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I. Detailed Computational Procedures

Structure optimization: All the candidate A,[BC]Xs CIHPs in the cubic double-perovskite Fm3m structure are
optimized theoretically via total energy minimization with the conjugate-gradient algorithm. Both lattice parameters and
internal atomic coordinates are fully relaxed. We used the high enough kinetic energy cutoffs for the plane-wave basis sets,
i.e., K/Rb/Cs: 337/286/286 eV; Cu/Ag: 355/325 eV; Ga/ln: 175/125 eV; CI/Br/l: 364/281/228 eV, to eliminate the potential
Pulay stress error during crystalline cell optimization. The k-points meshes with grid spacing of less than 21x0.10 A™ are
used for electronic Brillouin zone integration. The convergence threshold for the residual forces on atoms is set to 0.0002
eV/A.

Band Gap: As known, DFT calculations usually seriously underestimate (by ~50-100%) the band gaps of most of
semiconducting materials. To remedy this problem, we employ the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional
approach® to reduce the self-interaction error and approach real gap values. The standard 25% exact Fock exchange is
included. The HSE functional is used both for structural optimization and for evaluating the band gap at the optimized
geometry. After obtaining the reliable HSE band gaps, the band structure, density of states, and absorption spectrum from the
DFT-PBE calculations are corrected by the scissor operator to match the HSE gap values.

Phase stability diagram analysis: To guarantee a stable A,[BC]Xs CIHP in materials growth, thermodynamic
equilibrium condition requires that the following three relations need to be satisfied.>*
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where Au; = yip1i° is deviation of the chemical potential of atomic specie i during growth (i) from that of its solidified or gas

phase (1), AH; is heat of formation, and A, B, C, X, represents all the existing competing phases (with the total number of

Z). Eq. (1) is for thermodynamic equilibrium, eq. (2) is to prevent atomic species from precipitating to elemental phases, and
eg. (3) is to avoid formation of any secondary competing phase. Eq. (1) determines only three Ay; are independent. Solutions
to this group of equations, i.e., the ranges of Ay; that stabilize the A,[BC]Xgs CIHP, are bound in a polyhedron in the
three-dimensional space with three 4y; as variables. The 2-dimensional slices of the 3-dimensional stable polyhedron region
taken at selected constant Ay; for the thermodynamically stable CIHP compounds are shown in Supplementary Figure S4-S9.
The corresponding four-element phase diagrams of A-B-C-X system are depicted in Supplementary Figure S11.

Phonon spectrum: To evaluate dynamical phonon stability, we calculate harmonic phonon spectrum (at 0 K) and
room-temperature (300 K) phonon spectrum with inclusion of phonon-phonon interactions (anharmonic effects). The

harmonic phonon spectrum is calculated from second-order interatomic force constants obtained by using the real-space

finite-difference approach implemented in Phonopy code.* The 2x2x2 supercell (of the primitive cell of the

double-perovskite structure) accompanying with the k-point mesh with grid spacing of 27x0.03 A is used for these
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calculations. The room-temperature phonon spectrum is obtained by taking into account anharmonic phonon-phonon
interaction with a self-consistent ab initio lattice dynamical (SCAILD) method.® This is done via calculating the phonon
frequencies renormalization induced by phonon entropy, i.e., the geometric disorder introduced by several frozen phonons
simultaneously presenting in the simulated supercell. The SCAILD method alternates between creating atomic displacements
in terms of phonon modes and evaluating phonon frequencies from calculated forces acting on the displaced atoms. The
self-consistent cycle was terminated when the difference in the system free energy between two consecutive iterations is less
than 1 meV. Calculations are performed at constant volume with thermal expansion effect ignored.

Absorption spectrum: The photon energy () dependent absorption coefficient a(w) is calculated from real/imaginary
parts of dielectric function[e,(m)/ex(®)]. The ex() is calculated in the random phase approximation,® and & (o) is evaluated
from e,() via the Kramers-Kronig relation. The dense k-point meshes with grid spacing of less than 27x0.015 A™ is used for
calculating ground-state band structure to guarantee &,(w) converged. The twice of the number of occupied valence bands is
used for calculating empty conduction band states.

Maximum solar cell efficiency: The maximum solar cell efficiency is simulated through calculating spectroscopic
limited maximum efficiency (SLME) based on the improved Shockley-Queisser model. The detailed calculation procedure
was described elsewhere.”® It takes into account the effects of key intrinsic materials properties such as band gap, shape of
absorption spectra, and material-dependent nonradiative recombination losses, on the photovoltaic efficiency. The simulation

is performed under the standard AM1.5G solar spectrum at room temperature.

I1. Goldschmidt’s empirical rule on formability of halide perovskites

To approximately assess structural stability of candidate CIHPs from point of view of ions close packing, we calculate
the Goldschmidt tolerance factor t and the octahedral factor ¢ within the framework of idealized solid-sphere model. The
statistically established empirical criteria for formability of halide perovskites is 0.81 < t < 1.11 and 0.44 < x < 0.90.° For the

current  quaternary  Ay[BC]Xg; double-perovskite system the effective t and u are defined as
t, =R, +R)/V2(R, +R)/ 2+R) and p, = (R +R.)/2R , where R are Shannon ionic radii®® and the
average between Rg and R¢ are taken as the effective radius of the octahedral-site ion. The results are summarized in
Supplementary Figure S12. The values of ty lie in the range of 0.86~1.04, all satisfying the stable criterion of t. Turning to

Lesr, We find less than half of candidate CIHPs meet the stable criterion and generally the compounds with positive AHge. (See

text) have the higher w (falling in or approaching the stable region).

S3



50 T T T T

W £
o o
T T

AE (meV/atom)
S

—
o
T

Figure S1. Energies of Cs,AgInClg composed of different types of AgClg (in grey) + InClg (in blue) motifs arrangements.
The calculations are performed with 2x2x2 supercell of standard cubic perovskite structure. The total number of structural

configurations is 6. The lowest-energy configuration F (set to energy zero) corresponds to the double-perovskite or elpasolite

structure (in space group of Fm3m), where the AgCls and InClg motifs alternate along the three crystallographic axes,

forming the rock-salt type ordering.
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taken from Ref. 11 for chalcopyrites and Ref. 12 for Bi-based halide perovskites.

Figure S2. Calculated lattice parameters (a) and band gaps (b) for known chalcopyrites and Bi-based A,[BC]X¢ halide
perovskites, compared with experimental data. Lattice parameter c is taken for tetrahedral chalcopyrites. The HSE functional

is used both for structural optimization and for evaluating the band gap at the optimized geometry. The experimental data are
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Figure S3. Effect of spin-orbit coupling (SOC) on band structure of Cs,AgInBrs. The results with/without inclusion of the
SOC are shown by solid green/dash red lines. For both cases the valence band maximum is set to energy zero. Examination is
carried out by using both the (a) PBE and (b) HSE functionals. One sees that the SOC has mild effect on the band structure of
the CIHP compounds.
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Figure S4. The phase stability diagram analysis (as described in Supplementary Sec. ) results sliced at several Cu-varied
growth conditions represented by 4, (see text) for Rb,[Culn]Cls. The polygon region in green represents thermodynamic
stable condition and each line corresponds to one competing phase. The main directly competing phases, which critically
control the CIHP compound stability and correspond to the lines surrounding the green stable polygon region, are InCls,
RbCI, CuCl,, In,Cl;, CuCl, RbsCu,Cl;, and Rb,CusClg. The last subplot (d) represents the critical condition of the

thermodynamic stability, at which the green stable polygon region shrinks to a point and is disappearing.
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Figure S5. The phase stability diagram analysis results sliced at several Cu-varied growth conditions represented by Ay,

(see text) for Rb,[Culn]Brg. The polygon region in green represents thermodynamic stable condition and each line
corresponds to one competing phase. The main directly competing phases, which critically control the CIHP compound
stability and correspond to the lines surrounding the green stable polygon region, are Rbing, InBrs, Rb,CuBr;, and RbBr. The
last subplot (d) represents the critical condition of the thermodynamic stability, at which the green stable polygon region

shrinks to a point and is disappearing.
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Figure S6. The phase stability diagram analysis results sliced at several Ag-varied growth conditions represented by ng

(see text) for Rb,[AgIn]Cls. The polygon region in green represents thermodynamic stable condition and each line
corresponds to one competing phase. The main directly competing phases, which critically control the CIHP compound
stability and correspond to the lines surrounding the green stable polygon region, are InCls, RbCI, AgCl, InAgs, and In,Cls.
The last subplot (d) represents the critical condition of the thermodynamic stability, at which the green stable polygon region

shrinks to a point and is disappearing.
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Figure S7. The phase stability diagram analysis results sliced at several Ag-varied growth conditions represented by Ay,

(see text) for Rb,[AgIn]Brs. The polygon region in green represents thermodynamic stable condition and each line
corresponds to one competing phase. The main directly competing phases, which critically control the CIHP compound
stability and correspond to the lines surrounding the green stable polygon region, are InBrs, RbBr, Rb,AgBrs, AgBr, and
InAgs. The last subplot (d) represents the critical condition of the thermodynamic stability, at which the green stable polygon

region shrinks to a point and is disappearing.
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Figure S8. The phase stability diagram analysis results sliced at several Ag-varied growth conditions represented by Au,,

(see text) for Cs,[AgIn]Cls. The polygon region in green represents thermodynamic stable condition and each line
corresponds to one competing phase. The main directly competing phases, which critically control the CIHP compound
stability and correspond to the lines surrounding the green stable polygon region, are Cs3In,Cly, AgCIl, CsAgCl,, and
Cs,AgCl3. The last subplot (d) represents the critical condition of the thermodynamic stability, at which the green stable
polygon region shrinks to a point and is disappearing.
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Figure S9. The phase stability diagram analysis results sliced at several Ag-varied growth conditions represented by
A, (see text) for Cs,[AgIn]Bre. The polygon region in green represents thermodynamic stable condition and each line

corresponds to one competing phase. The main directly competing phases, which critically control the CIHP compound
stability and correspond to the lines surrounding the green stable polygon region, are InBrs, Cs,AgBrs, InAgs, AgBr,
CsAgBr,, and CsInBrs. The last subplot (d) represents the critical condition of the thermodynamic stability, at which the
green stable polygon region shrinks to a point and is disappearing.
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Figure S10. Calculated electronic band structures (a, b) and (c) joint density of states (JDOS) of Cs,AgInBrg and Rb,CulnCl.
In (a, b) the valence band maximum is set to energy zero. The inset of (c) shows the zoomed-in plot of JDOS in proximity to
the band gap.
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Figure S11. Tetrahedral phase diagram of quaternary A-B-C-X system for the six proposed optimal CIHP A,BCXg
compounds. All the known existing (binary and ternary) phases (considered by the phase stability diagram analysis in Figure
3 of the main text and Supplementary Figure S4-S9) are mapped into the tetrahedron with elemental compositions of A, B, C,
and X as vertexes. The directly competing phases, which critically control the CIHP compound stability and correspond to

the lines surrounding the green stable polygon region in Figure 3, are shown in blue.
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Figure S12. Mapping of all the candidate CIHPs onto two-dimensional plot with the effective Goldschmidt tolerance factor
ters and the effective octahedral factor u.¢ as variables. The statistically established empirical criteria for formability of halide

perovskites,™ i.e., 0.81 <t < 1.11 and 0.44 < x < 0.90, is shaded. Formulas of the CIHPs with positive decomposition

enthalpy (AHgec, See Table S1) are marked in rounded squares.
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Table S1. Calculated explicit data of lattice parameter (a), band gap (E,), decomposition enthalpy with respect to the
disproportionation channel into binary competing phases (AHge), thermodynamically stable condition (with respect to the
disproportionation channels into all possible competing phases, see Supplementary Sec. 1), carrier effective masses (m,  for
electron, my," for heavy hole, and my," for light hole), and exciton binding energy (Ey, evaluated by using the hydrogen-like
Wannier-Mott exciton model) for 36 candidate CIHPs considered for materials screening. The Eg is calculated by using the
HSE functional with standard 25% exact Fock exchange. The effective masses and E, are calculated only for six
thermodynamically stable CIHPs. For the Ey, two values are calculated by using my,” (the former) and my,” (the latter),
respectively.

m
A,BCX; a = AHg Stable? * * * =
ec(MeV/atom) Me | M | Mun

Al lclx A | Vv (<N my | mo | my (meV)
Cu | Ga| Cl|10.107 | 1.43 -7 X - - - -
Cu | Ga | Br | 10.660 | 0.50 -23 X - - - -
Cu|Ga| I -- -- -74 -- -- -- -- --
Cu| In | Cl|10.333|1.40 77 X - - - -
Cu| In | Br | 10.883 | 0.67 23 X - - - -

Cs Culln| I -- -- -22 -- -- -- - -
Ag | Ga | Cl | 10.369 | 2.56 40 X - - - -
Ag | Ga | Br|10.914 | 1.32 13 X - - - -
Ag | Ga| | -- -- -51 -- -- -- - --
Ag| In | ClI
Ag | In | Br
Ag|In | I |11962]|0.31 3 - - - - -
Cu|Ga|Cl| 9.848 | 1.30 -25 X - - - -
Cu| Ga | Br|10.462 | 0.41 -72 X - - - -
Cu|Ga| I -- -- -133 - - - - -
Cu|In|Cl|10.135]|1.35 36 X - - - -
Cu| In | Br | 10.724 | 0.62 -42 X - - - -

K Culln| I -- -- -01 - -- -- - -
Ag | Ga | Cl | 10.164 | 2.44 -7 X - - - -
Ag | Ga | Br | 10.745 | 1.22 -55 X - - - -
Ag | Ga| | -- -- -120 - - - -
Ag | In | Cl | 10.464 | 2.48 51 X - - - -
Ag | In | Br|11.023 | 1.44 -25 X - - - -
Ag|In | I |11.806]|0.26 -75 - - - - -
Cu|Ga|Cl| 9940 | 1.34 -5 X - - - -
Cu | Ga | Br|10.532 | 0.43 -25 X - - - -
Cu|Ga| I -- -- -107 - - - - -
Cu| In
Cu| In

Rb Cu| In -- --
Ag | Ga | Cl | 10.204 | 2.48 24 X - - - -
Ag | Ga | Br | 10.781 | 1.26 -1 X -- -- - -
Ag | In | I |11901]0.27 -40 - - - - -
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