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Using design principles to systematically plan the synthesis of hole-conducting transparent oxides:
Cu3VO4 and Ag3VO4 as a case study
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In order to address the growing need for p-type transparent conducting oxides (TCOs), we present a materials
design approach that allows to search for materials with desired properties. We put forward a set of design
principles (DPs) that a material must meet in order to qualify as a p-type TCO. We then start from two prototype
p-type binary oxides, i.e., Cu2O and Ag2O, and define a large group of compounds in which to search for
unique candidate materials. From this set of compounds, we extracted two oxovanadates, Cu3VO4 and Ag3VO4,
which serve as a case study to show the application of the proposed materials selection procedure driven byVO

4 is highly off stoichiometric, Cu3−xVO4 (x = 0.15), which
raises the amount of holes, but due to its black color, it does not fulfill the requirements for a p-type TCO. The
onset of optical absorption in α-Ag3VO4 is calculated to be 2.6 eV, compared to the experimentally determined
value of 2.1 eV, which brings it to the verge of transparency.
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I. DESIGN PRINCIPLES OF p-TYPE TRANSPARENT
CONDUCTING OXIDES

p-type transparent conducting oxides (TCOs) show the
attributes of transparency and hole conductivity and are
extremely rare yet needed for a variety of technological
applications.1 These attributes seem mutually exclusive but
can appear in a material that has a band gap large enough
for transparency to the visible light along with an electron
chemical potential (Fermi level) EF near the valence-band
maximum (VBM). For a material to be a p-type TCO it must
satisfy subtle design principles (DPs)2 which establish precise
target values for its optical and transport properties:

(i) Hole-producing defects (i.e., electron acceptors) should
have shallow levels and low formation energies, making them
easy to form either as intrinsic acceptors (usually metal
vacancies or metal anti-site defects) or as extrinsic acceptor
impurities soluble in the host compound.

(ii) “Hole-killing” defects (i.e., electron donors), usually
anion vacancies, should be difficult to form when EF lies low
in the band gap. This condition is more easily met3 by host
materials with a VBM which is sufficiently high in energy,
i.e., materials that have low intrinsic work functions, such as
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II. ASSESSMENT OF THE BASELINE p-TYPE BINARY
OXIDES Cu2O AND Ag2O AGAINST THE DPs

A. Thermodynamic stability of the host binaries

For a binary oxide AnOm to be thermodynamically stable
the chemical potentials (�μα) of the elemental constituents
must satisfy the following relations:

n�μA + m�μO = �Hf (AnOm), (1a)

�μA � 0, �μO � 0, (1b)

n′�μA + m′�μO � �Hf (An′Om′). (1c)

The chemical potential μα of a species α is specified by the
difference �μα between μα and the chemical potential μ◦

α

of the reference phase of the species α at standard conditions.
Equation (1a) expresses the condition of thermodynamic equi-
librium of the target AnOm compound with its constituents;
here, �Hf (AnOm) is the heat of formation of AnOm with
respect to the reference phases of the elemental constituents.
Inequalities (1b) express the fact that the chemical potentials
�μα must be negative in order to avoid precipitation of the
stable phases of the elemental constituents. Inequality (1c),
which originates from the condition that all possible competing
phases An′Om′ with different stoichiometries must be unstable
with respect to phase decomposition, further restricts the
ranges of chemical potentials at which AnOm can form
without simultaneous formation of secondary phases. Clearly,
Eq. (1a) leaves only one chemical potential as a free parameter.
Here, we consider the oxygen chemical potential �μO as
the independent variable, as it can be directly controlled by
the temperature and the oxygen partial pressure pO2 during
synthesis. Once the interval of chemical potentials of the
elements allowed for the formation of a desired compound
are determined, one can readily obtain the range of optimal
oxygen partial pressures pO2, as a function of temperature,
at which to run reactions of synthesis of that compound. The
heats of formation of all the binary and ternary compounds
considered in this paper have been calculated by the GGA +
U scheme. In the Appendix we provide further details of the
GGA + U scheme used and the values of the parameters that
were set in these calculations.

Figures 2(a) and 2(b)
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α added to or removed from a reservoir of that species with
chemical potential μα
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FIG. 4. (Color online) Calculated density of states (left-hand pan-
els) and absorption spectrum (right-hand panels) of the prototypical
p-type oxides Cu2O and Ag2O obtained by the GW method. Blue
(dark gray) and red (gray) lines correspond to the noble-metal d and
O p partial DOS, respectively. The zero of the energy is set at the
VBM, which is indicated together with the CBM by a dashed vertical
line. Owing to its indirect character, the onset of optical absorption is
at higher energy than the electronic band gap (shown by dashed lines).

VBM. At the same time, these oxovanadates might inherit
from V2O5 a high formation energy for VO that makes this
defect more difficult to form than in the Ag2O and Cu2O.

C. Band-structure properties of Cu2O and Ag2O: Optical
properties of the binaries

Figure 4 shows the calculated density of states and the
absorption spectrum obtained within the framework of the
GW (Ref. 21) method (see the Appendix for the technical
details of the calculations of the excited states properties).
Both in Cu2O and Ag2O the p and d orbitals fall into
a similar energy range and their interaction results into a
large hybridization effect. The d states of the noble-metal
atoms are at a higher energy than the p states of oxygen,
therefore, the p-d hybridization produces dispersed d-like
bands at the valence-band maximum. These d-like bands
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that includes two compounds: Ag3VO4 and Cu3VO4. These
are generated by Eq. (4) and are selected according to the type
of electronic structure that might suit the DPs. We observe that
if the B atom in B2Ov does not contribute electronic states in the
same range of energies as the d bands of Ag and Cu (see Fig. 4),
then once mixed with the A-O compounds it would not alter
the valence band of the A-O materials. The B2Ov compounds
where B is an early transition metal, such as V, Nb, and Ta, are
characterized by a d0 electronic configuration and meet such
a requirement. In the A-B-O systems the d levels originating
from the B metal will lie at the bottom of the conduction
band, as it happens in the B2Ov binaries because of the d0

configuration. Therefore, the electronic states originating from
the B species in a A-B-O compound might have little influence
on the ability of the d-like bands originating from Ag or Cu
to sustain good hole mobility. Moreover, an early transition
metal B has the ability of forming stronger B-O bonds than
Ag and Cu, thus making it energetically less favorable to form
the O vacancy, which, being an electron donor, is undesired in
a p-type material. In the case of B = V, this fact is reflected
by the large stability range of the vanadium binary oxides as a
function of �μO, a range much larger than that of Cu2O and
Ag2O. The oxovanadates that would result from the reaction
of Cu2O with V2O5 and of Ag2O with V2O5 represent good
examples of A-O/B-O systems selected via the previous rules.
Among the Cu and the Ag oxovanadates, Ag3VO4 and Cu3VO4

are stable compounds with known crystal structures, thus they
represent a good case study of the application of Eq. (4) to
generate materials which might meet the DPs of p-type TCOs.

C. Crystal structures of Ag3VO4 and Cu3VO4
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FIG. 6. (Color online) Calculated ranges of chemical potentials of
the elements in which Ag3VO4 and Cu3VO4 are thermodynamically
stable. This range of stability is identified excluding the regions
of chemical potentials in which competing phases are stable. The
arrows associate one of the competing phases (i.e., the constituent
binaries and ternary compounds at other compositions) to the region
of the chemical potential space in which that phase is stable.
The chemical potentials at the points A and B correspond to the
oxygen-poor/silver-rich conditions and to the oxygen-rich/silver-poor
conditions, respectively.

with respect to phase decomposition into competing binary and
ternary phases. Each of the inequalities (5c)–(5e) introduces
boundaries for the region of allowed chemical potentials,
excluding a section of the stability triangle defined by Eq. (1a)
and conditions (1b). To draw these ranges, we considered as
phases competing in stability with Ag3VO4 the noble-metal
binaries Ag2O and AgO, the vanadium oxides V2O3 and
V2O5, and the AgVO3 ternary vanadate. The analogous set of
competing Cu binary oxides and oxovanadates was considered
to determine the range of stability of Cu3VO4.

The stability plot of Cu3VO4 in Fig. 6(a) indicates that
this compound forms within a narrow range of chemical
potentials. Therefore, no significant extension of the range of
�μO available to the binary Cu2O (see Fig. 2) is achieved
in this ternary material. The oxygen partial pressures and

temperatures that correspond to the allowed chemical poten-
tials can be easily reached with standard synthesis methods.
From Fig. 6(b) we see instead that Ag3VO4 is stable for �μO

between 0 and −1.01 eV. This �μO interval corresponds to
ranges of temperatures and pressures that encompass much
higher temperatures and much lower oxygen pressures than
those needed to make Ag2O. Indeed, Ag3VO4 is predicted
to be thermodynamically stable at room conditions as well
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FIG. 8. (Color online) In situ high-temperature PXRD analysis
of Ag3VO4.

slower than the heating rate. Owing to the low transition
temperature, the β-Ag3VO4 phase can be easily obtained by
gently heating the crystals. Upon heating, the color changes
from bright red to dark purple for the β-Ag3VO4 phase. In
situ high-temperature powder x-ray diffractometry (PXRD), as
displayed in Fig. 8, clearly illustrates the transformation to the
β phase. Both phases, α-Ag3VO4 and β-Ag3VO4, are present
at 383 K, which demonstrates the gradual transformation. At
403 K the transformation to β-Ag3VO4 is complete, and at
333 K the α phase is present again. In addition, the β-Ag3VO4

phase is light sensitive and quickly transforms back to the
α-Ag3VO4 phase. This phenomenon has been earlier described
by Hirono et al.28 These authors stated that irradiation of
β-Ag3VO4 at 330 nm and 298 K converts the film to α-
Ag3VO4. The photochromic properties of Ag3VO4 and other
Ag-containing ternaries have been studied by Hirono et al.31

B. Intrinsic defects, hole generation, and hole density in
Cu3VO4 and Ag3VO4

Figures 9(a)–9(d)
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a constant parameter often set to reasonable values inferred
from a fit to experimental conductivities of chemically similar
materials. A useful effective quantity that captures the features
of the full density of states g(E) of a material, but which does
not require setting a relaxation time, is the “equivalent” or
“density-of-states” effective mass32,33 m∗

DOS defined by the
relation(

m
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d orbitals of transition-metal species; the introduction of the
on-site nonlocal external potentials, described in Appendix
A 4 alleviates this problem; (ii) the experiment is performed at
room temperature while the calculation yields a value for the
gap at 0 K; (iii) at the actual sample dimensions, the exper-
iment picks up indirect transitions not considered in theory;
(iv) excitonic effects (not included in our calculations) increase
the intensity of the transition close to the band-gap energy.

β-Ag3VO4 is predicted by the
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