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We have comparatively investigated the electroluminescence (EL) performance from the asymmetric p-
Mg0.05Zn0.95O/i-ZnO/n+-GaN and p-Mg0.05Zn0.95O/i-ZnO/n+-Si double-heterojunction light emitting diodes
(LEDs) grown on different lattice mismatch substrates. The I–V curve measurements show clear rectifica-
tion characteristics with a threshold voltage of 3.8 and 6 V for the p-Mg0.05Zn0.95O/i-ZnO/n+-GaN and p-
Mg0.05Zn0.95O/i-ZnO/n+-Si double heterojunctions, respectively. A strong violet-ultraviolet EL emission
and no deep-level emission were observed for the p-Mg0.05Zn0.95O/i-ZnO/n+-GaN double heterojunction
grown on small lattice-mismatched n+-GaN substrate. In comparison, a dominant visible emission band
and a weak ultraviolet emission peak were observed for p-Mg0.05Zn0.95O/i-ZnO/n+-Si double heterojunc-
tion grown on large lattice-mismatched n+-Si substrate. The difference between both LEDs is due to dif-
ferent quality of the MgZnO and ZnO layers grown on different lattice mismatch substrates.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Recent decades, functional metal oxides have been exclusively
studied and rapidly developed due to their wide varieties of appli-
cations in the current electronic industry [1]. Such metal oxides
with interesting, novel and useful properties are driving more re-
search in chemistry, physics, and materials science. Some wide
band gap oxides, involving ZnO, SnO2, TiO2, In2O3, etc. have been
extensively applied in the fields of gas sensors, transparent con-
ducting thin films, catalysis, solar cells and so on [2–9]. In the field
of short-wavelength semiconductor light-emitting diodes (LEDs)
and laser diodes (LDs), ZnO has received much attention for its po-
tential applications in the field due to wide direct band gap of
3.37 eV and high exciton binding energy (60 meV) [10–12].
Although some groups have recently reported the electrolumines-
cence (EL) from ZnO-based LEDs even demonstrated electrically
pumped ZnO laser [13–20], some difficulties have been severely
constrains the optoelectronic application of ZnO-based materials.
These difficulties can be summarized as follows: (i) the lack of lat-
tice-matched substrate badly suppresses crystal quality of ZnO
thin films and (ii) the inherent difficulties of fabricating reproduc-
ible, reliable, stable and high-quality p-type ZnO hinder the appli-
cation of ZnO-based homojunction [21–23]. To address the first
problem, it is an effective route to find small lattice-matched sub-
strates. Although ScAlMgO4 (SCAM) is a suitable substrate material
due to excellent lattice-matched condition, SCAM is an expensive
compound and it is difficult to grow large crystal [24]. Among
the some crystals with wurtzite structure, gallium nitride (GaN),
owing to the same crystalline structure, small lattice-mismatch
and thermal mismatch with ZnO, has been considered as a good
choice to fabricate ZnO-based heterojunction LEDs [25]. For the
second problem, some researchers adopted co-doped method to
overcome low acceptor solution. For example, Gai et al. proposed
theoretically that employing Mg alloyed into N doped ZnO can in-
crease N solution and obtain p-type MgZnO:N. Nakahara et al. real-
ized experimentally p-type MgZnO:N alloy film using molecular
beam epitaxy (MBE) and observed electrically pumped UV light
emission from p-MgZnO:N/ZnO heterojunctions [26]. Recently,
our group also obtained p-type MgZnO alloy films [27–31]. Mean-
while, the p-type MgZnO alloy has another advantage, for example,
utilizing MgZnO as barrier layer, it is easy to fabricate ZnO-based
heterostructures, such as quantum well, double heterojuction,

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jallcom.2013.04.036&domain=pdf
http://dx.doi.org/10.1016/j.jallcom.2013.04.036
mailto:binyao@jlu.edu.cn
http://dx.doi.org/10.1016/j.jallcom.2013.04.036
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom


234 Y. Li et al. / Journal of Alloys and Compounds 575 (2013) 233–238
for effective confining carriers in well layers or interfaces
[26,32–36].

On the other hand, it is expected that ZnO-based LEDs have
good EL performance, in which ultraviolet (UV) light emission rel-
evant to exciton recombination is dominant. However, strong vis-
ible emission is usually observed in ZnO-based LED with a poor
crystal quality. The defects related to deep levels give rise to the
visible emission and they are easily formed in ZnO. Therefore, high
quality ZnO films with low-density defects are important for
obtaining ZnO-based LED with high performance.

Here we demonstrate two kinds of asymmetry ZnO-based dou-
ble heterojunctions grown on n-type GaN and Si substrates with
lattice-mismatch of 2% and 15%, respectively. A dominant UV EL
was observed in the p-MgZnO/i-ZnO/n+-GaN double-heterostruc-
ture LED with small lattice-match. In contrast, the large lattice-
matched p-MgZnO/i-ZnO/n+-Si LED shows a strong visible emission
band and a weak UV emission peak.
2. Experimental details

The heavily doped n-type GaN (001)/sapphire and Si (111) wafer with electron
concentration of �1019 cm�3 as substrates were together put in MBE growth cham-
ber. First, an undoped ZnO thin film with a thickness of 50 nm was fabricated on the
n+-GaN and n+-Si substrates at 800 �C. The ZnO thin films were annealed in situ at
850 �C in the activated oxygen atom atmosphere to improve crystal quality. Then,
a 500-nm-thick nitrogen-doped p-type MgZnO (MgZnO:N) alloy thin film was
grown on the ZnO layer at 450 �C. During the growth process, the 6 N-pure metal
Zn and Mg were used as the Zn and Mg source. The highly pure O2 and N2 gas
(5 N in purity) were activated by two Oxford Applied Research Model HD25 rf
(13.56 MHz) atomic sources, respectively. The metal Ni/Au alloy was sequentially
evaporated on the p-type MgZnO:N layer. To obtain ohmic contact of Ni/Au to p-
Fig. 1. (a) E2 (high) modes in Raman spectroscopy of the bulk ZnO, ZnO/n-GaN and ZnO
their E2 (high) modes shift with respect to bulk ZnO. AFM images of the surfaces for the
type layer, a annealing was performed at 350 �C for 15 min in air. For the n-type
contact electrodes, the metal indium was sintered on the n+-GaN and n+-Si sub-
strates at a vacuum chamber. The schematic structures of the asymmetry p-
MgZnO/i-ZnO/n+-GaN and p-MgZnO/i-ZnO/n+-Si double-heterostructure LEDs are
shown in Fig. 3a and b, respectively.

The electrical properties and I–V curves of the samples were characterized with
a Lakeshore 7707 Hall system. The Hall effect measurement was performed in a van
der Pauw configuration. The surface morphology and roughness of the films was
characterized by atomic force microscopy (AFM). To determine the Mg and N com-
position in the N-doped MgZnO alloy film, X-ray photoelectron spectroscopy (XPS)
measurement was performed using an ESCALAB 250 XPS instrument with Al Ka
(hm = 1486.6 eV) X-ray radiation source. The XPS spectra were calibrated by the C
1s peak (284.6 eV). The Raman spectroscopy and photoluminescence (PL) were
measured using 488 nm line of Ar+ laser and 325 nm line of He–Cd laser as excita-
tion sources, respectively. EL measurements were performed using a Hitachi F4500
spectrometer and a current power source as an excite source.

3. Results and discussion

3.1. Raman spectroscopy and morphology characterization of ZnO
films grown GaN and Si

To characterize the crystal quality and stress states of the ZnO
films on the GaN and Si substrates (here denoted as ZnO/GaN and
ZnO/Si films), we also fabricated the ZnO films on both GaN and
Si substrates at the same growth condition of the double hetero-
junction LEDs. Raman spectroscopy measurements were per-
formed for characterizing stress state of the epitaxial ZnO films.
A bulk ZnO was also measured for comparison. As shown in
Fig. 1a, for the bulk ZnO, the E2 (high) mode is located at
437 cm�1, which is consistent with the results previously re-
ported [37,38]. Importantly, the mode E2 (high) peaks are located
/n-Si thin films. (b) The lattice-mismatch of the ZnO/n-GaN and ZnO/n-Si as well as
(c) ZnO/n-GaN and (d) ZnO/n-Si as well as corresponding step heights.



Fig. 2. XPS spectra of (a) Mg-2p and (b) N-1s states of the p-type MgxZn1�xO alloy thin film. (c) The plot of ln(npT3/4) as a function of 1/T for the p-type MgxZn1�xO alloy thin
film.
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at 437.6 and 435.2 cm�1 for the ZnO/GaN and ZnO/Si films,
respectively. For the ZnO/GaN film, a small Raman shift of
0.6 cm�1 toward large wavenumber indicates the ZnO film is
slightly subjected to compressive stress. However, for the ZnO/
Si film, there is a significant Raman shift (�1.8 cm�1) with respect
to the bulk ZnO, indicating that large tensile stresses are in the
ZnO film grown on Si substrate. These results can be well ex-
plained by lattice-mismatch between film and substrate. Both
GaN (001) and Si (111) have the same structure with wurtzite
ZnO (001). In this case, we can calculate their lattice-mismatch.
The lattice-mismatch between ZnO film and substrate can be ex-
pressed as (asub � aZnO)/asub, where asub and aZnO are lattice con-
stant in substrate and film plane, respectively. The calculated
lattice-mismatch of ZnO/GaN and ZnO/Si (111) is �2% and 15%,
respectively. The negative sign represents lattice constant of sub-
strate is smaller than ZnO films. The large lattice-mismatch of
ZnO/Si leads to the large tensile stress. Furthermore, according
to literatures reported, (001) preferred orientation is observed
in XRD patterns for the ZnO films grown on GaN and Si (111)
substrates [39,40]. However, for ZnO film grown on Si (111),
ZnO film are rotated by 30� with respect to the Si (111) substrate
orientation. However, For the ZnO film grown on GaN, there is
not such rotation due to small lattice-mismatch. The 30� rotation
of ZnO with respect to Si (111) usually leads to more defects and
lowers ZnO film quality. Fig. 1b shows the E2 (high) mode shift of
the ZnO films and lattice-mismatch of substrates with respect to
bulk ZnO. For further comparing the surface roughness of both
ZnO films, the atomic force microscopy (AFM) measurements
were carried out. Fig. 1c and d shows the AFM images of the
ZnO/GaN and ZnO/Si films, respectively. The ZnO/GaN film shows
an almost atomically flat with a step height of 0.52 nm, much
smoother than the ZnO/Si film, indicating ZnO/GaN film has high-
er crystal quality. The smooth surface of the ZnO/GaN film en-
sures that the subsequently fabricated p-type MgZnO:N layer is
reliable and high-quality. In general, as a film is epitaxially grown
on lattice-mismatched substrate, stress is introduced into the
film. The stress cannot be accumulated continuously during the
film growth process and it can be released or partially released
through forming defects. The defects lead to poor crystal quality.
It should be noted that the lattice-mismatch of ZnO/Si (111) is
much larger than ZnO/GaN and the ZnO/Si film is subjected to lar-
ger stress. As the stress is released or partially released, the de-
fects occur in the film, resulting in a poor crystal quality and
rougher surface in the ZnO/Si film.
3.2. XPS composition and electrical properties of N-doped MgZnO alloy
film

Next, the MgZnO:N thin films were continuously fabricated on
the in situ annealed ZnO layers to form double heterojunction. To
avoid the effect of the ZnO layers and conducting substrates on
Hall effect measurement of MgZnO:N film, the MgZnO:N film
was also fabricated on sapphire at the same deposition condition.
Hall effect measurement indicates that the p-type MgZnO:N/sap-
phire has a hole concentration of 5.6 � 1017 cm�3 and a mobility
of 3.1 cm2/vs. To further determine the Mg and N content in the
p-type MgZnO:N alloy films, XPS measurement was performed.
Fig. 2a and b shows the XPS spectra of Mg 2p and N 1s states of
the p-type MgxZn1�xO:N alloy film. The Mg content (x) in the p-
type MgxZn1�xO alloy is determined to be 0.05. The N 1s spectrum
reveals two distinct peaks at 396.6 and 400.3 eV. The binding en-
ergy of N 1s line can vary from 395 to 408 eV due to different
chemical environment of nitrogen atom [41]. The peak at
396.6 eV is assigned to nitrogen substitution at oxygen site (NO),
acting as acceptor [42]. The peak around 400 eV has been assigned
to the C–N component [43]. The C–N bond originates from chemi-
cal reaction between N and absorbed C or CO2 on the surface of the
MgZnO thin film. It is reported that the peak at about 405 eV is
considered to be related to molecular N2 substitution at oxygen
site [(N2)O], acting as donor [44]. It should be noted that no distinct
peak is observed at �405 eV in the present work, implying the for-
mation of the effective p-type MgZnO.

To further investigate the acceptor ionization energy in the p-
type MgZnO:N, a variable temperature Hall effect measurement
was performed, as shown in Fig. 2c. The relationship between hole
concentration np and ionization energy Ea of acceptor can be ex-
pressed as follows:

np ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NANV=2

p
expð�Ea=2kBTÞ ð1Þ

where NA and NV are the acceptor impurity concentration and hole
effective density of states of valence band, respectively. The kB and T
are Boltzmann constant and temperature. Due to NV / T3=2, Eq. (1)
can be written as follows,

lnðnpT3=4Þ / �Ea=2kBT ð2Þ

By fitting the data to Eq. (2), the ionization energy of the acceptor is
estimated to be about 173 meV, which is higher than N-doped ZnO
and lower than N-doped Mg0.2Zn0.8O films due to the shift of va-
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lence-band maximum (VBM) to low energy side as Mg alloyed into
ZnO [45–47]. The result indicates that the N dopants are effective
acceptors in the N-doped MgZnO alloy.

3.3. Comparatively studies on performance of p-MgZnO/i-ZnO/n+-GaN
and p-MgZnO/i-ZnO/n+-Si double heterojunction LEDs

Fig. 3a and b shows the schematic diagrams of the p-MgZnO/i-
ZnO/n+-GaN and p-MgZnO/i-ZnO/n+-Si double heterojunction LEDs,
respectively. The I–V curves of both devices are shown in Fig. 3c.
The turn-on voltages are 3.8 and 6 V for the p-MgZnO/i-ZnO/n+-
GaN and p-MgZnO/i-ZnO/n+-Si double heterojunctions, respec-
tively. The threshold voltage of 3.8 V for the p-MgZnO/i-ZnO/n+-
GaN device is slightly larger than the band gap of ZnO. The higher
threshold voltages for the p-MgZnO/i-ZnO/n+-Si device should be
related to the quality of the devices. The inset of Fig. 3c show the
I–V curves in semilogarithmic scale. The calculated rectification ra-
tios of the p-MgZnO/i-ZnO/n+-GaN and p-MgZnO/i-ZnO/n+-Si are
5.5 and 4.0 at 10 V, respectively. The low rectification ratios may
be ascribed to the low quality interface of p-MgZnO and i-ZnO lay-
ers. To exclude the rectification originating from Schottky contact
between p-MgZnO and Ni/Au layers, we verified that the Ni/Au
contacts to the p-MgZnO layer are ohmic, as shown in Fig. 3d.
The ohmic contacts of the indium electrodes to n+-GaN and n+-Si
are also shown in Fig. 3d.

Fig. 4a shows the EL spectra of the p-MgZnO/i-ZnO/n+-GaN het-
erojunction at the injection current of 1.5, 3.5 and 5.5 mA, respec-
tively. In these EL spectra, there is an emission band in a range
from violet to UV region, but no emission related to deep level,
indicating that the LED has a good performance. For clarifying
the origin of the EL emission band from violet to UV, we measured
the PL spectra of the ZnO, GaN and MgZnO/ZnO films grown on
sapphire substrates under the corresponding condition of fabricat-
ing heterojunction, respectively, as shown in Fig. 4b. The PL spectra
of the ZnO and GaN reveal sharp PL emission peak at 3.3 and
3.42 eV, which is ascribed to the radiative recombination of free-
Fig. 3. Schematic diagrams of device structures of (a) p-MgZnO/i-ZnO/n+-GaN and
characteristics of p-MgZnO/i-ZnO/n+-GaN and p-MgZnO/i-ZnO/n+-Si double heterostructu
p-MgZnO/i-ZnO/n+-Si devices. The inset shows the I–V curves in semilogarithmic scale.
exciton in ZnO and near band edge in GaN, respectively. These re-
sults indicate that both ZnO and GaN layers have high photolumi-
nescence quality. However, for the MgZnO/ZnO film, there exist
two distinct peaks in the PL spectrum. The strong and weak peaks
are located at about 3 and 3.39 eV, respectively. The peak at
3.39 eV is attributed to the near-band-edge (NBE) of the MgZnO al-
loy. The emission at about 3 eV is related to defects. There may be
two main factors leading to the emission at 3 eV: (i) the recombi-
nation of donor–acceptor pair (DAP) in the p-MgZnO layer due to N
doping and (ii) defects induced by lattice-mismatch at the p-
MgZnO/ZnO interface. Meanwhile, the EL emission band covers
the range of 3–3.3 eV, involving the emissions of NBE (3.2–
3.3 eV) and defects (�3 eV). Thus, it is reasonable that the emission
band is fitted to two peaks. The inset of Fig. 4a shows the Gaussian
fitting result of the EL emission band at the injection current of
5.5 mA. One fitting peak is at 3 eV and the other is at about
3.25 eV. Combined with the PL spectra, it is deduced that the EL
emissions at 3 eV originates from the p-MgZnO layer or p-
MgZnO/ZnO interface, and the emission at 3.25 eV originates from
the ZnO layer. At low injection current, the peak at about 3 eV is
much stronger than the one at 3.25 eV. The intensity of the peak
at 3.25 eV increases with the increase of the injection current. As
the injection current is 5.5 mA, the peak at 3.25 eV is dominant.
Therefore, it is deduced that the increase of the injection current
can improve the quality of the EL emission in the UV region.

The EL spectra of the p-MgZnO/i-ZnO/n+-Si double heterojunc-
tion are shown in Fig. 4c. It is observed there is a strong emission
band at the visible region and a weak violet-UV emission peak in
the EL spectra. The result is significantly different from the p-
MgZnO/i-ZnO/n+-GaN heterojunction. To clarify the origin of the
EL, we also performed the PL measurement for the p-MgZnO/i-
ZnO/n+-Si double heterojunction, as shown in Fig. 4d. Similar with
the EL spectra, there is also a strong visible emission band and a
weak violet-UV emission peak. It is deduced that the weak peak
at �3 eV should be the same origin with the p-MgZnO/i-ZnO/n+-
GaN heterojunction. The strong emission band at �2.5 eV is attrib-
(b) p-MgZnO/i-ZnO/n+-Si double heterostructures. (c) Room temperature I–V
ral LEDs. The threshold voltages are 3.8 and 6 V for the p-MgZnO/i-ZnO/n+-GaN and

(d) Ohmic contact characteristics of the In-n-GaN, In-n-Si and Au/Ni-p-MgZnO.



Fig. 4. RT EL and PL spectra of the (a), (b) p-MgZnO/i-ZnO/n+-GaN and (c), (d) p-MgZnO/i-ZnO/n+-Si double heterojunction LEDs.
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uted to the radiative recombination of deep level defects from the
ZnO or MgZnO layers. The EL difference between both devices re-
sults from different quality of the MgZnO/ZnO layers grown on dif-
ferent lattice mismatch substrates.

In order to further elucidate the origin of the EL difference, the
schematic diagrams of band alignments in the p-MgZnO/i-ZnO/n+-
GaN and the p-MgZnO/i-ZnO/n+-Si double heterojunctions under a
Fig. 5. Schematic diagrams of energy bands of (a) p-Mg0.05Zn0.95O/i-ZnO/n+-GaN
and (b) p-Mg0.05Zn0.95O/i-ZnO/n+-Si double heterostructures at forward bias
voltage.
forward bias are illustrated in Fig. 5a and b, respectively. The ratio
of the conduction-band offset (CBO) to valance-band offset (VBO)
at the interface of MgO/ZnO heterojunction is calculated to be
about 4 according to the electron affinity and band gap of MgO
and ZnO, in good agreement with the XPS measurement result
[47]. The band gap of Mg0.05Zn0.95O alloy is estimated to be
0.1 eV larger than that of ZnO according to the relation between
band gap and Mg content [48]. Thus, the CBO and VBO at the inter-
face of the Mg0.05Zn0.95O/ZnO heterojunction are estimated to be
0.08 and 0.02 eV by linear extrapolation, respectively. Similarly,
the CBO and VBO at the interface of the ZnO/GaN heterojunction
are determined to be 0.15 and 0.09 eV, respectively. For the ZnO/
Si interface, the CBO and VBO are estimated to be 0.2 and
2.45 eV, respectively. In this case, electrons can be confined in
the ZnO layer due to the electron barriers at the both interfaces
of the double-heterostructures. As a forward bias is applied to
the LEDs, holes from the MgZnO layers and electrons from the
GaN or Si layer are injected into the ZnO layer, in which radiative
recombination of electrons and holes happens. Thus, the quality
of the ZnO layer determines the performance of the EL. The high
quality of ZnO layer grown on the small lattice-mismatched GaN
substrate gives rise to a good emission performance. Oppositely,
the poor quality of ZnO layer grown on the large lattice-mis-
matched Si substrate leads to the strong visible emission.
4. Conclusions

We have comparatively investigated the EL performance of the
p-Mg0.05Zn0.95O/i-ZnO/n+-GaN and p-Mg0.05Zn0.95O/i-ZnO/n+-Si
double heterojunction LEDs grown on different lattice-mismatched
substrates. The I–V curve measurements show clear rectification
characteristics with a threshold voltage of 3.8 and 6 V for the p-
Mg0.05Zn0.95O/i-ZnO/n+-GaN and p-Mg0.05Zn0.95O/i-ZnO/n+-Si dou-
ble heterojunctions, respectively. Both LEDs shows different EL
performance. A strong violet-UV EL emission and no deep level re-
lated emission were observed for the p-Mg0.05Zn0.95O/i-ZnO/n+-
GaN double heterojunction. In comparison, a dominant visible
emission band and a weak UV emission peak were observed for
p-Mg0.05Zn0.95O/i-ZnO/n+-Si double heterojunction. The difference
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between both LEDs is due to different quality of the MgZnO and
ZnO layers grown on different lattice mismatch substrates.
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