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High-performance p-type transparent conducting materials (TCMs) must exhibit a rare combination of proper-
ties including high mobility, transparency, and p-type dopability. The development of high-mobility/conductivity
p-type TCMs is necessary for many applications such as solar cells or transparent electronic devices. Oxides have
been traditionally considered as the most promising chemical space to dig out novel p-type TCMs. However,
nonoxides might perform better than traditional p-type TCMs (oxides) in terms of mobility. We report on a
high-throughput computational search for nonoxide p-type TCMs from a large data set of more than 30000
compounds which identified CaTe and Li;Sb as very good candidates for high-mobility p-type TCMs. From
our calculations, both compounds are expected to be p-type dopable: intrinsically for Li;Sb while CaTe would
require extrinsic doping. Using electron-phonon computations, we estimate hole mobilities at room temperature
to be about 20 and 70 cm?/V s for CaTe and Li;Sb, respectively. These are “upper bound” values as only
scattering with phonons is taken into account. The computed hole mobility for Li;Sb is quite exceptional and
comparable with the electron mobility in the best n-type TCMs.
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I. INTRODUCTION

Transparent conducting materials (TCMs) are necessary
in many applications ranging from solar cells to transparent
electronics. So far, n-type oxides (e.g., In,O3, SnO;, and ZnO)
are the highest-performing TCMs, allowing them to be used
in commercial devices [1-5]. On the other hand, p-type TCMs
show poorer performances, especially in terms of carrier mo-
bility. This hinders the development of new technologies such
as transparent solar cells or transistors [3,6]. Taking advantage
of the predictive power of density functional theory (DFT)
calculations, we have set up a high-throughput (HT) computa-
tional framework to identify novel p-type TCMs focusing first
on oxide compounds [7-9].

The analysis of the calculated HT data confirmed that on
average p-type oxides have inherently higher effective masses
than n-type oxides [7]. This could be traced back to the strong
oxygen p-orbital character in the valence band of most oxides
and has rationalized the current gap in mobility between
the best p-type and n-type oxides. This inherent difficulty
in developing high-hole-mobility oxides justifies moving to-
wards nonoxide TCM chemistries including fluorides [10],
sulfides [11,12], oxianions [13], or germanides [14]. Recently,
we started extending our HT computing approach to search
for nonoxide TCMs. Phosphides were identified to be among
the lowest hole effective mass materials and more specifically
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boron phosphide (BP) was detected as a very promising p-
type TCM candidate [15]. We note that subsequent compu-
tational studies focusing on selected binaries and ternaries
reported also on the computational screening of nonoxide
TCMs [16,17]. In the present work, we extend our HT com-
puting approach to a larger space of chemistries and investi-
gate some selected candidates. We screen all nonoxide com-
pounds in a large computational data set including more than
34 000 compounds with fundamental band gaps (computed by
DFT) > 0 eV [18]. Combining DFT-based HT computations
with higher-accuracy methods such as GW, hybrid function-
als, and electron-phonon coupling computations (to assess the
relaxation time and thus the mobility), we identify that CaTe
and Li3Sb would be of great interest as high-mobility p-type
TCMs.

II. METHODS

All the considered materials originate from the Inorganic
Crystal Structure Database (ICSD) [19]. Their relaxed crys-
tal structures and electronic band structures were obtained
from the Materials Project database [20,21]. These rely on
DFT high-throughput computations which were performed
with VASP [22,23] using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation (XC) functional [24] within the projec-
tor augmented wave (PAW) framework [25].

One of the first selection criteria for TCMs is their stability.
Here, it is assessed by the energy above hull Ey; in the
Materials Project database [20]. For a compound stable at
0 K, Epgn = 0 meV/atom, and the stability decreases as Epyy
increases.

©2019 American Physical Society
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In the beginning of the screening procedure, the PBE band
gap can be used as a filter. However, since PBE is known
to systematically underestimate the band gap compared to
experiments, more accurate calculations are needed in the
subsequent steps (though with a limited number of materials).
So, the fundamental and direct band gaps were also calculated
with VASP for about a hundred materials using the Heyd-
Scuseria-Ernzerhof (HSE) hybrid XC functional [26,27] and
adopting the same computational parameters as for the PBE
calculations. For the final candidates (CaTe and Li3;Sb), GoW,
calculations were performed with ABINIT [28-31]. In these
calculations, optimized norm-conserving (NC) pseudopoten-
tials including semicore electrons were used which were
generated with ONCVPSP [32,33]. The kinetic cutoff energy
for the wave functions was set to 51 and 52 Ha for CaTe
and Li;Sb, respectively, as recommended in the PseudoDojo
table [33]. The convergence of these calculations with respect
to the kinetic energy cutoff E. for the dielectric function
and the number of bands N, was tested using automatic GW
workflows [34] based on the PYMATGEN [35] and ABIPY
packages [31,36]. For CaTe, the convergence of the gap at the
I' point (with a truncation error smaller than 0.01 eV) was
obtained for E. = 12 Ha and N,, = 480. In the case of Li3Sb,
the convergence is significantly faster: using £, = 10 Ha and
N, = 240 guarantee a truncation error smaller than 0.01 eV.
More details about the convergence tests are available in
the Supplemental Material [51]. For the calculations of the
screening and the quasiparticle self-energy, 10 x 10 x 10 and
8 x 8 x 8 k-point meshes were used for CaTe and Li3Sb,
respectively. The band structures are then interpolated from
these k-point meshes using ABIPY [31,36].

The point defect computations were performed using the
supercell technique [37] adopting 3 x 3 x 3 supercells of the
primitive cells. We calculated the defect formation energies
first using the PBE XC functional but also with the more
accurate HSE functional for LizSb and CaTe [26,27]. For the
latter, the screening length and fraction of exact exchange
were set to the common values of 0.2 A and 25%, respectively.
The kinetic energy cutoff for the wave functions was set to
19.1 Ha (520 eV) and the relaxations are stopped when the
change in total energy between two ionic relaxation-steps is
smaller than 3.67 x 10~* Ha (0.01 eV). The formation energy
of defect D in charged state ¢ can be written as [38,39]

E¢[D?] = E[D?] + Econ[D] — E[bulk] — X;n;ji;
+g(evpMm + Av + Aer), (D

where E[DY] and E[bulk] are the total energies of the su-
percell with a defect D in the charge state g and without
any defects, respectively; n; is the number of atoms of type i
removed (n; < 0) or added (n; > 0); and, w; is the correspond-
ing chemical potential. eygy is the energy of the valence band
maximum (VBM), and Aey is the Fermi level referenced to
eypm. The correction terms E.o[D?] and Av are introduced
to take care of the spurious image-charge interactions and
the potential alignment for charged defects, respectively. The
defect states with the charge g were corrected using the
extended Freysoldt (Kumagai) scheme [40,41]. All defects
computations were performed using the PyCDT package [42].

The effective masses were calculated with BoltzTrap
(based on Boltzmann transport theory framework) [43] using
the PYMATGEN [35] interface and the Fireworks workflow
package [44]. All the raw effective mass data are freely
available in a separate paper which covers around 48 000
inorganic materials [18]. The mobility depends on the ef-
fective mass m* through u = etr/m* where the relaxation
time t (inverse of the scattering rate) depends on different
scattering mechanisms. Carriers can be scattered by phonons,
ionized and neutral impurities, grain boundaries, etc. In this
work, we only took into account the scattering of electrons
by phonons which is likely to be an important component of
scattering and is an intrinsic mechanism, difficult to control
through purity and microstructure. The carrier scattering by
phonons can be computed theoretically if the electron-phonon
matrix elements are known. In principle, one can employ
density functional perturbation theory (DFPT) to obtain all
the electron-phonon matrix elements from first principles.
However, converging the relevant physical properties (such
as the scattering rate of electrons by phonons) often re-
quires very dense k-point and q-point meshes for electrons
and phonons, respectively, leading to a considerable increase
of computational time. The recently developed interpolation
techniques based on Wannier functions offer a very practical
and efficient solution to overcome this obstacle. In this work,
we used the EPW code [45,46] interfaced with Quantum
ESPRESSO [47,48] to calculate the relaxation time T, (n
and k are the band index and wave vector of a Bloch state,
respectively). More details on the theory and the implemen-
tation can be found in Ref. [46]. The 1, were interpolated
on a dense 40 x 40 x 40 mesh for both k points (for elec-
trons) and q points (for phonons) starting from the DFPT
values on a 6 x 6 x 6 mesh. The latter (together with the
structural relaxation, self-consistent, and non-self-consistent
calculations which are needed to run EPW) were obtained
using Quantum ESPRESSO with NC pseudopotentials and
very stringent parameters for convergence, e.g., a high cut-
off energy of 40 Ha. These 7,y are then used as an input
to compute the carrier mobility by solving the Boltzmann
transport equation by means of the BoltzTrap package [43]. In
the latter calculations, the DFT band energies (computed on a
finite number of k points) are interpolated using star functions
(see Sec. 2 of Ref. [43]). Here, we have implemented another
interpolation for the relaxation time in BoltzTrap in order to
obtain the same very dense k-point grid as the one used for
band energies. The physical principle for this implementation
is that the symmetries of the quasiparticle energies are the
same as those of band energies [49] (7, x due to the interaction
with phonons can be calculated from the imaginary part of the
electron-phonon self-energy).

III. RESULTS

Starting from the Materials Project database, our first
step was to extract materials with a low hole effective mass
(<1m,, where m, is the free electron mass) and a large
enough fundamental gap (>0.5 eV) and direct gap (>1.5eV),
based on PBE calculations. Regarding the effective masses,
in the most general form, they are represented by a tensor.
As most TCMs are used as polycrystalline films, materials
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TABLE 1. Formula, space group, Materials Project identification number (MP-id) [20,21], fundamental E, and direct gaps EA‘,’ computed
by HSE functional (in eV), energy above hull E},; (in meV /atom), principal components m,, m,, and mj of the hole effective mass tensor (in
atomic units), and verification of the absence of toxic/rare-earth (T/RE) elements (Be, As, Cd, Yb, Hg, Pb, and Th) and of the p-type dopability
(when computed here or obtained from the existing literature) for the selected compounds (see text). The materials are sorted as a function of
the direct band gap in decreasing order.

Formula Space group MP-id E g E, Enan m my mj T/RE p dopability
BeS F43m 422 6.89 4.05 0.0 0.65 0.65 0.65 X

KM,Hj3 Pm3m 23737 5.76 3.58 0.0 0.75 0.75 0.75 v

SiC F43m 8062 5.75 2.25 0.7 0.58 0.58 0.58 v v [52-55]
BeSe F43m 1541 5.27 3.36 0.0 0.55 0.55 0.55 X

BeCN, 142d 15703 5.21 5.21 0.0 0.75 0.75 0.78 X

RbPbF; Cc 674508 5.20 4.84 0.0 0.71 0.83 0.95 X

MgS Fm3m 1315 4.95 3.84 0.0 0.98 0.98 0.98 v

RbHgF; Pm3m 7482 4.90 2.11 0.0 0.93 0.93 0.93 X

AgCl Fm3m 22922 4.81 2.28 0.0 0.83 0.83 0.83 v

CsHgF; Pm3m 561947 4.59 2.20 0.0 0.89 0.89 0.89 X

Be,C Fm3m 1569 4.56 1.63 0.0 0.37 0.37 0.37 X

StMgH, Cmc2, 643009 4.52 3.78 0.0 0.84 0.90 0.95 v

Li,Se Fm3m 2286 4.36 3.70 0.0 0.95 0.95 0.95 v

BP F43m 1479 4.35 2.26 0.0 0.34 0.34 0.34 v v [15]
CaS Fm3m 1672 4.28 3.34 0.0 0.88 0.88 0.88 v

LiCa4B;3Ng Im3m 6799 4.25 3.38 0.0 0.86 0.86 0.86 v

BaSrl, R3m 754852 4.22 422 21.8 0.73 0.73 0.80 v

LiSr;B3Ng Im3m 9723 4.18 3.22 0.0 0.89 0.89 0.89 v

NaSr;B3Ng Im3m 10811 4.08 3.14 0.0 0.92 0.92 0.92 v

K,LiAlHg Fm3m 24411 4.04 3.70 9.1 0.65 0.65 0.65 v

BeTe F43m 252 4.04 2.45 0.0 0.42 0.42 0.42 X

Ba;Srlg 14 /mmm 756235 4.02 4.02 7.5 0.70 0.81 0.81 v

CaSe Fm3m 1415 4.01 2.95 0.0 0.77 0.77 0.77 v

LiH Fm3m 23703 3.97 3.97 0.0 0.46 0.46 0.46 v X
AlP F43m 1550 3.90 2.50 0.0 0.56 0.56 0.56 v X
YbS Fm3m 1820 3.76 2.96 0.0 0.76 0.76 0.76 X

Na,LiAlHg Fm3m 644092 3.75 3.75 3.9 0.66 0.66 0.66 v

SrSe Fm3m 2758 3.68 3.03 0.0 0.83 0.83 0.83 v

BaLiH; Pm3m 23818 3.62 3.26 0.0 0.36 0.36 0.36 v X
CsPbF; Pm3m 5811 3.59 3.59 4.6 0.39 0.39 0.39 X

Cs3ZnHs 14/mem 643702 3.58 3.58 0.0 0.69 0.93 0.93 v

Al,CdSy Fd3m 9993 3.56 3.55 20.0 0.78 0.78 0.78 X

K,LiAlH¢ R3m 23774 3.52 3.52 0.0 0.68 0.84 0.84 v

BaMgH, Cmcm 643718 3.51 3.26 4.8 0.48 0.55 0.70 v

CaTe Fm3m 1519 3.50 2.18 0.0 0.60 0.60 0.60 v v
Cs;MgHs P4 /ncc 23947 3.49 3.49 0.3 0.88 0.93 0.93 v

Cs;MgHs 14/mcem 643895 349 3.49 0.0 0.83 0.94 0.94 v

YbSe Fm3m 286 348 243 0.0 0.67 0.67 0.67 X

7ZnS F43m 10695 3.46 3.46 0.0 0.81 0.81 0.81 v v [12]
TaCu;S, P43m 10748 3.46 2.95 0.0 0.98 0.98 0.98 v

Al,ZnS, Fd3m 4842 3.46 343 0.0 0.66 0.66 0.66 v X
Li, ThN, P3ml 27487 3.46 3.33 0.0 0.85 0.95 0.95 X

Mg,B,4C P4n2 568556 342 341 0.0 0.77 0.93 0.93 v

Li,GePbS, 142m 19896 3.33 3.20 0.0 0.61 0.61 0.98 X

Cs3HsPd P4 /mbm 643006 3.32 3.09 0.0 0.79 0.83 0.83 v

SrTe Fm3m 1958 3.24 2.39 0.0 0.67 0.67 0.67 v X
MgTe F43m 13033 3.24 3.24 0.9 0.95 0.95 0.95 v

CsTaN, 142d 34293 3.22 3.22 0.0 0.71 0.71 0.92 v

Cs;MnH;5 14 /mem 643706 3.21 3.18 0.0 0.82 0.96 0.96 v

LiMgP F43m 36111 3.18 2.00 0.0 0.65 0.65 0.65 v

BaS Fm3m 1500 3.17 3.02 0.0 0.85 0.85 0.85 v

LiAlTe, 142d 4586 3.11 3.11 0.0 0.52 0.83 0.83 v

YbTe Fm3m 1779 3.09 1.76 0.0 0.54 0.54 0.54 X
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TABLE 1. (Continued.)

Formula Space group MP-id E g E, Enan m m, ms T/RE p dopability
LizSb Fm3m 2074 3.06 1.15 0.0 0.24 0.24 0.24 v v
SrAl,Te, 1422 37091 3.06 2.66 0.0 0.42 0.79 0.80 v

TaCu;Tey P43m 9295 3.05 2.50 0.0 0.63 0.63 0.63 v

CsPbCl; Amm?2 675524 2.99 2.99 0.0 0.30 0.32 0.33 X

TaCu;Sey P43m 4081 2.98 243 0.0 0.82 0.82 0.82 v

BaSe Fm3m 1253 2.95 2.59 0.0 0.76 0.76 0.76 v

KAg,PS, 142m 12532 2.87 2.53 0.0 0.67 0.82 0.82 v

AlAs F43m 2172 2.84 2.12 0.0 0.50 0.50 0.50 X

LiErS, 14, /amd 35591 2.80 2.80 10.4 0.62 0.99 0.99 v

GaN F43m 830 2.80 2.80 5.2 0.94 0.94 0.94 v

with isotropic or close to isotropic transport are easier to
use in practical applications. Therefore, for the screening, we
focus on the three principal values of this tensor and sort
the materials based on the highest of the three principal hole
effective masses. There were about 390 compounds passing
through this first filter.

We then screened out very unstable materials select-
ing only those with an energy above hull lower than 24
meV /atom. This threshold corresponds to the typical standard
deviation of computational errors (compared with experiment)
of DFT formation energies [50]. For the 107 materials passing
these criteria, more accurate fundamental and direct gaps were
calculated using the HSE hybrid functional. All the results
of this step are presented in Table SI of the Supplemental
Material [51]. For sake of clarity, Table I shows a selection
of 63 materials with a direct band gap >2.8 eV. The materials
are sorted in decreasing order as a function of the computed
direct band gap.

Among the materials at the top of the list, SiC is a well-
known wide-band-gap semiconductor. This material exhibits
polymorphism (e.g., cubic: 3C, rhombohedral: 15R, hexag-
onal: 6H, 4H, 2H) [56] and can be doped both n and p
type [52-55]. A high hole mobility of 40 cm?/V s was ob-
tained for the cubic phase [57]. The indirect optical absorption
of cubic phase is very weak at room temperature with a coef-
ficient of 10° cm™! at 3.1 eV [58]. We suggest that SiC can
be considered as a good p-type TCM. The main disadvantage
of this compound is the difficulty of hole doping. Most known
impurities such as Al, B, Ga, and Sc create deep doping levels
leading to rather low concentrations of holes which were
typically measured to be lower than 10'® cm~ [57] and are
suitable for transistor applications.

Next comes a series of beryllium-based compounds (BeS,
BeSe, BeCN,, Be,C, and BeTe). While their computed per-
formance in terms of band gap and hole effective masses is
very attractive, the toxicity of beryllium lowers their inter-
est for technological applications. Likewise, the many lead-
based halide perovskites (CsPbCls;, RbPbF;, and CsPbF;)
and Li,GePbS, also present toxicity issues. It is interesting
however to see these halide perovskites being of great interest
as solar absorbers when they are made in chemistries show-
ing smaller gaps [59,60]. Toxicity is also an issue with the
series of arsenides, e.g., AlAs. These arsenides are also very
analogous to the phosphides such as BP and AIP that were
identified in a previous work [15]. Some of the materials in

the list contain rare-earth elements which might present some
cost issues. We believe that further assessment of all these
materials in terms of dopability and mobility is not a priority.
Therefore, in the penultimate column of Table I, the absence
of toxic or rare-earth elements is verified, as indicated by a
check mark.

Continuing to explore the list of materials, many hydrides
appear to be of interest with low hole effective mass and
large direct band gaps for LiH, BaliH3, and CsH. Unfor-
tunately, our subsequent defect computations indicate that
these hydrides have low-lying hole-killing defects, especially
the hydrogen vacancy, making unlikely their efficient p-type
doping (see the Supplemental Material [51]). A few sulfides
are also identified by our screening: ZnS and ZnAl;S4. ZnS
has been indeed recently studied as a good-performance p-
type TCM [12]. ZnAl,S4, on the other hand, is less stud-
ied but our defect computation indicates that it is very un-
likely to be p-type dopable because Zn-Al antisite defects
form easily and act as hole killers. Al,CdS, is likely to
present the same issues. The defect formation energies com-
puted by DFT for ZnAl,S, are given in the Supplemental
Material [51].

Among the different materials in the table, two promising
candidates, LizSb and CaTe, also attracted our attention. The
rest of the paper is dedicated to the further computations that
were performed for these compounds.

The conventional cells of CaTe and Li;Sb are shown in
Figs. 1(a) and 1(e). Ca atoms in CaTe are surrounded by six
Te atoms forming an octahedral local environment. In Li3Sb,
the cation fills tetrahedral and octahedral sites. Both CaTe and
Li;Sb are cubic phases with high symmetry, which explains
their isotropy in hole effective masses (m; = m, = mj3). CaTe
and Li3;Sb exhibit very low hole effective masses with the
eigenvalues being 0.60 and 0.25 m, (m, is the mass of a free
electron), respectively. It is worth noting that the lowest hole
effective masses found so far in a computational database for
a p-type conducting oxide, K,Sn,03 [7,61], is 0.27 m,. The
promising nonoxide p-type TCM reported recently [15], BP,
shows an effective mass around 0.35 m,. Current Cu-based
p-type transparent conducting oxides (TCOs) show effective
masses around 1.5 to 2 m, [7]. The direct gaps of CaTe and
Li;Sb calculated using the HSE hybrid functional are 3.5
and 3.06 eV, respectively. Next to hybrid functional compu-
tations, we performed GoW, to confirm the value of these
band gaps.
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FIG. 1. From the left to the right, the conventional cells, band structures, projected density of states (DOS), and relaxation time and
scattering rate. Panels (a)—(d) and (e)—(h) show data of CaTe and Li;Sb, respectively. The conventional cells present local environments around
cations Ca (blue) and Li (green). Panels (b) and (f) plot DFT band structures with a rigid shift of the conduction bands (scissor operator) to fit
the fundamental gaps computed by GoW,. Panels (d) and (h) show relaxation time t (in femtoseconds) and scattering rate 1/7 (in 1/second) as
functions of energy at temperature 300 K. The projected DOS in (c) and (g) are computed by DFT. The band gaps of the DOS and relaxation

time are also shifted to fit GyW, values.

Figure 1(b) shows the DFT band structure with a scissor
shift to fit the GoW, fundamental gap (GoyW, band structure of
CaTe is shown in Fig. S6 of the Supplemental Material [51]).
The GoW, fundamental gap (I' — X) is 2.95 eV while the
direct gap is located at the X point and has a value of 4.14 eV.
The GoW; direct gap is consistent with the value of 4.1 eV
measured in an optical experiment [62]. We expect such a
large direct band gap to lead to transparency in the visible
region. Li3Sb is also a semiconductor with an indirect gap.
In the same way, the DFT electronic band structure with
a scissor shift is presented in Fig. 1(f) (see Fig. S7 of the
Supplemental Material [51] for GoW, band structure). The
GoWy fundamental (indirect) band gap and direct gap are 1.37
and 3.17 eV, respectively. The GoW, direct gap (located at the
I point) is 3.17 eV. This is consistent with an experimental
value of 3.1 eV measured recently [63] but much lower than
another experimental value of 3.9 eV reported earlier [64].
The indirect band gap is narrow and will lead to some absorp-
tion in the visible range. However, the indirect nature of the
absorption makes it phonon-assisted and is expected to lead
to weak absorption. To quantify this absorption, we computed
the optical absorption including phonon-assisted processes
using EPW [45,46]. Details about the computational method
can be found in Ref. [65]. The result in Fig. 2 shows quite
weak absorption in the visible range with the average intensity
about 5 x 10> cm~!, which means that a 100-nm film still
allows more than 70% of visible light energy to get through.

This is suitable for applications and devices using the thin-film
form of Li3Sb. The weak indirect optical absorption computed
here is similar to that of established p-type TCOs such as
SnO [66] or recently proposed p-type TCMs such as BP [15].

CaTe and Li3Sb show very low hole effective mass (0.60
and 0.24 m, within DFT). Indeed, both materials have
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FIG. 2. The indirect optical absorption of Li;Sb due to phonon-
assisted transitions.
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FIG. 3. Phonon band structures with fat bands representing displacements of atomic vibrations. The width of fat bands gives qualitative
understanding of the vibrational modes such as what are the atomic types involved in the vibrations at a given energy, their direction of
oscillation, and the amplitude (related to the displacement). The projected DOS of phonons on each type of atom are correspondingly shown

next to the band structures. (a) CaTe and (b) Li;Sb.

threefold degeneracy at VBM (I" point); therefore, the trans-
port of holes occurs in three bands with some lighter and
some heavier. Our definition of effective mass takes into
account the competition among these three bands and gives an
average value that is representative of the transport which will
happen in the different bands. More details about formulas
and calculation techniques can be found in Refs. [18,67].
This should be kept in mind when comparing our results to
other studies which sometimes only focus on one band when
several competing bands are present [16,68]. It is worth noting
that the effective masses might be changed in the GW band
structures, which is not assessed in this work. Here, we still
use the DFT band structures for the transport calculations.
Figure 1 shows the projected density of states (DOS) for
[panel (c)] CaTe and [panel (g)] LizSb. For both compounds,
the top of the valence band is mainly of anionic p-orbital
character (Sb>~ or Te?~) with some mixing from the cations.
The effective masses are directly related to overlap and energy
difference between orbitals [67]. The lower value of hole
effective masses obtained in these nonoxide compounds can
be associated with both a better alignment between the anionic
and cationic states than in oxides and larger anionic p orbitals
(5p versus 2p for oxides).

The effective mass is an important factor driving carrier
mobility but not the only one. The scattering rate or relaxation
time also affects the mobility. There are several mechanisms
which can influence relaxation time as mentioned in Sec. II.
Phonon scattering is the most intrinsic factor as it is not
affected by purity and microstructure. The evaluation of relax-
ation time from phonon scattering can be performed ab initio
using electron-phonon coupling matrices obtained from DFPT
phonon computations. Figure 3 shows phonon band structures
(fat bands) and projected DOS of phonons for [panel (a)] CaTe
and [panel (b)] Li3Sb. The fat bands represent qualitatively
characteristics of vibrational modes including what types of
atoms participate in the phonon modes at a given energy
and their direction and amplitude. The absence of modes
with negative (purely imaginary) frequencies shows that these

materials are dynamically stable at 0 K. The lighter atoms
(Ca and Li) mainly contribute to the optical modes at high
frequencies (3 and 9 modes in CaTe and Li3Sb, respectively),
while the heavier elements (Te and Sb) play an important role
in the three acoustic modes at low frequencies.

Using the DFPT phonon computations and EPW, we can
extract electron-phonon coupling matrices and the relaxation
time T, on a dense k-point grid (see Eq. S1 of the Supplemen-
tal Material [51]). Figures 1(d) and 1(h) show the scattering
rate and lifetime (inverse of scattering rate) as a function of
energy at 300 K for CaTe and Li3Sb, respectively (see Eq. S2
of the Supplemental Material [51]). As commonly observed,
the scattering rate is proportional to the DOS. A higher DOS
offers more states available for the scattered electrons. At the
doping hole concentration of 10'® cm™3, the Fermi levels are
90.5 and 120.8 meV above the VBMs for CaTe and LisSb,
respectively. For the highest doping of 10>' cm—3, the Fermi
levels lie below VBMs of 264.5 and 168.5 meV for CaTe and
Li3Sb, respectively. The transport of holes, therefore, takes
place around VBMs (I" points). The DOS at the I" point of
Li;Sb is larger than that of CaTe but the scattering rate of
Li;Sb is fairly similar [see Figs. 1(d) and 1(h)], indicating
that a slightly weaker electron-phonon coupling is present in
Li;Sb.

We computed scattering rates at temperatures of 300 and
400 K. Figure 4 shows the hole mobilities as a function of hole
concentrations at 300 and 400 K for both CaTe and Li3Sb. The
mobilities decrease with hole concentrations. As the Fermi
level shifts deeper below the VBMs, the DOS increases as
well as the scattering rate [see Figs. 1(d) and 1(h)]. CaTe
shows a value of hole mobility around 20 cm?/V s that is
comparable with the mobility of Ba,BiTaOg, a recently re-
ported p-type TCO [9], and larger than mobilities of the tradi-
tional p-type TCOs such as CuAlO, [69] and SnO [70]. Li3Sb
exhibits an exceptional hole mobility up to about 70 cm?/V s
at room temperature. This value nearly reaches the values of
the electron mobilities of the best current n-TCOs such as
Sn0,, ZnO, In, 03, and Ga, 03 which are around 100 cm?/V s
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FIG. 4. Hole mobilities as a function of hole concentrations of
CaTe and Li;Sb at temperatures 300 and 400 K.

(see Table SII of the Supplemental Material [51]). It is worth
noting that the mobility measured experimentally takes into
account other scattering processes. Our computed mobilities
as they only take into account phonon scattering can be seen
as an upper bound.

Our final assessment focuses on the dopability of CaTe
and Li;Sb. While we have assumed so far that the Fermi
level of these two materials could be tuned to generate hole
carriers, it remains to be seen whether the defect chemistry
is favorable to hole generation. To answer this question, we

)

performed defect calculations using HSE functional following
the procedure described in Sec. II. Figure 5(a) presents the
defect formation energy for both intrinsic and extrinsic defects
for each sort of defect in CaTe. The chemical potentials are
chosen in conditions which lead to the most favorable p-type
doping tendency for this material. The chemical potentials
corresponding to different conditions in the phase diagrams
are available in Fig. S8 of the Supplemental Material [51].
Focusing first on intrinsic defects only including vacancies,
antisite defects (replacement of Te on Ca sites and vice versa),
and interstitial atoms, defect formation energies of these are
plotted in Fig. 5(a) with chemical potentials extracted in Te-
rich condition of the phase diagram. Intrinsically, CaTe is
unlikely to present p-type doping as no intrinsic defect acts as
alow-lying acceptor. The vacancy of Ca will be in competition
with the hole-killing vacancy of Te leading to a Fermi level
far from the valence band. However, the Te vacancy is not
low enough in energy that it would prevent extrinsic p-type
doping. When extrinsic defects with Na, K, and Li substituting
onto Ca sites are considered, we find that all these substitu-
tions offer a shallow acceptor very competitive compared to
the Te vacancy. The Ca by Na substitution is the lowest in
energy. Extrinsic doping by Na might therefore lead to p-type
doping in CaTe. The plots of formation energies of K¢,, Nac,,
and Lic, in Fig. 5(a) were achieved with chemical potentials
extracted from KTe-CaTe-K,Tes;, NaTe;-CaTe-Na,Te, and
Li,Te-CaTe-Te facets of the three-element phase diagrams
(see Fig. S8 of the Supplemental Material [51]). For Li;Sb,
Fig. 5(b) shows an intrinsic tendency for hole doping with
the lithium vacancy (Vacy;) acting as a shallow acceptor with
a very low formation energy and no competing hole killer.

4] [ [
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FIG. 5. The defect formation energy as a function of Fermi level of intrinsic and extrinsic defects for (a) CaTe and (b) Li;Sb. For CaTe,
the intrinsic defects include vacancies (Vacc, and Vacr.), antisites (Tec, and Car,.), and interstitial atoms inserted into the tetrahedral hollows
formed by 4 Te atoms (Cajge1esy and Teier1es)), While Na, K, and Li are used as the extrinsic defects substituting Ca atoms (Nac,, Kc,, and
Lic,). For Li;Sb, the intrinsic defects include vacancies (Vacy;.;, Vacy;,, and Vacgy), antisites (Ligp,, Sby;.1, and Sby;.,), and interstitial atoms
inserted into the octahedral hollows formed by Sb and Li atoms (Lijct, sbori4), Liicoct, sbLis)s Sbioct, sb2Li4y, and Sbicc, sbris))- In both cases, the

VBM is set to zero.
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This plot is produced with chemical potentials computed in
the Li3Sb-Li,Sb facet of the phase diagram (see Fig. S9 of the
Supplemental Material [51]).

IV. DISCUSSION

The discovery of the quite unanticipated LizSb with a
potential for very high hole mobility demonstrates the interest
of our HT screening strategy. Li3Sb is an unexpected com-
pound for TCM applications and would have been difficult
to intuitively identify. Among other AzB compounds (A =
Li, Na, K, and Rb; and B = N, P, As, and Sb), Li3;Sb is
exceptional because of its very low hole effective masses (see
Table SIII in the Supplemental Material [51]). We suggest that
the energy difference between A-ns' (n =2, 3, 4, 5forLi, Na,
K, and Rb, respectively) and B—np3 (n=2,3,4,5forN, P, As,
and Sb, respectively) orbitals of valence electrons (A and B)
might play important role here. In fact, the energy difference
between Li-2s! and Sb-5p? is about 1.954 (eV) [33] and is the
smallest value among many other ones of A-ns'/B-np> pairs.
This leads to a small orbital-energy difference and strong s/p
(anti)bonding, which results in low hole effective mass. While
we only focus on CaTe and Li3Sb as they are likely the most
potential candidates, there are other interesting materials with
hole effective masses from 0.6 to 1.0 m,, and high direct gaps
(see Table I) such as CaS, SrSe, SrTe, LiCasB3Ng, LiSr4B;Ng,
and NaSr4B3Ng. Defect calculations for these materials have
not been performed in this work and we, therefore, cannot
adjudge their p-type doping tendency.

By going beyond oxides, we identified compounds with
very high hole mobility. However, several other issues also
arise and need to be considered. The processing of anti-
monides or tellurides might be more difficult than oxides.
They are, however, very common chemistries in other ap-
plications such as thermoelectrics with several exemplary
compounds such as PbTe, Bi,Te; [71], or more recently
Mg;Sb, [72-74]. The band gaps in nonoxide compounds
are narrower, which lowers on average their transparency in
the visible light. As we already discussed [15], this can be
overcome by exploiting the indirect gaps and weak phonon-
assisted optical transitions. Lower band gaps are useful for
p dopability though as lower band gap materials tend to be
easier to dope [75].

We note that the defect chemistry of nonoxides can be
different than in traditional TCOs. For oxides, the cation-
anion antisite defects (replacement of anions on cations’ sites

and vice versa) are unlikely to be favorable energetically
because of the large electronegativity difference between
cations and anions. In nonoxide compounds, e.g., CaTe, the
cation-anion antisites are more likely to be present leading
to potentially different hole-killing defects. While the anion
(oxygen) vacancy is the most common hole killer in oxides,
we see our nonoxide materials presenting antisite cation-
anion defects lower in energy than the anion vacancy such
as in CaTe. We also identify that the hydride chemistry
while offering attractive electronic structures presents dopa-
bility issues (i.e., a low-lying hydrogen vacancy acting as
hole killer) preventing them from further consideration in
p-type TCMs.

V. CONCLUSIONS

Using a large database and appropriate filtering strate-
gies, we report on a high-throughput search for nonoxide
p-type TCMs. We identified two materials to be of interest:
CaTe and LizSb. We performed extensive follow-up com-
putational investigation of these candidates, evaluating their
band structure using beyond DFT techniques, their trans-
port and phonon-assisted optical properties using electron-
phonon computations, as well as their defect chemistry. Both
CaTe and Li3;Sb present very attractive properties for p-type
TCM applications. Li3Sb shows a very high hole mobility
of around 70 cmZ/V s, which is close to electron mobil-
ity in the best n-type TCMs. Our work motivates further
experimental investigation of these two materials for TCM
applications.
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