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High-throughput ab initio calculations are employed to identify the most promising materials for Si tandem
solar cells. Starting with the Materials Project database of more than 131 000 materials, we evaluate the
relevant properties of thermodynamic stability, lattice mismatch with silicon, band gap, effective mass,
optical absorption coefficient and dynamic stability. The identified 11 optimal candidates represent
a variety of material chemistries with oxides, pnictogenides, and chalcogenides included. Among them,
perhaps the most promising is Cu,ZnSiSe,, which has almost ideal properties for all physical criteria and
is composed of relatively earth-abundant constituents.

Introduction

Energy generation accounts for about 70 percent of total
greenhouse gas emissions,' which are driving an unsustainable
shift in the earth's climate.> Therefore, it is urgent that renew-
able energy technologies be deployed as much as possible to
offset emissions and reduce the extent of the greenhouse effect.

The potential for renewable energy is enormous because it
can in principle exceed the world's energy demand many
thousand times over.* Among renewable sources, the largest
reservoir of potential energy is from sunlight or solar energy.
Photovoltaic (PV) cells directly convert sunlight into electricity,
offering a practical and sustainable solution to the challenge of
cleanly meeting global energy demand.*

Today, more than 90% of the market share of PV uses silicon
(Si) as an absorber material.” However, it is well established that
Si is not an optimal light absorber as it has a band gap that is
both indirect and lower than ideal according to the Shockley-
Queisser efficiency limit.®* While some researchers seek alter-
nate technologies to supplant silicon solar cells, building on the
existing success of Si is the most efficient way to increase PV
deployment.” Therefore, a dual-junction device is desirable,
which uses two materials to absorb different portions of the
solar spectrum in the same cell rather than one. As shown in
Fig. 1, by moving from a single to double junction, the low band
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gap of Si can be complemented with a high band gap material
that together would capture a much larger fraction of the solar
spectrum.*® The indirect gap of Si is also ameliorated as non-
radiative recombination becomes less important with the
decrease in internal carrier concentrations.’

Fortunately, the properties needed for an ideal Si junction
partner are already known, assuming a 2-terminal device
configuration. These properties are thermodynamic and
dynamic stability, lattice match with silicon, a band gap of
1.74 eV, low charge effective masses and high optical absorption
coefficient. (Lattice matching with silicon can be neglected for
4-terminal tandem devices but they require more components
that then have their own stringent property requirements. Each
additional device component leads to higher cost and intro-
duces possible sources of efficiency loss and so 4-terminal cells
are not considered further in this work). Knowing the desirable
physical properties allows for an effective high-throughput (HT)
search of known materials to be performed. Over the past
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Fig. 1 (a) Schematic of dual-junction device and (b) the energetic
principles of operation. (1) Higher energy absorption by the top layer,
(2) lower energy absorption by Si (3) recombination at the interface.
Holes and electrons are extracted at opposite contacts.
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decade, computational material screening and high throughput
(HT) methods has enabled the creation of publicly available
databases with calculated properties of hundreds of thousands
of materials,’*** from which optimal materials for specific
applications can be sought. For example, HT computing has
been applied to various fields such as energy storage,'*™
catalysis,**** or topological insulators.*>** The method has also
previously been applied to the field of photovoltaics,*>*
including perovskite-perovskite tandem cells,* although not to
the junction partner of Si tandem to the authors knowledge.
In this paper, we present the ab initio HT screening of
materials to identify those that are best able to complement
crystalline silicon for a hypothetical dual junction device.
Beginning with all entries of the Materials Project (over 130
thousand),”” we evaluate the relevant properties of thermody-
namic stability, lattice mismatch with silicon, band gap, effec-
tive mass and optical absorption coefficient. Ultimately, we find
11 very promising materials: LiAsS,, WOj3;, Y,TeO,, BeSiAs,,
Dy,TeO,, Tb,Ti,S,0s, Tb,TeO,, SrLiyN,, Li,TiN,, CuGaGeSe,,
and Cu,ZnSiSe,, which is perhaps the most promising of all.

Methods

The structures and properties of the Materials Project were
accessed through the Python Materials Genomics (pymatgen)
application programming interface (API)* and analyzed
through the pymatgen open-source Python library.**

Density functional theory (DFT)* calculations were per-
formed using the Vienna Ab initio Simulation Package (VASP).*
Projector augmented wave (PAW) pseudopotentials with a cutoff
of 500 eV were used.**?* For structural optimization the Perdew-
Burke-Ernzerhof (PBE)* form of the generalized gradient
approximation (GGA) was used.?” Brillouin zone integration was
performed on a Monkhorst-Pack k-point mesh.*® All VASP input
files were automatically generated by pymatgen “io.vasp.sets”
module. All computations are performed with spin polarization
and with magnetic ions in a high-spin ferromagnetic configu-
ration initially, allowing the system to relax to a low spin state
during over the course of the calculation.

The convex hull of computed total energies is used to eval-
uate stability. To improve upon PBE band gaps, we used the
Heyd-Scuseria-Ernzerhof (HSE) screened hybrid exchange-
correlation functional,® with a shielding distance of 0.207 A™*
and 25% Hartree-Fock exchange. Effective masses are calcu-
lated by the Boltzmann Transport Properties (BoltzTrap2)*
software interfaced within pymatgen. BoltzTraP is a semi-
classical method based on smoothed Fourier interpolation of
the bands, which utilizes a temperature-independent and
isotropic constant relaxation time approximation.** Absorption
coefficient is calculated by using the independent particle
approximation (IPA) within DFT to obtain the imaginary part of
the dielectric constant and use mathematical properties
Kramers-Kronig relations to get their real part. From these, the
absorption coefficient is calculated using VASPKIT.*”” Phonon
calculations are performed by Phonopy interfaced with VASP.
To obtain reasonable lattice parameters, we used the PBESol
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function to optimize all structures with a 2 x 2 x 2 supercell
and a 5 x 5 x 5 gamma-centred K-point grid for all materials.

A summary of the full screening procedure is shown in Fig. 2
and in Table 1.

Results

The data of 131 613 materials was available in the Materials
Project database at the commencement of this work.> Begin-
ning with all of them, we first screen out any material that could
be considered intrinsically unstable. We do this by eliminating
any material with an energy above convex hull (E},,y) of more
than 0 eV per atom. Ey, is the energy released by decomposi-
tion of a compound into other materials of the same compo-
nents and an Ey,,;; of 0 eV per atom means no such processes are
favourable.”® These results are provided at the PBE level of
theory, which is known to agree well with experiment.** Other
HT studies allow for a margin of error with this term of the
order of +KyT,*”** but enforcing this screening criterion of Eyy
=0 eV still provides a large number of possible candidates of 33
145 here.

Beyond component stability, the successful operation of a Si
dual junction cell requires an efficient charge transport inter-
face between the top layer and Si. If both materials have
commensurate lattices it will be easier to form a junction. In
fact, if the components match well enough, it may be possible to
forgo a buffer layer entirely as it is often the purpose of a buffer
layer to facilitate lattice mismatch.*® The consideration of lattice
match with Si has even been reported to play a more significant
role in device performance than band gap matching.”” We use
the pymatgen's ‘Symmetry Analyzer module’ to convert primi-
tive cells to conventional standard structure,*® and then use the
‘Substrate Analyzer module’ to quantify lattice mismatch.* The
class ‘Substrate Analyzer’ uses the topological search by Zur and
McGill to identify matching super-lattices on various faces of
the two materials,* and calculates a common unit cell area as
the minimal coincident interface area (MCIA).
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Fig. 2 An illustration of the full screening procedure. The funnel-like
shape in the centre depicts the narrowing candidate pool. On the right
is a representation of the property sought at each stage and on the left
the corresponding level of theory.
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Table 1 The selection and screening criteria for all properties in this study

Property

Screening criteria

Thermodynamic stability
Lattice match with Si

Band gap

Dynamic stability

Effective mass

Optical absorption coefficient

To illustrate the effectiveness of MCIA we show two values for
materials matched with silicon in Fig. 3. Vanadium boride is
selected as an example material with a very high MCIA and
cerium dioxide as an example with the minimum MCIA with Si,
which are 358.9 A% and 29.9 A? respectively. It can be seen that
CeO, and Si have similar lattice parameters and atom-to-atom
distances within the structure. However, the lattice parame-
ters and the distance between the atoms in the structure of VB
and Si differ greatly. As a result, a smaller value of MCIA can be
considered to correspond to a higher degree of lattice match
with Si. Selecting only the materials with the smallest obtained
MCIA with Si to proceed in the screening reduces the number of
candidate materials from 33 145 to 881.

For the third screening stage, materials with band gaps close
to ideal for a Si tandem partner are sought. The optimum band
gap value has been reported to be around 1.74 eV in earlier
work,*** thus we seek materials with band gaps between 1.64
and 1.84 eV i.e. = 0.1 eV of the ideal target. To this end, we
analyse the 881 materials to survive the screening steps so far at
the HSEO06 level of theory. This computational method is known
to obtain more reliable band gaps than DFT,*** which we
confirm for silicon itself: Si has a band gap of 0.853 eV at the
PBE level, 1.20 eV at HSE06 and 1.23 eV in experiment.** HSE06
has also proven to be capable of giving close-to- experiment
predictions for a large range of compounds in other high-
throughput screening studies.*

The full list of 881 chemical formulae and corresponding
HSE band gaps are provided in the ESI (Table S1t), arranged in
ascending order of gap value. More than half of these materials

Fig. 3 The calculated minimal coincident interface area (MCIA) of Si
with CeO; (358.9 A%) and VB (29.9 A?). It can be seen that the lower
MCIA value provides a much closer lattice match to Si. Si atoms are in
green, V in orange, B in blue, Ce in red and O in grey.
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Energy above hull = 0 eV

Minimal coincident interface area with Si of 29.9 A
Between 1.64-1.84 eV

Weak imaginary phonon modes

The smallest possible values for electrons

Most rapid absorption coefficient onset

are metallic, which would be unsuitable for any photovoltaic
application but the selection window of 1.64 and 1.84 eV
includes the following 11 materials: LiAsS,,” WO;,*®
CuGaGeSe,,” Y,TeO,, Cu,ZnSiSe,,*® BeSiAs,,** Dy,TeO0,,** Tb,-
Ti,S,05,% Tb,Te0,,* SrLiyN, (ref. **) and Li,TiN,. The HSE06
band gaps for these materials are shown in Fig. 4 and the
chemical structures of all 11 materials are shown in ESI Fig. S1.7

Note that some of the candidates have no providence or
citation for original synthesis in the Materials Project. The
compounds for which we find no experimental report (to wit
Y,TeO, and Li,TiN,) were likely added to the Materials Project
database by structure prediction methods, but are still on the
convex hull with respect to competing phases. This observation
prompted us to investigate the dynamic stability by calculating
phonons for each material, especially considering that even
structures on the convex hull can be dynamically unstable.®
The phonon band structures for each of the eleven candidates
are included in the ESI (Fig. S21). While dynamic stability can be
instructive for bulk materials, it may be less important in
a tandem device application that we consider here due to the
epitaxial strain provided by the Si substrate. Furthermore, many
structures, including well-studied perovskites, predicted to be
dynamically unstable from phonon calculations are actually
stable at finite temperatures.” Regardless, the phonons show
a surprising degree of instability for some of the candidates.
Li,TiN,, LiAsS,, Y,TeO, and WO; each show strong negative
frequency ie. imaginary modes that could preclude their
isolation in experiment. Of these, LiAsS, has been considered
for thermoelectric,’* and photovoltaic applications previ-
ously,””*” while Li,TiN, and Y,TeO, have little to no precedent
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Fig. 4 The 11 candidate materials (in green) identified by range of
+0.1 eV around the optimum gap value of an Si junction partner (red).
Also shown (in yellow) are the materials just outside of either end of the
selection window.
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in the experimental literature. WO;3; has been explored for
photo-electrochemical water splitting,*® and electrochromic
window applications previously.*® However, it is noted that the
literature surrounding this material is “somewhat confusing”,”
most probably due to the fact that there are at least 4 different
WOj; structures each of which has distinct electronic properties.
For this screening work we identify the so called tetragonal
phase with P4/nmm [129] symmetry but there is also a P4/ncc
[130] structure, a Pbcn [60] structure and a Pbcm [57] structure
denoted to be on the convex hull by the Materials Project, with
several others within KgT of the hull. However, a more detailed
study finds that the 4 stable structures are not equivalent and
the structure identified by our screening is not on the convex
hull or dynamically stable (in agreement with our phonon
analysis).”* Rather than omit this WO3, we include it for trans-
parency and to serve as a cautionary reminder about the
inherent pitfalls of any high-throughput study.

Returning to the electron properties, we calculate the band
structure diagrams for the 11 candidates as shown in the ESI
(Fig. S37). Equipped with the more reliable HSE06 electronic
structure, it is possible to further explore candidate's suitabil-
ities. Efficient transport of the generated charge carriers after
light absorption is required for low losses in PV materials."®
Effective mass is used to describe the transport capabilities of
a material,” with charge mobility inversely proportional to the
effective mass.” Highly mobile charges are more likely to be
able to reach the device electrodes before recombining, signif-
icantly improving device performance.

Charge effective mass is an intrinsic materials property
related to the dispersion of the bands around the Fermi level. In
order to take into account the full range of bands for each
material, the effective mass values were calculated by the line-
arized Boltzmann transport equation.*” In this work we use
BoltzTraP with the constant relaxation time approximation.”™

The conductivity effective mass tensor is dependent on the
values of temperature and doping concentration. We assume
a dopant concentration of 10*® ecm > and a temperature of 300
K. From this, the average effective mass can be derived from
relevant pockets in the Brillouin zone around the Fermi level.”

Table 2 The predicted charge effective mass for holes (m;) and
electrons (m;,) with a HSE electronic structure, a doping concentration
of 10*® cm™ and temperature of 300 K. The table is sorted in order of
electron effective mass from smallest to largest

MP-id Material HSE m;, HSE m,,
1232332 Cu,ZnSiSe, 0.93, 1.20, 1.20 0.16, 0.17, 0.17
15845 SILi,N, 2.34, 2.34, 126.38 0.28, 0.35, 0.35
1009087 BeSiAs, 0.42, 0.64, 0.64 0.39, 0.39, 0.46
1224851 CuGaGeSe, 0.39, 0.39, 2.47 0.70, 0.70, 2.14
1245502 Li, TiN, 0.34, 0.34, 3.52 0.65, 0.65, 2.22
19443 WO;, 1.09, 1.09, 2.33 1.07, 1.07, 2.80
555874 LiAsS, 0.52, 0.71, 1.17 0.16, 0.51, 6.65
755756 Y,TeO, 0.27, 0.27, 10.74 0.81, 0.81, 45.22
16036 Tb,TeO, 0.29, 0.29, 12.11 1.05, 1.05, 89.38
16037 Dy,TeO, 0.28, 0.28, 7.02 0.93, 0.93, 98.47
10960 Tb,Ti,S,05 0.55, 0.55, 212.31 0.58, 0.58, 527.53
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Because silicon can be extrinsically doped p- or n-type,”® in
Table 2 we list both the effective mass of p-type doping and n-
type doping for each candidate material.

The atomic structure configurations of the candidates (see
Fig. S17) are reflected in the effective mass tensors. For example,
the materials Dy,TeO,, Y,TeO,, Tb,TeO, have identical struc-
tures with I4/mmm symmetries (number 139) and have very
similar effective mass tensors. Similarly, the structure of Tb,-
Ti,S,05 appears highly anisotropic, as is the corresponding
effective mass. Ultimately, the smallest possible values of
charge effective mass are sought in as many directions as
possible. In this regard, Cu,ZnSiSe,;, CuGaGeSe, and BeSiAs,
are among the most ideal, with LiAsS,, Li,TiN, and WO,
somewhat behind. SrLisN, has favourable electron mass prop-
erties but relatively unfavourable hole effective mass. Dy,TeO,,
Y,TeO,, Tb,TeO,, and Th,Ti,S,05 are perhaps the least suitable
with very high masses in at least one direction.

The final stage of analysis pertains to light absorption as
indicated by absorption coefficient as a function of photon
energy. The higher the absorption coefficient for any given
energy, the shorter the distant that light penetrates into the
material before being absorbed.” A stronger absorption coeffi-
cient therefore allows for a thinner absorber layer, which
reduces both material and processing costs for a PV device.”

The frequency dependent dielectric matrix is calculated from
the ground state electron configuration at the PBE level of
theory and used to calculate absorption coefficient. The
absorption profiles are then individually shifted to match the
more accurate HSE06 band gaps for light absorption onset for
that material, which has been shown to be an effective approach
previously.” Each of the plots of absorption coefficient for the
11 candidate materials is shown in the ESI, Fig. S4.f Fig. 5
shows all of these individual absorption profiles superimposed
together.

The ideal Si junction partner would display as rapid an onset
of absorption as possible to allow for a thinner absorber layer.
Thinness of absorber layer is one of the most effective ways to
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Fig. 5 Superposition of the light absorption coefficients calculated for
the 11 final-candidate material as a function of energy.
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Table 3 The results of the full screening procedure summarised for every final candidate

Energy above Si minimal coincident

Material convex hull interface area Imaginary phonons? Band gap Hole effective mass Electron effective mass
ZnCu,SiSe, 0 eV 29.9 A2 No 1.75 eV 0.93, 1.20, 1.20 0.16, 0.17, 0.17
BeSiAs, 0eVv 29.9 A? No 1.72 eV 0.42, 0.64, 0.64 0.39, 0.39, 0.46
GaCuGeSe, 0 eV 29.9 A? No 1.67 eV 0.39, 0.39, 2.47 0.70, 0.70, 2.14
SILi,N, 0eVv 29.9 A2 No 1.83 eV 2.34, 2.34, 126.38 0.28, 0.35, 0.35
Li,TiN, 0ev 29.9 A? Yes 1.82 eV 0.34, 0.34, 3.52 0.65, 0.65, 2.22
WO, 0eVv 29.9 A2 Yes 1.65 eV 1.09, 1.09, 2.33 1.07, 1.07, 2.80
LiAsS, 0eVv 29.9 A? Yes 1.65 eV 0.52, 0.71, 1.17 0.16, 0.51, 6.65
Y, TeO, 0ev 29.9 A2 Yes 1.70 eV 0.27, 0.27, 10.74 0.81, 0.81, 45.22
Tb,TeO, 0eV 29.9 A? Yes 1.82 eV 0.29, 0.29, 12.11 1.05, 1.05, 89.38
Dy,TeO, 0eV 29.9 A? Yes 1.73 eV 0.28, 0.28, 7.02 0.93, 0.93, 98.47
Tb,Ti,S,05 0 eV 29.9 A? No 1.77 eV 0.55, 0.55, 212.31 0.58, 0.58, 527.53

minimise costs,*>** thereby allowing the device to be more cost
effective when compared to other methods of energy genera-
tion.*” For the candidates we identify, it's possible to see quite
a varied response in their light absorption profiles. The least
well performing light absorbers appear to be Tb,Ti,S,0s,
Tb,TeO,, BeSiAs, and Dy,TeO, with steep onsets that don't
occur until around 4 eV (310 nm photon wavelength). On the
other hand, the best 3 performing materials appear to be Cu,-
ZnSiSe,, WO; and Li,TiN,. Cu,ZnSiSe, has a more rapid initial
onset than the other candidates but this initial advantage is lost
at higher energies of light where WO; becomes more highly
absorbing. Finally, at around 3 eV, Li,TiN, becomes the stron-
gest light absorber-although this is already beyond the visible
light spectrum.

Considering both charge effective mass and absorption
coefficient, it can be seen that Cu,ZnSiSe, performs most
favourably for both, with WO; and Li,TiN, in close competition
as well. However, WO; and Li,TiN, were 2 of the materials
found to have quite strong dynamic instability, whereas Cu,-
ZnSiSe, was highly stable. What's more, Cu,ZnSiSe, has a band
gap that is joint-closest to the ideal value and is composed of
relatively abundant constituent elements.

The material Cu,ZnSiSe, is perhaps the most exciting
candidate of all compounds considered in this study, not just
because of its intrinsically favourable properties but also
because of its likely tuneable nature provided by the large
composition variability. The compounds Cu,ZnSiSe; and
CuGaGeSe, (which also performs well in our screening by
properties) are closely related to each other chemically and to
the well-studied material Cu,ZnSnSe, (CZTSe), these are called
kesterite chalcogenides, being typically 4-component systems
with the I4 [82] symmetry in the ground state.®* Kesterite
materials are well known for cation miscibility allowing for the
careful tuning of physical properties by varying the chemical
compositions within the same structure.®® CZTSe also has
a record PV device efficiency of 12.6% as a single junction
absorber material,** further suggesting that Cu,ZnSiSe, and
CuGaGeSe, could perform well in photovoltaic applications.

To the knowledge of the authors no tandem device of Si with
Cu,ZnSiSe, has been reported before, although it was suggested
as an ideal candidate for this application elsewhere in the

816 | Sustainable Energy Fuels, 2023, 7, 812-820

recent literature,®® thereby effectively validating our high-
throughput approach. There is an orthorhombic Cu,ZnSiSe,
that has been previously identified in experiment,®” and
confirmed in single crystals down to 150 K,* but it is found to
be higher on the convex hull than the tetragonal 74 material that
our screening identifies. DFT has shown to be a powerful tool in
structure prediction and materials discovery,* and while there
is an inevitable margin for error the agreement of the ground
state found here and the known literature on CZTSe gives a high
level of confidence in our identification of the material as
a suitable candidate. Furthermore, the existing body of knowl-
edge surrounding kesterite growth and deposition (for example
chemical bath deposition,” electrodeposition,” pulsed laser
deposition,” and slurry deposition,” to name a few) should
greatly facilitate experimental exploration of these candidates.

Conclusions

In conclusion, we have identified a series of promising mate-
rials for Si tandem solar cells from all 131 613 materials in the
Materials Project. We provide the HSE06 band gaps for 881
stable materials that are a lattice match with silicon. Of these,
we identify 11 materials (LiAsS,, WO3;, CuGaGeSe,, Y,TeO,,
Cu,ZnSiSe,, BeSiAs,, Dy,TeO,, Tb,Ti,S,05, Tb,TeO,, SrLiyN,,
Li,TiN,) that have almost ideal band gaps. Among them, the
materials closest to the ideal band gap are Cu,ZnSiSe, and
Dy, TeO,.

For charge transport, Cu,ZnSiSe,, CuGaGeSe, and BeSiAs,
have the favourable charge effective masses and, Cu,ZnSiSe,,
WO; and Li,TiN have the most favourable absorption profiles.
Given the dynamic instabilities predicted for Li,TiN,, LiAsS,,
Y,TeO, and WO; we conclude that Cu,ZnSiSe, is perhaps the
highest priority candidate for Si tandem photovoltaics
currently. A full summary of results for each candidate is
provided in Table 3.

While all of these materials are present in the Materials
Project, and some work has begun on considering them for
optoelectronic applications, we find ample scope for discovery
as several of the candidates have yet to be synthesised and
several others are expected to be chemically tuneable. There are
also many avenues for future computational analysis such as

This journal is © The Royal Society of Chemistry 2023
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defect/dopant calculations or applying similar high-throughput
screening approaches to the other necessary device components
of a tandem cell. So-called slab calculations can also provide
important properties such a band offsets and potential interface
degradation reactions directly,” although there are too many
possible slabs to enumerate in a high-throughput study such as
this.
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