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ABSTRACT: High-quality Mn:ZnO (MZO) film had been
prepared on N-GaN coated sapphire substrates followed by
postdeposition thermal annealing treatment at 700 °C. For the
annealed MZO/GaN heterojunction, a 15 nm cubic structural
ZnGa2O4 layer was observed at the MZO/GaN interface
through transmission electron microscope analysis. Through
electroluminescence (EL) measurement, the formation of the
nanointerface results in an EL transition from ultraviolet- to
red-dominant mode for n-Mn:ZnO/N-GaN heterojunction
light-emitting diodes (LEDs). The heterojunction LED
showed a rectification ratio of ∼2.0 × 105 at ±2 V, a dark current of 3.5 nA at −2 V and a quite strong red EL with a low
turn-on voltage of 3 V. On the basis of the energy band diagram, we think the EL transition from ultraviolet- to red-dominant
mode is mainly due to the formation of a thin oxide blocking nanolayer at the MZO/GaN interface during the annealing process.
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1. INTRODUCTION
Recently, zinc oxide (ZnO) has attracted much attention for its
applications in ultraviolet (UV) optoelectronic devices, such as
UV light-emitting diodes (LEDs) and UV photodetectors
(PDs), because of its wide band gap of ∼3.3 eV and high
transmittance (∼ 90%) in the visible region.1−6 As one of its
doped compounds, Mn-doped ZnO (MZO) also shows very
good optoelectronic characteristic.7 MZO films have been
prepared by many methods, such as metal−organic chemical
vapor deposition (MOCVD),8 magnetron sputtering9 and sol
gel.10,11 Among these methods, the film prepared by conven-
tional magnetron sputtering deposition is very economy and
simple.
Red emission is an essential component for these practical

applications in full-color displays and solid state lighting,
together with green and blue emission. However, the reports
about this red emission are seldom in ZnO-based devices. In
our previous works, we have reported ZnO-based hetero-
junction LEDs with different structures,12−15 all of which
showed limited rectification ratios and very strong UV
electroluminescence (EL) and quite weak EL in visible
region.12,13 And Li, et al.14 reported n-ZnO/n-GaN Hetero-
junction LEDs, which showed a clear photovoltaic behavior
with a power conversion efficiency of 0.57% and a violet
emission peak centered at ∼433 nm. Huang, et al.15 reported an

annealed n-ZnO/n-GaN structure and it showed a sharp UV
emission centered at 367 nm and a broad orange emission
centered at 640 nm under forward and reverse biases,
respectively. Herein, we report a Mn0.005Zn0.995O/GaN
heterojunction LED, which shows an EL transition from
ultraviolet- to red-dominant mode at a forward bias when the
heterojunction was thermal annealed at 700 °C for 2 h. Also the
annealed heterojunction LED shows a rectification ratio of ∼2.0
× 105 at ±2 V, a dark current of 3.5 nA at −2 V, and a quite
strong red EL with a low turn-on voltage of 3 V. We think the
reason is mainly due to the formation of a thin ZnGa2O4 layer
at the MZO/GaN interface during the annealing process.

2. EXPERIMENTAL SECTION
The n-type undoped GaN-coated sapphire substrate was initially
cleaned with acetone, ethanol, and deionized water, respectively, and
then blown with dry N2 before deposition. The n-GaN layer with a
thickness of 3.2 μm has a resistivity and a carrier concentration of 9.13
× 10−2 Ω cm and 1.78 × 1017 cm−3, respectively. Then, 80-nm MZO
film was deposited on the GaN-coated sapphire substrate by radio
frequency reactive magnetron sputtering at 100 °C. The films were
deposited at total pressure of 2.0 Pa with a power of sputtering of 120
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W and an Ar/O2 ratio of 8:3. Herein, the thickness of the MZO film is
measured by a surface profilometer (Talysurf Serles II) and the MZO
composition was determined by X-ray photoelectron spectroscopy
(XPS). Before deposition, the target was presputtered for 10 min to
remove some possible contaminants. Then, 80-nm-thick Au electrodes
were patterned on the ZnO surface with a shadow mask by radio
frequency reactive magnetron sputtering at room temperature. After
that, the devices were annealed at 700 °C for 2 h in air. Finally, to get
large-area Ohmic contacts to the surface of GaN, an In electrode was
applied. The Au electrode area is π × 0.52 mm2 and the In electrode
area is 1 × 0.5 mm2. All the I−V characteristics were measured by a
Keithley 4200 electrometer. The EL measurements were carried out in
an Acton SpectroPro 2500 monochromator. Transmission electron
microscope (TEM) techniques, including the bright field (BF)
imaging, high resolution (HR) and the selected area electron
diffraction (SAED), were performed using a JEOL JEM0−2010
(HT) electron microscope. All of these measurements were carried
out at room temperature (RT) in ambient atmosphere.

3. RESULTS AND DISCUSSION
Figure 1a shows the TEM image of the n-MZO/N-GaN
heterojunction annealed at 700 °C. Figure 1b illustrates the HR

TEM image of the white-framed area in Figure 1a, which
reveals that an interfacial layer with a thickness of ∼15 nm is
formed during the thermal annealing process between MZO
and GaN. Figure 1c and (d) show the Fast Fourier Transform
(FFT) patterns of the MZO film and the interface, respectively,
from which the interface is identified as a cubic ZnGa2O4 phase.
The ZnGa2O4 nanofilm is formed between MZO and GaN by
annealing at 700 °C in air, following a reaction equation

+ + →+ + −Zn 2Ga 4O ZnGa O2 3 2
2 4

In this work, the Zn2+ and Ga3+ comes from MZO and GaN,
respectively, the O2‑ comes from MZO or the air when the
device is under high temperature. The orientation relationship

between ZnGa2O4 and MZO can be determined to be [101]c//
[1−210]h, (11−1)c//(0001)h. Subscripts ″c″ and ″h″ denote
cubic ZnGa2O4 and hexagonal MZO phases, respectively. From
the HR TEM image of the interface, we can see the crystal
quality of the ZnGa2O4 film is very good. However, for the as-
prepared n-MZO/N-GaN heterojunction, the interface is very
vague (about 2 nm) and the crystal quality is not good, which
can be seen in Figure 1 of the Supporting Information.
Figure 2 shows the RT PL spectra of GaN-coated sapphire

substrate, n-MZO/N-GaN LEDs with and without postdepo-

sition thermal annealing treatment. As shown in Figure 2, the
GaN shows two peaks, the bigger one is located at ∼361 nm,
which is attributed to the band edge emission of GaN (3.4 eV),
and the smaller one is at ∼544 nm, which is due to the nitrogen
vacancies or some threading dislocations in n-GaN. For the as-
prepared device, it shows the same two peaks with that of GaN,
but we can see the intensity of its UV emission is weaker than
that of its visible emission, which may be due to the emission
induced by the oxygen vacancies of MZO or Mn deep level
defects. For the annealed device, it shows a different peak in
UV region and the peak is at about 396 nm, which is attributed
to Mn-doped ZnO film.
A schematic structure of n-MZO/N-GaN heterojunction

diode in panels a and b in Figure 3 shows a typical current
rectification from the n-MZO/N-GaN heterojunction. From
this figure, at ±2 V, the as-prepared device shows a rectification
ratio of ∼32 and a dark current of 25 μA at −2 V bias. The
reverse dark current is smaller than that of ZnO-based
devices,12,13 which may be due to Mn doping in ZnO. For
the annealed devices, the rectification ratio reaches to ∼2.0 ×
105 when the annealing temperature is 700 °C. Also the device
annealed at 700 °C shows a very low dark current of ∼3.5 nA.
The reason we think is due to the existence of the ZnGa2O4
and the improved quality of MZO film by annealing treatment.
The ZnGa2O4 can limit the transmission of minority carriers as
a blocking layer and the high-quality MZO film decreases the
current induced by impurity scattering. These good diode
characteristics will make our device work at a high voltage or
current with little thermal effects and the reason we think is due
to the formation of a thin ZnGa2O4 layer by the annealing
treatment. The I−V curve of the annealed device exhibited a
small current at 0 V, which may be attributed to the noise
current in our test environment, also a little photocurrent
induced by some visible light may be another reason. The inset
shows the corresponding logarithmic I−V plots, where the
ideality factor is deduced from the linear regime of the forward

Figure 1. (a) TEM bright-field image of the Mn:ZnO/GaN
heterojunction; (b) HRTEM image of the framed area in a; (c) Fast
Fourier transform (FFT) pattern of the Mn:ZnO layer in b; (d) FFT
pattern of the ZnGa2O4 layer in b. Subscripts ″h″ and ″c″ denote the
hexagonal ZnO and cubic ZnGa2O4 phase, respectively.

Figure 2. RT PL spectra of GaN-coated sapphire substrate, n-MZO/
N-GaN LEDs with and without postdeposition thermal annealing
treatment.
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bias (tangential line). The ideality factor of the annealed device
(∼2.4) is greater than that of as-prepared device (∼1.7), which
suggests that the minority carrier transport of the annealed
device is significantly dominated by carrier recombination.16

The RT EL spectra of the n-MZO/N-GaN heterojunction
LEDs annealed at 700 °C have been observed and measured by
an Acton SpectroPro 2500 monochromator with a 500 nm
blaze grating with a scanning step size of 0.5 nm, and were
shown in Figure 4. The insert shows the plot of EL intensity

versus forward bias fixing the emission wavelength at 650 nm
(left up) and the lighting image (left down). We can see that
the EL spectra of LEDs are mainly in red region and the spectra
exhibit peaks centered at 700, 691, 681, 666, 653, and 646 nm
with the forward biases of 3.0, 3.5, 4.0, 5.0, 7.0, and 9.0 V,
respectively. Also, we can see there are no UV emissions from
our device when the forward bias increases from 3.0 to 9.0 V.
From above, we can conclude that the red emission is dominant
at a low bias. From the insert of Figure 4 (left up), the emission
intensity enhances very much when the applied voltage
increases and the turn-on voltage of the LEDs is 3 V, which
is comparable to that of ZnO-based LEDs.12,13

The RT EL spectra of n-MZO/N-GaN LEDs measured at 14
V with and without postdeposition thermal annealing treatment

are shown in Figure 5 and the measurement background is the
same. The insert of Figure 5 shows the lighting image of the as-

prepared sample. From this figure, we can see the n-MZO/N-
GaN LED without annealing shows a relatively strong UV
emission at the wavelength of 376 nm and a weak visible
emission, but the annealed device shows an opposite behavior:
a strong red emission accompanied by a weak UV emission.
Furthermore, at a low applied voltage there is no UV emission
for the annealed device, which can be seen in Figure 4. For the
as-prepared n-MZO/N-GaN LED heterojunction LEDs, the
UV emission located at 376 nm, is mainly attributed to the
band-edge emission of ZnO (3.3 eV) and the visible emission
of the as-prepared device is around 544 nm, which corresponds
to the PL emission shown in Figure 2. For the annealed device,
the peak of the visible emission shows a huge red-shift and is
located at about 644 nm. The reason of the red-shift we will
discuss later. From above, we can find that the EL characteristic
shows a transition from UV- to red-dominant mode when the
device is annealed. From Figure 2 and 5, it should be noted that
there are some differences between PL and EL emission. One
reason is attributed to the difference between PL and EL
processes: the EL is collected through the GaN/Sapphire
substrate, while PL is collected from MZO side surface.17 The
other is that the EL emission probably occurs near the
interfacial layer, whereas the PL emission is mainly taken place
at the surface of MZO.15

From above, there are significant characteristic differences
between the as-prepared and the annealed devices. For the as-
prepared n-MZO/N-GaN heterojunction LED, there is not an
effectively blocking layer at the MZO/N-GaN interface and the
electrons from GaN side can easily enter into MZO film. So the
UV emission of the as-prepared device may origin from the
band edge of ZnO and the weak visible emission around 544
nm may come from the defects of the MZO or GaN. For the
annealed n-MZO/N-GaN heterojunction, the red emission is
related to the high quality oxide nanolayer, ZnGa2O4, formed at
the MZO/GaN interface. Under a high electric field, most of
the voltage will be applied on the ZnGa2O4 layer for its
dielectric nature and the holes are generated in this i-ZnGa2O4
layer by the high-electric-field-induced impact ionization.13

Under a forward bias, the electrons in GaN can be efficiently
injected into the ZnGa2O4 interface layer, which may result in
the recombination of electron−hole pairs and the red emission.
The UV emission of the annealed device appears at a high
voltage, the reason we think is that: at a low bias, the
recombination of electron−hole pairs in the ZnGa2O4 interface
layer will be preferred, so the device shows a wide red EL.
When the applied voltage increases and reaches to a high value,

Figure 3. (a) Schematic diagram of the n-MZO/N-GaN structure on a
sapphire substrate. (b) I−V curves of the n-MZO/N-GaN
heterojunction LEDs. The inset shows the corresponding logarithmic
I−V plots.

Figure 4. RT EL spectra of the annealed n-MZO/N-GaN
heterojunction LEDs under different forward bias. The inset shows
the plot of EL intensity versus forward bias fixing the emission
wavelength at 650 nm (left up) and the lighting image (left down).

Figure 5. RT EL spectra of the n-MZO/N-GaN heterojunction LEDs
at 14 V. The inset shows the lighting image of the as-prepared sample.
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such as 14 V, the energy bands will be further bended.
Electrons from GaN may tunnel through the thin ZnGa2O4
interface layer to get MZO side, and/or the holes induced by
impact ionization may tunnel through the thin interface layer to
get GaN side, a weak band edge emission of GaN or ZnO
appears. Therefore, the annealed MZO/GaN heterojunction
LED shows a red-dominant mode.

■ CONCLUSION
In conclusion, a 15 nm cubic structural ZnGa2O4 layer was
formed at the MZO/GaN interface when the MZO/GaN
heterojunction was annealed at 700 °C. For n-Mn:ZnO/N-
GaN heterojunction LEDs, the formation of the nanointerface
resulting in a transition of EL from ultraviolet- to red-dominant
mode. The heterojunction LED showed a rectification ratio of
∼2.0 × 105 at ±2 V, a dark current of 3.5 nA. Also the annealed
heterojunction LEDs display a strong red electroluminescence
with a low turn-on voltage of 3 V. The reason we think is
mainly due to the formation of a metal oxide blocking
nanolayer at the MZO/GaN interface during the annealing
process.
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