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While most of crystalline wide gap oxides are both stoichiometric and insulating, a handful of them includ-
ing ZnO and In2O3 are naturally anion-deficient and electron conductors. Even fewer of the oxides are natu-
rally 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�I��d10� oxide-based materials are
both p-type and naturally cation-deficient, and why cation vacancies lead to delocalized, conductive states,
whereas in other oxides �e.g., ZnO and MgO�, they lead to localized, nonconductive states.
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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 �e.g.,
ZnO with Eg=3.45 and In2O3 with Eg=3.5 eV�. Even a
smaller group are naturally cation-deficient and hole conduc-
tors. The arch-type of the latter is cuprite Cu2O �Eg

=2.1 eV�, and the group includes related Cu�I��d10� oxide
materials such as CuM2O �delafossite with M=Al, Ga, In�,5
SrCu2O2,

6 and oxychalcogenide LnCuOX �Ln=lanthanide,
X=chalcogen�.7 Such p-type conductive oxides are interest-
ing as some of them are transparent, and combined with
known n-type transparent conductive oxides facilitate the de-
sign of transparent electronics. Standard structural inorganic
chemistry2 explains in broad terms that an oxide will natu-
rally 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 �e.g., Cu2

�I�O and
Cu�II�O�. In this work, we aim to explain quantitatively �i�
how such conditions are accommodated microscopically,
given that the cation deficiency could occur via metal vacan-
cies, and/or oxygen interstitials, and/or oxygen antisites; �ii�
what is the solubility limit of such defects in the host crystal,
i.e., maximum concentration before they precipitate; and fi-
nally �iii� how the cation deficiency leads to p-type conduc-
tivity via free holes. Based on first principles calculation of
equilibrium nonstoichiometry and defect stability, we ad-
dress these questions here for Cu2O. We find that in Cu2O,
�i� the cation deficiency is accommodated mostly by Cu va-
cancies �VCu� rather than oxygen interstitials �Oi�, �ii� the
stable concentration of VCu can reach �1020 cm−3, and �iii�
the VCu induces a host-derived acceptor level naturally mak-
ing Cu2O p-type, but the concentration of free holes at room
temperature only reaches �1018 cm−3 as not all VCu are ion-
ized to produce holes. Finally, we provide general design
rules for p-type oxides.

Following the discovery of p-type nature in Cu�I��d10� ox-
ide compounds, it was speculated5–8 that this p-type nature
emerges from the introduction of covalency into the other-
wise ionic metal-oxide network, thus avoiding localization of
the holes around the negatively charged oxygen ions. How-

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 en-
able the creation of holes in the first place. Indeed, equilib-
rium creation of a substantial concentration of holes in a pure
crystalline solid requires9 �i� low formation energy of point
defects that are hole producers, e.g., native acceptors such as
cation vacancies; �ii� a small ionization energy for these de-
fects so as to readily release holes �i.e., a shallow acceptor
level with respect to the host valence band�; and most cru-
cially �iii� a high formation energy of native defects that are
hole killers �e.g., native donors such as cation interstitials
and anion vacancies�. It turns out that the latter condition is
rather difficult to meet in wide gap systems where the delib-
erate 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�I��d10� oxide
systems, �i� 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 �hypothetical� 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 ener-
gies. The main reason for this low formation energy is the

http://dx.doi.org/10.1103/PhysRevB.76.045209


eral tend to be intrinsically p-type due to the ease of forma-
tion of cation vacancies as shallow hole producers and the
lack of intrinsic potent hole killers.

II. METHODS

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

�HD,q�EF,�� = �ED,q − EH� + �
�

n����
elem + ����

+ q�Ev + �EF� , �1��



that the holes introduced by VCu reside in delocalized,
valence-band-like perturbed-host states4 rather than occupy-
ing a defect-localized state4 in the band gap. Indeed, as
shown in Fig. 2�a�, we find that in Cu2O, the dangling bond
states of the ideal �unrelaxed� 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�p� dangling bond
states of VZn in ZnO occur almost 1 eV above VBM deep
inside the gap �Fig. 2�b��, leading to a partially occupied,
localized defect level �which is subject to Jahn-Teller distor-
tion that further deepens the level17�. 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 con-
struct in Figs. 2�c� and 2�d� schematic band structure dia-
gram 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” �i.e.,
nodeless state, here, ag� dangling bond level with the occu-
pied atomic Cu�d� state



tor state high in the gap �Fig. 3�,24 which originates from the
atomic Cu�4s� orbital. Because the Fermi level generally lies
close to the VBM �see below�, 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 equi-
librium defect and carrier concentrations that are also quan-
tities 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 Cu-
poor growth conditions is the VCu hole producer that forms in
concentrations even above 1020 cm−3. In O-poor �O-rich�
growth conditions, the VO concentration is about 1 order
�2–3 orders� 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
�sum of O atoms occupying sites c and d� is 1–2 orders
�1 order� of magnitude lower than VCu concentration in
O-poor �O-rich� conditions. The concentration of the only
hole killer Cui remains below 1014 cm−3 throughout tempera-
ture 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 deter-
mined 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 �Fig. 4� is only a fraction of the VCu con-
centration, while the hole concentration at growth tempera-
ture Tg follows closely the concentration of VCu. The carrier
concentration at room temperature drops by a few orders of

magnitude from the carrier concentration at Tg because even
though the VCu acceptor level is host derived, ��0/−�
=0.28 eV is so large that only a fraction of the VCu will
release the hole to VBM. The host-derived acceptor level
��0/−� is rather high because of the relatively low dielectric
constant 	=7.1	0.

VI. DESIGN RULES FOR p-TYPE OXIDE

The present study demonstrates that p-type doping of ox-
ides 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�2p�
atomic level. The p-type conductivity supporting effects are
the following. �i� Shallow levels: Due to the ensuing high
energy of the VBM with respect to the O�p� 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. �ii� Increased
solubility



filled cation shell that lie as high in energy as possible. Suit-
able cations apart from Cu�d10� would thus be, e.g., Ag�d10�
and Au�d10�, as well as, e.g., elements from group VIII �Co,
Rh, Ir� in d6 low spin state.
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