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To build on the success of other mineral systems employed in solar cells, including kesterites (Cu,ZnSnSy)
and herzenbergite (SnS), as well as mineral-inspired systems such as lead halide perovskites (CHsNHzPbls),
we have searched for photoactive minerals with the additional constraint that a polar crystal structure is

adopted. Macroscopic electric fields provide a driving force to separate electrons and holes in
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Accepted 28th June 2017 semiconductor devices, while spontaneous lattice polarisation in polar semiconductors can facilitate
microscopic photo-carrier separation to enhance carrier stability and lifetimes. We identify enargite

DOI: 10.1039/c75e002779 (CusAsS,), stephanite (AgsSbS4), and bournonite (CuPbSbSs) as candidate materials and explore their
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1 Introduction

A key component of the pathway towards terawatt-scale solar
power generation is the continued reduction in cost, whilst also
improving the performance of solar modules." The search for
candidate ‘thin-film’ photovoltaic (PV) materials that are able to
absorb sunlight more strongly than silicon is an active area of
research to enable the fabrication of cost-effective and highly-
efficient solar cell devices.”> Common ways to screen for such
materials include looking for systems with an optical band gap
that is direct and well-matched to the solar spectrum?® and with
an abrupt onset in the absorption spectrum.*

Interest in this field has intensified in recent years with the
remarkable power conversion efficiencies (PCEs) achieved with
lead halide perovskites. PCEs of around 20% (ref. 5 and 6) have
been achieved over a much shorter period of development than
has been needed for many other PV technologies to achieve the
same level of performance.” Lead halide perovskites currently
out-perform many other materials that also meet the afore-
mentioned screening criteria, such as Cu,ZnSn(S,Se), (ref. 8)
and SnS.° Of this class of materials, methylammonium lead

“Department of Chemistry, Centre for Sustainable Chemical Technologies, University
of Bath, Claverton Down, Bath, BA2 7AY, UK

*Department of Materials, Imperial College London, Exhibition Road, London SW7
2AZ, UK. E-mail: a.walsh@imperial.ac.uk

‘Department of Mechanical Engineering and Materials Science, Duke University,
Durham, North Carolina 27708, USA

“Department of Chemistry, Duke University, Durham, North Carolina 27708, USA
*Global E’ Institute, Department of Materials Science and Engineering, Yonsei
University, Seoul 03722, Korea
T Electronic  supplementary
10.1039/c7s€00277¢g

information (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2017

chemical bonding and physical properties using a first-principles quantum mechanical approach.

iodide (CH3NH;PbI; or MAPDI;) particularly stands out for its
champion device efficiencies.®

The long minority-carrier lifetimes of 280 ns (ref. 10) and
diffusion lengths up to 175 microns (ref. 11) demonstrated by
MAPbDI;-based devices are comparable with the best single-
crystal semiconductors,*” even with low-cost solution process-
ing fabrication methods from which one would usually expect
to produce a lower-quality defective material. In contrast, other
candidate thin-film PV materials such as Cu,ZnSn(S,Se), (ref. 8)
and SnS® suffer from short minority carrier lifetimes and
diffusion lengths and, ultimately, large open-circuit voltage
deficits in photovoltaic devices. The difference in behaviour can
be attributed to ‘defect tolerance’. Either the formation of
detrimental defects are avoided (e.g. due to high formation
energies) or their effects are minimised (due to their shallow
nature within the band gap or to effective dielectric screening).
It has also been suggested that the presence of polar domains in
MAPDI; could contribute to the low recombination rate (and
hence long carrier lifetimes) due to the enhanced spatial sepa-
ration of carriers."® The presence of macroscopic ferroelectricity
in hybrid perovskites remains a matter of research and debate,
but there is growing evidence supporting polar domains at
room temperature.***¢

In this study we consider only naturally occurring minerals,
and so one could expect that the materials would not suffer
from the same instability issues observed for lead halide
perovskites.”” We start from a small dataset™ of ~200 known,
naturally occurring minerals and aim to identify materials that
possess many of the desirable properties for an efficient mate-
rial for solar energy conversion, using screening criteria dis-
cussed in the next section. We then investigate the chemical
and physical properties of three candidate systems using a first-
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principles quantum mechanical approach to assess if these
materials are likely to be capable of producing efficient photo-
voltaic devices.

2 Search for light absorbing polar
minerals
2.1 Mineral screening criteria

Our screening criteria is outlined in the Venn diagram shown in
Fig. 1 and the rationale behind our screening procedure is
outlined below. The candidate materials we identified from
a dataset of 193 naturally occurring multi-component
minerals'® are those that could both absorb light within the
energy range that makes up the majority of the solar spectrum
and possibly exhibit ferroelectricity. The combination of light
absorption, semiconductivity, and ferroelectricity in a single
material can give rise to novel photoferroic effects.*

The most fundamental property to consider for an efficient
PV material is an optical band gap that is direct with a magni-
tude within a range that is well-matched to the solar spectrum.
The optimal energy range for the optical band gap of single-
junction solar cells is approximately 1.0 to 1.7 eV.*® The streak
colour of a mineral can be indicative of visible light absorption.
The streak colour is that of the crushed powder, usually iden-
tified by producing a streak across a porcelain tile. While the
observed colour of a mineral in massive form can vary consid-
erably between different samples, the colour of the streak
remains consistent. A mineral with a dark streak colour implies,
but does not guarantee, that it will possess a band gap within
the optimal range for the absorption of sunlight. We obtained
information on the streak colour of the minerals from ref. 18
and this formed our first screening criterion, reducing the
dataset from 193 to 36 minerals.

Chemically stable

’ ' Candidate
£ Naturally ® .

: , bhotoferroic
occurring \ . minerals

minerals

Dark colour
structure

E; in visible range  Potential ferroelectric

Fig. 1 Venn diagram outlining our screening criteria used to extract
candidate photoferroic materials from a sample of 193 naturally
occurring minerals, which we could expect to be thermodynamically
stable compounds. A mineral with a dark streak colour suggests that it
will possess a band gap within the energy range of visible light. Simi-
larly, a polar crystal structure is a necessary, but not sufficient,
condition for a material to exhibit ferroelectricity.

1340 | Sustainable Energy Fuels, 2017, 1, 1339-1350

View Article Online

Paper

Our second screening criterion is the potential to exhibit
ferroelectricity. A ferroelectric material is one that exhibits
a spontaneous electric dipole moment within the unit cell, and
so this is present even without the application of an electric
field, but the direction of polarisation can be changed when an
external electric field is applied. To identify candidate ferro-
electric materials, we screen the space groups of materials to
search for those that adopt crystal structures with a polar point
group. This screening criterion then limited our dataset from 36
to 4. However, we discounted ZnS from our study because it is
known to be a wide band gap semiconductor when prepared in
pure form.

A polar point group is a necessary but not sufficient property for
a material to exhibit ferroelectricity and so acts as a good starting
point for further study of the materials. Desirable effects could be
obtained with local polarisation alone, once the correlation length
of spontaneous polarisation is sufficient to interact with electron
and hole carriers (typically tens of nm). Furthermore, polar struc-
tures lack a centre of inversion symmetry and so they are not
bound by the same optical selection rules, which could reduce the
likelihood of dipole-disallowed transitions® and the associated
reduction in the strength of the onset of absorption for direct gap
materials as outlined by Yu and Zunger in their spectroscopically
limited maximum efficiency (SLME) metric.*

2.2 Photoferroics for PV devices

Ferroelectric materials typically display large dielectric constants
due to low-energy polarisation mechanisms.”” This can have
a number of implications for carrier transport and lifetimes in PV
materials, such as a reduction in the electrostatic force between an
electron-hole pair (low exciton binding energies), potentially
leading to a reduced rate of electron-hole recombination in the
material,” provided the nuclear subsystem is able to respond on
a fast enough time scale. Also, the capture cross-section for charge
carriers by a charged defect can be reduced by the charge screening
in a dielectric material, possibly allowing for more defect-tolerant
carrier transport.'

In addition to the desirable properties that could be expected
for ferroelectric materials, there are a number of novel phenomena
that have been observed in photoactive polar semiconductors that
are outlined in ref. 24, which could open up new pathways to
highly efficient PV devices. The potential of utilising ferroelectric
crystals for solar cells was first highlighted in the work of V. M.
Fridkin,*?* but the observation of novel photovoltaic phenomena
in polar crystals dates back even earlier. The bulk photovoltaic
effect (BPE) was first recorded in 1956 in BaTiO;,”” where photo-
voltages were measured in un-doped single crystals.* The BPE
effect is distinct from the typical PV effect in a solar cell where the
electric fields that drive photo-carrier separation are typically
associated with a ‘p—n’ or ‘p-i-n’ junction. In the BPE it is the
internal electric fields arising from spontaneous polarisation of the
lattice that drive the photocurrent. It is therefore possible for
charge-carrier generation and separation to occur simultaneously
in the bulk material. It has recently been demonstrated experi-
mentally in ferroelectric single crystals of BaTiO; that electron—
hole recombination is inhibited by the presence of the internal

This journal is © The Royal Society of Chemistry 2017
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fields, with recombination being rapidly accelerated after the
ferroelectric dipole was switched off.*®

The anomalous photovoltaic effect (APE) was first observed in
PbS films in 1946 (ref. 29) and has since been reported in poly-
crystalline CdTe, ZnTe and InP,**** where photovoltages output
along the polarisation direction can be significantly larger than the
band gap of the material,®® which is usually the upper limit for
a semiconductor PV material.** The Shockley-Queisser limit,*
which prevents any single p—n junction solar cell from converting
more than one third of the incident light into electricity, can in
principle be surpassed by exploiting such phenomena.

Most of the commonly studied ferroelectric materials such as
LiNbO; and BaTiO; have band gaps larger than 3 eV and can
therefore only absorb sunlight in the UV range, which accounts for
only around 3.5% of the solar spectrum.® The efficiency of PV
devices made from these materials is therefore severely limited by
the large band gaps. Research efforts have gone into adjusting the
optical absorption of ferroelectric materials without influencing
the ferroelectric properties of the material through chemical
doping or alloying.*® In Bi;Ti;O;, the optical band gap has been
tuned in such a way, resulting in a decrease from 3.6 eV to 2.7 eV,*
although this is still considerably larger than the optimal range for
a PV absorber material. There are some known ferroelectric
materials with band gaps closer to the optimal range. Ferroelec-
tricity in SbSI was studied extensively in the 1960's and has a value
of approximately 2 eV for the band gap, which can be tuned by
varying the chalcogen and halide.*® The Curie temperature for the
phase transition from a polar to paraelectric phase for this mate-
rial has been measured to be around room temperature.’” With
typical operating temperatures of solar cell devices approaching
50 °C,* it could prove difficult to exploit the ferroelectricity of this
material in a working device. As the set of materials we screened
are all naturally-occurring minerals with polar structures, they may
retain their polar crystal structure under typical operating condi-
tions of a solar cell.

2.3 Candidate minerals

From our screening process, we identified three sulfosalt
minerals: enargite (CuzAsS,), stephanite (AgsSbS,), and

Enargite Cu3AsS,

Fig. 2
bournonite (space group Pmn2,).
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bournonite (CuPbSbS;), which are shown in Fig. 2. A basic
sulfosalt mineral can be defined as a ternary compound A,B,C,,
which is the case for enargite (CuzAsS,) and stephanite
(AgsSbS,). Options for species A include: Cu, Ag, Pb, Sn, Mn,
amongst others. Species B can be either: As, Sb or Bi. Options
for species C includes: S, Se and Te. It is also possible to form
quaternary sulfosalt compounds from isoelectronic substitu-
tion of additional transition metals, as in the case of bournonite
(CuPbSbS;). The occurrence of these materials in nature under
ambient conditions indicates thermodynamic stability.*
Although these materials are naturally occurring minerals,
knowledge of their optoelectronic properties is scarce.

A very recent experimental study assessed the band gaps and
photovoltaic response of six sulfide minerals, which included
the three sulfosalt minerals we investigate in this study.*
However, the potential of sulfosalt minerals for PV applications
was first highlighted by Dittrich et al. in 2007.*° This work and
ref. 41 provide overviews of crystal growth and thin-film depo-
sition methods that have been developed for synthesising sul-
fosalt layers. There are works in the literature referring to
synthetic samples of enargite*” and stephanite.** A recent study
on bournonite** also details a procedure for synthesising this
material.

The possibility of using low temperature thin-film deposi-
tion conditions for sulfosalt solar cells has been highlighted.*
Such an approach could enable the use of a wide variety of
substrates or to reduce the interaction with the back contact
during deposition, which is believed to be detrimental in Cu,-
ZnSnS, devices with the Mo back contact reacting with the
absorber layer to form MoS,.** However, it is worth noting that
the mineral class of ‘sulfosalts’ contains materials with
a diverse range of crystal structures; therefore the extent of the
similarity of physical properties of different sulfosalt materials
is not clear.

3 Computational details
3.1 Density functional theory

The electronic structure of the three candidate photoferroic
materials was calculated using the FHI-aims**** all-electron

Cu
Ag
Pb
Sh

000000

As

Bournonite CuPbSbS;

[lustrations of the crystal structures of candidate solar minerals: enargite (space group Pmn2;), stephanite (space group Cmc2;), and
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electronic structure code, which is an implementation of
density functional theory (DFT) based on numeric atom-
centered orbital basis sets with a linear-scaling approach to
hybrid functionals.*** We use the short-range screened hybrid
exchange-correlation HSE06 functional® and spin-orbit
coupling (SOC)** is included. Hybrid DFT functionals have been
found to correct for the underestimation of the optical band gap
inherent in the generalized gradient and local density
approximations.®>*

The FHI-aims default ‘tight’ numerical settings are used for
all calculations, which specifies the basis sets, integration grids,
and Hartree potential. Structural optimization was performed
with the Broyden-Fletcher-Goldfarb-Shanno algorithm. We fix
the lattice parameters of the unit cell to room temperature X-ray
diffraction data values from the Inorganic Crystal Structure
Database (ICSD)** and optimize the internal coordinates with
a tolerance of 10 > eV A~ '. A I'-centred 4 x 4 x 4 k-point grid is
used to sample the electronic Brillouin zone for structural
optimization, but a more dense k-point grid of 8 x 8 x 8 was
required for convergence for band structure calculations.
Convergence tests for the calculation settings are given in the
ESI.T All visuals of atomic and electronic structure are produced
using VESTA.**

3.2 Carrier effective masses

To assess the semiconducting potential of these materials, we
obtain values for the carrier effective masses (m*) at the band
extrema of the electronic band structures. We use a fitting
procedure for the three independent components of the m*
tensor for an orthorhombic crystal structure, shown in eqn (1),
where the three components are in three directions parallel to
crystallographic directions @, » and ¢ (|la, ||p and |c),
respectively.

00
b 0 (1)
0 ¢

Once the location of the band extrema has been determined
from our calculated electronic band structures, we recalculate
the band structure over a restricted data range close to the band
extrema along the three axes. We then obtain expressions for
the three components of m* at the upper valence and lower
conduction bands by numerical parabolic fits to the calculated
restricted band structures within a fitting range of k, £+ 0.01
bohr™", using eqn (2), where k, denotes the location of the band
extremum in k-space.

hZ

E(k)=E
(k) 0+2m*

(k= ko)® (2)

3.3 Optical response function

The linear macroscopic dielectric tensor as a function of photon
frequency, ¢’(w), of each material is calculated within the
random phase approximation as implemented in FHI-aims,
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following the derivation in ref. 57. We use this to predict the
high-frequency dielectric response of the semiconductor to
incident sunlight, i.e. the response of the electron density. Inter-
and intra-band contributions to the dielectric function are
computed, but the former dominate the optical spectra of
semiconducting materials. Indirect (phonon assisted) transi-
tions are not accounted for, and generally have weaker intensity,
but may make a substantial contribution to the optical prop-
erties of materials with strongly indirect band structures.

A k-point grid of 8 x 8 x 8 was required to reach convergence
in the calculated dielectric function for bournonite (CuPbSbS;),
whereas a more dense k-point grid of 10 x 10 x 10 was required
for both enargite (CusAsS,) and stephanite (AgsSbS,). Data for
convergence tests are included in the ESL

We obtain the frequency-dependent absorption coefficient in
units of em™" for each material from the real and imaginary
components of the dielectric function using eqn (3). The deri-
vation for the units of the absorption coefficient is given in the
ESL+

4 | —Ree(w) + \/Reze(w) + Im?e(w)
= e 2

() (3)

3.4 Spontaneous polarisation

To investigate the strength of polarity, calculations of the
spontaneous electric polarisation, P, of each material were
performed using the Berry-phase formalism® with the meth-
odology outlined in ref. 59. Only differences in polarisation are
physically meaningful; we therefore optimise the structure with
polarisation +P and invert this structure to get the opposite
polarisation, —P;. The polarisation difference between those
two structures, 2P;, is calculated. We verify that the change in
polarisation is continuous by considering the polarisation for
a number of configurations connecting the two structures, with
their coordinates r obtained from eqn (4), where A is a number
between 0 and 1.

r=2p +(1—r_p (4)

These calculations were performed in VASP**** using the
HSEO06 functional,® projector augmented wave core potentials®
and a 500 eV plane wave cutoff energy, without including SOC.
Sampling of the electronic Brillouin zone using a 2 x 2 x 2 grid
of k-points was found to be converged with respect to the
calculated polarisation values. Further details of the polar-
isation calculations are included in the ESL ¥

4 Results and discussion

In the following sections we assess the predicted optoelectronic
properties of each material in turn. As discussed in the intro-
duction, an effective PV material must absorb light and trans-
port charge. In addition to the band gap and carrier effective
masses, we consider the dielectric function, and the associated
optical absorption spectra. We finish with an assessment of

This journal is © The Royal Society of Chemistry 2017
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spontaneous electric polarisation to determine the strength of
the polarity in the materials and the effect on the electronic
band structure.

4.1 Enargite (CuzAsS,)

The potential of the sulfosalt mineral enargite (CusAsS,) for PV
applications was suggested by Pauporté and Lincot in 1995.%> It
received little scientific interest until Yu and Zunger's high-
throughput study based on their SLME metric, where they
calculate a theoretical power conversion efficiency of 25.5% for
the material.* A recent experimental work has emerged assess-
ing the photovoltaic response of six minerals, including
enargite.*

The crystallographic unit cell (as shown in Fig. 2) has
orthorhombic symmetry with space group Pmn2; and tetrahe-
dral coordination for all atoms.®® It has recently been proposed
that tetrahedrally bonded multinary semiconductors may be
more prone to cation disorder, and the associated extended
antisite defect pairs, than lower dimensional multinary
compounds.** However, compared to materials such as Cu,-
ZnSn(S,Se), that are known to suffer from mixing of Cu and Zn
cations,®* the cations in enargite are more dissimilar in terms
of charge and radius. It has been shown that replacing cations
with species further apart on the periodic table can reduce this
type of disorder.®*”* We therefore expect cation disorder to be
reduced in this compound, as has been found to be the case
when substituting Cu with Ag” or Zn with Ba*®®* in
Cu,ZnSn(S,Se),.

Enargite is a mineral semiconductor of type A3BYCY. Natural
samples of enargite are frequently found as an impurity in
copper ores.”” Natural samples have been found to exhibit the
electrical properties of a p-type doped semiconductor with
a conductivity of 0.0014 S m™' (from the stated value of
approximately 7 Q cm for the resistivity at 295 K).*> The main
impurities in natural enargite are Sb and Fe, but Pb and Ag are
also known to be present.”” In a recent study on natural sulfide
minerals,* the authors detected <1% of Sb impurities in the
natural samples of enargite, which show a clear p-type photo-
conductivity. The p-type response could either be due to
intrinsic acceptor defects or due to defects introduced by the Sb
impurities. In 1995, Pauporté and Lincot measured two optical
transitions in enargite: an indirect one at 1.19 eV and a direct
one at 1.44 eV. However more recent studies have reported
values of 1.28 eV (ref. 41) and 1.36 eV (ref. 40) for a direct band
gap, with some photocurrent due to band tailing further in the
IR region for the latter, which the authors attribute to lattice
disorder or impurity states in the band gap. G,W, calculations
based on wavefunctions generated from the hybrid functional
HSEO06 (ref. 51) predicted a value of 1.32 eV for the band gap.”
Although a number of different values have been reported for
the band gap of enargite, all values fit within the optimal range
for a solar absorber material.*

4.1.1 Enargite: electronic structure. The chemical formula
CuzAsS, suggests the presence of closed-shell Cu(i) and As(v)
ions. It has been proposed that a number of the beneficial
properties of lead halide perovskites are linked to the presence

This journal is © The Royal Society of Chemistry 2017
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of lone pairs of electrons and that other materials with post-
transition metals with an ns”> electronic configuration may
also exhibit similar properties.?® While As(u) has a 4s> elec-
tronic configuration, for As(v) as present here, the s orbitals are
formally empty. We have further confirmed the charge state as
As(v) using electron localisation functions (ELFs)” calculated
with VASP; however, we note the complications of assigning
oxidation states from first principles.”® The ELF gives the
probability of finding an electron near a reference electron, and
thus highlights the presence of bonds and lone pairs; further
details are given in the ESL T

For enargite, we predict a direct band gap at the I" point with
a magnitude of 1.24 eV, which is close to the reported
GoWo@HSEO06 value of 1.32 eV.” The calculated band structure
is shown in Fig. 3a. The conduction band minimum (CBM) is
dispersive, indicating the potential for high carrier mobility at
the band edge. This is confirmed by the estimates for the
minority carrier effective masses of electrons in the conduction
band, m., presented in Table 1, which also indicates that the
effective masses from I' — X, Y, Z are almost isotropic.
However, the estimated values for effective masses in Table 1
indicate that holes are heavier along the I' — Y, Z directions in
enargite.

It has been suggested for other semiconducting materials
that the defect-tolerance of optoelectronic properties, to
a certain extent, can be associated with an electronic structure
where the VBM possesses predominantly antibonding char-
acter.”””7® CulnSe, is an example of another thin-film PV
technology that is defect tolerant with shallow defects” and
benign grain boundaries.”?®® The electronic density of states
(DOS) at the top of the valence band in enargite, which is shown
in Fig. 4, shares some common features with that of CulnSe,. In
the case of CulnSe, the upper valence bands consist of the
hybridized Cu d-states and Se p-states, whereas for enargite it is
instead S p-states hybridized with Cu d-states. The p-d repul-
sion is large in CulnSe, and appears to be even larger in enar-
gite. In CulnSe,, the p-d repulsion gap separates the bonding
p-d states below and the antibonding p-d states above, yielding
antibonding states for the upper valence bands.

To assess further if enargite possesses an upper valence band

with antibonding character we visualize the electron
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Fig. 3 Calculated electronic band structure of enargite (CusAsS,) (a)
and the reciprocal space k-path for the structure determined by the
Aflow-online utility” (b).
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Table1 Effective masses of electrons at the conduction band minimum, m¢, and holes at the valence band maximum, m, of enargite (CuszAsS4),
stephanite (AgsSbS4) and bournonite (CuPbSbS3) in units of the free electron mass m., determined by parabolic fits to the calculated band
structures at the band extrema. The optical dielectric constants, ¢, calculated within the random phase approximation are also reported

Enargite (Cu;AsS,) Stephanite (AgsSbS,)

Bournonite (CuPbSbS;)

Direction Mme my e Direction Mme my & Direction Mme my e

la 0.20 0.22 £’ 5.70 |la 0.37 0.60 £’ 6.01 lla 0.52 0.99 £’ 7.16

I|b 0.23 1.20 e 5.89 [|b 0.40 1.94 e 5.86 |12 0.37 0.97 e 7.24

Ile 0.22 1.35 £l 5.91 Ile 0.26 0.77 £l 5.83 llc 0.50 0.86 £ 7.55
e B o in some recent studies. Firstly, the photocurrent conversion
8 bes efficiency of a natural enargite sample was found to be greater
g 2 | than that of a natural kesterite sample.* Secondly, the photo-
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Fig. 4 HSE06 + SOC partial electronic density of states (pDOS) of
enargite (CusAsS,), where the top of the valence band has been set to
OeV.

wavefunction of the highest occupied state, as is shown in
Fig. 5a. From this, the opposite parity of neighbouring S
p-orbitals and Cu d-orbitals indicates antibonding character at
the valence band maximum, which could suggest that acceptor
defects are more likely to produce shallow defect levels with
respect to the band edges. Enargite may therefore have defect-
tolerant optoelectronic properties, which has been suggested

current density measured for enargite nanocrystals had a 10-
fold improvement to that of CuzSbS, nanocrystals,®* both of
which could be expected to possess highly-defective nano-
crystalline structures.

4.1.2 Enargite: optical properties. The optical properties of
enargite are anisotropic, with the xx, yy and zz components of
the optical dielectric tensor, ¢/(w), differing considerably, as
shown in Fig. 6. We predict values of just under 6 for the static
limit (w — 0) of the optical dielectric constants e..” (given in
Table 1), obtained from the y-intercept of the real components
of ¢¥(w). This is very similar to values of e, calculated for the
perovskite MAPDI; of approximately 5.6 to 6.5.%

In Fig. 7 we plot the isotropic average of the optical absorption
coefficient, «(w), of enargite, with comparison to GaAs and
MAPDbI;, as known strong PV absorber materials, and crystalline Si
(c-Si) as a material that is known to have weak absorption. Enargite
has a comparable strength of absorption to the strong absorber
materials GaAs and MAPbL;, and considerably stronger than c-Si,
within the region for the onset of absorption (incident photon
energy of approximately w = 1-3 eV).

4.2 Stephanite (Ag5SbS,)

The unit cell of the second candidate, stephanite (AgsSbS,), also
has an orthorhombic crystal structure but with space group
Cmc2; (Fig. 2). The chemical formula suggests formal

Fig.5 The real component of the electron wavefunction of the highest occupied state in (left panel) enargite (CusAsS,), (centre panel) stephanite
(AgsSbS,4) and (right panel) bournonite (CuPbSbSs), showing sulfur p-orbitals and copper d-orbital in enargite and bournonite and silver d-orbitals
in stephanite. The difference in colour indicates the different parity of the wavefunctions and the position of the ions are indicated on the plot.
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Fig. 6 Three independent components of the calculated optical
dielectric tensor, ¢(w), as a function of incident photon energy, w, for
enargite (CuzAsSy).
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Fig. 7 Isotropic average of the optical absorption coefficient for three
sulfosalt materials enargite (CuzAsS,), stephanite (AgsSbS4) and bour-
nonite (CuPbSbSs) plotted in comparison to the same parameter for
other important photovoltaic materials over the onset energy range
(1-3 eV). The comparison photovoltaic materials include: the strong
direct-gap absorber material GaAs, the weaker indirect-gap absorber
crystalline-Si and the hybrid perovskite MAPbls, where data for these
latter compounds was taken from ref. 82.

oxidations states of Ag(1) and Sb(ui), which are associated with
4d"® and 5s” valence electronic configurations. The structure
consists of SbS; trigonal pyramids layered along the c-axis that
are connected with Ag atoms that form triangular and near
tetrahedral structures with S atoms.*® As was discussed for
enargite, the components in stephanite are dissimilar in terms
of charge and size, so it could be expected that cation disorder
will not be prevalent in this compound.

There is limited literature on the optical or electrical prop-
erties of stephanite apart from a work in 1973 (ref. 43) showing
the electrical resistivity of a synthetic sample of stephanite as
a function of temperature. They report a resistivity of approxi-
mately 9 Q cm at 110 °C, which corresponds to a conductivity of
0.0011 S m™ . It has been reported that stephanite has a band
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gap of 1.62 eV (ref. 41) and a recent study on a natural sample of
stephanite has measured a band gap of 1.67 eV and p-type
conductivity.** Chemical analysis indicated that there was no
detectable level of impurities present.*” This could suggest that
the p-type conductivity of the crystal is due to the presence of
acceptor intrinsic defects in stephanite (e.g. Vag ). The work*
also comments on the possibility of high Ag ion conductivity.
Ion transport has been suggested as a cause of current-voltage
hysteresis in lead halide perovskites;* but it can also contribute
to ‘self-healing’ of detrimental extended defects as ions can
redistribute over time.

There has been some speculation in the literature on the
possibility of ferroelectric behaviour in stephanite due to the
presence of polar phases at low temperatures in pyrargyrite
(AgsSbS;), proustite (AgsAsS;), and stibnite (Sb,S;), which are
crystallochemically related to stephanite.®® The same study
notes that similar displacive structural changes occur in ste-
phanite to those in proustite and pyrargyrite that are respon-
sible for the ferroelectric properties.

4.2.1 Stephanite: electronic structure. For stephanite, we
predict a direct band gap of 1.59 eV at the I' point of the Bril-
louin zone, which is in good agreement with the literature
experimental values.*>** Similar to enargite, Fig. 8a shows that
the dispersion of the lower conduction band is greater than the
upper valence band; this is reflected in the effective masses
calculated for electrons and holes, shown in Table 1. The elec-
tronic pDOS of stephanite (Fig. 9) indicates that the valence
band is mainly composed of hybridized Ag d-states and S p-
states, while contributions from Sb s-states only appear at
higher binding energy. In Fig. 5b we visualize the electron
wavefunction of the highest occupied state in stephanite, which
again displays anti-bonding character between the Ag d and
neighbouring S p.

4.2.2 Stephanite: optical properties. The optical properties
of stephanite, as shown in Fig. 10, are more isotropic than those
of enargite. This could be due to the crystal structure of enargite
more closely resembling stacked two-dimensional planes than
that of stephanite. The value of the optical dielectric constant
for stephanite is similar to enargite, at just under 6 (Table 1).
The strength in the onset of absorption predicted for stephanite

52 ®
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Fig. 8 Calculated electronic band structure of stephanite (AgsSbS,) (a)
and the reciprocal space k-path for the structure determined by the
Aflow-online utility” (b).
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Fig. 9 HSE06 + SOC partial electronic density of states (pDOS) of
stephanite (AgsSbS,), where the top of the valence band has been set
to 0 eV.

Dielectric function
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Fig. 10 Three components of the calculated dielectric function, e(w),
as a function of incident photon energy, w, for stephanite (AgsSbSy).

shown in Fig. 7 is less than that of the high-performance
absorbers GaAs and MAPDI;, but still considerably stronger
than that of crystalline Si.

4.3 Bournonite (CuPbSbS;)

Bournonite (CuPbSbS;) again adopts an orthorhombic crystal
structure and the same space group as enargite, Pmn2,. The unit
cell of bournonite is shown in Fig. 2. The structure is derived
from stibnite (Sb,S;), where Pb(u) atoms alternatively occupy
the Sb(m) sites and Cu(i) atoms form tetrahedra to compensate
for the charge.*

Measured values of 1.23 eV (ref. 41) and 1.31 eV (ref. 86) have
been reported for the band gap, which are both within the
optimal range for a solar absorber material. Recently, this
material has received increasing scientific interest for thermo-
electric and rewriteable data storage applications due to a low
thermal conductivity, which has been attributed to the distorted
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environments of the Pb(u) and Sb(u) atoms from the stereo-
chemically active lone-pair s> electrons.* Consequently, works
on the synthesis of bournonite are beginning to emerge.*® A
study of two natural samples of bournonite* reported n-type
conductivity, a direct gap of 1.29 eV, and an indirect band gap
of 1.17 eV in one sample, and the same direct band gap and
a lower indirect band gap of 1.01 eV in another.

4.3.1 Bournonite: electronic structure. For bournonite, we
predict an indirect band gap in the I'-Y direction with
a magnitude of 1.37 eV and the smallest direct gap is predicted
to be only slightly larger at 1.41 eV. The indirect gap is in quite
good agreement with experimental values.*"*® The conduction
band minimum features a spin splitting due to SOC, which can
be seen from comparing the plots of results before and after the
inclusion of SOC along the I'-Y, shown in Fig. 11a. The effective
masses at the conduction band of bournonite (Table 1) are not
as light or isotropic as in enargite; however, both the hole and
electron masses remain below 1 m..

The upper valence band of bournonite is formed primarily of
hybridized Cu d-states and S p-states (Fig. 12), although there
does not appear to be a pronounced p-d repulsion as was shown
in the pDOS plot for enargite. Contributions from Sb and Pb s-
states at the VBM appear to be minor. In Fig. 5¢ we visualize the
electron wavefunction of the highest occupied state in bour-
nonite to determine the bonding characteristics. As for the
previous two materials, the opposite parity of the electron
wavefunctions for the anion and cation show antibonding
character, which could support defect tolerance.

4.3.2 Bournonite: optical properties. The optical properties
of the final candidate absorber material (Fig. 13) are more
anisotropic than stephanite but less than enargite. The optical
dielectric constant (7.1-7.6) of bournonite is larger than that of
enargite and stephanite (5.7-6.0). The larger value could be due
to the presence of the Pb ion in bournonite, which is larger and
more polarisable than the cations in enargite and stephanite.
Again bournonite has a comparable onset of absorption to that
of established PV absorber materials (see Fig. 7).

4.4 Polarisation and Rashba splitting

The results presented above have shown the three candidate
materials have electronic and optical properties suitable for
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Fig. 11 Calculated band structure of bournonite (CuPbSbSz) showing
the result without the inclusion of spin—orbit coupling (SOC) in green
and the calculation including SOC in red (a) and the reciprocal space k-
path for the structure determined by the Aflow-online utility” (b).
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Fig. 12 HSE06 + SOC partial electronic density of states (pDOS) of
bournonite (CuPbSbSs), where the top of the valence band has been
setto 0 eV.
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Fig. 13 Three components of the calculated dielectric function, e(w),
as a function of incident photon energy, w, for bournonite (CuPbSbSs).

solar energy harvesting. An additional criterion for our search is
that the materials adopt a polar space group.

4.4.1 Lattice polarisation. We have quantified the strength
of polarity within the modern theory of polarisation. Sponta-
neous polarisations of 67.8, 31.9 and 1.83 pC cm ™ are found in
enargite, stephanite and bournonite, respectively (see Fig. 14).
Table 2 also shows the values of spontaneous polarisation
calculated for the materials in this study, along with measured
and some calculated values for known ferroelectric materials.
Whether a material will exhibit the ferroelectric-photovoltaic
phenomena outlined in Section 2.2 is dependent upon a large
number of factors, which are discussed in ref. 87. One param-
eter however is the magnitude of the polarisation® and we show
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here that the calculated spontaneous polarisation for both
enargite and stephanite is high and comparable to those of
standard ferroelectric materials BaTiO; and PbTiO;.

It is worth noting that for the materials in this study the
switching from one polarisation to the other requires a signifi-
cant rearrangement of the atoms. We estimate the switching
barrier from the energy change along the paths used to calculate
the spontaneous lattice polarisation, but note that this estimate
is an upper limit for the switching barrier as the intermediate
structures have not been relaxed to their minimum energy
configuration (further details included in the ESIt). We esti-
mate the upper limit for the switching barrier to be 19.7, 12.5
and 21.8 eV per unit cell for enargite, stephanite and bour-
nonite; which are orders of magnitude larger than barriers
calculated for BaTiO;.* Thus, the direction of polarisation of
the materials is unlikely to be easy to switch, making them
unsuitable for switchable memory applications. However, the
local electric fields could still be beneficial for enhanced charge
separation in solar energy applications.

4.4.2 Relativistic Rashba splitting. The presence of
macroscopic polarisation may have a direct effect on the
transport and collection of photogenerated charge carriers in
the direction of the associated internal electric field. There is an
additional effect on the electronic structure: the combination of
heavy elements with non-centrosymmetric crystal structures
leads to a relativistic spin-splitting of the bands. For cases where
the orbital components of the valence and conduction bands
are different, the so-called Rashba/Dresselhaus splitting can
turn a direct band material indirect. This was shown to be the
case for bournonite in Fig. 11. This effect has been associated
with slow electron-hole recombination in lead halide
perovskites.”*®

The spin-orbit interaction varies with the square of the
atomic mass, yielding an expected splitting size ordering of Pb
>> Sb > As; however, this is also influenced by the local electric
field around the metal centre. From our calculations, we predict

1 L
@-@ enargite, 2x2x2
V¥ bournonite, 2x2x2 []
¥ stephanite, 2x2x2 ||

. e i
Ng '*—,
6 TPFFFEEE — — -\ — T — RV
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_80 ] 1 ] 1

0.0 0.2 0.4 0.6 0.8 1.0

A

Fig. 14 Spontaneous polarisation along a path connecting the
structures with +Ps and —Pg for enargite (CuzAsS,), stephanite
(AgsSbS4) and bournonite (CuPbSbSsz). The markers indicate points
calculated with 2 x 2 x 2 k-points and the dashed line is the path
obtained using 1 x 1 x 1 k-points. The curves are set to pass through
0 for A = 0.5. See ESI¥ for further details.
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Table 2 Calculated spontaneous polarisation for enargite (CusAsSy),
stephanite (AgsSbS,) and bournonite (CuPbSbSz) compared to values
of known ferroelectric crystals

Method Ref. P, (uC cm™?)
Enargite DFT (HSE06) This work 67.8
Stephanite DFT (HSE06) This work 31.9
Bournonite DFT (HSE06) This work 1.83
BaTiO; DFT (HSE06) 90 40.7
BaTiO; Expt. 91 26
PbTiO; DFT (LDA) 92 88
PbTiO; Expt. 91 57
SbSI Expt. 91 25

that only bournonite will exhibit Rashba splitting, despite the
considerably weaker spontaneous polarisation we predict for
this material. Bournonite is the only one of the three material
that contains Pb, which suggests that the atomic mass of the
heavy element is the more dominant factor than the strength of
spontaneous polarisation for the Rashba effect. The splitting
needs to be sufficient so that for a given temperature and light
intensity that the Rashba pockets are partially filled; above this
threshold direct band gap behaviour is recovered. For bour-
nonite, we measure an energy difference in the CBM between
direct and indirect recombination of approximately 80 meV,
whereas kgT at typical solar cell operating temperature of 50 °C
is 28 meV, indicating that this indirect behaviour should play
a role in an operating solar cell.

5 Conclusions and outlook

We have used a first-principles quantum mechanical approach
to assess the optoelectronic properties of the three candidate
photoferroic materials: enargite (CuzAsS,), stephanite (AgsSbS,)
and bournonite (CuPbSbS;). We predicted a direct band gap of
1.24 eV, a direct band gap of 1.59 eV and a slightly indirect band
gap of 1.37 eV for enargite, stephanite and bournonite respec-
tively, within the optimal range for a single junction solar cell.
We also observe similar features (spin-orbit splitting) in the
band structure of bournonite to those associated with the high-
performance of hybrid perovskites.” We predict low electron
effective masses for all three materials and heavier holes (see
Table 1). We also predict optical dielectric constants, ¢, again
comparable to hybrid perovskites.*®

We have calculated the spontaneous polarisation density for
all three materials and from this we predict that enargite and
stephanite will have considerable spontaneous polarisations,
comparable to that of standard ferroelectric materials BaTiO;
and PbTiO;. This could suggest that it may be possible to
combine a near-optimal band gap (for AM1.5 solar radiation)
with ferroelectric-photovoltaic phenomena such as the bulk
photovoltaic effect or anomalous photovoltaic effect within
these materials. With the upper limit for the power conversion
efficiency from these novel PV phenomena still being an open
question, these materials could allow for new routes to high
efficiency devices.
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Our study has shown that the three minerals merit deeper
investigation. In addition to further experimental work on
synthesis, characterisation and optimisation, the extension of
theoretical investigations to include analysis of the defect
tolerance of the bulk (beyond the speculation made in this study
based on the bonding character of the VBM), and identifying
compatible interfaces for high-efficiency devices could help to
accelerate the development of these new technologies.

Data access statement
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available at https://github.com/wmd-group/crystal_structures. The
input and output files for the DFT calculations are available from
the online repository NOMAD at http://dx.doi.org/10.17172/
nomad/2017.05.16-1.
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