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Electroluminescent characteristics of n-ZnO/p-GaN heterojunctions under forward and reverse biases are studied.

Emissions at 389 nm and 570 nm are observed under forward bias. An unusual emission at 390 nm appears under
reverse bias, and is attributed to the recombination in the p-GaN side of the heterojunction. The yellow emission

peaked at 570nm is suppressed under reverse bias.
current.

The light intensity exponentially depends on the reverse
The emission under reverse bias is correlated to tunnelling carrier transport in the heterostructure.

Our results also support that the well-known yellow band of GaN comes from the transitions between some

near-conduction-band-edge states and deep localized acceptor states.

PACS: 42.72.Bj, 78.30. Fs, 78.55. —m, 78. 60. Fi

Wide bandgap (3.37 €V at room temperature) ZnO
is a promising material for the application of short
wavelength exciton-based optoelectronic devices!* 3!
due to its larger exciton binding energy of 60 meV.[4
Amenability to conventional chemical wet etching and
availability of large area substrates at relatively low
costl®] further increase its application potential. How-
ever, difficult p-type doping in ZnO impedes the fab-
rication of ZnO-based light-emitting diodes (LEDs)
and laser diodes (LDs) despite some progress in p-
type crystal growth.[6=?! ZnO and GaN are similar in
many aspects of their physical properties, such as the
same wurtzite crystal structure, similar in-plane lat-
tice parameter and energy bandgap. N-ZnO/p-GaN
heterojunction has been recently suggested!!11] and
fabricated!2=15] to overcome the problem in p-doping.
In those works, EL and PL of the n-ZnO/p-GaN
heterojunction were carefully studied. However, EL
was observed under only one kind of bias, either for-
ward (390 nm, 2] 430 nm[*3] and 384 nm[*®) or reverse
(450 nm and 560 nm!'4]). In this Letter, we report the
EL characteristics of an n-ZnO/p-GaN heterojunction
under forward and reverse biases, respectively. Differ-
ent from other reports, under forward bias there are
two EL peaks (one is at 389 nm related to transmission
from the conduction band to a shallow Mg acceptor,
and the other at 570 nm corresponding to the yellow
band emission in p-GaN), only 390 nm peak was ob-
served under the reverse bias, which is ascribed to a re-
combination process in the p-GaN side at the interface
assisted by tunnelling carrier transport. Our results
further demonstrate that the commonly observed yel-
low band is indeed related to the recombination of the

electrons near the conduction-band edge states with
the holes in deep localized acceptor states.!16=19]

Our n-ZnO samples were grown by rf-MBE on
p-GaN substrate, which was previously prepared in
a metal-organic chemical vapor deposition system.
The details of Mg-doped GaN growth can be found
elsewhere.2°! The p-type GaN film has a thickness
of about 2 pm, with a carrier concentration of about
1 x 10'" cm® and room temperature hole mobility of
about 6cm?V~1s~!. Before the ZnO deposition, the
GaN film was first cleaned by in situ thermal anneal-
ing and nitrogen plasma irradiation at 700°C. Zn and
Ga were supplied by evaporating 6N elemental Zn and
7N Ga from commercial Knudsen cells. An oxygen pu-
rifier (SAES) was used to purify the 5N O5. Gas flow
rate was controlled by mass flow controllers (ROD-4,
Aera). An rf-plasma gun was used to produce active
oxygen radicals. A Ga-doped ZnO layer was grown at
680°C for two hours with a growth rate of 6 nm/min.
The Hall measurement showed that the electron con-
centration is 1.2 x 10'® em™3, and the room tempera-
ture mobility is 45 cm? V—1s71.

For convenience of device fabrication, a large size
device (~ 55 mm?) is processed. The large size results
in high series resistance and thus high partial voltage
in the applied voltage, which will be observed in the
EL spectra. The surface of n-ZnO was etched by using
10% HNOj3 aqueous solution before the ohmic contact
process. The ohmic contacts on the n-ZnO and p-
GaN were realized by depositing Ti/Au and Ni/Au,
respectively, followed by a rapid thermal annealing at
520°C.

For our samples, light emission was strong even
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by native eyes under both the forward and reverse
bias. Figure 1 shows the EL spectra under the for-
ward biases: two emission peaks are clearly observed.
One is an ultraviolet emission band at 389 nm with
an FWHM of about 40 nm, and the other is a broad
luminescence band centred at 570 nm, the well-known
yellow band. As the forward bias increases from 30
to 70V in steps of 10V, both the emissions show an
increase of intensity without distinct peak shift. How-
ever, the intensity of the 389 nm peak exceeds the one
at 570 nm when applied forward voltage is larger than
60V due to the saturation of the yellow band state.
The 389 nm peak comes from the transmission from
the conduction band to a shallow Mg acceptor,[21—26]
which is further confirmed by the room-temperature
photoluminescence (PL) experiment shown in the fol-
lowing.
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Fig. 1. EL spectra of the n-ZnO/p-GaN heterojunction
under different forward voltages (from 30 V to 70 V in steps
of 10V, with the sequence from bottom to top). The inset
shows the I~V characteristics.

As shown in the inset of Fig. 1, the I-V character-
istic shows a rectifying diode feature. From the figure,
it is shown that the turn-on voltage is about 6 V al-
though it is soft due to the large series resistance of
the device. Under the reverse bias, the breakdown is
soft also due to the possible effect of defects!'3! and the
breakdown voltage is about 7V assigned as the voltage
where the leakage current is about 10=* A. Compared
with the other result, our turn-on voltage is slightly
higher because the doping concentration of our het-
erostructure diode is not high enough. The behaviour
under the reverse bias is different from a standard p—n
junction, which should show a sharp current increase
at a large reverse voltage.
current also increases softly with increasing reverse
voltage. Figure 2 shows the EL spectrum under dif-
ferent reverse voltage, which shows only one dominant
emission centred at 390 nm and is different from the
spectra under forward bias (Fig.1). Meanwhile, the
emission peak is broadened by a long tail in the long

In our case, the reverse

wavelength (to 650nm). The EL emission exhibits the
similar bias dependence of its intensity and peak po-
sition (from 30 to 90 V), compared to the case under
the forward bias.
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Fig.2. EL spectra of the n-ZnO/p-GaN heterojunction
under different reverse biases (from 30V to 90V in steps
of 10V, with the sequence from bottom to top).

To further understand the origin of the EL spectra,
we carry out the room-temperature PL measurement
of the p-GaN/sapphire and n-ZnO/p-GaN/sapphire
samples. Because the penetration depth of the laser
is less than 1 ym, the n-ZnO layer dominates the PL of
the n-ZnO/p-GaN /sapphire sample. The PL of the p-
GaN/sapphire [Fig. 3(d)] shows two high intense ultra-
violet emission peaks at 367 nm and 386 nm, as well as
a broad yellow band (~ 570 nm).!'6~18:27:28] The emis-
sion at 367 nm corresponds to the band-edge emission
of GaN. The peak at 386nm (3.21eV) is typical in
Mg doped GaN, which comes from the transmission
from conduction band to a shallow Mg acceptor.[21—26]
In contrast, for the n-ZnO/p-GaN/sapphire sample
[Fig. 3(c)], we observe a dominant emission at 378 nm
corresponding to the band-edge emission of ZnO and a
very broad band centred at ~ 650 nm, which is related
to the deep level in ZnO.[2*!

The comparison between EL and PL spectra in
Fig. 3 strongly suggests that the EL emission of the
n-ZnO/p-GaN heterostructure at forward bias comes
from the p-GaN, with the emissions at 390 nm and at
570nm corresponding to the emission related to the
transmission from conduction band to a shallow Mg
acceptor at 386 nm and the well-known yellow band
of GaN, respectively. The red shift of the emission
related to a shallow Mg acceptor in EL is perhaps a
result of the increased temperature of the device when
applied voltage. Due to the large size of the device,
its temperature will increase distinctly with the ap-
plied voltage. In fact, the donor concentration in n-
type ZnO is much higher than the acceptor concentra-
tion in p-type GaN, and most of the depletion region
should be located in the p-GaN side. In addition,
the migration length of electrons is larger than that
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of holes. All these consistently support the scenario
that electrons inject from the n-ZnO to p-GaN and ra-
diative recombination takes place in p-GaN. As seen
from Fig. 3(a), there is no obvious 367 nm emission in
the EL spectrum. This can possibly be explained as
self-absorption effects in the ZnO layer because wave-
length 367 nm is shorter than 378 nm.
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Fig. 3. Comparison of EL with PL of the n-ZnO/p-GaN
heterojunction. (a) and (b) EL under forward and reverse
biases, (c) PL measured at room temperature using a He-
Cd laser, (d) PL from the p-GaN/sapphire sample.

The EL under reverse bias shows only one broad
emission at 390nm and the yellow band is missing.
Considering its appearance under both forward and
reverse biases and the exponentially reverse-bias de-
pendence, we conclude that the 390 nm emission cor-
responds to the radiative recombination in the deple-
tion region of p-GaN. Obviously, the light emission
behaviour under reverse bias are different from that
of conventional forward biased LED. To find the ori-
gin, two possible reasons tunnelling and avalanche pro-
cesses related emission are considered. There is no
long tail at the high energy part of the EL spectrum
and there is no localized light-emitting spots observed,
which are typical in the luminescence during avalanche
breakdown, 3032
is excluded. Therefore, the tunnelling assisted car-
rier transport could be a possible reason to explain
the emission in the p-GaN/n-ZnO heterojunction un-
der a reverse bias similar to the previous report.!' As
shown in the inset of Fig. 4(b), the n-ZnO /p-GaN het-
erostructure exhibits a type-II band alignment. The

so the avalanche assisted emission

valance band offset is calculated to vary from 1.0eV
to 2.2eV and the average value is 1.6eV depending
on the interface configuration.!®3 According to our
experimental result of a thin tunnelling barrier, the
band offset should be in a high level between 1.6 eV
to 2.2eV. Under a small reverse bias, the occupied
valance band of p-GaN will be aligned with or higher
than the unoccupied conduction band of n-ZnO, and
tunnelling of carriers will occur.
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Fig. 4. (a) Luminescence intensity change as a function
of the injected current (L-I) of the n-ZnO/p-GaN hetero-
junction under reverse bias. (b) A schematic energy band
diagram of the n-ZnO/p-GaN heterojunction under a low
reverse voltage.

To further understand the emission of the n-
ZnO/p-GaN heterostructure under reverse bias, the
light intensity-current (L-I) relation is illustrated
in Fig.4(a). An exponential dependence (L ~
exp([/6.2)) is clearly evidenced at a weak light emis-
sion scale. It is shown that more electrons take part
in the process of radiative recombination with larger
reverse current. In addition, the defects in the mate-
rials are probably responsible for some part of reverse
current.!'3] With reverse bias increasing, the transmis-
sion probability increases exponentially, and the elec-
trons joining the process of radiative recombination
increase, leading to the exponential dependence of L
versus 1.

It is more interesting that the broad yellow band
is lost under reverse bias. The yellow band has been
studied extensively,[16-1922:23] and several different
models have been proposed. While the recombina-
tion between deep donor states and shallow effective-
mass acceptor states was suggested to be a cause,[22’23]
more studies support that it is due to radiative re-
combination from a near-conduction-band-edge state
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to a deep localized acceptor state.['6=19 Our results
are obviously consistent with the latter model. Under
the reverse bias, the recombination emission occurs in
the depletion region of p-GalN, where the holes are de-
pleted and the deep acceptor states are filled by elec-
trons. The lifetime of these deep energy electrons are
so long that they contribute little to the tunnelling.
In addition, only the 390 nm emission is related to the
transmission from the conduction band to a shallow
Mg acceptor. If the yellow band also comes from the
shallow acceptor, it should also appear in the spec-
trum. Therefore, recombination from a higher energy
state to a deep localized acceptor state becomes more
impossible, leading to the disappearance of the yellow
band, as observed at present.

In conclusion, n-ZnO films were grown on p-GaN
and an n-ZnO/p-GaN heterostructure-based LED was
fabricated and characterized by EL and PL. Different
EL spectra under forward and reverse biases were ob-
served. We interpret the unusual EL under reverse
bias in terms of a radiative recombination process cor-
related with the tunnelling carrier transport. Our
study provides strong evidence that the well-known
yellow band luminescence is caused by recombination
from a near conduction band edge state to a deep lo-
calized acceptor state.
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