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By proper controlling the carrier generation and multiplication processes, an Au/MgO/
Mg 50Zn 480/Mg,Zn; _,O/n-ZnO structure has been designed and fabricated. In this structure, holes
are multiplied via an impact ionization process in the MgO layer and injected into the Mg 5,Zng 450
layer, and electrons are injected into the Mg 5,Zno430 layer from the n-ZnO layer through a
composition-gradient Mg, Zn; _,O bridging layer. With the injection of electrons and holes, a deep
ultraviolet emission at around 276 nm, coming from the Mgy 5,Znp430 active layer, has been
observed. The results reported in this letter may provide a promising route to high performance deep
ultraviolet light-emitting devices. © 2011 American Institute of Physics. [doi:10.1063/1.3637575]

Deep-ultraviolet (DUV) (with wavelengths shorter than
300 nm) light-emitting devices (LEDs) have a variety of
potential applications, such as air and water purification,
food sterilization, medical diagnosis and therapy, etc.'?
With the increasing awareness of health risks caused by con-
taminated food, air, and water, demands of purification prod-
ucts based on compact and cost-effective semiconductor UV
sources are expanding.’ Generally speaking, to realize an
efficient semiconductor light-emitter, a p-n junction should
be constructed. For DUV LEDs, the bandgap of the active
semiconductor layer should be larger than 4.1 eV. Although
there have been some reports on DUV emission from wide
bandgap semiconductors,*™ intentional doping, especially
p-type doping, of such wide bandgap semiconductors is still
problematic due to the relatively large activation energies of
acceptors. For example, the activation energy of Mg accept-
ors in GaN based semiconductors increases from 170 meV
for GaN to about 500 meV for AIN.>"'! The large acceptor
activation energy makes the realization of viable DUV LEDs
through the common p-type doping route almost impossible.

It is accepted that under the drive of a relatively high
electric field, the carriers in a material can gain much kinetic
energy. These energetic carriers can generate additional
electron-hole pairs by impacting with the atoms in lattice of
the host material. The generated carriers will again gain
kinetic energy and impact with the lattice and generate more
carriers. The above process is the so-called impact ionization
process.'? Considering that efficient generation of holes by
doping is almost impossible in wide bandgap semiconduc-
tors, holes might alternatively be generated and multiplied
by employing the ionization process, then DUV light-
emitters may be realized. We show in this paper that wide
bandgap semiconductor based DUV light-emitters can
indeed be achieved employing the hole-multiplication pro-
cess, by passing the problematic p-type doping method.

An Au/MgO/Mg 52Zng 480/Mg,Zn; _ O/n-ZnO structure
has been designed and constructed. In this structure, holes are
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generated and multiplied in the MgO layer under a relatively
high electric field, and the holes drift to the Mgy 5,Zng 450
layer under forward bias. An n-ZnO layer was employed as
the electron source from which electrons are injected into the
Mgy.50Zng 480 layer. A composition-gradient Mg, Zn; O
layer whose composition varies from ZnO to Mg 5,Zng 430
gradually has been employed to bridge the n-ZnO and
Mg 50Zng 430 layer to facilitate the injection of electrons. In
this way, electrons in the n-ZnO layer can be efficiently
injected into the Mg 5,Zny 430 layer under the drive of for-
ward bias. As a result, holes and electrons are both injected
into the Mg 5,Zng 430 layer and they recombine there. DUV
electroluminescence at around 276 nm has been observed
from this structure.

The n-ZnO film in the Au/MgO/Mggs5.Zng 450/
Mg,Zn; ,O/n-ZnO structure was grown by an atomic layer
deposition technique, and the detailed growth conditions has
been described elsewhere.'>'* The bridging Mg, Zn;_,O layer
with x changing gradually from 0 to 0.52 was deposited onto
the ZnO film in a plasma-assisted molecular-beam epitaxy
system. After that, the active Mgg 5.Zng 430 layer was grown
onto the bridging layer. The substrate temperature was fixed
at 500°C and the chamber pressure at 2.5 x 10~® mbar during
the growth processes. Finally, an MgO layer was deposited on
the active layer by radio-frequency magnetron sputtering. Au
and indium contacts were then deposited onto the MgO and
ZnO layer by vacuum evaporation. The Mg composition in
the MgZnO layer was determined by energy dispersive x-ray
spectroscopy. A Bruker-D8 x-ray diffractometer (XRD) was
used to evaluate the crystalline properties of the layers. Photo-
luminescence (PL) spectra of the layers were recorded in a JY
Triax 550 spectrometer, employing the 266 nm line of the
fourth-harmonic of a Nd:YAG pulse laser as the excitation
source. Electroluminescence (EL) spectra of the structure
were recorded in a Hitachi F4500 spectrometer with a
continuous-current power source.

Figure 1(a) shows a typical XRD pattern of the
Mgg 50Zng 480/Mg,Zn, _,O/n-ZnO structure. Two peaks at
34.46° and 36.61° can be observed. The former can be
indexed to the diffraction from the (0002) facet of wurtzite

© 2011 American Institute of Physics
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FIG. 1. (Color online) X-ray diffraction pattern (a) and room temperature
PL spectrum (b) of the Mgy 5,Zng 4s0/Mg,Zn; _,O/n-ZnO structure, and the
inset of (b) displays its absorption spectrum.

ZnO and the latter to that from the (111) facet of cubic
Mg0,52ZnO,4gO.15 Noticeably, a shoulder at 36.3° is also visi-
ble, which may be identified as diffraction from the
Mg,Zn;_,O layer. The XRD data reveal that the ZnO is hex-
agonal structured with a c-axis preferred orientation, and the
Mg 50Zn 450 film has a cubic rocksalt structure.

The room temperature PL spectrum of the
Mgy 50Zng 480/Mg,Zn; _,O/n-ZnO structure is illustrated in
Figure 1(b). It displays a DUV emission at about 275 nm,
which can be attributed to the near-band-edge (NBE) emis-
sion of the Mg 5,Zng 430 layer.16 Also a broad emission in
the range of 300-370 nm can be observed, which is believed
to come from the Mg,Zn;_ O composition-gradient layer.
The inset of Figure 1(b) shows the absorption spectrum of
the structure. Two absorption edges at around 380 nm and
270 nm can be observed clearly, and the former comes from
the ZnO film and the latter from the Mg 5,Zn( 430 layer. A
broad absorption is also visible between the two edges,
which is from the Mg,Zn; _,O composition-gradient layer.

A schematic structure of the DUV device is shown in
the inset of Fig. 2. The thickness of the MgO, Mg 5,Zn 450,
Mg,Zn; _,O, and n-ZnO layer is 60 nm, 400 nm, 100 nm,
and 150 nm, respectively. The electron concentration and
Hall mobility of the ZnO layer is 2.3 x 10" cm > and
23 cm?/Vs, respectively. The Au contact was patterned into
an S-shape using photolithography to increase current distri-
bution. Figure 2 shows the current-voltage (/-V) curve of the
device. It exhibits an obvious rectification characteristic with
a turn-on voltage of about 26.0 V.

The characteristic EL spectra of the device are shown in
Figure 3. When the injection current is 30 mA, the spectrum
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FIG. 2. (Color online) Typical /-V curve of the Au/MgO/Mg 5.Zng 430/
Mg, Zn; _,O/n-ZnO structure, and the inset shows a schematic illustration of
the structure.

shows three weak emission bands at 276 nm, 335 nm, and
500 nm. Because the wavelength of the peak at 276 nm is
almost identical to that of the PL peak of the Mgg 5,Zng 430
shown in Figure 1(b) (275 nm), it can be attributed to the
NBE emission of the layer. The broad peak at around 335
nm can be attributed to the emission from the Mg,Zn;_,O
layer, for its position is close to that of the PL emission of
the layer. The emission at around 500 nm, which has been
frequently observed in ZnO-based materials, may come from
deep-level emission of the n-ZnO layer. When the injection
current is increased to 40 mA, besides the emissions at
276 nm and 335 nm, a weak tail at around 380 nm appears,
which is the typical NBE emission of ZnO. By further
increasing the injection current to 50 mA, the NBE emission
from the Mg 5,Zng 430 layer dominates the spectrum, while
the emissions from the Mg,Zn,;_,O and ZnO layer are
almost undetectable. The inset shows the dependence of out-
put power of the device on the injection current. It can be
seen that the output power of the device is in the order of
nanowatt and it increases with the injection current.

The mechanism for the DUV emission from the Au/
MgO/Mgg 50Zn¢ 480/Mg, Zn; _ O/n-ZnO structure can be
understood in terms of the band alignment of the structure
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FIG. 3. (Color online) Room temperature EL spectra of the Au/MgO/
Mgo 50Zng 450/MgZn; _O/n-ZnO structure under the injection of continu-
ous current, and the inset shows the dependence of output power on the
injection current.
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FIG. 4. (Color online) Bandgap diagram of the Au/MgO/Mg 5.Zng 430/
Mg,Zn;_,O/n-ZnO structure under forward bias showing the generation,
multiplication, and injection of electrons and holes.

shown in Fig. 4. Although the #-ZnO layer with an electron
concentration of 2.3’ 10 cm > can serve as an electron
source, the large conduction band offset (AE.=0.9 eV)
between it and the Mg 5,Zng 430 forms a large barrier that
hinders the injection of electrons. To solve this problem, a
composition-gradient Mg,Zn;_,O layer with x changing
from O to 0.52 gradually has been employed to bridge the
Mg 50Zng 430 and n-ZnO layers to aid the drift of electrons
from the latter to the former. Meanwhile, the AE. between
MgO and Mg 5,Zn 430 is as large as 2.6 eV, which forms a
large barrier that confines the electrons in the Mg 5,Zng 430
layer. As a result, electrons will accumulate at the MgO/
Mg 50Zng 430 interface when driven by a forward bias.
Meanwhile, considering that most of the voltage would be
applied onto the MgO layer due to its dielectric nature, the
electric field in the MgO layer can be in the order of 10° V/
cm. Under such a high electric field, the carriers in the MgO
layer, although few in number, will gain much kinetic energy
that leads to impact ionization. The process excites the elec-
trons in the valence band of MgO into its conduction band,
leaving free holes. That is, electron-hole pairs can be gener-
ated in the MgO layer via the impact ionization process,
which has been elucidated in our previous publications.'”'®
Under a forward bias, the generated holes can inject into the
Mg 50Zng 430 layer and recombine radiatively with the elec-
trons accumulated at the MgO/Mg 5,Zng 430 interface. At a
low forward bias, few electrons can be injected into the
Mg 50Zng 430 and Mg,Zn; _,O layers, holes generated in
the MgO layer via impact ionization can drift to the
Mg 50210 430, Mg,Zn; O, or even the n-ZnO layer, and
recombine with electrons in these layers. Therefore, weak
emissions from the Mggs,Zng 430, Mg,Zn;_,O and ZnO

Appl. Phys. Lett. 99, 101110 (2011)

layers have been observed, as shown by the 30 mA and 40
mA spectra of the structure shown in Figure 3. While at
larger bias, many electrons will be drifted and accumulated
at the MgO/Mg( 5,Zng 430 interface, most of the injected
holes from the MgO layer will be captured by the accumu-
lated electrons due to the relatively large exciton binding
energy of ZnO-based semiconductors. As a result, only emis-
sion from the Mg 5,Zng 450 layer is observed, while those
from the Mg,Zn;_,O and ZnO layers are almost undetect-
able, as indicated by the 50 mA spectrum shown in Figure 3.
In conclusion, a DUV light-emitting device has been
fabricated in an Mg 5,Zng 430 film by properly designing
the generation and injection processes of holes and electrons,
in which holes are generated and multiplied in the MgO
layer via impact ionization, and electrons injected into the
Mgy s50Zng 450 layer from an n-ZnO layer through a
composition-gradient Mg,Zn;_,O bridging layer. An
obvious DUV emission at around 276 nm has been obtained
from the structure. The results reported in this letter may pro-
vide a promising alternative route to DUV light-emitters.
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