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Abstract

The grand challenge of synthesizing materi-
als by predictive design remains outstanding
because controlling all necessary thermody-
namic and kinetic factors quickly becomes in-
tractable, even for well-known systems. Nev-
ertheless, predictions that are strengthened
by large amounts of quality data should have
well-debned rates of success. Here we show
that density functional theory calculations
highlight four chemical landscapes in alkalib
zincbchalcogenide ternary systems that ap-
pear to be densely-populated by new phases.
For such 3d'° systems, the total energy cal-
culations are so accurate that a majority of
the newly predicted ground state phases are
synthesized experimentally. Nine new ternary
phases are presented, compared to the two
that were previously known. The compounds
Na,Zn,S;, NagZnSe;, Na,ZnSe, Na,Zn,Se;,
KeZnS,, KoZnS,, K,Zns3S,, K,ZnSe, and
K>Zn;Se, are all semiconductors with Znb
S connectivity ranging from zero- to two-
dimensional. Their anisotropic structures lead
to potential applications in birefringence and
UV absorption. Even for relatively common
combinations of elements, the potential for
computationally-informed materials discovery
remains high.

Introduction

The governing rule for practical synthesizabil-
ity is a minimization of Gibbs free energy G,
which is comprised of enthalpy H and en-
tropy S contributions that include the chem-
ical potential of the surrounding medium, in-
terfaces, impurities, lattice dynamics at Pnite
temperature, etc, and a suitable experimen-
tal method to reach that equilibrium state. A
computationally-guided search for new mate-
rials is necessarily an exercise in choosing suit-
able approximations en route to an approxi-
mation of G. Total energy (E) calculations
via density functional theory (DFT) are com-
monly used to compare stability of various
compounds atT = 0 K, with the assumption
that a suitable method exists to synthesize ma-
terials that are plausibly stable, as judged by
their enthalpy. This imprecise E is an in-
complete predictor of G but has tremendous
advantages: the calculation is self-consistent,
it can be systematically applied across wide
composition ranges, and a large body of work
exists to understand how E can be expected to
reproduce experimentally-measured AH .16
The end result is that the distribution (in
energy and composition space) of hypothet-
ical materials with favorable E of formation
can provide valuable insight into previously-



uncharted phase space, more so than a single
E value for a particular compound.

Early surveys of E versus phase stability
examined elements and binary metallic al-
loys, with the lessons learned that competi-
tion with gas-phase elements (G for oxides)
and d-electron correlations in transition met-
als present challenges for single-particle the-
ory. 8 With appropriate corrections, mean ab-
solute errors can be expected to be in the
range of 40 to 175 meV/atom. ®1° For compari-
son, ZnS has an enthalpy of formationAH / =
1.1 eV/atom. ! For solid compounds that are
formed from other solids (e.g. ternary oxides
from binary oxides), many errors cancel and
20 to 80 meV/atom errors can be considered
the norm.1?13 These uncertainties from DFT
are now small compared to the discrepancies
between experimental results with themselves
(82 meV/atom), ** which in fact places the
onus on experimentalists to improve calori-
metric methods.

When examining uncharted phase space,
predicting enthalpies accurately is only part
of the challenge of evaluating synthesizability.
The remaining challenge is that many com-
pounds can lie near the minimum free en-
ergy surface, or convex hull, such that they
are closer to each other than the uncertainty
in E. This uncertainty may or may not be a
problemNeven though the probability of syn-
thesizing a particular compound is lowered
when competing neighbors are nearby, a pa-
rameter space containing untested predictions
becomes more tantalizing as more and more
low-lying E are uncovered.

Here we present an investigation into com-
pounds that we believe should provide strong
correspondence between DFT-predicted stabil-
ity, by virtue of their blled shells, dense crystal
structures, and similar densities (minimal dif-
ferences in phonon contributions). Such com-
pounds are exemplibed by alkali-transition
metal chalcogenides, where the transition
metals have nd® or nd!® conbgurations. Due
to their moderate band gaps and lack of mag-
netic interactions, ternary zinc chalcogenides
are prevalent in optoelectronic applications,
such as the Eu(ll) activated SkZnS; phos-

phor, which possesses strong yellow emis-
sion and can be excited by near-UV and blue
light. > Similarly, Mn-activated Ba,ZnS; is a
viable red phosphor'® Ba,ZnSe; has been
evaluated for visible-light-responsive photo-
catalytic materials'’ and was found to pos-
sess extremely large birefringence and optical
anisotropy.'® CZn;Se, and CsZn;Te, have
been predicted as potential p-type transparent
conducting materials.'® BaTiS; was recently
shown to have giant optical anisotropy for use
in linear and nonlinear optics. %°

Examining the 40 phase diagrams of type
Na/KbM bS/Se, where M is a 3d transi-
tion metal, the Inorganic Crystal Structure
Database (ICSD) shows that many contain
similar structure types, but eight are devoid of
ternary phases: KBScbSe, NabScbSe, NabNib
Se, NabNibS, KbznbSe, KbzZnbS, and NabzZnb
Se. The Zn-containing phase spaces are con-
spicuously empty. The NabZnbS phase space,
on the other hand, has two existing ternary
phases NaznS, and NasZnS,.?! Here, we ex-
amine the four phase spaces KbBZnbSe, NabzZnb
Se, KBZnbS, and NabzZnbS and discover 9 new
ternary phases.

Results and Discussion

We begin with candidate structures in the Ab
ZnBQ systems whereA = NaorKand Q=S

or Se, and use a straightforward chemical sub-
stitution algorithm to generate candidate ma-

terials that exhibit known structure types. 22

The T = 0 K enthalpy is approximated us-
ing DFT-PBE total energiesE and the calcu-
lated values are shown in the pseudobinary
plots (A,Q to ZnQ) in Figure 1. The full set

of calculated E values is given in Tables S1
and S2. Two things should be noted from
these convex hull diagrams. First, the over-
all energy scales of these hulls are very RRati.e.

there are many compounds at multiple compo-
sitions that are plausibly stable given a conser-
vative Oerror barO 0f-80 meV/atom. Second,
the plots contain multiple polymorphs, and

particularly for the Na-containing compounds

there are many phases within 10 meV/atom of
the convex hull.
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Figure 1. DFT-PBE total energiesE com-

puted here relative to the end members
of the pseudobinary phasesA,Q and ZnQ.

Computationally-derived energy minimum is

dashed, while experimentally-observed phases
are squared (previously-known) and circled

(presented here).

Experimentally, reactions in these four sys-
tems produced a total of 9 new phases,
which are marked on Figure 1 as red circles.
Previously-known phases (notably the two
ternary compounds NaZnS, and Na,ZnS;) 2
are marked as red squares. X-ray diffraction
data are shown for seven of these phases in
Figure 2. The new phases NaZn,S;, K,ZnS;,
and K,Zn3Se, contain minor impurity phases
that may manifest as partial steps in their ab-
sorption spectra. Structural details from Ri-
etveld rebnements using the diffraction data
are given in Supporting Information. 22 Aside
from the seven compounds in Figure 2, the ad-
ditional two new compounds Na,Zn,Se; and
KeZnS, were identibed in diffraction data as
minor phases, with bts to XRD data shown
in Figure S1.22 No experimental phases were
found that were signibcantly above the convex
hull, but some compounds (notably KsZnSe,
and the P2,/c polymorph of Na,ZnSe) were
not observed in experiment despite exhibit-
ing minimum DFT-PBE total energies for their
respective compositions.  The largest dis-
crepancy in the predicted values (unobserved
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Figure 2: Rietveld bts to X-ray powder
diffraction patterns of Na,Zn,S;, NasZnSe,
Na,ZnSe, K,ZnS,, K,Zn3S,;, K,ZnSe, and
K>Zn3Se,. Additional diffraction data for new
minor phases are shown in Figure S1. The
data, Rietveld bt, and difference are shown in
black, red, and blue, respectively. Minor im-
purity peaks are denoted with asterisks.
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Figure 3:  Structures of the new ternary
zinc chalcogenide compounds ABZnf) with
stoichiometry AgZnQ4, A2ZnQ,, A,Zn,Qs,
A,Zn3Q4. The alkali metal, zinc, and chalco-
gen are shown in white, blue, and yellow, re-
spectively. Respective space groups and struc-
ture types are P6smc KgHgS,, 1bam K;ZnO,,
C2/c Na;Mn,S;, and P2/c K;Mn3S,.

phases predicted to be below the hull, or pre-
dicted phases above the hull) is the experi-
mental observation of Ibam-type Na,ZnS, at
7 meV/atom above the calculated minimum-
energy polymorph, which is P2;/c-type. This
value of 7 meV/atom is extremely smalland
highlights the accuracy that can be expected
in some phase spaces, where solid-solid com-
petition is dominant and electron correlation
effects are small. For such a system where the
intrinsic enthalpy differences between phases
are small, it is worth considering whether in-
cluding entropy improves predictability. Use
of a broadly-bt G predictor (SISSO-derived, to
account for entropic effects)?* did not improve
the level of the bt, since the mean absolute dif-
ference of such a method (~50 meV/atom) is
much greater than the spread of points in Fig-
ure 1.

The structures of the new compounds are
shown schematically in Figure 3 and can be
classibed into four structure-types: P6smc
KsHgSs, Ibam K,ZnO,, C2/c Na,Mn,S;, and
P2/c K;Mn3S,. The fundamental building
blocks of these compounds are ZQ, tetra-
hedra, separated by charge-donating ionic

A*. AeZnQ, is a pseudo-0D structure, in
the sense that ZrQ, tetrahedra are isolated
from each other, in the P6smc space group.
A,ZnQ; is pseudo-1D, with edge-sharing ZrQ,
chains running along the c direction in the or-
thorhombic Ibam cell. A,Zn,Q; is a pseudo-
2D monoclinic C2/c structure: buckled layers
of edge- and corner-sharing ZrQ, units per-
sist in two dimensions, but they are ionically
bound in the plane normalbthere are no van
der Waals gaps in these phases. The most
Zn-rich type, A,Zn3Qy, is also pseudo-2D and
monoclinic (P2/c), with Rat layers of Zn ar-
ranged in a nearly square lattice, arranged in
edge-sharing ZrQ, units that have an ordered
arrangement of one in four vacancies @f sites
at 1/2,1/ 4,1/ 4).

All of the discovered compounds can be ex-
pected to retain the semiconducting nature
of the parents ZnS and ZnSe. The Kubelka-
Munk absorbance and respective Tauc plots
are shown in Figure 4. The UV-visible dif-
fuse relRectance spectraF (R) of the phase-
pure materials show only a single absorption
edge and correspondingly a single linear re-
gion in the Tauc plot to allow calculation of the
direct optical band gap. The band gaps listed
in Table 1 were extracted from Tauc plots and
are between 2.9 and 3.9 eV for direct allowed
transitions. Na,ZnSe, and K,ZnS, show small
maxima in F (R) and two slopes in their Tauc
plots, warranting further careful examination
in fully phase-pure materials.

The electronic band structures of the ternary
compounds show an inf3uence of the Zn frac-
tion on the band dispersion: near the valence
band maximum (VBM), the band widths be-
come narrower as Zn fraction decreases. In
addition, the ternary alkali sulbdes have gaps
of 3.6 to 3.9 eV, compared to ZnS with a gap
of 3.5 eV.?® The selenides have gaps of 2.9 to
3.4 eV, which are all slightly larger than that of
ZnSe (2.6 eV).?° Band structures from 0-D, 1-
D, and 2-D KbZnbS ternaries are shown in Fig-
ure 5 for KeZnS, (a), K2ZnS; (c), and K,Zn3S,
(b), respectively. A separate effect of band gap
narrowing can be seen moving from a sulbde
(K2ZnS; in Figure 5(c)) to a selenide (K,ZnSe,
in Figure 5(d)). Full band structures and den-



Table 1: New phases discovered in theADZnH) systems. NaZn,Se; and KsZnS, were only
isolated as minor phases. ZnS and ZnSe are shown for comparison oE, and AH/, . Hole
effective massm;, is reported from parabolic bts with k-points along the b; direction up to 0.025

fraction of the full bz vector.

Formula  Space Group Connectivity HSEOGE, (eV) Expt. E, (eV) mj, AHgalc (eV/atom)
NayxZn,S3 C2/c 2-D 3.26 3.6 0.261 —-1.224
NagZnSey P63mc 0-D 2.58 3.0 0.210 —1.019
Na,ZnSe Ibam 1-D 2.76 2.9 0.244 —0.935
NaxZn,Ses C2/c 2-D 2.47 - 0.173 —-0.872

KeZNSy P63mc 0-D 2.93 - 0.497 —-1.314

KoZnS, Ibam 1-D 3.68 3.9 0.452 —-1.331

KoZn3Sy, P2/c 2-D 3.66 3.7 0.400 —1.249

KoZnSe Ibam 1-D 3.08 34 0.338 —1.043
KoZn3Sey P2/c 2-D 2.93 3.0 0.406 —0.896

Zns F43m 3-D 3.22 3.5%° 0.164 —1.138
ZnSe F43m 3-D 2.23 2.62° 0.094 —0.707

sities of states for all compounds are given in
the Supporting Information. 23

Within each elemental phase space, the band
gaps of the A-Zn-Q phases do not show clear
trends in the A/Zn ratio, due to the large
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@Kzns,  [NEKzs, (eINaZn.3, changes in structural symmetry and topology.
We found that for all materials, hole effective
masses are only small along thebs direction
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in AgZnQ,4 structures) in the Brillouin zone
and we show the btted hole effective mass in
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1 . C 1 and ' — L) in Table 1. The projected wave

3" 0 0 K function character at the I” point at the VBM

3 is mainly S/Se p, for all compounds, and the

X .

g s . / J fraction of these states decreases as Zn con-

2

2wt ey P ey hv ey’ tent increases and mored,, and d,, charac-

Figure 4: Kubelka-Munk absorbance F (R) tgr can be seen, leading to smaller holg effec
tive masses. Here we only report the lightest
and Tauc plots of new ternary sulbdes (a-f) : L .
: hole effective masses for qualitative compari-

and selenides (g-n). All gaps are conbrmed to

be direct by DFT, see details in the Supporting son. Ful qnaly5|s OT mobility requires consid-
Information. 23 ering multiple effective masses in the ternary

compounds presented here, since the three-
fold degenerate VBM of ZnS and ZnSe are split
due to the lower symmetry of the ternaries.
Strong optical anisotropy can be expected in
the A,ZnQ; structures due to their pseudo-1D
nature. To this end, we calculated the opti-
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Figure 5: Band structures of four experimen-
tally discovered compounds (a-d), calculated
with PBE exchange-correlation and compared
to the hybrid functional approach (HSEO6,
black dots). A scissor operator was applied to
match the band gaps. Different phase topolo-
gies are compared in (a) 0-D KZnS,, (b) 2-D
K>Zn3S,, and (c) 1-D K,ZnS,. Narrowing of
the gap can be seen from KZnS, (c) and (d)
K>,ZnSe,. The band structures of known bina-
ries (e) ZnS and (f) ZnSe are shown for refer-
ence.

cal spectra of this family of materials, taking
into account excitonic and optical local beld
effects using the Bethe-Salpeter approactt®?’
A detailed comparison is shown in Figure 6
for Na,ZnSe, K,ZnSe,, and K,ZnS,. These
structures are reminiscent of BaTiSs, which
contains chains of face-sharing Tig octahe-
dra and exhibits strong birefringence.?’ The
calculated absorption spectra for both KZnS,
and K,ZnSe, peak most strongly for light po-
larization along the chain direction (!5||c) in
the UV region from 5 to 6 eV, to more than
double the value for ! ;||band ! ,||a. These pro-
nounced peaks between 5 and 6 eV (KZnS;)
and around 5 eV (K,ZnSe,)) can be attributed

1 2 T I T I T I T I T
(a) Na,ZnSe,
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Energy (eV)

Figure 6: Calculated anisotropic optical ab-
sorption spectra for pseudo-1D compounds
(a) NaZnSe, (b) K,ZnS;, and (c) K,ZnSe.

Stronger anisotropy around 5B 6 eV is evident
in K-containing compounds. In all materials, ¢

is the direction along the pseudo-1D chain.

to transitions from mainly S/Se p in the va-
lence bands into a mixture of conduction band
states, mainly Kd, Zn s, and S/Se p. Details
of the contributions of different states to the

optical spectra, computed within DFT, can be
found in Figure S8. In K,ZnS, and K;ZnSe,
the peaks in !, appear about 0.5 eV lower
along the chain direction than the other two

directions. In Na,ZnSe, such a feature is not
as obvious, but large anisotropy can still be
seen in the 4D 6 eV region.

While all three materials in Figure 6 show
excitonic effects, KZnS, shows a particularly
striking excitonic peak at the absorption on-
set. This peak can be explained by the rela-
tively small high-frequency dielectric constant
of K,ZnS,, " =3.89, compared to 4.34 for
K>ZnSe, and 4.96 for Na,ZnSe,, indicating the
strongest electron-hole interaction in K,ZnS,.
For qualitative comparisons, optical spectra
calculated without excitonic effects and op-
tical local-bPeld effects for all materials ob-
served experimentally can be found in Fig-
ures S5 S7?® For all materials, the shapes
of the absorption onsets are similar around
~1 eV above the respective band gaps, and



smoother than the ZnS spectrum, which shows
a step-like feature at 5.5 eV. The differences
in the ternary spectra suggest tunable opti-
cal properties in both the visible region (due
to changes in band gaps) and the UV region
(due to changes in the optical spectra). These
comparisons are qualitative, and detailed BSE
analysis for all structures would provide more
insight on the effects of electron-hole inter-
actions. The real parts of the dielectric
functions are obtained through the Kramers-
Kronig relation and can be found in Figures S9
and S10 (without electron-hole interaction),
and Figure S11 (with inclusion of the electron-
hole interaction) for the three materials. 3

Conclusions

We have discovered 9 new ternary zinc chalco-
genide phases with wide band gaps in four

hole interaction and optical local-peld effects
on the optical properties of these materials,
as evidenced by our accurate optical spectra
of the pseudo-1D structures. Large optical
anisotropy in this group of materials highlights

their potential for dichroic and birefringent

applications.

Supporting Information

The Supporting Information is available free
of charge via the internet at http://pubs.acs.org.
Tabulated DFT-PBE total energies for ob-
served and predicted compounds. XRD data
for minor phases Na&Zn,Se; and KsZnS,.
Structural details for all new phases rebned.
DFT-PBE relaxation results. DFT-PBE band
structures with a scissor shift to the HSEO6
band gaps. Calculated optical spectra. Calcu-
lated states-projected and anisotropic dielec-

ternary systems NabZnbSe, NabZnbSe, Kbzngtric functions.

Se, and KbzZnbS. Given the comparative lack

of comprehensive investigations into ternary
phase spaces, there is a tremendous upside
to fast inexpensive enthalpy calculations as a
prst pass to identify energy landscapes that
are densely populated with plausible phases.
Bond energy calculations from DFT reproduce
the experimental convex hull in this system
extremely well, with a maximum displace-
ment off the hull of only 7 meV/atom among
the experimentally observed ABZnf) phases.
The errors of such calculations have been well
characterized by previous studies, and the as-
sumption that the errors are normally dis-
tributed among the candidates implies that
the probability of experimental synthesis will
increase with every additional phase that is
predicted to be below the enthalpic convex
hull.  Widespread publication of computed
energy landscapes can enable more efpcient
materials discovery, while systematic synthe-
sis efforts need to be documented, to ensure
that efforts to explore phase space are not re-
peated ad inPnitum. The new phases pre-
sented here feature electronic structures best
described as anisotropic analogs of the par-
ent binaries ZnS and ZnSe. Our BSE calcu-
lations show a strong inBuence of electron-
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Methods

Experimental: Synthesis was performed us-
ing traditional solid-state methods and gas
Bow reactions. Handling of reagents was per-
formed in a glove box under Ar with O, < 0.6
and H,O < 0.6 ppm. Reactions were con-
ducted by loading S (99.5%, sublimed) and



Se (99.999%) in 15 mm diameter fused silica
tubes in their nominal compositions. Metal-
lic Na/K spheres (99.5%, 99.8%) and Zn pow-
der (99.9%) were loaded in a shorter and
narrower-diameter fused silica tube resting in-
side the larger tube. Direct contact between
the alkali metals and the chalcogen could re-
sult in violent reactions and is avoided by us-
ing this tube-in-tube technique, although cau-
tion must still be taken. The alkali met-
als themselves should be protected from air
or moisture exposure, which could result in
immediate Bammability or explosion. The
outer tubes were pumped down under vac-
uum, then the alkali-containing bottoms of
the tubes were submerged in liquid nitrogen
and the top of the tubes were sealed using
a propane-oxygen torch. Tubes were heated
in box furnaces at 850°C with a slow ramp
rate of 1*C/min and 36 h hold time, followed
by furnace cooling. Synthesis of the sul-
Pdes was carried out using high temperature
gas Row reactions as performed by Bronger®
Na,CO:/K ,CO;5 (99.5%, 99%) and Zn powder
were mixed using a mortar and pestle in a sto-
ichiometric ratio and reacted under an incom-
ing 5% H,/Ar stream charged with S vapor at
800%C. The high vapor pressure of HS in the
gas RRow furnace facilitated the growth of sul-
Pdes.

Powder X-ray diffraction measurements
were conducted in transmission with a Bruker
D8 diffractometer with Mo-K # radiation. Ri-
etveld analysis was carried out using TOPAS
5.2° Diffuse reRectance UV-Vis-near-IR spec-
troscopy measurements were carried out using
a Varian Cary 5G spectrometer. Air sensitive
samples were laid on top of BaSQ powder
which was sandwiched between two optically
transparent quartz slides to prevent expo-
sure to air. BaSQ was used as the standard.
The band gap has been determined using the
Kubelka-Munk relationship, 3°3! given by

F(R)=(1—-R)%2R. (1)

The optical band gap can be determined using
the relationship proposed by Tauc, Davis, and

Mott: 32
(F(R)-h$)Y" = A(h$ — E,) 2)

where n is 1/2 for direct allowed transitions,
3/2 for direct forbidden transition, 2 for indi-
rect allowed transition, and 3 for indirect for-
bidden transition.

Computational: First-principles calcula-
tions were performed using density func-
tional theory 3334 (DFT) with the generalized-
gradient approximation (GGA) by Perdew,
Burke, and Ernzerhof (PBE) for exchange and
correlation (XC).* The unit cells from exper-
iments were converted to standard primitive
cells by the AFLOW package®® Cell shape and
atomic positions were relaxed within DFT-
PBE until all Hellmann-Feynman forces were
smaller than 5 meV/A and the relaxed lat-
tice parameters can be found in Table S10.
For all experimentally observed structures,
the electronic band structures were com-
puted using DFT-PBE and using the hybrid XC
functional by Heyd, Scuseria, and Ernzerhof
(HSEO06).%"*® DFT-PBE results, scissor-shifted
to the HSEO06 band gap, were compared with
the HSEOG results, to ensure good agreement
and to justify the use of the DFT-PBE+scissor
approach to compute the starting electronic
structure for optical calculations. Details of
the scissor operator used for different com-
pounds can be found in the Supporting Infor-
mation.?®* Optical properties of the A,ZnQ,
structures observed in experiments were cal-
culated, taking the screened electron-hole
Coulomb interaction and local-peld effects
into account by solving the Bethe-Salpeter
equation (BSE) for optical polarization func-
tion. 2627

The wave functions were expanded into
plane waves up to a cutoff energy of 550
eV. The following k-point samplings were
adopted: IN'-centeredk-points grids of 6 x 6 x 6
were used for A,ZnQ, structures. N-centered
k-points grids of 6 x 6 x 3 were used for
A,Zn3Q, structures. I'-centered k-points grids
of 4 x 4 x 6 were used for A,Zn,Qs; and
AsZNnQ, structures. For HSEOQG6-type calcula-
tions, due to the large computational cost, the



k-point samplings are reduced to4 x 4 x 4
for A,ZnQ, structures, 4 x 4 x 2 for A,ZNn3Qy,
and 3 x 3 x 5 for A,Zn,Q3 and AgZnQ, struc-
tures. For the convex hull calculations, the re-
laxations were performed with the same en-
ergy cutoff, but with k-point samplings ob-
tained through the Structure Predictor in Ma-
terials Project.?>3° Details of the convex hull
calculations are given in Table S1. All calcu-
lations were performed using the Vienna Ab-
Initio Simulation Package (VASP)***! and the
projector-augmented wave (PAW) scheme?®?
For optical calculations, the BSE implementa-
tion is discussed in Ref. 27 and Ref. 43. For
converged independent-particle optical spec-
tra, a k-point sampling of 18 x 18 x 18 is used
for A,ZnQ, structures, 18 x 18 x 9 for A,Zn3Q4
structures, and 12 x 12 x 18 for A,Zn,Q3; and
AsZnQ, structures. For BSE calculations of op-
tical properties for the A,ZnQ, structures, a
8 x 8 x 8 k-point grid is used, together with
a small random shift, to lift degeneracies.?’
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1 Convex hull

In the presentation of calculated convex hulls, we evaluate stability of A-Zn—(Q) ternaries
from the DFT-PBE total energies relative to the binaries. The energy AFE is generated by
normalizing the two binaries X = A;Q) and Y = Zn@Q to zero energy, with:

XaYi—a XaYi—a
B =By Tt — OéEé)gt - (1 - Oé)Et}:)t (1)

In the equation, e~ EX. and EY, are the total energies of the ternaries, the total
energies of the binary end components X, and the total energies of the binary end components
Y, respectively. In our DFT simulations, a total number of 46 compounds are examined, and
these are picked according to the probabilities given by the Structure Predictor tool from
the Materials Project.[I] [2] In order to obtain the formation energy, i.e. the last column in
Table 1 in the main text, we calculated the total energy for the elements: Ex = —1.0530
eV/atom, Ey, = —1.3113 eV /atom, Ez, = —1.1105 eV /atom, Eg = —3.4644 eV /atom and
Eg. = —3.5058 eV /atom. For sulfides, a correction of —0.6635 ¢V /atom to the total energy
of the compounds is applied when calculating the formation energy AH/, as suggested by
the Materials Project[2]. We verified that the calculated formation energies shown in Table 1
in the main text agrees within 0.005 eV /atom, whichever data is available from the Materials
Project[2].



Table S1: DFT-PBE total energies F for Na-containing compounds. The stoichiometry
follows the notation of A-Zn-Q). For equivalent compositions where different structures are
studied, the different structures are distinguished with numbering in square brackets. The
k-point samplings used are listed in parentheses. V. and Ej. are the optimized volume
and total energy of the unit cell, and N is the number of atoms per unit cell.

Stoichiometry Space Group Veen (A%)  Eit (€V) N AFE (eV/atom) Observed?
Na-Zn-S

2-0-1 (8 x 8 x 8) Fm3m 70.93 —9.976 3 0.000 +
6-1-4 (2 x 2 x 3) Cmc2q 484.86 —74.042 22 -0.015

2-1-2[1] (4 x2x4) Ibam 216.13 —33.805 10 —0.005

2-1-2[2] 3x4x4) P2/c 436.68 —67.752 20 —0.012

2-1-2[3] (1 x3x3) Pbca 908.95 —134.349 40 0.017

4-3-5 (1 x5x1) Pnma 979.36 —162.822 48 —0.007

22.3[1] (2x2x4)  C2/c 580.35  —95.226 28 —0.009 +
2-2-3[2] (4 x4x4) P2/c 308.60 —47.067 14 0.030

22.3(3] (4x4x2) Pd32,2 613.72  —94.167 28 0.029

2-3-4 (3 x4x2) P2/c 397.73 —60.092 18 0.062

0-1-1 8x8x8)  Fi3m 40.43 —6.851 2 0.000 +
Na-Zn-Se

2-0-1 (8x8 x 8) Fm3m 80.47 —9.342 3 0.000 +
6-1-4 (2 x 2 x 3) Cmc2, 552.66 —68.429 22 —0.021 +
4-1-3 (3 x4 x 4) P1 452.17 —48.957 16 0.021

1049 3x3x2) Pl 1306.30 —140.383 46 0.018

2-1-2[1] (4 x2x4) Ibam 245.53 -30.839 10 —0.019 +
21-202] (3x4x4) P2 /e 49737 —61.758 20 —0.023

4-3-5 (1 x 5 x 1) Pnma 1127.39 —147.529 48 —0.019

2-2-3[1] (4 x4x4) P2/c 357.22 —42.331 14 0.025

2232] (4x4x2) Pd32,2 673.59 84737 28  0.022

2-2-3[3] (2x2x3) C2/c 677.92 —85.865 28 —0.018

234[1] (4x4x4) Ibam 438.88  —53.824 18 0.050

234[2] 3x4x2) P2fc 43834 —53.853 18 0.048

0-1-1 (8x8 x 8) F43m 47.28 —6.031 2 0.000 +



Table S2: DFT-PBE total energies E for K-containing compounds. The stoichiometry fol-
lows the notation of A-Zn-(). For equivalent compositions where different structures are
studied, the different structures are distinguished with numbering in square brackets. The
k-point samplings used are listed in parentheses. V. and Ei. are the optimized volume
and total energy of the unit cell, and N is the number of atoms per unit cell.

Stoichiometry Space Group  Veen (A%)  Ei (€V) N AFE (eV/atom) Observed?
K-Zn-S

2-0-1 (8x8 x 8) Fm3m 104.29 —9.421 3 0.000 +
6-1-4[1] (2x2x 3)  P6yme 653.33  —71.472 22 —0.037 +
6-1-4[2] (3% 3x5) Pdo/nme 68492  —68.971 22 0.077

4-1-3 (2 x 2% 3) P1 978.28 —104.086 32 —0.017

6-2-5 (3 x 3 x 2) P45 /nme 863.56 —84.846 26 —0.009

2-1-2[1] (4 x2x4) ITbam 270.73 —33.597 10 -0.077 +
21:2[2] (2x4x1) P2 /e 123491 —133.009 40 —0.042

212[3] (2% 3x3) Pbem 621.62  —65.149 20 0.026

4351] 1x5x1) Pnma 1264.39  —158.611 48 0.007

223[1] (4x3x3) P2/c 350904  —46.726 14 —0.007

223[2] (2x2x4) C2/c 684.92  —94.137 28 —0.031

234[1] (1x2x3) Pnma 85441  —122.036 36 —0.036

2:3-4[2] (3x4x2) P2/c 42731 —61.071 18 —0.039 +
2343 (3x4x4) PI 45834 50515 18  0.048

2.3-4[4] (8 x4 x2) Fddd 47148 —55.450 18 0.274

2.6-7[1] (2% 2x7) Plonm 668.30  —100.837 30 0.024

0-1-1 (8x8 x 8) F43m 40.43 —6.851 2 0.000 +
K-Zn-Se

2-0-1 (8x8 x 8) Fm3m 116.59 —8.918 3 0.000 +
6-1-4 (2 x 2 x 3) P6smc 735.18 —66.720 22 —0.049

4-1-3 (2 x2x3) P1 1053.25 —96.469 32 —0.028

21-2[1] (2x4x1) P2 /c 1256.16  —121.114 40 —0.034

21-2[2] (6 x 3% 6) Ibam 305.60  —30.891 10 —0.095 +
4-3-5[1] (1 x5 x 1) Pnma 1347.49 —144.328 48 —0.009

223[1] (2x2x3) C2/c 781.98  —85.403 28 —0.049

223[2] (4x3x3) P2/c 404.09  —42.257 14 —0.017

2.34[1] (3x4x2) P2/e 48507  —55.054 18 —0.054 +
2-3-42] (1 x2x3) Pnma 974.39 —109.911 36 —0.048

234[3] (3x3x4) PI 518.60  —54.331 18 —0.014

2-6-7T (2x2x7) P2 774.43 —89.783 30 0.017

0-1-1 (8x8 x 8) F43m 47.28 —6.031 2 0.000 +



2 Experimental results
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Figure S1: X-ray diffraction data and refinements for the minor impurity phases NasZnsSes
(left, C2/c, a = 15.31 A, b= 13.67 A, ¢ = 6.987A, 8 = 116.5°) and K¢ZnS, (right, P6smc,
a=98A, c=762 A). They belong to the same structure types (NasMnyS3 and KgHgS,,
respectively) as the other phases reported here, but atomic positions are not reliably refined.



Atom Site  x y Z Occ. By,
Nal  8f 0.040(3) 0.962(3) 0.130(6) 1 2
Na2 4e 0.0 0.688(4)  0.25 1 2
Na3  4e 0.0 0.425(4) 0.25 1 3.5(8)
Znl  8f  0.2119(11) 0.5882(13) 0.300(2) 1 2

/n2  8f 0.1835(10) 0.2702(10)  0.277(3) 1 2

S1 8f 0.1370(18)  0.409(3) 0.105(4) 1 2

S2 8f 0.1440(19)  0.7065(18)  0.090(4) 1 2

S3 8f 0.1454(18)  0.0247(19)  0.0252(5) 1 2

Table S3: Atomic positions and displacement parameters of NayZn,S3 at 300 K. Monoclinic,

C2/c, Z =8, a=14.708(3) A, b = 13.106(3) A, ¢ = 6.6656(11) A, 3 =116.161(13)°.

Atom Site  x y z Occ. By,
Nal  6¢ 0.1487(6) -0.1487(6) 0.5466(11) 1 2
Na2  6¢ 0.5329(5) -0.5329(5) 0.373(2) 1 2
Znl  2b 0.3333 0.6667 0.2500 1 2
Sel 2b 0.3333 0.6667 0.6026(17) 1 2
Se2  6¢c  0.18661(16) -0.18661(16)  0.1451(15) 1 2

Table S4: Atomic positions and displacement parameters of NagZnSe, at 300 K. Hexagonal,
P6sme, Z =2, a = 9.3106(11) A, ¢ = 7.1537(9) A.

Atom Site  x y z Occ. By
Nal 8y 0.3496(12) 0.1438(8) 0.0 1 2
Znl 4a 0.0 0.0 0.25 1 2
Sel 87 0.2151(4) 0.8848(2) 0.0 1 2

Table S5: Atomic positions and displacement parameters of NayZnSe, at 300 K. Orthorhom-
bic, Ibam, Z = 4, a = 6.6282(9) A, b = 11.6830(17) A, ¢ = 6.1588(9) A.

Atom Site  x y z Occ. B
K1 87 0.3353(4)  0.1458(2) 0.0 1 2
Znl 4a 0.0 0.0 0.25 1 2
S1 87 0.1859(6)  0.8989(3) 0.0 1 2

Table S6: Atomic positions and displacement parameters of KyZnS, at 300 K. Orthorhombic,
Tbam, Z =4, a = 6.7385(5) A, b = 12.5784(8) A, ¢ = 6.1699(4) A.



Atom Site  x y z Occ. eq
K1 2a 0 0 0
K2 23 0 0.515(4 0.25

(4)

Znl  2f 0.5 0.723(4)  0.2500
7n2  4g  0.493(5)  0.241(4)  0.0149(8)
S1 49 0.294(13)  0.496(4)  0.077(4)
S2  4g  0.300(13)  0.020(3)  0.321(4)

— e R e
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Table S7: Atomic positions and displacement parameters of KyZn3S, at 300 K. Monoclinic,
P2/c, Z =2,a = T7.156(2) A, b = 5.7218(9) A, ¢ = 10.8566(17) A, B =112.24(3)°.

Atom Site  x y z Occ. By,
K1 87 0.3315(6)  0.1455(3) 0.0 1 2
Znl 4a 0.0 0.0 0.25 1 2
Sel 87 0.1922(3)  0.8950(1) 0.0 1 2

Table S8: Atomic positions and displacement parameters of KoZnSes. Orthorhombic, Tbam,
7 =4,a=06.9283(4) A, b =13.1135(8) A, ¢ = 6.4346(4) A.

Atom Site  x y z Occ. By,

K1 2d 0.5 0.0 0.5 1 2

K2 2f 0.5 0.5135(67) 0.25 1 2.0(12)
Znl 2 0.0 0.2358(67)  0.2500 1 2.0(6)
n2  4g 0.01005 0.2750(31) 0.9886(11) 1 2.0(4)
Sel  4g 0.7881(30)  0.5083(25) 0.5717(17) 1 1.835(33)
Se2  4g 0.7934(28) 0.9879(18) 0.8259(15) 1 2

Table S9: Atomic positions and displacement parameters of KsZnzSes at 300 K. Monoclinic,
P2/c, Z =2, a = 7.4507(15) A, b = 5.9184(8) A, ¢ = 11.3542(15) A,  =112.537(16)°.



3 Relaxation

Structural relaxation was performed with DFT using the PBE exchange-correlation func-
tional. The inputs were the experimentally-determined structures, converted to standard
primitive cells [3] using the AFLOW package. [4] The primitive cell of the different compo-
sitions used in simulation is shown in Fig. We verified that no change in the structure
itself is induced by the conversion.

The structural relaxation results are shown in Table[S10] All lattice parameters are shown
after converting to standard primitive cells, except for the A;Zn@)s structure, which are shown
for the standard conventional cell with orthogonal axes. The computationally-predicted lat-
tice parameters agree very well with experimental measurements, with a maximum difference
< 2%. These relaxed structures are used to generate electronic and optical properties. The
optical properties are calculated along Cartesian coordinates, and for all structures, the
Cartesian coordinate of the lattice vectors follows the convention of Setyawan, [3| with the
simulated primitive cells matching that for Hexagonal (HEX), Body-centered orthorhombic
(ORCI), Monoclinic (MCL) and C-centered monoclinic (MCLC), respectively for AgZnQy,
AsZnQs, AsZnz(@y, and AsZns(@Qs3 structures.

Table S10: Comparison between the relaxed structures from simulation, to experimental
results presented in this work.

Structures a b c Expt. a Expt. b Expt. ¢ A, (%) Ay (%) A (%)

KoZnsSy 5.784  7.234 10.659  5.723 7.156 10.856 1.063 1.091 -1.813
KsZn3Ses | 6.006 7.543 11.152  5.918 7.451 11.354 1.491 1.229 -1.782
K2ZnS, 6.258 6.801 12.726  6.170 6.738 12.578 1.425 0.940 1.176
K2ZnSes 6.553 7.019 13.288  6.436 6.929 13.118 1.813 1.300 1.295
K6ZnS, 9.877  9.877 7.731 9.779 9.779 7.623 1.005 1.005 1.411
NagZnSe; | 6.226 6.713 11.735  6.159 6.628 11.683 1.089 1.285 0.447
NagZnSes | 9.389  9.389  7.235 9.310 9.310 7.153 0.849 0.849 1.153
NasZnySs | 9.904  9.904  6.772 9.850 9.850 6.666 0.551 0.551 1.590
NagZnaSes | 10.371 10.371  7.127 - - - - - -




Figure S2: The standard primitive cell [3] of (a) A2Zn@s, (b) AsZnsQ4, and (c) AsZn,Qs,
under the same view as in the main text and the same color scheme: Alkali metal, zinc, and
chalcogen are shown in white, blue, and yellow, respectively. The AgZn@), structures are the
same as that in the main text, thus are not shown again here.



4 Electronic band structures

Here we show the electronic band gaps calculated using both the DFT-PBE and the hybrid
exchange-correlation functionals.[5 [6] All of the band gaps are confirmed to be direct at
I', and the difference between the DFT-PBE and HSEO6 gaps provide us with the scissor
operator that we used to correct the DFT-PBE gap for optical calculations.

In Figures and we show the band structures of all the experimentally measured
structures calculated using the DFT-PBE exchange-correlation functional. We applied a k-
independent and band-independent scissor operator to all the band structures according to
Table[S11] to match the band gap with that from HSE06 calculations. For all structures, we
see that the DF'T-PBE band structures with scissor operator match the HSE band structures
reasonably well, thus the k-independent and band-independent scissor operator approach is
also used to obtain the optical spectra in the main text. This allows us to avoid expensive
HSEO06 calculations on dense k-point grids to provide the correction of DFT-PBE for the
optical spectra. The density of states are normalized to per formula unit for all materials,
with the formula units given in the captions.

Table S11: Comparison between the calculated band gaps (in eV) from DFT-PBE and
HSEO06, as well as experiments, for all the structures measured experimentally.

DFT HSE Ao Expt. B, (V)

NapZneS; | 2.15  3.26  1.11 3.6
NagZnSe;, | 1.66 2.58  0.92 3.0
NayZnSe, | 1.80 2.76  0.97 2.9

NagZnsSes | 1.47  2.47  0.99 —
KgZnS, 1.99 293 0.93 —

K,ZnS, | 2.61 3.68 1.07 3.9
K,ZnsSy | 2.55 3.66  1.11 3.7
K,ZnSe, | 2.12 3.08 0.97 3.4
KyZnsSe, | 1.92 293  1.01 3.0

7nS 200 322 1.22 3.5 [1]
ZnSe 113 223 111 2.6 [1]
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Figure S3: Electronic band structures and density of states for the sulfides calculated using
DFT-PBE with scissor shift to match the HSE06 band gap. Black dots represents band
structures from the HSE calculations.

10



(@) K,Zn,Se, (b) K,ZnSe,

8 I_ISI 8 22;._?0 T : ISI
p ht p
-] e =
6 X 6 1 0\\ﬁ‘
:3% LN~ RS SR
— — T > N
<4 » ] . < 4?0< \_a>< Nt -
X I
5 “ 5
g 2 1r 1 & 21 1r T
c c
i} w
0 4 . 0 . e
- - =
[~
| A |
-2 - - 2k e S e o R S L3 F E
I Y HC EM, A X T Z D M\Z-A|D YIX H]0'|'1|0'|'20 ! X LTW RX 2z ! Y S WL YY, Z ollljtlllalz'
DOS (eV fu)® DOS (eV fu.)*
. (c) Na,Zn,Se, . (d) Na,ZnSe,
¥ v & L L
— S — S
P g § gz 1 P
—d —d
6 6 P E ]
N | BN
— — . LA 9> J
S 4 — 72 41 S 4 N Nd ]
) 3 |
3 2 r 1 & 2 1r T
C c
wi w
0 - . 0 - 1F .
= ] L - \,%
-2 5 - 28 : = 1L _
. a1l . < % — Z/ ala a1l
Y F L W z ! MIN_ " F, 0 10 ! X LTW R X Z Y s WLYY,z0 4 8
DOS (eV fu.)” DOS (eV fu.)*
. (e) NagZnSe, (f) ZnSe
\\ T 1 I
—] — S — S
== : AR P
6 <] —d i —d
|~ N (
\‘4 J
L1
5 5 . I
3 2 1r 1 o 1r T
C c
i w
0 1k . 0 1k .
2 ﬁ 4 2 4
- ° k.l.l.l. \< > 7 el 1l
r M K r A L H AL MIK H O 10 20 r X W K r L U w L KU X 0 2 4
DOS (eV fu.)’ DOS (eV f.u.)”

Figure S4: Electronic band structures and density of states for the selenides calculated using
DFT-PBE with scissor shift to match the HSE06 band gap. Black dots represents band
structures from the HSE calculations.
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5 Optical properties

We here provide the optical spectra calculated using the DFT-PBE exchange correlation
functional, without considering electron-hole interactions, and using a scissor operator ac-
cording to Table As we can see from Fig. and Fig. most of the structures here
show some degree of anisotropy, due to the pseudo-1D and pseudo-2D nature mentioned
in the main text, however, more detailed studies using the BSE approach (with local-field
effects) are unfeasible due to the large unit cells of these materials, except for the pseudo-1D
AoZn(@), structures. It can also be seen that the anisotropy in other structures is not as
strong as in the pseudo 1-D A5Zn(), structures, thus we did not perform BSE calculations
explicitly for materials other than A>Zn(@)s.

In Fig. we show the comparison of the imaginary part of the dielectric function with
the scissor operator, and the calculated absorption coefficient of different compounds in the
same K—7Zn-S family. This provides information on how optical properties change with the
Zn fraction. The absorption coefficient as a function of frequency is obtained through its
relationship with the complex dielectric function [§]:

a(w) = 2%Im\/€(w) 2)

Here a(w) is the absorption coefficient, ¢ is speed of light, and £(w) is the complex dielectric
function. For all materials, the shape of the absorption onsets remains similar, ~1 eV above
the band gap, except for the difference in the gap itself. The sharp increase of Im e(w) is
blue-shifted as the Zn fraction decreases, and as a result, the onset of strong UV absorption
is blueshifted as the Zn fraction decreases.
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Figure S5: Optical spectra from independent particle approach for the experimentally mea-
sured sulfides.
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Figure S6: Optical spectra from independent particle approach for the experimentally mea-
sured selenides.
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Energy (eV)

Figure S7: Upper panel: Imaginary part averaged over xx, yy, and zz of the dielectric func-
tion calculated within the DFT-PBE exchange-correlation functional of the K-Zn-S family:
ZnS (black), KyZnsSy (red), KoZnSy (blue), and KgZnS, (green). Lower panel: the corre-
sponding absorption coefficient. Scissor shift operator is applied to match the HSE06 band

gap.
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6 States-projected optical spectra

In this section, we show optical spectra of KyZnS, and KyZnSey, decomposed according to
transitions from s, p, and d valence states of K, Zn, and S/Se into all conduction bands, see
Figs. a) and (c), as well as transitions from all valence bands into s, p, and d conduction
states of K, Zn, and S/Se, see Figs.|S8(b) and (d). These spectra are calculated within
DFT-PBE, applying the same scissor shift as discussed before, and averaged over the three
directions of light polarization. The projected spectra are calculated, taking into considera-
tion the projection p{mnk of the wave function ¢,k on to spherical harmonic Y}, for a given
ion I, using [9]:

a 87T262 <¢ck |f)a| ¢vk> <¢vk |ﬁ | ¢ck>*
GQIB(w) = 0 < plImnk> E E 26 0 (ECk - EUk - hw) (3)
c,uk \lm,I ( ck — ’Uk)

In the equation, E,x (n = ¢,v) are the conduction band and valence band energies of wave
vector k, with the Kohn-Sham wave function ¢,x. p is the momentum operator and 2 is the
volume of the cell. For each electronic state nk, the summation <Zz ol p{mnk> equals one.
Restricting this sum to only certain angular momentum components [ and/or certain ions I,
the decomposed spectra in Fig. are obtained. They show clearly that for both materials,
the main peak between 6 and 7 eV can be attributed to mainly transitions from S/Se p states
into all conduction bands. Our results also show that transitions into K d (green solid), Zn
s (red dotted), and S/Se p (blue dashed) states from all valence states form this main peak.
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Figure S8: Imaginary part of the dielectric function, averaged over all light polarization
directions. Spectra are resolved regarding character of their initial (a, ¢) or final (b, d)
states. We show transitions from: (a) s, p, and d valence states of K, Zn, and S into all
conduction bands of KyZnS,. (b) all valence bands into s, p, and d conduction states of K,
Zn, and S of KyZnS,. (c) s, p, and d valence states of K, Zn, and Se into all conduction
bands of KyZnSe,. (d) all valence bands into s, p, and d conduction states of K, Zn, and Se
of KyZnSe,. Black curves show spectra summed over all contributions.
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7 Real part of the dielectric function

In this section, we show the calculated real part of the dielectric functions, obtained through
the Kramers-Kronig relation from the imaginary part of the dielectric functions. In Fig.
and Fig. we show the DFT-PBE results and in Fig. we show the BSE results for
K57ZnS,, KoZnSes, and NayZnSes.
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Figure S9: Real part of the dielectric functions, computed using the independent particle

approach, for the experimentally measured sulfides.
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Figure S10: Real part of the dielectric functions, computed using the independent particle
approach, for the experimentally measured selenides.
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Figure S11: Real part of the dielectric functions, calculated with the inclusion of excitonic
effects using the BSE approach, for (a) NasZnSes, (b) KoZnS,, and (c¢) KyZnSe,.

20



References

1]

2]

G Hautier, C Fischer, V Ehrlacher, A Jain, and G Ceder. Data mined ionic substitutions
for the discovery of new compounds. Inorg. Chem. 50(2):656-663, 2010.

A Jain, S P Ong, G Hautier, W Chen, W D Richards, S Dacek, S Cholia, D Gunter,
D Skinner, G Ceder, and K A Persson. The Materials Project: A materials genome
approach to accelerating materials innovation. APL Materials, 1(1):011002, 2013.

W Setyawan and S Curtarolo. High-throughput electronic band structure calculations:
Challenges and tools. Comput. Mater. Sci. 49(2):299-312, 2010.

S Curtarolo, W Setyawan, G L W Hart, M Jahnatek, R V Chepulskii, R H Taylor,
S Wang, J Xue, K Yang, O Levy, et al. Aflow: an automatic framework for high-
throughput materials discovery. Comput. Mater. Sci., 58:218-226, 2012.

J Heyd, G E Scuseria, and M Ernzerhof. Erratum: Hybrid functionals based on a screened
coulomb potential? [J. Chem. Phys. 118, 8207 (2003)]. J. Chem. Phys, 124(21):219906,
2006.

J Heyd, G E Scuseria, and M Ernzerhof. Hybrid functionals based on a screened coulomb
potential. J. Chem. Phys, 118(18):8207-8215, 2003.

T Homann, U Hotje, M Binnewies, A Borger, K-D Becker, and T Bredow. Composition-
dependent band gap in ZnS,Se;_,: a combined experimental and theoretical study. Solid
State Sci, 8(1):44-49, 2006.

C F Klingshirn. Semiconductor optics Springer Science & Business Media, 2012.

J Leveillee, C Katan, L. Zhou, A D Mohite, J Even, S Tretiak, A Schleife, and A J
Neukirch. Influence of w-conjugated cations and halogen substitution on the opto-

electronic and excitonic properties of layered hybrid perovskites. Phys. Rev. Mater,
2(10):105406, 2018.

21



