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Introduction

Ultraviolet (UV) light-emitting diodes (LEDs) and laser diodes
(LDs) have attracted much interest for their potential use in
long-lifetime solid-state lighting, high-density information
storage, detection and secure communication. Fueled and
fanned by the broad application prospects, intensive research
efforts have been made on wide-bandgap semiconductors to
realize efficient UV LEDs and LDs."® Among the available wide-
bandgap semiconductors, ZnO with a wide bandgap (3.37 eV)
and large exciton binding energy (60 meV) has turned out to be
a promising candidate for creating high-efficiency and low-
threshold light-emitting devices, which will operate at room
or higher temperatures.*® In order to realize modern light-
emitting devices, two important requirements should be satis-
fied: one, p-type and n-type materials for carrier injection, and
the other is a modulation of bandgap to create multiple
quantum wells (MQWs) for carrier recombination.® Unipolar
doping seems to be a common issue in wide bandgap semi-
conductors, and ZnO is no exception. ZnO is easily doped to n-
type, but it is difficult to dope to a p-type. Difficulty in p-type
ZnO has always been the obstacle to fabricate homojunction
light-emitting devices. The latter requirement has been
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were restricted to overflow to the p-type layer, and carriers were confined in the high-quality MQWs

demonstrated by alloying. Compared to other alloys, Zn;_,-
Mg,O is considered a suitable barrier material for ZnO
MQWs.” The growth and optical properties of ZnO/Zn; ,Mg,O
MQWs have been widely studied.'*** Electrically pumped light
emission or lasing actions in ZnO/Zn,;_,Mg,0 MQWs is scarce
but highly desirable. Much more attention should be drawn to
ZnO/Zn,_,Mg,O MQWs working as an active layer in LEDs or
LDs. Research on homojunction LEDs or LDs using ZnO/
Zn; Mg, 0 MQWs as an active layer is limited by p-type doping
and growth of high-quality MQWs.**** While p-type doping of
ZnO is under intensive study, the heterojunction structure can
be adopted to realize ZnO/Zn, _, Mg, O MQW active layer devices.
However, there have been no relevant reports about such het-
erojunction devices. Heteroepitaxy and interface issues make it
difficult. In this work, p-GaN/n-ZnO LEDs employing a ZnO/
Zn,; Mg, O MQW active layer have been demonstrated, for the
reason that p-GaN is commercially available and GaN has the
same crystalline structure with closely matched lattice
constants compared to ZnO.**** Moreover, a record high
internal quantum efficiency of ZnO/ZnMgO MQWs is 61% at
300 K is obtained by using GaN/Al,O; as a substrate, which has
been reported in our latest research.”® We investigated the
optical properties and structures of ZnO/Zn,_,Mg,O MQWs to
obtain high-quality MQW structures. The effect of MQWs on the
performance of LEDs has been analyzed and electrically pum-
ped UV light emission has been achieved. The efficient UV
emission is derived from the ZnO/ZnMgO MQW active layer due
to the obvious quantum confinement effect.

Experimental details

ZnO/Zn, ,Mg, O MQWs were grown on commercially available
p-GaN/Al,O; templates via the plasma-assisted molecular beam
epitaxy (MBE) technique. Elemental zinc (6N grade), magne-
sium (6N grade) and oxygen radio frequency plasma (O, gas, 6N
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grade) were used as sources. Prior to the growth, thermal
cleaning of p-GaN/Al,O; templates was carried out in the
preparation chamber at 300 °C for several hours, followed by in
the growth chamber at 700 °C for 30 min to produce a clean
surface. For better film crystallinity and a flatter surface, a thin
low-temperature ZnO layer was deposited as a buffer layer.
Zn,; ,Mg,O films or 5-period ZnO/Zn, ,Mg,0 MQWs were
subsequently grown on the buffer layer at 650 °C. The Zn cell
temperature, oxygen flow rate and radiofrequency excitation
power were fixed at 250 °C, 1.0 standard cubic centimetres per
minute (sccm) and 300 W, respectively. Mg cell temperature was
varied at 340 °C, 345 °C, and 350 °C to obtain Zn, ,Mg,O films
with different Mg contents. Mg cell temperature was fixed at
350 °C to fabricate 5-period ZnO/Zn; ,Mg,O MQWs. The
thickness of the Zn; ,Mg,O barrier layer was 10 nm, and the
thickness of the ZnO well layer was varied from 2 nm to 8 nm by
controlling deposition time. The details about the determina-
tion of thickness are available in the ESI file.T For the fabrica-
tion of heterojunction diodes, a low-temperature ZnO buffer
layer, 10 nm thick Zn,; ,Mg,O layer, 5-period ZnO/Zn,_,Mg,O
MQWs and undoped ZnO layer were deposited on p-GaN/Al,O;
templates in a sequence. For comparison, another hetero-
junction sample without MQWSs was also prepared under the
same conditions. Bilayer Ni/Au electrode and Sn electrode were
used as the contacts for p-GaN and n-ZnO layers, respectively.

The Mg content was determined by X-ray photoelectron
spectroscopy (XPS). The crystalline structure was analyzed by X-
ray diffraction (XRD) with Cu Ko, radiation (1 = 1.54056 A). The
electrical properties of the p-GaN film were investigated by the
van der Pauw method with Hall measurements, and it showed
a hole concentration of 5.30 x 10" em > and Hall mobility of
14.7 cm® V' 571, Photoluminescence (PL) measurements were
used to analyse the optical properties of the single-layer films
and MQWs, which employed a 25 mW He-Cd laser operating at
a wavelength of 325 nm as the excitation source and performed
on an FLS920 (Edinburgh Instruments) fluorescence spec-
trometer. The surface morphology and roughness of MQWs
were characterized by atomic force microscopy (AFM). The
elemental depth profile of the MQWs was investigated using
secondary ion mass spectroscopy (SIMS) measurements. The
electrical properties of heterojunction diodes were studied by
current-voltage (IV) measurements using a semiconductor
parameter analyzer (Agilent E5270B). Electroluminescence (EL)
measurements were performed using a PL instrument, and
a continuous-current power source was used to excite the
diodes. All measurements were performed at room tempera-
ture. The simulations of carrier distribution, energy band
structures and EL spectra for ZnO MQW LEDs were made with
the APSYS package from Crosslight Software Inc. (technical
details about the simulation are available in ESIt).

Results and discussions

In order to fabricate high-quality ZnO/Zn; ,Mg,0O MQWs on
GaN substrates, the heteroepitaxial Zn; ,Mg,O films with
varied Mg contents were studied. Mg contents were determined
as 0 (refers to ZnO), 4%, 8%, and 10%. Pure c-plane oriented
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Zn, ,Mg,O films were grown on c-plane GaN/Al,O; templates,
as shown in Fig. 1(a). The crystalline quality of Zn; ,Mg,O films
was characterized by high-resolution X-ray diffraction
(HRXRD).** In general, the full width at half maximum (FWHM)
value of (002) w-rocking curve is related to screw threading
dislocations (TDs), while FWHM of (102) w-rocking curve is
responsible for the edge TDs, which is usually dominant in the
epitaxial growth such as GaN and ZnO. Here, Fig. 1(b) shows the
XRD w-rocking curves of GaN (002) diffraction peak for GaN/
Al,O; template and ZnO (002) diffraction peak for Zn, ,Mg,O
films. Due to the matched lattice constants with GaN, 26 for
ZnO and GaN (002) are very close, which are 34.42° and 34.56°,
respectively. The peaks are fitted by pseudo-Voigt function.
FWHM values of the diffraction peaks from Zn; ,Mg,O samples
are almost equal to those from GaN/Al,O; template, as shown in
Table S1 (see in ESI).f The signal from Zn,_,Mg,O (002)
diffraction peak is covered by GaN (002) diffraction. Although,
the (002) diffraction peaks from Zn; ,Mg,O layers cannot be
recognized, it is inferred that FWHM values of Zn, _,Mg,O films
(002) diffraction peak are almost equal to or even less than the
fitted value. As well, XRD w-rocking curves of Zn, _,Mg,O (102)
diffraction peak were measured, as shown in Fig. 1(c). There are
two recognizable diffraction peaks for each sample. The FWHM
values of the two peaks are about 600 arcsec and 300 arcsec, as
shown in Table S1.1 Standard 26 values of (102) diffraction for
ZnO and GaN are 47.54°, and 48.08°, respectively. It is known
that peak position goes to the left as diffraction angles are
smaller. Thus, the left broadened peak is originated from
Zn,; ,Mg,O for its slightly smaller diffraction angle. Moreover,
the right peak shows very close FWHM value as the single peak
from the GaN sample (about 300 arcsec), which also confirms
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Fig. 1 (a) XRD patterns in §-26 geometry of Zn;_,Mg,O films with
different Mg content grown on p-GaN/ALOz templates. (b) XRD w-
rocking curves of GaN (002) and ZnO (002) diffraction peaks for GaN/
AlLO3z template and Zn;_,Mg,O films grown on GaN/Al,Os templates,
respectively. (c) XRD w-rocking curves of GaN (102) and ZnO (102)
diffraction peak for GaN/AlLL,Oz template and Zn;_,Mg,O films grown
on GaN/AlLOs templates, respectively. (d) Room-temperature PL
spectra of the Zn; _,Mg,O films.
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that the right one is corresponding to the GaN layer, and the left
broad one originates from the Zn, ,Mg,O layer. The relatively
small FWHM values indicate low defect density in epitaxial
films.** Fig. 1(d) shows room-temperature PL spectra of Zn;_,-
Mg, O films with different Mg contents. It is noteworthy that the
dominant near-band-edge (NBE) emission peak shifts monot-
onously from 378 nm to 362 nm as Mg content increases from
0 to 0.10. The blue shift behavior is attributed to the increase of
bandgap with Mg incorporation. In the type-I band structured
ZnO/Zn,_,Mg,O junction, the increasing bandgap of Zn; ,-
Mg, O leads to a larger barrier height for both electrons and
holes. Henceforth, the MQWSs are referred to as ZnO/
Zny.oMg, 10 MQWs in the following text.

The well-width of MQWs are varied from 2 nm to 8 nm by
controlling deposition time. These MQWs are labeled as W2,
W4, W6 and W8, respectively. The PL properties of MQWs with
different well widths are investigated. The p-GaN film, single-
layer ZnO and Zn, Mg, ,0 films deposited under the same
growth conditions are taken for comparison. Fig. 2(a) shows the
normalized room-temperature PL spectra. The p-GaN film
exhibits an emission around 435 nm (red dash line), which is
ascribed to transitions from the conduction band or unidenti-
fied shallow donors to Mg acceptor levels in the p-GaN film.
Single-layer ZnO film exhibits a narrow emission at 378 nm
(black dash line), which is attributed to the NBE emission of
ZnO. Single-layer Zn, sMgy ;O film exhibits a narrow emission at
362 nm and a weak visible region emission started from 450 nm
to 640 nm (blue dash line). The narrow emission at 362 nm is
also attributed to the NBE emission of Zn, Mg, ;0, and the
emission started from 450 nm to 640 nm is ascribed to deep-
level defects related to the emission of ZnyoMg, 0. In order
to realize efficient output, the defects related to emissions
should be avoided. Each MQWs also shows a dominant UV
emission located between 366 nm to 373 nm and a weak visible
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Fig. 2 (a) The room-temperature PL spectra of the p-GaN film, ZnO
film, ZngoMgp 1O film and the Zno/zno_gMgo_lo MQWs with well-
width of 2 nm, 4 nm, 6 nm, and 8 nm. (b) The peak position of NBE
emissions versus well-width. (c) AFM image for sample W6. (d) SIMS
depth profiles of Mg, Zn, and Ga in the 5-period ZnO/Zng oMgg 10
MQWs.
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region emission also started from 450 nm to 640 nm (solid
lines). No separate emission from a single ZnO well layer (black
dash line) or ZnyoMg,,O barrier layer (blue dash line) is
observed for the MQWSs. The emission from the lower layer p-
GaN templates is undetectable either. These UV emissions
exhibit blue-shift compared with the emission from ZnO film. It
indicates that emissions of MQWs are attributed to the
recombination of the localized exciton in the ZnO well and blue-
shift is due to the quantum confinement effect (QCE).**** The
recombination of the localized exciton in the ZnO well layer and
undetected emission from the Zn, Mg, ;0 barrier layer both
certificate the efficient carrier injection from barrier to well. UV
emissions varied monotonically from 373 nm to 366 nm as the
MQWs well width reduced from 8 nm to 2 nm, as shown in
Fig. 2(b). Here, well-width at 0 represents Zn, oMg, ;0. The peak
position is gradually shifted to higher energy with a narrower
well-width, as shown in Fig. 2(b), which is expected for a more
notable QCE.?®* More notable QCE leads to more efficient
carrier injection to well, which is very desirable for efficient
carrier recombination. It seems that the smaller well-width, the
better. However, the PL performance starts to deteriorate with
an enhanced defect emission from 450 nm to 640 nm when the
well-width decreased to 2 nm, as shown in Fig. 2(a). It reveals
that well-widths of 4 nm (W4) and 6 nm (W6) are better, by
taking the overall consideration of QCE and PL performance.

In addition, surface flatness is also the key indicator to
evaluate the quality of MQWs. After testing the surface rough-
ness, we found that the surface of W6 is very flat, and the root
mean square (rms) surface roughness is only 0.6 nm, as shown
in Fig. 2(c). A deep analysis of elements depth profiles at the
interfaces for W6 is carried out by SIMS, as shown in Fig. 2(d). In
the top epitaxial layer, five sharp peaks about Mg can be clearly
resolved, which is highly consistent with the structure of the 5-
period MQWs. It suggests the sharp interfaces between the well
and barrier layers. Processed through the whole high-
temperature growth, the interdiffusion of Mg is only slight.
The low-temperature ZnO buffer layer between MQWs and
substrate can also be recognized when the etching time
increases to 5000 s. The interface between the epitaxial layer
and p-GaN substrate can be confirmed from the profiles of Zn
and Ga when the etching time increases to 6000 s. The smooth
surface ensures good interfaces. Hence, considering QCE, PL
performance and interface quality, the well width of 6 nm is very
suitable.

Based on these optimized parameters, 5-period ZnO/
Zny oMg, 10 MQWs with a well width of 6 nm and a barrier
width of 10 nm were employed to form the heterojunction
diode. The diagram of the p-GaN/MQWs/n-ZnO diode is shown
in Fig. 3(a). IV curves of the Ni/Au electrode on the p-GaN layer
and the Sn electrode on the n-ZnO layer are shown in Fig. 3(b).
Both Ni/Au-contact to the p-type GaN layer and Sn-contact to n-
type ZnO layer show good ohmic behavior. The IV characteristic
of the diode is shown in Fig. 3(c). The device exhibits well
rectification with a turn-on voltage of 3.5 V, which is in good
agreement with the ZnO bandgap energy of 3.37 eV. The ideal
factor is about 2.5 under a low-level forward injection.
Commonly, the p-n junction should have an ideal factor
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Fig. 3 (a) Schematic illustration of the p-GaN/MQWs/n-ZnO diode
structure. (b) IV curves of the Ni/Au electrodes on the p-GaN layer (pp)
and the Sn electrodes on n-ZnO layer (nn). (c) IV curve of the p-GaN/
MQWSs/n-ZnO diode in normal (black line) and log-scale (red line).

between 1 and 2 as per the Sah-Noyce-Shockley theory.
However, referring to previous studies on GaN-based LEDs, it is
shown that unipolar heterojunctions, dislocations in MQWs, as
well as metal contact to p-type GaN, can increase the ideal factor
to values much greater than 2.0. It is reported that low defect
density GaN devices displayed improved ideal factors, which
were close to 1-2. The ideal factor of 2.5 in this work is close to
2. It indicates that the recombination current is the dominant
carrier transport mode. The relatively small FWHM values of
Zn, ,Mg,0 (102) XRD w-rocking diffraction peaks indicate low
defect density in the epitaxial films in our research as shown in
Fig. 1(c) and Table S1.1 This low defect density is supposed to
make important contributions to avoid a commonly high ideal
factor as in GaN devices.

A benchmark summary of representative n-ZnO/p-GaN LEDs
is presented in Table 1. Research on ZnO/Zn; ,Mg,0 MQWs
LEDs is very limited. All of the reported structure is n-ZnO/
MQWSs/p-ZnO, and their related performances are listed in
Table 2. In our work, the leakage current is 1.7 mA at a reverse
bias of 10 V. It is two orders of magnitude higher than that of n-
ZnO/p-GaN devices as shown in Table 1. While it is comparable
to the previously reported MQW devices in Table 2. It indicates

Table 1 Device properties review of n-ZnO/p-GaN LEDs”
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that many interface defect states exist in MQW devices. This still
needs further research to improve.

Fig. 4(a) shows the EL spectra of the diode operating at
forward currents from 1 mA to 22 mA. Both the UV emission at
around 370 nm and deep-level emission starting from 500 nm
to 725 nm are enhanced as the current injection level increases.
The deep-level emission is the dominant feature at low forward
currents (in the region below 13 mA), while emission around
370 nm becomes the prominent spectral feature when the
current injection level is higher than 13 mA. Fig. 4(b) shows the
Gaussian fitting of the EL spectrum with the current of 22 mA. It
can be fitted into four peaks. Generally, the UV emission band
peaking at about 370 nm is attributed to the ZnO NBE emission
that originates from the recombination of localized excitons
(LE) in ZnO well layers. Emissions in the visible region started
from 500 nm to 725 nm are often coming from defect-related
emission (DE). Both LE and DE peaks are asymmetrical. LE
can be divided into two close peaks that originate from the
recombination of ZnO-free and bound excitons (FE and BE). DE
can be divided into two peaks located at 549 nm and 613 nm.
After fitting the EL emissions at different currents, the trends of
FWHM values, peak positions and integrated EL intensity for
each emission with increasing injection current were studied as
shown in Fig. 4(c) and (d). The peak positions of FE and BE are
scarcely shifted, as the current increased, which suggests stable
wavelength emission. What is more, the FWHM of FE and BE
peaks are very narrow and also relatively stable as the current
increases. The FWHM is only 7 nm for FE and 13 nm for BE. It
shows better monochromaticity with comparison to other
reports in Tables 1 and 2. While the visible region deep-level
emission is a strong and wide peak as shown in Fig. 4(a). This
behaviour also indicates the existence of many defect states. It
shows a blueshift with the increase of current as seen in
Fig. 4(a), which is believed to result from the saturation of the
lowest energy levels."” Fig. 4(d) indicates that emissions from FE
and BE are rapidly increasing and the growth of DE occurs more
and more slowly as the injection current increases. It suggests
that the recombination of LE from MQWs is becoming more
efficient.

For the purpose of better understanding the EL results and
the effect of MQWs on the performance of the diode, the EL
spectrum of the p-GaN/n-ZnO heterojunction diode operated at
forward currents of 22 mA is also displayed in Fig. 4(a). The

Reference no. 28 29 30 31 32 33

Turn-on voltage (V) 3 5 —3* 3 13 3

Turn-on current (mA) 15* 0.003 —0.2* # 0.1%* #

Leakage current (mA) 0.005@3 V 0.01@20 V # # 0.003@15 V #

EL detectability threshold (V) # 7 -5 3.5 # 10

EL detectability current (mA) # 0.04 —0.5% # 1.8 1*
Dominant EL peak (nm) 430 440 445, 560 392-420 393, 409, 437 383, 402, 430
FWHM of EL peak (nm) 25 50* >50%* 34 36 24-48

Origin for EL peak p-GaN p-GaN p-GaN, n-ZnO n-ZnO, p-GaN, and interface

“ * values estimated using figures or data provided in the paper; # values, which are neither available nor can be estimated from available data.
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Table 2 Comparative device properties review of ZnO/Zn;_,Mg,O MQWs LEDs and this work. All of the reported structure from references is n-

ZnO/MQWs/p-ZnO*

Reference no. 16 17 18 19 This work
Turn-on voltage (V) 3.2 7 2.2 4* 3.5

Turn-on current (mA) 0.02* # 10* # 0.7

Leakage current (mA) 0.1*@4 V 4* @20V # # 1.7@10 V

EL detectability threshold (V) # # 7 6.2 5

EL detectability current (mA) 20 # 50%* 20 1

Dominant EL peak (nm) 380 380 385 380* 372, 380
FWHM of EL peak (nm) 40*@40 mA 0.4@20 mA laser 50* <20* 7, 13@20 mA
ELyows/ELpx 1.55 # # 1.22% 16

¢ * values estimated using figures or data provided in the paper; # values which are neither available nor can be estimated from available data;
ELmqws and ELpy: integrated intensity for dominant EL peak from MQWs LEDs and their corresponding p-n junction LEDs without MQWs,
ELmqws/ELpn: the relative EL intensity value of LED with MQWSs compared to the LED without MQWs.

(

2
L
3
>
_

—— As-measured|

/FE 372nm Fitted sum

BE 380 nm

J 549 %\ :
350 400 450 500 550 600 650 700 750
Wavelength (nm)

EL intensity (a.u.)
EL Intensity (a.u.) T

350 400 450 500 550 600 650 700 750
Wavelength (nm)

(c)6 = (d)
BE S B 380'5 ~[ -=-FE =
14 = 378 3| -e-BE A
3 P * e S} -aDE e
£12 S 2 x0125 A
s —a@> 3747 2 [__x s
L 10 . o A o
F3 FE Coo—1 3720 = ¢ o
o . £ e ot
8f~—@>-0------- o--l-a 3703 . e
g o ps fr} REr S
o * l368 B
6
5 10 15 20 25 0 5 10 15 20

Injection current (mA) Injection current (mA)

Fig. 4 (a) EL spectra of the p-GaN/MQWSs/n-ZnO diode under
different forward currents and EL spectrum of p-GaN/n-ZnO diode
under the forward current of 22 mA. Note that the EL intensity for p-
GaN/n-ZnO diode has been magnified by 100 times. (b) Gaussian
fitting of the EL spectrum with current of 22 mA. FE: recombination of
Zn0O free excitons; BE: recombination of ZnO bound excitons. (c)
FWHM values and peak positions of emission peaks from FE and BE
plotted as a function of injection current. (d) Integrated EL intensity of
FE, BE and DE emissions plotted as a function of injection current.

diode without MQWs shows a weak emission around 450 nm,
which is very similar to the PL emission from the p-GaN layer
shown in Fig. 2(a). It indicates that the emissions are from the
GaN layer, while that from the ZnO layer is undetectable. This
weaker and broader emission means low efficiency and poor
monochromaticity, which is detrimental to device applications.
This is a common issue for p-GaN/n-ZnO heterojunction diodes
according to Table 1.>7* It is because electrons in the ZnO layer
with higher mobility are more easily drifted into GaN and
recombined with holes to form the emission. In that case, p-
GaN does not supply holes to ZnO, on the contrary, ZnO acts
as an electron source for the p-GaN layer. Finally, the advantage
of the large exciton binding energy of ZnO is not fully exploited
in the p-GaN/n-ZnO heterojunction diode. As for the diode with
MQWs, obviously, the peak located around 370 nm is not

© 2021 The Author(s). Published by the Royal Society of Chemistry

derived from the p-GaN layer. It shows a blue-shift from the PL
emission of n-type ZnO (located at 378 nm in Fig. 2(a)), which is
related to the QCE. Therefore, it is determined that this UV
emission originates from the localized-exciton recombination
in the MQW active layer. The EL spectrum is detected at a bias
as low as 5 V for our device. This threshold is relatively low in
comparison to that in the previously reported LED devices, as
shown in Tables 1 and 2. Compared to the LED without MQWs,
the EL emission of LED with MQWs has more efficiency.
According to the relative EL intensity values (ELyqws/ELpy) in
Table 2, the emission with MQWs increases 16 times comparing
with bare p-n junction. This is a remarkable improvement in
contrast to the values of other devices as shown in Table 2.

To further understand the carrier recombination process in
LEDs, the carrier distribution, energy band structures and EL
spectra for ZnO MQW LEDs were calculated using the APSYS
package. The LED structures in the simulation are shown in
Fig. S21 and the related electrical properties of films are listed in
Table S2 (see in ESI). Fig. 5(a) and (b) show the conduction and
valence band energy diagrams at 25 mA for the p-GaN/n-ZnO
diode and p-GaN/MQWs/n-ZnO diode, respectively. There are
energy barriers for both electrons and holes in the p-GaN/n-ZnO
diode. Fig. 5(c) and (d) show the distribution of electron and
hole concentrations in each region of the two diodes, respec-
tively. As shown in Fig. 5(c), carrier diffusion concentrations
decrease rapidly with a longer electron diffusive distance. It
finally results in a weak emission from the p-type layer in the p-
GaN/n-ZnO diode, as shown in Fig. 5(e). Different from that, in
the p-GaN/MQWs/n-ZnO diode, the MQWs blocks the overflow
of electrons to the p-type region and accumulates both electrons
and holes in the well layers, leading to a high hole concentra-
tion in the MQWs. Both hole and electron concentrations
increase more than an order of magnitude in the quantum well
adjacent to the p-type layer in the p-GaN/MQWs/n-ZnO diode, as
shown in Fig. 5(d), compared to the carrier concentrations at
the interface in the p-GaN/n-ZnO diode. Due to the blocking of
electron overflow to the p-type layer and confining of carriers in
ZnO well layers, the efficiency of UV emission (the intensity is
nearly two orders of magnitude to the intensity of emission
from p-GaN/n-ZnO diode) from ZnO well is obtained as shown
in Fig. 5(f). By comparing the performance of the two diodes, it

RSC Adv, 2021, 11, 38949-38955 | 38953


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06685d

Open Access Article. Published on 06 December 2021. Downloaded on 4/2/2026 4:56:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

a) (b)
= 4.51 _ 4.5
dJ 3 W
> 4.0 > 4.0
2 p-GaN n-ZnO §
[ S — 2  Tp-GaN MQWs n-Zn®
w — ] B
1.0 I S BT 1
a o
[k G S1oqlie
c 10" Hole 10"
K] 161 L 109
s 10 ®
£ 109 €109
c
3 10" p-GaN n-zno | 819 Gan nznd
5 109 5104
(8] 104 (&) 103
] 10M Electron ;1011
= 10° = 10° Electron
S " 0710 20 30 40 50 60 70 8¢S "0 20 40 60 80 100 120 140
Thickness (nm) Thickness (nm)
0.00: 0.7
{e) T —
—0.0070——5 MA = 0_5( ) Sy
—10 mA 3 —10mA
w0.006_15mA £ 0.5 —15mA
20005 __ 29 mA 204 —20mA
2 0.004 25 mA 2 —25mA
E 0.003
1 0.002
& 9.001
0.000; O ]
300 350 400 450 500 550 300 350 400 450 500 550

Wavelength (nm) Wavelength (nm)

Fig. 5 Calculated (a) conduction band energy diagram and (b) valence
band energy diagram at 25 mA for the p-GaN/n-ZnO diode and p-
GaN/MQWs/n-ZnO diode, respectively. Calculated carrier concen-
trations in (c) p-GaN/n-ZnO diode and (d) p-GaN/MQWs/n-ZnO
diode. Simulated EL emissions from (e) p-GaN/n-ZnO diode and (f) p-
GaN/MQWs/n-ZnO diode.

is found that the carrier-recombination in MQWs is realized
and the intensity of the emission is enhanced in the p-GaN/
MQWs/n-ZnO diode. The result clearly shows that the inser-
tion of MQWs makes the emission more efficient by confining
the carriers in the high-quality MQWs well layer.

Conclusions

In summary, we demonstrated the operation of a UV-light-
emitting ZnO heterojunction diode by employing ZnO/
Zny Mg, 1,0 MQWs as an active layer. The properties of the
MQWs and the performance of the diode were investigated.
High-quality MQWs with a notable QCE, smooth surface and
sharp interfaces have been obtained. The diode exhibited effi-
cient UV emission around 370 nm at room temperature. The
overflow of electrons to the poor-quality p-GaN layer has been
restricted, and the carriers have been confined in high-quality
MQWs. The device shows better monochromaticity and high
efficiency. It is meaningful to the development of ZnO-based UV
optoelectronic devices.
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