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While most of crystalline wide gap oxides are both stoichiometric and insulating, a handful of them including ZnO and In2O3 are naturally anion-deficient and electron conductors. Even fewer of the oxides are naturally cation-deficient and hole conductors, the arch-type of which is Cu2O. Based on first principles calculation
of equilibrium nonstoichiometry and defect stability, we explain why the Cu共I兲共d10兲 oxide-based materials are
both p-type and naturally cation-deficient, and why cation vacancies lead to delocalized, conductive states,
whereas in other oxides 共e.g., ZnO and MgO兲, they lead to localized, nonconductive states.
DOI: 10.1103/PhysRevB.76.045209

PACS number共s兲: 71.55.⫺i, 71.20.⫺b, 72.20.Jv, 72.80.Jc

I. INTRODUCTION

Most crystalline wide gap oxides are both stoichiometric
and electrically insulating.1,2 Yet, a small group of oxides are
naturally anion-deficient and electron conductors3,4 共e.g.,
ZnO with Eg = 3.45 and In2O3 with Eg = 3.5 eV兲. Even a
smaller group are naturally cation-deficient and hole conductors. The arch-type of the latter is cuprite Cu2O 共Eg
= 2.1 eV兲, and the group includes related Cu共I兲共d10兲 oxide
materials such as CuM 2O 共delafossite with M = Al, Ga, In兲,5
SrCu2O2,6 and oxychalcogenide LnCuOX 共Ln= lanthanide,
X = chalcogen兲.7 Such p-type conductive oxides are interesting as some of them are transparent, and combined with
known n-type transparent conductive oxides facilitate the design of transparent electronics. Standard structural inorganic
chemistry2 explains in broad terms that an oxide will naturally be cation-deficient if its cation is oxidizable, i.e., can
have a more positive oxidation number. Indeed, the existence
of an oxide compound with higher oxidation number of the
metal cation indicates the propensity of the oxide to exist in
a more cation-deficient composition 共e.g., Cu共I兲
2 O and
Cu共II兲O兲. In this work, we aim to explain quantitatively 共i兲
how such conditions are accommodated microscopically,
given that the cation deficiency could occur via metal vacancies, and/or oxygen interstitials, and/or oxygen antisites; 共ii兲
what is the solubility limit of such defects in the host crystal,
i.e., maximum concentration before they precipitate; and finally 共iii兲 how the cation deficiency leads to p-type conductivity via free holes. Based on first principles calculation of
equilibrium nonstoichiometry and defect stability, we address these questions here for Cu2O. We find that in Cu2O,
共i兲 the cation deficiency is accommodated mostly by Cu vacancies 共VCu兲 rather than oxygen interstitials 共Oi兲, 共ii兲 the
stable concentration of VCu can reach ⬃1020 cm−3, and 共iii兲
the VCu induces a host-derived acceptor level naturally making Cu2O p-type, but the concentration of free holes at room
temperature only reaches ⬃1018 cm−3 as not all VCu are ionized to produce holes. Finally, we provide general design
rules for p-type oxides.
Following the discovery of p-type nature in Cu共I兲共d10兲 oxide compounds, it was speculated5–8 that this p-type nature
emerges from the introduction of covalency into the otherwise ionic metal-oxide network, thus avoiding localization of
the holes around the negatively charged oxygen ions. How1098-0121/2007/76共4兲/045209共5兲

ever, the special feature of p-type oxides distinguishing them
from conventional oxides is the existence of a stable and
large concentration of holes; while introduction of covalency
broadens the band and may lead to lighter effective masses
and hence better carrier mobility, this property does not enable the creation of holes in the first place. Indeed, equilibrium creation of a substantial concentration of holes in a pure
crystalline solid requires9 共i兲 low formation energy of point
defects that are hole producers, e.g., native acceptors such as
cation vacancies; 共ii兲 a small ionization energy for these defects so as to readily release holes 共i.e., a shallow acceptor
level with respect to the host valence band兲; and most crucially 共iii兲 a high formation energy of native defects that are
hole killers 共e.g., native donors such as cation interstitials
and anion vacancies兲. It turns out that the latter condition is
rather difficult to meet in wide gap systems where the deliberate introduction of holes tends to spontaneously instigate
the creation of structural hole killers. Additionally, for a good
p-type conductor, the valence band should be highly disperse
and delocalized, facilitating a low effective hole mass and
thus high mobility. Here, we show that in Cu共I兲共d10兲 oxide
systems, 共i兲 the Cu vacancy hole producer VCu has a low
formation energy both in the cuprite structure with its linear
O-Cu-O dumbbells and in the 共hypothetical兲 antifluorite
Cu2O structure with tetrahedrally coordinated Cu. This ease
of forming cation vacancies is in contrast to main group
oxides with typically high cation-vacancy formation energies. The main reason for this low formation energy is the
fact that the valence band maximum in copper oxides is an
antibonding state mostly of Cu共I兲共d10兲 orbitals and lies high
in energy. 共ii兲 The acceptor ionization energy 共0 / −兲 of VCu
at Ev + 0.28 eV is relatively shallow as opposed to deep levels in, e.g., MgO, where cation vacancy causes optical absorption at 2.3 eV.10 The reason for the shallow cationvacancy level in Cu2O is that the cation-vacancy levels 共i.e.,
the anion dangling bond levels兲 are below the valence band
minimum 共VBM兲, whereas in other oxides, they are above
the VBM. 共iii兲 Even though the potential hole killer, i.e., the
anion vacancy, has a rather low formation energy in Cu2O, it
has no donor level inside the band gap and thus cannot act as
hole killer. Thus, the cation interstitial is the only native hole
killer, but its formation energy is significantly higher than
that of the hole producers, so it does not compensate holes.
We conclude that Cu2O and Cu共I兲共d10兲 oxide systems in gen-
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eral tend to be intrinsically p-type due to the ease of formation of cation vacancies as shallow hole producers and the
lack of intrinsic potent hole killers.
II. METHODS

c

We calculate formation energies ⌬H for various intrinsic
defects and their ionization energies, as well as defect and
carrier concentrations. The formation enthalpy ⌬H for defect
D in charge state q as a function of Fermi energy EF is

d
Cu

⌬HD,q共EF, 兲 = 共ED,q − EH兲 + 兺 n␣共␣elem + ⌬␣兲

Cu

␣

+ q共Ev + ⌬EF兲,

O

共1兲

where EH is the energy of the pure host and ED,q is that of
defect-containing system, ␣ = ␣elem + ⌬␣ is the chemical
potential of a reservoir of atoms ␣, and n␣ is +1 or −1 if an
atom is added to the reservoir or removed from it, respectively. The reference chemical potential ␣elem for metal
elements is taken as that of the solid metal and for oxygen
from the O2 molecule. To maintain thermodynamic equilibrium with Cu2O, the relation 2Cu + O = Cu2O, i.e.,
2⌬Cu + ⌬O = ⌬H f 共Cu2O兲, must hold, where ⌬H f 共Cu2O兲
= −1.26 eV is the calculated formation energy for Cu2O. The
lower bound on O 共maximally Cu-rich/O-poor environment兲 is limited by Cu metal formation at ⌬Cu = 0 and
⌬O = −1.26 eV. The upper bound on O is limited by
CuO formation, i.e., the condition ⌬Cu + ⌬O 艋 ⌬H f 共CuO兲
= −1.09 eV yields the maximally Cu-poor/O-rich environment at ⌬Cu = −0.16 eV and ⌬O = −0.93 eV. The last term
in Eq. 共1兲 is the Fermi energy EF = Ev + ⌬EF, which ranges
between VBM 共or Ev兲 and conduction band minimum 共CBM
or Ec兲. The transition levels 共q / q⬘兲 共to be distinguished
from the single-particle eigenvalue, or orbital energy兲 for
each defect are the value of EF at which ⌬HD,q and ⌬HD,q⬘
for defect D intersect. The calculated ⌬H’s and transition
levels are then used in thermodynamic simulations to calculate the equilibrium defect concentration cD,q as a function of
temperature as self-consistent solution to cD,q共EF ,  , T兲
= N exp关−⌬HD,q共EF , 兲 / kT兴, as described in Refs. 11 and 12.
The total energies EH and ED,q of Eq. 共1兲 are calculated
from first principles. We employ the generalized gradient approximation 共GGA-PBE兲 to density-functional theory using
the projector augmented-wave method as implemented in the
VASP code.13 EH and ED,q are calculated in supercells with 96
Cu2O lattice sites, including a single lattice defect in various
charge states q for ED,q. We use the GGA calculated lattice
constant for Cu2O of 4.313 Å and allow all atomic positions
to relax. Plane waves are included up to the cutoff energy of
400 eV together with a 4 ⫻ 4 ⫻ 4 kជ mesh including the ⌫
point for total energies, while structural relaxations are performed using a 2 ⫻ 2 ⫻ 2 kជ mesh.
The energy quantities from GGA-PBE supercell must be
corrected due to a number of reasons. 共1兲 The band gap
= 0.43 eV is underestimated relative to the experimenEGGA
g
tal gap of Eg = 2.1 eV. The d orbitals in GGA 共as in local
density approximation兲 are typically underbound, and if the d
orbitals are close to the VBM, this underbinding needs to be

FIG. 1. 共Color online兲 The cuprite structure of Cu2O and possible interstitial positions. Cu and O atoms are given as blue and red
spheres, respectively. The cuprite structure consists of two interpenetrating cristobalite lattices that are distinguished by using two different shades for Cu atoms in each of the lattices. Interstitial atoms
are labeled “c” and “d” 共yellow spheres兲 according to their Wyckoff
positions 共symmetries D3d and D2d, respectively兲.

corrected for in order to find the correct VBM energy. Therefore, we apply the GGA+ U correction on the Cu共d兲 states to
find the correct Ev; we choose U = 6 and J = 1 eV to reproduce photoemission experiment14 and find that this selection
pushes down Ev by 0.32 eV. Thus, we correct for the band
gap error by shifting the VBM down by ⌬Ev = 0.32 eV and
the VBM up by ⌬Ec = 1.35 eV, both shifts together correcting the total band gap error. The appropriate VBM or CBM
shifts are then applied a posteriori to the total energies ED,q
calculated within the GGA 共without +U correction兲. Further
corrections15 are applied due to 共2兲 potential alignment,15 共3兲
the image charge effect15 present in the finite supercell formalism, and 共4兲 the band-filling effect15 in the case of shallow defects.
Cu2O crystallizes in the cuprite structure 共space group
Pn3m, No. 224兲, shown in Fig. 1. The copper and oxygen
atoms have site symmetries D3d and Td, respectively. In addition to the copper vacancy VCu, we also consider the “split
vacancy,”16 which consists of two copper vacancies and a
copper interstitial in site symmetry D2 between the vacancies. There are a number of possible high symmetry interstitial positions; we consider the ones associated with largest
empty volume around them, namely, those with site symmetries D3d and D2d, denoted with “c” and “d” 共according to the
Wyckoff notation兲, respectively, shown in Fig. 1.
III. DELOCALIZATION VS LOCALIZATION OF HOLE
STATES IN OXIDES

While in many oxides, such as in MgO and ZnO, the
cation vacancy introduces atomically localized, nonconductive gap levels with large ionization energies,10,17 a few oxides, most notably, the Cu-containing oxides Cu2O and
CuMO2,5,8,18 show p-type conduction, presumably originating from Cu vacancies. Such p-type conductivity requires
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FIG. 2. 共Color online兲 共a兲 The local density of states of the ideal
Cu vacancy VCu in Cu2O and 共b兲 of VZn in ZnO, indicating the
symmetric 共ag and a1, red兲 and nonsymmetric 共au and t2, blue兲
representations according to the D3d and the 共local兲 Td symmetries
in the Cu2O and ZnO lattices, respectively. 共c兲 Schematic band
diagram of bulk Cu2O and 共d兲 ZnO, constructed from the interaction of the symmetry-adapted cation-vacancy dangling bond levels
with the atomic orbitals of the free metal ions.

that the holes introduced by VCu reside in delocalized,
valence-band-like perturbed-host states4 rather than occupying a defect-localized state4 in the band gap. Indeed, as
shown in Fig. 2共a兲, we find that in Cu2O, the dangling bond
states of the ideal 共unrelaxed兲 Cu vacancy create a resonance
4 eV below the VBM, implying that the hole produced by
VCu “float up” and occupy a delocalized perturbed-host state
just above the VBM. In contrast, the O共p兲 dangling bond
states of VZn in ZnO occur almost 1 eV above VBM deep
inside the gap 关Fig. 2共b兲兴, leading to a partially occupied,
localized defect level 共which is subject to Jahn-Teller distortion that further deepens the level17兲. Notice that we consider
dangling bond resonances of unrelaxed cation vacancies in
order to construct the schematic model for band formation
discussed below.
In order to illustrate the origin of these markedly different
behaviors of cation vacancies in these two oxides, we construct in Figs. 2共c兲 and 2共d兲 schematic band structure diagram for bulk Cu2O and ZnO, respectively, by considering
the interaction of the symmetry-adapted dangling bond states
of the ideal cation vacancy with the symmetry-adapted
atomic levels of the free metal ion. In Cu2O, the VBM is
formed as the antibonding state of the “symmetric” 共i.e.,
nodeless state, here, ag兲 dangling bond level with the occupied atomic Cu共d兲 state ag 共dz2 orbital along O-Cu-Cu dumbbell兲, leading to a VBM energy well above the dangling bond
levels. In ZnO, the VBM is formed as the bonding state of
the “nonsymmetric” 共i.e., state that does have nodes, here, t2兲
dangling bond level with the unoccupied atomic Zn共p兲 orbital, leading to a VBM energy below the ideal vacancy
level.
IV. DOPING CONDITIONS

Conditions (i)—low formation energy of hole producers
and (ii)—shallow acceptor levels. Figure 3共a兲 gives the cal-
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FIG. 3. Formation energies for intrinsic defects in Cu2O in 共a兲
Cu-rich/O-poor conditions and 共b兲 Cu-poor/O-rich conditions. Only
lowest energy charge states are shown; ionization levels are indicated with a dot.

culated formation enthalpies of various intrinsic defects in
different charge states for the Cu-rich/O-poor growth conditions. We see that even in these Cu-rich growth conditions,
the copper vacancy VCu has the overall lowest formation en0
兲 = 0.7 eV. The neutral split vacancy has
thalpy with ⌬H共VCu
0
a formation energy of ⌬H共Vsplit
兲 = 1.0 eV, slightly larger than
0
that of VCu, while oxygen interstitials at positions d and c
共Fig. 1兲 have formation energies of 1.3 and 1.8 eV, respectively. Going toward Cu-poor/O-rich conditions lowers
⌬H共VCu兲 and ⌬H共Oi兲 formation enthalpies and increases
those of VO and Cui. This ensures that the VCu formation
energy is low in any growth conditions and that the cation
deficiency in Cu2O is due to VCu rather than Oi.
Since the VCu single-particle levels lie far below VBM as
shown in Fig. 2共a兲, the hole occupying this level inside the
valence band would readily float to the VBM, yielding a
host-derived acceptor level. Indeed, the 共0 / −兲 ionization
level for VCu calculated at Ev + 0.28 eV is in agreement with
the experimentally found19 hole trap at Ev + 0.25 eV and is
consistent with the expected effective mass ionization energy
关the dielectric constant ⑀ = 7.1⑀0 and the heavy hole mass
m*h = 1.49me 共Ref. 20兲 imply a single-band effective mass
level at Ea = 0.40 eV兴.
In contrast to the shallow VCu acceptor levels, we find
deep levels for the oxygen interstitial, i.e., the 共0 / −兲 transition levels are at Ev + 0.66 and Ev + 0.78, while the 共− / 2 − 兲
levels are at Ev + 1.35 and Ev + 1.50 eV, respectively, for
Oi共c兲 and Oi共d兲. Thus, while significant Oi concentrations
may exist 共Fig. 4兲, they are not a source of p-type conductivity. The deep hole trap levels reported in literature19,21–23
could be explained by our calculated defect levels of interstitial oxygen.
Condition (iii): absence of hole killers. Potential hole killers in Cu2O are the oxygen vacancy VO and the Cu interstitials Cui. As shown in Fig. 3, the O vacancy has a relatively
low formation energy under Cu-rich/O-poor conditions, but
it is stable only in the charge-neutral state which does not
compensate hole doping. Cu interstitials, on the other hand,
do have a hole-eliminating positive charge state Cu+i 共Fig.
3兲,24 but their formation energy is sufficiently high, so that
no significant concentrations of this hole killer exist under
equilibrium growth conditions 共Fig. 4兲. Note that Cui is an
amphoteric defect and has a deep, negatively charged accep-
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FIG. 4. Equilibrium Fermi level and defect concentrations calculated for 关共a兲 and 共c兲兴 Cu-rich/O-poor conditions and 关共b兲 and 共d兲兴
Cu-poor/O-rich conditions. The hole concentration and Fermi level
are given both in equilibrium at growth temperature Tg and at room
temperature 共298 K兲.

tor state high in the gap 共Fig. 3兲,24 which originates from the
atomic Cu共4s兲 orbital. Because the Fermi level generally lies
close to the VBM 共see below兲, this level is not occupied
under equilibrium conditions.
V. EQUILIBRIUM CARRIER CONCENTRATION

In order to demonstrate the p-type nature, we need to
show that hole producers indeed are the dominating defect
and efficiently produce holes. Therefore, we evaluate equilibrium defect and carrier concentrations that are also quantities directly comparable with experiment. Figure 4 shows
the defect concentrations and Fermi level EF as function of
growth temperature as calculated from thermodynamical
simulations. The dominant defect in either Cu-rich or Cupoor growth conditions is the VCu hole producer that forms in
concentrations even above 1020 cm−3. In O-poor 共O-rich兲
growth conditions, the VO concentration is about 1 order
共2–3 orders兲 of magnitude less than that of VCu. Thus, Cu2O
is nonstoichiometric, and indeed the VCu concentrations are
close to experimentally observed18 copper deficiency ranging
between 2 ⫻ 1018 and 2 ⫻ 1020 cm−3. The concentration of Oi
共sum of O atoms occupying sites c and d兲 is 1–2 orders
共1 order兲 of magnitude lower than VCu concentration in
O-poor 共O-rich兲 conditions. The concentration of the only
hole killer Cui remains below 1014 cm−3 throughout temperature range considered. Hence, in all growth conditions, the
dominant defect is the hole producer VCu that also accounts
for the experimentally observed off-stoichiometry.
The room temperature carrier concentrations are determined by recalculating the Fermi level at room temperature,
while maintaining the equilibrium defect concentrations at a
given, higher, growth temperature. The room temperature
hole concentration 共Fig. 4兲 is only a fraction of the VCu concentration, while the hole concentration at growth temperature Tg follows closely the concentration of VCu. The carrier
concentration at room temperature drops by a few orders of

The present study demonstrates that p-type doping of oxides is facilitated by the repulsive interaction between the
atomic oxygen p orbitals with filled d-shell states of metal
cations that have a high energy compared to the O共2p兲
atomic level. The p-type conductivity supporting effects are
the following. 共i兲 Shallow levels: Due to the ensuing high
energy of the VBM with respect to the O共p兲 dangling bond
levels, the cation vacancy creates a delocalized, conductive
state close to the VBM. In the case of extrinsic acceptor
doping, the high VBM energy makes it more unlikely that
the impurities create deep levels inside the gap. 共ii兲 Increased
solubility: Since the formation energy of negatively charged
hole producers 共acceptors兲 decreases with the increasing
VBM energy 关viz., Eq. 共1兲兴, their solubility is enhanced. 共iii兲
Suppression of hole killers: Since the formation energy of
positively charged hole killers 共donors兲 increases with increasing VBM energy 关viz., Eq. 共1兲兴, their formation is suppressed. In the case of VO in Cu2O, the positive charge states
become even unstable for all Fermi energies inside the band
gap.
The above discussion for choosing a cation to design
p-type conductive oxides is independent of structure or symmetries. Indeed, a model calculation of Cu2O in the antifluorite structure verified that VCu single-particle levels in this
tetrahedrally coordinated hypothetical material are also 4 eV
below VBM, just like in the cuprite structure, ensuring a
delocalized perturbed-host state for the defect level. Our
guidelines also explain the p-type nature of the TCOs
SrCu2O2, CuMO2 delafossites, and LnCuOX, where the band
formation follows a similar scheme. The main difference of
these transparent materials to Cu2O is the fact that some of
the Cu d10-d10 interactions25–28 that decrease the band gap
and make Cu2O colored have been eliminated by reducing
dimensionality.20

VII. SUMMARY

We have shown from first principles calculations that
Cu2O is intrinsically copper-deficient due to formation of
copper vacancies VCu that act as a shallow and efficient hole
producer. Cu2O is intrinsically p-type because 共a兲 the potential hole killer VO has no transition level in the gap and thus
cannot annihilate holes, and 共b兲 the possible hole killer Cui
has both high formation energy and deep transition level and
is thus incapable to efficiently destroy holes created by VCu.
The rule for p-type oxide design is that the VBM should be
formed by the interaction between a filled anion shell and a
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filled cation shell that lie as high in energy as possible. Suitable cations apart from Cu共d10兲 would thus be, e.g., Ag共d10兲
and Au共d10兲, as well as, e.g., elements from group VIII 共Co,
Rh, Ir兲 in d6 low spin state.
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