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METHODS

Computational steps for the trap-limited conversion efficiency
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FIG. S1. Diagram for the calculation of trap-limited conversion efficiency. The physical processes that are considered
to calculate the trap-limited conversion efficiency are drawn in terms of the electronic and the atomic structure. The numbered

steps are the same as in Fig. 1 in the main text.



Step Description Parameters
1 Band structure First-principles calculations can provide the electronic band structure. FEgap, No, Ny
2 Radiative limit The band gap (step 1) determines optical absorption, hot-carrier cooling, and radiative Jsc, Jrad

recombination. Based on the principle of detailed balance, the Shockley-Queisser (SQ)
limit can predict the short-circuit current and radiative recombination current.

3 Growth condition In thermal equilibrium, materials can exchange atoms with their external environment. p;
The available set of chemical potentials can be calculated using CPLAP.*

4 Formation energy For a set of elemental chemical potentials (step 3), the formation energy of a defect is Ey, Er
given by a function of the Fermi level. The difference in energies between charge state
provides the thermal charge-transition level.

5 Configuration The potential energy surface between equilibrium structures with different charge states
coordinate can be mapped using CarrierCapture.j1.2
5 Capture coefficient The capture coefficient can be calculated by solving the 1D Shrédinger equations for C,, /,
the the vibrations of defects (step 5) and overlap integrals between their wave functions,
which can be performed using CarrierCapture. j1.2

6 Self-consistent The formation energy is a function of the Fermi-level (step 4) while the Fermi level is a Er, Nr, no, po
Fermi level function of the concentration of defects. The SC-FERMI code® can find the self-consistent
Fermi level that satisfies the charge neutrality condition where a net charge of defects
(step 4) is equal to a net charge of carriers (step 1).

7 SRH recombination For given carrier and defect concentrations (step 6), defect levels (step 4), and the Rsru
rate capture coefficient (step 5), the steady-state recombination rate can be calculates using
Shockley-Read-Hall statistics.
8 Device simulation The current-voltage relation can be calculated by combining the radiative limit (step 2) J = J(V)
with the nonradiative recombination rate (step 7).
9 Trap-limited The efficiency is given by the current times the voltage (step 8) devided by the illumi- 7
conversion efficiency nation power. The maximum efficiency can be found along the voltage.

TABLE S1. The physical processes considered when calculating the trap-limited conversion efficiency (TLC) are shown in Fig.
S1 and Fig. 1 in the main text. The detailed computational steps and calculated parameters are described. The numbered
steps are the same as in Fig. 1 in the main text.

Computational details

The total energy of pristine and defective crystals was calculated from DFT% using the projector-augmented wave
(PAW) method® and the hybrid exchange-correlation functional of Heyd-Scuseria-Ernzerhof (HSE06),” as implemented
in VASP®. We used a value of screened exact exchange that reproduces the experimental band gap of kesterites. The
wave functions were expanded in plane waves up to an energy cutoff of 380 eV. The all-electron wave functions were
derived from the pseudo wave functions and atom-centered partial waves in the PAW method, and the overlap integrals
were performed in real space using pawpyseed® to calculate the electron-phonon coupling outlined by Alkauskas et
al.*®. A Monkhorst-Pack k-mesh'! with a grid spacing less than 27 x0.03 A~! was used for Brillouin zone integration.
The atomic coordinates were optimized until the residual forces were less than 0.01 eV/A. The lattice vectors were
relaxed until residual stress was below 0.5 kbar. For defect formation, a 2 x 2 x 2 supercell expansion (64 atoms) of
the conventional cell was employed.

First-principles theory for nonradiative carrier capture:

Configuration coordinate: We described the degree of deformation using a one-dimensional configuration coordinate
Q defined by

Q* =) miAR}, (S1)

where m; and AR, are the atomic mass and the displacement vector from the equilibrium position of atom 4,
respectively. The vibrational wave function of excited (£.,,) and ground (&;,) states, and associated eigen-energies
€em and €, were obtained by solving the one-dimensional Schrédinger equation for potential energy surfaces around
the equilibrium geometries.



Electron-phonon coupling: The electron-phonon coupling matrix elements are calculated based on the static approx-
imation. We calculated the overlap of Kohn-Sham orbitals of the localized defect state and the delocalized band edges
(Ve (Q)|¥e), and their gradient changes in the the configuration coordinate. The electron-phonon coupling matrix
element is given by

Wer = (41| OH /0Q |t)e)

d
=40 (Ve(@)e)

follwoing the previous work of Alkauskas et al.?1%12
Sommerfeld factor: The Coulomb interaction at temperature T" between a carrier with charge ¢ and a defect in a
charge state () is accounted by the Sommerfeld factor (s);!3:14

4| Z|(xEg/kpT)z ,for Z < 0
(s) = 8/\/§(W222ER/]€BT)% (S2)
Xexp(—3(22ﬂ-2ER/k:BT)%)’for Z>0,

where kp is the Boltzmann constant. Er = m*q*/(2h%c?) is an effective Rydberg energy where m* and e are an
effective mass of the carrier and a low-frequency dielectric constant, respectively. For an attractive center, Z = Q/q
is negative, while Z is positive for a repulsive center.



Host  Egap (V) « E(z,y,2) me Ny (em™®) No (cm™2)
CZTS 1.50 0253 (8.85,8.85,940) 0.14 2.30 x 10" 2.49 x 10™®
CZTSe 1.10  0.268 (9.62, 9.62,10.26) 0.11 6.02 x 10" 7.48 x 10'°
CZGSe  1.36  0.278 (10.13, 10.13, 10.29) 0.13 1.03 x 10" 1.30 x 10'7
AZTSe 1.35 0309 (9.16,9.16,9.49) 0.13 1.51 x 10" 7.87 x 10'7

TABLE S2. Calculated properties of the host materials considered in this study. We optimized the band gap Fg.p by tuning
the fraction of exact exchange « to reproduce the experimental band gap. ¢ is the relative dielectric tensor used to calculate
the Sommerfeld factor. The effective densities of hole (Nv) and electron (N¢) are calculated at 300 K using density of states
D(E) and carrier densities (no and po) determined from the self-consistent Fermi level determination (see text).

Host  Trap Nr (cm®) Er (eV) Ey (meV) C, (cm®s™!) o, (cm?)
CZTS Ve, (—/0) 3.31 x 10™ (5.40 x 10™%) 0.04

CZTS Cug, (—/0) 1.07 x 10%° (1.67 x 10%°) 0.19

CZTS Sng, (+/2+) 1.32 x 10' (5.03 x 10"*) 0.61 262 1.19x 1077 1.19 x 107
CZTS Sng,-Cugz, (0/4) 5.27 x 10*® (3.21 x 10'%) 0.90 34 1.47x 1075 1.47 x 10713
CZTSe Ve (—/0) 8.52 x 10 (1.09 x 10%°) 0.07

CZTSe Cug, (—/0) 1.36 x 10%° (1.69 x 10%°) 0.21

CZTSe Sng, (+/2+) 3.19 x 10™ (1.97 x 10'*) 0.48 69 9.29 x 1077 9.29 x 107
CZTSe Vg.-Cugz, (—/0) 8.80 x 10'! (1.11 x 10'?) 0.16 152 4.88 x 10710 4.88 x 10717
CZGSe Vo (0/-) 3.43 x 10* (5.55 x 10'%) 0.03

CZGSe Cugz,(0/-) 9.70 x 10* (1.37 x 10%°) 0.20

CZGSe Gegz, (4+/2+) 6.97 x 10™ (2.74 x 10'*) 0.43 620 9.97 x 10712 9.29 x 107 *°
CZGSe Gegy-Cug, (0/4) 2.03 x 1017 (1.12 x 10'7) 0.87 71 2.38 x 1078 2.38 x 1071
AZTSe Va.(0/-) 3.14 x 107 (6.26 x 10'®) 0.25

AZTSe Agz,(0/—) 7.78 x 10"® (9.71 x 10'°) 0.55

AZTSe Sng, (4+/2+) 1.99 x 10'* (1.90 x 10'2) 0.83 111 4.64x 1077 4.64 x 107

TABLE S3. Properties of dominant acceptors and recombination centers in kesterites. The concentration of traps Nr are
calculated at the optimal growth conditions (see main text). Np with the doping during the growth is shown in the parentheses.
The electron-capture coefficient C',, and cross section o, are calculated at 300 K, assuming the thermal velocity v, = 10" cms™ 1.
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