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Abstract : We report the fabrication and characterization of light-emitting diodes based on n-ZnO/ p- GaN hetero-
junctions. The ntype ZnO epilayer is deposited by metalorganic chemical vapor deposition (MOCVD) on a
MOCVD grown Mg-doped p-GaN layer to form a p-n heterojunction. During the etching process, the relation be-
tween the etching depth and the etching time islinear in a HF and N H4Cl solution of a certain ratio. The etching
rates of the SiO2 and ZnO are well controlled,which are essential for device fabrication. The current-voltage rela-
tionship of this heterojunction shows a diode-like rectif ying behavior. In contrast to previous reports,electrolumi-
nescence (EL) emissions are observed by the naked eye at room temperature from the n- ZnO/ p- GaN heterojunc-
tion under forward- and reverse-bias. The origins of these EL emissions are discussed in comparison with the pho-

toluminescence spectra.
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1 Introduction

It iswell known that ZnO has several proper-
tiessimilar to GaN'™ * |such as a wurtzite crystal
structure, a wide bandgap at room temperature,
and a nearly identical in-plane lattice parameter
(the lattice mismatch is about 1. 8 %) . Compared
with GaN, ZnO has some significant advantages,
including a larger exciton binding energy of
60meV and the commercial availability of large
area samples in bulk. Therefore, ZnO is very at-
tractive for blue and UV optoelectronics. Further-
more, ZnO can be easily etched by wet chemical
etching methods. Although p-type ZnO epitaxial
growth technology has been developed during re-
cent years,and a ZnO p-i-n homojunction light-e-
mitting diode has been reported by Tsukazaki et
al." the fabrication of an effective ZnO L ED
still requires further development of reproduci-
ble, excellent, p-type material. There have been
some reports on n-type ZnO heterojunctions,such

1 Corresponding author. Email : ZnO @nju. edu. cn, slgu @nju. edu. cn
Received 23 September 2005 ,revised manuscript received 16 November 2005

Article ID : 0253-4177(2006) 02-0249-05

as on p-type Cu.0''. However ,due to the device
interface caused by a large lattice mismatch, the
device performance was greatly impaired. Consid-
ering the close lattice parameters of ZnO, GaN ,
and SiC,there were some early reports on the fab-
rication of L EDs based on ZnO/ GaN and ZnO/
SiC heterostructures'® ®. Some reports suggest
that the 430nm emission from ZnO/ GaN under
forward bias originates from the deep level of p-
GaN' and other papers have reported emissions
from the ZnO/SiC heterojunction under reversed
bias'*® ,but no emission has been observed under
forward bias. Similar results have also been ob-
served in a nanorod array nm-ZnO/p-GaN hetero-
structure™ . In this study,we report the fabrica-
tion and emission properties of nZnO/p-GaN
heterojunction L EDs. The current-voltage rela
tionship of this heterojunction shows a diode-like
rectifying behavior. In contrast to previously re-
ported results, different efficient electrolumines
cences (EL) are observed at room temperature
from the n-ZnO/p-GaN heterojunction under
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both forward-bias and reverse-bias. Detailed re-
sults and discussion are provided to explain the a-
bove results.

2 Experiment

In this study,a Mgdoped p-GaN layer (
600nm) was first grown on sapphire (0001) sub-
strate by the standard MOCVD growth proce-
dure. After activation of the acceptors by rapid
thermal annealing in N2 ambient ,the GaN sample
was put into another low pressure MOCV D system
for ZnO growth. Then,a ZnO buffer layer was
grown on GaN at 400 for 5min,and an intrinsic
n-ZnO film of 600nm was deposited at 600
Hall measurements show that the hole concentra-
tion and mobility of GaN are p =5. 8 x10” cm™°
andMp, =25cm”?/ (V - s) ,and the electron concen-
tration and mobility of ZnO are n=8 x10"cm™*
andMn, =18cm ?/ (V - s) ,respectively.

The L ED device fabrication processes are as
follows. First,the n-ZnO layer was partly etched
away down to the p-GaN layer with a5 % HCI so-
lution after masking the surface. Second,after de-
positing a SiO:z thin film on the surface for protec-
tion,the surface was masked for the second time.
Third,5% HF and NH.Cl solutions were used to
etch away some parts of the SiO2 down to the n-
ZnO through a 6@ m x 80 m opening in the
mask. Finally ,Al was evaporated on the surface to
be used as electrodes on the ZnO and GaN. In the
third masking and etching process, unwanted Al
was etched away using a certain ratio of HsPOa
CHzCOOHs H:0 solution. It is found that the
Al was etched by this solution,but SiO: is very re-
sistive to it. A schematic diagram of the final het-
erojunction structure is shown in the inset of
Fig.1.

During the device fabrication process, the
etching away of too much ZnO should be avoided
when etching the SiO.. However, ZnO is easily
etched away by acid solution. The chemical char-
acteristics of ZnO result in the etching of ZnO by
HF solution during the SiO: etching,causing dam-
age to the device. Thus it is critical to control the
HF solution etching rate of SiO: and ZnO for
ZnO device fabrication. By varying the ratio of
HF,NHs+F,and H:0, the etching rates of both
SiO2 and ZnO were well controlled in this work.
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Fig.1 Etching depth of SiO2/ ZnO as a function of
etching time at room temperature Inset shows the
diagram of n-ZnO/ p- GaN heterojunction L ED device.

Figure 1 shows the etching thickness dependence
on the etching time. Both SiO2 and ZnO etching
thickness have a nearly linear relationship with
the etching time when using a certain percentage
of NH4F,indicating that the H" ion density in the
solution has been well controlled during this etch-
ing process. The etching rates were kept slow e-
nough ,with etching rates for SiO. and ZnO of 340
and 260nm/ min respectively. Under these condi-
tions,the etching of ZnO can be easily prevented
by controlling the SiO: etching time during the
SiO2 etching process.

The electroluminescence of the n-ZnO/p-
GaN L ED was performed under both forward and
reversed biased conditions at room temperature
(RT).RT photoluminescence spectra were recor-
ded as excited by a He-Cd laser (325nm) .

3 Resultsand discussion

The current-voltage (1-V) relationship of the
fabricated heterojunction at RT is presented in
Fig.2,exhibiting a diode-like rectifying behavior.
The forward turn-on voltage of this n-p hetero-
junction is around 1. 7V ,which seems quite low.
This may be due to the existence of interface de-
fects!™ . The leakage current under reverse bias is

8 x 10" °A. It is also noticed that the current
does not increase distinctly with the bias voltage.
However, the forward characteristics in Fig. 2
were obtained when the np junctions were under
reverse bias,indicating that there exists another
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potential barrier ,which is thought to be generated
by the presence of alarge Schottky barrier formed
by the Al contact to the p-GaN. In fact ,the Al/p-
GaN/ Al |-V relationship does show non-ohmic
contact behavior which is not shown here,and the
Al/ p-GaN Schottky contact is then under the for-
ward-bias. The n-ZnO/p-GaN heterojunction
shows type band alignment, as also shown in
the inset in Fig. 2. The conduction band offset is
A Ec=X (GaN) - X (ZnO) = - 0. 15eV , and the
valance band offset A Ec isA Ev = E (GaN) -
E;(ZnO) +A Ec = - 0. 13eV.
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Fig.2 Current-voltage relationship and energy-band
diagram of an n-ZnO/ p-GaN heterojunction device

The forward-voltage of this I-V curve was
formed when voltage for the n-p junctions was un-
der reverse-bias voltage and the Schottky contact
was under forward bias. Considering the existence
of Schottky contacts, the whole structure boils
down to two resistorsin series. Oneis an n-p junc-
tion,and the other results from the Schottky con-
tact. The injection current through the junction
(Jon) can be derived into two branches'*' . One is
the electrominjected current (J.) ,the other is the
hole-injected current (Jy) . Under the forward bi-
as of this L ED structure,the current of the n-p
junction is Jep = Jp + Jn. The current flows from
the n-ZnO to the p-GaN ,the reverse of the np
junction direction. At the same time,the Schottky
contact is under forward bias. Thus,the total for-
ward current of this structureis J = Jnp, Which is
mainly determined by the p-n junction reversed
behavior with a small current. The small current
may be caused by a large number of defectsin the
n-ZnO/ p- GaN interf ace.

On the other hand,when the device is reverse
biased ,the n-p junction is then f orward-biased and

the Schottky contact is reverse-biased. Thus, the
total reverse current of this structure is J = Jms,
which is mainly determined by the Schottky con-
tact junction reversed behavior. The small current
may be caused by the defectsin the Al/p-GaN in-
terface, where some mixed phase structures are
corrosiomnresistant and remain on the p-GaN sur-
face after the ZnO etching process.

Room temperature EL spectra of the n-zZnO/
p-GaN L ED were measured at both forward-bias
(a) and reverse-bias ( b) voltages, as shown in
Fig. 3. A distinct blue EL emission at around
430nm with atail extending to the low energy side
was obtained under reverse bias voltage for the
whole device, but at a forward bias for the p-n
junction, as discussed above. Our results are in
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Fig.3 Room temperature EL spectra of n-ZnO/ p-
GaN under forward-bias (a) and reverse-bias (b) volt-
ages

good agreement with previous works, which at-
tributed it to the injection of electronsfrom the n-
ZnO side into the p-GaN side!®*. In order to
study the origin of this emission, PL was used to
characterize the p-GaN (curve c) and n-ZnO
(curve a) ,asshownin Fig.4. The ZnO has only a
strong near band edge emission at 376nm and no
deep level emissions. Compared with that of ZnO,
the PL intensity of GaN is much smaller,which
possibly due to a large number of nonradiative
centers in the material caused by Mg incorpora-
tion. The weak emission of GaN ,around 365nm,is
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attributed to band edge emission of the GaN. A
broad emission of GaN around 390nm with a
broad tail extended to the low energy side was al-
so observed,which is related to the donor-accep-
tor-pair radiative transitions™™ . However ,contra-
ry to previous results, no photoluminescence peak
was observed around 430nm in the p-GaN sam-
ples.
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Fig. 4 Room temperature PL spectra of as-grown

ZnO (curve a) , GaN prior to ZnO growth (curve c) ,
and also GaN sample (curve b) which has undergone
ZnO growth and then been removed

Another p-GaN sample (curve b) was then
employed for photoluminescence measurement,
which had undergone ZnO growth and acid solu-
tion etching to remove the ZnO epilayer. This
sample shows a distinct broad emission around
430nm apart from the near-band emission and
DA P emission,as shown in Fig.4. By comparison
with the PL of p-GaN, it is believed that this
broad emission comes from the interface defects
which formed during the ZnO growth procedure.

Under the forward-biased condition, as
shown in curve ain Fig.3,the EL emission is cen-
tered at 3. 2eV (382nm) with a relatively small
peak width. The peak energy of this emission co-
incides well with that in the photoluminescence
spectrum of p-GaN. When the device is under re-
verse-bias,the n-p junction shows reverse charac-
teristics while the Schottky junction shows for-
ward characteristics. Electrons may be injected
from Al into p-GaN to recombine with holes in

the GaN region to give an emission around
382nm. The absence of the near bandgap emission
of the p-GaN may result from the low emission in-
tensity and the self-absorption of the p-GaN sam-
ple surface layer formed during the ZnO growth.

4 Conclusion

I'n this study ,both the fabrication process and
wet etching technique to make n-ZnO/ p-GaN het-
erojunction L EDs have been demonstrated. By va-
rying the ratio of HF ,NH4F and H:0 ,the etching
rates of SiO2 and ZnO were well controlled. The
n-ZnO/ p- GaN heterojunction exhibits a diode-like
rectif ying behavior with a small threshold voltage
of 1. 7V.Distinct EL emissions under forward and
reverse biases were observed by the naked eye.
The emission around 430nm under reverse-bias
voltage for the device is attributed to interface de-
fects between the ZnO and GaN, which were
formed during the ZnO growth on the GaN , and
the emission of 382nm that comes from the GaN
under forward-bias voltage for the device is at-
tributed to electrons injected from the Al into the
p-GaN to recombine with holes in the GaN re-
gion.
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