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First principles study of p—type defects in LaCrO;

Samira Dabaghmanesh,**’ Nasrin Sarmadian,’ Erik C. Neyts” and Bart Partoens®

Recently, Sr-doped LaCrO3 has been experimentally introduced as a new p-type transparent conducting oxide. It is demonstrated
that substituting Sr for La results in inducing p-type conductivity in LaCrO3. Performing first principles calculations we study
the electronic structure and formation energy of various point defects in LaCrO3. Our results for the formation energies show that
in addition to Sr, two more divalent defects, Ca and Ba, substituting for La in LaCrO3 behave as shallow acceptors in line with
previous experimental reports. We further demonstrate that under oxygen-poor growth conditions, these shallow acceptors will
be compensated by intrinsic donor-like defects (oxygen vacancy and Cr on an oxygen site), but in the oxygen-rich growth regime
the shallow acceptors have the lowest formation energies between all considered defects and will lead to p-type conductivity.

1 Introduction

Transparent conducting oxides (TCOs) have a wide range of
applications, for example in transparent electrodes for touch
screens, light emitting diodes (LEDs), and as top layer in so-
lar cells.'= However, many potential applications of TCOs
are hindered by the lack of p-type TCOs, as needed, for ex-
ample, in the fabrication of transparent p-n junctions. The
development of transparent p-type electrodes is also required
for a more efficient hole collection in photovoltaic cells. !

Since more than two decades many different p-type
TCOs have been developed, including Cu™-based delafossites
CuMO; (M=B, Al, Cr, Ga, Sc, In, and Y), layered oxychalco-
genides LaCuOCh (Ch= S, Se, Te), and dé spinel oxides
AB>0O4 (A=tetrahedrally coordinated Mg, Zn, Cd; B= octa-
hedrally coordinated Co, Rh, Ir), for more details see Ref. 6
and references therein. However, developing efficient p-type
TCOs is challenging due to the intrinsic electronic structure
of oxides which leads to a large hole effective mass and con-
sequently a low conductivity in most of these p-type TCOs.
This large hole effective mass of oxides originates from the
localized 2p states of oxygen that form the top of the valence
band.

Recently, perovskite Sr-doped LaCrOs; (LCO) has been re-
ported as a p-type TCO.” LCO is an insulating material that
has its strongest optical absorption at ~ 4.6 eV, which makes
it optically transparent®. It has been experimentally shown
that substituting Sr>* for La3* in LCO can significantly dope
holes into the top of the valence band and results in the p-
type conductivity. The authors of Ref. 7 have demonstrated
that the conductivity of La;_,SryCrOs3 increased from 1.2 S
cm~! to 54 S cm™~! by increasing the concentration of Sr from
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x = 0.04 to x = 0.57 which is among the best values reported
for p-type TCOs®. An insulator-to-metal transition has also
been observed in La;_,Sr,CrO3 at x > 0.65.°

The good chemical and thermal stability of the perovskite
structure allow the easy dopability of LCO and the easy com-
bination with other perovskite n-type TCOs offering a promis-
ing candidate for p-n junction applications with coherent p-n
interfaces. For instance the perovskite SrTiO3 which can be
easily doped n-type %12 is shown to form a coherent interface
with p-type doped LCO. '3 Doped LCO can also be a poten-
tial candidate for the contact material in the perovskite solar
cells which are recently identified as a new class of solar cell
materials. '

To support the optical absorption measurements of Sr-
doped LCO in Ref. 9 density of states (DOS) calculations of
different alloying concentrations of Sr were also performed.
However, defect calculations of LCO are still lacking. In this
work we study the electronic and structural properties of Sr-
doped LCO using first principles calculations, and investigate
the shallow or deep character of Sr as a potential acceptor
in LCO. We also investigate the intrinsic donor-like defects,
namely oxygen vacancy and Cr on an O site that may act as
killer defects in Sr-doped LCO.

Moreover also alkaline-earth doped LCO has been the sub-
ject of intensive experimental and theoretical research because
of its applications in solid oxide fuel cells. '>-'® It has been re-
ported that the electrical conductivity of LCO can be improved
by its doping with Ca and Ba suggesting it as an interesting
system for solid oxide fuel cells. 17.18 Therefore, in addition to
the Sr dopant we investigate the effect of two more divalent
dopants, namely Ca and Ba belonging to the same group as Sr
but with different ionic radius, on the conductivity of LCO.

The paper is further organized as follows. In Sec. 2 we dis-
cuss the density functional theory used in our calculations. In
Sec. 3 we first present our results of bulk LCO and provide
details about the considered calculation method for the defect
calculations, then the results of the defect calculations are pre-
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Fig. 1 Unit cell of orthorhombic perovskite LaCrO3 with the G-type
antiferromagnetic arrangement of the Cr3* ions. La ions are shown
in green and oxygen ions in red spheres. The positions of the Cr

ions in spin up and spin down are indicated as light and dark blue
spheres, respectively.

sented in Sec. 4. Finally we summarize our conclusions in
Sec. 5.

2 Methods

All calculations in the present work are performed within the
density functional theory (DFT) approach using the Vienna
Ab-initio Simulation Package (VASP).!"-2! The plane-wave
basis set and the projector augmented-wave method??> have
been used to obtain the structural and electronic properties of
pure and doped LCO. A plane wave cut-off energy of 450 eV
is used for the plane-wave basis set. To sample the Brilluin
zone a 6 X 6 x4 and a 2x2x2 I'-centered Monkhorst-Pack
grids?3 based on convergence tests are used for the primitive
unit cell, and the defect supercells, respectively. For the den-
sity of states calculations a k-point of 9 x 9 x 6 is used. In the
geometry optimization a convergence criterion for the forces
on the atoms of less than 0.01 eV/A is considered.

To study the defects in LCO, we constructed a 3x3x2 su-
percell containing 360 atoms. Although hybrid functionals
are known to be very reliable for defect calculations, they
would be extremely costly for the required LCO supercell
size. Therefore, we first examine the performance of the
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE).?* In order to correct the strong electronic
correlation of the Cr 3d states, we also calculate the elec-
tronic properties of bulk LCO with the empirical PBE+U ap-
proach?®, using different U values for the Cr 3d states, and
comparing the results with experimental one and those ob-
tained using the Heyd, Scuseria, Ernzerhof (HSE06) hybrid
functional.?®?” We performed spin polarized calculations for
all the considered functionals. As we show, the PBE+U func-

tional with U= 3.3 eV for Cr 3d states describes the bulk elec-
tronic structure of LCO properly, and therefore it is used in the
following defect calculations.

We calculate the formation energy (E¢[X9]) for a defect X
in charge state g as a function of the Fermi energy Er and the
chemical potential y of La, Cr, O, Sr, Ba, and Ca applying the
supercell method?® using

Ef[X9) = Et[X9] = Ext[bulk] — Y nitti+q[Ep+E,+AV] (1)

Eiot[X 1] is the total energy of the supercell that contains defect,
and Ei[bulk] is the total energy of the equivalent pure super-
cell. n; indicates the number of atoms of type i that have been
added to (r;>0) or removed (n;<0) from the supercell when
the defect is created, and L; is the corresponding chemical po-
tential which represents the energy of the reservoir with which
atoms are being exchanged. Ef is the Fermi energy with re-
spect to the valence band maximum (VBM) of the primitive
unit cell, E,. AV is the difference in the reference poten-
tial of the supercell with and without defect.?® We calculate
AV following the procedure introduced in Ref. 29. In order
to determine the nature of the thermodynamic transition lev-
els (shallow or deep) of each considered defect we calculate
the position of the transition levels, £(q,q’), between different
charge states g and ¢’ using their formation energies. The tran-
sition level between charge states g and ¢’ occurs at the Fermi
energy at which the formation energies of ¢ and ¢’ are equal.

3 Bulk LaCrO;

Bulk LCO has an orthorhombic perovskite structure (space
group Pbnm) with 20 atoms in the unit cell as shown in Fig.
1. It has a G-type anti-ferromagnetic insulating ground state
below its Néel temperature (275 K).3%34 Each Cr*t ion has
three occupied tgg states in high-spin configuration which is
hybridized with 2p states of neighboring oxygen atoms, while
the three other 9, states and all € states are empty. The au-
thors of Ref. 8 show that the lowest energy transition in LCO
originates from the Mott-Hubbard type transition tg’g — eg at
~ 2.8 eV. As this transition is dipole forbidden, it was over-
looked in earlier experimental reports of the band gap.3>3
The strongest optical absorption appears at ~ 4.6 eV which is
due to the O 2p — Cr 3d charge-transfer excitation.®

The electronic structure of bulk LCO has been investigated
using DFT+U 3 and HSE0637 functionals reporting different
values of the band gap. The optimal values of the Hubbard-
U parameter in the DFT+U study and the o parameter (i.e.
the fraction of exact Hartree-Fock exchange included in the
exchange correlation functional) in the HSEO6 calculations
were determined in order to produce the experimental optical
band gap, which was reported as 3.4 eV, in the early experi-
mental works.3>3> As in more recent experimental measure-
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Fig. 2 Calculated total DOS of LaCrO3 using HSE06, PBE, and
PBE+U using different U values for Cr 3d states.

ments® the lowest transition has been observed at 2.8 eV, we
recalculate the electronic structure of bulk LCO using PBE,
PBE+U, and HSEO6 calculations. We optimize the values of
the Hubbard-U and the o parameters to obtain the band gap of
2.8 eV for LCO. Beside yielding the correct band gap of LCO,
the selected functional for the study of a p-type TCO should
also predict the correct character of the VBM. In order to study
the effect of different functionals on these two parameters we
calculate the projected density of states (PDOS) of LCO using
HSEO06 and PBE+U functionals.

The calculated DOS are shown in Fig. 2, and the corre-
sponding lattice parameters, magnetic moments and band gaps
are listed in Table 1. We find the optimum value for oc = 0.13
which gives band gap of 2.8 eV in agreement with the experi-
mental value. We note that this value of o is smaller than the
value (@ = 0.15) reported in Ref. 37 which is adjusted to pro-
duce the gap of 3.4 eV. The PBE calculation underestimates
the band gap of 2.8 eV by 1.4 eV. Within the PBE+U method
the best agreement with HSEO6 and the experimental band gap
is obtained using U= 3.3 eV which is lower than the value of
U= 4.5 eV reported in another theoretical study.3® Table 1
shows that the calculated lattice parameters and magnetic mo-
ments using PBE+U (U= 3.3 eV) are in good agreement with
the corresponding HSEO6 and experimental values.

The calculated PDOS obtained with the PBE+U and the
HSEO6 functionals are shown in Fig. 3. Based on the opti-

Table 1 Optimized lattice parameters a, b, ¢ (in A), magnetic
moment  (in pig/atom), and direct band gap E, (in eV) of bulk
LCO, for different DFT functionals (PBE, PBE+U, HSE06) and the
corresponding experimental values. The U parameters are in units of
eV.

Method a b c U E
PBE 552 550 7.78 2.61 1.28
PBE+U (U=12.5) 5.56 5.54 7.84 2.79 241
PBE+U (U= 3) 5.56 556 7.84 2.82 2.65
PBE+U (U=3.3) 5.57 554 7.84 2.87 2.8l
PBE+U (U=4.5) 5.59 556 7.87 3.01 3.12
HSEO06 (oo =0.13) 5.51 550 7.77 2.778 2.82
Experiment 5.51 5.47 7.75% 2.85** 2.8"**

*Ref. 30, **Ref. 31, ***Ref. 8
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Fig. 3 PDOS of LaCrOj3 calculated using (a) HSE06, and (b)
PBE+U. The total DOS, Cr 3d, O 2p, Cr tp¢, and Cr ¢, states are
shown in black, red, blue, green, and pink, respectively.

cal absorption spectrum of Ref. 8, we know that the VBM of
LCO is dominated by occupied Cr 3d (tgg) states with a mi-
nor contribution of O 2p states, while empty Cr 3d (eg) states
form the conduction band minimum (CBM). Both calculated
PDOS show the contribution of Cr 3d and O 2p in the VBM
and CBM, in agreement with experiment. The DOS projected
on tg and e, states of one Cr are shown in the insets of Figs.
3(a) and 3(b). As we can see each Cr 3d orbital splits into
an occupied tg 4 states (at the VBM) and unoccupied eg+, to),
and e, states (at the CBM) which agrees with the absorption
spectrum and the calculated PDOS reported in Ref. 8 using
the B3LYP functional. We notice that a second gap in the va-
lence band is present in the HSE06 DOS, which closes in the
corresponding PBE+U result.

We calculate the band gap and character of the VBM, as two
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Fig. 4 Electronic band structure of orthorhombic perovskite
LaCrO3 calculated using (a) HSE06 and (b) PBE+U (U= 3.3 eV).
The VBM is aligned to 0.

most important characteristics for description of hole proper-
ties in a TCO, that agree with the corresponding experimen-
tal values. Furthermore, the experimental study of Sr-doped
LCO?, at high doping concentrations, is also supported by the
DOS calculations obtained using the DFT+U method. The im-
plemented U= 3 eV in Ref. 9 correctly reproduces the DOS
of the Sr-doped LCO in good agreement with the experimen-
tal results. The selected U value is close to what we obtained
(U= 3.3 eV) by comparing the band gap and VBM character
of bulk LCO with the experimental results. Therefore, we ap-
ply PBE+U using U= 3.3 eV for the further study of defects
in LCO.

The band structures of LCO calculated using HSE06 and
PBE+U using the selected U= 3.3 eV are compared in Fig. 4.
In Ref. 37, based on a HSEO6 calculation with ¢ = 0.15, it
is stated that LCO has a direct band gap at I". We find a fun-
damental indirect band gap with the VBM at S and the CBM
at I' in both HSE06 and PBE+U calculated band structures.
However, we should note that the VBM values at S and I”
are very close. The system possesses an indirect band gap
of E;BE“J =2.79 eV, and E?SE% = 2.78 eV while its direct
band gap is at S and has a magnitude of E{ 25tV = 2.81 eV,
and EfISE06 — 2,82 eV. We also calculate the hole effective
mass at the VBM using the PBE+U method. We find 2.26
me and 2.71 m, along the (010) and (100) directions, respec-
tively. Although these hole effective mass values are still large
compared to their counterparts in well-known n-type TCOs
(e.g. the electron effective masses of InyO3, ZnO and SnO,
are around 0.2-0.35 m, 3-38:3%), they are much lower than those
of the well-known p-type TCOs (e.g. CuCrO,, CuScO; and
SrCu,0, have hole effective masses around 4-7 m, 041,

In order to make sure that the selected PBE+U (U= 3.3 eV)
can correctly predict the magnetic ground state of bulk LCO,
we also compared three more magnetic configurations for the
Cr atoms in addition to the AFM-G state, namely ferromag-

La-poor
(-15.97, 0)

Cr/La-rich
AM, 1 3 (0,0)

AIJCr

A5 A AHg)

(
1:(-2.18, 0, -4.59)
2:(-9.07,-6.89, 0)
3:(-1.29, 0, -4.89)
4: (-8.63, -7.33, 0)
Cr-poor
(0, -15.97)

Fig. 5 Ilustration of accessible chemical potential range for
LaCrOs.

netic (FM), and two antiferromagnetic AFM-A and AFM-C
orderings. We found that the selected value for U indicates the
AFM-G as the most stable magnetic configuration in agree-
ment with experimental results. 32734

4 Defects in LaCrO;

Thermodynamic stability of LaCrO;

According to Eq. (1) the defect formation energy depends
on the chemical potential y; of each atomic species. Con-
sidering different chemical potentials, we can study the effect
of varying experimental growth conditions. For each atomic
species the chemical potential is defined by y; = /,L,»(O) + Au;,
where ,ui(o) is the chemical potential of element i in its sta-
ble phase (i.e. bulk of La, Cr, Sr, Ba, and Ca and diatomic
molecule of O). The chemical potentials are related to the en-
thalpy of formation of the oxide host through AHy[LaCrOs] =
Alra + Alcr +3AUo = —15.97 eV. In order to avoid the pre-
cipitation into the constituent bulk of La, Cr, and O, gas we
require Aur, < 0, Aucr <0, Ao < 0. From these condi-
tions one can calculate the three vertices of a triangle area,
known as stability triangle, which correspond to Cr/O-rich
(AuLa = —15.97 eV, Aucy =0, Ao = 0), La/O-rich (A, =
0, Alicy = —15.97 eV, Al = 0), and La/Cr-rich (Aur, =0,
Apcr =0, Ao = —15.97 eV) conditions. The resulting ac-
cessible range of the chemical potentials are illustrated in Fig.
5 in the (AUpa, Alcr) plane.

The chemical potentials are further constrained by the seg-
regation of LaCrOj3 into competing binary phases which are
Lay03 and Cr,O3. Therefore, the conditions 2Auy 4 +3Auo <
AH[LayO3] and 2Apc; + 3Apo < AHf[Cr;03] should be ful-
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Table 2 Calculated chemical potentials of Sr, Ca, and Ba at the
chemical potential limits imposed by formation of binary oxides
SrO, CaO, and BaO under different growth conditions as indicated
in Fig. 5. All energies are in eV.

Als:  Alca  Alg,

La-poor -5.494 -5952 -4.975
Cr-poor -5494 -5952 -4.975
vertex] -0.901 -1.359 -0.382
vertex2 -5.494 -5952 -4.975
vertex3 -0.603 -1.062  -0.085
vertex4  -5.494 -5952 -4.975

filled. Taking into account the constraints imposed by the
competing binary phases, the stable range of Ay ,, Alicy, and
Ao has been obtained from the calculated formation energies
of AHy[LayO3] = —17.267 eV and AH;[Cr,03] = —13.78 eV
under O-rich, Cr-rich, and La-rich conditions. These con-
straints result in the grey area in Fig. 5 which is the range of
chemical potentials in which LCO is thermodynamically sta-
ble against its segregation into the competing binary phases,
La;03 and Cr,03. Note that we also considered two more bi-
nary oxides of Cr (i.e. CrO and CrO;) in the calculation of
the stability triangle in Fig. 5 but only the smallest area ob-
tained from all considered binaries are shown, corresponding
to La;O3 and CryO3. The exact chemical potential values of
AUy, Alucr, and Auo at the vertices 1,2,3 and 4 are listed
in Fig. 5. These values are used in Eq. (1) to calculate the
formation energies plotted in Fig. 6.

In the case of Sr, Ca, and Ba doping another constraint
is also imposed to avoid the formation of SrO, CaO and
BaO: Ausy +Apo < AH¢[SrO], A, + Ao < AHy[CaO], and
2AUBa+ Ao < AHy[CaOl. The chemical potentials of the ex-
trinsic defects Sr, Ca, and Ba are also determined under vari-
ous conditions as indicated in Fig. 5 using calculated forma-
tion energies of AH;[StO] = —5.494 eV, AH;[CaO] = —5.952
eV, and AH¢[BaO] = —4.975 eV. The calculated values of
Alsy, Aplg,, and Apic, are also listed in Table 2.

Defect formation energies and transition levels

We consider the defect formation energy of three extrinsic
point defects Sr, Ba, and Ca substituting La (Srp 4, Bap,, and
Car,) which are expected to act as acceptor defects in LCO.
Using the Goldschmidt rules for perovskites*>*} we obtain
the tolerance factors 0.94, 1.02, and 0.89, respectively, for the
substitution of the three alkaline-earth metals Sr, Ba, and Ca
with La in LCO. These values are close to unity indicating
that the perovskite structure of LCO remains stable under the
doping with the considered alkaline-earth metals. 713

To investigate whether p-type conductivity in LCO would
not be hindered by the presence of donor defects, we also con-

vertex 1: O-poor vertex 2: O-rich

2 (a) )

+3
Cro

[=2)
T

Formation energy (eV)

0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5
Fermi energy (eV) Fermi energy (eV)
Fig. 6 Defect formation energies of Cay,, Sry,, Bary, Vo, and Cro

as a function of Fermi energy under (a) O-poor, and (b) O-rich
conditions.

sider the O vacancy (Vo) and the Cr substitution onto an O
site (Crp) as potential compensating donor defects. The for-
mation of the neutral oxygen vacancy in Lag ¢Srg4CrO3; has
been studied in Ref. 44. The defect formation energies corre-
sponding to O-poor (vertex 1 in Fig. 5) and O-rich (vertex 2 in
Fig. 5) conditions are given as a function of the Fermi energy
in Figs. 6(a) and 6(b), respectively.

All three considered dopants Sty 4, Cay 4, and Bay , behave as
shallow acceptors. Their charge state is —1 at the Fermi ener-
gies close to the VBM that leads to a p-type conductivity. Note
that their formation energies are also surprisingly similar. This
can be understood from the similar ionic radii of these three al-
kali metals (namely 1.12 A, 1.26 A, and 1.47 A for Ca, Sr, and
Ba, respectively®’). As shown in Fig. 6(a), both Vg as well
as Crg defects act as killer defects, pinning the Fermi energy
deep in the band gap in O-poor conditions. However, under
O-rich growth conditions, none of these intrinsic defects can
act as killer defect, as shown in Fig. 6(b), and consequently
Cap,, Srp,, and Bay, are uncompensated for all values of the
Fermi energy. All these three defects have very low forma-
tion energies, so that they can be easily formed under O-rich
conditions and therefore contribute in the p-type conductivity
in LCO. This is in line with the experimental findings men-
tioned above %17 which report an induced p-type conductiv-
ity by substituting of trivalent La by divalent Sr, Ca, and Ba.

The shallow acceptor character of the Srp,, Ca,, and Bay,
can be understood as follows. Figure 7 shows the PDOS of
the neutral relaxed supercell of LCO that contains a Sr impu-
rity. One can see a small peak, close to the VBM, indicating
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Fig. 7 Calculated total and projected density of states of Sr-doped
LaCrO3. The inset shows a enlargement around the VBM.

a localized defect level. The observed peak has Cr charac-
ter. In the —1 charge state of Sr, the corresponding peak gets
filled, and relaxation further lowers the energy which leads to
the hybridization of this level with the valence band. Since
Sr has one valence electron less than La, it can provide one
electron less towards the oxygen ions around it. Some Cr’*
ions have turned into Cr** ions, compensating the missing
electron. It is experimentally observed that the transition of
Cr’* to Cr*t gradually increased by increasing the concen-
tration of Sr which is consistent with the VBM character of
LCO consisting of Cr tgg levels?3 (see Fig. 3). Moreover, we
find that the magnetic moments (£2.84, F2.82) decrease for
the four Cr ions surrounding the Sr dopant with respect to the
magnetic moments of the Cr atoms in the bulk LCO (Table
1). This is also an indication of the change of these Cr ions
from Cr’* to Cr**. Similarly, the local magnetic moments
of the four Cr ions surrounding the Ca (£2.83, F2.82) and
Ba (£2.86, F2.82) are slightly reduced compared to the bulk
values (Table 1).

To make sure whether the AFM-G magnetic configuration
remains the magnetic ground state in presence of dopants we
performed additional calculations for Sr/Ba/Ca-doped LCO.
We have examined three more magnetic orderings, i.e., FM,
AFM-A, and AFM-C, in addition to the AFM-G magnetic or-
dering. We considered supercell containing one defect per 72
formula units (360 atoms). The results are summarized in Ta-
ble 3 (the AFM-G type is taken as the reference energy). We
indeed find that introducing dopants in LCO does not alter the
ground state magnetic ordering with respect to its bulk.

5 Concluding remarks

Using first principles calculations, we first studied the elec-
tronic and structural properties of LCO, then we performed
formation energy calculations for different type of point de-

Table 3 The energy of Sr/Ba/Ca-doped LCO, i.e. one defect in LCO
supercell containing 72 formula units, for different magnetic
configurations. The energies are in eV and the AFM-G ordering is
taken as the reference.

M AFM-A AFM-C AFM-G

Sr-doped  2.679 1.749 0.690 0
Ba-doped 2.703 1.778 0.693 0
Ca-doped 2.641 1.727 0.680 0

fects in LCO. We examined PBE, PBE+U, and HSE06 meth-
ods by comparing the calculated electronic band structures as
well as total DOS and PDOS of LCO. We found that PBE+U
using U= 3.3 eV for Cr 3d-states gives a band gap of 2.79
eV close to the corresponding HSEOQ6 value of 2.8 eV and
in very good agreement with the experimental band gap of
2.8 eV. Furthermore, from the calculated PDOS, we observed
that both HSE06 and PBE+U methods predict the same Cr tgg
VBM character. Therefore, we used the PBE+U method to
perform the defect formation calculations. Regarding to the
recent experimental work which reports Sr-doped LCO as a p-
type TCO, we performed defect formation energy calculations
for Sr, Ca, and Ba dopants as well as for the intrinsic defects,
namely Vo and Cro. We demonstrated that Sr, Ca, and Ba
defects act as shallow acceptors in LCO. Under O-poor condi-
tions, they are compensated by the intrinsic donors. However,
in O-rich conditions, doping with Sr, Ca or Ba are not com-
pensated by potential donor-like defects. Due to their very low
formation energies these defects can easily grow and provide
holes in LCO to realize a p-type TCO.
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