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The electroluminescence from an n-MgZnO / i-ZnO /MgO / p-GaN asymmetric double
heterojunction has been demonstrated. With the injection of electrons from n-MgZnO and holes
from p-GaN, an intense ultraviolet emission coming from the ZnO active layer was observed. It is
revealed that the emission intensity of the diode recorded from the MgZnO side is significantly
larger than that from the MgO side because of the asymmetric waveguide structure formed by the
lower refractive index of MgO than that of MgZnO. The asymmetric waveguide structure reported
in this letter may promise a simple and effective route to light-emitting diodes with improved
light-extraction efficiency. © 2010 American Institute of Physics. �doi:10.1063/1.3301614�

Short wavelength light-emitting diodes �LEDs� have wit-
nessed a number of milestone progresses in recent years,1–3

and improving the light-extraction efficiency has been one of
the most important issues in the further development of
ultraviolet-blue LEDs.4 A variety of methods have been
employed to improve the extraction efficiency of LEDs.
A widely employed route is a texturing on transparent
electrodes.5–7 However, surface texturing requires expensive
and energy-consuming process, and the long exposure to
etchants in the texturing process will degrade the perfor-
mance of LEDs. Photonic crystal and conductive omnidirec-
tional metal reflector �ODR� have also been used to increase
the extraction efficiency.8–11 However, the extrinsic photonic
crystal or ODR will inevitably increase the cost, size, and
complexity of LEDs. If an intrinsic modification on the
structure of LEDs can be proved to be useful for enhancing
the extraction efficiency of LEDs, the importance and sig-
nificance of this route will be self-evident.

In this letter, an n-MgZnO / i-ZnO /MgO / p-GaN asym-
metric double heterojunction �ADH� diode has been de-
signed and prepared. Because of the much smaller refraction
index of MgO than that of MgZnO, the emitted light will
tend to emit from the MgZnO side �top surface� instead of
the MgO side �bottom surface�. Consequently, the light ex-
traction of the diode from the top surface is enhanced sig-
nificantly.

The ADH LED is prepared by depositing MgO, i-ZnO,
and n-MgZnO in sequence onto a commercial available
p-GaN/sapphire template using a metal-organic chemical va-
por deposition technique. The GaN layer shows a p-type
conduction with a hole concentration and mobility of
about 3.0�1017 cm−3 and 10 cm2 V−1 s−1, respectively. The
precursors used for the MgO, ZnO, and MgZnO growths
were biscyclopentadienyl-Mg, diethylzinc and high purity
�99.999%� oxygen, and nitrogen was used as a carrier gas.
The as-grown MgZnO film showed n-type conduction with
an electron concentration of 2.5�1017 cm−3 and a mobility
of 2.0 cm2 V−1 s−1. The Mg content in the MgxZn1−xO film
determined by x-ray photoelectron spectroscopy is 18%.
Photoluminescence �PL� spectra of the films were recorded

in a JY-630 micro-Raman spectrometer with the 325 nm line
of a He–Cd laser as the excitation source. Electrolumines-
cence �EL� measurements were carried out in a Hitachi
F4500 spectrometer. The EL intensity distribution of the
device was computed using crosslight PICS3D simulation
software.

The inset of Fig. 1 shows a schematic illustration of the
ADH diode. It consists of a 2 �m p-type GaN layer, a 30
nm MgO dielectric layer, a 3 nm ZnO active layer, and a 350
nm n-type Mg0.18Zn0.82O layer. The current-voltage �I-V�
curve of the ADH LED structure is shown in Fig. 1. The
turn-on voltage derived from the I-V curve is about 10 V.
The relatively large turn-on voltage may be due to the rela-
tively high resistance of the MgO layer.

Shown in Fig. 2 are the room temperature EL spectra of
the ADH LED collected from the top and bottom surface
under the same injection current, which will be named as top
surface spectrum and bottom surface spectrum, respectively,
in the following text for simplicity. Note that the bottom
surface spectrum has been magnified by three times for com-
parison. One can see that both spectra show a broad emission
at around 400 nm, which may come from the transition of
the defect levels in the ZnO or Mg0.18Zn0.82O layer. Besides
the broad emission, the top surface spectrum shows a distinct
ultraviolet �UV� emission peak at 363 nm.

a�Electronic mail: phycxshan@yahoo.com.cn.

FIG. 1. �Color online� Typical I-V curve of the diode, revealing good rec-
tifying behavior with a turn-on voltage of about 10 V. Note that the dashed
line is a guide to the eyes. The inset illustrates the structure of the
n-Mg0.18Zn0.82O / i-ZnO /MgO / p-GaN ADH LED.
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In order to explore the origin of the UV emission at
363 nm, the PL spectra of the p-GaN layer and
n-Mg0.18ZnO0.82 / i-ZnO /MgO structure have been measured,
as illustrated in Fig. 3. The spectrum of the p-GaN is domi-
nated by a broad peak centered at about 435 nm, which is
frequently observed in Mg doped p-GaN, and can be attrib-
uted to transition between conduction band electrons or do-
nors and Mg-related acceptors.12 The spectrum of the
n-Mg0.18ZnO0.82 / i-ZnO /MgO structure shows two intense
emission bands at 340 nm �3.65 eV� and 367 nm �3.37 eV�.
The former can be attributed to the near-band-edge emission
of the Mg0.18Zn0.82O film because its position is very close to
the band gap of Mg0.18Zn0.82O �3.68 eV�,13 while the latter is
from the ZnO active layer, and the blueshift comparing with
the band gap of ZnO is due to the quantum confinement
effect caused by the two-dimensional potential well formed
in the heterojunction considering the thickness of ZnO is
only 3 nm.14 The well accordance of the PL and EL emission
confirms that the EL emission at 363 nm comes from the
exciton recombination in the ZnO active layer. Note that 363
nm is the shortest EL emission ever reported in ZnO-based
pn junctions.15 This peak is absent in the spectrum recorded
from the bottom surface, which is a result of the absorption
by the GaN layer.

A schematic diagram of the band alignments of the
ADH diode under forward bias revealing the mechanism of
the EL emission is shown in the inset of Fig. 3. The carrier

transportation process in similar p-GaN /MgO /n-Zn�Mg�O
heterojunctions has been detailed in our previous
publication.16,17 Briefly, electrons in the n-MgZnO layer will
drift into the ZnO layer under forward bias, and the large
conduction band offset �3.55 eV� at the ZnO/MgO interface
will prevent electrons from passing across the MgO layer
and entering into the GaN layer. As for holes, the barrier
height that hinders the holes in p-GaN from entering into the
ZnO is much smaller �0.9 eV�, and the effective thickness of
the barrier will decrease significantly due to the band bend-
ing of the MgO layer under the forward bias. Consequently,
holes in the p-GaN layer can enter into the ZnO. As a result,
efficient emission from the ZnO active layer was obtained.

Another noteworthy phenomenon in the EL of the ADH
LED is that the integrated emission intensity collected from
the top surface is much larger than that from the bottom
surface. To verify this discrepancy, a GaN/sapphire template
was placed onto the top surface of the diode, and the emis-
sion from the top and bottom surface of the diode is col-
lected. In this way, the possible interference caused by the
GaN or sapphire can be avoided, the results of which are
shown in Fig. 4. As evidenced from the figure, the integrated
intensity recorded from the top surface is significantly larger
than that from the bottom surface. In order to illustrate the
discrepancy, the EL intensity distribution of the device was
computed using PICS3D simulation software. Figure 5�a�
shows the simulation of the two-dimensional optical field
profile in the device. A calculation of optical field intensity
distribution in the ADH structure with the indicated refrac-
tive index and thickness of each layer is shown in Fig. 5�b�.
As can be seen, the optical intensity recorded from the bot-
tom surface is much weaker than that from the top surface.

FIG. 2. �Color online� Room-temperature EL spectra of the
n-Mg0.18Zn0.82O / i-ZnO /MgO / p-GaN ADH diode collected from the top
and bottom surface under the same injection current, note that the spectrum
from the bottom surface has been magnified by three times.

FIG. 3. �Color online� Normalized PL spectra of the
n-Mg0.18Zn0.82O / i-ZnO /MgO structure and p-GaN layer. The
inset shows the diagram of the band alignment of the
n-Mg0.18Zn0.82O / i-ZnO /MgO / p-GaN ADH diode under forward bias.

FIG. 4. �Color online� The integrated EL intensity recorded from the top and
bottom surface of the diode by bonding a GaN/sapphire template on the
MgZnO surface at room temperature, revealing significant enhancement in
the light extraction from the top surface.

FIG. 5. �Color online� �a� The simulation of the two-dimensional optical
field pattern in the device. �b� The computed optical field distribution in the
ADH structure with the indicated refractive index and thickness of each
layer.
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This discrepancy is proposed to result from the asymmetric
waveguide structure formed in the ADH diode because the
refractive index of ZnO �2.45� and Mg0.18Zn0.82O �2.3� is
larger than those of MgO �1.7�. The lower refractive index of
MgO will decrease the penetration of the guided optical
mode into the MgO layer. In other words most of the optical
field will be distributed in the ZnO and MgZnO layer, thus
the light extraction from the top surface will be enhanced. In
fact, MgO has been employed as a waveguide for its smaller
refractive index than ZnO, and random laser with low scat-
tering loss has been realized in ZnO film.18 Similar phenom-
ena have also been observed in GaInN and AlGaInP LEDs,
in which a silver layer with low-refractive-index was em-
ployed to increase the light extraction efficiency.4

In conclusion, an n-Mg0.18Zn0.82O / i-ZnO /MgO / p-GaN
ADH LED has been designed and fabricated. An intense UV
EL emission peak at 363 nm has been observed from the
diode, which is the shortest EL emission ever reported in
ZnO-based pn junctions. The asymmetric waveguide formed
in this ADH structure because of the discrepancy in the re-
fractive index of MgO and Mg0.18Zn0.82O increases the light
extraction efficiency of the diode. We note that this asym-
metric waveguide structure may be applicable in other LEDs,
and thus open a simple route to LEDs with improved extrac-
tion efficiency.

This work is supported by the “973” Program �Grant No.
2006CB604906�, The Knowledge Innovative Program of
CAS �Grant No. KJCX3.SYW.W01�, the NNSFC �Grant
Nos. 10774132 and 60776011�, the Science and Technology
Developing Project of Jilin Province �Grant No. 20090124�,
and the Instrument Developing Project of CAS �Grant No.
YZ200903�.

1S. Nakamura, S. Pearton, and G. Fasol, The Blue Laser Diodes, 2nd ed.
�Springer, Berlin, 2000�.

2A. Tsukazaki, T. Onuma, M. Ohtani, T. Makino, M. Sumiya, K. Ohtani, S.
F. Chichibu, S. Fuke, Y. Segawa, H. Ohno, H. Koinuma, and M. Ka-
wasaki, Nature Mater. 4, 42 �2005�.

3S. J. Jiao, Z. Z. Zhang, Y. M. Lu, D. Z. Shen, B. Yao, J. Y. Zhang, B. H.
Li, D. X. Zhao, X. W. Fan, and Z. K. Tang, Appl. Phys. Lett. 88, 031911
�2006�.

4E. Fred Schubert, Light-Emitting Diodes �Cambridge University Press,
Cambridge, UK, 2003�.

5R. H. Horng, C. C. Yang, J. Y. Wu, S. H. Huang, C. E. Lee, and D. S.
Wuu, Appl. Phys. Lett. 86, 221101 �2005�.

6S. J. Chang, C. F. Shen, W. S. Chen, C. T. Kuo, T. K. Ko, S. C. Shei, and
J. K. Sheu, Appl. Phys. Lett. 91, 013504 �2007�.

7Y. Gao, T. Fujii, R. Sharma, K. Fujito, S. P. Denbaars, S. Nakamura, and
E. L. Hu, Jpn. J. Appl. Phys., Part 2 43, L637 �2004�.

8J. J. Wierer, Jr., A. David, and M. M. Megens, Nat. Photonics 3, 163
�2009�.

9T. A. Truong, L. M. Campos, E. Matioli, I. Meinel, C. J. Hawker, C.
Weisbuch, and P. M. Petroff, Appl. Phys. Lett. 94, 023101 �2009�.

10J. K. Sheu, I. H. Hung, W. C. Lai, S. C. Shei, and M. L. Lee, Appl. Phys.
Lett. 93, 103507 �2008�.

11S. K. Kim, H. D. Song, H. S. Ee, H. M. Choi, H. K. Cho, Y. H. Lee, and
H. G. Park, Appl. Phys. Lett. 94, 101102 �2009�.

12M. A. Reshchikov, G. C. Yi, and B. W. Wessels, Phys. Rev. B 59, 13176
�1999�.

13J. Chen, W. Z. Shen, N. B. Chen, D. J. Qiu, and H. Z. Wu, J. Phys.:
Condens. Matter 15, L475 �2003�.

14T. Makino, C. H. Chia, N. T. Tuan, H. D. Sun, Y. Segawa, M. Kawasaki,
A. Ohtomo, K. Tamura, and H. Koinuma, Appl. Phys. Lett. 77, 975
�2000�.

15Y. R. Ryu, T. S. Lee, J. A. Lubguban, H. W. White, B. J. Kim, Y. S. Park,
and C. J. Youn, Appl. Phys. Lett. 88, 241108 �2006�.

16H. Zhu, C. X. Shan, B. Yao, B. H. Li, J. Y. Zhang, Z. Z. Zhang, D. X.
Zhao, D. Z. Shen, X. W. Fan, Y. M. Lu, and Z. K. Tang, Adv. Mater. 21,
1613 �2009�.

17H. Zhu, C. X. Shan, B. H. Li, J. Y. Zhang, B. Yao, Z. Z. Zhang, D. X.
Zhao, D. Z. Shen, and X. W. Fan, J. Phys. Chem. C 113, 2980 �2009�.

18C. Yuen, S. F. Yu, E. S. P. Leong, H. Y. Yang, S. P. Lau, N. S. Chen, and
H. H. Hng, Appl. Phys. Lett. 86, 031112 �2005�.

041110-3 Zhu et al. Appl. Phys. Lett. 96, 041110 �2010�

Downloaded 09 Sep 2012 to 159.226.165.151. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1038/nmat1284
http://dx.doi.org/10.1063/1.2166686
http://dx.doi.org/10.1063/1.1940723
http://dx.doi.org/10.1063/1.2753726
http://dx.doi.org/10.1143/JJAP.43.L637
http://dx.doi.org/10.1038/nphoton.2009.21
http://dx.doi.org/10.1063/1.3067837
http://dx.doi.org/10.1063/1.2980422
http://dx.doi.org/10.1063/1.2980422
http://dx.doi.org/10.1063/1.3097017
http://dx.doi.org/10.1103/PhysRevB.59.13176
http://dx.doi.org/10.1088/0953-8984/15/30/102
http://dx.doi.org/10.1088/0953-8984/15/30/102
http://dx.doi.org/10.1063/1.1289066
http://dx.doi.org/10.1063/1.2210452
http://dx.doi.org/10.1002/adma.200802907
http://dx.doi.org/10.1063/1.1850595

