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n-ZnO/p-GaN heterojunction light-emitting diodes with a p-GaN/Al0.1 Ga0.9 N/n+ GaN polarization-induced tunneling junction (PITJ) were fabricated by metal-organic
chemical vapor deposition. An intense and sharp ultraviolet emission centered at
∼396 nm was observed under forward bias. Compared with the n-ZnO/p-GaN reference diode without PITJ, the light intensity of the proposed diode is increased
by ∼1.4-folds due to the improved current spreading. More importantly, the studied
diode operates continuously for eight hours with the decay of only ∼3.5% under
20 mA, suggesting a remarkable operating stability. The results demonstrate the
feasibility of using PITJ as hole injection layer for high-performance ZnO-based
light-emitting devices. © 2016 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4971272]

ZnO has been considered as a promising material for ultraviolet (UV) light-emitting diodes
(LEDs) and laser diodes owing to its high exciton binding energy of 60 meV and large direct band
gap energy of 3.37 eV at room temperature.1–3 At present, the reproducible fabrication of stable,
high-quality p-type ZnO is still a challenge, which hinders the development of ZnO-based homojunction LEDs.4–7 An alternative approach is to fabricate heterojunction devices by using other
available p-type materials, such as p-GaN, p-Si, p-NiO, p-type organics etc.8–15 Among them, GaN
has been considered as the most suitable one because of its similar energy band structure and small
lattice mismatch with ZnO. However, the staggered band alignment (type II) of the n-ZnO/p-GaN
heterojunction inevitably causes an energy barrier at the heterointerface, resulting in low injected
carriers that can cross the junction for electron-hole recombination and degrading the performance
of the device. To solve this problem, one-dimensional ZnO nanorods (NRs) have been implemented
to improve the carrier injection though nanosized heterojunctions.16 Meanwhile, high homogeneous
crystallinity presenting in ZnO NRs provides excellent transportation paths for injected electrons and
serves as the escaping routes for trapped light to enhance the light extraction efficiency.17 However,
for all this, typical ZnO NRs/p-GaN LEDs still suffer from a low light output due to the inherently
high resistivity of p-GaN layer. It is well known that the high resistivity may result in a poor current
spreading within p-GaN layer, yielding inhomogeneous light emission. Furthermore, the junction
heating effect at high current level also leads to failure of device operation, which seriously hinders
the realization of commercial application for n-ZnO/p-GaN heterojunction LEDs. “Recently, making
use of the strong spontaneous and piezoelectric polarization effects in III-nitrides, the polarizationinduced tunneling junction (PITJ) has been widely investigated for both the metal-face (Ga/Al/In-face
for c+ growth orientation) and the nitrogen-face (N-face for c-growth orientation) III-nitride heterojunctions.”18–22 And employing PITJ as hole injection layer has been suggested as an efficient method
to enhance the current spreading in GaN-based LEDs.23–25 However, to date, PITJ has never been
investigated or demonstrated for ZnO-based LEDs. In this work, n-ZnO NRs/p-GaN heterojunction
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LEDs with a p-GaN/Al0.1 Ga0.9 N/n+ -GaN PITJ were fabricated by metal-organic chemical vapor
deposition (MOCVD). An enhanced light output and operating stability are simultaneously realized
in the proposed diode owing to the improved current spreading and the subdued junction heating
effect.
n-ZnO/p-GaN heterostructured LEDs with a p-GaN/Al0.1 Ga0.9 N/n+ -GaN PITJ were fabricated
by two different MOCVD systems. First, p-GaN/Al0.1 Ga0.9 N/n+ -GaN PITJ was grown on commercially available c-plane Al2 O3 substrates using AIXTRON CCS 3×200 FT MOCVD. Trimethylaluminum (TMAl), trimethylgallium (TMGa) and high-purity ammonia (NH3 ) were used as the source
precursors for Al, Ga and N, respectively. Bis-cyclopentadienyl magnesium (Cp2 Mg) and silane
(SiH4 ) were employed as the p- and n-type GaN dopants, respectively. Hydrogen (H2 ) was used as a
carrier gas in the whole growth process. Prior to the deposition, Al2 O3 substrate was cleaned in H2
for 5 min at 1250 ◦ C. After the growth of ∼2 µm GaN template, a ∼300 nm n-GaN layer was grown at
1040 ◦ C, followed by a ∼15 nm n+ -GaN layer with a Si doping concentration of ∼1 × 1020 cm 3 . The
temperature was then ramped up to 1060 ◦ C for the growth of ∼10 nm Al0.1 Ga0.9 N layer, followed by
a ∼300 nm p-GaN layer with a Cp2 Mg doping concentration of ∼1 × 1018 cm 3 . Thereafter, verticalaligned ZnO NRs were prepared on the top of p-GaN films by photo-assisted MOCVD. Details on the
growth of ZnO NRs can be found elsewhere.26 For LEDs preparations, the standard lithography and
etching steps were used. Au, In and Ni/Au were deposited on n-ZnO NRs, n-GaN and p-GaN films as
contact electrodes, respectively. The surface morphology and crystallinity of ZnO NRs were investigated by field emission scanning electron microscopy (SEM; Jeol-7500F) and X-ray diffractometer
(XRD; Rigaku Ultima IV), respectively. The photoluminescence (PL) spectra were recorded using a
spectrometer (Jobin Yvon iHR550) with a He-Cd laser (325 nm, 20 mW) as the excitation source.
The current-voltage (I-V ) characteristics of the fabricated diode were measured by using a precision
source/measure unit (Aligent B2902A). The electroluminescence (EL) measurement system used
here consisted of a spectrometer (Zolix Omni-λ 500), and a photomultiplier.
Figure 1(a) shows the top-view SEM image of the prepared n-ZnO NRs arrays. The nearly
vertical and homogeneous ZnO NRs with a diameter of ∼100 nm can be clearly observed.
Figure 1(b) presents the wide-range XRD pattern of the n-ZnO/p-GaN/PITJ heterostructure. The
(0002) diffraction peaks of n-ZnO NRs, GaN and Al0.1 Ga0.9 N, and the (0006) diffraction peak of
c-Al2 O3 can be detected, indicating that the produced ZnO NRs arrays are preferentially oriented in
c-axis direction. Figure 1(c) shows the PL spectrum of the produced n-ZnO NRs. The ZnO spectrum
is characterized by a dominant UV emission peak located at 376 nm, which can be attributed to the
near-band-edge (NBE) emission of ZnO. The absence of visible emission bands is the signature of
very low concentration of defects in ZnO NRs, making the material suitable for use in UV LEDs.27
Fig. 2(a) shows the I-V characteristic of PITJ. The positive bias is defined when applying the
positive voltage on the p-GaN layer. It can be seen that the reverse current is much higher than the
forward current. At the same time, an obvious nonlinearity shows in the I-V curve at zero bias. These
typical behaviors of backward-diode can be attributed to the interband tunneling effect in the AlGaN
insert layer.28,29 The interband tunneling can form the holes in the valence band of p-GaN. The good
reverse bias characteristic indicates the big tunneling probability, which means that the produced

FIG. 1. (a) Top-view SEM image of ZnO NRs grown on p-GaN template. (b) XRD patterns of GaN, AlGaN and ZnO NRs.
The inset of (b) shows the enlarged view of the (0002) peaks of ZnO NRs, p-GaN and Al0.1 Ga0.9 N. (c) PL spectrum of
ZnO NRs.
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FIG. 2. (a) I-V characteristic of PITJ. The inset of (a) shows the schematic diagram of the PITJ device. (b) I-V characteristics
of the device A and device B. The inset of (b) shows the schematic diagram of the three-terminal device. (c) I-V characteristics
of Au on n-ZnO, Ni/Au on p-GaN and In on n-GaN.

PITJ can supply sufficient holes for the device. The inset of Fig. 2(b) shows the schematic diagram
of the three-terminal device. When the voltage is applied across the n-GaN and the n-ZnO NRs, the
device is an n-ZnO/p-GaN heterojunction with PITJ, marked as device A. When the voltage is applied
across the p-GaN and the n-ZnO NRs, the device is a conventional n-ZnO/p-GaN heterojunction,
marked as device B. Fig. 2(b) shows I-V characteristics of device A and device B. Both devices show
clear rectification behavior with almost the same turn-on voltage of about 3 V. The measured series
resistances of device A and device B are 253 Ω and 617 Ω at 7 mA, respectively. The decrease in series
resistance of device A can be attributed to the reduction of lateral resistance and contact resistance
by using n-GaN as the current spreading layer instead of p-GaN. The three linear curves, shown in
the Fig. 2(c), reveal good Ohmic contacts of Au on ZnO, Au/Ni on p-GaN and In on n-GaN, which
indicates the rectification behaviors arise from the heterojunctions.
Fig. 3(a) shows the EL spectra of device A ranging from 10 mA to 20 mA. A dominant UV
emission at ∼396 nm with a full width at half maximum of ∼25 nm is observed, accompanied with a
weak visible emission band at ∼543 nm. As the current is increased, the EL emission peak position
is almost unchanged and the corresponding intensity increases quickly. To understand the origins
of the light emission of device A, a representative EL spectrum measured at 20 mA is decomposed
with Gaussian functions. As shown in the inset of Figure 3(a), the strong emission peak centered at
∼396 nm can be well composed of three different bands, which are NBE emission in n-ZnO around
∼390 nm, donor-acceptor pair recombination in p-GaN around 422 nm, and radiative recombination
at n-ZnO/p-GaN interface around 402 nm, respectively. The weak visible emission peak centered
at ∼543 nm comes from the defect-related deep level recombination in n-ZnO NRs. To verify the
enhanced EL performance of the device A, the spectral characteristics of the referenced device B
was measured for comparison. As shown in Figure 3(b), the EL performance of device B is similar
to that of device A with a dominant UV emission at ∼396 nm. Obviously, the device A could yield
a more impactful emission output that that of device B. Fig. 3(c) shows the integrated EL intensities
of device A and B as a function of driving currents. It can be seen that the EL intensities of device A

FIG. 3. (a) EL spectra of device A under different currents ranging from 10 mA to 20 mA. The inset of (a) shows the Gaussian
decomposition of a representative EL spectrum from device A measured at 20 mA. (b) EL spectra of device B under different
currents ranging from 10 mA to 20 mA. (c) Integrated EL intensities of device A and B as a function of driving currents.
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FIG. 4. (a) EL spectra of device A versus running time under a continuous current of 20 mA. (b) EL spectra of device B
versus running time under a continuous current of 20 mA. (c) Integrated EL intensities of device A and device B as a function
of operating time of the LED.

are higher than those of device B at all comparable currents. At the current value of 20 mA, the light
output power of device A shows a ∼1.4-folds enhancement compared to device B. The n-GaN layer in
device A has a lower spreading resistance than p-GaN in device B, which increases the emission area
in n-ZnO/p-GaN heterostructure diodes.30 Therefore, we attribute the enhanced light output power
of device A to the improved current spreading.
To estimate the suitability of the device A to practical LED applications, the preliminary stability
study of the EL performance was carried out, in which a continuous current of 20 mA was injected
and the light output power was intermittently recorded by using integrated EL intensity. As shown
in Figure 4(a) and 4(b), the EL intensity of device B has a distinct decrease after 8 hours operation,
while the intensity of device A almost remains the same. This suggests that the device A possesses a
more excellent operating stability than device B. Furthermore, the integrated EL intensities of device
A and device B as a function of operating time of the LED is plotted in Figure 4(c). For device A, the
decrease trend is not obvious, and only ∼3.5% decay in the light output power is observed after an
operating time of 8 hours. The stability of the device A is greatly superior to the referenced device B
where more than 32% decay is observed after aging under the same condition. We consider that the
improved EL performance of device A can be attributed to the following aspects. Because the series
resistance of device A is much lower than that of device B, the effect of junction heating in device
A will be suppressed significantly compare to device B under the same driving current. As a result,
device A can exhibit better operating stability than device B.
In conclusion, n-ZnO/p-GaN heterojunction LEDs with a p-GaN/Al0.1 Ga0.9 N/n+ -GaN PITJ were
designed and fabricated. Compared with the n-ZnO/p-GaN heterojunction diode without PITJ, the
proposed diode shows a higher light intensity and a remarkable operating stability. The improved
performance of the studied diode can be attributed to the increased current spreading and the lower
series resistance induced by the PITJ. The present work demonstrates that PITJ could be used as hole
injection layer for high-performance ZnO-based LEDs.
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(20150519004JH and 20160101309JC), and the Program for New Century Excellent Talents in
University (NCET-13-0254).
1 M.

H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo, and P. Yang, Science 292, 1897 (2001).
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