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Double hetero-structured n-Mgg13Zng g70/i-ZnO/p-Mgg 13ZNng 87O
light-emitting devices (LEDs) have been fabricated, and the p-type
Mgp.13ZNno 870 layer was obtained via a lithium—nitrogen codoping
method. Obvious emission at around 400 nm has been observed from
the LEDs under forward bias. To increase the light extraction from the
LEDs, a distributed Bragg reflector whose reflectivity is 98% at 400 nm
was bonded on the back side of the device, and the emission of the
device was enhanced by around 1.6 times with the reflector.

Introduction

The large exciton binding energy (60 meV) of ZnO suggests that
efficient excitonic emission may be realized, thus a variety of
potential applications including lighting, displaying, signalling,
etc. may be expected from ZnO."* Although much attention has
been paid, the reports on efficient ZnO-based light-emitting
devices (LEDs) are still rare, and most of them are realized in
simple p-ZnO/n-ZnO structures.>™ It is accepted that in the p-
ZnO/n-ZnO structures, since the mobility of electrons are
usually larger than that of holes, the electrons and holes tend to
recombine in the p-type ZnO region. Considering that there are
many residual donor-related defects and introduced acceptor-
related defects in this layer, emission from donor-acceptor
pairs usually dominates the emission of p-ZnO/n-ZnO struc-
tures.*>'* By employing MgZnO/ZnO heterostructures the
recombination region of electrons and holes can be confined
into the ZnO layer, and the excitonic near-band-edge emission
of ZnO can be obtained."™"* Nevertheless, very few reports on
ZnO-based heterostructure LEDs can be found up to date, and
most of which are focused on single-heterostructures,'**¢
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while the reports on double heterostructure ZnO LEDs are still
rare.'”>*

In this communication, n-Mgj 1321 g,0/i-ZnO/p-Mg 1321 5,0
double heterostructured LEDs have been constructed, in which
the p-type Mgy 13Zn, 3,0 layer was obtained by employing Li and
N codoping method. Obvious emission at around 400 nm has
been observed from the LEDs under the injection of continuous
current. To increase the emission of the LEDs, a distributed
Bragg reflector (DBR) whose reflectivity is about 98% at around
400 nm has been bonded onto the backside of the LEDs. It is
found that the emission of the LEDs can be increased
significantly.

Experimental

The n-Mgy 13Zny 5,0/i-ZnO/p-Mgo.13Zn 5,0 double hetero-
structures were grown by plasma-assisted molecular beam
epitaxy technique (VG V80H), and a-plane sapphire was
employed as a substrate. Either lithium or nitrogen has been
employed to synthesize p-type ZnO-based films before.”>¢ In
this communication, we use Li and N codoping method to
obtain p-type MgZnO. The detailed growth conditions for the
n-MgZnO and p-MgZnO can be found elsewhere.?” Metallic zinc,
lithium and magnesium contained in individual Knudsen
effusion cells were used as the Zn, Li and Mg source. Nitric
oxide (NO) was used as N and O sources for the growth of the
P-Mgo.13Zn, ;0 layer and oxygen (O,) was used as O source for
the growth of intrinsic ZnO (i-ZnO) and n-Mg, ;5Zn, ;0. The
gas sources were activated by an Oxford Applied Research HD25
radio-frequency (13.56 MHz) atomic source at a power of 300 W.
The pressure in the growth chamber was fixed at 2 x 10~° mbatr,
and the flow rate of NO and O, at 0.88 and 1.0 sccm during the
growth process. The sapphire substrate was pretreated at 400 °C
for 30 min to remove the possible surface contaminants before
being loaded into the growth chamber. A ZnO film was
employed to buffer the growth of the n-Mgy 13Zng ,0/Zn0O/
P-Mgo.13Zn 5,0 double heterostructures. The substrate
temperature was kept at 650 °C during the growth of the
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n-Mgy 13Zn, ;0 and p-Mgo 13Zn, 5,0 layer, while it was kept at
750 °C for the growth of the i-ZnO layer.

The electrical properties of the ZnO films were measured in a
Hall measurement system (LakeShore 7707) under Van der
Pauw configuration. The structural properties of the films were
characterized in a Bruker-D8 X-ray diffractometer. The compo-
sition of the MgZnO layers was determined using a VG ESCALAB
MK-II X-ray photoelectron spectroscope (XPS). Photo-
luminescence (PL) spectra of the films were recorded employing
the 325 nm line of a He-Cd laser as the excitation source.
Electroluminescence (EL) measurements were carried out in a
Hitachi F4500 spectrometer under the drive of a continuous
current. Finite-different time-domain (FDTD) method was used
to simulate the electromagnetic field distribution in the devices.

Results and discussion

The schematic diagram of the double heterostructure is shown
in Fig. 1(a). Note that the electron concentration and Hall
mobility of the ZnO buffer layer are 2.7 x 10"® cm ™ and 35 cm?
Vs, respectively. An n-Mgy 13Zn, 5,0 layer was firstly grown
on the ZnO film as an electron source. The thickness of the n-
Mgy 13Zn g;O layer is about 150 nm. Then a 40 nm undoped i-
ZnO was deposited onto the n-Mgy 13Zn, ;O layer as an active
layer. Subsequently, a 100 nm p-Mg, 13Zn, g,0:(Li,N) layer was
deposited on ZnO layer as the hole source layer. Indium (In) and
Ni/Au were coated onto the ZnO buffer and p-Mgy 13Zng g,0
layers acting as ohmic contact by thermal evaporation method.
The current-voltage (I-V) characteristic of the heterostructure
shows obvious rectification behaviors with a turn-on voltage of
around 3.6 V, as shown in Fig. 1(b). The inset shows that the I-V
curves for both In contact on the n-ZnO and Ni/Au contact on
the p-Mgy 13Zn, 5,0, both of which are nearly beelines, indi-
cating that ohmic contacts have been formed in both cases. The
ohmic behaviors of the metal contacts exclude the possibility of
the formation of any Schottky junctions in the heterostructures.

Since the optical quality of the ZnO active layers is funda-
mental for the performance of the heterostructure LEDs, the PL
spectrum of the ZnO active layer has been measured, as shown
in the inset of Fig. 2. The spectrum shows a sharp peak at

(a)

-~ n-nj

~
=3
~
N
T
ool
S o)

-2 2 4
Voltage (V)

S = N W s

Current (mA)

'
—
T

2F

Y E R
-10-8 -6 -4-20 2 4 6 810
Voltage (V)

Fig. 1 (a) Schematic illustration of the n-Mgg13ZNngg70/i-ZNO/
p-Mgp.13ZNno.870 double heterostructure. (b) /-V curve of the double
heterostructure, and the inset shows the /-V curves of the Ni/Au
contact to the p-Mgg 13Zng 70 layer and the In contact to the n-ZnO
layer.
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around 375 nm, which is the near-band-edge emission of ZnO,
and a weak deep-level emission at around 500 nm can also be
observed from the spectrum. The room temperature EL spectra
of the double heterostructure are shown in Fig. 2. One can see
that the emission is dominated by a band at around 400 nm,
and another weak one at around 500 nm is also visible in the
spectrum. The former has been commonly observed from ZnO-
based LED, which can be attributed to the near-band-edge
emission of ZnO." As for the emission at around 500 nm, it can
be attributed to the deep-level related emission of Zn0O.>*** With
the increase of the injection current from 30 mA to 80 mA, the
intensity of the emission at around 400 nm increases signifi-
cantly, and the peak of the emission redshifts from 395 nm to
405 nm. The redshift may come from the quantum confined
Stark effect and/or the heating effect caused by the relatively
large injection current in the structure.***

The distribution of the electromagnetic field of the emitted
photons in the device has been simulated using FDTD
method.?>** Take the effect of DBR into account, the cross
section of the device with x-y plane was built to demonstrate the
electromagnetic field distribution without and with the DBR.
The incident light is parallel to y axis, which is shown in the
inset of Fig. 3(b) and (d). One can see from the electromagnetic
field distributions E (x, y) of the n-Mg,13Zn,g,0/i-ZnO/
P-Mgo.13Zn4 5,0 heterostructure without the DBR shown in
Fig. 3(b) that the emission is mainly located in the vicinity of the
i-ZnO layer, while only a very small portion of the emitted
photons can come out of the device, and be captured by the
recording detector, which means that the extraction efficiency
of the LEDs is very low, and the low extraction efficiency of the
emitted photons is seriously adverse to the performance of the
devices. It is accepted that the major reason for the low
extraction efficiency lies in the fact that the refraction index of
ZnO (2.45) is much larger than that of air ambient (1.0). In such
circumstance, many emitted photons will encounter total
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Fig.2 Room temperature EL spectra of the double-heterostructure at

different injection current, and the inset shows the room temperature
PL spectrum of the ZnO active layer.
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Fig. 3 The electromagnetic field distribution of the major component
E (x, y) for the model without DBR (b) and with DBR (d); the electrical
field intensity of the fundamental mode of the device without (a) and
with (c) the reflector.

reflection and be confined into the heterostructure. Actually,
how to increase the extraction efficiency has been one of the
major issues for LEDs, and many strategies such as photonic
crystal, textured surface, surface plasmon, etc. have been
employed to increase the extraction efficiency of LEDs.**%°

To increase the extraction efficiency of ZnO LEDs, a distrib-
uted Bragg reflector (DBR) which has a relatively high reflectivity
at around 400 nm (corresponding to the emission wavelength of
the ZnO LEDs) has been bonded on the backside of the device,
and the distribution of the emission electromagnetic field from
the device with the DBR is shown in Fig. 3(d). By comparing the
electromagnetic field distribution of the device without the DBR
(shown in 3(b)) and that of the device with the DBR (shown in
Fig. 3(d)), one can see that the reflector can obviously enhance
electromagnetic field feedback, and the number of photons that
can get out of the device and be captured by the recording
detector increased significantly. The quantified enhancement
of the electromagnetic field distribution curve along the y-axis
were labelled in Fig. 3(a) (without DBR) and Fig. 3(c) (with DBR).
At the same calculation condition, the electrical field intensity
shows obviously higher magnitude than that without the DBR at
the top surface of the device, which reveals that the photons
that can come out of the device and be captured by the
recording detectors can be increased significantly by the
reflector.

To test the validity of the above simulation results, the
emission of the LEDs with and without the reflector under the
same injection current of 70 mA has been recorded, as shown in
Fig. 4. Note that the DBR is commercial available, and is
comprised by several pairs of Ta,05/SiO,. One can see from the
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Fig. 4 The emission spectrum of the double heterostructure LEDs
with (b) and without (a) the reflector. The inset shows the dependence
of the integrated intensity of the emission at around 400 nm on the
injection current with and without the DBR.

figure that the emission of the LEDs with the reflector at around
400 nm has been enhanced significantly, while that at around
500 nm changes little compared with that of the device without
the reflector. The dependence of the integrated intensity of the
emission at around 400 nm on the injection current with and
without the DBR is shown in the inset of Fig. 4. One can see that
the integrated intensity with the DBR is about 1.6 times larger
than that without the reflector in all the investigated cases,
which confirms the validity of the reflector in enhancing the
emission of the LEDs, as revealed by the simulation results
shown in Fig. 3.

To understand the effect of the reflector better, the reflection
spectrum of the DBR is shown in Fig. 5. One can see that the
reflector shows a reflectivity of about 98% in the spectrum region

Reflectance (%)
(‘'m*e) Aysuduy
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Fig.5 The reflection spectrum of the DBR and the enhancement ratio
of the device by subtracting the emission intensity of the device
without the reflector from that with the reflector.
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at around 400 nm, while that at longer wavelength is very small.
To confirm that the emission enhancement of the LEDs bonded
with the DBR is caused by the reflector, the difference between
the emission intensity of device with and without the reflector
obtained by subtracting the emission intensity of the LEDs
without the reflector from that of the LEDs with the reflector is
also shown in Fig. 5. One can see that the enhancement occurs
mainly in the high reflectivity region of the reflector, and the
difference spectra and the reflectivity of the DBR share the same
edge, which confirms that the enhancement is caused by the
DBR. The above facts reveal that the extraction efficiency of the
ZnO LEDs can be increased greatly by using a DBR.

Conclusions

In conclusion, n-Mg 13Zn, s;0/i-ZnO/p-Mgy.13Zn0.3;0 double
heterostructured LEDs have been constructed, and obvious
emission at around 400 nm have been obtained from the het-
erostructure. A DBR has been bonded backside the device to
enhance the light extraction from the device, and the emission
of the LEDs has been increased noticeably. FDTD method has
been employed to confirm that the reflector is effective in
enhancing the emission from the top surface of the devices. The
results reported in this communication may provide a route to
increase the emission of ZnO-based LEDs.
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