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Ferroelectric oxide perovskites are promising materials for use in photovoltaic devices, due to their
ability to exploit the bulk photovoltaic effect to achieve high power-conversion efficiency. In this work,
we use first-principles methods to investigate the ferroelectric perovskite [BaTiO3],-[NaTi;2Mo;203]1—x
and [BaTiO3],-[NaTi; 2, W1,,03];— solid solutions for potential use in ferroelectric-based photovoltaics.
We find that compositional variations change the band gap, shifting it to the edge of the visible range for
the 25% NaTi;,Mo, 2,03 composition and to the visible range for some Mo-cation and W-cation arrange-
ments for the 50% NaTi;,,Mo,,,03 and 50% NaTi; ,W;,,03 compositions. Mo and W substitutions both
maintain the ferroelectric properties of the parent BaTiOs;. While the A-site cation arrangement has a
minor effect on the band gap, the variations in the B-site cation arrangement and the cation displacements
affect the band gap by up to 0.8 eV. Analysis of the structures and the calculated band-gap values shows
that the band gap is controlled by the identity of the substituent cation, the O-B-O angles, the relative
orientations of the Mo and W substituent atoms, and the B-cation displacement. We demonstrate the ther-
modynamic feasibility of these solid solutions by formation energy analysis. The decrease of the band
gap relative to the parent BaTiOs to the standard and transparent photovoltaic range combined with the
ferroelectricity maintained make this earth-abundant-containing solid solution a promising candidate for
use in high-performance ferroelectric-based photovoltaic devices.
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I. INTRODUCTION

Because of an inexhaustible supply of energy from the
Sun and the lack of emissions, conversion of sunlight into
electricity by photovoltaics (PVs) is the most-promising
long-term sustainable-energy technology. Recent experi-
mental and theoretical work has shown that ferroelectric
(FE) oxides may be a new promising candidate class
of materials for PV applications due to the bulk pho-
tovoltaic effect (BPVE), which in principle can enable
power-conversion efficiency (PCE) beyond the Shockley-
Queiser limit [1-6]. In addition, because of their polar
nature, FE-based devices do not require a p-n junction
for excited-charge-carrier separation [3,7]. Several studies
demonstrated that a low band gap (£;) and large polar-
ization (P) can be combined in FE oxides and elucidated
the relationships between the composition and structure of
the oxide and its £, motivating the ongoing exploration of
perovskite solid-solution FEs for visible-light absorption
[8—-13].

The BPVE is observed for noncentrosymmetric crystals
such as FE oxide perovskites and gives rise to photovolt-
ages larger than the band gap. The ballistic photocurrent
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mechanism is one of the mechanisms of BPVE, and is
the origin of the high photocurrent recently observed in
nanoscale FE PV devices [1]. In this case, the photocur-
rent is generated by nonthermalized charge carriers, which
travel ballistically in a preferred direction. The direction
preference is due to the asymmetry of the polar crystal,
which gives rise to an asymmetric momentum distribution
for a short time, until the decay of the charge carriers to
the conduction band. The decay to the conduction band
occurs over a certain material-specific distance known as
the “thermalization length” that has been estimated to be
on the order of 100 nm for BaTiO3 [1,7]. Since only the
photocarriers generated at the surface layer with depth
equal to the thermalization length contribute to the ballistic
photocurrent, all FE PV devices relying on this mechanism
act as thin films and the use of thicker film to maximize
light absorption will not result in a higher photocurrent,
unlike in the traditional p-n-junction-based PV devices.
Therefore, for practical application, the FE PV material
must exhibit strong light absorption that enables the collec-
tion of solar energy over a short distance (approximately
100 nm). This means that to enable FE PV devices with a
high PCE, the FE solar absorber must have a direct band
gap with a dipole-allowed across-the-band-gap excitation
transition.

© 2020 American Physical Society


https://orcid.org/0000-0003-0756-4151
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.13.034066&domain=pdf&date_stamp=2020-03-26
http://dx.doi.org/10.1103/PhysRevApplied.13.034066

SHAFIR, SHOPIN, and GRINBERG

PHYS. REV. APPLIED 13, 034066 (2020)

For FE PV devices, large P is necessary for the follow-
ing reasons. First, it allows a high PCE to be achieved
and enables the practical application of FE PV devices.
According to the phenomenological theory of the ballis-
tic current BPVE, the photocurrent generated due to the
intrinsic asymmetry of the bulk FE material is propor-
tional to P? [14]. In addition, a large P also favors the
screening-derived enhancement of the local electric field,
which is believed to play a key role in the PCE beyond
the Shockley-Queiser limit obtained by use of FE PV
devices with nanoscale electrodes [1]. Finally, a large P
favors a high T¢ of the material [15,16], which is neces-
sary for the stability of the polarization at high operational
temperatures generated by intense light illumination.

While many studies have explored visible-light-
absorbing FEs in the past decade, many of these have
focused on the achievement of visible-light absorption
through the inclusion of vacancies and non-d° transition
metals. This approach can efficiently lower the band gap of
the FE material but often either leads to a decreased polar-
ization or uses a dipole-forbidden d-d across-the-band-gap
transition that prevents the strong absorption of light in a
thin film with thickness equal to the thermalization length.
To enable strong light absorption necessary for practical
FE PV devices, a d’-configuration B-site cation should
be used to utilize the dipole allowed O 2p—to—B d tran-
sition. Additionally, the @ configuration and large P are
linked in perovskite oxides, since a d° B site is necessary
for the polarization-generating second-order Jahn-Teller
effect. However, while the d° B site is favorable for obtain-
ing strong light absorption and large P, because of the high
electronegativity difference between O and the d° tran-
sition metal, the d° B site is typically accompanied by
a larger E, compared with the perovskite oxides with a
non-d° metal. Such large band gaps prevent efficient light
absorption and the realization of high PCE.

Ferroelectric-based PVs may be particularly important
for transparent photovoltaics, since in this case, the lack
of use of the visible-light range of the solar spectrum
necessitates the maximum use of the high-energy part
of the spectrum for photon energies greater than approx-
imately 2.8 eV. Here, the possible overcoming of the
Shockley-Queiser limit by the BPVE-based FE device
is particularly promising. Here, as well, a material with
a direct O 2p—to—B d band gap of 2.8 eV (or slightly
below) and large P will be necessary to enable practi-
cal transparent FE-based PV devices. Finally, for both
visible-light-absorbing and visible-light-transparent PVs,
the absorber material should consist of Earth-abundant,
inexpensive, and nontoxic elements.

Therefore, to obtain FE PV materials that can simulta-
neously exhibit a @° B-site configuration and visible-light
absorption, using first-principles calculations, we explore
the band engineering of FE perovskite oxides to obtain

candidate materials for FE PVs by substitution of d°-
configuration Mo®" and WS cations into the classic
BaTiO; (BTO) FE so as to obtain materials with a high P
but lower E, than that of the parent BaTiO3 material. Pre-
vious studies demonstrated that the properties of BaTiO3
can be tuned by combination in in solid solutions [17—19],
and that the band gap of parent BaTiO; can be decreased
by doping or combination in a solid solution [2,20-22].
Such solid solutions and doped BaTiO; materials showed
enhanced PV performance [19,22]. An experimental study
of Mo-doped BaTiO; demonstrated an E, decrease [23],
and increased hole mobility was found in a theoretical
study [24].

We expect that lower £, will be obtained in Mo®*-doped
and W% -doped BaTiO; due to the higher electronega-
tivity of Mo®* and W®* compared with Ti*" of BaTiO3
[25]. Since the across-the-band-gap excitation in ABO3
materials is essentially a charge transfer from the oxy-
gen to the B-site cation [26], the higher electronegativity
of Mo®" and W should lead to lower E,. Since the O
2p—to—Mo 4d and O 2p—to—W 5d transitions are dipole
allowed, we expect that the materials obtained will absorb
light strongly, which is favorable for their use as thin-film
absorbers. We expect the binding energy to be small for
this material, since the O 2p states of the valence band
relate to the oxygen’s nonbonding electrons. Addition-
ally, previous work demonstrated that on Mo doping in
BaTiO;, the binding energy decreased [23]. For charge
balance, a substitution of each Mo or W atom at the B
site is accompanied by the substitution of two Na atoms
at the 4 site. Thus, the materials obtained can be thought
of as [BaTiOs],-[NaTi;/,Mo1,,03]i—x (BTO-NTM) and
[BaTiO3]x—[NaTi1/2W1/203]1_X (BTO-NTW) solid solu-
tions. Since these solid solutions contain only ferroelec-
trically active cations at the B site, they are expected
to preserve or even enhance the polarization of the par-
ent BaTiO3 material, which will be favorable for the FE
stability of these solid solutions at room temperature.

We focus on composition ratios of x = 0.75 and x = 0.5,
which we refer to as 75BTO-25NTM and 50BTO-50NTM,
respectively, for the Mo-containing solid solutions or
75BTO-25NTW and S0BTO-50NTW, respectively, for the
W-containing solid solutions. Using first-principles calcu-
lations, we show how the changes of the phase, the local
structure, and the substituent content affect £, and P of the
material and demonstrate that 7SBTO-25NTM exhibits the
desired combination of P and lower E, suitable for the
transparency requirement [27] of E, greater than 2.85eV
(the edge of the visible spectrum), and is likely to be
promising for use in transparent FE-based PV devices.
The increased P of 75SBTO-25NTM makes it likely that
it will exhibit greater temperature stability and stronger
ballistic photocurrent than BaTiO; and may be promising
for applications of transparent photovoltaics utilizing the
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PCE beyond the Shockley-Queiser limit enabled by hot-
carrier FE-based PVs. Additionally, all of the constituent
elements of 7S5BTO-25NTM are Earth abundant and non-
toxic, which is favorable for the practical applications of
devices based on this material.

II. METHODS

A. Supercell design

To study how the substitution in BTO-NTM and BTO-
NTW changes the properties of BaTiO3;, we use 2 X
2 x 2 40-atom supercells and perform calculations for
compositions with 75% and 50% BaTiO; content. For
each composition, several cation arrangements are stud-
ied. For 75BTO-25NTM and 75BTO-25NTW, we study
different Na substitution arrangements, which are referred
to as (100)4, (110)4, and (111)4, denoting the Na-
replacement orientation (with A referring to the A site).
For 50BTO-50NTM and 50BTO-50NTW, we study the
arrangements (100),(100)z, (100),(110)p, (111),4(110)p,
and (111)4(111)p, with 4 indicating the Na and Ba stack-
ing orientation and B indicating the orientation of the Mo
or W replaced sites (Fig. 1). To explore the potential-
energy surface (PES), we impose initial displacements of
the cations in the x, z, x-y, and x-y-z directions and then
fully relax the energy with respect to ionic coordinates and
lattice parameters. In many cases, all relaxations found the
same ground state, but in some cases multiple PES min-
ima were found. Table I summarizes the compositions,
arrangements, and displacements studied.

B. Computational methods

All relaxations are performed with the QUANTUM
ESPRESSO package [28], using the pseudopotentials from
the GBRV pseudopotential database [29] to represent the
effect of the nuclei and the core electrons on the valence
electrons. All relaxations are performed with the local-
density approximation (LDA) [30] of Perdew and Zunger

75BTO-25NTM

(100)4 (110)4

(111)4

(100) (010)

50BTO-50NTM
(100)4(110)8 (111)4(110)8
)

FIG. 1. BTO-NTM supercells studied, showing the different
cation arrangements.

[31] for the exchange-correlation functional. P is calcu-
lated using the Berry-phase method [32] as implemented
in QUANTUM ESPRESSO. The LDA is known to under-
estimate the volume of BaTiO; and other perovskites,
leading to underestimation of P [33]. Thus, it provides
a lower-limit estimate for the experimental P. The LDA
is well known to obtain lower E, values than experi-
ments [33]. Therefore, E, calculations are performed for
the relaxed structures both with QUANTUM ESPRESSO and
with the all-electron FHI-aims code [34]. LDA E, val-
ues are calculated with QUANTUM ESPRESSO, and HSE06
hybrid exchange-correlation functional calculations are
performed with FHI-aims.

The electronic structure is evaluated along the
' (0,0,0-X (0.5,0.0,0.00-M (0.5,0.5,0-I" (0,0,0)-R
(0.5,0.5,0.5-M (0.5,0.5,0) path in the Brillouin zone.
Comparison of the LDA and HSE06 E, values for the
structures studied shows that the HSE06 values can be
obtained by an essentially rigid shift of the LDA E, values
by 1.29 eV (EgHSEO6 = E,"P* + 1.29 eV) and comparison
of the HSE06 and experimental £, values shows that the
HSEO06 values are very close to the experimental values.
Therefore, for the set of systems studied in this work, the
results of the highly accurate but computationally expen-
sive HSE06 calculations can be accurately estimated by
applying this correction factor to the LDA values, as
shown in Fig. 2 (see Table S1 in Supplemental Material
[35] for the structures used to obtain the LDA-to-HSE06
correlation). In addition to the 40-atom supercells, we per-
form calculations using 80-atom supercells (see Fig. Sl
in Supplemental Material [35]) for the 75BTO-25NTM
(100),4 arrangement to examine the effect of the cell size
used in our density-functional-theory (DFT) calculations
on the energies and E, values of the solid solutions. We
find that the 40-atom 75BTO-25NTM (100) 4-arrangement
supercell is less than 0.2 meV /atom higher in total energy
relative to the average energy of the 80-atom supercells
(see Fig. S2 in Supplemental Material [35]). Similarly, its
E, is higher than that of the 80-atom supercells by less
than 0.1 eV. These small differences indicate that the effect
of the increased cell size is quite weak and the 40-atom
supercells discussed in this work are a good representation
of the BTO-NTM system. In an experimental realization of
the system, one can expect to obtain the averaged values of
the different arrangements discussed here.

III. FORMATION OF BTO-NTM AND BTO-NTW

To examine whether the BTO-NTM and BTO-NTW
solid solutions are thermodynamically feasible, we com-
pare their formation energies with the energies of a variety
of combinations of competing ternary-oxide product com-
pounds. We assume a solid-state preparation route with a
reaction conducted between the BaO, Na,O, TiO,, and
MoO3; or WO; binary oxides to form the BTO-NTM
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TABLE L.

The compositions studied and their arrangements and initial displacements.

75BTO-25NTM

50BTO-50NTW

75BTO-25NTW 50BTO-50NTW

Arrangement (100)4 (100),4(100) (100), (100),4(100)5
(110)4 (100)4(110)5 (110)4 (100)4(110)5

(1114 (111)4(110)g (1114 (I11)4(110)g

(11D, (111)g (111411 1)g

Initial displacement

X, X=Y, X-y-Z, Z

or BTO-NTW solid solutions, respectively. The initial
stoichiometric coefficients of the binary-oxide reactants
in such a reaction are different for each composition
[25NTM (25NTW) or SONTM (SO0NTW)] and are given
in Table II alongside their formation energy with respect
to the constituent atoms (£r) and the formation energy of
the BTO-NTM and BTO-NTW systems (considering the
arrangements with the lowest energy for each composition)
relative to binary oxides (AEr).

Naturally, a reaction of these binary oxides can yield not
only BTO-NTM or BTO-NTW but also other competing
ternary oxides (e.g., Na,MoO4, BaWOy, and pure BaTiO3)
with different stoichiometric ratios. Therefore, to test the
thermodynamic feasibility of BTO-NTM and BTO-NTW,
their AEr value are compared with the AEg values of the
competing ternary compounds (both energies with respect
to binary oxides). For comparison, ternary compounds
made of the combinations of the constituent elements are
chosen and are then sorted according to their stability on
the basis of their energy above hull as reported by the
Materials Project [36]. The competing ternary oxides and
their energies of formation (from the constituent elements)
are given in Table S2 in Supplemental Material [35].

3.5 1 1 1 | 1 | 1 1 1 1
O LDA [OHSE06 1
3.0 |© LDAto HSE06 ._—_g-_:i@_
) i 8 B B 8 7
%\ .5- -
w0k i
R oA
sk OO |
[ o-0-90-0-0© ]
1.0 1 1 1 | 1 | 1 1 1 1

1 2 3 4 5 6 7 8 9 10
Structure Number

FIG. 2. Comparison of LDA, HSE06, and LDA-HSEO06 cor-
rected E,. The LDA-to-HSE06 correction was achieved by our
adding the average energy difference between the calculated
HSE06 and LDA E, values (1.29 V) to the LDA E, value. See
Table S1 in Supplemental Material [35] for the structures used to
obtain the correction.

AER of several products obtained from a reaction with
multiple reactants can be calculated with the equation

AEp = Zx, I—Zy, s )]
j=l1

where N, is the number of products, N, is the number
of reactants, £; and E; are the formation energy (£r) of
product i and reactant j, respectively, and x and y are
the stoichiometric coefficient of the product and reactant,
respectively. Er is the energy of formation from the con-
stituent elements and AEF is the energy of formation from
the binary oxides. For the reaction that produces BTO-
NTM or BTO-NTW from the above-mentioned binary
oxides, Eq. (1) can be redefined as

N 4
AEp =Y xili— Y yE. )
i=1 j=1

The Z;‘:l y;jE; term is defined according to the stoichio-
metric coefficients (Table II) for each of the four BTO-
NTM and BTO-NTW compositions studied. For example,
for 7SBTO-25NTM this term is given by

4
Z){/Ej = ENay0 + 6EBa0 + 7ETi0, + EMo0;-
=1

The final AEF of the products in this reaction is given by

a
AEp = xiE; —
x=1

(ENay0 + 6EBa0 + 7ETi0, + EMo0;)-
3)

Many possible combinations of products with different
ratios can be obtained in the reaction and each combina-
tion will yield different AEr values. Our goal is to compare
the calculated AEr of BTO-NTM and BTO-NTW systems
from binary oxides with the thermodynamically favorable
combination of products yielding the lowest AE.

To determine the favorable products, the AEr values
of all possible product combinations in all possible ratios
must be compared. Considering the number of possible
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TABLE II.

Formation-energy comparison of BTO-NTM and BTO-NTW and the thermodynamically favorable products. For the

binary-oxide reagents, the formation energy is given relative to the constituent elements (Er) and each ratio is the stoichiometric ratio
necessary to form the corresponding BTO-NTM or BTO-NTW compound. For the minima, the formation energy is given relative to

the binary-oxide reagents.

Binary oxides Er Product AEr
Na,0 + 6Ba0 + 7TiO; + MoO; —0.302 6BaTiO; + Na,MoO4 + TiO, —0.317
75BTO-25NTM —0.302
2Na,0 + 4Ba0 + 6TiO, + 2MoO; —0.283 4BaTiO3 4 2Na,MoO4 + 2TiO, —0.303
50BTO-50NTM —0.283
Na,0 + 6Ba0 + 7TiO; + WO;3 —0.302 6BaTiO; + Na,WO, + TiO, —0.308
75BTO-25NTW —0.304
2Na,0 + 4Ba0 + 6TiO; 4+ 2WOs3 —0.283 50BTO-50NTW —0.286

ternary competing products, this is a challenging task.
Therefore, we use a basin-hopping global-optimization
algorithm [37] to find the stoichiometric coefficients in
Eq. (1) that preserve the balance between the right and
left sides of the reaction and obtain the minimum value
of AEp relative to the reactant binary oxides. The com-
parison is done for the lowest-energy structure for each
of the four BTO-NTM and BTO-NTW compounds. We
minimize ) ., x;E; while maintaining the stoichimetric
ratios of the products (x) balanced to match the stoichiom-
etry of the reactant oxides (y). We allow oxygen addition
to the products from O, gas as an additional unlimited
reagent (in addition to the oxygen sourced from the binary
oxides). The O, gas is considered to have the enthalpy of
an diatomic ideal gas at 1000 °C (unlike the rest of the
compounds, for which we use the DFT internal energy).
This is equivalent to performing the reaction in an air
atmosphere, which allows the addition of O, to the solid
and conversely the escape of O, from the solid state into
the atmosphere. Furthermore, the binary oxides are also
used as possible products to allow the possibility of partial
reaction.

Multiple runs of the basin-hopping-algorithm minimiza-
tion yield many exothermic reactions with different combi-
nations of products that are formation-energy minima on
the overall formation-energy landscape. To evaluate the
feasibility of the formation of the target BTO-NTM and
BTO-NTW solid solutions, we compare the global min-
imum (its product ratio and AEr), which represents the
thermodynamically-most-favorable outcome of the reac-
tion of binary oxides reaction, and AEr of the reaction
yielding BTO-NTM and BTO-NTW systems only. In
Fig. 3, we present the AEr values for the formation-energy
landscape minima found by the basin-hopping algorithm as
a function of the BTO-NTM or BTO-NTW content among
the reaction products. Table II compares the compositions
and AEr of the global minimum of the reaction with the
local minimum that corresponds to the formation of 100%
BTO-NTM or BTO-NTW. As can be seen in Table II
and Fig. 3, the largest AEr difference between the global
minimum and the BTO-NTM and BTO-NTW systems is

approximately 0.02 eV/atom for SOBTO-50NTM, while
production of 50BTO-5S0NTW is found to be the global
minimum. For reaction involving Mo, the global min-
imum comprises a combination of BaTiO3;, NayMoQy,
and TiO;. For the reaction involving W, the global min-
imum comprises a combination of BaTiO3;, Na,WQ,, and
TiO, for the 75BTO-25NTW stoichiometry of reactants
and 50BTO-50NTW for the SOBTO-50NTW stoichiome-
try of reactants. While the formation energy of the target
BTO-NTM and BTO-NTW compositions is not always
the global minimum, it is only slightly higher even for
the Mo-based compositions. Therefore, it may be possi-
ble to synthesize these compounds by manipulating the
kinetics to favor the perovskite structure, for example,
by using BaTiOs as the starting reagent or by growing
these materials as thin films on a perovskite substrate
as was previously done for PbVOs, BiFe;,,Cr;203, and
BiZn ;Ti; 206 [38—40], which cannot be synthesized by
standard solid-state synthesis routes.

oo, UT T
g 028y 1
£ -029 o
% 030 I T
& =031+ i i
< _0.32% 1 1 1 1 L 1 1 ! 1
0 20 40 60 80 100 0 20 40 60 80 100
25NTM Content (%) S50NTM Content (%)
T T 0% DR gy —0.275 peomropo—m
T -028F =das # L RE
g ook ¢ & ‘ —0280Fc 7 oo oY m
3 i A
%-0.30 - > o gag -0.285F : *T
=031t () 290 '
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O Local Minimum @ Global Minimum
— AEr BTO-NTM (100%)
FIG. 3. Local minima as a function of BTO-NTM or BTO-

NTW content, shown with respect to AEr from binary oxides
required to yield 100% BTO-NTM or BTO-NTW.
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IV. PROPERTIES OF BTO-NTM AND BTO-NTW

We begin our property analysis for BTO-NTM and
BTO-NTW. Examination of the P values obtained shows
many cases of unequal nonzero polarization compo-
nents, presenting as intermediate phases between the FE
T, O, and R phases. Therefore, we use the notation
introduced by Vanderbilt and Cohen [41] to describe
the structures obtained, with My, Mp, and M. denot-
ing the phases between the 7" and R phases, between
the R and O phases, and between the 7 and O phases,
respectively.

The results obtained for P,, Py, P-, total P (Py), LDA
and HSEO06 E, values, and energies relative to the lowest-
energy structure for a given composition are shown in
Table III for BTO-NTM and in Table IV for BTO-NTW.
The results for parent BaTiO3; as well as additional infor-
mation regarding the conduction-band minimum (CBM),
valence-band maximum (VBM), and unit-cell volume of

TABLE III.

the compositions studied can be found in Tables S3—S5 in
Supplemental Material [35].

A. Effects of compositional variation

Examination of the E, and P values obtained for the
relaxed BTO-NTM and BTO-NTW structures shows that
NTM or NTW substitution induces significant changes in
E, and Py, as can be seen in Fig. 4. As expected, intro-
duction of Mo into the BaTiO3 structure lowers E,, with
an average E, decrease of 0.6 eV for 75BTO-25NTM and
0.87 eV for 50BTO-50NTM relative to BaTiOs. Similarly,
introduction of W into BaTiO3 decreases £, by 0.32 eV
for 75BTO-25NTW and by 0.68 eV for SOBTO-S0NTW
on average relative to BaTiOjs. Introduction of Mo or W
largely maintains the polarization of of the parent BaTiOs.
In particular, E, obtained for 75BTO-25NTM (approx-
imately 2.8 eV) is ideal for transparent photovoltaics,
while absorption in the near-UV range and in the visible

A-site and B-site arrangements, initial displacement, phase obtained (determined by P), HSE06 E, (obtained by addition

of the LDA-to-HSE06 correction) and LDA E, (in parentheses), AE (energy relative to the lowest-energy structure with the same
composition), calculated P magnitudes, deviation angle «, direct (D) or indirect (I) band gap, and tolerance factor (#) for the different

BTO-NTM compositions.

A-site B-site Displacement  Phase E, Dorl AE Py (Py, Py, P7) o
arrangement  arrangement (V) (meV/atom) (C/m?) (deg)
75BTO-25NTM (t = 1.047)
(100) 4 None X My 2.67 (1.38) I 0.00 0.35(0.29,0.13,0.13)  4.89
x-y 0 2.74 (1.45) D 0.09 0.35(0.27,0.23,0.03)  4.87
X-y-z My 2.76 (1.47) I 0.07 0.35(0.24,0.18,0.18)  5.83
z T 2.62 (1.33) D 0.45 0.33(0.00, 0.07,0.32)  2.87
(110)4 None X T 2.47 (1.18) I 1.35 0.36 (0.36, 0.00,0.00)  0.00
x-y 0 2.70 (1.41) D 1.12 0.36 (0.26,0.25,0.04)  5.23
X-y-z My 2.71 (1.42) D 1.07 0.35(0.24,0.18,0.18)  5.84
z Mp 2.75 (1.46) D 1.12 0.36(0.17,0.21,0.24)  6.36
(111)4 None x My 2.60 (1.31) D 3.70 0.35(0.32,0.09,0.09) 3.44
x-y My 2.73 (1.44) D 3.51 0.37(0.18,0.18,0.26) 598
X-y-z R 2.72 (1.43) D 3.81 0.33(0.19,0.19,0.19)  6.05
z My 2.60 (1.31) D 3.70 0.35(0.09, 0.09,0.32) 3.44
SO0BTO-50NTM (r = 1.028)
(100) 4 (100)g X T 2.64 (1.35) D 7.14 0.40 (0.40, 0.00, 0.00)  0.00
x-y Mc 2.58 (1.29) D 7.27 0.40 (0.36,0.17,0.00)  3.00
X-y-z My 2.59 (1.30) D 7.30 0.40(0.35,0.13,0.13)  4.03
z T 1.82(0.53) D 10.36 0.30 (0.00, 0.00,0.30)  3.14
(100) 4 (110)p X T 1.66 (0.37) I 1.32 0.36 (0.36, 0.00,0.00)  0.00
x-y Mc 2.31(1.02) I 0.61 0.39(0.17,0.35,0.00)  3.62
X-y-z 0 2.42 (1.13) I 0.00 0.37 (0.05, 0.26,0.26)  7.48
z Mc 2.52(1.23) I 0.01 0.39(0.11, 0.00,0.38)  3.64
(111) 4 (110)5 X T 1.62 (0.33) I 5.40 0.36 (0.36, 0.00, 0.00)  0.00
x-y Mc 2.32(1.03) D 4.25 0.41(0.22,0.34,0.04) 4.98
X-y-z Mp 2.32(1.03) D 4.36 0.40 (0.16, 0.26,0.26)  7.08
z T 2.52(1.23) I 4.39 0.41 (0.00, 0.00,0.41)  0.00
(111)4 (111)p X T 2.66 (1.37) D 3.66 0.39 (0.39, 0.00,0.00)  0.00
x-y o 2.86 (1.57) D 3.32 0.39(0.27,0.27,0.00)  6.36
X-y-z R 2.96 (1.67) D 2.95 0.38(0.22,0.22,0.22)  7.02
z T 2.66 (1.37) D 3.66 0.39 (0.00, 0.00,0.39)  0.00
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TABLEIV. A-site and B-site arrangements, initial displacement, phase obtained (determined by P), HSE06 E, (obtained by addition
of the LDA-to-HSE06 correction) and LDA E, (in parentheses), AE (energy relative to the lowest-energy structure with the same
composition), calculated P magnitudes, deviation angle «, direct (D) or indirect (I) band gap, and tolerance factor (¢) for the different

BTO-NTW compositions.

A-site B-site Displacement  Phase E Dorl AE Py (Py, Py, P2) o
arrangement  arrangement (eV) (meV/atom) (C/m?) (deg)
75BTO-25NTW (¢ = 1.046)
(100) 4 None X R 3.03 (1.74) D 0.04 0.32(0.22,0.17,0.17)  5.63
X-y Mp 3.04 (1.75) D 0.00 0.33(0.23,0.17,0.16)  5.53
X-y-z R 3.04 (1.75) D 0.05 0.33(0.20,0.18,0.18)  5.57
z (0] 2.94 (1.65) D 0.43 0.32 (0.00, 0.22,0.23)  3.95
(110) 4 None x T 2.74 (1.45) D 1.97 0.29 (0.29, 0.00, 0.00)  0.00
X-y o 2.95 (1.66) D 1.35 0.31(0.20, 0.23,0.00)  4.63
X-y-z R 2.99 (1.70) D 1.20 0.31(0.18,0.18,0.18)  5.61
z (0] 2.96 (1.67) D 1.32 0.31(0.20,0.02,0.24) 4.77
(1114 None x T 2.95 (1.66) D 3.40 0.24 (0.23, 0.05,0.05)  5.31
X-y (0] 2.90 (1.61) D 3.87 0.31(0.22,0.22,0.02)  4.68
X-y-z R 2.97 (1.68) D 3.47 0.30(0.17,0.17,0.17)  5.68
z T 2.95 (1.66) D 3.40 0.24 (0.05, 0.05,0.23)  5.31
S0BTO-50NTW (¢ = 1.027)
(100) 4 (100) x T 2.79 (1.50) I 10.18 0.33 (0.33, 0.00, 0.00)  0.00
X-y Mc 2.68 (1.39) D 10.10 0.34 (0.29,0.17,0.00)  2.91
X-y-z My 2.68 (1.39) D 10.01 0.33(0.27,0.14,0.14)  4.16
z T 2.21(0.92) D 11.24 0.27 (0.00, 0.00, 0.27)  3.30
(100) 4 (110)p x T 2.09 (0.80) D 1.11 0.28 (0.28, 0.00, 0.00)  0.00
X-y Mc 243 (1.14) D 1.02 0.33(0.16, 0.28,0.00)  3.49
X-y-z Mg 2.48(1.19) D 1.04 0.33(0.11,0.22,0.22) 6.24
z Mc 2.56 (1.27) D 0.00 0.33(0.17,0.00,0.28)  4.03
(111)4 (110)3 X T 2.03 (0.74) I 4.53 0.31(0.31, 0.00, 0.00)  0.00
x-y Mg 2.41(1.12) I 4.14 0.34 (0.21, 0.26,0.07)  5.19
X-y-z R 2.41(1.12) D 4.13 0.35(0.19,0.21,0.21)  6.60
z T 2.61 (1.32) I 4.95 0.35(0.00, 0.00,0.35)  0.00
(1114 (11D x T 2.90 (1.61) D 4.73 0.33 (0.33, 0.00, 0.00)  0.00
X-y o 3.11 (1.82) D 3.96 0.34 (0.24, 0.24,0.00)  5.32
X-y-z R 3.24 (1.95) D 3.36 0.34 (0.20, 0.20,0.20)  6.56
z T 2.90 (1.61) D 4.73 0.33 (0.00, 0.00, 0.33)  0.00

range is obtained for SOBTO-50NTM and SOBTO-50NTW
depending on the arrangement of the B-cation substituent
atoms.

Both the decrease in E, and the small changes in P
can be easily understood. The substitution of the more-
electronegative Mo for Ti leads to a decrease in the band
gap. For P, the introduction of the more-anomalous Z*
Born effective charge of Mo leads to a greater contribution
of the B site to P. Similar anomalous Z* was previously
reported for WO3 [42] (see Table S6 in Supplemental
Material [35] for comparison of Z* between MoO3, WOs3,
and BaTiOj; perovskites). Additionally, the replacement of
the larger Ba by the smaller Na enhances the displacement
at the 4 site, which also is favorable for larger P. This is
similar to the larger displacement of the Ca cations (which
have cation radius similar to that of Na cations) on substi-
tution into BaTiO;3 [18]. On the other hand, the substitution
of the smaller Na A-site atoms decreases the volume of the

system, favoring smaller P magnitudes [26]. It appears that
these two effects largely cancel each other.

Examination of energies for each composition (Tables
IIT and IV) shows that the M, and Mp phases are the
stablest for 7SBTO-25NTM and 75BTO-25NTW, respec-
tively, whereas S0BTO-50NTM and 50BTO-50NTW pre-
fer the O and M phases, respectively. Examination of the
results for BTO-NTW shows the same E, and P trends
as observed for BTO-NTM, but with blueshifts of the E,
values of approximately 0.24 eV and decrease of the P
values by approximately 0.05 C/m?. Both the higher E,
values and the smaller P values are due to the weaker
electronegativity of W compared with Mo. This leads
to a more-ionic bond and smaller Jahn-Teller-distortion
driving force such that a larger band gap and smaller dis-
placement, Z*, and P are obtained for BTO-NTW. We
find that the PES with respect to the rotation of the
polarization vector is more isotropic for 75SBTO-25NTM
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FIG. 4. Effect of NTM or NTW substitution on £, (HSE06)
and P for different phases obtained. The error bars indicate the
variations of E; or P between different structures in the same
phase and with the same composition.

and 75BTO-25NTW than for BaTiOsz, S0BTO-50NTM,
or SOBTO-50NTW, with particularly small polarization-
rotation energies obtained for 75BTO-25NTW. For exam-
ple, the R, O, and T phases have the same energy for the
(111),4 arrangement of 75SBTO-25NTW, and the M, phase
is the stablest for all the 75BTO-25NTM (100),4, (110),,
and (111), arrangements. Therefore, we perform piezo-
electric coefficient calculations for each composition for
the lowest-energy phase other than the 7' phase. Despite the
low energy difference between the different polarization
orientations, the increase in the piezoelectric coefficients
relative to BaTiO; is rather modest, with d33 of 124.1 and
71.7 pC/N for S0BTO-50NTW and BaTiOs, respectively
(see Table S7 in Supplemental Material [35] for more
piezoelectric coefficients).

B. Effects of cation arrangement and
polarization direction

A more-in-depth analysis of the DFT results reveals
the effects of cation arrangement and polarization orienta-
tion on the properties of BTO-NTM and BTO-NTW solid
solutions. Specifically, for S0BTO-50NTM and 50BTO-
SONTW, while for the (111),(111)p arrangements of the
polarization orientation along all of the Cartesian axes
are equivalent, for the rest of the arrangements the dis-
placements are inequivalent with respect to the Na and
Ba stacking direction or the B-site orientation. The differ-
ent polarization orientations relative to the cation stack-
ing may change the properties of the material. Thus, the
50BTO-50NTM and 50BTO-50NTW structures with the

(100),4 A-site arrangement that are x displaced are dis-
placed perpendicular to the Na and Ba stacking and those
that are z displaced are displaced parallel to the Na and Ba
stacking. In addition, x-axis displacement in the (110)p B-
site arrangements of SOBTO-50NTM and S0BTO-50NTW
results in displacement perpendicular to the Mo- or W-
containing B-site plane, which has a high content of over-
bonded oxygens (due to the higher valence of the Mo
and W cations relative to Ti) [43]. This is also present
in the (100)4(100)p arrangement when displaced along
the z axis. However, it is important to mention that the
displacements specified here are the initial displacements
only, which do not necessarily correspond to the final
polarization-vector direction obtained after the relaxation.
All structures with displacement perpendicular to the plane
with a high content of overbonded oxygens have minima
in the T phase.

1. 75BTO-25NTM and 75BTO-25NTW

Examination of the relative energies of the differ-
ent cation arrangements shows that the (100), arrange-
ment is the stablest for 75SBTO-25NTM and 75BTO-
25NTW [Fig. 5(a)]. Comparison of the 75BTO-25NTM
and 75BTO-25NTW structures shows that the cation
arrangement has a weak effect on E,, with variation of at
most approximately 0.3 eV between the different cation
arrangements, as can be seen in Fig. 5(b). Variation of
polarization orientation has a similarly small effect on

(@
~ ROy
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FIG. 5. Phase and arrangement effect on (a) relative energy

(compared with the lowest-energy structure for each compo-
sition), (b) Py, and (c) E, for the different BTO-NTM and
BTO-NTW compositions.
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FIG. 6. Dependence of E, on «, the minimal deviation from
180° in the O-B-O angle, averaged over all the B sites for each
structure. The dashed line shows the linear regression of the
calculated « values for the composition.

E,, with several structures of a given arrangement with
different polarization orientation showing similar E, val-
ues. The P magnitudes also exhibit low sensitivity to
the variation both in the cation substituent arrangement
and polarization orientation, with variations of Py, of at
most approximately 0.05 C/m? observed, as can be seen
in Fig. 5(c). Previous work demonstrated the importance
of the O-B-O angle for E; in 4BO3; materials [13,25].
The metal-oxygen chain with the lowest angle gives the
CBM, which in turns controls E,, and each B-site cation
in the system participates in three O-B-O angles. For each
B site, we take the O-B-O angle with the smallest devi-
ation from 180°, calculate the average of these angles
(@), and plot E, as a function of « for different struc-
tures for the different compositions in Fig. 6. Examination
of Fig. 6 shows that for 75SBTO-25NTM and 75BTO-
25NTW, a clearly linear relationship exists between E,
and «.

2. 50BTO-50NTM and 50BTO-50NTW

For 50BTO-50NTM and 50BTO-50NTW, the (100),
(110)p arrangement is the stablest, as shown in Fig.
5(a). The variation in E, between the different cation
arrangements and polarization orientations can be large,
with a particularly small £, (1.6-1.8 eV) obtained for
the z-displaced (100)4(100)p, x-displaced (100),(110)g,
and x-displaced (111)4(110)p arrangements of 50BTO-
SONTM. The same trend is observed for the same arrange-
ments and displacements of S0BTO-50NTW. The com-
mon feature among these three low-£, structures is that

their polarization is perpendicular to the above-mentioned
plane with high overbonded-oxygen content (giving the
T phase). Variations in the P magnitude are relatively
small for S0BTO-50NTM and 50BTO-50NTW, and the
energy differences between the different polarization ori-
entations are larger than those for 75BTO-25NTM and
75BTO-25NTW. The low band gap of the SOBTO-50NTM
structures shows that visible-light absorption can be
induced by Mo doping. In addition, the low relative energy
difference (1.321 meV/atom) between the energetically
favorable S0BTO-50NTM O-phase (100),4(110)p (£, of
2.42 eV) and the visible-light absorber with the lowest-
energy T-phase (100),(110)p (£; of 1.66 eV) suggests that
the mentioned induction of visible-light absorption via Mo
substitution is feasible. The large relative energy (com-
pared for the composition) difference between the energet-
ically favorable SOBTO-50NTM [O-phase (100)4(110)g]
and the low-band-gap T-phase (100),(100)p (which gives
rise to the Mo-O-Mo chain) arrangements in the compo-
sition suggests that the low-band-gap Mo-O-Mo configu-
ration is unlikely to be common. Therefore, on the basis
of the properties of the lowest-energy structure, SOBTO-
SONTM is likely to exhibit visible-light-absorbing prop-
erties in its T phase, or E, of approximately 2.6 eV on
realization in other phases.

The E, trends of S0BTO-50NTM and 50BTO-50NTW
cannot be explained with use of «, as they deviate from
the linear trend that was observed for 7SBTO-25NTM and
75BTO-25NTW. This suggests that while the effects of
deviation from the 180° O-B-O angle are also present in
these compositions, they are dominated by the effects of
the interplay of the B-cation ordering and polarization ori-
entation, which in some cases give rise to a much lower
E,, as discussed below. The BTO-NTW results show sim-
ilar trends to the BTO-NTM results, but with all £, values
shifted up due to the weaker electronegativity of W,

3. B-cation ordering and polarization orientation
effects on the band gap

We now discuss the structural features that give rise
to the observed E, variation for a given BTO-NTM
or BTO-NTW composition. Considering the low band
gaps found for several S0BTO-50NTM and 50BTO-
SONTW structures, it is clear that E, is governed by
additional factors besides «. To elucidate the effects con-
trolling £,, we perform calculations for additional struc-
tures with arrangements of (100),(111)g, (111),(100)g,
and (010)4(100) g, without imposing initial displacements.
These arrangements are illustrated in Fig. 7. In addi-
tion, we perform additional calculations for the already-
mentioned (100),4(100)z, (100),(110)g, (111)4(110)p,
and (111)4(100)p arrangements of SOBTO-50NTM with-
out imposing initial displacements. The results for all the
initially nondisplaced arrangements are given in Table V.
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FIG. 7.
studied.

Additional

S50BTO-50NTM cation arrangements

Examination of Table V shows that although no ini-
tial displacements were imposed, most structures relax
to a T-phase minimum, while the (100),4(100)p and
(111)4(100) structures did relax to a minimum in the
C phase (nondisplaced structures). Comparison of these
nondisplaced structures shows that the A4-site influence on
E, is rather weak, with variation of 0.05 eV between these
two structures (which exhibit the same B-site arrange-
ment and different A4-site arrangement). For the T-phase
structures, such weak influence of the A-site arrange-
ment is also found for the structures that have the
same B-site arrangement and different A-site arrange-
ments. This is consistent with the results obtained for the
initially displaced S0BTO-50NTM and 50BTO-50NTW
(100),4(110)5 and (111)4(110)p arrangements (Tables I1I
and IV) that show a variation of approximately 0.05 eV
between the structures displaced in the same direction (for
example, the x-displaced SOBTO-50NTM (100),(110)g
and (111)4(110)p arrangements have E, of 1.66 and
1.62 eV, respectively).

The B-site arrangement itself has a strong effect on £,.
Comparing structures with the same polarization direction,
the same A-site arrangement, and the different B-site
arrangements, we find E, varies strongly for the 7 phase.
This effect is slightly weaker for the phases with multi-
ple polarization directions (R, O, and monoclinic phases).
This is connected to the effect of the polarization direc-
tion on E,. For a given arrangement, the phases with
multiple polarization directions (R, O, and monoclinic
phases) will exhibit higher E, than the T phase. This
effect of the T phase having the lowest E, is amplified
in the structures that have polarization in the direction

perpendicular to Mo- or W-containing B-site planes, for
which all O atoms are overbonded [43]; for these struc-
tures, E, decreases by approximately 1 eV relative to
the structure polarized parallel to the plane, as mentioned
above. This effect emphasizes the importance of not only
the B-site arrangement but also the B-site displacement
orientation, which together control the band gap. Figure
8 shows the band structure and density of states for
the (100),4(110)z and (100),(100)3 structures of SO0BTO-
S50NTM in their energetically favorable structure (x-y-z
displaced and x displaced, respectively), the lowest-E,
structures (x displaced and z displaced, respectively), and
the initially nondisplaced structures. Examination of the
band-structure plots in Fig. 8 shows that the effect on E,
of the orientation of the polarization relative to the Mo-
or W-containing B-site planes influences the CBM mostly,
with the conduction band becoming wider for the lower-
band-gap T-phase structures. Examination of the density
of states shows that, as expected, the CBM comprises the
Mo and Ti d states with a small amount of the O 2p state.
Therefore, our calculations reveal the existence of coupling
between the CBM position and the displacement direction
of the B-site cations in this system. The effect of polar-
ization rotation may be present in other systems, but most
likely is amplified (approximately 1 eV) in this system by
Mo (compared with approximately 0.6 eV for W) and will
be weaker in other perovskites with smaller valence of the
B-site cation [13].

To summarize, E, is governed by the following fac-
tors:

(a) As mentioned in Sec. IV, replacement of the less-
electronegative Ti** cation with the more-electronegative
Mo ™ cation decreases E,.

(b) The deviation angle o influences the overlap
between B d and O 2p orbitals and increases £, with larger
deviation from 180° (Fig. 6). This effect governs the E,
trends of 75BTO-25NTM and 75BTO-25NTW but does
not explain the trends observed for SOBTO-50NTM and
S0BTO-50NTW.

(c) For the B-site arrangements containing a B-site
plane where all O atoms are overbonded, polarization

TABLE V. Cation (4 and B) arrangement, phase obtained after relaxation of ionic coordinates , LDA VBM and CBM, HSE06 E,,
and P magnitudes of the initially nondisplaced SOBTO-50NTM structures used for comparison of the influence of the arrangement.

A-site B-site Phase E, VBM CBM Py (Px, Py, P2) Illustration
arrangement arrangement (eV) eV) eV) (C/m?)

(010)4 (100) T 1.72 9.33 9.76 0.27 (0.00, 0.27, 0.00) Figure 7
(100) 4 (100) C 1.87 9.31 9.88 0.00 (0.00, 0.00, 0.00) Figure 1
(111)4 (100)p C 1.72 9.36 9.79 0.00 (0.00, 0.00, 0.00) Figure 7
(100) 4 (110)p T 1.67 9.34 9.71 0.30 (0.30, 0.00, 0.00) Figure 1
(111),4 (110)p T 2.49 9.14 10.35 0.39 (0.00, 0.00, 0.39) Figure 1
(100) 4 (11)g T 2.67 9.02 10.4 0.33 (0.33, 0.00, 0.00) Figure 7
(111),4 (111)p T 2.67 8.97 10.35 0.37 (0.37, 0.00, 0.00) Figure 1
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Band structures, projected density of states (DOS) and total DOS (filled area) for SOBTO-50NTM (100),4(110)p (with initial

x-y-z and x displacements and no displacement) and (100),4(100) (with initial x and z displacements and no displacement), showing

the large variation of £, with polarization rotation.

perpendicular to this plane gives low E, values, while
polarization parallel to this plane gives high E, values.
The origin of this effect is currently unclear and will be
investigated in future work.

V. CONCLUSION

We study the effect of joint Na and Mo (W) substitution
in BaTiOj3 on the electronic structure and P. It is found that
the E, values obtained with use of the highly accurate and
computationally expensive HSE06 hybrid functional can
be predicted by a rigid upward shift (1.29 eV) of the LDA-
obtained values for this material. 7S5BTO-25NTM shows
a significant £, lowering of 0.6 eV relative to the parent
BaTiO3, with E, of 2.8 eV. The E, value obtained is ideal
for a fully transparent PV, and since in practice one can
expect a combination of the arrangements investigated on
synthesis, it is likely that the band gap will be direct. Such
a direct bad gap is vital for achieving high efficiency in
BPVE-based devices. For 50BTO-50NTM, it is found that
E, has a strong dependence on the arrangement of the Mo
atoms and the polarization direction, with £, ranging from
1.66 to 2.96 eV. By contrast, the arrangement of A-site
atoms has little effect on E,. Substitution of W has simi-
lar effects to Mo substitution but with an upshift of £, due
to the lower effective electronegativity of the W+ cation.
Taken together, the results of our calculations show that
E, in these solid solutions is controlled by three factors:
the intrinsic effective electronegativity of the substituent
+6 cation, the distortion of the O-B-O angle « from 180°,
and the enhanced mixing of the Mo (W) and O states in
the structures polarized perpendicular or parallel to the
plane where all O atoms are overbonded. All compositions

display strong polarization that can enable hot-carrier PCE
beyond the Shockley-Queiser limit with nanoscale elec-
trodes. Compared with the parent BaTiO3, which has a
larger indirect bad gap and lower P, BTO-NTM and BTO-
NTW are expected to show stronger BPVE and better PV
performance due to their lower E,, direct character of the
band gap, and greater polarization. Additionally, BTO-
NTM and BTO-NTW are expected to have a higher Curie
temperature and contain only nontoxic and Earth-abundant
elements. These properties may enable them to play a key
role in the future development of transparent FE-based PV
devices.
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