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We report on the fabrication of an n-Mg0.12Zn0.88O/p-GaN heterojunction light-emitting diode with an MgO
dielectric interlayer by plasma-assisted molecular beam epitaxy. The current-voltage curve of the heterojunction
diode showed obvious rectifying characteristics with a threshold voltage of about 8 V. Under forward bias,
an ultraviolet electroluminescence (EL) emission located at about 374 nm coming from the Mg0.12Zn0.88O
layer was observed at room temperature. This is one of the shortest EL emissions observed in ZnO-based pn
junctions to the best of our knowledge. The origin of the EL emission was elucidated in terms of the carrier
transportation process modulated by the MgO interlayer in the heterojunction.

Introduction

Short-wavelength semiconductor light-emitting devices and
laser diodes have attracted much attention for their versatile
applications in data storage, lighting, displays, etc. Zinc oxide
(ZnO) has been considered one of the strongest candidate
materials for such applications because of its wide band gap
and large exciton binding energy. However, the main hurdle
that hinders the applications of ZnO is the huge difficulty in
obtaining high-quality p-type ZnO.1 A natural route to avoiding
this hurdle is to employ other available p-type materials such
as NiO,2 GaN,3-6 AlGaN,7 SiC,8 or SrCu2O2

9 to form pn
junctions with n-ZnO. Among these materials, GaN is high-
lighted because it has the same wurtzite structure as ZnO, and
the in-plane lattice mismatch between these two materials is
very small (1.8%), which promises high-quality heterojunctions
are attainable in a ZnO-GaN system. However, in many cases,
the ZnO-GaN heterojunction diode shows a strong electrolu-
minescence (EL) emission at about 430 nm,3,10 which comes
from the donor-acceptor pair recombination in Mg-doped
p-GaN, while the emission from ZnO is weak. This is because
the hole concentration and mobility in GaN are usually lower
than the corresponding values of electrons in ZnO. As a result,
holes in GaN do not diffuse into ZnO, instead electrons in ZnO
enter into GaN. In that case, the merits of ZnO have not been
fully exploited. In our previous publication, a thin MgO layer
was employed to confine electrons in the ZnO layer, while holes
can tunnel through the MgO layer and enter into ZnO from
p-GaN. Consequently, the EL emission from ZnO was greatly
enhanced, and an intense emission at about 400 nm (3.1 eV)
originating from ZnO has been obtained in our case.11 Realizing
EL with a shorter wavelength is of great significance in a variety
of fields, including air and water purification, food disinfection,
and biomedical instrumentation, etc., and its study is a main
goal of researchers. It is rational to speculate that by replacing
ZnO in our aforementioned ZnO-MgO-GaN heterojunction
with materials having a larger band gap, we can attain EL

emissions with shorter wavelengths. Ohtomo et al. have
demonstrated that the band gap of ZnO can be widened up to
4.0 eV without phase separation by incorporating Mg into the
ZnO lattice.12 From then on, high-quality MgxZn1-xO alloys have
been grown with a variety of deposition techniques such as
pulsed laser deposition,12,13 molecular beam epitaxy,14-16

metal-organic vapor phase epitaxy,17 etc. However, there is
only one report on EL emissions from a MgZnO pn homojunc-
tion that has been found to the best of knowledge.18 This is due
to the fact that p-type doping of ZnO is still a challenge, as is
p-type doping of MgZnO with a larger band gap. Therefore, it
is a natural choice to combine n-MgZnO and p-GaN together
to form a pn heterojunction. However, no report on such a
heterojunction has been found to the best of our knowledge.

In this paper, n-MgZnO film has been deposited onto p-GaN
to form a pn junction. By proper engineering of the band
alignment of the heterojunction using a dielectric MgO inter-
layer, most electrons are confined in the MgZnO layer, while
holes can be injected into the MgZnO layer from the p-GaN
layer. In this way, EL emission at around 374 nm coming from
the MgZnO layer has been obtained. The mechanism for the
EL has been discussed in terms of the carrier transportation
process in the heterojunction.

Experimental Section

The heterojunction was prepared by depositing MgxZn1-xO
film (500 nm in thickness) onto a commercially available p-GaN/
Al2O3 template using a plasma-assisted molecular beam epitaxy
(MBE) technique, and a 20 nm MgO dielectric layer was also
grown as an interlayer between the MgZnO and GaN layer. The
role of the MgO layer was to reduce the interface defects as
well as modulate the carrier transportation in the heterojunction,
which has been detailed in our previous publication.11 The
p-GaN layer was 2 µm in thickness, and the hole concentration
and mobility were 3 × 1017 cm-3 and 10 cm2 V-1 S-1,
respectively. Precursors used for the growth of MgO and
MgZnO were elemental zinc (6 N in purity), elemental
magnesium (6 N in purity), and O2 gas (5 N in purity). The O2

gas was activated by an Oxford Applied Research radio
frequency plasma cell (model HD25) operating at 13.56 MHz.
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The substrate temperature was fixed at 700 °C, the chamber
pressure at 2 × 10-6 mbar, and the oxygen flow rate at 1.25
sccm during the growth process. The as-grown MgZnO film
showed n-type conduction with an electron concentration of 9
× 1016 cm-3 and a mobility of 2 cm2 V-1 S-1. The Mg content
of the MgxZn1-xO film was determined by X-ray photoelectron
spectroscopy (XPS). Photoluminescence (PL) measurement was
carried out with a JY-630 micro-Raman spectrometer employing
the 325 nm line of a He-Cd laser as the excitation source.
Ohmic contacts were achieved by vacuum evaporating In and
Ni-Au layers onto the n-MgxZn1-xO and p-GaN layers,
respectively, and the electrical properties of the films were
measured with a Hall measurement system (LakeShore 7707).
EL spectra of the heterojunction diode were recorded at room
temperature in an F4500 spectrometer, and a continuous current
power source was used to excite the heterojunction diode.

Results and Discussion

Figure 1a shows the XPS spectrum of the MgxZn1-xO layer.
The intensity of Mg 2p has been magnified 30 times for
comparison. Mg content x in the MgxZn1-xO film was deter-
mined to be 0.12 from the XPS spectrum. Shown in Figure 1b
are the room-temperature PL spectra of the n-Mg0.12Zn0.88O and
p-GaN layers. The spectrum of the Mg0.12Zn0.88O layer shows
an intense emission at 356 nm and some sharp fringes at around
368 nm. We note the peak at 356 nm comes from the near band
edge (NBE) emission of Mg0.12Zn0.88O, while the fringes
centered at 368 nm come from the interference between the
upper and lower interfaces of the MgZnO film. The appearance
of such interference peaks reveals that the film is very smooth.
Additionally, there appears to be a weak broad emission located

at around 530 nm in the spectrum, which is a typical deep-
level-related emission in ZnO-based materials. The PL spectrum
of the GaN layer is dominated by a broad peak at about 430
nm, which is frequently observed in Mg-doped p-GaN and can
be attributed to the transition between deep donors and Mg-
related acceptors.19 The fringes, just as those observed in the
spectrum of Mg0.12Zn0.88O, are resulted from interference.

The current-voltage (I-V) curve of the n-Mg0.12Zn0.88O -
MgO - p-GaN diode structure is illustrated in Figure 2. Obvious
rectifying behaviors with a turn-on voltage of about 8 V are
observed in the I-V curve. Shown in the inset of Figure 2 is
the I-V curve of the Ni-Au electrode on p-GaN and the In
electrode on n-Mg0.12Zn0.88O. The linear I-V curves reveal that
ohmic contacts have been obtained in both cases.

The EL spectrum of the heterojunction diode with the
injection of continuous current is shown in Figure 3. The EL
spectrum can be well-fitted by three Gaussian peaks centered
at about 374, 440, and 520 nm. We note that the sharp cutoff
on the short-wavelength side of the 374 nm emission is a result
of self-absorption of the MgZnO layer. By comparing the EL
spectrum with the PL spectrum, one can conclude that the peaks
at 374 and 520 nm come from the Mg0.12Zn0.88O layer, while
the peak at 440 nm comes from the GaN layer. The variation
in EL intensities for the peak at 374 nm on the injection current
is shown in the left inset of Figure 3. It is observed that the EL
intensity increases almost linearly with increasing current
injection in the investigated range. A photograph of the

Figure 1. (a) XPS spectrum of the MgxZn1-xO layer; note that the
Mg signal has been magnified 30 times for clarity. (b) Normalized
room-temperature PL spectra of the n-Mg0.12Zn0.88O and p-GaN layers;
the deep-level emission of MgZnO was magnified 30 times for
comparison.

Figure 2. I-V curve of the n-Mg0.12Zn0.88O-MgO-p-GaN hetero-
junction diode. The dashed line is a guide for the eyes. The inset
illustrates the I-V curve of the Ni-Au contact with the p-GaN and
the In contact with the n-Mg0.12Zn0.88O layers.

Figure 3. Room-temperature EL spectrum of the n-Mg0.12Zn0.88O-
MgO-p-GaN heterojunction diode at a forward injection current of
11.5 mA. EL intensity of the 374 nm peak as a function of the injection
current is shown in the left inset, and the right inset shows a typical
emission photograph of the heterojunction diode.
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heterojunction diode is shown in the right inset of Figure 3, in
which the black spots are electrodes. Clear emission from the
entire junction area can be observed from the photograph. Note
that the 374 nm peak is the second shortest wavelength for EL
emissions ever observed in ZnO-based pn junctions to the best
of our knowledge; only the 363 nm peak reported for a ZnBeO
pn homojunction is shorter.20 However, because reliable and
stable p-doping of ZnO is difficult, a pn junction with a large
band gap is not expected by most researchers when using
ZnBeO. Additionally, the biotoxicity of beryllium impairs the
usefulness of this material system.

The mechanism for the EL emissions can be well understood
in terms of the carrier transportation process in the heterojunc-
tion. Considering that the electron affinity of ZnO, MgO, and
GaN is 4.35,21 0.80,22 and 4.20 eV,23 respectively, the electron
affinity of Mg0.12Zn0.88O obtained by linear fitting of ZnO and
MgO is about 3.92 eV. The conduction band offsets (CBO) at
the Mg0.12Zn0.88O-MgO interface and the GaN-MgO interface
are 3.12 and 3.40 eV, respectively, and the corresponding
valence band offsets (VBO) at the two interfaces are 1.02 and
0.90 eV, respectively. A schematic of the band alignments in
the heterojunction under forward bias is shown in Figure 4. The
role of the MgO layer in affecting the carrier transportation
process is very similar to that in the n-ZnO-p-GaN hetero-
junction.11 Briefly, because of the large CBO between MgZnO
and MgO (3.12 eV), most electrons will be confined in the
MgZnO layer under forward bias. The situations for holes are
different. The VBO between GaN and MgO is relatively small
(1.02 eV), and the band of MgO will bend significantly because
of the bias applied. The band bending of MgO will reduce the
effective barrier height at the GaN-MgO interface, considering
the small thickness of the MgO layer. Consequently, holes can
tunnel through the MgO dielectric layer and enter into the
MgZnO layer. The reason why the emission from GaN is also
observed in our experiment may be because of the fact that the
thickness of the MgO layer is very small (20 nm), and some
electrons can also tunnel through the MgO layer and enter into
the GaN layer from the n-MgZnO layer. It is rational to speculate
that via proper adjustment of the thickness of the MgO layer,
the emission from the GaN layer can be suppressed and that
from the MgZnO layer can be greatly enhanced.

Conclusions

In conclusion, MgxZn1-xO-based heterojunction diodes have
been fabricated by integrating n-Mg0.12Zn0.88O and p-GaN
together employing an MgO dielectric layer as an electron-
blocking barrier. Under forward bias, an EL emission at around
374 nm from the Mg0.12Zn0.88O layer was observed at room
temperature. This is one of the shortest EL wavelengths reported
in ZnO-based pn junctions. One can safely suppose that by
further expanding the band gap of the MgZnO layer, we can
attain EL emissions with even shorter wavelengths. Therefore,
the results reported in this paper may open a door for ZnO-
based short-wavelength light-emitting devices.
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Figure 4. Schematic of band alignments of the n-Mg0.12Zn0.88O-
MgO-p-GaN heterojunction under forward bias.
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