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ABSTRACT:Recent work on quatery semiconductor§ ~ Y
CuBaSn(S,Sg)and AgBaSnSefor photovoltaic and thermoy >€
electric applications, respectively, has shown the prom *}ﬂ

exploring the broader family of defect-resistaitl\f-X, Xé}r 1 e °® g

materials (where |1, I, and IV refer to the formal oxidation State ] »

of the metal cations and X is a chalcogen anion) with tetrahedrally ‘

coordinated I/IV cations and larger Il cations (i.e., Sr, Ba, Ply; .

Eu) for optoelectronic and energy-related applications. Chemi o
dissimilarity among the Il and I/IV atoms represents an impar, h .o
design motivation because it presents a barrier to a 1222
formation, which otherwise may act as electronically hdr — ———rr
defects. We herein show how all 31 experimentally repdirted t
IV-X, examples (with large Il cations and tetrahedrally coordinated

smaller I/IV cations), which form withive crystal structure types, are structurally linked. Based on these structural similarities, we
derive a set of tolerance factors that serve as descriptors for phase stability within this family. Despite common usage in the w
studied perovskite system, Shannon ionic radii are found to beeintsfor predicting metathalcogen bond lengths, pointing to

the need for experimentally derived correction factors as part of an empirically driven learning approach to structure prediction. V
use the tolerance factors as a predictive tool and demonstrate that foul-IneX, compounds, ABaSig AgPbSig

Cu,PbGeg and CySrSig can be synthesized in correctly predicted phases. One of these comg@Bifs sAgws potentially

promising optoelectronic properties for photovoltaic applications.

%

INTRODUCTION the number of chemical elements available for use in property

Chalcogenide semiconductors play an important role in aIaréES'g.n' making it deswqble to access a larger, .not smaller,
variety of optoelectronic and energy-related application ’emlcal space for matenalg synthesis, if the resulting order and
including photovoltaic (PVihermoelectric (TE%batter)g, 5 phase stability of the material can be controlled. Recently, our
transistof; photoni¢® and phase-change memory deVices.9"0UP and others have postulated that constituent atom
Among the successful commercial examples are zincblefligSimilarity can be used as a design principle to target
CdTe and chalcopyrite Cu(In,Ga)(S,$€)GSSe), achieving d|sorde|(e5|stantp_ult|nary semlcqnductprs while providing
high power conversion eency (PCE) in PV devicésThe electronic tunability through their multielement natute.
relatively low abundances of elements Te and In, howevé&Ris principle is demonstrated by&agns,Sg (CBTSSe),
present barriers to terawatt deployment of these techno¥hich uses a Ba atom with a larger ionic radius (1.42 A and 8-
giest*'? Kesterite CiZnSn(S,SeXCZTSSe), in which the In  fold coordination) in place of the smaller Zn atom of CZTSSe
and Ga in CIGSSe are replaced with readily available Zn and k60 A and 4-fold coordinatigif).CBTSSe has already

has accordingly received attention as a potential replacemét@monstrated promising feemance in PV and photo-

Yet despite initial progress, the record PCE (12.6443  electrochemical (PEC) devices, while showing csighi
substantially short of thaichieved with CIGSSe/CdTe reductions in band tailing when compared to CZTSSe.
(>20%)*° This performance shortfall is due in large part toWhen Cuis replaced by Ag, as iBAGnSEABTSe), size and

the ionic size and coordination similarity of Cu/Zn/Sn and the
associated antisite disorder, which leads to band tailing and degpeived: December 10, 2019
defects’ '’ In some classes of solid materials, there is gevised: January 30, 2020
presumption that as the number of elements exceéds 3 published: January 30, 2020
entropy dominates, and disorder becomes unavoidak,

the ability to tailor a material to a speapplication grows with
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Figure 1.Crystal structures of (a) 8aSn$(Cu,SrSngtype,P3; space group), (b) ABaGe$(Ag[NH JAsS-type,l42m space group), (c)
AgBaSnSgAg,BaSngtype, 1222 space group), (d) (BaSnSgCu,SrGeSgetype, Ama space group), and (e) RGeS (Ag,PbGeStype,
Ama space group, later referred tarag2t to distinguish it from the GBrGeSgtype structure). Atom/polyhedra colors are I: gray, Il: green, IV:
blue, X: yellow.

coordination discrepancy between | and Il atoms leads &tandard semilocal density functional theory (DFT) and even
attened AgSeg tetrahedra Kigure t), producing low- computationally more costly, relatively advanced hybrid DFT
frequency optical phonon modes throughA§gcoupling.  to properly distinguish @irent, long-range ordered structures
Through suppression of acoustic modes, these Ag dimers apgposed of similar building blocks but witrdnt electronic
predicted to be the origin of the ultralow measured thermairoperties. It would therefore be desirable to establish a set of
conductivity of ABTSe (0.31 WhK %), making this material ~qualitative indicators, i“elescriptorsthat allow one to predict
an interesting candidate for TE applicafiofis. the structure types of drent possible-lI-1V-X, materiala
The above examples show that it is worthwhile to explore thiori resulting in a much-enhanced ability to infer the likely
broader space of chalcogenide semiconductareddby functional prc_Jpe_rties of the m_aterial, e.g., by follow-up state-of-
combining cations of distinctlyefient size and coordination. the-art rst-principles calculations.
CBTSSe and ABTSe are part glBINV-X, (€.g., |=Li, Cu,Ag; _ In this contribution, we propose that an approach based on
Il =Ba, Pb, Sr; IV = Si, Ge, Sn; X = S, Se) semiconductor famignic radii (or more appropriately, bond lengths), akin to the
with 31 experimentally known membefde(infra These ~ Perovskite Goldschmidt tolerance fattanay be used to
materials are composed of similar structural and coordinatiéfionalize current structures and predict new members of the

motifs and are currently under investigation for PVIPET defect-resistantll-IV-X, family. Five distinct crystal structures
thermoelectrit®** and nonlinear opticar® applicationsi have been reported for the experimentally known members of

However, while size and coordination dissimilarity may acti{le bll-IV-X, family, all Ohf Whg:.h sha_re t\fvo key stru%tu(rjal
a design principle to encourage certain types of order, t %aturei E'%ulrﬁvl (1) all th r?e' |menS|onha d(3D) eétenz e
detailed structures formed will vary sensitively with the chosBftwWork o metalchalcogen tetrahedra and (2) a

composition. This is exempli by CBTSSe, where the overall signi cantly larger Il atom adopting nontetr_ahedral cporqima—
structure, and therefore the electronic properties, arion. None of theve structures contain multiple coordination

determined by the chalcogen ratioAs the Se content is environments for a single atomic species. To demonstrate the

increased to= 3, the bandgap narrows and harvests more of thtj?f)/e Sf;J allnifrsu c?tL :Qse (t)cf)l?(;?J?Cﬁe\f:cctg:ng%%%tgggSAggsﬁgld'Ct the

solar spectrum. For larger 3, the crystal structure changes A - -
. aPbSi§ Cu,PbGe§ and CySrSi$* and show that they
abruptly from the GBrSngtype 3, space group) to a wider can be synthesized and characterized in the predicted structure

bandgap Gi8aSnSetype Ama space group). The same types. We therefore envision that this new tolerance factor
transition, albeit as a function of Sn (IV) content, can b& g, ach will facilitate the discovery of a multitude of new

observed in the related systergBaGe ,SnSa (CBGTSE)  gefect-controlled semiconducting and energy-related structures
when the Sn content increases akeve.7”" Both CBTSSe (as has been the case for perovskites).

and CBGTSe demonstrate that detailed understanding and
control of structure are essential to obidinlV-X, materials METHODS
with precisely tailored electronic features. However, despite the

e ; olid State Synthesis.AgS powder (Alfa Aesar 99.995%),3Cu
clear structure preferences and phase boundaries in experlmlct)aor'vﬁ\fder (Alfa Aesar 99.5%), BaS powder (Materion 99.9%). PbS

calculated total energy eliences between the structure typesgoWder (Sigma-Aldrich 99.9%), SrS powder (Materion 99.9%), Si

can be rather subtle (few meV/atom in unit cells with severgieces (Sigma-Aldrich 99.95%), Ge powder (Alfa Aesar 99.999%), SnS
tens of atoms). As we have found in past Workhese  powder (Materion 99.5%), andakes (Sigma-Aldrich 99.99%) were
di erences can indeed be too low for current theary used as received. Ternary and quaternary compounds were formed by
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Figure 2 Selected crystallographic views of (sB&Sn$(P3,), (b) Ag,BaGe$(142m), (c) Ag,BaSnSd1222), (d) CyBaSnSEAmMa), and (e)
AgPbGeg(Amat) to illustrate connectivity of NK polyhedra. Atom/polyhedra colors are I: gray, II: green, IV: blue, X: yellow.

combining reagents in stoichiometric amounts with a total mass dénsity led to spurious diulties with total energy gradients that
250 400 mg. Mixtures were weighed, ground with a mortar angrevented a reliable geometry optimization of the relatively complex
pestle, and cold pressed, all ip-alldd glovebox. Ternary | = Ag and structures in question. For the computations with both the PBE and
quaternary | = Cu compounds wemme-sealed in fused-silica ampules PBEsol functional, the defdtight’ numerical settings in FHI-aims
under vacuum (16Torr). Quaternary | = Ag compounds were sealedwere employed. For all compounds considered, all unit cell vectors and
under N to prevent Agig from evaporating from the pellets. atomic coordinates were fully relaxed until all total energy gradients
Ampules were annealed for 96 h at the following temperatures awith respect to lattice vectors and atomic positions were smaller in
allowed to cool naturally: BaSi$ 800 °C, AgPbSi$ 525 °C, magnitude than 19eV/A. For the SCAN functional, more grid points
Cu,PbGeg 575 °C, CuySrSig 800 °C, and AgSig 800 °C. All were used to achieve convergence jBa&gand CySrSigas well
compounds were ground, pressed, resealed, and annealed several éiméke secondary compounds competing with their forfation.
to achieve desired phase purity, except f@a8ig which only Specically, we used FHI-aim§eally tight numerical settings.
required a single anneal ,RhSngsynthesis was also attempted at Furthermore, the radial density of integration grid spheres around
several temperatures between 500 and°@)0tbwever, the only  each atom was increased by a factor of roughly four, i.e., by adjusting the
reaction products achieved wergsS88 and PbS. “radial_multipli@rparameter described in the Appendix 6bfiebm
Characterization.Powder X-ray diaction (PXRD) patterns were 2 to 8. In the case of the SCAN functional, all residual total energy
measured using a PANalytical Empyreaactthmeter using Cu K gradients with respect to lattice vectors and atomic positions were set to
radiation under ambient conditions. U3 reectance spectra of be smaller in magnitude than 80 3eV/A. The k-point grids used for
powder samples were measured using either an Enlitech QE-R Spetitial ve potential materials, ,BgSig AgPbSig CuPbGeg
Response Measurement System (bandgap <3 eV) or a Cary 5000,PbSng and CySrSig are shown ifiable Slf the Supporting

spectrophotometer equipped with a DRA 2500seli reectance Information. For secondary phases, associated k-point grids appear in
accessory (bandgap >3 eV). Bandgaps were determined by trafisble S2The optimized unit cell parameters for each primary or
forming diuse reectance data with the Kubelkéunk function, secondary compound for each functional considered are also included

HR), dened asHR) = (1 R%2R, whereR is the diuse in Tables S1 and S2
re ectancé®Direct [indirect] bandgaps were extracted by determining Band structure calculations fosB&$i$ AgPbSiG CuPbGeg
the onset of absorption from Tauc plots by plotting(R))? vsh and CySrSigwere Berformed using the hybrid exchange-correlation
[(h F(R)?vsh ]. functional HSEO08;°® with standard settings for the screening
Computation. The computational work in this paper employed parameter (0.2 A') and exchange mixing paramete.25).
FHI-aims* *° a high-precisiot¥’” all-electron electronic structure Their band structures were calculated for experimentally determined
code. FHI-aims relies on numeric atom-centered basis functions fpraternary crystal structures uskegl lattice parameters determined
numerical discretization of orbitals and densities. A linear-scalirgm PXRD, relaxing only the atomic coordinates within the cell until
approach is employed to evaluate hybrid density funéfidhats. the magnitude of the associated total energy gradients was<elow 5
assess formation enthalpies and bond lengths of computationdlly® eV/A. The -point-centered k-point grids used for HSE06
relaxed structures, we used the generalized gradient approximatialtulations are listedliable S3along with the respectived lattice
(GGA) and meta-GGA functionals PBEBEsGt" and SCAN? parameters. Brillouin zones and k-space paths are illusiaedin
PBEsol and SCAN are designed to improve lattice constant a®d. Non-selfconsistent sporbit coupling (SOC) was included in all
enthalpy errors of PBE, respecti/@fWe used all three computa- band structure computatidisNormal-incidence absorption coef-
tional approaches to assess treaey of the various functionals for cients ( ) were calculated at the level of the random phase
predicting stability of the various quaternary chalcogenide systeapproximation (RPA) as previously repdrt@tiese HSE06 settings
(relative to experimental results). SCAN calculations were onlyave worked well for elements up to 5p/6s orBitatsyever, for Pb,
pursued for ABaSig and CySrSig For AgPbSig CuPbGeg we are aware that a much greater SOC error must be expected,
and CyPbSng we did not obtain SCAN results. In these cases, thespecially for the 6p-derived conduction Bamtie.magnitude of this
knowrt*>° sensitivity of this functional (as well as other functionalgrror is of the same order as the residual error of the bandgap prediction
based on the same set of underlying electronic structure descriptdmg,the exchange functional, but the two are not simply coupled.
particularly the so-called iso-orbital indicator) to integration gridDi erent elemental contributions mix in the conduction bands
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(strongly and weaklyected by relativity), so itis not possible tasay this exercise is not expected to relay rigid stability criteria for a
prioriwhat the exact uncertainty will be. R&énd59 estimate the  particular structure but rather a qualitative understanding of the
possible magnitude of uncertainty for essentially purely 6p-der|v5|;\ase transitions through thee structures upon atomic
states (the worst case) to b4 eV. substitutions. In th®3, and Ama structures, the IzX
RESULTS tetrahedrg and llppolyhedra share faces, constrainjng their
i ) relative sizes. The I\j-¥étrahedra share two edges with; 11-X

Formalism. An analysis of theve structure types polyhedra, also constraining their relative sizes. We therefore
represented by the-ll-IV-X, family Figure ) begins by  construct an idealized case where the square antiprisms are
examining the geometric relationships between ohetal  3ssumed uniform and tetrahedra are assumed to be regular, with
ogen polyhedra. For brevity, the structures will henceforth %ual edge length(Figure B). Face-sharing between these
referred to by their respective space groups, adopting the lagla| shapes implies size relationships between the polyhedra.
Amat for the AgPbGegtype structure to avoid confusion \we can then derive two tolerance factors describing the
with the CySrGeSgtypeAma structure Kigure SBhows a  geometric relations as follows (an in-depth tolerance factor
detailed comparison of then& andAma2t structures). Inthe  gerjvation is provided in tBeipporting Informatiyn
P3, structure, there is a 3-fold screw axis alomgitfection. The distance from the center of the tetrahedron to any vertex

Figure @ shows one layer of @ structure in thé&B-plane,  can be expressed as the sum of the ionic radii of Jre 1Y
where the crystal is built up by stacking these layerscin the(y, ) atoms and the X atomy

direction with 120rotation between each. The jl{e.,
notation indicates a Il atom coordinated by 8 X atoms) |,  _ Fa
= 2

dodecahedra (12 sides) are very close to square antiprismatic' 1)
(10 sides) and share faces with twgtéahedra. Within each
layer these [I-X11-X g][I-X 4] moieties Figure &) stack in a _ /3

Similarly, the distance from the center of the square antiprism to
any vertex can be expressed as the sum of the ionic radii of the Il
(r;) and X atom

APV U
X 2 42 ©)

Finally,eqs 1 2, and 3 can be combined to dee two
dimensionless tolerance fadfensdt,, (where ideallyy =t,, =

1)
+
Figure 3.(a) [I-X4][lI-X g][I-X 4] face-sharing component common to t = /Lﬁ LIS
P3, andAma structures (taken from aBaSnSgaunit cell) and (b) 3t (4)

dimensions of idealized regular tetrahedron and uniform square
antiprism. 4+ J2 1y + 1y

ty, =
v 3 M+ Ix (%)

brick-like fashion with the 1\j-detrahedra edge sharing with
the 1I-X; pseudosquare antiprisms and providing connectivitjote that this analysis is more tightly constrainedi3,thad
between adjacent layers. InAh&® structurefigure #), the Am& structures due to face sharing betwegrand I1-Xg
same [I-4][1I-X g][I-X 4] face-sharing moieties exist; however,polyhedra, and therefdy@alues closer to unity are expected. A
they are arranged in a herringbone-typeguaoation withinthe  lower degree of IVz-X g connectivity in all structures should
AB-plane. These layers are then slip stackediditeetion to allow for a larger range of toleratedalues, similar to the lower
build the crystal. Again, the Iy-¥trahedra provide degree of I-XII-X g connectivity in thet2m, 1222, andAma2+
connectivity, this time between herringbone chaing4Zhe  structures. To date, there are 31 reported large Il gdtitii-l
and|222 structures~{gure b, c) are nearly identical, namely X,compounds and 3 studies that examine alloys of end members
the former is tetragonal and the latter orthorhombic. They can di erent space groups. These compounds are liStgden
be distinguished in XRD by symmetry-related splitting of, with initial tolerance factors derived using Shannon ionic
re ection peaks. In these structures thetétkahedraatten radif plotted inFigure 4. Note that, for chalcogen atoms, the
and edge share with the jéddecahedra, which have distorted Shannon ionic radii are only available for 6-fold coordination,
further from square antiprismatic. FinallyAth&t structure whereas for all structures the anions are centered in 5-fold
(Figure 2) forms a similar herringbone-type garmation as  coordination. We use the 6-fold coordination ionic radii without
theAma structure; however, like tA@mandi222 structures, adjustment and assume the small size discrepancy will not
the I-X, tetrahedra areattened and edge share with the;lI-X signi cantly aect the results (in later discussion, this issue will
dodecahedra, which have lost any semblance of the squlaeemore rigorously addressed by progressing to the use of
antiprismatic form observed in B3¢ andAma structures. empirical metakhalcogen bond lengths within this speci
Unlike the perovskite structure, wherein the simple cubi@mily of compounds).
geometry allows for an exact solution to the stability criterion, Based on the tolerance factor plagire 4), it is apparent
the complexity of relatinge crystal structures across threethat several trends emerge. The majority of | = Cu compounds
lattice systems requires some approximations to constructfarm in the P3; space group; however, there exist a few
analytical tolerance factor expression. Therefore, the outcomeafpounds that adopt tAen2 structure in the region where
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Table 1. Tolerance Factors Calculated Using Shannon lonic
Radii and Average Experimental Bond Lengths Derived from
Single Crystal Structures and Structure Types of Repoyted |
[1-1V-X, Compound§

structure

compound t ty P P type ref
AgBaGe$ 1.17 092 1.06 0.90142m 60
AgBaGeSe 118 094 108 0.931222 36 61 Figure 5.Shared edges and corners of J\e¥ahedra iP3; and
AgBaSiSe 118 0.89 1.07 0.90142m 36 Ama structures indicated in black.
AgBaSng  1.17 098 1.07 0971222 62
Qggzzg‘e 122 é'gg 1'(1)2 g'gz fri; + ig 22 theAméZ structure, two adj_acent sides are.edge—sharing, with an
CuBaGes 1:01 0:92 0:99 0:93 P, 35 65 addltlon_al_ corner share#figure % The h|gh_er degree_ of
CuBaGeSe 102 094 099 095P3 3337, 61 connect_m;y in théma structur_e may possibly explain the
CuBasise 102 089 100 092F3, a5 ' stricter limitations on the values in compounds that adopt this
' ' ' ' structure. There exists one compounsE@Eng where both
CuBaSng 1.01 098 0.98 0.99P3 20, 35,66 67 69
CuBasnse 102 100 099 101Am& 20,35, 37, .P31 andAma&°” structures have been rep_or_ted. However, only
63 in the Am& study do the authors explicitly state that the
CwEuGe$ 1.06 097 1.00 0.94P3, 67,68 reaction product was quenched from high temperature,
CuEuGeSg 1.07 099 1.03 0.98Am& 68 suggesting (reminiscent of our groepsier computational
CuEUSIS 1.06 091 100 0.91F3 68 results for CBGTS#) that there may be subtle enthalpic
CuEuSng® 1.06 1.04 1.02 1.03Am2,P3, 67,69 di erences between these two structures for this chemical
CuPbSi$ 105 090 nfa nla P3, 32,70 composition.
CuSrGe$  1.06 097 099 0.95P3, 65, 67 Thet values represent the size ratio of the tetrahedra to the
CuSrGeSe 1.07 098 1.02 0.98Am& 61 square antiprisms. For | = Ag compounds, thieetrxhedra are
Cu,SISi$ 1.06 091 101 0.91P3 39 too large (i.ed, 1) to face share with the Ii-Xquare
CuSIsn$g 1.06 104 0.98 1.00P3 67,71 antiprisms andatten, edge-sharing as seen inths, 1222,
Li,BaGe$ 100 092 n/a nla 1Z2m 72 andAmat structures. In the alloyed systerp GwBaSng
Li,BaGeSe 1.02 094 n/a n/a 142m 72 pure phasi3; is presentfor 1.0, 1.07 (0 x 0.8).For
Li,Basng 1.00 098 n/a nla 1d2m 72 1.07 ¢,< 1.13 (0.8 < 1.5) there exists a mixed-phase region,
Li,BaSnSe 1.02 100 n/a n/a l42n 72 with pure phad@22 present for Iargqaorxvalueg. Because
Li,CaGeQ 1.06 095 1.03 0.92142n 73 the tolerance factors are derived using the local georiR@jry of
Li,CaSiQ 1.06 088 1.04 0.86142m 73 andAma structures, in the | = Ag region of the tolerance plot
Li,EuGe$ 1.06 097 1.06 0.95142m 74 (Figure 4), it is expected that the model becomes less precise,
Li,EuSiQ 1.01 084 101 0.84P3 75 and structural derences betwedd2m, 1222, andAma&t
Li,PbGe$ 1.04 096 1.05 0.95142m 74 structures might not be fully captured. There does appear to be
Li,SrsiQ 1.01 0.84 101 0.84P3 75 some clustering of phase stable regions for | = Ag compounds;
Li,SrSig 1.05 091 1.06 0.91142m 39 however, with the limited number of data points, this aspect
%n/a: data not availablBExperimental tolerance factors (based on€Mains inconclusive.
single crystal structures) are only available fémkstructure. I = Li compounds appear somewhat anomalous when

compared to | = Cu, given that (0.59 A) and Cti(0.60 A)
are claimed to have nearly identical ionic radii in SP&nnon
t,, is closer to unity. In tHe8, structure, opposite sides of the compilatiorf* There are compositionally analogous Li/Cu pairs
IV-X, tetrahedra share edges withipolyhedra. In contrast,in  that overlap in tolerance factor yet form disté@ty P3;

Figure 4.Tolerance factors of reportedidV-X, compounds calculated using (a) Shannon ionic radii and (b) experimental bond lengths derived
from single crystal structures (I = Ag: squares; Cu: circles; Li: triangles). Colors represgstricture types, as noted in the legend. Lines
connecting data points show phase progression for alloys with gray line segments representing mixed-pjtassnggambe€uo reported in

bothP3; andAm& space groups.
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structures. Larger bond lengths in Li vs Cu compounds haveln metal-halide perovskites, attempts have been made to
been previously observed and are rationalized by the larger iasocrect bond lengths derived from Shannon radii using
character of LiX bonds, where larger anion electron densityelectronegativity dérences. Indeed, positive correlations
leads to increased ani@mion repulsioff. If we examine a  between the dérence in actual vs expected bond lengths and
particular pair where single crystal X-ray analysis has besectronegativity dirences have been folihtf.we consider
performed for both compoundsBuGe$°and LiEuGe$’* electronegativity dérences in, for example, delbonds for

we nd Cu S average bond lengths of 2.34 vs 2.46 A fer Li Ag, Cu, Li, Si, Ge, and Staple 3, we can see that, for this class
bonds, while the E& average bond lengths remain similar.
(3.11vs 3.12 A). This represents an approximate 5% increas@éble 2. Pauling’ ( ), Mulliken’® (), and Allred
the e ectivet, values for | = Li compounds, lifting the apparentRochow® ( ) Electronegativity Dierence with Sulfur
overlap ofP3; and 142m phase regions. This concept is for Select Elements and the Ratio of Average ®&iBond
ilustrated ifrigure 4, where the experimental tolerance factors ength (9)) to Shannon Predicted Bond Length
(t™® tR/H i.e., tolerance factors derived directly from(Rgarnoy=*

experimentally obtained interatomic distances instead of from

Shannon radiifor 26 b-lI-IV-X, compounds are plotted ~ €lement P m (V) o RIYRIE
(experimental tolerance factors are also listedbia ). For Ag 0.65 4.60 1.02 0.903
the experimental valuegs 4and5 have been modid such Cu 0.68 4.56 0.69 0.957
thatry, + ry is replaced witRy, 55 , whereRy, sy is the average Li 1.60 6.03 147 1.001
metal (M) chalcogen (X) bond length per metal speciesineach S! 0.68 174 0.70 1.013
compound, derived from the single crystal structures. Ge 0.57 151 042 1.000
Sn 0.62 1.99 0.72 1.005

The stark contrast in clearly idesible phase regions when
using experimental bond lengtRgyre #) compared to
Shannon radiiFigure 4) implies that the tolerance factor of materials, there are no trends with the ratios of experimental
approach should ultimately provide a valuable predictive tool figénd lengths to Shannon predicted bond lengths. Thus,
assessing other unknown members of this family; howevafiempting to correct for electronegativityerginces while
correction factors are required if using Shannon radii and tliging Shannon radii in these multinary chalcogenide materials
originakgs 4ands. As a starting point, we propostdarti the would likely be an unproductive pathway.
corrections using additional data from the Inorganic Crystal Although tolerance factors have been instrumental in the
Structure Database (ICSD) for all repogiéIV-X, materials  exploration of perovskite compounds, additional structural
(i.e., including smaller Il atoms such as Cd or Zn), where (1) | 2onsiderations have recently been applied. The octahedral
Ag, Cu, or Li; (2) the structures were determined from roomfactor has been introduced to account for the ratio of metal to
temperature single crystals; and (3) there is a single atomigand radii to predict the most stable coordin&tidiin the
species per lattice site (no site disorélignyre Ghowstheratio  |,-[1-1V-X, systemr,/ r« should be 0.732..000 for dodecahe-
dral coordination armg,/ ry = 0.225 0.414 for tetrahedral. A
similar analysis could be applied to determine if, for example, Te
could be incorporated into these structures. However, as
pointed out by Cahen in a study of the bonded radii in ternary
chalcopyrites, the concept of a spherical atom approximation in
asymmetric coordination environments (i.e., chalcogen atoms
bonded to multiple atomic species) should be abaritiéroed.
chalcogenide compounds, the use of bond lengths (especially
from known structures), rather than ionic radii, therefore has a
sounder fundamental basis.

Structure Prediction. Lately there has been a trend in
materials exploration to move toward machine learning for
predicting new compounds. Machine learning algorithms have
i . _ . been successfully applied to binary compounds to predict
Figure 6.Ratio of experimental bond length to predicted bond lengthyrystallization in zinc blende, wurtzite, or rock salt structures,
using Shannon ionic radiSmall horizontal lines indicate averages. using a training data set of 82 known Compgaﬁag\ more

ambitious study found a descriptor for 64 prototypical binary

crystal structures using a training set of 2105 compbdands.
of experimental bond lengths to predicted bond lengths usidgscriptor for ternary metal alloys of the forrgCA®
Shannon ionic radii (small-radii Il atoms have been omittedetermine whether they will form the Heusler structure has
from this plot). There are a few Mbond types where the data also been resolved using a training set of 1948 comptetds.
have larger variance (e.g.,%@nd CuS), although most are as the number of elements in the descriptor increases, the so-
within 2% of the average valliégure Sgéhows that similar  called“curse of dimensionalityecessitates an exponentially
ratios are achieved when comparing experimental bond lengdrger data s&t.For the quaternary materials analyzed in this
to those predicted by Shanmoystatadii. These data-driven study, a traditional brute force descriptor is unlikely to be found
ratios can directly be used as correction factors because theybmsed on only 31 known compounds. Interestingly, our study
readily available and are representative of the class of materaikses the possibility that just predictingéarning) the bond
under study. Furthermore, these values can be used fengths, which isamuch simpler operation, could yield a reliable
predicting future compounds and are expected to improve dsscriptor when coupled to the tolerance factor approach. Thus,
more data become available. from the data aggregatedFiyure ¢ we now produce a
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predictive plot using tolerance factors that have been calcula@gPbSngis located near bof3; andAma& compounds, with

using average experimental bond len§th&)®. Here,eqs 4 the nearest data point being,EuSng which has been
and5 have been modid to substitutg, + ry with the global  reported in both structurgs?

averagsn, xbond length from the ICSD data. We map oeit Synthesis. Using solid state syntheses, four of the
potential new (previously unknowgn)liIV-X, compounds in ~ compounds have been found to form quaternary materials.
di erent regions of the phase diagranBa#8j§ AgPbSig Cu,PbSngwas attempted at several temperatures between 500
Cu,PbGeg Cu,PbSng and CySrSig as shown ifigure 7 and 1000C, but the reaction consistently yieldeg588 and

These candidates will be the focus of the experimental workR#®S. The inability to form gRbSnghighlights one deiency

this study. of the geometric tolerance factor modlel., it cannot predict
stability of the quaternary phases relative to competing binary
and ternary phases. PXRD spectra of the four quaternary
compounds are shown kiigure 8along with the predicted
patterns from the HSE06 computationally relaxed structures
(vide infra Ag,BaSigforms a pale yellow material inl#@n
structure, consistent with the predictions based on the tolerance
factors. AgPbSig forms a dark-red material in then&@7
structure, similar to the Ge-containing related material
AgPbGe$*?®* It is interesting to note that this material
adopts an orthorhombic space group with a nominally
tetragonal unit cell (i.ea,= b). The PXRD pattern for this
compound indicates apparent preferential orientations, with
signicant dierences in peak intensities compared to the
calculated pattern and a near absence of the 231 and 322
Figure 7.Tolerance factors of reported and potenfiHlV-X,  dj raction peaks. We have modeled this preferential orientation
compounds that have been corrected using average experime(ighg ve sets of planes and are able to qualitatively capture the
30{“1 Lengths (I=Ag: squares; tclu'bc'rcéels' L"tg'ang'e;g' “g'?g the sapgBserved derences in peak intensities (ire SB Over a wide

ata for average experimental bond lengths asioe ¢ range of synthesis temperaturgSig@ppears as a consistent

compounds included in thgure are the same as thosé-fgure 4 . . ; : o .
however, compound labeling has been ledt facilitate identifying impurity phase. Using XRD peak intensities, the estimated

the proposed new members of #He IV-X, family. Compound labels ~ @mount of secondary impurity phase is approximately 10%.
can be found iRigure SECu,SrSi$was independently reported inthe  Given the diculty in removing A§iS, this suggests the
P3, structure during the review process for this mandscript. energetic derence between the quaternary compound and a
phase mixture involving the impurity is smajPlitegand
The segregation of distinct structure types into well-separat€d,SrSigform gray and grayish-yellow materials, respectively,
regions of the tolerance factor plotHigure 7using average both in theP3; structure. It is expected that the color in
experimental bond lengths) is not as perfect &gyfoe b Cu,SrSigoriginates from GyS impurities (approximately 2%)
(using the bond lengths determined for each individuadlue to the calculated wide bandgage(infra Cu,PbGeg
structure), especially fdBm&. Yet, there remain regions of contains several unideetl trace (almost below the detection
clear phase homogeneity anchdien of these boundaries is limit) impurity peaks that could possibly be oxide phases. Single-
expected to improve as additional related structures aphase Pawleyts of the experimental PXRD patterns to
determined and included in the data used to predict averaginulated patterns were used to determine experimental lattice
bond lengths. Tolerance factors of the hypothetical parametersi@ble 4.
compounds: ABaSig AgPbSig CuPbGeg CuPbSng Comparison to Stability Assessment by Current
and CySrSigare listed imable 3 along with the most likely Density Functional Approximations. As shown above
(Figure & in particular), the tolerance factor approach
Table 3. Tolerance Factors and Nearest Phase Regions of proposed here, and applied with adequate geometric input
Hypothetical Compounds Investigated in This Study data, can predict with remarkable clamiych particular
structure of a quaternary si@d or selenide might form,

compound e e _ Phase region assuming that such a quaternary compound is stable at all.
AgBaSIs 1.06 0.88 142m Alternatively, the curredé factstandard approach to predict
AgPDSI$ 1.09 0.91 142/ 1222/Amat which structure out of dirent possibilities will form is DFT,
CuPbGe$ 1.00 0.95 P3, based on various establish®it approximate exchange-
Cu,PbSng 1.00 1.02 Ama/P3, correlation functionals. It is therefore of interest to compare
CuSrSig 0.99 0.90 P3 straightforward DFT calculations to the tolerance factor
approach. Based on the experimemdings above, this
stable phase(s) as predicted freigure 7 AgBaSig is comparison can help shed light on two interesting questions: (1)

predicted to form thet2m structure, similar to the analogous How well are typical, straightforward DFT calculations able to
selenide compound BaSiSe® AgPbSi$ is located in a  discriminate between the elient quaternary structures
region of the plot where the data point density is too low t@onsidered for a given compound, compared to the tolerance
predict the most stable phase, Wifim, 1222 andAma2t all factor approach? (2) How capable areerdnt density
forming phase regions in close proximity. The closest knovitnctional approximations of determining whether a given
compound in composition, RHGeF has beenreportedinthe quaternary compound will form at all or whether some
Amat phasé>**Both CyPbGe$and CySrSigare clearlyin  alternative equilibrium of unary, binary and/or ternary phases
regions where onBB, compounds have been shown to form. will be more stable than the anticipated quaternary phase? For
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Figure 8.Experimental and calculated PXRD spectrgBé®i§ AgPbSig CuPbGeg and CySrSia Impurity peaks indicated by diamond
symbols are idenéid from Joint Committee on PowderrBttions Standards (JCPDS) reference patteg8§3A4¢-071-0182; Gu,S 01-088-

2158; SiSi§ 00-024-1234.

Table 4. Experimental Lattice Parameters and Bandgaps

PXRD t parameters band gap (eV)
compound structure type  a(A) b (A) c(A) vol (A% GOF HSE0B  Tauc direct  Tauc indirect
AgBaSi$ 122m 6.75053(2)  6.75053(2) 7.99643(3)  364.396(3) 224  1.96() 2.70(5) 2.2(2)
AgPbSi$ Amat 9.8698(7) 9.8697(5) 6.9791(2) 679.9(1) 149  2.13(D) 2.0(1) 1.9(1)
CuPbGe$ P3, 6.1252(1) 6.1252(1) 15.3332(2) 498.20(2) 160  1.47() 1.78(5) 1.55(5)
Cu,SISis P3, 6.06874(6)  6.06874(6)  15.1373(1) 482.81(1) 158  3.30()) 3.4(3) 3.4(3)

&(): Indirect, (D): Direct.

Figure 9.DFT calculated formation energies of the considered quaternary compounds with respect to secondaryrpthses)s te).
Positive energies indicate that the phase is unstable. Magenta boxes show experimentally determined quaternary phases (no stable quaternary

was obtained for GRbSng. Insets expand tlyeaxis for data points directly underneath.

example, as shown abovePB8ngwould be expectedtoform competing phase mixture equilibria is a question that, as yet,
in the Am& or P3; structures, or both, if it did form as a eludes the tolerance factor approach, but it is not clear how well
quaternary compound; however, experimentally, the quaterngical density functional approximations would perform.
phases appear to be disfavored compared to a competing mix dfo gain some insights into these questions, we consider three
binary and ternary compounds. Predicting stability oveti erent commonly used semilocal DFT functionals, namely
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PBE:° PBEsot" and (for two compounds only, due to the experimental ndings. AgPbSig on the other hand, is
numerical issues indicated in thethodssection) SCAN? predicted to be on the verge of stability, within a few meV/
PBE is a generalized gradient approximation (GGA) to thatom margin, similar to some of the subtle energredces
exchange-correlation energy and is frequently used for assessieg between dirent quaternary structures. The marginal
formation enthalpies. A variant of this functional, PBEsadtability is consistent with the experimentally obsenadtyli
improves upon the lattice constant predictions in solids buw achieving a phase pure sampke, secondary phases are
comes at the cost of reduced accuracy in formation ettergiembserved in accordance witliation 7For CyPbSn$(which
SCAN, a meta-GGA, includes the electronic kinetic energpuld not be formed in experiment), the secondary phases are
density and has been shown to reduce errors in formatigiedicted to be more stable than any of #eeconsidered
energies while improving crystal structure selection in binagyaternary structure types, with the closest bdhgneV/
solids, compared to PBEor the computational analysis, the atom higher in energgifi&, P3,). Among the ve compounds
atomic positions and lattice parameters of each target quaternexgmined, GRbSn$shows the largest positive energy values
compound listed imable 3were fully relaxed in alle crystal ~ for the quaternary phases relative to the ternary/binary
structures for each of the three functionals considered. We asses®ndary phases, and therefore, it is reasonable that this system
quaternary compound stabilities against secondary phas@suld not form one of the predicted quaternary structures. For
observed during experimentgitimization of syntheses CuPbGe$ however, which can be made experimentally, the
according to the following balanced decomposition reactionssomputational results are qualitatively similar to those of
_ 1 . 1 . 1. CwPbSng in that the experimentally realized pha3¢ is
Ag,BaSis ZAQSS@ EBaZSI§ ZSSZ predicted to fall 25 meV/atom higher in energy than the

© decomposition products.e., the computational expectation
. 1 . 1 . 1. based on DFT-PBE and DFT-PBEsol total energsedtes
Ag,PbSis ZAQBSI$ EPbZS'ﬁ ZS'SZ ) contradicts the experimental observation. TakjiRpGeSas
a rough baseline for the error in the semilocal DFT formation
Cu,PbGeg Cy GgS  Pbs (8) energies, a reasonable tentative conclusion might be that
attempting to form a quaternary species over a wide range of
Cu,PbSns  Cu SRS PbS ) reaction conditions might be considered a reasonable pursuit if
1 1 1 anyof the ve quaternary phases are predicted to be <30 meV/
Cu,SrSig ECUZSi% 5Cu§ ESrZS@ (10) atom higher in energy than secondary phases. Additional

improvements of the DFT energyetiences are expected to
Figure hows the formation energies for each oféhghases  arise from consideringite-temperature vibrational and lattice
with respect to the secondary phases ieentin the expansion contributions to the respective free energies, but these
decomposition reactions. SCAN data foBagis and are computationally and technically more involved. Because the
Cu,SrSig are 7given ifFigure S7In line with our previous current objective was to assess simple strategies to obtain
experienceés?’ the formation energy @irences between promising predictions, vibrational free energy contributions
certain adjacent phases within the tolerance plotAfed.,  were not pursued above.
vsP3,, 142m vs1222) are less than 5 meV/atom. Such small Finally, another possible use of DFT predictions is to use
enthalpy dierences have been observed in polymorphs,of TiOelaxed bond lengths from computational methods to improve
and Fe$%°° with rst-principles investigations revealing thatthe accuracy of the predicted tolerance factors in cases where
GGA/meta-GGA (e.g., PBE, PBEsol, SCAN) and hybrid (e.geliablea priorigeometry information is not availabl€iduare
HSEO06) functionals are of limited reliability in predicting subtlé0, we compare the ratio of the bond lengths predicted by each
phase competitions, and more expensive higher-level methodsctional to the average experimental bond lengths (deter-
are needed to quantify total energi&s. mined from ICSDI-1V-X, crystal structureBjgure §. As

Regarding previously mentioned question (1), the relativexpected, PBE tends to overestimate the bond lengths while
stability of the dierent quaternary phases with respect to oné®BEsol and SCAN tend closer to ratios bHbwever, due to
another is largely but not fully captured for all considerethe functional form of the tolerance factor, systematic errors in
compounds and functionals. For three compoungSr&ig bond lengths are subject to cancellation when calctlating
Cu,PbGeg and AgPbSi9, the lowest-energy quaternary
phase for the dérent functionals is the one that forms
experimentally, although by strikingly tiny margins (few meV/
atom). For AgBaSig PBE and PBEsol do not predict the
experimental phasd2m correctly (again, by a very small
margin), while the newer SCAN functional reproduces the
experimentally observed result. Given that electronic properties
can vary signtantly with the underlying structure even if the
total-energy derence is smalt®’ the tolerance factor
approach here ers useful additional information that can
constrain the space of compounds suspected of forming a given
quaternary structure.

Regarding question (Zjjgure 9shows that the dérent
density functionals considered are not fully successful at
unambiguously predicting stability over secondary phases. Fgfure 10.Ratio of DFT predicted bond lengths to the average
AgBaSig and CySrSig all functionals considered predict experimental bond lengths from simidi-IV-X, chalcogenide
overall stability of the quaternary compounds, in line with theaterials.
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Figure 11HSEOQ6 calculated band structures and partial densities of states (@®8)volume of the unit cell used in the calculation. Brillouin
zones and band structure k-space paths are illustFatedearS.1

valueskigure S®lots the tolerance factors for the quaternarythe Supporting Informatioof ref59. Thus, we expect the
materials, for each phase and functional. Interestingly, thelculated bandgaps to urdtimate the experimental
tolerance factors from DFT-relaxed structti@stff ") tend bandgaps of ABaSi$ and CySrSig while potentially
to cluster near the tolerance factors derived from averageoviding a closer estimate of the bandgapsPih2i§ and
experimental bond lengtif${t3/9, regardless of the functional Cu,PbGegdue to some error cancellation between the hybrid
used in the calculation, when the experimentally realized phadeixtional used and SOCeets. In all four materials, the
considered. In the calculationtBf{, t}f 1), equationsShave  valence band maxima (VBM) are primarily composed of Ag/Cu
been modied to substitute, + ry with the average bond length and S states. The conduction band minima (CBM) show
of each DFT-relaxed structure. As an example of the above posigni cantly more variation in constituent stateBaSighas a
for AgBaSig the (P, t R ") values are closer t3'€ t3Y9 for much larger contribution from Ag, while Pb states make up the
[42mthan forP3; or Ama2t with no apparent advantage for any majority of the CBM in both A@pbSi% and CyPbGeg
functional. Thus, computin§T, tf ") could be considered an  Cu,SrSi$ has a more even distribution from all constituent
alternative method to using average experimental bond lengét®ems. The band structures and atomic contributions to the
Electronic Structure.To probe the electronic properties of DOS for AgBaSigand CySrSigalso closely match previous
the four quaternary materials that formed during solid statmalculations of related materials (e.gBa&egs AgBaSng
syntheses, each compound was internally relaxed with 8,SrGeg Cu,SrSng.*! Calculated absorption casents of
PXRD-determined structures and lattice constants, usitige four materials are showRigure 12Cu,PbGegshows the
HSEO06 with xed values = 0.25 and = 0.11 bohr* for the strongest optical response in the visible spectrum, although the
exchange-mixing and range-separation parameters, respesdicted indirect nature of its bandgap is not ideal for potential
tively>">%9% Band structures and partial densities of stateapplication in PV devices,RigSi$ with a direct bandgap at
(DOS) are shown iRigure 1lwith calculated bandgaps listed 2 eV, shows similar magnitude of absorptiorceags to the
in Table 4 Spin orbit coupling (SOC) was included in all PV material GBaSng which also has a similar bandgap.
calculated band structures and densities of states using a sechiodie that, although larger than optimal for single junction PV,
variational, non-selfconsistent approadsing these settings, the 2 eV bandgap value for,RgSi$ may prove useful for
past experience ferl-IV-X, materials suggests that calculatedtandem junction solar célls.
bandgaps typically underestimate the experimental bandgap b@ptical Properties. Di use reectance spectra of the
0.3 eV?*However, this particular implementation of SOC hagpowder samples are plottedrigure 13with bandgaps listed
been shown to result in uncertainty of several tenths of eV whigrTable 4 AgBaSigis predicted to have an indirect bandgap of
very heavy elements are involved (note that the strength ©f96 eV. The pale yellow sample color is consistent with an
relativistic eects increases drastically with atomic nuffiber). indirect bandgap measured at 2.2 eV, and is also in line with the
For instance, in A@i based double perovskites investigated irexpected underestimation of the bandgap from HSE@ (
past work by some of us, the associated shift amouhtséy eV). Because there is a sicgmt AgSiG impurity in the
to wider bandgap of nominally unoccupied 6bitals of Bi, = AgPbSig sample, duse reectance spectra of a reference
adjacent to Pb in the periodic table (see detailed discussionsample of the impurity is included to justify the designation of
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larger. It is not immediately obvious why the correspondence
between HSEQ6 prediction and experimental observation
should be so close in this case. However, the large uncertainty
(0.3 eV) in this measurement due to the lack of a wekdle
absorption edge may be afactor thetta the overall band gap
determination for G8rSig With such a wide bandgap, the
grayish-yellow color of this material is attributed to the small
amount of impurity phases. In tieF(R)] ¥ spectra (gray
symbols) there is a weak apparent onset.ateV that is the

likely source of this color discrepancy. This absorption onset is
consistent with the GyS impurity identied in PXRD spectra
(Figure $.°°

CONCLUSION
Figure 12HSEO6 calculated absorption adents () as a function . i i
of energy with the electrield (E) parallel to each reciprocal axis. A From an analysis of 31 prospectively defect-resisitditX,

Lorentz broadening function with a full-width at half-maximum of 0.eompounds acrosse crystal structures, a set of tolerance
eV has been used to produce smooth curves. The broadening funciiaators has been derived that serve as descriptors of the regions
leads to small tails below the calculated bandgaps, which are not shawrwhich distinct quaternary phases may occur within this
because they do not eet physical absorption processes. chalcogenide-based materials family. Applying these tolerance
factors to newlll-IV-X, compounds is expected to aid in

the below-gap background. The direct bandgap of 1.96 eV figtermining which of theve structures are likely to form.

this material is consistent with the deep-red color and closdlinlike oxide and halide perovskite materials where the sum of
matches the prediction.,RhGeg the other knowAmat ionic radii has often been assumed to adequately represent bond
compound, shows an onset at 1.82 eV whas a direct lengths, wend signicant discrepancies between experimental
bandgap materi&l.The trend of increasing bandgap whenbond lengths and those expected from ionic radii. When average
changing the IV atom from Sn to Ge to Si is expected for thexperimentaldll-IV-X, family bond lengths are used (a set of
class of materials and arises from Sn/Ge/Si contributions to tvalues that will become even more reliable as the number of
CBM?>'Cu,PbGeghas anindirect bandgap of 1.55 eV, whereadiscovered/characterizegtIHV-X, family members in-

the corresponding Si-analog,,RB$ig has an indirect creases), this set of tolerance factors can be applied as a tool
bandgap of 1.65 é%again consistent with the expected trendsfor materials discovery. To demonstrate the utility of this
when replacing the IV atom. The indirect bandgap of 3.4 eV fapproach, four new-ll-1IV-X, compounds, ABaSig
Cu,SrSigclosely matches the predicted value (3.3 eV), despitkg,PbSig CuPbGeg and CySrSig have been synthesized
expectations that the experimental bandgap might be slighitythe predicted structure types. In conjunction with HSE06

Figure 13Di use reectance spectra of,BgSig AgPbSi$(and AgSiS), CuLPbGeg and CySrSigplotted asli F(R)]? (black symbols, direct
bandgap) anch[ F(R)] 2 (blue symbols, indirect bandgap), wRéRg s the KubelkaMunk function. Red lines show thesed to extract the

bandgap(s).
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calculations, we report the experimental bandgaps and ADDITIONAL NOTE
calculated band structures and optoelectronic properties

f . . . .
these new compounds. %unng the review process, ,8W%ig was independently

reported in reB9. We have included this information in all
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