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1. Calculation methods 

1.1 DFT calculations  

The highly efficient Vienna Ab-initio Simulation Package (VASP) based on the density 

functional theory (DFT) is employed in the first-principles calculations of the current 

anti-perovskite M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) [1]. The electronic exchange-

correlation (XC) functional is treated based on the generalized gradient approximation 

(GGA) of Perdew-Burke-Ernzerhof (PBE) [2]. The ion-electron interactions are 

described by the projector augmented wave (PAW) method [3, 4]. The cutoff energy 

for the plane-wave basis is set to 500 eV. An 11×11×11 (13×13×13) Monkhorst-Pack 

grid is chosen for structure optimization (self-consistent calculation) in the Brillouin 

zone of the primitive unit.  

 

1.2. Modified Becke-Johnson (mBJ) potential 

Considering that GGA-PBE approach always underestimates the bandgap, in order to 

obtain the realistic bandgap value, the computationally cheap modified Becke-Johnson 

(mBJ) potential [5] was employed. The mBJ potential 𝜐𝑥,𝜎
𝑚𝐵𝐽

 reads  

𝜐𝑥,𝜎
𝑚𝐵𝐽(𝑟) = 𝑐𝜐𝑥,𝜎

𝐵𝑅(𝑟) + (3𝑐 − 2)
1

𝜋
√

5

12
√
2𝑡𝜎(𝑟)

𝜌𝜎(𝑟)
, 

where 𝜌𝜎(𝑟) is the electron density, which is defined as 

𝜌𝜎(𝑟) = ∑ |𝜓𝑖,𝜎|
2𝑁𝜎

𝑖=1 . 

The kinetic-energy density 𝑡𝜎(𝑟) can be calculated by 

𝑡𝜎(𝑟) = (1/2)∑ 𝜓𝑖,𝜎
∗ ∇𝜓𝑖,𝜎

𝑁𝜎
𝑖=1 , 

here, 𝜓𝑖,𝜎 is the one-electron wave functions. 

The Becke-Roussel (BR) potential 𝜐𝑥,𝜎
𝐵𝑅(𝑟)  was proposed to model the Coulomb 

potential created by the exchange hole [6]. 

𝜐𝑥,𝜎
𝐵𝑅(𝑟) = −

1

𝑏𝜎(𝑟)
(1 − 𝑒−𝑥𝜎(𝑟) −

1

2
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−𝑥𝜎(𝑟)), 

here, 𝑥𝜎(𝑟) is determined from a nonlinear equation involving 𝜌𝜎, ∇𝜌𝜎, ∇2𝜌𝜎, and 

𝑡𝜎, and then 𝑏𝜎(𝑟) is calculated by 

𝑏𝜎(𝑟) = [𝑥𝜎
3(𝑟)𝑒−𝑥𝜎(𝑟)/(8𝜋𝜌𝜎(𝑟))]

1/3
, 

𝑐 = 𝛼 + 𝛽 (
1

𝑉𝑐𝑒𝑙𝑙
∫

|∇𝜌(𝑟′)|

𝜌(𝑟′)𝑐𝑒𝑙𝑙
𝑑3𝑟′)

1/2

, 

here, 𝑉𝑐𝑒𝑙𝑙 is the unit cell volume. The parameters 𝛼 and 𝛽 can be modified to match 

with the accurate energy gap value. 

 

 

 

 

 



1.3. Carrier mobility 

According to Feynman et al. [7, 8], the carrier mobility 𝜇 can be obtained using the 

following formula [9, 10] 

𝜇 =
3𝑒

2√𝜋𝑐𝜔𝐿𝑂𝑚
∗𝛼

sinh(β/2)

β5/2
𝜔3

𝜈3
1

𝐾
, 

where 𝑒 is the electron charge and 𝑐 is the speed of light in the vacuum. 

The effective mass 𝑚∗ can be approximately defined by a quadratic relationship of the 

energy dispersion 𝑚∗ = ħ2[𝜕2𝐸(𝑘) 𝜕𝑘2⁄ ]−1  at the bottom of the conduction band 

(top of the valence band). 𝜔𝐿𝑂 is the average LO phonon frequency, which can be 

obtained by solving the following equation 

𝑊2

𝜔𝐿𝑂
𝑐𝑜𝑡ℎ (

ℎ𝑐𝜔𝐿𝑂

2𝑘𝐵𝑇
) = ∑

𝑊𝑖
2

𝜔𝐿𝑂,𝑖

𝑛
𝑖=1 (

ℎ𝑐𝜔𝐿𝑂,𝑖

2𝑘𝐵𝑇
), 

here, ℎ  is the Planck constant, 𝑘𝐵  is the Boltzmann constant, and 𝑇  is the 

temperature. 𝑊2 = ∑ 𝑊𝑖
2𝑛

𝑖=1  , 𝑊𝑖  is the oscillator strength of the i-th LO phonon 

branch, in accordance with Hellwarth and Biaggio, 𝑊𝑖 can be calculated by 

𝑊𝑖
2 =

1

𝜀∞
(𝜔𝐿𝑂,𝑖

2 −𝜔𝑇𝑂,𝑖
2 ). 

The parameter 𝛼 =
1

𝜀∗
√

𝑅𝑦

𝑐ℎ𝜔𝐿𝑂
√𝑚∗ is the Fröhlich electron-phonon coupling constant, 

here, 𝑅𝑦 is the Rydberg energy, and 
1

𝜀∗
 is the ionic screening parameter, which can be 

obtained by 
1

𝜀∗
=

1

𝜀∞
−

1

𝜀0
 . Here, 𝜀∞  (𝜀0   is the high-frequency (static  dielectric 

constant. The calculated dielectric functions of Ca6CSe4 and Sr6CSe4 are exhibited in 

Figure S11. 𝛽 can be calculated by 𝛽 = ℎ𝑐𝜔𝐿𝑂/𝑘𝐵𝑇. Both 𝜔 and 𝜈 could be found 

by minimizing the free polaron energy 𝐹 [11]: 

𝐹 = −(𝐴 + 𝐵 + 𝐶), 

𝐴 =
3

𝛽
[𝑙𝑛 (

𝜈

𝜔
) −

ln(2𝜋𝛽)

2
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sinh(𝜈𝛽/2)

sinh(𝜔𝛽/2)
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𝐵 =
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√𝜋[exp(𝛽)−1]
∫
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{1 + exp(−𝜈𝛽) − exp(−𝜈𝑥) − exp⁡(𝜈[𝑥 − 𝛽])}, 

𝐶 =
3(𝜈2−𝜔2)

4𝜈
[𝑐𝑜𝑡ℎ (

𝜈𝛽

2
) −

2

𝜈𝛽
]. 

The parameter K is a function of 𝛽  and the temperature-dependent variational 

parameters 𝜔 and 𝜈 [9, 10, 12] shown in the following formula: 

𝐾(𝑎, 𝑏) = ∫
cos(𝑢)

[𝑢2+𝑎2−𝑏𝑐𝑜𝑠(𝜈𝑢)]3/2

∞

0
𝑑𝑢, 

𝑎2 = (
𝛽

2
)
2
+ 𝑅𝛽𝑐𝑜𝑡ℎ (

𝛽𝜈

2
), 

𝑏 =
𝑅𝛽

sinh⁡(𝛽𝜈/2)
, 

𝑅 =
𝜈2−𝜔2

𝜔2𝜈
. 



1.4. Optical absorption 

To investigate the optical properties, we calculate the frequency-dependent dielectric 

matrix in the long-wavelength limit (𝑞 → 0) using the sum over states approach [13]. 

In this case, the imaginary part of the dielectric function can be calculated by 

𝜀𝛼𝛽
(2)
(𝜔) =

4𝜋2𝑒2

𝛺
𝑙𝑖𝑚
𝑞→0

1

𝑞2
∑ 2𝜔𝑘𝛿(𝜀𝑐𝑘 −𝑐,𝑣,𝑘 𝜀𝜈𝑘 − 𝜔) × ⟨𝑢𝑐𝑘+�̂�𝛼𝑞|𝑢𝜈𝑘⟩ ⟨𝑢𝜈𝑘+�̂�𝛽𝑞|𝑢𝜈𝑘⟩

∗

, 

where 𝑐 and 𝑣 represent the unoccupied and occupied bands, 𝑞 is the wave number 

of the incident electromagnetic wave, 𝛺 is the volume of the structure cell, 𝑢𝑐𝑘 (𝑢𝜈𝑘) 

is the periodic part of the orbitals at the k-point, and �̂�𝛼 (�̂�𝛽  represents the unit vector 

along the 𝛼 (𝛽  direction. 

By using the Kramers-Kronig relationship [14], the real part of the dielectric function 

can be obtained by the following expression 

𝜀𝛼𝛽
(1)
(𝜔) = 1 +

2

𝜋
𝑃 ∫

𝜀𝛼𝛽
(2)

(𝜔´)𝜔´

𝜔´2−𝜔2+𝑖𝜂
𝑑𝜔´

∞

0
. 

Then the interband optical absorption coefficient 𝛼(𝜔)  can be calculated by the 

formula [15] 

𝛼(𝜔) = √2𝜔 [√𝜀(1)(𝜔)2 + 𝜀(2)(𝜔)2 − 𝜀(1)(𝜔)]
1/2

. 

 

1.5. Melting point 

The melting point 𝑇0  (in K) is estimated by the empirical relation of 𝑇0 = 607 +

9.3𝐵 [16], where 𝐵 (in GPa) is the bulk modulus. The bulk modulus can be obtained 

from corresponding elastic constants using Voigt-Reuss-Hill averaging [17-19] by 

using the VASPKIT code [20]. 

 

1.6. Exciton binding energy 

The exciton binding energy 𝐸𝑏 can be estimated by the Wannier model [21] of 𝐸𝑏 =

𝑅𝑦
𝜇∗

𝜀
∞
2 , where 𝑅𝑦=13.56 eV is the atomic Rydberg energy, 𝜇∗ is the reduced exciton 

mass, which is calculated by 
1

𝜇∗
=

1

𝑚𝑒
+

1

𝑚ℎ
, and 𝜀∞ is the high-frequency dielectric 

constant. 

 

1.7. Theoretical power conversion efficiency 

The power conversion efficiency (PCE  𝜂 of a single-junction solar cell is defined as 

𝜂 = 𝑃m 𝑃in⁄ , 

where 𝑃in  is the total incident solar energy density (AM 1.5G , and 𝑃m  is the 

maximum output power density, which can be obtained by 

𝑃m = 𝐼m𝑉m = 𝐼SC𝑉OC𝐹𝐹, 

where 𝐼m  (𝑉m ) is the maximum current density (voltage , 𝐼SC  is the short-circuit 

current density, 𝑉OC is the open-circuit voltage, and 𝐹𝐹 is the fill factor. The current 

density-voltage relationship, i.e. I-V curve can be obtained by [22, 23] 

𝐼 = 𝐼sc − 𝐼0[exp(𝑒𝑉/𝐾B𝑇) − 1], 



here, 𝐾B is the Boltzmann constant, and the short-circuit current density 𝐼sc can be 

obtained by  

𝐼sc = 𝑒 ∫ 𝑎(𝐸)𝐼sun(𝐸)𝑑𝐸
∞

0
. 

The photon absorptivity 𝑎(𝐸) is defined as ⁡𝑎(𝐸) = 1 − 𝑒−2𝛼(𝐸)𝐿 , where 𝐿  is the 

thickness of the absorber layer with a zero-reflectivity front surface and unity-

reflectivity back surface, and 𝛼(𝐸)(𝛼(𝜔))  is the optical absorption coefficient 

calculated by using the first-principles method. 𝐼sun(𝐸)  is the AM 1.5G standard 

photon flux at temperature T. The reverse saturation current 𝐼0 is given by  

𝐼0 = 𝐼0
𝑟 + 𝐼0

𝑛𝑟 = 𝐼0
𝑟/𝑓r, 

where 𝐼0
𝑟 and 𝐼0

𝑛𝑟 are radiative and nonradiative parts, respectively. The fraction of 

the radiative electron-hole recombination current 𝑓r can be described by  

𝑓r = 𝑒−𝛥/𝐾B𝑇 = 𝑒−(𝐸𝑔
𝑑𝑎−𝐸𝑔)/𝐾B𝑇, 

here, 𝐸𝑔
𝑑𝑎 is the minimum allowed bandgap and depends on the transition mechanism 

of solar absorber. As for the anti-perovskite Ca6CSe4 and Sr6CSe4, they are direct-band-

gap compounds with parity-allowed transition between the CBM and VBM, which 

means 𝐸𝑔
𝑑𝑎 = 𝐸𝑔, then the parameter 𝑓r would be 1. Therefore, the reverse saturation 

current 𝐼0 can be calculated by  

𝐼0 = 𝐼0
𝑟 = 𝑒 ∫ 𝑎(𝐸)𝐼bb(𝐸, 𝑇)𝑑𝐸

∞

0
, 

here, 𝐼bb(𝐸, 𝑇) is black-body spectrum at temperature T. 

 

1.8. Concentrator solar cells 

In concentrator photovoltaic systems, the concentration ratio X of the solar radiation 

incident onto the cell represents how many times the solar light is focused and is 

commonly referred to as ‘suns’ [24].  

At 1sun, the PCE 𝜂1𝑠𝑢𝑛 can be defines as 

𝜂1𝑠𝑢𝑛 =
𝐼SC
1𝑠𝑢𝑛𝑉OC

1𝑠𝑢𝑛𝐹𝐹1𝑠𝑢𝑛

𝑃𝑖𝑛
1𝑠𝑢𝑛 , 

here, 𝑃𝑖𝑛
1𝑠𝑢𝑛 is the total incident solar energy density (AM 1.5D standard photon flux . 

𝑉OC
1𝑠𝑢𝑛 , 𝐼SC

1𝑠𝑢𝑛 , and 𝐹𝐹1𝑠𝑢𝑛  indicate the short-circuit current density, open-circuit 

voltage, and fill factor, respectively, and could be gained using the above-mentioned 

approach. 

At X suns, the short-circuit current density can be obtained by 𝐼SC
𝑋𝑠𝑢𝑛𝑠 = 𝑋𝐼SC

1𝑠𝑢𝑛. The 

open-circuit voltage is received by 

𝑉OC
𝑋𝑠𝑢𝑛𝑠 = 𝑉OC

1𝑠𝑢𝑛 +
𝑘B𝑇

𝑒
ln 𝑋, 

then the fill factor could be calculated from the corresponding open-circuit voltage 

𝑉OC
𝑋𝑠𝑢𝑛𝑠 by using the following formula 

𝐹𝐹𝑋𝑠𝑢𝑛𝑠 =
𝑉OC
𝑋𝑠𝑢𝑛𝑠−

𝑘B𝑇

𝑒
ln[𝑒𝑉OC

𝑋𝑠𝑢𝑛𝑠/𝑘B𝑇+0.72]

𝑉OC
𝑋𝑠𝑢𝑛𝑠+

𝑘B𝑇

𝑒

. 



Given the short-circuit current density, open-circuit voltage, and fill factor, the PCE at 

X suns can be gained as 

𝜂𝑋𝑠𝑢𝑛𝑠 =
𝐼SC
𝑋𝑠𝑢𝑛𝑠𝑉OC

𝑋𝑠𝑢𝑛𝑠𝐹𝐹𝑋𝑠𝑢𝑛𝑠

𝑃𝑖𝑛
𝑋𝑠𝑢𝑛𝑠 = 𝜂1𝑠𝑢𝑛 (

𝐹𝐹𝑋𝑠𝑢𝑛𝑠

𝐹𝐹1𝑠𝑢𝑛
) (1 +

𝑘B𝑇

𝑒
ln𝑋

𝑉OC
1𝑠𝑢𝑛 ), 

here, the total incident solar energy density 𝑃𝑖𝑛
𝑋𝑠𝑢𝑛𝑠 is calculated by 𝑃𝑖𝑛

𝑋𝑠𝑢𝑛𝑠 = 𝑋𝑃𝑖𝑛
1𝑠𝑢𝑛 



2. Crystal structure and stability 

 

Figure S1 Relaxed rhombohedral lattice of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) 

anti-perovskites.  

 

 

Figure S2 Lattice constants of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-

perovskites. 



 

Figure S3 X-ray diffraction (XRD) spectra of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) 

anti-perovskites, in which the angular range and the radiation wavelength are chosen to 

be 10°-60° and λ=1.54184 (Cu-Kα), respectively.  

 

Table S1 Several possible and stable decomposition compounds of M6CCh4 (M=Ca, 

Sr, Ba; Ch=S, Se, Te) anti-perovskites are listed. Their structural formula and 

identification number (ID) are collected from the Materials Project [20].  

 



Table S2 Estimated melting point T0 [16], decomposition paths and corresponding 

decomposition energy of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-perovskites. The 

decomposition energy is obtained by the difference between the total energy of all 

decomposition compounds and that of M6CCh4. The positive decomposition energy 

indicates that M6CCh4 is stable due to the prohibited decomposition path. 

 



 
Figure S4 Phonon spectra of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-perovskites 

at room temperature. 

 

 

Figure S5 Fluctuation of the total energy of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) 

anti-perovskites during the Ab initio molecular dynamics (AIMD) simulation at 300 K 

within 3000 fs. The inset is the crystal structures before (the left) and after (the right) 

AIMD. 



3. Electronic properties 

 

Figure S6 PBE band structures of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-

perovskites, in which the energy gaps are revised by the mBJ potential. 

 

 

Figure S7 PBE band structures of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-

perovskites without (w/o) (blue solid lines) and with (red dashed lines) spin-orbit 

coupling (SOC) effect into consideration. 



Table S3 Bader net charges in M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-perovskites. 

The positive (negative) charge value indicates that the corresponding atom loses (gains) 

electrons.  

 

 

 

Figure S8 Electron localization function in Ca6CSe4 anti-perovskite. 



 

Figure S9 Variation of Bader net charges in M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) 

anti-perovskites.  

 

 

Table S4 Quantitative data corresponding to partial charge densities at VBM, CBM, 

and CB2 (Γ-point) in Ca6CSe4 anti-perovskite. The element site is labeled in Figure S10 

(b). 

 



 

 

Figure S10 (a) Band structure of Ca6CSe4 anti-perovskite, in which the energy positions 

indicating VBM, CBM, and CB2 are labeled. The energy difference between the CBM 

and CB2 is 0.6 eV approximately. (b) The crystal structure of Ca6CSe4, in which the 

element sites are marked. The isosurface plot of real space charge distribution at (c) 

VBM, (d) CBM, and (e) CB2 (Γ-point) in Ca6CSe4. The isosurface value is 0.0015 e Å-

3. 

 

 

 

 

 

 

 

 

 

 

 

 



4. Transport properties 

 

Table S5 Carrier effective mass m*, ionic screening parameter 1/ε*, electron-phonon 

coupling constant α, and carrier mobility μ of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) 

anti-perovskites along Γ-M, Γ-K, and Γ-A paths, in which e and h indicate electron and 

hole, respectively. 

 

 

 

 



Table S6 Electronic (high-frequency) εelec, ionic εion, and static εo dielectric constants 

of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-perovskites. 

 

 

 

 

 

Figure S11 Dielectric properties of (a, c  Ca6CSe4 and (b, d  Sr6CSe4 anti-perovskites. 

The calculated (a, b  electronic and (c, d  ionic contributions to the real and imaginary 

part of the dielectric function. The static dielectric constant 𝜀0 is calculated by 𝜀0 =

𝜀𝑒𝑙𝑒𝑐 + 𝜀𝑖𝑜𝑛. 

 

 



5. Optical properties 

 

Figure S12 Optical absorption coefficient of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) 

anti-perovskites and those of photovoltaic compounds including Si, GaAs, and MAPbI3. 

The inset is the AM 1.5G spectrum. The dash area indicates the visible-light region. 

 

Table S7 Exciton binding energy 𝐸𝑏 of M6CCh4 (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-

perovskites. The reduced exciton mass 𝜇∗ and high-frequency dielectric constant 𝜀∞ 

are also listed.  

 

 

 



6. Theoretical power conversion efficiency 

 

 
Figure S13 I-V and P-V curves of the 3 μm-thick Sr6CSe4 anti-perovskite, and the 

corresponding parameters, such as the short-circuit current density ISC, open-circuit 

voltage VOC, maximum current density (voltage  Im (Vm , and fill factor FF are also 

given. 

 

Table S8 Calculated maximum current density Im (voltage Vm), short-circuit current 

density ISC, open-circuit voltage VOC, maximum output power density Pm, fill factor FF, 

and PCE of Ca6CSe4 and Sr6CSe4 anti-perovskites. 

 

 

 



 

Figure S14 Several vital parameters including the short-circuit current density ISC, 

open-circuit voltage VOC, PCE, and fill factor FF versus the concentration ratio X in 3 

μm-thick Ca6CSe4 and Sr6CSe4 anti-perovskites. The red and blue dashed lines indicate 

the PCE values of the 3 μm-thick Ca6CSe4 and Sr6CSe4 under AM 1.5G spectral 

radiation, respectively.  
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