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Computational discovery of p-type transparent oxide
semiconductors using hydrogen descriptor
Kanghoon Yim 1,3, Yong Youn1, Miso Lee1, Dongsun Yoo1, Joohee Lee1, Sung Haeng Cho2 and Seungwu Han1

The ultimate transparent electronic devices require complementary and symmetrical pairs of n-type and p-type transparent
semiconductors. While several n-type transparent oxide semiconductors like InGaZnO and ZnO are available and being used in
consumer electronics, there are practically no p-type oxides that are comparable to the n-type counterpart in spite of tremendous
efforts to discover them. Recently, high-throughput screening with the density functional theory calculations attempted to identify
candidate p-type transparent oxides, but none of suggested materials was verified experimentally, implying need for a better
theoretical predictor. Here, we propose a highly reliable and computationally efficient descriptor for p-type dopability—the hydrogen
impurity energy. We show that the hydrogen descriptor can distinguish well-known p-type and n-type oxides. Using the hydrogen
descriptor, we screen most binary oxides and a selected pool of ternary compounds that covers Sn2+-bearing and Cu1+-bearing oxides
as well as oxychalcogenides. As a result, we suggest La2O2Te and CuLiO as promising p-type oxides.
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INTRODUCTION
Transparent oxide semiconductors (TOSs) are electrically semi-
conducting and have wide band gaps that make the material
transparent to visible light. TOSs have great potentials in various
applications like light-emitting diodes, solar cells, touch panels,
and transparent thin film transistors.1–3 If both n-type and p-type
TOSs with good performances are available, it would empower
transparent bipolar devices with high electrical efficiency.4,5

However, while a multitude of n-type TOSs like ZnO and InGaZnO
show good device performances, only a few p-type TOSs were
identified and their electrical properties lag far behind those of n-
type counterparts. For instance, SnO and Cu2O are well-known p-
type oxides with appreciable conductivity, but they have stability
issues6,7 and transparency is poor in Cu2O. Since p-type
conductivity was demonstrated for CuAlO2,

8 extensive studies
revealed a series of p-type TOSs with delafossite structures such as
CuMIIIO2, AgM

IIIO2 (MIII= Sc, Cr, Co, Ga, In), as well as SrCu2O2,
LaCuOSe, and Rh2ZnO4.

9–15 However, none of them has high
conductivity and good transparency simultaneously; for p-type
oxides whose hole conductivities are higher than 10 Sm−1, the
transparencies are lower than 70%. On the contrary, the p-type
oxides with excellent transparency have hole conductivities below
1 Sm−1.16

The fundamental reasons that underlie the scarcity of p-type
transparent oxides are two-fold; first, valence bands of oxides are
low in energy, and, therefore, holes are easily compensated by
defects like oxygen vacancy and ubiquitous hydrogen, resulting in
the low p-type dopability. Second, the valence band maximum
(VBM) mainly consists of localized oxygen 2p orbitals, which leads
to a large hole effective mass (mh). Such fundamental restrictions
require searching over a large material space, which would be

prohibitively expensive and time consuming. Recently, several
density functional theory (DFT) calculations attempted to discover
new p-type transparent oxides that may surpass the limitation of
known p-type oxides.17–20 While transparency can be directly
assessed by the optical band gap (Eg

opt) in DFT calculations, the p-
type conductivity is a quantity combining several physical
properties like carrier density, scattering time, and effective mass,
even within the simple Drude model. In the foregoing theoretical
screening efforts,17–20 mh was used as a primary descriptor for p-
type conductivity, and oxides were filtered through the condition
mh ≤ 0.5–1.5 me. However, the low dopability is another critical
factor as mentioned above. In ref. 17, the p-type dopability was
tested in terms of defect energies, but only for the candidate
materials screened by mh and Eg. To consider the dopability at the
front, Sarmadian et al.19 added the branch point energy (BPE) to
the primary screening parameter together with mh. In the
complex band structure, BPE corresponds to the energy level at
which the character of transient mid-gap states shifts from
valence-like to conduction-like, resulting in the Fermi level pinning
at this energy.21 Therefore, BPE close to the valence edge may
lead to facile p-type doping. In ref. 19, BPE was calculated as the
weighted average of the mid-gap energies over the Brillouin zone,
which is sensitive to the curvature of valence and conduction
bands.
The BPE and mh are parameters that can be easily obtained

from the DFT calculations on primitive cells, enabling high-
throughput screening over more than thousands of oxides.
However, their predictive power was not explicitly checked. In
Fig. 1, we evaluate these two descriptors against metal oxides that
are well known to be p-type or n-type experimentally. Some
oxides can change the carrier type depending on the growth
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condition and external dopants. The distinction given here is
based on the more facile doping type. In Fig. 1, smaller mh and
lower BPE correspond to the criteria for good p-type oxides.
However, it is seen that mh and/or BPE fail to resolve the carrier
type of the given material; many typical n-type oxides such as
SnO2, SrTiO3, ZnO, and TiO2 also have relatively small mh

(1.5–2.5 me) compared to several p-type oxides. In addition, BPEs
of some p-type oxides (Cu2O, CuGaO2, and SrCu2O2) are close to
the conduction bottom, rather than the valence top, and some n-
type oxides (TiO2 and Ta2O5) have lower BPEs compared to many
p-type oxides. Most notably, Ba2BiTaO6 and SnNb2O6, materials
synthesized and tested for possible p-type conductivity, occupy
the sweet spot in Fig. 1 but did not show any appreciable
conductivity.18,22 Therefore, it is concluded that neither mh nor
BPE is a reliable predictor in screening p-type transparent oxides.
Herein we propose a novel descriptor for p-type transparent

oxides that uses the formation energy of hydrogen interstitial
defect. We were motivated by ref. 22 showing that the Fermi level

position in SnNb2O6 was correctly estimated by considering
various point defects, implying that a proper p-type predictor
should also take the defect chemistry into account. We note that
the former screening studies17–19 also calculated intrinsic defect
energies to examine the p-type dopability but it was only for the
finally screened materials. In addition, the full defect calculation
used in those studies is highly expensive. The new descriptor
suggested here is computationally efficient and can provide a
well-defined decision boundary that can classify known p-type
and n-type oxides. By conducting high-throughput screening
using the new descriptor and mh, we screen binary and ternary
oxides, and identify promising p-type TOSs.

RESULTS AND DISCUSSION
Formation energy of hydrogen interstitial defect as a new
descriptor
We propose that the defect formation energy of hydrogen
interstitial in +1 charge state (Hi

+) with the Fermi level at the
valence top (FEH hereafter) is a reliable descriptor for p-type
oxides. Figure 2a shows the definition of FEH in the formation-
energy diagram. (For convenience, the chemical potential of H is
set to the half of H2 molecular energy.) The higher the FEH, the
stronger the p-type dopability is. This can be rationalized as
follows: first, hydrogen is universal and can actually compensate
holes in experiment.23,24 Second, in the present definition,
hydrogen transfers an electron to the valence top that corre-
sponds to the Fermi level, and therefore FEH correlates with the
valence band position with respect to the vacuum. Figure 2a also
shows the atomic sites of Hi

+ in CuAlO2, forming the O–H bond.
Similar O–H bonds are found for other oxides as well.
Figure 2b shows FEH vs. mh for the same oxides as in Fig. 1. It is

striking that FEH can clearly distinguish the n-type and p-type
oxides with the decision boundary at FEH=−1 eV. Furthermore,
SnO and Cu2O, p-type oxides with good conductivity, rank high on
the FEH scale. Interestingly, the insulating Ba2BiTaO6 and SnNb2O6

lie in the middle range of FEH. It is also noticeable that ZnO has
the highest FEH among n-type oxides, recalling that ZnO can
exhibit p-type conductivity by nitrogen doping.25,26 The foregoing
discussions support that FEH constitutes a good predictor of the
conduction type in oxides. We note that FEH is a descriptor of
inclination for p-type but a low FEH value does not necessarily
mean that it is a good n-type oxide. In Fig. S1, we compare FEH

Fig. 1 Hole effective mass and relative BPE (=[BPE− EVBM]/Eg) of
archetypal p-type and n-type oxides. The electrical properties of
Ba2BiTaO6 [18] and SnNb2O6 [22] were reported recently.

Fig. 2 a Defect formation energy of Hi in CuAlO2 as a function of the Fermi level (εF). The vertical dashed line indicates the hydrogen transition
level separating donor-like and acceptor-like hydrogen. The top figure shows the atomistic configuration of Hi

+ in CuAlO2. b FEH vs. hole
effective mass of known p-type and n-type oxides presented in Fig. 1
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with experimental ionization potential (IP), which shows a linear
correlation between FEH and IP. This supports that FEH is an
indicator for the VBM energy with respect to the vacuum level.
Using the hydrogen formation energy in assessing the

dopability is reminiscent of the universal band alignment with
respect to the H(+/−) level,27 which also relates to the doping
type. In Fig. S2, we compare FEH and H(+/−) level for some
oxides. It is found that the two quantities correlate to some extent,
but the H(+/−) level does not separate n-type and p-type
tendency as clearly as FEH. In addition, computation of H(+/−) is
more expensive than FEH.

Screening over binary oxides
We now use FEH in screening p-type oxides. To enable high-
throughput screening of p-type TOSs, we develop an automation
procedure to calculate the band gap, hole effective mass, and FEH,
as depicted in Fig. 3 (see Methods section for more details). To be
brief, the computation consists of crystalline and defect calcula-
tions; the crystalline calculations yield the effective mass with the
PBE functional and the optical band gap (Eg

opt) in one-shot hybrid
calculation with the HSE functional.28 This part also evaluates the
relative shift in the valence top between PBE and HSE (ΔVBM) that
will be used in correcting the band gap in the defect calculations
(see below).29 In the defect calculations, the initial positions of Hi

+

are first selected using the Coulomb potential since Hi
+ is

essentially positively charged proton and its energy mainly
depends on the electrostatic potential. The stable position of
Hi

+ is then obtained by relaxing the structure within PBE. To
correct the band gap, we simply shift the valence edge using
ΔVBM obtained in the above. As shown in Fig. S3, this correction
reproduces the full hybrid calculations with the root mean square
error of 0.18 eV.
Through the automated procedure, we first conduct a high-

throughput calculation for most binary oxides from Inorganic
Crystal Structure Database (ICSD).30 When polymorphism exists for
specific compositions, we choose the structures whose total
energies are within 10meV/atom from the lowest value. Figure 4a
shows FEH values and hole effective masses of binary oxides. The
transparency of each data point is determined by Eg

opt; the
symbol is completely transparent for Eg

opt > 3.1 eV and it becomes
progressively opaque down to Eg

opt= 1.8 eV. We posit that
promising p-type oxides have FEH >−1 eV since all known p-
type oxides lie in this region (see Fig. 2b). In Fig. 4a, we cannot find

any new p-type candidates while every known p-type binary oxide
(name in orange) is identified according to the present criterion.

Screening over ternary oxides
To discover new p-type oxides, we extend the search space to
ternary oxides. Although the automation procedure is tuned for
the high-throughput data production, defect calculations still
require much longer computational time than for the crystalline
calculations. Therefore, we restrict the ternary space by consider-
ing the known design principles of p-type oxides; first, many p-
type oxides have valence states that have more delocalized
character and higher position of VBM by hybridizing with cation
orbitals. For example, in SnO, Sn2+ configuration have electronic
configuration of 4s2 that strongly hybridize with oxygen 2p
orbitals.31 In the case of Cu2O and CuAlO2, Cu1+ with 3d10

configuration forms the valence top.32 Another design principle
for p-type can be inferred from LaCuOSe which records the
highest conductivity to date.14 Here, the large enhancement of p-
type conductivity comes from Se2− that raises the VBM energy
and reduces effective hole mass owing to larger orbital size than
O2−.33 In this respect, oxychalcogenides are also worth investigat-
ing. It must be noted that the delocalized and high valence states
of oxychalcogenides are derived from the multi-anion character. If
chalcogen atoms form polyanions, the compound usually has a
VBM energy higher than for typical oxides. For example, FEH of Sn
(SO4) is lower than for SnO (see Fig. 4).
From foregoing discussions, we choose Sn2+-bearing and

Cu1+-bearing ternary oxides and ternary oxychalcogenides among
ternary compounds. In addition, we consider only stable phases
from the database obtained by our previous work.28 As results,
FEH’s for 40 ternary compounds are calculated as presented in
Fig. 4b. It is noticeable that every known p-type oxide (name in
orange) including delafossite structures satisfies the condition of
FEH >−1 eV, reconfirming validity of the present descriptor.
Figure 4b reveals several candidate p-type oxides that satisfy
FEH >−1 eV but have not been tested experimentally as far as
we are aware. The detailed data for these materials are listed in
Table 1. In Table 1, several non-delafossite candidate oxides are
found among Cu1+-bearing oxides in the form of CuMIO (MI= Li,
Na, K, Rb, Cs). All these compounds have the same symmetry
(I4m2) in their most stable phases except for CuCsO (Cmcm), and
they commonly include Cu1+ layers formed by closed Cu4O4 four-
membered rings (see Fig. 5a for CuLiO). Among CuMIO

Fig. 3 Schematic workflow for calculating FEH
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compounds, CuLiO has the highest FEH value (0.89 eV), the
highest among ternary oxides we explored. The enthalpy of
formation of CuLiO from binary phases, ½Li2O and ½Cu2O, is
−0.23 eV, meaning that CuLiO is thermodynamically stable against
phase separation. We note that the averaged mh of CuLiO
(2.76 me) is slightly bigger than for CuAlO2 (2.66 me) but the
valence band of CuLiO is more isotropic than CuAlO2 (see Fig. 5b).
From the defect calculation of CuLiO in Fig. 5c, we find that Li
vacancy (VLi) is energetically more favorable than VCu, unlike
delafossites in which VCu is regarded as the major acceptor. The
calculated transition level of VLi (0/−) is 0.24 eV above VBM, which
is shallower than Cu vacancies in known p-type oxides
(0.4–0.7 eV).34,35 Thus, with its facile formation, the intrinsic defect
VLi could lead to p-type doping in CuLiO without external dopants.
FEH of other CuMIO compounds decreases with the increasing
atomic number of MI.

Among Sn2+-bearing oxides, only a few oxides could be
classified as p-type according to the present criterion. All
Sn2+-bearing oxides have valence states mixed with Sn-4s2, but
they have lower FEH compared to SnO. This might be the effect of
stronger interaction between the other cation and oxygen, which
is also the origin of the larger band gap and better phase stability.
Therefore, a trade-off between the band gap and p-type
dopability may exist in Sn2+-bearing oxides. The highest FEH
values are found in K2Sn2O3 and Rb2Sn2O3. In fact, these two
materials were already suggested in the former high-throughput
screening,17 and expected to be good p-type oxides in our
criterion, too. However, their small Eg

opt would be an obstacle
against transparent applications. We suggest SnSO4 as a new p-
type TSO since it has a wide band gap of 5.12 eV and small mh of
1.12 me. The crystal structure and defect formation energies of
SnSO4 at oxygen-rich condition is provided in Fig. S5. As expected
by relatively low FEH value (−0.8 eV), the acceptors in SnSO4

partially compensated by the hydrogen interstitial defect, so the
carrier concentration needs to be increased by external doping. It
is noted that the oxides having polyanion groups like (SO4)

2− and
(PO4)

3− tend to have lower FEH values as the polyanionic groups
bring down VBM compared to typical oxides due to higher
electronegativity. For example, Sn3(PO4)2 is not classified as p-type
since it has low FEH.
For ternary oxychalcogenides, only a few oxides from ICSD

contain negatively charged S, Se, and Te, as chalcogen elements
usually exist in the form of polyanions rather than pure anions.
Nevertheless, a promising candidate, La2O2Te, is found among
oxychalcogenides. La2O2Te has the highest FEH value (0.2 eV)
among all wide gap (Eg

opt > 3 eV) candidates and its mh is also
small (0.65 me). The calculated enthalpy of formation of La2O2Te
from binary oxides, ½La2O3 and ½La2Te3, is –0.83 eV per formula
unit, confirming the stability. The crystal structure, electronic
structure, and the defect formation energies of La2O2Te are given
in Fig. 5d–f. The structure consists of alternating O and Te layers.
Since VBM mainly consists of Te-5p states as shown in Fig. 5e, the
hole conductivity is expected to be high along lateral directions
on the Te layer. The defect formation energies in Fig. 5f confirms
that La2O2Te would behave as p-type in the oxygen-rich
condition. The major intrinsic acceptor is VLa-2H complex whose
transition level of (0/−) is 0.13 eV above VBM. As a possible
external dopant, Ca could easily take up the La site (CaLa) owing to
the similar ionic radius. In Fig. 5f, CaLa

1− behaves as a shallow
acceptor and its formation energy is even lower than (VLa-2H)

1−. In
passing, we note that La2SeO2 suggested in ref. 19 as a promising
p-type oxide has a FEH value of −1.25 eV that does not meet the
present criterion.
In summary, we screened binary oxides and ternary compounds

covering Cu1+-bearing oxides, Sn2+-bearing oxides, and oxychal-
cogenides to discover promising p-type TOSs. As a new descriptor
for p-type oxides, we used the formation energy of Hi

+ with the
Fermi level at VBM. We demonstrated that the suggested
descriptor can classify the conduction type of well-known oxides,
while hole effective mass and BPE, the favored descriptors so far,
failed to distinguish majority carrier types. As a result of screening,
we found many new candidate p-type oxides that have never
been reported before. Considering FEH, band gap, and hole
effective mass, we suggest La2O2Te as the best candidate material
from the present study, while SnSO4 and CuLiO are also expected
to be comparable to existing p-type TOSs. We expect our work will
trigger the experimental verification of the suggested p-type
oxides and contribute to realizing transparent and high-
performance electronic devices.

Fig. 4 FEH and hole effective mass for a binary oxides and b ternary
oxides. Promising p-type candidates and known p-type oxides are
indicated in red-bold and orange, respectively. The transparency of
each material is emulated by the optical band gap
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METHODS
DFT calculations
Vienna Ab initio Simulation Package36 is used for the DFT calculations. We
employ the PBE functional37 for the exchange-correlation energy of
electrons. For 3d transition metal oxides, we applied the on-site Hubbard
correction to 3d orbitals (PBE+ U method) with parameters fitted to
reproduce the experimental formation enthalpies of transition metal
oxides.38 The energy cutoff of the plane-wave basis and k-point sampling
over the first Brillouin zone are chosen to ensure the energy convergence
of 10meV/atom. For the hybrid calculation, we used the HSE functional39

with the fixed fraction of the Fock exchange of 0.25.

Band gap
We adopt the approach for band gap calculations from our previous high-
throughput study.28 First, we compute energy levels along the lines
connecting the high-symmetry k-points using PBE(+U) functional and
determine the k-points corresponding to the valence top and the
conduction bottom (both direct and indirect). Then, we carry out the
hybrid functional calculation using the band-edge k-points identified by
PBE(+U) to obtain theoretical Eg and Eg

opt.

Hole effective mass
For the non-parabolic band structure, the effective mass should be
averaged over the reciprocal space. The averaged effective mass tensor
within the semiclassical theory is obtained as follows:

M�1
� �

αβ

D E
¼

P
n

R
dk ∂2εnk

∂kα∂kβ
fnk

P
n

R
dkfnk

; (1)

where M is the effective mass tensor, εnk is the energy level, and fnk is the
Fermi-Dirac distribution of holes when the Fermi level is at VBM. The
numerical average in Eq. (1) can be done by sampling the Brillouin zone
with fine meshes as was done in previous works.17 However, this approach
would be computationally expensive since it requires sampling tens of
thousands k-points to obtain the accurate hole effective mass. Noting that
fnk is practically non-zero only near VBM, we evaluate Eq. (1) only around
the local maximum points that are within 0.1 eV from VBM, using fine k-
point meshes. This approach speeds up the computation several times
without sacrificing the accuracy compared to the dense sampling of the
whole Brillouin zone. The hole effective mass (mh) is set to the harmonic

average of components along the principal axis that are obtained by
diagonalizing the effective mass tensor.

Branch point energy
At BPE, the character of the decaying mid-gap states changes from
valence-like to conduction-like. BPE can be approximated by the averaged
mid-gap energy.40

BPE ¼ 1
2Nk

X

k

1
NCB

XNCB

i

εci kð Þ þ 1
NVB

XNVB

j

εvj kð Þ
" #

; (2)

where Nk is number of sampled k-points, εc(ν) is eigenvalue in the
conduction (valence) band, NCB and NVB are the numbers of considered
conduction and valence band, respectively. Following previous literature,
we scale NVB according to the number of valence electrons (without d
electrons) in the unit cell and NCB is set to the half of NVB.

40 To address the
band-gap underestimation in PBE functional, we rigidly shift the valence
and conduction bands from PBE calculations using the VBM and CBM
differences between PBE and HSE results.

Formation energy of defects
The defect formation energy (Efor) is calculated within the supercell
approach using the following equation:

Efor qð Þ ¼ Etot qð Þ � Etot perfectð Þ þ
X

Niμi þ q εF þ εVBMð Þ þ Ecorr; (3)

where q is the charge state, Ni and μi are the number and chemical
potential of the chemical species i, εF is the Fermi energy with respect to
the VBM energy (εVBM), and Ecorr is the correction energy to remove
spurious electrostatic interactions among image charges in the repeated
cells. A supercell is chosen such that the minimum distance between
defects from adjacent periodic cell is longer than 10 Å, corresponding to
the defect concentration less than 1 atomic %. For the defect calculations,
only Γ point is sampled. For Ecorr, we applied the FNV correction41 that can
generally apply to materials including anisotropic dielectric constant.42 By
using a relatively large supercell and applying the cell-size correction, we
assume that the calculated Efor corresponds to the formation energy of the
isolated defect.

Table 1. New p-type candidate oxides satisfying FEH >−1 eV. The optical band gap and hole effective mass are also provided. (m1, m2, m3) are
effective masses along the principal axis and mavg is the harmonic average of them

Type Name FEH (eV) Hole effective mass (me) Optical band gap (eV)

mavg (m1, m2, m3)

Sn2+-bearing oxides K2Sn2O3 0.20 0.32 (0.32, 0.32, 0.32) 1.89

Rb2Sn2O3 −0.17 0.28 (0.36, 0.25, 0.25) 1.66

SnSO4 −0.64 1.12 (0.67, 7.51, 0.94) 5.40

Sn4O2F4 −0.78 1.68 (2.23, 1.18, 2.04) 3.05

Cu1+-bearing oxides CuLiO 0.89 2.76 (2.59, 2.59, 3.22) 3.10

CuNaO 0.08 9.01 (18.42, 18.41, 4.46) 2.96

BaCu2O2 −0.12 2.34 (4.96, 4.96, 1.14) 2.75

Cu2SO4 −0.29 3.78 (2.33, 4.43, 7.23) 3.19

Cu2NaO2 −0.51 2.19 (9.11, 156.7, 0.80) 2.83

CsCuO −0.53 1.21 (7.68, 0.46, 5.54) 2.45

Cu3PO4 −0.56 3.50 (2.16, 17.67, 2.96) 2.55

Cu2LiO2 −0.62 2.06 (43.49, 1.40, 1.40) 2.79

CuKO −0.66 5.73 (18.93, 18.93, 2.39) 2.99

CuRbO −0.78 6.02 (2.03, 329.4, 329.3) 2.80

Cu3VO4 −0.79 2.55 (2.70, 2.52, 2.45) 2.01

Oxychalcogenides La2O2Te 0.20 0.65 (1.05, 0.31, 2.25) 3.12

La4O4Se3 −0.42 0.29 (0.10, 488.0, 47.15) 1.68

Y2OS2 −0.87 1.41 (2.56, 0.82, 1.90) 3.67
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Hydrogen interstitial site
The systematic procedure to obtain FEH is schematically explained in Fig.
3. From the extensive test on Hi

+ in various oxides, we find that Hi
+ is

always stable when it is bonded to oxygen with the bond length of ~1 Å.
Furthermore, the O–H bond usually lies in the direction of the maximum
Coulomb potential, which can be understood by the protonic nature of
Hi

+. To identify the stable sites of Hi
+ efficiently, we first choose initial

positions of Hi
+ around oxygen based on the Coulomb potential. The

position is then relaxed within PBE(+U). Since the Fermi level is at VBM,
FEH significantly depends on the band gap. To overcome the band-gap
underestimation in PBE, we further relax the structure and compute FEH
using the HSE functional. Since the hybrid calculation is costly, we tried to
identify a simple relationship between FEH calculated using the two
functionals. Figure S3 shows a linear relation between FEHHSE and FEHPBE

over a range of oxides. The fitting result is as follows:

FEHHSE ¼ FEHPBE þ ΔVBM� 0:27 eV; (4)

where ΔVBM is the difference in εVBM between PBE(+U) and HSE
calculation when aligned with respect to the common reference point.43

(ΔVBM is obtained from the unit-cell calculation.) The rigid shift of 0.27 eV
in Eq. (4) can be explained by the over binding of O–H bond in PBE. Every
FEH result in the present work is obtained by Eq. (4).

Data availability
All data sets used in this work are available from the corresponding author
on reasonable request.
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Fig. 5 a The unit-cell structure of CuLiO. b Band structure and partial density of states. (The VBM is set to zero.) c The formation energies of
intrinsic and hydrogen defects at the oxygen-rich condition. d Unit-cell structure of La2O2Te. e Band structure and partial density of states.
(The VBM is set to zero.) f The formation energies of intrinsic and hydrogen defects at the oxygen-rich condition. For b and e, the GGA(+U)
functional is used with scissor-correction to match with the HSE gap
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