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es as p-type conducting
transparent semiconductors: a high-throughput
search†

Hai-Chen Wang, a Paul Pistor, a Miguel A. L. Marques *a and Silvana Botti b

We perform a systematic study of the family of quaternary halide perovskites in order to find good

candidates for transparent p-type conduction. This is achieved by using high-throughput techniques

based on density-functional theory, and by screening the materials with regard to their stability,

electronic band gap, and hole effective masses. We find a total of 17 double perovskites with promising

properties, 10 of which not including toxic or rare chemical elements. Furthermore, in most of these

systems, doping might be achieved by adjusting the chemical potential of the two cations during the

growth process. Due to chemical similarity, we expect that these materials are compatible with current

photovoltaic technology based on organic halide perovskites.
1 Introduction

Transparent conducting semiconductors (TCSs) form a large
family of materials that combine both high conductivity and
transparency. Researchers have found many n-type TCSs,
including In2O3, ZnO, and SnO2, which are by now routinely
used as transparent electrodes and thin lms transistors in
solar cell devices, infrared reective coatings, and electro-
chromic displays, to name a few examples.1,2 Unfortunately,
good p-type TCSs, which are fundamental for the development
of new electronic architectures such as transparent p–n junc-
tions, are much rarer.2 Since the rst report on a p-type TCS
made of NiO,3 a class of promising p-type TCSs was identied at
the end of the 90s in the family of Cu oxides with the delafossite
structure. CuAlO2 was rst investigated by Hosono et al. in
1997,4 leading to an extensive research effort of the whole family
of CuMO2 delafossite compounds.5 During the past two
decades, a large effort, both experimental and theoretical, has
been made to explore potential p-type TCSs in other crystal
families, and potential candidates have been found in the Sn–O
system,6,7 in spinel oxides8–10 or in chalcogenides.11–13 Unfortu-
nately, due to the low valence band dispersion of localized O-2p
orbitals in these candidates, existing p-type TCSs still do not
have a performance comparable to their n-type counterparts2,7,11

and new solutions for p-type transparent conductivity are under
active research.
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There are a series of conditions that are required for a good
p-type TCS. First of all, the energy gap should be large in order
to avoid absorption in the visible range.2,7,11 Then one usually
searches for holes with small effective masses at the top of the
valence band, in order to ensure the mobility of charge carriers.
Unfortunately, from k$p theory we know that effective masses
are usually inversely proportional to the band gap, which
complicates considerably the nding of materials with large
gaps and small masses.2,7,11 Finally, we must be able to generate
a large density of carriers, which oen means a large concen-
tration of p-type defects. Unfortunately, several materials
exhibit native n-type defects, which may compensate any p-type
doping.2,7,11 This is evident, for example, in many oxides where
oxygen vacancies typically have low formation energies and n-
type character.2,7,11

A material that was recently found to have excellent p-type
conduction properties is CuI.14 This compound exhibits a very
dispersive valence band, leading to light holes with a mass of
around 0.2–0.3me.15,16 Furthermore, the low energy defects are
in this case copper vacancies (with a formation energy esti-
mated to be around 0.5 eV), which are naturally p-type.14 Finally,
the gap above 3 eV makes this material transparent in the
optical regime.14 These remarkable ndings suggest that
perhaps the holy grail material for transparent conduction is
not an oxide.

Copper(I) iodide is not the only halide material that has
recently been in the spotlight for opto-electronic applications.
In fact, it was recently shown that halide perovskites have
extraordinary properties as absorbers for photovoltaic devices,
achieving efficiencies of more than 20%.17–19 Perovskites form
a large family of materials with a wide variety of chemical
compositions and material properties. Besides the applications
in the eld of photovoltaics, it has been shown that, within the
J. Mater. Chem. A, 2019, 7, 14705–14711 | 14705
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Fig. 1 The double perovskite structure (A2B
(1)B(2)C6) used in this work.

The A (C) atoms of the original perovskite structures are in pink
(brown), and two different species B(1) and B(2) are positioned at the
center of the green and brown octahedra, respectively.
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perovskite family, one can nd materials with a wealth of
interesting physical properties, relevant for instance for high-k
dielectrics, superconductivity, piezoelectricity, magneto-
electricity, etc.20–23

In view of the above, we asked ourselves if it is also possible
to nd perovskite systems relevant for transparent p-type
conduction. Here, we will try to answer this question by per-
forming a computational high-throughput study based on
density-functional theory (DFT). Our objective is to nd perov-
skites which are (i) thermodynamically stable, (ii) have a wide
band gap, and (iii) have low effective hole mass. Of course, there
have been quite a few high-throughput studies published in the
recent literature trying to nd either new p-type transparent
conductors13,24–27 or novel perovskites for a wealth of applica-
tions.20,21,23,28–31 In this context, some of us already looked in ref.
21 at p-type conduction in ternary inorganic perovskites,
nding a few promising systems. Here we go a step further and
look at quaternary halide double perovskites. This class of
materials has been recently considered32,33 as promising
absorber layers in an attempt to solve the two main problems in
the eld of perovskite photovoltaics: stability and the use of Pb.

Double perovskites have a number of advantages with regard
to their ternary counterparts. First of all, the phase space of
possible compounds is substantially larger, which increases
considerably the probability of nding promising candidates
with the desired properties. Furthermore, double perovskites
most oen crystallize in a cubic lattice, avoiding the compli-
cated distortions that are oen present in ternary perovskites.34

Finally, if the double perovskite includes cations in different
oxidation states it may be possible to dope it either n or p by
simply changing the relative chemical potentials during growth.

Another advantage of double perovskites is that they are
more stable to moisture in comparison with hybrid perov-
skites.35,36 For this reason they were at the beginning proposed
to replace hybrid perovskites as absorbers. However, their band
gaps turned out to be all too large for use in single-junction
solar cells.37,38

As an example, we can report that Slavney et al. found that 30
days-exposure in 55% relative humidity caused no material
decomposition in double perovskite Cs2AgBiBr6.39 Moreover,
solar cells using inorganic-only transport materials are more
stable against moisture.36 We can therefore expect that inor-
ganic double perovskites working as TCS layers will also
improve the performance of hybrid solar cell devices under
humid conditions.

On the negative side, it might be more complicated to
synthesize quaternary perovskites, not only due to the large
number of possible secondary phases, but also due to the
difficulty of avoiding exchange of the two cations.

To screen the composition space searching for p-type
perovskite A2B

(1)B(2)C6 compounds, we decided to use high-
throughput density-functional theory. In the rst step, we
study the thermodynamic stability of quaternary double
perovskites in a large set of compositions. Compounds that are
stable or close to thermodynamic stability are ltered out for
further theoretical characterization using state-of-the-art ab
initio methods. The remainder of this article is structured as
14706 | J. Mater. Chem. A, 2019, 7, 14705–14711
follows: in Section 2 we describe our computational workow
and give the numerical parameters of the calculations. The
results for thermodynamic stability and electronic properties
are analysed in Section 3. Finally, we draw some conclusions in
Section 4. More details on the results are included as ESI.†
2 Computational methods

We scanned all stoichiometries of the form A2B
(1)B(2)C6, where A

is either Rb or Cs, and C is a halide (F, Cl, Br, or I). For the B
atoms we took all combinations of elements from hydrogen to
bismuth, excluding the rare gases and the lanthanides (with the
exception of La, which was included). This amounts to 64
chemical elements, leading to 2048 combinations for each
choice of alkali metal and halide, and a total number of more
than 16 000 possible compounds. In the choice of the compo-
sition space, we focused on Rb and Cs compounds, for which
stable systems with interesting properties are already
reported.33,38,40,41

A priori we can expect to nd in the B positions either two
divalent metals or one monovalent metal and one trivalent
metal. Therefore, we could have restricted our search to only
elements exhibiting those oxidation states. However, we
decided not to bias our search by these considerations, and to
allow for the possibility of having elements in less common
oxidation states. We should nevertheless note that, for practical
applications, the presence of two divalent metals is probably
undesired due to the difficulty of avoiding cationic exchange
and consequential disorder. Having two B cations in different
oxidation states, thereby creating two different chemical envi-
ronments, is therefore preferred.

We used the standard face-centered double perovskite
prototype shown in Fig. 1, with 10 atoms in the primitive unit
cell. We then optimized the lattice constant and calculated the
total energy, which can be done very efficiently due to the high-
symmetry of the cubic structure. To this end we applied ab initio
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Distance to the convex hull for the Cs2B
(1)B(2)Cl6 double

perovskites in meV per atom. Green corresponds to theoretically
stable compounds.
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density functional theory as implemented in the computer code
VASP.42,43 All parameters were set to guarantee compatibility
with the data available in the materials project database44 and
open quantum materials database.45 We used the PAW46 data-
sets of version 5.2 with a cutoff of 520 eV and G-centered k-point
grids, as dense as required to ensure an accuracy of 2 meV per
atom in the total energy. All forces were converged to better than
0.005 eV Å�1. All geometry optimizations were performed with
spin-polarization using the Perdew–Burke–Ernzerhof47 (PBE)
exchange–correlation functional, with the exception of uorides
containing Co, Cr, Fe, Mn, Mo, Ni, V, and W, where an on-site
Coulomb repulsive interaction U with a value of 3.32, 3.7, 5.3,
3.9, 4.38, 6.2, 3.25, and 6.2 eV, respectively, was added to correct
the position of d-states.

To determine the thermodynamic stability of a compound,
we calculated the distance of its formation enthalpy from the
convex hull of stability, i.e. we compared its formation enthalpy
to that of all other known competing phases and phase
mixtures, including decomposition into elemental, binary,
ternary, and other quaternary phases. We chose to use the
materials project database for our reference energies, and to
determine the distances to the convex hull of stability with
PYMATGEN.48 The materials project database includes most of
the experimentally known inorganic crystals that are present in
the ICSD database49,50 and an increasing number of theoreti-
cally predicted phases.

Our goal is to propose double perovskites that (i) are stable,
(ii) yield large band gaps to ensure transparency, and (iii)
possess small effective masses.

Starting from the initial set of 16 000 compounds, we rst
screened out all systems with a distance to the convex hull
larger than 25 meV. The threshold was not set strictly to zero as
we should keep in mind that there is an error inherent to our
theoretical approach and to the numerical modeling (the PBE
approximation, neglect of zero point motion and temperature
effects, neglect of disorder, neglect of defects, etc.). Further-
more, thermodynamically unstable phases under ambient
conditions can be sometimes stabilized by temperature, pres-
sure, strain, etc. and therefore synthesizable.

Aer applying this rst lter, we calculated band gaps and
effective masses for a remaining set of compounds, always
using the PBE exchange–correlation potential.47 It is well known
that a Kohn–Sham PBE band structure systematically underes-
timates the gap, oen by about 50%. As our objective is to
guarantee the transparency of our candidate materials, we set
therefore a threshold of 1.8 eV for the PBE gap. This threshold
value is equal to the PBE band gap of CuAlO2. A successive
comparison with band gaps calculated with the hybrid func-
tional proposed by Heyd–Scuseria–Ernzerhof51 (HSE06)
conrms the validity of this choice.

The nal descriptor that we use to lter our results is the
hole effective mass. In this case, a semi-local approximation
such as PBE already yields reliable values, but unfortunately the
calculations are rather sensitive to the number of k-points. To
circumvent this problem, we used a dense grid consisting of
8000 k-points per atom. The Kohn–Sham eigenvalues were then
Fourier interpolated with the BoltzTrap52 soware, following
This journal is © The Royal Society of Chemistry 2019
the same approach as ref. 24. We calculated the average hole
effective mass tensor for a carrier concentration of 1018 cm�3

and a temperature of 300 K. We then used the higher limit
estimation for m*

h (see ESI of ref. 24). We used the threshold
value of m*

h\1me to further lter the number of candidate
structures.

Finally, accurate band structures of selected compounds
were evaluated with the Heyd–Scuseria–Ernzerhof HSE06 (ref.
51) hybrid functional. The results are discussed in the following
section.
3 Results and discussion

The distance to the convex hull of thermodynamic stability gives
us a strong constraint on the systems that are possible to
synthesize.45,53 As such, the rst step of our procedure is the
calculation of the convex hull of stability for all the initial set of
double perovskites.

As an example, we plot, in Fig. 2, the distance to the convex
hull (in meV per atom) for the Cs2B

(1)B(2)Cl6 system. Analogous
plots for the other halides can be found in the ESI.† The
chemical elements are ordered according to a modied Pettifor
scale,54 a one-dimensional representation of the periodic table
where chemically similar elements are placed in neighboring
positions. Furthermore, only the lower triangle is shown due to
the equivalence of the B(1) and B(2) atoms. The diagonal corre-
sponds, evidently, to the standard ternary perovskites.

To calculate the distance to the hull for each system in Fig. 2,
we excluded it from the hull itself. In this way we obtain nega-
tive distances for stable materials. Of course, the magnitude of
this value is the energy gained by forming the quaternary
perovskite. We then used a color scale for visualization: green
dots correspond to theoretically stable structures, while red
denotes (very) unstable phases. As discussed above, one should
not entirely disregard systems that are slightly unstable (orange
points).
J. Mater. Chem. A, 2019, 7, 14705–14711 | 14707
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Table 1 Candidate double perovskite systems compared with CuI, CuAlO2, and CuInO2: calculated lattice constant a, ionic radii of B(1) (rB(1)) and
B(2) (rB(2)), effective electron ðm*

eÞ and hole ðm*
hÞmasses, band gaps calculated at the PBE level (GapPBE), with the HSE06 functional (GapHSE), and

with the HSE06 functional considering spin–orbit coupling (GapSOC
HSE )

Formula Eh (meV) a (Å) rB(1) (Å) rB(2) (Å) GapPBE (eV) GapHSE (eV) GapSOCHSE (eV) m*
e (me) m*

h (me)

CuI 0 — 0.96 — 1.21 2.60 2.38 0.17 0.99
CuAlO2 0 — — — 1.83 3.36 3.35 0.77 2.59
CuInO2 0 — — — 0.28 1.52 1.51 0.33 0.78
Cs2AgBiCl6 0 10.948 1.15 1.03 1.86 3.14 2.78 0.38 0.52
Cs2AsTlF6 4 9.558 0.58 1.50 2.68 3.68 3.20 0.55 0.42
Cs2GaLaBr6 0 11.962 0.62 1.03 2.89 4.12 4.08 295 0.60
Cs2GaLaI6 0 12.742 0.62 1.03 2.50 3.50 3.39 160 0.56
Cs2InBiF6 0 9.844 0.80 1.03 2.26 3.09 2.26 0.59 0.40
Cs2InLaBr6 0 12.234 0.80 1.03 2.68 3.78 3.74 312 0.59
Cs2InLaI6 9 13.024 0.80 1.03 2.31 3.23 3.13 193 0.52
CsPbF3 0 4.897 1.19 — 2.91 3.97 3.03 0.78 0.39
Cs2SbTlF6 0 9.819 0.76 1.50 2.47 3.41 2.88 0.59 0.40
Cs2SnPbF6 26 9.693 0.69 1.19 2.22 3.14 2.47 0.53 0.34
Cs2TlBiF6 0 9.937 1.50 1.03 3.08 4.11 3.14 0.60 0.44
Cs2YInI6 1 12.764 0.90 0.80 2.47 3.31 3.21 0.74 0.60
Rb2AgBiCl6 0 10.867 1.15 1.03 1.83 3.10 2.75 0.38 0.49
Rb2AsTlF6 0 9.434 0.58 1.50 2.71 3.70 3.20 0.55 0.39
Rb2GaLaBr6 26 11.899 0.62 1.03 2.81 3.83 3.81 201 0.59
Rb2SbTlF6 16 9.714 0.76 1.50 2.54 3.48 2.92 0.68 0.39
Rb2TlBiF6 0 9.845 1.50 1.03 3.09 4.15 3.13 0.73 0.43
Rb2YInBr6 17 11.912 0.90 0.80 2.82 3.73 3.70 0.69 0.60
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In general, we see an increase of stability going from iodides
to uorides. Furthermore, for each choice of A and C there is
a very large number of stable or nearly stable A2B

(1)B(2)C6

systems (see gures in the ESI†), testifying the remarkable
exibility of the perovskite crystal structure. From Fig. 2 we can
clearly see that alkali metals (with oxidation state +1) have the
ability to form stable quaternary perovskites by combining with
a large number of +3 elements. Other cations with propensity to
form stable systems are Ag, Hg, group 13 (Ga, In, Tl), and group
Fig. 3 The band gap versus effective hole mass of double perovskite p-t
including toxic elements are plotted as filled and empty turquoise circles
TCS candidates from ref. 13, 24 and 27 are marked with magenta square

14708 | J. Mater. Chem. A, 2019, 7, 14705–14711
15 (As, Sb, Bi) elements. We also nd that other halogens can
also occupy the B positions, but this alters signicantly the
chemistry, so it is very unlikely that these systems can retain the
perovskite structure.

We have imposed perfect cubic symmetry to our crystal
structures to keep the number of atoms per unit cell as small as
possible. However, deviations from the ideal cubic structure,
caused by tilting and rotation of the BO6 octahedra, have been
reported in many double perovskite systems.55 To check the
ype TCS candidates. Candidates being friendly to the environment and
, respectively. For comparison, CuI, CuAlO2, CuInO2, and other p-type
s. Please note the different scales in the y-axis.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The band structures of Cs2InLaBr6 (top) and Rb2AgBiCl6
(bottom) calculated within the HSE06 approximation including spin–
orbit coupling.
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effects of such distortions, we randomly rattled the structures of
Cs2InLaBr6 and Rb2AgBiCl6. Aer re-optimization, small
distortions of the octahedra are indeed observed in both
systems. However, we nd that the variations of the structural
parameters are very small (below 3%). Moreover, these octa-
hedra distortions have only a minor effect on the electronic
structure of Cs2InLaBr6 and Rb2AgBiCl6, in agreement with the
general ndings that octahedral distortions do not signicantly
alter the electronic structure of perovskites.56,57 We therefore
consider only cubic structures in the following. We should
however keep in mind that the nal structures are likely to be
further stabilized by small distortions of the octahedra.

At this point we lter our candidates by removing all struc-
tures that have a distance to the convex hull larger than 25 meV
per atom. We obtained a list of 1699 candidates, which is
around 10% of the whole set. The next step is the calculation of
the electronic structure at the PBE level. At this step, the average
gap value of almost 1700 systems is 2.32 eV and about 37% of
them (633) have a gap above 1.8 eV. The nal descriptor that we
use to lter our results is the hole effective mass: m*

h\1me. For
all 633 compounds, the average m*

h is 6.47me, implying that
systems with low effective hole mass are indeed rare among
them. Indeed, there are only 17 double perovskites, and
a ternary perovskite (CsPbF3), that remain aer our nal
ltering.

Most of these systems involve heavy atoms like Pb, Bi, or Tl,
but there are other compounds with lighter and non-toxic
elements. Table 1 displays the candidate structures together
with the calculated values of the distance to the convex hull of
stability, PBE band gap and electron and hole masses. The
maximum PBE gaps we found were 3.09 eV for Rb2TlBiF6 and
3.08 eV for Cs2TlBiF6. Furthermore, to obtain a better prediction
of the band gaps, we re-calculated these by applying the more
accurate hybrid HSE06 functional. Considering that heavy
elements are involved, we also performed HSE06 calculations
including spin–orbit coupling. In Table 1, we included for
comparison CuI, as well as the delafossites CuAlO2 and CuInO2.
We note that HSE06 still underestimates considerably the gap
of CuI, and for which the value for the hole mass is here an
average over its three valence bands.58

Few of the materials listed in Table 1 had already been
proposed for photovoltaic applications. This is the case of
Cs2BiAgCl6 (ref. 32 and 59) or more generally the Cs2{Sb,Bi}
{Cu,Ag,Au}{Cl,Br,I}6 family.33 The rst system was experimen-
tally found to have an indirect gap of 2.2 eV,32 unfortunately too
large for photovoltaics and too small for p-type transparent
conduction.

There are several systems with a large band gap and low m*
h

formed by toxic elements Tl and Pb. However, we nd also more
interesting double perovskites such as Cs2InLaBr6, Rb2AgBiCl6,
and Cs2InBiF6 which are more friendly to the environment. As
shown in Fig. 3, our candidates have much lower effective hole
masses and wider band gaps than CuI, CuAlO2, and CuInO2.
Furthermore, compared with previous results of searching p-
type TCSs,13,24,27 most candidates screened out in this work,
especially those without Pb and Tl, are located closer to the
lower right corner of Fig. 3.
This journal is © The Royal Society of Chemistry 2019
We can also divide the candidate double perovskites into two
categories based on their effective electron masses: one with
both light electrons and holes, for example Rb2AgBiCl6, and the
other having light holes but much heavier electrons such as
Cs2InLaBr6. The band structures of Cs2InLaBr6 and Rb2AgBiCl6,
calculated at the level of HSE06 including spin–orbit coupling,
are shown in Fig. 4. Cs2InLaBr6 has a direct gap at the L point,
while in Rb2AgBiCl6 the band gap is indirect from the top of the
valence band at X to the bottom of the conduction band at the L
point. The dispersive valence bands are formed from the
hybridization of In-s and Br-p states, or Bi-s and Cl-p states near
the Fermi level. This is consistent with the small effective hole
mass calculated for these double perovskites. Furthermore, the
bottom of the conduction band is more localized in Cs2InLaBr6
than in Rb2AgBiCl6, giving a much higher m*

e in the former.
Similar dispersive valence bands also exist in other candidate
systems (see gures in the ESI†).
4 Conclusions

In this work we applied a high-throughput DFT calculation
scheme to scan the periodic table for transparent conducting
semiconductors (TCSs) with the double perovskite structure.
J. Mater. Chem. A, 2019, 7, 14705–14711 | 14709
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We studied stoichiometries of the form A2B
(1)B(2)C6, where B

ranges from hydrogen to bismuth (excluding rare gases and
lanthanides except La), A is Rb or Cs, and C is a halogen
element. In this phase space containing more than 16 000
possible compounds we spotted 633 structures sufficiently close
to the convex hull of thermodynamic stability, and thus stable
enough for an easy experimental synthesis.

These systems were then ltered with respect to their elec-
tronic band gap and hole effective mass values. We selected at
the end 18 candidates, ten of them free of toxic elements such
as Pb, As, and Tl. The best compounds have small effective hole
masses due to a strong hybridization between the s-states of the
B-site element and the p-states of the halogen near the Fermi
energy.

We remind that nding a large band gap and low hole
effective masses is not a sufficient condition for a good p-type
TCS. In fact, another essential condition, much harder to
translate into the minimization/maximization of a simple
material property, is the p-type dopability of the system.
However, in these quaternary systems dopability may be ach-
ieved by adjusting the chemical potential of the two cations
during the growth process.

Moreover, due to the similarity between these materials and
the halide perovskites used as absorbers in photovoltaics, we
believe that it should be possible to easily integrate these p-type
TCSs in current technology, in a step towards completely
transparent photovoltaic modules.

These results are meant to provide experimentalists with
essential information on the stability and electronic properties
of double perovskites for application as transparent semi-
conductors. The crystal structures of these compounds are
available for more accurate theoretical characterization, hoping
that some other interesting properties that have not been
screened in this rst study can come on the scene and motivate
experimentalists to try to synthesize some of these compounds.
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