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Abstract

Recently, there has been extensive research into photovoltaic, thermoelectric, and nonlinear optics
applications of chalcogenide semiconductors within the large set of defect-resistant I,-1I-1V-X4 (I = Li, Cu,
Ag; Il = Ba, Sr, Eu, Pb; IV = Si, Ge, Sn; X = S, Se) compounds. Five Eu-including compounds have
previously been reported within this family but a comparative study of possible structures and electronic
properties of all 18 Eu-based combinations is still absent. Herein, we use hybrid density functional theory
to study rare-earth-including I,-II-IV-X4 semiconductors with Eu on the II site, in order to further
understand this family and test the geometric tolerance factor (reported in our previous work) as a tool for
predicting potential stable structures. We investigate how the exchange mixing parameter of the HSE06
density functional, o, affects the energetic positions of electronic levels, especially of the localized f-
electron orbitals near the band edges of the extended semiconductor structures, using literature
photoemission and band gap data of EuS for comparison. Lowest-energy quaternary structure candidates,
energy band structures and densities of states are computationally predicted for all eighteen materials. Based
on its predicted photovoltaics-relevant band gap, the previously unknown compound Cu;EuSnSes was
selected and synthesized. The experimental structure, lattice parameters, and bandgap of CuEuSnSes are

consistent with the computational predictions, confirming a 1.55 eV band gap.
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Introduction

Rare-earth (RE) elements have been studied for their notable electronic, optical, magnetic, and
catalytic properties, compared with other types of metal ions, for well over a century.!* The RE elements
include Sc, Y and 15 lanthanides (from La to Lu) with electronic configurations of [Xe]4f"d*!6s? (n = 1—
14). For example, lanthanide chalcogenides such as Er,Ses, Er,Tes, TboTes, Dy.Tes, Ho2Tes, and Y2Tes
have proven to be promising thermoelectric (TE) generator candidates due to low thermal conductivities.’
RE ions act as dopants in TE compounds such as Bi,Te;,%® SnTe,” and perovskite oxides'® to reduce the
thermal conductivity, improving the power factor and the figure-of-merit. The divalent Eu?**compounds
EuO, EuS and EuSe were heavily studied already in the 1960s as ferromagnetic semiconductors, with
cryogenic Curie temperatures of 76 K, 17 K and 4.6 K, respectively.!!"'* In luminescence applications, there
are many studies of RE doping in various materials such as CaS," Li,SrSiOs (LSS),'* fluoride
nanophosphors,'” Ba,In,Os phosphors,'® and K3LuSi,07'? to tune the emission wavelength, broadness, and
intensity. In PV devices, RE ions are used as dopants for materials such as SrA1,04,? BiFeQ;,*! %
perovskites like MAPbI;** and CsPbL,Br,* and for transport layers® 26 to improve power conversion
efficiencies (PCE) by tuning the band gap and increasing carrier concentration. Doping of RE ions has also
been shown to reduce defects and improve stability of Pb-I perovskite solar cells by introducing a RE ion
“redox shuttle” in the synthesis process.”

Separately, chalcogenide semiconductors have already been proven as promising candidates for
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various applications including TE generators,?’ photoelectrochemical (PEC) cells,
(NLO) crystals**3? and photovoltaics (PV).>*35 Among the most successful commercial PV materials are
zincblende CdTe and chalcopyrite Cu(In,Ga)(S,Se),, each achieving high power conversion efficiencies
(PCE) of over 20%.%¢ However, these materials incorporate low abundance elements, Te and In. To remedy
this problem,” 3 kesterite Cu,ZnSn(S,Se)s, which incorporates earth-abundant alternatives Zn and Sn, has
received attention as a replacement. However, due to the similarity in ionic size and coordination of
Cu/Zn/Sn, anti-site defects are prevalent, and the PCE of CuZnSn(S,Se)4 solar cells suffers substantially.>*-
4 Given these observations, there have been many recent studies that replace one or two of these elements,
such as in Cu;BaSnS4..Sex and Ag,BaSnSes, focusing on atomic size and coordination dissimilarity as
design principles to reduce the propensity for forming anti-site defects.**> In the resulting, size-
discriminating chalcogenides of stoichiometry L-I1I-IV-X4 (I denotes a monovalent, II a divalent and IV a
tetravalent cation and X is a chalcogen anion), anti-site defect resistance is expected by controlling the
relative size of atoms on sites I, [V, and II within the lattice to limit site exchanging of ions between different
coordination environments. In a previous work by our groups, the different crystal structures adopted by all
known L-II-IV-X4 chalcogenide semiconductor materials with I = Li, Cu, Ag; Il = Ba, Sr, Eu, Pb; IV = Si,

Ge, Sn; and X = S, Se were systematically categorized by two tolerance factors, i.e., two analytical



expressions based on the geometric relationship of polyhedra within the lattice.’® Five relevant structure
types emerge, labeled according to their space groups as Ama2, P3:, [42m, 1222 and Ama2'. The
notation Ama2' refers to the AgPbGeSs (APGS)-type Ama2 structure, which is distinct from the
CusSrGeSes-type Ama?2 structure.> The tolerance factor approach can be used to determine whether or not
a particular quaternary material may be expected to adopt a particular structure. Thereby, the tolerance
factor approach enables a holistic view of the I,-1I-IV-X4 chalcogenide semiconductor family and provides
direction for the synthesis of defect-resistant multinary chalcogenides.

Despite extensive study of both RE elements and chalcogenide semiconductors, the family of
potential RE-containing I-1I-IV-X4 semiconductors has not yet been fully explored. As mentioned above,
the ionic size of site II is expected to be significant for reducing the prevalence of anti-site defects. Common
I and IV site cations for this family, such as Cu® (0.60 A) and Sn** (0.55 A),” are quite small, suggesting
that larger radius II site ions (>1 A) should be implemented in order to prevent anti-site disorder. Among
the stable RE elements, Eu, Sm and Yb may occur as divalent cations and have suitable ionic radii (Eu®":
1.25 A, Sm*": 1.27 A, Yb*": 1.14 A)* to possibly incorporate on the II site in the lattice without incurring
significant anti-site defect formation. Eu?* is studied in this work due to its similarity to Sr** (1.26 A), a
well-studied II-site cation within the L-II-IV-X, family.’®¢" Successfully synthesized examples of Eu-
containing L-II-IV-X4 compounds include the six materials Li:EuGeSs,*® Li;EuSiO4*° and Cu,EuMQs (M
= Si, Ge, Sn; Q =S, Se),* ® which adopt the 142m (Li>EuGeSs), P31 (Li2EuSiOs, CuzEuGeSs, Cu,EuSiSs)
and Ama2 (Cu:EuGeSes, Cu,EuSnSy) crystallographic structure types, respectively. Lack of prior research
raises the question as to whether more Eu containing I>-I1I-IV-X4 compounds might exist in the size-
discriminating multinary chalcogenide structure types, which particular structure they may adopt, and what
their potential properties may be (e.g., nature and size of band gap and energy levels) from the viewpoint
of possible semiconductor applications.

In the present work, we use hybrid density functional theory (DFT) to systematically assess the
likely structures and electronic properties of 18 prospective I-Eu-IV-X4 compounds, to provide
understanding that may underlie potential semiconductor applications, e.g., PV. Among current first-
principles computational approaches, hybrid DFT is attractive since it remains computationally feasible for
complex structures while providing access to energy levels and their differences in semiconductor
compounds. Specifically, we here use hybrid DFT for two distinct purposes: (1) for the prediction of
ground-state total energy differences (e.g., for finding minimum-energy structures) and (2) for energy band
structures. Hybrid DFT, which includes a non-local exchange energy operator, was originally devised to
predict total energy-based properties. For this use, and in non-metallic structures, standard hybrid
functionals are well established and generally known to provide superior accuracy compared to

computationally cheaper approximations in semilocal density functional theory.®> We thus calculate the



total energies of all eighteen considered compounds in the I-Eu-IV-X4 set for the Ama2, P3,, 142m, 1222
and Ama2" structure types using a standard parameterization of the HSE06 hybrid density functional®>¢3
to predict the most stable structure for each compound. These results are compared to predictions generated
by the tolerance factor approach as reported in previous work.’® In contrast, energy band structures and
energetic placements of different levels are technically outside the domain of DFT, since they involve
excited states rather than ground state properties.®® For density functional approximations below the level
of hybrid DFT, even the prediction of the fundamental gap of a compound, which is still a total energy
difference between the lowest-energy ionization potential and electron affinity, is thwarted by the so-called
"delocalization error" of these functionals.®’” More adequate many-body electronic structure approaches,
e.g., the GW approximation for quasiparticle properties, are computationally far more expensive than hybrid
DFT and can present further challenges with respect to basis set convergence and convergence of
reciprocal-space sums associated with long-range contributions.®® ® Interestingly, due to the non-local
nature of the exchange operator, hybrid DFT with appropriate numerical parametrizations has long been
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established as an approach that can still predict approximately reasonable fundamental band gaps
other energy levels’ in solids. Eu-containing compounds pose an additional challenge, however, since the
optimum parametrization of hybrid DFT to correctly place Eu*" 4f-orbitals (expected to form a high-spin
configuration, 'Eu, with one completely-filled spin channel) might differ from prior experience in systems
containing only main group or simple transition metal elements. Estimating the energetic placement of the
Eu?" 4f levels is important since they could conceivably act as effective, localized hole trap states, by
oxidizing Eu** to Eu*', if placed at the top of the valence band. Conversely, if states derived from other
elements form the valence band maximum, a more itinerant, band-like transport behavior might result. In
the main part of this work, we therefore investigate the sensitivity of hybrid DFT-derived band structures
to the parameterization of the HSE06 hybrid density functional®% employed here. We focus particularly
on qualitative band gaps and alignments of Eu levels in the [,-Eu-IV-X4 compounds, especially the Eu 4f
level position vs. the material's band edges. For validation purposes, we compare hybrid DFT results to
published angle-resolved photoemission spectroscopy (ARPES) data for EuS, and further consider
published energy band gaps of previously studied members of the [-Eu-1V-X4 family. We then predict the
electronic properties of the I,-Eu-IV-X4 compounds, discuss the expected accuracy of the predictions, and
comment on optical properties. Finally, one promising PV-relevant compound, Cu,EuSnSey, is synthesized
and characterized to verify the accuracy of our computational approach and validity of the computational

predictions.

Methods
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Computational. All calculations in this work utilize FHI-aims,”*® a high-precision,
using numeric atom-centered basis functions for numerical discretization of orbitals and densities. A linear-
scaling approach to evaluate hybrid density functionals is included in FHI-aims.?!-32 The general approaches
and technical choices made in the work reported here reflect the experience gained from our previous work
on multinary chalcogenide semiconductors.**:>!:3% 8386 According to Hund’s rules, the Eu®* ion has all seven
4f-orbitals filled with a single electron each, in a high-spin configuration. Therefore, the initial moment of
Eu is set to seven to represent the net spin moment of the Eu?* ion, and all simulations include spin
polarization to reflect the spin of Eu?*. We employed HSE06, a short-range screened hybrid exchange
correlation functional, and use a screening parameter value » = 0.2 A" 9% for all the computations reported
in this work. Consistent with our past work, we used o, = 0.25 as the exchange mixing parameter for all
total energy computations. The arrangement of the Eu*" spins was chosen to be ferromagnetic and in
principle, we could have considered other arrangements as well. However, a literature report for Cu,EuSiSs,
CuzEuGeS4, and CuzEuGeSes shows that all three compounds remain paramagnetic down to temperatures
of only a few K, consistent with negligible effective spin interactions in these systems. Additionally, we
performed exploratory calculations of our own for different spin configurations for Cu;EuGeS4 in a
hypothetical Ama2 structure. We found ~1 meV total energy differences and below per Eu*" ion, indicating
that the detailed spin arrangement of the Eu®* ions should not affect the results reported in this work. Total
energies of the 18 I,-Eu-1V-X4 compounds were calculated for each of the five structure types (identified
by the space group of the structure: 4ma2, P31, [42m, 1222 and Ama2") observed for the general L-1I-IV-
X4 family.>® For each structure, unit cell vectors and atomic coordinates were fully relaxed until all total
energy gradients with respect to lattice vectors and atomic positions were smaller than 5x1072 eV/A. We
first used ‘light” numerical settings to identify the most stable structure type candidate for each I-Eu-1V-
X4 compound. Subsequently, these lowest-energy structures and those close in energy were post-relaxed
with ‘intermediate’ numerical settings (except for Eu atoms, for which 'tight' settings were used since no
specific 'intermediate’ settings exist for lanthanides in FHI-aims) to generate more accurate final geometries
and total energies for further analysis. The final relaxed geometries are provided in the Supporting
Information (SI, Geometry information).

As noted in the introduction, for band structures, we validate the detailed HSE06 parameterization,
especially in view of the energetic placement of the Eu 4f levels. Specifically, we explore the impact of
different choices of the exchange mixing parameter a on the band structure calculations, investigating the
most suitable choices of a that capture both the predicted energy gap and the placement of localized Eu 4f
derived levels in relation to the less localized states derived from the other chemical elements (Li, Cu, Ag,
Si, Ge, Sn, S, Se). We note that the choice of hybrid functional parameterization (e.g., @) could also have

an impact on the prediction of the relative energetic stability of different structures, i.e., at the total energy



level. However, in contrast to the use of a to obtain approximate band gap estimates, the variation of energy
differences of semiconductor structures with a is much more subtle and the rationale for deviating from
established choices is much less clear.®> As an example, in past work on the relative stability of the Ama2
and P3; structures across the alloy series CuxBaGe;«Sn.Ses,*® we have found that the HSE06 hybrid
functional (a¢ = 0.25) improves an incorrect prediction of the structure hierarchy of Cu,BaGeSes, i.c., a
predicted total energy difference inconsistent with experimental observation, from 4 meV/atom
(generalized-gradient PBE functional®’, i.e., @ = 0) to 1 meV/atom (HSE06 hybrid functional, a = 0.25),
still with an incorrect sign. This observation is consistent with the general experience® in chemistry that
hybrid functionals tend to improve structure predictions quantitatively, but also that the detailed choice of
a is not a priori clear. For instance, one could expect that a slightly higher a parameter would switch the
total energy balance of Cu.BaGeSes to the experimentally observed one. However, other factors (most
importantly, neglected vibrational free energy contributions) will also affect this balance in an a priori
unknown way. We therefore remain with o = 0.25 (fixed) for total energy predictions in the present work,
since this choice is well established in the literature. The favorable comparison to experimentally known
Eu-based structures in the Results and Discussion section appears to vindicate this choice.
Non-self-consistent spin-orbit coupling (SOC)’® was included in all band structure, density of states
(DOS), and normal-incidence absorption coefficient calculations. Normal-incidence absorption coefficients
were calculated using the random phase approximation from the HSE06+SOC electronic structure.”? The
tables and figures that summarize band structure, DOS and predicted absorption data in the main text use a
=0.375 (value selected after considering f~orbital positioning; see Results and Discussion section) and those
for o =0.25 and 0.3 are provided in the SI, unless noted otherwise. The tetrahedron integration method was
used to compute densities of states (DOSs).*® The I'-point-centered k-point grids used for HSE06
calculations are listed in Table S1, along with the respective lattice parameters. Brillouin zones and k-space
paths are illustrated in Figure S1. The electrical and optical properties were computed with the HSE06
hybrid functional and SOC, using o parameterizations of 0.375, 0.3, and 0.25 for comparison as discussed
in the text. Gaussian-broadened k-space integrals based on the k-space grids in Table S1 and with
broadening width 0.1 eV were used to calculate the imaginary and real components of the dielectric function

for predictions of optical absorption coefficients.

Synthetic. Polycrystalline powder samples of Cu,EuSnSe4 were synthesized using a high temperature solid-
state synthetic method from precursor compounds EuSe and Cu,SnSes. EuSe was prepared using a
stoichiometric ratio of Eu metal (Fisher Scientific, 99.9%) and Se (Alfa Aesar, 99.999%) loaded into a
flame-dried, graphitized quartz tube within a nitrogen-filled glove box. This tube was flame-sealed under

vacuum and heated from 25 to 400°C over 5 hours, then from 400 to 880°C over 4 hours. This temperature



was held for 48 hours, then slowly cooled to 25°C over 14 hours. To prepare Cu,SnSes, a stoichiometric
ratio of CuSe (Alfa Aesar 99.5%) and SnSe (Alfa Aesar 99.999%) was ground thoroughly and pelletized,
then loaded into a flame-polished quartz tube under nitrogen atmosphere. This tube was flame-sealed under
vacuum and slowly heated from 25 to 900°C over 30 hours, held at 900°C for 12 hours, then slowly cooled
to 25°C over 30 hours. Bulk purities of the synthesized precursor compounds (EuSe and Cu,SnSes) were
verified using Powder X-ray diffraction (PXRD) to ensure a stoichiometric loading in the further reactions
(Figure S2). To prepare Cu,EuSnSes, stoichiometric amounts of EuSe and Cu,SnSe; were thoroughly
ground together and pelletized, then loaded into a flame-dried quartz tube under nitrogen. This tube was
then flame sealed and heated from 25 to 650°C over 12 hours, held at temperature for 136 hours, and slowly
cooled to 25°C over 12 hours. The product of this reaction is a lustrous silver-grey polycrystalline pellet.
This pellet was then reground, pressed, and refired at the same temperature (650°C) twice to improve the
purity of the sample. To monitor potential losses during the reaction, pellet masses were recorded before
and after each synthesis and refiring step. Mass loss was observed to not exceed 2%, indicating a lack of

significant vapor transport or secondary reactions with the quartz surface of the ampoule.

Experimental. PXRD data were collected under ambient conditions in the 3-70° 20 range using a
PANalytical Empyrean X-ray diffractometer with Cu Ka radiation. To determine lattice constants and phase
purity of powder samples, XRD patterns were fit using a Pawley fitting approach from the PANalytical
HighScore Plus software package. Diffuse reflectance spectroscopy (DRS) data were collected on
polycrystalline powder samples of Cu;EuSnSes over a range of 400-1100 nm (1.13-3.10 eV) using an
Enlitech QE-R Quantum Efficiency / Reflectivity system equipped with an integrating sphere. Diffuse
reflectance spectra were then converted to absorption using the Kubelka-Munk function: F(R) = a /S =
(1= R)? / (2R) , wherein a is the absorption coefficient, S is the scattering coefficient, and R is the
reflectance.®® Tauc plots were constructed using [hv-F(R)]* (a conversion considered appropriate to
determine direct band gaps, although in itself, this conversion does not indicate whether a gap is direct or
indirect) and then used to estimate optical band gaps by extrapolating a linear regression approximation of

the absorption onset to the background absorption of the sub-bandgap region.

Results and Discussion

Structure Prediction. As the first step of structure prediction, the total energies of all I,-Eu-IV-X4 (I = Li,
Cu, Ag; IV =Si, Ge, Sn; X = S, Se) compounds in the Ama2, P3;, 142m, 1222 and Ama27 structure types

were calculated with FHI-aims ‘light’ settings and full relaxation of atomic positions and lattice parameters



to find the relatively stable structures for a more refined treatment. Relative energies for all structure types
using 'light' settings are listed in Table S2. After identifying the two or, in some cases, three lowest-energy
structure types for each compound, a subsequent full relaxation of all structure parameters with the more
accurate ‘intermediate’ settings of FHI-aims was pursued for these lowest-energy structures. For each
compound, the energy difference per formula unit (eight atoms) relative to the lowest-energy structure for
the composition is shown in Table 1. As indicated in Table 1 by a superscript 'e,' five compounds have
been experimentally synthesized previously and exist in the same, lowest energy structure types as predicted
by our calculations. Among the Ag-based compounds, the sulfides show an energetic preference for the
1222 structure (structures initially placed in the I42m structure relax directly to form 7222), while the
Ama2t structure is predicted to be the most stable structure type for the selenides. Within the Cu-based
compounds, Cu,EuGeS4 and Cu,EuSiS, prefer P3,, while the other four compounds are predicted to prefer
Ama2. The Li-based compounds are found to be most stable in the I[42m structure type (structures

initialized as /222 relax directly to 142m).

Table 1. Calculated total energy differences (in eV per eight-atom formula unit) of the low-energy
structures of b-Eu-IV-X4 (I=Li, Cu, Ag; IV =Si, Ge, Sn; X =S, Se) in different structure types (identified
based on the associated space groups), using the HSE06 functional and FHI-aims' intermediate settings.
The reference energy (energy zero) for each compound is the predicted lowest-energy structure, marked in
bold-face font. a: the geometries relaxed into the /222 structure type; b: the geometries relaxed into the
142m structure type. e: the reported structure type in which the corresponding compounds formed
experimentally (see Table 2 for references). Blank table entries: Stability ruled out using FHI-aims' light
settings (see Table S2).

Compound | 4ma2 Ama2t 1222 [42m P3,
AgrEuGeSy 0.017  0.000 0.000*
AgrEuGeSes 0.000 0.022 0.0222
AgEuSiS, 0.023  0.000 0.000*
Ag EuSiSes 0.000 0.023 0.023°
Ag,EuSnS, 0.006  0.000 0.000°
AgoEuSnSes | 0.011  0.000 0.014 0.014°
CuEuGeSs | 0.033 0.000¢
CuzEuGeSey | 0.000¢ 0.083
CwEuSiSs | 0.071 0.000¢
CuEuSiSes | 0.000 0.038
CuzEuSnSs | 0.000¢ 0.046
CuzEuSnSes | 0.000 0.162
Li;EuGeS,4 0.000> 0.000¢
Li;EuGeSes 0.000°  0.000
Li;EuSiSs4 0.000°  0.000




Li;EuSiSeq 0.000* 0.000
LiEuSnS, 0.000>  0.000
Li;EuSnSe,4 0.001°  0.000

A few comments are in order regarding the I42m and 1222 structure types, which are structurally
very similar, as illustrated in Figure S3 for two exemplary compounds Li;EuGeSs and Ag,EuGeS,4. The
142m structure is characterized by the Li atoms Li;EuGeSs residing on a special site within the lattice,
which can be distinguished from the general site of the Ag atoms in /222 compounds such as Ag:EuGeSes.
The angles between any three Li atoms in the 142m lattice are either 90° or 180° when viewed along the
principal axes. However, in the /222 lattice, when viewed along the a and b axes, the Ag atoms are not
aligned. By analyzing the alignment of the "I" element (Ag/Li) in each of the calculated structures, it is
concluded that, for Ag-based compounds, the initial [42m structures relax to adopt the 1222 structure type.
In contrast, for the Li-based compounds, all initial /222 lattices relax to adopt the [42m structure type.
Indeed, no Li-based chalcogenide materials have been reported to form in the 7222 structure type.*®

We next compare the results of our direct, DFT-based structure predictions to the results expected
from the tolerance-factor approach to predict and rationalize I>-1I-1V-X4 compound structures, as introduced
in our previous work.>® Specifically, two geometric tolerance factors were defined, one related to I-X bond
lengths between group I cations and neighboring X anions (called #) and another related to IV-X bond
lengths between group IV cations and neighboring X anions (called #v). Both # and #v also include the II-
X bond length (i.e., distance between group II cation and X anion) as a denominator. In Sun ef al.,’® we
considered different approaches for selecting the bond lengths that enter # and #rv. We found that Shannon
ionic radii did not result in # and #v values that can cleanly separate different structure types of actual L»-
[I-IV-X4 compounds in a two-dimensional plot with # as the x axis and #v as the y axis, most notably due
to incorrect input values for Cu-X and Ag-X bond lengths. In contrast, using tolerance factors based on
averaged, experimentally obtained bond lengths of known L-II-IV-X4 materials reported in the Inorganic
Crystal Structure Database (ICSD)*° resulted in a much cleaner separation of areas associated with the
Ama2, P31, 142m, 1222 and Ama2T structure types (reported in Figures 7 and S5 of Sun et al.’®). We refer
to these tolerance factors as #*'¢ and #v*'8, respectively. The first two columns of Table S3 in the SI list the
18 and #rv**® values that are related to the 18 compounds considered in this work. Additionally, Table S3
includes computational tolerance factors for the actual, DFT-HSE06 relaxed lowest-energy structures
computed in this work, which reasonably match the experimentally inferred #*¢ and #v*'¢ values.

In Figure 1, we show the location of each I,-1I-IV-X4 compound (circles) reported in our past work
according to the #™#¢ and #v*® values associated with its constituent elements (see Table S4). Different

colors distinguish different structure types, showing that the different structures assumed by these



compounds are associated with specific areas of occurrence (approximately identified by schematic shaded
areas) in the tolerance factor plot. For the present work, a key point is to compare the first-principles
predicted structures of as yet unknown, Eu-containing [,-1I-IV-X4 compounds of Table 1 to their location
in the tolerance factor plots. Indeed, the points associated with Eu-containing compounds (marked by
triangles of different colors in Figure 1) fall into the areas that pertain to the different structures, in some
cases extending them. Notably, the points labeled (11), (12) and (14), which contain Ag and Se, fall into a
# range beyond what was previously assessed and experimental verification of their predicted Ama2’
structures would be interesting (i.e., it is not obvious that the tolerance factor approach can maintain validity
for #*'¢ << 1). The Cu-based compounds, which have #*'¢ < 1.03, are found in the region that corresponds
to Ama2 and P3;. Most of the Li- and Ag-based compounds have #*'¢ > 1.04, placing them in the region of
the 142m and 1222 structures. There are four exceptions to the latter rule, namely the /142m data points that
correspond to Li.BaGeS4, Li,BaSnS4 (#*¢= 1.002) and Li.BaGeSes, LiBaSnSe4 (#*¢= 1.015). However,
the data set of bond lengths used to compile Figure 1 is derived from experimental average bond lengths,
i.e., averages taken over multiple materials for which single crystal refinements were available. These
averages do not including any actual Li,Ba(IV)X4 compounds. Interestingly, the original reference that
reported the four LiBa(IV)Xs compounds discusses experimentally determined bond lengths for
Li,BaSnSs, namely d(i-s) = 2.527 A and two values for dpa-s) (3.173 and 3.328 A), leading to "= 1.044.""
If similar trends hold for the other three compounds Li,Ba(IV)X4 compounds mentioned, the area associated
with 142m should not extend left much beyond #°"= 1.04. In contrast, the areas shown in Figure 1 overlap
somewhat and delineate to what degree the tolerance factors based on a priori available experimental
average bond lengths from existing compounds can be used to give an expectation of the possible structure
of an as-yet unknown compound. We further note that the mere identification of a predicted L-1I-IV-X4
compound structure via the tolerance factor plot is not yet proof that it can be synthesized, since the
tolerance factor plot does not contain information about the relative stability of competing phase equilibria
of groups of secondary compounds that could be more stable than a single [,-1I-1V-X4 phase. Unfortunately,
the way to obtain this information computationally, i.e., by combinatorially complex searches over all
possible known and unknown secondary phases, would be prohibitively expensive. Nevertheless, the
mutual consistency of HSEQ6-predicted and tolerance factor anticipated I>-1I-IV-X4 structures, assuming
that they can form, is encouraging. As noted alongside Table 1, at least five of the 18 compounds studied
in this work are experimentally known from previous work. Additionally, we show in Section
"Experimental Verification of Computational Predictions" below that at least one newly predicted
compound, CuEuSnSes, can be synthesized successfully. While this compound resides on the boundary of

the estimated overlapping area of 142m and Ama2 in Figure 1, it would be firmly in Ama?2 territory but for



the Li,BaGeS4, Li.BaSnS, and Li,BaGeSes, Li,BaSnSe,s data points mentioned above. In fact, Ama?2 is

found both computationally and experimentally for Cu,EuSnSey in the present work.
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Figure 1. Tolerance factors of [,-1I-IV-X4 compounds that have been calculated using average experimental
bond lengths. The color code associated with each structure type (denoted by space group) is shown at the
bottom of the figure and the overlapping shaded areas indicate the approximate areas of occurrence of each
structure type. Circles: known compounds shown in Table S4; Triangles: compounds from this work using
average experimental bond lengths to calculate tolerance factors (Table S3). The compounds from this
work (triangles) are labelled as follows: (1) CuzEuSnSs; (2) CuzEuSnSes; (3) CuzEuGeSes; (4) Cu2EuGeSs;
(5) CuzEuSiSes; (6) CuzEuSiSs; (7) LioEuSnS4; (8) LizEuGeSs4; (9) LizEuSiSs; (10) Ag,EuSnSy; (11)
AgrEuSnSey; (12) Ag,EuGeSes; (13) AgoEuGeSs; (14) AgoEuSiSes; (15) AgEuSiSs; (16) LiEuSnSes; (17)
Li;EuGeSes; and (18) LizEuSiSes. Furthermore, these 18 compounds are color-coded to indicate the
predicted structure type according to our calculations.

Parameter Choices of Hybrid DFT for Energy Level Predictions in Eu-containing Chalcogenides. As
mentioned in the introduction, the relative alignment of energy levels near the band edges could be

important, since the behavior of carriers could depend on whether the underlying states are derived from



the Eu 4f states or from energy levels derived from the I, IV, and X elements. We therefore assess a range
of exchange mixing parameters o to gain insight into the sensitivity of predicted electronic properties to the
details of the HSE06+SOC functional. For a set of benchmark semiconductors, Kim et al.”’ showed that
the accuracy of HSE06+SOC with o = 0.2 A" and 0. = 0.25 (Krukau et al.'s suggestion®) for predictions of
the fundamental band gap is of the order of several tenths of an eV. This degree of accuracy is in line with
our groups' experience when comparing computed fundamental gaps to experimental band gaps for
chalcogenide compounds, extracted by DRS and assuming negligible excitonic effects. For example, for
CuxBaSnS, the estimated band gap from DRS is 1.95 eV>* at room temperature, larger by 0.21 ¢V than the
DFT-HSE06+SOC (o = 0.2 A", o = 0.25) prediction of 1.74 eV. Note that the photoluminescence peak in
CuxBaSnS; is found at 2.0 eV,* slightly higher than the DRS value and providing a lower bound to the
experimental fundamental gap. Conversely, for the Ag-containing cubic chalcogenides Ag>PbsSi»Ss,
AgrSr3Sn,Ss, AgsSr3SinSs, AgaSr3GesSg, and AgxSr3GesSes, we found that experimental DRS band gap
estimates are smaller than computationally predicted gaps from DFT-HSE06+SOC (w = 0.2 A™!, o= 0.25)
by 0.1-0.3 eV. Given this range of observations and understanding of the uncertainty involved, we have
therefore employed ® = 0.2 A! and o = 0.25 as a uniform standard for band structure computations in our
past WOI'k.45’ 51, 56, 83-86

The presence of Eu, however, adds an additional complication, since predicting the energetic

929 and need not follow the same

placement of f-electron energy levels poses very different challenges
empirical trends as main-group or group-11 (i.e., Cu, Ag) elements. The difficulty of predicting localized
energy levels by current electronic structure methods even in seemingly standard materials is starkly
illustrated in a recent benchmark paper by Piccinin® on the electronic structure of Fe;Os. In that study,
different instances of the higher-level GW method arrive at energy band gap values between 1.44 eV and
5.05 eV, with values from different hybrid DFT methods ranging in between. Thus, a blackbox application
of a given electronic structure method will not automatically lead to reliable predictions without careful
validation and estimates of associated uncertainties. We therefore first assess the expected quality of hybrid
DFT predictions for a reference system, the energy band structure of the semiconductor EuS, for which an
ARPES study exists. The leftmost frame of Figure 2 shows a reproduction of the experimental ARPES
spectra of EuS®. The remaining frames of Figure 2 show computed energy band structures using the spin-
orbit coupled HSE06 functional for o values ranging from 0.125 to 0.5 (w = 0.2 A" is kept fixed for this
discussion). The fundamental band gap of EuS, though an important semiconductor characteristic, cannot
be inferred from ARPES spectra, which only span occupied, not unoccupied states, and we are not aware
of corresponding inverse photoemission spectroscopy data that could reveal the gap. A literature search
revealed that band gap estimates for EuS are largely based on optical spectroscopy, i.e., an excited state

method not strictly on equal footing with ARPES. Busch, Junod and Wachter'? first reported a room-



temperature absorption gap (paramagnetic phase, using DRS) of 1.645 eV. However, the DRS gap varies
with temperature,'® reaching a maximum of 1.69 eV at 7= 36 K and falling to 1.51 eV at T =24 K
(ferromagnetic phase). Photoconductivity (i.e., photovoltaic) measurements show that the half maximum
photoconductivity coincides with the room-temperature DRS band gap,”” suggesting that optical excitation
occurs directly into the conduction band, i.e., strong excitonic effects do not occur at room temperature.
While our hybrid DFT calculations neglect any electron-hole coupling and some electron-hole coupling
could still be included in the low-temperature optical data from DRS, the state of the material reflected in

the calculations corresponds most closely to the ferromagnetic phase at 2.4 K and the experimental low-

temperature fundamental gap of EuS is expected to be 1.51 eV or marginally higher.

a=0.125 a=025 a=0.3 a=0.375 a=043 a=0.5
7y

3

Binding Energy (eV)
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Figure 2. Leftmost frame: Experimental angle-resolved photoemission spectroscopy (ARPES) results at
20 K for EuS from the literature.”® The experimental DRS band gap value of 1.51 ¢V at 2.4 K from Busch
and Wachter" is used as the bar marked "1" in the experimental data, since an actual fundamental gap
cannot be obtained from ARPES. Other frames: Calculated band structures (HSE06 functional with spin-

orbit coupling) for EuS from the X to the T and then to the X position. The X point is found at (0, 1.054 A~
1, 0), i.e., (0.5, 0, 0.5) in units of the primitive reciprocal lattice vectors of the rocksalt structure. Band
contributions primarily associated with Eu are marked with dark blue color to distinguish them from the
primarily S-derived bands (dark green color). The green and red bars with numbers mark specific band
structure features used to quantitatively compare the results of various exchange parameter choices to the
experimental data. Experimental data reprinted (adapted) with permission from J. Phys. Chem. Lett. 2021,
12, 34, 8328-8334. Copyright 2021 American Chemical Society.

The green bars and numbers superimposed on the experimental ARPES spectra in Figure 2 indicate
five specific energy differences that we use for a quantitative comparison to the calculated HSE06+SOC
energy band structures of EuS. A quantitative summary of these differences is provided in Table S5,
together with least-square prediction error averages. As can be seen from Figure 2, the fundamental gap
(feature 1) closes for a = 0.125, i.e., the system is erroneously predicted to be metallic. The reason for this

is the elevated energetic position of the seven 4fstates filled by one electron each (spin-up) of Eu (the group



of largely flat, blue-colored bands near the Fermi energy) within the gap between the other states, i.e., non-
4f Eu-derived and S-derived states. For the Krukau parameterization of HSE06 (o = 0.25), which we have
used in the past, a very narrow energy gap (0.437 eV, feature 1) appears, but the 4f'states are still incorrectly
close to the higher-lying non-4f derived Eu levels. The scenario changes towards o = 0.3 and a = 0.375,
which show increasing band gaps above the Eu 4f'states (1.428 eV for a = 0.375 vs. 1.51 eV reported from
low-temperature DRS). Conversely, the difference between the Eu 4f states and the lower-lying S-derived
valence bands (feature 4) shrink as o increases and roughly coincides with the experimentally observed
value (~0.7 eV) at o = 0.375. As a whole, the Eu 4f derived bands shift downwards between the valence
and conduction bands made up of other states, reaching their approximate, experimentally observed position
for oo = 0.375 and higher. The approximate band width of the Eu 4f bands (feature 2) is also correctly
captured for o = 0.375.

Table 2. DFT-HSE06+SOC predicted fundamental band gap values for several multinary compounds
investigated in this work (identified by formal composition and space group), as well as experimental band
gap values extracted from DRS and analysis in terms of Tauc plots in past references. Specifically,
fundamental gaps were predicted for o = 0.25 and a = 0.375 (values given in black) and their gaps were
categorized as direct (D), indirect (I) or quasi-direct (QD), where the latter terminology indicates a band
gap that is technically indirect, but the difference to the smallest direct gap is within ~0.02eV (=kgT at
ambient temperature). The experimental band gap values are marked with a superscript "b", taken from the
references indicated in the "Reference" column. For each experimentally reported energy gap value, the
hypothetical o parameter that would have predicted this gap is determined by linear interpolation /
extrapolation of the o= 0.25 and o = 0.375 band gap values and is marked with a superscript "a".

Compound Space Group Exchange Parameter Band Gap(eV) Reference

0.25 2.719(T)
Cu,EuSiS, P3, 0.375 3.626(D) 60
0.201° 2.36(D)°
0.25 2.199(T)
CuEuGeSy P3, 0.375 3.005(1) 60
0.269° 2.32(D)°
0.25 1.565(1)
Cu,EuGeSe, Ama2 0.375 2.203(I) 60
0.284° 1.74(1)°
0.25 1.524(QD)
Cu,EuSnSs Ama2 0.375 2.485(1) %
0.299° 1.9°
0.25 1.811(T)
Li;EuGeS, 1432m 0.375 3.009(1) 8

0.313 2.54(1)°




Since hybrid DFT is not a true many-body theory for excited states, the a parameter that predicts
the fundamental or optical band gap associated with a multinary chalcogenide compound may be different
from the o parameter that correctly predicts the placement of the Eu 4f'bands in EuS. Table 2 shows DFT-
HSEO06+SOC predicted energy band gaps for several Eu containing multinary chalcogenide compounds for
two different o values, a = 0.25 and o = 0.375, with experimental energy band gaps from DRS (red values)
reported in the literature. As noted earlier, DRS technically does not reveal fundamental band gaps but,
rather, optical band gaps, i.e., gap values that will contain the effects of some degree of electron-hole
attraction and screening of a neutral excitation. Nevertheless, DRS band gaps are often the target of
qualitative computational predictions and can be close to fundamental band gaps if excitonic effects are
relatively small compared to the precision of an estimate by DRS, which is typically around a few
hundredths of an eV depending on the precise experiment and material. For example, in the related I,-1I-
IV-X4 compounds Cu,BaSnS,4and Cu,BaGeSes, the exciton binding energy contributions were found to be
25 + 5 meV and 20 £ 5 meV, respectively, at cryogenic temperatures.”” For the present analysis, we are
interested in the o value that would have recovered the experimentally measured DRS band gap and we
therefore interpolate or extrapolate to determine this value, indicated with a superscript “a” in Table 2. As
in our own past work, we find that a = 0.25 predicts fundamental gaps that can be too low or too high by a
few tenths of an eV, whereas a = 0.375 generally overestimates the DRS band gap. The estimated a values
that would have reproduced the DRS band gap value exactly, assuming a linear relationship between o and
the band gap, range between 0.201 and 0.313. For Cu,BaSnS4, a I-II-IV-X4 compound from our previous
work,** ™ the analogous "optimal" exchange parameter to match its 2.0 eV experimental band gap is o =
0.3. Taken together, the analyses of Figure 2 and Table 2 show that there is no single optimal o value that
predicts DRS band gaps of the L-II-IV-X4 chalcogenides and the location of f electron orbitals in Eu-
containing chalcogenides. In the present work, we therefore consider several different a values, i.e., a =
0.25, a=0.3, and a. = 0.375, to provide qualitative insight into band structures and densities of states of I-

Eu-1V-X4 compounds.
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Figure 3. Upper panels: Calculated band structures and densities of states (DOSs) for Cu;EuSnSe; in the
Ama? structure type, using the HSEQ6 functional with spin-orbit coupling and the exchange parameter (o)
shown above each band structure. The positions of the valence band maximum (VBM) and conduction
band minimum (CBM) are marked with red arrows. The f'(d) orbital contribution from Eu is marked with
magenta (cyan) color. Lower panels: Corresponding partial densities of states. The DOSs contributed by
different elements are marked using the following colors: Cu: Black; Eu-total: Grey; Eu f~orbital: Blue; Sn:
Maroon; Se: Orange. Qunit cell indicates the unit cell volume.

In Figure 3, we illustrate the effect of o parameterization on the band structures and densities of
states of CuEuSnSes, the subject of our experimental investigation described later in the text. As expected
from EuS, a = 0.25 places the Eu 4/ bands (magenta) at relatively high energies, bringing them above the
valence band edge defined by other elements such as Cu, Se and Sn. In contrast, the overall predicted
fundamental gap of 1.28 eV is relatively low. a = 0.3 pushes the Eu bands to reside just below the valence
band edge and increases the predicted bandgap to 1.53 eV. o = 0.375 predicts the position of the Eu bands
to be more deeply within the valence band. In this case, the predicted fundamental gap is 1.88 eV. Given
past experience with Cu,BaSnS,, the cation make-up of which differs from Cu,EuSnSes4 only by the
substitution of Ba by Eu, and also the a value for Cu;EuSnS4 shown in Table 2, one might expect that
a=0.3 comes close to predicting the band gap of Cu;EuSnSes. In fact, a band gap energy of 1.55 eV is
supported by our experimental assessment of Cu,EuSnSes below. At the same time, the discussion of EuS
suggests that the a value that predicts the energetic placement of the Eu 4f levels should be somewhat

higher than 0.3, e.g., =0.375 as found by analyzing Figure 2. Based on the data in Figure 3, the occupied



Eu 4f levels would not form the valence band edges Cu;EuSnSes for this a range, indicating that the
presence of holes might not primarily lead to Eu?*/Eu" conversion and hole trapping. However, given the
proximity of the energy levels in Figure 3, a definitive conclusion on this point is a task beyond the present

work.

Electronic Band Structure Calculations: In view of the placement of the Eu 4flevels near the band edges,
DFT-HSE06+SOC calculated band structures for &« = 0.375 are shown in Figures 4—6 in the main text in
this work, following Brillouin zone k-paths depicted in Figure S1. The associated band gap information is
listed in Table S6. Analogous data for a. = 0.3 is provided in Figures S4-S6 and Table S7 and, for a =
0.25, in Figures S7—S9 and Table S8. The band structure comparison reveals several interesting trends.
For a = 0.375 and for the predicted stable structures, the direct and quasi-direct(a band gap that is
technically indirect, but the difference to the smallest direct gap is within ~0.02¢V, ~kgT at ambient
temperature) band gap values found for the Cu-based (i.e., Cux-Eu-1V-X4) compounds span a wide range
of 1.88-3.626 eV, while the Ag-based compounds show smaller, indirect band gaps spanning a range of
values from 1.480-2.129 eV. Meanwhile, the Li-based compounds have generally larger band gaps of both
indirect and direct nature, lying in a range of 2.480-3.553 eV. As expected, the calculated band gap values
for a = 0.375 are systematically larger than those calculated using o = 0.25 and 0.3. Specifically, for a =
0.3, the analogous band gap ranges are 1.530-3.143 eV (Cu-based), 1.191-1.782 eV (Ag-based), and
2.003-2.824 eV (Li-based), respectively. The band gap increase with « is accompanied by a shifting of the
seven filled Eu®" 4f-orbitals to lower energies with respect to the remaining valence band states. For a =
0.25, the Eu f states form the top valence states for all lowest-energy predicted structures of the Cu-
containing compounds (orange rims in Figure S7). For the Ag-derived, predicted stable structures (orange
rims in Figure S8), the f orbitals appear below the highly dispersive valence band edges derived from other
elements; all the Ag derived compounds are predicted to have indirect band gaps. In contrast, for a = 0.25,
the Li-containing predicted stable structures (orange rims in Figure S9) show the Eu f'states located inside
the band gap of the more dispersive remaining states (i.c., the non-Eu-4f-derived states). The energetic
location of the filled 4f'states changes systematically with increasing a, such that for &« = 0.375, the forbitals
for the predicted lowest-energy Cu containing compounds (orange rims in Figure 4) are all found below
the valence band edges, again suggesting that the nature of hole quasiparticle carriers in the six Cu-
containing compound semiconductors should depend sensitively on the exact balance of the key valence
orbitals. In the Ag-containing compounds, the Eu f'orbitals are simply found more deeply inside the valence
bands for a = 0.375 (orange rims in Figure 5)—i.e., the Ag-containing compounds are predicted to be
indirect semiconductors with dispersive bands for all considered a values. A split emerges for « = 0.375

and the Li-containing compounds (orange rims in Figure 6), in that the three Li,-Eu-IV-S4 compounds still



show the forbitals forming the top of the valence bands, whereas the top of the Li>-Eu-1V-Se4 valence bands
are narrowly predicted to be non-Eu derived. Densities of states near the band edges (in Figures 7-9) for a
=(0.375 and in a broader energy range in Figures S10—S12 reflect these trends as well.

It is interesting that the overall qualitative character of the band structures of the Cu-containing
compounds does not change drastically if the structure type were changed to the closest-energy non-stable
structures in Table 1. The overall band gaps would remain the same to within ~0.2 eV and, in some
instances, significantly closer (Table S6); sometimes the 4ma2 band gap is slightly higher, sometimes
slightly lower than for P3,. However, if more of the Cu-derived compounds crystallized in the P3; structure
type instead of Ama?2, their band gaps would be closer to direct ones as seen in Figure 4 for a = 0.375. For
Ag-derived compounds, the scenario is different. Here, the 1222 / I42m structures and Ama2’ would be
energetically close, as seen in Table 1, but the associated band structures change drastically in their shapes
and the associated band gaps are generally higher by ~0.5—0.6 ¢V in the Ama2T structure than in 7222.
Regarding the choice of chalcogen, though the band gap values decrease when S is replaced with Se as
expected, the impact of the chalcogenide anion substitution varies in different systems: in Ag-based
systems, Se including compounds have band gaps that are 0.603—-0.866 eV lower than their S including
counterparts; in Cu-based systems, the band gap decrease is around 0.646—0.963 eV; in Li-based systems,
the band gap shift is smaller, amounting to a decrease of 0.493-0.641eV.
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Figure 4. Calculated band structures (HSEO06 functional with spin-orbit coupling using a = 0.375) for Cu-
based compounds (I = Cu; II = Eu; IV = Si, Ge, Sn; X = S, Se) as predicted in the P31 and Ama?2 structure
types. In each plot, the positions of the valence band maximum (VBM) and conduction band minimum
(CBM) are marked with red arrows. Orbitals to which the f'(d) orbitals from Eu contribute are marked in
magenta (cyan) color. The orange frames indicate the most stable structure based on the total energy
computation as shown in Table 1.
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Figure 5. Calculated band structures (HSE06 functional with spin-orbit coupling using exchange parameter
0.375) for Ag-based compounds (I = Ag; Il = Eu; IV = Si, Ge, Sn; X = S, Se) as predicted in the 142m,
1222, Ama2’, and Ama2 structure types. The positions of the valence band maximum (VBM) and
conduction band minimum (CBM) are marked with red arrows. The f'(d) orbital contribution from Eu is
marked with magenta (cyan) color. The orange frame indicates the most stable structure based on the total
energy computation as shown in Table 1. Note that [42m and 1222 structures relax to the same structures
(i.e., to the 1222 version), but because the crystallographic unit cells have different symmetry, the selected
Brillouin zone paths are chosen differently. We therefore here show band structures in both k-path
conventions for better cross-comparability between compounds. 4ma?2 is energetically relatively close to
the other structure types for Ag,EuSnSes and is therefore shown for this compound as well.
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Figure 6. Calculated band structures (HSE06 functional with spin-orbit coupling using exchange parameter
0.375) for Li-based compounds (I = Li; Il = Eu; IV = Si, Ge, Sn; X = S, Se) as predicted in the 142m and
1222 structure types. The positions of the valence band maximum (VBM) and conduction band minimum
(CBM) are marked with red arrows. The f'(d) orbital contribution from Eu is marked with magenta(cyan)
color. The orange frame indicates the most stable structure based on the total energy computation as shown
in Table 1. Note that 142m and /222 structures relax to the same structures (i.e., to the I42m version), but
because the crystallographic unit cells have different symmetry, the selected Brillouin zone paths are chosen
differently. We therefore here show band structures in both k-path conventions for better cross-
comparability between compounds.




Considering the a = 0.375 results, the Ag-based compounds show clearly indirect band gaps across
all considered structure types. Therefore, these compounds are likely not ideal for absorber applications in
thin-film PV devices. Although some of Cu-based compounds exhibit indirect band gaps as well, several
show a direct or quasi-direct band gap. Cu,EuGeSes (P31), CuzEuSiSs4 (P31), Cu2EuSnS, (P3;) and
CuzEuSnSes (Ama2) all have direct band gaps and Cu,EuSiSes (P31) exhibits a quasi-direct gap. Our results
indicate that all Li-based compounds have a direct or quasi-direct band gap, albeit with rather large band
gaps in the range of 2.48-3.55 eV for @ = 0.375 (though a 1.54-2.36 eV range would result for a = 0.25,
with the localized Eu 4fstates all forming the highest occupied states in that case, as noted above). Based
on the overall trend of the band gap types and values, Cu;EuSnSes (4dma2, direct band gap: 1.88 eV as
determined by 0.=0.375; 1.530 eV for a = 0.3 and 1.284 ¢V for o =0.25) stands out as a potential candidate
for PV applications. We therefore focus on the synthesis of the previously unsynthesized compound
CuzEuSnSe; later in this work. We also note that Ag;EuSnSes would have a relatively favorable and nearly
quasi-direct band gap if it could be stabilized in the Ama?2 structure type (e.g., by substituting some amount
of Ag with Cu) instead of the predicted Ama2T structure type. However, at least for & = 0.375, its predicted
direct gap is practically the same as that predicted for CuuEuSnSes. Other materials in this family which
exhibit a direct band gap show gap values which are beyond the ideal range for PV, at least for a = 0.375.

As mentioned earlier, the observed band gap trends are also reflected in element-resolved projected
densities of states near the band edges of all compounds investigated in this work. Near-band-edge DOS
profiles for all the compounds are shown in Figures 7-9, extending from —2.0 eV to +5.0 eV (+4.0 eV for
Ag-based compounds) with respect to the VBM and with the plotted DOS range limited to 1 (eV-unit cell
volume)™! to resolve the DOS at the band edges. A broader view of the DOS appears in Figures S10-S12,
covering the range from —3.0 eV to +6.0 €V with respect to the VBM. In Cu,ZnSnS,"" 19192 and
AgrZnSn(S,Se)s,'” it is known that group I and group IV metals play the dominant role in the formation
of CBM and VBM, and the states from the group II element contribute little to the frontier bands. A close-
up view of the DOS reveals that near the CBM, the most significant contributions are from the group X
clements (S/Se) as well as the group IV (Ge/Sn) elements. However, in the Agy-Eu-Si-Xs set, the
contribution from Ag and X elements become the dominant species, and in Cu/Li>-Eu-Si-X4 set, Eu and X
elements become the dominant species. Near the VBM, Eu contributes a strong peak from its 4/-orbitals as
seen in Figures S10-S12. From Figures 7-9, the I (Cu/Ag) and X elements (S/Se) contribute significantly

to the VBM as well. However, in the Li-based compounds, the contribution of Li to the VBM is minimal.
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Figure 7. Calculated density of states (HSE06 functional with spin-orbit coupling and o = 0.375, using the
tetrahedron integration method) for Cu-based compounds (I = Cu; Il = Eu; IV = Si, Ge, Sn; X =S, Se; color
scheme indicated by frames around element names in column / row headings) in the P3; and Ama? structure
types. Regarding Eu, the shaded area reflects the total Eu contribution whereas the blue line identifies the
contribution from the Eu 4f levels only. A more extended view of these densities of states is shown in
Figure S10. Qi il indicates the unit cell volume.
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Figure 8. Calculated density of states (HSE06 functional with spin-orbit coupling and o = 0.375, using the
tetrahedron integration method) for Ag-based compounds (I = Ag; I1 = Eu; IV = Si, Ge, Sn; X =S, Se; color
scheme indicated by frames around element names in column / row headings analogous to Figure 7) in the
1222, Ama2 and Ama2" structure types. The I42m structure results are not shown, since using this
structure type leads to relaxation into the /222 type. A more extended view of these densities of states is
shown in Figure S11. Qi con indicates the unit cell volume.
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Figure 9. Calculated density of states (HSE06 functional with spin-orbit coupling and o = 0.375, using the
tetrahedron integration method) for Li-based compounds (I = Li; Il = Eu; IV = Si, Ge, Sn; X =S, Se; color
scheme indicated by frames around element names in column / row headings analogous to Figure 7) in the
142m structure type. The 1222 structure results are not shown, since using this structure type leads to
relaxation into the 142m type. A more extended view of these densities of states is shown in Figure S12.
Qunit cet indicates the unit cell volume.
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Figure 10. Anisotropic, HSEQ6-calculated (o = 0.375) absorption coefficients as a function of energy,
parallel to different directions, where x, y and z reference the cartesian coordinates as used in the detailed
crystal geometry files provided in the Supporting Information. A Gaussian broadening function with a width
of 0.1 eV was used to produce smooth curves.



Selected Optical Property Predictions: Absorption coefficients were computed using DFT-HSE06+SOC
for Cu,EuSnSe4 (Adma2, predicted direct band gap between 1.28 eV (a = 0.25) and 1.88 eV (a = 0.375))
and all previously synthesized compounds from Table 2. The calculated absorption coefficients are based
on the energy bands in the independent-particle approximation and do not include any screening effects
and/or attraction of electron-hole pairs. Absorption coefficients are shown in Figure 10 for a = 0.375,
within the 0.5-5.5 eV energy range to cover the visible light region (1.65-3.26 ¢V). Due to the anisotropy
of the Ama2 space group, Cu;EuSnSes and the other Ama2 compounds display a different curve shape of
absorption coefficient in all three directions. The anisotropy of absorption coefficient indicates a potential
performance dependence on the crystallographic orientation for prospective thin-film solar absorbers (e.g.,
for PV or other optoelectronic application). However, polycrystalline films of these materials should avoid
this issue unless they have a tendency for a preferred crystallization orientation with respect to the device
structure. Among compounds shown in Figure 10, Cu;EuSnSes generally has the strongest optical response
across the visible spectrum, with a relatively steeper predicted absorption onset than related solar absorber
parent materials such as Cu,ZnSnS4, CuBaSnSs or Cu.BaSnSes ' Coupled with our predicted direct band

gap range, this further suggests favorability of Cu,EuSnSes for solar absorber application.
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Figure 11. Powder X-ray diffraction (PXRD) spectrum collected at room temperature on a polycrystalline
powder of Cu,EuSnSes. Observed spectrum (black) is fitted against the calculated Ama2 spectrum (red)
using a Pawley fitting, with the difference curve depicted in blue. Here, a possible trace impurity of Cu; 75Se
has been identified and labeled with an asterisk (*).

Experimental Synthesis and Characterization of Cu;EuSnSes: Following the computational analysis of
this group of Eu-containing L-1I-IV-X4 chalcogenides, the previously unknown compound CuEuSnSes
was chosen as a promising candidate for PV and other optoelectronic applications due to its predicted low
and direct or quasi-direct band gap (1.28 ¢V—1.88 ¢V within the assessed range of «), strong predicted
optical absorption, and similarity to previously studied PV candidate materials such as Cu,BaSnS4 (CBTS)
and Cu,BaSnSes4 (CBTSe). This composition was targeted and synthesized for the first time using a high
temperature solid state method (see Methods for details) to first determine if the predicted Ama2 structure
is preferred over other I-II-IV-Xy4 structures (and relative to other prospective binary, ternary and
quaternary phases, which were not considered as part of the computational analysis). Polycrystalline
samples of Cu,EuSnSes were characterized using powder X-ray diffraction (PXRD) and compared with the
computationally relaxed Ama2 structure to verify crystal structure and bulk purity. As shown in Figure

S13, a direct comparison of the PXRD spectrum for CuEuSnSes to a simulated diffraction pattern from



our computationally relaxed Ama?2 structure shows good consistency. To further justify the assignment of
Ama?2 over the other possible structure types, P31, 1222, and Ama2t (as shown in Table 1), a comparison
to simulated powder diffraction patterns from each relaxed structure is included in Figure S14. The
experimentally obtained diffraction pattern is shown, and significant fingerprint regions used to
differentiate Ama?2 as our principal structural assignment are highlighted in yellow. A Pawley fitting of the
PXRD spectrum is also shown in Figure 11. Starting from the predicted structure, Pawley fitting
incorporates a refinement of predicted lattice parameters to fit the experimental spectrum (i.e., peak
positions). Shown below in Table 3, these refined parameters are each within 1% of the predicted values
as determined by computational analysis (which preceded the synthesis). Although the pattern in Figures
11 and S13 appears to be nominally single phase, a possible trace impurity of Cu, 75Se is indicated with an
asterisk at around 27°. Notably, we performed numerous other trial syntheses of Cu,EuSnSes, varying
reaction temperatures, starting materials (e.g., reacting pure elements Cu, Sn, Eu, and Se), reaction time,
and number of annealing steps, during which we identified several other trace impurity phases that can
occur during the synthesis, including the starting materials EuSe and Cu,SnSes, as well as EugSnsSeso. The
PXRD pattern in Figure 11 reflects the empirically most successful synthesis conditions we could so far
identify, as described in the experimental methods section, and serves as an existence proof of Cu,EuSnSes,
accomplishing the primary objective of this experimental investigation.

Table 3. Computationally relaxed and experimental Pawley-refined lattice parameters for Cu,EuSnSes. A
comparison between the relaxed and observed values is shown via percent difference.

Space Group a (A) b (A) c(Ad)

DFT-HSEO06 (@=0.25) Ama?2 6.747 10.791 11.028
Experimental Ama? 6.690(3) 10.709(4) 10.962(4)
% Difference - 0.84% 0.76% 0.60%
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Figure 12. Direct (F(R) hv)? Tauc plot for Cu;EuSnSes powder produced from diffuse reflectance
spectroscopy (DRS) data using the Kubelka Munk transform F(R). The dashed red fitting lines are used to
approximate the bandgap (Eg).

To evaluate our predictions of optical properties, diffuse reflectance data for Cu,EuSnSes were
collected and converted to absorption using the Kubelka-Munk transform (Figure S15). In both the
absorption spectra and the associated direct Tauc plot for Cu;EuSnSes (Figure 12), we observe a sharp
absorption onset. On the Tauc plot, a linear regression of this onset extrapolated to its intersection with the
reflective sub-bandgap region of the spectra provides the approximate bandgap (Eg) for Cu;EuSnSes, as
indicated by the dashed red lines. Using this method, the E, is found to be =~1.55 eV. The DRS band gap
value is lower in energy than the computationally predicted value of 1.88 eV for @ = 0.375, but is
remarkably close to 1.53 eV, the prediction for a = 0.3, the a value that would also match the DRS band
gap of the known compounds CuEuSnS; (see Table 2) and Cu,BaSnS4.>*7° Since a = 0.375 was chosen
to match the relative energetic positions of f~orbital electrons in ARPES of EuS, rather than band edges
associated with Cu, Sn, and Se, it is plausible that the empirical value @ = 0.3 value, which reproduces the
DRS band gap of Cu,EuSnSs and Cu,BaSnS4, is more appropriate for describing the band gap of
CuzEuSnSes. We also note the steep onset of the experimental absorption curve in Figures 12 and S15,

whereas the computationally predicted onset for & = 0.375, shown in Figure 10 (based on the independent-



particle approximation), is substantially flatter. The f orbitals are also closer to the VBM for @ = 0.3 and it

is conceivable that they contribute near the experimentally observed absorption onset.

Conclusions

In summary, this work presents a hybrid DFT computational analysis exploring the family of Eu-containing
L-II-IV-X4 (I = Li, Cu, Ag; Il = Eu; IV = Si, Ge, Sn; X = S, Se) chalcogenide semiconductors and an
experimental verification of our methods via the synthesis and characterization of Cu,EuSnSes. The total
energy calculations indicate that the tolerance factor approach from our previous work is a dependable tool
for the approximate prediction of preferred structure type in Eu-containing I-II-IV-X4 chalcogenide
compounds.’® Experimental verification through the synthesis and characterization of CuEuSnSes further
supports this claim. Cu,EuSnSe4 forms in the computationally predicted AmaZ2 structure type and its refined
lattice parameters are within 1% of expected values from computation. To ensure a parameterization of the
hybrid functional used in electronic structure determination that includes a qualitative uncertainty
estimation, a range of plausible exchange mixing parameters a was evaluated through comparison with
prior experimental data from the literature. The exchange mixing parameter can impact not just band gap
values, but also other electronic structure features such as the location and width of specific bands. A
comparison of band structure prediction and experimentally determined bandgap for Cu,EuSnSes4
vindicates this nuanced approach to o by considering a range of a values. While higher a values are needed
to capture the f band position in literature ARPES benchmark data for EuS, a lower range of a values
appears to empirically cover DRS determined band gaps in I,-1I-IV-X4 compounds, consistent with the case
of CuzEuSnSes. Predictions of structure and energy bands across I>-Eu-IV-X4 chalcogenides reveals a
significant dependence on I-site composition. Our results indicate that Ag-based compounds have indirect
band gaps and are most stable in the /222 and Ama2T structure types. In contrast, Li-based compounds
favor the 142m structure type and have a direct gap. Though the bandgap transition in Li-based compounds
is direct, the predicted E, values are too large for most PV applications. Cu-based compounds energetically
prefer the Ama2 and P3, structure types and contain the most promising direct bandgap materials for PV.
Finally, from the band structure, DOS, and experimental results, CuEuSnSes (AmaZ2) is a promising
candidate for PV and other optoelectronic application due to its direct 1.55¢V band gap and strong optical

response within the visible light range.
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