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Further improvement of the power conversion efficiencies of conventional perovskite
ferroelectric oxides has been strongly impeded by their wide band gaps. Here, we use
several band gap engineering strategies to design low band gap ferroelectric
materials from first principles. We show that polarization rotation is useful for
reducing the band gaps of strongly distorted perovskites. A variety of visible-light
ferroelectric solid solutions are designed by combining Zn substitution into KNbO3

with polarization rotation. Alternatively, the band gaps can be reduced by the
introduction of low-lying intermediate bands through Bi5C substitution. With this
strategy, two Bi5C-containing visible-light ferroelectric solid solutions are designed,
which exhibit comparable bulk photocurrent to that of prototypical ferroelectric
oxides, but with lower photon energies, as evidenced by the shift current calculations.
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I. Introduction

The efficient conversion of solar energy has been of great interest because solar

energy is abundant, clean, and renewable, and is an ideal substitute for traditional

fossil fuel energy resources [1]. Conventional solar cells are based on p-n junctions,

and their power conversion efficiencies (PCEs) are limited by the Shockley-Queisser

limit [2]. This is because the excited carriers are separated by the internal electric

field at the p-n junction. Additionally, the need to form a p-n junction complicates

the device fabrication. Ferroelectrics (FEs), possessing an intrinsic spontaneous

polarization, provide an alternative way to separate excited carriers by the depolariz-

ing field or by the bulk of the material [3, 4]. The photovoltaic effect due to carrier

separation by the bulk of the material is called the bulk photovoltaic effect (BPVE),

and can in principle occur in any polar material. In BPVE, the charge is excited to a

coherent state that has an intrinsic momentum, and this leads to zero-bias
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photocurrent, as shown by time dependent perturbation theory analysis [5–7]. The

photovoltage generated by the BPVE can be above the material’s band gap, poten-

tially enabling higher PCEs beyond the Shockley-Queisser limit. Furthermore, ferro-

electrics, especially ferroelectric oxides, can easily be synthesized using low-cost

methods such as sol-gel and sputtering, as they are stable in a wide range of

mechanical, chemical, and thermal conditions [8]. Therefore, recently ferroelectric

ABO3 perovskite oxides such as BiFeO3 and Pb(Zr1/2Ti1/2)O3 (PZT) have been inves-

tigated in a variety of thin-film configurations [4, 9–19].

However, most conventional ferroelectric oxides have wide band gaps

(Eg>2.7 eV for BiFeO3, Eg>3.5 eV for PZT) and can only absorb 8–20% of the

solar spectrum, which impedes further improvement of their PCEs. Therefore, theo-

retical design and engineering, and experimental demonstration of low band gap fer-

roelectric oxides have been the subject of many FE solar absorber studies [8, 20–

36]. Recently, two visible-light oxides have been reported—a weakly ferroelectric

nonperovskite (KBiFe2O5, Eg D 1.6 eV) [14], and the ferroelectric perovskite [(K,

Ba)(Ni,Nb)O3-d, Eg D 1.39 eV] [8]. Although the discovery of these visible-light

absorbers has substantially advanced the study of ferroelectric photovoltaics, these

materials still have some drawbacks. For example, KBiFe2O5 is only weakly ferro-

electric and nonperovskite while the low gap of (K,Ba)(Ni,Nb)O3-d relies on a large

concentration of oxygen vacancies. A nonperovskite structure gives rises to difficul-

ties in integration into perovskite-based electronics, while oxygen vacancies are det-

rimental to polarization switching and can also trap carriers and increase both the

radiative and nonradiative charge recombination rates. This motivates us to investi-

gate alternative band-engineering strategies to lower the band gap Eg while preserv-

ing the ferroelectricity and to design new visible-light ferroelectric photovoltaics.

Here, we propose strategies and design visible-light ferroelectric photovoltaics from

first principles, and show that these newly designed materials can potentially be

useful in photovoltaic energy conversion.

II. Methodology

First-principles density functional theory (DFT) calculations were performed using the

pseudopotential plane-wave approach, as implemented in the QUANTUM-ESPRESSO

code [37, 38]. Norm-conserving, optimized nonlocal pseudopotentials with a cutoff

energy of 50 Ry, generated with the OPIUM package, were used to represent all the ele-

ments [39]. To accurately describe the structural properties of different systems, a variety

of exchange-correlation functionals were used, including local density approximation

(LDA), Perdew-Burke-Ernzerhof (PBE), and PBEsol generalized gradient approximation

(GGA) [40–42]. The Monkhorst-Pack method was used to sample the Brillouin zone [43]

and a dense enough k-point grid was adopted to guarantee convergence. The polarization

was calculated following the Berry-phase approach [44, 45]. In order to avoid the unphys-

ical delocalization of the strongly correlated d orbitals and to reduce the self-interaction

error of standard DFT calculations, DFTCU and hybrid functional (HSE06 and PBE0)

methods were also used [41, 46, 47]. For both HSE06 and PBE0, the exact exchange pro-

portion is a D 0.25, while in DFTCU the linear-response approach [48] was used to cal-

culate the Hubbard U. The band gap was estimated using the single-particle Kohn-Sham

eigenvalues, which is reasonable to compare to the fundamental band gap obtained by

photoemission or electrochemical measurements [49]. To study the bulk photovoltaic
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performance of some designed materials, we calculated the short-circuit shift current with

linearly polarized light illumination using a recently developed approach [7].

III. Results and Discussions

A. Band Gap Reduction by Polarization Rotation

To design efficient solar energy converters, understanding the correlation between

materials’ structural properties (specifically the BO6 octahedral tilting distortions and

B-cation off-center displacements) and the electronic properties is highly desired

[50, 51]. In this section, we demonstrate by first-principles calculations that the BO6

octahedral distortions induced by the B-cation off-center displacements have a strong

effect on band gap. We also propose a strategy to reduce the band gaps of perov-

skites while maintaining their polarizations by rhombohedral (R)-to-tetragonal (T)

structural transitions with an accompanying polarization rotation from the (111)

direction to the (100) direction [33]. Both the R- and T-phase perovskites are mod-

eled using a five-atom unit cell after full structural relaxation. For some materials,

this model is only hypothetical, but we use it on purpose to isolate the effects of B-

cation displacements from the effects of other ABO3 distortions.

As shown in Fig. 1 and Table 1, the band gap of the R perovskite phase is

always larger than that of its T counterpart, irrespective of the composition. The

GGA band gap difference between the R and T perovskites increases from 0.1 eV

for LaScO3 to 1.2 eV for WO3, concurrently with the increase of the B-cation

valence. This is because the antibonding O-B interaction is enhanced when the BO6

octahedron distorts more significantly with phase transition from T to R, shifting the

conduction band minimum (CBM) upward. This enhancement of the antibonding

character becomes stronger as the valence of the B-cation increases and the B-O

bonds become more covalent. The band gap change trend is quite robust and is con-

firmed by the HSE06 and PBE0 hybrid functional calculations, with the band gap

differences changing by less than 0.15 eV when the functional is varied (Table 1).

Furthermore, while the band gaps of perovskites are reduced by polarization rotation,

the polarization magnitudes are largely preserved (Fig. 1). For more details, please

see Ref. 33.

Figure 1. (a) The HSE06 band gap (eV) as a function of the polarization (C/m2) in T and R perov-

skite oxides and (b) the band gap difference ER
g ¡ET

g as a function of the valence of the B-cation.

This figure is reproduced from Ref. 33.
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B. Materials Design by Zn2C Substitution and Polarization Rotation

Next,wedesignnewvisible-light ferroelectricphotovoltaicsbycombining thispolarization rota-

tion strategywithZn2C substitution, as the local valence imbalancecreatedbyZnsubstitution for

a higher-valence B-cation in KNbO3 gives rise to increased O 2p-Zn 3d repulsion and a higher

valence bandmaximum (VBM) [34, 36].We couple Zn substitution on the B-site withA1
2C and

A2
3C substitutionon theA-site (A1

2CDPb2C,Ba2C, Sr2C,A23CDLa3C,Bi3C) of theparentKNbO3

to make new solid solutions .1¡ x/KNbO3 ¡ x.A
2C 1=2

1 ;A
3C 1=2

2 /.Zn1=2;Nb1=2/O3 (KN-

A1
2CA2

3CZN) (xD 0.25). Fig. 2 shows the HSE06 band gaps of the KN-A1
2CA2

3CZN solid solu-

tions plotted as a function of the calculated Berry phase polarization. Clearly, the band gaps

of all these newly designed solid solutions are 0.62–1.43 eV smaller than that of the parent

rhombohedral phase KNbO3. The band gap change trends with different A-site substitutions

are very consistent for different functionals (Table 2), suggesting that they are accurately cap-

tured by our calculations.

The deficit of B-O bonding for the six O atoms around Zn because of the replacement

of Nb5C with a lower-valence Zn2C ion must be compensated by the stronger A-O bonds

with A1
2C and A2

3C cations substituting for the two KC ions. However, a build-up of

Table 1

The band gap difference ER
g ¡ET

g between rhombohedral and tetragonal perovskite oxides

with various functionals

LaScO3 BaTiO3 BaZrO3 PbTiO3 KTaO3 KNbO3 WO3

GGA 0.13 0.56 0.59 0.68 0.97 1.01 1.18

HSE06 0.08 0.60 0.59 0.68 1.01 1.08 1.29

PBE0 0.07 0.60 0.56 0.65 1.02 1.10 1.30

This table is reproduced from Ref. 33.

Figure 2. The HSE06 band gaps as a function of polarization for the designed solid solutions. Both

rhombohedral (R) and tetragonal (T) KNbO3 are shown for comparison. KNDKNbO3, ZND“Zn,

Nb”, PLD“Pb, La”, PBD“Pb, Bi”, BLD“Ba, La”, BBD“Ba, Bi”, SLD“Sr, La”, SBD“Sr, Bi”. This

figure is reproduced from Ref. 33.
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nonbonding charge density on some O atoms is created because the compensation by the

A1
2C and A2

3C cations is not enough at low A1
2CA2

3CZN fractions. The nonbonding O charge

densities push the energies of the O and Zn states up through their overlap with the Zn 3d

states. This shifts the VBM up and lowers the Eg of the solid solutions with respect to the

parent KNbO3. The amount of the nonbonding O charge densities is different in KN-

PBZN from that in KN-SLZN due to the different abilities of the Pb and Bi cations com-

pared to the Sr and La ions to make large off-center displacements and covalent bonds.

This gives rise to the differences in the band gap reduction in these two materials.

Because the band gaps of ZnO and other Zn-containing systems are underestimated

even by HSE06 calculations [52], the band gaps of these newly designed solid solutions

are still fairly high even though they have already been lowered significantly. Therefore,

using in-plane compressive strains, we apply the polarization rotation strategy described

above to these newly designed solid solutions as they all exhibit structures with polariza-

tion oriented along the [111] direction. As a result, the local polarization vector is rotated

from [111] toward [001] by compressive strains (Fig. 3). We find that a 1% compressive

strain reduces the HSE06 band gaps by 0.44–0.52 eV while a 2% strain reduces the gap

by a further 0.10–0.20 eV. The further band gap lowering will lead to band gaps that are

well within the visible light range. For more details, please see Ref. 34.

C. Materials Design by B-site Bi5C Substitution

Materials with intermediate bands (IBs) have been suggested to be efficient solar cell can-

didates, and their PCEs can be comparable to that of the multijunction solar cells while

avoiding the complex fabrication of multijunction or tandem device structures [53–56].

In this section, we reduce the band gaps of perovskites by introducing low-lying empty

intermediate bands in the middle of the band gap through B-site Bi5C substitution.

Although previous studies have shown that a low-lying IB can arise in double perovskites

Ba2ReBiO6 (Re D La, Ce, Nd, Sm, Eu, Gd, and Dy) and the substitution of only 5% Bi5C

into Ba2InTaO6 can reduce its band gap by 1.3 eV [57], none of these materials is ferro-

electric. We design the visible-light absorbing perovskite ferroelectrics by Bi5C substitu-

tion on the B-site of the ferroelectric perovskite.

For simplicity, we first test this strategy using the (1-x)KNbO3-xKBiO3 (x D 0.125,

KNB) system even though the ionic radius mismatch between Nb5C (0.64 A
�
) and Bi5C

Table 2

The band gaps Eg (eV) calculated with different methods and the polarization P (C/m2) of

various KN=KNbO3-based solid solutions

KN-

BLZN

KN-

SLZN

KN-

PLZN

KN-

BBZN

KN-

SBZN

KN-

PBZN

KNbO3

(T)

KNbO3

(O)

KNbO3

(R)

Eg
LDA 1.05 0.93 1.10 1.60 1.56 1.75 1.40 1.63 2.24

Eg
LDACU 1.43 1.32 1.48 1.85 1.91 2.00 1.82 2.26 2.61

Eg
HSE06 2.21 2.11 2.31 2.90 2.79 2.92 2.55 3.15 3.54

PLDA 0.25 0.24 0.25 0.37 0.38 0.43 0.31 __ 0.35

The corresponding values of the parent KNbO3 in tetragonal (T), orthorhombic (O), and rhombo-
hedral (R) phases are also shown. KNDKNb, ZND“Zn, Nb”, PLD“Pb, La”, PBD“Pb, Bi”,
BLD“Ba, La”, BBD“Ba, Bi”, SLD“Sr, La”, SBD“Sr, Bi”

This table is reproduced from Ref. 34.
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(0.76 A
�
) is very large and KBiO3 does not form a stable perovskite. We adopt the LDA,

LDACU, and PBEsolCU methods to verify the obtained trend in the band gap change,

with U � 3.9 eV and 1.1 eV for Nb 4d and Bi 5d orbitals, respectively. We find that sub-

stitution of Bi5C for Nb5C induces an IB that is mostly composed of Bi 6s and O 2p orbi-

tals, while the fundamental valence and conduction bands (VBs and CBs) do not change

significantly. Upon substitution, the band gap decreases by 0.9–1.5 eV depending on the

exchange-correlation functional while the polarization decreases from 0.4 C/m2 to 0.25

C/m2, confirming the validity of this strategy for creating visible-light absorbing perov-

skite ferroelectric photovoltaics.

We then apply this strategy to more feasible candidate solid solutions: (1-x)

Pb2InNbO6-xBa2InBiO6 (PIN-BIB) and (1-x)Pb2ScNbO6-xBa2ScBiO6 (PSN-BSB) (x D
0.25). These systems should be more favorable candidates for experimental synthesis

because the lattice mismatch between their end members is relatively small (PIN, 4.11 A
�
;

BIB, 4.23 A
�
; PSN, 4.08 A

�
; and BSB, 4.18 A

�
). The LDA band structures and projected

densities of states (PDOS) of both solid solutions are shown in Fig. 4. As in KNB, Bi5C

substitution introduces low-lying IBs composed of Bi 6s and O 2p orbitals in both PIN-

Figure 4. Band structures and PDOS for (a) PIN-BIB and (b) PSN-BSB; shaded areas indicate total

DOS. This figure is reproduced from Ref. 35.

Figure 3. The (a) HSE06 band gap Eg as a function of the polarization P; and (b) ratio between the

x-component of P and the total P (Px/Ptot), of different KNbO3-based solid solutions. In-plane com-

pressive strain reduces Eg increases P, and reduces the x component of P. KNDKNbO3, ZND“Zn,

Nb”, PLD“Pb, La”, PBD“Pb, Bi”, BLD“Ba, La”, BBD“Ba, Bi”, SLD“Sr, La”, SBD“Sr, Bi”. This

figure is reproduced from Ref. 34.
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BIB and PSN-BSB, reducing their band gaps significantly. The IB of PSN-BSB is more

dispersive than that of PIN-BIB, suggesting that in PSN-BSB the excited electrons are

more mobile with a lower effective mass. Both of the new solid solutions retain their

polarizations and ferroelectric character (Table 3). Real-space wavefunction analysis sug-

gests that the interaction between In p and O p is bonding in PIN-BIB, contributing signif-

icantly to the IB, whereas in PSN-BSB the p-p bonding interaction is negligible with only

a tiny proportion of antibonding Sc p-O p interaction (Fig. 5). This gives rise to a higher

energy at E-point in PSN-BSB, corresponding to a more dispersive IB. We corroborate

this statement by using the tight-binding approach. For more details, please see Ref. 35.

D. Shift Current of the Bi5C-Containing Solid Solutions

The bulk photovoltaic effect that is governed by the “shift current” mechanism arises

when light shines onto noncentrosymmetric materials [58–61]. Shift current is a second-

Table 3

Band gap Eg, polarization P, and lattice constants a, b and c of 0.75PIN-0.25BIB and

0.75PSN-0.25BSB

Eg (eV) P (C/m2) a (A
�
) b (A

�
) c (A

�
)

PIN-BIB 1.4 0.25 (0.07, 0.21, 0.11) 8.26 8.25 8.34

PSN-BSB 1.3 0.37 (0.11, 0.33, 0.11) 8.16 8.16 8.16

Numbers in parenthesis denote the three components of polarization.
This table is reproduced from Ref. 35.

Figure 5. Real-space wavefunction for the IB at E point in (a) PIN-BIB and (b) PSN-BSB. This

figure is reproduced from Ref. 35.

Materials Design of Visible-Light Ferroelectric PV 7
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order nonlinear optical effect with the photocurrent quadratic in the electric field

.Jq D srs
q ErEs/) [7]. It does not rely on an externally engineered asymmetry or an internal

depolarization field to separate charge. While our designed materials can be useful in con-

ventional photovoltaics or by using the depolarization field at interfaces to separate

charge, here we study the bulk shift current performance of the newly designed Bi5C-con-
taining materials by calculating their shift current susceptibilities srs

q and the Glass coeffi-

cients (Grr
q D Jq.v//Iw) [4].

As expected, the photocurrent response thresholds of both Bi5C-containing materials

are located at relatively low photon energies—essentially at the theoretical band gap edge

and well within the visible light range (Fig. 6). The shift current susceptibility of PSN-

BSB increases continuously as the photon energy increases up to 4 eV, whereas that of

PIN-BIB reaches maximum at a near-band-gap photon energy (1.9 eV). This is because

the IB is more dispersive in PSN-BSB than in PIN-BIB. On the other hand, the Glass

coefficients of both PIN-BIB and PSN-BSB are maximum at a near-band-gap photon

energy and then decrease with higher incident photon energies. We attribute this to the

relatively small absorption coefficients of PSN-BSB near the band gap compared to PIN-

BIB. To evaluate the prospect of the Bi5C-containing materials as solar energy converters,

we compare them to the prototypical FE materials PbTiO3, BaTiO3, BiFeO3 and KNbO3.

As shown in Table 4, the bulk shift current performance of both Bi5C-containing

Figure 6. Total susceptibility (solid line) and Glass coefficient (dashed line) of (a) PIN-BIB and (b)

PSN-BSB. For simplicity, we assume that both interactions are with the same monochromatic light

(only srr
q ). This figure is reproduced from Ref. 35.

Table 4

The calculated largest shift current susceptibility s and glass coefficient G of various

materials (except for BiFeO3) between the band gap Eg and 1 eV above it

PIN-BIB PSN-BSB PbTiO3 BaTiO3 BiFeO3 KNbO3

s (10¡4 V¡1) 7.2 1.7 3.9 1.4 0.9 (1.1) 11.1

G (10¡10 Am/W) 1.1 1.4 1.2 0.2 0.05 (0.05) 0.3

Eg (eV) 1.4 1.3 3.4 3.2 2.7 3.1

For BiFeO3, the numbers are calculated with the GGACU method [62], and those in parentheses
are the experimental values, both with a photon energy of 2.85 eV [7, 63].

This table is reproduced from Ref. 35.
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materials are comparable to or stronger than that of the prototypical ferroelectric oxides,

but their shift current onset photon energies are much lower. Therefore, they are promis-

ing candidates for applications using BPVE. For more details, please see Ref. 35.

IV. Conclusions

In summary, we propose band gap engineering strategies and design visible-light absorb-

ing ferroelectric oxide photovoltaics from first principles. As a general strategy, polariza-

tion rotation is useful for reducing the band gap of perovskites with strong distortions.

Combining polarization rotation and Zn doping into KNbO3, a variety of ferroelectric

oxides that possess band gaps well within the visible-light range are designed. New visi-

ble-light perovskite ferroelectrics are also designed by introducing low lying intermediate

bands in the band gap through Bi5C substitution at the B site. We show that the designed

Bi5C-containing solid solutions possess comparable or even stronger bulk photovoltaic

performance with respect to the prototypical ferroelectric oxides. These may be useful for

ferroelectric photovoltaic applications, potentially enabling higher PCEs beyond the

Shockley-Queisser limit.
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