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(b)

1 SryB,Se; Z5H/R R (a) 14/mmm (No. 139) HE5H5;
(b) A2;am (No. 36) 454 . P RI/RFEKD 45 M o0, R R
IR RS BT, SRERFIZLBR T B FoR Sr BUT Al Se JiUT
Fig. 1. Schematic of the crystal structures of Ruddlesden-
Popper Sr3B,Se;: (a) 4/mmm (No. 139); (b) A2,am (No.
36) phases. Perovskite (P) and rocksalt (R) blocks are
marked, and the green and red balls represents Sr and Se

atoms in SryB,Se; respectively.
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Fig. 2. Calculated phonon dispersion curves of (a) SrsZr,Se; and (b) SrsHfySe; with 4/mmm (No. 139) phase respectively; calcu-
lated phonon dispersion curves of (c) SrsZrySe; and (d) SrgHf,Se; with ferroelectric A2,am (No. 36) phase.
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atomic polar displacement or different octahedral rotations, and the energy differences between the abovementioned struc-
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Fig. 3. (a), (b) Energy variations as functions of rotation mode amplitude (@ + ) and rotation mode amplitude (Q - )
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Fig. 4. (a), (c) The band structures of SrzZrySe; and SrsHf,Se; ferroelectric phases respectively; (b), (d) the density of states of
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Table 2. SryB,Se; (B = Zr, Hf ) ferroelectric polari-
zation calculated by Berry phase and BEC methods.
Berry#H /(pC-cm 2) BEC /(uC-cm ?)
SrsyZrySe; 12.75 11.12
SrsHf,Se; 9.69 8.14

(b)
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T XS Bk B AR AL 1 BTHK, Sr-Sel KR EEERH™ Z [ 1Y SrSe Ji )2, Sr-Se2 £/R 502
Fig. 5. (a) Cation displacement of the ferroelectric A2;am phase of SrsHf,Se;; (b) contribution of atomic displacement of each layer

to ferroelectric polarization in the A2,am ferroelectric phase of SrsHf,Se; calculated by BEC method. Sr-Sel represents the SrSe
atomic layer between perovskites, and SrSe2 represents the rock salt layer.
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Abstract

Recently, perovskite ferroelectric photovoltaic materials have been studied extensively. Traditional
photovoltaic device usually uses the internal electric field formed by PN junction to realize the separation of
photogenerated carriers to form the photovoltaic effect, while ferroelectric material, due to the existence of
spontaneous polarization, can spontaneously realize the separation of photogenerated electrons and holes
without the formation of PN junction, presenting the ferroelectric photovoltaic effect. Chalcogenide perovskite
with suitable band gap and visible light absorption is expected to be a new generation of ferroelectric
photovoltaic materials. However, its application is limited due to the lack of ferroelectric properties. Hybrid
improper ferroelectricity (HIF) in layered perovskites has opened a new way for developing the new
ferroelectrics. In contrast to the proper ferroelectricity in which the polarization is the main order parameter as
the driving force, the improper ferroelectricity possesses the ferroelectric polarization that becomes a secondary
order parameter induced by other orders. In this work, we study the ground state, electronic structure and
hybrid improper ferroelectricity of n = 2 Ruddlesden-Popper (RP) Sr3B,Se; (B = Zr, Hf ) based on the first
principles. The total energy calculations and phonon spectrum analysis show that the ground state of Sr3B,Se;
(B = Zr, Hf ) is of A2,am polar phase. The hybrid improper ferroelectricity originates from the coupling
between two rotation modes of BSes octahedron. Electronic structure calculations show that SrsZr,Se; and
Sr3Hf,Se; are semiconductors with direct band-gaps, which are around 1.56 eV and 1.84 eV, respectively. The
ferroelectric polarization values calculated by the Berry phase method are around 12.75 pC/cm? and 9.69
nC/cm?, respectively. The contribution of each atomic layer to the ferroelectric polarization is investigated
when the Born effective charge method is used. The results show that the polarization of SrsB,Se; (B = Zr, Hf )
mainly comes from the Sr-Se atomic layers. To sum up, Sr3B,Se; (B = Zr, Hf ) show strong ferroelectric
polarization and good visible light absorption characteristics and they are expected to be candidates of a new

generation of ferroelectric photovoltaic materials.

Keywords: first-principle, Ruddlesden-Popper, hybrid improper ferroelectricity, ferroelectric photovoltaic
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