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ABSTRACT

Transparent conducting oxides with p-type conductivity hold immense potential for various electronic applications. The role of native point
defects in delafossite CuMO2 (M = Al, Ga, In) as the source of p-type conductivity has been widely acknowledged. However, understanding
the primary defects governing the electrical properties and devising strategies for improvement remains a critical challenge. In this study, we
employ range-separated hybrid density functional calculations to elucidate the impact of acceptor defects and their interactions with hydro-
gen on electrical conductivity. Our findings demonstrate that hydrogen plays a pivotal role in controlling p-type conductivity in these
oxides. Our investigation reveals that the interactions between hydrogen interstitial Hi and copper vacancy VCu lead to the formation of
stable complexes that are electrically inactive. Considerable binding energies are observed for Hi–VCu complexes, indicating that they are
highly bound complexes with low formation energy and, thus, high concentrations under both O-rich and O-poor conditions. A second
hydrogen can be bound to VCu to form 2Hi–VCu complexes, which are thermodynamically stable and function as a single donor.
Furthermore, hydrogen can bind with the antisite acceptor defects, CuM, forming Hi–CuM complexes. However, the lower binding energies
associated with these complexes suggest likely dissociation into isolated Hi and CuM at relatively low temperatures. By shedding light on the
strong influence of hydrogen passivation of acceptor defects, this study offers valuable insights into p-type conductivity in delafossite
CuMO2.

© 2024 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/10.1063/5.0201483

I. INTRODUCTION

Transparent conductive oxides (TCOs) are materials that
possess the unique qualities of being both electrically conductive
and transparent to visible light.1 These materials have become
increasingly important in developing advanced technologies, such
as transparent electrodes for touch screens, displays, and photovol-
taic cells. In optoelectronics, Sn-doped In2O3, ZnO, and SnO2 are
commonly employed as prototypical n-type TCOs, offering reliable
and effective performance and are already commercialized.2 The
conduction band of these TCOs is composed of cation-s orbital,

leading to low electron effective mass and high n-type
conductivity.2–4

On the other hand, achieving p-type conductivity in these
oxides is more challenging as their valence bands are mainly com-
posed of O-2p orbitals, resulting in low dispersions (high effective
masses) and lie deep in the energy scale with respect to vacuum.
An approach to overcome this drawback has been proposed based
on the electronic structure of n-type TCOs. The design principle is
to modulate the O-2p bands, which are highly localized due to the
high electronegativity of the O atoms.5,6 It has been proposed to
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utilize the metal d orbitals with energy levels comparable to those
of O-2p orbitals. Cuþ, with electronic configuration 3d104s0, has
been adopted as a promising candidate because the completely
filled Cu 3d states lie just above the O-2p bands.7,8 Spatial overlap-
ping between Cu-3d and O-2p is expected to give a more dispersive
valence band, raising the valence band position and decreasing the
hole effective mass. This ends up being beneficial for p-type doping
and hole transport. In addition, it requires maximizing the distance
between Cu atoms to avoid interband d–d transitions that cause the
coloration and lower the conduction band.5 Kawazoe and Hosono
have pioneered this approach, leading the discoveries of several
p-type TCOs, including the delafossites CuMO2 (M = Al, Ga, In).
Hole conductivity, yet relatively low, was observed in the as-grown
thin films of CuAlO2

8 and CuGaO2,
9 while CuAlO2 exhibited

bipolarity in electrical conduction upon external doping.10 Several
experimental11–18 and theoretical studies19–24 were conducted fol-
lowing these discoveries to identify the source of p-type conductiv-
ity and to improve the performance of these and other potential
p-type oxides. It has been suggested that copper vacancies (VCu)
and copper antisites (CuM) are the dominant defects causing the
observed p-type conductivity in CuMO2.

18,22,23

Hydrogen has been known to affect the electrical properties of
many metal oxides, particularly n-type TCOs. It was shown by
theory and experiments that hydrogen impurity behaves as a
shallow donor in ZnO,25,26 In2O3,

27 SnO2,
28,29 and Ga2O3.

30

Hydrogen interstitial (Hi) and substitution on the O site (HO) were
identified as shallow donors in these oxides.26 In n-type materials,
the negatively charged cation vacancies were shown to have low
formation energy, forming in significant concentration. Hydrogen
interstitial (Hi) has been shown to bind strongly to cation vacancies
in n-type ZnO,31 SnO2, In2O3, and Ga2O3.

32 These complexes are
very stable up to very high temperatures. The passivation of the
negatively charged cation vacancies was suggested to reduce carrier
scattering centers and, thus, enhance electron mobility.32 It has
been concluded that the hydrogenation of cation vacancies is very
likely to occur in TCOs in general. Recently, the hydrogenation of
cation vacancies in SrTiO3

33 and Ga2O3
34 has been reported by

theory and experiments. In contrast to the vast number of studies
on hydrogen impurities in n-type metal oxides, only a few studies
have been conducted on hydrogen impurities in p-type metal
oxides. As far as we know, only a few theoretical studies based on
the hybrid functional calculations have been reported for the
behavior of hydrogen impurities and the passivation of the acceptor
defects in Cu2O.

35,36 It was revealed that Hi strongly binds with
VCu, resulting in a stable Hi–VCu complex, which likely suppresses
p-type conductivity.35 Some isolated Hi configurations were studied
in CuAlO2 and CuInO2.

37 It is, therefore, imperative to uncover
the role of hydrogen in these delafossite metal oxides as it may play
an important role in controlling their p-type conductivity.

The present article reports an investigation of the interaction
between hydrogen and acceptor defects in delafossite CuMO2 (M
= Al, Ga, In) using range-separated hybrid density-functional cal-
culations proposed by Heyd, Scuseria, and Ernzerhof (HSE). First,
we investigate the energetics of hydrogen impurities in delafos-
sites, taking CuGaO2 as an example, and identify the lowest
energy positively charged hydrogen impurity, found in the form
of Hi, where H bonds to an O atom. The positively charged Hi

forms a stable complex with the negatively charged VCu, resulting
in effective passivation. Besides, we find that a second hydrogen
can enter Hi–VCu to form 2Hi–VCu complexes, which are thermo-
dynamically stable and function as single donors. Finally, hydro-
gen can bind with the antisite acceptor defects, CuM, forming
Hi–CuM complexes. The binding energies of these complexes are
calculated and found to be sizable for the Hi–VCu complexes. In
light of these results, we discuss the effects of hydrogen on hin-
dering p-type conductivity and strategies to recover the
CuMO2-based device performance by post-annealing to remove
hydrogen.

II. COMPUTATIONAL METHOD

Our calculations were based on the generalized Kohn–Sham
theory44 with the HSE hybrid functional,45,46 as implemented in
the VASP code.47,48 Cu 3d104s1, Al 3s23p1, Ga 4s24p1, In 5s25p1, O
2s22p4 and the H 1s1 were treated as valence electrons within the
projector augmented-wave method.49,50 We employed a cutoff of
400 eV for the plane wave basis set. The fraction of Hartee–Fock
(HF) exchange was set to 25% for all oxides with a screening length
of 10 Å. This standard fraction yields bandgaps that agree with the
experimental values, as listed in Table I. The periodic boundary
conditions with the supercell approach were employed for the
defect calculations. Effects of spin polarization are included.
Symmetry-breaking distortions were considered for all cases. To
study point native defects and the H impurity, we used a 108-atom
supercell created by 3� 3� 1 repetition of a 12-atom conventional
cell of CuMO2. A (14,

1
4,

1
4) special k point was used for the integra-

tions over the Brillouin Zone. Test calculations show that using a
denser mesh of special k point changes formation energies and
transition levels by less than 0.15 eV. The lattice parameters are
kept fixed during the structural relaxations, and the atoms are
allowed to relax until the residual forces are less than 0.02 eV/Å.
The defect formation energies can be used to derive defect concen-
trations under thermodynamic equilibrium, stability of different
charge states, and related electronic transition levels. Determining
the formation energies is thus essential to characterizing the defects
and their energetics. Using, for example, the antisite CuM, where
the Cu atom is replaced by an M atom, in charge state q, the

TABLE I. Calculated basic properties of CuMO2, including lattice parameters, direct
(Edir

g ) and indirect band gaps (Eindir
g ), and formation enthalpy (ΔHf ). ΔHf is estimated

using Hess’s law as described in the text. Available experimental values for lattice
parameters,38–40 bandgaps,40–42 and ΔHf

43 are also listed.

CuAlO2 CuGaO2 CuInO2

Calc. Expt. Calc. Expt. Calc. Expt.

a(Å) 2.86 2.86 2.98 2.98 3.33 3.29
c(Å) 16.93 16.95 17.21 17.17 17.43 17.39
Edir
g (eV) 5.27 3.53 3.79 3.75 2.54 4.45

Eindir
g (eV) 3.50 2.99 2.40 2.55 1.59 1.44

ΔHf (eV) −8.93 −9.50 −5.98 −6.44 −5.05 −5.60
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formation energy is defined as

Ef CuqM
� � ¼ Etot Cu

q
M

� �� Etot CuMO2ð Þ þ μM � μCu
þ q εF þ Evð Þ þ Δq, (1)

where Etot CuqM
� �

is the total energy of the supercell containing the
antisite CuM in charge state q and Etot CuMO2ð Þ is the total energy
of the perfect crystal in the same supercell. For a charged CuM,
electrons will be added to or removed from the Fermi level (εF),
which is conventionally referenced to the valence-band maximum
(VBM, Ev) of the host material. An M atom is removed from the
supercell and placed in a reservoir with energy μM, referenced to
the total energy per atom of the metal M μM ¼ ~μM þ Etot[M]ð Þ,
and a Cu atom is taken from a reservoir with energy μCu,
referenced to the total energy per atom of Cu bulk
μCu ¼ ~μCu þ Etot[Cu]ð Þ. The chemical potentials ~μi (i ¼ Cu, M, O,
H) can be varied and properly adjusted to represent the experimen-
tal growth conditions and annealing. The scheme proposed by
Freysoldt et al.. was used to correct the effects of the finite size of
the supercell containing charged defects, as represented in the last
term.51 The static dielectric constants used in the correction were
taken from Ref. 23, where the HSE functional with the same frac-
tion HF exchange of 25% was used. Note that this correction
scheme for the supercell finite-size yields very similar correction
energies as the one proposed by Kumagai and Oba.52 The approach
described above was used to determine the formation energies of
the other point defects and H-related complexes in the different
charge states.

In thermodynamic equilibrium, the stability condition of
~μCu þ ~μM þ 2~μO ¼ ΔHf CuMO2ð Þ must be satisfied, where
ΔHf CuMO2ð Þ is the enthalpy of formation of CuMO2, listed in
Table I. The calculated ΔHf CuMO2ð Þ values are in good agreement
with the experimental values for CuMO2 estimated by Hess’s law,
i.e., the total enthalpy change of the overall reaction can be
estimated as a summation of enthalpy changes of sub-individual
reactions, for instance, ΔHf CuAlO2ð Þ ¼ ΔHf Cu2Oð Þ�
þΔHf Al2O3ð Þ�=2, where ΔHf Cu2Oð Þ and ΔHf Al2O3ð Þ are the for-
mation enthalpy of Cu2O and Al2O3, respectively. To avoid the for-
mation of the secondary phases, additional bounds were imposed
to ~μCu, ~μM, and ~μO; for example, 2~μAl þ 3~μO , ΔHf Al2O3ð Þ and
2~μCu þ ~μO , ΔHf Cu2Oð Þ were included to represent the formation
of Cu2O and Al2O3 during equilibrium growth of CuAlO2. We
adopted similar procedures to determine the limits in the chemical
potentials in the case of CuGaO2 and CuInO2; In ternary metal
oxides, these procedures have been widely used to identify stable
growth conditions.53,54 The thermodynamic equilibrium chemical
potential diagrams of CuMO2 are shown in Fig. S1 in the

supplementary material, are consistent with the diagram in Ref. 23.
We chose the O-rich and O-poor conditions to represent the
results for the formation energies of the point defects and hydrogen
impurities. The chemical potentials (~μCu, ~μM, ~μO) associated with
these two conditions are listed in Table II. Note that delafossites
CuMO2 are commonly synthesized via solid-state reactions, fol-
lowed by the fabrication of thin films using pulsed laser deposition
(PLD). The preparation process entails annealing the materials at
700 �C, with the O2 pressure typically ranging from around 10�5 to
10�4 atm.8,10 These conditions yield an oxygen chemical potential
of about �1.4 eV, aligned with the intermediate condition between
the O-rich and O-poor limits.55 Under both the O-rich and
O-poor conditions, the chemical potential of hydrogen, ~μH, is
limited by the formation of H2O, i.e., ~μH ¼ ΔHf H2Oð Þ � ~μO

� �
=2.

The calculation of thermodynamic transition levels was conducted
using the standard procedure described elsewhere.4,56

III. RESULTS AND DISCUSSION

The calculated lattice parameters, direct and indirect bandg-
aps, and formation enthalpies of CuAlO2, CuGaO2, and CuInO2

are listed in Table I. The calculated and experimental values are in
good agreement. Our results for lattice parameters and band gaps
of these oxides are consistent with the previously reported values.23

The range of the Fermi levels in the formation energies corresponds
to the calculated fundamental indirect bandgaps.

A. Isolated hydrogen impurities

In our study focusing on the passivation of acceptor defects in
delafossite CuMO2, we first investigate the specific hydrogen impu-
rity functioning as a donor. To achieve this, we explore the stability
of various possible H impurity configurations within CuGaO2.
Given the close similarities in chemical composition and crystal
structure of CuGaO2, CuAlO2, and CuInO2, it is assumed that the
energetics and electrical characteristics of hydrogen impurities in
these materials are also similar. Figure 1 shows the formation ener-
gies of possible configurations of H impurities in CuGaO2, includ-
ing interstitial H adjacent to three Cu atoms (Hi-Cu), bond center
(Hi-bc), and antibonding (Hi-ab) as well as the substitutional H at
the O site (HO) for Cu-poor/O-rich and Cu-rich/O-poor condi-
tions. The three possible charge states, �, neutral, and +, for each
configuration of Hi were calculated. We find that Hi-ab is stable in
the + charge state for the entire range of the Fermi level, thus
acting as a shallow donor. In CuGaO2, Hþ

i prefers binding with an
O atom, forming a single O–H bond with an O–H bond length of
0.99 Å, as shown in Fig. 1(c). This behavior is similar to other
metal oxides such as ZnO, SnO2, and In2O3, in which Hþ

i prefers a
site close to the O atom.25,27,36 We find that Hi is stable in the

TABLE II. Chemical potentials ~μCu, ~μMð , and ~μOÞ corresponding to CuMO2 in O-rich and O-poor limits, expressed in eV.

CuAlO2 CuGaO2 CuInO2

O-rich (−0.40, −6.47, −1.05) (−0.49, −3.65, −0.92) (−0.21, −2.37, −1.23)
O-poor (0, −5.28, −1.84) (0, −2.17, −1.90) (0, −1.73, −1.66)
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neutral and negative charge states when it is surrounded by
three Cu atoms (Hi-Cu) with the Cu–H bond length of 1.69 Å
[Fig. 1(d)]. The stability of H�

i and H0
i has been studied in many

metal oxides in which the neutral and anionic Hi usually prefer to
sit near the cations.27,57

Figure 1 shows that neutral Hi-Cu becomes energetically
favorable for the Fermi-level positions higher than 1.24 eV. The
(0/�) transition level of 0.11 eV below the conduction band indi-
cates that negatively charged Hi-Cu is stable in n-type CuGaO2. In
addition, we find that Hi-bc, in which the H atom is located
between the Cu and O atoms forming an O–H bond, can be stabi-
lized only in the neutral and negative charge states. However, it has
a high formation energy and is, thus, unlikely to be present in the
material. For HO, we find that it is stable exclusively in the positive
charge state, acting as a shallow donor. However, its formation is
higher than that of interstitial hydrogen, even in the O-poor condi-
tion [Fig. 1(b)], likely due to the cost of removing an O atom, as in
the formation energy of oxygen vacancy (VO) in Ref. 23. Therefore,

we rule out Hþ
O as a relevant source of compensation for acceptor

defects. Our results for H impurities in CuGaO2 are consistent
with the generally observed behavior of H in oxides.36,37 Our calcu-
lations show that Hi (Hi-ab) also acts as a shallow donor in
CuAlO2 and CuInO2, forming an O–H bond with an O atom
(Fig. 2). It is thus reasonable to expect that Hi-ab, behaving as a
shallow donor, will likely bind with the dominant acceptors in
these materials, forming complex defects that reduce p-type con-
ductivity. The calculated formation energies of other hydrogen
impurities in CuAlO2 and CuInO2, shown in Fig. S3 in the
supplementary material, confirm that the energetics and electrical
characteristics of the hydrogen impurities are similar.

B. Hydrogen-acceptor complexes

The dominant acceptors identified in CuMO2 are CuM and
VCu, to which the observed p-type conductivity has been attrib-
uted.22,23 We thus focus on only these acceptors, and our calcula-
tions also reveal that these defects are most likely the acceptors
present in the samples. Figure 2 shows the calculated formation
energies for the antisites, copper vacancies, and H-related com-
plexes in the Cu-poor/O-rich condition, the most energetically
favorable condition for the Cu vacancy and the antisite defects. We
find that both VCu and CuM act as single acceptors in CuMO2. The
transition levels (0/�) of VCu are at 0.35, 0.37, and 0.35 eV above
the respective VBMs for CuAlO2, CuGaO2, and CuInO2. These
values are consistent with those reported in Ref. 23. Note that these
ionization energies are relatively high, indicating VCu that the Cu
vacancy concentrations will be significantly higher than the hole
concentrations. In CuAlO2 and CuGaO2, CuAl and CuGa behave as
deep acceptors with the transition levels (0/�) at 0.70 and 0.49 eV,
respectively, making them less efficient to generate holes than VCu.
In the case of CuInO2, CuIn can exist in +, neutral, and � charge
states, making it an amphoteric defect. The transition levels (+/0)
and (0/�) for CuIn are at 0.10 and 0.34 eV, respectively. In this
case, CuIn and VCu are equally capable of producing holes, with
equal ionization energies. The results shown in Fig. 2, therefore,
indicate that VCu is the likely although rather inefficient source of
hole conductivity in CuAlO2 and CuGaO2, while in CuInO2, both
CuIn and VCu could be responsible for p-type conductivity (also
rather inefficiently due to the high ionization energy).

Isolated Hþ
i are highly mobile species in several metal oxides,

such as SnO2, SrTiO3, and Cu2O, with calculated migration barri-
ers of 0.57,36 0.25,58 and 0.18 eV,35 respectively. Therefore, Hþ

i are
likely to form complexes with acceptors due to Coulomb attraction.
We investigated the plausible configurations for the H-acceptor
complexes, i.e., (1) Hi�CuM, (2) Hi-VCu, and (3) 2Hi-VCu, which
are shown in Fig. 3. For the Hi–CuM complexes, H prefers to bond
to an O atom adjacent to acceptor CuM. The Cu–O bond length is
elongated by 23%–28% (Fig. 3) compared to the equilibrium Cu–O
bond length in the supercell with isolated CuM. The Cu–H dis-
tances are 1.86, 1.90, and 2.00 Å in CuAlO2, CuGaO2, and CuInO2,
respectively. As shown in Fig. 2, the Hi�CuM complexes are exclu-
sively stable in the neutral charge state, except in CuAlO2, where
the complex is also stable in the positive charge state at Fermi-level
positions close to the VBM. The formation energies of Hi�CuGa
and Hi�CuAl complexes are relatively high, around 1 eV, which is

FIG. 1. Formation energies for the H impurities in CuGaO2 as a function of
Fermi level under (a) Cu-poor/O-rich and (b) Cu-rich/O-poor limit conditions.
The local atomic structure of (c) Hi -ab and (d) Hi -Cu in CuGaO2 are also
shown. The local atomic structures of HO and Hi -bc are shown in Fig. S2 in the
supplementary material.
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higher than CuM in CuAlO2 and CuGaO2 for all Fermi-level posi-
tions. This suggests these complexes will not be present at high
concentrations. However, they can partially passivate the CuGa and
CuAl acceptors. The Hi-CuIn complex in CuInO2 has reasonably
low formation energy, which is lower than CuIn for Fermi-level

positions up to 1 eV, indicating that it should be easily formed
and passivate CuIn in p-type CuInO2. In the case of the Hi-VCu

complexes, interstitial H tends to bond with an adjacent O atom
to VCu in all three materials. In the presence of VCu next to Hi-ab,
the H atom tends to relax and point toward the vacancy, as illus-
trated in Fig. 3. It is worth noting that Hi–VCu complexes are
stable only in the neutral charge state in CuGaO2 and CuInO2,
while it is stable in the positive charge state when the Fermi level
is close to the VBM in CuAlO2 with (+/0) transition level
�0.1 eV. Due to their significantly lower formation energies,
which are more than 1 eV lower than Hi–CuM complexes, as
depicted in Fig. 2, they are expected to form in much higher con-
centrations. Once formed, these complexes tend to be highly
stable and can act as passivation centers for acceptors, leading to
a reduction in hole carriers.

Our results suggest that both types of complexes Hi–CuM
and Hi–VCu take part in the passivation of the acceptors. To reac-
tivate the acceptors, the H atom in these complexes would have to
overcome the energy required to dissociate a defect complex. The
activation energy for the dissociation can be estimated by the sum
of the binding energy of the complex and migration barrier of
interstitial H.59 The binding energy of Hi-CuM in charge state q is
given by

Eb Hi � CuMð Þq½ � ¼ Ef Hþ
i

� �þ Ef Cuq
0
M

h i
� Ef Hi � CuMð Þq½ �, (2)

where Ef Hi � CuMð Þq½ � is the formation energy of the Hi�CuM
complex in charge state q (q ¼ 0, þ), Ef Hþ

i½ � is the formation

energy of isolated Hþ
i and Ef Cuq

0
M

h i
is the formation energy of

isolated CuM in charge state q0 (q0 ¼ þ, 0, �). A positive binding
energy indicates that the Hi and CuM tend to bind together,

FIG. 2. Formation energies for the H impurity and the H-acceptor complexes, including the donor Hi, copper vacancy VCu, and copper antisite CuM as a function of Fermi
level in (a) CuAlO2, (b) CuGaO2, and (c) CuInO2, in the Cu-poor/O-rich condition.

FIG. 3. Local atomic structures of Hi–CuM, Hi–VCu, and 2Hi–VCu in CuAlO2
[(a)–(c)], CuGaO2 [(d), (e), and (f )], and CuInO2 [(g), (h), and (i)]. The dashed
circles represent the locations of the missing copper atoms (Cu vacancies).
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forming a stable complex. Although a positive Eb indicates the
potential formation of a complex, it does not guarantee the for-
mation. The concentration of the complex will be low if Eb is not
large enough compared to the formation energy of the parent
defects. This is because the configuration entropy of the complex
is much smaller. The calculated binding energy of Hi–CuM as a
function of Fermi level is shown in Fig. 4. The binding energies
range from 1.1 to 1.3 eV for most Fermi-level positions but
decrease to 0.6–0.9 eV for the Fermi-level positions close to the
VBM (p-type). These values are comparable to Hi-acceptor com-
plexes in other oxides, such as Hi�AlSn and Hi�GaSn in SnO2.

59

However, the values in CuMO2 are slightly larger, possibly due to
shorter Hi-acceptor distances. Given the magnitude of binding
energies in these ranges, which are not much larger than the for-
mation energies of Hi and CuM, for Fermi level near the VBM,
the concentration of Hi�CuM complex will be low. For the
Hi–VCu complex, the binding energy also can be calculated by
adopting the same procedure. Our calculations show that the
binding energies of the Hi–VCu complexes are 2.0–2.2 eV for most
of the Fermi-level positions in all materials. Magnitude of the
binding energies are comparable to the Hi–VCu complexes in
semiconducting oxides.32,33 These much higher binding energies
than those of the Hi�CuM complexes are due to the very low for-
mation energies of the Hi–VCu complexes. Figure 2 shows that the
formation energies of the Hi � VCu complexes are always lower
than Hþ

i , suggesting that incorporated H are unstable in the form
of isolated interstitials. They would bind with VCu into stable
Hi-VCu complexes, likely formed in high concentrations.

In addition, we find that the second H can enter the Hi–VCu

complex by bonding with another O atom next to VCu into
2Hi–VCu, as shown in Figs. 3(c), 3(f ), and 3(i). According to our
calculations, the Hi–VCu complex is mostly stable in the neutral
charge state. However, if an extra H is present, 2Hi-VCu is expected
to occur in the positive charge state. Our results, depicted in Fig. 2,
show that 2Hi–VCu complexes behave as donors in CuMO2, and

are always lower in energy than Hþ
i in all materials. The complex

acts as a deep donor in CuAlO2 and a shallow donor in CuGaO2

and CuInO2 and could act as a hole killer in p-type CuMO2. The
binding energy of 2Hi-VCu for dissociating into Hþ

i and
Hi�VCuð Þ0 is large and positive, as shown in Fig. 4. We also con-
sider the possibility of molecular hydrogen, H2 being trapped at the
Cu vacancy in the form of H2–VCu complex. The complex is stable
in the negative charge state since it comprises a neutral H2 and a
V�
Cu. We find that H2�VCuð Þ� has much higher formation energy

than 2Hi�VCuð Þþ in p-type CuAlO2 and CuGaO2 but has lower
formation energy under n-type conditions. In CuInO2, however,
H2�VCuð Þ� is never thermodynamically stable compared to
2Hi�VCuð Þþ. It is unlikely that the H2–VCu complex will form
easily against the 2Hi-VCu because the Cu vacancy is surrounded
by reactive O dangling bonds that will readily react with H atoms.
Hydrogenated cation vacancies have been investigated in several
n-type TCOs such as SnO2, In2O3, Ga2O3, and SrTiO3, where the
binding energies of the Hi–cation vacancy complexes in these
oxides, except for SrTiO3, are more prominent than in
CuMO2.

32,33

Our calculations of Hi migration based on the nudged elastic
band method show that Hþ

i are very mobile with the migration
barriers of 0.40, 0.52, and 0.54 eV in CuAlO2, CuGaO2, and
CuInO2, respectively. Combined with the calculated binding ener-
gies, the activation energy Ea to dissociate the Hi-CuM complexes
into isolated Hþ

i and CuM� are 1.6–1.8 eV. The dissociation tem-
perature, T , can be estimated with transition state theory in which
a defect hops to a neighboring site with the rate

Γ ¼ Γ0 exp � Ea
kBT

� �
, where kB is the Boltzmann constant. The pre-

factor Γ0 can be approximated by the optical phonon frequency in
CuMO2, i.e., 1012 Hz.60 We estimate the dissociation temperature
as the temperature at which the complex starts dissociating with
the rate Γ ¼ 1 s�1. The dissociation temperature, however, is not
very sensitive to the choice of Γ0. Using this estimation, the dissoci-
ation temperatures of the Hi–CuM complexes are around 300–
400 �C. For the Hi–VCu complexes, the estimated activation ener-
gies are 2.5–2.7 eV, indicating much higher dissociation tempera-
tures. Using analogous estimation, we obtain the dissociation
temperatures of 600–700 �C. These suggest that post-annealing at
high temperatures up to 700 �C is required to dissociate the Hi-VCu

and 2Hi-VCu complexes. At these high temperatures, interstitial H
would diffuse out due to its low migration barrier. Even though
there have never been reported for the migration barriers of V�

Cu in
delafossite CuMO2, it is expected that V�

Cu would readily diffuse
out, given that the out-diffusion temperature of cation vacancies in
other oxides ranges from 250 to 400 � C.4,32 At these temperatures,
CuM� is expected to be immobile due to the high migration energy
barrier. To migrate, the defect must split into Cui and VM constitu-
ents, which involves breaking six Cu–O bonds. This process will
likely be very difficult due to a high migration barrier. Therefore,
CuM� generally remains fixed in its position, while other defects
may migrate more easily under the same conditions. This indicates
that CuM� would be dominant acceptors after post-annealing in
CuMO2. Furthermore, our findings suggest that by manipulating
hydrogen concentrations through various processing techniques,

FIG. 4. Binding energies of Hi -VCu, Hi -VCu, and 2Hi–VCu complexes in (a)
CuAlO2 , (b) CuGaO2, and (c) CuInO2 as a function of the Fermi level.
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we can potentially optimize the p-type conductivity in these mate-
rials and unlock their full potential for diverse electronic
applications.

IV. CONCLUSIONS

Our hybrid-functional calculations reveal the crucial role of
hydrogen in governing the p-type conductivity of delafossite
CuMO2 (M = Al, Ga, In) oxides. We find that hydrogen acts as a
shallow donor and readily forms stable, electrically inactive com-
plexes with copper vacancies (Hi-VCu). These complexes, character-
ized by significant binding energies, are prevalent under growth
conditions. Additionally, hydrogen can form 2Hi–VCu complexes
that act as single donors. Both Hi-VCu and 2Hi-VCu are likely dis-
sociated at temperatures between 600 and 700 �C, releasing hydro-
gen and copper vacancies, which are likely diffused out.
Conversely, hydrogen can bind to antisite defects (Hi–CuM), but
these complexes exhibit lower binding energies and potentially dis-
sociate into isolated Hi and CuM at 300–400 �C. Our work suggests
that, at low post-annealing temperatures, CuM defects become reac-
tivated and dominate p-type conductivity in these oxides.

SUPPLEMENTARY MATERIAL

See the supplementary material for the calculated thermody-
namic chemical potential diagrams of delafossite CuGaO2,
CuAlO2, and CuInO2; the atomic configurations of Hi-bc and HO;
and the formation energies of isolated hydrogen impurities in
CuGaO2, CuAlO2, and CuInO2.
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