I[dentification and Design Principles of Low Hole
Effective Mass p-type Transparent Conducting Oxides,
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Supplementary Figure S1: Band structure of Tl;V,0O; (Materials project id:
3331). The band structure is from DFT-GGA with a scissor operator (shift of the conduction
band) applied to impose the GW band gap. The path in the Brillouin zone is also shown.
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Supplementary Figure S2: Band structure of T1,03 (Materials project id:
27684). The band structure is from DFT-GGA with a scissor operator (shift of the con-
duction band) applied to impose the GW band gap. The path in the Brillouin zone is also

shown.
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Supplementary Figure S3: Band structure of PbHfO; (Materials project id:
22734). The band structure is from DFT-GGA with a scissor operator (shift of the con-
duction band) applied to impose the GW band gap. The path in the Brillouin zone is also

shown.
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Supplementary Figure S4: Band structure of Hg,SO, (Materials project id:
7461). The band structure is from DFT-GGA with a scissor operator (shift of the conduction
band) applied to impose the GW band gap. The path in the Brillouin zone is also shown.
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Supplementary Figure S5: Band structure of PbZrO; (Materials project id:
20337). The band structure is from DFT-GGA with a scissor operator (shift of the con-
duction band) applied to impose the GW band gap. The path in the Brillouin zone is also

shown.
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Supplementary Figure S6: Band structure of ZrSO (Materials project id:
3519). The band structure is from DFT-GGA with a scissor operator (shift of the con-
duction band) applied to impose the GW band gap. The path in the Brillouin zone is also

shown.
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Supplementary Figure S7: Band structure of Sr;As,O (Materials project id:
8299). The band structure is from DFT-GGA with a scissor operator (shift of the conduction
band) applied to impose the GW band gap. The path in the Brillouin zone is also shown.
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Supplementary Figure S8: Band structure of PbTiO3 (Materials project id:
20459). The band structure is from DFT-GGA with a scissor operator (shift of the con-
duction band) applied to impose the GW band gap. The path in the Brillouin zone is also

shown.
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Supplementary Figure S9: Band structure of HfSO (Materials project id:
7787). The band structure is from DFT-GGA with a scissor operator (shift of the con-
duction band) applied to impose the GW band gap. The path in the Brillouin zone is also

shown.
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Supplementary Figure S10: Band structure of Sr,P>,O (Materials project id:

8298). The band structure is from DFT-GGA with a scissor operator (shift of the conduction
band) applied to impose the GW band gap. The path in the Brillouin zone is also shown.
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Supplementary Figure S11: Band structure of PbTiO3 (Materials project id:
21905). The band structure is from DFT-GGA with a scissor operator (shift of the con-
duction band) applied to impose the GW band gap. The path in the Brillouin zone is also
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shown.
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Supplementary Figure S12: Band structure of Sb,;Cl;O5 (Materials project
id: 23419). The band structure is from DFT-GGA with a scissor operator (shift of the
conduction band) applied to impose the GW band gap. The path in the Brillouin zone is

also shown.
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Supplementary Figure S13: Band structure of BgO (Materials project id:
1346). The band structure is from DFT-GGA with a scissor operator (shift of the con-
duction band) applied to impose the GW band gap. The path in the Brillouin zone is also

shown.
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Supplementary Figure S14: Band structure of Ca;As,O (Materials project id:
8789). The band structure is from DFT-GGA with a scissor operator (shift of the conduction
band) applied to impose the GW band gap. The path in the Brillouin zone is also shown.

14



\

A

s
=S l)Z

—ir > 1T Z uN Py, Zp®
Wave Vector

A
A
e

P

A

Supplementary Figure S15: Band structure of Ca,P>,O (Materials project id:
8789). The band structure is from DFT-GGA with a scissor operator (shift of the conduction
band) applied to impose the GW band gap. The path in the Brillouin zone is also shown.
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Supplementary Figure S16: Band structure of K2Sn,O3 (Materials project id:
7502). The band structure is from DFT-GGA with a scissor operator (shift of the conduction
band) applied to impose the GW band gap. The path in the Brillouin zone is also shown.
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Supplementary Figure S17: Band structure of K;Pb,O3; (Materials project
id: 20694). The band structure is from DFT-GGA with a scissor operator (shift of the
conduction band) applied to impose the GW band gap. The path in the Brillouin zone is

also shown.
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Supplementary Figure S18: Band structure of Rb2Sn,O3; (Materials project
id: 7863). The band structure is from DFT-GGA with a scissor operator (shift of the
conduction band) applied to impose the GW band gap. The path in the Brillouin zone is

also shown.
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Supplementary Figure S19: Band structure of K2Sn,O3 (Materials project id:

8624). The band structure is from DFT-GGA with a scissor operator (shift of the conduction
band) applied to impose the GW band gap. The path in the Brillouin zone is also shown.
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Supplementary Figure S20: Band structure of NaNbO, (Materials project id:

3744). The band structure is from DFT-GGA with a scissor operator (shift of the conduction
band) applied to impose the GW band gap. The path in the Brillouin zone is also shown.
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Supplementary Figure S21: Band gap and stability of A;Sn,O3; A=Li, Na, K,
Rb, Cs rhombohedral and bcc structures. The GGA Band gap (left) and stability in
function of the alkali (right) for the bce and rhombohedral phase of KoSnyO3z. The stability
represents the energy of the reaction for the decomposition to more stable products. Lower
values indicate more stable compounds and a value of 0 meV /atom indicates a compound
stable at 0K
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Supplementary Figure S22: Absorption coefficient for each low hole effective
mass candidates. All the absorption coefficients have been computed within the RPA
approximation on GGA results with VASP.[57] A scissor shift to make the band gap agree
with GW results has been applied on all results. We follow a methodology close to the one
from Yu et al.[56] No phonon-assisted transition or excitonic effects have been taken into
account. The dark dashed line indicates the electronic band gap (direct or indirect) and the

green dashed line the smallest direct electronic band gap.
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Supplementary Figure S23: Formation energy vs fermi energy for K;Sn,Oj3

bce. Both reducing (up) and oxidizing conditions (down) are shown.
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Supplementary Figure S24: Projected band structures for KoSn,O3 rhombo-
hedral. The band structure is computed by GGA but a rigid shift of the conduction band
(scissor operator) is applied to fit the band gap to the more accurate value obtained by GW.
Each subfigure corresponds to the projection of the band structure on one element and the
size of the dot indicates how strong is the element character. These plots are equivalent to
the commonly called fat-band plots and provide the same information (without color scheme)

than the Figure 4 of the main text.
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Supplementary Figure S25: Projected band structures for T1,V507. The band
structure is computed by GGA but a rigid shift of the conduction band (scissor operator)
is applied to fit the band gap to the more accurate value obtained by G'W. Each subfigure
corresponds to the projection of the band structure on one element and the size of the dot
indicates how strong is the element character. These plots are equivalent to the commonly
called fat-band plots and provide the same information (without color scheme) than the

Figure 4 of the main text.
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Supplementary Figure S26: Projected band structures for PbTiOg3 tetragonal.
The band structure is computed by GGA but a rigid shift of the conduction band (scissor
operator) is applied to fit the band gap to the more accurate value obtained by GW. Each
subfigure corresponds to the projection of the band structure on one element and the size
of the dot indicates how strong is the element character. These plots are equivalent to the
commonly called fat-band plots and provide the same information (without color scheme)

than the Figure 4 of the main text.
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Supplementary Figure S27: Projected band structures for Hg,SO,4. The band
structure is computed by GGA but a rigid shift of the conduction band (scissor operator)
is applied to fit the band gap to the more accurate value obtained by G'W. Each subfigure
corresponds to the projection of the band structure on one element and the size of the dot
indicates how strong is the element character. These plots are equivalent to the commonly
called fat-band plots and provide the same information (without color scheme) than the

Figure 4 of the main text.
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Supplementary Figure S28: Projected band structures for BgO. The band struc-
ture is computed by GGA but a rigid shift of the conduction band (scissor operator) is applied
to fit the band gap to the more accurate value obtained by G'W. Each subfigure corresponds
to the projection of the band structure on one element and the size of the dot indicates how
strong is the element character. These plots are equivalent to the commonly called fat-band
plots and provide the same information (without color scheme) than the Figure 4 of the main

text.
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Supplementary Figure S29: Projected band structures for ZrOS. The band
structure is computed by GGA but a rigid shift of the conduction band (scissor operator)
is applied to fit the band gap to the more accurate value obtained by G'W. Each subfigure
corresponds to the projection of the band structure on one element and the size of the dot
indicates how strong is the element character. These plots are equivalent to the commonly
called fat-band plots and provide the same information (without color scheme) than the

Figure 4 of the main text.
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Supplementary Figure S30: Projected band structures for CayP>0. The band
structure is computed by GGA but a rigid shift of the conduction band (scissor operator)
is applied to fit the band gap to the more accurate value obtained by G'W. Each subfigure
corresponds to the projection of the band structure on one element and the size of the dot
indicates how strong is the element character. These plots are equivalent to the commonly
called fat-band plots and provide the same information (without color scheme) than the

Figure 4 of the main text.
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Supplementary Figure S31: Projected band structures for Sb,Cl,0O5. The band
structure is computed by GGA but a rigid shift of the conduction band (scissor operator)
is applied to fit the band gap to the more accurate value obtained by G'W. Each subfigure
corresponds to the projection of the band structure on one element and the size of the dot
indicates how strong is the element character. These plots are equivalent to the commonly
called fat-band plots and provide the same information (without color scheme) than the

Figure 4 of the main text.
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and ternary oxides

i 3052 oxides
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Supplementary Figure S32: Flow chart of the tiered screening approach used
for finding p-type TCOs. Starting from a database of 3052 oxides, we performed DFT-
GGA computations of band structures along symmetry lines. A first screening on line hole
effective mass (< 1.5) and GGA band gap (> 1 eV) is performed, followed by computation
of the full average effective mass tensor within GGA and GW band gap evaluation for the

remaining compounds.
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Supplementary Figure S33: Chemical potential map for the Sb-CIl-O system.
The green region of Sb and Cl chemical potential indicates where the Sb,Cl,O5 phase is stable.
The blue and red points indicate respectively the most reducing and oxidizing conditions

possible.
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Supplementary Figure S34: Chemical potential map for the K-Pb-O system.
The green region of K and Pb chemical potential indicates where the KoPboO3 phase is stable.

The blue and red points indicate respectively the most reducing and oxidizing conditions

possible
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Supplementary Figure S35: Chemical potential map for the K-Sn-O system.
The green region of K and Sn chemical potential indicates where the KsSnyO3 phase is stable.
The blue and red points indicate respectively the most reducing and oxidizing conditions

possible.
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Supplementary Figure S36: Formation energy vs fermi energy for Sb,Cl;0Os5.

Both reducing (up) and oxidizing conditions (down) are shown.
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Supplementary Figure S37: Formation energy vs fermi energy for Ko;Pb;Os5.

Both reducing (up) and oxidizing conditions (down) are shown.
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Supplementary Figure S38: Formation energy vs fermi energy for K;Sn,Oj3

rhombohedral. Both reducing (up) and oxidizing conditions (down) are shown.
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Supplementary Tables

formula | ICSD Materials space band gap | line eff. | m; | my | mg
number | Project id | group (eV) mass

K2Sn203 40463 8624 12 13(199) 1.31 0.29 027 | 0.27 | 027
Rb2Sn203 24816 7863 R-3m(166) 1.23 0.36 0.37 0.26 0.26
K2Pb203 1412 20694 12 13(199) 1.69 0.41 0.39 0.39 0.39
K25Sn203 15511 7502 R-3m(166) 1.22 0.42 0.42 0.23 0.23
Ca4P201 402952 5380 14 /mmm(139) 1.27 0.57 1.19 1.19 0.56
CadAs201 68203 8789 14 /mmm(139) 1.21 0.61 0.76 | 0.74 | 0.74
V1BilO4 62706 23044 I4 1/a(88) 2.12 0.69 1.91 1.91 0.86

B601 656231 1346 R-3m(166) 1.85 0.75 0.71 | 0.71 | 0.42
Sb4C1205 2233 23419 P2 1/c(14) 2.64 0.78 0.49 0.41 0.27
MglSilO3 156592 3547 Pbnm(62) 5.42 0.79 2.79 1.04 0.68
TilPb103 27949 21905 Pm-3m(221) 1.58 0.80 0.48 0.48 0.48
NbIN101 1031 7596 P2 1/c(14) 1.55 0.84 8.43 | 1.13 | 0.79
Sr4P201 33903 8298 14 /mmm(139) 1.21 0.87 1.36 1.36 0.83
Hf1S101 23327 7787 P2 13(198) 2.87 0.90 1.30 1.25 1.25
TilPbl03 162048 20459 P4mm(99) 1.82 0.90 1.09 | 0.48 | 0.48
P2Pt107 200871 29282 P2 1/c¢(14) 1.50 0.95 3.71 2.97 1.43
Sr4As201 33904 8299 14 /mmm(139) 1.19 0.96 146 | 0.80 | 0.80
BilBr10O1 29144 23072 P4/nmm(129) 2.27 0.96 3.85 1.3 1.3
Zr1S101 31721 3519 P2 13(198) 2.42 0.96 1.25 1.21 1.21
Zr1Pb103 39607 20337 C2mm(38) 2.67 1.00 1.09 | 0.98 | 0.44
Ag2Pb102 65998 20210 C2/c(15) 1.38 1.04 5.60 2.09 0.50
Hg28104 15005 7461 P2/c(13) 1.98 1.06 137 | 093 | 0.33
LalBr101 84336 23023 P4/nmm(129) 3.73 1.06 1.56 1.56 1.23
T13B103 10196 4584 P6_3/m(176) 1.30 1.07 2.21 1.32 1.32
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formula | ICSD Materials space band gap | line eff. | m; | my | m3
number | Project id group (eV) mass

TI3V104 80667 20047 Tm2m (44) 2.54 1.08 191 | 145 | 0.67
HfIPb103 161707 22734 Pema(55) 2.72 1.08 108 | 0.83 | 0.73

TI403 23478 27684 P2_1/m(11) 1.10 112 116 | 1.03 | 0.88
Ti4Bi2011 79769 28962 C2/m(12) 2.04 1.16 54.80 | 1.65 | 0.96
TI4V207 72810 3331 P-3m1(164) 2.44 1.19 144 | 062 | 0.62

$¢203 160203 13060 P-3m1(164) 3.39 1.21 125 | 1.25 | 0.67

Pt102 76431 617 P-3m1(164) 1.60 1.24 10.83 | 2.29 | 2.29
TI3P104 60780 5709 P6_3(173) 2.64 1.25 2.37 | 237 | 142
Ti1$n204 163230 18288 P4_2/mbe(135) 1.08 1.27 154 | 1.54 | 0.61
NalNb1O2 | 300244 3744 P6_3/mmc(194) 1.38 1.32 1.36 | 0.64 | 0.64
$b25201 68346 28711 P-1(2) 1.24 1.38 841 | 352 | 118
KIT103 20198 23487 P1(1) 2.77 1.44 1.68 | 1.60 | 0.89
V2Pb308 67605 19903 c2(5) 2.79 1.44 260 | 2.04 | 113
Y25n207 160115 3370 Fd-3m(227) 2.75 1.45 2.08 | 2.08 | 2.08
La2$n207 153813 4086 Fd-3m(227) 2.67 1.46 222 | 222 | 222
Li2Ti103 162215 2931 C2/c(15) 3.03 1.46 2.82 | 277 | 131
Y2Ti105 34692 17559 Pmnb(62) 3.27 1.29 169 | 132 | 111
LalO1F1 30622 8111 R-3m(166) 4.22 1.46 846.48 | 1.56 | 1.56

Supplementary Table S1: Low line hole effective mass oxides. Oxides with line
hole effective mass (computed according to equation (S6)) lower than 1.5 (and a band gap
larger than 1 eV) among the 3052 oxides in our data set. The compounds are sorted from
lowest to highest hole effective mass. For each of those 42 compounds, a full average hole
effective mass tensor has been computed using equation (S5) and the results are presented
in the last column. We did not consider ScyOj in the P3m structure (ICSD 160230) further
in this work as this ICSD entry turned out to come from an ab initio computation and was
never observed experimentally. Moreover, it is computed to be very unstable (the energy
above the convex hull at 0K is around 132 meV /atom) and unlikely to be synthesizable.
Among the 41 candidates identified by line effective mass, we found 20 final candidates with

none of their principal effective masses higher than 1.5.
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formula ICSD space group | band gap effective mass
number (eV) my my mg | Mpyip | Mpmax
K2Sn;03 40463 12,3(199) 2.3 0.27 0.27 0.27 0.27 0.27
K»Sn;03 15511 R3m (166) 24 0.42 0.23 0.23 0.27 0.28
Rb3Sn» 04 24816 R3m (166) 2.3 0.37 0.26 0.26 0.29 0.29
SbyCl2 05 2233 P2, /c(14) 3.8 0.49 0.41 0.27 0.37 0.38
K2Pb20O5 1412 12,3(199) 2.6 0.39 0.39 0.39 0.39 0.39
PbTiO3 27949 Pm3m (221) 3.2 0.48 0.48 0.48 0.48 0.48
BsO 656231 R3m (166) 3.0 0.71 0.71 0.42 0.59 0.59
PbTiOs 162048 P4mm(99) 3.7 1.09 0.48 0.48 0.6 0.62
CasAs,0 68203 I4/mmm(139) 2.1 0.76 0.74 0.74 0.75 0.75
Hg>S04 15005 P2/c(13) 3.8 1.37 0.93 0.33 0.68 0.75
PbZrOg 39607 C2mm(38) 3.6 1.09 0.98 0.44 0.74 0.77
NaNbO, 300244 | P63/mmc(194) 2.1 1.36 0.64 0.64 0.8 0.82
T14V207 72810 P3m1(164) 4.5 1.44 0.62 0.62 0.8 0.82
PbH{O3 161707 Pcma(55) 3.5 1.08 0.83 0.73 0.86 0.86
CasP,0 402952 I4/mmm(139) 2.3 1.19 1.19 0.56 0.9 0.92
SrqAs, O 33904 I4/mmm(139) 2.2 1.46 0.8 0.8 0.96 0.97
T1,03 23478 P2, /m(11) 1.6 1.16 1.03 0.88 1.02 1.02
SryP20 33903 I4/mmm(139) 2.4 1.36 1.36 0.83 1.14 1.15
ZrSO 31721 P2,3(198) 4.3 1.25 1.21 1.21 1.23 1.23
HfSO 23327 P2,3(198) 4.5 1.3 1.25 1.25 1.27 1.27

Supplementary Table S2: Hole effective masses and computed GW band gaps
for all low hole effective mass candidates. The m;, ms, m3 values indicate the eigen-
values of the average effective mass tensor. mp,;, and m.,,, are upper and lower bound to the

effective mass in a polycrystalline film (see Supplementary Methods).
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formula ICSD space group | band gap effective mass

number (eV) m; ms mgs Myin | Mmax

AlCu0O, 60844 R3m (166) 3, 160] 0.2 1.91 1.91 | 2.53 | 2.64

SrCusOy | 25002 | I4;/amd (141) | 3.3, [17] | 5.27 1.39 1.39 | 2.01 | 2.22

ZnRhyOy | 109298 Fd3m (227) 2.7, 161] | 3.47 3.47 3.47 | 3.47 | 3.47
Cu,0 172174 P3m (224) 2.1, [2] | 1.55 1.55 1.55 | 1.55 | 1.55

Supplementary Table S3: Hole effective masses and experimental band gaps
for a few known p-type oxides of interest. m,;, and m,,,, are upper and lower bound

to the effective mass in a polycrystalline film (see Supplementary Methods).
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formula | ICSD number | space group | m; | my | ms | band gap (eV)
In, 05 640179 1a3(206) | 0.17 | 0.17 | 0.17 2.9, [27]
Zn0O 163380 P6;mc(186) | 0.16 | 0.16 | 0.16 3.4[62]
SnOs 157449 P4, /mnm 0.18 | 0.18 | 0.16 3.6(63]

Supplementary Table S4: Electron effective mass and experimental band gaps

for a few known n-type TCOs. The m;, m,, m3 values indicate the eigenvalues of the

average effective mass tensor.
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element | Z electronic pseudopotential pseudopotential
configuration valence configuration scheme
B [He] 2s%2p* 25%2p* ™
O 8 | [He| 25*2p* 25%2p* ™
Na 11 | [Ne] 3s? 2522p93s! HGH
P 15 | [Ne] 3s23p? 35%3p3 ™
S 16 | [Ne| 3523p" 3523p" HGH
Cl 17 | [Ne] 3s*3p® 3s%3p° ™
K 19 | [Ar] 4s! 35%3pS4s! HGH
Ca 20 | [Ar] 452 3523pf4s? HGH
Ti 22 | |Ar] 3d*4s® 35%3p53d?4s* HGH
V| 23] [Ar] 38345 3523p53d34s? HGH
As 33 | [Ar] 3d'%4s24p? 4524p° ™
Rb 37 | [Kr] 5s? 4524p°®5st HGH
Sr 38 | |Kr] 5s? 45%4p555? HGH
Zr 40 | [Kr] 4d?5s* 4524p°4d*5s* HGH
Nb 41 | |[Kr] 4d*5s* 45%4p54d*5s* HGH
Sn 50 | [Kr] 4d'95s25p? 45%4p%4d'°55%5p? ™
Sh 51 | [Kr] 4d'°5s25p3 5525p3 ™
Hf 72 | |[Xe| 4f145d%65> 5525pS5d*6s> HGH
Hg | 80 | [Xe] 47145410652 5d19652 HGH
Tl 81 | [Xe| 4f'5d™°6s%6p! 5d*°6526p* HGH
Pb 82 | [Xe| 4f115d'°65%6p> 5d'%6526p? ™

Supplementary Table S5: Norm-conserving pseudopotentials used for the GW
computations. The pseudopotentials were generated following two different schemes: Troullier-
Martins (TM)[64] and Hartwigsen-Goedecker-Hutter (HGH).[65] All TM pseudopotentials
are from http://www.abinit.org/downloads/psp-1links/psp-1inks/1lda\_tm with the ex-
ception of Sn which was generated by FHIP98 (http://th.fhi-berlin.mpg.de/th/fhi98md/
fhi98PP/). The HGH pseudopotentials are from http://people.web.psi.ch/krack/potentials.

html
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Supplementary Note 1: A,Sn;O3 band gaps and effective mass for A=Li, Na, K,
Rb, Cs

In the ICSD, both K5Sn,O3 and RbaSnyO3 form in the bee structure while KoSny O3 also forms
in the rhombohedral structure. As both those structures show exceptionally low effective
masses but band gaps slightly too low, we studied the effect of the nature of the alkali on the
band gap and effective masses in both bce and rhombohedral structure. Figure S21 shows
the dependence of the band gap with the alkali for both bece and rhombohedral structures.
Both structures have an opposite behavior as going to larger alkali leads to larger gaps in
bee and to lower gaps in the rhombohedral. The GGA gaps will be underestimated but we
are interested here in trends and how the band gap changes with the nature of the alkali.

For the bce structure, the curve plateaus for K, Rb and Cs and not much increase in
gap can be gained by going to larger alkali than K. In the rhombohedral case, a significant
increase of the gap can be achieved by going from K to Na or Li. However, looking at stability
data (i.e., decomposition of the phase in other competing compounds), we observe that the
Li phase is strongly unstable (>200 meV /atom) and very unlikely to be ever formed. The Na
phase however gives reasonable stability and a larger gap than K. The average hole effective
mass tensor of the NaySn,O3 rhombohedral has eigenvalues slightly higher than for KoSny,O3
but still very attractive: m;=0.56, my=0.22, m3=0.22. For Na,Sn,O3 rhombohedral, the
GW gap is computed at 2.7 eV (while the K phase is 2.4 V).

As the valence and conduction bands do not have any alkali character, the effect of the
alkali on the gap is likely to be a volume effect where different alkali change the cell volume
and therefore the overlap between orbitals. This indicates that changing the lattice parameter

through epitaxy could also be a way to tune the band gap in those materials.
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Supplementary Methods

The link between band structure and effective mass (m) is straightforward in the case of a
single isotropic parabolic valence band as the effective mass can be obtained by the curvature
of the band at the valence band maximum (VBM) (% = g_lszval(kVBM), with kypyv the
electron wave vector at the VBM and Ey, the energy of the valence band). In general though,
the effective mass is a tensor property, the bands can be non-parabolic, and several bands
and /or several pockets in different parts of the Brillouin zone can contribute to conductivity.
All these complexities are taken into account in semi-classical Boltzmann theory.[66|[49] The
electrical conductivity tensor of a periodic solid with a relaxation time 7 (assumed to be

constant), a chemical potential y at a temperature T is

Top = —ezriz:/va(i,k)VB(i,k)a% (E(i,K), 1, T)f—; (S1)

Where E(i, k) is the energy of the ith band at the k-point k, v, (k) = %%E(i, k) and
f(E,u,T) is the Fermi-Dirac distribution. Equation (S1) can be simplified to the following

by using an integration by part

dk
7o =~ [ M0 (LK) 0. 7)1 (2)

introducing M, (i, k) = %E(z’, k): the effective mass tensor.
In the case of one isotropic parabolic band, the effective mass tensor is diagonal and
independent of k (Mas(i, k) = =d453) and we recover the textbook expression relating con-

ductivity to effective mass and density of carriers n
Tes _ 1%, (59

T m

However, in the more general case the effective mass tensor can be anisotropic, depending
on k (non-parabolic behavior), several bands can be involved and several competing pockets
in different zones of the Brillouin zone can be contributing to conductivity. This is especially
the case for valence bands. Therefore, to compare materials, we define in this work an average

effective mass tensor M,z as
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_ Tas
Maﬁl T nerr (S4)
=3 [ MK F(B( ), 1, T)

) S S (B, 1 T) s (55)

This average tensor M,g, evaluated for a chemical potential giving the same carrier
concentration (in this work 10'® ¢m™) and at the same temperature T = 300 K, can be
used to compare the intrinsic tendency for materials to lead to mobile charge carriers. In
practice, the evaluation of the average effective mass tensor through equation (S5) requires
a dense k-point sampling of the Brillouin zone (at least 10,000’s of k-points per compound),
and would be very time-consuming on a full database of thousands of compounds even with
DFT. Instead, we have taken again a tiered screening approach where we computed the band
structures along symmetry lines for each compound and evaluated a proxy to the full average

effective mass tensor by computing the maximum effective mass along symmetry lines:

5[ (el k) S (Bl k), o = By, T = 300K ) e

ine — - S6
Miine = max( S [ F(E(i, ko), it = Bven, T = 300K) e ) )

where the maximum is among all the symmetry lines a. This approach is not as accurate
as determining the exact effective mass tensor but requires much less computational time (a
band structure along symmetry lines can be obtained with only a few hundred k-points) and
can be used as a first screening before evaluating the full average effective mass tensor.

For the screening, we considered all compounds containing less than 100 atoms in the unit
cell present in the Materials Project Database originally from the Inorganic Crystal Structure
Database (ICSD) and containing oxygen and no elements such as rare-earths (from Z—58,
Ce to Z=T71, Lu), inert gases, and any element with an atomic number larger than 84 (Po).

The full tiered screening strategy, combining the line effective mass computations and
full average effective mass tensor in DF'T with the final GW computations on the most
promising compounds, is outlined in Figure S32. Blue ovals indicate computations and red
square filtering steps. From our set of 3052 binary and ternary oxides, we computed band
structure for all compounds along symmetry lines using a high-throughput computational
infrastructure, and DFT in the generalized gradient approximation (GGA). While bands
shape are well represented by GGA, the band gap is known to be strongly underestimated
in this approximation.[67] The band gap underestimation is often of at least 0.5 eV but can

be as high as 2 eV.[26] As we target materials with band gaps around 3 eV to favor visible
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light transmission, we screen out from further consideration any compound with a GGA
gap of less than 1 eV. In addition, GGA results are used to exclude materials with a (line)
effective mass higher than 1.5. For the 42 compounds passing those criteria, we performed a
full average effective mass tensor computation using equation (S6) and finally evaluated an
accurate band gap for the most promising compounds by using GW.

Hashin et al.|68] have shown that the effective conductivity of a polycrystalline sample
(o) constituted of uncorrelated anisotropic crystals of conductivity eigenvalues oy, o9, 03

(with 0y < 09 < 03) is bound by an upper and lower bound:

40% + 80109 + 80103 + 70303 o< 40§ + 80309 + 80103 + Toy07
g g g,
! 160’% + 50'10'2 + 50’10’3 + 0203 3160'32) + 50’30’2 + 50'10'3 + 0901

(S7)

As o = %27, we can find the upper and lower bound to a resulting effective mass of a
polycrystalline sample made from an anisotropic crystal of effective mass tensor eigenvalues

m1, ma, mg (with m; > my > m3) (assuming a constant scattering time):

] 4L +8-L 48 L 471 1 1 4% +8 Lt 48 Lt 7l
L my mimse mims maoms L L mg ms3ms2 mims momy (88)
my 164 +5—— +5—+— 4+ 1 m  mgl6t +5—— +5——1— 4 1L
mi mimsa mims moms msg ms3mso mims momi
So, we have:
16"%% + 5m31m2 + 5mllm3 + m21m1 (S )
Mmin = 1 1 1 1 3 9
4717% + 8m3m2 + 8m1m3 + 7m2m1
1607 + 55y + Sy + e (510
Mmaz = 777 1 1 1 10
4m_% + 8m1m2 + 8m1m3 + 7m2m3
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