Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2022

Supporting Information

Anti-Perovskite Carbides CasCSes and SrsCSes for
Photovoltaics with Similar Optoelectronic Properties to

MAPDI;

Wen-hui Guo,” Hong-xia Zhong,*” Juan Du,* Yao-hui Zhu,¢ Shi-ming Liu,“
Yong He,* Chong Tian,* Min Zhang,? Xingiang Wang® and Jun-jie Shi*¢

State Key Laboratory for Artificial Microstructures and Mesoscopic Physics, School of

Physics, Peking University Yangtze Delta Institute of Optoelectronics, Peking University,
Beijing 100871, China.

bSchool of Mathematics and Physics, China University of Geosciences, Wuhan 430074, China
CPhysics Department, Beijing Technology and Business University, Beijing 100048, China

Ynner Mongolia Key Laboratory for Physics and Chemistry of Functional Materials, College

of Physics and Electronic Information, Inner Mongolia Normal University, Hohhot 010022,
China

*Corresponding authors: E-mail: zhonghongxia@cug.edu.cn, jjshi@pku.edu.cn



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 MeCChs (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 11x11x11 (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 vy’ reads
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where p,(r) is the electron density, which is defined as
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The Kkinetic-energy density t,(r) can be calculated by
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here, 1;, is the one-electron wave functions.

The Becke-Roussel (BR) potential vZ%(r) was proposed to model the Coulomb
potential created by the exchange hole [6].
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here, x,(r) is determined from a nonlinear equation involving p,, Vp,, V?p,, and
ts, and then b, (r) is calculated by

by(r) = [x3(r)e=*™ /(8mp, ()],
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here, V., isthe unitcell volume. The parameters « and £ 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 p can be obtained using the
following formula [9, 10]
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where e is the electron charge and ¢ 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* = h2[02E (k)/0k?]! at the bottom of the conduction band
(top of the valence band). w;, is the average LO phonon frequency, which can be
obtained by solving the following equation
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here, h is the Planck constant, kg is the Boltzmann constant, and T is the
temperature. W2 = Y™, W2, W; is the oscillator strength of the i-th LO phonon
branch, in accordance with Hellwarth and Biaggio, W; can be calculated by
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The parameter a = £ vm* is the Frohlich electron-phonon coupling constant,

Ch(u LO
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here, R, is the Rydberg energy, and = 18 the ionic screening parameter, which can be

obtained by é— gi - Here, €, (&) 1s the high-frequency (static) dielectric
0 0
constant. The calculated dielectric functions of CasCSes and SrsCSes are exhibited in
Figure S11. f canbe calculated by f = hcw;o/kgT.Both w and v could be found
by minimizing the free polaron energy F [11]:
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The parameter K is a function of f and the temperature-dependent variational

parameters w and v [9, 10, 12] shown in the following formula:

K(a,b) = f0°° cos(u)
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1.4. Optical absorption
To investigate the optical properties, we calculate the frequency-dependent dielectric
matrix in the long-wavelength limit (g — 0) using the sum over states approach [13].

In this case, the imaginary part of the dielectric function can be calculated by
2 am2e? *
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where ¢ and v represent the unoccupied and occupied bands, q is the wave number
of the incident electromagnetic wave, 2 is the volume of the structure cell, ., (u,x)

is the periodic part of the orbitals at the k-point, and &, (&) represents the unit vector

along the a (f) direction.
By using the Kramers-Kronig relationship [14], the real part of the dielectric function
can be obtained by the following expression
£
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Then the interband optical absorption coefficient a(w) can be calculated by the

formula [15]

a(w) = V2w [\/8(1)((1))2 + @ (w)2 — 8(1)(0))]1/2

1.5. Melting point

The melting point T, (in K) is estimated by the empirical relation of T, = 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 Ej, can be estimated by the Wannier model [21] of E}, =

R

vy 2 , Where R,=13.56 eV is the atomic Rydberg energy, u* is the reduced exciton

mass, which is calculated by #i = mi + mi and ¢, is the high-frequency dielectric
e h

constant.

1.7. Theoretical power conversion efficiency
The power conversion efficiency (PCE) 1 of a single-junction solar cell is defined as
N = Pn/Pins
where P, is the total incident solar energy density (AM 1.5G), and P, is the
maximum output power density, which can be obtained by
Py = InyVin = IscVocFF,
where I, (V) is the maximum current density (voltage), Isc is the short-circuit
current density, Vg 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 = I — Iylexp(eV /KgT) — 1],



here, Kg is the Boltzmann constant, and the short-circuit current density I,. can be
obtained by

Ise = € [" a(E)lsyn(E)dE.

The photon absorptivity a(E) is defined as a(E) = 1 — e 2%®L where L is the
thickness of the absorber layer with a zero-reflectivity front surface and unity-
reflectivity back surface, and a(E)(a(w)) is the optical absorption coefficient
calculated by using the first-principles method. Ig,,(E) is the AM 1.5G standard
photon flux at temperature T. The reverse saturation current I, is given by
Io=15+ 13" = I} /f,

where [ and IJ'" are radiative and nonradiative parts, respectively. The fraction of
the radiative electron-hole recombination current f. can be described by

f = e—A/KT — e—(Ega—Eg)/KBT1

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

of solar absorber. As for the anti-perovskite CasCSes and SreCSea, they are direct-band-
gap compounds with parity-allowed transition between the CBM and VBM, which

means EJ® = E_, then the parameter £, would be 1. Therefore, the reverse saturation
current I, can be calculated by
Iy =15 = e[ a(E)ly(E, T)dE,

here, I, (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 ns*" can be defines as

1suny,isun 1sun
1sun _ Isc_Voc  FF
n - plsun !
m

here, PLSU" is the total incident solar energy density (AM 1.5D standard photon flux).
vgeum, 138" and FFS¥m 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 I&S“"S = XI13&“™, The
open-circuit voltage is received by

Xsuns _ yyisun 4 kBT
VOC — VOC + e ln X,
then the fill factor could be calculated from the corresponding open-circuit voltage
V3EUns by using the following formula

kgT
VEE - In[ev & /kpT+0.72]
kBT '
e

FEFXsuns —

Xsuns



Given the short-circuit current density, open-circuit voltage, and fill factor, the PCE at
X suns can be gained as

kgT
Xsunsy, Xsuns ppXsuns Xsuns ZBY
nXsuns _ Is¢ " "Voe T FF — lsun (FF ) e InX
- Xsuns - 1 isun |
Pin FFlsun Voc

here, the total incident solar energy density PSS is calculated by PXS“™ = XPisun



2. Crystal structure and stability

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

anti-perovskites.
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Figure S2 Lattice constants of MeCChs (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-
perovskites.
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Figure S3 X-ray diffraction (XRD) spectra of MeCCh4 (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 A=1.54184 (Cu-KJ), respectively.

Table S1 Several possible and stable decomposition compounds of MsCChs (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].

Formula ID Formula ID Formula ID Formula ID
Ca mp-132 Sr mp-1187073 Ba mp-122 C mp-5692304
S mp-96 Se mp-570481 Te mp-19 SrC,  mp-1208630
BaC;, mp-1214417 CaS mp-1672 CaSe mp-1415 CaTe mp-1519
Srs mp-1987 Srs, mp-1175 SrSe mp-2758 SrTe mp-1958
BaS mp-1500 Bas, mp-684 BaS, mp-239 BaSe mp-1253
BaSe, mp-7547 BaTe mp-1000




Table S2 Estimated melting point To [16], decomposition paths and corresponding
decomposition energy of MeCChs (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 MsCChs. The positive decomposition energy
indicates that MsCChy is stable due to the prohibited decomposition path.

Decomposition

Compound T,(K) Decomposition path energy
(eV/atom)
CasCS, 1026  Ca,CS, —2 4CaS+2Ca+C -0.20
CaCSe, 988  Ca,CSe, —% 4CaSe+2Ca+C -0.14
CaCTe, 923 Ca,CTe, —3 4CaTe+2Ca+C -0.07
SreCSy =25 4SrS+2Sr+C -0.27
35r;CS, - 45r5;+145r+3C 0.80
SrCS, 951 i
6Sr,CS, —> 245rS+SrCq+11Sr -0.27
65r;CS,; — 8SrS+SrC+275r 0.79
T=T,
Sr,CSe, — 4SrSe+2Sr+C -0.21
SrsCSe, 923 ar
6Sr.CSe,—3 24SrSe+SrC+11Sr -0.21
T=T,
Sr,CTe, — 4SrTe+2Sr+C -0.14
SrgCTe, 877
T=T,
6Sr,CTe, —> 24SrTe+SrC+115r -0.15
Ba,CS, —3 4BaS+2Ba+C -0.24
Ba,CS, — 2BaS,+4Ba+C 0.50
3Ba;CS, —» 4BaS;+14Ba+3C 0.76
Ba,CS, 905 ar
6Ba.CS, —> 24BaS+BaC.+11Ba -0.25
6Ba;CS, » 12BaS,+BaC,+23Ba 0.49
6Ba,CS, —» 8BaS;+BaC +27Ba 0.75
Ba.CSes —2 4BaSe+2Ba+C -0.20
Ba;CSe, —» 2BaSe.+4Ba+C 0.53
Ba,CSe, 867 ar
6Ba,CSe, —> 24BaSe+BaC.+11Ba -0.21
6Ba,CSe, —» 12BaSe.+BaC;+23Ba 0.52
T=T,
Ba,CTe, —5 4BaTe+2Ba+C -0.15
Ba,CTe, 830 ar
6Ba.CTe4 —3 24BaTe+BaC.+11Ba -0.16
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Figure S4 Phonon spectra of MséCChs (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-perovskites
at room temperature.
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Figure S5 Fluctuation of the total energy of MeCChs (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
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Figure S6 PBE band structures of MeCChs (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-
perovskites, in which the energy gaps are revised by the mBJ potential.
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Figure S7 PBE band structures of MeCChs (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 MéCChs (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-perovskites.
The positive (negative) charge value indicates that the corresponding atom loses (gains)
electrons.

Compound Species Charge Compound Species Charge Compound Species Charge

ca 1372 Ca 1.362 Ca  1.351
CaCS, C -2118 CalCSe, C -2158 CaCTle, C -2.19
S  -1.528 Se  -1.504 Te  -1477

Sr 1.364 Sr 1.354 Sr 1.343
Sr,CS, C -2081 Sr,CSe, C -2113 SrCTle, C -2.143
S -1526 Se  -1.503 Te  -1.479

Ba 1282 Ba 1.267 Ba 1253
Ba,CS, C -1859 BaCSe, C -1882 BacCle, C -1.911
S -1.458 Se  -1.429 Te  -1.403

Figure S8 Electron localization function in CasCSes anti-perovskite.
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Figure S9 Variation of Bader net charges in MéCChs (M=Ca, Sr, Ba; Ch=S, Se, Te)

anti-perovskites.

Table S4 Quantitative data corresponding to partial charge densities at VBM, CBM,
and CB2 (I'-point) in CasCSesanti-perovskite. The element site is labeled in Figure S10

(b).

Energy Element

Element site

Orbital distribution ratio (%)

level type S p d Total

Ca Ca1-Cal2 0 1 3 4
C c1/C2 0 18 - 18

VEM Se Se1/Se2 0 6 0 6
Se3-Se8 0 1 0 1

Ca Ca1-Cal2 4 1 1 6

C c1/C2 1 0 - 1

CBM Se Se1/Se2 3 0 0 3
Se3-Se8 4 0 0 4

Ca1/Cab/Ca7/Cal12 0 0 6 6

Ca Ca2/Ca4/Ca8/Ca10 0 0 8 8

Ca3/Ca9 0 0 9 9
CB2 Ca6/Ca11 0 0 10 10
C C1/C2 0 0 - 0

Se Se1/Se2/Seb/Se8 0 0 0 0
Sel3/Sed/Seb/Se7 0 0 1 1




)

—
T

Energy (eV)
o
$
7Y
1)
4
a

M I KMULH A T

Figure S10 (a) Band structure of CasCSesanti-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 CasCSes, in which the
element sites are marked. The isosurface plot of real space charge distribution at (c)
VBM, (d) CBM, and (e) CB2 (I'-point) in CasCSes. The isosurface value is 0.0015 e A
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4. Transport properties

Table S5 Carrier effective mass m™*, ionic screening parameter 1/¢*, electron-phonon
coupling constant a, and carrier mobility u of MeCChs (M=Ca, Sr, Ba; Ch=S, Se, Te)
anti-perovskites along I'-M, I'-K, and I'-A paths, in which e and h indicate electron and
hole, respectively.

Carrier
Compound 1/e* k-path e h
mo u mo T
(mo) (cm2V-1s™)  (mg) (cm?V-1s)

MAPbDI, 017 - 0.104 1.72 197 0.104 1.72 197
M 028 0388 127 195 233 5

CazCSs, 009 T-K 029 090 121 197 234 5
r-A 031 093 109 024 082 163

M 021 074 210 163 2.07 8

CazCSe, 0.07 M-K 0.22 0.76 195 167 2.09 7
r-A 0.21 0.74 210 020 072 226

M 024 070 201 130 164 14

Ca,CTe, 006 T-K 024 070 201 134 166 13
r-A 019 063 289 020 064 264

M 023 0.85 162 1.73 2.34 6

Sr,CS, 008 T-K 024 0.87 150 1.78 2.37 6
Ir-A 0.23 085 162 023 0.85 162

r-m 0.18 0.74 255 155 217 8

SrgCSe, 0.07 M-K 0.19 0.76 232 158 2.20 8
r-A 016 070 306 017 072 279

M 020 0.76 238 129 192 12

Sr,CTe, 006 TI-K 021 078 220 129 192 12
r-A 018 0.72 279 1.29 1.92 12

M 070 1.58 26 113 2.01 12

Ba;CS, 008 T-K 083 173 19 117 2.05 11
r-A 086 176 18 036 114 76

M 024 098 148 113 2.14 12

Ba;,CSe, 007 TI-K 027 1.04 122 1.16 2.16 11
Ir-A 0.24 098 148 0.28 1.06 116

r-m 045 1.30 61 098 1.92 17

Ba;CTe, 0.07 M-K 050 1.37 51 099 193 17

A 086 1.80 21 025 0.97 154




Table S6 Electronic (high-frequency) eelec, i0nicC ¢ion, and static ¢o dielectric constants
of MeCChs4 (M=Ca, Sr, Ba; Ch=S, Se, Te) anti-perovskites.

Compound €elec Eion )
MAPDI; 5.0 28.5 33.50
CagCS, 7.43 12.7 20.13
CagCSe, 7.90 11 18.90
CagCTe, 8.48 8.8 17.28
SrgCS, 7.76 14.59 22.35
SrgCSe, 8.26 11.91 20.17
SrgCTe, 8.35 9.15 17.50
Ba;CS, 8.64 21.12 29.76
Ba;CSe, 8.86 16.71 25.57
Baz;CTe, 9.04 12.94 21.98

a [ =790 b 7

§ o ——REAL Ca,CSe, g

§ 10| C2CSe, —RHAL § SreCSe, e

% * [6,0p=11.00 E Sion=11.91

° Eneray (V) T Eneray () -

Figure S11 Dielectric properties of (a, ¢) CasCSes and (b, d) SreCSe4 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 &, is calculated by g, =
Eelec T Eion-



5. Optical properties
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Figure S12 Optical absorption coefficient of MéCChs (M=Ca, Sr, Ba; Ch=S, Se, Te)
anti-perovskites and those of photovoltaic compounds including Si, GaAs, and MAPbI;.
The inset is the AM 1.5G spectrum. The dash area indicates the visible-light region.

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

perovskites. The reduced exciton mass p* and high-frequency dielectric constant €

are also listed.

w Ey
(mg)  (meV)
CacCS, 743 024 59
Ca,CSe, 7.90 018 39
Ca,CTe, 848 018 34
Sr,CS, 776 020 44
Sr,CSe, 826 015 30
Sr,CTe, 835 016 31
Ba;,CS, 864 042 76
Ba;,CSe, 886 019 34

Ba,.CTe, 9.04 033 55

Compound &,




6. Theoretical power conversion efficiency

30 l'lsc ,"':.'.. 430
AT TN
PCE S0k
o 5 1 .
N—-'-ZO B 30-81 /0 ...' : i ZONE
£ i o
S - 2
< : =
E ; : E
— _.'. 1 o
10 _.‘. Srﬁcse4 : 110
' FF:90% !
1
0 .‘:. 1 lvmi L‘E 0
0.0 0.5 1.0
v({v)

Figure S13 I-V and P-V curves of the 3 um-thick SreCSes 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 CasCSes and SrsCSe4 anti-perovskites.

Compound Thickness I, Vi, lsc Vac P, FF PCE
P (um)  (mA/cm2) (V) (mAkcm2) (V) (mWicm2) (%) (%)
CasCSe, 3 2755 112 2819 122 3083 89 30.83

SrgCSe, 3 2813 110 2879 120 30.81 90 30.81
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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
um-thick CasCSes and SreCSes anti-perovskites. The red and blue dashed lines indicate
the PCE values of the 3 um-thick CasCSes and SreCSes under AM 1.5G spectral
radiation, respectively.
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