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ABSTRACT: Perovskite photovoltaics (PVs) have attracted
intense interest largely because of their high power conversion
efficiency and low cost. The chemical structures of perovskite
materials can be generally described by the formula of ABX;,
where cations occupy “A” and “B” sites and anions occupy “X”
sites. Herein, we present a comprehensive theoretical study of
two inorganic anti-perovskite materials, namely, BiNCa; and
SbNCa;, for perovskite PVs. Note that in anti-perovskites,
anions occupy “A” and “B” sites, whereas cations occupy “X”
sites. Specifically, for both materials, we investigate their
thermodynamic stability, dynamic stability, optoelectronic
properties and defect properties through ab initio calculations.
Our computation suggests that both BiNCa; and SbNCa;
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possess direct band gaps of 0.65 and 1.14 eV, respectively. Notably, both materials are predicted to be thermodynamically
stable, as demonstrated by their relatively large stable region based on the phase stability analysis. Dynamic and thermal
stabilities are also suggested via the computed phonon spectra and ab initio molecular dynamics simulation. Furthermore, both
materials possess desired optical absorption coeflicients in the visible light region, comparable to that of the prevailing organic—
inorganic hybrid perovskite, MAPbI;. Both exhibit enhanced optical absorption in the infrared region and have good defect
tolerance. Lastly, good n-type and p-type conductivity may be realized by controlling the growth condition. The combined
desirable properties render both BiNCa; and SbNCa; as promising all-inorganic and lead-free optical absorbers for PV

application.

B INTRODUCTION

Owing to their extraordinary optoelectronic properties, for
example, low-temperature solution processability,”” large
absorption coefficient,” high carrier mobility,* long diffusion
length,s_8 and unique defect-tolerant feature,” > organic—
inorganic hybrid perovskite (OIHP) materials have been
widely viewed as highly promising absorber materials for solar
cells.”"*~'> Remarkably, fast increase of the power conversion
efficiency (PCE) for OIHP solar cells has been witnessed over
just few years.16 The highest PCE value (~23.7%) of OIHP
solar cells is already comparable to the PCE value of
commercial silicon-based solar cells. Although considerable
progress has been made in the research of thin-film solar cells
based on CH;NH;Pbl; (MAPbL,), their commercialization is
still hampered by some obstacles, such as the inherent
structural instability because of easy degradation upon
exposure to water, oxygen, illumination, and high temperature.
Moreover, the toxicity of the water-soluble Pb** ion is also a
concern.'”"*

Halide perovskite materials generally possess a formula of
ABX,; (A = MA', FA*, Cs*; B = Pb**; X = CI, Br~, I"). It has
been reported that partial replacement of MA* or FA* with an
inorganic element Cs® can greatly enhance the stability of
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OIHP. On the other hand, a great deal of effort has been made
to the exploration of lead-free perovskites by replacing the B
site Pb?*."*72° Divalent (Ge®* and Sn*),*' ™** trivalent (Sb**
and Bi**),”>?° and tetravalent (Ge**, Sn*, and Ti*")*"~* all
have been explored as lead replacement. Among these
materials, neither Ge?" nor Sn?* is in its stable oxidization
state, which limits their utilization for photovoltaic (PV)
applications. Meanwhile, the trivalent replacements based on
Sb and Bi tend to yield a band gap larger than 2.0 eV, which is
unsuitable for PVs. Although the tetravalent Cs,Snlg shows
good stability in open-air and moisture environment, the
presence of dominant I vacancy and Sn interstitial defects as
well as the low carrier mobility is undesirable for PV
applications.”” Recently, growing interest has been paid to
elpasolite or ordered double perovskite where the B site cation
(Pb*") is replaced by monovalent B’ (Cu*, Ag*, Au*) and
trivalent B” (Bi**, Sb>*, In>*, Ga*") metal ions.”’~" Although
first-principles calculations predicted a number of related
materials with promising electronic and optical properties,” "
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investigation of these double perovskites for PV applications is
still lacking. In particular, synthesized Cs,AgBiCls and
Cs,AgBiBry show a wide indirect band gap and large effective
carrier masses.””””*** Although MA,TIBiBr4 displays promis-
ing properties, Tl is still a strongly toxic element.”” Hence,
more research work is needed to assess the full potential of this
class of materials.

In addition to the conventional perovskite ABX; where
cations occupy the A and B sites with anions occupying the X
sites, there also exists a class of antiperovskite materials in
which anions occupy the A and B sites, whereas cations occupy
the X sites.” Like the conventional perovskites, anti-perov-
skites can also display a wide variety of novel properties,
including thermoelectric,46 giant magnetoresistance,47 super-
conducting,” etc., owing to their composition flexibility to
accommodate diverse anions (at A and B sites) and cations (at
X sites). Recently, anti-perovskite materials have also been
predicted to be promising superionic conductors,””*’ as in the
case of some traditional organic—inorganic halide perovskites
with high ionic conductivity.”' The structure and composition
diversities of anti-perovskites provide another promising
platform for the exploration of lead-free absorber materials.
Gebhardt and Rappe have theoretically studied several
organic—inorganic hybrid anti-perovskite materials and tran-
sition-metal hybrid anti-perovskites.””>* The structural un-
certainty introduced by the volatile MA*/FA" group, however,
requires further investigation in future experiments. All
inorganic anti-perovskite structures appear to be more
predictable than the hybrid ones, a good starting point for
the exploration. Note that more than 2 decades ago, a series of
MNCa; (M=P, As, Sb, Bi, Ge, Sn and Pb) have been
successfully synthesized.*> Previous computation at the
modified Becke—Johnson level also predicted direct band
gaps of 1.1 and 1.09 eV for SbNCa; and BiNCaj, respectively,
which are within optimal band gap values for solar absorbers.>*
Besides good optical absorption, a promising absorber material
should also be highly stable with good defect tolerance. It will
be interesting to see whether these lead-free materials can be
good solar absorber materials for optoelectronic applications.

In this work, we investigate various relevant properties of
BiNCa; and SbNCa; as potential optical absorbers, for
example, the electronic, optical and defect properties, as well
as dynamic and thermodynamic stabilities. Both BiNCa; and
SbNCaj are predicted to possess a direct band gap of 0.65 and
1.14 eV, respectively. Phonon spectrum calculations suggest
their dynamic stability, while a wide thermodynamically stable
range for equilibrium growth is also predicted for BiNCa; and
SbNCay;. Optical absorption is as good as that of the prevailing
MAPDI; perovskite. Last but not least, both materials exhibit
good defect tolerance and flexible conductivity, from good n-
type to good p-type, depending on the growth condition.

B COMPUTATIONAL DETAILS

All calculations were performed within the framework of
density functional theory as implemented in the Vienna Ab
initio Simulation Package (VASP 5.4).>° The generalized
gradient approximation in the form of Perdew—Burke—
Ernzerhof (PBE) functional®® and projector augmented wave
potentials were used. Both BiNCa; and SbNCa; have been
found to be in cubic structure with space group (Pm3m),
where Sb/Bi occupies the corner positions in Wyckoff position
1b (0.5, 0.5, 0.5), N is at the center position in 1a (0, 0, 0), and
Ca is at the face center position in 3c (0, 0.5, 0.5), as shown in
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Figure 1. The optimized lattice constants of BiNCa; and
SbNCaj are 4.92 and 4.87 A, respectively, about 0.6% and 0.4%
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Figure 1. Thermodynamic stable region for equilibrium growth of (a)
BiNCa, and (b) SbNCas, as marked by green color. A, B, and M are
three representative points chosen for the formation energy
calculations, where for BiNCa; (A: Apg = Auy = 0 €V, Apc, =
—1.71 eV; M: Aug; = —1.50 eV, Apy = —1.20 eV, Apc, = —0.81 eV;
B: Aug; = —2.50 eV, Auy = —2.63 eV, Apuc, = 0 eV) and for SbNCa,
(A: Apgy, = Apy = 0 €V, Auc, = —1.84 eV; M: Apg, = —2.0 eV, Apy
= —1.5¢eV, Auc, = —0.54 eV; B: Aug, = —2.9 eV, Apy = —2.62 €V,
Apic, = 0 €V). The inset at top left is the structure model of BiNCa,
or SbNCa;.

larger than the experimental values.** This result indicates that
the PBE functional can accurately describe the structural
properties of BiNCa; and SbNCa;. An energy cutoft of 450 eV
was adopted for the plane wave expansion of the electronic
wave function. Geometric structures were relaxed until the
force on each atom was less than 0.01 eV/A while the energy
convergence criteria of 1 X 107 eV were adopted. For the
electronic structure calculations, both PBE functional and
hybrid HSE06 functional (with value of @ = 0.2)°” with and
without spin—orbit coupling (SOC) were examined. The
inclusion of SOC is to accurately describe the strong relativistic
features of heavy element Bi in the compounds. The primitive
unit cell and a I'-centered 9 X 9 X 9 k-mesh were used. For the
band structure calculation, high-symmetry points R (0.5, 0.5,
0.5), X (0.0, 0.5, 0.0), T (0.0, 0.0, 0.0), and M (0.5, 0.5, 0.0)
were considered. For each path along R—X, X—I" and I'-M, 20
k-points were used. For defect energy calculations, the
supercell with 320 atoms and the I'-only k-mesh were used.
Atomic positions of the defect structures were relaxed until the
force on each atom was less than 0.02 eV/A. For a defect D in
a charge state of g, the defect formation energy (DFE) was
calculated via the formula

DFE(D') = Epy — Eyy — O, npt. + q(Eg + Ey)
i

+ E%(corr)
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where Eps and Ey are the total energies of the supercell in
charge state g and the defect-free host supercell, respectively.
Eg is the Fermi level (a variable for computations shown in
Figure 4) with respect to the valence band maximum of the
defect-free host supercell, Ey. n; is the number atoms of type i
added (>0) or removed (<0) in the supercell as compared to
the host supercell. y; is the chemical potential of the type i
atom, which can be calculated with respect to its elemental
phase (i.e,, the chemical potential of the most stable elemental
phase of type i, u,) by u; = pg + Ay, Note that Ay; depends
on the chemical condition, e.g,, point A, B, and M shown in
Figure 1 (see Supporting Information for details). E/(corr) is a
correction term to the electrostatic potential in the perfect bulk
and defect supercells, which is to account for the finite size
effects on the total energies of charged defects.”® The
calculated dielectric constants of 29.57 for BiNCa; and 27.48
for SbNCa; were used to assess the correction. The optical
absorption coefficient can be computed based on the real
[e,(w)] and imaginary [e,(w)] part of the frequency-
dependent dielectric function [e(®w)], where the imaginary
part is determined by a summation over empty states, whereas
the real part is determined by the usual Kramers—Kronig
transformation.”” For this computation, the number of bands
was set to be 5 times of the default number. The absorption
coeflicient is given by

a(w) = %[ &’ (o) + &% (w) — &(w)]"?, where E repre-

sents phonon energy and # represents reduced Planck’s
constant.

B RESULTS AND DISCUSSION

Stability. For the synthesis of BiNCa; and SbNCas, the
starting precursors are usually a mixture of elemental (Bi, Sb,
Ca, and N,) or binary phases (Ca;N,, CaN,, Ca,Bi, Ca,Sb,
etc.). For example, Bi or Sb and Ca;N, have been used to
synthesize BiNCa, and SbNCa;.* From thermodynamic point
of view, whether BiNCa; or SbNCa; can be synthesized or not
is dependent on the competition of the formation energies. To
address the thermodynamic stability of BiNCa; and SbNCa;,
we performed phase stability analysis by taking into account
the decomposition channels into various combinations of
competing phases, including all existing compounds.”’ The
stable region, a polygon as marked in green, is plotted in Figure
la, using Apg; and Apy as variables (Apc, is dependent on
them), where BiNCa; can be synthesized without the
coexistence of the elementary or secondary phases. In general,
the narrower the stable region is, the more important the
composition control is for the synthesis of single-phase
samples. Compared to In- or Ga-based double perovskites,”"*”
CuSbS,*® or Cu,ZnSnS,,°" we can see a larger stable region,
implying that BiNCa; can be relatively easy to synthesize
through controlling the Bi and N contents. By applying the
same procedures to SbNCa;, we find that SDNCa; can also be
stabilized within a relatively large region, as shown in Figure
1b.

Thermal stability of BINCa; and SbNCa; was examined by
using the Born—Oppenheimer molecular dynamics (BOMD)
in the constant temperature and constant pressure ensemble
(NpT). The temperature (338 K, 65 °C) and pressure (0 Pa)
were controlled by the Parrinello—Rahman method combined
with a Langevin thermostat.””®* A temperature of 338 K was
kept during the BOMD simulation since it is a commonly used
temperature for solar cell stability test. The time step for
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BOMD was set to 1 fs, and each BOMD simulation lasted 10
ps, following previous simulation studies.”**> As shown in
Figure S1, after 10 ps of BOMD simulation, both BiNCa; and
SbNCa; show slight structural changes, suggesting their good
structural integrity. Lastly, the phonon spectra of both
materials, as shown in Figure S2, were computed. No
imaginary phonon frequencies exist for both materials,
reflecting their dynamic stability. Overall, these combined
calculations and simulation suggest that BiINCa; and SbNCa;
are indeed thermodynamically stable, a notion supported by
the eﬂ)erimental fact that both have already been synthe-
sized.

Electronic Structure. For both BiNCa; and SbNCas, we
computed their band structures and atomic- and orbital-
projected density of states (DOS) at HSE06 level with SOC
(see Figure 2). We can see that both the valence band
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Figure 2. HSE06 + SOC band structure, and total and projected DOS
for (a) BiNCa; and (b) SbNCas. R (0.5, 0.5, 0.5), X (0.0, 0.5, 0.0), "
(0.0, 0.0, 0.0), and M (0.5, 0.5, 0.0) denote high-symmetry points.

maximum (VBM) and conduction band minimum (CBM) are
located at I', giving a direct band gap. As illustrated in the
atomic- and orbital-projected DOS (see Figure 2), the VBM is
contributed by the p states of Bi/Sb and N sites, whereas the
CBM is mostly composed of the d states of Ca, and partially of
the d states of Bi/Sb. HSE06 results without considering SOC
were also obtained for the purpose of comparison (see Figure
S3). Specifically, HSE06 predicted band gaps of 1.06 and 1.16
eV, whereas HSE06 + SOC gave 0.65 and 1.14 eV for BiNCa;
and SbNCay, respectively. Inclusion of SOC has a significant
effect on the computed band structure of BiNCaj;, reducing the
band gap from 1.06 eV in HSEO06 to 0.65 eV in HSE06 + SOC.
The SOC has a strong impact on the p states of VBM, where
the three-fold degenerated bands at I' are split, with SOC
being included, and the energy difference of the split p states is
1.06 and 0.36 eV for BiNCa; and SbNCa;, respectively.

The effective masses of electron and hole were calculated
using the finite-difference code developed by Fonari and
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Sutton, where the second derivatives were evaluated on the
five-point stencil.’° As VBM shows double degeneracy at T
point for BiNCa; and SbNCaj, the effective mass of hole splits
into light and heavy ones, denoted as mjf (light hole) and mf,
(heavy hole). For electrons, as CBM also shows double
degeneracy, we calculated the effective mass from the second
lowest conduction band, namely, m# and m¥, For both
materials, the anisotropies of the computed mjf, mffj, m¥, and
my, are negligible (see Table S1). As summarized in Table 1,

Table 1. Computed Band Gap (E,), Effective Masses of
Electrons, or Effective Masses of Light and Heavy Holes of
BiNCa; and SbNCa;“

Ey mi mih m me
BiNCa, 0.65 0.07 0.37 0.10 0.82
SbNCa, 1.14 0.13 043 0.13 0.82

“The effective masses are in units of the rest mass of an electron m,.

the calculated mif, and m¥, for BiNCa; are 0.37m, and 0.82m,,
whereas for SbNCaj, they are 0.43m, and 0.82m,, respectively.
The electron from the second lowest conduction band and the
heavy hole have higher DOS, compared to the light ones,
which tend to dominate the transport properties at shorter
diffusion length, whereas at longer diffusion distances, the light
hole and electron from the lowest conduction band will start to
dominate the transport because of their longer diffusion
Iength.67 The computed mjf and m¥ for both materials are
around 0.1m,. Note that the electron and hole effective masses
of the prototype MAPbI; are ~0.1—0.2m,.** Although the
charge carrier mobility at working condition is highly
complicated (related to scattering probability, temperature,
etc.), the relatively low effective masses for both materials
suggest good transport properties.

Defect Properties. It is well-known that the defect
properties of the optical absorbers are very important to the
performance of PV application.”'”'>*” Here, we calculated the
formation energies of 12 intrinsic point defects for BiNCa; and
SbNCa;, including three vacancies (Vy, Vy, and V,), three
interstitials (M;, N, and Ca,), and six antisites (My, M¢,, Cay,
Cay, Ny, and Ng,), where M stands for Bi or Sb. The
formation energies depend on the chemical potentials of the
related elements. Generally, the higher the chemical potential
is for a given element, the richer the environment is for this
element. Here, three representative chemical conditions in the
stable region (where the single phase of BiNCa; or SbNCa;
can be synthesized) are chosen, namely, (A) Bi(Sb) rich, N
rich, and Ca lean; (B) Bi(Sb) lean, N lean, and Ca rich; and
(M) medium condition as marked in Figure 1. Detailed results
of chemical potentials at (A), (B), and (M) can be found in
the figure caption. The calculated formation energies of
possible neutral point defects are plotted in Figure 3. Under Bi,
N-rich, Ca lean condition, the acceptor defect V., (Ca
vacancy) has the lowest formation energy (1.29 eV), followed
by Bic, (1.33 €V), another acceptor defect. Under the medium
condition, the donor defects Vyy are dominant with the lowest
formation energy of 1.36 eV. Under Bi, N lean, Ca-rich
condition, the formation energy of Vy becomes slightly
negative (—0.08 eV), indicating that an unusually high
concentration of N vacancies may exist under this condition.
The system may even lower its energy by undergoing transition
to another state with an ordered arrangement of these N
vacancies.
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Figure 3. Formation energies (DFEs) of neutral intrinsic point defects
in BiNCa; and SbNCa; at chemical potentials A, B, and M (see Figure

1).

In Figure 4, we plot the formation energies of the 12
intrinsic point defects when they are ionized at different charge
states under Bi(Sb), N-rich, Ca lean condition and medium
condition; Bi(Sb), N lean condition is not discussed because
under this condition, the concentration of N vacancy might be
too high for applications. As formulated above, the formation
energy depends on the Fermi level of the samples. For
example, the formation energy of charged acceptors decreases
with the increase of Fermi energy from VBM to CBM. The
turning points in Figure 4 for different defects under different
conditions correspond to their transition energy level. For
BiNCa;, under Bi, N-rich condition, the (—1/—2) charge state
(g) transition level of the dominant V, acceptor is shallow,
lies at 0.07 eV above the VBM (blue dot in Figure 4a),
indicating that the V, defect can be easily ionized at room
temperature. The ionization of V, defect produces one hole
carrier. Another acceptor defect Bic, does not has transition
level within the band gap. These results hint that under Bi, N-
rich condition, BiNCa; could be intrinsically a good p-type
semiconductor. Although under medium condition the donor
defects Vy are the dominant ones, their (0/1+) charge state
transition level is also quite shallow, lies at 0.01 eV below the
CBM (lower dot in Figure 4b), which could be a good source
for n-type conductivity. The (0/2+) level of the other donor
defect Vy; is also very shallow, lies at 0.03 eV below the CBM.
These properties show that under medium condition, BiNCaj,
could be a good n-type semiconductor. Thus, it would be
possible to realize either good n-type or good p-type
conductivity in BiNCaj; by controlling the synthesis condition.
For SbNCa;, its defect properties are quite similar to those of
BiNCa;, whose dominating acceptor V¢, has a (—1/-2)
charge state transition level lying at 0.1 eV above the VBM
under Sb, N-rich condition and dominating donor Vy has a
(0/1+) level at 0.01 eV below the CBM under medium
condition (Figure 4c,d). For both BiNCa; and SbNCa;, the
dominating defects with low energies have shallow levels, so
that they could be considered as good solar absorber materials
free of recombination center defects.

To examine if BiNCa; and SbNCa; can be good solar
absorbers, we first checked their values of the open-circuit
voltage (Vo) and PCE (77) under the Shockley—Queisser limit
for single-junction solar cells. The predicted V¢ and 7 values
under the Shockley—Queisser limit for direct band gap
semiconductors with gaps of 0.65 eV and 1.14 V are 0.52 V,
23.9%, and 0.88 V and 32.4%, respectively.”’ The computed
absorption coeflicients of BiNCa; and SbNCay; are plotted in
Figure S, with no experimental absorption data available. We
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Figure 4. Formation energies (DFEs) of intrinsic point defects in BINCa; and SbNCa; at chemical potentials A [Bi(Sb), N rich] and M (medium
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Figure 5. Computed optical absorption spectra of BiNCa; and
SbNCa;, CsPbl;. Theoretical and experimental spectra of MAPbI; are
also plotted for the purpose of comparison. The experimental
absorption spectrum of MAPbI; is taken from ref 71.

calculated and plotted those from MAPDI; and CsPbl; at the
same level for comparison, and the experimental absorption of
MAPbI, was also plotted.”" Here, a photon energy range of 0—
4 eV is used, which covers the photon energy in solar
spectrum. Benefitted from the p—d transition from VBM to
CBM, the overall absorption coeflicients of BiNCa; and
SbNCa; in the visible light region are comparable to those of
MAPbDI; and CsPbl;. Specifically, owing to the smaller band
gap compared to MAPbI;, BiNCa; and SbNCa; show good
absorption in the infrared region, indicating that they might be
good alternatives as the narrow band gap material in tandem
solar cells.

B CONCLUSIONS

In conclusion, we have investigated optoelectronic and defect
properties of two all-inorganic anti-perovskites, BiNCa; and
SbNCay;, by using first-principles calculations. On the basis of

6367

computation results, we find that both materials possess direct
band gaps (0.65 and 1.14 eV), relatively small effective mass of
charge carriers, good optical absorption comparable to
MAPbI;, and good defect tolerance. The computed formation
energies show that both materials are thermodynamically
stable against decomposition, while phonon spectrum
calculation also shows that both materials are dynamically
stable. These desired properties, including modest band gaps
and good absorption in the infrared region, suggest that
BiNCa; and SbNCa; are potentially good solar absorber
materials, and both can be employed as a narrow band gap
absorber material in tandem solar cells.
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