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ABSTRACT: Many technologies require oxides with high
electronic conductivity or mobility (e.g,, transparent conduct-
ing oxides, oxide photovoltaics, or photocatalysis). Using high-
throughput ab initio computing, we screen more than 4000
binary and ternary oxides to identify the compounds with the
lowest electron effective mass. We identify 74 promising oxides
and suggest a few novel potential n-type transparent
conducting oxides combining a large band gap to a low
effective mass. Our analysis indicates that it is unlikely to find
oxides with electron effective masses significantly lower than
the current high-mobility binary oxides (e.g,, ZnO and In,0;).
Using the large data set, we extract chemical rules leading to

electron effective mass
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low electron effective masses in oxides. Main group elements with (n—1)d'’ns’np° cations in the rows 4 and 5 and groups 12—15
of the periodic table (i.e., Zn**, Ga*, Ge*', Cd**, In**, Sn**, and Sb**) induce the lowest electron effective masses because of their
s orbitals hybridizing adequately with oxygen. More surprisingly, oxides containing 3d transition metals in a low oxidation state
(e.g, Mn**) show also competitive effective masses due to the s character of their conduction band.

B INTRODUCTION

Oxides with high carrier mobility are critical in many
applications from transparent electronics to photovoltaics. By
far the largest use of high-mobility oxides is to form transparent
conducting oxides (TCOs) combinin% transparency in the
visible to large electronic conductivity. * Typical TCOs are
formed by a large band gap oxide doped with highly mobile
(ie., up to 100 cm®/(V s)) carriers. n-Type TCOs are already
well-developed and largely commercialized with materials such
as tin-doped indium oxide (ITO) or aluminum-doped zinc
oxide (AZO). However, researchers are still looking for novel
n-type TCOs that would improve their fundamental properties
(conductivities, mobilities, and transparency to visible light) or
add application-specific properties such as stability, band
alignment with other materials, work function, or etchability.5
In addition, cost issues related, for instance, to the availability of
indium have been a major driver to find novel alternative n-type
TCOs. While the major field of interest for conductive oxides
has been TCOs, other applications require high-mobility oxides
such as all-oxide photovoltaics, oxide electronics, or photo-
catalysis.5®

Ab initio computations have provided important insight into
the properties of various conductive oxides (see, e.g, refs
9—15). In addition, high-throughput computations have
recently emerged as a powerful way to rapidly search for
materials with adequate properties among the large number of
possible chemical compounds'®'” in fields such as photo-
catalysis,18 topological insulators,'® Li-ion batteries,”**' ther-
moelectrics,”>>* and lately identification of novel p—ty%)e TCO
candidates with exceptionally low hole effective mass.**
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A critical factor leading to high electronic mobility is a
conduction band with a low effective mass (i.e, with a high
curvature). In this work, we use a high-throughput computa-
tional approach to search for oxides with low electron effective
mass. We evaluate the electron effective mass for thousands of
binary and ternary oxides and systematically discuss the
chemistries necessary to achieve the lowest electron effective
masses. In addition, we evaluate the band gap of the most
promising compounds and identify several novel potential n-
type TCOs.

B METHODS

Ab Initio Computations Parameters. All the high-throughput
density functional theory (DFT) computations were performed using
the projector augmented wave (PAW) method®® with the generalized
gradient approximation (GGA) as implemented by Perdew, Burke,
and Ernzerhoff (PBE)? in the Vienna ab initio software package
(VASP).*” All ionic relaxations were performed using VASP with
AFLOW?® and the h'§h-throughput computations parameters are
described in Jain et al.®

The underestimation of the band gap is notorious in GGA for
oxides with partially occupied d electrons. This can lead to a spurious
metallic band structure from which by definition no effective mass can
be extracted. To alleviate this issue, we computed the compounds
containing an element such as V, Cr, Mn, Fe, Co, Ni, or Mo and with a
GGA band gap smaller than 0.5 eV, using a Hubbard U (GGA + U).»*
We used the U advised by the Materials Project® to open the gap of
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the metallic compounds. However, we must stress that this approach
does not guarantee a quantitatively accurate band gap.

All computations have been performed with a ferromagnetic
initialization unless otherwise specified.

More accurate band gaps can be obtained by many-body
perturbation theory in the GW framework.>>”>* Here, we used the
one-shot GW (or GyW,) approach where corrections are obtained
perturbatively from a starting DFT electronic structure. GW and
preparatory DFT calculations 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
(LDA) functional.>® The Brillouin Zone is sampled with Monkhorst—
Pack grids and the k-point sampling density was similar for all
considered systems (>450/n k-points where 7 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 107> eV on average.
We used norm-conserving pseudopotentials to model the electron—
ion interaction. If any, we include semicore d states as valence in the
pseudopotential. The GW calculations were carried out usin§ the well-
established Godby-Needs plasmon-pole approximation.®”">” We used
a cutoff of 20 Ry for the expansion of the dielectric matrix and
performed convergence studies with respect to the number of bands
for all our candidates. The band gaps are converged within 0.1 eV (up
to 1300 bands are needed).

Stability and Band Structure Analysis. The thermodynamical
stability of the oxides at 0 K was analyzed using the convex hull
construction. The latter effectively compares a compound energy to all
linear combinations of competing phases. The construction is outlined
for instance in refs 20 and 40. The stability of a compound is
quantified by its energy above hull. An energy above hull of 0 meV/
atom indicates a stable compound (a compound on the convex hull).
The larger the energy above the hull, the less stable the phase. The
stability analysis was performed using the pymatgen python package.*!

Effective Mass Definitions. The aim of our study is to identify
materials with high n-type conductivity (or electron mobility). Here,
we will describe how these quantities are linked to direct properties of
the band structure of the material In an isotropic system, the
conductivity (o) is related to the concentration of electrons (1) and to

their mobility (u),

o = ney

(1)

where e is the charge of the electron.
The mobility depends on the electronic effective mass (m) and the
relaxation time (7):
e

==
m

)

The relaxation time incorporates all scattering events that can
influence electron conduction (impurity scattering, phonon scattering,
etc.). The modeling of scattering can be very expensive computation-
ally and will not be tackled in this high-throughput work.

On the other hand, it is relatively easy to obtain the effective mass
from a simple band structure computation. For a single isotropic and
parabolic conduction band, the effective mass can be obtained from
the curvature of the conduction band,

1 1 9

ey chond(kCBM)

©)

where kcpy is the electron wave vector corresponding to the
conduction band minimum (CBM) and E_4(k) is the energy of the
conduction band.

In general, though, the effective mass is a tensor property, the bands
can be nonparabolic, and several bands and/or several pockets in
different parts of the Brillouin zone can contribute to conductivity.
Those complexities can be taken into account through the
semiclassical Boltzmann theory assuming a constant relaxation
time.””** According to Boltzmann theory, the conductivity tensor is
related to the band structure by
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where E(i, k) is the energy of the ith band at the k wave vector, f(E, v,

T) is the Fermi—Dirac distribution with v the chemical potential of the
electron and T the temperature, and the electron speed is

(i k) = - -2 K, k)

h ok, (%)

Equation 4 can be simplified to the following by using an integration

by part

ip= e 3 M6 10 5806 10, ) K ©

introducing the inverse effective mass tensor at the wave vector k and
for the ith eigenvalue (E(j, k)):

1 9

L E(i, k
1 ok,dk, (%)

M~ '(i, k) =
(7)

In the case of one isotropic parabolic band, the effective mass tensor
is diagonal and independent of k (M~ (i, k) = 1/m8,5) and we recover
the textbook expression relating conductivity to effective mass and
density of carriers n:

(8)

In the most general case, we can define an average effective mass
tensor M4 as

Oup
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This average tensor M, evaluated for a chemical potential leading
to a given carrier concentration (in this work 10'® cm™) and at the
same temperature T = 300 K, can be used to compare the intrinsic
tendency for materials to lead to mobile charge carriers. It takes into
account nonparabolicity, anistropy, and the competitions of pockets in
the Brillouin zone.

In practice, the evaluation of the average effective mass tensor
through eq 10 requires a dense k-point sampling of the Brillouin zone
(on the order of 10000s of k-points), and would be time-consuming
on a full database of thousands of compounds even with DFT. A useful
proxy to the full average effective mass can be defined as the line
effective mass:

1
My = Max Z /__2
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(10)
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where the maximum is taken from all the high-symmetry lines o. This
line effective mass is not as accurate as determining the exact effective
mass tensor but requires much less computational time (a band
structure along high-symmetry lines can be obtained with only a few
hundred k-points). Thus, it can be used as a first screening before
evaluating the full average effective mass tensor.

Effective Mass Screening Approach. The workflow for our
tiered screening approach is outlined in Figure 1. The first step is to
evaluate the line electron effective mass for the binary and ternary

V3

dkl]
T = 300 K) —%
(11)
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Materials Project binary
and ternary oxides

l 4577 oxides

DFT-GGA Band structure
along symmetry lines

GGA Band Gap > 0.1 eV

I Line eff. Mass < 0.3

GGA average electron
_effective Mass Tensor M

For any i, m< 0.3

Low effective mass
Oxide candidates

Figure 1. Flowchart for the high-throughput procedure used to search
for oxides with low electron effective mass.

oxides present in the Materials Project database.”” We used DFT with
the GGA-PBE functional to compute the band structure of 4577
oxides along the high-symmetry lines defined in refs 28 and 43. We
considered oxides containing less than 100 atoms in the unit cell
present in the Materials Project’”** database and originally from the
Inorganic Crystal Structure Database (ICSD).*® Furthermore, we
disregarded compounds with rare-earth elements (from Z = 58, Ce to
Z = 71, Lu), inert gases, and any element with an atomic number
larger than 84 (Po). For oxides containing V, Cr, Ni, Co, Mo, Fe, and
Mn, we added a Hubbard U to open the gap of metallic systems. The
first screening consisted of only keeping materials with a line effective
mass lower than 0.3 (ie., 2 times larger than current n-type TCOs,
ZnO, Sn0,, and In,0;) and a GGA(+U) band gap higher than 0.1 eV.
The screening on effective mass was done in two steps. First, we
evaluated the line effective mass (using eq 11) and for the few
compounds showing promising line effective mass, we performed a full
average effective mass tensor computation through eq 10. The full
average effective mass tensor computation was performed on a regular
T-centered 8000 k-points grid interpolated using the Boltztrap code.””

B RESULTS

Analysis of the Low Electron Effective Mass Oxides.
Low Electron Effective Mass Oxides Candidates. Our study
targets the identification of oxides with high electronic mobility.
The electronic mobility is directly related to the electronic
effective mass that can be obtained from a computed band
structure (see the Methods section). We follow the tiered
screening approach described in the Methods section and
Figure 1 to search for oxides with very low electron effective
mass among 4577 oxides. From this search, 74 oxides of
interest are identified and are presented in Tables 1 and 2. We
provide the three eigenvalues of the average electron effective
mass tensor as well as the experimental band gaps (when
available in the literature). We have separated the materials
between stable (Table 1) and unstable (Table 2) compounds.
We have used 50 meV/atom as a threshold to separate unstable
and stable oxides.*® The unstable materials could be metastable,
high-pressure, or high-temperature phases as well as inaccurate
crystal structures in the ICSD.

We should stress that our screening greatly reduced the
number of possible oxides, excluding 98% of the materials in
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our database. Moreover, the TCOs of greatest current interest
(In,O3, ZnO, and Sn0O,) already have very low effective masses
from 0.15 to 0.18. Here, we do not find any oxide with
significantly lower electron effective masses and the lowest
effective mass found is 0.13 for BaSnO;. However, our work
shows that there is a significant amount of alternative materials
with effective masses between 0.15 and 0.3 and that might be of
interest due to additional properties (e.g., cost, band alignment,
and stability).

Previously Considered TCOs. Among the candidates, many
have already been considered as TCOs. This is the case for
In,0;, ZnO, and SnO, but also of the several spinel compounds
of formula CdGa,0,,° MgIn204,68 CdIn,0,,°*"" and
ZnGa,0,”*”* and for compounds such as Ga,0,% InGaO,,”°
ZnSn0,,"° In,TeOy”' CdSb,04,° and Cd,Sn0,.* Our
analysis also identifies BaSnO; perovskite for which high
electronic mobility (up to 300 cm?/(V s)) has been recently
measured and is considered as a very promising n-type
TCO.*””* The identification of already known or previously
studied TCO materials gives us confidence in our screening
approach. It justifies the focus of our study on effective mass
and shows that identification of potential high-mobility oxides
can be performed without modeling the detailed scattering
processes.

Germanium-Based Oxides. We also find several phases
never studied as TCOs and suggested computationally. A large
portion of them are germanium-based compounds. Until the
recent demonstration of SrGeO; as TCO,” germanium was
not considered as an element of priority for TCO applications.
Indeed, the low-pressure phase of the germanium binary oxide
(GeO,) does not show effective masses of great interest (m =
0.4—0.5). However, the GeO, high-pressure phase as well as
several ternaries (CdGeOj polymorphs, Cd,Ge,0,, CdGe,O;,
Cd,GeQ, spinel, ZnGeO;, Zn,Ge;04, Ga,GeOg, In,Ge,0-, and
Zn,Ge0,) show attractive effective masses. Among these, only
Cd,GeO, has previously been studied.”> We should note,
however, that most of those phases are mixtures of Ge with an
element whose binary oxide is a good TCO: Cd, Zn, In, or Ga.

Mercury-Based Oxides. Mercury-based compounds have
never been considered as TCO so far. Here, we identify several
mercury-containing low effective mass ternary oxides:
Hg,Cl,0,, Hg,OF,, HgAs,O4 and HgAsO; However, the
toxicity of mercury is limiting its practical use. Toxicity is also a
major issue for thallium-based compounds such as NaTIlO,.

Antimony-Based Oxides. Due to its electronic configuration
(close to Sn*, In**, and Zn®"), Sb*" has been previously
proposed as a promising element for TCO.”” Our analysis
reveals that several Sb-based oxides, including Sb,Os, show a
very low effective mass. However, there is actually little
literature on Sb>*-based TCO materials. The experimental band
gap of Sb,O; has been reported around 3 eV’*”* but recent
computations with hybrid functionals cast doubt into these
results by reporting a much smaller gap of 0.76 ¢V.”° Among
the Sb**-ternary oxides, both NaSbO; and KSbOj are reported
in the ilmenite and perovskite structure (cubic or ortho-
rhombic). The cubic perovskites show very low effective masses
for both the Na and K compounds. However, there are only a
few and quite old reports on the synthesis of these cubic
perovskites.”””® 1t is unclear if the low effective mass cubic
perovksite can be synthesized even though Shimada and
Kodaira reported metastable cubic NaSbO,; and KSbO,.”’
Unfortunately, the more clearly established and stable NaSbO,
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Table 1. Oxides with the Lowest Electron Effective Mass (<0.3)“

formula

BaSnO;
Cd,SnO,
In,04
ZnO
CdIn,0O,
Cd,Ge,044
Hg,CLO0,
Cd;TeOq
SnO,
In, 04
IngTeO,,
Hg,OF,
CdGeO;,
InGaO;,
ZnSnO;
CdGa,0,
HgAs, O
Cd,Sb,0,
ZnSb,0¢
Ga,0;
In,TeOg¢
Cd,Cl,0,
Na,Mn,0;
GeO,
Ga,TeOyq
Nb,Hg,0;
ZnGa,0,
ZnGeO;
Cd,GeO,
Sb,0;
HgAsO;
Ga,0;
IngWOy,
InOF
K,Mn,0,
K,Zns0,
In,Ge,0,
MnO
NaTIO,
K,Cd,0,
CdSb,04
CdGe,0q
Cd,;SiO;
Ba,In, 04
Zn,Ge;04
SrIn,O,
Rb,In,O,
Na,Zn,0;
MnGeO;
NasMnO,
CoO
Mgln, O,
KSbO;
MgSb,04
Sr IO
Ga,GeOg
MnSb, O
Cd,As,0,
Zn,GeO,
Na,I,0
Rb,Zn;0,

space group
Pm3m
Pmcb
Ia3
P6ymc
Fd3m
P4b2
Icma
P2,/c
P4,/mnm
R3c
R3
P63me
R3
P6,/mmc
R3¢
Fd3m
P31m
Imma
P4,/mnm
R3¢
P321
P2,/c
P42,2
Pcnb
P4,/mnm
Fd3m
Fd3m
R3
Pcmn
C2/c
P31m
C2/m
R3
Fddd
P2,/c
P4,/mnm
C2/m
Fm3m
R3m
P2,/c
P31m
PT
P4/nmm
I2cm
Pay3
Pmnb
P31m
P2,/c
R3m
P6ymc
Fd3m
Fd3m
Fd3m
P4,/mnm
P6;mc
C2/m
P321
C2/m
R3
I14/mmm
C2/c

MP id
3163
5966
22598
2133
19803
29213
23358
14243
856
22323
22189
510309
8275
22606
13334
3443
3810
16281
3188
1243
504908
29297
566788
10913
28931
13803
5794
8285
3917
1705
30284
886
25178
27175
19148
540728
5280
19006
3056
7534
8922
7762
13820
20546
27843
540688
572688
8086
25014
19321
19079
7831
16293
3653
29910
29455
25043
10486
5909
22937
505501

stability (eV/atom)

o O O O O O O O O

=
o O
—_

5450

m,
0.13
0.15
0.15
0.15
0.16
0.17
0.18
0.18
0.18
0.18
0.18
0.19
0.19
0.19
0.19
0.19
0.2
0.2
021
022
022
0.23
023
0.23
023
0.23
0.23
023
0.24
0.24
0.24
0.24
0.24
0.25
0.25
0.25
0.25
0.25
0.25
0.26
0.26
0.26
0.26
0.26
0.26
027
0.27
0.27
027
027
0.27
0.27
0.27
0.28
0.28
0.29
0.29
0.29
0.29
0.29
0.3

my
0.13
0.14
0.15
0.15
0.16
0.16
0.16
0.17
0.18
0.18
0.18
0.12
0.19
0.19
0.19
0.19
0.18
0.18
021
021
021
022
022
023
0.23
023
0.23
0.23
022
022
0.24
0.24
0.24
022
022
0.23
0.24
0.25
0.24
022
022
0.23
0.24
0.26
0.26
022
0.24
0.25
0.26
0.25
0.27
027
0.27
0.27
0.28
0.25
0.25
0.28
0.29
0.29
0.28

mg
0.13
0.13
0.15
0.15
0.16
0.16
0.15
0.16
0.16
0.18
0.18
0.12
0.17
0.17
0.18
0.19
0.18
0.18
0.2
0.21
0.21
0.19
0.2
0.19
0.19
0.21
0.23
0.23
02
0.22
0.11
0.22
0.23
0.22
0.22
0.21
0.22
0.25
0.24
0.2
0.22
0.23
0.23
0.23
0.26
0.2
0.24
0.23
0.25
0.25
0.27
0.24
0.27
027
0.28
0.24
0.25
0.26
027
0.28
0.28

exp. band gap
3.1 evY
2 ev*®
2.9 eV*?
3.4 V¥
2.67-3.24 eV
49 eV*!

2.8 eV, 3.92 eV>>2
3.6 eV™*

3.3 eV
3.5 eV™
3.5 eV°

2.7-3.5 eV¥’
3-3.1 eV*®

>4 v

1.8 eV®

44 t0 S eVO!

3.15 eV*?

4.9 ev®

443 eV

3.5 eV®

4.1 eV*®

3.6 eV

2.8 eV
3.3 eV

3.6 eV?

4.1 eVv®

dx.doi.org/10.1021/cm404079a | Chem. Mater. 2014, 26, 5447—-5458



Chemistry of Materials

Table 1. continued

formula space group MP id stability (eV/atom)
CdGeO, C2/c 2951 0
MgGa,0, Fd3m 4590 0.01

m, m, ms exp. band gap
0.3 0.29 0.25
0.3 0.3 0.27

“Only the most stable oxides (energy above the hull <50 meV/atom) are reported here. The formula, space group, Materials Project identification
(MP id), and eigenvalues of the average effective mass tensor are given. We provide the experimental band gap when found in the literature.

Table 2. Oxides with the Lowest Electron Effective Mass
(<0.3)¢

space stability (eV/
formula group MP id atom) m, m, ms
ZnO Fm3m 2229 0.15 0.17 0.17 0.17
SnO, Pa3 697 0.1 0.18 0.18 0.16
CdGeO, Pbnm 13003 0.12 0.18 0.18 0.17
ScBiO; Pm3m 550008 0.36 0.18 0.18 0.18
Ga, 04 Cmcm 13134 0.28 0.2 0.17 0.17
CaSnO; Pm3m 14113 0.19 0.21 0.21 0.21
AIBiO, Pm3m 23080 0.12 021 021 021
GaBiO; Pm3m 22979 0.23 0.22 0.22 0.22
Sio, Fm3m 10064 1.27 0.25 0.25 0.25
Cd,Si0,  Fd3m 560842 0.13 026 026 026
NaSbO; Fd3m 20011 0.05 0.3 0.3 0.27
In,S$i,0, Fddm 19784 013 03 03 028

“Only the least stable oxides (energy above the hull >50 meV/atom)
are reported here. The formula, space group, Materials Project
identification (MP id), and eigenvalues of the average effective mass
tensor are given.

ilmenite and orthorhombic perovskite both have large effective
masses (from 0.6 to 0.8).

We found also a series of trirutile ASb,Og4 (A = Zn, Mg, Cd)
compounds. CdSb,0¢ has already been considered as TCO
with an experimental gap around 4.1 eV.% ZnSb,04 shows the
lowest effective mass and has been studied by Kikuchi et al.,
indicating an encouraging conductivity (1.6 X 107> S cm™") and
an experimental gap compatible with transparency (3—3.1
eV).>**% For all those compounds, the antimony orbitals play a
role in the electron effective mass and the CBM has an
important Sb-s character.

3d Transition-Metal-Based Oxides. 1t is not surprising to
find only very few oxides containing elements with partially
occupied d shells (e.g.,, Fe, Mn, Cr,...) in our low effective mass
short list. The localized d character of their conduction band
does not favor low effective masses. Remarkably, though, we
found reasonably low effective masses for compounds with low
oxidation states 3d transition metals such as Co** and Mn?*.
The low oxidation manganese is especially remarkable with
several binary and ternary oxides with very competitive effective
masses. Figure 2 shows the band structure for all Mn-based
oxides with effective masses lower than 0.3: MnO, Na,Mn,O;,
MnGeO;, K,Mn,0;, NagMnO,, and MnSb,0,. All of them
have curvy conduction bands due to the significant Mn-s
character. As oxides are often antiferromagnetic (AFM), we
generated as well an AFM magnetic ordering (in the smallest
supercell possible) for those compounds. Low effective masses
for the condution band are still present in these AFM
computations. While MnO can be disregarded as a high-
mobility n-type material as it is known to present conduction
by holes trapped in small polarons,®" the Mn>* ternary oxides
might offer such an opportunity. Mn-based oxides could lead to
materials combining high-mobility and magnetic properties.
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The combination of those two properties is of great interest in
spintronics.

Less Stable Oxides. Table 2 refers to the more unstable
compounds with low electron effective masses. High-pressure
phases of the traditional TCOs such as SnO,, ZnO, and Ga,0,
are present but do not show lower effective masses than the
usual atmospheric pressure phases. On the other hand, many
cubic perovskites show low effective masses (AIBiO;, GaBiOj,
and CaSnQ;). AlBiO; and GaBiO; have not been synthesized
as far as we know and both ICSD entries are from ab initio
computations.*”® Tt is possible that both phases are too
unstable to be synthesized. Cubic CaSnO; has only been
reported by older literature according to the ICSD.*
Interestingly, the more common rhombohedral and ortho-
rhombic perovskites phases are more stable but unfortunately
present significantly larger effective masses. This is similar to
what has been described by Mizoguchi et al. for SrtGeO; where
only the very symmetric cubic perovskite leads to low effective
mass.”® Very low effective masses are obtained for all the
CdGeOj; polymorphs from ilmenite to perovskites even though
the structures are quite different. Finally, the Cd,SiO, spinel is
found to be quite unstable. Actually, the corresponding ICSD
entry links to a hypothetic structure that has only been
computed and not synthesized.*>*?

Oxides with Low Electron Effective Mass and Large
Band Gap as n-Type TCO Candidates. Our screening
focused on finding oxides with low electron effective mass as a
necessary requirement for high electron mobility. However, for
the specific TCO application, these oxides also need to be
transparent to visible light. Ideally, a n-type TCO will need a
band gap larger than 3 eV. We used our database to select
compounds showing a very low electron effective mass (<0.25),
a GGA(+U) band gap larger than 0.5 €V and a reasonable
stability (energy above hull lower than 0.5 eV/atom). We also
did not take into account compounds already largely studied as
TCOs (e.g, ZnO, Ga,0; In,03; ZnSnO; CdGa,0, and
Cd,Sn0,). For the compounds satisfying those criteria, we
either relied on the experimental band gap when reported in
the literature or computed it with the more accurate GW
technique. Results for those selected few are provided in Table
3. Figure 3 shows all the computed band structures. The low
effective mass due to the high curvature of the conduction band
is clearly present. A few low effective mass candidates show
band gaps that are definitely too small to be used as TCOs:
Cd;ClL0,, HgAsO; HgAs,Of CdGeOj; ilmenite, IngTeO,,,
In,TeOq4 and Ga,TeO4 Cd,Sb,0, has a band gap slightly
lower than 3 eV and could absorb. The compounds with the
most adequate gaps (>3 eV) for TCO applications are
ZnSb,04, Cd,GeO,, Cd,Ge,0 ¢, and GeO, high pressure.

Future work will be required to assess if those materials can
be doped n-type and to what carrier concentration. They do
not provide effective masses significantly lower than current n-
type TCOs. However, other properties (e.g, stability, work
function, or band alignment) might justify their use in specific
applications. Unfortunately, many of them contain relatively
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Table 3. Most Promising Oxides in Terms of Effective Mass with a Large Band Gap (GGA(+U) Band Gap Larger than 0.5 V)

formula
Cd,Ge, 044
CdGeO,
Cd,Sb,0,
HgAs,Og
ZnSb,04
GeO,
Cd,ClL,0,
Cd,GeO4
HgAsO,
IngTeO,
In,TeOq
Ga,TeOg¢

space group MP id stability (eV/atom) my
P4b2, 29213 0 0.17
R3 8275 0.02 0.19
Imma 16281 0 0.2
P31m 3810 0 0.2
P4,/mnm 27843 0 0.21
Pcnb 10913 0.04 0.23
P2,/c 29297 0 0.23
Pcmn 3917 0 0.24
P31m 30284 0 0.24
R3 22189 0.01 0.18
P321 504908 0 0.22
P4,/mnm 28931 0 0.23

my
0.16
0.19
0.18
0.18
0.21
023
022
0.22
0.24
0.18
0.21
023

ms
0.16
0.17
0.18
0.18
0.2
0.19
0.19
0.2
0.11
0.18
0.21
0.19

band gap
49 ev*!
2.4 eV (GW)
2.7%7
1 eV (GW)
3-3.1 eV
>4 eV
1.7 &V (GW)
3.15%
2.4 eV (GW)
1.7 €V (GW)
2.0 eV (GW)
22 eV (GW)

“The formula, space group, Materials Project identification (MP id), and eigenvalues of the average effective mass tensor are given. For all oxides, we
either reported the experimentally measured or GW-computed band gap.
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Figure 3. Band structures of the low electron effective mass n-type TCO candidates. (a) Cd,GeO,, (b) Cd,Ge,;0,, (c) CdGeO;, (d) Cd,Sb,0,, (e)
HgAsO;, (f) HgAs, Oy, (g) GeO, HP, and (h) Cd;CL,0,. All band structures are from GGA with a scissor shift of the conduction band to fit the GW

or experimentally measured band gap value.

rare or toxic elements (e.g, Cd, Te, In, Hg, or Ge), with the
only notable exception being ZnSb,O.

Chemical Analysis of Low Effective Mass Oxides. Our
large database of band structures provides a data set of interest
for discovering the chemical reasons for low electronic effective
masses in oxides. Knowing the ingredients necessary for low
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electron effective masses will facilitate the future search for high
electronic mobility oxides. The effective mass is mainly
determined by the band structure close to the CBM and the
chemical nature of the CBM is accessible by studying the
projection of the wave function at the CBM on different
elements and orbitals (s, p, or d). Here, we look at correlations
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Figure 4. Lowest electron effective mass for each cation plotted in rows and columns of the periodic table. We considered only oxides (binaries or
ternaries) with a clear majority of a given cation in the CBM nature (higher than 80%). This unambigously leads to attributing the effective mass
value to a specific metal character. The printed ion indicates in what oxidation state the metallic element is (according to the ICSD).

between the value of the effective mass and the CBM character.
To simplify the analysis, we considered only compounds having
oxygen as the only anion (ie., we have not taken into account
oxychlorides or oxyfluorides, for instance).

The nature of the conduction band in TCOs has already
been debated in the literature. First theories considered a purely
cationic character of the conduction band and a band curvature
determined by cation—cation overlap. More recently, several
computational results have demonstrated that TCOs have a
significant oxygen character in their conduction
band.!"57%8+%5 Our data set is consistent with this view and
the majority of oxides (70%) have at least 5% oxygen character
at the CBM. When a simple tight-binding picture is followed,
the effective mass is mainly determined by the cation to oxygen
overlap at the CBM.***® The nature of the cation hybridizing
with oxygen should then be critical to obtaining low effective
masses.

We studied what cationic character of the CBM leads to the
lowest electron effective masses. To simplify the problem, we
considered only oxides (binaries or ternaries) with a clear
majority of a given cation in the CBM nature (higher than
80%). This unambiguously leads to attributing the effective
mass value to a specific metal character. For this subset of
compounds, we also attributed an oxidation state to the metal
forming the CBM by using the oxidation state provided in the
ICSD. This procedure allows us to identify the exact cation
(element and oxidation state) responsible for a low or high
effective mass. For instance, in the case of Na,Zn,0;, this
analysis shows that the CBM is mostly of Zn>" nature and the
Na* cation does not directly influence the effective mass.

We plotted in Figure 4 the lowest electron effective mass
obtained for each element. The data has been organized by
rows and columns of the periodic table to study the influence of
the electronic configuration on the effective mass. For each
element, we have printed the cation in the lowest electron
effective mass oxide. A region of very low effective mass is
observed between group 12 and group 15 in rows 4 and S
(Zn*, Ga*, Ge*, Cd*, In*, Sn*', and Sb**) as well as for
some 3d reduced transition metals (Mn**, Co*", and Ni**).
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The character (s, p, or d) of the cationic orbital should
strongly influence the orbital overlap. Figure S shows the s, p,
or d character for the CBM of each lowest electron effective
mass oxide. In a comparison of Figure 4 to Figure S, the lowest
effective masses chemistries are correlated with a strong s
character in the CBM. On the other hand, compounds with
large d character at the CBM have much larger electronic
effective mass. Interestingly, for some of the low oxidation
states 3d transition metals (i.e, Mn?*, Co**, Ni**, and Fe?*) the
CBM can have a strong s character and therefore low effective
masses. This is in agreement with recent hybrid functional
computations on binary transition-metal oxides.*’ The 3d
transition metals have an electronic configuration of (n—
1)d*ns® with x between 3 (for V) and 10 (for Cu) and only low
oxidation states (+1 or +2) can lead to an s character for the
conduction band. Mn** is of greatest interest in view of several
ternary oxides exhibiting low electronic effective masses.

Among compounds with a high d character for their CBM,
we identify AgTaO; rhombohedral perovskite to have the
lowest electron effective mass. The Ta-d character of the
conduction band of AgTa0j is in agreement with Kato et al.*®
Full average effective mass tensor indicates effective mass
eigenvalues of 0.44, 0.48, and 0.48, which is low for d-electron-
based compounds but still 2 times larger than the effective
masses obtained with CBMs of s character.

An important s character of the CBM is necessary to reach
low effective masses but it is not sufficient. Cations inducing
large s character such as the alkali (Na*, Li*, Cs*, and Rb") and
some main group cations (Al**, Te®*, and Se®*) do not lead to
effective masses as low as Sn*, Zn?*, etc. This indicates that in
addition to an s character, the cation orbital needs to be at an
adequate energy level to hybridize with oxygen. The optimal
hybridization appears for a region of the main group elements
between columns 12 and 15 and rows 4 and 6 (Zn**, Ga*,
Ge*, Cd**, In*, Sn*', and Sb™*), as well as for some reduced
3d metals (e.g, Mn*").

The low electron effective mass induced by (n—1)d"’nsnp°
cations is in agreement with what has been observed in the field
of TCOs (see, for instance, Hoel et al.*”) with the exception of
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element is (according to the ICSD).

Ge* which has not been traditionally considered for TCO
applications. On the other hand, the finding that the +2
transition metals (e.g, Mn>") can also lead to low electron
effective mass materials by using the s character of their CBM is
more surprising.

We should stress that we assumed oxygen to be the only
anion. When an additional anion is present, our conclusions are
not valid anymore. For instance, Sr,J;O and Na,I,O show lower
effective masses than pure Sr- and Na-based oxides (see Table
1)

Finally, the presence of specific cations is a necessary but not
sufficient condition to obtain low electronic effective mass.
Indeed, the crystal structure needs to also favor orbital overlap
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and other elements present should not influence the
conduction band character. For instance, In,Te;O, (MP id:
560509) and Zn;As,O4 (MP id: 27580) contain both In** and
Zn?* (ions that can lead to low effective masses) but the third
element (Te or As) plays a role in the conduction band
character and leads to high effective masses (respectively (17.1,
42, 1.6) and (4.1, 1.6, 0.9) as eigenvalues of the average
effective mass tensor).

B DISCUSSION AND CONCLUSIONS

Oxides with high electron mobility are essential to many
applications including n-type TCOs, electronics, and photo-
catalysis. Using high-throughput computing, we have searched
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for oxides with low electron effective masses among 4577
oxides. We identify oxides that have never been looked at as
conductive oxides before. The analysis of our database has
helped outline the chemical rules necessary for low electron
effective mass.

The starting computational approach we used is DFT.
Indeed, effective masses and bandwidths are usually well-
reproduced by the DFT-GGA functionals (see, for instance,
Dixit et al.®"). Actually, effective masses tend to be under-
estimated but in a systematic way, making them very useful to
screen for the lowest effective mass materials. On the other
hand, the GGA band gaps are always strongly underestimated
and with a large error spread.”® The more accurate G,W,
technique that we used for some oxides improves this band gap
but nevertheless still tends to underestimate it.>* The
underestimation is usually around 0.2 eV on average but can
be much higher (up to 0.8 eV in the exceptional case of
Zn0%®).

The most straightforward implication of our work is to
identify potential novel n-type TCOs. By identifying oxides
with low electron effective mass and large band gaps, we found
materials satisfying two necessary but not sufficient properties
of a good TCO. Indeed, an n-type TCO would require
satisfying other constraints such as n-type dopability. Follow-up
defect studies will be required on the few candidates with low
effective masses and large band gaps.

Our study demonstrates that it will be difficult to
dramatically surpass the current n-type TCOs (e.g, ZnO,
Sn0,, and In,0;) in terms of effective masses as they are
already among the lowest that can be found in oxides. A
strategy to significantly improve the n-type mobilities compared
to current n-type TCOs will be to target materials with low
effective masses (e.g, some of the oxides presented in this
work) but to engineer the remaining factor involved in mobility
which is the scattering time. This might be what is at play in the
extremely high mobilities reported recently for BaSnO;.*’

In any case, a new n-type TCO does not require having
significantly larger mobilities and conductivities than current
technologies. Such a new material could be of interest if it keeps
effective masses (and mobilities) close to known n-type TCOs
but performs better on additional application-specific properties
(e.g., work function, band offsets, cost, or stability). By filtering
among the thousands of chemical possibilities to select only the
most promising compounds, we have shown that our study
provides a set of good candidates (e.g, Cd,GeO,, Cd,Ge,; O,
and ZnSb,0Oq4) for further computational and experimental
studies. We should stress that even materials that have already
been studied as conducting oxides (e.g, ZnSb,04*) could
benefit from a reinvestigation. Indeed, process conditions can
be critical to unleash a TCO full potential. In the case of
BaSnO,, the first experimental results showed a 2 cm?®/(V s)
mobility when the recent more optimized results report an
impressive 300 cm?/(V s).*

Using our large database, we have been able to establish on a
firm footing which chemistries promote the formation of low
electron effective mass oxides. Those rules will be of great use
for the field of n-type TCOs in other fields such as oxide
photovoltaics, photocatalysis, or oxide electronics where high
mobility is also sought for. The chemistries we discovered are
based on main group (n—1)d"%ns’np® ions (with n = 4, 5) such
as Zn**, Sn*, and Cd*', which offer s orbitals with optimal
hybridization with the oxygen orbitals and lead to very low
effective masses. Among the cations of interest, we also found
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in our study that Ge**, which has been only recently presented
as a potential n-type TCO cation,> is less exceptional than
expected and that many ternary oxides containing Ge form low
electron effective mass materials.

We also show that combining magnetic elements with low
electronic effective mass might be achievable using Co®*, Ni**,
or Fe** but more importantly Mn**-based compounds. The s
orbital character induced at the CBM level by the presence of
Mn?" can lead to competitive effective masses in MnO but also
ternary oxides (e.g, MnGeO; and K,Mn,0;). This finding is
very exciting for the development of new materials combining
magnetism and high mobility, which could be of great use in
spintronics.

We confirm that it will be difficult to avoid the use of the
rows 4 through S main group elements without compromising
the effective mass and to use instead alkali-earth or Al-based
oxides as they will suffer from inherently higher effective
masses. This is in agreement with previous results from
Medvedva on a smaller set of compounds.®

Finally, while the main approach to n-type ternary TCOs has
been to mix two good binary TCOs (e.g, ZnO and SnO, in
ZnSnO; and refs 55, 70, and 89), our study shows that this is
not necessary. We find several compounds with low effective
mass and resulting from the mixing of an element known to
give good mobilities in the binary with another element (not
associated with good TCO properties). This design idea had
already been used in p-type TCOs where Cu, Ag, or Sn (known
to form relatively %ood binary p-type oxides) are mixed with
another element.”*”' ™ Here, we find low effective masses for
the In-based (IngWO;,, InOF, Ba,In,0Os, Rb,In,0-, Srln,0,,
and In,Si,0;), the Ga-based (MgGa,0,), the Cd-based
(€Cd,CL0,, Cd,Si0,, Cd,Si0,, and Cd,As,0-), and the Zn-
based (K,ZngO,, Na,Zn,0s, and Rb,Zn;0,). In those ternary
oxides, only one of the elements induces the low effective mass
as the others are not present in the character of the conduction
band. This conclusion offers great opportunities to extend the
chemical space of ternary TCOs. We hope this systematic high-
throughput analysis will help future materials design of n-type
TCOs as well as oxides for electronics, photovoltaics, and
photocatalysis.
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