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ABSTRACT: Owing to polarization-driven efficient charge carrier
separation, ferroelectric semiconductors with narrow band gaps
(~1.3 eV) can constitute an ideal active layer for photovoltaics
(PVs), as demonstrated in recent studies on lead halide perovskite
solar cells. In this study, antiperovskite oxides with a composition
of Ba,Pn,0 (Pn = As or Sb) are proposed as promising candidates
for high-performance ferroelectric PVs. Using density functional
theory calculations, it is revealed that Ba,Pn,O exhibits moderate
macroscopic polarization enough for charge carrier separation.
Moreover, they are predicted to have direct band gaps close to the
optimal Shockley—Queisser value. By investigating optical
absorption coeflicients and resulting short-circuit currents, it is
demonstrated that a very thin layer of Ba,Pn,O can yield large
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photocurrents. The effective masses of charge carriers in Ba,Pn,O are found to be fairly small (<0.2m,), implying facile extraction of
photocarriers. The favorable simulation results along with the confirmed synthesizability of the materials strongly suggest that

Ba,Pn,O will be an active layer suitable for PVs.
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1. INTRODUCTION

Ferroelectrics are a class of materials that are characterized by
spontaneous electric polarizations that arise from the broken
inversion symmetry of the crystallographic unit cell.'”>
Because the electric polarization facilitates the separation of
photoexcited e—h pairs, ferroelectric materials that possess a
small band gap for absorbing a large portion of solar spectrum
can constitute promising active layers for photovoltaic (PV)
devices. However, most of the known ferroelectric materials
such as ferroelectric oxides with a perovskite structure, that is,
ABO;, exhibit unfavorably large band gaps (>2.5 eV).”™ As
such, they can only convert a small part of light in the solar
spectrum to electricity, resulting in power conversion
efficiencies (PCEs) less than 1%. For instance, thin films of
terroelectric BiFeO; with a band gap of 2.67 eV have been
widely studied for PV applications, but they can absorb only
20% of the solar spectrum, resulting in low PCEs (~0.24%).%”

To resolve the limitation mentioned above, many efforts
have been made to tune the band gap of known ferroelectric
materials via structural and chemical modifications or exploring
new chemical compositions. Consequently, several ferroelectric
materials such as Bi,FeCrO4 (BFCO),”
[KNbO3]l_x[BaNil/sz1/203_5]x,10 and LuMnO;'' were
synthesized with band gaps below 2 eV. However, solar cells
incorporating these materials still lag in performance compared
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to conventional p—n junction solar cells based on Si and GaAs.
This is partly attributed to the localized nature of charge
carriers in those ferroelectric materials with effective masses
larger than 1m, which limits amplification of photo-
currents.'”'* For example, BFCO has a band gap of 1.4 eV,
close to the optimal Shockley—Queisser value, but a short-
circuit current of single-layer BECO PV cells recorded 10 mA/
cm? that is only one-third of those using GaAs with a similar
band gap (1.42 eV).” As a result, PCEs of BECO solar cells
were below 3.3%, which is far smaller than that of single-
crystalline GaAs solar cells (29%). Like BFCO, a solar cell
using LuMnOj; with a band gap of 1.48 eV was reported to
show a very low photocurrent density of 0.52 mA/cm?
yielding only 0.11% PCE."’

Recently, lead halide perovskites (LHPs) such as
CH;NH;Pbl; (MAPI) have received significant attention
because of high PCEs over 20%.'"'> While a narrow band
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gap (~1.6 eV) and small effective masses of charge carriers are
primary reasons for the high PCEs, spontaneous electric
polarizations from organic species (such as CH;NH;) with
permanent dipoles are also thought to be important.'®"”
However, LHPs suffer from instabilities related to organic
components, which impedes their practical applications.'>"

In this work, we propose fully inorganic antiperovskite
oxides with a composition of Ba,Pn,0 (Pn = As or Sb) as
promising candidates for high-performance ferroelectric PVs.
These materials were reported to have proper band gaps for
PV applications in a previous high-throughput computational
study.”’ The present density functional theory (DFT)
calculations indicate that Ba,Pn,O exhibits macroscopic
polarizations of ~11 uC/cm? which would be enough for
charge separation.'' Furthermore, from many-body quantum-
mechanical calculations, Ba,As,O and Ba,Sb,O are predicted
to have direct band gaps of 1.1 and 1.3 eV, respectively, which
are close to the optimal Shockley—Queisser value (1.3 eV).*’
By calculating short-circuit currents, we also demonstrate that
a very thin layer of Ba,Pn,O can yield substantial photo-
currents because of high absorption coeflicients. We also find
the effective masses of charge carriers in Ba,Pn,O to be fairly
small. Thus, facile extraction of photocarriers is expected when
these materials are applied to actual devices. The favorable
simulation results, together with the confirmed synthesizability
of the materials, suggest that Ba,Pn,O holds great potentials as
active layers for PVs.

2. METHODOLOGY

2.1. DFT Calculations. All the DFT calculations were
carried out using Vienna Ab initio Simulation Package code
with the projector augmented wave pseudopotentials.””** The
kinetic energy cutoff of 500 eV was used for expanding the
plane-wave basis and a 4 X 4 X 6 I'-centered k-point grid was
selected for the Brillouin zone (BZ) sampling. The crystal
structure was fully relaxed until the forces acting on every atom
become less than —0.005 eV/A. The vibrational spectrum was
obtained using the frozen-phonon method with the 2 X 2 X 2
supercell. The anharmonic interatomic force constants (IFCs)
up to the sixth order were calculated using the compressive
sensing lattice dynamics method, as implemented in the
ALAMODE package.””* To this end, we sampled 40
configurations with different atomic displacements from the
trajectory of ab initio molecular dynamics at 500 K. The forces
acting on each atom were computed for the selected
geometries and they were fitted by the Taylor expansion
potential to extract the IFCs. For the GW calculations, the
initial wave functions and eigenvalues were obtained using
Perdew—Burke—Ernzerhof (PBE)*° calculations and a 4 X 4 X
6 I'-centered k-point grid and 360 bands were employed to
compute the self-energies. These parameters ensured the
convergence of the quasiparticle gap within 0.1 eV (the
convergence tests are present in Figure S1).

2.2. Optical Absorption Coefficient. To obtain the
optical absorption spectrum in Figure Sa, we initially evaluated
the imaginary part of dielectric functions (€,) within the
independent particle approximation using PBE with spin—orbit
coupling (SOC) calculations and the real part (e;) was
obtained by the Kramers—Kronig transformation of €,. The
optical absorption coefficient was then computed as follows

%;

2 2
20 \/ Ve T €5 — €y
B 2 (1)

where ¢ is the speed of light and i and j denote the Cartesian
axis. By applying the scissor operator, we rigidly shifted the
calculated absorption spectrum of Ba,Pn,O to match the band
gap obtained from the GW method. This scissor operator
approximation was validated in a previous work.”’

For calculating the absorption coeflicient of a polycrystalline
material (apoly), we evaluated the dielectric function for the
polycrystal (,,) based on the effective medium theory™®

c

Exx ~ Epoly n €y ~ Epoly €22 ~ Epoly -0
£, t 28P01y g, + ZEPOIY g, + 28P01y (2)

In tetragonal Ba,Pn,0, ¢, = ¢, = €, and ¢, = ¢. Thus, eq 2

is reduced to £, = 025(g, + (/&> + 88J_8H).

3. RESULTS AND DISCUSSION

In previous experiments, Ba,Pn,O was synthesized through
reaction of constituting elements in corundum crucibles or
tantalum tube under an argon atmosphere at elevated
29,30 :
temperatures. From the analysis of powder X-ray
diffraction pattern at room temperatures, they were reported
to crystallize in antiperovskite-derived tetragonal structures
(Figure 1la), wherein the anion and cation positions are

(b) Ferroelectric

(a) Paraelectric

Figure 1. Atomic structures of Ba,Pn,0O in (a) paraelectric and (b)
ferroelectric phases.

switched in comparison to the perovskite structure. This
structure is the layered antiperovskite that has the chemical
formula A,BX,, where A = Pn, B = O, and X = Ba. In this
antiperovskite structure, each O atom is surrounded by six Ba
atoms, forming an octahedral group (OBay), and Pn atoms
occupy the corner of the cube. The space group of this
reported structure is I4/mmm and includes the inversion
symmetry, and therefore, it is a paraelectric phase.

We note that the powder diffraction analysis may be difficult
to precisely identify the presence of small distortions in the
atomic structure such as a low—an§le tilting of octahedral units
or a ferroelectric displacement.”**> Therefore, to confirm
whether the given crystal structure is the most stable, we
calculate in Figure 2a,b phonon dispersions of Ba,Pn,O under
the reported crystal symmetry (I4/mmm). The lattice
parameters and internal coordinates are fully relaxed at 0 K
within the PBEsol functional® that is known to accurately
produce structural parameters of solids. It is found in both
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Figure 2. Phonon dispersions of (a) Ba,As,0 and (b) Ba,Sb,0 in
paraelectric phase at 0 K. Phonon dispersions of (c) Ba,As,O and (d)
Ba,Sb,0 in ferroelectric phase at 0 K (black dashed lines) and 300 K
(red solid lines).

materials that unstable optical modes exist at different high-
symmetry points in the BZ, indicating that the reported crystal
structure is not the ground state. In particular, the magnitude
of the imaginary frequency of the soft modes is pronounced at
the BZ center. This implies that a ferroelectric distortion can
lower the energy of the Ba,Pn,O crystals most significantly. To
identify the ground-state structure, we compute the total
energy of Ba,Pn,O as a function of the displacement amplitude
of the unstable mode at I', Q, which shows that both materials
display double-well-type energy surfaces (Figure 3a,b). In the
minimum energy structures (Figure 1b), the O* ion is off-
centered in one direction along the c-axis, while the two axial
Ba*" ions are displaced in the opposite direction, lifting the
inversion symmetry. As a result, a finite electric polarization
can exist in the new minimum structure. We find that Ba,As,O
and Ba,Sb,0 are more stable in the ferroelectric phase than in
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Figure 3. Calculated total energy of (a) Ba,As,O and (b) Ba,Sb,0 as
a function of the displacement amplitude of the unstable mode at I,

Qr.
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the paraelectric phase by 18 and 19 meV/fu., respectively. A
full relaxation of the lattice and ion coordination does not
affect the tetragonal shape of the crystal structure of Ba,Pn,O
but increases the energy differences to 40 and 43 meV/fu. for
Pn = As and Sb, respectively. Note that the imaginary mode at
the N and M points leads to antiferroelectric phases based on a
monoclinic (C2/m) and a tetragonal (P4/nmm) phase,
respectively, which are less stable than the ferroelectric phase
(see Figures S2a,b).

The black dashed lines in Figure 2c,d are phonon dispersion
curves for the (volume relaxed) ferroelectric phases at 0 K,
which clearly shows that the unstable mode at the zone center
disappears in the ferroelectric Ba,Pn,O. However, in contrast
to Ba,Sb,0, soft modes appear at the X and P points in
Ba,As,O, implying that this phase is still unstable at low
temperatures (see Figure S2c). To check whether the
ferroelectric phase of Ba,As,O can be stabilized at elevated
temperatures by anharmonic phonon—phonon interactions, we
calculate the phonon spectrum at 300 K by considering
anharmonicity in interatomic force constants. The results are
presented as red solid lines in Figure 2¢, showing that all the
phonon modes in Ba,As,O become stabilized. On the other
hand, phonon dispersions of Ba,Sb,O at 300 K remain similar
to those at 0 K, as shown in Figure 2d. As such, while the
ferroelectric structure of Ba,As,O is unstable at 0 K, our results
show that both Ba,As,O and Ba,Sb,O can exist in the
ferroelectric phase at room temperatures. In Table 1, we

Table 1. Lattice Parameters of Ba,Pn,O in the Paraelectric
and Ferroelectric Phases”

Ba,As,O Ba,Sb,0
Para ferro para ferro
a (c5) 5.15 5.10 (5.11) 525 521 (5.23)
¢ (c5) 17.13 17.44 (17.46) 18.09 18.44 (18.36)
AP (uC/cm?) 11.38 11.54

“The experimental lattice parameters®® are provided in the paren-
thesis. AP is the macroscopic polarization.

compare the calculated lattice parameters of Ba,Pn,O in the
paraelectric and ferroelectric phases with experiments and find
that the values for the ferroelectric phases are in better
agreement with the experimental data. (Another experiment””
reported smaller lattice parameters for BayAs,O compared to
those presented in Table 1, but we confirmed that considering
such smaller lattice parameters does not affect our conclusion,
namely, the ferroelectric phase is favored over the paraelectric
phase energetically.)

To examine the optical properties of Ba,Pn,0, we calculate
the band structure using the PBE functional. The calculations
include SOC, which reduces the band gap of Ba,As,O and
Ba,Sb,O by 0.10 and 0.23 eV, respectively, lifting the
degeneracy at the valence band maximum (Table 2). (For
PBE + SOC calculation, we employ the same energy cutoff and
k-point grid as those for PBEsol calculations. These computa-
tional parameters ensure satisfactory convergence of the band
gap, as shown in Table S1.) We then carry out GW calculations
to evaluate the accurate band gaps of Ba,Pn,0. Among various
levels of self-consistency, we adopt the GW,, scheme in which
eigenvalues are updated for Green’s function (G), while the
screened Coulomb potential (W) is fixed to the initial DFT
result. This approach could reproduce experimental bari% 82ps

7 In

. . . . .3
of diverse semiconductors with high accuracies.
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Table 2. Band Gap (in eV) of Ba,Pn,0 Calculated Using
Various Computational Methods”

Ba,As,O Ba,Sb,0
PBE 0.59 0.59
PBE + SOC 0.49 0.36
GW, + SOC 1.30 1.10

“In the GW, + SOC values, the SOC effect is assumed to be the same
as that of the PBE calculations.

addition, to reduce computational cost, we assume that SOC
affects the band structure as in the PBE calculations and rigidly
shifts the band structure by the same amount as in PBE,
omitting the SOC term in the GW; calculations. Figure 4
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Figure 4. Band structure of (a) Ba,As,O and (b) Ba,Sb,O in the
ferroelectric phase obtained using PBE + SOC calculations. Valence
band maximum is set to 0 and the conduction bands rigidly shift for
the band gap to match the GW, + SOC value (see text).

displays the PBE band structures of Ba,Pn,O in which the
conduction bands rigidly shift for the band gap to match the
GW, + SOC values. It is noticeable that Ba,Pn,0O has a direct
band gap at the M point, and therefore, the strong band edge
absorption is expected. From the GW; + SOC calculations, the
direct band gaps are predicted to be ~1.30 and ~1.10 eV for
Ba,As,O and Ba,Sb,0, respectively. These band gaps are close
to the optimal Shockley—Queisser value (~1.3 eV).

Based on the electronic band structures in Figure 4, we
calculate the optical absorption coefficient (@) as a function of
the photon energy for Ba,Pn,O (Figure Sa). Because of the
tetragonal symmetry, the « is distinct between in-plane (@)
and out-of-plane () directions (Figure S3). In actual
applications, thin films of active layers are likely to be
synthesized in a polycrystalline form. Thus, we present, in
Figure Sa, a for the polycrystalline phase a,,,, that is obtained
by the effective medium theory in which the polycrystalline
system is regarded as an isotropic dielectric medium.”* We find
that the a,, of Ba,Pn,O starts to rise at their band gaps and
rapidly increases above 10* cm™ for photons within the visible
range (2.0—3.0 eV). Therefore, their absorption properties are
promising for PV applications. The higher value of a,, in
Ba,Sb,0 than Ba,As,O is ascribed to the smaller band gap of
Ba,Sb,0. The advantage of Ba,Pn,O is more evident when
compared to those of MAPI and Si (Figure Sa), which shows
that Ba,Pn,O absorbs visible light more efficiently than MAPI
with a direct band gap of ~1.6 eV. Meanwhile, Si poorly
absorbs visible light compared to the other materials because
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Figure S. (a) Optical absorption coefficients as a function of photon
energy for Ba,Pn,0, MAPI, and Si. Experimental data for MAPI and
Si are adopted from ref 36. The gray line indicates the AMIL.S solar
irradiance. (b) Short-circuit current (Jgc) with respect to a film
thickness for Ba,Pn,O, MAPI, and Si.

of the indirect nature of the band gap, although the band gap is
sufficiently narrow (~1.1 eV).

We point out that low absorption coefficients as in Si do not
necessarily mean low PCEs; the highest PCE of Si solar cells
actually exceeds 20%.'® However, to achieve such high PCEs,
the active layer with low absorption coeflicients should be thick
enough to absorb solar spectrum completely (see our
discussion below). As a result, Si is not used in thin-film
solar cells. Furthermore, increasing the thickness of the active
layer would raise the cost of solar cells and degrade the PCE
because of enhanced nonradiative recombination.'”

To produce photocurrents, photocarriers generated in the
active layer should reach the nearby electrodes. Therefore, it is
desirable to make the active layer as thin as possible.
Furthermore, thinner active layers reduce costs and allow for
flexible solar cells.'” Owing to higher absorption coefficients,
Ba,Pn,0 films can be thinner than MAPI and Si with similar
efficiencies. We explicitly demonstrate this benefit of Ba,Pn,O
by evaluating the short-circuit current (Jsc) as a function of

film thickness (d):

) _ o —ad
Jo(d) = e/w AMLSG(G))h:; (=™ dw )

where e is the electron charge, AM1.5G is the solar spectrum of
Air Mass 1.5 Global (Figure Sa), # is the Planck constant, and
@ is the photon frequency. In this formula, the internal
quantum efficiency is assumed to be 1, namely, all the photons
absorbed by an active layer contribute to the current. Figure Sb
shows that the Js’s of the direct gap semiconductors Ba,Pn,O
and MAPI rapidly grow with d and almost reach the maximum
even at d < 1 yum. However, we find that Ba,Pn, O yields higher
Jsc's than for MAPI at any d owing to the higher absorption
coefficients. On the other hand, the Ji for Si increases
relatively slowly with respect to d and remains lower than that
of MAPI until its thickness is ~3 pym.

Next, we examine the charge transport property by
evaluating effective masses of electron (m¥*) and hole (m;*)
of Ba,Pn,0O (Table 3). We obtain the effective masses using
HSE06 hybrid functionals®”*® that accurately describe the
band dispersion of semiconductors.””*’ Like the absorption
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Table 3. Effective Masses (in m,) of Ba,Pn,0O Calculated
Using the HSE06 + SOC Method

Ba,As,O Ba,Sb,0
[001] [100] [001] [100]
m¥ 0.75 0.18 0.75 0.12
mi¥ 1.3 0.14 1.67 0.10

coefficients, the effective mass depends on the crystal axis in
Ba,Pn,0. We find that both electron and hole have smaller
effective masses along the in-plane direction ([100]) than the
out-of-plane direction ([001]). This occurs because the
outermost p, and p, states of Pn (dxl_y2 states of Ba) that are
major constituents of valence (conduction) bands (Figure S4)
overlap each other along the in-plane direction more efficiently
than the out-of-plane direction. On the other hand, the lighter
effective masses along the in-plane direction indicates that a
fast diffusion path to electrodes for charge carriers in
polycrystalline films can always be formed by interconnecting
the in-plane direction of different grains.28 Thus, together with
the ferroelectricity, the good transport property of Ba,Pn,O
will allow for facile extraction of photocarriers.

To highlight the promise of Ba,Pn,0O in PV applications, we
compare in Figure 6 the carrier effective masses and optical
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Figure 6. Band gap energy and effective mass of various ferroelectric
semiconductors. Red squares denote the data for Ba,Pn,O, blue
squares for synthesized materials (f-CuGaO,,'*** BiFeQ,,>*
KNbO,,”* BaTiOg,,6’46 ZnSn03,* Sn,P,Seq, and Sn,P,S¢*"), and
purple circles for theoretically su?gested materials [ZnSnS;* and
ABiO; (A = Cd, Zn, Ca, and Mg).*" The vertical dashed line indicates
the Shockley—Queisser value of the band gap.

(direct) band gaps, two critical properties, among known
terroelectric semiconductors and Ba,Pn,O. Only the larger
value between m} and mj{ is presented because slower carriers
limit the solar cell performance. When the effective mass tensor
is anisotropic, we select the lowest one because the
corresponding direction may form low-resistance paths in
polycrystalline films. Figure 6 confirms that only Ba,Pn,O
possesses both favorable band gaps close to the Shockley—
Queisser value and low effective masses (<0.2m,) (see red
squares). Most of the known ferroelectric materials that were
experimentally synthesized (blue squares) have wider band
gaps (>2.5 €V) than those of Ba,Pn,0O. Furthermore, these
materials exhibit heavy effective masses (>1m,), implying low
mobilities of charge carriers. (BFCO is not shown in this figure
because its effective mass is larger than 8m,.)'” On the other
hand, several ferroelectric semiconductors such as ABiO; (A =
Mg, Zn, Cd, and Ca)*' and ZnSnS;** (purple circles) were

theoretically suggested for PV applications. They have
relatively small band gaps and moderate effective masses, but
they are outperformed by Ba,Pn,O. Furthermore, they have
not been synthesized in experiments yet, while Ba,Pn,O
already exist.

4. CONCLUSIONS

In conclusion, we theoretically confirmed that antiperovskite
Ba,Pn,0 (Pn = As and Sb) is a promising ferroelectric
semiconductor for PVs. We have shown that the displacement
of 0%~ and axial Ba** ions in the opposite direction along the c-
axis results in ferroelectricity in Ba,Pn,0. In addition, we have
demonstrated that the direct nature and optimal band gap of
Ba,Pn,O will allow for significant absorption of visible light
such that thin layers of Ba,Pn,O would be able to yield low-
cost and high-efficiency solar cells. Unlike most of ferroelectric
oxides, Ba,Pn,0 is found to have the small effective masses of
charge carriers, implying facile extraction of photocarriers. In
light of the favorable simulation results and confirmed
synthesizability, we believe that Ba,Pn,0 can pave a new
avenue for the development of next-generation PVs.
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