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Abstract[]

Ferroelectric BiFeOs; is promising for photovoltaic applications,
especially in regard to the exploitation of ferroelectric photovoltaic
effects for charge separation. However, its large band gap limits

efficient sunlight absorption. Here, we demonstrate a new strategy
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to effectively tune the band gap of tetragonal BiFeOs via superlattice
structuring with the ferroelectric BiCrOs. The (BiCrOs)m/(BiFeOs),
superlattices are found to exhibit conventional ferroelectric
properties, but low fundamental band gaps; smaller than either of
the parent materials. Using this approach, an optimized band gap of
1.6 eV is produced which matches closely the ideal band gap to
achieve the Shockley-Queisser limit. First-principles calculations
reveal that the unexpected band-gap reduction is induced by charge
reconstruction due to lattice strain, octahedral distortion, and
polarization discontinuity at the BiCrOs; - BiFeOs interfaces.
Ultimately, these results provide a new strategy, in the form of
superlattice structuring, which could open the door to the creation

of efficient ferroelectric photovoltaics.
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l. INTRODUCTION

In the past several decades, researchers have been striving to
open different corridors for the production of renewable energy. In
this regard, photovoltaics (PVs) have been demonstrated to be a
promising renewable energy technology to harvest solar energy [1-
3], one of the most abundant energy sources available on Earth[4].
Generally, the performance of PV materials is quantified by the
power conversion efficiency (PCE), which can be related to the
photovoltage and photocurrent. Recently, building from initial
interest in single-crystal and ceramic materials over four decades
ago [5][ a rejuvenation of interest in the so-called anomalous
photovoltaic effect in non-centrosymmetric thin-film ferroelectrics
has driven an urgent search for new materials in this space.
Contrary to traditional semiconductor-based PVs, the photovoltage
of ferroelectrics is not limited by their band gap, but can be a few
orders of magnitude larger than the optical band gap of material
itself [5,6]. In some cases, the photovoltage has been found to be >
10* V [2,6]. Generally the photovoltage is proportional to the
magnitude of the electric polarization [6-9]; however, the PCE of
ferroelectric materials is normally limited by their small
photocurrent density, typically on the order of nA/cm?, which mainly

originates from the large intrinsic band gap of these materials



(typically 3-4 eV) [2,10]. It is, therefore, of significant importance to
lower the band gap of ferroelectric materials without affecting the
ferroelectric polarization in an attempt to improve the PCE in PV
applications. This is also of great importance for fully characterizing
ferroelectric photovoltaic effects, including understanding the
performance limits of these devices. While ferroelectric
semiconductors do exist [11], for reasons yet to be understood, the
largest effects have been observed in oxides, and therefore finding

better oxide materials is a key challenge in the field.

A focus has been in BiFeOs due to its intrinsic, relatively low band
gap (2.67-3.1 eV) [12] and high polarization (90-158 uC/cm?) [13-
15]. Importantly, BiFeOs; has been widely investigated for PV
applications and so far shows better PCE efficiency than most of
other ferroelectric materials [2,16-20] , making it a highly desirable
ingredient in fabricating new ferroelectric photovoltaics. Despite
these successes, however, BiFeOs; can only absorb UV light, which
constitutes only ~20% of the entire solar spectrum; leaving most of
the solar energy incident on Earth unexploited [21]. In epitaxial
BiFeOs; thin films, there are several possible phases, including
structures derived from monoclinic, triclinic, orthorhombic, and
tetragonal parent structures. Of particular note is the tetragonal-like

phase (which is actually a slightly monoclinically-distorted



tetragonal structure) which has a large c/a lattice parameter ratio of
~1.26 and a giant spontaneous polarization approaching ~150
1MC/cm?. With this in mind, it is meaningful to reduce the band gap of
tetragonal-like BiFeOs;, while maintaining the large spontaneous
polarization, to enhance the PCE. On the other hand, BiCrOs is
another ferroelectric material, also with an active lone-pair on the
bismuth cation [22], which is often used to tune the band gap and
photocurrent of BiFeOs; (23-26], e.g. through alloying. We have
recently studied alloyed BiCrOs- BiFeOs; films and found that
chromium substitution can help to reduce the band gap by ~0.8 eV
for solid solution films and improves charge transport [27]. BiCrOs/
BiFeOs bilayer films, synthesized using a sol-gel technique, were
found to exhibit a band gap of ~2.25 eV (smaller than the value of
2.64 eV of BiFeOs) and a short circuit photocurrent density of 0.08
mA/cm? (higher than the value of 0.007 mA/cm? for a single-layer
BiFeOs film) [28]. Multiferroic BiFeOs/BiCrOs; heterostructures have
also been studied [10], and it was reported that the photocurrent
density and photovoltage can be tuned by the thickness and the
number of BiFeOs/BiCrOs bilayers and that the highest photocurrent
density value (~0.013 mA/cm?) was recorded in 60-nm-thick
heterostructures (including two BiFeOs/BiCrOs; bilayers with each

layer of thickness 15 nm).



More recently, significant band-gap reduction has been realized
in double-perovskite Bi.CrFeOs, in which B-site-cation ordering
controlled by film synthesis results in a remarkable PCE over 8.1%
under AM 1.5G irradiation [21]; a new record for inorganic
perovskites in conventional solar-cell applications. The mechanism
of enhanced visible-light absorption and its correlation with cation
ordering in the double-perovskite Bi,CrFeOs, however, is not clear. It
is well known that for perovskites, achieving B-site-cation ordering is
very difficult (and it is particularly sensitive to oxygen partial
pressure and growth temperature) as the thermodynamic window
allowing for the realization of such ordered states is extremely
narrow. This has been shown true in a number of systems, including,
La;VMNOg (207, La:CrFeOg 30, and La:NiMnOg 315, etc. On the other
hand, superlattice ordering is also a powerful method to engineer
ordered double-perovskite structures. For example, long-range
ferromagnetism has been reported in LaCrOs/LaFeOs superlattices,
which is unexpected, given that both LaCrOs and LaFeOs; are
antiferromagnetic [32]. Therefore, by creating an atomically-ordered
state via superlattice structuring of the aforementioned BiFeOs; and
BiCrOs;, one might expect to yield interesting electronic structure
and material properties, distinct from alloys. There has been limited

studies on BiCrOs/BiFeOs superlattices, and those which do exists



have focused mainly on traditional ferroelectric behavior. For
example, using a scanning non-linear dielectric microscope,
researchers found that the polarization in such superlattices is
reversible and thus suggests that the superlattices are ferroelectric
at room temperature [33]. The ground state properties of
BiFeOs/BiCrOs superlattices, such as the electronic structure, intrinsic
band gap, and ferroelectric polarization, are, however, not well

developed.

Here, we report a density functional theory (DFT) investigation of
the lattice  geometrical and electronic properties  of
(BiCrOs)m/(BiFeOs), superlattices, with a Hubbard-U correction for
exchange correlation. Systematic study shows that the band gap of
the superlattices is widely tunable, and can take values well below
those of either component by itself, while still maintaining the
ferroelectric polarization. Unexpectedly, the optimized band gap of
~1.6 eV for the BiCrOs/BiFeOs superlattice is not only smaller than
both the single-layer BiFeOs and BiCrOs, but is also smaller than the
equivalent Bi(Fe,Cr)Os alloy [27]. This surprising result is the
consequence of charge reconstruction due to lattice strain,
octahedral distortion, and polarization discontinuity at the
superlattice interfaces. We also show that the ferroelectric and

magnetic properties of the superlattice are not strongly affected.



These results demonstrate that superlattice structuring can be an
effective strategy for the design of low band gap oxide
semiconductors with fundamental band gaps much smaller than
either parent materials, thus opening new perspectives for

ferroelectric PVs.

II. COMPUTATIONAL DETAILS

All of the spin-polarized calculations are carried out based on
the DFT, using the Vienna ab-initio Simulation Package (VASP) code
[34,35]. For the exchange and correlation energy, the Perdew-Burke-
Ernzerhof functional [36] wunder the generalized gradient
approximation (GGA) is employed. The on-site Coulomb interaction
presented in 3d states of transition-metal ions are corrected by the
DFT+U (where U is the Hubbard energy) method [37], and we set U
= 4 eV for both Fe 3d states and Cr 3d states [27,38]. This is needed
for realizing properties in accord with experiment for the bulk
materials, with the exception that the band gap is still
underestimated at this value of U. Here, we consider the modified
Becke-Johnson (MBJ) exchange potential to correct the
underestimated band gap in electronic structure calculations [39]. A
cutoff energy of 500 eV for plane-wave basis set and a 4x4x4

Monkhorst-Pack k-mesh for Brillouin-zone integrations are used for



structural relaxation. The convergence criteria for total energies and
forces are 10* eV and 10* eV/A, respectively. During the structural
optimization, a full relaxation is employed. The spontaneous
polarization is evaluated by simply summing the product of atomic
displacements and corresponding Born effective charges (BECSs)
[40], which are calculated using density functional perturbation
theory with a 2x2x2 Monkhorst-Pack k-mesh. For bulk BiFeOs (BFO)
and BiCrOs (BCO), all computations are based on a 2x2x2 supercell
containing 40 atoms. For the (BiCrOs)n/(BiFeOs), ((BCO)n/(BFO),)
superlattices, which consist of m unit cells of BiCrO; alternating with
n unit cells of BiFeOs, different alternating periodic cells, i.e., (BCO)m/
(BFO). (m =1, 2, 3, 4, 5) and (BCO)./(BFO), (n = 1, 2, 3, 4, 5), are

considered.

I1l. RESULTS AND DISCUSSION
A. Ground state properties of bulk BFO and BCO

The tetragonal-like phase of BFO with a space group of P4mm
has a large c/a lattice parameter ratio (1.255-1.27) [12,41], where
Ox and Og, respectively, belong to the FeO and BiO layers [Fig.1 (a)].
Clearly, one Fe** is coordinated by six O% ions and an octahedra is
formed. In the literature, it has been reported that the tetragonal-

like BFO has G- and C-type antiferromagnetic spin states [38,42].



Schematic views of the spin configurations of BFO are illustrated
[Fig. 1(b)-(c)]; in this work, both G- and C-type ordering are
considered for bulk BFO and BCO.

For bulk BFO, the obtained lattice parameters of a = 3.755 A and
¢/a = 1.300 for G-type ordering are close to the calculated values of
3.753 A and 1.303, respectively, for C-type ordering; both are in
good agreement with the experimental values of 3.72 A and
1.255[41], respectively. The calculated magnetic moment of Fe is
4.136 us/atom for G-type ordering, agreeing well with the prior
theoretical value of 4.18 ps/atom [43] and the experimental value of
4.34 pg/atom [44], and it is comparable to the result of 4.130
Me/atom for C-type ordering. Both G- and C-type ordered BFO exhibit
direct band gaps and the values of band gap are 1.62 and 1.71 eV,
respectively; which are smaller than the experimental data of 3.1 eV
[12,45]. This is a generic problem in DFT, which persists in the
PBE+U calculations, with U=4 eV. Higher values of U can correct the
band gap, but at the expense of ground state properties, and so we
use U=4 eV, and correct the band gap using the MBJ approximation
[39,46] in further calculations for superlattices. For the DFT+U,
which is widely used to address delocalization error, localize density
on transition metals (TM) in low-spin and later TM and localize

density away from TM in the other cases[47,48]. Fig. ?? (a) shows
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the dependence of shift of TM partial charge Ag with U for bulk BFO
and BCO. It is clearly that the localization of density is tendency
away from TM in both G- and C-type BFO, indicating by the
increased positive metal partial charges. Our calculations show that
the geometrical structure, band structure and Fe magnetic moment
of G- and C-type ordered tetragonal BFO are similar to each other,
which is consistent with previous theoretical studies [38]. We also
find that the total energy difference between G- and C-type ordered
BFO is only 0.068 eV, indicating that the stability of these two

orderings are comparable.

For bulk G- and C-type ordered BCO, the obtained magnetic
moment of Cr and the lattice parameters are, like for the case of
BFO, similar to each other [Table 1]. For G-type ordered BCO, the
calculated lattice parameters are a = 3.926 A and ¢ = 4.073 A,
which are comparable to the experimental results of a = 3.888 A
and ¢ = 3.902 A [49]. On the other hand, the band gap of 0.94 eV
for G-type ordered BCO is higher than the value of 0.69 eV for C-
type ordered, and both values are smaller than the experimental
value of 2.37 eV [28]. The calculated band gap of BCO (0.94 eV for
G-type and 0.69 eV for C-type) is smaller than those of BFO (1.62 eV
for G-type and 1.71 eV for C-type) consistent with the experimental

results. [12,28]. In addition, the total energy of the G-type ordering
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is 0.156 eV smaller than C-type ordering, i.e., the G-type ordered
BCO is energetically more preferable. Hence, in the subsequent
calculations, we only consider the BFO and BCO with G-type

ordering.

B. Geometrical structures of the superlattices

Fig. 1(d) illustrates the geometrical structure for the optimized
(BCO)1/(BFO), superlattice. The optimized structural parameters of
(BCO)m/(BFO): and (BCO)./(BFO), superlattices are also presented
[Table 2], including data for bulk BFO and BCO. The calculated
lattice constant a and average c/a ratio as a function of m and n are
also plotted [Fig. 2(a)]. It is found that the in-plane lattice constant a
of (BCO)~/(BFO); increases with increasing BCO layers, and the in-
plane lattice constant of (BCO)./(BFO), decreases with increasing
BiFeOs layers, owing to the strain effect caused by the lattice
mismatch between BFO and BCO. To the contrary, as can be seen
[Fig. 2(b)], the average out-plane Iattice constant ¢ of the
superlattices decreases with increasing BCO layers and increases
with increasing BFO layers. For displacive ferroelectric materials, the
c/a ratio reflects the tetragonal distortion, which is a consequence of
the spontaneous polarization. Therefore, the observed increase of ¢/

a ratio indicates an increase of relative displacement between

12



cations and anions, resulting in enhanced polarization [50,51]. The
c/a ratio decreases with increasing BCO layers and increases with
increasing BFO layers [Fig. 2(b)], indicating that the polarization of
the (BCO):/(BFO), superlattices is larger than that of the (BCO)./
(BFO); superlattices. This is seen directly in the polarization
discussed in the next section. It is thus expected that the electrical
and optical properties of the (BCO)./(BFO), superlattices can be
adjusted by tuning the stacking period, which will alter the ground-

state structure of superlattices due to strain effects [51].

The average interlayer distance Ad (the thickness of one
monolayer, which is equivalent to the local out-of-plane lattice
constant) and the bond angles Z0a-Cr-Og and Z£ZOa-Fe-Og in BFO,
BCO and the (BCO)./(BFO), superlattices are also summarized [Table
2]. We find that all the values of Adsro for superlattices are smaller
than the value of 4.879 A for bulk BFO and the values of Adsco are
larger than the value of 4.073 A for bulk BCO, indicating that the
BFO in the (BCO)./(BFO), superlattices is compressed, while the BCO
in the (BCO)n/(BFO), superlattices is stretched along the [001] in
comparison to their bulk values. This results from the interface
stress caused by the large lattice mismatch (4.55%) between the
BFO and BCO, since the lattice constant of BFO (3.755 A) is much

smaller than that of BCO (3.926 A). For the (BCO)./(BFO).
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superlattices, as the number of BCO layers increases from 1 to 5,
Adgro decreases from 4.456 to 4.166 A, and Adsco decreases from
4.327 to 4.094 A. Obviously, for the thicker BCO layers, the
interlayer spacing of BFO is far from that in the bulk state and the
interlayer distance between BCO layers becomes close to that in the
bulk. Correspondingly, the ZOs-Fe-Og angle deviates much more
from the 110.7° in the bulk and the £0,-Cr-Og angle approaches the
96.6° in the bulk. These results suggest that the thicker BCO layers
lead to significant compression of the BFO and large relaxation of
BCO layers along the [001]. As for the (BCO),/(BFO), superlattices,
when the BFO layer is increased in thickness from 1 to 5 unit cells,
the BFO layer is compressed and the BCO layer is expanded
considerably, resulting in Adgro and £LOx-Fe-Og approaching the bulk
values for BFO and Adsco and £0,-Cr-Og deviating significantly from
the bulk values for BCO. Comparing the bond angles £0,-Cr-Og and
£LOx-Fe-Og in both the (BCO)./(BFO), and (BCO)./(BFO), superlattices,
we find that both angles in the (BCO)./(BFO), superlattices are larger
than those in the (BCO)./(BFO), superlattices, indicating that the
distortion of the octahedra in the tetragonal lattice of the (BCO)./
(BFO), superlattices is more significant, which results in a larger c/a
ratio and polarization[50]. This is in good agreement with the

discussions in above section. It is obvious that the induced
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structural deformation and octahedral distortion in the (BCO)./(BFO),
and (BCO)./(BFO): superlattices are different, indicating that they

may exhibit different electronic structures and polarization.

C. Electronic structures of the superlattices

Based on the optimized structures, we further calculate the
band structures of the (BCO)./(BFO); and (BCO)./(BFO),
superlattices. In this study, an approach of reverse scissor correction
procedure is employed. This is an empirical correction consisting of
a shift of the conduction regions up and can be applied to both GGA
and LDA underestimated band gaps, especially in the determination
of band-gap offsets for interfaces between different semiconductors
[52-54]. Here we use a shift of 1.48 eV, which corrects the
calculated band gap of BFO to the experimental value of 3.1 eV
[12]. The variation of the band gap as a function of the number of
BFO and BCO layers [Fig. 3] and the calculated band structures [Fig.
4] are plotted. The band gap of the superlattices is observed to
decrease markedly with the number of layers of BFO and/or BCO in
a given stack height [Fig. 3]. The band gap of the (BCO)./(BFO),
superlattices are lower than that of the (BCO)./(BFO): superlattices
for the same values of n and m (n, m>1). It may be caused by the

lattice strain between BFO and BCO in superlattices, which results in
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the BFO has tensile strain and the BCO has compressive strain in in-
plane. Here, the Variation of band gap with the strain for bulk BFO
and BCO are illustrated [Fig. ??7]. The compressive strain indicated
by negative values and the tensile strain indicated by positive
values. The values of band gap increase with the increasing values
of strain (%) for both BFO and BCO, indicating that the band gap of
bulk BFO decreases under the tensile strain and that of BCO
increases under compressive strain in in-plane. It is also shown that
all the superlattices retain the direct character of BFO [Fig. 4]. The
band-gap values for the superlattices are located within the range of
1.59-1.96 eV, which are unexpectedly smaller than the parent
materials (e.g., 3.10 eV for direct-gap BFO and 2.42 eV for indirect-
gap BCO). Furthermore, this value is also substantially smaller than
that of the alloyed Bi(Fe,Cr)Os; sample [27]. Similar results wherein
the band gap of a composite compound is smaller than that of the
parent materials have also been reported in superlattices of
(GaN)1/(ZnO). [55] and (0001)-oriented wurtzite (GaN)./(AIN), (n =
10, 12, 14) [56] as well as nanocomposites of Carbon-ZrO; s7; and
NiO:TiO, system [58]. Furthermore, based on the results, it appears
that the charge hybridization and carrier transport will mainly occur
within the tetragonal plane rather than along the c axis, since the

dispersion occurs along the G-X, X-M and M-G directions while the
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bands are flat along the G-Z direction [59].

In order to understand the origin of the unexpected band-gap
reduction, further electronic structure calculations are necessary.
The partial charge density distributions at the valence-band maxima
(VBM) and conduction-band minima (CBM) for BFO, BCO and the
(BCO)1/(BFO)s and (BCO)s/(BFO): superlattices are illustrated [Fig. 5].
It is found that holes at the VBM for BiFeOs; are mainly contributed
by two types of oxygen anions, while the electrons at the CBM are
mainly concentrated on the Bi and O, and slightly on the Fe. For the
BCO, the charge density distribution is remarkably different, the
holes at the VBM are mainly gathered on the two types of O and Cr,
while the electrons at the CBM are mainly contributed by the Bi and
Oa. The different valence/conduction band characteristics of these
two compounds originates from the different electron negativity of
the transition-metal cations and thus the different electronic
structures of BFO and BCO. The valence bands of BFO are mainly
contributed by O 2p orbitals, whereas the O 2p and Cr 3d states
dominate the valance bands of BCO [Fig. 6]. These results indicate
that electron redistribution may—be—resulted should be expected
when the BFO and BCO are welgded-in part of the same superlattice
structures. Comparing the charge distribution of the (BCO):/(BFO)s

superlattice with that of bulk BFO and BCO, we find that the holes at
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the VBM for the (BCO)./(BFO)s superlattices are mainly contributed
by the interfacial Cr and O, and the electrons at the CBM are mainly
gathered on the interfacial Fe, Bi, and a few O, atoms. For the
(BFO)s/(BFO), superlattices, the charge distribution of the VBM and
the CBM are similar to the (BCO)./(BFO)s superlattices, where the
holes at the VBM are mainly contributed by the Cr and Og ions and
the electrons at the CBM are mainly gathered on the Bi and O, ions.
The atomic projected density of state distribution [Fig. 6] also shows
that there is a strong hybridization between the O 2p and Cr 3d
states at the VBM of the (BCO)./(BFO)s and (BCO)s/BFO);
superlattices and the CBM of the (BCO),/(BFO)s and (BCO)s/(BFO):
superlattices are mainly contributed by the Fe 3d, O 2p, and Bi 6p
orbitals. The Fermi level of the BFO is also shifted to higher energy
when the superlattice structure is formed, accompanied by the
upward shift of the valence bands [Fig. 6]. For the (BCO)./(BFO)s
superlattices, the conduction bands shift to lower energy as well.
Consequently, the band gap of the (BCO):/(BFO)s and (BCO)s/(BFO),

superlattices is much lower than that of BFO.

D. Spontaneous polarization

An excellent ferroelectric PV material should have not only a low

band gap and high photocurrent, but also a large spontaneous
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polarization. The polarization can be estimated by

oP e L .
APaEZa—a(ujB_HOjB):aszaﬁAujB' where  Au, is  the
B IHjg Iz

displacement of ions j in Cartesian direction B, Z', is the Born

effective charge tensor, e is the charge of an electron and the Qis
the cell volume[40]. In this work, cubic BFO is used as the
centrosymmetric reference structure, which is described by the zero
subscript. In Fig. ??(b), the dependence of polarization with the
values of U is shown. The value of U effects on the value of
polarization. The polarization of superlattice is larger than that of
BCO and smaller than that of BFO for all different values of U.
Considered with ground state properties, we set the U=4.0 eV for
polarization calculations. The calculated polarization for the
tetragonal-like BFO by this method is 142.3 uC/cm?; agreeing well
with the experimental data of 150-158uC/cm? [13,41] and other
prior calculated values of 136-145 uC/cm? [60-62]. The polarization
as a function of BFO and BCO layer number is plotted [Fig. 7]. It is
shown that the polarization of all superlattices are located in the
range of 64.8-131.0 uC/cm?. The polarization of the superlattices

decreases with increasing the number of BCO layers, but increases
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with increasing BFO layers, which is similar to the variation of the ¢/
a ratio with layer number of both BFO and BCO. A similar
dependence has been reported in tetragonal (BaZrOs)n/(BaTiOs),
superlattices which have a large c/a ratio and large polarization
[51]. We find that the polarization of the superlattices are mainly
contributed by the transition elements and the 0% ions, and the
contribution of O, is larger than that of Os. Besides, the direction of
polarization of transition elements is in opposition to that of O and
Bi atoms. In addition, the polarization of 92.9-131.0 uC/cm? for the
(BCO)1/(BFO), superlattices is larger than the polarization of 64.8-
92.9 uC/cm? for the (BCO)./(BFO): superlattices, and the value of
131.0 uC/cm? for the (BCO):/(BFO)s superlattices is the largest
among all the investigated superlattices. This likely arises from the
combined effects of lattice strain in the BFO layers due to lattice

mismatch and the distorted octahedra in both the BFO and BCO.

The local polarization can also be described by the local
displacement between transition-metal cations and oxygen anions
in the superlattices[63]. The local displacement between the Cr/Fe
and O ions for the (BCO)./(BFO)s and (BCO)s/(BFO): superlattices
along the [001] direction is provided [Fig. 8]. It can be seen that
both the displacements of the BFO and BCO part for the (BCO)./

(BFO)s and (BCO)s/(BFO): superlattices fluctuate slightly with
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increasing distance from the interface, and there is a sharp
decrease at the interface, indicative of a sharp change in the
polarization at the BiFeOs/BiCrOs; interface. This polarization
discontinuity has been observed in BiFeOs/SrTiOs (647, LaAlOs/PbTiO3
[63], and PDbTiOs/SrTiOs; [65] heterostructures in which there is an
internal electric field and a two-dimensional-like electronic gas is
formed at the interface. In this study, the polarization discontinuity
at the interface and the induced charge reconstruction also
contribute to the remarkable reduction in the band gap for the

(BCO)w/(BFO), superlattices.

IV. CONCLUSION

In summary, this work provides a systematic DFT+U investigation
of (BCO)n/(BFO); and (BCO),/(BFO), superlattices (m, n=1, 2, 3, 4, 5)
to understand how the superlattice structuring and periodicity
influences the geometrical structure and electronic properties. Due
to the lattice mismatch between BCO and BFO, significant
compression of the BiFeOs layer and large relaxation of the BCO
layers along the [001] are found for the (BCO)./(BFO); superlattices,
and considerable expansion of the BCO layer and remarkable
relaxation of the BFO layers are found for the (BCO)./(BFO),

superlattices. Meanwhile, the octahedral distortion in the
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(BCO)1/(BFO), superlattices is found to be more significant than that
in the (BCO)n/(BFO): superlattices. For all the considered
superlattices, the band gap decreases significantly with increasing
number of layers of BFO and/or BCO, and the band gap of the
(BCO)1/(BFO), superlattices is lower than that of the (BCO)./(BFO),
superlattices for any given value of n and m (n, m>1). Additionally,
all the superlattices retain the direct character of the BFO.
Surprisingly, the (BCO)./(BFO). superlattices show significant band-
gap reduction by as much as 1.5 eV. The optimized band gap of 1.6
eV is not only smaller than both BFO and BCO, but also smaller than
the alloyed BiFe,Cr,Os; samples, thus implying good potential for
visible-light absorption. The polarization is found to be 92.9-131.0
1uC/cm? for the (BCO):/(BFO), superlattices and 64.8-92.9 uC/cm? for
the (BCO)./(BFO): superlattices, among which the value of 131
uC/cm? for the (BCO):/(BFO)s superlattice is the largest and
comparable to the polarization of BFO. These results demonstrate
that superlattice ordering can be a new strategy to design low-band-
gap semiconductors with fundamental band gaps much smaller than
either parent materials, thus opening new perspective for

ferroelectric photovaltics.
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Table 1. The structural parameters and band gap (E;) of BFO and

BCO with G-type and C-type AFM spin states. £Z0x-M-Og: bond

angle (M= Fe or Cr); MM: magnetic moment of Fe and Cr.

=
£L0Op-M-0O
Compoun a(dy c(d cla oo T (eV MM ()
ds (°) )
G-type 3.75 4.87 1.30 1.6
7 4.1
AFM 5 9 0 110 2 36
C-type 3.75 4.89 1.30 110.9 1.7 4130
AFM 3 0 3 1
BFO 125
Exp.2b< 3.72 4.67 '5 3.1 4.34
Other cal.d 1(')9 4.18
G-type 3.92 4.07 1.03 0.9
. 2.944
AFM 6 3 7 6.6 4 9
C-type 3.92 4.08 1.04 0.6
7 2.92
BCO AFM 1 7 2 96 9 923
e o 3.88 3.90 1.00 2.3
- 9 2 3 7

aRef. 40: PRef. 44; ‘Ref. 43: 9Ref. 42: °Ref. 28; Ref. 47.
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Table 2. The calculated structural parameters (the values of c and ¢/
a is the average values of overall superlattices), average interlayer
distance Ad and bond angles of BFO, BCO and (BCO)./(BFO),
superlattices.

AdBF AdBc LOA-Cr- LOA-Fe-

Compounds a(A) c(A) c/a o o Os Os
A A (°) (°)
BEO 3.75 4.87 1.30 4.87 ) 110.7
5 9 0 9
BCO 3.92 4.07 1.03 4.07 96.6
6 3 7 3
(BCO)./ 3.85 4.39 1.13 4.45 432 100.7 105.0
(BFO): 6 2 9 6 7
(BCO),/ 390 4.17 1.06 4.24 4.14 97.91 101.1
( BFO): 5 5 9 3 1
(BCO)s/ 391 4.13 1.05 4.20 4.11 97.4 100.2
( BFO): 4 4 6 3 2
(BCO)4/ 391 4.11 1.05 4.18 4.10 97.2 99.8
( BFO): 7 7 1 3 1
(BCO)s/ 3.92 4.10 1.04 4.16 4.09 97.0 99.5
( BFO): 0 6 7 6 4
(BCO)./ 3.80 4.66 1.22 4.70 4.57 104.8 108.3
( BFO), 2 0 6 1 8
(BCO)./ 3.78 4.74 1.25 4.76 4.68 106.1 109.2
( BFO)s 4 4 4 4 0
(BCO)./ 3.77 4.77 1.26 4.79 4.74 106.6 109.5
( BFO), 6 5 4 0 1
(BCO)./ 3.77 4.79 1.27 4.80 4.75 107.1 109.8
( BFO)s 2 8 2 8 1
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(b) G-type (c) C-type (d) (BCO),/(BFO),

Figure 1. Schematic view of (a) 2x2x2 supercell for BFO; (b) BFO
with a G-type AFM state; (c) BFO with a C-type AFM state and (d)

optimized (BCO),/(BFO), superlattice.
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Figure 2. (a) Variation of lattice constants (blue) and c/a (red) for
(BiCrOs)m/(BiFe0s), and (BiCrOs)./(BiFeOs)» (m, n =0, 1, 2, 3, 4, 5) as
a function of number of layers. (b) Variation of out-plane lattice
constants ¢ (blue) and c/a (red) for (BiCrOs)m/(BiFeOs): (solid) and
(BiCr0Os)./(BiFeOs), (hollow) (m, n = 0, 1, 2, 3, 4, 5) as a function of
number of layers. The circle sign is average of BiFeOs; part in
superlattice, the triangle down sign is the average of BiCrOs; part in

superlattice and the square sign is the average of overall
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superlattices.
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Figure 3. Variation of band gap for (BCO)./(BFO), and (BCO),/(BFO),

(m, n=1, 2, 3, 4, 5) as a function of number of layers.
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