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The chalcogenide perovskite BaZrS3 has attracted much attention as a promising solar absorber for
thin-film photovoltaics. Here we use first-principles calculations to evaluate its carrier transport and defect
properties. We find that BaZrS3 has a phonon-limited electron mobility of 37 cm2/V s, which is compara-
ble to that in halide perovskites, but lower hole mobility of 11 cm2/V s. The defect computations indicate
that BaZrS3 is intrinsically n-type due to shallow sulfur vacancies, but that strong compensation by sul-
fur vacancies will prevent attempts to make it p-type. We also establish that BaZrS3 shows some degree
of defect tolerance, presenting only few low formation energy, deep intrinsic defects. Among the deep
defects, sulfur interstitials are the dominant nonradiative recombination centers but exhibit a moderate
capture coefficient. Our work highlights the material’s intrinsic limitations in carrier mobility and p-type
doping, and suggests focusing on suppressing the formation of sulfur interstitials to achieve longer carrier
lifetime.
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I. INTRODUCTION

Lead halide perovskites have revolutionized the field of
photovoltaics (PVs) by opening a promising path to earth-
abundant, easily processable, and high-efficiency thin-film
technologies [1,2]. The exceptional PV performance of
halide perovskites is, however, overshadowed by their
poor stability [3–5]. Structural analogy has motivated the
search for alternative solar absorbers forming in the per-
ovskite structure but in chemistries that could be more
stable [6–15]. The chalcogenide perovskites ABX 3 (A =
Ca, Sr, Ba; B = Ti, Zr, Hf; and X = S, Se) have emerged in
this context, with their first suggestion as solar absorbers
coming from first-principles studies [6], followed by
experimental synthesis and characterization especially of
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BaZrS3 [16–20]. BaZrS3 shows excellent stability in ambi-
ent conditions and exhibits a direct band gap of approx-
imately 1.8 eV that can be tuned to 1.5 eV by alloying
with BaTiS3 or BaZrSe3 [16,18–26]. Significant efforts
have been dedicated to growing high-quality thin films
of BaZrS3 and its alloys, by a range of techniques, such
as pulsed laser deposition [27–30], sputtering [22,31,32],
molecular beam epitaxy [33,34], and solution-based syn-
thesis [35–37]. Very recently, a proof-of-concept BaZrS3
solar cell was reported, demonstrating an efficiency of
0.11% [38]. Interestingly, BaZrS3 also stands out as a
top candidate in a few high-throughput computational
screenings of thin-film solar absorbers [12,39–41].

In this work, we use first-principles calculations to clar-
ify the carrier transport and defect properties in BaZrS3.
We compute the phonon-limited carrier mobility, showing
that BaZrS3 has intrinsically low hole mobility. We also
perform state-of-the-art hybrid-functional defect calcula-
tions. We show that BaZrS3 is intrinsically n-type, and that
p-type doping of BaZrS3 will be very difficult due to strong
compensation by intrinsic donor defects. We identify the
sulfur interstitial (Si) as the main deep defect, but show that
its nonradiative capture coefficient is moderate and that
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sulfur chemical potential control should mitigate its impact
on the carrier lifetime in BaZrS3. Our results suggest path-
ways regarding growth condition optimization and device
design towards high-performance BaZrS3 absorbers.

II. RESULTS

A. Electronic band structure and carrier transport

BaZrS3 forms in an orthorhombic Pnma perovskite
structure [Fig. 1(a)]. Our calculated electronic band struc-
ture obtained with use of the Heyd-Scuseria-Ernzerhof
hybrid functional (HSE06) [42] shows a direct band gap
of 1.81 eV at the � point [Fig. 1(b)], in agreement with
previous calculations and experiments [6,12,18–24,43].
Combining computed electronic and phonon properties,
we find a phonon-limited carrier mobility of 11 cm2/V s
for holes and 37 cm2/V s for electrons at room temperature
(see Sec. V A for details), with the carrier scattering mech-
anism dominated by polar optical phonons. These values
are upper bounds as realistic polycrystalline films will
have additional scatterings from, e.g., grain boundaries and
impurities. They are much lower than those calculated for
conventional thin-film inorganic solar absorbers (such as
CdTe [44,45] and Cu2ZnSnS4 [46]). The calculated hole
mobility of BaZrS3 is also lower than for the halide per-
ovskite CH3NH3PbI3 (11 cm2/V s vs 47 cm2/V s), yet
these two materials have comparable calculated electron
mobility [47]. Our results are consistent with results from
experiments on BaZrS3 thin films that indicate low carrier
mobilities (approximately 2 cm2/V s for holes and approx-
imately 10–20 cm2/V s for electrons) [27,28,35,48]. The
measured low carrier mobility has been often attributed to
small grain size or impurity scattering [27,28]. While these
could be limiting factors in the experiments, our results
highlight that BaZrS3 has intrinsically low phonon-limited
carrier mobility, and that experimentally it is very unlikely
to achieve mobilities higher than our computed values. We

note that Ye et al. [49] reported a very high sum mobility
(greater than 100 cm2/V s) in BaZrS3 films on the basis of
time-resolved photoluminescence measurements, but the
data suffer from reported very large uncertainty.

The large difference between hole and electron mobili-
ties directly comes from the electronic band structure. The
lower conduction bands are much more dispersive than
the upper valence bands [Fig. 1(b)]. As a result, the effec-
tive mass is found to be small for electrons (0.3m0) and
relatively large for holes (0.9m0). The fundamental differ-
ence in hole effective mass and mobility between BaZrS3
and CH3NH3PbI3 comes from the different electronic char-
acter in the valence band. While the halide perovskite
mixes anion and cation orbitals, leading to a delocalized
valence band [50], the sulfide shows a more ionic behav-
ior, with the valence band being mainly of anion character
[Fig. 1(b)].

B. Intrinsic point defects and doping

We have calculated all the intrinsic point defects in
BaZrS3, including the vacancies (VBa, VZr, VS), interstitials
(Bai, Zri, Si), and antisites (BaZr, ZrBa, BaS, SBa, ZrS, SZr).
Our first-principles defect calculations are all performed
with the HSE06 hybrid functional and a large 3 × 3 × 2
supercell (360 atoms) with appropriate charge correction
and spin polarization, which is different from previous
first-principles calculations [18,51]. We provide the details
of our method in Sec. V B and a comparison with previous
calculations in Supplemental Material [52]. We note that
some of the defects (e.g., Si) involve several configurations
that are close in energy. In the following, we report only
results for the lowest-energy configurations, while those
for metastable configurations can be found in Fig. S2 in
Supplemental Material [52].

Figure 2 shows the formation energies of the intrinsic
defects in BaZrS3 for both S-poor and S-rich conditions
(see Fig. S1 in Supplemental Material [52] for details). The
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FIG. 1. (a) Crystal structure of BaZrS3. (b) HSE06-calculated electronic band structure and (partial) density of states (DOS) of
BaZrS3.
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FIG. 2. Formation energies of intrinsic point defects in BaZrS3 as a functional of the Fermi level, under (a) S-poor and (b) S-rich
conditions. The Fermi level is referenced to the VBM of BaZrS3. The slopes of the formation-energy lines indicate defect charge
states, and the dots denote charge-state transition levels (see also Fig. 3).

defect charge-state transition levels are plotted in Fig. 3.
We find that a series of shallow donor defects can form
in BaZrS3. VS is the dominant donor, giving rise to two
donor levels (+/0) and (2+/+) that are almost in reso-
nance with the conduction band. Under S-poor conditions
[Fig. 2(a)], VS has fairly low formation energy and thus
exists in high concentration. On the other hand, the accep-
tor defects, mainly VBa and BaZr, have high formation
energies. These data indicate that S-poor BaZrS3 will be
heavily n-type doped by the VS donors. Under S-rich con-
ditions [Fig. 2(b)], the formation energy of VS is increased,
while the formation energies of the acceptor defects are
reduced. Under those conditions, the equilibrium Fermi
level would be pinned close to the intersection of the for-
mation energies of VS and VZr (about 0.5 eV below the
conduction band), indicative of a very weak n-type, almost
intrinsic BaZrS3. Our results explain the experimental
observation that as-grown BaZrS3 is intrinsically n-type,
with the electron concentration as high as 1019–1020 cm−3

[27], and we attribute this doping to sulfur vacancies.
Very recently, Aggarwal et al. [53] showed that BaZrS3
films synthesized in a S-rich atmosphere are insulating but
become n-type conductive with subsequent annealing in a
high vacuum (i.e., a S-poor environment). They attributed
this transition to the formation of sulfur vacancies. Addi-
tionally, they found no significant change in conductivity
with variation of Ba:Zr ratio. These findings agree with our
calculations.

Figure 2 also indicates that it will be very difficult to
achieve p-type BaZrS3. While VBa, VZr, and BaZr are shal-
low acceptors, they are strongly compensated by the VS
donors. Even under the most favorable S-rich conditions,
the Fermi-level pinning energy for p-type doping is 0.6 eV

above the valence-band maximum (VBM), caused by the
VS, whose formation energy drops first to zero when the
Fermi level is approaching the VBM [Fig. 2(b)]. In view of
the high p-type pinning limit, any extrinsic shallow accep-
tors will be strongly compensated, thus preventing p-type
doping [54–56]. In the literature, p-type BaZrS3 has been
reported only once, with a hole concentration of approx-
imately 1018 cm−3 [31]. We note that this was achieved
in a sample that is extremely Ba deficient (Ba:Zr ratio as
low as approximately 0.6), raising questions about possible
secondary phases [57].

Next to doping, from Figs. 2 and 3 we identify a few
defects with deep transition levels, including VZr (3−/4−),
BaZr (−/2−), SBa (+/3−), SZr (0/2−), and Si (0/2+).
Only Si has sufficiently low formation energy to exist in
significant concentrations (when in S-rich conditions; see
Table S4 in Supplemental Material [52] for the calculated
defect concentrations). Since defect-assisted nonradiative
recombination is one of the key processes that limit car-
rier lifetime and ultimately solar cell performance [58–64],
it is necessary to assess whether Si is an efficient non-
radiative carrier recombination center. We note that the
charge-compensated Frenkel pair [VS + Si] might form in
BaZrS3, considering that Si can also occur in negative
charge states (i.e., acceptor-like behavior). However, the
binding energy of this defect pair is found to be relatively
small (0.74 eV; see Sec. V B), suggesting that it will not be
very stable in the high-temperature processing of BaZrS3.

C. Nonradiative carrier capture by sulfur interstitials

We now compute the nonradiative carrier capture
coefficients of Si (see Sec. V C for computational details).
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FIG. 3. Defect charge-state transition levels ε(q/q′). Only the levels falling into the BaZrS3 band gap are shown. The red and blue
bars denote acceptor and donor levels, respectively.

For carrier capture by Si, the relevant charge-state tran-
sitions are (+/0) and (2+/+), which are located at 0.35
and 1.37 eV above the VBM, respectively, as shown in
Fig. 4(a). There are two capture processes for electron-hole
recombination via the (+/0) level: C0

p for hole (p) cap-
ture and C+

n for electron (n) capture, where the superscript
denotes the initial charge state. Similarly, recombination
via the (2+/+) level involves two capture processes: C+

p

and C2+
n .

To illustrate the capture processes, Fig. 4(b) shows the
local atomic structures of Si in the three charge states: 0,
+, and 2+. The local structures of S0

i and S+
i are simi-

lar but differ from that of S2+
i . In the 0 and + charge states,

the interstitial S forms distorted tetrahedral bonds with two
Ba nearest neighbors, one Zr nearest neighbor, and one S
nearest neighbor. With the S0

i → S+
i transition (i.e., captur-

ing a hole, C0
p ), another lattice S atom moves towards the

interstitial S. This lattice S atom and the interstitial S move
further closer with the S+

i → S2+
i transition (i.e., capturing

another hole, C+
p ). As a result, S2+

i forms a S trimer.
The configuration coordinate diagrams for the S0

i � S+
i

and S+
i � S2+

i transitions are shown in Figs. 4(c) and
4(d). Such diagrams map the potential energy surfaces of
a defect in two adjacent charge states for a given transi-
tion as a function of a generalized configuration coordinate
(Q) [65–67]. We find that the displacement �Q is larger
between S+

i and S2+
i than between S0

i and S+
i , reflecting

the structural differences discussed above. The configu-
ration coordinate diagrams indicate anharmonic atomic
vibrations in the Si capture processes, specifically for the
S+

i � S2+
i transitions, as shown in Fig. 4(d) (see also Fig.

S3 in Supplemental Material [52]). Anharmonic potential
energy surfaces have been widely found for nonradiative

carrier capture in halide perovskites and other low-
symmetry semiconductors [64,68–74]. As seen in Fig. 4(d),
the anharmonicity substantially lowers the capture barri-
ers as compared with the harmonic case; this leads to a
vanishingly small hole capture barrier for S+

i and a moder-
ate electron capture barrier of 0.27 eV for S2+

i . In the case
of S0

i � S+
i transitions, the hole capture barrier for S0

i is
also nearly zero, and electron capture by S+

i has an energy
barrier of 0.17 eV [Fig. 4(c)]. From the calculated capture
barriers, we expect fast hole capture and slower electron
capture by Si.

Figure 4(e) shows the calculated capture coefficients of
Si as a function of temperature. Consistent with the neg-
ligibly small hole capture barriers and the finite electron
capture barriers, the capture coefficients indicate fast hole
capture and much slower electron capture by Si. Through-
out the temperature range considered (200–500 K), the
hole capture coefficient of S0

i (C0
p ) is as high as 10−6 cm3/s,

and that of S+
i (C+

p ) is on the order of 10−7 cm3/s. In con-
trast, at 300 K, the electron capture coefficient of S+

i (C+
n )

is 1.54 × 10−9 cm3/s, and that of S2+
i (C2+

n ) has a moderate
value of 7.18 × 10−11 cm3/s. For low-doped or intrinsic
BaZrS3, with balancing of electron and hole capture under
steady-state conditions, the total capture coefficient (Ctot)
of Si is given by [73,75]

Ctot = C+
n + C+

p

1 + C+
n

C0
p

+ C+
p

C2+
n

.

Ctot of Si is calculated to be 7.27 × 10−11 cm3/s at 300 K
[Fig. 4(e)]. Ctot is limited by C2+

n . The capture coefficient
is moderate and is 2 orders of magnitude smaller than the
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FIG. 4. (a) Formation energy of Si as a function of the Fermi level under S-rich conditions. (b) Local atomic structures of Si in the
0, +, and 2+ charge states. (c),(d) Configuration coordinate diagrams for the S0

i � S+
i and S+

i � S2+
i transitions. The data points

represent potential energies obtained from first-principles calculations. In (c), the solid colored curves are parabolic fits to the data
points and thus depict the potential energy surfaces in the harmonic approximation. In (d), the solid colored curves are potential energy
surfaces obtained from quadratic spline fits to the data points, and the dashed gray curves are parabolic fits. �Q denotes the structural
difference in configuration coordinate between the initial and final charge states, and �En denotes the electron capture barrier. (e)
Temperature-dependent nonradiative capture coefficients of Si.

value (7 × 10−9 cm3/s) for the dominant recombination
centers (iodine interstitials, Ii) in CH3NH3PbI3 computed
in a similar theoretical framework [68,70]. However, the
capture coefficient of Si is not negligible. A high density
of Si can still cause strong nonradiative recombination and
limit the carrier lifetime.

III. DISCUSSION

BaZrS3 shows higher electron mobility than hole mobil-
ity, which would suggest the use of this material as a p-type
absorber layer as it is the diffusion length of minority carri-
ers that mainly controls the efficiency of p-n junction solar
cells [76–78]. Our analysis, however, shows that it will
be unlikely to make a p-type BaZrS3. Use of the intrin-
sically n-type doped BaZrS3 as an absorber layer will lead
to smaller minority-carrier diffusion lengths limited by the
lower hole mobility and also cause issues at the device
level as discussed for other n-type thin-film absorbers
[79–81]. We thus suggest that it could be more viable
to devise a p-i-n (or n-i-p) cell with the use of BaZrS3
as the intrinsic layer (lightly n-type doped), as in halide
perovskite solar cells [82]. In such a p-i-n device, the

carrier diffusion length is controlled by the ambipolar
mobility [83–85], which is estimated to be 17 cm2/V s with
our calculated intrinsic electron and hole mobilities. Prepa-
ration of intrinsic BaZrS3 requires drastic reduction of the
concentration of VS donors, which can be achieved under
S-rich growth conditions [53]. However, S-rich conditions
would enhance the formation of sulfur interstitials, which
we have shown to be the main nonradiative recombination
centers. It might be beneficial to reduce electron concen-
tration by introducing an extrinsic shallow acceptor while
keeping a low sulfur chemical potential.

Since high-quality BaZrS3 films are typically deposited
at a temperature of approximately 900 ◦C or higher
[22,27,29,48], we estimate now a realistic upper bound
of the Si density in high-temperature-synthesized BaZrS3
samples. Under S-rich conditions [which corresponds to
the defect formation energies displayed in Fig. 2(b)] and
assuming 1000-K growth of BaZrS3 and rapid quench-
ing to room temperature, the Si density is estimated to
be 4.14 × 1017 cm−3 (see Table S4). This high Si density
leads to a nonradiative recombination coefficient (A) of
3.01 × 107 s−1 at room temperature; here A is defined as
A = NdCtot, where Nd is the defect density [70,86,87]. As
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a result, the nonradiative lifetime (τ = 1/A) is 33 ns for
S-rich conditions. Under S-poor conditions and/or the use
of a lower synthesis temperature will reduce the Si den-
sity and increase the carrier lifetime. We note though that
growing BaZrS3 at moderate temperatures tends to require
S-rich conditions, as reported recently for synthesis of
BaZrS3 films at about 600 ◦C in the presence of excess sul-
fur [53,88,89]. Our results are in reasonable quantitative
agreement with the carrier lifetime of about 50 ns mea-
sured by time-resolved photoluminescence experiments on
BaZrS3 single-crystal samples [49,90]. In comparison, Ii
in CH3NH3PbI3 has been found to lead to a nonradiative
lifetime on the order of 100 ns [68,70], on the basis of the
deep-level trap density in solution-processed CH3NH3PbI3
samples being on the order of 1015 cm−3 [91–93].

Ye et al. [49] estimated the solar cell figure of merit
(FPV) of BaZrS3 on the basis of experimental data and
using FPV = αLD, where α is the optical absorption coef-
ficient and LD = √

μkBT/eτ is the carrier diffusion length
[83,94–96]. They found FPV to be 2.1 using an absorption
coefficient of 4940 cm−1, nonradiative lifetime of 50 ns,
and ambipolar mobility of 146.2 cm2/V s [49]. Our com-
putational results do not disagree with the carrier lifetime
but raise strong doubts on the mobility value. Since our
calculated ambipolar mobility is about an order of mag-
nitude lower, we estimate FPV to be just 0.7. Our results,
however, indicate that if the Si concentration is lowered or
the interstitials are passivated in some way, higher carrier
lifetime could be reached, which will increase the figure of
merit.

In addition to intrinsic defects, we briefly mention that
BaZrS3 is tolerant to oxygen impurities, which could be
present in high concentrations in the samples prepared by
sulfurization of BaZrO3 precursor [27,97]. We find that the
oxygen-related point defects, including oxygen interstitial
(Oi) and O substitution on the S site (OS), are electrically
inactive, i.e., they are stable in the neutral charge state for
almost the entire range of Fermi levels (see Fig. S4 in Sup-
plemental Material [52]), in agreement with the findings of
previous experimental and theoretical studies [97].

IV. CONCLUSIONS

We evaluated carrier transport and defect properties in
the chalcogenide perovskite solar absorber BaZrS3. Our
results show that BaZrS3 has a lower hole mobility than
electron mobility (11 cm2/V s vs 37 cm2/V s). The mobil-
ity in this sulfide perovskite is lower and more asym-
metric (in terms of hole versus electron mobilities) than
in lead halide perovskites. Our defect computations indi-
cate an intrinsic tendency for n-type doping due to the
shallow donor VS and that p-type doping is very unlikely
to be achievable. BaZrS3 shows favorable intrinsic defect
behavior, with only few deep defects that could act as non-
radiative recombination centers. Our computations further

reveal that the most problematic deep defect, Si, exhibits
only a moderate nonradiative capture coefficient (7.27 ×
10−11 cm3/s). Under S-rich conditions, the carrier capture
by Si will lead to a computed carrier lifetime of around
30 ns. BaZrS3 exhibits some degree of defect tolerance,
which is beneficial for its use as a solar absorber, and we
suggest that suppressing the formation of Si will be critical
in further increasing the carrier lifetime in BaZrS3.

V. METHODS

A. Carrier mobility calculations

The phonon-limited carrier mobility was calculated with
AMSET (ab initio scattering and transport). AMSET is a
PYTHON package for performing efficient first-principles
calculations of carrier scattering rates and transport in
solid-state semiconductors and insulators [98]. It can
account for different carrier scattering mechanisms, e.g.,
electron-phonon coupling. To prepare inputs for AMSET
calculations, we calculated the material parameters of
BaZrS3 using the Vienna Ab initio Simulation Package
(VASP) and the PBEsol functional [99–101]. A k-point grid
of 8 × 8 × 6 and an energy cutoff of 400 eV were found
to converge the total energy of the Pnma unit cell struc-
ture of BaZrS3 to within 1 meV/atom. In this work, only
carrier scattering from polar optical phonons and acoustic
deformation potentials was considered. For AMSET calcu-
lation of the carrier scattering rates, a dense k-point grid
of 18 × 18 × 12 was used to obtain the single-electron
wave functions, which were used for calculation of the
electron-phonon matrix elements from density-functional
perturbation theory [102,103]. The calculated material
parameters and full mobility tensor are detailed in Sup-
plemental Material [52], with a discussion on possible
errors.

B. Defect calculations

The defect calculations were performed with VASP and
the screened hybrid density functional of Heyd, Scuse-
ria, and Ernzerhof (HSE06) [42,99,100]. The standard
VASP projector augmented wave pseudopotentials (version
PBE_54) were used: Ba_sv (ten valence electrons), Zr_sv
(12 valence electrons), and S (six valence electrons). A
plane-wave basis set with a cutoff of 400 eV was used
to expand electron wave functions. Unless explicitly men-
tioned, these settings were used consistently in all our
defect calculations.

The defect calculations started from relaxation of the
BaZrS3 orthorhombic Pnma unit cell. With a 6 × 6 ×
4 �-centered k-point mesh, the HSE06-calculated lat-
tice constants are a = 7.023 Å, b = 7.119 Å, and c =
10.006 Å, in good agreement with previous HSE06 cal-
culations and experimental findings [18,104]. On the basis
of the HSE06-relaxed unit cell, a 3 × 3 × 2 supercell that

033008-6



ASSESSING CARRIER MOBILITY, DOPABILITY. . . PRX ENERGY 3, 033008 (2024)

contains 360 atoms was constructed and used for mod-
eling point defects. For the supercell containing a point
defect, all the internal atomic positions were fully relaxed
with a force convergence criterion of 0.01 eV/Å. A �-
only k-point mesh was used for the supercell calculations.
Spin polarization was explicitly considered in all the defect
calculations.

Defect formation energies were computed with the stan-
dard formalism [105,106]. As an example, the formation
energy of sulfur vacancy (VS) in charge state q, i.e., Vq

S, is
given by

Ef (V
q
S) = Etot(V

q
S)− Etot(bulk)+ μS + qEF +�q,

where Etot(V
q
S) and Etot(bulk) are the total energies of the

defect-containing and defect-free supercells, respectively.
μS is the sulfur chemical potential, which can be under-
stood as representing the sulfur content in the growth or
annealing environment. Figure S1 in Supplemental Mate-
rial [52] shows the chemical-potential stable region of
BaZrS3, which defines the allowed chemical-potential val-
ues for Ba, Zr, and S. Low μS values mean S-poor growth
conditions, thus lowering the formation energy of sul-
fur vacancies, and vice versa. The electron Fermi level
EF is referenced to the bulk VBM, and its position can
be adjusted from the VBM to the conduction-band min-
imum (CBM). The term �q is the finite-supercell-size
correction for charged defects. We obtained charge cor-
rections using the extended Freysoldt-Neugebauer–Van de
Walle scheme [107,108] and the static dielectric constants
(εxx = 82.10, εyy = 70.67, and εzz = 85.46, which include
both electronic and ionic contributions calculated with the
Perdew-Burke-Ernzerhof (PBE) functional [109]).

To correctly find the ground-state configuration of Si,
besides using the interstitial search algorithm implemented
in the PyCDT code [110] to generate nine trial inter-
stitial sites, we additionally generated another 13 trial
interstitial sites purely on the basis of random numbers
(although these random interstitial sites are required to
have reasonable distances to the lattice sites).

Besides the isolated defects, the charge-compensated
Frenkel pair [VS + Si] was also studied. Similarly to the
search for the ground-state configuration of Si, we gen-
erated 13 trial configurations for the [VS + Si] pair. The
binding energy (Eb) of this defect pair was obtained as

Eb = Ef (V2+
S )+ Ef (S2−

i )− Ef ([VS + Si]).

A positive binding energy means energy gain for the for-
mation of the defect pair, but entropy favors the isolated
constituents [105,106,111].

In thermodynamic equilibrium, the concentration of
a defect in the charge state q (denoted as Dq) can be

determined with use of its calculated formation energy:

C[Dq] = Nsitese
− Ef (D

q)
kBT ,

where Nsites is the number of sites (per unit volume) at
which the defect can form, kB is the Boltzmann constant,
and T is the temperature. The equilibrium Fermi level can
be determined by the charge-neutrality condition, which
requires that the charges of positively charged defects and
hole carriers balance the charges of negatively charged
defects and electron carriers in the material [111–114].
This leads to a self-consistent solution of defect densities,
carrier concentrations, and Fermi-level position. Often,
materials are grown at high temperatures and measured at a
lower temperature. To account for this, the defect densities
can be computed at high temperatures, and one assumes
that for each of the defect species, the total density is fixed
to that at high temperatures but the charges are allowed
to re-equilibrate so as to reach the charge-neutrality con-
dition at a lower temperature. This is the so-called rapid
quenching process [112–114].

Several PYTHON toolkits, including PyCDT [110],
pymatgen [115], Pydefect [116], and py-sc-fermi [117],
were used to generate initial defect structures, plot the
chemical-potential phase diagram, and obtain defect for-
mation energies and densities. We also mention here that
the computer program VESTA [118] was used to visualize
atomic geometries and the PYTHON toolkit sumo [119] was
used to plot the electronic band structure.

C. Nonradiative carrier capture calculations

The calculation of nonradiative carrier capture via multi-
phonon emission was based on a quantum mechanical 1D
model [65–67,120,121]. In this 1D model, a generalized
configuration coordinate (Q) is defined:

Q2 =
∑

I

MI (�RI )
2,

where �RI is the displacement of the I th atom of mass
MI along the vector connecting the positions of this atom
in the equilibrium defect structures of the initial and final
charge states. As such, there is only one (effective) vibra-
tional degree of freedom. For both charge states, obtaining
a set of intermediate configurations by a linear interpola-
tion or extrapolation between the two equilibrium struc-
tures and computation of their total energies lead to two
potential energy surfaces. For each intermediate configu-
ration, the electronic eigenstates were carefully checked to
ensure that the defect states do not cross the band edges
or undergo a change in occupation [64,71,122]. The two
potential energy surfaces are offset horizontally (i.e., along
the Q axis) by �Q, where Q = �Q and Q = 0 correspond
to the equilibrium configurations of the initial and final
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charge states, and offset vertically (i.e., along the energy
axis) by �E, where �E is the charge transition level ref-
erenced to the VBM (CBM) for hole (electron) capture.
A third potential energy surface, which is the potential
energy surface of the final charge state but shifted verti-
cally by the band-gap value, is also needed to represent a
free hole at the valence-band edge and a free electron at the
conduction-band edge. With these, a configuration coor-
dinate diagram is constructed for a carrier capture cycle
(i.e., a complete process of nonradiative electron-hole
recombination) [65,121]. From the configuration coordi-
nate diagram, one can analyze the electron and hole capture
barriers, which provide a qualitative estimate of how fast
the capture processes are.

The carrier capture coefficients were computed on the
basis of Fermi’s golden rule in the static coupling theory
[67,123]:

C(T) = gV
2π
�

∑

m

wm

∑

n

| 〈χim| Q − Q0 |χfn〉 |2

× |W|2δ(Eim − Efn),

which requires computation of the overlap of vibrational
wave functions and the electron-phonon coupling strength.
In this equation, χim (χfn) are vibrational wave functions
of the potential energy surface for the initial (final) charge
state, and are specified by a set of occupation numbers {m}
({n}). wm is the thermal weight. W = 〈ψb| ∂h/∂Q |ψd〉 is
the electron-phonon matrix element in the first-order per-
turbation theory, where ψb and ψd are bulk and defect
states for the single-particle electronic Hamiltonian h. The
electron-phonon matrix element is evaluated at Q0; Q0 is
a selected configuration that has a well-localized defect
state in the band gap [67]. g is the degeneracy factor
of the final charge state. The δ function ensures energy
conservation, where Eim and Efn are total energies; in
the harmonic approximation, Eim − Efn = �E + m�ωi −
n�ωf , where ωi and ωf are phonon frequencies. We cal-
culated the W elements within the projector augmented
wave formalism using VASP [124]. For carrier capture by a
charged defect, |W| was scaled by a Sommerfeld parameter
(s), which accounts for the Coulomb attraction (or repul-
sion) between the delocalized carrier and charged defect.
An additional scaling factor (f ) was included for correc-
tion of the charge density near the defect when the W
elements are computed with a charged defect supercell.
These scaling factors were computed with NONRAD [124].
The overlap of vibrational wave functions and final capture
coefficients were determined with the CarrierCapture.jl
code [122,125]. We performed carrier capture calculations
for the deep defect Si, with the key material parameters
detailed in Table S5 in Supplemental Material [52].
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