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ARTICLE INFO ABSTRACT

Keywords: Deep-ultraviolet light-emitting diodes (DUV-LEDs) have emerged as eco-friendly alternatives to mercury lamps
Deep-ultraviolet light-emitting diode (DUV- for various applications. This study explores MgO-NiO-ZnO alloy semiconductors as potential materials for DUV-
LED) LEDs, offering advantages over conventional AlGaN-based systems. MgO-NiO-ZnO films with varying compo-
Semiconductor - . . . fps . . . X .

Oxide sitions were grown using mist chemical vapor deposition (mist-CVD) and characterized using X-ray diffraction

Lattice matching (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy, and UV-visible

MgO spectroscopy. A single-phase rock-salt structure was obtained for ZnO mole fractions of up to 0.26, whereas phase
NiO separation occurred at higher levels of ZnO content. The lattice constant—composition relationship followed
ZnO Vegard’s law, suggesting that MgO-NiO-ZnO films with a composition of Mg,(Nig ¢7Zng.33)1-xO could achieve

lattice matching with MgO substrates. The band gaps of rock-salt MgO-NiO-ZnO, determined based on spectral
transmittance measurements, ranged from 5.4 eV to 5.8 eV and increased with MgO content. These band gap
values are sufficient for DUV-LED applications. This study provides crucial insights into MgO-NiO-ZnO alloy

semiconductors, paving the way for the development of more efficient and strain-free DUV-LEDs.

1. Introduction

Deep-ultraviolet (DUV) light-emitting diodes (LEDs) are being
developed as an environmentally friendly alternative to mercury fluo-
rescent lamps for applications in the medical, water purification, and
public health sectors [1-3]. DUV-LEDs offer strong sterilization power
without the environmental hazards associated with mercury. Currently,
AlGaN, an alloy of AIN (6.2 eV) [4-6] and GaN (3.4 eV) [6,7], is one of
the most studied semiconductors for DUV-LED light-emitting layers.
Various AlGaN-based (D)UV-LEDs have been developed [8-10]. The
band gap of AlGaN can be controlled by adjusting the AIN ratio. How-
ever, owing to the significant difference between the lattice constants of
AIN and GaN, epitaxial strain inevitably occurs in layered structures of
DUV-LEDs, which consist of layers with different compositions and
lattice constants [11].

To address this challenge, we are focusing on a MgO-NiO-ZnO alloy
semiconductor that could potentially be lattice-matched with MgO
substrates. MgO and NiO both have rock-salt crystal structures, which
have a small lattice mismatch of 0.84 % [12-14]. Similarly, ZnO also has
a metastable rock-salt structure, which occurs in addition to its stable
wurtzite structure [15,16]. The MgO-NiO-ZnO system shows promise

for several reasons: First, it has less lattice mismatch compared to those
exhibited by other alloy systems such as AllnGaN and a-(AllnGa);03
[11,17]. Less lattice mismatch is illustrated by narrower widths for the
triangles for each alloy system in Fig. 1, which shows the average bond
lengths and band gaps of various semiconductors [4-7,11,17-21] and
MgO-NiO-ZnO [12-17,22-25]. Second, it has a potential for lattice
matching with MgO substrates at appropriate NiO:ZnO ratios. Finally, it
allows for a large and wide control of the band gap while maintaining
lattice matching. The difficulty in achieving this characteristic with
substrates such as AIN, GaN, and a-AlyO3 is illustrated by the
non-acuteness of the triangles representing these alloy systems in Fig. 1.
The band gap of MgO (7.8eV) [12,22,23] is significantly larger than
those of NiO (3.7-3.8eV) [12,24] and rock-salt ZnO (2.4eV) [15].
Through increases in the MgO content, the band gap of MgO-NiO-ZnO
can be enlarged. Notably, when the NiO:ZnO ratio is optimized to match
the lattice constant of MgO, the lattice constant remains unchanged even
as the MgO composition is adjusted to control the band gap. This unique
property suggests that the band gaps of MgO-NiO-ZnO alloy semi-
conductors could potentially be changed from approximately 3.0 eV to
7.8 eV, while lattice matching is maintained with an MgO substrate. The
maximum band gap of 7.8 eV is sufficient for fabricating DUV-LEDs that
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Fig. 1. Average bond lengths and band gaps of various semiconductors [4-7,
11,17-21] and MgO-NiO-ZnO [12-17,22-25].

emit light at wavelengths of approximately 160 nm.

However, the exact relationship between the lattice constant and
composition of rock-salt MgO-NiO-ZnO, in conjunction with the precise
lattice-matching composition, has not been fully determined. In this
study, we investigated the relationship between the lattice constant and
composition of rock-salt MgO-NiO-ZnO. MgO-NiO-ZnO films of
various compositions were deposited using mist chemical vapor depo-
sition (mist-CVD). These films were then analyzed to determine their
lattice constants, compositions, and band gaps. This study aims to pro-
vide crucial insights into the properties of MgO-NiO-ZnO alloy semi-
conductors, potentially paving the way for the development of more
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efficient and strain-free DUV-LEDs. This study represents an important
step toward creating environmentally friendly, high-performance DUV
light sources that could significantly impact various fields, including
medical applications, water treatment, and public health.

2. Experiment

MgO-NiO-ZnO films were grown via mist-CVD using the setup
shown in Fig. 2. The precursor Mg, Ni, and Zn solutions were aqueous
solutions of their respective acetylacetonate salts. To enhance solubility,
ethylenediamine and hydrochloric acid were added to the Ni and Zn
precursor solutions, respectively. The standard concentrations were
0.02 M for the precursors and 0.04 M for the additives. The precursor
solutions were poured into misting bottles with polymer film-wrapped
bottoms and atomized using ultrasonic waves generated by piezoelec-
tric elements (HM-2412, Honda Electronics). The mists of the precursor
solutions were carried by carrier gases and mixed in a mist-mixing
bottle. Dry air was used as the carrier and dilution gas. The flow rate
of the dilution gas was set to 2 L-min~!, and the total flow rate of all the
carrier gases was set to 4 L-min . The film composition was controlled
by adjusting the carrier-gas ratios or diluting the precursor solutions. A
rubber heater maintained at 90°C enveloped the quartz tube inlet to
prevent mist condensation. The quartz tube was heated in an electric
furnace (ARF-50KC, Asahi-rika), with the substrates maintained at
600°C. To investigate the lattice constants independent of strain effects,
the MgO-NiO-ZnO films were grown on quartz substrates (25 x 25 x
0.7 mm, Mitorika).

X-ray diffraction (XRD) (X'pert PRO MPD, Malvern PANalytical) was
used to determine the crystal structures and lattice constants of the
films. The surface morphology was examined using scanning electron
microscopy (SEM) (JSM-6510LV, Jeol), whereas the film composition
was analyzed via energy-dispersive X-ray (EDX) spectroscopy integrated
with SEM. The optical bandgaps were derived from transmittance
measurements obtained via UV-visible spectroscopy (UV-1900i, Shi-
madzu Corporation).
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Fig. 2. Schematic of mist-CVD setup.
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Fig. 4. Crystal phases and compositions of obtained MgO-NiO-ZnO films.
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3. Results

XRD 26 scans and EDX were conducted on all 36 deposited
MgO-NiO-ZnO films to analyze their structures and compositions,
respectively. Fig. 3 shows XRD 260 scans of two typical films.
Mg.20Nig 54Zn¢ 260 (blue line in Fig. 3) represents the films in which the
ZnO mole fraction, [ZnO], is 0.26 or less. For these films, only XRD
patterns attributable to MgO-NiO, the rock-salt-structure crystals, were
detected. Thus, these films exhibit a single-phase rock-salt crystal
structure. On the other hand, Mg 3oNig 36Znp 320 (red line in Fig. 3),
representing the films in which [ZnO] is 0.32 or more, demonstrated not
only a rock-salt structure but also a wurtzite structure. These results
indicate that the films with [ZnO]> 0.32 are phase separated into
wurtzite and rock-salt structures. Fig. 4 shows the relationship between
the crystal phases and compositions of the MgO-NiO-ZnO films. The
MgO-NiO-ZnO films were divided into two groups: those with a single-
phase rock-salt structure, where [ZnO]< 0.26, which are represented by
the blue squares; and those phase-separated into rock-salt and wurtzite
structures, where [ZnO]> 0.32, which are represented by the green
triangles. Fig. 5 shows surface SEM images of Mgg 29Nig.54Zn9.260 and
Mgo.32Nip 36Zn¢.320. The films with single-phase rock-salt structures had
flat surfaces, whereas those with phase separation had many grains. The
bright grains may be wurtzite-structured crystals.

The lattice constants of the rock-salt MgO-NiO-ZnO were evaluated
based on the Bragg angles. For each sample, the lattice constants were
calculated based on five peaks of the rock-salt phase, namely, (111),
(200), (220), (311), and (222). The analytical error in the lattice con-
stants obtained based on these five peaks had a maximum value of
0.00005 nm, indicating sufficient accuracy. Because it is not easy to
evaluate the compositions of phase-separated films, only the single-
phase rock-salt films were analyzed. Fig. 6 shows the relationship be-
tween the lattice constants and compositions as derived via this analysis.
It can be observed that the lattice constants of the MgO-NiO-ZnO films
varied in a regular manner with respect to the composition. Addition-
ally, the occurrence of films with high ZnO content exhibiting lattice
constants larger than that of MgO provides supporting evidence for the
possibility of attaining lattice matching between MgO substrates and
MgO-NiO-ZnO alloys at specific compositional ratios. These measure-
ment results appear to follow Vegard’s law, which indicates a linear
relationship between the lattice constant and composition, given that
the data points are distributed on a plane. Therefore, applying Vegard’s
law, the relationship between the lattice constant and composition of
MgO-NiO-ZnO can be expressed by the following equation, where the
lattice constants of MgO and NiO are 0.4212 nm and 0.4177 nm,
respectively [10]:

a(nm) = 0.4212[MgO] + 0.4177[NiO] + 0.4282[Zn0O], (@)

where [MgO], [NiO], and [ZnO] are the molar fractions of MgO, NiO,
and ZnO, respectively, in MgO-NiO-ZnO. Considering the error of
approximation, the lattice constant of rock-salt ZnO is determined to be
0.4282 + 0.0005 nm. This lattice constant value, 0.4282 nm, agreed
with the lattice constant calculated from the ionic radii of Zn?* and 02~
[17]. Considering the value of the approximation error, it is inferred that
these evaluations have been performed accurately within the precision
of errors derived from the measurement capabilities of XRD and EDX.
The composition that results in a lattice constant matching that of MgO
is [ZnO]/([NiO]+[Zn0O]) = 0.33, regardless of [MgO]. Based on the
phase diagram shown in Fig. 4, Mgx(Nige7Zngp33)O is expected to
maintain a single-phase rock-salt structure over a wide [MgO] range.
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Fig. 6. Relationship between lattice constant and composition of rock-
salt MgO-NiO-ZnO.

There is a high probability that even Nig ¢7Zng 330, which does not
contain MgO, could grow as a single-phase rock-salt structure on MgO
substrates.

The band gaps of the MgO-NiO-ZnO thin films were evaluated based
on the measured optical transmittance spectra. Fig. 7(a) presents a
ternary composition diagram illustrating the relationship between the
band gap and composition of the MgO-NiO-ZnO films. The band gap
values are represented by color gradients. Continuous color mapping
was generated via the smoothing and extrapolation of the data obtained
at the compositions indicated by the black squares in the figure. The
variation in band gap across the composition space is visualized clearly

by the transition from the blue to red regions, indicating the dominant
role of MgO content in determining the band gap: the band gap increases
from 5.4 to 5.8 eV with increasing MgO content. Fig. 7(b) compares the
band gap values of the MgO-NiO-ZnO system (red stars) with those
previously reported for binary MgO-ZnO systems (other symbols) [15,
22,26-29]. The band gap shows a consistent upward trend with
increasing MgO content, ranging from approximately 4.5 eV to 7.5 eV.
Notably, the band gap values of the ternary MgO-NiO-ZnO system
aligns well with those reported for binary MgO-ZnO, following a similar
compositional dependence. These results indicate that the band gap of
the MgO-NiO-ZnO system is determined primarily by the MgO content.

4. Conclusion

This study investigated the composition-dependent properties of
grown MgO-NiO-ZnO alloy films for potential use in deep-ultraviolet
light-emitting diodes. A single-phase rock-salt structure was obtained
for compositions with ZnO molar ratios of up to 0.26, whereas a higher
ZnO content led to phase separation. The lattice constant a of the rock-
salt MgO-NiO-ZnO was calculated using the following equation:
a(nm) = 0.4212[MgO] +0.4177|NiO] +0.4282[Zn0O], where [MgO],
[NiO], and [ZnO] are the levels of MgO, NiO, and ZnO content,
respectively. Importantly, the composition Mg,(Nip.67Zno.33)1-xO was
identified to be potentially lattice-matched to MgO substrates across all
MgO compositions. The band gap of rock-salt MgO-NiO-ZnO was
5.4-5.8 eV and increased as MgO content increased. These findings
suggest that MgO-NiO-ZnO alloys offer promising characteristics for
DUV-LED applications, including the potential for lattice matching with
MgO substrates and tunable band gaps. Future research prospects
include growing lattice-matched MgO-NiO-ZnO on MgO substrates and
evaluating the optical properties and both p- and n-type doping for DUV-
LED applications.
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