforms into p-type
conductor with a resistivity of 1.60 � cm, a carrier concen-
tration of 6.1�1017 cm−3, and a mobility of 6.42 cm2/V s,
after annealed at 600 °C in an O2 flow. There are two
chemical environments of �N�O acceptor and �N2�O double
donors in the as-grown MgZnO:N. After annealing, the
�N2�O donors almost disappear and the �N�O acceptor be-
comes dominant in the MgZnO:N. Therefore, the conduction
property transition of the MgZnO:N from n-type to p-type is
mainly attributed to a great decrease of the �N2�O after
annealing.
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