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First-principles identification

of the charge-shifting mechanism
and ferroelectricity in hybrid halide
perovskites

Bumseop Kim?, Jeongwoo Kim?** & Noejung Park**

Hybrid halide perovskite solar cells have recently attracted substantial attention, mainly because
of their high power conversion efficiency. Among diverse variants, (CH;NH;)Pbl; and HC(NH,),Pbl;
are particularly promising candidates because their bandgap well matches the energy range of
visible light. Here, we demonstrate that the large nonlinear photocurrent in 8-(CH;NH;)Pbl; and
a-HC(NH,),Pbl; is mostly determined by the intrinsic electronic band properties near the Fermi
level, rooted in the inorganic backbone, whereas the ferroelectric polarization of the hybrid halide
perovskite is largely dominated by the ionic contribution of the molecular cation. The spatial charge
shift upon excitation is attributed to the charge transfer from iodine to lead atoms in the backbone,
which is independent of the presence of the cationic molecules. Our findings can serve as a guiding
principle for the design of future materials for halide-perovskite solar cells with further enhanced
photovoltaic performance.

Perovskite solar cells (PSCs) have garnered increasing attention as promising optoelectronic devices because
of their spontaneous ferroelectricity and the good match between their bandgap energy and the energy range
of the solar spectrum'~>. Since the first demonstration of PSCs in 20095, substantial progress has been made:
the power conversion efficiencies (PCEs) of PSCs, which are the key property with respect to harvesting solar
energy, have dramatically increased from 3.8% to 25.2% in this period®'°. Recently, numerous attempts to tailor
the energy bandgap to enable harvesting of a wider range of the solar energy spectrum have been reported”!°.

Among various materials for PSCs, the halide perovskites, CH;NH;PbI; (methylammonium lead iodide,
MAPbI;) and HC(NH,),Pbl; (formamidinium lead iodide, FAPbI;), are the most promising candidates in terms
of optical absorption and carrier mobility*. They undergo successive structural phase transitions as their temper-
ature is varied, as illustrated in Fig. 1a*!112, In both cases, the alpha phase («), characterized by an ordered cubic
structure, is stable at high temperatures (>330 K) (Fig. 1b). Near or below room temperature (< 300 K), MAPbI,
exhibits the beta phase () with space group I4/mcm (Fig. 1¢), whereas FAPbI; preferentially forms the trigonal
delta phase (6) (Fig. 1d). B-MAPDI; exhibits spontaneous electric polarization caused mainly by the alignment
of the MA molecules along the z-axis along with marginal atomic distortion of the Pb-I octahedra. Although
the presence of the ferroelectricity has been theoretically predicted in halide perovskites®!?, its experimental
manifestation is not apparent depending on the experimental details*!#!°, and it has not been accurately revealed
until recently even using state-of-the-art methods such as second harmonic generation and piezoresponse force
microscopy'®2’. The trigonal §-FAPDI; is composed of one-dimensional needle-like structures and exhibits a
large bandgap (2.43 eV), leading to marginal photoactivity?'. At low temperatures (< 130 K), whereas MAPDI,
exhibits an orthorhombic gamma (y) phase consisting of rotated octahedra (Fig. le), the beta phase becomes
stable for FAPbI,. B-MAPbI, has been explored as a promising candidate for harvesting solar energy®; however,
the low photoactivity of §-FAPbI; has hampered its utilization for the photovoltaic effect. As an alternative,
a-FAPDI;, which possesses a desirable bandgap (1.47 eV), has been demonstrated to exhibit a high PCE when
its structural stability at room temperature is enhanced by annealing®'.

The shift current model, also known as the bulk photovoltaic effect (BPVE), is derived by the intrinsic quan-
tum-mechanical nature of the electronic band structures?=2*. It is the second-order optical response that has been
established through second-order perturbation theory®. When electrons are excited from the valence band to the
conduction bands in a non-centrosymmetric material, the charge center of the electrons is also shifted, giving rise
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Figure 1. (a) The phase variations of MAPbI; and FAPbI; at various temperatures. There are four different
phases: (b) the cubic alpha («) phase, (c) the tetragonal beta (f8) phase, (d) the trigonal delta (8) phase, and
(e) the orthorhombic gamma (y) phase. (b)-(e) Gray and purple spheres indicate lead and iodine atoms,
respectively. The methylammonium (MA) or formamidinium (FA) molecular units are represented by orange
spheres.

to a non-linear current. The charge-shifting mechanism is attributed to the difference in the Berry connection
between the valence and conduction bands®, and real-space mapping of the charge variation under excitation
is key to fully elucidating the underlying physics. Although halide perovskites have attracted widespread interest
as solar energy harvesters and extensive related research has been performed®” !, the light-matter interaction
mechanism (especially for the shift current mechanism) responsible for the bulk photovoltaic characteristics
has not yet been satisfactorily investigated. In particular, a comparison and contrast of electronic properties
between MAPbI; and FAPbI;, which are the most promising candidates among the known halide perovskites,
may concretize the search direction for materials that enhance the light-harvesting efficiency PSCs.

In this letter, we investigate the electronic structure and the optoelectronic properties of f-MAPbI; and
a-FAPDI;. In particular, we identify the separate contributions of the Pb-I backbone and molecular-cation effect.
As a result of extensive density functional theory (DFT) calculations, we find that, although the ferroelectric
polarization sharply depends on the alignment of the molecular cations, the large shift current is mainly deter-
mined by the intrinsic band structure of the Pb-I backbone. Specifically, charge-transfer within the backbone
from I to Pb atoms produces the large shift current. We also discuss the robust shift current generated irrespective
of the variation of the electric polarization in a wide range of frequencies.

Results and discussion

We first investigated the microscopic origin of the electric polarization in -MAPbI; and a-FAPbI; because fer-
roelectricity is usually considered a key prerequisite for the BPVE. The detailed crystal structures of both cases
are summarized in Tables S1 and S2. As depicted in Fig. 2a,b, these photoactive phases comprise an inorganic
frame of octahedral Pbl; and organic cations (MA or FA) with the molecular dipole (and also the ferroelectricity)
oriented in the z-direction?. The insets of Fig. 2a,b show that the molecule aligned along the z-axis has the yz
mirror plane. To visualize the effect of molecular orientation, we rotated the molecule in the xz plane keeping the
inorganic frame fixed and calculated the electric polarization using the Berry phase method*>**. The molecular
orientation, defined by the tilting angle 0, is depicted in Fig. 2¢, and the obtained ferroelectricity with respect
to the tilting angle is presented in Fig. 2d,e. The electric polarization shows the cyclic behaviors in its x and z
components out of phase by 90°, which implies that the orientation of the molecules is a primary factor influ-
encing the electric polarization in these photovoltaic perovskite materials. As the molecules are rotated in the
xz plane, the y-component of the electric polarization remains intact irrespective of the molecular orientation.
As naturally inferred from the close correlation between the molecular orientation and the ferroelectricity, the
ionic contribution is dominant in the polarization, whereas the compensating electronic part remains marginal
[Fig. S1]. As the orientation of cationic molecule dominantly determines the ferroelectricity of the hybrid hal-
ide perovskites, it is questionable whether the pure electronic properties, and related optoelectronic characters
(for example, the shift current on excitations), are affected by or independent of the ionic ferroelectricity. Note
that the known PCEs of B-MAPbI; and a-FAPbI; are almost comparable®'?, despite the large difference in their
ferroelectricity. Though extensive studies of the PCEs are necessary to understand the effects of various factors
(for example, electron/hole recombination process and grain boundary’***) on device characteristics*®¥, here
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Figure 2. Crystal structures of (a) f-MAPbI; and (b) a-FAPbI; with the molecular dipole aligned along the
z-axis. (¢) Magnified view of the MA (red circle) and the FA (blue circle) molecular cations in f-MAPDI; and
a-FAPDI, structures, respectively. The tilt of the MA (or FA) molecular cations from the z-axis is denoted

by 6. Electric polarization of (d) f-MAPbI; and (e) a-FAPDI; with respect to the tilting angle of the inserted
molecules. (a)-(c) Gray spheres, Pb; purple spheres, I; brown spheres, C; light-blue spheres, N; and pink spheres,
H.

we can infer that the effect of the ferroelectricity is not essential for the PCEs of these halide perovskite. Later
we show that the shift current, the intrinsic electronic nature, is almost independent of the ionic ferroelectricity.

To elucidate the origin of the large BPVE in f-MAPDI; and a-FAPbI;, comparable to the well-known per-
ovskite oxides such as PbTiO; (~ 53 pA/V?) and BaTiO; (~36 pA/V?)*, we calculated the electronic structure
and optoelectronic properties of the photoactive phases. As illustrated in Fig. 3a, the valence-band maximum
(VBM) and the conduction-band minimum (CBM) of f-MAPDI; are located near the I point in the tetragonal
first Brillouin zone [Fig. S2(a)], exhibiting apparent Rashba splittings induced by the z-directional electric polari-
zation. For a-FAPbI; (Fig. 3b), similar Rashba-split bands appear near the R point [Fig. S2(b)]; however, their
splittings are considerably smaller than that of f-MAPbI;, consistent with the diminutive electric polarization.
The effect of Rashba splitting on the density of states is summarized in Fig. S3. Even when the ferroelectricity of
a-FAPDI, is adjusted by relocation of the molecule, as shown in Fig. 4, the Rashba splittings still remain smaller
than those of f-MAPbI;. Notably, the calculated bandgaps of f-MAPDI; (0.46 eV) and a-FAPbI; (0.38 eV), which
are consistent with the previous theoretical results®’, are much smaller than the experimental values (1.55 eV for
B-MAPbI; and 1.47 eV for a-FAPbI,)"**, which is ascribed to the well-documented bandgap underestimation
of standard DFT. We compared the band dispersions and orbital characters obtained by the PBE potential with
those obtained by the HSE functional, and the electronic structures shown in Fig. 3 preserve the qualitative
validity other than the inherent underestimation of the quasiparticle excitation energy [Fig. S5].

The shift-current spectra of f-MAPbI; and a-FAPbIL;, as computed using second-order-perturbation theory,
are presented in Fig. 3¢c,d with respect to the light frequency. Their shift currents increase with increasing photon
energy and then reach maximum values (59 pA/V? for f-MAPbI; and 67 uA/V? for a-FAPbL;) at~2.7 eV. Given
the tendency of DFT to underestimate bandgaps, we classified the photon energy into two regimes: the effective
visible-light active range [0.5-1.3 eV, corresponding to the yellow area in Fig. 3c,d] and the effective ultraviolet
(UV) active range [2.0-3.0 eV, corresponding to the purple area in Fig. 3¢,d]. The corresponding energy ranges
in the band structures are denoted with the same color scheme (Fig. 3a,b). As expected, the effective visible-light-
induced shift current is driven by the excitations among band edges, which include substantial Rashba splittings,
whereas the effective UV-light contribution is more widely distributed over the whole Brillouin zone. More
detailed momentum-resolved shift currents along the high-symmetry lines are presented in Fig. S6 We note that,
when the Pb-I backbone is fixed, the energy difference between the ferroelectric and the antiferroelectric states is
21 meV (Fig. S7), indicating the observed ferroelectricity can be reduced in experiment. Nevertheless, the overall
trend of the shift current spectrum is well maintained irrespective of the molecular orientation (Figs. S8 and S9).

We now examine the orbital character of the band-edge states responsible for the shift current in the given
ranges, for example the effective visible or UV range, as shown in Fig. 3c,d. Here, we define the optical active
projected density of states (0-PDOS) by the orbital-projected DOS (PDOS) weighted by the contributions of
each band state to the shift current. Detailed description of the definition of the 0-PDOS, in comparison with
the PDOS, are summarized in supplementary note 1. The optical active PDOS in the effective visible-light active
range, which is denoted by yellow dots in Fig. 3a,b, are presented in Fig. 3e,f. The same PDOS in the effective
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Figure 3. Band structures of (a) f-MAPbI; and (b) a-FAPbI; with z-directional ferroelectricity. Calculated
shift-current spectra 0% (g and b=x, ¥, ) for (c) B-MAPbI; and (d) a-FAPbI; with respect to the frequency
of the applied light. Optical active projected density of states (0-PDOS) of (e) f-MAPDI; and (f) a-FAPbI;
corresponding to effective visible-light active range [the yellow dots in (a) and (b)]. The insets in (e) and (f)
are the real-space representation of the charge density of the initial and the final states. The optical excitations
corresponding to the yellow (purple) shift-current range in (c) and (d) are represented by the yellow (purple)
dots in (a) and (b), respectively. (a)-(b) The dot size is proportional to the transition rate, and the purple dot
size is enlarged five times for clear visualization.

UV-light active range [indicated by the purple dots in Fig. 3a,b] are shown in Fig. S10. Note that the valence
(conduction) bands originate mainly from I (Pb) p-orbitals, which means the charge shift upon excitation is
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Figure 4. (a) Band structures of the beta phase of Pbl; (a) without a cationic molecule but with the
corresponding number of added electrons (4 e/cell), referred to as 4e--Pbl;. (b) The same as shown in (a)

but with Li substituted for the MA molecule, referred to as -LiPbl;. (c) Electric polarization (P,,), ionic
polarization (P;,,), and electronic polarization (P,) of f-MAPDbI;, 4e-f-Pbl;, and B-LiPbl;. (d) Calculated shift-
current spectra for -MAPDI;, 4e-f-Pbl;, and B-LiPbl,.

induced by charge transfer from I to Pb atoms. The orbital character of the initial and final states, as represented
in real-space charge densities in the inset of Fig. 3e,f, indeed confirms this character. This result indicates that
the role of the cationic molecule (MA or FA) is limited to charge donation and that the large photovoltaic charge
shift in these perovskite materials occurs through I-Pb charge transfer within the backbone.

To more explicitly demonstrate that the Pb-I octahedra dominate the generation of the shift current, whereas
the MA molecules merely donate electrons to the framework, we calculated the shift current of the four-electron-
addition -PbI; (4e-B-Pbl;) and S-Pbl; with Li substituted for MA molecules (8-LiPbl;). In all of these calcula-
tions, the Pb-I frame is kept fixed and Li atoms are substituted in the center of the MA (or FA) molecules. The
states near the Fermi level of these two test cases (Fig. 4a,b) are similar to those in the case of f-MAPbDI; (Fig. 3a).
Surprisingly, the spin-split Rashba bands are maintained even in the absence of the MA molecules, which are
the main source of the ferroelectricity. This result indicates that the small I-atom displacement along the z-axis
is mainly responsible for the Rashba splittings in the bands near the Fermi level [Fig. S11]. In the absence of the
molecular dipole, the ferroelectric polarization is substantially diminished as shown in Fig. 4c, however, these two
test cases produce shift-current spectra similar to the spectrum of 5-MAPbDI; up to the effective UV active range
as shown in Fig. 4d. The deviation of the shift current spectrum of S-LiPbl; in high energy region is attributed
to the presence of the unoccupied Li states above 3 eV. These results clearly imply that the aforementioned shift
currents are mainly produced by the inorganic framework (Pb-I octahedra) and that the generated shift current
is not proportional to the ferroelectricity. Furthermore, as evidenced by the results for a-FAPbI;, the Rashba
bands are not a prerequisite for a large shift current in halide perovskites. We obtained a similar shift-current
spectrum even in the absence of the obvious Rashba splitting in a-FAPbI, [Fig. S12].

Conclusion

In summary, we investigated the electronic band structures and optoelectronic properties of f-MAPbI; and
a-FAPbI; using first-principles methods. We showed that, although the molecular cation is the primary con-
tributor to the ferroelectricity of these halide perovskites, the shift current up to the effective UV active range
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mostly originates from charge transfer within the Pb-I backbone octahedra. To demonstrate these separate
mechanisms, we tested two artificial structures with pure electron doping without a molecular cation and with
Li substituted for the cation molecules. We concluded that this ab initio understanding of the sharply distinct
roles of the cationic molecules and the backbone inorganic framework can be used as a guiding principle for the
future development of related photovoltaic materials.

Method

Our DFT calculations were performed with the projected augmented plane-wave metho , as implemented
in the Vienna Ab initio Simulation Package (VASP)*. The exchange-correlation potential proposed by Perdew,
Burke, and Ernzerhof (PBE) was primarily used**, however, a nonlocal hybrid functional, the Heyd-Scuse-
ria-Ernzerhof (HSE) functional*®, was also complementarily used for a cross-check. We used experimentally
determined structural parameters for f-MAPDI; and a-FAPbI; in our calculations. The energy cutoff for the plane-
wave-basis expansion was set to 500 eV. We employed 8 x 8 x 6 k-point grids for f-MAPbI; and 8 x 8 x 8 k-point
grids for a-FAPbI; to sample the Brillouin zone. The shift current J, is a second order response and thus can be
expressed in terms of two electric field components and material-dependent response function (J, = o *“E,E,).

d41,42

.3 -
The shift current spectra are expressed by: 0% (@) = % % Zn,m (rf;nrflm; ot Ton rﬁm; 28 (@mn — @) where

indices a, b, and ¢ represent Cartesian directions, ri’m denotes the velocity matrix elements, and r¢

ma denotes

. o . are : . .
the generalized derivatives, which are defined asr, ., = ;;:” — (A}, — A4 e, with the Berry connections

A8 24 The shift-current spectra were calculated from the maximally localized Wannier function using the
WANNIER90 package*” with 30 x 30 x 20 k-point grids for -MAPbI; and 50 x 50 x 50 k-point grids for a-FAPDI;.
We show that the Brillouin zone sampling sizes we adopted in our calculation are large enough to give reliable
results (Fig. S13).

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 12 June 2020; Accepted: 22 October 2020
Published online: 12 November 2020

References
1. Stranks, S. D. et al. Electron-hole diffusion lengths exceeding 1 micrometer in an organometal trihalide perovskite absorber. Sci-
ence 342, 341 (2013).
2. Im, ], Lee, C,, Lee, J., Park, S. & Park, N. 6.5% Efficient perovskite quantum-dot-sensitized solar cell. Nanoscale 3, 4088 (2011).
3. Frost, J. M. et al. Atomistic origins of high-performance in hybrid halide perovskite solar cells. Nano Lett. 14, 2584 (2014).
4. Stoumpos, C. C., Malliakas, C. D. & Kanatzidis, M. G. Semiconducting tin and lead iodide perovskites with organic cations: phase
transitions, high mobilities, and near-infrared photoluminescent properties. Inorg. Chem. 52,9019 (2013).
5. Sun, Z. et al. A photoferroelectric perovskite-type organometallic halide with exceptional anisotropy of bulk photovoltaic effects.
Angew. Chem. 55, 6545 (2016).
6. Kojima, A., Teshima, K., Shirai, Y. & Miyasaka, T. Organometal halide perovskites as visible-light sensitizers for photovoltaic cells.
J. Am. Chem. Soc. 131, 6050 (2009).
7. Lewis, N. S. Toward cost-effective solar energy use. Science 315, 798 (2007).
8. Burschka, J. et al. Sequential deposition as a route to high-performance perovskite-sensitized solar cells. Nature 499, 316 (2013).
9. Chen, Z. et al. Single-crystal MAPbI3 perovskite solar cells exceeding 21% power conversion efficiency. ACS Energy Lett. 4, 1258
(2019).
10. Min, H. et al. Efficient, stable solar cells by using inherent bandgap of a-phase formamidinium lead iodide. Sciecne 366, 749 (2019).
11. Poglitsch, A. & Weber, D. Dynamic disorder in methyl ammonium trihalogenoplumbates(II) observed by millimeter-wave spec-
troscopy. J. Chem. Phys. 87, 6373 (1987).
12. Yamamuro, N. O., Yamamuro, O., Matsuo, T. & Suga, H. p-T phase relations of CH3NH3PbX3 (X = Cl, Br, I) crystals. J. Phys.
Chem. Solids 53, 277 (1992).
13. Fan, Z. et al. Ferroelectricity of CH3NH3PbI3 perovskite. J. Phys. Chem. Lett. 6(7), 1555-1161 (2015).
14. Unger, E. L. et al. Hysteresis and transient behavior in current-voltage measurements of hybrid-perovskite absorber solar cells.
Energy Environ. Sci. 7, 3690 (2014).
15. Xiao, Z. et al. Giant switchable photovoltaic effect in organometal trihalide peroskite devices. Nat. Mater. 14, 193-198 (2015).
16. Sharada, G. et al. Is CH3NH3PbI3 polar?. J. Phys. Chem. Lett. 7, 2412-2419 (2016).
17. Sharada, G. et al. Behavior of methylammonium dipoles in MAPbX3 (X=Br and I). J. Phys. Chem. Lett. 8, 4113-4121 (2017).
18. Kutes, Y. et al. Direct observation of ferroelectric domains in solution-processed CH3NH3PbI3 perovskite thin films. J. Phys.
Chem. Lett. 5, 3335-3339 (2014).
19. Réhm, H. et al. Ferroelectric domains in methylammonium lead iodide perovskite thin-films. Energy Environ. Sci. 10, 950-955
(2017).
20. Gomez, A. et al. ferroelectricity-free lead halide perovskites. Energy Environ. Sci. 12, 2537-2547 (2019).
21. Ma, E et al. Stable a/8 phase junction of formamidinium lead iodide perovskites for enhanced near-infrared emission. Chem. Sci.
8,800 (2017).
22. Kim, B. et al. Releasing the hidden shift current in the TTF-CA organic molecular solid via symmetry lowering. Npj Comput.
Mater. 6, 6 (2020).
23. Liang, Z. T. et al. Shift current bulk photovoltaic effect in polar materials—hybrid and oxide perovskites and beyond. Npj Comput.
Mater. 2, 16026 (2016).
24. Banasree, S., Yang, Z., Rajyavardhan, R. & Jeroen, V. D. B. First-principles calculation of shift current in chalcopyrite semiconductor
ZnSnP2. Phys. Rev. Mater. 4, 064602 (2020).
25. Sipe, J. E. & Shkrebtii, A. I. Second-order optical response in semiconductors. Phys. Rev. B. 61, 5337 (2000).

Scientific Reports |

(2020) 10:19635 | https://doi.org/10.1038/s41598-020-76742-7 nature research



www.nature.com/scientificreports/

26. Kim, K., Morimoto, T. & Nagaosa, N. Shift charge and spin photocurrents in Dirac surface states of topological insulator. Phys.
Rev. B95, 035134 (2017).

27. Zheng, F. et al. First-principles calculation of the bulk photovoltaic effect in CH3NH3PbI3 and CH3NH3PbI3-xClx. J. Phys. Chem.
Lett. 6,31 (2015).

28. Hernandez-Haro, N. et al. DFT prediction of band gap in organic-inorganic metal halide perovskites: an exchange-correlation
functional benchmark study. Chem. Phys. 516, 225 (2019).

29. Chen, Q. et al. Under the spotlight: the organic-inorganic hybrid halide perovskite for optoelectronic applications. Nano Today
10, 355 (2015).

30. Mohebpour, M. A., Saffari, M., Soleimani, H. R. & Tagani, M. B. High performance of mixed halide perovskite solar cells: role of
halogen atom and plasmonic nanoparticles on the ideal current density of cell. Physica E 97, 282 (2018).

31. Ono, L. K., Juarez-Perez, E. ]. & Qi, Y. Progress on perovskite materials and solar cells with mixed cations and halide anions. ACS
Appl. Mater. Interfaces 9, 30197 (2017).

32. King-Smith, R. & Vanderbilt, D. Theory of polarization of crystalline solids. Phys. Rev. B 47, 1651 (1993).

33. Resta, R. Macroscopic polarization in crystalline dielectrics: the geometric phase approach. Rev. Mod. Phys. 66, 899 (1994).

34. Wang, Q. et al. Scaling behavior of moisture-induced grain degradation in polycrystalline hybrid perovskite thin films. Energy
Environ. Sci. 10, 516 (2017).

35. Tennyson, E. M. et al. Heterogeneity at multiple length scales in halide perovskite semiconductors. Nat. Rev. Mater. 4, 573 (2019).

36. Wang, Y. et al. Towards printed perovskite solar cells with cuprous oxide hole transporting layers: a theoretical design. Semicond.
Sci. Technol. 30, 054004 (2015).

37. Haider, S. Z., Anwar, H., Jamil, Y. & Shahid, M. A comparative study of interface engineering with different hole transport materials
for high-performance perovskite solar cells. J. Phys. Chem. Solids 136, 109147 (2020).

38. Young, S. M. & Rappe, A. M. First principles calculation of the shift current photovoltaic effect in ferroelectrics. Phys. Rev. Lett.
109, 116601 (2012).

39. Kim, M. et al. Switchable S = 1/2 and ] = 1/2 Rashba bands in ferroelectric halide perovskites. Proc. Natl. Acad. Sci. USA 111(19),
6900-6904 (2014).

40. Kim, H. et al. Lead iodide perovskite sensitized all-solid-state submicron thin film mesoscopic solar cell with efficiency exceeding
9%. Sci. Rep. 2, 591 (2012).

41. Bloch, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953 (1994).

42. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 59, 1758 (1999).

43. Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B 47, 558 (1993).

44. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865 (1997).

45. Heyd, J., Scuseria, G. E. & Ernzerhof, M. Hybrid functionals based on a screened Coulomb potential. J. Chem. Phys. 118, 8207
(2003).

46. Rangel, T. et al. Large bulk photovoltaic effect and spontaneous polarization of single-layer monochalcogenides. Phys. Rev. Lett.
119, 067402 (2017).

47. Mostofi, A. A. et al. An updated version of wannier90: a tool for obtaining maximally-localised Wannier functions. Comput. Phys.
Commun. 185, 2309 (2014).

Acknowledgements

This work was supported by Incheon National University Research Grant in 2019 (2019-0291). This work was
supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT)
(NRF-2019R1A2C2089332).

Author contributions
B.K. and J.K. performed the calculations and wrote the draft. B.K., J.K. and N.P. discussed the motivation and
wrote the manuscript.

Competing interests

The authors declare no competing interests.Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-76742-7.

Correspondence and requests for materials should be addressed to J.K. or N.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:19635 | https://doi.org/10.1038/s41598-020-76742-7 nature research


https://doi.org/10.1038/s41598-020-76742-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	First-principles identification of the charge-shifting mechanism and ferroelectricity in hybrid halide perovskites
	Results and discussion
	Conclusion
	Method
	References
	Acknowledgements


