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The development of high-performance transparent conducting oxides is critical to many
technologies from transparent electronics to solar cells. Whereas n-type transparent con-
ducting oxides are present in many devices, their p-type counterparts are not largely com-
mercialized, as they exhibit much lower carrier mobilities due to the large hole effective
masses of most oxides. Here we conduct a high-throughput computational search on
thousands of binary and ternary oxides and identify several highly promising compounds
displaying exceptionally low hole effective masses (up to an order of magnitude lower than
state-of-the-art p-type transparent conducting oxides), as well as wide band gaps. In addition
to the discovery of specific compounds, the chemical rationalization of our findings opens
new directions, beyond current Cu-based chemistries, for the design and development of
future p-type transparent conducting oxides.
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ransparent conducting oxides (TCOs) are compounds

exhibiting high electrical conductivity and transparency to

visible light. Those materials are needed in many
applications from solar cells, where a TCO thin film provides
electrical contact without impeding the flux of visible light
reaching the device, to transparent transistors that could,
for instance, be integrated in windows!™. The main strategy
to achieve the two antagonistic properties of high conduct-
ivity and transparency is to use wide band gap oxides (favouring
transparency) doped with a significant amount of mobile
charge carriers, either holes (p-type) or electrons (n-type)®.
n-TCOs (for example, indium tin oxide) are already present in
many modern devices but p-TCOs have not been largely
commercialized, as their carrier mobilities stand an order of
magnitude behind their n-counterparts. This situation impedes
many critical technological developments from more efficient
organic and thin film solar cell designs, benefiting from a better
band matching by using p- instead of #n-TCOs”*®, to the entire
new field of transparent electronics that requires both p- and
n-type TCO materials>~13,

There is a fundamental reason to the difficulty of developing
high-mobility p-type TCOs: the localized oxygen p nature of the
valence band in most oxides makes those bands very flat and
leads to large hole effective masses'>!3. The field of p-type TCOs
received most of its impulse a decade ago when Kawazoe et al.'*
demonstrated that CuAlO, delafossite could show encouragin
p-type conductivity and optical transparency in visible light'%.
The unusual hole mobility of CuAlO, was exglained by a large
hybridization of the oxygen orbitals with 3d'° electrons in the
Cu' T closed shell, lowering the oxygen character and leading to
dispersive (low effective mass) valence band. This finding led to
the outline of a design rule for p-type TCOs requiring the
presence of Cu!™ and motivated the study of a very large
range of Cu-based materials'>!® such as other delafossites
(for example, CuCrO, (ref. 15), SrCu,O, (refs 16,17) or
Cu-based oxychalcogenides!®). To this day, the question
remains open whether alternative chemistries and design rules
could lead to materials with lower hole effective mass. Answering
this question is critical for the p-type TCO field, as it would
enable the identification of the high hole mobility oxides that the
TCO community has been looking for.

In this work, we use a high-throughput ab initio computational
approach to browse the electronic structure for thousands of
binary and ternary oxides!*-2!. We identify the compounds and
chemistries leading to low hole effective mass and wide band gap
materials and propose several novel p-type TCO candidates.
In addition to the identification of specific compounds, we discuss
the underlying chemical reasons for those exceptionally low
hole effective masses and propose novel design rules for the
development of p-type TCOs.

Results

Distribution of electron and hole effective masses. Our database
contains density functional theory (DFT) band structures
for 3,052 oxides. All the oxides are existing minerals, or
already synthesized materials, whose experimentally measured
crystalline structure has been taken from the Inorganic
Crystal Structure Database (ICSD) (http://www.fiz-karlsruhe.de/
icsd.html). We have taken their first principles relaxed
crystalline structure as available in the Materials Project Data-
base (http://www.materialsproject.org)??> and computed their
electronic structure (band gaps and effective masses) using
state-of-the-art methodologies, as described in the Methods
section. Figure 1 shows the histogram of hole (in red) and
electron (in blue) effective masses. The difference in distribution
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Figure 1 | Effective mass distribution for electrons and holes in oxides.
The histogram shows the maximum line effective mass for holes (valence
band) in red and electrons (conduction band) in blue in our set of binary
and ternary oxides. The effective mass bin size is 0.2 and the figure focuses
on the region of low effective mass (lower than 5).

between hole and electron effective masses is striking, empha-
sizing that finding high-mobility p-type oxides is indeed sig-
nificantly more challenging than finding n-types. The chemical
reasons for such a difference comes from the very different
character of the valence and conduction bands in oxides. The
valence bands tend to be of localized oxygen p character (leading
to large effective masses) whereas the conduction bands are
cationic and more often dispersive (leading to low effective
masses)?>24,

Low hole effective mass and large band gap oxides. Although
low hole effective mass oxides are rare, our large database offers
the opportunity to identify the outliers. Searching for compounds
with exceptionally low effective mass (<1.5), we identify 20
oxides that have never been considered as TCOs. Details on the
screening procedure are available in the Methods section.
To further assess the practical interest of the TCO candidates, we
also evaluate their band gaps, as this would influence their light
absorption. As DFT does not model band gaps as accurately as
band shapes and widths, we compute band gaps with a higher
order method: many body perturbation theory in the GW
approach?>2®. The band structure of each candidate is presented
in Supplementary Figs S1-S20.

Figure 2 plots the effective mass versus the band gap for the 20
identified compounds (red dots). For comparison, we also plot a
few known p-type TCOs (blue diamonds, Cu-based TCOs and
ZnRh,0,) and some current n-type materials (green squares,
Sn0O,, In,O; and ZnO). The data are also available in
Supplementary Tables S1-S4. The compounds we have identified
beat the state-of-the-art p-type TCOs by up to an order
of magnitude in effective mass. Some compounds are even
reaching hole effective mass values close to the best electron
effective mass exhibited by current n-type oxides. This shows that
the large difference in mobility between current n-type and p-type
materials is not inevitable and could be overcome by the
investigation of alternative chemistries.

The best TCOs should lie in the lower right corner, as they
would show small effective masses and large band gaps. However,
the materials containing toxic elements such as Pb, T and Hg are
less likely to be of interest technologically. The series of A,B,O
oxypnictides compounds (A = Ca, Sr and B =P, As) and NaNbO,
are not of high priority, as compounds with both higher band
gaps and lower effective masses are present in our data set.
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K,Sn,05; (rhombohedral or bec) and Rb,Sn, 03 show the lowest
effective mass around 0.27-0.28 but a band gap on the small side
(2.4 eV). Interestingly, the band gap of K,Sn,0; can be increased
by substituting Na that would lead to lower absorption in the
visible (see Supplementary Note 1 and Supplementary Fig. S21).
K,Pb,0; also possesses a higher band gap than K,Sn,0; with
similar effective masses but with the drawback of Pb toxicity.
On the other hand, the ZrOS and HfOS compounds have larger
effective masses but with a significantly larger band gap and
opportunities for full visible range transmission. Finally, both
SbyCl,0s and BsO have large band gaps (respectively, 3.6 and
3eV) and low effective masses (respectively, 0.37 and 0.59).

We performed our analysis using the electronic band gap, but
forbidden optical transitions can make the optical band gap
significantly larger, as is the case in In,O; (ref. 27). Thus, we
have also computed all the optical absorption spectra (see
Supplementary Fig. S22). None of the smaller electronic gap
materials (<3 eV) show an optical gap significantly higher than
their electronic gap. Hence, the conclusions drawn from the
electronic band gap still hold.

p-type dopability of the most promising candidates. A low hole
effective mass and a large band gap are necessary for any high-
performance p-type TCO and it is remarkable that those two
simple constraints already exclude the vast majority of known
oxides (>99%). However, the possibility to generate holes in the
valence band (that is, the p-type dopability) is not guaranteed a
priori for our candidates. It is indeed well reported that most
oxides have fundamental thermodynamic constraints, making
their p-type doping difficult?3~30. More specifically, the formation
of compensating intrinsic defects (hole killers) such as the oxygen
vacancy when lowering the Fermi energy towards the valence
band has been identified as the main impediment to p doping
in oxides. Whereas none of our candidates have ever been
tested (or even suggested) as TCOs, doping studies indicating
p-type dopability have already been reported experimentally
or computationally for several of them. BgO has been
experimentally measured to show p-type conductivity®!. It has
been demonstrated experimentally that PbZrysTiypsO3 can be
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Figure 2 | Effective mass versus band gap for the p-type TCO candidates.
We superposed on the band gap axis a colour spectrum corresponding to
the wavelength associated with a photon energy. The TCO candidates are
marked with red dots. A few known p-type (blue diamonds) and n-type
(green square) TCOs can be compared to the new candidates. The best
TCOs should lie in the lower right corner. For clarity, we kept only one
representative when polymorphs existed for a given stoechiometry (for
example, PbTiO5 and K,Sn,053) and did not plot Rb,Sn,03, which is
superposed on K;Sn,0s.

grown as p-type’2, but some recent computations on PbTiO;
seem to indicate an oxygen vacancy low in energy even in
oxidizing conditions®>. Finally, a recent computational study on
ZrOS defects demonstrated that the oxygen vacancy is not a hole
killer in oxidizing conditions (to the contrary of 7r0,)3,

For the remaining chemistries of greatest interest, we perform
defect computations (see Methods), focusing on all the
vacancy intrinsic defects as in Trimarchi et al.3® Figure 3 shows
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Figure 3 | Vacancy formation energy versus Fermi energy. The panels
indicate results for Sb,Cl,05 (a) K,Sn,03 (b) and K,Pb,05 (€). The oxygen
vacancy formation energy is indicated by a blue line. The cation vacancies
are indicated by orange and purple lines. All defects are calculated in
oxidizing conditions. The zero of Fermi energy is the valence band
maximum.
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the defect-formation energy as a function of the Fermi energy for
Sb,ClL,0s, K,Sn,05 and K,Pb,0; in oxidizing conditions (most
favourable for p-type behaviour). Figure 3a shows that Sb,Cl,O5
is not likely to be p-type doped. Indeed, when the Fermi energy is
close enough to the valence band to generate holes, compensating
defects (that is, oxygen and chlorine vacancies) will form
spontaneously and act as hole killers. On the other hand, for
K,Sn,0; (Fig. 3b), the oxygen vacancy will not compensate
hole formation. Moreover, the presence of a low-energy
potassium vacancy can lead to intrinsic p-type behaviour for this
material. This behaviour is similar to the defect energetics in
known p-type oxides such as Cu,O (ref. 36), or CuAlO, (ref. 37).
K,Pb,0; shows a similar behaviour (see Fig. 3c) as well as the
other bcc phase of K,Sn,03 (see Supplementary Fig. S23). These
results demonstrate that all our most promising candidates (apart
from Sb,Cl,0Os) do not only combine low hole effective masses
and wide band gap but have also defect energetics favouring
p-type behaviour. The determination of the exact amount of hole
carriers that those materials could be doped with (intrinsically or
extrinsically) will require future experimental and theoretical
work. Both high hole and low hole concentrations are of interest,
depending on the application. In devices such as solar cells, where
high hole conductivity is sought for, we typically look for high
hole concentration TCOs. However, other devices such as
transparent transistors typically require TCOs with lower hole
concentrations>®,

Discussion

Our approach has led to the identification of several new p-type
TCO candidates but the results can also be analysed to
understand the inherent chemical principles leading to low hole
effective masses. Figure 4 shows the band structure of one
representative of each of the chemistries identified (K,Sn,0s,
Ca,P,0, TI,V,0,, PbTiO3, ZrOS, B¢O and Sb,Cl,O5). The colour
scheme indicates the nature of the band obtained by projecting
the wave functions on the different elements. For the ternary
compounds, one of the red, green or blue colours is associated
with the different elements and the resulting colour is obtained by
mixing those primary colours proportionally to the projections.
The red colour is always associated with oxygen. For the only
binary BeO, red is used for oxygen and blue for boron.
All compounds have dispersive valence bands, with a high
curvature near the valence band maximum, indicative of a low
hole effective mass. For all of them, the oxygen character of the
valence band is mild, in agreement with the localized nature
of oxygen 2p orbitals. Whereas our candidates cover different
chemistries, the low-effective-mass valence bands can be explained
by two main mechanisms that are both related to a chemical way
of producing valence bands with low oxygen character.

The first mechanism leading to compounds with low effective
masses and wide band gaps concerns K,Sn,0; Rb,Sn,0s,
PleO3, PbZrO3, PbeO3, K2Pb203, Tl403 and T14V207
(Fig. 4a-d). For these compounds, the low hole effective
mass originates from the hybridization of the s states of a
(n—1)d"¥ns? cation (for example, Sn2t, Pb2t or TI'H) with
oxygen 2p orbitals. This is similar to what happens for Cu-based
compounds in which the closed 3d shell is hybridized with
oxygen. However, s orbitals are significantly more delocalized
than d orbitals, leading to higher dispersion of the valence band
and lower effective masses (up to an order of magnitude as shown
in Fig. 2). The impact of (n — 1)d*%ns? jons on the valence-band
shape in oxides has been already discussed in other fields such as
photocatalysis>>*? but has not been much used for the design of
p-type TCOs. So far, the only studied (n— 1)d'ns® ion p-type
oxide has been SnO*"*2, However, SnO suffers from a very small

4

indirect gap (0.7eV)*? and its valence band shows anisotropic
effective mass because of its layered structure. Our work shows
that going to ternary oxides of Sn>* can lead to wider band gaps
(similarly than going from Cu,O to CuAlO, widens the gap
of Cu-based compounds) but also to more isotropic effective
masses by modifying the crystal structure. The Hg,SO,
compound also shows an orbital overlap of s electrons with
oxygen p even if Hg!™ has a slightly different electronic
configuration 5d'%6s!.

From our set of (n— l)dlonsz—containing compounds, we
found that the oxygen hybridization is most pronounced for
Sn?* followed by Pb?>* and finally TI' ¥, which has the least
dispersive valence bands and the strongest oxygen character.
Whereas Bi*t is also (n—1)d'ns® and some Bi-based
compounds were close to meet our criteria (for example, BiVOy,,
Bi, Ti,O;, and BiBrO, see Supplementary Table S1), none of them
passed the 1.5 cutoff on average effective mass. It is possible that
our data set did not contain the adequate crystal structure to lead
to large bismuth s-oxygen p overlap in every directions, although
such a structure might be achievable. A Sb> ™ -based compound
(Sb3T is 4d'0562) is also present in our candidates (that is,
Sb,ClL,0Os). However, here not only does the s orbital of Sb
hybridize with oxygen, but the valence band character is also
influenced by the presence of anionic chlorine.

The presence of an additional anion is actually the second
mechanism at play in our low-effective-mass candidates (that is,
ZrOS, HfOS and the oxypnictides) as illustrated by the bands
characters presented in Fig. 4e-h. Here the valence band keeps a p
character but more delocalized orbitals such as 3p (for S ~, P2 ~)
or 4p (As® ) replace the oxygen 2p valence band. Although pure
3p- or 4p-based compounds have often too small band gaps, the
mixing of oxygen and another p-orbital anion can lead to
compounds with low effective masses and large band gaps. For
instance, the band gaps of ZrS, is 1.7 eV (ref. 43), whereas ZrO,
shows a larger band gap (from 5.2 to 5.7eV (ref. 44)) but flat
oxygen valence bands. ZrOS achieves an interesting trade-off
offering a larger band gap than for the pure sulphide with a lower
hole effective mass because of the sulphur character of the valence
band. Our study did not lead to any oxypnictides offering such a
good trade-off, but it is a still unexplored chemistry where future
TCO work might be fruitful. Boron suboxide also fits in the
anion-mixing category, as BO can be seen as a mixture of
cationic boron, anionic boron and anionic oxygen.

Knowing the rarity of p-type oxides, it is fortunate that the
majority of our low hole effective mass candidates show either
experimental or computational evidence for p-type dopability.
This not a coincidence, as both mechanisms at play (hybridiza-
tion of oxygen with (n— 1)d'%ns?> or mixing of oxygen with
another anion) lead to higher valence band energies than typical
oxides, which induces easier p-type doping®3-3°.

In summary, we have studied a large database of computed
band structures for thousands of oxides, searching for the
chemistries prone to low-effective-mass oxides. Our large-scale
study confirms that holes tend to have higher effective masses
than electrons in oxides, but it identifies several compounds with
exceptionally low hole effective masses and wide band gaps.
Further analysis on p-type dopability suggests a few novel
earth-abundant, p-type TCO candidates: BcO, A,Sn,0; (A=K,
Na), ZrOS, as well as the less environmentally friendly PbTiO;
and K,Pb,0;. By analysing those results, two novel design
principles, leading to compounds with lower effective masses
than state-of-the-art p-type TCOs, emerge: hybridization of
a (n—1)d"ns? (especially Sn2t and Pb2 7T, but also Bt or
Sb3*) with oxygen and/or the presence of an anion with
p-orbitals more delocalized than oxygen (for example, $>~, P>~
Cl™ or Br™). Those principles are extremely valuable to guide
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Figure 4 | Projected band structures for low hole effective mass oxides. The panels refer to K,Sn,O3 rhombohedral (a), Tl,V,05 (b), PbTiO5 tetragonal
(), Hg>SO,4 (d), BgO (e), ZrOS (), CasP,0 (g), Sb,Cl,05 (h). The band structures are computed by GGA with a rigid shift of the conduction band (scissor
operator) to fit the band gap to the GW value. The colour indicates the character of the bands by projections of the wave function on the different sites.
Each element in the ternary compound has one of the red, green or blue colour associated with it and the resulting colour is obtained by mixing them in
proportion equivalent to the projections. The red colour is always associated with oxygen. Equivalent Figures without colour scheme but with markers are
available in Supplementary Figs S24-S31.

future searches for high-mobility p-type TCO and, after a decade ~Methods
of exploration of Cu-based chemistries, they offer new chemical  High-throughput computations and screening. Al the high-throughput DFT
spaces full of promises. computations were performed using the Vienna software package (VASP)*°, with
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PAW pseudopotentials*® and the generalized gradient approximation (GGA) as
implemented by Perdew, Burke and Ernzerhoff (PBE)*’.

We considered all compounds containing less than 100 atoms in the unit cell
present in the Materials Project database (http://www.materialsproject.org)??
originally from the ICSD (http://www.fiz-karlsruhe.de/icsd.html) and containing
oxygen and no elements such as rare-earths (from Z =58, Ce to Z=71, Lu), inert
gases and any element with an atomic number larger than 84 (Po). All ionic
relaxations in the Materials Project Database were performed using AFLOW*® with
the high-throughput computation parameters described in Jain et al.??

For the high-throughput band structure computations, we used the Materials
Project structures (already relaxed with GGA) and performed a static run to obtain
the charge density, followed by a non-self-consistent band structure run along the
band structure symmetry lines provided by Curtarolo et al.'**® Our screening
procedure consisted of evaluating first the effective mass along the band-structure
symmetry lines. If none of those were higher than 1.5, we also performed a
full average effective mass tensor computation on a regular I'-centred 8,000
k-points grid interpolated using the Boltztrap code®. This average effective mass
tensor takes into account effects of non-parabolicity, multiple bands, multiple
minima and anisotropy. More details on the average effective mass and the
screening procedure are given in Supplementary Methods (with a flow chart in
Supplementary Fig. $32).

All data analyses (for example, effective mass computations or band structure
plotting) were carried out using the pymatgen python package™.

GW computations. In the one-shot GW (or GyW,) approach, corrections are
obtained perturbatively from a starting DFT electronic structure. GW and
preparatory DFT calculations on the 20 target compounds were performed with the
ABINIT code® at optimized geometries, obtained from the Materials Project
database. The exchange correlation energy for the preparatory DFT computation
was described using the local density approximation functional®?. The Brillouin
Zone was sampled with Monkhorst-Pack grids and the k-point sampling density
was similar for all considered systems (> 450/n k-points, where # is the number of
atoms in the unit cell). For each oxide, the planewave cutoff was determined
separately and set using a total energy difference convergence criterion, leading to
electronic energies converged within 10 ~3eV on average. We used norm-con-
serving pseudopotentials to model the electron-ion interaction. If any, we included
semi-core d states as valence in the pseudopotential. Supplementary Table S5 gives
details on the pseudopotential used. The GW calculations were carried out using the
well-established Godby-Needs plasmon pole approximation®>. The accuracy of some
other plasmon pole approximations has been recently questioned. However, the
Godby-Needs plasmon pole approximation has been shown to give the same results
as the full contour deformation numerical integration for several oxides™*>%. We used
a cutoff of 20 Rydberg for the expansion of the dielectric matrix and performed
convergence studies with respect to number of bands for all our candidates. The band
gaps are converged within 0.1eV (up to 1,300 bands are needed). While considering
the GW band gaps, the reader should keep in mind that the G, W, approach that we
use, although significantly more predictive than DFT, nevertheless still slightly
underestimates band gaps (by around 0.2V in average)?°.

Absorption spectra computations. The absorption coefficient computations
followed the methodology from Yu et al.>® and used the random phase
approximation approach as implemented in VASP on the GGA band structure®.
No phonon-assisted transition or excitonic effects were taken into account but a
scissor shift resulting from the GW calculations was applied to the GGA results.
A Monkhorst-Pack grid of at least 10 x 10 x 10 k-points and a number of bands
three times larger than for the ionic relaxation were used for all computations.

Defect computations. All defect computations were performed with a 2 x 2 x 2
k-point Monkhorst-Pack grid, with GGA-PBE on supercells (2 x 2 x 2 for K,Sn,03
and K,Pb,05; 3 x 2 x 1 for Sb,Cl,O5). We used the electrostatic correction scheme
provided by Freysoldt®®. The defect energies were also corrected to take into
account band-filling errors®. Finally, the band gap was corrected by shifting the
valence and conduction bands by their bulk GW corrections while moving along
the shallow defects with their band edge (that is, with the VBM for shallow
acceptors)®®. The chemical potential were obtained by computing the chemical
potential region of stability for the compound with respect to all the compounds
present in Materials Project database using the pymatgen package (see
Supplementary Figs $33 — $35)°°. We selected the conditions of highest and lowest
possible oxygen chemical potential for the given phase. Results for reducing
conditions are available in Supplementary Figs S23 and S36 — S38.

References
1. Ginley, D. S. & Bright, C. Transparent conducting oxides. MRS Bull. 25, 15-18
(2000).

2. Fortunato, E., Barquinha, P. & Martins, R. Oxide semiconductor thin-film
transistors: a review of recent advances. Adv. Mater. 24, 2945-2986 (2012).

3. Grangyist, C. G. Transparent conductors as solar energy materials: A
panoramic review. Sol. Energy Mater. Sol. Cells 91, 1529-1598 (2007).

4.

1

W

14.

15.

16.

17.

18.

19.

20.

2

—_

22.

23.

24.

25.

2

[=2)

27.

28.
. Robertson, J. & Clark, S. Limits to doping in oxides. Phys. Rev. B 83, 075205

2!

o

30.

3

—

32.

33.

34,

3

o

36.

38.

Ellmer, K. Past achievements and future challenges in the development of
optically transparent electrodes. Nat. Photonics 6, 809-817 (2012).

Ginley, D. S., Hosono, H. & Paine, D. C. Handbook of Transparent Conductors
(Springer, 2011).

Edwards, P. P., Porch, A,, Jones, M. O., Morgan, D. V. & Perks, R. M. Basic
materials physics of transparent conducting oxides. Dalton Trans. 19,
2995-3002 (2004).

Liu, H., Avrutin, V., Izyumskaya, N., Ozgiir, U. & Morkog, H. Transparent
conducting oxides for electrode applications in light emitting and absorbing
devices. Superlattices Microstruct. 48, 458-484 (2010).

Beyer, W., Hiipkes, ]. & Stiebig, H. Transparent conducting oxide films for thin
film silicon photovoltaics. Thin Solid Films 516, 147-154 (2007).

Kawazoe, H., Yanagi, H. & Ueda, K. Transparent p-type conducting oxides:
design and fabrication of pn heterojunctions. MRS Bull. 25, 28-36 (2000).

. Ohta, H. Transparent oxide optoelectronics. Mater. Today 3, 42-51 (2004).
. Wager, J. F., Keszler, D. A. & Presley, R. E. Transparent Electronics (Springer,

2007).

. Sheng, S., Fang, G., Li, C,, Xu, S. & Zhao, X. p-type transparent conducting

oxides. Phys. Status Solidi A 203, 1891-1900 (2006).

. Banerjee, A. & Chattopadhyay, K. Recent developments in the emerging field of

crystalline p-type transparent conducting oxide thin films. Prog. Cryst. Growth
Charact. Mater. 50, 52-105 (2005).

Kawazoe, H., Yasukawa, M. & Hyodo, H. p-type electrical conduction in
transparent thin films of CuAlO,. Nature 389, 939-942 (1997).

Nagarajan, R., Draeseke, A. D., Sleight, A. W. & Tate, J. p-type conductivity in
CuCr,; _ yMg,O, films and powders. J. Appl. Phys. 89, 8022-8025 (2001).
Kudo, A., Yanagi, H., Hosono, H. & Kawazoe, H. SrCu,0,: A p-type conductive
oxide with wide band gap. Appl. Phys. Lett. 73, 220-222 (1998).

Ohta, H. et al. Electronic structure and optical properties of SrCu,0,. J. Appl.
Phys. 91, 3074-3078 (2002).

Ueda, K., Inoue, S., Hirose, S., Kawazoe, H. & Hosono, H. Transparent p-type
semiconductor: LaCuOS layered oxysulfide. Appl. Phys. Lett. 77, 2701-2703
(2000).

Setyawan, W. & Curtarolo, S. High-throughput electronic band structure
calculations: challenges and tools. Comput. Mater. Sci. 49, 299-312 (2010).
Yang, K., Setyawan, W., Wang, S., Buongiorno Nardelli, M. & Curtarolo, S.
A search model for topological insulators with high-throughput robustness
descriptors. Nat. Mater. 11, 614-619 (2012).

. Hautier, G,, Jain, A. & Ong, S. P. From the computer to the laboratory:

materials discovery and design using first-principles calculations. J. Mater. Sci.
47, 7317-7340 (2012).

Jain, A. et al. A high-throughput infrastructure for density functional theory
calculations. Comput. Mater. Sci. 50, 2295-2310 (2011).

Minami, T. Transparent and conductive multicomponent oxide films prepared
by magnetron sputtering. J. Vac. Sci. Technol. A 17, 1765-1772 (1999).
Medvedeva, J. E. & Hettiarachchi, C. L. Tuning the properties of complex
transparent conducting oxides: role of crystal symmetry, chemical composition,
and carrier generation. Phys. Rev. B 81, 125116 (2010).

Aulbur, W. G,, Jonsson, L. & Wilkins, J. W. Quasiparticle calculations in solids.
Solid State Phys. 54, 1-218 (1999).

. Van Schilfgaarde, M., Kotani, T. & Faleev, S. Quasiparticle self-consistent GW

theory. Phys. Rev. Lett. 96, 226402 (2006).

Walsh, A. et al. Nature of the band gap of In,O; revealed by first-principles
calculations and x-ray spectroscopy. Phys. Rev. Lett. 100, 167402 (2008).
Zunger, A. Practical doping principles. Appl. Phys. Lett. 83, 57-59 (2003).

(2011).
Scanlon, D. O. & Watson, G. W. On the possibility of p-type SnO,. J. Mater.
Chem. 22, 25236-25245 (2012).

. Akashi, T., Itoh, T., Gunjishima, I. & Masumoto, H. Thermoelectric properties

of hot-pressed boron suboxide (BsO). Mater. Trans. 43, 1719-1723 (2002).
Gerson, R. & Jaffe, H. Electrical conductivity in lead titanate zirconate ceramics.
J. Phys. Chem. Solids 24, 979-984 (1963).

Shimada, T., Ueda, T., Wang, J. & Kitamura, T. Hybrid Hartree-Fock density
functional study of charged point defects in ferroelectric PbTiO;. Phys. Rev. B
87, 174111 (2013).

Malyi, O. I, Wu, P, Kulish, V. V., Bai, K. & Chen, Z. Formation and migration
of oxygen and zirconium vacancies in cubic zirconia and zirconium oxysulfide.
Solid State Ionics 212, 117-122 (2012).

. Trimarchi, G. et al. Using design principles to systematically plan the synthesis

of hole-conducting transparent oxides: Cu;VO, and Ag;VO, as a case study.
Phys. Rev. B 84, 165116 (2011).

Raebiger, H., Lany, S. & Zunger, A. Origins of the p-type nature and cation
deficiency in Cu,O and related materials. Phys. Rev. B 76, 045209 (2007).

. Hamada, I. & Katayama-Yoshida, H. Energetics of native defects in CuAlO,.

Physica B 377, 808-811 (2006).
Barquinha, P., Martins, R., Pereira, L. & Fortunato, E. Transparent Oxide
Electronics: From Materials to Devices (Wiley, 2012) 4.

| 4:2292 | DOI: 10.1038/ncomms3292 | www.nature.com/naturecommunications

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.fiz-karlsruhe.de/icsd.html
http://www.nature.com/naturecommunications

ARTICLE

39.

40.

4

—

42.

4

w

44,

45.

46.

47.

4

osl

49.

50.

51.

52.

53.

54.

55.

56.

57.

Walsh, A., Payne, D. J., Egdell, R. G. & Watson, G. W. Stereochemistry of
post-transition metal oxides: revision of the classical lone pair model. Chem.
Soc. Rev. 40, 4455-4463 (2011).

Walsh, A., Yan, Y. & Huda, M. Band edge electronic structure of BiVOy:
elucidating the role of the Bi s and V d orbitals. Chem. Mater. 21, 547-551
(2009).

. Fortunato, E. et al. Transparent p-type SnOj thin film transistors produced by

reactive rf magnetron sputtering followed by low temperature annealing. Appl.
Phys. Lett. 97, 052105 (2010).

Ogo, Y. et al. p-channel thin-film transistor using p-type oxide semiconductor,
SnO. Appl. Phys. Lett. 93, 032113 (2008).

. Moustafa, M., Zandt, T., Janowitz, C. & Manzke, R. Growth and band gap

determination of the ZrS,Se, _ single crystal series. Phys. Rev. B 80, 035206
(2009).

Griining, M., Shaltaf, R. & Rignanese, G.-M. Quasiparticle calculations of the
electronic properties of ZrO, and HfO, polymorphs and their interface with Si.
Phys. Rev. B 81, 035330 (2010).

Kresse, G. & Furthmiiller, J. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci. 6,
15-50 (1996).

Blochl, P. Projector augmented-wave method. Phys. Rev. B 50, 17953-17979
(1994).

Perdew, J., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

. Curtarolo, S. et al. AFLOWLIB.ORG: A distributed materials properties

repository from high-throughput ab initio calculations. Comput. Mater. Sci. 58,
227-235 (2012).

Madsen, G. K. & Singh, D. J. BoltzTraP. A code for calculating band-structure
dependent quantities. Comput. Phys. Commun. 175, 67-71 (2006).

Ong, S. P. et al. Python materials genomics (pymatgen): a robust, open-source
python library for materials analysis. Comput. Mater. Sci. 68, 314-319 (2013).
Gonze, X. et al. ABINIT: First-principles approach to material and nanosystem
properties. Comput. Phys. Commun. 180, 2582-2615 (2009).

Perdew, J. & Wang, Y. Accurate and simple analytic representation of the
electron-gas correlation energy. Phys. Rev. B 45, 244-249 (1992).

Godby, R. & Needs, R. Metal-insulator transition in Kohn-Sham theory and
quasiparticle theory. Phys. Rev. Lett. 62, 1169-1172 (1989).

Stankovski, M. et al. GyW, band gap of ZnO: effects of plasmon-pole models.
Phys. Rev. B 84, 241201 (2011).

Miglio, A. et al. Effects of plasmon pole models on the GoW,, electronic
structure of various oxides. Eur. Phys. J. B 85, 322 (2012).

Yu, L., Kokenyesi, R. S., Keszler, D. A. & Zunger, A. Inverse design of high
absorption thin-film photovoltaic materials. Adv. Energy Mater. 3, 43-48
(2013).

Gajdos$, M., Hummer, K., Kresse, G., Furthmiiller, J. & Bechstedt, F. Linear
optical properties in the projector-augmented wave methodology. Phys. Rev. B
73, 045112 (2006).

58. Freysoldt, C., Neugebauer, J. & Van de Walle, C. Fully ab initio finite-size
corrections for charged-defect supercell calculations. Phys. Rev. Lett. 102,
016402 (2009).

59. Lany, S. & Zunger, A. Assessment of correction methods for the band-gap
problem and for finite-size effects in supercell defect calculations: case studies
for ZnO and GaAs. Phys. Rev. B 78, 235104 (2008).

Acknowledgements

Geoffroy Hautier and Gian-Marco Rignanese acknowledge the F.R.S.-FNRS for
financial support. The work was supported by the European Union Marie Curie Career
Integration (CIG) grant HTforTCOs PCIG11-GA-2012-321988. Gerbrand Ceder
acknowledges the ONR (Office or Naval Research) for financial support through the
award N00014-11-1-0212 of ‘New Technologies Through Computational Materials
Design’. We acknowledge technical support and scientific advice from J.-M. Beuken,
M. Giantomassi, M. Stankovski, D. Waroquiers, Y. Pouillon, M. Kocher, A. Jain, S. P.
Ong, J. Varley and K. Persson. This work was also supported by the Agentschap voor
Innovatie door Wetenschap en Technologie (IWT project N080023, ISIMADE), the
F.R.S.-FNRS through FRFC project 2.4.589.09.F, and the Région Wallonne through
WALL-ETSF (project Number 816849). Computational resources have been provided by
the supercomputing facilities of the Université catholique de Louvain (CISM/UCL) and
the Consortium des Equipements de Calcul Intensif en Fédération Wallonie Bruxelles
(CECI) funded by the F.R.S.-FNRS. We would like to thank MIT-UCL MISTI global seed
fund for financial support.

Author contributions

G.H. developed the high-throughput infrastructure and ran the high-throughput com-
putations. A.M. performed the GW computations. G.H., A.M., X.G., G.-M.R. analysed
the data. G.H. wrote the article while all authors discussed and edited it. G.H., X.G.,
G.-M.R. and G.C. designed the project.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Hautier, G. et al. Identification and design principles of low hole
effective mass p-type transparent conducting oxides. Nat. Commun. 4:2292 doi: 10.1038/

ncomms3292 (2013).
This work is licensed under a Creative Commons Attribution-

@ NonCommercial-ShareAlike 3.0 Unported License. To view a copy of

this license, visit http://creativecommons.org/licenses/by-nc-sa/3.0/

| 4:2292 | DOI: 10.1038/ncomms3292 | www.nature.com/naturecommunications 7

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Distribution of electron and hole effective masses
	Low hole effective mass and large band gap oxides

	Figure™1Effective mass distribution for electrons and holes in oxides.The histogram shows the maximum line effective mass for holes (valence band) in red and electrons (conduction band) in blue in our set of binary and ternary oxides. The effective mass b
	p-type dopability of the most promising candidates

	Figure™3Vacancy formation energy versus Fermi energy.The panels indicate results for Sb4Cl2O5 (a) K2Sn2O3 (b) and K2Pb2O3 (c). The oxygen vacancy formation energy is indicated by a blue line. The cation vacancies are indicated by orange and purple lines. 
	Figure™2Effective mass versus band gap for the p-type TCO candidates.We superposed on the band gap axis a colour spectrum corresponding to the wavelength associated with a photon energy. The TCO candidates are marked with red dots. A few known p-type (blu
	Discussion
	Methods
	High-throughput computations and screening

	Figure™4Projected band structures for low hole effective mass oxides.The panels refer to K2Sn2O3 rhombohedral (a), Tl4V2O7 (b), PbTiO3 tetragonal (c), Hg2SO4 (d), B6O (e), ZrOS (f), Ca4P2O (g), Sb4Cl2O5 (h). The band structures are computed by GGA with a 
	GW computations
	Absorption spectra computations
	Defect computations

	GinleyD. S.BrightC.Transparent conducting oxidesMRS Bull.2515182000FortunatoE.BarquinhaP.MartinsR.Oxide semiconductor thin-film transistors: a review of recent advancesAdv. Mater.24294529862012GranqvistC. G.Transparent conductors as solar energy materials
	Geoffroy Hautier and Gian-Marco Rignanese acknowledge the F.R.S.-FNRS for financial support. The work was supported by the European Union Marie Curie Career Integration (CIG) grant HTforTCOs PCIG11-GA-2012-321988. Gerbrand Ceder acknowledges the ONR (Offi
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




