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Table [1| shows the lifetime estimated using the first principle point defect computation
and the SRH model for selected PV absorbers that have been examined extensively experi-
mentally and from first principle computations. We analyzed the HSE point defect formation
energies data for all possible growth conditions that are provided in literature, assuming all
materials at all growth conditions are a p-type absorbers with conduction charge concentra-
tion 1016 cm—3.

The point defects in PV absorbers that have been intensively studied both in the ex-
periment and in first principle computations and the selected Cu-based PV materials were
examined with the PBE exchange-correlation functional.**#* The Brillouin zone was sam-
pled using a 2 x 2 x 2 k-point mesh. All intrinsic defects (the cation vacancies, the anion
vacancies and the antisites) were considered. Their formation energies were computed at
several chemical limits determined by the facets of the DFT phase diagram.? In order to
overcome the effect on the defect formation energies of the underestimation of the band gap

within PBE, the latter was extended to the HSE value. This was achieved by moving both
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Table 1: The dominant deep defects and their transition states with respect to VBM, the
theoretical life time computed with SRH model, and the experimental conversion efficiency
for a set of tested structures with full HSE approach.

material defect transition state theoretical life time(s)  theoretical efficiency(%) experimental efficiency(%)
sil Vac Si (2/0):0.02 (0/-2): 0.91 >>1 33.3 25.62
CdTes Vea » Teca (-2/0):0.36 (0,2):0.42 2.9% 10710 - 0.19 21.3—29 22.14
GaAs® Asg, Gags (2,1):0.63 (0,-1):0.4 3.9% 10711 - 3.2x 1074 9.7-33.3 28.82
CupZnSnS46 Snz, (2,1):0.6 1.84x 10710- 3.3x10°7 10.2-20.9 12.62
CulnSey” Cuyp (0,-1):0.37 2.07x1076 22.7 23.358
CuGeSe,~ Cuga (0,-1):0.33 6.67x 1076 25.3 23.358
MPI; 1; (-1,1)0.75 2.31x 1077-0.002 24.6-27.7 25.510
InP Vacr, (0,-1): 0.696769 >>1 33.3 22.1%
ShyS3Ht Sbg Ssp (3,2):0.5 (0,-1):0.67 9.2x 10712-1.2x 10~8 8.2-14.1 6.912
ShySe;tld Vacse Sesp  (1,0):0.85) Segy, (-1,1):0.62 10-16-1.9x 10-10 0-6.9 9.244
Cup 02 Veu (0,-1):0.42 3.2x 1077-3.2x 1076 11.7-13.2 9.5416
CuShSyHe Cusp Sbew (0,-1):0.25 (0,2):1.15 6.64x 10710 7.4% 1077 11.5-19.5 3.2218
ZnSnP,12 Vp (0,1): 0.7 (0,-1):1 1.2x 1077-2.8x 1076 19.1-21.7 3.4420
SnS2l Vs (0,2) 0.64 1.98x 10712-6.63x 10710 0-8.6 4.36/22

band edges with respect to a common reference in GGA and HSE computations (more de-
tails are given in Refs.”®#” The plots of the point defect formation energies of PV absorbers

that have been intensively studied previously are shown below:

Table 2: The dominant deep defects and their transition states with respect to VBM and
the theoretical life time computed with SRH model for the set of tested structures with
GGA+HSE approach.

material defect transition state theoretical life time(s) experimental efficiency (%)
Si - - > 1 25.62
CdTe Veca (-2, -1): 0.58 2.34x 1073 - >1 22.17
InP - - > 1 22.12
GaP Gap, Pg, (0,1):0.76, (1,2):0.717 4.8x 1071-2x 107 2.42128
ZnTe Vin (0,-1):0.48 5.53 x 1078-4.4 x 1076 5.9
CuSbS, Sbew (1,2):0.90594 7.72 x 1079-3.07x10~7 3.2218
Sb2S3 Vs (1,2):0.87 1.56 x 10718-1.87 x 10712 6.912
SboSes Ve (0,2):0.65 248 x 10711-4.11 x 107 9.2l4
SbSI Vs, Vi Sbg  (0,2):0.94,(-1,1):1.29, (1,3): 0.87  2.48 x 10726-1.21 x 10~ 3.540
SnS Vs (1,2):0.543 8.2 x10713-3.4 x 10710 4.36%2
SnSe Sesn (2,3): 0.731 2.18 x 10718-1.46 x 10710 6.4451
ZnSnP, Vp (0,1):0.3 1.08 x 1078-6.72 x 1077 3.44%0
Bi2S3 Vg (0,1):1.1 3.54 x 10718-3.4 x 107 5.982
CusO - — > 1 9.5416
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Figure 1: GGA+HSE intrinsic defect formation energies as a function of the Fermi energy

for BiyS3, CdTe, CusO, CuSbSy, GaAs, and GaP. The zero in Fermi energy corresponds to

the VBM, and the CBM is indicated with a vertical dashed line.
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Figure 2: GGA+HSE intrinsic defect formation energies as a function of the Fermi energy
for InP, SbyS3, SboSes, SbSi, Si, Snl,. The zero in Fermi energy corresponds to the VBM,
and the CBM is indicated with a vertical dashed line.
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Figure 3: GGA+HSE intrinsic defect formation energies as a function of the Fermi energy

for SnS, SnSe, ZnSnP,, ZnTe. The zero in Fermi energy corresponds to the VBM, and the

CBM is indicated with a vertical dashed line.
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Figure 4: Theoretical efficiency from GGA+HSE approach for selected materials compared
to their experimental efficiency. The range in theoretical efficiency corresponds to different
growing conditions, hence different defects present in each material. The middle of the range
is indicated by white circles. The green regions, indicating efficiencies lower (resp. larger)
than 15 %, correspond to correctly predicted low- (resp. high-) efficiency materials. The red
regions correspond to false positives (upper left) and negatives (lower right).
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composition Al;CuSe; /_; ;% [
MP-id 37405 L A i
. f ,/x — =
space group F43m N / %/ %%"
hole effective mass [0.804, 0.804, 0.804] />\ / \ %
electron effective mass [0.129, 0.129, 0.129] 3 2
HSE band gap (indirect/direct) (eV) |1.651/1.66 >
Do
energy above hull (eV/atom) 0.02 [0) B—i:; : >
life time (ns) [1.08x 1072 — 3.67 x 10*2] “CJ—Z | == ==
===
™~
-4 X W K — L UW L KJUX
Wave vector
ST T T T
>
g b
3
> T
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c 1 1 1 1
o 2 T i i
s i i i
210 5 V4D N
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S S i i i
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= B0 o~ i
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So6 3 L \ I
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8o0.4 -05 00 05 1.0 15 2.0 25 3.0
S Fermi energy (ev)
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2
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0 1 2 3 4 5
Energy (ev) — VaCA/ — VaCSE — CUA/ AICU
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composition AlCuTe.
MP-id 8017 : 6 Eg%
space group 142d 4 | /’\ = \/7§ L~ /
hole effective mass [0.492, 0.763, 0.764] ’; \\/ p /\7%/\ J/
electron effective mass [0.107, 0.119, 0.12] o A\ %/\/
HSE band gap (indirect/direct) (eV) |2.143/2.143 > 2
o
energy above hull (eV/atom) 0.00 :1_) 0
life time (ns) [1.8x 107% — 6.5 x 1074 LICJ /j it%’éJ
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composition

BaCu,S,

MP-id

5970

space group

Pnma

hole effective mass

[0.347, 1.73, 2.168]

clectron effective mass

[0.207, 0.256, 0.695]

HSE band gap (indirect/direct) (eV)

2.061/2.069

energy above hull (eV/atom)

0.002

life time (ns)
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©
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composition BaCu,Se,
MP-id 4473 %> L~ 7_;<\,
space group Pnma 4 - % \%§§W’\
hole effective mass [0.224, 1.456, 1.733] N /J\£QQ§QQ’
electron effective mass [0.122, 0.137, 0.279] —2 =
HSE band gap 1.627/1.627 >
(indirect/direct) (c¢V) 9/
el.lerg.y above hull (eV/atom) 0.034 5 0 \ =
life time (ns) >>1 ) |~ Xy% \\Q‘_‘
c 5 = ———
wl j3/§:
_4F X S {NF z U R TZ |V|X| SR
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composition BaCu,SnSc,
MP-id 12364 = kX ]
»: : e — —=—=
space group Ama2 4 ] AN N
—
hole effective mass [0.705, 2.946, 3.416] >0<r | < Sc/t/
clectron cffective mass [0.116, 0.183, 0.235] — [ |
It ———{— — [~ |
HSE band gap (indirect/direct) (eV) |1.577/1.577 % 2 —T1"| <,/' =~
energy above hull (eV/atom) 0.00 ;:
. 9 0 - =1 — P N
life time (ns) >>1 o o ~r— L~ ><>\§\
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(17)

(18)

Conversion Efficiency Limit of Cu20/Si Heterojunction Solar Cells. Solar RRL 2020,
4, 1900339.
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composition BaCu,S =11
MP-id o109 = %%%\\'”§k
- 4 RN A$/>&>/5,
space group Pnma — g%% /%Ei 1
hole effective mass [0.187, 1.139, 2.234] — /q ><7\§i¥’
clectron cffective mass 10.138, 0.227, 0.382] > 2 \Z/\ |
HSE band gap (indirect/direct) (eV) |1.61/1.61 9/
energy above hull (eV/atom) 0.00 3 0 |t | 1 |
life time (ns) 6 \¥ / =1 |
52 Xg% %ifi
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I
N

°
o

-3
-05 0.0 05 1.0 15 20 25 3.0

Absorption coefficient 10° cm””

0.4 Fermi energy (ev)
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composition CdCu,GeS,
. 13982 S A2 NNTe= b, ;S P
space group Pnm2, >_\ /\‘/\,f\o\%
e S =Sy N
0le effective mass [0.541, 1.98, 2.16] — 1} 1
electron effective mass [0.122, 0.127, 0.133] % | —— /\/
HSE band gap (indirect/direct) (eV) |1.764/1.764 -~ 2 ;
energy above hull (eV/atom) 0.00 3
S
life time (ns) >>1 o0 %
L §><§ %§§§§§§
-2 — e L
| T ] ] 1
X S Y T Z UR TZIT|IX|SR

Wave vector

,\4 1 1 1 1
s
>‘3, 1 1 1
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§ g1 R \I
2 0.8 S el \d
= 50 A
5 0.6 uq—, /‘I/ : 1 :
g 8 LN\
() 1 1 1 1
804 -0.5 0.0_05, 10 15 20 25 3.0
s Fermi energy (ev)
%0-2 — Vacge Vacs —— Cucq Gecy
<50 Vacs Vaccy Gecy —— Cdge
o 1 2 3 4 5
Vacs Vacey —— Cd¢y Cuge

simple. Physical Review Letters 1996, 77, 3865.
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Walle, C. G. First-principles calculations for point defects in solids. Reviews of Modern

Physics 2014, 86, 253.

(25) Zhang, S.; Northrup, J. E. Chemical potential dependence of defect formation energies

in GaAs: Application to Ga self-diffusion. Physical Review Letters 1991, 67, 2339.

(26) Alkauskas, A.; Broqvist, P.; Pasquarello, A. Defect energy levels in density functional

calculations: Alignment and band gap problem. Physical Review Letters 2008, 101,
046405.
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composition SiCu,S;

- ISSSm\N7e S e = g
MP-id 15895 BaaE A
space group Ce %j«‘/m//\P =
: SRS —
hole effective mass [0.609, 1.678, 2.926] > o I s /\:h\ Q
electron effective mass [0.187, 0.3, 0.302] 3 Vo P~
HSE band gap (indirect/direct) (eV) | 2.557/2.557 5\’2
Y
energy above hull (eV/atom) 0.009 [0 0 ||
life time (ns) 5.33x 102 Lﬁ §§§§%:§5 %
== §
Y F H Z FlHYLX FNM T
Wave vector
4 !
3 !
>3 H
oy 1
[0) 1
C 1
82 —+
8 1
- 1.0 _g :
5 gl |
S08 S ! /
= go i
9]
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= 1
[ 1
11— ] . . . : . .
30.4 -05 00 05 1.0 15 2.0 25 3.0
s Fermi energy (ev)
= ,
502 — Vacs; Vacs Vaccy Sicy
o .
<50 - Vacs — Vaceqy Sicy Cus;
0 1 2 3 4 5
Energy (eV) Vacs

(28) Lu, X.; Huang, S.; Diaz, M. B.; Kotulak, N.; Hao, R.; Opila, R.; Barnett, A. Wide band

gap gallium phosphide solar cells. IEEE Journal of Photovoltaics 2012, 2, 214-220.

(29) Lee, K. S.; Oh, G.; Chu, D.; Pak, S. W.; Kim, E. K. High power conversion efficiency
of intermediate band photovoltaic solar cell based on Cr-doped ZnTe. Solar Energy
Materials and Solar Cells 2017, 170, 27-32.

(30) Nie, R.; Yun, H.-s.; Paik, M.-J.; Mehta, A.; Park, B.-w.; Choi, Y. C.; Seok, S. I.
Efficient Solar Cells Based on Light-Harvesting Antimony Sulfoiodide. Advanced Energy
Materials 2018, 8, 1701901.

(31) Shi, W.; Gao, M.; Wei, J.; Gao, J.; Fan, C.; Ashalley, E.; Li, H.; Wang, Z. Tin selenide

(SnSe): growth, properties, and applications. Advanced Science 2018, 5, 1700602.

(32) Xu, B.; Wang, G.; Fu, H. 23327Enhanced photoelectric conversion efficiency of dye-
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composition CusPS, < S AN P N
MP-id 3934 6 % Vain j/\f\/\ﬁévc
space group pnm2, g\ ft;’\gt/
hole effective mass [0.734, 1.304, 1.478] g 4 >03 %::3>£‘\L
electron effective mass [0.268, 0.448, 0.466] &)/ P~t— 7\/
HSE band gap (indirect/direct) (¢V) |2.51/2.60 > 2
energy above hull (eV/atom) 0.00 % 0
life time (ns) [1.34x 10~1 — 2.8 x 10*2] Lﬁ §E §>§ %5§ §§
2 %V s s
X s Y T Z UR TZ|TX|SR
Wave vector
—~4
S 1 1 1 1
S
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2 0.8 5 | l l l
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g 5 7 \
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s Ferml energy (ev)
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=3 —— Vaccyw —— Vacs Peu Cup
0 1 2 3 4 V.
Energy (eV) acp

sensitized solar cells by the incorporation of flower-like Bi 2 S 3: Eu 3+ sub-

microspheres. Scientific reports 2016, 6, 1-9.

(33) Brunin, G.; Miranda, H. P. C.; Giantomassi,

M.; Royo, M.; Stengel, M.; Ver-

straete, M. J.; Gonze, X.; Rignanese, G.-M.; Hautier, G. Phonon-limited electron mo-

bility in Si, GaAs, and GaP with exact treatment of dynamical quadrupoles. Phys. Reuv.

B 2020, 102, 094308.
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composition CugGeWSy

MP-id 557225

space group P6;me

hole effective mass [1.444, 1.787, 1.787]
electron effective mass [0.265, 0.265, 0.313]

HSE band gap (indirect/direct) (eV) |2.19/2.19

energy above hull (eV/atom) 0.00

life time (ns) [3.74x 1075 — 3.6 x 1071]
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composition CuyGeS;
MP-id 5546
space group Pnm2,;

hole effective mass

[1.595, 2.004, 3.245]

electron effective mass

[0.179,0.203, 0.204]

HSE band gap (indirect/direct) (V) |1.9/1.9
energy above hull (eV/atom) 0.044
life time (ns) 0.0
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composition SiCugSeq
MP-id 10428
space group Pmn2_1

hole effective mass

[1.386, 1.858, 2.572]

electron effective mass

[0.126, 0.13, 0.162)

HSE band gap (indirect/direct) (eV)

1.47/1.47

cnergy above hull (eV/atom)

0.05
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composition ErCuSe,
MP-id 675180
space group P3m1

hole effective mass

10.586, 0.586, 0.927]

—
clectron cffective mass [0.193, 0.193, 0.728] %
HSE band gap (indirect/direct) (eV) 2.116/2.2 ~?2
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composition K,CuP ] A PR~
MP-id 8446 ig§0§<§361 _/%
space group P6_3/mme 4 | =
hole effective mass [2.175, 2.744, 3.624] < % X Y B /’\
electron effective mass [0.227, 0.754, 0.812] %_) 2 f Y \%% /
HSE band gap (indirect/direct) (eV) 1.99/1.99 ;
(o]
energy above hull (eV/atom) 0.0 =0 | 3 [
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composition K;Cu;As, 6 /AQK
MP-id 14205 3/ = y<
space group R3m 4 >~ \
hole effective mass [1.272,1.272, 1.922] ; pAa- \% / ng
electron effective mass [0.36, 0.36, 0.761] o 2 — | »//\\
HSE band gap (indirect/direct) (eV) 2.047/2.047 ;
o
0 e | [
energy above hull (¢V/atom) 0.0 ‘6 | — M~————< |
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composition K:CuSb, é g ?:Rg
MP-id 27999 4 éé %vé’s A b
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Figure 5: Theoretical efficiency from GGA+HSE approach for the 20 Cu based materials.
The range in theoretical efficiency corresponds to different growing conditions, hence different
defects present in each material. The middle of the range is indicated by diamonds.
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Figure 6: Theoretical efficiency of typical PV absorbers and our outlined candidates versus
their reserved HHI. The different colored regions correspond to typical limits. The color of
the circles indicates the metal companionality (M.C.) in %.
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Figure 7: Electron mobility at 300 K in NayCuP as a function of the k and q meshes used

for the integrations, see the main text. The q is the same as the k mesh for the matrix

elements but a q mesh twice as dense in each direction is used for the energies in the delta
distributions for the lifetimes (double-grid method of Ref."** The MRTA is used.
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Figure 8: Electron mobility at 300 K in K3CusP5 as a function of the k and q meshes used
for the integrations, see the main text. The q is the same as the k mesh for the matrix

elements but a q mesh twice as dense in each direction is used for the energies in the delta
distributions for the lifetimes (double-grid method of Ref."** The MRTA is used.
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Figure 9: The defect formation energy as a function of Fermi level of intrinsic defects for
KCuTe at all possible chemical potentials regions that determined from the facets of the

phase diagram.

41




< 1 1
% A : | —— Vacys
- 3 : : — Vaccy
o : : — VacCre
<]C) 21 I H -_ CUNa
W /I ] — Nacy
s 11 /3 i
® o] —/— :
£ | i
S -1y i 1
) 1 1
D —2- | |
@ i i
0 _3Ll, } : : L, : : :
Na  Na,Te "NaTe; Te -0.5 0.0 05 10 15 20 25 3.0
Fermi energy (eV)
—~ 4 —~ 4
% B E E —— Vacy, % C E E —— Vacna
; 31 ! ! —_ Vaccy ; 31 ! ! —_— Vacc,
<] T T — Vacre o 1 1 — Vacre
— —
g 2 /E E — Cuns Q27 /E E — Cune
w 1 1 1 — NaCu w 1 : : — NaCu
§ | £ i § | 7= i
o i i o
T 0 —l ! T 0 !
e ] i € ] i
S | I S I I
L -1 1 L -1 1
5 0 | s_ | .
- : : - : :
a_3l. | , o , , , o_3l. | , 4 , , ,
-05 00 05 1.0 15 2.0 25 3.0 -05 00 05 10 15 20 25 3.0
Fermi energy (eV) Fermi energy (eV)
—~ 4 —~ 4
> D E E —vaens | 3 |E E E — Vacy,
> 37 ! ! — Vacey ; 3 ! ! — Vacey
o ' ' —\acre o 1 1 — Vacre
— —
e T —an | 227 L —
'-'gJ 1. I I — Nacy '-'é 1. ! ! — Nacy
3 o] = | R o i
e ] ] & ] ]
5 ' ' 5 : :
o 1 | ' c ~1 ]
T I . © I |
O —21 1 1 O —21 1 1
Y= 1 1 Y= 1 1
[ 1 1 CU 1 1
o _ 1 1 [a) 1 1

-05 0.0 05

10 1.5 20 25 3.0
Fermi energy (eV)

0.5 0.0 05 1.0 1.5 2.0 25 3.0
Fermi energy (eV)

Figure 10: The defect formation energy as a function of Fermi level of intrinsic defects for
NaCuTe at all possible chemical potentials regions that determined from the facets of the
phase diagram.
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Figure 12: COHP analysis (a,b,c,d,e,f) for all orbitals in pure bulk, averaged for each bond
type for Al;CuSeg, AlCuTe, BaCuyS,, BaCusSes, BaCusSnSey, BaCuySs.The VBM and
CBM are represented by horizontal red dashed lines.
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Figure 13: COHP analysis (a,b,c,d,e,f) for all orbitals in pure bulk, averaged for each bond
type for CdCuGeSy, CusSiSz, CuzPSy, CugSiSes, CugGeWSg, CugGeSg.
CBM are represented by horizontal red dashed lines.
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Figure 14: COHP analysis (a,b,c,d,e,f) for all orbitals in pure bulk, averaged for each bond
type for ErCuSe,, KoCuP, K3CuszAsy, K3CusPy, KsCuSh,y, KCuTe. The VBM and CBM are
represented by horizontal red dashed lines
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Figure 15: COHP analysis (a,b,c,d,e,f) for all orbitals in pure bulk, averaged for each bond
type for LisCuyS3, LiCuS, NayCuAs, NayCuP, NaCuTe, SrgCusNs. The VBM and CBM are
represented by horizontal red dashed lines
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Figure 16: COHP analysis (a,b) for all orbitals in pure bulk, averaged for each bond type
for SrCuyGeSey, Y3CuGeSe;. The VBM and CBM are represented by horizontal red dashed

lines
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