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ABSTRACT

Hydrogen impurities are known to significantly influence the electronic properties of delafossite oxides CuMO, (M = Al, Ga, In) by passivating
acceptor defects, thereby impacting the p-type conductivity of these materials. Identifying H and its configurations is, therefore, important to
understand the properties of these materials. In this study, we employ hybrid density-functional theory calculations to investigate the vibrational
properties of various hydrogen-related defects, including interstitial hydrogen (H;), the hydrogen-copper antisite complex (H;-Cuyy), and
hydrogen-copper vacancy complexes (H~Vc,, 2H;~V,). Our calculations provide the first theoretical predictions of local vibrational modes
associated with these defects, revealing frequencies ranging from approximately 2800 to 3800 cm ™. These results offer valuable insights into
the behavior of hydrogen in CuMO, and serve as a reference for future experimental investigations using techniques such as infrared spectro-
scopy. By identifying distinct vibrational signatures for different hydrogen configurations, this study lays the groundwork for defect characteriza-
tion and passivation mechanisms in delafossite oxides, which are critical for optimizing their electronic and optical properties.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0309836

I. INTRODUCTION

Hydrogen plays a crucial role in modifying the electrical prop-
erties of wide-bandgap oxide semiconductors such as ZnO, SnO,,
In,03, SrTiO;, and Ga,05.'~® This includes p-type Cu,0,”" p-type
CuO,” and p-type transparent metal delafossite oxides CuMO,
(M= Al, Ga, In)."” Hydrogen can be unintentionally introduced
during material growth or post-processing, and its impact on the
p-type conductivity is profound. In CuMO,, p-type conductivity
arises from acceptor defects, such as copper vacancies (V¢,), which
create hole carriers.''~'* However, hydrogen can passivate these
defects by forming stable neutral complexes such as H,~V,, effec-
tively neutralizing the holes and reducing the overall carrier con-
centration. This passivation mechanism significantly degrades

p-type performance, posing a challenge for applications in trans-
parent electronics and optoelectronic devices that rely on robust
p-type conductivity.

In Cu,O, hydrogen bonds to oxygen and passivates V¢, acceptors
rather than creating shallow donors.” Likewise, in CuO, hydrogen pref-
erentially forms O-H bonds and passivates copper-vacancy-related
acceptor states, despite the more correlated electronic structure of this
oxide.” These similarities suggest that hydrogen can act as an effective
passivating agent for copper-related acceptor centers in Cu oxides,
motivating a detailed vibrational analysis of hydrogen configurations in
CuMO,.

In addition to affecting conductivity in oxides, hydrogen-
related defects introduce local vibrational modes (LVMs) that
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provide critical insights into their presence and behavior.'” These
vibrational signatures, typically in the range of 3000-3500 cm™",
can be detected through IR and, in some cases, Raman
spectroscopy.'®™'® Identifying these modes is essential for under-
standing how hydrogen interacts with the lattice and contributes to
defect passivation. Moreover, predicting these vibrational signatures
through theoretical studies offers a valuable reference for experi-
mental efforts to detect hydrogen incorporation and characterize its
impact on material properties.'”~*' Understanding the behavior of
hydrogen in CuMO, is vital for controlling its detrimental effects
on p-type conductivity and ensuring the long-term stability and
performance of devices. The ability of hydrogen to form stable or
metastable complexes under various conditions can influence the
durability of CuMO,-based devices. Therefore, a comprehensive
understanding of hydrogen interaction with the material, particu-
larly through vibrational analysis and defect energetics, is essential
for optimizing the material properties for practical applications in
transparent and optoelectronic devices.

In metal oxides such as ZnO, SnO,, In,03, and Ga,0s3, hydro-
gen often acts as a shallow donor, contributing to n-type conduc-
tivity, or compensating holes, making p-type doping particularly
challenging. In ZnO, infrared (IR) and Raman spectroscopy, com-
plemented by density-functional theory (DFT) calculations, have
identified multiple LVMs associated with hydrogen. For instance,
Nickel and Fleischer observed six LVMs in undoped ZnO single
crystals, located at 2900-3100 cm™',”* which disappeared upon
annealing, confirming their association with hydrogen defects.
Similarly, Lavrov et al. identified two interstitial hydrogen-related
defects in ZnO wusing IR absorption spectroscopy and first-
principles theory, attributing specific LVMs to distinct hydrogen
configurations.”

Hydrogen incorporation in SnO, has been extensively studied
due to its impact on the material’s electrical properties. Infrared (IR)
spectroscopy has identified an O-H local vibrational mode (LVM) at
approximately 3272 cm™" at 10K, associated with a shallow donor
level less than 300 meV below the conduction band.** This defect is
stable up to about 450 °C, suggesting its potential role in persistent
n-type conductivity. First-principles calculations indicate that intersti-
tial hydrogen can easily diffuse and form stable complexes with tin
vacandies, such as (Vg,~H) >, with calculated O-H frequencies align-
ing well with experimental observations.”

In B-Ga,O;, hydrogen incorporation leads to prominent O-H
stretch modes detectable via IR spectroscopy. Studies by Stavola et al.”®
and Weiser et al”’ reported a dominant O-H vibrational mode at
3437 cm™", which was strongly polarized and provided insights into
the microscopic properties of O-H centers in the material.

Besides, hydrogen in other wide-bandgap metal oxides, such
as a-Al,O; and SrTiOs, has been extensively explored both experi-
mentally and theoretically. T-Thienprasert et al. employed hybrid
DFT calculations to investigate the behavior of hydrogen in
0-ALO;. Their studies revealed that hydrogen can form stable
complexes with intrinsic defects, such as Al vacancies, leading to
the formation of O-H bonds detectable by infrared spectroscopy.'”
Hydrogen’s interaction with intrinsic point defects in SrTiO; has
also been extensively investigated.”*”” It has been demonstrated
that hydrogen can occupy interstitial sites or form complexes with
Ti vacancies, leading to various local vibrational modes (LVMs).”°
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These theoretical predictions align well with experimental observa-
tions,”””" providing a comprehensive understanding of hydrogen’s
behavior in SrTiOs;. These findings illustrate the critical role of
LVMs in identifying and understanding hydrogen-related defects in
oxide semiconductors.

Despite the substantial work on hydrogen in oxides, there is a
noticeable gap in the literature regarding delafossite oxides, such as
CuMO, (M = Al, Ga, In). While these materials are promising can-
didates for transparent p-type semiconductors, very few studies
have explored the role of hydrogen in passivating acceptor defects
such as copper vacancies (Vc,).'" Most of the existing research on
CuMO, has focused on its optical properties, structural characteris-
tics, and intrinsic defect chemistry.”” However, the specific interac-
tion between hydrogen and these materials still needs to be
addressed. Additionally, there are no experimental reports of
hydrogen-related vibrational modes in CuMO,, leaving a critical
gap in understanding how hydrogen incorporation affects their
p-type conductivity.

This lack of experimental data and theoretical investigations
into the behavior of hydrogen in CuMO, presents an opportunity
for significant advances. Addressing this gap is crucial for develop-
ing transparent p-type semiconductors with optimized electrical
performance. By leveraging hybrid DFT calculations, this study
aims to predict the vibrational signatures of hydrogen-related
defects in CuMO, and provide theoretical benchmarks for future
experimental efforts. Understanding the passivation mechanisms
and vibrational properties of hydrogen in CuMO, will help bridge
the gap between theory and experiment, guiding the design of
more efficient and stable materials for transparent electronics and
optoelectronics.

In this work, we employ hybrid density-functional calculations
to predict the local vibrational mode (LVM) frequencies of key
hydrogen-related defects in delafossite CuMO, (M =Al, Ga, In),
specifically interstitial hydrogen (H;), hydrogen-copper antisite com-
plexes (H;~Cuy), and hydrogen-copper vacancy complexes (H;—
Vew 2H;=Vey). Each defect type exhibits distinct vibrational signa-
tures with calculated frequencies ranging from approximately 2800
to 3800 cm™, providing precise theoretical benchmarks for their
experimental identification via IR spectroscopy. Our results demon-
strate that the vibrational frequencies of isolated interstitial hydrogen
(H;) are generally lower due to its weaker local bonding environ-
ment and longer O-H bond lengths. In contrast, complexes such as
H;-Vc, and, in particular, 2H;-V(, exhibit higher frequencies,
reflecting stronger and more rigid local bonding configurations.

These findings offer theoretical predictions for the vibrational
spectra of hydrogen in CuMO, and provide a framework for
understanding how different hydrogen-related defects influence the
material properties. The results have significant implications for the
detection and characterization of hydrogen in CuMO, using IR
spectroscopy, serving as a reference for future experimental studies
aimed at optimizing the p-type conductivity of these materials
through controlled hydrogen and defect incorporation.

Il. COMPUTATIONAL METHOD

We used density-functional theory (DFT), and the Heyd-
Scuseria-Ernzerhof (HSE) screened hybrid functional;”® we
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TABLE I. Chemical potentials for the stable growth of CuMO, at the experimental conditions. Units of i, fy, and fig are in eV.

CllAlOz

CuGaO, CulnO,

ficu fin and fig —0.13, =5.90, —1.45

—0.13, —2.90, —1.45 —0.08, —2.10, —1.45

treated Cu 3d'%4s', Al 35°3p'63s%3p' Ga 4s4p', In 55°5p', O
25°2p®, and the H 1s' as valence electrons through the projector
augmented-wave method’ as implemented in the VASP
code.”™® The plane-wave basis cutoff was set at 400 eV. We
used 25% of Hartree-Fock (HF) exchange with a screening
length parameter of 0.2A™'. We used a 108-atom supercell
using a 3 x 3 x 1 repetition of the 12-atom conventional cell of
CuMO, to model H-related impurities and calculate their
vibrational frequencies. Integration over the Brillouin Zone
employed a special k point at (%, %, %). The formation energy
of H-related defects, for instance, the H;-Vc, complex in
charge state ¢, is given by”’

E'[(Hi = Vew)?] = Erot(Hi — Veu)?) — Exor(CuMO,) + pi,
— g +q(er + E,) + AL, 1)

where Eo((H; — Vcu)?) is the total energy of the supercell con-
taining the H,~V, complex in charge state g and E.,(CuMO5) is
the total energy of a perfect crystal in the same supercell. For a
charged H;-V,, electrons will be added to or removed from the
Fermi level (gr), which is referenced to the valence-band
maximum (VBM, E,) of the host materials. The chemical poten-
tial of Cu was referenced to the total energy per atom of the
copper bulk (uc, = fic, + Eiwot[Cu]). The chemical potential of
hydrogen, jiy, is limited by the formation of H,O, i.e,
g = [AH;(H,0) — f15)/2. The detailed analysis for constructing
the thermodynamic equilibrium chemical potential diagram of
CuMO, can be found in Ref. 10. The last term A7 represents the
correction for the effects of the finite size of the supercell con-
taining charged defects.'”® In the present work, the oxygen
chemical potential was chosen to represent the effective growth
environment during pulsed laser deposition (PLD) of CuMO,
thin films at 700 °C under O, pressure ranging from ~107> to
10"* atm.'” These conditions yield an oxygen chemical potential
of about —1.45eV (see the supplementary material for details).
Using this O chemical potential, we also estimated the chemical
potential of Cu and M metals, as shown in Fig. S1 in the
supplementary material, with the values in Table I.

The local vibrational modes (LVMs) associated with
hydrogen-related defects were determined by constructing the
potential energy curve (PEC) along the vibrational coordinate.
Following established approaches for vibrational mode
analysis,” ™" the hydrogen atom was displaced incrementally along
its vibrational axis while all other atoms were fixed at their equilib-
rium positions. This approximation is justified by the significant
mass difference between hydrogen and the host atoms, ensuring
that the vibrational mode is predominantly localized on the hydro-
gen atom. The potential energy curve V(x) was fitted to a fourth-
order polynomial to account for anharmonic contributions,

Vix) = %xz + ax® + Bxt, 2)

where x is the displacement from the equilibrium position, k is the
harmonic force constant, and « and j are coefficients representing
the cubic and quartic anharmonic terms, respectively. The har-

monic frequency @, was obtained using @, = \/;’j, where u is the

reduced mass of the hydrogen-host atom system defined by

}l:miH—l—mio; my and mq are the atomic masses of O and H,

respectively. We, thus, obtain the stretch frequency as

. k _h/50*> B
w_wh+wanh_\/;:l_3;_t<2_k2_ﬁ>, (3

where @,,, represents the anharmonic correction.

lll. RESULTS AND DISCUSSION

Figure 1 illustrates the calculated formation energies of critical
hydrogen-related defects in CuMO, (M = Al, Ga, In) at experimen-
tally relevant growth conditions (700°C, O, pressure ~107°-
10"*atm) using the chemical potentials listed in Table I. The
defects considered include isolated interstitial hydrogen (H,),
hydrogen-copper antisite complexes (H;~Cuy;), and hydrogen-
copper vacancy complexes (H;-V¢y,, 2H;-V¢,). In all three systems,
CuAlO,, CuGa0,, and CulnO,, the H~V¢, complex (blue line)
emerges as the most stable defect configuration across the entire
range of Fermi level. It has a significantly lower formation energy
than isolated interstitial hydrogen (Hj,, red line) and other com-
plexes, suggesting that it will dominate hydrogen-related defect
populations under typical synthesis conditions. As previously
reported in Ref. 10, the dissociation temperature was estimated
using a transition-state-theory model, where the dissociation
barrier is approximated as the sum of the binding energy and the
hydrogen migration barrier. Using 2.5-2.7 eV yields dissociation
temperatures of approximately 600-700°C (~870-970K). This
high thermodynamic stability of the complex further underscores
its critical role in defect passivation and reduction of p-type
conductivity.

The 2H;-V¢, complexes (black line), where two hydrogen
atoms occupy copper vacancy sites, have relatively low formation
energies, particularly notable in CuGaO, and CulnO, at lower
Fermi levels. The binding energies of the 2H,-V, complexes in
the +1 charge state range from approximately 0.95 to 1.37 eV; the
detailed formalism and binding energy values for all relevant defect
complexes are explicitly outlined in our previous work,'’ which
examines the same hydrogen-vacancy complexes using identical
computational settings. However, these complexes are energetically
less favorable compared to the single hydrogen-vacancy complex
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(H;~Vcy) at higher Fermi levels, highlighting a thermodynamic
preference for the formation of the single-hydrogen complex under
typical growth conditions. On the other hand, the formation
energy of the hydrogen-copper antisite complexes (H;~Cuy, cyan
line) is comparatively higher across all systems, indicating lower
stability and reduced likelihood of formation. This finding suggests
that H,~Cuy; complexes are expected to have relatively minor roles
in passivation compared to vacancy-related complexes. Although
hydrogen is not intentionally introduced, it can be incorporated
into CuMO, via residual H,O or H, in growth environments,
hydrogen impurities in targets or substrates, and post-growth expo-
sure to ambient air, providing realistic pathways for the formation
of the hydrogen-defect complexes predicted here.

To validate the accuracy of the vibrational frequency calcula-
tions and quantify systematic deviations due to the choice of
method and functional, we first computed the symmetric stretch
mode of the H,O molecule using both the potential energy curve
(PEC) approach and the finite-difference (FD) method, as shown
in Table II. The LDA calculations were included solely for compari-
son with established benchmarks,”" while the HSE functional was
used for all reported results in this work. While the PEC approach
allows anharmonic corrections, the FD method yields only har-
monic frequencies. Based on comparisons with experimental data,

we determined empirical correction terms as the difference
between the calculations and the experiments: Awgg = —125 cm™!
for PEC-based frequencies and —241 cm™" for FD-based frequen-
cies. For isolated hydrogen-related defects such as H;, H;~Vc,, and
H,;-Cuy;, where hydrogen vibrates largely independently, we used
the PEC approach combined with the anharmonic correction and
applied Awpr = —125cm™! to the calculated frequencies.
However, for complexes like 2H;-V(,, the vibrational behavior
involves two coupled hydrogen oscillators. Using the full dynamical
matrix constructed via the finite-difference method, our calcula-
tions showed that the two hydrogen atoms couple into symmetric
and antisymmetric stretch modes. These modes were identified
from the eigenvectors of the dynamical matrix, based on the rela-
tive phase of the hydrogen displacements along the O-H bonds.
Notably, only the antisymmetric mode is IR active.”” Since anhar-
monic PEC fitting is inappropriate for coupled modes, we applied
the FD-based correction of Awgg = —241 to the 2H;-V, complex.
To illustrate the application of our vibrational analysis method to
hydrogen-related defects in CuMO,, we present the potential
energy curves and bonding environment for H; and the H-Vg, in
CuAlO; in Fig. 2.

Figure 2 presents the calculated potential energy curves
(PECs) and electron localization function (ELF) analyses for

TABLE II. The calculated symmetric stretch mode frequencies of H,O obtained by the approach in this work (PEC) and the finite difference (FD) by constructing a full dynami-
cal matrix and the O-H bond length (do_n). @, and @,y are the harmonic frequency and the anharmonic correction. Aweg is the empirical correction defined as
Awgr = exp — @. The unit of frequency is cm™". The experimental values are also listed.

Method dou (A) o) @anh ] Awrg

PEC (HSE)* 0.973 3714 68 3782 -125

PEC (LDA)* 0.973 3732 —134 3598 59

PEC (LDA)" 0.975 3815 _257 3559 98

FD (HSE)" 0.973 3898 3898 —241
‘ Cbexp

Expt.” 0.957 3657

*This work.

PReference 41.
“Reference 44.
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FIG. 2. (a) Potential energy curves for O-H bond displacement in H; and the
H~Vcy in CuAlO,. The slightly steeper curvature for H-V¢, indicates a stronger
local bonding environment. (b) and (c) Electron localization function (ELF) plots
for H-Vcy and H;, respectively, illustrating the spatial distribution of electron
density around the hydrogen site. The ELF values are shown on a dimension-
less scale ranging from 0 (blue) to 1 (red).

hydrogen-related defects in CuAlO,. Panel (a) compares the poten-
tial energy as a function of the O-H bond displacement for H; and
the H;-V,. Both defects exhibit approximately harmonic potential
wells near the equilibrium positions, with slight deviations indica-
tive of anharmonicity. The potential curve for H;- V¢, (blue circles)
is slightly narrower and steeper than that of isolated H; (green
squares), suggesting a stronger, more rigid local bonding environ-
ment around the hydrogen atom in the vacancy complex.

Panels (b) and (c) show the ELF plots for the H;-V, complex
and isolated H;, respectively. The ELF analysis visually confirms
differences in local bonding characteristics between the two config-
urations. In the H;-V(, complex, panel (b), significant electron
localization around the hydrogen and adjacent oxygen atoms is
clearly evident, reflecting robust O-H bonding and consistent with
the higher vibrational frequencies observed. Conversely, isolated
interstitial hydrogen, panel (c) exhibits comparatively less localized
electron density around the hydrogen atom, consistent with slightly
weaker bonding and lower vibrational frequencies. Although this
figure illustrates results specifically for CuAlO,, we expect qualita-
tively similar behavior for analogous hydrogen-related defects in

ARTICLE pubs.aip.org/aip/jap

TABLE Il Stretch mode frequencies for hydrogen-related defects @p, @ann, and @
defined in Eq. (3) for CuAIO,, CuGaO,, and CulnO,, and the corrected frequency
. The unit is cm™". The calculated O-H bond lengths are also listed.

Defects q dowm (A) on @Danh w(®d)
CuAlO,
H; 1+ 0.992 3296 —381 2789 (2915)
H-Ve, 1+ 0970 3712 =295 3292 (3417)
0 0.971 3699 —302 3272 (3397)
H,-Cuy, 1+ 0979 3507 —354 3028 (3152)
0 0.979 3507 =357 3025 (3150)
2H-Vg, (sym) 1+ 0958 3958 3776
2H;-V¢, (asym) 3985 3804
CuGaO,
H; 1+ 0.987 3573 =336 3111 (3237)
H-Ve, 0 0972 3844 —292 3427 (3552)
H,-Cug, 0 0977 3697 =329 3249 (3368)
2H~Vc, (sym) 1+ 0959 3958 3776
2H;-V¢, (asym) 3985 3804
CulnO,
H; 1+ 0.984 3474 =337 3012 (3137)
H-Veu 0 0974 3691 =313 3254 (3379)
H,-Cuy, 0 0973 3627 —314 3188 (3313)
2H-Ve, (sym) 1+ 0959 3959 3778
2H;-V¢, (asym) 3977 3796

CuGaO, and CulnO,, given their comparable crystal structures and
bonding characteristics.

Table III displays the calculated O-H bond lengths and vibra-
tional stretch-mode frequencies for hydrogen-related defects in
CuAlO,, CuGa0,, and CulnO,. In all three compounds, a clear
correlation is observed between the O-H bond length and the
vibrational frequency, indicating that hydrogen modes are sensitive
to local bonding environments. For H;, the longest O-H bond
lengths (0.984-0.992 A) correspond to the lowest corrected vibra-
tional frequencies, ranging from 2789cm™' in CuAlO, to
3111 cm™" in CuGaO,. This trend reflects weak hydrogen binding
in the interstitial site and is consistent with the expectation that
longer bonds lead to softer vibrational modes.

In contrast, H-V¢, displays shorter O-H bonds (~0.970-
0.974 A) and higher vibrational frequencies. Corrected frequencies
of 3254cm™ (CulnO,), 3272 to 3292cm™' (CuAlO,), and
3427 cm™" (CuGaO,) clearly indicate stronger hydrogen-lattice
interactions when hydrogen binds near a copper vacancy. These
values demonstrate that vacancy-related hydrogen defects are both
more stable and spectroscopically distinguishable from isolated
interstitials. The antisite complexes (H,~Cuy;, with M = Al, Ga, In)
yield intermediate values, with O-H bond lengths ranging from
0.973 to 0.979 A and corrected vibrational frequencies between
3150 and 3368 cm™'. Their positions between H; and H;-Vc,
confirm that antisite-related defects create moderately strong
hydrogen bonding environments.

Finally, 2H;-V, consistently exhibits the highest vibrational
modes. In the relaxed 2H;-V¢, configuration, the two hydrogen
atoms are separated by approximately 1.80-1.83 A, indicating a
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compact geometry that facilitates strong vibrational coupling. The
symmetric and antisymmetric stretches occur within a narrow
range of 3776 to 3804 cm™" across all three materials, indicating
strong hydrogen-hydrogen coupling and offering a reliable vibra-
tional fingerprint for these complexes regardless of the M cation
chosen. Overall, the order of vibrational frequencies remains con-
sistent across CuAlO,, CuGaO,, and CulnO,: H; < H;-Cuy; < H;~
Vecu < 2H;~Vc,. This consistent pattern confirms that hydrogen-
related vibrational signatures are primarily determined by local
bonding geometry rather than overall lattice chemistry variations.
The narrow frequency ranges associated with each defect type also
suggest that experimental IR spectroscopy can reliably distinguish
isolated, vacancy-related, and multi-hydrogen complexes, providing
valuable benchmarks for identifying hydrogen incorporation mech-
anisms in p-type delafossite oxides.

In addition to identifying local vibrational modes (LVMs) at
ambient conditions, pressure-dependent infrared (IR) spectroscopy
offers a powerful method for distinguishing between different
hydrogen-related defects in oxide materials. The sensitivity of the
vibrational frequency shifts (dw/dP) under hydrostatic pressure
reflects variations in the local bonding environment around the
hydrogen atoms. Defects with loosely bound hydrogen, such as iso-
lated interstitial hydrogen (H,), typically exhibit larger negative fre-
quency shifts under increased pressure, due to greater local
compressibility and bond weakening. In contrast, tightly bonded
hydrogen complexes, like 2H;-V,, generally display more minor
negative or even positive frequency shifts owing to their more rigid
and less compressible local structures. Previous experimental
studies using pressure-dependent IR spectroscopy on hydrogen-
related defects in materials such as ZnO*>*° and SnO,”” have dem-
onstrated that these pressure shifts can distinctly characterize defect
types. Applying similar methodologies to CuMO, materials will
provide an experimental basis for clearly distinguishing H,
2H;-V¢,, and 2H;-V, defects, facilitating targeted identification
and improved control of defect chemistry in these transparent
oxide semiconductors.

Although direct experimental measurements of hydrogen-
related vibrational modes in CuMO, have not yet been reported,
previous infrared (IR) spectroscopy studies on hydrogen defects in
other oxide semiconductors, such as ZnO, SnO,, In,Os;,
and Ga,0;, have successfully identified local vibrational modes
(LVMs) in the frequency range of approximately 2800-
3600 cm™!.'#*»?772747% Thege findings demonstrate the practical
feasibility of detecting hydrogen configurations via IR-active
modes. Our theoretical predictions, thus, serve as essential bench-
marks, providing precise targets for future experimental investiga-
tions. Such experimental validation in CuMO, will confirm the
presence and nature of hydrogen-related defects and provide valu-
able insights into defect formation and passivation mechanisms,
thereby facilitating improved control over p-type conductivity and
overall performance of these promising transparent oxide materials.

IV. CONCLUSION

In conclusion, our comprehensive theoretical analysis using
hybrid density-functional calculations has identified and character-
ized the vibrational signatures of hydrogen-related defects in

ARTICLE pubs.aip.org/aip/jap

CuMO, (M =Al, Ga, In). We established the relative stability and
vibrational fingerprints of defects such as interstitial hydrogen (H,),
hydrogen-copper vacancy complexes (H;-Vc, 2H~Vg,), and
hydrogen-copper antisite complexes (H;,~Cuyp;). Through detailed
analyses of potential energy curves and anharmonic frequency cor-
rections, we provided accurate theoretical benchmarks for future
experimental validation. These results offer critical insights into the
defect chemistry of delafossite oxides and highlight specific experi-
mental strategies, including pressure-dependent infrared spectro-
scopy, for detecting and distinguishing hydrogen-related defects.
Ultimately, this work paves the way for improved defect engineer-
ing and optimized p-type conductivity in transparent oxide semi-
conductors, enabling advances in transparent electronics and
optoelectronic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed calculations: (1)
for the chemical potentials of oxygen under the experimental con-
dition and chemical potential diagram of CuMO,, (2) the binding
energies of the defect complexes, and (3) the reduced mass of the
H,O molecule.
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