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Abstract

Nitride materials with mixed ionic and covalent bonding character and resulting good charge 

transport properties are attractive for optoelectronic devices. Recently, Mg-based ternary nitride 

materials were found to have large dielectric constants and high absorption coefficients with 

bandgaps appropriate for photovoltaic applications. However, their degenerate carrier 

concentrations still hinder from possible applications into solar cells or related optoelectronic 

devices. Therefore, further understanding and engineering of the parameters controlling materials 

properties of these ternary nitrides is highly desirable. Here we report that structural, optical and 

electrical properties of magnesium zirconium oxynitride (MZNO) thin films synthesized by 

combinatorial sputtering with a wide range of cation compositions can be affected by incorporation 

of oxygen and hydrogen. Excess oxygen improved crystallinity of MZNO thin films whereas 
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hydrogen attracted oxygen and formed Mg-rich oxide layers at grain boundaries which in turn 

reduced the conductivity. On the other hand, optical properties are more sensitive to the 

composition–both cation and anion ratio–rather than the presence of hydrogen. Compared to 

cation-stoichiometric MZNO (1019 – 1020 cm-3), substantial reduction of carrier concentration 

down to ~1014 cm-3 was achieved at Mg-rich conditions by supplying hydrogen during growth. 

Photoluminescence measurements showed that films prepared with hydrogen were 

optoelectronically active. Overall, this study demonstrates that material properties of MZN thin 

films can be significantly influenced by incorporation of oxygen and hydrogen.
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Introduction

Binary nitride thin films are widely used in several technological applications such as light 

emitting diodes (LED) and other optoelectronics, micromechanical actuators used for 

telecommunications, protective coating layers and diffusion barriers in semiconducting industry, 

and others.1-8This diverse suite of applications result from the wide range of properties in nitrides: 

e.g. 3.4 eV for GaN, 6.2 eV for AlN, 1.0 eV for Cu3N, or 1.5 eV for Sn3N4.9-15 Nitrides exhibit 

higher defect tolerance than other pnictides because higher electronegativity of nitrogen renders 

nitrides more ionic, thereby forming shallower defect states.16, 17 Meanwhile, nitrides are more 

covalent than oxides, which results in lower bandgaps and enhanced charge transport. Taken 

together, the established technological suitability, range of bandgaps, and favorable bonding 

properties of nitrides present a compelling platform for applications towards photovoltaic (PV) 

devices.

Recently, cation-mutated ternary nitrides, where the group III3+ element of a binary nitride 

is replaced with group II2+ and group IV4+ elements (III3+-N  II2+-IV4+-N2), have drawn 

significant attention. These heterovalent analogues to binary nitrides can exhibit tunable electronic 

and optical properties suitable for PV and LEDs as well as high defect-tolerance.18-21 For example, 

ZnSnN2 exhibits desirable properties as a PV absorber with a high absorption coefficient, a direct 

bandgap of 1.4 eV, and carrier concentrations below 1017 cm-3.19, 21 Another emerging class of such 

ternary nitrides is Mg-TM-N2, where TM represents a group-4 transition metal. When an alkaline 

earth metal such as Mg2+ is alloyed with a transition metal nitride, electropositive Mg2+ drives the 

transition metal into a higher oxidation state, yielding semiconducting behavior by forming Mg-

TM-N2.22-24 Experimental demonstrations of semiconducting properties of MgTiN2, MgHfN2, and 

MgZrN2 have also been reported recently, confirming the computational predictions.25-29
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These Mg-based ternary nitrides exhibit a high absorption coefficient with an optical 

absorption onset around 1.7 eV, in an ideal range for PV applications. Mg-TM-N2 also possess a 

relatively large static dielectric constant (25 - 75 ε0), making them an even more suitable for 

electronic applications due to better screening of carriers from charged defects.30-34 However, the 

primary challenge in using the Mg-based nitrides as a photo absorber is their computationally 

predicted indirect character of their bandgaps and degenerate carrier densities on the order of >1018 

cm-3.26, 27 Therefore, better understanding and control of these materials is necessary to take 

advantage of the otherwise excellent properties for PV and electronic applications.

Herein we report on changing structural, optical, and electrical properties of ternary 

MgxZr1-xNy (MZN) thin films with different cation compositions by incorporation of oxygen and 

hydrogen. MZN thin films exhibited electron concentration of ~1017 - 1018 cm-3 or ~1019 - 1020 cm-3 

depending on Mg and O content. Surprisingly, 10x reduction of the carrier density was achieved 

by incorporation of oxygen in Mg-rich samples, with absorption spectra showing more 

semiconducting behavior. Further reduction of carrier concentration was demonstrated by 

supplying hydrogen during the sputter growth, with measured carrier concentrations on the order 

of 1014 cm-3. Moreover, photoluminescence spectra indicate this material became opto-

electronically active with the incorporation of oxygen and hydrogen. These results represent an 

important step towards the potential use of MZN in PV and other optoelectronic devices.

Methods

1. Synthesis

MZN thin films were fabricated using a high-throughput experimental (combinatorial) 

technique. Two sputter guns were positioned 180° opposed to each other but obliquely aligned to 
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the substrate plane, so that a one-dimensional composition gradient naturally formed within each 

thin film—Mg-rich on one end and close to stoichiometric MgZrN2 on the other end. We refer to 

each film as a “library” consisting of 44 samples: 4 at each one of 11 compositions. The MZN thin 

films were deposited on corning Eagle XG glass (structure and properties) and glassy C 

(composition). 

Oxygen-rich MZN thin films were deposited by RF sputtering using Mg (2 in. diameter, 

99.98%, Kurt J. Lesker) and Zr (2 in. diameter, Grade 702, Kurt J. Lesker) targets at a working 

pressure of 10 mTorr. A mixture of N2 and Ar gas was introduced during deposition each at a flow 

rate of 8 sccm, as determined by mass flow controllers. Prior to the deposition, the sputtering 

system was evacuated using a cryogenic pump to a base pressure of 6.0 – 7.0 x 10-7 torr. The 

passive partial pressures of H2O and OH, which are the main sources of oxygen in the as-deposited 

films, were on the order of 10-7 torr while that of O2 were below 10-8 torr, according to residual 

gas analyzer (RGA) installed on a chamber. Attempts to intentionally flow oxygen into the growth 

chamber resulted in pure oxide rather than oxynitride films. The substrate temperature was set to 

400 °C (measured with a thermocouple) with a thermal contact of Ag paint behind the substrate. 

To incorporate hydrogen MZN thin films were grown with the same oxygen-rich conditions, but 

with pure N2 replaced by a forming gas (5 %H2/95 %N2) with a flow rate 8 sccm..

Oxygen-free MZN thin films were fabricated in a similar but separate sputtering system, 

installed with a cryogenic shroud, a sample load-lock, and a nitrogen plasma source, as described 

in previous literature.26, 27 The chamber was baked for 3 days to reduce the partial pressures of 

oxygen-containing species (H2O, OH, O2) below 10-8 torr prior to growth. Oxygen-free MZN thin 

films were deposited at a pressure of 5 mTorr under 6 sccm flows of both N2 and Ar, from Mg and 

Zr targets on substrates heated to 400 °C.
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2. Characterization

The structural properties of MZN thin films were studied using an X-ray diffractometer 

(XRD; Bruker D8) equipped with a 2D detector. The composition of libraries was analyzed using 

Rutherford backscattering (RBS; National Electrostatics Corp) measurement. Optical 

measurements were performed using ultraviolet-visible spectroscopy (UV-Vis; Ocean Optics), and 

electrical sheet resistances were measured using a customized 4 point-probe system (4PP). Each 

of these spatially-resolved characterizations (XRD, RBS, UV-Vis, and 4PP) were carried out either 

for all 44 samples of a library or for 11 samples along one of the 4 redundant rows. With the except 

of 4PP, each probe’s spot size was 1mm diameter.≤

For selected samples, high-resolution structural and chemical analysis were performed by 

scanning transmission electron microscopy (STEM; FEI Talos F200X) equipped with Super-X 

energy dispersive X-ray spectroscopy (EDS) detector. The specimens for STEM analysis were 

prepared using a dual beam focused ion beam (FIB, FEI Nova 600 NanoLab) with an accelerating 

voltage of 5 - 30 kV. Secondary-ion mass spectrometry (SIMS; ION-TOF GmbH) depth profile 

was obtained using TOF-SIMS. An area of 100 x 100 μm2 was analyzed with primary ions of Bi+ 

with 30 keV ion energy to detect sputter-etched ions from the surface. Cs+ with 2 keV energy and 

600 nA ion current was used to sputter the sample in an area of 300 x 300 μm2. Electronic 

properties of a subset of MZN samples were also characterized by a Hall effect measurement (Lake 

Shore Cryotronics Model 8425) from 100 K to 300 K. Low temperature photoluminescence (PL; 

Horiba LabRAM HR Evolution) measurements were performed using a 514 nm excitation laser.

Results and Discussion

1. Composition and Structure 
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The compositions of magnesium zirconium oxynitride (MZNO) were measured by RBS, 

and are shown in Fig. 1. For oxygen-rich MZNO, oxygen anion ratio (i.e. Y = O/(N+O)) increased 

from 0.12 to 0.25 in a single library with increasing magnesium cation ratio (i.e. X = Mg/(Mg+Zr)) 

with an empirical fitting line of Y = 0.5(X - 0.5) + 0.12. For zinc tin oxynitride (ZTNO), a [ZnSn + 

2ON] defect compensation mechanism has been proposed to rationalize similar behavior but with 

dY/dX = 2.0.35, 36 The differences in slope suggest the defect compensation mechanism in MZNO 

is different from ZTNO. Regardless of whether films were grown in pure N2 or H2/N2, MZNO 

films showed similar oxygen concentrations when partial pressures of O2 and H2O were similar. 

This is consistent with previous experimental observations in ZTNO, where oxygen concentration 

was controlled by the oxygen level of the residual gases (O2 and H2O) during growth.21, 35
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Fig. 1 (a) RBS spectrum of Mg1.31Zr0.69N1.84O0.52 film on glassy carbon substrate (Inset shows a 

cross-sectional schematic drawing), and (b) anion and cation composition gradients of MZNO 

libraries

The structural properties of MZNO are affected by both cation and anion-ratio. As shown 
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in Fig. 2, MZNO thin films exhibit a rocksalt-derived structure without any evidence for secondary 

phases such as ZrN or MgO (see Fig. S1). The rocksalt-derived structure is maintained even up to 

25 % O/(N+O) (Fig. S2). However, when the amount of oxygen further increases, the MZNO thin 

films become transparent and phase-segregate into MgO and ZrO2 (data not shown). In Mg-rich 

samples the (111) peak intensity increases relative to (200), similar to oxygen-free MZN (see Fig. 

S2).26, 27 For a given oxygen level only a very small peak-shift to a smaller 2 with increasing Zr 

is observed since octahedral Mg2+ and Zr4+ ionic radii are similar.37

Fig. 2 X-ray diffraction (XRD) pattern for (a) Mg-rich and (b) Zr-rich MZNO thin films for 

different amounts of oxygen. The right column of each panel shows the 2D detector image of 

MZNO thin films demonstrating the preferential orientations depending on Mg/(Mg+Zr).
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It is interesting to note that introduction of oxygen leads to narrower full-width-half-

maximum and higher intensity, as shown in Fig. 2a and 2b. However, this difference may be also 

attributed to differences in other deposition parameters between MZNO and MZN, such as target-

to-substrate distance and angle, total pressure, and etc. Similar peak widths/intensities are observed 

when supplying hydrogen during growth (Fig. S3), suggesting that hydrogen does not influence 

the crystallinity of MZN. With increasing oxygen, peaks shift to larger 2’s, similar to other 

oxynitrides such as ZnxOyNx
38 or TiO1-xNx

39. The lattice parameters calculated from XRD are in 

reasonable agreement with TEM (Fig. S4).

Microstructure of MZNO was investigated by TEM analysis. High angle annular dark-

field scanning TEM (HAADF-STEM) micrographs and EDS elemental maps are shown in Fig. 3. 

All films exhibit a columnar structure commonly seen in sputter-grown thin films. A grain size of 

~20 nm is observed for MZN and MZNO regardless of oxygen and hydrogen presence during 

deposition, and the top surface is oxidized irrespective of the growth condition. Nitrogen is 

uniformly distributed throughout the bulk of MZN, and for MZNO an even distribution of both 

nitrogen and oxygen is observed except for small oxygen excess in grain boundaries. The cations 

are distributed such that grain boundaries are slightly Mg-rich and Zr-poor. Interestingly, when 

hydrogen was incorporated, oxygen and magnesium were strongly segregated at grain boundaries, 

forming a Mg-rich oxide layer as confirmed by line-scan shown in Fig. S4. One may consider the 

oxygen-rich grain boundaries as a ‘second phase’, but it is not a separate two-phase structure of 

MgO and ZrN phase considering that relatively homogenous distributions of Mg-Zr-N-O was 

observed in the bulk except for grain boundaries in Fig. S4(c). Moreover, in Fig. S1 and Fig 2b, 

XRD peaks for oxygen-rich samples (i.e. MZNO) are actually narrower compared to oxygen-free 
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samples (i.e. MZN), further indicating that the presence of two-phases is rather unlikely.

Fig. 3 HAADF-STEM images and corresponding EDS mapping for MZNO thin films, including 

(a) Mg0.95Zr1.05N2.14O0.3, (b) Mg0.95Zr1.05N2.26O0.34 deposited with H2/N2, and (c) Mg0.95Zr1.05N1.8 

without O2 or H2

When MZNO (grown both with and without hydrogen) was post-annealed in air (for 5 

minutes at 300 oC), we also found oxygen segregation at grain boundaries. This is similar to 

observations in Fig. 3b and S4. Therefore, we conclude that when hydrogen is incorporated during 

growth, it attracts oxygen and re-distributes it to grain boundaries.

Table 1. Thermodynamic properties for Mg-O, Mg-N, Zr-O, Zr-N phases, including 
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experimental Gibbs Free energies ∆Gο
exp

 at 298K and 1atm,40, 41 and theoretical Formation 

Enthalpies ∆Hο
theor

 (from https://materials.nrel.gov/)42

Material ∆Gο
exp

  (kJ/mol) ∆Hο
theor

  (eV/f.u.)

ZrO2 -1042.7 ± 1.3 -11.49

ZrN -341.8 ± 2.0 -3.82

Zr3N4 unknown -12.18

MgO -569.4 -6.26

Mg3N2 -406.0 -5.25

MgZrN2 unknown -6.48

At a first glance, the presence of Mg-rich oxide in grain boundaries observed by 

TEM/EDS (Fig. 3) is unexpected. The experimentally measured formation energy for MgO (-569.4 

KJ/mol) is less negative than that of ZrO2 (-1042.7 KJ/mol) as seen from Table 1, therefore ZrO2 

is expected to form easier than MgO. However, the relevant balanced reactions that describe the 

oxidation process are:

2Mg3N2 + 3O2  6MgO + 2N2 (1)→

and

2ZrN + 2O2  2ZrO2 + N2 (2a)→

or

Zr3N4 + 3O2  3ZrO2 + 2N2 (2b)→
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The enthalpy of reaction-1 (∆Htheor = -27.1 eV, ∆Gο
exp = -2602 KJ) is larger than for 

reaction-2a (∆Htheor = -15.3 eV, ∆Gο
exp = -1402 KJ) or reaction-2b (∆Htheor = -22.3 eV), which 

explains why Mg rather than Zr is preferentially oxidized in MZNO grain boundaries. These 

differences are even larger when formation enthalpies of molecular oxygen (-9.4 eV) and nitrogen 

(-15.4 eV) are taken into account, since a fraction of them may be atomized during the sputtering 

process. The calculated formation enthalpy of MgZrN2 is also presented in Table 1.

2. Electronic and Optical Properties

Optical properties of MZNO thin films were measured using UV-Vis spectroscopy and 

absorbance spectra are shown in Fig. 4. The optical absorption edge increases at low Mg/(Mg+Zr) 

due to free carrier absorption. However, a sharp absorption onset was observed for MZNO with 

high Mg/(Mg+Zr) because free carriers are compensated with increasing Mg. This compositional 

dependence (in terms of cation ratio) has already been observed with oxygen-free MZN.27 These 

results are also consistent with what has been observed in Zn1+xSn1-xN2 in that ZTN with a low 

Zn/(Zn+Sn) ratio (< ~0.6) exhibited a high absorption at low energy due to its high carrier density 

of around 1020 cm-3.19 Additional absorption spectra in correlation with a cation ratio in a single 

library of MZNO are presented in Fig. S5. In Fig. S5, with decreasing Mg/(Mg+Zr) (i.e. increasing 

carrier density), only the absorption (in y-axis) increases at lower energies due to free carrier 

absorption while the energy shift (in x-aixs) is not present at higher energy. Therefore, there is no 

dependence of optical bandgap on the carrier density. Also, the electron effective mass of this 

material is 0.6-1.3,26 which is x2-4 heavier than that of ITO43-45 where a Burnstein-Moss (B-M) 

shift is known to occur above at a carrier concentration of 1020 cm-3.46 Since the effective masses 

of MZN are heavier, the B-M shift is unlikely to occur at 1020 cm-3 and below. 
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Fig. 4 UV-Vis absorption spectra for (a) Zr-rich and (b) Mg-rich MZNO thin films depending on 

the amount of oxygen. Insets in each panel show a photograph of the MZNO library. The measured 

area was marked with a dashed square.

With increasing oxygen concentration, the overall absorptivity decreases and the 

absorption onset observed at high Mg/(Mg+Zr) shifts to a higher energy (Fig. 4b). First-principles 

calculations combined with Monte-Carlo simulations were recently conducted for semiconducting 

ZTN with the consideration of non-ideality factors such as off-stoichiometry, disorder, and 

incorporation of oxygen.35 This study modeled the composition-dependent band edge position and 

found that the ZTN conduction band minimum shifts upward at oxygen- and Zn-rich conditions, 

leading to an apparent widening of the bandgap.35 A similar shift may be expected in the case of 

MZNO when compared to pure MZN, but with a different underlying microscopic mechanism of 
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defect compensation as suggested by the interdependence between anion and cation ratio of 

MZNO (Fig. 1b). On the other hand, when hydrogen was introduced during MZNO growth, 

samples showed negligible difference of the absorption spectra as shown in Fig. S5. Therefore, 

both the cation and anion ratios of MZN play a more critical role in determining the optical 

properties than the presence of hydrogen during the growth.

The electrical conductivity of MZNO at various compositions is shown in Fig. 5a. 

Regardless of the existence of oxygen, the films exhibited more insulating behavior with 

increasing Mg, changing over 3 orders of magnitude from ~ 1 S/cm for Mg/(Mg+Zr) ~0.485 to 

~10-3 S/cm for Mg/(Mg+Zr) ~0.65. MZNO with Mg/(Mg+Zr) > 0.65 showed resistances above 

the detection limit of the four-point probe system. To further study the electronic properties of 

MZNO, temperature-dependent Hall effect measurements were performed (Fig. S6) showing 

weakly temperature-activated transport for all samples.

Fig. 5b presents room-temperature carrier concentrations collected from samples with 

nearly-stoichiometric (Mg/(Mg+Zr) = 0.485) and Mg-rich (Mg/(Mg+Zr) = 0.65) cation 

compositions and varying oxygen concentrations. Immediately clear is that oxygen increases the 

carrier density in cation-stoichiometric samples and decreases the carrier density in Mg-rich 

samples. This difference is possibly due to the different ways oxygen creates vs compensates 

defects. For stoichiometric cation compositions, ON likely acts as an electron-donating defect. On 

the other hand, we speculate that at high Mg fractions MgZr + ON defect complexes might 

provide a mechanism for compensating cation off-stoichiometry. This is in agreement with 

computational theory of doping and defect properties of ZnSnN2.35 It was found that at a low 

doping level of oxygen, the single donor ON
1+ increases carrier concentration. At higher 

concentrations oxygen couples with excess Zn to passivate ON donor defects. The MgZr in this 
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paper is meant to represent excess Mg on the cation sub-lattice, rather than point to substitution 

of Mg or a specific Zr site. This defect notation is conventional in literature on other cation-

disordered II-IV-N2 materials.35, 36

Fig. 5 Change in (a) conductivity, and (b) electron concentration MZNO thin films depending on 

the composition and incorporation of hydrogen

Significant reduction of the electron concentration in MZNO was realized by supplying 

hydrogen during growth of the Mg-rich material, resulting in a carrier density decrease from 1017 

cm-3 to < 1015 cm-3. On the other hand, for stoichiometric cation composition a smaller effect was 

observed. Whereas the n-type carrier density increased from 1019 cm-3 to 1020 cm-3 up to 12.5% 

oxygen anion fraction, it decreased back to the oxygen-free level of 1019 cm-3 when hydrogen was 

introduced during growth. Overall, these experimental observations lead to the conclusion that 

controlling donor defects such as ON either by excess of O or presence of hydrogen, both coupled 

to cation composition, is important for tuning carrier concentration of MZN. 

In ZnSnN2, it has been reported that incorporating hydrogen during growth can reduce the 
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carrier density by an order of magnitude, and that further annealing under N2 dramatically 

decreases the carrier concentration down to <1017 cm-3.21 The mechanism was attributed to 

hydrogen passivation of acceptors (ZnSn) by forming neutral Zn-H complexes and preventing the 

formation of compensating donor defects. Under further annealing, dissociation of Zn-H activates 

ZnSn acceptors to reduce the n-type carrier concentration.21 Similar mechanisms might be expected 

in MZNO, where hydrogen may form and dissociates Mg-H complexes47, 48 preventing the 

formation of additional donor defects. The incorporation of hydrogen in MZNO was revealed by 

SIMS depth profile in Fig. S7. The hydrogen content of the MZNO grown under H2/N2 is x2-3 

higher than the MZNO grown under pure N2. Considering that the partial pressure (measured by 

RGA) of hydrogen-containing species such as H2O before deposition was similar in both cases, 

the increased hydrogen content was from the flow of H2/N2. The larger hydrogen concentration 

must have led to the formation of Mg-H complexes, which reduced the carrier concentration.

Moreover, controlling donor defects somewhat influences the mobility as seen from Fig. 

S8. Overall, the mobility is on the order of 0.1 – 0.5 cm2/Vs, due to polycrystalline microstructure; 

higher mobility in the 10-100 cm2/Vs range can be achieved in epitaxial films.26, 49 For the 

stoichiometric cation composition, mobility decreased with increasing oxygen, likely due to the 

formation of donor-like ON which results in a higher level of ionized scattering. For the Mg-rich 

samples, however, the likely compensation of donor defects by partial formation of MgZr and 

formation of defect complexes would reduce carrier density, hence less scattering. Interestingly, 

when hydrogen is incorporated, the mobility increased by x2-3 higher regardless of oxygen. One 

might also expect the decrease in the mobility due to the presence of oxide layers at grain 

boundaries as evidenced by Fig. 3. However, passivation of donor defects in the presence of 

hydrogen resulted in the less ionized defect scattering. Similarly, in the previous reports on the 
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mobility of ZnSnN2,36 the mobility changed more significantly with the carrier density due to 

composition and annealing, while the microstructure remained the same. Therefore, we conclude 

the mobility is governed more significantly by the ionized defect scattering than grain boundaries.
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Fig. 6 Photoluminescence spectra for (a) MZNO thin films at 300K depending on the incorporation 

of hydrogen, and temperature-dependent PL spectra for (b) MZNO thin films grown under H2/N2 

(Mg/(Mg+Zr) = 0.6).

To further understand defect chemistry of MZNO, we performed temperature-dependent 

photoluminescence (PL) measurements. Pure MZN exhibited no measurable PL signal (data not 

shown) while MZNO emitted a broad PL peak centered around 1.7-1.8 eV (Fig. 6a). Hydrogen 

further contributes to the increase in PL intensity, suggesting that the activation of acceptors (or 

passivation of donors) should enhance the radiative recombination. For MZNO with hydrogen, a 

PL peak at a higher energy (~1.9 eV) emerged, apparently broadening the overall width of the PL 

spectrum. We speculate that this is related to either acceptor-like defects such as MgZr or neutral 

Mg-H complexes. Fig. 6b presents the temperature-dependent PL spectra for MZNO with 
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hydrogen. The position of all PL peaks remained unchanged with the temperature change while 

the quenching occurred at lower temperatures. Based on these PL results, incorporation of oxygen 

and hydrogen into MZN renders the material opto-electronically active.

Conclusion

MZN thin films were fabricated over a wide composition range by combinatorial 

sputtering, with a mapping of structural, electronic, and optical properties using spatially-resolved 

characterization. Material properties of MZNO were altered by modification of cation composition 

(Mg/(Mg+Zr)) as well as by incorporation of oxygen and hydrogen during growth. Incorporation 

of hydrogen led to observation of Mg-rich oxide layers at grain boundaries observed by TEM. An 

interesting trend in the electronic properties was demonstrated: at Mg-rich composition, the carrier 

concentration was initially higher than 1018 cm-3, which was significantly reduced by incorporation 

of oxygen and hydrogen, down to 1014 cm-3. For cation-stoichiometric MZN, the carrier density 

gradually increased from 1019 cm-3 to 1020 cm-3 with increasing oxygen up to 12.5% of O/(N+O). 

This was decreased down to 1019 cm-3 if hydrogen was supplied during growth. From this behavior 

we conclude that donor-like defects such as ON formed by either excess of O and removed by the 

presence of hydrogen are critical in controlling the carrier concentration of MZN. Moreover, PL 

analysis revealed that supplying hydrogen during growth resulted in the enhancement of 

optoelectronic activity of MZN. Our work shows that tuning the optoelectronic properties of MZN 

in the presence of hydrogen is possible with controlled addition of oxygen and hydrogen during 

growth which will help realize the potential of ternary nitrides for device applications.
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