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The efficiencies of Cu,ZnSnSe4 (CZTSe) solar cells with a narrower band gap at 1.0 eV are currently higher
than those of Cu,ZnSnS, (CZTS), with the optimal band gap according to the Shockley-Queisser model. To
understand this abnormal observation, we studied the nonradiative recombination rates induced by the deep
levels of the dominant defects in CZTSe, i.e., the Snz,(2 + /+), Snz,(+/0), and [Cuz,-Snz,]1(4/0) levels. We
found that the effective recombination centers in CZTS, namely, Snz, >t and [Cugz,-Sngz,]T, have much smaller
carrier capture rates in CZTSe, and are less detrimental to the minority carrier lifetime and energy conversion
efficiency. The smaller carrier capture rates for CZTSe can be attributed to the higher electronic transition
energies, lower phonon frequencies, and weaker electron-phonon coupling effects in CZTSe compared to those
in CZTS, because the large Se cations give rise to larger lattice constants and a softer lattice in CZTSe.
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I. INTRODUCTION

Kesterite quaternary compounds Cu,ZnSnS4 (CZTS) and
CuyZnSnSes (CZTSe) have become the subjects of inten-
sive interest as promising thin-film solar cell light-absorber
semiconductors, because of their optimal band gaps [1-6],
remarkable absorption coefficients (>10*cm™!) [7], abundant
and nontoxic elemental components, and growth techniques
compatible with the commercialized thin-film solar cells such
as Cu(In, Ga)Se; [8] cells. According to Shockley-Queisser
theory [6], the maximum energy conversion efficiency of
CZTS and CZTSe with band gaps of 1.5 and 1.0 eV are 32.4
and 31%, respectively, so CZTS solar cells should have higher
efficiency than CZTSe cells. However, the efficiency of CZTS
solar cells achieved experimentally stagnated at around 9%
[9,10] and only recently reached 11% [11]. For CZTSe solar
cells, the achieved efficiency is slightly higher, at 11.6% [12].
So far, the record photovoltaic efficiency of the thin-film solar
cells based on the alloys of CZTS and CZTSe is still 12.6%,
which was reported in 2013. These efficiencies are still far
below their theoretical limits (around 32%) [6,13,14].

To understand the efficiency-limiting factors, comparative
studies on CZTS and CZTSe can provide useful informa-
tion. In recent years it has been observed that CZTS, with
an optimal band gap of 1.5 eV, has a lower efficiency than
CZTSe, with a much narrower band gap, and this unexpected
phenomenon has been studied from different perspectives,
such as using a Mo back contact, and considering the doping
ability of the isolated bulk materials [15-17]. However, the
microscopic origin is still under debate and remains open.

Among the efficiency-limiting factors, the minority car-
rier lifetime plays an important role. The measured minority
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carrier lifetime of CZTS is several nanoseconds [8,18,19],
much shorter than the typical lifetime for high-efficiency
Cu(In, Ga)Se, [20,21], at tens to hundreds of nanoseconds.
The shorter carrier lifetime is usually attributed to the non-
radiative recombination induced by deep-level defects, which
is often described by the Shockley-Read-Hall (SRH) model
[16,18,19,22-27]. Consequently, it will be important to un-
derstand the impacts of deep-level defects on carrier lifetime
and photovoltaic conversion efficiency in CZTS and CZTSe.
However, it is difficult both experimentally and theoretically
to identify the effective nonradiative center defects. In ex-
periment, a large number of defects produce various defect
levels in the band gap, making it hard to specify the role
of a specific defect [28-30]. In theory, multiphonon-assisted
electronic transition requires special treatment, such as nona-
diabatic description, or static coupling theory treatment. The
computational formalism of static coupling theory treatment
was derived very recently, and the result is proved to be con-
sistent with experiments [31,32]. It is very difficult to predict
the effects of a large number of point defects on the nonradia-
tive recombination before the multiphonon-assisted electronic
transition rates can be calculated using this formalism.

In this work, using static coupling formalism and con-
sidering the electron-phonon coupling effect, we have quan-
titatively calculated the nonradiative carrier recombination
rates of the dominant deep-level defects, which are Sny,
antisites and Cug,-Sny, clusters. We find that Sny,>t and
[Cuz,-Snz,]*T in CZTSe have much smaller recombination
rates compared to those in CZTS, which can explain the
higher efficiency of CZTSe cells. From chemical trends
analysis of the main factors that affect nonradiative recom-
bination rate from CZTS to CZTSe, we find that the higher

©2021 American Physical Society
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FIG. 1. Calculated defect formation energies as a function of
Fermi level. (a) Formation energies of neutral, +1, and +2 charge
states are plotted for Snz, antisite, and (b) formation energies of neu-
tral and +1 charge states are plotted for Cug,-Snyz, antisite clusters.
The Fermi energy is referenced to the VBM level and the chemical
potentials pz, = —1.23 eV, pucy, = —0.20 eV, and ps, = —0.50 eV
are applied. The Fermi energy at which formation energies cross is
defined as the defect transition level.

electronic transition energy, lower phonon energy, and weaker
electron-phonon coupling effect in CZTSe are the critical fac-
tors that limit the nonradiative recombination rates of Sny,>"
and [Cug,-Snz, |+ defects. These factors are corelated with the
larger lattice constants and softer lattice of CZTSe compared
to CZTS.

II. CALCULATION METHOD

The formation energy of a defect determines its equi-
librium density in the lattice. In the supercell model, the
defect formation energy is calculated according to AH («) =
E(ax) — E(host) + Zi n;(E; + u;), where E(a) and E (host)
are the total energies of the supercell with a defect « and
without defect, respectively. E; refers to the total energy of
the element i in its pure phase and #; is the number of i atoms
removed from the supercell in the process of defect formation.
Negative n; indicates introduction of element i to the super-
cell. The calculated formation energies of Snz, and Cugz,-Snz,
defects as a function of Fermi energy are plotted as shown
in Fig. 1. The formation energies of the positively charged
defects, namely Snz,>*, Snz, ™ [Fig. 1(a)] and [Cuz,-Snz,|*
[Fig. 1(b)], increase when the Fermi energy shifts up from
the valence-band maximum (VBM) to the conduction-band
minimum (CBM). The Fermi energy at which the formation
energy lines intersect is defined as the defect transition energy
level [denoted as Snz, (2 + /+) for example].

A defect level in the band gap can induce a nonradiative
recombination by capturing an electron from the CBM state
and a hole from the VBM state, releasing energy through
phonon excitations. The nonradiative recombination rate is
directly determined by the electron and hole capture rates of
the defect level. In synthesized CZTS(Se), intrinsic p-type
conductivity is widely observed, while n-type samples have
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FIG. 2. 1D configuration diagram of the nonradiative

Snz,(2 4+ /+) transition under the harmonic approximation.
The green parabola refers to the initial state (42 charged Snz, state)
and the red parabola refers to the final state (+1 charged Sng, state).
Q denotes the generalized coordinates of real space, E denotes the
total energies, AE denotes the electronic transition energy, Ey
denotes the relaxation energy, and E}, denotes the transition energy
barrier. The nonradiative electronic transition mainly occurs at the
cross point of the two energy curves, and the initial system (Snz,>")
needs to overcome the energy barrier E, with the help of thermal
excitations.

not yet been reported [27,33-35]. Density-functional theory
calculations suggest that in CZTS(Se), the formation energies
of most acceptor defects are lower than those of donor defects.
Thus, the high population of acceptors (Cuz, antisite and
Cu vacancy) determines the intrinsic p-type conductivity of
CZTS(Se) [16,26]. As a result, in both CZTS and CZTSe, the
concentration of hole carriers is enormously larger than that
of electron carriers. Electrons are minority carriers and the
hole capture time is negligible compared to the electron cap-
ture time. Consequently, in this work, we have calculated the
electron capture coefficient to approximate the nonradiative
recombination rates.

Static coupling formalism is used to describe the nonra-
diative carrier capture process [31,36,37] and the Sommerfeld
factor f; is applied to describe the attractive Coulomb inter-
action of the electron and the positively charged centers [38].
The final electron capture coefficient is given by B, = f,B,,
where B, is the calculated electron capture coefficient given
by static coupling formalism [39].

To analyze the physical origins of the difference in the
calculated nonradiative recombination rates between CZTSe
and CZTS, the calculations of the transition energy barrier
E,, electronic transition energy AE, and lattice relaxation
energy E. are performed. Under the harmonic approxima-
tion, the nonradiative electronic transition can be described
by the one-dimensional configuration diagram, as shown in
Fig. 2. The nonradiative electronic transition mainly occurs
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at the intersection of the energy curves; the initial sys-
tem needs to overcome the energy barrier denoted as E,
in Fig. 2. Hence, the electronic capture coefficient is sensi-
tive to the transition energy barrier and it is reported that
the relation between the electronic capture coefficient and
the transition energy barrier is well fitted with B, = By +
B exp(—:—”T) [40]. Following the harmonic approximation,
the transition energy barrier depends on the electronic transi-
tion energy AE and lattice relaxation energy E., by E, =
(BEZEal [36,37], where Eo = Y, S0 AQ} [41.42], oy is
the phonon frequency, and AQy is the coordination difference
between the initial and final states projected on each phonon
mode k.

In all the calculations, 64-atom supercells of kesterite
CZTSe and CZTS are used [43,44]. The Heyd-Scuseria-
Ernzerhof hybrid functional, with 25% of the Perdew-
Burke-Ernzerhof exchange functional [45,46] replaced by the
screened Hartree-Fock exchange, is adopted to correct the
band gaps, and the screening parameter is set to 0.2 A~
The Vienna Ab initio Simulation Package (VASP) [47] with
the projected augmented-wave pseudopotentials [48] is used
to perform the structural relaxation and calculate the phonon
spectrum. The cutoff energy of the plane-wave basis is 400 eV
and the atomic structures are relaxed until the atomic forces
are smaller than 0.01 eV A~'. The electron-phonon coupling
matrices are calculated using QUANTUM ESPRESSO [49] with
the finite-difference method, in which the norm-conserving
pseudopotentials and a cutoff energy of 90 Ry for the plane-
wave basis are applied. Finite-size effect correction and
potential alignment are implicitly included for the charged
defects [50].

III. RESULTS AND DISCUSSION

In CZTSe and CZTS, the Sny, antisite defect and
Cuz,-Snyz, defect clusters can have high concentrations
[16,25,27,51-54] and act as possible nonradiative recombina-
tion centers limiting the minority carrier lifetime. As a donor
defect, a Sny, antisite can have three charge states, namely,
0 (neutral, not ionized), +1, and +2. Accordingly, the transi-
tions between the three levels produce three transition energy
levels in the band gap, i.e., (+/0), (+2/+), and (42/0). As
shown in Fig. 3, the charge density of the defect level induced
by the neutral antisite is localized at the defect site. Cuz,-Snz,
has two stable charge states, the neutral state and the +1
charged state, and has one transition energy level (+/0). Due
to Coulomb repulsion, it is unlikely for a defect to capture
two electrons simultaneously. Therefore, we only consider
the single-electron (or single-hole) capture process, including
electron capture by the (4/0) and (+2/+) levels of Sngz, and
electron capture by the (4-/0) level of [Cuyz,-Snz, ] [55,56].

In CZTS, our previous study showed that Snz,(2 + /+),
Snz,(4/0), and [Cuz,-Sngz, J(+/0) are all deep levels, which
are 0.83, 0.64, and 1.17 eV above VBM, respectively. How-
ever, these three transitions show varying electron capture
coefficients at 300 K. The electron capture coefficient due to
the Snyz, (2 + /+) transition and the [Cug,-Snyz,](+/0) tran-
sition are comparable, with the values of 2.4 x 107° cm?3/s
and 1.2 x 107% cm?/s respectively. In contrast, the electron
capture coefficient due to the Snz,(+/0) transition is smaller

FIG. 3. The charge density of the neutral defect state induced by
Sny, antisite in CZTSe. The pink, gray, blue, and brown spheres
represent Cu, Zn, Sn, and Se atoms, respectively. The defect level
induced by Snz, antisite is localized at the defect site in the supercell.

by almost four orders of magnitude, only 1.3 x 107'° cm?/s.
Consequently, for CZTS, one could conclude that Sny, >t and
[Cuz,-Snz,]T are effective nonradiative recombination cen-
ters limiting the carrier lifetime and photovoltaic conversion
efficiency. Further analysis indicated that the smaller capture
coefficient of Sny,™ can be attributed to two factors: (i) The
energy of the phonon mode involved in the capture process
of Sny,™ is much lower than the modes involved with Snz, 2t
and [Cugz,-Snz,]*, accounting for the higher energy barrier
of the Snz,(+4/0) transition, and (ii) the Coulomb attractive
interaction between the positive charged defect center Snz,*
and the electron on the CBM level is weaker compared to the
case of Sngz, >t [37].

For CZTSe, our results in Fig. 1 show that Snz,(4/0)
and [Cug,-Snyz,](+4/0) are also deep levels, 0.48 and 0.34 eV
above the VBM, while Snz,(2 4 /4 ) is only 0.13 eV above
the VBM, much lower than that in CZTS (0.83 eV above the
VBM). Since the energy difference between the Snz, (2 + /+)
level and the CBM level is up to 0.87 eV in CZTSe, larger than
that in CZTS (0.67 eV), the level is close to the VBM and
offset from the middle of the band gap. Therefore, we expect
that the level is not an effective nonradiative recombination
center level according to the SRH model [16]. The calculated
electron capture coefficient due to the Snz, (2 4 /+) transition
in CZTSe is only 3.5 x 10~%cm? /s, three orders of magnitude
smaller than that in CZTS, indicating that this level is indeed
not important for nonradiative recombination.

In contrast, the Snz,(+/0) and [Cuz,-Snz,](4+/0) levels
are deep in the band gap, so we expect that they should
cause significant nonradiative recombination according to the
SRH model. However, their calculated electron capture co-
efficients are small, 3.3 x 10~%cm?/s and 6.6 x 10~2cm?/s,
respectively. As a result, none of these defects is an effec-
tive nonradiative recombination center in CZTSe, which is
clearly different from the cases in CZTS where the Snz,(+4/0)
and [Cugz,-Snz,](4+/0) levels have large electron capture
coefficients.
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FIG. 4. Dependences of the maximal SRH recombination life-
times of minority carriers (electrons) on the concentrations of Snz,*"
(@), Snz, ™ (b), and [Cuz,-Snz,]T (¢) in CZTSe (blue lines), respec-
tively. The lifetime dependences on defect concentration in CZTS
(red lines) are also plotted for comparison. The dashed lines show the
concentration of defects above which the minority carrier lifetime is
limited below 1 ns.

Using the calculated electron capture coefficients, denoted
as B, above, we estimate the effects of the aforementioned
defects on the SRH recombination minority carrier lifetimes
Tsry, Which are given by tsgry = Bq;Nd with N; being the
defect concentration. As shown in Fig. 4, if the concentra-
tion is as high as 10°cm ™3, the defects Snz,**, Snz,*, and
[Cuz,-Snz, ]t will limit the carrier (electron) lifetime to be
0.4 ns, 8 wus, 0.8 ns, respectively, in CZTS and 0.3, 0.3, 0.2
s, respectively, in CZTSe. For comparisons, typical experi-
mentally measured carrier lifetime is on the nanosecond scale
[8,18,19]. If the carrier lifetime needs to be longer than ~1
ns, the concentrations of Snz,>t and [Cuz,-Sngz,]T should be
lower than 4.2 x 10'* cm™3, 8.3 x 10" cm™3, respectively,
in CZTS, and 2.9 x 107cm ™3, 1.5 x 10'7cm ™ respectively
in CZTSe, (see the dashed lines in Fig. 4). Obviously, Sny, >t
and [Cuyg,-Snyz,]T are more detrimental to the carrier lifetime
and energy conversion efficiency in CZTS than CZTSe, ex-
plaining the better efficiency of CZTSe.

The experimentally measured minority carrier lifetime
T depends on all recombination lifetimes including radia-
tive recombination lifetime (zz), SRH recombination lifetime
(Tsru), Auger recombination lifetime (t4), and surface recom-
bination lifetime (7sy), which can be formulized as

T TR TSRH TA TSurf

Our calculations only include the SRH recombination life-
time. The experimentally measured minority carrier lifetimes
of CZTS are all around several nanoseconds [12,57-59],
which are on the order of the calculated SRH recombina-
tion lifetime. Thus, we conclude that in CZTS, the SRH
recombination is one of the dominant factors that limit the
minority carrier lifetime. However, for CZTSe, the experi-
mentally measured minority carrier lifetimes are also around
several nanoseconds [12,60,61], which are much smaller than
the calculated SRH recombination lifetimes. We infer that, for
CZTSe, the interface and surface recombination rather than
the SRH recombination limits the minority carrier lifetime

dominantly. Experimentally, Barkhouse et al. have proposed
that their record CZTSSe device is primarily limited by the
interface recombination [62].

As isovalent semiconductors, CZTSe and CZTS adopt
the same crystal structure and share similar electronic and
optical properties. Consequently, it is of fundamental inter-
est to understand the significant difference in the calculated
electron capture coefficients of the Snyz, > and [Cuy,-Sngz, |
defects. In the static coupling formalism, there are four main
factors affecting the electron capture coefficients, including
the electronic transition energy AE, the phonon frequency
w, the lattice distortion AQ, and the strength of electron-
phonon coupling effect. In the following, we will consider the
Snz, (2 + /+) transition as an example to discuss the differ-
ences in these factors between CZTS and CZTSe. The case of
the [Cugz,-Snz, ](+/0) transition follows the same way.

A. The electronic transition energy

The electronic transition energy AE is defined as the en-
ergy difference between the initial and the final states, as
shown in Fig. 1. For Snz, ", the electronic transition energy is
equal to the defect transition energy level e(+2/4) referenced
to the CBM level. During the electronic transition, AE is
always higher than the relaxation energy, so the energy bar-
rier increases as AE increases according to E;, = W
Specifically, the calculated electronic transition energrgf of
Snz,(2 + /+)is 0.67 eV for CZTS and is 0.87 eV for CZTSe.
As a result, the higher electronic transition energy in CZTSe
leads to a higher energy barrier compared to CZTS. We can
understand the higher electronic transition energy for CZTSe
from two perspectives. On one hand, the antisite Sn atom is
surrounded by four S or Se atoms, so the weaker electroneg-
ativity of Se atom makes the Coulomb repulsion between the
captured electron of a Sn atom and the valence electrons of
Se stronger than that in CZTS. On the other hand, the defect
level for the Snz, antisite is occupied by the p electrons of
the Sn atom, which is strongly coupled with the d electrons
of the VBM level, and the p-d coupling effect is weaker in
CZTSe because the Se atom is larger than the S atom. Con-
sequently, the electronic transition energy in CZTSe is higher
than CZTS, resulting in a higher transition barrier and a lower
electron capture coefficient in CZTSe.

B. Phonon energy

The nonradiative electronic transition accompanies the
multiphonon excitation process. To understand the processes
of the electronic transition, we plotted the phonon density
of states (DOS) in Fig. 5 and the phonon mode decompo-
sitions of Huang-Rhys factors S, electron-phonon coupling
matrix elements, electronic capture coefficients in Fig. 6, for
both CZTSe and CZTS. For CZTS the phonon energy ranges
from O to 50 meV. Because a Se atom is much heavier than
a S atom, the maximal phonon energy of CZTSe is only
32 meV, much lower than the maximal phonon energy of
CZTS (47 meV). In addition, the phonon mode decomposi-
tions, as well as the projected phonon DOS, which illuminates
the phonon contributions from different elements, show dif-
ferent phonon properties of CZTS and CZTSe. For CZTS,
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FIG. 5. Total (upper panel) and projected (lower panel) phonon
DOS of the 64-atom supercell with a Snz,>* antisite defect. (a) The
left column is for CZTSe and (b) the right column is for CZTS.

the high-frequency phonon modes are dominated by the vi-
bration of S atoms due to their low mass compared to the
heavier Cu, Zn, and Sn atoms, and phonon mode decomposi-
tion indicates that the only phonon frequency involved in the
nonradiative processes is the vibration of S atoms, mainly the
S atoms around the SnZn2+ defects. In contrast, for CZTSe,
the mass difference of the four elements is not significant,
so all four elements contribute to both the high-energy part
and the low-energy part of the DOS. The phonon mode de-
composition also shows that the vibration of all four elements
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FIG. 6. The contribution of different phonon modes to the (a),
(d) Huang-Rhys factor Sk, (b), (e) squared norms of the electron-
phonon coupling matrix elements |C_’;.l.|2, and (c), (f) electron capture
coefficient B’; at 300 K for the supercell with an antisite Snz,>*. The

left column is for CZTSe, and the right column is for CZTS.

TABLE I. Sn-Se bond lengths, electronic transition energies AE
(referenced to CBM level), lattice relaxation energies E., and elec-
tronic energy barriers Ej, for Snz,>" defects in CZTSe and CZTS.

Defects Host Bond length (A) AE (eV) E. (eV) Ey(eV)

Snzy 2t CZTSe 2.58 0.87 0.34 0.21
CZTS 243 0.67 0.50 0.01

[Cuz,-Sny, ]t CZTSe 2.57 0.66 0.29 0.12
CZTS 2.43 0.33 0.52 0.02

contributes to the electronic transition process. Because the
relaxation energy depends on the phonon energy, following
Ea=), %w,%AQ,% =Y . Sifiwy, the phonon energy differ-
ences make the relaxation energy lower in CZTSe than in
CZTS. The calculated relaxation energies support our analy-
sis, i.e., the relaxation energy in CZTSe is only 0.34 eV, while
that in CZTS is 0.50 eV, as shown in Table 1. The lower relax-
ation energy results in the higher transition energy barrier in
CZTSe, which is one of the most important factors accounting
for the lower electron capture coefficients in CZTSe.

C. Lattice distortion

We also compared the difference in lattice distortion during
the electronic transition between CZTS and CZTSe semiquan-
titatively. The lattice distortions are measured by the length
changes of the bonds surrounding the defects, namely, the Sn-
S bonds for CZTS and Sn-Se bonds for CZTSe. The calculated
results show that the defect bond length changes during the
Snz,(2 + /+) transition are 0.14 and 0.12 A for CZTS and
CZTSe, respectively, presenting no significant difference. In
other words, the lattice distortion during the Snz,(2 4+ /+)
transition in CZTS and CZTSe are both very large. However,
the electron capture coefficients are significantly different.
The low electron capture coefficient of [Cuy,-Snz,](4/0) in
CZTSe demonstrates that a deep-level defect with consid-
erable lattice distortion during the transition process is not
necessarily an effective recombination center with a large
carrier capture coefficient. More precisely, to be an effective
recombination center, the defect should also be surrounded by
strong chemical bonds (high-frequency mode) as we proposed
in previous work [37]. In CZTSe, the length of the Sn-Se bond
in Sngz,2t is 2.58 A, longer and softer than the Sn-S bond,
with a length of 2.43 A, in CZTS. The exact and complete
empirical criterion for the effective recombination center de-
fects is that the defects surrounded with stronger bonds are
more likely to be effective recombination centers.

D. Electron-phonon coupling effect

For the single-electron capture process, i.e., the
Snz, (2 + /+) transition, the electron transits from the CBM
level to the defect level. The initial electronic state (the CBM
state) and the final electronic state (the defect state) are
coupled by all the phonon modes that are plotted in Fig. 6.
In static coupling formalism, the electron-phonon coupling
matrix is (¢f|§_gk [v;) (denoted as Ck-i) [31,32,36], where the
indices i and f denote the initial and final electronic states,
respectively, and index k denotes the phonon modes. The
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phonon mode decompositions of |C’j§ show that a single
phonon mode with energy of 41 meV makes the leading
contribution to |C’]ii|2 (~10~% a.u.) in CZTS; however,
the contributions of the leading phonon modes are about
two orders of magnitude smaller (~107'° a.u.) in CZTSe.
Therefore, the electron-phonon coupling effect for the
electronic transition in CZTSe is weaker than that in CZTS,
which greatly decreases the electron capture coefficient of the
Snz, (2 + /+) transition for CZTSe. In CZTS, the dominant
phonon mode is localized around the Snz, defect, where the
wave function of the defect electronic state is also localized,
so the overlap of the phonon and the electronic state is very
large, resulting in strong electron-phonon coupling. However,
in CZTSe, many phonon modes contribute to |C' ki|2 and most
of these modes are delocalized. Although the electronic state
is still localized around the defect, the overall overlap of
the phonon and electronic wave function is small, so the
electron-phonon coupling is weaker in CZTSe.

2
il

IV. CONCLUSION

Using static coupling formalism, we calculated the elec-
tron capture coefficients of the Snz, (2 + /+), Snz,(4+/0), and
[Cuz,-Snz,1(4-/0) levels in the band gap of CZTSe. We found
that for CZTSe the electron capture coefficients of Snz,>*

and [Cugz,-Snz, T are about three orders of magnitude smaller
than those of CZTS, so none of the Sny,2t, Sny,*, and
[Cuz,-Snz, T defects in CZTSe is an effective nonradiative
recombination center that can seriously limit the carrier life-
time in photovoltaic cells. According to the large difference
in the effects of deep-level defects on the minority carrier
lifetime, we can understand the higher efficiency achieved in
the CZTSe solar cells than in the CZTS cells which have more
optimal band gaps. The lower electron capture coefficients of
the deep-level defects in CZTSe are attributed to the larger
electronic transition energies, lower phonon frequencies (due
to the larger lattice constants and softer lattice), and weaker
electron-phonon coupling, which lead to higher electronic
transition barriers in CZTSe than in CZTS.
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