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ABSTRACT Chalcogenide perovskites exhibiting lower
band gaps than oxide perovskites and higher stability
than halide perovskites are promising materials for
photovoltaic and optoelectronic applications. For such
applications, the absence of deep defect levels serving as
recombination centers (dubbed defect tolerance) is a
highly desirable property. Here, using density functional
theory (DFT) calculations, we study the intrinsic defects in

BaZrS;, a representative chalcogenide perovskite material.

We compare Hubbard-U and hybrid functional methods,
both of which have been widely used in addressing the
band gap problem of semi-local functionals in DFT. We
find that tuning the U value to obtain experimental bulk
band gap and then using the obtained U value for defect
calculations may result in over-localization of defect
states. In the hybrid functional calculation, the band gap
of BaZrS; can be accurately obtained. We observe
formation of small S-atom clusters in both methods,
which tend to self-passivate the defects from forming
mid-gap levels. Even though in the hybrid functional
calculations several relatively deep defects are observed,
all of them exhibit too high formation energy to play a
significant role if the materials are prepared under
thermal equilibrium. BaZrS; is thus expected to exhibit
sufficient defect tolerance promising for photovoltaic
and optoelectronic applications.

Keywords: chalcogenide perovskite, photovoltaics, defect
tolerance, BaZrS;, first-principles calculation

INTRODUCTION

In the past decade, perovskite materials have been
successfully used as semiconductors for photovoltaic
[1-8], photodetection [9-13] and light-emitting appli-
cations [14-20]. This is different from the traditional
uses of perovskites mainly for dielectric applications,
such as piezoelectrics and ferroelectrics [21,22]. The
semiconducting perovskite materials intensively stud-
ied in recent years are dominated by halides [1-20].
The low conduction band due to strong spin-orbit cou-
pling in cations such as lead and the high valence band
due to the anions such as iodine 6 p orbitals synergical-
ly reduce the band gap of the halide perovskites to a
region suited for photovoltaic devices [23]. Other in-
teresting physics such as defect tolerance allows the
materials to be readily prepared for device fabrication
with less needs for high purity and high crystallinity
while maintaining the low production cost. Currently,
two main barriers for the halide perovskites to be de-
ployed in larger scale are the stability issue partly
caused by the organic components and the toxicity
mainly due to the use of lead [24,25].

Chalcogenide perovskites (CPs) was first synthe-
sized in 1957 [26]. Since then, while a number of CPs
have been reported, their physical properties have only
been studied sporadically [27-29]. Inspired by the
success of halide perovskites, CPs have been proposed
for photovoltaic applications [30-32]. The optical
properties of 1I-IV-Ss CPs have been studied experi-
mentally [31,33,34]. These CPs are air stable and con-
tain only non-toxic elements. Among them, BaZrSs3
having a band gap of about 1.8 eV [31,33-35] is suited
for making solar cells, in particular, when combined
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with silicon-based solar cells for two-junction tandem
solar cells. Ti-doping has been attempted to optimize
solar light absorption by reducing the band gap [31,36].
Thin films of BaZrSs have also been prepared with
their electronic and optical properties being reported
[37-39]. Encouragingly, SrHfSs has been experimen-
tally demonstrated to exhibit excellent green light emit-
ting properties [40]. Recently, we found that III-III-S3
CPs could possess wider band gaps than II-IV-S3 CPs
and hold promise for broader applications such as
transparent conducting materials [41].

With the attractive application potentials, it is of
great interest to understand the defect properties of
CPs because defect tolerance has been considered as
one of the unique properties of halide perovskites
[42-49]. For photovoltaic and optoelectronic materials,
recombination centers are the defects to be avoided as
they compete with the desired functions of carriers, ie,
producing current or light. It has been shown that in-
trinsic defects in halide perovskites are mostly shallow
defects, which do not serve as effective recombination
centers [42] Such a property allows low-cost synthesis
of the materials and low-cost fabrication of the devices
without demanding control on structural defects.

The defect properties of BaZrSs were studied by
density functional theory (DFT), where Hubbard U of
4.5 eV was applied to Zr 4d orbitals to obtain the ex-
perimental band gap [31]. Usually, 44 transition metals
(TMs) have much delocalized d orbitals than 3d TMs.
While using Uvalues of about 4.5 eV may be appropri-
ate for the 3d TMs, they are too large for 4d TMs. Large
Uvalues could result in over-localized d orbitals and in
turn affect the defect properties. Regarding the band
gap problem in DFT, the hybrid functional of Heyd,
Scuseria and Ernzerhof (HSE) by partly incorporating
Hartree-Fock exchange is particularly useful for the CPs.
The predicted band gaps using the HSE functional are
in good agreement with experiments without tuning
the empirical parameters of HSE. It is therefore desira-
ble to study the defect properties using the HSE func-
tional.

In this paper, we report a comparative study on
the defect properties of BaZrSs using different func-
tionals. We start from the semi-local PBEsol functional
Then, by systematically tuning the Uvalue for Zr 4d we
illustrate the effect of Hubbard U/ on the defect proper-
ties. It is found that the defect level could undergo a
sudden transition from shallow to deep when Uis above
a threshold. We then carry out firstprinciples calcula-
tion on the U value of Zr 4d in BaZrSs and show that
the Uvalue is as small as 1.1 eV and produces shallow
defect levels only. Finally, to achieve more conclusive
results on the defect properties of BaZrSs, we calculate
the defect transition levels and defect formation ener-
gies using the HSE functional. While several defects
with relatively deep levels have been identified, their
high formation energy suggests that they can be
avoided under thermal equilibrium. Together, these

results show that BaZrSs is substantially defect tolerant
for photovoltaic and optoelectronic applications.

COMPUTATIANAL METHODS

DFT calculations were carried out using Vienna ab
initio simulation (VASP) package [50,51], which de-
scribes the interaction between the ion-cores and va-
lence electrons by projector augmented wave (PAW)
potentials [52]. Plane waves with cutoff energy of 20
Ry were taken as Dbasis set. Different ex-
change-correlation functionals were adopted, namely,
PBEsol [53], PBEsol+ U [54] and HSE [55]. The super-
cell method was used to model the defects. A 160-atom
supercell was constructed from the 20-atom unit cell
by a conversion matrix of (200; 01 —1; 0 2 2). The T
point was used to represent the Brillouin zone. Calcula-
tions were spin-polarized if a defect possesses a mag-
netic moment. The atomic structures were fully relaxed
until the calculated forces on all atoms were less than 1
mRy/Both. The lattice constants were optimized by
using each functional with increased cutoff energy of
30 Ry and compared with experimental results in Table
I. A 3x2x3 Monkhorst-Pack k-point grid was used in
the bulk calculations.

Table 1 Lattice constants of BaZrSs optimized by different functionals
and used in defect calculations. In the PBEsol+ U calculation, the U
value is determined from first-principles calculation as described in
the text. Experimental results [56] are also listed for comparison.

Functional a(d) b (&) cd
PBEsol 7.118 9.932 6.953
PBEsol+U 7.121 9.961 6.976
HSE 7.148 10.020 7.024
Experimental 7.060 9.981 7.025

The formation energy of a point defect carrying a
charge g was calculated following [57,58]

€Y

where is the is the total energy of the supercell
containing a point defect of charge g, £ois the total en-
ergy of the perfect supercell, n;is the number of atoms
which are added (22; < 0) or removed (72: > 0) from the
supercell during the formation of the defects, y; is the
chemical potential of the constituent element /7 refer-
enced to the total energy per atom of element 7 in its
stable phase (£7), £F is the Fermi energy referenced to
the valence band maximum (VBM) of the host material
(Evsm). The allowed range for u;is determined by the
existence of various secondary phases, which will be
described in more details below. The Fermi energy £r
generally varies between Evsm and the conduction band
minimum (CBM) of the host material. The defect tran-
sition level, at which the thermodynamically stable
charge state of the defect switches from gto g, is given
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(2)

which indicates whether the defect is deep or shallow.

First-principles calculation on the Hubbard & and /
parameters were conducted with the constrained ran-
dom phase approximation (cRPA)[59]. The details of
our code implementation are presented in Refs. [60,61].
Here we briefly review the main steps. We first per-
form DFT calculations with planewave-based pseudo-
potential code PARATEC[62] to prepare a set of fron-
tier Kohn-Sham states and projections of Zr d orbitals
on these states. Using Zr d orbitals as the initial guesses,
we construct maximally localized Wannier functions
using Wannier90 code[63]. Next, we use BerkeleyGW
code[64] to calculate cRPA screened Coulomb potential
WARPA. Then, the interaction matrix elements
(#j] WERPA| jjy and (Jj] WARPA | i) are computed, where i, j
are Wannier function indices. Finally, the Hubbard U
and / parameters are obtained by U = 1/25
Yii( 7] WERPA| jy and [ = 1/20Yi#(4j] WERPA| /i), respective-
ly.

RESULTS AND DISCUSSION

Recombination centers and carrier traps. Before de-
scribing the results, we first explain the recombination
centers (RCs) to be studied in this work. Figure 1
shows the two types of RCs through a Shock-
ley-Read-Hall (SRH) process. The type I RC starts from a
neutral defect. In step 1, it captures an electron and be-
comes a negative center. In step 2, the negative center
will scatter electrons, but capture a hole. In step 3, the
captured electron and hole recombine and accomplish
a SRH process. The type I RC could also capture a hole
first in step 1, and then capture an electron in step 2.

The type II RC starts from a charged defect. While
Figure 1 shows the negatively charged case, starting
from a positively charged defect can be treated similar-
ly. For type II RC, in step 2, the negative center captures
a hole first and in step 3 it captures an electron. Then,
the step 3 will be the same as that in type I RC. Even
though in step 2, the neutral center has a similar
chance of capturing a hole, this process cannot accom-
plish a SRH process. Therefore, as long as one hole is
re-emitted, it will be able to capture an electron.

It is necessary to differentiate the RCs from carri-
er traps. Figure 1 illustrates the case for a defect carry-
ing 2— charge. The discussion below applies to charges
higher than 1 regardless of the charge types. In the
case of 2— charge, the defect will capture a hole in step
1. Then, in step 2, because it is still a negative center, it
cannot capture an electron to accomplish a SRH pro-
cess. Instead, it will capture another hole. Thus, in step
3 no recombination could occur.

Based on the discussions above, we know that on-
ly the £(0/—) and &(+/0) levels are responsible for the

SRH recombination. For this reason, we will only dis-
cuss the &0/—) and &(+/0) levels below. This provides
another advantage: for singly charged defects, the error
due to image charge interaction under periodic bound-
ary condition can be neglected. For our case, with a
supercell size of about 15.9 A and calculated relative
dielectric constant of 12, we estimate the error to be
smaller than 0.1 eV using the Madelung correction [65].
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Figure 1 Schematic showing the difference between recombination
centers (RCs) and carrier traps.

Effect of Hubbard Uon defect properties. We considered
12 possible intrinsic point defects, namely, vacancies
(VBa, Var, V), interstitials (Ba; Zr; S;) and anti-site sub-
stitutions (Bazr, Zrea, Bas, Sga, Zrs, Szr). We first show the
results from semi-local PBEsol functional Figure 2a
shows the calculated transition levels. It is seen that all
defects have transition levels around band edges or out
side the band gap. I’sa and Baz:r are shallow acceptors,
while 15, Ba;, Zrj, Zrga, Bas and Zrs are shallow donors.
Var, Si, Sea and Szr behave as fully self-passivated defects
with their donor levels near the VBM and acceptor lev-
els above the CBM. We will further discuss the defect
behaviors in detail below.

The issue with the PBEsol functional is the
well-known band-gap problem, which results in a se-
verely underestimated band gap of 0.86 eV. The Hub-
bard U (ie, the on-site Coulomb interaction) could
partly compensate for the self-interaction error of the
semi-local functionals and correct the
over-delocalization of the local orbitals. A side effect of
the Hubbard U is the opening up of the band gap of
semiconductors. This has been widely used to address
the band gap problem of DFT in defect studies.

Meng et al. [31] investigated the defect transition
levels of BaZrSs using PBE+ U method. The value of U
was set to be 4.5 eV, which yielded a band gap of 1.72
eV, consistent with experimental results. In this study,
several defects have been reported to be deep-level de-
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fects, including S; Szr, SBa, Zr; and Zrs. In particular, Sz
exhibits a deep £0/-) transition level at about 0.4 eV
above the VBM. This result contradicts the PBEsol re-
sults as shown in Figure 2a. Take this defect as an ex-
ample, we carried out a U-dependent defect study to
understand the reason for the deep transition level
found in the PBE+ U calculation.
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Figure 2 Defect transition levels in BaZrSs calculated by (a) PBEsol
and (b) HSE functionals.

Figure 3a shows the variations of the band gap
and the &(0/-) level of Szr as a function of U. For each U
value from 0 to 4.5 eV, we re-optimized the defect
structures at both the neutral and 1— charge states.
Totally 11 Uvalues were considered. It can be seen that
the band gap linearly increases with the increase of U.
Interestingly, the £(0/-) level undergoes a sharp tran-
sition from being inside the conduction band to being
in the middle of the band gap. The transition occurs at a
U value between 2.6 and 2.7 eV. Figure 3b shows a
schematic of the Kohn-Sham levels at &/ = 2.6 and 2.7
eV near the band edges. When U = 2.6 eV, there is an
electron occupying the CBM and the defect is fully delo-
calized as shown in Figure 3c. As a result, no local spin
magnetic moment is associated with the defect. In con-
trast, when U= 2.7 eV, a mid-gap state appears, which
is spin-polarized with the electron occupying the
spin-up orbital The corresponding mid-gap state is
shown in Figure 3d, which is localized around the de-
fect. Clearly, the localization of electronic state induced
by large U value results in the deep £0/-) transition
level.

Determination of U value in BaZrSs. In order to deter-
mine the Uvalue of Zr 4d orbitals in BaZrSs, we carried
out cRPA calculations based on the method described
in the Method section. BaZrS3 has a 20-atom unit cell
containing 4 Zr atoms and 12 S atoms with totally 20

4

Zr 4d orbitals and 36 S 3p orbitals, which dominate the
band edge states [33]. Therefore, we constructed 56
Wannier functions using 76 Kohn-Sham orbitals cov-
ering the energy window from —5 eV to 5 eV. For the
construction of Wannier functions and cRPA calcula-
tions, we used a 4x3%x4 Monkhorst-Pack k-grid, a 80
Ry cutoff for wave functions, and a 30 Ry cutoff for di-
electric matrix.
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Figure 3 (a) Transition level £(0/—) of Sz as a function of Uvalue for
Zr 4d orbital (b) Schematic of eigenvalues near the band edges at T’
point of the supercell containing the Sz defect in 1— charge state
calculated using &/ = 2.6 and 2.7 eV. (c) and (d) show the charge
density plots of the states 1 and 2 marked in (b).

In Figure 4a, we can see that the constructed
Wannier functions display Zr 4d features. Two of them
resemble e; orbitals and the other three resemble &g
orbitals. The comparison in Figure 4b shows that the
band structure interpolated with our Wannier func-
tions well matches the band structure calculated di-
rectly with DFT. Our calculated ¢ and / matrix elements
are shown in Figure 4c. The average of the U matrix
elements is 1.37 eV and the average of the /matrix ele-
ments is 0.24 eV. These values are significantly smaller
than those of 3d or 4d late transition metal elements
since Zr 4d orbitals are more spatially extended. In Fig-
ure 4d, we compare the radial parts of atomic wave
functions of Zr 4d orbitals with those of Cu 3d, Ag 44,
and S 3p orbitals. Clearly, the radial atomic wave func-
tions of Zr 4d electrons are more extended than those
of Cu 3d and Ag 4d electrons, but similar to those of S
3p electrons. This comparison suggests that Zr 4d
should have a smaller U value than those of the d elec-
trons of late transition metal elements. In an alternative
approach, we also calculated matrix elements U’ =
(did)| WP did)) and J;' = (did; | WeRFA| did)), where the
Wannier functions are replaced with d; and dj, the
pseudo-atomic wave functions of Zr 4 d orbitals. We find

© Science China Press and Springer-Verlag Berlin Heidelberg 2016



SCIENCE CHINA Materials

ARTICLES

U’'=1.4 eV and /'= 0.3 eV, which are close to what we

find using Wannier functions and further validate our

results above.
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Figure 4 (a) Isosurfaces of maximally localized Wannier functions,
which resemble Zr 4d's &g and e; orbitals under an octahedral crystal
field (b) Comparison between the band structure calulated with DFT
and that interpolated with Wannier functions. (c) Calculated elements
of Uand /matrices using the cRPA method. (d) Radial part of atomic
wave functions of different elements calculated.

With the U = 1.37 eV and /= 0.24 eV as deter-
mined above, we recalculated the defect transition lev-
els based on the PBEsol functional Comparing with the
results in Figure 2a, the PBEsol+ U calculations yield
qualitatively the same results as those from the PBEsol
calculations even though the band gap is increased
from 0.86 to 1.00 eV. All defects show shallow transition
levels to within 0.1 eV from the band edges (see Figure
S1 in Supporting Information).

Effect of Hartree-Fock exchange. The band gap from the
PBEsol+ U calculation is still about 0.8 eV smaller than
experimental results. The HSE functional is known to
accurately predict the band gaps for CPs [66]. We cal-
culated the defect transition levels using the HSE func-
tional For easy comparison with the PBEsol results, we
show the results Figure 2b. The behaviors of these de-
fects are discussed below.

Among the three vacancy defects, Vsa and % are a
shallow acceptor and a shallow donor, respectively.
Generally, a cation vacancy forms an acceptor, while an
anion vacancy forms a donor. The Ba and S vacancies
follow this rule. Vzr is more complicated than the other
two vacancies. It is expected to be an acceptor defect

similar to I’sa. However, around the Zr vacancy there
are six S atoms which exhibit “dangling” bonds if
viewed from a covalentbonding picture. Our calcula-
tions show that one of the S atoms deviates from its
original position and moves towards two opposite S
atoms and form a S-S-S bridged trimer structure, as
illustrated in Figure 5a. As a result, the Vzr defect un-
expectedly behaves as a deep donor with the £0/+)
transition level located at about 1.35 eV below the CBM.
The structure without forming the S trimer is metasta-
ble and it is higher in energy than the S-trimer struc-
ture by 3.36 eV in the neutral state. This structure is an
acceptor, as expected, with the £0/-) transition level
0.17 eV above the VBM.

Among the three interstitial defects, Ba;and Zr;are
shallow donors. S;is expected to be an acceptor. How-
ever, a S-dimer forms as shown in Figure 5b. As a re-
sult, S;behaves as a deep donor with the £(0/+) transi-
tion level located at about 1.33 eV below the CBM. The
S-dimer serves as a 2— anion, Ze, (Sz)2-, similar to the
S2- anion. Such kind of anion dimers are also referred
to as splitinterstitial defects. In some bulk sulfides, e.g,
pyrite FeSz, the (S2)2~ anions can also be found.
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Figure 5 Atomic structures of four deep donor defects (a) Vz, (b) S; (c)
Spa, and (d) Sz at different charge states. In (a), (c) and (d), the S
trimer and tetramers are highlighted by a dark color.

Among the six anti-site defects, Bazr, Sga and Szr are
expected to be acceptors, while Zrgs, Bas and Zrs are
expected to be donors. However, the behavior of the Sga
and Szr defects are not as expected. They behave as do-
nors instead. Again, it is because of the formation of
extra S-S bonds. In the case of Sga, a S-S-S bridge struc-
ture forms (see Figure 5c) similar to the case of Vir,
while in the case of Szr a S-tetramer forms (see Figure
5d).

Overall, among all the intrinsic defects k. is the
only relatively shallow acceptor with £0/-) 0.14 eV
above the VBM, while 15, Ba,, Zr; Zrgsa, Bas and Zrs are
all shallow donors. We also checked higher charge
states of these shallow defects (see Figure S2 in
Supporting Information) and confirmed their shallow
nature, namely, the ftransition levels for the higher
charge states are also at the VBM (for I’5a) or CBM (for
the shallow donors). We will not discuss the atomic
and electronic structures of these shallow donor defects
in detail below.
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Among the four deep donor defects, namely, Vi, S;
Sea and Sz, the formation of the S clusters (dimer, tri-
mer and tetramer) tends to remove mid-gap states in
the neutral charge state and leaves behind a relatively
clean band gap. The I'-point eigenvalue spectra of the
four defects in the neutral charge state is shown in Fig-
ure 6, where it can be seen that the S;and Sz defects
show no gap defect states in the band gap. The removal
of deep “dangling bond” states by self-passivation is
desired for a semiconductor being defect tolerant. For
this type of defects, usually the acceptor levels are as
deep as close to the CBM and the donor levels are as
deep as close to the VBM if the atomic structures of the
charged states do not deviate from the neutral ones
significantly. Unfortunately, structural relaxation in the
1+ state of Vir, S; Sea and Sz leads to the deep donor
levels seen in Figure 2b.

2.0 ] . : ]

1.5

Energy (eV)
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o

0.5
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0.0 2o .-

er 5

i SBa SZr
Figure 6 Eigenvalue spectra of five defects at I' point of the supercell
All defects are in neutral charge state. The dashed lines mark the
band gap. The energy zero is aligned to the bulk VBM. The highest
occupied states are marked by two dots for the four
non-spin-polarized defects. For Baz, which is spin-polarized, the two
spin-up gap states are marked by a single dot.

Ba,,

Taking the S; defect as an example, in the 14 state
it undergoes a structural change, as shown in Figure 5b,
where it can be seen that one of the S-Zr bonds is
broken. If further charging the defect to 2+, another
S-Zr bond will be broken and the defect structure looks
more like a typical interstitial defect, also shown in
Figure 5b. For the other three defects, similar S-Zr bond
breaking (or weakening) in the 1+ charge state results
in the deep donor levels shown in Figure 5. Moreover,
the Szr defect in the 1— charge state also undergoes a
structural relaxation which stabilizes this charge state
so that the Szr defect could also be a deep acceptor; as

shown in Figure 5d. However, the £0/—) transition
level is much closer to the CBM compared with the
PBE+ U calculation using U = 4.5 eV, which results in
&0/-) close to the VBM.

In  Hartree-Fock-based  hybrid  functional
calculations, we previously found that even in a perfect
supercell, adding or removing an electron from the
system will give rise to mid-gap electronic states
without creating any atomic defect [67]. By cutting the
long-range part of exchange interaction, the HSE
functional can mitigate this problem. To confirm these
deep donor defects, we employed a 320-atom supercell
to calculate the V%, S;, and Sga defects and found that the
&0/+) level are 1.28, 1.34 and 1.40 eV, respectively,
below the CBM, which differ from the results using the
160-atom supercell by 0.07, 0.01 and 0.01 eV,
respectively, suggesting the accuracy using the
160-atom supercell.

Finally, we discuss the Baz- defect. Our calculation
shows that it is an amphoteric defect with its neutral
charge state being unstable regardless of the position of
the Fermi level While being a deep acceptor, Baz:is also
a shallow donor. Compared with the case of Vi, the
presence of an extra Ba atom hinders the formation a
S-trimer. Without forming the S-trimer, its neutral state
exhibits unpaired electrons, as shown in Figure 6, with
magnetic moment of 2 pup. As mentioned above, the Vi
defect without forming the S-trimer is already a
relatively deep acceptor. Here, the acceptor level of Bazr
is even deeper (0.46 eV above the VBM) partly because
of the presence of Ba cation which could stabilizes the
captured electron by coulomb interaction. However, if
being positively charged, a S-dimer will form with a S-S
distance of 2.06 A giving rise to a relatively shallow
donor level of 0.14 eV below the CBM. Again, the
flexibility of S anions forming the S-clusters
significantly influences the behavior of Bazr similar to
the other deep-level defects discussed above. However,
different from the deep defect discussed above, its
lowest  unoccupied state contins significant
contribution from the S 3p orbitals, which are
hybridized with the Zr 4d states (see Figure S3 in
Supporting Information). For the other deep defects,
their lowest unoccupied states are pure Zr 4 d orbitals
(see Figure S4 in Supporting Information). The highest
occupied state of the Baz defect is a localized state
mainly contributed by S 3 p orbitals.

Defect formation energy. We next calculated the defect
formation energies of the intrinsic defects using HSE
functional We first determined the allowed region for
the chemical potentials that enables the formation of
the primary phase of BaZrSs while avoiding possible
secondary phases. We considered the two secondary
phases, BaS in the rock-salt structure and ZrS: in the
1T structure. The calculated enthalpy of formation of
BaS and ZrS: with respect to the constituent elements
are —4.53 and —5.08 eV per formula unit, respectively.

© Science China Press and Springer-Verlag Berlin Heidelberg 2016



SCIENCE CHINA Materials

ARTICLES

The elements were calculated using the bcc Ba, hAcp Zr
and S in the a-phase. The formation energy of BaZrS3
with respect to BaS and ZrS: is thus —0.33 eV per
formula unit. As shown in Figure 73, the allowed region
for the chemical potentials is bounded by the D, E, E
and G points. The values of the chemical potentials at
these points are listed in Figure 7a.
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Figure 7 Determination of chemical potentials for calculating defect
formation energies in BaZrSs. (a) The triangle ABC is determined by
HMsa + pizr + 345 = AH(BaZrSs) = —9.94 eV. The allowed region DEGF
is determined by the relations ps. + ps < AH(BaS) = —4.53 eV and
HZr + 24S < AH(ZrSz) = —5.08 eV. The lower panel of (a) shows
the chemical potentials of (usa, tzr, 3us) at the D, E, F and G points. (b)
Defect formation energies of 12 intrinsic defects in BaZrSs at the D, E,
G and F points calculated by the HSE function in the neutral state.

The calculated defect formation energies in the
neutral charge state are shown in Figure 7b.
Interestingly, the deep level defects, ie, Baz, Vir, S; Sga
and Sz, all have rather high formation energies as long
as the chemical potential moves slightly away from the
D and F points, which corresponds to S-rich conditions.
The low energy defects with formation energy less than
1 eV are Vs, Zr; Zrea and Zrs, which are all shallow
donors. The only shallow acceptor Is. has a formation
energy of at least 3.6 eV. Therefore, we conclude that
BaZrSs cannot be intrinsically p-type. This is different
from previous conclusion using PBE+U calculation,
which suggests that the material can be grown p-type
if the growth condition is controlled at S-rich condition
[31]. Figure 7b shows that %5 is the dominant defect
that governs the conduction type of the material, which
is consistent with our recent experiment on BaZrSs
thin films [37]. Our results also suggest that Zr as a
transition metal element is reactive enough to form
sufficient bonding with neighboring S atoms to lower
its formation energy when inserted into the lattice as
an interstitial. In particular, the Zrg. antisite defect is
the second lowest in formation energy over a large
region of chemical potentials, which also happens to be
a shallow donor. Under S-rich condition, Si defect may

form if the synthesis temperature is sufficiently high
and the annealing process is not sufficiently long.

CONCLUSIONS

We carried out a comparative study on the intrin-
sic defects of chalcogenide perovskite BaZrSs using dif-
ferent DFT functionals and considering both the Hub-
bard Ueffect and the Hartree-Fock exchange. We show
that tunning band gap towards the experimental value
requires unphysically large U value, which in turn re-
sults in over-localization of the electronic states and
deep defect levels. Using U/ and /values of 1.37 and 0.24
eV, respectively, determined from first-principles calcu-
lation, we found that the intrinsic defects of BaZrSs are
all shallow-level defects, similar to the results obtained
from the PBEsol functional, where Is. and Baz- are
shallow acceptors, Vs, Ba, Zr; Zrss, Bas and Zrs are
shallow donors, and Vzr, S; Ssa and Sz behave as
self-passivated defects (ie, without “dangling bond”
mid-gap states) in the neutral charge state. The
self-passivation behavior is achieved by the formation
of small S clusters and is highly desirable for a semi-
conductor being defect tolerant. In HSE calculations, Vzr,
S; Sea and Szr show deep donor levels emerging from
the VBM suggesting that the self-passivation is not
thorough. Nevertheless, all the deep-level defects from
HSE, including Bazr, show high formation energies, es-
pecially when the experimental condition is not ex-
tremely S-rich. With these results, we conclude that
BaZrSsis sufficiently defect tolerant, which is desirable
for photovoltaic and optoelectronic applications.
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