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A wurtzite nitrogen-doped MgZnO (MgZnO:N) film was grown by plasma-assisted
molecular-beam epitaxy (PAMBE) on c-plane sapphire using radical NO as oxygen
source and nitrogen dopant. The as-grown film shows n-type conduction at room
temperature, but transforms into p-type conduction after annealed. Photoluminescence
(PL) spectrum measured at 80 K is dominated by neutral donor-bound exciton
emission (D0X) located at 3.522 eV for the n-type MgZnO:N film, but by neutral
acceptor-bound exciton emission (A0X) located at 3.515 eV for the p-type MgZnO:N
film. By fitting exciton emission intensity of temperature-dependent PL spectra, the
binding energies of the D0X and A0X were estimated to be 32 and 43 meV,
respectively. Based on the energy shift of exciton emission, the band gap of the
MgZnO:N film is estimated to be 3.613 eV, which is 179 meV larger than that of
ZnO. Using the Haynes rule, the acceptor energy level of the MgZnO:N film was
evaluated to be about 176 meV above the valence band.

I. INTRODUCTION

Owing to a wide band gap of 3.37 eV and large exciton
binding energy of 60 meV at room temperature, ZnO is
considered to be a candidate material for preparation of
short wavelength optoelectronic devices, such as light-
emitting diode (LED) and laser diode (LD), etc.1,2 In the
recent years, investigations on p-type ZnO and ZnO-
based LED made a great progress. The p-type ZnO LEDs
were prepared by single doping of I or V group elements,
such as, Li, N, and P, etc., and codoping of III–V groups,
such as Al–N, etc.3−6 Electroluminescence (EL) of ZnO
p-n homojunction LEDs was also realized recently7–9;
however, the EL wavelengths are not in ultraviolet (UV)
range but a blue or yellow light range. To obtain strong
near-band-edge UV emission and even high-efficiency
UV laser, it is necessary to fabricate LED and LD with

active layers composed of ZnO-based superlattices and
quantum wells, which need not only fabricate high-
quality p-type ZnO, but also develop ZnO alloys barrier
materials with band gaps larger than that of ZnO. Since
band gap of MgxZn1−xO alloy with wurtzite structure is
larger than that of ZnO and can be tuned by changing of
Mg concentration,10,11 MgxZn1−xO alloy is proposed to
be used as candidate barrier material for fabrication of
ZnO-based quantum wells or superlattices. In the recent
years, much research was carried out on MgxZn1−xO al-
loy, and n-type MgxZn1−xO alloy has been produced;
however, fabrication of p-type MgxZn1−xO alloy is still
difficult. The p-type MgZnO alloys were only reported to
be prepared by phosphor doping and N–Al codoping,12,13

we produced p-type MgZnO by using nitrogen doping
followed by post annealing process.14 However, this re-
search is focused on the fabrication and electric charac-
teristics of p-type MgZnO, while investigation on the
optical features and acceptor energy level state are lim-
ited.

A better understanding of the luminescence properties
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of MgZnO thin films would be very crucial for designing
and developing LED and LD devices with active layers
of ZnO-based superlattices and quantum wells. In the
present work, temperature-dependent photoluminescence
(PL) was studied for the n-type as-grown and p-type
annealed nitrogen-doped MgZnO (MgZnO:N) alloy
films grown by plasma-assisted molecular-beam epitaxy
(PAMBE), and binding energies of the neutral bound
excitons as well as the acceptor energy level of the p-type
MgZnO:N were evaluated.

II. EXPERIMENTAL PROCEDURES

A MgZnO:N film was grown on c-plane sapphire
(Al2O3) at 425 °C by PAMBE. Metal Zn (99.9999% in
purity) and Mg (99.999% in purity) were used as Zn and
Mg source. 99.99% pure NO gas was activated by an
Oxford Applied Research (Oxfordshire, UK) Model
HD25 r.f. (13.56 MHz) atomic source at 300 W and used
as oxygen and dopant source. The details about the
growth of the MgZnO films were described elsewhere.14

The structure of the film was identified by x-ray diffrac-
tion (XRD) with Cu K�1 radiation. The thickness of the
film was measured by ellipsometer to be about 200 nm.
The electrical properties were detected by a Hall analyzer
(Lakeshore7707, Westerville, OH) in Van der Pauw con-
figuration at room temperature. PL measurements were
performed using a He–Cd laser with a wavelength of
325 nm as excitation source in a temperature ranging
from 80–300 K.

III. EXPERIMENTAL RESULTS AND DISCUSSION

XRD measurement indicates that the as-grown
MgZnO:N film consists of a single wurtzite structure
with (002) preferential orientation and remains this struc-
ture after annealed for 1 h at 600 °C in an O2 flow.14 It
is believed that the Mg concentration in both films is the
same due to the same diffraction peak positions in the
XRD measurements. The x-ray photoelectron spectros-
copy (XPS) calculation shows that about 20 at.% Zn is
replaced by Mg in the as-grown MgZnO:N.14 Hall-effect
measurements show that the as-grown MgZnO:N film
displays n-type conduction with a electron concentration
of 3.0 × 1018 cm−3 and a mobility of 1.10 cm2/V s, but
p-type conduction with a hole concentration of 6.1 × 1017

cm−3 and a mobility of 6.42 cm2/V s after annealed for
1 h at 600 °C in an O2 flow. To understand this conduc-
tion transition, XPS measurement was performed for the
as-grown and annealed MgZnO:N films, as shown in
Fig. 1. Curve (a) in Fig. 1 shows that there are two
chemical environments of (N)O acceptor and (N2)O

double donors in the as-grown MgZnO:N film—located
at 396.1 and 404.3 eV, respectively (the 400.0 eV peak is
assigned to radiation of N 1s in C–N bond). After an-
nealing, as shown in curve (b) of Fig. 1, the (N2)O band

almost disappears, while (N)O peak becomes dominant,
indicating that the (N2)O donors are few, while (N)O

acceptor defects become dominant defects in the
MgZnO:N film. Therefore, the conduction transition
from n-type to p-type for the MgZnO:N film is primary
attributed to the reduce of (N2)O double-donor defects
after annealed.14

The temperature-dependent PL spectra of the n-type
and p-type MgZnO:N films were shown in Figs. 2(a) and
2(b), respectively. At the low temperature (80 K), the

FIG. 1. N 1s peaks of x-ray photoelectron spectra of (a) as-grown and
(b) annealed MgZnO:N films.

FIG. 2. Temperature dependent PL spectra of the MgZnO:N film. (a)
As-grown sample with n-type conduction. (b) Annealed sample with
p-type conduction.
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spectrum of the n-type MgZnO:N film shows an emis-
sion peak centered at 3.522 eV, while that of the p-type
MgZnO:N film exhibits an emission peak at 3.515 eV.
The photon energies of the both peaks are higher than
ZnO band gap due to Mg doping. According to the en-
ergy values and previous reports,15 both emissions are
ascribed to the exciton-related emissions.

As the temperature increases, the PL peak positions of
both films show blue shift first in a temperature ranging
from 80 to about 130 K, and then red shift obviously up
to 300 K. These phenomena are different from tempera-
ture-dependent band gap,16 which shows red shift with
increasing temperature. To characterize the change of
PL with temperature clearly, each of PL spectra recorded
in the temperature range of 80–300 K was fitted with
Gaussian fitting method to obtain exact photon energies
and integral intensity of the PL peaks at various tempera-
tures. The change of the photon energies with tempera-
ture is plotted in Fig. 3, indicating obvious peak position
shift with temperature and a change of the shift tendency
at about 130 K; the latter implies that the PL peaks do not
come from one kind of emission and that the thermal
quenching undergoes two different processes with a
change at about 130 K. According to our previously re-
ported literature,15 the peaks originate from two kinds of
emissions. One comes from the free exciton emission,
located at high-energy side and the other from the bound
exciton emission, located at low-energy side.

Due to the large binding energy of bound exciton in
wide gap alloy, the two PL peaks in Figs. 2(a) and 2(b)
come mainly from contribution of the bound exciton
emissions rather than free exciton emissions at 80 K.
Compared with the peak position of the as-grown film

shown in Fig. 3, the peak position of the annealed
MgZnO:N film occurs at 7 meV red shift. As described
above and previously reported,14 the conduction-type
transition occurs because the (N2)O double donor and
native defect donors decreased after annealing while the
NO acceptor became the dominant defect in p-type an-
nealed sample, which is confirm by XPS and Hall meas-
urements. In general, the binding energy of acceptor-
bound exciton (A0X) is larger than that of donor-bound
exciton (D0X), and the A0X locates at the low-energy
side of the D0X.17,18 So, the red shift indicates that con-
tribution of A0X emission increases after annealing,
which is in agreement with the Hall and XPS measure-
ment results mentioned above. Therefore, it can be de-
duced that the 3.522 eV peak should originate mainly
from D0X emission while the 3.515 eV peak originates
mainly from A0X emission.

During the increasing temperature process, the thermal
quenching of the UV peak is attributed to the dissociation
of the bound exciton to free exciton and the dissociation
of the free exciton. The thermal quenching process is
primarily attributed to the dissociation of the bound ex-
citon in low-temperature range (80 K < T < 130 K),
resulting in the peak position blue shift, but to the dis-
sociation of the free exciton in high-temperature range
(130 K < T < 300 K), leading to peak position red shift.
In the high-temperature range, the decrease of the band
gap with increasing temperature is predominant, which
induces the red shift. Since the free exciton from the
bound exciton dissociation becomes predominant with
increasing temperature, the energy difference of the peak
positions of the n-type and p-type samples decreased
with increasing temperature. Due to the large binding
energy of bound exciton, the bound exciton has not dis-
sociated entirely into free exciton even at 300 K, result-
ing in existence of the energy difference. By fitting the
peak positions, the stretched-out lines converge at about
390 K. Above this temperature, the PL peak energy ap-
proaches the free exciton position due to the dissociation
of bound exciton, and the difference of peak position of
both samples can be neglected. We can forecast that the
difference will vanish when the PL recombination almost
comes from free exciton in higher temperature.

To confirm the dissociation processes of exciton com-
plexes, Fig. 4 illustrates the energy dispersion of PL lines
with the variation of temperature in low- and high-
temperature ranges. The temperature dependence of the
PL intensity I can be expressed as

I = I0��1 + C exp �−E1�kT �� , (1)

where C is the fitting parameter, E1 is the binding energy,
k is the Boltzmann constant, and I0 is constant. The I is
defined as integral area of an emission band. By fitting
the plot of the temperature-dependent exciton emission
intensity (Fig. 4) with Eq. (1), the energy for thermal

FIG. 3. Plots of the emission energies of the n-type (�) and p-type
(�) MgZnO:N as a function of measurement temperature.
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release of excitons can be obtained. In the case of n-type
sample [Fig. 4 (a)], the binding energies are estimated to
be 32.0 ± 0.1 meV in low-temperature range (dash line)
and 59 ± 2 meV in high-temperature range (solid line),
respectively. For the p-type sample [Fig. 4 (b)], the bind-
ing energies are 43.0 ± 0.1 meV (dash line) and 56 ± 2
meV (solid line), respectively. The dissociation of the
free exciton is dominant in the high-temperature range.
So the fitting results in high-temperature range are the
binding energies of free exciton. The binding energies of
the two samples are consistent with the result reported by
Schmidt et al.,19 who indicate that the free exciton bind-
ing energy of MgZnO alloy film was considered to be
slightly smaller than that of ZnO bulk materials (60

meV). According to the fitting results in the low-
temperature range, the binding energies of the bound
exciton are 32 meV for D0X and 43 meV for A0X, re-
spectively. The peak of free exciton emission located at
3.374 eV with free exciton binding energy of 60 meV in
ZnO, while the peak of D0X located at 3.522 eV with
donor-binding energy and free exciton binding energy of
32 and 59 meV in as-grown MgZnO:N film at 80 K. The
band gap of MgZnO:N and ZnO can be calculated to be
3.613 and 3.434 eV, respectively. Namely, Mg doping
causes a band gap increase of 179 meV. We can also
calculate the acceptor energy level using the Haynes rule
Eloc � a + bEA, where Eloc is binding energy of the
bound exciton, EA is acceptor energy level, and a and b
are constants. Using the values a � −0.021, b � 0.244
for ZnO material system reported by Gutowski et al.,20

the NO acceptor level in the p-type MgZnO:N film can be
estimated to be 176 meV, larger than NO level of 142
meV in the p-type N-doped ZnO.21

IV. CONCLUSIONS

An n-type MgZnO:N film was fabricated by PAMBE
using radical NO as the oxygen source and nitrogen do-
pant, and p-type MgZnO:N was prepared by annealing of
the as-grown MgZnO:N film for 1 h at 600 °C in an O2

flow. The 80 K PL spectrum is dominated by D0X peak
located at 3.522 eV for the n-type MgZnO:N film while
by A0X peak located at 3.515 eV for p-type MgZnO:N
film. The binding energy of the D0X was estimated to
be 32 meV, while the binding energy of the A0X to be
43 meV. The binding energy of free exciton in the
MgZnO:N film is estimated to be about 56 to 59 ±
2 meV. The band gap of the MgZnO:N film is estimated
to be 3.613 eV, which is 179 meV larger than that of
ZnO. Using the Haynes rule, the acceptor energy level of
the p-type MgZnO:N film was estimated to be 176 meV
above the valence band.
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