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We present a high-throughput computing scheme based on density functional theory (DFT) to generate a class of oxides and
screen them with the aim of identifying those that might be electronically appropriate for transparent conducting oxide (TCO)
applications. The screening criteria used are a minimum band gap to ensure sufficient transparency, a band edges alignment
consistent with easy n- or p-type dopability, and a minimum thermodynamic phase stability to be experimentally synthesizable.
Following this scheme we screen 23 binary and 1518 ternary bixbyite oxides in order to identify promising candidates, which
can be then subject of an in-depth study. The results for the known TCOs are in good agreement with the reported data in the

literature. We suggest a list of several new potential TCOs, including both n- and p-type compounds.

1 Introduction

Transparent conductors oxides (TCOs) have long been ubiq-
uitous in electronic devices, and the desire of finding the opti-
mum material for each type of application is at the heart of re-
search efforts in the field for decades now.! Indium tin oxide,
In>03:Sn (ITO) 2 is one of the most widely used n-type TCOs
for various optoelectronic applications. However, it does not
present the optimum properties in some respects. For instance,
its transparency is not as high as that of fluorine-doped ZnO. !
Furthermore, because of the scarcity and high price of In, it
is not cost effective, and for the past several years finding an
alternative to ITO in different applications has been an impor-
tant research goal for many groups. Possible routes for this
include studying oxides with different structure, or substitut-
ing In partially, or replacing In altogether but still keeping the
Iny O3 bixbyite structure. Of course, the number of conceiv-
able compounds within these bounds can run into the hundreds
or even thousands. Clearly, it is not possible to experimentally
study all of them in order to determine whether there are other
TCOs in this class of materials and whether their properties
are competitive. On the other hand, high-throughput ab initio
computations can be currently used to screen large classes of
materials, searching for those compounds that exhibit a prede-
termined basic set of properties qualifying them as potential
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competitive candidates for a certain application.3= This ap-
proach has recently been used with success in the search for
novel materials for applications ranging from field-effect tran-
sistors® to piezoelectrics’ to thermoelectrics® to TCOs”®.

In this work, we present the high-throughput approach
schematically represented in Fig. 1, to search for candidates
suitable for TCO applications. The screening criteria chosen
are geared toward (i) a minimum band gap guaranteeing a rea-
sonable transparency in the visible, (ii) a minimum thermo-
dynamic phase stability, and (iii) a positioning of the charge
neutrality level in the band gap indicating easy n- or p-type
dopability. We show that this set of criteria can be efficiently
used to screen the compounds in a large class of materials and
that it has a good predictive power. As an application, we aim
at replacing In, partially or completely, in In,O3. For this we
screen all the binary oxides that can be found in the bixbyite
structure, as well as ternaries arising from their alloying. This
narrows the search to one structure, and, at the same time, in-
creases the likelihood of finding stable compounds. We con-
sider ternaries with cation-cation alloying ratios of 25%, 50%,
and 75%. In Section 2 we present the methodology used, dis-
cussing the different stages of our approach in more detail, and
in Section 3 we present our results together with a discussion.
We end this work with Section 4, where we summarize our
main findings.

2 Computational Method

Our ab initio computations are based on density functional
theory (DFT)!'%!! and are carried out using the plane-wave
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Fig. 1 The high throughput screening procedure to identify new
promising TCO candidates among bixbyite oxides.

Vienna Ab-initio Simulation Package (VASP). 1215 We use
projector augmented wave (PAW)'%!7 potentials to describe
the electron-ion interaction. We use the Perdew, Burke,
and Ernzerhof (PBE)!® generalized gradient approximation
(GGA) to the exchange-correlation potential to perform all
structural calculations. Formation energies and electronic
structure are calculated using either the PBE functional, or the
Heyd, Scuseria, Ernzerhof (HSE06) hybrid functional. !*-2° In
general the HSE functional improves the band gap compared
to PBE for bulk semiconductors.?! It is, however, much more
costly from a computational point of view, and cannot be used
systematically in a high-throughput approach. We use it, thus,
selectively, as explained in more detail further down, to cal-
culate the properties of all the binary oxides, and to confirm
the properties of several of the more promising ternary ox-
ides. The bixbyite structure is a cubic structure. its primitive
cell (space group a3, No. 206) contains 8 formula units, i.e.,
40 atoms (cf. Fig. 3). An energy cutoff of 520 eV was used
for the plane-wave basis set. Total energies were converged to
within 1 meV. This was achieved using 3 x 3 x 3 Monkhorst-
Pack (MP) grid to sample the Brillouin Zone.?? Atomic relax-
ations were made until residual forces on the atoms were less
than 0.01 eV/A.

b-site A atom

d-site A atom

missing O R [ )

:

Fig. 2 Left: Example of a A, O3 bixbyite 40-atom unit cell. The red
color indicates oxygen atoms. Right: Schematic illustration of the
atomic arrangement around cation A in Wyckoff sites b and d. The
oxygen atoms are denoted by solid red circles, the A atoms by green
circles, and the missing oxygen atoms (with respect to the parent
rocksalt structure) by open circles.

2.1 Generating candidates

As seen in Fig. 1, we first generate the candidates to be
screened. To begin, we consider all the binary bixbyite ox-
ides reported to exist in the literature. These have the for-
mula A> O3, with A belonging to the set . ={Sc, V, Mn, Fe,
Ga, Y, In, La, Ce, Pr, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu, Tl, Bi}. We then combine two such oxides to con-
struct ternary oxides. These are bixbyite oxides with general
formula (A|_.By)203, with A and B belonging to .. In the
present study, x takes the values 0, 0.25, 0.50, and 0.75. This
should be sufficient to observe trends in the properties of in-
terest as a function of alloying concentration. The bixbyite
structure can be seen as the MnO, fluorite structure, with one
fourth of the O atoms removed. As shown in Fig. 2, the A
atoms in A, O3 occupy two inequivalent Wyckoff sites, b (site
symmetry S6) and d (site symmetry C2), with a distorted oc-
tahedral coordination of O atoms. Four of the A atoms in the
bixbyite structure sit in b sites, and 12 occupy d sites. As
a result, there are different possible configurations for every
alloying concentration. Again, to detect trends we choose ran-
domly some of the possible configurations. We verify that
different possible configurations lead essentially to the same
conclusions in the case of 50% alloying, i.e., x=0.5, in which
case we consider four possible configurations. For the 25%
and 75% alloying compounds we consider at random one pos-
sible configuration. Thus, in this study we screen the elec-
tronic properties of a total of 1541 bixbyite oxides (23 binary
and 1518 ternary oxides).

2.2 Band gap screening

One of the most important properties of a TCO is its band gap
value. A good TCO needs a large enough band gap (of the
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order of 3 eV) to be transparent in the visible light range.?*
To screen the generated compounds according to this prop-
erty, we calculate ab initio their band gaps. In this regard,
it is known that standard DFT calculations, using local or
semi-local exchange-correlation functionals such as the LDA
or PBE, seriously underestimate the band gap of the semicon-
ductors,>*?3 while the hybrid functional HSE06 has proven
to be capable of giving close-to-experiment predictions for
a large range of compounds.?® Because of its computational
cost, however, we rely on the HSEQ6 functional to calculate
the band gap of only the binary oxides, which constitute a rel-
atively small subset of all the oxides we consider. We choose
to screen out the binaries with a band gap smaller than 2.5
eV. For the ternary oxides, we follow two approaches. In the
first approach, we use the PBE functional, screening out the
ternaries with a band gap energy lower than 1 eV. This is be-
cause a material predicted to have a band gap of 1 eV with the
PBE functional might in fact have an experimental band gap
closer to the requirement for a good TCO. We verify this with
the HSEO6 functional for candidate oxides that have success-
fully passed the three screening criteria in our procedure. In
the second approach, we interpolate the HSE06 band gaps of
the binary oxides to obtain an estimate of the band gaps of the
ternaries. Again, we screen out those with a band gap energy
below 2.5 eV. We note that, to be consistent, we follow the
same two approaches in the band alignment and phase stabil-
ity screening steps discussed below. That is, on one hand we
calculate the relevant quantities using the PBE functional, and
on the other, we interpolate the HSEOG6 results for the binaries.

2.3 Band alignment screening

In this step, we screen the candidate materials searching for
those that can be expected to be easily n- or p-type dopable.
A good predictor for this purpose is to see the alignment of
the conduction band minimum (CBM) and valence band max-
imum (VBM) of a material with respect to the branch-point
energy (BPE).?’ Indeed, if the BPE falls high up in the band
gap, or above the CBM in a material, it is a good indication
that the material will be easily doped n-type. Conversely, if
the BPE falls low in the band gap, or below the VBM, then
the material is probably easily p-type dopable. The BPE can
be calculated as a weighted average of the midgap energies
over the Brillouin zone, 282

1 1 Nes 1 Mvs
Egp=—Y |— ) €.(k)+— &,.(k)|. 1
BP ZNkZ[NCB; ( )+Nv32,~" S (D)

Here, N, is the number of points in the k-point mesh, N¢p
and Ny p are the number of conduction and valence bands con-
sidered, with & and &, their corresponding energies. The num-
ber of valence and conduction bands used is determined by

scaling them according to the number of valence electrons in
the primitive cell (excluding d electrons), as in the work of
Schleife et al.?® We checked that a 3 x 3 x 3 kpoint mesh is
sufficient to give a converged BPE value.

N-type

Fig. 3 Schematic band alignment. The gray shaded area represents
the accepted BPE position with respect to the CBM (n-type) or
VBM (p-tpye) in our screening procedure.

Figure 3 illustrates our screening criterion regarding dopa-
bility. The oxides for which the BPE falls in the conduction
band or in the upper part of the band gap, within at least one-
fourth of E, below the CBM (cf. shaded area at the left in
Fig. 3), are considered as n-type oxides. Conversely, the ox-
ides for which the BPE falls in the valence band, or maximum
one-fourth of E, above the VBM are considered as p-type ox-
ides (cf. shaded area on the right side in Fig. 3).

2.4 Phase stability screening

A new candidate should be thermodynamically stable. Thus,
one of our screening criteria is the phase stability of the can-
didates. Since all the binary oxides considered here have been
synthesized, we focus on the ternary oxides. The formation
energies of ternary oxides depend on the chemical potentials
of the different constituent elements (u4, g, and o). The
chemical potentials depend on the experimental growth condi-
tions of the compound which can vary from X-poor to X-rich,
where X could be either of A, B or O. For a considered ternary
oxide (A,B1_,)>03 the formation energy is given by:

AHP9203 = 2xap, +2(1 - x)Aus +3010 ()
A/B)bulk

where Attyp = tasp — 15",

Oymolecule

0 .

There should be a minimum range of possible values for

these chemical potentials ensuring a stable oxide against the

and Aup = po —
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A/B-rich

A-poor 3 (0,0)eV

(AxBl—x )2 03

Apg

B-poor

Fig. 4 Schematic stability triangle. The area inside the red contour
indicates the range of chemical potentials for which the bixbyite
ternary oxide is stable against the formation of the competing phases
indicated.

formation of the binary phases or precipitation of the con-
stituent elements:

Apg <0,Aup <0,Aup <0 3)

The range of the chemical potentials determined by the
heat of formation of the oxide and the limitation imposed
by avoiding the precipitation of the constituent elements can
be plotted in a two-dimensional graph, resulting in what is
known as the stability triangle in the literature.3%3! This is
schematically shown in a two-dimensional (4, tp) plane in
Fig. 4. The vertices of the stability triangle are given by the
host condition Eq. 2 giving the limits of A/B rich, A-poor,
and B-poor environments, respectively. The A-rich condition
(Aus = 0) leads to the maximum possible variation of the
B chemical potential A = ﬁAH }A'”BI‘X)ZO" (Ao = 0).
On the other hand, the B-rich condition (Atp = 0) leads to
App = 5-AH }AXBI’*) 293 The line joining the A-poor and B-
poor vertex refers to Allp = 0 and mimics the oxygen rich con-
dition. Thus within this triangle the ternary oxide can exist,
but the binary structures might have a lower formation energy.
Therefore, the constraints are also imposed by the formation
of competing binary oxides A>Os3, and B, O3 which are

20+ 3040 < AH P03 )

These constraints limit the possible accessible range of
chemical potentials(Ag /p) for (AxB1-x)203. The vertices of
this stable region are labeled as (1,2,3,4) and the coordinates
of the vertices are given by (Aus, Aup, Allp) which can be
determined as follows. The first vertex, (1), refers to A-rich
conditions (Aps = 0) which leads to App = %AH?203 and

Aug = 2(1%7)6)(AH}A"B"X)ZO3 - AH?203) by using Egs. 4 and
2 respectively. Second and fourth vertices, (2), and (4), refer
to O-rich conditions (Aup = 0). For vertex (2) the O-rich con-
dition should be applied in Eq. 3 under the condition that A, O3
is formed, which leads to Ay = %AH?ZOS. Inserting this value

2(11—x) (AH](CA):BI—X)ZOS . xAH?zOS).
For vertex (4) a similar analysis can be made but now with
the formation of ByO3, which results in Aug = JAH>% and

Ally = i(AH}AxB"X)ZO3 —(1 —x)AH?203). Vertex (3) refers

to B-rich conditions (Ap = 0) which yields App = AR

f
and Ay = %(AH)(CA”BH‘)ZO3 - AH;’Z%) on applying Egs. 4

and 2 respectively.

The relative size of the stable region with respect to the total
area of the triangle shows how easy or how difficult it is to re-
alize the thermodynamic conditions under which (A,Bj_x)203
formation can take place and the precipitation of the parent bi-
nary compounds can be avoided. In order to limit the list of
potential TCOs we impose a minimum ratio of 10% between
the area of the stability region and that of the whole triangle.

into Eq. 2 yields Aup =

3 Results

3.1 Binary oxides

NNNNNNNNN

Energy(eV)

Fig. 5 The band alignment of binary oxides, comparing the
positions of the CBM and VBM calculated using the PBE and
HSEO6 functionals. The band edges are aligned with respect to the
BPE.4

We consider first the binary oxides, A>O3. For these mate-
rials, we calculate lattice parameters, band gaps, and forma-

@ For the materials that PBE describes as metallic, only HSE
results are shown. These materials include V03, Mny O3, Fe, O3, and Tl O5.

4| 1-13
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17 configuration *5i configuration

2 configuration la™ configuration

between 0Oand 1
between 1 and 2

between 2 and 3

between 3 and 4
=4

Fig. 6 PBE band gap for the 50% ternary compounds. The cells for
each pair of cations are subdivided in four subcells, corresponding
to the four possible configurations considered.

tion energies using both the PBE and HSEO6 functionals. In
addition, we calculate the electron or hole effective masses,
according to whether the band alignment indicates good elec-
tron or hole dopability. This is of particular interest to TCOs
because mobility, a key quantity for the efficiency of many
electronic devices, is inversely proportional to the electron ef-
fective mass. The effective mass is calculated along the I' — X
direction. This is sufficient because the bixbyite are cubic sys-
tems, so the effective mass is isotropic. In the first instance, we
use the PBE functional for this calculation because it is known
to give good values for the effective mass of semiconductors
compared to experiment. However, when the PBE wrongly
predicts a binary to be a metal, we use the HSE06 functional
to estimate the effective mass.

Table 1 shows our results for the lattice constant, band gap
(determined with the HSEO6 hybrid functional), and effective
mass of the binary oxides. For comparison, experimental data
and/or other theoretical results are shown where available.”

“The experimental or theoretical method is also indicated when available.
The theoretical gap values refer to the fundamental band gap.

1-13 |5
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Table 1 Comparing our calculated lattice constant, band gap, and effective mass (in units of the free electron mass myg) for the binary oxides
with experiment and other theoretical results.

Binary oxide a(A) E.(eV) m* ArH(eV) reference -
Sc,03 9915 6205 1.143 -17.80 this work .
9.50 Y. Bréard et al. 327*
6? H. H. Tippins.>38
9911 J. R. Rustad. 34t
-19.78 CRC3T
V5,03 9.263 2388  6.807¢ -10.43 this work
9.3947 D. Weber et al. 307"
1.29% A. Bergerud et al.3"%
Mn, O3 9.034 2422 2422  -7.00 this work —e
9.41 C.M. Julien et al. 387t
Fe,03 8.977  0.026 -5.28 this work i
9.5 Y. Bréard et al. 3277
9.393 L. Ben-Dor et al. 377
Ga,05 9409 4455 0225 -13.26 this work -4
9401 23 S. Yoshioka et al. 407
Y,0; 10.705 5.999  0.516 -17.88 this work ]
10.637 Z. Anti¢ et al. #4171
6 P. W. Peacock et al. 42!
6.2 G. Wilk et al.*3
10.701 J. R. Rustad. 34t
4 L. Marsella et al. #4*
-19.74 CRCHT
In,03 10.305 2.849  0.166 -9.05 this work
10.10 A. Bourlange et al. # T
2.9¢ A. Walsh et al. 463
2.93¢ P.D. C. King et al. 473
10.33 1. Tanaka et al. *8"
2.67 S. Lany et al.*%?
-9.59 CRC»T
La,03 11.375 5451 0.685 -18.63 this work -
11.136 G.-Y. Adachi.?0tf
4 L. Marsella et al. #4*
11.387 J. R. Rustad. 34t
5.7 G. Wilk et al.*3
-18.59 CRCHT
Ce,03 11405 5.454 1.136 -19.74 this work 2
11.16 G.-Y. Adachi.”0""
11.414 J. R. Rustad.3*¢
Pr,05 11.180 5.632 0.528 -16.74 this work -
11.52 G.-Y. Adachi.**tf
11.290 J. R. Rustad. 34t
Pm,05 11.071 5673 0508 -30.05 this work )
10.99 G.-Y. Adachi.”0""
Sm,03 11.000 5.697 0495 -17.34 this work
10.93 G.-Y. Adachi.”0""
5.04 A. F. Andreeva et al.”!
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Tablel Continued

Binary Oxide a(A) E,(eV) m* ArH(eV) reference —
10.998 J.R. Rustad.**7
4.4 H. Jiang et al.>?*
-18.89 CRCHT
Eu,03 10.805 5.851 0488  -26.36 this work
10.866 G.-Y. Adachi.?0tf
4.6 W. B. White>3
11.02 G. Concas et al.54¢
2.5 H. Jiang et al.>?f
-17.12 CRC3T
Gd, 05 10.814 6.179 0479  -18.80 this work
10.813 G.-Y. Adachi.?0ff
5.9b M. Badylevich et al. >
10.819 J. R. Rustad. 34t
4.8 H. Jiang et al.>?*
-18.86 CRC»T
Tb,0;3 10.741 5.860 0470 -22.67 this work N
10.730 G.-Y. Adachi.?0tf
4.77 A. F. Andreeva et al.”!
10.744 J. R. Rustad. 34t
4 H. Jiang et al.>?"
-19.33 CRCHT
Dy,03 10.676 5.895 0432  -18.07 this work -
10.667 G.-Y. Adachi.”0""
4.9 A. 1. Shelykh et al.*®
10.675 J. R. Rustad.3*f
4.6 H. Jiang et al. %"
-19.31 CRC3T
Ho,03 10.605 5.952 0451 -18.30 this work '
10.607 G.-Y. Adachi.?0Ff
53 A. 1. Shelykh et al.”®
10.609 J. R. Rustad. 34t
4.6 H. Jiang et al.”?*
Er,03 10.533 5980  0.444  -18.29 this work b)
10.547 G.-Y. Adachi.?0ff
53 A. 1. Shelykh et al.”®
10.544 J. R. Rustad. 34t
4.7 H. Jiang et al.>?*
-19.67 CRCHT
Tm,03 10472 6.011 0431 -18.46 this work
10.488 A. W. Carbonari et al.”’"
5.4 A. 1. Shelykh et al.*®
10.472 J. R. Rustad.3*f
4.7 H. Jiang et al.>2*
-19.58 CRC3T
Yb,05 10.682 6.038 0474 -11.19 this work —
10.439 G.-Y. Adachi.?0ff
5.3 A. F. Andreeva et al.”!
-18.81 CRCHT
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Tablel Continued

Binary Oxide a(A) E,(eV) m* ArH(eV) reference
Lu,03 10.360 6.066  0.419  -18.63 this work
10.438 7. Anti¢ et al. #117
10.391 G.-Y. Adachi.”0""
5.5 A. 1. Shelykh et al.*®
4.5 H. Jiang et al. 2"
-19.46 CRC3T
TLL,0;3 10.766 0431  0.119° -3.57 this work ]
10.541 A. W. Carbonari et al.*~
10.56 033 A. B. Kehoe et al. 80
Bi, 03 11217 3.169  36.776 -10.18 this work
11.21 A. Matsumoto et al. >

“m* is the calculated effective mass of the hole.

b optical band gap

¢ fundamental band gap

T GGA

“ LDA + scissors correction
¢ LDA+U

1 GoWo@LDA+U

(Fundamental band gaps are estimated from Fig. 3 in Ref. 52)

? HSE06

T X-ray powder diffraction

§ UV absorption spectroscopy

£ UV-visible spectroscopy

I photoconductivity

3 X-ray photoemission spectroscopy
T very low pressure reactor technique
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Lu [Mn [Pm Pr | Se

1% configuration " configuration

3" configuration 4™ configuration

between 0and 10 | |
between 10 and 20
between 20 and 30
between 30 and 40
between 40 and 50

Fig. 7 PBE calculated percent of the stability area of the 50%
ternary compounds with respect to the total area of the stability
triangle. The cells are subdivided as in Fig. 6.

Note that for the transition metal oxides, such as Y03 and
Sc203, the calculated band gaps are in very good agreement
with experiment. On the other hand, the band gap of the lan-
thanides is systematically overestimated. This does not affect
the outcome of our screening procedure, since it only involves
a lower limit for the band gap and not an upper limit. We cal-
culate, furthermore, the standard enthalpy of formation energy
of all the studied binary oxides (A203), i.e., taking as reference
the energies of the constituent elements in their standard states
(oxygen molecule for O and crystalline solid for A). The re-
sults, also presented in Table 1, show that all studied binary
oxides are stable, as expected. For comparison, where avail-
able, the experimental values are also shown.

Fig. 5 shows the band alignment for the studied binary ox-
ides, where the positions of CBM and VBM with respect to
their BPEs are indicated. The results using both the PBE and
HSEO06 functionals are shown. For In, O3, the calculated band
gap and the positions of CBM and VBM are in good agree-
ment with experimental and other theoretical results*’. The
position of the BPE in In; O3, above the CBM, indicates that it
should be readily doped n-type, while doping it p-type should
be more difficult, which is indeed a well known experimental
fact.®0 Fig. 5 also shows that Ga,Os in its bixbyite structure
is a good n-type TCO candidate. It is interesting to note that

Gay 03 in its monoclinic phase (8 — Ga; O3) has a band gap of
4.9 eV and exhibits n-type conductivity.®! Furthermore, one
can see in Fig. 5 that bixbyite V,03, with a band gap of 2.4
eV, is an interesting candidate material for a p-type TCO. In
its corundum ground state structure V, 03 is a metal. The struc-
tural phase transition from corundum to monoclinic occurs at
170 K.%? In its monoclinic phase V>03 is an antiferromag-
netic insulator with a band gap of 0.6 eV.%3 The study of V03
is mostly limited to its metal-insulator transition. However,
vanadium sesquioxide was recently synthesized in the bixbyite
structure, ® and several of its basic properties have now been
reported. 3764

3.2 Ternary oxides

We calculate the formation energy, lattice parameter, band
gap, and positions of the band edges of the ternary compounds
generated as indicated above. The calculations are done with
the PBE functional in our first approach (cf. Section 2.2).
As mentioned, there are several possible configurations for a
given alloying percentage. To see the effect of configuration
on the properties of interest, we study the (Ag 5Bg.5)203 com-
pounds. An analysis of the formation energies shows that 9%,
45%, 31%, and 13% of these oxides prefer the 1st, 2nd, 3rd,
and 4th configurations considered, respectively. The differ-
ence between the lattice parameter of two comparing configu-
rations is smaller than 5%. More importantly, the difference in
the formation energies between two different configurations of
more than 91% of the 50% ternaries, is smaller than 5%. This
indicates that the configuration has a small effect on the stabil-
ity triangle. Also, we find that for more than 95% of the 50%
ternary oxides, the difference between the band gap of two
different configurations is smaller than 10%. The configura-
tion has a similarly weak effect on band alignment. Thus, we
consider that including all possible configurations in this study
would not alter significantly our conclusions. Figures 6 and 7
illustrate the capability of high-throughput calculations, where
band gap (Fig. 6) and stability triangle (Fig. 7) of the 50% al-
loys (253 oxides) are screened. The different colors indicate
how close or far the different oxides are to fulfill the screening
criteria. There are four boxes for each oxide, representing the
four different configurations considered. Black boxes indicate
the very few cases in which the calculations failed to converge.

To analyze the effect of alloying concentration on the band
gap and lattice constant, we compare the calculated values
with those obtained using Vegard’s law . For the lattice con-
stant, the latter predicts

aa, B, =xas+ (1 —x)ap. (5)

The analysis of the results shows that the Vegard’s law is sat-
isfied by most of the ternary oxides considered. Indeed, for
more than 91% of all four configurations of the 50% alloys the
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difference between the calculated lattice parameter and the in-
terpolated value using Vegard’s law is smaller than 5%. This
is also the case for 98% of the 25% [Ap.75Bo.25)203] and 75%
[Ap.25Bo.75)203] alloys. A similar comparison for the band
gaps shows that for most of the studied ternary compounds,
the deviation of the calculated band gap from Vegard’s law is
smaller than 10%. The difference is large only in the cases in
which one of the binary oxides is wrongly predicted to be a
metal by the PBE functional (namely, A=Fe, Mn, TI, and V).
But, of course, in such cases Vegard’s law cannot be applied
to the band gap.

As indicated in the section devoted to computational as-
pects, in addition to the calculations based on the PBE func-
tional, we estimate the band gaps, band alignment, and phase
stability area for the ternaries by interpolating the HSEO6 re-
sults for the binaries. The relatively good compliance with Ve-
gard’s law of the lattice parameter and band gap as a function
of alloying concentration, already mentioned above, supports
this approach.

Bi | Ce |Dy| Er|Eu|Fe |Ga|Gd|He|In |La|Lu (MnPm|Pr | sc(Sm|Th

Yb

o9 =
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s
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Th

Sm rN
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Pm O
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Lu I
La T
In @&
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Fig. 8 PBE band alignment of the most stable configuration of the
50% ternary compounds.?

By screening properties of the 1518 ternary oxides we gen-
erated and by discarding the oxides which do not fulfill the
three criteria we impose, we find a list of candidate TCOs.b
The calculations predict these to have band gap larger than
1 eV, n- or p-type band alignment, and a stability region in
the stability triangle larger than 10%, and a band gap larger

“Thus, for instance, (Bip sCeqs)203 is a n-type TCO candidate in its 1st con-
figuration, but that is not its most stable one among the four considered con-
figurations, so it is not included in Fig. 8. In the case of (TlysVys)203, a
p-type TCO candidate, the 3rd configuration is the most stable one.

bAll calculated data are available as electronic supplementary information.
€As indicated before, for the 25% and 75% compounds, one of the possible
configurations is chosen at random.

Fig. 9 Identified 50% ternary oxide TCO candidates (A9 5B0.5)203.
Cell subdivision as in Fig. 6. A filled circle in the center indicates
that the three screening criteria are fulfilled within the HSE06
interpolation scheme as well. Blue and red correspond to n-type and
p-type TCOs, respectively.

than 1 eV (2.5 eV) in the case of PBE (HSEO6 interpolation)
calculations. Figure 8 illustrates the PBE band alignment of
the 50% ternary oxides. For simplicity, in this plot we only
consider the oxides for which the most stable (lowest energy)
configuration fulfills the three screening criteria.¢ In Fig. 9, all
the n-type and p-type 50% ternary oxides identified are pre-
sented, a colored box indicating that a given configuration ful-
fills all three criteria within the PBE approach. Thus, in some
cases all configurations fulfill the required conditions, while
in others only some do so. There is a full circle in the center
when the HSEOG6 interpolation identifies an oxide as a good
TCO (there is a single result because the configuration degree
of freedom is absent in the interpolation approach). Blue and
red indicate n- and p-type oxides, respectively.

Similarly, Fig. 10 shows the PBE band alignment of the
25% and 75% alloying n-type TCO candidates. As mentioned
above, one random configuration was considered for these cal-
culations. Figure 11 shows the all the identified 25% and 75%
n- and p-type TCO candidates, both for the PBE and HSE06
interpolation calculations. Again, blue and red indicate n- and
p-type oxides, respectively.
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Fig. 10 The band alignment of the n-type 25% ternary compounds =TT (A, ,-By)205 (A 75Bo2s)205

from calculations based on the PBE functional. One possible
configuration was considered for the calculations.

Examination of Figs. 9 and 11 shows the following. First,
considering n-type TCOs, none of the oxides containing FEr,
Eu, Fe, Pr, Mn, or Tb, fulfill all of the three selected criteria,
in neither PBE or HSEO6 interpolation approaches. On the
other hand, there are a few elements that appear repeatedly
in the n-type TCO ternary candidates. Indeed, it is striking
that most of the n-type ternary oxides contain Ga and In, in-
dependently of the approach (PBE or HSEO6 interpolation).
Note that the approach based on the PBE functional produces
noticeably more 50% alloying TCO candidates than HSE06
interpolation approach. This is not the case for the 25% of
75% alloys.

Turning to the p-type ternary oxides, it is interesting that
the ternary p-type TCO candidates all contain V (cf. Figs. 9
and 11). There are far less candidates than for n-type TCOs,
whether in the 50% or in the 25% and 75% alloying cases.
In the 50% alloying case, the PBE approach produces a sin-
gle candidate [(T']y5Vo.5)203], while the HSEO6 interpolation
approach produces another single candidate [(Mng 5V 5)203]
(cf. Fig. 9). In the 25% alloying case, the PBE approach re-
sults in no candidate, while the HSEQ6 interpolation results
four candidates in the 25% ternaries (cf. Fig. 11). Interest-
ingly, the latter also all contain V.

In order to examine whether the two procedures followed
to obtain candidate TCO materials are reliable, we focus on
the 50% alloying n-type ternaries and proceed as follows. We
select those ternaries for which the most stable configuration
is indeed a n-type TCO candidate according to the PBE pro-
cedure, and which at the same time are found to be n-type

Fig. 11 Identified potential 25%(x=0.75) and 75%(x=0.25) ternary
oxide TCO candidates (AxB]—_x)203 (one random configuration).
Color as in Fig. 9.

candidates with the HSEO6 interpolation procedure (cf. Ta-
ble 2). The reliability of the HSE(06 interpolation procedure
is, of course, not limited to the 50% alloying cases. We il-
lustrate this by comparing the interpolated band gaps to the
HSEOQ6 band gaps for two families of compounds, namely
(Dnynl_x)203 and (Tlebl_x)203, for x = 0,025705,075,
and 1. In Table 3 we compare three methods for calculating
the band gap: PBE, HSE06, and HSEQ6 interpolated values
of ternary materials. These results indeed show that the inter-
polated values are very close to those obtained directly from
a HSEOQ6 calculation for all values of x. Moreover, all three
methods yield the same trend for the band gap value on chang-
ing the composition X.

The natural step following our present study is to search
for suitable dopants, i.e. dopants that act as shallow donors
or acceptors in the identified oxides. Furthermore, one must
make sure that the doping energy levels are stable against the
formation of native defects.®® Thus, further work is required
to identify the impurities that will indeed convert these oxides
in good n- or p-type TCOs.?

“In a forthcoming publication we discuss in more detail the p-type dopability
of bixbyite V,05.
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Table 2 Comparing band gap and position of the band edges of the
most stable configuration of 50% ternary oxides with PBE
calculation, HSE calculation, and HSE interpolation results.t

Table 3 Comparing band gap of (Dy,Inj_,),03, and
(T1Yb_x)203 with PBE calculation, HSE calculation, and HSE
interpolation results.

Page 12 of 13

AB band gaP(CV) CBM VBM Compound Eg,PBE Eg,HSE Eg,HSEinterpolatian
Dyln 2.14 -0.19 -2.32 Iny 03 0.93 2.85 2.85
3.98 0.69 329 (DygasIngs)203 1.57 3.44 3.61
437 0.95 343 (Dygslngs)205 2.14 3.98 437
InLu 2.08 -0.36 -2.45 (Dy0,751n0.25)203 2.27 4.26 5.13
3.97 0.50 347 D03 3.94 5.90 5.90
4.46 0.92 -3.53 ThOs 0.01 0.44 0.44
InPm 2.15 -0.04 219  (Tly75Ybo25)203  0.46 1.67 1.83
3.98 0.86 312 (TlsYbos)203 1.38 2.24 3.23
4.26 0.94 332 (TloasYbors)203 225 3.09 4.63
InSm 2.07 -0.11 219 YhOs 34 6.04 6.04
3.89 0.75 -3.15
4.27 0.93 -3.34
InTm 718 2027 45  effectively bring about these systems as TCOs.
4.07 0.63 3.44
4.43 0.92 -3.51
TIVb 138 114 S5 > Acknowledgement
g;i 0(.)'1‘;0 ggg We gratefully acknowledge financial support from the TWT-

T For each oxide, 1%, 2"¢ | and 3" row of data refer to PBE calcula-
tion, HSE calculation, and HSE interpolation results.

4 Conclusion

We present a density-functional based computational high-
throughput scheme to screen a class of oxides in order to find
new candidate TCO materials. The high-throughput method
presented here can be easily applied to different classes of
materials. Here, we screen the electronic properties of 1541
bixbyite oxides, 23 binaries and 1518 ternaries (binary alloys).
The oxides are screened to ensure (i) a minimum band gap,
guaranteeing a reasonable transparency in the visible, (ii) a
minimum thermodynamic phase stability, and (iii) a position-
ing of the charge neutrality level in the band gap indicating
easy n- or p-type dopability. Among the binaries, our calcu-
lations yield V> 03, a relatively simple system with a band gap
of 2.4 eV, as an interesting possible p-type TCO. Our results
indicate Ga, O3 as a n-type candidate, besides In,03. Among
the ternaries, it is remarkable that most of the n-type candi-
dates contain either Ga or In, while the p-type candidates all
contain V. Focusing on the 50% alloys, a more robust short list
of n-type candidates is produced by comparing the results of
our two screening approaches with full HSEO6 calculations.
The promising candidates thus identified, most of them with
a band gap larger than 3 eV, are given by (Ao s5Bo.5)203 with
AB=(DyIn, InLu, InSm, InTm).“

Further research should identify the type of dopants that can

@ Although (Ing.sPmos5)203 , and (Tly5Ybgs5)203 are in Table 2, we do not
include them in the final list because Pm is radioactive, and Tl is toxic.

Vlaanderen through the ISIMADE projectIWT-n 080023),
the FWO-Vlaanderen through project G.0150.13 and a GOA
fund from the University of Antwerp. This work was carried
out using the HPC infrastructure of the University of Antwerp
(CalcUA) a division of the Flemish Supercomputer Center
VSC, which is funded by the Hercules foundation and the
Flemish Government (EWI Department).
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