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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.23,24 The Brillouin zone was sam-

pled using a 2 × 2 × 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.25 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(%)

Si1 Vac Si (2/0):0.02 (0/-2): 0.91 >> 1 33.3 25.62

CdTe3 VCd , TeCd (-2/0):0.36 (0,2):0.42 2.9× 10−10 – 0.19 21.3−29 22.14

GaAs5 AsGa GaAs (2,1):0.63 (0,-1):0.4 3.9× 10−11 – 3.2× 10−4 9.7-33.3 28.82

Cu2ZnSnS4
6 SnZn (2,1):0.6 1.84× 10−10- 3.3×10−7 10.2-20.9 12.62

CuInSe2
7 CuIn (0,-1):0.37 2.07×10−6 22.7 23.358

CuGeSe2
7 CuGa (0,-1):0.33 6.67× 10−6 25.3 23.358

MPI3
9 Ii (-1,1)0.75 2.31× 10−7-0.002 24.6-27.7 25.510

InP VacIn (0,-1): 0.696769 >> 1 33.3 22.12

Sb2S3
11 SbS SSb (3,2):0.5 (0,-1):0.67 9.2× 10−12-1.2× 10−8 8.2 -14.1 6.912

Sb2Se3
13 VacSe SeSb (1,0):0.85) SeSb (-1,1):0.62 10−16–1.9× 10−10 0-6.9 9.214

Cu2O
15 VCu (0,-1):0.42 3.2× 10−7-3.2× 10−6 11.7-13.2 9.5416

CuSbS2
17 CuSb SbCu (0,-1):0.25 (0,2):1.15 6.64× 10−10 7.4× 10−7 11.5-19.5 3.2218

ZnSnP2
19 VP (0,1): 0.7 (0,-1):1 1.2× 10−7–2.8× 10−6 19.1–21.7 3.4420

SnS21 VS (0,2) 0.64 1.98× 10−12–6.63× 10−10 0-8.6 4.3622

band edges with respect to a common reference in GGA and HSE computations (more de-

tails are given in Refs.26,27 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 VCd (-2, -1): 0.58 2.34× 10−3 – �1 22.1?

InP – – � 1 22.12

GaP GaP , PGa (0,1):0.76, (1,2):0.717 4.8× 10−11– 2× 10−4 2.4228

ZnTe VZn (0,-1):0.48 5.53 × 10−8–4.4 × 10−6 5.929

CuSbS2 SbCu (1,2):0.90594 7.72 × 10−9–3.07×10−7 3.2218

Sb2S3 vS (1,2):0.87 1.56 × 10−18–1.87 × 10−12 6.912

Sb2Se3 VSe (0,2):0.65 2.48 × 10−11–4.11 × 10−9 9.214

SbSI VS , VI SbS (0,2):0.94,(-1,1):1.29, (1,3): 0.87 2.48 × 10−26– 1.21 × 10−20 3.530

SnS VS (1,2):0.543 8.2 ×10−13–3.4 × 10−10 4.3622

SnSe SeSn (2,3): 0.731 2.18 × 10−18–1.46 × 10−10 6.4431

ZnSnP2 VP (0,1):0.3 1.08 × 10−8– 6.72 × 10−7 3.4420

Bi2S3 VS (0,1):1.1 3.54 × 10−18– 3.4 × 10−14 5.932

Cu2O – – � 1 9.5416
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Figure 1: GGA+HSE intrinsic defect formation energies as a function of the Fermi energy
for Bi2S3, CdTe, Cu2O, CuSbS2, 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, Sb2S3, Sb2Se3, SbSi, Si, SnI2. 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, ZnSnP2, 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 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 7: Electron mobility at 300 K in Na2CuP 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.33 The MRTA is used.
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Figure 8: Electron mobility at 300 K in K3Cu3P2 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.33 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.
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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 11: The defect formation energy as a function of Fermi level of intrinsic defects for
LiCuS 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 Al5CuSe8, AlCuTe, BaCu2S2, BaCu2Se2, BaCu2SnSe4, BaCu4S3.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 CdCuGeS4, Cu2SiS3, Cu3PS4, Cu8SiSe6, Cu6GeWS8, Cu8GeS6. The VBM and
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 ErCuSe2, K2CuP, K3Cu3As2, K3Cu3P2, K5CuSb2, 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 Li2Cu4S3, LiCuS, Na2CuAs, Na2CuP, NaCuTe, Sr6Cu3N5. 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 SrCu2GeSe4, Y3CuGeSe7. The VBM and CBM are represented by horizontal red dashed
lines
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