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Abstract

Quaternary chalcogenide materials have long been a source of semiconductors for optoelectronic
applications. Recent studies on the I-1I-IV-X4 (I = Ag, Cu, Li; Il = Ba, Sr, Eu, Pb; IV =Si, Ge, Sn; X =18,
Se) materials have shown particular versatility and promise among these compounds. These semiconductors
take advantage of a diverse bonding scheme and chemical differences among cations to target a degree of
anti-site defect resistance. Within this set of compounds, the materials containing both Ag and Sr have not
been experimentally studied and leave a gap in the full understanding of the family. Here, we have
synthesized powders and single crystals of two Ag- and Sr-containing compounds, Ag,SrSiS; and
Ag>SrGeSs, each found to form in the tetragonal /42m structure of Ag,BaGeSs. During the synthesis
targeting the title compounds, two additional materials, Ag>Sr3Si>Sg and Ag>Sr3Ge»Sg, have also been
identified. These cubic compounds represent impurity phases during the synthesis of Ag>SrSiSs4 and
Ag>SrGeS4. We show through hybrid density functional theory calculations that Ag>SrSiSs and Ag,SrGeS,
have highly dispersive band edge states and indirect band gaps, experimentally measured as 2.08(1) and
1.73(2) eV, respectively. Second-harmonic generation measurements on Ag,SrSiS; and Ag,SrGeS,

powders show frequency doubling capabilities in the near-infrared range.

Introduction
Multinary chalcogenide semiconductors are versatile materials for a wide variety of optoelectronic and
energy-conversion applications, including single- and multi-junction photovoltaics (PV),!?

photoelectrochemical (PEC) water-splitting,>* thermoelectrics (TE),>” nonlinear optical (NLO) crystals,®



10 and photonics.!" The most notable of the commercialized chalcogenide semiconductors are the PV

absorbers CdTe and Cu(In, Ga)(S, Se) (CIGSSe), which form the basis of the thin film solar cell market.'>!?
In addition to these examples, the two chalcopyrite semiconductors AgGaS; and AgGaSe; have gained
traction as infrared (IR) NLO crystals with applications for frequency doubling across a wide range of IR
wavelengths.®*1417 The above compounds are based on a zinc-blende-like structural motif in which all
cations adopt a similar tetrahedral coordination. Increasing the diversity of the lattice sites (number of
distinct sites and associated preferred coordination geometries) in a particular semiconductor can enhance
the ability to control properties. Tunability arises not only from a larger number of prospective constituent
elements, but also because of opportunities for co-alloying, substitution, or doping with a wider range of
elements, providing pathways to shape the materials’ electronic structure and a more diverse landscape for
fundamental research and property exploration.

Much work has therefore gone into the study of quaternary (and higher-order multinary) chalcogenide
semiconductors, with a prime example being Cu,ZnSnS; (CZTS) and its Se-substituted analog
Cu2ZnSn(S,Se)s (CZTSSe). CZTS(Se) is a prospective replacement PV absorber for CdTe and CIGSSe, as
it replaces the toxic (Cd) and scarce (Te, In) elements in these two semiconductors with more abundant and
benign alternatives Cu, Zn, and Sn. The quaternaries CZTS and CZTSSe allow for highly tunable optical
and electronic properties; however, the application of these compounds is heavily limited by the high level
of anti-site disorder among the Cu, Zn and Sn sites in the lattice.!®2° This issue has been addressed with
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limited success by off-stoichiometric growth,?* extended and low temperature heat treatments,
isoelectronic cationic replacement.”*3 However, each of these techniques only partially ameliorates the
anti-site disorder issue and therefore a new chemical design paradigm is needed to minimize disorder.

Our group and others have recently proposed moving away from this zinc-blende motif and replacing
one of the atoms (e.g. Zn in CZTS) with a more chemically distinct ion such as Ba, which tends to adopt a
higher coordination number given a larger atomic size.’*° The prototype of this new materials family is
Cu;BaSnS4 (CBTS), which forms in a trigonal lattice significantly removed from the previously studied
tetragonal systems.’” CBTS and its isostructural Se-substituted analog Cu,BaSn(S,Se)s (CBTSSe) have
been effectively included as absorbers in PV3#38-43 and PEC*->! devices, with significantly reduced cationic
disorder as compared to CZTS.*® The success of CBTS has spurred studies of the wider L-1I-IV-X4 (1= Ag,
Cu, Li; II = Ba, Sr, Eu, Pb; IV = Si, Ge, Sn; X = S, Se) materials family for applications beyond
photoabsorbers, including TE materials’>3* and NLO crystals.’>->” Within this materials family, there is one
set of compounds that has not been significantly explored experimentally—i.e. those semiconductors
containing Ag and Sr cations. These compounds have previously been theoretically studied, but as of now
no experimental syntheses have been reported.*® In the previous theoretical study, it was predicted that four

of these compounds—i.e., Ag>Sr(Ge, Sn)(S, Se)s—are indirect, narrow band gap semiconductors with



highly dispersive band edges and potential for multivalley semiconductor applications.’® However, total
energy calculations showed nearly indistinguishable differences between two related and possible crystal
structures, indicating the need for experimental corroboration of the proper structure type.

Here, we use past surveys of the I-1I-IV-X4 family to predict the crystal structures of Ag,SrSiS4 and
Ag>SrGeS, and to further increase the accuracy of a previously developed tolerance factor approach, i.e. a
pair of geometry-based descriptors designed to predict which different possible crystal structures form for
particular members of the broader quaternary family.> % We have synthesized powders and single crystals
of these two semiconductors, finding that they are isostructural and form in the noncentrosymmetric
tetragonal space group /4 2m, like previously studied compounds Ag,BaGeSs,°® Ag,BaSiSes,® and
Ag>rBaSiS4.%* During the synthesis of these two new compounds, a secondary phase is often found to co-
exist with Ag,SrSiS,s and Ag,SrGeS4, unless the compounds are prepared under Sr-poor conditions. Single
crystals of the impurity phase in the Ag,SrSiSs-targeted synthesis have been isolated and identified through
single crystal X-ray analysis as Ag,Sr3Si,Sg; by comparison to the calculated X-ray diffraction pattern from
Ref. 62, the analogous impurity phase in the Ag,SrGeSs synthesis is found to be Ag>Sr;Ge,Ss (or
SrsAgiGesSi6).%2 Each of these impurity phases adopt the cubic space group /43d. The optical and electronic
properties of Ag>SrSiSs4 and Ag>SrGeSs were then evaluated by experimental and theoretical methods.
These two semiconductors are shown to have band gap energies of 2.08(1) eV and 1.73(2) eV, respectively.
Band structures calculated by hybrid density functional theory (DFT) reveal indirect band gaps and highly
dispersive band maxima within each compound, i.e., with low carrier effective masses at each band edge.
Finally, the near-IR frequency-doubling characteristics of these systems are examined relative to a AgGaS,

standard.

Experimental & Computational Methods

Compound synthesis & composition analysis: Bulk powders of the two title compounds were synthesized
by mixing Ag (99.95%, Alfa Aesar), SrS (99.995%, Materion), Si (99.95%, Sigma Aldrich) or Ge
(99.999%, Alfa Aesar), and S (99.99%, Sigma Aldrich) powders. This was done with the SrS held at 95%
(AgSrSiS4) or 90% (Ag2SrGeSs) of the stoichiometric molar content to avoid the formation of impurity
phases. The powders were ground and cold-pressed under a nitrogen atmosphere into pellets. These pellets
were then sealed in pre-baked quartz ampoules under a dynamic vacuum of roughly 5x107¢ torr. The sealed
ampoules were ramped up from room temperature at 30 *C/hour to 700 °C or 600 “C (for Ag>SrSiS4 and
Ag>SrGeSq, respectively) and annealed for four days before turning the furnace off to cool. After the first
heat treatment, roughly 3—5% of the overall pellet mass was lost and a black material was left on the walls
of the quartz ampoules (Figure S1). The grinding, pressing, and annealing process was repeated to improve

phase homogeneity. The further annealing processes did not cause any significant weight or material loss



and the pellets remained intact during the further anneals, in contrast to the first anneal. The stability of the
final products was assessed by comparing powder X-ray diffraction (XRD) and reflectance spectra from
when the powder samples were first synthesized and after multiple months of storage (~10 months for
Ag>SrGeSs and ~4 months for Ag,SrSiSs) in a nitrogen purge box with regular air exposure for
measurements (Figure S2). Small unidentified XRD reflections appear in both the Ag,SrSiSs; and
Ag>SrGeS, patterns after extended storage, pointing to minimal sample degradation over this timeframe.
Neither reflectance spectrum changes significantly over storage time, with only a minor increase noted in
below band gap absorption for Ag>SrSiS4, which may be attributed to small amounts of a poorly crystalline
or amorphous secondary phase as discussed below.

To verify the composition of the resultant single-phase powders, the elemental concentrations were
measured by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900). Roughly 5 mg of the
Ag>SrSiSs and AgrSrGeS4 powders were dissolved in 10 mL of HCI (ACS grade) and then diluted with 10
mL of deionized water. A reference sample containing only HCI and deionized water in the same volume
ratios was included in the analysis. Digested powder samples were analyzed by ICP-MS (Agilent 7900) for
the elements 28Si, "Ge, *¥Sr and "’Ag. All elements were run in either a reaction gas mode (H»:?*Si) or
collision cell mode (He: ™Ge, *¥Sr and '’ Ag) to reduce polyatomic interferences. All standards and samples
were diluted into a 2% HNO53/0.5% HCI (v/v) (Fisher Scientific trace metal grade) matrix made with 18.2
MQ water prior to analysis. The instrument was calibrated for 2*Si, *Ge, *Sr and '’ Ag prior to sample
analysis (0.1-40 pg/L for Ge, Sr, and Ag; 10-1000 pg/L for Si) using a Spex Certiprep standard (mixed
element 2A), with the addition of a single source Spex Certiprep Ge standard. Silicon (Ricca Chemical)
was calibrated with a separate solution. Internal Standards of '®*Rh and ''>In were monitored to correct for
shifts in the analyte signal intensity during the analysis run. The calibration was verified using NIST
traceable second source standards. For Sr and Ag, a standard (CRM-TMDW-A) from High Purity Standards
was used, while standards purchased from Agilent and VWR were used for Ge and Si, respectively. The
digested samples were diluted by a factor of 100 to 5000 to ensure the analytes of interest were within the
calibration curve. This analysis measured metal contents (in mg/mL) of the Ag,SrSiS4 sample as Ag 11.5
+0.5,Sr4.4+0.1, and Si 1.4 £ 0.2. For the Ag>SrGeS4 powder, the metal contents were Ag 7.6 = 0.5, Sr
2.940.1, and Ge 2.3 + 0.2 mg/mL. These raw values show that both powders adhere to the expected 2:1:1:4
stoichiometry, as the determined metal cation ratios are [Ag]/[Sr + Si] = 1.08 & 0.09 and [Sr/Si] = 1.04 +
0.16 for Ag,SrSiS4 and [Ag]/[Sr + Ge] = 1.03 + 0.08 and [St/Ge] = 1.05 £ 0.09 for Ag>SrGeS..

High quality, yellow single crystals of Ag>SrSiS, separated naturally during the grinding of the pellet
from the powder synthesis. However, crystals of Ag,SrGeS, suitably large for single crystal XRD could
not be identified in this manner. Single crystal samples of Ag,SrGeS; were recrystallized from the

synthesized powder in a eutectic 0.4KI-0.6Csl flux. Synthesized powders of Ag,SrGeS4 were mixed with



KI and Csl in a 1:12.5 molar ratio. The combined material was ground, pressed and sealed as above. The
sealed pellet was ramped to the annealing temperature (same as the powder synthesis) at 30 °C/hr and held
at this temperature for four days before being cooled to 400 °C at 4 *C/hr. The annealing temperature of
Ag>SrGeS4 (600 °C) is above the melting point of the KI/Csl eutectic (~530 °C), creating a liquid medium
for the Ag>SrGeSs crystal growth.®* The ampoules were then allowed to cool naturally to room temperature.
The products were washed with n, n-dimethylformamide (DMF) and sub-millimeter sized yellow-orange
crystals could be separated from any remaining halide flux material. A similar halide flux procedure was
attempted for Ag,SrSiS4. However, the main product of the single crystal growth was not Ag,SrSiS4, but
rather an impurity phase found to be Ag,Sr3Si,Sg, which appears in the form of bulky, pale yellow crystals.
Single crystals of Ag>Sr3Ge,Ss suitable for single crystal XRD could not be isolated in any of the solid-
state or halide flux reactions.

Crystal structure refinement: Data collections were done on selected crystals of Ag>SrSiS4, Ag>SrGeS4, and
Ag>Sr3Si,Ss, using a Rigaku XtaLab Synergy-S with Mo-Ka radiation (A=0.71073 A) at room temperature.
The structures of the compounds were solved by intrinsic phasing (Ag>SrSiSs and Ag,SrGeS4) or direct
methods (AgxSr3Si>Sg) and refined with anisotropic thermal parameters in Olex2 using the SHELXL
software package. Each dataset was reduced with an empirical multi-scan absorption correction. The Ag
occupancies for Ag,Sr3Si»Sg were refined as well. PLATON was used to check the final structures and no
higher symmetries were found. Refinement parameters and structure data are presented in Table 1.
Anisotropic displacement parameters for all three compounds appear in Tables S1-S3. Selected bond

lengths and bond angles are listed in Tables S4—S7.

Table 1. Structural details and refinement parameters of the single crystals of title compounds Ag,SrSiS4
and Ag>SrGeS4 as well as Ag>Sr3SixSs. For Ag,Sr3SizSs, the occupancies of the two Ag sites have been
refined while the occupancies of the Sr, Si, and S sites are fixed at 1, as attempts to include occupancy
refinements did not lead to significant changes in their occupancies.

Nominal Formula Ag>SrSiS, AgrSrGeSy Ag>Sr3SisSg
Empirical Formula Ag>SrSiS, AgrSrGeSy Ag191S13.00S12.00S38.00
Formula weight 459.69 504.19 781.54
Crystal system Tetragonal Cubic

Space group 142m 143d

a(d) 6.7669(2) 6.8340(1)

b (A) ’ ’ 14.0267(1)
c(A) 7.6144(4) 7.6470(2)

V(A% 348.67(3) 357.142(14) 2759.73(6)

4 2 2 8
Calculated density (g/cm?) 4.379 4.688 3.762

g (mm™) 14.431 18.048 15.528
Reflections measured, 1099, 252, 0.0086 11115, 305, 0.0225 55708, 713, 0.0267



independent, Rin

GOF on F? 1.131 1.170 1.152

R;, wR> (I > 20(1))" 0.0193, 0.0491 0.0221, 0.0550 0.0266, 0.0693
R, wR; (all data)” 0.0193, 0.0491 0.0230, 0.0554 0.0268, 0.0694
Largest diff. peak and hole (e A™) 0.38/-1.02 0.84/-2.04 1.69/-0.86
Flack parameter —0.005(6) —0.007(6) —0.006(3)
Crystal size (mm) 0.057 x 0.067 x 0.070  0.035x 0.040 x 0.060 0.070x 0.115 x 0.125

R)=F,— Fo/F, and wR: = [w(F,2 — F2)YwF,1" for F,2 > 26(F,?).

Bulk powder characterization: Powder XRD patterns of the title compounds were measured on a
PANalytical Empyrean diffractometer at room temperature using Cu-Ka radiation (A= 1.5406 A). Analysis
of these XRD patterns was done using the PANalytical HighScore Plus software, including Pawley phase-
fitting and lattice constant refinement. Diffuse reflectance spectra were measured on an Enlitech QE-R
Quantum Efficiency/Reflectivity system across the wavelength range of 400 nm to 1250 nm. The
reflectance spectra were modified by the Kubelka Munk function, F(R), where F(R) = (I—R)?/2R and R is
the diffuse reflectance. The band gaps were extracted from these modified reflectance data using an indirect
band gap Tauc plot, i.e., (hvF(R))"? versus hv, using the procedure outlined in Ref. 64.

Nonlinear optics characterization: As a qualitative comparison of nonlinear optical properties, bulk
AgGaS; samples were made employing the same solid-state synthesis techniques as used for the Ag,SrSiS,
and Ag>SrGeS4 compounds above, here using Ag,S (Alfa Aesar, 99.995%) and Ga,S; (Alfa Aesar, 99.99%)
and reacting the pressed pellet under vacuum at 1030 °C. The second harmonic generation (SHG) intensity
of the powder samples (sieved to particles between 120—170 pm in size) were measured using in-house
built optics, similar to that described in Ref. 65. A train of short laser pulses at 1800 nm and a repetition
rate of 1 kHz was generated by an optical parametrical amplifier (TOPAS, Light Conversion) pumped by
800 nm pulses with pulse lengths of about 100 fs from a Ti:sapphire regenerative amplifier (Spitfire, Spectra
Physics). The beam diameter (1/e intensity) at the sample position was 4.4 mm and the power was 200 mW
(1315 mW/cm?). The backscattered second harmonic generation signal from the sample was detected by a
fiber optic spectrometer (S2000, Ocean Optics).

66,67

First-principles computations. All calculations in this paper employ the high-precision,*®¢” all-electron

-7 which uses numeric atom-centered basis functions for numerical discretization of

code, FHI-aims,
orbitals and densities. FHI-aims includes a linear-scaling approach to evaluate hybrid density
functionals.”>’®* The technical choices for the computations reported in this work follow the same
approaches and reasoning laid out in our groups' past work on multinary chalcogenides,
specifically:3438:5859.74
(1) We employed the ‘intermediate’ numerical settings in FHI-aims and the short-range screened hybrid

exchange correlation functional HSE06 (HSE: Heyd-Scuseria-Emzerhof) with standard settings for the



screening parameter, ® = 0.2 A™!, and exchange mixing parameter, o. = 0.25”>""7 for all computational
results reported in the main text of this work. Hybrid functionals are generally known to improve the
prediction of band structures and, specifically, predicted fundamental gaps, for the right mathematical
reasons.’”® Our previous work has shown that the above "standard settings" of the HSE06 functional
tend to yield predicted fundamental gaps that, for [-II-IV-X4 compounds of the type considered here,
lie a few tenths of an eV below those estimated from optical measurements (Tauc plots) 3438585974
However, choosing a system-independent set of standard parameters ensures comparability of band

34,38,58,59.7476 Therefore, we do not

structure results across different compounds and in different works.
use an empirical fit of the main parameters of the HSE06 functional (o, ®) to match specific,
experimentally assessed quantities, such as the fundamental gap as estimated from a Tauc plot, for any
results reported in the main text of this work. For illustration only, in the Supporting Information (SI,
Figure S10 and Table S12 as referenced below) we include energy band structures and densities of
states calculated for adjusted exchange mixing parameters (o) that match the approximate measured
band edges of Ag,SrSiS4 and Ag,SrGeS4, showing that no qualitative changes result compared to the
standard HSEQ6 parameters applied in the main text.
2) In contrast to predictions of the electronic structure, the choice of the underlying computational
geometry does merit input from experiment if high-quality data is available. As discussed briefly in our
earlier work,” the geometry underlying a simulation and the computed single particle-like band
structure are different observables and different computational approaches can be employed for their
prediction. However, even relatively minor geometry errors of the predicted overall geometry in a
chalcogenide material can significantly impact the predicted band gap.**®” For the computational
input geometries, we therefore rely on fixed, experimentally determined lattice parameters, which can
be obtained with high precision from powder XRD for a given sample. We then computationally
relaxed the atomic coordinates within the unit cell until the magnitude of the associated total energy
gradients was below 5x107> eV/A. The reliance on experimental unit cell parameters is especially
relevant for the Ag,SrGeSs compound that is experimentally found to form in the /42m space group
here, while the same compound was predicted to break its symmetry and computationally relax towards
the 1222 structure in Ref. 58 (see “Results & Discussion” below). The band structure calculations in
the present paper therefore reflect the geometry of the /42m room-temperature experimental structure.
Note also that a different k-space path was followed for /222 compounds compared to /42m in Ref. 58,
but key parameters associated with the electronic band structures remain comparable.

The I'-point-centered k-point grids used for HSE06 calculations and respective fixed lattice parameters are

listed in Table S8. Band structures were then calculated, including non-selfconsistent spin—orbit coupling

(SOC).* The first Brillouin zone and the k-space path are illustrated in Figure S3. Densities of states



(DOSs) were calculated using the tetrahedron integration method.®' Normal-incidence absorption
coefficients were calculated, using the random phase approximation, from the HSE06+SOC electronic
structure and Gaussian broadening with 0.1 eV width to ensure a smooth integration of the imaginary and
real components of the dielectric function, similar to our previous work.’®7+8283 The calculated absorption
coefficients thus cover direct band-to-band transitions at the level of hybrid DFT, intended to provide a
qualitative comparison with measured Tauc plots. They do not, however, include phonon-assisted indirect
transitions or potential excitonic effects, either of which would be significantly more difficult to capture in
a numerically converged way from higher-level methods; such a comparison is not the focus of this paper.
We primarily evaluate the computational absorption coefficients to demonstrate that optical anisotropy
should exist in the materials studied here. Final geometry files used in these calculations are included at the
end of the SI. The bond lengths and angles in the geometries derived from the HSE06+SOC calculations
agree closely with those of the reported single crystal structures (Table S9).

Results & Discussion
Structure prediction and powder X-ray diffraction data: Previously derived structural tolerance factors for
the L-1I-IV-X4 materials family have shown promise for loosely segregating known compounds into
distinct regions by crystal structure type and for predicting the crystal structure of hypothetical compounds
within this space.*® Using this empirical tolerance factor approach, as shown in Figure S4, Ag,SrSiSs might
be predicted to crystallize in the /42m or the Ama2t (Ag.PbGeSs structure type). Ag>SrGeSs might be
expected to form the /222 or the Ama27 structure types. However, given the proximity of Ag,SrGeS; to the
fiv tolerance factor range that separates known 1222 and /42m compounds in Figure S4, the /42m space
group could be consistent with Ag,SrGeS4 as well. As the Ag-containing materials are less explored
compared to the Cu-based semiconductors, the region of the plot where these two compounds fall has a low
density of data points and is therefore less well-defined. Increasing the number of structurally characterized
family members in this region of the phase diagram will increase our understanding of how phase stability
depends on the proposed structural tolerance factors. The crystal structure predictions may be further
refined based upon past trends within this semiconductor family. Within the Cu- and related Li-containing
materials, the tendency within the sulfides is that, when substituting Ba with Sr, there is no phase transition
and the Ba- and Sr-based materials are isostructural.’’#+%7 This would suggest that Ag,SrSiSs and
Ag>SrGeSs may both adopt the /42m structure type (given known Ba-based compounds).>*¢' Synthetic
efforts are clearly needed to test these hypotheses.

The new quaternary compounds Ag>SrSiSs and Ag,SrGeSs were prepared by traditional solid-state
methods (see Experimental section). Using a stoichiometric ratio of reactants, the target compounds are

difficult to fully separate from impurity phases, even after probing multiple thermal annealing conditions.



In addition, a black material—identified as AgsSiSe or a mixture of AgsGeSe and Agi1Ges;Si1o —evaporates
out of the pellets during the reaction. AgsSiSs has been previously seen as a prevalent secondary phase in
syntheses of related compounds Ag,BaSiSs and Ag,PbSiS4.* The evaporation of this Ag-rich phase may
leave a Sr-rich environment for the solid-state reaction and hence, impurity phases can form separately
from the target Ag>SrSiS4 and Ag,SrGeSs. However, when reacted with reduced SrS content (between 2.5
and 10 molar percent; the amount was determined empirically), the powders can be purified as shown in
Figure S5, even though the amount of evaporated black material does not change significantly. The purified
powders of the title compounds are yellow (Ag,SrSiS4) and yellow-orange (Ag:SrGeSs) in color, with
compositions confirmed by ICP-MS (see Methods section above). The XRD peaks of the title compounds
all index to those expected for the /42m structure of isostructural Ag,BaGeS, (Figure 1). Ag>SrSiSs and
Ag>SrGeS, represent just the fourth and fifth semiconductors that share this structure type and the first
quaternary chalcogenides in this family containing both Ag and Sr cations. A previous computational study
by some of us predicted that Ag,SrGeS, will break its symmetry (compared to /42m) and instead take on
lattice parameters and atomic coordinates consistent with the orthorhombic /222 crystal structure when
fully relaxing the structure (including unit cell parameters) at the DFT-HSEO6 level of theory.*® In contrast,
the experimental powder XRD pattern of Ag>SrGeSs is clearly indicative of the /42m structure, as shown
by a direct comparison of the experimental data to a simulated XRD stick pattern of the fully relaxed
structure of Ref. 58 (Figure S6). It is important to note that the /222 space group is only a lower symmetry
version of /42m and (as mentioned earlier) the Ag>SrGeSs data point in the tolerance factor plot (Figure
S4) is significantly closer to the /42m/I222 boundary than the analogous data point for Ag,SrSiS4 (the
primary difference is found in the tolerance factor #v). Although we did not pursue low-temperature XRD
measurements in this work, it is conceivable that the room-temperature /42m space group found for
Ag>SrGeSy is a (relatively) high-temperature phase and that the /222 phase may form at lower temperatures

(in line with the earlier computational prediction and the tentative location in the tolerance factor plot).
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Figure 1. Powder X-ray diffraction patterns of Ag>SrSiSs and Ag>SrGeS, synthesized at a SrS-reduced
stoichiometry compared to references (see Methods Section). References are calculated from the refined
single crystal structures (described in the next section).

The impurity component noted in Figure S5 seems to be the same phase across both the Ag>SrSiSs-
and Ag>SrGeSs-targeted reactions (nearly identical powder XRD peaks). During the crystal growth of
Ag>SrSiSy (solid-state) and Ag,SrGeSy4 (halide flux), these impurity phases separate naturally from the
target compound. The impurity phases can be identified by single crystal XRD as Ag»Sr3Si»Sg (for the Si-
based compound) and by comparing calculated powder XRD patterns as Ag>Sr3Ge,Ss (for the Ge-based
compound; see Figure S5).%2 These two new compounds are II-atom rich quaternary systems related to the
previously reported AgrSr;GexSes and CuzBaszSn,Sg,*** and form in the cubic space group /43d, as
described for Ag>Sr3Si»Sg in Table 1. As seen in Figure S5, a mixture of Ag>SrSiSs (Ag.SrGeS4) and
Ag>S13S1>Ss (AgaSr3GexSg) can account for all the reflections seen in the experimental diffraction patterns
of the samples prepared from stoichiometric starting reactions. The lattice parameters obtained from a
Pawley phase-fitting procedure of the XRD patterns of the powders, grown using both stoichiometric and

reduced SrS compositions, show good agreement with each other and with the reported single crystal data
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(i.e., compare values in Tables 1 and S10). This comparison shows that there is little to no detectable
structural change in the target compounds (Ag:SrSiSs and Ag,SrGeSs;) when grown from various
stoichiometries, as the change in lattice constants between the stoichiometric and SrS-reduced cases falls
within experimental resolution. The propensity to form the Sr-rich impurity phases under stoichiometric
reaction conditions demonstrates one important reason (in addition to possible loss of Ags(Si/Ge)Se-related
phases during the reaction) why the SrS-reduced stoichiometry reaction is successful in isolating the title
compounds, as it provides an unfavorable condition for the formation of the cubic impurity phases. These
impurity phases have been presented here to rationalize the need for a SrS-reduced synthesis condition; the

cubic compounds and associated properties will be discussed in more detail in a separate paper.

Single crystal structures of target compounds: AgxSrSiSs; and Ag>SrGeS; each form within the
noncentrosymmetric, tetragonal space group /42m and, as they are isostructural, the description of the
crystal structure will focus on Ag>SrGeSs. The refined crystal structure of Ag>SrGeS, appears in Figure
2(a). Within the framework of the above-mentioned structural tolerance factor approach,®® the connectivity
between the highly distorted [ AgS4] tetrahedra and the [ SrSg] dodecahedra is characterized by edge-sharing
between [AgSs] and four nearest [SrSg] clusters. This 3D network of [AgS4] tetrahedra and [SrSs]
dodecahedra is further decorated and interconnected by isolated, regular [GeS4] tetrahedra to form the
entirety of the lattice. These and related structures such as Li;Ba(Ge, Sn)(S, Se)s have been termed
“compressed chalcopyrites” by others due to the strong similarities between these structures and their
chalcopyrite relatives.®® Namely, these similarities include the 3D network of corner-sharing cation
tetrahedra, here between the Ag and M (M = Ge, Si) polyhedra. The major difference between these and
the chalcopyrites is the same difference that gives this family of materials some unique characteristics,
specifically the high coordination number of the third cation, Sr. The demand of the larger cation—e.g.
Sr—to have a higher coordination leads to the compression of the chalcopyrite-like lattice and the typical
(for these compounds) high level of distortion of the [AgS4] tetrahedra, as compared to the more regular
[AgS.] tetrahedra in the chalcopyrites—e.g., AgGaS, or the related kesterite Ag>ZnSnS4.7%!

The I42m structure of Ag,SrGeSy is further characterized by the placement of the Ag atoms at a special
site within the lattice, which distinguishes it from the closely related /222 structure adopted by compounds
such as Ag,BaGeSes, where the Ag atoms sit on general sites.”? In the /42m lattice, the angle between any
three Ag atoms when viewed along any principal axis is either 90° or 180° as shown in Figure S7(a—c).
However, in the 1222 structure—adopted by the related Ag,BaGeSes compound—the Ag atoms are not
aligned as such; when viewed along the a- and b-axes, the Ag atoms take on a zigzag or wave-like pattern
(Figure S7(d, e)). A last distinguishing feature of the Ag,SrGeS4 lattice can be seen from Figures 2(b)

where the Ag atoms within the lattice take on a highly anisotropic thermal ellipsoid along the c-direction
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(i.e., Uss = 0.1099 A?). In each of the Ag-containing compounds in this family, all having this distorted
tetrahedral bonding arrangement, the c-direction component of the anisotropic displacement parameter for
the Ag atoms is greater than 0.05 A2, while those of other atoms are significantly lower.®¢'9224 In this
bonding coordination (Figure 2(b)), the [AgS4] tetrahedra are flattened such that the bonds are nearly
coplanar, with two S-Ag-S bond angles of 149.87(7)" and 93.87(2)° for Ag,SrGeS4. The crystal structure
of Ag,SrSiS, is the same as that of Ag,SrGeS, (Figure S8) and any differences among bond lengths and
angles are less than 1.5%, except for the M-S bonds (Tables S4 and S5). Ag>SrGeSs and Ag,SrSiS, are not
only the first Ag-Sr-containing compounds discovered within the I,-II-IV-X4 materials family, but also the
first Ag-Sr compounds within the wider “compressed chalcopyrite” systems that exhibit these
distinguishing features of aligned Ag atoms and stretched Ag thermal ellipsoids.

The 742m structure identification for both Ag,SrSiSs and Ag,SrGeSs4 continues the trend in the Io-II-
IV-X4 family that replacement of Ba with Sr does not lead to a structural transition, since Ag,BaSiS, and
Ag>BaGeS; also take on the /42m structure type. From the structural tolerance factor viewpoint, the /42m
structure assignment agrees with the prediction for Ag,SrSiS4, whereas for Ag,SrGeS4 (see Figure S4), all
of 1222, I42m or Ama27 are plausible anticipated structure types. However, the 1222 and I42m structures
are closely related (see above and Figure S7) and the tolerance factors for Ag,SrGeSs fall into a sparsely
explored region of the tolerance factor plot. The discovery of Ag,SrGeSa in the /42m structure demonstrates
the flexibility of the /42m structure to tolerate a wide variety of cations. This is similar to the case of the
P3; structure type adopted by Cu-containing compounds, which spans a wide portion of the structural
tolerance factor plot and can include multiple combinations of cations and anions while maintaining the
same structure. Further work probing the edges of the structural tolerance factor plot is still needed to fully
map the crystal structure space of the [-II-IV-X4 materials family and to confirm how applicable this
approach is on the far-right side of the diagram in Figure S4, at which point the compounds no longer have
the same connectivity among the metal chalcogenide polyhedra as for those on the left side (for which the

tolerance factors were originally derived).
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Figure 2. (a) Crystal structure of Ag,SrGeS4 (conventional cell) shown in polyhedral representation (for
Ag and Sr). (b) Image showing the anisotropic bonding of Ag within Ag,SrGeS4. The Ag, Sr, Ge, and S
atoms are colored as blue, cyan, grey, and yellow, respectively. All atoms are shown with anisotropic
thermal ellipsoids at 50% probability in panel (b).

Electronic structure: DFT-HSE06+SOC calculated band structures and DOS are shown in Figure 3, with
the DOS plotted on an expanded energy scale and Brillouin zone k-paths depicted in Figures S9 and S3,
respectively. The band structures reveal that, similarly to other /42m compounds in this materials space, the
lowest energy transition is indirect, here from the Z point to the I" point. The computed indirect band gap
energies are 1.75 eV and 1.38 eV for Ag,SrSiSs and Ag,SrGeSs, respectively, as listed in Table 2.
Meanwhile, the energies of the lowest energy direct transitions at the Z point are 2.31 eV and 1.84 eV for
the Si- and Ge-containing compounds respectively, a roughly 0.5 eV shift above the indirect transition,
which is consistent with our previous calculations of the Ag-based compounds in the I,-1I-1V-X4 material
family.’®> The calculated indirect band gaps match well with the trends seen in the set of L-II-IV-X4

compounds, namely replacing Ba with Sr does not typically lead to a large shift in the band gap energies;
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calculated band gaps of the Ba-containing analogs Ag,BaSiS; and Ag,BaGeS, are 1.96 ¢V and 1.39 eV,
respectively, when calculated using the same functionals, electronic structure code and calculation
settings.’®° Although Ag,SrSiSs and Ag>SrGeS4 each have indirect band gaps, the band maxima/minima
are highly dispersive, suggesting relatively low effective masses (Table S11) for each of these compounds
as compared to the Cu-substituted analogs. For example, Ag>SrGeS4 has lower effective masses at each
band extremum, especially for the valence band where the effective masses are 25% (Jja) and 50% (||c)
lower than the analogous effective masses of Cu,SrGeSa.%®

The band edges of a majority of the compounds within the I,-1I-IV-X4 family are dominated by states
associated with I and X elements and the cases of Ag,SrSiS4 and Ag,SrGeS, are no exception. Here, the
valence band maxima are composed of hybridized, occupied states of Ag and S. The conduction band
minima (CBM) are generally composed of a low density of Ag states and the other three elements start to
contribute to the conduction band states as one moves to energies above the CBM for both Ag,SrSiS, and
Ag>SrGeS,. Each of these compounds exhibit multivalley electronic structures, suggesting possible interest
for manipulation of the valley degree of freedom” and high-performance thermoelectric materials.”® As
noted above, a HSE06-based structure optimization (without experimental input) in an earlier work by some
of us predicted that Ag,SrGeS4 would form in the lower-symmetry orthorhombic 7222 space group.’® The
142m (this work) and 1222 structures are closely related and, therefore, key predicted band structure
parameters such as the fundamental gap and effective masses are also similar between Ref. 58 and the
present work. The /222 Ag>SrGeS4 band structure shown in Ref. 58 follows a different k-space path than
that shown for /42m in the present work, but the band structure calculated for /42m Ag,BaGeSs in Ref. 58
is overall quite similar to the result for /42m Ag,SrGeS4 shown in Figure 3(b).

The calculated absorption coefficients of Ag,SrSiS; and Ag,SrGeSs (Figures 4(a,b)) exhibit
remarkably similar features, albeit shifted by ~0.4 eV due to the difference in the materials’ band gaps. It
is important to recall that these calculated absorption coefficients cannot capture the lowest energy indirect
transitions, as phonon effects are not included; therefore, the calculated absorption coefficients cannot be
considered to absolutely correspond to experimental absorption data, for which phonon-assisted indirect
band-to-band transitions will still contribute. Nevertheless, the calculated absorption coefficients of these
tetragonal compounds demonstrate a slight anisotropy along different lattice directions. In both compounds
there is a ~0.1 eV shift of the absorption onset to higher energies along the ¢ axis as compared to the a and
b axes. While this anisotropy is on the order of the Gaussian broadening function used to obtain smooth
integration of the dielectric functions, it could have an impact on the light absorption of these materials if
integrated into a device. We speculate that the high connectivity of the [AgS4] tetrahedra along the a and b
directions (and lack of such connectivity along c¢) could cause stronger absorption, as Ag and S are the

dominant contributors to the electronic band structures at the band maxima. More generally, the calculated
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onset of the direct absorption for each of these compounds is relatively slow. At an energy of 0.5 eV above
the lowest energy direct band gap, the absorption coefficient along the a and b axes is still three orders of
magnitude below the maximum value at higher energies. The slow absorption onset is similar to the
previously calculated absorption of the isostructural compound Ag,BaSiSs.%

For the standard HSE06+SOC parameters o = 0.2 A and a = 0.25, a shift of a few tenths of an eV
between the measured absorption edge and the calculated band gap is typical for multinary chalcogenides
of the type studied here.**%%5%* As mentioned in the computational section, it is possible to change the
DFT-HSEO06 exchange mixing parameter, o, in order to match the experimentally measured lowest
(indirect) optical transition (the experimental data are described in the next section). This procedure leads
to a values of 0.324 and 0.328 for Ag,SrSiS4 and Ag>SrGeS., respectively, with corresponding electronic
structure results shown in Figure S10 and Table S12. The modified o values do not significantly change
the shape of the calculated band edges (Figure S10) and result in a slight decrease in the energy difference,
Erp, between the lowest energy indirect (I) and direct (D) transitions (Table S12). The Erp values of 0.52
eV and 0.40 eV with the optimized a for Ag,SrSiS4 and Ag,SrGeS4, respectively, are decreased from Erp
=0.56 eV and 0.46 eV with a = 0.25.
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Figure 3. Computed band structures and partial density of states (DOS) of (a) Ag>SrSiS4 and (b) Ag>SrGeS,
(HSEO06 hybrid density functional including spin-orbit coupling). Q is the unit cell volume used in the
HSEO06 calculations. K-point grids and lattice parameters for the calculations are listed in Table S8. The
Brillouin zone and k-space paths are shown in Figure S3.
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Optical properties: Diffuse reflectance spectra for the title compounds, modified by the Kubelka-Munk
function, F(R), and expressed as indirect Tauc plots (Figure 4(c,d)), lead to the extracted band gap values
listed in Table 2. The Ag>SrSiSs and Ag>SrGeS4 powders appear yellow and yellow-orange, respectively,
while the extracted band gaps are 2.08(1) eV and 1.73(2) eV, which would typically imply red or dark red
colors for both semiconductors. However, the indirect nature of the band structures combined with the low
DOS at the band maxima of Ag,SrSiSs and Ag>SrGeS, yield colors for the synthesized powders that are
lighter than those implied by the experimentally extracted (as well as calculated) band gap values. The
lighter colors of each compound do agree with the lowest energy direct transition positioned roughly 0.5

eV above the indirect transition as mentioned above. Specifically, if the measured bands gaps are shifted
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by 0.5 eV, the new band gaps place each compound into the expected color range—i.e., 2.23 eV corresponds
to orange for Ag>SrGeS4 and 2.58 eV to yellow to yellow-orange for Ag>SrSiSs.

The pronounced foot seen in the Ag,SrSiS,4 reflectance spectrum may come from small inclusions of
poorly crystalline (such that it resists identification by powder XRD) or glassy Ag-Si-S phases remaining
in the synthesized powder, such as amorphous AgsSiSe.”” It is improbable that this aspect of the absorption
spectra is intrinsic to the Ag>SrSiS4 band structure, as there is no evidence that the band gap should be
below the DFT-calculated fundamental gap of 1.75 eV (a = 0.25). To confirm the hypothesis that the
absorption foot comes from small inclusions of glassy or poorly crystalline AgsSiSe-related phases, we
examined, under an optical microscope, powder samples that had been annealed multiple times (Figure
S11(a)) and could visually observe some black or darkly colored grains on the surface of the expected
yellow AgSrSiSy pellet. We further synthesized crystalline AgsSiSe and could observe that the absorption
onset matches quite closely the position of the foot in the reflectance spectrum of Ag>SrSiS4 as shown in
Figure S11(b). Thus, we can conclude that the major absorption edge (at 2.08(1) eV) corresponds to the
target compound Ag,SrSiS4 while the foot likely results from small inclusions of poorly crystalline AgsSiSe

or a related phase.

Table 2. Band gaps and absorption edges from experimental measurement and calculation (DFT-
HSE06+SOC, o.= 0.25). The underestimation of the fundamental band gap by a few tenths of an eV, when
computed using this particular density functional parameterization, is consistent with the trend found in our
previous studies of I,-1I-IV-X4 materials, 338585974

Band gap (eV)

Compound  pop)6+SOC  HSE06+SOC -
Indirect Tauc

Indirect Direct
AgrSrSiS, 1.75 2.31 2.08(1)
AgrSrGeSy 1.38 1.84 1.73(2)

The somewhat weak start of absorption seen in the reflectance spectra of each of these isostructural
materials could be due to the low density of bands at both the valence and conduction band extrema (Figure
3), as well as due to the indirect nature of the associated transitions. While weak light absorption is not
favorable for absorber materials in single-junction PV devices, these two compounds are possible
candidates for other optoelectronic and optical applications. First, the weak absorption combined with the
high degree of band curvature (i.e., prospects of low effective masses and high mobilities) point to possible
suitability as lattice- and chemistry-matched PV buffer layers for more appropriate absorber materials
within the L-II-IV-X, family, such as Ag,PbGeS4.”® Further, promising NLO candidates within the I,-II-

IV-X4 family have been explored and it has been previously suggested that the combination of larger,
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electropositive cation (Sr or Ba) combined with the NLO active [IV-X4] units provides a pathway to
superior NLO performance.?” Here, Ag,SrSiSs and Ag>SrGeSs both share these properties and therefore
may be candidates for NLO applications.
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Figure 4. Optical properties of the title compounds Ag>SrSiSs (red) and Ag>SrGeS, (blue). (a, b) DFT-
calculated absorption coefficients using a 0.1 eV Gaussian broadening function. The calculated lowest
energy indirect (E, ;) and direct (£, p) band gaps are labelled in the figure. Note that phonon-assisted
transitions—i.e., indirect transitions—are not included in the calculated absorption coefficients in (a, b).
Indirect Tauc plots of the Ag>SrSiSs (b) and Ag,SrGeSs (c) reflectance spectra. Fitting lines of the indirect
Tauc plots to extract the band gap of Ag>SrSiSs and Ag,SrGeS,4 are shown as dotted black lines.

Alongside the promising structural aspects of the noncentrosymmetric Ag>SrSiS4 and Ag>SrGeS; for
NLO applications, their band gaps also fall between those of the commercial frequency-doubling crystals
AgGaSe; (1.72 €V) and AgGaS, (2.62 €V).” To demonstrate the principle of Ag,SrSiSs and Ag>SrGeS. as
frequency-doubling materials, we measured the SHG intensity of the synthesized powders and compared
their performance to that of AgGaS,. Each of the samples were excited at 1.8 um and a SHG signal was
measured at 0.9 pm, as shown in Figure 5. At this excitation wavelength, the SHG intensities of the
Ag>SrSiS4 and Ag>SrGeSs powders were 0.59 and 0.62 times that of AgGaS,. These ratios are roughly
equal to the typical performance of other studied members of the I,-1I-1V-X4 family with large II atoms that

take the /42m structure.’>° However, their performances do fall short of other quaternary chalcogenides, '
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192 including the chalcopyrite-derived Li-containing compounds that share the I,-II-IV-X4 stoichiometry as
those semiconductors presented here.'”! The frequency-doubling measurements demonstrate that
Ag>SrSiSs and Ag,SrGeSs exhibit near-IR NLO properties. However, further work to grow high-quality
cm-scale single crystals is necessary to examine the potential of these materials for optical devices and fully

characterize their NLO properties.
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Figure 5. Second-harmonic generation of Ag>SrSiS4 (red squares) and Ag,SrGeS4 (blue circles) compared
to AgGaS, (black triangles). Excitation radiation was centered at 1.8 um. Gaussian fitting curves of the
three spectra are included in the same color as the data.

Conclusions

Here, we report on the synthesis of bulk powder and single crystal samples of two new quaternary
chalcogenide semiconductors Ag,SrSiS4 and Ag>SrGeS, that fall within the important I,-II-1V-X4 materials
family. Ag>SrSiS4 and Ag,SrGeS, are the first two experimentally studied L-II-IV-X4 compounds
containing both Ag and Sr, furthering the understanding of the phase stability of this materials family and
the applicability of the previously developed structural tolerance factor approach.’® These two compounds
are isostructural and demonstrate similar synthetic properties, namely the existence of a competing
quaternary phase that can be removed under a SrS-reduced synthesis condition. For a stoichiometric solid-
state reaction, two secondary phases form—i.e., Ag>Sr2Si3Ss and AgxSr.GesSg—in addition to the title
compounds. These two secondary phases are isostructural and form in a cubic structure with partially
occupied Ag sites. We characterized the electronic structure and optical properties of the title compounds,
showing that each of the new semiconductors have highly dispersive band edges with indirect experimental
band gaps of 2.08(1) and 1.73(2) eV for Ag>SrSiSs and Ag>SrGeS., respectively. Further, Ag>SrSiSs and
Ag>SrGeS, are shown to exhibit frequency doubling in the near IR region. The combination of these

optoelectronic properties shows that Ag>SrSiSs and Ag>SrGeS, are prospective NLO materials.
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Two new quaternary sulfide semiconductors—Ag,SrSiS4 and Ag,SrGeSs—are synthesized and structurally
characterized. The calculated band structures and measured absorption and nonlinear optical spectra show

that Ag,SrSiSs and Ag,SrGeS, are prospective frequency-doubling compounds in the near-infrared region.
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