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This review compares organic-inorganic halide perovskites and ferroelectric oxide 

perovskites, both of which are emerging as new promising photovoltaic materials. 
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Over the past few years, very interestingly, two subclasses of perovskites — organic-inorganic 

halide perovskites and ferroelectric oxide perovskites, have simultaneously become the 

hotspots in the research field of photovoltaics. Organic-inorganic halide perovskites have 

launched a new era of low-cost, high-efficiency solar cells, due to their easy solution 

processability and superior optical and electrical properties for the photovoltaic effect. More 

recently, a so-called giant switchable photovoltaic effect has been demonstrated in organic-

inorganic halide perovskites, thus promising a new memristive functionality. On the other hand, 

the recent renaissance of ferroelectric oxide perovskites for photovoltaics is caused by their 

fundamentally new photovoltaic mechanisms, which can produce a photovoltage far beyond 

the bandgap and may even lead to a boost of energy conversion efficiency.  In addition, the 

combination of photovoltaic properties with the ferroic orders may create many novel 

functionalities for ferroelectric oxide perovskites. Toward the common goals of developing 

high-efficiency photovoltaics and novel opto-electronic functional devices, these two different 

subclasses of perovskites shall be brought together into a combined review. In this context, we 

review both organic-inorganic halide perovskites and ferroelectric oxide perovskites  for 

photovoltaics, focusing on the material nature and the photovoltaic mechanisms. We also 

discuss their respective unresolved issues, along with useful suggestions for future research.  

1. Introduction 

With the sun providing abundant, clean, and renewable energy 

constantly, how to utilize the solar energy in an effective and 

low-cost manner is both attractive and also challenging for the 

human society. One important way to harvest solar energy is 

known as the photovoltaic effect, in which light is directly 

converted into electricity. Commercialized photovoltaic 

technologies are dominated by silicon solar cells. Despite the 

continuous effort in reducing their prices, technological 

development of this silicon-based photovoltaic technology is 

slow in recent years. In contrast, aiming to shorten energy 

payback time1 and to provide new features, such as mechanical 

flexibility, light weight and choice of colors, much effort has 

been devoted to the development of new types of photovoltaic 

materials, novel cell architectures and advanced operation 

mechanisms. In the past one decade, a variety of photovoltaic 

technologies were under intensive research, including dye-

sensitized solar cell,2-6 polymer solar cell,7-11 molecular solar 

cell,12-15 and quantum dot solar cell.16-19 More recently, a flurry 

of research interest from the photovoltaic community has 

concentrated on perovskite materials, including both organic-

inorganic halide perovskites 20  and ferroelectric oxide 

perovskites.21 

Organic-inorganic halide perovskites have emerged recently 

as a promising material for the next generation solar cells with 

both high efficiency and low cost. It was first attempted in 2009 

to use halide perovskites CH3NH3PbX3 (X = Br and I) as 

sensitizers in liquid-electrolyte-based dye-sensitized solar cells 

(DSSCs); however, the power conversion efficiency (PCE) and 

cell stability were poor due to the corrosion of perovskite by 

liquid electrolyte. 22  A key advance was made in 2012 by 

replacing the liquid electrolyte with a solid hole transporting 

material (HTM), which resulted in both high PCE of 9.7% and 

enhanced cell stability. 23  Since then, tremendous enthusiasm 

and effort have been devoted into the research of halide 

perovskite-based solar cells.  A variety of cell architectures 

have been developed and the PCEs have been boosted to 

20.1%24 over the past four years. The efficiency race continues, 

meanwhile, fundament studies have revealed the superior 
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optical and electrical properties of halide perovskites, including 

appropriate bandgap, high absorption coefficient, long and 

balanced electron-hole diffusion lengths, and large dielectric 

constant, all of which are desirable properties for photovoltaics. 

More recently, it was reported that halide perovskite-based 

photovoltaic devices could show giant switchable photovoltaic 

effect due to ion drift, thus endowing halide perovskites a new 

potential opto-electronic application in memristors.25,26 

Photovoltaic effect in ferroelectrics (most of which are 

ferroelectric oxide perovskites), on the other hand, was 

discovered in as early as 1950s27 and is now gaining increasing 

attention. Early studies 28 , 29  revealed that steady-state 

photocurrent can be generated in the homogeneous bulk region 

of a ferroelectric with inherent non-centrosymmetry, and a 

photovoltage far beyond the bandgap can be achieved. In this 

regard, the photovoltaic effect in ferroelectrics is essentially 

different from photovoltaic effects based on conventional 

junction structures, such as p-n junction and Schottky junction, 

in which the charge separation is realized by the built-in 

potential near the interface and thus the output photovoltage is 

limited by the bandgap of the semiconductor absorber. Recently, 

an alternative and novel mechanism was proposed to explain 

the above bandgap photovoltage observed in ferroelectrics, 

which relied on the nanoscale domain walls for photovoltaic 

charge generation and separation. Due to the series connection 

of periodic domain walls (analogous to tandem solar cells), the 

additive effect of the photovoltage produced in each domain 

wall can eventually lead to a very large open-circuit voltage. 

Another fascinating feature of photovoltaic effect in 

ferroelectrics is that both signs and magnitudes of photovoltage 

and photocurrent depend on the ferroelectric polarization, 

providing a non-destructive way to read out the nonvolatile 

information stored by the ferroelectric polarization.30 However, 

in terms of the photovoltaic efficiency, ferroelectric oxide 

perovskites cannot yet compete with conventional 

semiconductors as well as organic-inorganic halide perovskites, 

due to their limited light absorption (Eg = 3~4 eV) and poor 

bulk conductivities, which adversely affect the overall 

performance. Multiferroic oxide perovskite BiFeO3 having 

relatively narrow bandgap (2.2~2.7 eV) and robust polarization 

(~90 C/cm2) emerges as a suitable ferroelectric photovoltaic 

material, and thus has been subject to extensive study 

recently.31-33 More recent progress has demonstrated that PCE 

as high as 8.1% can be achieved in a double perovskite 

Bi2FeCrO6 through bandgap engineering. 34  This stunning 

finding, reminiscent of the bandgap optimizing in organic-

inorganic halide perovskites (e.g., from CH3NH3PbI3 to 

NH2CH=NH2PbI3
24), will inevitably spur the research on 

bandgap engineering in ferroelectric oxide perovskites for high-

efficiency photovoltaics. Also, their potential photovoltaic 

applications are not restricted to solar cells, but can be extended 

to opto-electronic memories,30 photo-actuators,35 photo-sensors 

and dosimeters, 36  and even junction devices showing spin-

polarized photocurrent, 37  due to the combination of 

photovoltaic properties with other rich properties, such as 

ferroelectricity, piezoelectricity, and even multiferroic ordering. 

In this paper, we review two recently widely studied 

photovoltaic materials, both of which belong to perovskites: 

organic-inorganic halide perovskites and ferroelectric oxide 

perovskites. The review follows the commonly understood 

procedure of organization: first we describe the material nature 

related to the photovoltaic effect, and then we discuss the 

photovoltaic mechanisms. We will highlight their respective 

merits of structural, optical and electrical properties which are 

benefit for the photovoltaic effect, and also point out those 

weaknesses which need to be improved. The photovoltaic 

mechanisms are discussed in detail, although some mechanisms 

still remain controversial. We end this review with raising open 

questions and future prospects for both perovskites, followed 

by a brief summary.   

2. Organic-inorganic halide perovskites 

2.1 Crystal structure 

Perovskite compounds have a common chemical formula ABX3, 

where the A and B cations occupy the corner and the body-

center of the pseudocubic unit cell, respectively, while the X 

anion resides at the face-center. The perovskite structure can be 

alternatively viewed as corner-linked BX6 octahedra with 

interstitial A cations. In this particular structure, a geometric 

parameter called tolerance factor (t = (RA+RX)/{2(RB+RX)}, 

where RA, RB, and RX are the radii of the corresponding ions), is 

often used to evaluate the structural formability and stability.38 

Empirically, a perovskite tends to adopt an ideal cubic structure 

when t is close to 1, while it tends to be distorted into a low-

symmetry structure when t is smaller than 1. Note that t is not 

the only predominant factor to determine the formability and 

stability of a perovskite structure because other non-geometric 

factors, such as the bond valence and chemical stability, are 

also important. As the long-term stability of perovskites is one 

of the key concerns for outdoor photovoltaic applications, the 

above knowledge suggests that several aspects need to be 

considered to improve the stability. Firstly, the constituent 

elements and groups shall have appropriate sizes to make the 

perovskite structure geometrically robust. Then, those elements 

and groups shall be less reactive under ambient conditions (i.e. 

in the presence of moisture and oxygen), and otherwise some 

protective layers can be incorporated into the photovoltaic 

devices. 

For the organic-inorganic halide perovskites of present 

interest, the A-sites in the generic ABX3 formula are 

universally occupied by organic groups, such as 

methylammonium (CH3NH3
+ or MA+) or formamidinium 

(NH2CH=NH2
+ or FA+). The cation B is typically a divalent 

metal ion (Pb2+ or Sn2+), while the anion X is a halide ion (I-, 

Br-, or Cl-). Because the B cations are essential for the 

electronic structures of halide perovskites (vide infra) and their 

radii are large, the A-sites shall be occupied by cations with 

large size to satisfy t  1. The ingeniousness of the halide 

perovskite structure therefore lies in that the relatively larger 

radii of organic groups (R(MA+) = 0.18 nm39 and R(FA+) = 
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0.19~0.22 nm40), compared with those of inorganic ions such as 

Cs+ (the largest group-I ion with R(Cs+) = 0.167 nm), can draw 

t closer to 1 and thus stabilize the perovskite structure. The 

calculated t of a series of halide perovskites are in the range of 

0.8~1 (Fig. 1a), which is a typical feature of perovskites. Note 

that replacing Pb with Sn seems to increase t; however, the 

stability becomes poor. This is because, as discussed above, t is 

not the only predominant factor, and Pb is less vulnerable to 

oxidization compared with Sn due to the relativistic effects.41  

 

 
Fig. 1 (a) Tolerance factors (t) of a series of halide perovskites. (b) Crystal 

structure of MAPbI3 represented by an ABX3 primitive unit cell. The right panel of 

b shows the orientational disorder of MA+ molecules 

One interesting aspect is the structural flexibility of organic 

groups, which makes the crystal structures of halide perovskites 

versatile. Taking MAPbI3 (Fig. 1b) as an example, as 

temperature decreases, the disorder-order transition of MA+ 

groups triggers the phase transition of MAPbI3.42-45 When the 

temperature is above ~372 K, the MA+ groups are randomly 

oriented so that the cubic Pm3m symmetry ( phase) is 

preserved. In the temperature range of 162~372 K, the MA+ 

groups become less disordered, which leads to a tetragonal 

I4/mcm symmetry ( phase). When the temperature is below 

~162 K, the MA+ groups are frozen and the symmetry of 

MAPbI3 is further lowered to be orthorhombic ( phase); 

however, whether a non-centrosymmetric space group (Pna21
42) 

or a centrosymmetric one (Pnma45) should be assigned to the  

phase is controversial. The diagnostic modes corresponding to 

the orientational disorder of MA+ groups in  and  phases 

have been specifically studied by both Raman and infrared (IR) 

spectroscopies. 46 - 48  It should be pointed out that such 

orientational disorder of MA+ groups makes it impossible to 

simulate  and  phases precisely by density functional theory 

(DFT) which is based on 3-D periodic boundary conditions.49 

Fortunately, previous theoretical works have reported that the 

basic electronic structures of MAPbI3 do not depend sensitively 

on the orientations of MA+ groups.49,50 

2.2 Electronic structure 

From Kuberlka-Munk transformed diffuse reflectance spectra 

and ultraviolet photoelectron spectra (UPS), the bandgap, VBM 

and CBM of MAPbI3 were estimated to be 1.5, -5.43, -3.93 eV, 

respectively.23,45 The  bandgap was later determined to be 1.61 

eV for MAPbI3 grown on mesoporous TiO2, by using optical 

approaches including diffuse reflectance spectra, 

photoconductance, photoluminescence and transient absorption 

spectroscopy. 51  More recently, the electronic structures of 

MAPbI3 and its interface energetics in solar cells were fully 

investigated by UPS and inverse photoemission spectroscopy 

(IPES). The electronic bandgap of MAPbI3 was measured to be 

1.7 eV,52 which was larger than those typical values measured 

optically.  

The electronic structures of halide perovskites have also been 

investigated by DFT calculations. Despite the limitations 

mentioned above, DFT calculations have yielded results in 

substantial agreement with experimental measurements and 

therefore can shed light on the origins of the excellent 

photovoltaic properties of halide perovskites. Initial 

calculations for the electronic structures of MAPbI3,45,53 using 

DFT without taking into account the spin-orbit coupling (SOC) 

effects, revealed bandgaps which were in good agreement with 

the experimental values (~1.5 eV).23,45 However, this fortuitous 

agreement was later explained to be caused by the error 

cancellations between neglecting SOC and the bandgap 

underestimation error in the DFT generalized gradient 

approximation (GGA). 54 , 55   It is therefore of importance to 

employ computational methods allowing for the complex 

effects such as SOC, many-body effects and van der Waals 

interactions in the lead-based organic-inorganic hybrid systems, 

to appropriately calculate the electronic structures. So far many 

computational methods have been used, for example, PBE + 

SOC,56,57 HSE + SOC,58 and GW + SOC.41,59,60   

 
Fig. 2 (a) Band structure; (b) total DOS; partial DOSs of (c) MA+, (d) Pb, and (e) I; 

partial charge densities at (f) CBM and (g) VBM of MAPbI3. Reproduced from ref. 

50, copyright 2014, AIP Publishing LLC. 

Yin et al.50,61 investigated the electronic structure of MAPbI3 

cubic phase by using DFT-GGA and obtained plausible results 

which could account for the superior optical and electrical 

properties of MAPbI3. (Results of tetragonal and orthorhombic 

phases are not shown here and can be found elsewhere.45,61) 

Their calculated results of the band structure, density of states 

(DOSs), and partial charge densities at valence band maximum 

(VBM) and conduction band minimum (CBM) are shown in 
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Fig. 2. The band structure of MAPbI3, as shown in Fig. 2a, 

exhibits a direct bandgap of 1.5 eV at the R point. By 

comparing the total and partial DOSs (Fig. 2b-e), one can see 

that the CBM is dominated by Pb p orbital, whereas the VBM 

is constituted by I p states mixed with a small amount of Pb s 

states. The optical transition of MAPbI3 thus relies on a direct 

bandgap p-p transition, leading to strong optical absorption 

coefficients.61 The partial charge densities (Fig. 2f-g) further 

reveal the ionic feature of CBM and strong antibonding 

coupling between Pb s and I p at VBM. The strong p-s 

antibonding enhances the dispersion of the upper valence bands. 

The well-dispersed bands near both CBM and VBM (Fig. 2a) 

therefore result in small effective masses of both electrons (me
*) 

and holes (mh
*). The me

* and mh
* are calculated to be 0.35m0 

and 0.31m0 respectively without considering SOC, and are 

reduced to be 0.18m0 and 0.21m0 respectively with considering 

SOC.61, 62  Such small me
* and mh

* are responsible for the 

experimentally observed good ambipolar electrical 

conductivity.63 Further theoretical works showed that me
* and 

mh
* are anisotropic, stemming from the PbI6 octahedra 

rotations.64,65 In addition, Fig. 2c also reveals that the states of 

MA+ cations are located far from band edges (CBM and VBM), 

suggesting that the role of MA+ cations, in terms of electronic 

properties, is just to maintain overall charge neutrality.50,65,66 

More recent works reported the indirect impact of the MA+ 

cations on the shape and the orbital composition of the band 

edges.60, 67  This indirect impact was interpreted as that the 

interaction between MA+ cations and [PbI3]- networks affect the 

cell size and thus the bonding of Pb-I, which gives rise to the  

modulation of density of states near band edges.  

Besides MAPbI3 as reviewed above, other halide perovskites 

(ABX3) possess similar construction ways of electronic bands, 

i.e., the VBM has strong B s and X p antibonding character and 

the CBM mainly contains B p states.57 However, those detailed 

band parameters, such as the bandgap and the energy positions 

of VBM and CBM, can differ with the variation of elements in 

ABX3 perovskites. This indicates that element substitution may 

be effective to further optimize the perovskite materials as light 

absorbers (note that the bandgap of MAPbI3 is 1.5~1.6 eV, 

slightly larger than the ideal value of 1.34 eV as predicted by 

the Shockley-Quissier limit 68 ). For example, Amat et al.60 

predicted that replacing A-site cation of MA with FA could 

induce a slight bandgap reduction (~0.2 eV when SOC+GW 

was used) in Pb-based perovskites, which was due to the 

modulation of Pb-I bond character stemming from the interplay 

of size effects and enhanced hydrogen bonding between the FA 

cations and the inorganic networks. Koh et al.69 provided the 

experimental evidence for the bandgap reduction in FAPbI3 (Eg 

= 1.47 eV) by measuring UV-vis absorption spectra. The B-site 

substitution of toxic Pb by environmentally friendly Sn is 

promising, because MASnI3 exhibits a smaller bandgap (1.1 eV 

in theory41 and 1.2-1.35 eV obtained from optical diffuse 

reflectance measurements44) and reduced effective mass of 

holes.41 However, Sn has poor stability against oxidation, 

which turns Sn-based perovskites into p-type Sn4+-doped 

semiconductors with metal-like conductivity.44,70  As the halide 

ion X in MAPbX3 varies from I to Br to Cl, the lattice constant 

decreases and the bandgap increases from 1.57 to 1.80 to 2.34 

eV in theory54 (1.53  2.20  3.00 eV from optical diffuse 

reflectance data 71 ). The calculated bandgaps follow the 

experimental trend qualitatively, while there is also a sizable 

underestimation of bandgaps (especially for X = Cl) caused by 

the calculation method of GGA-DFT. In regard to the origin of 

the electronic structures changing with halide ions, Lindblad et 

al.72 suggested that the intrinsic differences in energy levels of 

halide ions rather than the different lattice parameters played a 

major role. In addition, the mixed halide MAPbI3-xXx (X = Br, 

Cl) perovskites were also investigated, and it was found that 

Br- doping increased the bandgap significantly54,73 while Cl-

doping led to almost unchanged bandgap and optical absorption 

onset.54, 74 The reason behind the minor effect of Cl-doping on 

the electronic and optical properties of mixed halide perovskites 

was due to that the amount of dopant Cl was negligible in the 

final products of perovskite thin films, as evidenced by X-ray 

photoelectron spectroscopy (XPS) 75 and scanning transmission 

electron microscopy-energy dispersive spectroscopy (STEM-

EDS).76 However, we also note that preparation methods and 

conditions, such as annealing temperature and environment, can 

make a significant difference in terms of perovskite film 

compositions. 77 , 78  This might be related to the lower 

sublimation temperature of methylammonium chloride (MACl) 

than that of MAI, PbI2, or PbCl2.79 

2.3 Optical properties 

Thanks to the near-ideal bandgap (1.5~1.6 eV) and the direct 

bandgap p-p transition as discussed above, MAPbI3 exhibits a 

wide absorption spectrum up to a wavelength of 800 nm, and a 

large optical absorption coefficient (104~105 cm-1 in the 

wavelength range smaller than 600 nm). 80 - 82  The optical 

absorption coefficient of MAPbI3 is higher than or at least 

comparable to that of conventional semiconductors, such as 

GaAs, CdTe, Cu(In,Ga)Se2 (CIGS), evidenced by both first-

principles calculation61 and optical absorption measurements.83 

Such a large absorption coefficient over a broad wavelength 

range thus endows MAPbI3 the advantage of absorbing incident 

light efficiently while keeping the absorber layer thickness 

small. Because the optical absorption is undoubtedly crucial for 

the photovoltaic performance, it is tempting to further extend 

the absorption to longer wavelengths and/or to improve the 

absorption coefficient. As mentioned above, the element 

substitution in ABX3 perovskites is a powerful tool to engineer 

the band structure and thus impact the optical properties. One 

example is FAPbI3, which shows a more favorable bandgap 

(1.47 eV) compared with MAPbI3 and therefore allows light 

absorption beyond 800 nm. It should be highlighted that 

FAPbI3 based solar cells were demonstrated very recently to 

exhibit a certified PCE as high as 20.1%.24 Another two 

examples of MASn1-xPbxI3
84  and MAPb(I1-xBrx)3

85  are also 

presented here. Fig. 3a shows that the intermediate solid 

solutions of MASn1-xPbxI3 with x = 0.25 and 0.5 exhibit the 

smallest bandgap of 1.17 eV. In the other mixed perovskite of 
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MAPb(I1-xBrx)3, as shown in Fig. 3b, a systematic blue shift of 

the absorption onset with increasing Br content is observed.  

 

 
Fig. 3 UV-vis absorption spectra of (a) MASn1-xPbxI3 (reproduced from ref. 84, 

copyright 2014, ACS) and (b) MAPb(I1-xBrx)3 (reproduced from ref. 85, copyright 

2013, ACS).  

2.4 Electrical properties 

2.4.1 CHARGE TRANSPORT PROPERTIES. Good ambipolar 

electron and hole transport properties in organic-inorganic 

halide perovskites have been reflected by the experimental facts 

that remarkable photovoltaic efficiencies could be achieved in a 

variety of solar cell architectures. For example, a meso-

superstructured perovskite solar cell with a high efficiency of 

10.9% was developed by replacing the TiO2 photoanode with 

an insulating Al2O3 scaffold which does not assist in the 

electron extraction, 86  implying that the perovskite itself is a 

good electron transporter. In addition, a satisfactory efficiency 

of 5.5% was demonstrated in a perovskite solar cell with a 

HTM-free configuration,87 indicating that the perovskite also 

efficiently conducts holes. More unexpectedly, high 

photovoltaic efficiencies were achieved in perovskite solar cells 

with thin-film planar heterojunction structures.88,89 All of the 

above experimental findings suggest that the organic-inorganic 

halide perovskites are capable of transporting electrons and 

holes simultaneously and efficiently. The ambipolar charge 

transport properties of halide perovskites can be attributed to 

the small and balanced electron and hole effective masses (see 

the calculated results in Section 2.2), and can be further 

evidenced by the measurement of large carrier mobility. 

Wehrenfennig et al.90 derived carrier mobility of ~8 cm2V-1s-1 

and 11.6 cm2V-1s-1 for MAPbI3 and MAPbI3-xClx, respectively, 

from THz photoconductivity onset values. Ponseca et al. 91 

reported even larger carrier mobility of 25 cm2V-1s-1 for 

MAPbI3, through comparing THz photoconductivity kinetics 

and optical transient absorption kinetics. Wang et al.92, using 

Hall effect measurement, obtained carrier mobility of 3.9 cm2V-

1s-1 for MAPbI3 with stoichiometry precursor ratio (1:1) and 

also found that the carrier mobility was a function of MAI/PbI2 

precursor ratio. The charge carrier mobility can be effectively 

tuned by, e.g., replacing Pb by Sn44 and forming mixed halide 

perovskite.90 

2.4.2 DIELECTRIC PROPERTIES. The dielectric constant (also 

called relative permittivity) is a complex number given by: ε = ε’ 

- iε’’, where the real part ε’ represents the charge storage ability 

and the imaginary part ε’’ represents the energy loss. In general, 

there are four mechanisms of polarization operating in a 

dielectric material: electronic polarization (Pele), ionic 

polarization (Pion), dipolar polarization (Pdp), and space charge 

polarization (Psc). These four polarization mechanisms of Pele, 

Pion, Pdp, and Psc occur in sequence as the frequency of the 

applied field decreases, resulting in frequency-dependent 

dielectric constants. Fig. 4a shows the frequency-dependent ε’ 

of  MAPbI3  measured in dark at room temperature.  At optical 

(ultrahigh) frequencies, only Pele takes part in the dielectric 

process and therefore a small ε’ is obtained (ε’opt = ~6.5 in 

experiment 93 , while 5.6~6.5 in calculation66). As frequency 

decreases, Pion is able to be involved and a new plateau is 

reached with ε’high = ~30 (measured at 90 GHz).42 Further 

decreasing frequency can induce the polarization contributed 

from MA+ dipoles (Pdp), leading to an enhanced ε’ (ε’low = ~60 

measured at 100 kHz94). The anomalously large ε’ is observed 

at near-static (ultralow) frequencies (ε’sta > 1000 measured at 

<1 Hz95), which is mainly contributed from Psc. Because Psc is 

caused by excessive charge carriers, such a giant Psc induced 

ε’sta can provide evidence that there are abundant charge 

carriers residing in MAPbI3. Under illumination, much more 

charge carriers are generated and therefore ε’sta can be 

dramatically  enhanced  to be  106 ~ 107  (Fig. 4b).95  Compared 

 
Fig. 4 (a) frequency-dependent ε’ of MAPbI3 in a wide frequency range. Data are 

collected from refs. 42, and 93-95. (b) ε’ of MAPbI3-xClx as a function of frequency 

measured with various illumination intensities.  The inset shows the linear 

relationship between ε’sta and illumination intensity. Reproduced from ref. 95, 

copyright 2014, ACS. (c) I-E and P-E hysteresis loops of MAPbI3. Reproduced from 

ref. 102, copyright 2015, ACS. 

with most organic photovoltaic materials (ε’ = 2~496) and some 

inorganic semiconductors (ε’ = 9~13 97 ), halide perovskites 

exhibit rather large low-frequency dielectric constant (ε’ = ~60, 

and for comparison, only the contributions from Pele, Pion, and 

Pdp are included). The large dielectric constant facilitates the 
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screening effect of Coulombic attraction between photoexcited 

electron-hole pairs, also known as excitons, so that they can be 

separated more easily. 

2.4.3 FERROELECTRICITY. In recent studies of organic-

inorganic halide perovskites, ferroelectricity has been a 

frequently quoted property to account for the origin of the 

excellent photovoltaic performance, 98 , 99  because charge 

separation and transport within ferroelectric domain walls can 

be very efficient. Ferroelectricity may also be an origin of the 

hysteresis observed in current-voltage (I-V) curves. 100 , 101 

However, although commonly present in inorganic oxide 

perovskites, ferroelectricity has not been unambiguously 

demonstrated in halide perovskites so far.  The -MAPbI3 was 

intuitively classified to be a ferroelectric phase due to the 

coexistence of MA+ permanent dipoles and the distortion of 

PbI6 octahedra.44 This hypothesis was not well justified 

although some polarization-electric field (P-E) hysteresis loops 

were provided as evidence.44,101 Those P-E loops were later 

shown to be simply caused by leakage current, because in the 

corresponding I-E curves, the current peaks located in the 

vicinity of coercive fields, which are typical ferroelectric 

characteristics, were however absent (Fig. 4c).102 Kutes et al.103 

claimed that ferroelectric domains of MAPbI3 were directly 

observed via piezoresponse force microscopy (PFM), while 

Xiao et al. 104  and Fan et al.102 reported that there was no 

observation of domain-like structures and the previous finding 

might be associated with some artifacts in PFM. Conflicting 

results were also found in DFT calculations. Zheng et al.105 

found that the most stable structure of -MAPbI3 is 

antiferroelectric with zero polarization, while Frost et al.98 and 

Fan et al.102 predicted ferroelectric structures for -MAPbI3 

with however significantly different polarization values. In a 

comprehensive study conducted by Fan et al.,102 it was 

suggested that MAPbI3 was not ferroelectric at room 

temperature, because the dynamic orientational disorder of 

MA+ dipoles and the large leakage current would disfavour the 

formation and the switching of ferroelectric domains, 

respectively. Despite the above controversies, it is of great 

interest to conduct further studies of ferroelectricity in halide 

perovskites especially at low temperature, in which case the 

disorder-order transition would occur and the leakage current 

would be reduced.   

2.5 Device architectures 

A variety of device architectures of halide perovskite-based 

solar cells have been developed so far. Their structural 

evolution is depicted in Fig. 5. Derived from DSSC, the initial 

halide perovskite-based solar cell adopted nanodot perovskite 

as a sensitizer (Fig. 5a).23 In this configuration, the 

concentration of deposited perovskite was low and therefore the 

light absorption efficiency was poor. In the meso-

superstructured perovskite solar cell (Fig. 5b),86 the mesoporous 

TiO2 was replaced with insulating Al2O3, and a thin and 

continuous perovskite film was coated on the surface of Al2O3. 

 
Fig. 5 Structural evolution of halide perovskite-based solar cells: (a) sensitized 

solar cell with nanodot perovskite, (b) meso-superstructured solar cell with a 

thin and continuous layer of perovskite, (c) perovskite-infiltrated solar cell with a 

capping layer of perovskite, and (d) planar heterojunction solar cell. Reproduced 

from ref. 106, copy right 2014, Elsevier. Typical photovoltaic parameters of each 

solar cells in (a), (b), (c), and (d) are cited from refs. 23, 86, 107, and 89, 

respectively. 

The electron transport was therefore realized within the 

perovskite layer and the efficiency was slightly improved due 

to the good electron conductivity of the perovskite. As the 

amount of perovskite increased, the pores of the mesoporous 

metal oxide became filled and an excessive capping layer of 

perovskite was formed (Fig. 5c). In this case, both one-step and 

two-step107 procedures could be applied for coating perovskite, 

while the latter procedure could result in better uniformity of 

perovskite precipitation and therefore higher efficiency. 

Milestones were achieved by developing planar heterojunction 

solar cells (Fig. 5d), in which the device architecture was 

simplified and surprisingly even higher efficiency was 

achieved.89 This particular configuration of solar cell took full 

advantage of the ambipolar electron and hole transport 

properties of halide perovskite. 

2.6 Photovoltaic mechanisms  

2.6.1 CHARGE GENERATION, SEPARATION AND DIFFUSION.  

Upon illumination, the absorption of photons by halide 

perovskites generates electron-hole pairs (i.e. excitons) within a 

few picoseconds. 108  These excitons have binding energies 

ranging from 19 to 50 meV,109 which are sufficiently low and 

comparable to the thermal energy at room temperature (kBT ~ 

25 meV). Therefore, after thermalization, the initial excitons 

evolve into either highly delocalized Wannier-type excitons or 

free charge carriers. Here, the large dielectric constant of halide 

perovskites facilitates the dissociation of excitons. These two 

photoexcited species may coexist in the subsequent diffusion 

process.  

The diffusion length of a charge carrier is determined by its 

mobility and lifetime. On the one hand, as has already been 

described in Section 2.4.1, the charge carrier mobility in halide 

perovskites is large. On the other hand, the charge carrier 

lifetime in halide perovskites is extremely long because of the 

exceptionally low recombination rate. Using transient THz 

spectroscopy and time-resolved photoluminescence 

spectroscopy, Wehrenfennig et al.90 showed that the 

monomolecular recombination (first order; including geminate 

recombination and/or trap-assisted recombination) rates were 

~5 s-1 for MAPbI3-xClx and ~15 s-1 for MAPbI3, the bi-

molecular recombination (second order) rates were at least four 
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orders of magnitude lower than the Langevin limit, and the 

Auger  recombination (third order; involving three particles and 

the recombination energy is transferred to a third electron) was 

insignificant when the excitation intensities were low (note that 

the ambient sunlight excitation was low-intensity exication). 

Similarly, Ponseca et al.91, using the technique of time-resolved 

microwave conductivity, reported that at the low excitation 

intensity, the timescale of geminate and nongeminate 

recombination as well as charge carrier relaxation was larger 

than 1 s.  

Theoretical calculations have been used to unravel the 

suppressed trap-assisted recombination in halide perovskites. 

Various types of defects and their associated trap states in the 

band structures have been investigated. Schottky defects, such 

as PbI2 and MAI vacancies, were found not to create trap states 

within the bandgap.110 Elementary defects derived from Frenkel 

defects, such as MA, Pb and I vacancies, formed shallow levels 

near the band edges acting as unintentional doping sources.110 

Anti-site substitutions and Pb interstitials could create deep 

levels (note that deep-level traps are responsible for the non-

radiative recombination); however, their high formation 

energies indicated that they were difficult to form.50 Therefore, 

it has been theoretically suggested that the trap-assisted 

recombination rates in halide perovskites shall be slow. 

With the interpretation of the above experimental and 

theoretical results, one would expect the electron-hole diffusion 

lengths of halide perovskites to be long. There have been a 

couple of studies demonstrating the long and balanced electron-

hole diffusion lengths, by using photoluminescence (PL)-

quenching measurement,63,81 transient absorption 

spectroscopy,81 photocurrent/photovoltage spectroscopy, 111 

impedance spectroscopy,112 and electron beam-induced current 

measurement.113 Here we show one example of PL-quenching 

measurement conducted by Stranks et al.63 As shown in Fig. 6, 

the addition of electron- or hole-quenching layer (PCBM or 

Spiro-OMeTAD, respectively) onto the perovskite film 

accelerates the PL decay, which is more noticeable in MAPbI3-

xClx compared with MAPbI3. In addition, as can be seen from 

the inset of Fig. 6a, the time constant of the PL decay of 

MAPbI3-xClx with PMMA is 272.7 ns, while that of MAPbI3 is 

only 9.6 ns. By modelling the PL decay dynamics according to 

the one-dimensional diffusion equation, the diffusion lengths of 

both electrons and holes in MAPbI3 were estimated to be ~100 

nm, while much longer electron-hole diffusion lengths of 

MAPbI3-xClx were extracted (~1 m). This finding could well 

explain that the optimum thickness of the perovskite layer for 

the highest efficiency in the planar heterojunction solar cell was 

only ~140 nm for MAPbI3, while that was much larger (~500 

nm) for MAPbI3-xClx. A later work 114  showed that a planar 

heterojunction solar cell based on the ~350-nm-thick MAPbI3 

film prepared by vapor-assist solution process, achieved high 

efficiency of 12.1%, suggesting that the electron-hole diffusion 

lengths in high-quality MAPbI3 could exceed previously 

reported values. 

 
Fig. 6 Time-resolved PL measurements of the (a) MAPbI3-xClx and (b) MAPbI3 with 

PCBM (electron quencher), Spiro-OMeTAD (hole quencher) and PMMA top 

layers, respectively. The inset in (a) shows the comparison of PL decays of the 

two perovskites with PMMA top layer. Reproduced from ref. 63, copyright 2013, 

Science (AAAS). 

 

2.6.2 CHARGE EXTRACTION. Efficient charge extraction, i.e. 

transferring electrons and holes from the absorber to their 

respective conducting channels (ETM and HTM) or directly to 

electrodes, is crucial for the solar cell performance. The charge 

extraction mechanism may vary depending on the specific solar 

cell architecture. Investigations into those mechanisms are 

therefore of great importance for both fundamental 

understanding and further device optimization.  

The working mechanisms in perovskite sensitized solar cells 

(Fig. 5a) are similar to those in DSSCs, in which photoexcited 

electrons (holes) are immediately injected from the perovskite 

into ETM (HTM) while the charge transport occurring in the 

perovskite can be negligible.  

In the perovskite/mesoporous TiO2 solar cell (Fig. 5b and c), 

the exact electron extraction mechanism has not been well 

established. Because the perovskite itself has good electron 

conductivity, there may be two pathways of electron extraction 

in this particular cell architecture: i) electron injection from the 

perovskite to TiO2, and ii) electron transport within the 

perovskite itself. The controversies thus arise as which pathway 
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does exist and which pathway is more efficient if both of them 

coexist. Using transient photocurrent decay measurement, Lee 

et al.86 found that replacing mesoporous TiO2 by insulating 

Al2O3 could result in faster charge collection, indicating that the 

electrons were more efficiently transported through the 

perovskite layer rather than TiO2. In contrast, by employing 

femtosecond transient absorption spectroscopy, Marchioro et 

al. 115  provided clear evidence of efficient electron injection 

from MAPbI3 to TiO2 with ultrafast femtosecond-to-picosecond 

timescales and the charge recombination was significantly 

slower when TiO2 rather than Al2O3 was used. The efficient 

electron injection from MAPbI3 to TiO2 was also confirmed by 

Ponseca et al.91 through studying the transient THz 

photoconductivity kinetics. In addition, they also revealed that 

the charge transport was unbalanced due to the low intrinsic 

electron mobility of TiO2, and therefore they proposed that 

using a metal oxide with higher electron mobility may further 

enhance the performance of the perovskited/mesoporous metal 

oxide solar cells. 

The charge extraction mechanism of planar heterojunction 

solar cell (Fig. 5d) was well elucidated by Edri et al.113, by 

performing a direct measurement of electron beam-induced 

current (EBIC) profiles of the cross-sections of a MAPbI3-xClx-

based planar solar cell (Fig. 7a). In this technique, the EBIC 

signal is a current formed by collecting charge carriers 

generated by the electron beam. The EBIC image is therefore a 

map showing where in the cell the charge carriers are generated, 

and the relative EBIC peak intensities further indicate the 

extraction efficiency of charge carriers. A cross-sectional 

secondary electron (SE) image and the corresponding EBIC 

image  are shown  in  Fig. 7b.   Fig. 7c presents the  line  

 
Fig. 7 (a) Schematic set-up of an EBIC experiment on a cross-section of a MAPbI3-

xClx planar heterojunction solar cell. (b) SE (left) and corresponding EBIC (right) 

images. Letters in the SE image denote the layers of: a, glass; b, FTO; c, TiO2; d, 

MAPbI3-xClx; e, HTM; f, Au. (c) SE and EBIC line profiles at the indicated region in 

(b), and letters in (c) correspond to those in (b). (d) Schematic energy band 

diagram of MAPbI3-xClx-based solar cell. Reproduced from ref. 113, copyright 

2014, Nature Publishing Group. 

profiles of SE and EBIC taken at the region as indicated in Fig. 

7b. The EBIC line profile displays a pronounced two-peak 

pattern, indicating the coexistence of hole and electron 

extractions. The electron extraction has higher efficiency 

because the peak near the HTM is higher than that close to the 

TiO2. In addition, the dip between two peaks is an indicator of 

the recombination of charge carriers during diffusion. These 

results demonstrate that the MAPbI3-xClx planar configured 

solar cell works as a p-i-n heterojunction. In the p-i-n 

heterojunction, two built-in fields, which are formed as a result 

of the energy band alignments at two interfaces of 

HTM/MAPbI3-xClx and MAPbI3-xClx/compact TiO2 (Fig. 7d), 

are responsible for hole and electron extractions, respectively. 

Note that the observation of a two-peak pattern in the EBIC line 

profile is achievable only when the absorber thickness exceeds 

the diffusion lengths. As the absorber thickness decreases, there 

is a transition of the EBIC peak from a double peak to a single 

peak, which is due to the superposition of the two junction 

regions in the p-i-n model. According to the EBIC line profiles, 

the diffusion lengths of electrons and holes are calculated as 

~1.9 m and ~1.5 m, respectively, which were consistent with 

those reported by Stranks et al.63 On the other hand, using the 

same EBIC technique, Edri et al.113 also studied the device 

without HTM, in which case only a single peak was observed, 

suggesting the formation of a p-n junction between MAPbI3-

xClx and TiO2. Aharon et al. 116  further revealed that the 

photovoltaic performance of the HTM-free perovskite solar cell 

was dependent on the depletion width of the perovskite/TiO2 

junction. 

 
Fig. 8 (a) Ideal energy-level diagram of ITO/PEDOT:PSS/MAPbI3/MoO3/Al 

heterojunction. Schematic energy band alignments of device in (b) virgin state (c) 

positively poled state (positive voltage is applied to Al), and (d) negatively poled 

state (positive voltage is applied to Al). Interface charge and screen charge are 

represented by red and black signs, respectively. Reproduced from ref. 26, 

copyright 2015, RSC. 

Recent works demonstrated that the p-i-n or p-n structure 

could be reversibly changed due to the ion drift induced 

modulation of the band alignments near the interfaces.25,26 

Those mobile ions were proposed to be vacancies of MA, Pb 

and I.25 Here an ITO/PEDOT:PSS/MAPbI3/MoO3/Al thin film 

planar heterojunction26 is taken as an example. As deduced 
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from the ideal energy-level diagram (Fig. 8a), the 

heterojunction in the virgin state (no interface charge) acts as a 

hole conductor (Fig. 8b). When a positive poling voltage is 

applied to Al electrode, the positive (negative) ions drift toward 

ITO/PEDOT:PSS (MoO3/Al) and accumulate near the interface, 

which causes significant band bending (Fig. 8c). In this case, a 

diode with the forward direction from Al to ITO is formed. The 

similar working principle is applicable to the negative poling 

process (Fig. 8d), and in this case the diode forward direction is 

reversed. Therefore, the switching of the p-i-n structure is 

realized, and consequently switchable photocurrents are 

observed (Fig. 8e). This switching behaviour of photovoltaic 

effect was also reported in photovoltaic devices based on 

ferroelectric oxide thin films, although different origins were 

found. It should be highlighted that the observed switchable 

photovoltaic effect may promise the realization of electrically 

and optically readable memristors based on organic-inorganic 

halide perovskites. 

3. Ferroelectric oxide perovskites 

Oxide perovskites always stand at the forefront of condensed 

matter science as they display a wide spectrum of interesting 

functional properties, such as catalytic, superconducting, 

dielectric, piezoelectric, pyroelectric, ferroelectric, 

ferromagnetic, and multiferroic properties. The broad diversity 

of the properties of oxide perovskites is associated with their 

versatile crystal structures, in which around 90% of the metallic 

natural elements in the Periodic Table can be accommodated.117 

Among the numerous subclasses of oxide perovskites, the 

ferroelectric oxide perovskites are probably the most promising 

candidates for photovoltaic effect, because the inversion 

symmetry breaking promotes the desirable separation of 

photoexcited charge carriers. Most studies of photovoltaic 

effect in ferroelectrics to date have focused on several typical 

families of oxide perovskites, such as LiNbO3 (LNO) 
28,29,118-121, 

BaTiO3 (BTO) 122 - 124 , Pb(Zr,Ti)O3 (PZT) 125 - 128 , and BiFeO3 

(BFO).31-34,129-131 These oxide perovskites will therefore be the 

main focus in the following sections, including their crystal 

structures and correlation with ferroelectricity, physical 

properties related to the photovoltaic effect, and photovoltaic 

mechanisms. 

3.1 Crystal structure and correlation with ferroelectricity 

In oxide perovskites with formula of ABO3, the A cations can 

be alkali, alkaline earth, rare earth and some large ions such as 

Pb2+ and Bi3+, while the B cations can be 3d, 4d and 5d 

transitional metal ions. The lattice constants of ABO3 primitive 

pseudocubic cells are typically ~4.0 Å, which are significantly 

smaller than those of halide perovskites (~6.2 Å) having large 

organic cations at the A-site. The ferroelectric phase of an 

oxide perovskite is formed through the phase transition from 

the centrosymmetric cubic phase at high temperature to the 

low-symmetry ferroelectric phase at low temperature, where the 

paraelectric-ferroelectric phase transition temperature is defined 

as Curie temperature (Tc). The symmetry of a ferroelectric 

phase can only belong to ten polar point groups. Accompanied 

with the symmetry lowering, cations are displaced relative to 

anions, inducing the electric dipole moment and thus being the 

origin of spontaneous polarization (Ps). Both A and B cations 

can undergo ferroelectric displacement, with however different 

mechanisms. For example, the hybridization of B cation d 

states (Ti 3d and Nb 4d) and O 2p states is energetically 

favourable for the off-centre motion of B cation. On the other 

hand, the displacement of A cation is generally driven by the 

stereochemically active lone pairs (Bi 6s and Pb 6s). To better 

understand the correlation between structural distortion and 

ferroelectricity in oxide perovskites, we give an example of 

BTO. As shown in Fig. 9, BTO undergoes the phase transition 

from centrosymmetric cubic to tetragonal, orthorhombic, and 

finally rhombohedral as temperature decreases. The latter three 

phases of tetragonal, orthorhombic and rhombohedral are 

ferroelectric, and their structures can be viewed as distortions of 

the cubic structure along its edge, face diagonal and body 

diagonal, respectively. The Ti displacements and the resulting 

spontaneous polarizations in those three phases are along [001], 

[101] and [111] directions, respectively. 

 
Fig. 9 Schematics showing the structural distortion and the Ti displacement in 

four BaTiO3 phases (a) cubic (reference), (b) tetragonal, (c) orthorhombic, and (d) 

rhombohedral. The spontaneous polarization orientations are indicated by 

brown arrows.  

The crystal structures of ferroelectric oxide perovskites are 

also sensitive to chemical composition and strain, besides 

temperature. For example, in the PZT solid solutions, the 

ferroelectric phases can be separated into two by a 

morphotropic phase boundary (MPB; near Zr/Ti = 52/48): the 

Ti-rich tetragonal phase (1 < c/a < 1.06) and the Zr-rich 

rhombohedral phase.132 In BFO thin films, large compressive 

strain (-4.5%) can induce the phase transition of BFO from 

rhombohedral-like to tetragonal-like (c/a ~ 1.25). 133  Because 

the crystal structure is intimately correlated with the 
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ferroelectric polarization, tuning chemical composition and 

strain are effective ways to modify the ferroelectric properties 

of oxide perovskites. 

3.2 Physical properties related to the photovoltaic effect 

3.2.1 DIELECTRIC BEHAVIOUR AND FERROELECTRICITY. Large 

dielectric constants and polarization magnitudes are the innate 

advantages of ferroelectric oxide perovskites for the separation 

of photoexcited charge carriers. The dielectric constants are 

typically 102~103 and can reach 5103 in some PZT-based 

relaxor perovskites.134 The spontaneous polarization values of 

bulk LNO, BTO, PZT, and BFO are ~70, ~25, 10~45, and ~90 

C/cm2, respectively. 135 - 138  With the advances in thin-film 

fabrication technologies, the spontaneous polarization values of 

high-quality epitaxially strained thin films of BTO, PZT, and 

BFO can be further enhanced to be ~70 (c/a = 1.03), ~100 (c/a 

= 1.06), and ~150 (c/a = 1.25) C/cm2, respectively. 139 - 142 

Large spontaneous polarization will benefit the photovoltaic 

charge separation, which may be one of the reasons why the 

lanthanum-doped PZT (PLZT) epitaxial film (larger Ps due to 

strain induced structural distortion) showed better photovoltaic 

performance than its polycrystalline counterpart after poling 

both films with similar voltages.143 Note that in the real case, a 

ferroelectric material will not always exhibit spontaneous 

polarization macroscopically because of the presence of 

ferroelectric domains. The actual polarization state of the 

ferroelectric material is dependent on the magnitude of the 

poling voltage, which determines the number of switched 

domains. Therefore, the polarization control of photovoltaic 

effect   can   be   realized  via   applying   different    poling  

 
Fig. 10 Hysteresis loops of photocurrent and polarization as a function of poling 

voltage measured for high quality PZT (Zr/Ti = 20/80) thin films. Reproduced 

from ref. 144, copyright 2007, AIP Publishing LLC. 

voltages. Fig. 10 describes the relationship between 

photocurrent and polarization in high-quality PZT (Zr/Ti = 

20/80) thin films. As can be clearly seen, both photocurrent and 

polarization show similar hysteresis behaviour, and the 

photocurrent magnitude depends on the polarization magnitude 

whereas the sign of photocurrent depends on the polarization 

direction.  

3.2.2 BANDGAP AND OPTICAL ABSORPTION. The wide bandgaps 

and small optical absorption coefficients are the critical 

shortcomings of ferroelectric oxide perovskites for photovoltaic 

applications. The bandgaps of some conventional ferroelectric 

oxide perovskites, such as LNO, BTO and PZT, are all larger 

than 3 eV.145-147 Because the bandgap of an oxide perovskite is 

mainly determined by the B cation d states at the CBM and the 

O 2p states at the VBM, the large electronegativity differences 

between conventional B cations (such as Ti4+, Zr4+ and Nb5+ 

with d0 electron configuration) and the oxygen lead to wide 

bandgaps. The bandgap can be narrowed in some multiferroic 

oxides, such as BFO, owing to the presence of partially filled d 

orbitals in Fe3+. The bandgap of BFO was measured to be 2.2 

eV for single crystal31 and 2.7 eV for thin film,32 which still far 

exceeds the ideal bandgap of 1.34 eV. 

The wide bandgap gives rise to a very limited active range of 

absorption of sunlight. Those perovskites with bandgaps larger 

than 3 eV can therefore only harvest UV light, and 

unfortunately photons with wavelengths less than 400 nm only 

account for 3.5% of the solar spectrum. Even for BFO with the 

bandgap of 2.2 eV, only 25% of the solar energy can be 

absorbed. In addition, the small absorption coefficient further 

weakens the light harvesting capability of ferroelectric oxide 

perovskites. The absorption coefficients at 400 nm of BFO148 

and PZT 149  are 104~105 cm-1, whereas those of BTO 150  and 

LNO145 are only 10~100 cm-1. The absorption coefficients will 

become even lower in the visible range. 

 

 
Fig. 11 (E)2 vs E plot of the UV-vis absorption spectra of (a) BFCO (reproduced 

from  ref. 34, copyright 2015, Nature Publishing Group)  and (b) KBNNO 

(reproduced from  ref. 151, copyright 2013, Nature Publishing Group). 

To improve the light harvesting ability, the development of 

new ferroelectric oxide perovskites with narrowed bandgap and 

enhanced visible light absorption is crucial. Conspicuous 

success in bandgap engineering has been recently achieved in 

Bi2FeCrO6 (BFCO) double perovskites34 and [KNbO3]1–

x[BaNi1/2Nb1/2O3-δ]x (KBNNO) perovskite solid solutions.151 An 

early theoretically study predicted that ordered BFCO with 

lattice planes of Fe and Cr ions alternating along the [111] 

direction could have a bandgap as low as ~1.5 eV.152 A recent 

experimental work successfully demonstrated that by tailoring 

the Fe/Cr cationic ordering and the domain size, the bandgap 

could be tuned due to the modification of B-O bonding.34 As 

shown in Fig. 11a, increasing the Fe/Cr cationic ordering 

parameter (R) extends the absorption spectra of BFCO into the 

regions with longer wavelengths and also enhances the 

absorption coefficient. Enlarging the domain size (D) can also 
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reduce the bandgap (results not shown here). The combined 

effects of R and D can lead to a tunable bandgap with the 

minimum value of 1.4 eV. Authors in ref. 34 further fabricated 

a multilayer thin-film solar cell with different BFCO layers 

having different R and D, which exhibited significantly 

enhanced light absorption because of the superposition of 

absorption peaks of different layers. This multilayer device 

demonstrated an unprecedentedly high efficiency of 8.1%, 

setting a new record of photovoltaic efficiency achieved in 

ferroelectric oxide perovskites. Another successful example of 

bandgap engineering in ferroelectric oxide perovskites was 

reported in ref. 151, where a KBNNO perovskite solid solution 

system was used. The novel idea was that KNbO3 provided 

ferroelectricity while the Ni2+ and the oxygen vacancy from 

BaNi1/2Nb1/2O3–δ created in-gap states for KNbO3 to narrow the 

bandgap. The similar strategy was previously implemented to a 

non-perovskite ferroelectric Bi4Ti3O12-LaCoO3 system, and was 

demonstrated to be effective. 153  Fig. 11b shows that a wide 

variation of bandgaps in the range of 1.1~3.8 eV is achieved as 

the amount of BaNi1/2Nb1/2O3–δ varies from 0 to 50 percent. 

However, because the KBNNO samples were in the form of 

ceramics, the measured photocurrent was quite low and far 

from satisfactory, only in the order of 0.1A/cm2. Nevertheless, 

the improved photovoltaic performance in KBNNO high-

quality thin films is expected and will undoubtedly arouse 

considerable research interest. 

Other approaches like strain engineering of oxide perovskites 

may also be employed for the bandgap tuning.154-156 

3.2.3 ELECTRICAL CONDUCTIVITY. An oxide perovskite with 

good ferroelectricity always has a low conductivity, mostly less 

than 10-9 -1cm-1; otherwise the conductive leakage behavior 

will dominate over the capacitive ferroelectric behavior. Even 

under the circumstance of illumination, the electrical 

conductivity can only be enhanced by one or two orders of 

magnitude, which is still quite low.148,157 The poor electrical 

conductivity is detrimental to the photovoltaic charge transport. 

Improving conductivity is therefore imperative for efficient 

photovoltaic effect in oxide perovskites. Unfortunately, 

improving conductivity will inevitably increase the leakage 

current, which suppresses the ferroelectric polarization 

switching, and thus only a small remnant polarization is 

achieved for the separation of photoexcited charge carriers. A 

tradeoff between conductivity and ferroelectricity is crucial to 

enhance the overall photovoltaic output. 

To modify conductivity, a good understanding of conduction 

mechanisms is of great importance. The conduction behaviour 

in the device comprising a ferroelectric material sandwiched 

with two electrodes is rather complex, and identifying a specific 

conduction mechanism can rely on the I-V measurements with 

different temperatures and sample thicknesses. Generally, there 

are several possible conduction mechanisms as identified: bulk 

effects including Ohmic conduction, charge carrier hopping, 

space charge limited conduction, and Pool-Frenkel emission; 

and interface effects including Schottky emission and Fowler-

Nordheim tunneling. 158  Recent researches revealed that the 

conduction through domain walls was much more significant 

than that within domains, demonstrating an additional 

conduction mechanism in ferroelectrics. 159, 160  In ferroelectric 

oxide perovskites, particularly, the conduction mechanisms are 

closely related to oxygen vacancies which are easy to form in 

oxides. For example, both two major conduction mechanisms 

identified in BFO were correlated with oxygen vacancies: one 

was the space charge limited conduction with oxygen vacancies 

as deep traps; 161  and the other one was the Pool-Frenkel 

emission with Fe2+ as trapping centres (note that the valence 

variation of Fe from +3 to +2 is due to the presence of oxygen 

vacancies).162  

According to the conduction mechanisms described above, 

the ways of tuning the conductivity in oxide perovskites based 

devices can be either bulk-related or interface-related. Element 

doping can increase the bulk conductivity of the oxide 

perovskites and therefore enhance the photocurrent. 163 , 164 

Because the domain walls may be the main conduction 

channels for photocurrent, the engineering of patterns, 

orientations and thicknesses of domain walls can manipulate 

the photovoltaic effect.33,165,166The removal of Schottky barriers 

formed at the ferroelectric/electrode interfaces can facilitate the 

charge carrier transport and thus promote the photovoltaic 

charge extraction.167  

3.3 Photovoltaic mechanisms 

Since the first discovery of anomalous photovoltaic effect in 

ferroelectric oxide perovskites, many theories have been 

proposed to account for the origins of this intriguing 

phenomenon.  These theories have different degrees of success 

and however so far there is no single theory which can 

universally explain all the photovoltaic effects observed in 

ferroelectric oxide perovskites with various forms, such as 

single crystal, ceramic, single crystalline and polycrystalline 

thin films. Below we review some widely accepted theories 

regarding the photovoltaic mechanisms. 

3.3.1 BULK PHOTOVOLTAIC EFFECT. Early studies reported 

extremely large open-circuit voltage (Voc) in the order of 

kilovolt in bulk ferroelectrics, such as LiNbO3
28 and BaTiO3.122 

Glass et al.29 attributed the origin of the anomalous bulk 

photovoltaic effect (BPVE) to the non-centrosymmetric nature 

of ferroelectric crystals. In non-centrosymmetric crystals, the 

probability of the electron (or hole) transition from the state 

with the momentum k to a state k’ is not equal to the probability 

of the reverse transition, giving rise to an asymmetric 

momentum distribution of photoexcited charge carriers. 168 

Therefore, a steady short-circuit photocurrent (Jsc) is generated 

and it can be described as: 

𝐽sc = 𝐺𝐼,                                           (1)                                       

where G, α, and I are Glass coefficient, absorption coefficient, 

and light intensity, respectively. In the general case where a 

macroscopic electric field E across the sample is present, the 

photocurrent is given by: 

𝐽 = 𝐽sc − (d + ph)𝐸,                            (2)    
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where σd and σph are dark conductivity and photoconductivity, 

respectively. In the condition of open-circuit (i.e. J = 0), the Voc 

can be calculated as: 

               𝑉oc = 𝐸oc𝑑 =
𝐽sc

d + ph
𝑑 =

𝐺𝐼

d + ph
𝑑,                  (3) 

where d is the distance between two electrodes. According to 

Eq. (3), Voc is proportional to the distance between two 

electrodes d and is thus not limited by the bandgap. In addition, 

when I is small, σph can be assumed to be a constant so that Voc 

increases linearly with I. In the situation where I is large and 

thus σph significantly increases with the I, Voc will become 

saturated. Eq. (3) can therefore qualitatively explain some early 

observations of the anomalous photovoltage. 

Other observations, such as that photocurrent could even be 

detected in the direction perpendicular to the polarization vector 

(i.e. the direction of the polar axis),169-171 indicated that BPVE is 

a tensorial property. Sturman and Fridkin172 developed a model 

of BPVE by using a third-rank tensor to fully describe the 

relationship between the photocurrent and the incident light. 

According to their model, Eq. (1) can be further expressed as: 

                                          𝐽𝑖 = 𝐼𝐺𝑖𝑗𝑘𝑒𝑗𝑒𝑘 ,                                      (4) 

where Gijk is a third-rank tensor of Glass coefficient, and ej and 

ek are the unit vectors of the projections of the electric field of 

the linear polarized light along the jth and kth axes, respectively. 

The product of α and Gijk is often represented by ijk, which is 

called BPVE tensor coefficient. Ji et al.171 compared 22 of 

some typical ferroelectric oxide perovskites at visible 

wavelengths, and found that 22 of BFO was at least five orders 

of magnitude larger than those of LiNbO3:Fe, LiTaO3 and 

PLZT. Young et al.166,173 calculated the tensorial BPVE of BTO, 

PTO and BFO from first-principles by applying the so-called 

“shift current” theory to their electronic structures, and revealed 

that the BPVE photocurrent strongly depended on the 

asymmetric covalent bonding in those ferroelectrics. 

Using the tensor expression of BPVE, one can well explain 

the angular dependence of the photocurrent on the light 

polarization direction.168,170 The observation of photocurrent 

generated in the directions other than the polarization direction 

also stems from the tensor properties of BPVE. The 

photocurrent arising from BPVE can show the direction 

opposite to those arising from other mechanisms. For example, 

the photocurrent was two orders of magnitude less in BFO (111) 

film than in (001) film, although both films were sandwiched 

with the same top and bottom electrodes and both films showed 

upward polarization.171 This interesting finding was against the 

intuition because BFO has the largest polarization along the 

[111] direction. The reason was attributed to that the 

photocurrent originating from BPVE greatly cancelled that 

originating from the depolarization effect in the BFO (111) 

film.171 It is expected that when BPVE yields photocurrent with 

the same direction as those produced by other mechanisms, the 

overall photovoltaic output will be enhanced. 

3.3.2 DEPOLARIZATION FIELD DRIVEN PHOTOVOLTAIC EFFECT. 

Ferroelectric polarization charges distributed at the two 

separated surfaces of a ferroelectric material produce a 

depolarization field (Edp) with the direction opposite to the 

polarization. The magnitude of Edp is negligible in bulk 

ferroelectrics because the distance between the two charged 

surfaces is very large. However, in ferroelectric thin films, the 

film thickness is usually below a few hundreds of nanometers 

and therefore the effect of Edp can be significant. The Edp is 

often blamed for the instability of ferroelectric 

polarization174,175 and even the disappearance of ferroelectricity 

in ultrathin films with the thickness below a few nanometers.176 

Therefore, ferroelectric polarization in thin films can only 

become stable when the polarization charges are screened by 

the charge carriers from ferroelectrics themselves or from 

electrodes. Nevertheless, the polarization charges are normally 

partially compensated. The residual Edp can thus act as a 

driving force to separate and transport photoexcited charge 

carriers. In contrast to the built-in field within the depletion 

region of a p-n junction, the Edp exists over the whole bulk 

region of the film. The photocurrent driven by Edp is therefore 

uniformly distributed within the bulk region of the film, and the 

measured photovoltaic I-V curves shall be linear, which is 

different from the diode-like I-V curves arising from some 

Fig. 12 (a) Charge distribution in an electrode/ferroelectric/electrode sandwiched structure. Polarization charges of + P and –P are located at interfaces of x = 

L and 0, respectively. Screening charges Q1 and Q2 are distributed within the electrodes with finite lengths. Space charges qNeff1 and qNeff2 are uniformly 

distributed within regions of 0<x<w1 and w2<x<L, respectively. (b) Experimentally measured and simulated Jsc as a function of film thickness in the 

LSMO/PLZT/Nb:STO, Au/PLZT/Nb:STO, and Au/PLZT/Pt devices. (c) Simulation results for thickness-dependent Jsc and photovoltaic efficiency under the 

extreme condition: εe1→ ∞, εe1→ ∞, and wSCR = 0. Reproduced from ref. 128, copyright 2009, AIP Publishing LLC. 
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interface photovoltaic effects. Moreover, the Edp model is the 

most straightforward way to explain the switching of 

photovoltaic response by manipulating the ferroelectric 

polarization.32,144 

Chen 177  first observed the photocurrent with the direction 

antiparallel to the polarization, and postulated that it was caused 

by an internal electric field opposite to the polarization 

although the nature of this internal field was not identified. This 

internal field was later assigned to be the Edp resulting from the 

incomplete screening of ferroelectric polarization 

charges.126,128,178 Qin et al.128 established a comprehensive Edp 

model which simultaneously took into account the ferroelectric 

polarization, the space charge within the ferroelectric film and 

the screening charge from electrodes (Fig. 12a), to elucidate 

how these factors influence the photovoltaic output. Their 

results showed that both the screening charge distribution and 

the film thickness could significantly affect the photovoltaic 

output through influencing the effect of Edp. Because electrodes 

with high dielectric constants tend to have screen charges 

distributed away from the interface, using high-dielectric-

constant electrodes can weaken the polarization screening effect 

and thus strengthen the effect of Edp. As shown in Fig. 12b, the 

combination of Nb:STO and LSMO electrodes with high 

dielectric constants (εNb:STO  1000 > εLSMO  800 > εPt  8 > εAu 

 6) gives the highest Jsc in PLZT based devices. The 

photovoltaic performance of PLZT films under extreme 

conditions, where the dielectric constants of electrodes were 

infinitely large (i.e., no screening effect) and the widths of 

space charge regions were zero, was further investigated. 

Simulation results shown in Fig. 12c reveal that an efficiency as 

high as 19.5% is possible for PLZT film with the thickness of 

1.2 nm (3 unit cells). These theoretical predicted results were 

exciting and would undoubtedly attract considerable interest in 

the experimental verifications. Some limitations of this 

theoretical prediction should be pointed out, such as that poor 

charge screening will cause polarization instability, and that 

great leakage current in ultrathin films will lead to a negligible 

photovoltage. Nevertheless, Qin et al.’s works provide 

implications, such as using high-dielectric-constant electrodes 

and reducing the thickness of the ferroelectric layer to enhance 

the effect of Edp, for the search of high-efficiency photovoltaics 

in ferroelectric oxide thin films. 

3.3.3 SCHOTTKY BARRIER EFFECT. Schottky barrier is an 

interfacial energy barrier formed when a metal with large work 

function and a semiconductor (note that common ferroelectric 

oxide perovskites belong to semiconductors) are brought into 

contact. The built-in field (Ebi) developed at the depletion 

region near the interface is responsible for the separation of 

photo-excited electron-hole pairs, and the output photovoltage 

is determined by the barrier height which is limited by the 

bandgap of the ferroelectric material. Early studies on bulk 

ferroelectrics did not take the Schottky barrier effect into 

account, because the width of depletion region was much less 

than the size of the bulk sample and the observed above 

bandgap photovoltage could not be explained by the Schottky 

barrier effect. However, in ferroelectric thin films, the Schottky 

barrier induced photovoltaic effect may become significant 

because the width of depletion region is comparable to the film 

thickness.  

A typical electrode/ferroelectric/electrode sandwich structure 

can be considered as a back-to-back connection of two 

Schottky diodes. The magnitude and the direction of the overall 

photovoltage induced by the Schottky barrier effect depend on 

the difference between top and bottom barrier heights.143 The 

switchable photovoltaic effect can be explained using the 

knowledge of tunable Schottky barriers, as the barrier height 

and the depletion width can be modulated by either ferroelectric 

polarization charge164, 179 - 181  or charged defects.131, 182  The 

former mechanism of modulation of Schottky barriers by 

ferroelectric polarization has been widely investigated, and it 

was first studied in an Au/PTO/La0.5Sr0.5CoO3 

heterostructure. 183  It was observed that by switching 

polarization, the Au/PTO contact changed from a Schottky-like 

contact to an Ohmic-like contact, leading to a bistable 

conduction behavior with on/off ratio of about two orders of 

magnitude. The latter mechanism of the modulation of Schottky 

barriers by charged defects was reported in some defect-rich 

samples, and those most likely defects were oxygen vacancies 

because they were easy to form in oxide perovskites.131,182 Note 

that this defect-involved mechanism in oxide perovskites is 

analogous to that proposed in organic-inorganic halide 

perovskites.25,26 Unlike the ferroelectric polarization switching 

which can be manipulated by a high-frequency (short-duration) 

electric pulse with amplitude larger than the coercive field (Ec), 

the electromigration of oxygen vacancies does not require a 

poling electric field larger than Ec and however takes a much 

longer period of time for poling. Moreover, the poled state of 

oxygen vacancies is unstable after removing the electric field, 

and thus the associated photovoltaic effect is not stable. These 

differences can be used to distinguish whether the ferroelectric 

polarization switching or the electromigration of charged 

defects is working for the modulation of Schottky barriers.  

As reviewed above, both the bulk effect of Edp and the 

interface effect of Schottky barrier are related to ferroelectric 

polarization, and both of them can lead to a switchable 

photovoltaic effect. Therefore, the mechanism how the 

switchable photovoltaic effect is controlled by the ferroelectric 

polarization is still controversial. Perhaps checking the dark 

conduction behavior simultaneously with the photovoltaic 

behavior is useful to identify which mechanism is working, 

because tunable Schottky barriers will give rise to switchable 

diode-like rectifying behavior in dark131,164,183 while the bulk 

effect of Edp will not.32 

A proper design of the energy band alignment in the 

electrode/ferroelectric/electrode sandwich structure can lead to 

an overall Ebi within Schottky barriers having the same 

direction with Edp.164 Thus, both Ebi and Edp can constructively 

contribute to the overall photovoltaic output. 

3.3.4 DOMAIN WALL THEORY. Recently, Yang et al.33 

discovered a fundamentally new mechanism for photovoltaic 
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Fig. 13 Schematics showing the orientation of electrodes (a) parallel and (b) 

perpendicular to domain walls. Corresponding I-V measurements of devices with 

(c) parallel and (b) perpendicular electrode configurations. (e) Schematic of 71o 

domain walls of BFO. Corresponding band diagrams (f) in the dark and (g) under 

illumination. (h) Detailed picture showing the build-up of photoexcited charge 

carriers near domain walls. Reproduced from ref. 33, Copyright 2010, Nature 

Publishing Group. 

charge separation, which relied on the electrostatic potential 

steps at the nanoscale ferroelectric domain walls. Using the 

model ferroelectric oxide of BFO, they observed a large 

photovoltage (up to 16 V) with in-plane electrodes oriented 

parallel to domain walls (Fig. 13a and c) and a vanished 

photovoltaic effect with in-plane electrodes oriented 

perpendicular to domain walls (Fig. 13b and d). Previous ab 

initio calculations demonstrated the existence of built-in 

potential steps at domain walls, arising from the component of 

polarization perpendicular to the domain wall. The theoretical 

potential steps of BFO 109o and 71o domain walls were 0.15 V 

and 0.02 V, respectively.159 Based on these calculations and 

their experimental observations, authors in refs. 33 and 165 

proposed a model regarding potential steps at domain walls as 

the driving force for charge separation (Fig. 13e). In the dark, a 

large electric field (~50 kV/cm) will be formed within the 

domain wall, and the potential step causes the offset of 

conduction band and valence band (Fig. 13f). As a consequence, 

the overall band exhibits a zigzag shape. Upon illumination, 

charge carriers excited within domain walls are effectively 

separated by the built-in field and drift to either side of domain 

wall. On the other hand, the photo generated excitons within 

domains are highly localized and tightly bounded, and tend to 

recombine quickly. A net imbalance of charge carriers near the 

domain wall is thus created and the band structure is 

significantly tilted (Fig. 13g and h). Therefore, a net overall 

photovoltage is generated and it results from the additive effect 

of the potential step across each domain wall. This mechanism 

could also explain the observed linear increase of the output 

photovoltate with the electrode spacing (i.e. the total number of 

domain walls).33 

The domain wall theory is fascinating, as it offers the 

possibility to develop a completely new class of devices in 

which a tiny volume of a material can generate appreciable 

photovoltaic effect. However, this hypothesized mechanism 

still remains questionable, because it could not satisfactorily 

explain some later experimental findings as listed below. First, 

BFO single-domain-structured thin films, which do not have 

domain walls, exhibited above bandgap photovoltage. 184 

Second, BFO thin films with periodic domain structures (both 

71o and 109o domains), showed angular dependency of 

photocurrent on the incident light polarization.157 Third, all 

BFO thin films were able to produce above bandgap 

photovoltage at low temperature, irrespective of the domain 

structures and the electrode orientations.157 Fourth, using 

photoelectric atomic force microscopy (PhAFM) combined 

with piezoresponse force microscopy (PFM), Alex et al.130,185 

showed that the non-equilibrium photoexcited charge carriers 

were almost uniformly generated over the entire BFO crystal, 

and the generation and recombination lifetimes were large (~35 

s for generation and ~75 s for recombination) and were not 

significantly different within domains compared to domain 

walls. They further suggested that the complex generation and 

recombination processes were primarily affected by defect-

related shallow energy levels, while the domain walls did not 

play a major role. Finally, based on the above observations, 

Alex et al.157 proposed that the origin of anomalous 

photovoltaic effect in BFO and analogous ferroelectric oxide 

perovskites was BPVE rather than the domain wall effect. The 

role of domain walls was only to provide higher density of non-

equilibrium photoexcited charge carriers because of the high 

photoconductivity of domain walls. Unfortunately, according to 

Eq. (3), the high dark and photoconductivities of domain walls 

were detrimental to the Voc. This could explain why in the 

geometry of electrodes perpendicular to domain walls (Fig. 

13b), where conductive domain walls directly connected two 

electrodes, a negligible Voc was measured (Fig. 13d). However, 

when temperature was lowered, the conductivity of domain 

walls dropped and thus a remarkable Voc could also be 

measured in this particular geometry.157 

4. Open questions and future prospects 

Despite the recent tremendous progress made in organic-

inorganic metal halide perovskite materials and devices for 

photovoltaic applications, there are challenges remained to be 

overcome in order to commercialize this technology. (1) The 

champion cells reported so far are unanimously based on 

organic-inorganic lead halide perovskite. The use of highly 

toxic and carcinogenic lead element brings concerns for its 

health and environmental impact.  Fortunately a number of 

elements have been identified for the substitution of lead, such 

as Sn, Cu or Fe. But the success to achieve highly efficient 

perovskite solar cells with these benign elements is still yet to 

come. (2) Due to the hydroscopic nature of organo-halide salt, 

e.g. methylammonium iodide, organic-inorganic metal halide 

perovskite is susceptible to decomposition upon intake of 
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moisture and oxygen. Thus, the instability of the core material 

in perovskite solar cells requires stringent encapsulation 

materials and techniques, which will definitely add on the cost 

and weaken the competitiveness of this novel technology. (3) 

Compared with silicon-based solar cells, the current state of the 

art of perovskite solar cells is limited by light absorption. The 

absorption edge of the best perovskite solar cells is around 800 

nm, while that of silicon solar cells is extended to 1100 nm. 

Although the absorption range can be potentially extended to 

near infra-red range via bandgap engineering, and some pioneer 

works have demonstrated the synthesis of low-bandgap 

perovskite materials, efficient and stable perovskite solar cells 

with such low-bandgap perovskite absorbers are still lacking. (4) 

After a number of observations and experimental measurements, 

it is universally acknowledged the fact that partial substitution 

of iodine in MAPbI3 with other halogen such as Cl or Br can 

greatly improve the charge diffusion length in the perovskite 

material. Unfortunately the mechanism behind such a 

phenomenon seems to be missing. The fundamental 

understanding will pave the way for the development of more 

superior perovskite materials for photovoltaic cells, as well as 

for many other opto-electronic applications. (5) Very recently, 

an increasing number of studies have pointed to the ion 

migration as an important transport phenomenon in halide 

perovskites.25,26, 186 - 189  The ion migration and subsequent 

accumulation near the electrodes cause significant band 

bending and thus influence the extraction of photogenerated 

charge carriers. Although the ion migration can be associated 

with many anomalous properties of halide perovskites, such as 

slow photoconductivity response, J-V hysteresis, and 

switchable photovoltaic effect, the nature of those ionic species 

and the dynamics and kinetics of the ion migration (e.g. 

activation energies and timescales) are largely unknown and yet 

to be further investigated. 

For ferroelectric oxide perovskites, there is still a long way to 

go to fully elucidate the photovoltaic mechanisms and to further 

enhance the energy conversion efficiency. (1) The fundamental 

studies on the charge carrier dynamics were scarce and 

scattered. For example, using ultrafast optical spectroscopy, 

Sheu et al.190 found that the generation of charge carriers in 

BFO was within a few ps and the lifetime was ~3 ns. Alex et 

al.185 reported that both generation and recombination processes 

in BFO took a few tens of s because shallow trapping levels 

were involved in these two processes. In addition, many 

parameters of charge carrier dynamics, such as mobility and 

diffusion length, remains largely unknown because they are 

difficult to measure in the relatively insulating ferroelectric 

systems. More research on the charge carrier dynamics in 

ferroelectric oxide perovskites is therefore desired for both 

fundamental understanding and practical device design. (2) 

Although in the mechanisms of both BPVE and the Edp model, 

ferroelectricity plays a crucial role, its dynamics during the 

photovoltaic process is unclear. Recently, using time-resolved 

X-ray scattering, Daranciang et al.191 revealed that under the 

influence of photoexcited charge carriers, the ferroelectricity of 

PTO could be suppressed and the Edp could even be completely 

screened. The persistence of ferroelectricity during the 

photovoltaic process is therefore an issue and has been seldom 

considered in previous studies. This issue will inevitably lead to 

the question how ferroelectricity really functions during the 

photovoltaic process, especially in the case where abundant 

photoexcited charge carriers are present. 192  This issue is 

therefore of great necessity to be clarified in the future. (3) To 

enhance the photovoltaic efficiency, developing new oxide 

perovskites with narrowed bandgap, improved conductivity, 

satisfactory polarization magnitude, and engineered domain 

walls, is promising. We have reason to believe that the 

currently most-studied BFO is probably only the tip of the 

iceberg in the vast amount of ferroelectric oxide perovskites for 

photovoltaics, because of those existing good examples, such as 

BFCO34 and KBNNO.151 It is also promising to combine 

ferroelectric oxide perovskites with other photoactive 

semiconductors, e.g. organic-inorganic halide perovskites, to 

achieve greater photovoltaic efficiency,192- 194  because the 

strong intrinsic dipoles of ferroelectric oxide perovskites can 

provide driving force for charge separation and generation; 

while the photoactive semiconductors is efficient for charge 

generation and transport. The combination of them requires an 

ingenious design of nanostructured devices, e.g., nanoparticles 

of ferroelectric oxide perovskite functioning as nanodipoles 

embedded into photoactive semiconductor matrices. (4) 

Ferroelectric oxide perovskites do not necessarily need to 

compete with other photoactive semiconductors, such as 

organic-inorganic halide perovskites, in terms of energy 

conversion efficiency, as their potential photovoltaic 

applications are not restricted to solar cells, but can be extended 

to opto-electronic memory,30 photo-actuators,35 photo-sensors 

and dosimeters,36 and even junction devices showing spin-

polarized photocurrent.37 Other new functionalities are yet to be 

tapped and exploited in future works.   

Conclusions 

In summary, we review two important subclasses of perovskites, 

i.e. organic-inorganic halide perovskites and ferroelectric oxide 

perovskites, for the photovoltaic applications, focusing on the 

material nature and the photovoltaic mechanisms. These two 

different subclasses of perovskites each have their own merits 

as photovoltaic materials. Organic-inorganic halide perovskites 

have distinct advantages in light absorption and charge 

transport, due to their appropriate bandgap, high absorption 

coefficient, long and balanced electron-hole diffusion lengths, 

and large dielectric constant. These unique properties enable 

organic-inorganic halide perovskites adapt to a variety of solar 

cell architectures, in most of which high efficiencies above 10% 

have been achieved. Interestingly, different mechanisms have 

been found to be associated with different solar cell structures 

based on organic-inorganic halide perovskites. On the other 

hand, ferroelectric oxide perovskites have shown many 

intriguing photovoltaic phenomena, such as above bandgap 

photovoltage, switchable photocurrent, and photovoltaic charge 

generation and separation occurring at nanoscale domain walls, 
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all of which can be related to their unique property — 

ferroelectricity. However, other properties of ferroelectric oxide 

perovskites, like light absorption and electrical conductivity, 

are poor and thus need urgent improvement for enhanced 

photovoltaic performance. Great success of bandgap 

engineering in ferroelectric oxide perovskites has been 

achieved and highlighted in this review. The photovoltaic 

mechanisms in ferroelectric oxide perovskites, however, are not 

well understood and still controversial in several ways. Finally, 

we do expect both subclasses of perovskites will find their 

respective applications in the field of photovoltaics.      
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