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The failure to develop a degenerate, wide band gap,p-type oxide material has been a stumbling block for the optoelectronics
industry for decades. Mg-doped LaCuOSe has recently emerged as a very promisingp-type anode layer for optoelectronic
devices, displaying high conductivities and low hole injection barriers. Despite these promising results, many questions regarding
the defect chemistry of this system remain unanswered, namely (i) why does thisdegenerate semiconductor not display a Moss-
Burnstein shift?, (ii) what is the origin of conductivity indoped and un-doped samples?, and (iii) why is Mg reported to be the
best dopant, despite the large cation size mismatch betweenMg and La? In this article we use screened hybrid density functional
theory to study both intrinsic and extrinsic defects in LaCuOSe, and identify for the first time the source of charge carriers in this
system. We successfully explain why LaCuOSe does not exhibit a Moss-Burstein shift, and we identify the source of the subgap
optical absorption reported in experiments. Lastly we demonstrate that Mg dopingis not the most efficient mechanism forp-type
doping LaCuOSe, and propose an experimental reinvestigation of this system.

1 Introduction

Transparent conducting oxides (TCOs) are fascinating mate-
rials, combining the normally mutually exclusive properties
of optical conductivity and high conductivity in a single ma-
terial.1,2 TCOs play an important role the optoelectronics in-
dustry, with applications as low-emissivity windows, invisible
security circuits, and as the transparent top electrode in solar
cells and flat-panel displays.3 Typically, the industry standard
TCOs are limited to the post transition metal oxides, such as
ZnO, In2O3 and SnO2,2 where the ionic character of these
oxides produces an oxygen 2p derived valence band maxi-
mum (VBM) and metal 4s derived conduction band maxi-
mum (CBM), resulting in largeoptical band gaps (greater than
3 eV) and excellentn-type conductivity when donor doped.
The development of high performancep-type TCOs, however,
has proven substantially more difficult,4 and is currently one
of the grand challenges of materials science.5 The discovery
of a viablep-type TCO would extend the utility and applica-
tions of TCOs beyond their current limitations as transparent
electrodes,3,6 facilitating the fabrication of p-n junctions, and
opening up the possibility of “transparent electronics”.7

For many decades researchers have attempted to invert the
doping polarity of the nativelyn-type TCOs such as ZnO,
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In2O3 and SnO2.8–12 The rationale behind this strategy to de-
sign p-type TCOs is relatively straightforward, i.e. ap-type
ZnO would easily be combined withn-type ZnO to form a
p-n homo-junction, increasing the ease of device fabrication.
In practice, however, ap-type ZnO or SnO2 with reasonable
conductivity has not been realised.8–12 Recent theoretical cal-
culations have revealed that the failure to successfully invert
the doping polarity of this class of material can be explained
by the fact holes in these system are spontaneously compen-
sated by the formation of ionic donor defects under all condi-
tions,13,14 indicating that thesen-type TCOs cannot be made
p-type under equilibrium conditions.

The first truly nativep-type TCO was reported as recently as
1997 by Hosono and co-workers,15 who found that thin films
of delafossite structured CuAlO2 displayed concomitantna-
tive p-type conductivity and transparency. CuAlO2, which can
be thought of as an alloy of Cu2O and Al2O3, retains the va-
lence band (VB) feature of nativelyp-type Cu2O, where the
Cu 3d10 states mix with the O2p states.16 This raises the
VB relative to the binaryn-type TCOs,17–21 facilitating ease
of hole formation. Hosono and co-workers then exploited the
design principles that emerged from this study, subsequently
called “Chemical Modulation of the Valence Band” (CMVB)
to show that other CuI based oxides were alsop-type TCOs,
e.g. delafossite structured CuMO2, (M = Cr, B, Sc, Y, In,
Ga)17–24and SrCu2O2.25–28

It has become increasingly clear, however, thatall of these
materials are limited by poor conductivities caused by deep
acceptor levels,29–31 and that the majority of CuI based ox-
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ides TCOs possess indirect band-gaps,32 which are not ideal
for device performance.33 Interest in CuI-based oxides for
TCO applications is continuing,34,35 despite these material
constraints.

Hosono and co-workers subsequently extended the concept
of CMVB to the mixing of CuI state with other chalcogens
such as S, Se and Tep states at the VBM.36 In general, binary
Cu2Ch (Ch = S, Se, Te) materials display greater hole mo-
bility than Cu2O due to stronger hybridization of the chalco-
gens with the Cu3d states at the VBM, but with much nar-
rower band-gaps than oxides,37 Layered oxychalcogenides,
however, have emerged as attractive alternative TCOs , as they
can maintain the wide band-gaps of the oxides, allied with
the increased hybridization of the chalcogen, Chp6 (Ch = S,
Se, Te) and Cu3d10 states at the VBM. These materials pos-
sess oxide layers with ionic cations (e.g. La, Sr etc.) sand-
wiched between [Cu2Ch2]2− layers, with the Cu–Ch bonds
forming VBMs with increased hybridization relative to the
Cu–O VBMs in CuI based TCOs.38

The first layered oxychalocgenide identified as ap-type
TCO was LaCuOS, which was synthesized by Hosono and
co-workers in 2000.39 This layered material possessed a band-
gap of3.1 eV and when Sr doped showedp-type conductiv-
ity of 2.6×10−1 S cm−1.40 Recently [Cu2S2][Sr3Sc2O5] was
found to have possess a band gap of3.1 eV, coupled with an
undopedp-type conductivity measured at2.8 S cm−1, which
is higher than the best undoped delafossite system (CuBO2,
1.65 S cm−1),41,42and is two orders of magnitude higher than
undoped LaCuOS (0.01−0.1 S cm−1.43 Interestingly, the car-
rier concentration in undoped [Cu2S2][Sr3Sc2O5] is relatively
low at1 × 1017 cm−3,43 which makes the high undoped con-
ductivity relative to other CuI materials quite remarkable. A
possible explanation for this is the extremely high hole mobil-
ity of [Cu2S2][Sr3Sc2O5], which at150 cm2V−1s−1 at room
temperature, is the largest hole mobility of anyp-type TCO,
and also is bigger than the highest mobility reported forn-
type TCOs (In2O3:Mo, 130 cm2V−1s−1).43 These results in-
dicate, however, the ability of chalcogen anions, allied with
CuI cations to be good candidatep-type materials. The chal-
lenge remains to engineer a layered oxychalcogenide with suf-
ficient p-type conductivity and better transparency, to equal
the performance of then-type TCOs.

Replacement of the chalcogen in the structure with Se re-
sults in ap-type material with increased conductivity, but a
decreased bandgap.44 In fact Mg-doped LaCuOSe displayed
a very promising conductivity of910 S cm−1, a hole concen-
tration greater than1021 cm−3 and hole mobilities as high as
3.5 cm2V−1s−1.45 However the optical band-gap of this ma-
terial is only2.8 eV, meaning that the band gap is∼ 0.3 eV
too small for it to be classified possible transparent conduc-
tor.45

Hiramatsuet al. proposed that ap-type degenerate TCO

should experience a Moss-Burstein (MB) shift (a blue shift of
the optical absorption due to the fermi level being resonant
inside the valence/conduction bands46,47), opening up the op-
tical band gap, and possibly moving the material to the verge
of transparency48 To date, however, LaCuOSe:Mg has never
exhibited an MB shift in experiments. Indeed, optical experi-
ments have reported sub band gap absorptions, which to date
have remained of questionable origin.48

Another puzzling question is why Mg is the optimal dopant
for this system? From a cation radius perspective, Ca and Sr
should be much more suitable dopants to substitute for La, yet
in experiment they do not perform as well as Mg.49 One ex-
planation that has emerged from a recent study by Hosono and
co-workers is thatVCu is the likely origin of thep-type con-
ductivity, with Mg-doping not increasing the number of hole
carriers in this system.48 This explanation, however, cannot
explain why only Mg-doped samples can sustain the highest
p-type carrier concentrations. In addition, this joint theory and
experimental paper suggested thatVCu formation is sponta-
neous in LaCuOSe,48 which is highly unlikely.

In this article, we study the defect chemistry of LaCuOSe
using state-of-the-art hybrid density functional theory in order
to answer some of the remaining key questions relating to the
p-type ability of this material. We specifically address: (a)
the absence of a Moss-Burstein shift in optical experimentson
heavily doped samples, (b) the origin of conductivity in both
doped and un-doped samples, and (c) which group 2 dopant
will be the most effective at generating hole carriers. In light
of these results we critically discuss the previous experimental
and theoretical findings.

2 Methodology

All calculations were performed using the periodic DFT code
VASP,50,51 in which a plane-wave basis set describes the va-
lence electronic states. The Perdew-Burke-Ernzerhof52 (PBE)
gradient corrected functional was used to treat the exchange
and correlation. The projector-augmented wave53,54 (PAW)
method was used to describe the interactions between the
cores (La:[Kr], Cu:[Ar], O:[He] and Se:[Ar]) and the valence
electrons. To counteract the self interaction error and theband
gap errors inherent to standard DFT functionals such as the
PBE functional, higher levels of theory must be used. In this
study we have used the screened hybrid density functional de-
veloped by Heyd, Scuzeria and Ernzerhof (HSE06)55,56, as
implemented in the VASP code.57 HSE06 has been shown to
yield improved decriptions of structure, band gap and defect
properties of a number of oxide semiconductors.29,58–70

Structural optimizations of bulk LaCuOSe were performed
using HSE06 at a series of volumes in order to calculate the
equilibrium lattice parameters. In each case the the atomic
positions, lattice vector and cell angle were allowed to relax,
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while the total volume was held constant. The resulting en-
ergy volume curves were fitted to the Murnaghan equation of
state to obtain the equilibrium bulk cell volume.71 This ap-
proach minimizes the problems of Pulay stress and changes in
basis set which can accompany volume changes in plane wave
calculations. Convergence with respect tok-point sampling
and plane wave energy cut off were checked, and a cutoff of
400 eV and ak-point sampling of8 × 8 × 8 were found to be
sufficient. Calculations were deemed to be converged when
the forces on all the atoms were less than0.01 eV Å−1. A
3×3×1 simulation cell consisting of 72 atoms was used for
our defect calculations

The formation energy of a defect determines its equilibrium
concentration. For defect D in charge stateq the formation
energy is given by

∆Hf (D, q) =
(

ED,q − EH
)

+
∑

i ni (Ei + µi)

+q
(

EFermi + ǫH
V BM

)

+ Ealign [q] (1)

WhereEH is the energy of the pure host supercell,ED,q is
the energy of the defective cell.Ei corresponds to elemental
reference energies, i.e. Cu(s), La(s) Se(s) and O2(g), µi is the
chemical potential of the species in question, andn is the num-
ber of atoms added to or taken from an external reservoir.72

Electrons are exchanged with the Fermi level (EF ), which
ranges from the VBM (EF = 0eV) to the calculated CBM.
ǫH
V BM is the VBM eigenvalue of the host bulk andEalign [q]

is a correction used to align the VBM of the bulk and the de-
fective supercells and also to correct for finite-size effects in
the calculations of charged defects, performed using the freely
availableSXDEFECTALIGN code.73 These finite-size effect
corrections are necessary as the charge introduced into a cell
can cause a spurious interaction with its periodic image, which
can affect the energetics.73 An additional correction was made
in order to account for band-filling effects.74,75 The thermo-
dynamic transition levels (ionization levels) of a given defect,
ǫD (q/q′), correspond to the Fermi-level positions at which a
given defect changes from charge stateq to q′:

ǫD (q/q′) =
∆Hf (D, q) − ∆Hf (D, q′)

q′ − q
(2)

3 Results

3.1 Geometry and Electronic structure

The HSE06 calculateda andc lattice parameters for LaCuOSe
are4.065 Å and8.806 Å respectively. The HSE06 structure
shows excellent agreement (within0.1 %) with respect to the
experimental values.76 The HSE06 calculated band structure
for LaCuOSe is shown in Figure 1. The valence band max-
imum (VBM) and conduction band minumum (CBM) both
occur at theΓ point, resulting in a fundamental band gap of

2.72 eV, which is in very good agreement with the experi-
mentally measured gap of2.80 eV.77 The VBM is dominated
by Cud states mixing with Sep states, as expected from the
CMVB, producing a VBM effective mass in theΓ–M direc-
tion of 0.30 me.

Γ Z R A M X Γ M
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Fig. 1 HSE06 calculated band structure for LaCuOSe. The
occupied valence bands and unoccupied conduction bands are
coloured blue and orange respectively. The VBM is set to0 eV.

3.2 Thermodynamic stability of LaCuOSe

Varying the chemical potentials,µi (see Equation 1, Theo-
retical Methods section), relates to varying the partial pres-
sures experimentally. They can thus be used to set the dif-
ferent conditions under which LaCuOSe may form, and de-
termine the optimum conditions for defect formation, within
the global constraint of the calculated enthalpy of the host,
in this instance LaCuOSe:µLa + µCu + µO + µSe =
∆HLaCuOSe

f = −9.55 eV. To avoid precipitation into solid
elemental La, Cu, Se and O2 gas we also require:µLa ≤ 0,
µCu ≤ 0, µO ≤ 0, andµSe ≤ 0. The chemical poten-
tials are further constrained by the decomposition of LaCuOSe
into competing binary, ternary and quaternary compounds. As
LaCuOSe is a quaternary material, the complexity and num-
ber of limiting phases that need to be addressed is signif-
icantly higher than for ternary semiconductors,78,79 and so
we have calculated the formation energy of 22 possible lim-
iting phases: LaCu2, LaCu5, SeO2, Se2O5, La2O3, CuO,
Cu2O, CuSe, Cu2Se, Cu3Se2, CuSe2 La3Se4, LaSe, LaSe2,
CuLaO2, CuLaSe2, La2CuO4, LaCuO3, CuSe2O5, La2SeO2,
La4Se3O4, La2(SeO3)3, La(CuO2)2, and La2Cu(SeO3)4. Pre-
vious DFT defect studies of LaCuOSe have failed to take the
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formation of competing phases into account, meaning their de-
fect energetics are probably for an unphysical conditions.48,80

Following the standard approach,29,81,82, the phase diagram
for LaCuOSe was computed using theCPLAP (Chemi-
cal Potential Limits Analysis Program),83 taking into ac-
count the limitations caused by formation of the competing
phases. The stable polyhedron formed by LaCuOSe under
these limitations is plotted in Figure 2. Our analysis indi-
cates that the limiting phases are: CuLaO2, La2O3, La3Se4,
LaCuSe2, Cu2Se, Cu3Se2, La2SeO2, La2(SeO3)3, La4Se3O4,
and LaCu5. From this analysis, we have identified 20 repre-
sentative chemical-potential-points, which are intersections of
the limiting phases. The chemical potentials at the 20 individ-
ual intersection points are listed elsewhere.83 This highlights
the fact that although quaternary materials exhibit more flexi-
bility for property tuning than binary and ternary systems,sec-
ondary phases also become more competitive, and care needs
to be taken when growing quaternary systems.

µ
La

 = -5.69 eV, µ
Cu

 = -1.26 eV, µ
O
 = -2.59 eV; µ

Se
 = 0.00 eV

µ
La

 = -3.23 eV, µ
Cu

 = -0.26 eV, µ
O
 = -3.75 eV; µ

Se
 = -2.32 eV

B: Cu Poor

L: Se poor

L

B

(eV)

(eV)

(eV)

Fig. 2 Illustration of the accessible (µSe, µCu, µLa) chemical
potential range. The polyhedra vertices are determined by the
formation enthalpy of LaCuOSe. Limits imposed by the formation
of competing binary, ternary and quaternary compounds result in the
stable region shaded yellow. Environments B and L are indicated by
the blue and red spheres.

3.3 Intrinsic Defects

Figure 3 displays the range of neutral formation energies for
all the possible intrinsic defects in LaCuOSe at the 20 chem-
ical potential limits that we have selected. It is clear thatthe
formation energy of the defects can vary greatly, dependingon

the growth environments. It is also clear that at some growth
environments (e.g. F, H, J, L, O, P and T), formation of the
n-type defectVSe, is favoured over all nativep-type defects,
which would not be ideal for high performance samples.

To analyse the effect of growth environment on thep-type
ability of undoped LaCuOSe samples, we have chosen two
representative chemical potential limits: (i) Environment B,
where the neutral formation energy of theVCu is lowest and
represents Se-rich, La poor and Cu-poor growth conditions,
and (ii) environment L where theVSe is the dominant neutral
defect, which represents Se-poor, O-poor, and relatively La-
rich and Cu-rich conditions, as indicated in Figure 2.

A plot of formation energy as a function of Fermi-level po-
sition for all intrinsic defects in LaCuOSe for both growth en-
vironment A and L is displayed in Figure 4. For environment
B, It is clear that theVCu is the dominant acceptor defect, with
a formation energy of1.45 eV, and it behaves as a relatively
shallow acceptor, with a0/ − 1 transition (ionization) level
at approximately114 meV above the VBM. TheVCu is not
compensated by any other defects over the entire range of the
band gap, indicating that under growth condition B, the mate-
rial will be p-type in nature, with no “hole-killing” defects
present. It should be noted that although “self-doping” by
cation-on-cation antisites can dominate conductivity in other
multi-ternary systems,29,84–87in LaCuOSe both the CuLa and
LaCu antisites are quite high in energy and the concentration
of antisite defects in LaCuOSe is expected to be negligible
under equilibrium conditions.

Interestingly, theVSe is found to be anultra deep donor,
and also a negative-U type defect, possessing a+2/0 transi-
tion level at210 meV above the VBM (or∼ 2.5 eV below the
CBM). The+2 and+1 charge states of theVO are found to be
stable, which is quite unusual, as in the majority of wide band
gap oxides,VO is a negative-U type defect, with only the+2
and neutral charge states stable within the band gap.11,88–94

When considering the behaviour of anion vacancies in this
system, it is useful to think about an anion vacancy in terms
of Kröger-Vink notation, i.e. [V ••

anion + 2e] which means that
there is a doubly charged vacancy on an anion site, plus two
free electrons. A doubly occupied vacancy would be expected
to repel the neighbouring positively charged cations, however,
for theVSe the cations move towards the vacancy site, Figure 5
(a), indicating that significant negative charge exists in the va-
cancy site. This is explained by the fact that the electrons are
trapped in theVSe, in an F-centre like fashion, complete with
polaronic distortion. For theV +2

Se , the two electrons are now
absent from the vacancy, and the Cu ions are strongly repelled
away from the vacancy site, Figure 5 (c). It is the large relax-
ations experienced by the0 and+2 charge states which stabi-
lize these charge states relative to the+1 charge state, making
the VSe a negative-U centre in LaCuOSe. This behaviour is
consistent with that of theVO in ZnO and related wide band
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Fig. 4 Formation energies for intrinsic defects in LaCuOSe under the conditions B (a) and L (b) chosen in Figure 2. The slope of the lines
denote the charge state, the larger the slope, the bigger thecharge state. The solid dots represent the transition levels ǫ (q/q′).

gap oxides, whereVO is a well characterized negative-U type
defect.

For theVO in LaCuOSe, the neighbouring La ions are not
attracted towards the vacancy position, and in fact are slightly
repelled, with the La ions distorting away from the vacancy

by ∼ 2.7 %. Subsequent relaxations of the +1 and then the
+2 charge state cause relaxations of the La ions outward by
∼ 2.2 % and∼ 4.1 % respectively, Figure 5 (d-e). These re-
laxations are not large enough to stabilize a negative-U type
behaviour. This type of behaviour has been previously noted
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Fig. 6 Formation energy of all 7 complexes considered in
LaCuOSe in the neutral charge state at environment B from 2.

for small band gap oxides,95–97but never for a wide band gap
oxide.

Under Se-poor/O-poor growth conditions (environment L),
the defect landscape is very different. ForEF close to the
VBM, the formation energy of both theVSe and theVO in
their +2 charge states, and Cui in the+1 charge state domi-
nate, indicating thatp-type conductivity will be full compen-
sated byn-type defects. ForEF above∼ 1 eV above the
VBM, V −1

Cu dominates, indicating thatn-type conductivity is
also fully compensated. Therefore under Se-poor/O-poor con-
ditions,EF will be trapped in the band gap, limiting any con-
ductivity.

3.4 Intrinsic Defect Complexes

The formation of charge compensated defect complexes are
prevalent in some ternary and quaternary CuI-based materi-
als. In solar cell absorbers such as CuInSe2

98 or CZTS99,100,
these electrically benign complexes are advantageous, butin
LaCuOSe, any complexes formed with theVCu, for example,
would kill conductivity, hampering its use as ap-type anode
layer, or as a thermoelectric material. In Table 1, we list the
formation energy of 7 defect complexes which could plausibly
form.

We define three formation energies: (i)∆Hseparated, which
is the sum of the individual formation energies of these non-
interacting, isolated single defects that make up the com-
plex, (ii) ∆Hcomplex, which is the formation energy of the
complex, and (iii)∆Hint, the interaction energy, which is
the difference in formation energy between∆Hseparated and
∆Hcomplex. Thus,∆Hint demonstrates the driving force for
complex formation. The formation energy of the defect com-
plexes (∆Hcomplex) are displayed in Figure 6.

∆Hint can be be influenced by many factors, as the forma-
tion energy of a complex can be determined by contributons
such as (a) charge compensation, i.e. charge transfer between
neutral donors to neutral acceptors, (b) Coulomb attraction be-
tween charged donors and charged acceptors, and (c) strain
relief.98 In practice, the contribution from charge transfer can
be as much as the magnitude of the band gap, i.e. an elec-
tron occupying a high donor level near the CBM transferring
to a low-lying acceptor level near the VBM. From Table 1,
we can see that although∆Hint is large for these complexes,
∆Hcomplex is quite big in all cases, indicating that these com-
plexes should not have a high population in LaCuOSe crystals.

3.5 Extrinsic Acceptor Dopants

As the thermodynamics of acceptor doping of LaCuOSe are
so poorly understood, we have studies Mg-, Ca- and Sr-doped
LaCuOSe, with the results show in Figure 7. We also present
results for Zn doping, in an attempt to identify a donor dopant
which could make this material bipolar. Our results clearly
show that SrLa is the lowest energy acceptor, and is not com-
pensated by the formation of SrCu or Sri. The formation en-
ergy of SrLa is lower than that of theVCu, indicating that
Sr doping will significantly increase the hole concentration in
LaCuOSe. Mg-doping, on the other hand, is much higher in
energy, indicating that it will not increase the hole concentra-
tion significantly. This is consistent with recent reports that the
hole concentration does not change upon Mg doping, and that
the origin of the conductivity in Mg-doped LaCuOSe is the
VCu.48 It does not explain, however, why undoped samples do
not display more degenerate behaviour.48 The trend in solu-
bility of acceptor dopants in LaCuOSe follows that expected
based on size effects, with the Sr Ca Mg.

To address the possibility that acceptors in Ca- and Sr-
doped LaCuOSe could somehow be passivated by intrinsic de-
fect complexes, we have also investigated the possibility that a
complex of [MLa + VO] could form, with the results presented
in Figure 7. The formation of [MLa + VO] complexes will
not compensate the formation of MLa for any of the group 2
dopants under typicalp-type conditions. Thus ionic compen-
sation is unlikely to affect negatatively thep-type abilities of
Ca- and Sr-doped LaCuOSe relative to Mg-LaCuOSe.

Zn self compensates in LaCuOSe, with the ZnLa and ZnCu

crossing over in the band gap, effectively trapping the Fermi
level at the cross over, although under anion-rich conditions,
Zn-doping on the Cu site could drive the Fermi level towards
mid gap, where it will be compensated by theVCu in the−1
charge state, Figure 7 (b).
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Fig. 5 (a)-(c) Top view of the geometry around a relaxedVSe in a [Cu2Se2]
2− layer in the (a) neutral, (b)+1 and (c)+2 charge states. (d)-(f)

Top view of the geometry around a relaxedVO in a [La2O2]
2+ layer in the (a) neutral, (b)+1 and (c)+2 charge states. Yellow, blue, red and

grey spheres denote Se, Cu, O and La respectively. In all cases the position of the vacancy is denoted by a black sphere.

Table 1 The calculated formation energy,∆Hseparated, of noninteracting neutral defects, the interaction energy ∆Hint , and the formation
energy of the complex∆Hcomplex at chemical potential point B, i.e.∆Hint = ∆Hseparated - ∆Hcomplex. All energies are given in eV.

Complexes 2VCu + V ang
Se 2VCu + V lin

Se CuLa+LaCu CuLa + VO CuLa + VSe 2VCu + Ladiag
Cu 2VCu + La90

Cu

∆Hseperated 6.92 6.92 13.96 10.55 9.65 11.22 11.23
∆Hint -4.23 -4.27 -7.17 -6.91 -3.93 -7.38 -7.56
∆Hcomplex 2.69 2.64 6.79 3.64 5.72 3.84 3.67

4 Discussion

Our results clearly show that the growth conditions can havea
large effect on the conductivity trends. If grown in unsuitable
growth conditions (i.e. metal-rich/anion-poor), native donors
become more populous, and will killp-type conductivity.

Under idealp-type conditions,VCu is the dominant accep-
tor defect, and with its relatively shallow ionization levels, will
ensure reasonablep-type conductivity. It should be noted that
the energy needed to ionizeVCu in LaCuOSe is far less that
that seen for the delafossite structured CuI-based TCOs, e.g.
CuAlO2 (0.68 eV)29 and CuCrO2 (0.37 eV).101 This is a di-
rect consequence of the dual effect of the Cu–Se mixing at
the VBM raising the VBM and ensuring a less deep acceptor
level.

Sr is the most soluble acceptor dopant in LaCuOSe, fol-
lowed by Ca and then Mg, which is to be expected based on
ionic-radii arguments. This is consistent with the performance
of group 2 dopants in bulk samples,49 but is at variance with
the conductivity trends for epitaxial thin films.49 It remains
unclear why Mg has been found to be the best dopants for
producting highly degenerate LaCuOSe,102 but our analysis
indicate that Srshould be the optimal dopant. Under cation-
poor/anion-rich conditions, SrLa will significantly enhance to
concentration of free holes in the system, as its formation en-
ergy is significantly less than that ofVCu. Therefore, we pro-
pose that the acceptor doping of LaCuOSe thin films needs to
be experimentally reinvestigated, so the full potential ofthis
material can be realised.

Heavily doped LaCuOSe is routinely described as a degen-
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Fig. 7 Formation energies for extrinsic defects in LaCuOSe under the conditions B (a) and L (b) chosen in Figure 2. The slope of the lines
denote the charge state, the larger the slope, the bigger thecharge state. The solid dots represent the transition levels ǫ (q/q′).

erate semiconductor; however, it does not display a Moss-
Burstein (blue shift) shift of the optical band gap when ac-
ceptor doped.80 In fact, in the optical spectra, sub-band gap
absorption is observed, with a broad peak appearing from the
VBM to ∼ 0.6 eV above the VBM. Previous theoretical as-
sessments of the defect chemistry of LaCuOSe have yielded
metallic descriptions of theVCu andVLa, and have concluded
that they are the source of the degenerate conductivity.80

These studies, however, have assumed that the PBE func-
tional, which typically erroneously delocalizes defect states in
Cu-based materials,67,103 is sufficient. This assumption, allied
to the failure to account for competing chemical potential lim-
its, leads to the unfortunate conclusion that these defect are
resonant in the VB, and that the formation energy ofVCu is
in fact spontaneous. IfVCu formation were spontaneous and
resulted in metallic conductivity in LaCuOSe, the concentra-
tion of charge carriers in nominally undoped samples would
be expected to be far higher than reported,80 and heavy accep-
tor doping to achieve a degenerate semiconducting state would
not be necessary.48

The inappropriate use of the PBE functional has lead to
the identification of the[VCu + VSe] complex as the likely
source of sub band gap absorption seen in experiments.48 In
fact [VCu + VSe] would act as a donor, and so would be very
unlikely to produce hole states above the VBM. By analysing
the optical transition levels (OTLs) of the lowest energy de-
fects in LaCuOSe, we found that the 0/-1 OTL forVCu is situ-
ated at0.24 eV above the VBM, in reasonable agreement with
experiment. In addition, while a large optical band gap is vi-

tal for a material to be transparent,p-TCO materials should
also have no visible light absorption between the VBM and
the bands below.25 This caveat is similar to that forn-type
TCOs, where there should be no absorption between the CBM
and the conduction bands above.104 Forp-type (n-type) TCOs,
it is necessary to avoid transitions between unoccupied (occu-
pied) defect bands and the bands within3.1 eV of the VBM
(CBM), meaning that the defective systems are still transpar-
ent to visible light.104

Acceptor defects in LaCuOSe do not move the Fermi level
into the valence band, and it is apparent that transitions from
the valence band to the defect state are permitted, as can
clearly be seen in the experimental absorption spectra.48 Thus
LaCuOSe cannot be expected to experience a Moss-Burstein
shift, and so the optical band gap can not be increased by ac-
ceptor doping. As both native and acceptor dopant defects in
LaCuOSe cause defect levelsabove the VBM, however, it is
still unclear why LaCuOSe doped with Mg displays degener-
ate semiconductor behaviour.

What is clear, however, is that Mg is not the optimum
dopant for enhancing the hole carrier concentration in LaCu-
OSe, and that Sr doping represents the best option. An ex-
perimental reinvestigation of acceptor doping of LaCuOSe in
thin films is therefore clearly warranted. Nevertheless, our
results explain the increased performance of LaCuOSe over
other CuI-O based wide band gap materials, and present a
blueprint for the further optimization of LaCuOSe for device
applications.
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5 Conclusion

The behaviour of both intrinsic and extrinsic defects in LaCu-
OSe has been investigated using hybrid density functional the-
ory. The importance of correctly analysing the thermody-
namic stability of the material of interest with respect to other
competing phases has been demonstated. Our results clearly
show that underp-type growth conditionsVCu will dominate,
and will not be compensated by any hole killing defects. We
have explained for the first time why LaCuOSe does not ex-
hibit a Moss-Burstein shift when heavily acceptor doped, and
also demonstrated that Sr, and not Mg, is the ideal dopant for
acceptor doping LaCuOSe. We have also identified the pos-
sible origin of the puzzling sub band gap absorption seen in
LaCuOSe samples. It is expected that the defect behaviour
reported herein will be similar for other quaternary layered
oxychalcogenide materials.
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Using state-of-the-art hybrid DFT calculations we explain the defect chemistry of LaCuOSe, a poorly 

understood wide band gap p-type conductor. 
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