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CALCULATION METHOD
Considering the interaction between optical phonons and electrons, the carrier mobility can
be calculated using the method proposed by Feynman.! The carrier mobility is given by the

following equation:

(S1)

Where @ represents the longitudinal optical phonon frequency, m" is the effective mass of
the charge carrier. The electron-phonon coupling constant is denoted by a, while f, w, and v
represent temperature-dependent parameters. The variable K is determined by f, w, and v and
serves as the dependent variable. The minimum values of @ and v are computed using the

minimization of the polariton free energy.

@, represents an effective LO phonon frequency, determined from the following

averaging relation:
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W, denotes the vibrational strength of the i-th LO phonon mode.

The macroscopic optical properties of materials are usually represented by the complex

dielectric function:
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e(w)=¢ (0)+is, () (S3)
In this equation, e1(w) and &x(w) represent the real and imaginary components of the complex
dielectric function respectively, with w denoting the frequency of photons. The dielectric
function demonstrates a linear response to electromagnetic interactions and is closely associated
with the band gap value E,. The determination of &2(w) can be achieved through momentum

matrix elements as expressed below:
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The equation includes e, and e, which represent unit vectors along the o and f directions, ¢

representing the wave number of incident electromagnetic waves, Q representing the volume
of a crystal cell, and ¢ and v respectively representing conduction band and valence band. The
imaginary part &2(w) of the complex dielectric function is obtained through integration of
momentum matrix elements between unoccupied and occupied wave functions in the Brillouin
zone, representing the energy required for the formation of an electric dipole moment. This
quantity is directly proportional to the absorption spectrum and reflects optical transitions from
valence band maximum (VBM) to conduction band minimum (CBM) at the threshold energy
level. The peak value corresponds to the number of electrons undergoing transition. The larger
the imaginary components of the complex dielectric function, the greater the extent of electronic
excitation and the poorer the insulation performance of the system. In this case, there is a higher
possibility for electrons to absorb photons, resulting in a larger number of electrons in an excited
state and a higher probability of transition occurring. The real part ¢1(®) of the dielectric function

is derived from the imaginary part using the Kramers-Kronig transformation?:
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In the equation, P represents the Cauchy principal value of the integral. The polarization behavior
of materials can be comprehended through &1(w), which is commonly employed to indicate the
magnitude of charge polarization in response to an external electric field and reflects the

material's intrinsic energy storage capability. A higher dielectric constant signifies a more

pronounced affinity for charges. If the influence of lattice vibrations is neglected, the value at

2



zero frequency or zero energy limit is the static dielectric constant £(0). The presence of a higher
static dielectric constant can enhance the occurrence of low-level charge defects, thereby
reducing radiation recombination and exciton binding energy. Additionally, it signifies a decrease
in long-range Coulomb attraction due to the screening effect on charged defects and impurities,
resulting in reduced carrier recombination, scattering, and trapping.’

The absorption coefficient o is a crucial parameter for assessing the light-absorbing
capability of materials, and its relationship with frequency w within a specific range of photon

energy can be determined using the subsequent formula:
1/2
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In principle, the maximum efficiency of a solar cell is determined by the universally

recognized and classical Shockley-Queisser (SQ) limit.* The mathematical formulation is as

follows:

n=te (S7)
pin

The variables P, and P, respectively denote the peak power density and the total incident power
density of the solar energy spectrum in the given equation. Due to the reliance solely on the
electronic band gap value of the material, estimation of maximum efficiency in this method is
approximate. Building upon this, Liping Yu and Zunger developed the Spectroscopic Limited
Maximum Efficiency (SLME) method for solar cells.’® The calculation of power density P can

be obtained by multiplying current density J with voltage ¥, as depicted in the following equation.

P=Jy = {JSC —J, {exp (%} —1}}1/ (S8)
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In the equation, Jsc and Jo represent short circuit current density and reverse saturation current
density, respectively. The calculation of Jsc and Jo can be derived if the absorption coefficient
a(E), AM1.5G solar spectrum Isn, and blackbody spectrum /Iw(E,7) are known. The

corresponding formula is as follows:
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In the equation, J, and f; respectively denote the radiation composite current density and

radiation composite current fraction.
The open circuit voltage is the maximum output voltage of a solar cell under zero current (open

circuit) conditions. The calculation formula is as follows:

y kT h{nﬂj (S11)
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The fill factor (FF) reflects the ratio of the actual output power of the solar cell to the ideal power,

and is an important parameter to characterize the performance of the solar cell. The greater the

value, the higher the photoelectric conversion efficiency of the battery. The formula is as follows:

— Vm X Jm

FF =
Vv()C X JSC

(S12)

In the equation, V', and J,, represent the voltage and current density at the maximum power point
(MPP), respectively.

In the devices simulation, we considered the model of narrowed bandgap. The Fermi-Dirac
statistical theory was adopted to describe the distribution of charge carriers, and the Boltzmann
approximation was abandoned. The transport characteristics of charge carriers under high carrier
concentration and degeneracy conditions were accurately described. Simultaneous introduction
of SRH defect recombination, Auger recombination and radiative recombination models in both
the Mg4AA'C absorption layer and the TiO> electron transport layer corresponds to non-radiative
recombination induced by intrinsic defect energy levels, Auger recombination under high carrier
concentration, and band-to-band radiative recombination, respectively. At the Mg4sAA'C/TiO>
interface, the interface SRH recombination model is adopted, considering carrier recombination
loss caused by interface defect states. Optical simulation uses AM1.5G standard solar spectrum
incidence, based on the transfer matrix method (TMM) to solve the light field distribution of
multi-layer films, considering the standing wave effect caused by film optical interference and
the wavelength dispersion characteristics of material refractive index and absorption coefficient.
Electrical transport uses Poisson's equation coupled with the continuity equations of electrons
and holes and the drift-diffusion equations to self-consistently solve, fully describing the internal

potential distribution, carrier drift-diffusion and recombination dynamics processes in the device.
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Table S1 Lattice constant and angle of double anti-perovskites MgsAA'C (A = As, Sb, Bi; A' = Cl, Br, I).

Materials a(A) b(A) c(A) a=p=y
MgsAsCIC 4.287 4.287 14.019 90°
MgsAsBrC 4.320 4.320 14.197 90°
MgiAsIC 4.383 4.383 14.539 90°
MgsSbCIC 4367 4.367 14.564 90°
Mg4SbBrC 4.394 4.394 14.763 90°
MgsSbIC 4.447 4.447 15.090 90°
Mg4BiCIC 4.398 4.398 14.732 90°
Mg,BilC 4.471 4471 15.300 90°

Table S2 75 semiconductor materials identified from high-throughput screening of RP-type double anti-
perovskites, together with their band gap types and PBE band gap values.

Materials Type E,(eV) Materials Type E,;(eV) Materials Type E;(eV)
BesNFC Indirect 2.78 Mg4PIC Direct 0.36 CasSbFSi Direct 0.32
BesNCIC Direct 1.96 MgsAsFC Direct 0.83 CasSbFGe Direct 0.23

BesNBrC Direct 1.26 MgsAsFSi Direct 0.35 CasSbFSn Indirect  0.12
BesPFC Indirect  1.91 MgsAsFGe Direct 0.18 CasSbCIC Direct 0.11
BesPCIC Direct 0.66 MgsAsCIC Direct 0.97 CasSbCISi Direct 0.25
BesPBrC Direct 0.25 MgsAsCISi Direct 0.19 CasSbClGe Direct 0.17
BesAsFC Indirect  1.69 MgsAsClGe Direct 0.16 CasSbCISn Direct 0.15
BesAsCIC Direct 0.57 MgsAsBrC Direct 0.78 CasSbBrC Direct 0.04

BesAsBrC Direct 0.16 MgsAsBrSi Direct 0.03 CasSbBrSi Direct 0.17

BesSbFC Indirect  0.81 MgsAsIC Direct 0.25 CasSbBrGe Direct 0.09
BesSbISn Indirect  0.15 MgsSbFC Indirect  0.80 CasSbBrSn Direct 0.12
BesBiFC Indirect  0.33 Mg4SbFSi Indirect  0.25 CasSbIC Direct 0.08
MgsNFC Direct 0.13 MgsSbFGe Indirect  0.23 CasSbISi Direct 0.20

MgiNCIC Direct 0.36 MgsSbCIC Direct 0.67 CasSblGe Direct 0.12
MgsNBrC Direct 0.26 Mg4SbCISi Direct 0.09 CasSbISn Direct 0.15

Mg4NIC Direct 0.37 Mg4SbClGe Direct 0.06 CayBiFC Direct 0.08




Mg4PFC Direct 1.14 MgsSbBrC Direct 0.40 CayBiFSi Direct 0.15
Mg4PFSi Direct 0.40 Mg4BiFC Indirect  0.17 CasBiFGe Direct 0.05
MgsPFGe Direct 0.23 Mg,BiFSi Indirect  0.22 CaBiCISi Direct 0.06
Mg4PCIC Direct 1.25 MgBiFGe Indirect  0.17 CasBiClSn Direct 0.01
Mg4PCISi Direct 0.22 Mg,BiCIC Direct 0.37 CayBilC Direct 0.08
Mg4PClGe Direct 0.19 Mg4BiCISi Direct 0.07 ZnsNFC Indirect  1.01
MgsPBrC Direct 0.91 Mg4BiClGe Direct 0.05 ZnsNCIC Direct 0.94
Mg4PBrSi Direct 0.05 Mg4BiBrC Direct 0.23 ZnsNBrC Direct 0.64
Mg4PBrGe Direct 0.01 CasSbFC Indirect  0.23 Zns4NIC Direct 0.04
Table S3  The Jic (A/m?), Voc (V) and PCE (%) with thickness (um) of MgsAA'C.
Materials MgsAsCIC MgsAsBrC MgsAsIC MgsSbCIC
Thickness Jse Voo PCE Jse Voe PCE Jse Voo PCE JIse Voo PCE
0.5 1.59 50.12 7.30 132 102.71 1222 0.75 27787 17.87 1.18 127.24  13.50
1 1.58 66.40 9.60 1.30  127.72  15.04 0.74  326.17 20.55 1.17 15539 1630
2 1.56 83.96 12.04 1.29 15216 17.73 0.73  365.56 22.51 1.16 18432 19.09
4 1.55 103.35 14.70 1.28 177.59 2045 0.71 40023  24.05 1.14 21521  22.00
8 1.54 12381 17.44 126  203.66 23.17 0.69 43259 2535 1.13 246.11 24.82
15 1.53  141.65 19.78 1.25 22580 25.40 0.68 459.19  26.30 1.11  271.71  27.05
30 .51  159.01 21.99 1.24  246.69 27.39 0.67 48326 26.97 1.10  295.61  29.00
50 1.50 169.84 2331 122 25938 2853 0.65 49729 27.23 1.09 310.10 30.10
100 1.49 181.83 2470 121 27322 29.68 0.64 511.14 2731 1.08 325.67 31.17
200 1.47 191.02  25.70 120 283.79 3046 0.63 51841 27.07 1.06 337.04 31.82
300 1.47 19530 26.14 1.19 288.68 30.79 0.62 52026 26.83 1.06 31498 32.06
Materials MgsSbBrC Mg4SbIC Mg4BiCIC Mg4BilIC
Thickness Jse Voo PCE Jse Voo PCE Jse Voo PCE Jse Voo PCE
0.5 0.90 241.18 18.92 0.39 51791 15.57 0.88  322.19 2472 022 629.72 9.37
1 0.89 280.67 21.64 038 568.87 1631 0.87 36096 27.18 021  653.65 8.82
2 0.87 314.41 23.79 036 59698 16.24 0.85 38496 28.40 0.19  664.46 8.07
4 0.86  345.88  25.66 0.35 61496 1583 0.84 40422 29.12 0.18  669.50 7.27
8 0.84 375.11 27.28 033  627.12 15.27 0.82  422.00 29.88 0.16 672.09 6.52




15 0.83 398.68 28.45 032 63690 14.76 0.81 43518 30.26 0.15 67457 593

30 0.81 420.82 29.42 031 647.74 14.26 0.79 44553 30.41 0.14 67784  5.37
50 0.80 43394 29.89 030 654.60 13.92 0.79 45095  30.39 0.13  680.43 5.04
100 0.79  446.69 30.18 029 661.23 1347 0.78 45697 30.33 0.12  683.80 4.66
200 0.78 455.16  30.20 028 665.02 13.07 0.77 46249  30.30 0.12  686.52  4.38
300 0.77 45923  30.20 027 66628 12.85 0.76  465.40  30.31 0.11 687.67 4.26

Table S4 The input parameters of Sentaurus TCAD simulations for MgsAA'C soler cells.

) Thickness Affinity Ne Nv Ue Un
Materials Na (em™)  Eg (eV) £(0)
(um) (eV) (cm?) (cm®) (cm?-V-1-s71) (ecm?-V1-s)
TiO2 0.04 lel8 3.20 4.00 86.00 1.00e20 1.00e19 0.1 0.01
MAPbI3 0.4 -lel?7 1.55 4.10 30.00 3.00e18 4.00e18 24 164
MgsAsCIC 7.00 -lel?7 1.65 0.69 19.28 2.05e18 7.47¢19 800.59 19.63
MgaAsBrC 7.00 -lel?7 1.35 1.02 50.76 391el8 4.18¢19 118.08 9.02
Mg4AsIC 7.00 -lel?7 0.73 1.64 71.15 3.30el18 2.30e19 155.10 19.64
MgaSbCIC 7.00 -lel?7 1.14 1.25 18.61 5.00e18 8.02¢e19 197.15 10.75
Mg4SbBrC 7.00 -lel?7 0.85 1.55 50.90 4.33¢18 4.69¢19 128.19 9.78
Mg4BiCIC 7.00 -lel?7 0.62 1.43 22.82 1.45¢18 9.93¢19 880.96 11.12
(@ g | ®) e | © S @] .
£ f XRD (Cu-Ka) 8s ;4;10 cGCu—Ku. g ;;!D\Cu-Kn) # i XRD (Cu-Ku)
£ § £ § g 5 5
g | 2 g i ]
£ 8 I ; ] Bl e g . g
1 L il[ l m | | .h IIJ il . ||_ i JM J_L S l . d
20(%) ] 10 20 30 2[-:5:“} 50 60 70 [ 0 10 20 30 2:0(. ) 50 60 70 a0 1 25: ®
©) s ranas| @ wrsn| ™ v
XRD (Cu-Kix) 8 XRD (Cu-Kuat) B - XRD (Cu-Ko) 8 XRO (Cu-Kat)
g £ ; g g
g § s [ s 1 eS¢ ! 5
§ LR i E.” ’ *T £t g il 8t 26 ! i ; Tet,
- ,|, U hwh; ‘.| ! l | J ) u h | IR “ l |i M ||. paik il . J» ﬂ,LL[ LJYW
2“‘: ) 10 20 30 2;0( J 50 80 70 80 a 10 20 30 2[-:0(”} 50 80 70 80 0 10 20 30 2":(; ) 50 60 70 a0

Fig.S1 X-ray diffraction (XRD) patterns of Mg4sAA'C (A = As, Sb, Bi; A' = Cl, Br, I)
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Fig.S2 Electron localization functions (ELF) in the (100) direction of Mg4AA'C (A =As, Sb, Bi; A' = Cl, Br, I)
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Fig.S3 The orientation-dependence of Young’s modulus E(6) of MgsAA'C (A = As, Sb, Bi; A'=Cl, Br, I)
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Fig.S5 The orientation-dependence of Poisson’s ratio v(¢) of Mg4AA'C (A =As, Sb, Bi; A'=Cl, Br, I)
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Fig.S6

Ab initio molecular dynamic (AIMD) simulation of MgsAA'C (A = As, Sb, Bi; A'=Cl, Br, I)
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Fig.S7 HSEO06 band structure of MgsAA'C (A = As, Sb, Bi; A'=Cl, Br, I)
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Fig.S17 The J-V characteristic curve of MgsAA'C simulated using Sentaurus TCAD.
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