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Deep-ultraviolet (DUV) light-emitting devices (LEDs) have a variety of potential applications. Zinc-oxide-based
materials, which have wide bandgap and large exciton binding energy, have potential applications in high-performance
DUV LEDs. To realize such optoelectronic devices, the modulation of the bandgap is required. This has been demonstrated
by the developments of Mg,Zn;_,O and Be,Zn;_,O alloys for the larger bandgap materials. Many efforts have been made
to obtain DUV LEDs, and promising successes have been achieved continuously. In this article, we review the recent
progress of and problems encountered in the research of ZnO-based DUV LEDs.
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PACS: 77.55.hf, 78.45.+h, 78.60.Fi, 85.60.Jb

1. Introduction

Deep-ultraviolet (DUV) light-emitting devices (LEDs)
with wavelengths shorter than 300 nm have a variety of po-
tential applications in several areas, such as air, water and
surface sterilization, medical diagnosis and therapy, radia-
tion hard UV sources, UV curing, etc.!'3] With the increas-
ing awareness of health risks caused by contaminated food,
air, and water, demands for purification products based on
compact and cost-effective semiconductor UV sources are ex-
panding. Nevertheless, currently the most frequently used
DUV light source (i.e., mercury lamp) is usually bulky and
costly, even worse, it brings the risk of the possible heavy
metal pollution, all of which hinder such DUV light source
from being used in many areas. As a promising alternative to
mercury lamp, the wide bandgap semiconductor based DUV
light source has a variety of figure-of-merits such as low-
power consumption, high-efficiency, compact size, long life-
time, low pollution, etc., thus much attention has been paid to
this area in recent years.[*'% For a DUV LED, the bandgap
of the active semiconductor layer should be larger than 4.1 eV.
On one hand, the wide bandgap semiconductors such as dia-
mond and BN are suitable active layers for DUV LEDs.!!112]
On the other hand, the group-III nitride and group-II ox-
ide semiconductors whose bandgaps can be tuned to DUV
range are very useful for UV and DUV optoelectronic de-

[13-151 Zinc oxide (ZnO) has a large exciton

vice applications.
binding energy of 60 meV and a wide bandgap of 3.37 eV at
room-temperature (RT), which may realize exciton luminous,

and has potential applications in the areas of high-performance
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UV LEDs and laser diodes.!'®!8] Moreover, the band gap
of ZnO can be modulated to realize the DUV LEDs. This
has been demonstrated by the developments of Mg,Zn;_,O
and Be,Zn;_,O ternary alloys for the larger bandgap active
layers.[1%-2*] Many efforts have been made to develop ZnO-
based DUV LEDs, and some results have been obtained. In
this paper, we will briefly review the recent research progress
of ZnO-based DUV LEDs based on p—n heterostructures and
metal-insulator-semiconductor (MIS) heterostructures.

2. DUV LEDs with MgZnO as the active layer

The bandgap of MgO is approximately 7.8 eV, and the
bandgap of ZnO is about 3.37 eV. Therefore, the bandgap of
MgZnO alloy can be tuned in a large range from 3.3 eV to
7.8 eV. So by alloying with MgO, ZnO can be extended to the
DUV region. In addition, the exciton binding energy (Eg) of
cubic MgO (Ep ~ 80 meV) is also larger than that of wurtzite
ZnO (60 meV),?! which might be advantageous for DUV ex-
citonic light emitter applications. Moreover, compared with
other wide bandgap semiconductors, MgZnO has some unique
features, such as the high resistance to radiation, the amenabil-
ity to conventional wet chemistry etching, the environment-
friendly characteristics, and the relatively low growth temper-
atures, which make MgZnO alloy a promising candidate as
the DUV light-emitter. To realize high-performance semicon-
ductor LED, p-n junction should be constructed in general.
So high-quality n- and p-type MgZnO are both indispensable.
While ZnO is intrinsically of n-type conduction, that is, n-type
MgZnO can be relatively easy to obtain. However, p-type dop-
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ing of ZnO is still an obstacle. Considering its wider bandgap,
the p-type doping of MgZnO may be more challenging due to

the relatively large activation energy of acceptors. [20-28!

2.1. p-MgZnO-based heterojunction DUV LEDs

To obtain p-type MgZnO, the lithium and nitrogen codop-
ing method was developed by using plasma-assisted molec-
ular beam epitaxy technique, and the p-type conduction

d.[2%311 Typically, the

-3

of MgZnO films were also obtaine
hole concentration and mobility were about 10'® cm™3 and
1 cm?/Vs, respectively. The reproducible p-type doping of
MgZnO has been proved to be a feasible route.?*=! To
test the applicability of the p-MgZnO film in optoelectronic
device, p-MgZnO:(Li:N)/i-ZnO/n-ZnO structure LEDs have
been constructed,*’! and the schematic diagram of the LED

is shown in the inset of Fig. 1(a).
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Fig. 1. (color online) /-V curve of the p-MgZnO:(Li:N)/i-ZnO/n-ZnO structure. The inset shows a schematic illustration of the structure. (b) The room
temperature (RT) electroluminescence (EL) spectra of the structure under different injection currents. The inset shows the output power of the LED as
a function of its running time with an injection current of 20 mA. Note that the last scatter symbol indicates the emission intensity when the LED is

switched off.[29]
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Fig. 2. (color online) RT EL spectra of the p-Mg 35Zng 650:(Li;N)/n-
Mgo.20Zng 80O heterostructure at different injection currents.

The current-voltage (I-V) characteristics of the p-
MgZnO:(Li:N)/i-ZnO/n-ZnO heterostructured LEDs are illus-
trated in Fig. 1(a), and typical rectification behavior was ob-
served with a turn-on voltage of about 6.0 V. The electrolumi-
nescence (EL) spectra of the device are shown in Fig. 1(b). By
employing i-ZnO film as an active layer, the spectra show a
dominant emission at around 390 nm, which comes from the
near-band-edge (NBE) emission of ZnO. To shorten the emis-
sion wavelength of the heterostructured LED, wider bandgap
MgZnO film must be employed as the active layer. Then Liu
et al. further constructed p-Mgg 35Zng.650/n-Mgg20Zng 80O
heterostructured LEDs. The room-temperature EL spectra of
the heterostructure at various injection currents are shown in
Fig. 2. A dominant UV emission peaked at around 355 nm

has been observed from the heterostructures.>?) Compared
with the former one, the emission wavelength of this device
is shortened obviously, but it is still not up to the DUV region.
To obtain the DUV emission, the bandgap of MgZnO must
be further adjusted, and the corresponding mole percentage of
Mg?* in MgZnO must be increased furtehr. However, the effi-
cient p-type doping of such a large bandgap material becomes
almost impossible. In this circumstance, it was suggested that
the desired DUV emission from MgZnO film should be ob-
tained by using other methods.

2.2. n-MgZnO-based heterojunction DUV LEDs

In order to bypass the challenging p-type doping of wide
bandgap MgZnO, the MgZnO-based heterostructures have
been extensively studied by employing p-GaN as the hole-
transporting layer recently.['>33-331 Tn 2009, Zhu et al. re-
ported on the fabrication of an n-Mgg 12Zng ggO/p-GaN het-
erojunction LED with an MgO dielectric interlayer by plasma-
assisted molecular beam epitaxy technique.**! By the proper
engineering of the band alignment of the heterojunction with
using the MgO layer, most electrons are confined in the
Mgo.12Zng 83O layer under positive bias, while holes can be
injected into the Mg 12Zng 83O active layer from the p-GaN
side, and the typical EL spectra from the heterostructure are
shown in Fig. 3. Under forward bias, an UV emission located
at around 374-nm coming from the Mgg 12Zng 33O films is ob-
served. The right inset of Fig. 3 displays a colored photograph
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taken from the device at 11.5 mA.
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Fig. 3. (color online) EL spectra of the n-Mgg 12Zng gsO/MgO/p-
GaN heterostructured device with an injection current of 11.5 mA.
The two insets show the EL intensity of the 374-nm peak versus
the injection current and a typical emission photograph of the de-
vice, respectively.[>*! Reprinted with permission from (Ultraviolet Elec-
troluminescence from MgZnO-Based Heterojunction Light-Emitting
Diodes). Copyright (2009) American Chemical Society.

In 2011, Chu et al. demonstrated the growth of high-
quality MgZnO nanowires on p-GaN films by chemical vapor
deposition method,*>! and further fabricated an n-MgZnO/p-
GaN heterojunction LED for DUV emission applications, in
which the atomic ratio of Zn-to-Mg is 84:16 as determined by
the energy-dispersive x-ray spectroscopy. In order to separate
the metal contact on the top of the Mgy 16Zng 34O nanowires
from the substrate, a layer of poly(methylmethacrylate)
(PMMA) was spun onto the sample, leaving the tip of some
wires uncovered. A UV emission at 340 nm can be de-
tected under forward bias, corresponding to the radiative re-
combination in Mgy 16Zngg4O nanowires. However, this
n-Mgg. 16Zng 34O/p-GaN heterojunction LED suffers a poor
emission purity because other two emission peaks at 363 nm
and 392 nm also emerge, and the corresponding emission in-
tensities also increase with injection current increasing. The
above observations suggest that the Mg 16Zng 340 active layer
does not serve as the sole recombination zone in the n-
Mg .16Zng 34O/p-GaN heterojunction. From the device point
of view, the charge carrier transport behavior must be opti-
mized further under the premise of a high-quality MgZnO ac-
tive layer with a high Mg content. Thus, MgZnO-based het-
erostructures may find future applications in DUV optoelec-
tronics.

2.3. MIS heterojunction DUV LEDs

Another alternative route to DUV LEDs from wide
This
route could avoid the obstacle of p-type doping of wide

bandgap semiconductors is the MIS heterostructure.

bandgap semiconductors, and it has been confirmed to be
feasible.3*°1 In the early stage of the development of ZnO-

based LEDs, MIS heterostructure by using high-resistance in-
trinsic ZnO (i-ZnO) as the insulator layer was an important
candidate.[*#?] However, the EL spectra obtained from MIS
heterostructure are often characterized by a dominant deep-
level visible emission, and the band-to-band transition corre-
sponding to the UV emission is not the main contributor. In the
last few years, another kind of ZnO-based MIS heterostruc-
ture obtained by using insulating materials (MgO, SiO;, AIN,
etc.) with relatively larger bandgap as the insulator layer
has become popular and attracted increasingly attention. In
2006, Chen et al. reported their research on Au/SiO,/ZnO MIS
LEDs, and realized a fairly UV emission under a continuous
current injection.*3 In 2010, Zhu e al. demonstrated the elec-
trically pumped UV random lasing from ZnO nanocrystalline
films based on Au/MgO/ZnO MIS heterostructures,'**! and
showed the corresponding schematic illustration of the device
in Fig. 4(a). Its carrier transport behavior and EL. mechanism
can be simply described as follows. As shown in Fig. 4(b),
the conduction and valence band offsets (AEc, AEy) at the
MgO/ZnO interface can be determined to be 3.55 eV and
0.88 eV, respectively. Under a forward bias, electrons would
be blocked and available in abundance at the MgO/ZnO inter-
face because of the existence of high AEc. And meanwhile, a
sufficiently high bias enables the holes to be generated in the
MgO layer due to the high-electric-field-induced impact ion-
ization process, with considering the fact that almost all the
voltage is applied to the insulating layer and the local electrical
field strength could be as high as ~ 10% V/m therein. Above a
critical driving voltage, the generated holes can be swept into
the valence band of ZnO, and recombine radiatively with the
electrons accumulated at the MgO/ZnO interface, producing
the NBE emission and even UV lasing.

It seems easy to construct an Au/MgO/MgZnO structure
to obtain UV LED with a shorter emission wavelength. How-
ever, the electron concentration in MgZnO film decreases dra-
matically with the increase of Mg component, which will re-
strict the concentration of non-equilibrium carriers in the ac-
tive layer and also the luminous efficiency. To solve this
problem, an electron providing layer is introduced to en-
hance the electron injection into the MgZnO active layer
and an Au/MgO/MgZnO/n-ZnO heterostructure is therefore
constructed.[*>! The corresponding schematic illustration of
the Au/MgO/MgZnO/n-ZnO structure is shown in Fig. 5(a).
More importantly, electrically pumped UV lasing has been re-
alized in this heterostructure with the lasing peak at around
330 nm (shown in Fig. 5(b)), and the dependence of the inte-
grated EL intensity as a function of injection current reveals a
lasing threshold of 30 mA. Although the emission obtained in
the device is not in the DUV spectral range, this is one of the
shortest wavelengths ever reported in a semiconductor laser
diode.
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Fig. 4. (color online) (a) Schematic illustration of the Au/MgO/ZnO
structure. (b) Band alignment of the Au/MgO/ZnO structure under for-
ward bias, showing the generation, multiplication, and injection of elec-
trons and holes.**) Reproduced from Ref. [45] with permission from
the Royal Society of Chemistry.
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Fig. 5. (color online) (a) The schematic illustration of the
Au/MgO/MgZnO/n-ZnO structure. (b) Lasing spectra of the device
under different injection currents. The inset shows the integrated
intensity of the emission at around 330 nm as a function of the in-
jection current. 4]

Although the n-ZnO layer with a high electron concentra-
tion can serve as an electron injector, the large AEc between
ZnO and MgZnO forms a large energy barrier which hinders
the electrons from being injected from n-ZnO to MgZnO ac-
tive layer. With increasing the bandgap of MgZnO active
layer, the barrier becomes large accordingly. To solve this
problem, a composition-gradient Mg,Zn;_,O layer has been
employed to build a bridge between the MgZnO active layer
and n-ZnO electron source layer to assist the electrons to drift
from ZnO to MgZnO layer. According to this idea, Zhu et
al. fabricated an Au/MgO/Mg 52Zng 430/Mg,Zn|_,O/n-ZnO
structure,*] and showed the schematic structure of this de-
vice in the inset of Fig. 6(a). In this structure, the thick-
ness of Mg,Zn;_,0 layer was about 100 nm, with x changing
from O to 0.52 gradually. The /-V characteristic of the device
exhibits an obvious rectification characteristic with a turn-on
voltage of about 26.0 V. The corresponding band alignment of
the Au/MgO/Mg 52Zng.430/Mg,Zn;_,O/n-ZnO structure is
shown in Fig. 6(b). Owing to the assistance of a composition-
gradient Mg,Zn;_,O bridging layer, the injection process of
electrons from n-ZnO to Mg 5pZng 430 active layer will be
facilitated.

10 F (a)
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< 4
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M._
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h
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Au O\
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Fig. 6. (color online) (a) The typical I-V curve of the
Au/MgO/Mg 5oZng 480/Mg,Zn;_,O/n-ZnO structure, and
the inset shows a schematic illustration of the structure. (b)
Bandgap diagram of the structure under forward bias, show-
ing the generation, multiplication, and injection of electrons
and holes. [4¢!
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One can see that the bandgap of the Mg,Zn;_,O layer
is enlarged with the increase of Mg content. As a result,
the energy barrier between ZnO and Mg 5,Zng 430 increases
gradually rather than suddenly, so the electrons may be eas-
ier to inject. The EL spectra of the device are shown in
Fig. 7. At a low forward bias, few electrons can be injected
into the Mg 50Zng 430 and MgZnO layers, and the holes gen-
erated in the MgO layer via impact ionization can drift to
the Mgg 50Zng 430 and MgZnO, or even the n-ZnO layer, re-
combining with electrons in these layers. Therefore, weak
emissions from the Mg 50Zng 480, MgZnO, and n-ZnO lay-
ers have been observed as indicated by the EL spectra with
the driving currents of 30 mA and 40 mA. Further increas-
ing the current to a higher value of 50 mA, the strong accu-
mulation and confinement of the injected electrons adjacent
to the MgO/Mg 50Zng 430 interface are ensured, thus an ob-
vious DUV emission at around 276 nm was detected, corre-
sponding to the NBE emission from Mgy 50Zng 430 layer. The
inset shows the dependence of the output power of the device
on the injection current. The output power of the device is on
the order of nanowatt and it increases with the injection cur-
rent increasing. It is anticipated that the results will provide a
promising route to high-performance DUV LEDs based on the
hole-multiplication process by passing the problematic p-type

doping method.
e =
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Fig. 7. (color online) The electroluminescence spectra of the
Au/MgO/Mgg 50Zng 480/Mg,Zn;_,O/n-ZnO structure under the
injection of continuous current at RT, and the inset shows the de-
pendence of output power on the injection current. [46]

The introducing of the impact ionization process to pro-
duce holes could avoid the dependence on p-type doping of
MgZnO, but the holes produced by this route are inefficient.
More importantly, such devices are generally operated under
high voltages, so the undesired heating effect is very seri-
ous. Thus the prospect of this structure is definitely bleak.
Another method to realize DUV emissions of wide bandgap
semiconductor is to use the electron beam as an excitation
source.’! Tt can be accepted that the accelerated energetic

electrons can excite the electrons in the valence band of semi-
conductors into its conduction band, giving rise to free elec-
trons and holes. The electrons in the conduction band will
recombine with the generated holes in the valence band, as a
result, emissions will be realized. By employing this method,
the UV emissions were demonstrated.!->#748] Traditionally,
the high-energy electron-beam was generated in a vacuum
atmosphere at high voltage, which makes the facility bulky
and costly. Fortunately, some reports on visible emissions
excited by electron-beams in solid-state structure have been
demonstrated. [49-5%]

In terms of UV emission, Ni et al. constructed Au/i-
7Zn0/n-ZnO structure, >3 in which the i-ZnO serves as an elec-
tron accelerating layer, and n-type ZnO acts as an active layer.
The UV emission at around 385 nm has been realized, which
is caused by the excitation of the n-ZnO layer by the acceler-
ated electrons from the i-ZnO. For shorter wavelength emis-
sions, an Au/Mg 39Zng 61 0/MgO/n-ZnO structure has been
designed and fabricated, and the schematic diagram of this
structure is shown in Fig. 8(a). In this structure, the n-ZnO
film acts as an electron source, the MgO layer is an electron-
accelerating layer, and the Mgg 39Zng 6O films work as the
active layer. As shown in the band diagram of this struc-
ture in Fig. 8(b), under the reverse bias (the negative volt-
age was applied on n-ZnO) the electrons in the n-ZnO layer
will be concentrated at the MgO/ZnO interface due to the
large AEc (3.55 eV) between the MgO and ZnO. Considering
that most of the bias will be applied to the MgO layer due to
its dielectric nature, the conduction and valence bands of the
MgO layer will bend drastically. Then the width of the bar-
rier that hinders the electrons in the n-ZnO from tunneling to
the Mgg 39Zng 61O layer will be greatly reduced. As a result,
many electrons can tunnel through the MgO layer and be in-
jected into the Mg 39Zng 61 O active layer. Note that when the
electrons enter into the MgO layer, they will be accelerated
greatly due to the large electric field in this layer. Then the
accelerated electrons will release their energy by generating
free electrons and holes in the MgZnO layer. When these gen-
erated holes recombine with the free electrons, band-to-band
emissions will be achieved.

(a)
. Detector
.

| au

MgZnO

a-AlO; 4

Fig. 8. (color online) (a) Schematic diagram of the Mgg 39Zng ¢; O/MgO/n-
ZnO structure. (b) Band diagram of the MgZnO/MgO/n-ZnO structure under
reverse bias. %3
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Fig. 9. (color online) Emission spectra of Au/Mgg.39Zng ¢; O/MgO/n-
ZnO structure under different reverse biases. >3
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Fig. 10. (color online) (a) The [-V characteristic of the

Au/MgO/Mg 51Zng 490/Mg,Zn; _,O/n-ZnO structure, and the in-

set shows the schematic diagram and emission recording geometry

of the structure. (b) Emission spectra of the structure under differ-

ent reverse bias voltages.[>*!

The emission spectra of the structure under different
reverse biases are shown in Fig. 9. An obvious ultravi-
olet emission at around 328 nm has been obtained. And
an additional observation is that the band-to-band transi-
tion (328 nm) from Mgy 39Znge;O active layer dominates
over the NBE and defect-related transitions from ZnO with
the increase of driving current. By replacing the active
layer with a larger bandgap Mgy s51Znp49O and properly
optimizing the device structure, DUV emission at around

285 nm has been obtained.[® The I-V characteristic of the

constructed Au/MgO/Mg 51Zng 4900/Mg,Zn|_,O/n-ZnO het-
erostructure is shown in Fig. 10(a), and the inset shows the
corresponding schematic diagram of the structure. The de-
tected emission spectra of the structure under different reverse
bias voltages are illustrated in Fig. 10(b).

3. DUV LEDs with BeMgZnO as active layer

Due to the different crystal structures and large lat-
tice mismatch between ZnO (3.25 A, hexagonal) and MgO
(4.22 A, cubic), the phase separation or precipitation will oc-
cur when the Mg concentration is above a certain limit that is
dependent on the film deposition process.>>->7! Generally, the
phase segregation was observed from the Mg,Zn;_,O alloy
with more than 36% of Mg atomic content and the bandgap
of the alloy is usually limited to a value less than 4.0 V.38
So the MgZnO material is not very efficient for developing
deeper UV LEDs to some extent. In these circumstances,
hexagonal Be,Zn;_,O materials attract our intensive attention.
It is because that BeO and ZnO share the same hexagonal
wurtzite structure, and BeO has a good solubility with ZnO,
so the atomic ratio of Be-to-Zn in Be,Zn;_,0 film can be any
value.’) More importantly, the produced Be,Zn;_,O film is
wurtzitic throughout the entire compositional range without
the phase segregation phenomenon occurring. It has been re-
ported that the bandgap of Be,Zn;_,O (0 < x < 1) films can
be adjusted from 3.37 (x = 0) to 10.6 eV (x = 1),1°0) and the
energy bandgaps of Be,Zn;_,O as a function of Be content are
plotted in Fig. 11.
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Fig. 11. (color online) Energy band gaps of BeZnO as a function of Be
concentration in atomic fraction. ("]

In 2006, Ryu et al. reported ZnO-based UV LEDwhere a
BeZnO/ZnO active layer between n-type and p-type ZnO and
the Bep 3Zng 70 layer were used. (611 The active layer is com-
posed of seven quantum wells in which undoped Beg 2Zng 3O
and ZnO serve as barrier and well layers, respectively. The p-
ZnO and p-Beg 3Zng 70 layers are realized with arsenic used
as the acceptor dopant, while n-ZnO and n-Be 3Zng 70 layers
were realized with gallium used as the dopant. The schematic
illustration of the device structure is shown in Fig. 12(a),
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and the detected EL spectra at different injection currents are
shown in Fig. 12(b). At a low driving current of 10 mA, the
emission peaks at 388 nm and 550 nm dominate the EL spec-
tra. The former can be ascribed to the impurity-bound exciton
emission, and the latter may come from the donor-acceptor
pair recombination. With the increase of the injection cur-
rent, a new emission peak at 363 nm emerges and becomes
dominant at higher current levels. By comparing with the
photoluminescence spectra of the Bep2Zng gO/ZnO superlat-
tices, the authors attributed the emission peak at 363 nm to
the localized-exciton recombination in the BegZnggO0/ZnO
quantum wells.

(a)

—+%» ZnO-4nm

Bep2ZngsO - 7 nm

(b) LE

T

EL intensity/arb. units

200 300 400 500 600 700 800 900
Wavelength /nm

Fig. 12. (color online) (a) Schematic illustration of the ZnO-based LED
where a BeZnO/ZnO active layer comprised of multiple quantum wells
is used. (b) EL spectra of the diode measured at RT in a continuous
current mode. (1]

After that, Ryu et al. reported the excitonic stimulated
emission and lasing generated by electrical pumping from
BeZnO/ZnO-based devices,!%?! and the devices were fabri-
cated by using the same growth and fabrication methods as
that we introduced above. The device structure is based on a
p—n heterojunction with a multiple quantum well active layer
The multi-
ple quantum well active layer is comprised of undoped ZnO
and BeZnO, while the two guide-confinement layers were As-
doped p-type ZnO/BeZnO and Ga-doped n-type BeZnO/ZnO
films, respectively. Figure 13 shows the detected EL spectra
measured at RT in pulsed mode (10% duty cycle) current in-

sandwiched between guide-confinement layers.

jection. As the current increases, the sharp Fabry—Pérot type
oscillations at around 3.21 eV became more prominent, indi-
cating the realization of UV lasing action with a threshold cur-
rent density of 420 A/cm?. In this case, a large exciton bind-
ing energy (~ 263 meV) in BeZnO/ZnO quantum well should

be responsible for the exciton-related lasing action realized at
room temperature.

- 450 Alen’ -

[ e

350 Afem® |

29 3.0 3.1 32 33 34 35
Photon energy/eV

Normalized EL intensity/arb. units

Fig. 13. EL spectra measured at RT in pulse current injection mode
(10% duty cycle).[6?!

In order to improve the device performance of BeZnO-
based UV LED further, two-dimensional numerical simula-
tion was employed to assess a number of possible design ap-
proaches aiming at optimizing the internal quantum efficiency
(IQE) of BeZnO-based LED grown along the ¢ axis.[%¥ For a
high-efficiency operation at a wavelength of 360 nm, the ef-
fects of thickness, doping, and alloy composition of BeZnO
electron blocking layer (EBL) in this heterostructure were in
detail analyzed to maximize the carrier confinement in the ac-
tion region. They found that if the EBL is thicker than 10 nm
and has a Be molar fraction in excess of 11%; it can operate
effectively as long as the doping is of p-type and at least equal
to 5x10'"® cm™3 in concentration. And they also found that
the optimum number of quantum wells in the active region is
three for current densities between 1 A/mm? and 2 A/mm?Z,
while for higher current densities five quantum wells should
be employed. Even so, the authors recognized that the BeZnO
alloy is a relatively immature material at present for UV LEDs
with shorter wavelength and higher efficiency, and significant
developments in doping techniques and improvement in car-
rier mobility have to be achieved.

Lately, Chen er al. demonstrated the feasibility of Be
to enhance N doping concentration in ZnO, and a small
amount of Be (less than 1%) in BeZnO alloy can greatly in-
crease the concentration of N by more than one order.!%4]
The typical hole concentration and mobility of BeZnO:N are
4.1x10'® ¢cm™3 and 0.2 cm?/V-s, respectively. Based on
the reliable p-type BeZnO:N, UV LED with a p-BeZnO:N/i-
ZnO/n-Zn0O:Ga structure was constructed and the correspond-
ing schematic diagram is shown in Fig. 14(a). The result-
ing p—i—n junction exhibits excellent diode characteristics, and
strong NBE emission at around 390 nm dominates in the spec-
tra as shown in Fig. 14(b), which can be attributed to the
donor-acceptor pair transition in p-BeZnO:N film. The insets
show the dependence of the integrated emission intensity on
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the injection current and the optical images of the device with
different drive currents.

N & O
5588

Intensity/arb. units

0 20 40 60 80 g

Intensity/arb. units

400 f \ Current/mA
2004 [\
o e SRR e
350 400 450 500 550 600 650
Wavelength/nm

Fig. 14. (color online) (a) Schematic diagram of the ZnO p—i—n struc-
ture. (b) The EL spectra and the optical images of the ZnO LED under
different injection currents at 300 K, the insets indicate how the inte-
grated NBE emission intensity is dependent on the injection current.[%4]

Although Be,Zn;_,O alloys each have a larger bandgap
modulation range than the Mg,Zn;_,O alloys without phase
segregation, there are still problems caused by the difference
in ionic radius between Be?* (0.27 A) and Zn?* (0.60 A), in-
ducing a large lattice mismatch between BeO and ZnO.[®3]
The crystal quality of the resulting Be,Zn;_,O films will be
degraded with the increase of Be atomic content. To ob-
tain high-quality ZnO-based films with bandgap modulation to
DUV region, quaternary Be,Mg,Zn;_,_,O alloys were pro-
posed and investigated for applications in various optoelec-
tronic devices.[°-%8] Figure 15 shows the x-ray diffraction pat-
terns of the BeZnO and the BeMgZnO films with the same
bandgap value of 4.5 eV.[! Each of the BeZnO and Be-
MgZnO films has a wurtzite structure. Compared with the
BeZnO films, the BeMgZnO films have much low full-width
half maximum values. It suggests that the BeMgZnO has
higher crystal quality than BeZnO.

As stated above, the excellent wavelength adjustabilities
of BeyMg,Zn;_,_,0 alloys each with a high crystallinity sug-
gest their applications in UV optoelectronic devices. In 2013,
Lee et al. prepared the intrinsic BeMgZnO films by using
triple targets of MgO, Be, and Zn in a magnetron co-sputtering
system.7% The i-Beg 0g3Mgp.047Zn0.370 film displays a op-
tical transmittance higher than 90% at a range of 400 nm—
800 nm, and the corresponding optical energy bandgap is
about 3.51 eV. Further, the i-Beg 033Mgo.047Zn¢ 870 film was
used as the active layer to construct the n-MgZnO:Al/i-
Beo.033Mgo.047Zn9 §70/p-GaN heterostructure LED, and its

corresponding schematic configuration is shown in Fig. 16(a).
The EL spectra detected at RT for the studied diode are
shown in Fig. 16(b), with the injection current ranging from
5 mA to 80 mA. One can see that the emission peak
from the n-MgZnO:Al/i-Beg 033Mgo.047Zn0.870/p-GaN het-
erostructured diode is at around 355 nm.

BeZnO

3 & 8 — — -ZnBeMgO(40)
S £ —-—-ZnO i
S <

E S =’ ~ )
N % 8 S
PR e <
RS S o.!

3 [T N =z !
Yy o ’

R
\

Intensity/arb. units

20/(°)

Fig. 15. XRD patterns of BeZnO and ZnBeMgO with the same bandgap
value of 4.5 eV.[08]

Ti/Al (50/150 nm)

()

Ni/Au
(20/100 nm)

n-MgZnO:Al, 100 nm

i-MgBeZnO, 100 nm

p-GaN layer, 680 nm

Undoped-GaN buffer layer, 2 um

AIN nucleation layer, 25 nm

Sapphire

—=—5mA 4p-GaN/i-MgBeZnO/n-MgZnO:Al
—o—10maA UV light-emitting diodes
—&— 20 mA

—v—40 mA % -
—&— 60 mA _/
—¢— 80 mA; o /

Wavelength/nm
&

Intensity /arb. units @

0 10 20 30 40 S0 60 70 $0 9

Injection current/mA

300 350 400 450 500 550 600
Wavelength/nm

Fig. 16. (a) The schematic diagram of the n-MgZnO:Al/i-
Beo.033Mgo.047Zn¢ §70/p-GaN heterostructured LED. (b) EL spec-
tra of the UV LED injected with currents from 5 mA to 80 mA.
The inset shows the emission peak wavelength versus injection
current.[70]

4. Conclusions

Alloying with MgO and BeO, the ZnO possesses the
bandgap that can be modulated to cover the DUV region. In
recent years, many efforts have been made to develop the ZnO-
based DUV LEDs. However, the efficient p-type doping of
ZnO is still an obstacle, and the p-type doping of MgZnO may
be more challenging due to its wider bandgap. To avoid the ob-
stacle of p-type doping of wide bandgap semiconductor, ZnO
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based DUV LED has been fabricated by using the impact ion-
ization process or high-energy electron beam as an excitation

source. These results shown above reveal the prospect of ZnO-
based DUV LEDs, but for the future applications, the perfor-
mances of the devices still need further improving.
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