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ABSTRACT: Nonradiative electron—hole recombination is the bottle-
neck to efficient kesterite thin-film solar cells. We have performed a
search for active point defect recombination centers using first-
principles calculations. We show that the anion vacancy in Cu,ZnSnS,
(CZTS) is electrically benign without a donor level in the band gap. Vg
can still act as an efficient nonradiative site through the aid of an
intermediate excited state involving electron capture by Sn. The
bipolaron associated with Sn** to Sn’>* two-electron reduction stabilizes
the neutral sulfur vacancy over the charged states; however, we
demonstrate a mechanism whereby nonradiative recombination can
occur via multiphonon emission. Our study highlights that defect-
mediated recombination does not require a charge transition level deep
in the band gap of a semiconductor. We further identify Sn;, as the
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origin of persistent electron trapping/detrapping in kesterite photovoltaic devices, which is suppressed in the selenide

compound.

hin-film solar cells require less materials and energy to

produce compared to silicon-based technologies."”

Kesterite-structured tetrahedral semiconductors such as
Cu,ZnSnS, (CZTS) and Cu,ZnSnSe, (CZTSe), illustrated in
Figure 1, have attracted much attention due to the earth-
abundance of Cu, Zn, and Sn.’ Recently, a kesterite solar cell
reached a record light-to-electricity conversion efficiency of
12.6%;"* however, this technology suffers from a large open-
circuit voltage (Vo) deficit.”™® Thus, the performance of
current kesterite-based solar cells falls far below the Shockley—
Queisser limit of ~30%.”* One likely origin of the V¢ deficit is
an electron—hole recombination center—a so-called killer
defect—that limits the minority carrier lifetime.”

In the nonradiative recombination process described by
Shockley—Read—Hall (SRH)'*'" statistics, a deep level in the
band gap of a semiconductor provides an intermediate state
that facilitates the capture of both minority and majority
carriers. If the defect level is close to the conduction band, the
captured electron is likely to be emitted before recombination
occurs. On the other hand, as the defect level approaches the
valence band, it becomes increasingly difficult to capture an
electron from the conduction band. Therefore, a midgap state is
generally considered an efficient SRH recombination center.
However, the original model did not take into account the
distinct transition levels and atomic relaxation processes
associated with different charge states of the same defect, an

assumption that has been challenged in subsequent stud-
. 12-14
ies.
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There have been a number of density functional theory
(DFT) studies of point defect formation in kesterite
materials.'”>™** In CZTS and CZTSe, it has been shown that
the defects with low formation energies (e.g., V¢, and Cug,)
have defect transition levels close to the band edges. In contrast
to Cu(I) and Zn(Il), the higher valence of Sn(IV) results in
deeper levels for Sn-related defects; although, usually these are
higher in energy to form. The double donor level £(0/2+) of
Sny,, is located near the midgap,w’19 but it is unlikely to be an
efficient recombination center because it requires simultaneous
two-electron capture. A microscopic understanding of non-
radiative recombination mechanisms in kesterites is still
unclear.

In this Letter, we revisit point defect processes in kesterite
semiconductors from first-principles. We show that the
electrically benign sulfur vacancy (V) can play a crucial role
in capturing electrons and facilitating nonradiative recombina-
tion. Sn reduction (bipolaron formation) stabilizes the neutral
Vg in CZTS, where the donor level lies below the valence band
maximum (VBM). However, Vg can be excited to capture two
holes, turning into the doubly charged V§'. We find that the
electron capture process occurs with a negligible barrier,
indicating that Vg provides an efficient nonradiative recombi-
nation channel in kesterite semiconductors.
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Figure 1. (a) Atomic structure of kesterite Cu,ZnSnS, and (b) +2 charged and (c) neutral sulfur vacancies. Blue, gray, purple, yellow, and
white balls represent Cu, Zn, Sn, and S atoms and vacancy site, respectively.

(a)

Sn(Il) 5s

(b)VS2+

©V

Figure 2. (a) Schematic energy level diagram associated with sulfur vacancy formation. Charge densities of (b) the lowest unoccupied Kohn—
Sham state associated with V3" and (c) the highest occupied state associated with V.

The formation energy and electronic structure of a series of
point defects were calculated from first-principles within the
framework of DFT.”>** We employed the projector-augmented
wave method”’ and the hybrid exchange—correlation functional
of Heyd—Scuseria—Ernzerhof (HSE06),” as implemented in
VASP.” The wave functions were expanded in plane waves up
to an energy cutoff of 400 eV. A Monkhorst—Pack k-mesh*®
with a grid spacing less than 27 X 0.03 A™' was used for
Brillouin zone integration. The atomic coordinates were
optimized until the residual forces were less than 0.02 eV/A.
The lattice vectors were relaxed until stress was below 0.5 kbar.
For defect formation, a 2 X 2 X 1 supercell expansion (64
atoms) of the conventional cell was employed. For charged
defects, potential alignment, and anisotropic electrostatic

corrections were applied using the calculated static dielectric
tensor.
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Anion Vacancy: Stable and Metastable Charge States. Anion
vacancies in semiconductors usually act as shallow electron
donors or deep recombination centers.”” In CZTS, each S is
coordinated to two Cu, one Zn, and one Sn atom, forming a
tetrahedron. A sulfur vacancy results in two excess electrons,
which can be donated to the conduction band, resulting in the
doubly charged V§'. Around V§', all cations undergo an
outward distortion; the neighboring Sn atom relaxes by 0.86 A
away from the vacancy site, as shown in Figure 1b.

On the other hand, V; can also exist in a neutral charge state.
The neighboring Sn atom can accommodate two electrons by
reducing its valence: Sn(IV) + 2e” — Sn(II). As V&' captures
two electrons, VY is formed and the Sn atom relaxes by 1.41 A
toward the vacancy site; see Figure lc. The remaining Sn—S
bond lengths increase by 0.18 A.

The charge densities of V" and VY illustrate the double
reduction of Sn. We find that the V§" produces a deep single-
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Figure 3. (a) Thermodynamic charge transition levels of Vg, Snc,(,), Sncy(2c) Sz, and Cug, in (a) Cu,ZnSnS, (CZTS) and (b) Cu,ZnSnSe,
(CZTSe), calculated using DFT/HSEO06 including image charge corrections.
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Figure 4. (a) Proposed nonradiative recombination process where a V§ defect is photoactivated into a V" state that facilitates electron
capture. (b) Configuration coordinate diagram for the same process; the dots represent calculated points on the potential energy surface,
while lines are a parabolic fit. The labels E ,, and E; represent the optical excitation and electron capture barrier, respectively.

particle level in the band gap, while a resonant state in the
valence band is formed by V{; see Figure 2a. The empty level of
V' is localized in the form of an antibonding Sn Ss—S 3p*
orbital, Figure 2b. The defect state strongly couples with the
valence band and becomes resonant when occupied, as
illustrated in Figure 2c. These orbital interactions and local
relaxations are common for lone pair formation in ns* post-
transition metal compounds.*’

When V" captures one electron, it becomes a singly-charged
sulfur vacancy, Vi'. The atomic structure of Vi’ is similar to
that of V{ with the Sn relaxation of 1.20 A toward the vacancy
site, which is comparable to 1.41 A of V. As one electron
occupies the Sn Ss—S 3p* orbital, an exchange splitting
between spin-up and spin-down states of 23 meV leads to an
unpaired electron with the formation of a Sn(III) center.

We examine the thermodynamic transition levels ¢(q1/42)
defined as the Fermi level where the formation energies of
defects in charge states g1 and g2 are equal (see the Supporting
Information for the phase diagram of CZTS and the formation
energies). We include a correction for artificial electrostatic
interactions in a charged periodic system.”"*” The single donor
level €(0/1+) lies 60 meV below the VBM, indicating that VY is
thermodynamically stable for all Fermi-level positions, Figure
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3a, consistent with previous calculations.'”** Note that the

calculated band gap of CZTS is 1.46 eV, while the experimental
room-temperature band gap is 1.5 eV.”’ The bipolaron state
(two electrons stabilized by lattice polarization””) makes Vg
electrically inactive with no donor level in the band gap.

Although V§* is thermodynamically metastable, the difference
in the formation energies of Vi* and VY is small. At room
temperature, a concentration of ~10% V§* is expected from
equilibrium thermodynamics. The unoccupied level of V§* is
close to the valence band; therefore, Vi' cannot capture an
electron efficiently. However, under illumination in a solar cell,
V3§t can capture an additional hole by excitation at E, = 0.59
eV (see Figure 4). Hole capture raises the empty state of V§"
close to the conduction band. V3* can efficiently capture an
electron and recover the +1 charge state, thus completing the
electron—hole recombination process.

We find that the electron capture process is fast with a
negligible barrier. The configuration coordinate diagram is
shown in Figure 4b. The significant lattice distortion shifts the
potential energy surface (PES) of V§* considerably. Because the
local minimum of the +2 charge state lies outside of the PES of
the +1 charge state, the electron capture process is always
nonradiative. The low barrier for the electron capture, E = 8
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meV, suggests that the captured holes will rapidly recombine
with electrons. On the basis of a static approximation,'>**** the
calculated capture coefficient is 3.9 X 10~® cm?/s at 300 K. The
corresponding capture cross section is 3.9 X 107> cm? for the
thermal velocity of 10" cm/s. During the recovery to the
ground-state geometry of V', the potential energy is dissipated
via multiphonon emission.

Unlike a conventional nonradiative recombination process,
here the minority carrier capture process is fast. Due to the low
electron capture barrier, the electron capture coefficient is
weakly dependent on the temperature. However, the total
recombination rate is expected to exponentially increase
because of the thermal excitation of V to Vi*. The overall
recombination rate is limited by the population of V§* and the
photoexcitation from V¥ to V3*. We propose that the
photoactivated nonradiative recombination process explains
the reduced photoluminescence intensity under extra sub-band
gap illumination in CZTS.*

Antisites and the Multivalence of Sn. We also examined
polaronic solutions for Sng,. Sn3% captures two electrons via
double Sn reduction. The occupied lone pair of Sn,, is located
0.36 eV above the valence band. When one electron is
removed, there is an exchange splitting of 0.7 eV. The two
donor levels, €(0/+) and e(+/2+), lay at 0.11 eV below the
CBM and 0.35 eV above the VBM, respectively. In contrast to
previous calculations,"”" the deep level of €(0/2+) is absent
when an open-shell solution for Sn}}, is considered.

We find a similar bipolaronic state in Sng,, stabilizing Sn¢,
over Sng, as shown in Figure 3a. However, in contrast to Sny,,
the single electron capture to give Sng. is unfavorable. The
absence of Sn(IIl) in Snc, is due to the difference in the
energies of lone pair states of Sny, and Snc,. The lone pair of
Sng, is much deeper than that of Sny,. Valence electrons screen
the electron—electron repulsion (U) of Sng, signiﬁcantly,”"”8
and the effective U becomes negative with the aid of structure
relaxation.

On the other hand, Cu antisites can also capture holes via
oxidation of Cu. We find that a tetrahedral distortion pushes up
one of the t, levels of Cug,. As shown in Figure 3a, the acceptor
level €(3—/2—) lies above the CBM, implying that the
oxidation state of Cug, is always higher than +1. We find that
the polaronic state in the band gap is well localized around the
antibonding combination of the Cu 3d and S 3p orbitals (Cu
3d—S 3p*). CZTS in the kesterite form has two symmetrically
distinct Cu sites (2a and 2c); however, the difference in
formation energies is small, as shown in Figure 3a.

Role of the Madelung Potential. The stability of charge states,
as well as the strength of polaronic trapping of charge carriers,
can be related to the site Madelung (electrostatic) potentials of
the crystal. The Cu'* (2a and 2c), Zn** (2d), and Sn** (2b)
lattice sites have screened Madelung potentials of 1.17, 1.20,
1.48, and 2.02 V, respectively. Accordingly, Sn favors less
positive charged states when it occupies Cu or Zn sites, giving
rise to Sn(III) and even Sn(Il). In contrast, Cug, feels an
increased potential, leading to Cu oxidation.

Source of carrier trapping/detrapping. All Sn and Cu antisite
defects are too shallow or too deep to acts as efficient electron—
hole recombination centers. Sny, has two donor levels in the
band gap: £(0/+) and &(+/2+). Because &(+/2+) is close to the
valence band, the electron capture barrier for Sn3} is high,
about 1 eV. Similarly, we ruled out Snd, as an efficient
nonradiative recombination center. On the contrary, Sny} can
capture an electron with a small barrier, while a hole capture is
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unlikely. Thus, we propose Snz, as the origin of the observed
persistent electron trapping/detrapping in CZTS.*

While Sn(III) associated with Sny, is rarely found due to its
unusual electronic configuration with a half-filled Ss orbital
(5s'5p”), the presence of Sn(IIl) in the form of Sn}, or V§* is
supported by the electron spin resonance signals with small g-
factor in CZTS,* which is identical to that of Sn(III) that has
been previously observed in doped samples of ZnS.*'

Case of Cu,ZnSnSe,. The band gap of the selenide is 0.5 eV
smaller than that of the sulfide, which is due to a higher valence
band edge associated with Se 3p.*” This higher anion p state is
also known to suppress Sn lone pair formation.> For CZTSe,
we have performed similar defect calculations and analysis and
found similar charge transition levels, as shown in Figure 3b.
The €(0/1+) level of Vg, is deeper than that of Vg, indicating
that the deep level recombination in CZTSe is less effective.
Because Snj., is unstable in CZTSe, the electron trapping/
detrapping is also predicted to be less prevalent. We propose
that the absence of Sn(Ill) in CZTSe partially explains the
better photovoltaic efficiency of CZTSe-based devices.’

In summary, we have reassessed the point defect process in
kesterite semiconductors. The spontaneous two-electron
reduction of Sn(IV) to Sn(II) stabilizes the neutral charge
state of the sulfur vacancy, without any thermal donor level in
the band gap. However, we show that sulfur substoichiometry
could still give rise to an active nonradiative carrier
recombination assisted by an optically excited state. The
proposed recombination mechanism implies that careful
control of the chemical potential of S/Se could enhance the
minority carrier lifetime. A further prediction of the model is
that infrared illumination will significantly reduce the minority
carrier lifetime. Finally, we identify Sny,, as an origin of electron
trapping/detrapping in operating solar cells.
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