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ABSTRACT 

Growing energy crisis and environmental issues demand alternative source of green energy. In recent years ferroelectrics and 
multiferroics have got renewed attention for the breakthrough in photovoltaic application. Multiferroic is an appealing class of 
material, having two or more ferroic properties intimately coupled to each other. Energy harvesting from ferroelectrics and 
multiferroics is a pioneering field of research by its own, combination of other ferroic properties is a value addition to it. The 
coupling of ferroic and optical properties has brought a revolution in the field of photovoltaics. This review highlights recent 
development in the field of ferroelectric-multiferroic photovoltaics and summarizes the electrical, optical and photovoltaic 
properties of various ferroelctric and multiferroic systems. The different mechanisms and factors that attribute to the 
photovoltaic phenomena in ferroelctrics and multiferroics are also described here. Copyright © 2015 VBRI Press.  
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Introduction  

The field of alternate and renewable energy has 
experienced a steady and significant growth in the last 
decade. Among the alternative power sources solar 
energy is one the most important resources, used widely 
across the globe. Solar energy harvesting through 
Photovoltaic (PV) has already been recognized globally. 
PV solar cell has emerged as the most promising alternative 
of traditional energy sources depending on the materials, 

mechanisms and conversion efficiencies [1, 2]. 
Conventional solar cells are now commercially available in 
the market which is mostly the first generation silicon based 
single p-n junction device. Theoretically, the efficiency of 
the first generation solar cells can reach upto 31% to 
maximum of 41%, depending on the concentration of solar 

light [3, 4]. At present, solar cell production is dominated 
by crystalline silicon modules since they possess relatively 
high efficiencies and matured fabrication techniques. But 
the cost of silicon wafers used in solar cell is very high and 
that is a major issue of power harvesting from photovoltaics 
compared to existing fossil fuel technologies. Though the 
second and third generation solar cells are cost effective but 

their efficiencies are compromised with cost [3, 5]. 
Second generation solar cells are single-junction or 

multi-junction devices, mainly focus on thin film based 

designs [6], developed out of amorphous Silicon [7], 

Copper Indium Gallium Selenide (CIGS) [8, 9], Cadmium 

Telluride (CdTe) [10, 11] and polycrystalline Silicon (p-Si) 

deposited on low-cost substrates like glass [12]. These thin 
film devices experience the performance limitations similar 
to the first generation solar cells but they are comparatively 

cheaper. The reduction in material usage, use of low cost 
substrates and large throughput manufacturing are the key 
points behind the cost effectiveness of second generation 

solar cells [13, 14]. Multi-junction solar cells are 
constituted with multiple semiconducting layers in which 
each junction or sub cell bears unique bandgap to absorb 
photons from a specific region of the solar spectrum and to 
convert them into electricity.  Use of multi-junctions in 
these solar cells improve the cell performance to overcome 
Shockley- Queisser limit (the maximum theoretical 
efficiency of a solar cell using a p-n junction), but it also 
increases the complexity and thereby production cost. As 
per efficiency chart, published by Energy Laboratory 
(NREL), Fraunhofer Institute for Solar Energy Systems, the 
highest efficiency reported for second generation solar cells 
with multi-junctions is 45.7%. The theoretically predicted 
efficiency value with infinite-junction is 87%. The 
efficiency of a novel multi-junction solar cell consisting of 
gallium indium phosphide (GaInP) junction, gallium 
arsenide (GaAs)  junction, and two gallium indium arsenide 
(GaInAs) junctions is reported about 45.7% which is 
achieved through lattice-mismatching of each layer to the 
substrate and even distribution of defects in the active 

layers [15]. 
Later, the idea of third generation PV cell evolved, 

aiming towards combining the merits of both first and 
second generation solar cells i.e, high conversion efficiency 
of first generation solar cell and low cost of second 
generation solar cell. Basically, the third generation solar 
cells are categorized as dye sensitized solar cells (DSSC) 

[16-18], organic/polymeric/plastic solar cells [19-21], 

nanocrystal based solar cells [22, 23], quantum dot solar 
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cells [24], perovskite solar cells [25] etc. DSSC uses 
semiconductor based structures formed between a photo-
sensitized anode and an electrolyte where, the 
semiconducting nanocrystals work as antennae to absorb 
the sunlight and the dye molecule takes the role to separate 
the charge carriers. Low cost and easy manufacturing are 
the main attractions of this type of solar cells. But the 
degradation of cell performance over time and the risk of 
using liquid electrolyte are the main issues with DSSC. The 
development of more efficient electrolytes and new 
broadband dyes which can absorb wide solar spectrum may 
allow DSSC to compete with the first generation solar cell.  
Organic solar cells are developed from polymeric or plastic 
materials. Though, they are not very efficient but 
potentially a cost effective product. The high-speed and low 
temperature manufacturing processes and use of standard 
printing technologies reduce the production cost of organic 
solar cells. Another attraction of organic solar cell is 
solution-based fabrication method by using nontoxic 
materials which are abundant. Light weight, flexibility, 
transparency and optical tuning are the added feature of 
organic solar cells which make them potential for mobile 

applications [25, 26]. Quantum dot solar cells can 
theoretically overcome the Shockley-Queisser efficiency 
limit (33.7%) as they can generate more than one electron-
hole pair for each absorbed photon. But, the efficiency of 
Quantum dot solar cell is about 8.6% which is quite low 

compared to the theoretical value [27]. Use of novel 
materials, concepts and integration of nanotechnology 
(quantum dots/wires, quantum wells, or super lattice 
technologies) may help in achieving the theoretical value. 
Overall, it is realized that new technologies, advanced 
materials and architectures needs to be put together in third 
generation solar cell industry to compete the present market 
of first generation solar cells. 

Very recently, ferroelectric and multiferroic 
photovoltaics have revitalized third generation solar cells 
through the discovery of very large photo responses in a 
few ferroelectric and multiferroic compounds like 
Pb(Zr,Ti)O3  (PZT), BiFeO3 (BFO) and Bi2FeCrO6 (BFCO). 
PV effect in ferroelectric (FE) has been discovered about 
five decades back, though it was least attended till the 
discovery of large photovoltage (15 V) in BFO thin films 

[28, 29]. PV effect in ferroelectrics arises from the inherent 
electric field due to non centrosymmetricity, which 
maintains the charge separation through spontaneous 
polarization. The developed photovoltage is proportional to 
the magnitude of electric polarization and separation 

between electrodes i.e, the thickness of the material [30]. 
Ideally, it is possible to generate very large photovoltage in 
ferroelctrics though the photocurrent is low. The recent 
reports say, low photocurrent is no more a limit for this 
dielectric class as the new ideas like ‘above bandgap large 

photovoltages’ [28],‘role of domain walls’ [31], ‘effect of 

thin films’ [32] ‘tip enhanced PV effects’ [33] etc., are 

developed [34].  
Harvesting solar energy from multiferroics is still a new 

field of research which has got considerable attention in the 
recent years.  The charge and spin of electrons together 
play a role in multiferroics as it combines two or more 
ferroic orders like ferroelectric (P), ferromagnetic (M), and 
ferroelastic (ε), which can be switched by their conjugate 

electric (E), magnetic (H), and stress (σ) fields respectively. 
The interesting feature of multiferroic is magnetoelectric 
coupling where magnetic field can control the electric 

polarization and vice versa [35-38]. Multiferroics is well 
known for their application in memory devices, sensors and 

spintronics [39-43]. Improvements in photovoltaic 
efficiency have been reported for low bandgap 

multiferroics [44]. But cross coupling of multiple 
functionalities (i.e., electrical, magnetic and optical) in 
multiferroics is a big challenge to understand and design a 

new material with improved functionalities [45-47]. This 
report reviews the key factors that contribute to the 
photovoltaic property in ferroelectric and multiferroic 
materials and describes various theories that support the 
photovoltaic phenomena in them. The review highlights 
recent developments in the field of ferroelectric and 
multiferroic photovoltaic with a summary of preparation 
and properties of few standard ferroelectric and 
multiferroic systems. 

 

Origin of photovoltaic phenomena in P-N junction 

semiconductors, ferroelectrics and multiferroic 

materials  

P-N junction semiconductors 

The solar cell technology is dominated by semiconducting 
materials. The band gap of these semiconducting materials 
lies in the visible region of the solar spectrum. The 
fundamental mechanism behind the PV effect in 
conventional semiconducting materials is due to the 
presence of p-n junction. When p type and n type materials 
are brought together, holes and electrons close to the p-n 
junction diffuse across the junction towards opposite 
polarity that creates a space charge region (region of no 
mobile charge carriers) around the junction, which is also 
called as depletion region. The electric field existing in the 
space-charge region of the p-n junction is the source for the 

separation of the photogenerated charge carriers Fig. 1. The 
semiconducting solar cells when illuminated with light of 
energy greater than its bandgap energy, light gets absorbed 
and charge carriers are generated at the p-n junction which 
are separated by built in voltage at the depletion region by 
giving rise to a photogenerated current. Theoretically, the 
quasi-fermi energy difference of electrons and holes formed 
by light illumination determines the photovoltage in p-n 
junction solar cells. So the developed photovoltage mainly 
depends on the bandgap of the semiconducting absorber 

material [28, 29, 48, 49]. In Fig. 1 the band bending shows 
the sharp shift in energy levels of valence and conduction 
band of p and n type materials. 
 
Ferroelectrics 

The photovoltaic phenomenon in ferroelectric (FE) 
materials is quite different than that of the conventional 
semiconducting photovoltaics as explained in previous 
section.  In ferroelectrics, single material is responsible for 
electron and hole pair generation instead of creating a p-n 
junction of two materials. When solar photon is absorbed 
by a FE material, the electron hole pair in the dipoles gets 
separated. Non centro-symmetry that is, breaking of strong 
inversion symmetry in ferroelectrics sets up an internal field 
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to effectively maintain the separation between photo 
excited charge carriers. This can generate huge open circuit 
voltage (Voc) in ferroelectrics, which may be in the order 
of above bandgap voltage. But, the efficiency of light-to-
electricity conversion in the bulk ferroelectric material is no 
way close to the conventional p-n junction of solar cells. 
Moreover, most of the FE materials studied so far for PV 
application have wide bandgap which restrain them from 
visible light absorption. 
 

 

Fig. 1. Origin of photo induced electric field in p-n junction 
semiconductors. 
 

Since the direction of polarization is switchable in 
ferroelectric materials by changing the poling direction with 
the application of suitable electric fields, the direction of 
photocurrent can also be changed in ferroelectric 
photovoltaic (FE-PV). A schematic of the FE-PV device 
structure and origin of electric field in FE materials is 

shown in Fig. 2(a) and Fig. 2(b) respectively. Non-
centrosymmetry of the unit cell causes asymmetries in 
electron-light interaction like excitation, relaxation, and 
scattering processes. 

 

(a) (b)

 

Fig. 2. Schematic of (a) ferroelectric/multiferroic PV device and (b) 
electric field develops within FE materials. 

 
The photovoltage in ferroelectrics depends on remnant 

polarization, domain walls, interface between FE-electrodes 
and Schottky or screening effect as arises from interface 
beyond the common factors like intensity of incident light, 
absorption coefficient and bandgap of the material. 
Photovoltage generation in noncentrosymmetric material is 
limited, because of wide bandgap value (approximately 3 
eV in most of the ferroelctrics) which restricts the 
absorption of visible light.   

In general, the functionality of a PV device is evaluated 
by measuring its photovoltage and photocurrent. The origin 

of large photovoltage in FE-PV is controversial and there 
are different models to explain its origin on the basis of 

Bulk photovoltaic effect, Domain wall theory, Schottky-

junction effect and Depolarization field model [2]. 
 
Bulk photovoltaic effect 

PV effect in un-doped, single crystal samples of materials 
like LiNbO3, BaTiO3 or PZT are reported to be originated 
as bulk photovoltaic effect, occasionally referred as the 

photogalvanic effect or non-linear photonics. The 
noncentrosymmetric nature of these types of materials 

results in the formation of a steady state current [50]. 
When light falls on these materials the electron takes off 

in one particular direction without crossing from one 
material to another, unlikely, as it happens in common p-n 
junction semiconductors. There are different models to 
explain bulk photovoltaic effect which are asymmetric 
carrier, asymmetric potential well, shift current and 
nonlinear dielectric models. The simplest model 
‘asymmetric carrier’ is based on the asymmetric carrier 

scattering centers as explained schematically in Fig. 3(a) in 
which a random diffusion and drift of carriers occurs in the 

medium, resulting a net flow of photo current [51].  
Asymmetric potential well model considers asymmetry 

in the electrostatic potential at the light absorbing centers 
which is developed from the dielectric polarization. The 
asymmetric potential well at the absorbing centre and the 

movement of electron is shown in Fig. 3(b) that explains in 
the presence of light, carriers are excited from ground state 
energy level E0 to E1 and then E2 where the potential 
energies are lesser than φ1 and φ2 respectively. If the 
excitation energy E1 is less than the potential φ1 at the 
absorbing centre, the excited electrons get trapped in the 
potential well. When the excitation energy is sufficiently 
large in the order of φ2 or higher, then the carriers diverge 
from the absorbing centre isotropically causing a lowering 
in the net current. Only when the energy of excitation E is 
in between φ1 and φ2 such as φ1<E< φ2 then there is a net 

current flow towards the free end of the well. In Fig. 3(b) 

the current flow direction is towards the right. Of course, 
there is a probability of tunneling of the carriers through the 

potential barrier φ2 [52]. 
 

(a) (b)

 

 

Fig. 3. Different models explaining bulk photovoltaic effect (a) 
asymmetric carrier scattering centers and random scattering of charge 
carriers (b) asymmetric potential well at a carrier generation centre. 
 

Shift current model has got much attention in predicting 

the large photovoltage in bulk photovoltaic accurately [53-

55]. In shift current model the FE material is considered as 
a current source since the conductivity of most FE materials 



 

Review Article                             Adv. Mater. Lett. 2015, 6(7), 568-584                    Advanced Materials Letters 

Adv. Mater. Lett. 2015, 6(7), 568-584                                                                                  Copyright © 2015 VBRI Press 

                                               
  

is very low. In this model, the noncentrosymmetry in the FE 
crystal gives rise to asymmetry in the momentum 
distribution of light generated charge carriers resulting in a 
steady state current. The nonlinear optical processes 
resulting from the second order interaction with 
monochromatic light gives rise to a shift current. The 
electrons are excited to coherent superpositions, which 
allow the net current to flow from the asymmetry of the 
potential. The optically induced coherent polarization plays 
a crucial role in linear and nonlinear light matter 
interaction. Shift current is a result of real-space shift of 
carriers during interband excitation. Since the electrons 
undergo a "shift" in position for each time they absorb a 

photon this photocurrent is named as a "shift current". Fig. 

4 shows how an electron from an unit cell shift towards 
right side from A  to B by absorbing a photon each time 
(marked by red arrows) or from B to C  by releasing many 
phonons (marked by black arrows) which is a common 
phenomenon for electron- electron  or electron-photon or 
electron- phonon interaction.  

Though preliminary models assumed that the steady 
current (Js) in FE-PV depends on polarization, space 

charge, defects and impurities [56-57]. But first principle 
calculation proved that the photocurrent is independent of 
the magnitude of material polarization but depends on the 

electronic structure of the material [58]. Of course, the 
inversion symmetry of the material must be broken, that is 
common for all theories. 

 

 

 

Fig. 4. Electron shift in real space. 

 
Another bulk PV effect is predicted by nonlinear 

dielectric model where the photocurrent density establishes 
a correlation between dielectric and optical nonlinearity in 

FE-PV [59].When a FE material is illuminated with light 
then photo carriers and electric field gets generated.  The 
polarization (P) of linear dielectric is directly proportional 
to the electric filed but if the nonlinear effect is considered 
for dielectric polarization then the expression for 
polarization can be written as 
 

 
 

Where the permittivity of free space,  is the linear 

susceptibility,   is the nonlinear susceptibility of the 

second order and  is the electric field at an optical 

frequency. The illuminating light is an electromagnetic 
wave which provides an electric field for charge carriers in 

ferroelectrics. When an alternating electric field with 

amplitude  and optical frequency ωop is applied to a FE 

material  then the time dependant polarization equation can 
be written  as given below by considering the nonlinear 
dielectric response;  
 

 
 
The above expression contains two parts. For a linear 

dielectric the second part is zero, the polarization oscillates 
in optical frequency ωop.  In a nonlinear material, light 
induced polarization contains fundamental polarization 
wave and higher order asymmetric polarization. 
 
Domain wall theory 

Domains represent the spatial extension (about a few 
microns) of spontaneous polarization vector in FE crystals. 
Ferroelectric domains are separated from each other by 

domain wall of 1-2 nm in width [60]. A schematic of 
domain, domain walls with valence band and conduction 

band across these domains is shown in Fig. 5. 
Domain wall theory says, separation of photogenerated 

charge carriers happens only at the domain walls, due to the 

variable periodic potential structure of the domain [58]. 
The probability of recombination of charge carriers is 
minimum at the domain wall that produces electric field 
corresponding to each domain resulting a net diffusion 

current. Photo voltage produced by this process at multiple 
domain walls (periodically ordered) gets added up in series 
and generate above band gap photovoltage. As per domain 
wall model, the photocurrent does not depend on the 
direction of light but it depends on polarization direction. 
So the current produced by the bulk PV effect may partially 
get cancelled or added up depending on the direction of 
current produced by domain wall. If the photocurrent, 
generated by, bulk PV phenomenon and domain wall 
effects are in the same direction, then the power conversion 

efficiency gets amplified [2, 58]. Domain wall theory is 
inept of explaining the entire PV phenomenon in 
ferroelectrics. 

 

 

 

Fig. 5. Schematic of domains and domain walls (DW) with corresponding 
band diagram of valence band (VB) and conduction band (CB). 

 

Schottky-junction effect  

The interface of FE material and metallic electrode forms a 
Schottky junction where a local electric field is produced. 
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Due to the local field the charge separation happens at the 
junction when light energy falls on it which leads to a 
photocurrent. The magnitude of photovoltage is negligible 
at the Schottky-junction of the bulk ferroelectrics 
(significant in the case of thin films). In a 
metal/ferroelectric/metal structure, the local internal 
electric field (E1) develops at the Schottky barrier is 
defined as EI = EI-Bottom - EI-top where, EI-Bottom and EI-top are 
the Schottky barriers between the bottom and top 
electrode/ferroelectric respectively. The photocurrent in 
metal/ferroelectric/metal structure depends on the height of 
the Schottky barriers at the top and bottom interfaces, 
which in turn relates the percentage of interface charges. It 
is observed that the bigger the difference of height of 
Schottky barrier at the bottom and top interfaces, larger the 

photocurrent [61, 62]. 

 

 

Fig. 6. Screening of polarization charges and distribution of electrostatic 
potential (φ) in a FEPV structure with dissimilar electrodes. 

 
Depolarization field model 

Another important theory that based on depolarization 
field, explains the occurrence of high photovoltage in 
ferroelectric thin films. The unscreened polarization 
charges on the surface of the polarized ferroelectric thin 

films act as a source for the depolarization field Fig. 6. 

The screening of surface charges depends on the 
remnant polarization, dielectric constant, thickness and 
charge density of the FE material and metal electrode. As 
the depolarization field is directly proportional to the 
strength of polarization, it can be tuned by varying the 
external bias voltage. The screening effect which 
suppresses the depolarization field is more prominent in 
metal/ferroelectric/metal electrode structures and negligible 

in oxide/ferroelectric/oxide electrode structures [63]. The 
effect of depolarization field contributes more towards 
photocurrent than photovoltage. But this effect is evident in 
ferroelectric thin films of thickness in the order of 100nm. 
Photovoltaic phenomenon in different ferroelectrics, 

dominated by the factors discussed above are reviewed and 

summarized in Fig. 7. 

 

 

 

Fig. 7. Different FE-PV devices and dominating factors for the origin of 

photovoltaic properties in them [28, 32, 33, 63, 64, 75]. 
 

Multiferroic 

More recently a new origin of photovoltaic phenomena 
from the spin property of the electron called as spin 

photovoltaics is also realized [76, 77] for the class of 
materials called multiferroics. Though the ferroelectric 
polarization plays the major role in producing PV effect in 
multiferroics still there is a contribution of magnetic spin 
also. The advantage of multiferroics over ferroelectrics is 
their low bandgap energy. The electron -electron 
interaction governing the magnetic ordering results in low 
band gap values in them which facilitate the flow of 
improved photocurrent in multiferroics. Moreover, the 
ferroic properties in multiferroics enable the tuning of 
photovoltaic properties with the manipulation of electric 
and magnetic field. Low band gap energy of multiferroic 
favors the absorption of light in the visible to near infrared 
region which constitutes the major part of energy in the 

solar spectra [44]. 

Photovoltaic phenomenon due to magnetic spin is under 
conceptualization and development stage. In a 
nonrelativistic description, all valence band electrons have 
an equal probability of being excited by photons. Spin 
based photovoltaic phenomena arises from the electron 
transition between spin splitted subbands. When the bands 
are splitted by spin-orbit coupling, the momentum of the 
excited carrier depends on its spin. Spin orbit interaction in 
asymmetric potential results in the splitting of electron 
energy bands correspond to spin up and spin down state, 
which gets shifted in k (momentum) space. Therefore, 
illumination of polarized light results in flow of current. 
Clockwise polarized light excites electrons to a momentum 
state kz > 0 and anti-clockwise polarized light excites 
electrons to kz < 0, because of the decoupling of the spin 

channels (Fig. 8). The nature of the splitting may be 
different for electrons and holes due to the different orbital 

contributions to the conduction and valence bands [78]. 

Fig. 8 shows the splitting of the conduction band in two 
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spin states (  in the y direction. If one of the spin sub 

bands is occupied then asymmetric spin flip scattering 
occurs resulting a small current in the z direction. 

 

Fig. 8. Spin orbit interaction in asymmetric potential resulting a splitting 

of electron energy bands to spin up and spin down state in multiferroics. 
 

Recent studies on multiferroic BiFeO3 has reported high 
photovoltage which is attributed to particular magnetic 

domain arrangement [79, 80]. 
It is hypothesized that the life time of excited states in 

multiferroic materials are enhanced due to spin dependent 
transition selection rules where strong spin-orbit interaction 

gives rise to unusual opto-electronic properties [77, 81]. 

 

Ferroelectric Materials for Photovoltaics 

Perovskite structured ferroelectrics are most suited for PV 
application because of their polar non centrosymmetric 
nature. There are other advantages of using perovskite 
structured oxides since they are cheap, easy to manufacture 
in traditional laboratory, abundant in nature and few of 
them are environment friendly too. In this section few 
common ferroelectric materials PZT, barium titanate (BT), 
lithium niobate (LiNbO3) and modified potassium niobate 
(KBNNO) are reviewed for their applications in 

photovoltaics [82-84]. 
 
PZT 

PZT is a well-known material because of their excellent 
dielectric, ferroelectric, piezoelectric, pyroelectric 
properties but the literature on photovoltaic properties of 
PZT is scant. Recently PZT has occupied a significant 
place in the FE PV world due to improved PV efficiency. 
An efficiency of 1.25% is reported in PZT thin film when 
they are grown on n type Si with ingenious oxide 

engineering [85]. Pb(Zr0.53Ti0.47)O3 sandwiched structures 
grown on glass substrates with ITO as top and bottom 
electrodes showed a PV efficiency of  0.22% which is 

tunable with external electric field [63]. The increase of Zr 
content in PZT increases the band gap from 3.9 to 4.4 eV 
which allows the photocurrent to generate in ultra violet 
(UV) region making them suitable as UV detector.  
Enhancement in PV efficiency of PZT is possible through 
energy level engineering by inserting semiconducting 
materials as buffer layer at the metal/FE/metal interfaces or 
by incorporating the semiconducting materials like Ag2O or 

Cu2O into the matrix [86]. The inclusion of n type Cu2O as 

a buffer layer in ITO/PZT/Cu2O/Pt thin film structure gives 
large short circuit current density and enhanced PV 
efficiency (0.57%) closer to the order of inorganic solar 

cells [78]. Lanthanum modification in PZT changes its 
photoresponse from UV region to visible region with 
overall enhancement in PV properties. Since low work 
function of metal helps in emitting the photo electron, the 
effect of different metal electrodes (having low work 
function) has been observed in pure and modified PZTs. 
With Mg electrode short-circuit current of La modified 
PZT (PLZT) gets enhanced by 150 times than that of the Pt 

electrode [86]. Enhancement in PV efficiency is reported 

for PLZT with nitrogen doping [87].  
Pb vacancies in the perovskite structure improve the PV 

properties in PZT. The process parameters during 
sintering/annealing also play important role to improve 
optical properties in PZT. Increase in photovoltage and 
photocurrent with decrease in oxygen partial pressure 
during the heat treatment of PZT prepared by solid state 

reaction method is reported [88]. Heat treatment of the 
same PZT in nitrogen atmosphere increases photovoltage 
and photocurrent remarkably at high temperatures (above 
1123 K).The PV effect is prominent in PZT when the molar 

ratio of Pb/(Zr+Ti) is less than 1 [89]. 

The performance of a PV device depends on carrier 
density, life time of photogenerated charge carriers, and 
mobility of carriers.  Presence of intergrain boundaries, 
defects, dislocations, misfit, domain wall orientation etc. 
are the factors which affect the carrier density and mobility. 
Theoretically predicted photovoltaic efficiency in 
ferroelectrics is very less (~ 10

−6
-10

−4
) due to the short life 

time of photogenerated charge carriers. Most of the 
ferroelctrics are of p type and hence, the electron 
concentration is less in them compared to the +ve charge 
carriers (holes/ions). The larger effective mass (m*=5-6.7 
me) of these p type carriers in FE materials reduces the 
mobility of +ve charge carriers which intern reduces their 
contribution towards photoresponse. The oxygen vacancies 
create ionic mobility in FE materials which is around 10-12 

cm
2
(Vs)

-1 
[90]. The mobility of electrons in FE material is 

less and typically of the order of 0.1 to 3.0 cm
2
(Vs)

-1 
[90]. 

La doped PZT (PLZT) shows carrier mobility 100 

cm
2
(Vs)

−1
 and carrier life time of 200 ps  [90]. Radiative 

lifetime value calculated in Nd doped PZT is 165 μs [91]. 

N type conductivity of PZT is reported with PZT/Pt thin 
films, where the electron mobility is twice than that of the 

mobility of holes [92]. 

The absorption coefficient of a material determines how 
far light of a particular wavelength can penetrate into that 
material before it gets absorbed. PZT has higher absorption 
coefficient in the UV region. The absorption coefficient 
values with the variation in Zr content in PZT are 

graphically represented in Fig. 9(a) [93]. 
PZT thin films show temperature dependent absorption 

coefficient this is related to the effect of temperature on the 
band gap values. Bandgap values in PZT are seen to 

decrease with temperature as seen in Fig. 9(b). The 
variation of refractive indices with different photon 

energies in Pb(Zr0.6 Ti0.4)O3 is shown in Fig. 9(c) [93-98]. 
Photovoltaic properties (efficiency, photo voltage and 

photocurrent density) of various PZT based PV devices are 

compared in Fig. 10(a). The maximum efficiency in PZT is 
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reported to be 1.25% in a bilayer structure of PZT with n 
type Si. PZT samples with ITO as top layer shows much 
improvements in photovoltaic efficiency comparing to 
other top electrodes. PZT based device can generate large 
photo voltage with ITO top electrode and large 
photocurrent density with an intermediate Cu2O layer in 

between PZT and bottom Pt electrode as shown in Fig. 

10(b). 
 

(a)

(c)

(b)

 

Fig. 9. (a) Variation of absorption coefficient in PZT with different values 
of Zr content (b) Dependence of bandgap on temperature and (c) 
Variation of refractive indices with photon energies in Pb(Zr0.6 Ti0.4)O3. 
 

(a) (b)

 

Fig. 10. (a) PV efficiency (b) Photovoltage and photocurrent density of 

various  PZT based PV devices [2, 85]. 
 

Lead Free FE- PV 

Among the lead free category of FE materials BaTiO3, 
LiNbO3 and modified KNbO3 are at the fore front. In the 
following section the interesting photovoltaic properties of 
these materials are discussed briefly. 
 
BaTiO3 

Barium titanate is a classic ferroelectric material with 
perovskite structure. It has spontaneous polarization of 26l 
Ccm

-2
 and curie temperature of 408 K. It shows other 

structural transitions at 278 and 180 K. Photovoltaic effect 
in BaTiO3 (BT) was first reported in 1956. Like other 
ferroelectric materials, BT has wide bandgap (~3.2 eV). 
More recently this material has received a great attention 
due to the occurrence of anomalous photo voltage (~ 

several kV) in it [99]. Bulk PV effect in BT arises from the 
non-uniform distribution of spontaneous polarization. 

Above Curie temperature BT single crystal shows a weak 
photovoltaic effect. BT gives a non-steady state 
photovoltaic current when illuminated by 300 W xenon 
lamp. Under illumination, photogenerated electrons are 
trapped at the grain boundaries giving rise to a space charge 
field. This space charge field results in domain switching 
and increase the remanent polarization to produce a non-
steady state photovoltaic current. The maximum 
photocurrent (4 nA) was reported with a polling field of 1.5 

kVmm
-1

 in the BT ceramic [100]. 
Bulk absorption coefficient of BT is 5×10

-2 
cm

-1 

[101].The variation of absorption coefficient in BT thin 

film with different photon energy is shown in Fig. 11.The 
experimentally obtained values for absorption coefficient 

are less compared to theoretically calculated values [102]. 
An open circuit saturation voltage corresponding to the 

field of  24 kVcm
-1

 is observed in BT thin films prepared 
through RF sputtering. Photo voltage is switchable with 
polarization direction. With the increase in poling voltage, 
photovoltage is found to increase till saturation of remanent 

polarization [103]. The photovoltaic efficiency is higher 
(1%) in BT thin film compared to the bulk BT crystal. At 
the light intensity of 400 mWcm

-2
 a photovoltage of 7.6 

was reported in BT [101]. 

 

 

Fig. 11. Variation in absorption coefficient in BT thin film. 
 

LiNbO3 

LiNbO3 is the first human made dielectric material with 
very high Curie temperature (1483 K) and large 
spontaneous polarization (0.70 Cm

-2
). PV effect in LiNbO3 

crystals was observed in 1969 [104]. The PV phenomena in 
LiNbO3 arise mainly from bulk photovoltaic effect. In early 
days it used to be considered that LiNbO3 is suitable for 
ultraviolet photo detectors due to its large bandgap value 
(~4 eV). Later it was found that these crystals can respond 
to all wavelengths e.g; ultraviolet, visible, and infrared 
radiation of light. The generated photovoltages in LiNbO3 
increase linearly with the energy of light. The variation of 
photovoltage in LiNbO3 with laser light energy is shown in 

Fig. 12. LiNbO3 has a typical ultrafast photoresponse time 
of 2 ns and further reduction of photoresponse time is 
possible if the crystal is made thinner. 
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Fig. 12. Photovoltage in LiNbO3 crystal at different wavelengths. 

 

Defects in LiNbO3 crystals improve the PV 

performance of this material [104]. The main intrinsic 
defect in this material originates from the bipolarons and 
small polarons. When electron transition happens between 
these defect levels and conduction band, photocurrent 
produces. LiNbO3 possess two optical absorption peaks as 

shown in Fig. 13. The bigger one (photon energy 4 eV) 
corresponds to ‘band to band absorption’ and the smaller 
one (photon energy 1.97 eV) correspond to absorption 
between ‘bipolarons and small polarons’. 

 

 

Fig. 13. Absorption spectra for LiNbO3 crystal. 

 
[KNbO3]1-x [BaNi1/2Nb1/2O3-δ]x (KBNNO)  

KBNNO is a recently developed perovskite oxide. It 
exhibits both ferroelectricity and visible light absorption 

with direct bandgap in the range 1.1-3.8 eV [105]. KBNNO 
belongs to the parent material KNbO3, a class of FE 
perovskites with ABO3 structure. Potassium niobate 
(KNbO3) is a promising lead free FE material with wider 
bandgap of 3 eV. Barium nickel niobate (BNNO) is a good 
absorber of visible light due to its low bandgap which is 
attributed to the ionic bonding between the constituent 
elements and oxygen. The substitution of BNNO in KNbO3 
brings out attractive FE properties in the resultant KBNNO 

with a low bandgap (1.39 eV). A plot depicting the 
bandgap values of KBNNO with different BNNO 

percentage is shown in Fig. 14. By tuning the composition 
of KBNNO, bandgap values can be widely varied in this 
material. Visible light absorption is also possible by 
adjusting its bandgap near to 1.5 eV. The best-measured 
electric polarization reported in the FE KBNNO is ~0.2 
Cm

-2
. The absorption coefficient value in KBNNO is 

approximately l.2×104 cm
-1

 corresponding to the bandgap 

value of 2 eV (Fig. 15). 
 

 

Fig. 14. Variation of bandgap in KBNNO at different BNNO (x) values. 

 

Fig. 15. Absorption coefficient in KBNNO. 

 

Bulk KBNNO gives photovoltage of 0.7 mV and 
photocurrent of 0.1 µAcm

-2
 after poling when illuminated 

with a light of intensity 4 mWcm
-2

. A reversal in photo 
current with change in poling direction is reported. An 
efficiency greater than 3% is expected for thin film of this 
compound. The photoresponse of KBNNO in the visible 

region of solar spectrum is given in Fig. 16. 
An optimal KBNNO composition for solar cell 

application as evolved theoretically is [KNbO3]1-x 

[BaNi1/2Nb1/2O3-δ]x with different ratios of KNbO3 and 
BNNO (x=0.1-0.5) which is validated experimentation by 
preparing the solid solutions of the same. Enormous 
potential and opportunities lies in this material which can 
possibly bring out state of the art optoelectronic devices. 
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Fig. 16. Photo response in KBNNO. 

 

Multiferroic Materials for Photovoltaics 

Multiferroic oxide materials have created a boom in the 
field of photovoltaics due to the coexistence of 
ferroelectricity and magnetic order with low bandgap. New 
materials are developed, different structures and 
compositions are also designed to enhance PV performance 
of multiferroics. Out of large number of multiferroic 
materials studied so far for PV applications, BFO is the 
most potential candidate. Some of the multiferroic materials 
and their PV properties are discussed in this section. 
 

 

 

Fig. 17. Band gap values of BFO material with different crystal 
structures. 

 
BFO 

BFO is a promising material, studied well for its 

ferroelectric, magnetic and PV properties [32, 106-111]. 
The low band gap energy and high remnant polarization 

(50-150 µCcm
-2

) [32, 112] are the important parameters 

which controls the PV properties of this material [109-111]. 
The optical bandgap of BFO lies in the range 2.3 to 2.8 eV 

at room temperature (Fig. 17) which is almost double than 
that of the values suitable for solar cell application (1.4 eV) 

[113]. 

This limitation can be resolved by narrowing the 
bandgap by strain engineering. By applying 
uniaxial/hydrostatic pressures externally or by lattice 
mismatching or chemical pressure strain can be developed 
in the lattice structure of BFO. Uniaxial compression to R3 
rhombohedral structure of BFO can reduce the bandgap 
which has been predicted by first principle study based on 

Density Functional Theory [57]. Compressive stress can 
result in a transformation from indirect band gap to direct 
bandgap in this material, so that optical absorption 

improves in higher magnitude [57, 58].  
The Anomalous Photovoltaic (APV) behavior (where 

the photovoltage is a few orders larger than bandgap of the 
FE material) in BFO thin films have attracted scientific 
community to investigate next generation photovoltaics 

[114]. The effect of domain walls in the PV properties of 

BFO thin films have been studied widely [28, 33]. The 
origin of huge photovoltage in BFO thin film is 71

o 
and /or 

109
o
 nano domain walls. The photovoltage increases 

linearly with the total number of domain walls along the net 
polarization direction (direction perpendicular to the 

domain walls) [28]. 
In the case of BFO single crystals, the photo generation 

of charge carriers and their recombination are mainly 
affected by shallow energy levels, since domain walls have 
no significant role to play in bulk photovoltaic effect. The 
photo exited carriers are uniformly distributed over the 
entire crystal and they do not recombine greatly within the 
domains. Thus, within the domain, the life time for 
generation and recombination of photo exited charge 

carriers is large compared to the domain walls [28, 73]. 
Carrier life time value reported for BFO bulk and thin film 

is 15 ns [115]. But there is a drastic increase (190 µs) in 
carrier life time in BFO nanowires due to the presence of 
built-in potential which significantly increases carrier 
recombination life time. The high value of carrier life time 
in nanowires comes from the defect induced space charge. 
Nanostructures have large surface to volume ratio and 
excess surface states that induce trapping of charge carriers 
when releases with the illumination of light. In general, the 
depolarization field in the ferroelectric separates out the 
photogenerated charge carriers in opposite direction before. 
The oxygen vacancies in BFO dominate n type 
semiconducting behavior in it. The room temperature 
resistivity of BFO nano wires is ~3.8 Ωcm. The mobility 
value calculated in this material is 3 cm

2
(Vs)

-1 
which gives 

a  carrier concentration  at room temperature as 5.4×10
17 

cm
-3 

[116]. 
In contrast to the FE applications, PV applications 

require a large leakage current and a large coercive field 
(EC) for improved and stable solar cell performance. Many 
studies were carried out on the effect of various dopants on 
the FE and PV properties of BFO perovskite (ABO3) 
structure. A site Nd doping in BFO has shown an increase 
in leakage current and coercive field followed to an 

enhanced PV response [117].  By introducing defect levels 
in optical band, electron transport and photocurrent can be 
enhanced in BFO. Same has been tried for BFO nanotubes 
with Pr and Cr doping and resulted in substantial increase 
of power conversion efficiency. The incorporated defect 
levels through metal doping improve the electron mobility 

[118]. Oxygen vacancies can also improve the PV response 
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in BFO which is generally created by doping BFO with Ca 

at the Bi site [119]. Occurrence of structural change 
(rhombohedral to orthorhombic phase) by Gd doping in 
BFO enhances the electron concentration and electrical 
conductivity which contribute largely in photocurrent 

generation [120]. 
Effect of electrode on PV properties is theoretically 

predicted and experimentally proven in the case of BFO. 
Oxide top electrode on FE capacitor provides a very large 

depolarization field [72]. Replacement of Au electrode with 
ITO on Au/BFO/Pt/Ti/SiO2/Si structure gives large PV 
response (25 times more). ITO has high transmittance 
(80%) in the visible region and provides a high 
depolarization field to separate the photo generated 
electron-hole pair. Al doped ZnO is a potential substitute 
for ITO with a merit of high transmittance (~80%), low 

resistivity (2-4 10
-4

 Ωcm), low cost and non toxicity [72]. 

The effects of dopants and electrodes on the PV responses 

of BFO are summarized in Table 1.  
 

Table 1. Effect of dopants and electrodes on PV responses of BFO. 

 

Device Structure

Open circuit 

photovoltage 

(V)

Short circuit 

photocurrent 

(mAcm-2)

Light 

intensity

(mWcm-2 )

Efficiency 

(%)

Pt/BFO/pt 16 0.12 285 _

ITO/BFO/SRO 0.8- 0.9 1.5 285 10 (EQE)*

ITO/15%Ca-BFO 

ceramic/Au
0.46 2×10-5 91 _

AZO/BFO/FTO 0.63 0.13 100 7 (EQE)

Au/BFO/FTO 0.4 0.043 100 _

Ag/Pr Doped BFO NT/Ag 0.21 8.9 ×10-7 100 0.5

CRO*coated LAO*/BFO-

BCO*/ITO
1.2 0.013 100 0.01

Au/BCFMO*/ITO 0.325 0.241 95 0.02

ITO/poly-BFO/Pt 0.1 2×10-7 450 _

graphene/BFO/Pt 2.8 2.8 100 _

Au/BFO/Au 0.08 8.219×10-3 20 _

SRO /BFO/Au 0.286 4×10-4 750 _

Pt : Pd/BFO/Pt : Pd 6 to 30 104-10-5 40000 40 (IQE)*

Nb-doped STO/BFO/Au 0.15 6 285 0.03
 

*External quantum efficiency- (EQE),  Internal quantum efficiency- (IQE), DyScO3- 

DSO,  SrRuO3- SRO, Al doped ZnO- AZO, NT- Nano tube, CaRuO3- CRO, LaAlO- 

LAO, BiCrO3-BCO, Ce-Mn co doped BiFeO3 - (BCFMO), 

[Bi0.9La0.1][Fe0.97Ta0.03]O3 (BLFTO) [2, 28, 32, 72, 73, 118, 121-125]. 

 
Improved efficiencies are also reported in dye sensitized 

BFO based solar cells (DSSC). A recent report has shown a 
power conversion efficiency of 3.85% in the Gd doped 
BFO based DSSC. Visible light induced size changes in 
BFO crystals has opened up a new window for next 
generation wireless devices including light-controlled 
elastic micro motors and micro switches. The combination 
of PV and piezo electric effects in the BFO crystals is a 
prosperous research avenue in the field of photostriction-

the light induced deformation [126]. 
The optical parameters in BFO are highly dependent on 

processing temperature. An increase in absorption 
coefficient with increase in processing temperature is seen 

in BFO material (Fig. 18). The bandgap value in BFO is 
found to decrease from 2.75 eV to 2.7 eV when the 
processing temperature is increased from 450 K to 650 K 

(Fig. 19). 
BFCO 

BFCO a new member of oxide multiferroics, has shown 
potential signature on photovoltaics. It is a type 1 

multiferroic where ferroelectricity arises from 6s
2 

lone pair 
of Bi

3+
 ions and magnetism arises from ferrimagnetic 

behavior. A ferro/antiferromagnetic coupling within Fe-O-
Cr bond gives strong magnetism depending on the strength 
and angle of the superexchange interaction between the 
Cr

3+
 and Fe

3+
 cations. It is predicted from abinitio 

calculations that BFCO is having a double perovskite 
structure with a remnant polarization about 80 µCcm

-2
, and 

a magnetization of 160 emucm
-3 

at absolute zero [69]. 

 

 

Fig. 18. Variation of absorption coefficient in BFO with increase in 
processing temperature. 
 

 

Fig. 19. Temperature dependence of Bandgap in BFO. 

 
Epitaxially grown BFCO thin film gives a polarization 

of 2.8 µCcm
-2 

and a saturation magnetization of 20.8 
emucm

-3
. BFCO in bulk or in epitaxial thin films is 

isostructural to BFO with a rhombohedral distortion. It has 
remnant polarization about 55 µCcm

-2
 along (001) 

pseudocubic direction at room temperature depending on 

Fe/Cr ordering. Monte Carlo simulation of the classical 
Heisenberg model predicted the magnetic curie temperature 
of BFCO at 450 K by Fe/Cr cation ordering which imbibes 

a strong magnetism in it [69]. The weak ferromagnetism in 
BFCO originates from the antiferromagnetic coupling 
between neighbouring Fe (d

5
–d

5
) and Cr (d

3
–d

3
) through a 

slight canting of the spin structure. Fe-Cr ordering in BFCO 
causes hybridization of d levels in the transition metal 
atoms Fe and Cr with p bands in oxygen. This large 
hybridization determines the interatomic distance which 
decides the optical bandgap in this material. Magnetic 
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ordering drastically decreases with film thickness above 80 

nm, due to the formation of defects [127]. Bulk 
photovoltaic effect in BFCO at the wave length 635 nm is 
observed. The conversion efficiency in BFCO with red 
light illumination reaches 6% in ITO/(001)-oriented 
BFCO/STO:Nb heterostructure. The high efficiency of the 
particular BFCO PV cell may be attributed to the high 
degree of B-site cationic ordering between Fe and Cr sub 
lattices. Fe-Cr ordering can also be controlled through 
magnetic field and there by an improvement in the PV 

efficiency [69, 127-129]. The latest report with a very large 
power conversion efficiency of 8.1% in BFCO thin-film 
solar cells is a breakthrough in the field of multiferroic 

photovoltaics [128]. The spectacular work demonstrated a 
new approach to effectively tune the bandgap of the double 
perovskite BFCO oxide by tailoring Fe/Cr cationic 
ordering. The effect of cationic ordering may be observed 
with the effect of temperature and deposition time in BFCO 
thin films. The variation of absorption coefficient with 
photon energy corresponding to different cationic ordering 

is shown in Fig. 20(a). The bandgap value of this material 

is highly dependent of cationic ordering Fig. 20(b). 
Photovoltaic efficiency of this material can be improved in 
a multifold by stacking multiple layers of this compound in 
a sequential manner or by ordered grain growth. These 
multi layers could absorb light in the range 1.4- 3.2 eV of 

the solar spectrum [109]. BFCO coating on traditional 
single-crystal silicon solar cell can improve the solar cell 

efficiency from 18 to 24% [126]. 

 
(a) (b)

 

Fig. 20.  (a) Variation of absorption coefficient in BFCO with different 
Fe/Cr ratio and (b) Change in bandgap values with variation of Fe/Cr 
ratio. 
 

KBiFe2O5 

The hypothetical concept of lowering band gap in 
tetrahedrally coordinated compounds has come into reality 
by the discovery of a new multiferroic KBiFe2O5. This 
interesting multiferroic compound belongs to a 
tetrahedrally coordinated A2B2O5 structural family with 
weak ferroelectric and ferromagnetic properties. The 
structure of KBiFe2O5 contains tetrahedral Fe

3+
 in a Fe2O3 

block that alternates with a (K, Bi)O2  block.  KBiFe2O5, is 
an extraordinarily interesting material from the point of 
having very low bandgap value of 1.6eV (direct bandgap), 
enabling high visible light absorption and higher 
concentration of carriers for energy transportation. The 
robust photoelectric effects in the polar, orthorhombic 
KBiFe2O5 has become a revival in multiferroic PV research 
because of the high photovoltage (Voc=8.8 V) and 
photocurrent density (Jsc=15 µAcm

-2
). Like other oxide 

multiferroics, KBiFe2O5 also possess a weak 
ferromagnetism from the canting of G type 
antiferromagnetic ordering with a Neel temperature of ~560 
K. It shows the FE properties below 780 K and above 
which it transforms to an antiferroelectric phase. Finally, 
above 850 K, the material becomes paraelectric. The 
resistivity of the material is three orders less than that 
corresponds to the well known BFO. The value of 
absorption coefficient is >10

4
 cm

-1
, which is the optimal 

value for solar cell application. The variation of absorption 
coefficient in this material with different photon energy is 

shown in Fig. 21. Together, these results leave no doubt 
that there is strong photoelectric effect in polar, 

orthorhombic KBiFe2O5 [44]. 
 

 

Fig. 21. Variation of absorption coefficient in KBiFe2O5. 

 

 

Fig. 22. PV  response in PFV at different illumination intensities. 
 

Pb(Fe1/2 V1/2)O3 (PFV) 

PFV is an excellent candidate for visible light photovoltaics 
due to its lower bandgap energy and comparatively higher 
photo voltage and photocurrent. It has got more attention 
among the group of emerging multiferroics discovered 
recently. PFV comes under the group of materials having 
general formula Pb(B′, B″)O3  (B′= Mg, Fe  & B″= Nb, Ta, 
V and others)  and possess perovskite structure. The lower 
bandgap energy and oxygen vacancies in its perovskite 
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structure facilitate n- type semiconducting property in this 
material. The concern is the high leakage characteristics. 
Moreover, due to the leakage current, remanant 
polarization reduces which is a primary requisite for light 
induced electron - hole pair generation to realize PV effect. 
Separation of light induced charge carriers may be 
accelerated in this material by inducing defect or 
concentration gradient through the migration of positively 
charged oxygen vacancies under application of an external 
electric field. Recently large photovoltage of 0.7 V is 

reported in the multiferroic PFV bulk ceramics [130]. A 
strong visible-light PV effect is reported recently in a PFV 
ceramic based structure, Sn doped In2O3 (ITO)/PFV/ITO. 
The open circuit photovoltage in this material is negative 
and it varies from -0.45 V to -0.70 V. The photoresponse of 

PFV is shown in Fig. 22. 

Table 2 summarizes the PV properties of different 
multiferroic systems.  The band gap energy values of 
various multiferroic systems for PV application are shown 

in Fig. 23(a). Most of the multiferroics show their ferroic 
properties below room temperature which limits their 
practical applications. But the multiferroics recently 
investigated for PV applications are having ferroelectric 
and ferromagnetic transition temperatures above room 
temperature. The ferroic transition temperatures for 

different multiferroic PV materials are given in Fig. 23(b). 

 
Table 2. PV responses of different multiferroic systems [44, 129]. 

 

Material
Photovoltage

(V)

Photocurrent 

density 

(mAcm-2)

Light Intensity 

(mWcm-2)

Efficiency 

(%)

Ag/KBiFe2O5/Ag 8.8 0.015 4 -

STO:Nb/BFCO/ITO 0.74 0.990 1.5 6.5

STO/SRO/BFCO 

(Single layer) /ITO
0.79 11.7 100 3.3

STO/SRO:Nb/BFCO 

(Multilayers)/ITO
0.84 20.6 100 8.1

 

 
(a) (b)

 

Fig. 23. (a) Bandgap energy values and (b) Curie and Neel temperatures 

for different multiferroic systems. 
 

Preparation of ferroelectric and multiferroic 

photovoltaic materials  

 
The physical properties of ferroelectric and multiferroics 
are highly dependent on the microstructure, defects and 
dislocations which are controlled by the preparation 
methods and processing parameters. For example, the 
absorption coefficient is controlled by defects such as 
oxygen vacancies which are controlled by heating 
conditions. So, the suitable selection of processing 
techniques and process parameters are very important to 

tailor the properties of material for particular application. 
The optical parameters like refractive index, attenuation 
coefficient are highly dependent on the preparation method 
and substrate.  It is discussed in the previous section how 
the optical, electrical and photovoltaic properties of the 
respective materials depend on the processing parameters. 
In the present section a brief description of the preparation 
methods commonly used to prepare the ferroelectric and 
multiferroic materials are reviewed here.   
 
Preparation of PZT 

Standard methods like solid state reaction [88] and sol gel 

[95] is mostly used to prepare PZT in its bulk form. For the 

preparation of PZT thin film RF sputtering [131], chemical 

solution deposition [132], laser ablation [133], 

metalorganic chemical vapor deposition (MOCVD) [93] 
have been extensively studied. The conventional solid state 
reaction method is a simplest method of PZT powder 
preparation. The high temperature processing sometimes 
result in low densification and improper stoichiometry due 
to lead loss (Pb/PbO) in PZT.  

Sol-gel method addresses the issues associated with the 
preparation of PZT through solid state method. This 
method is widely used to prepare bulk PZT as well as thin 
film. Powder preparation through sol gel method is 
preferred because of good homogeneity and better 
stoichiometric control. In sol gel method the process 
temperature is comparatively low which enables the ease 
integration of PZT film with semiconducting materials that 
enhances photovoltaic properties. There may be some 
issues with pyrochlore phase formation in the thin film by 
sol gel method because of inter diffusion and oxygen 
content of the film. PZT prepared by hydrothermal method 
can suppress the inter diffusion and chemical reaction 
between film and substrate since it is a low temperature 
process (373 K- 473 K).  This method is suitable for 

deposition of PZT on non planar surfaces [134-136 ]. 
Among the thin film preparation methods Pulsed Laser 

Deposition (PLD) is the best choice because of better 
stoichiometry. The nanostructured PZT thin films are 
generally prepared using PLD method to develop preferred 

photovoltaic structures [137]. Residual stresses are the 
main issue in thin film due to the structural and thermal 
misfit of the thin films and substrate. Optical properties in 
PZT are highly dependent on microstructure, crystal 
orientation, domain alignment and grain size. Optical 
properties strongly depend on the preparation method of 
PZT either in bulk or thin film form. A lowering (5%) of 
refractive index is observed in sol gel prepared PZT than 

the thin films prepared by MOCVD [138]. 
 
Preparation of BaTiO3 

The ferroelectric, optical and photovoltaic properties highly 
depend on microstructure, domain wall orientation, grain 
size and so on. So synthesis root has very much 
significance to determine its properties. Different methods 
like sol-gel, mechano-chemical, hydrothermal, Pechini, 
precipitation and oxalate co-precipitation including 
conventional solid state reaction method, were adopted to 
prepare bulk BT. Temperature and grain size dependent 
dielectric constant in ceramic BT is reported in many 
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papers [139]. The domain structure in BT also plays an 
important role to determine its properties. Mainly two types 
of domain walls are identified in tetragonal BT. 90

o
 domain 

wall separates domains which are polarized perpendicularly 
to each other and 180

o
 domain lies parallel to plane of the 

plate. Both types of domain walls are detected in BT [139].  
The grain size has substantial influence on the dielectric 

permittivity. In BT ceramics (prepared via pressure less 
sintering and spark plasma sintering) dielectric constant 
increases with decrease in grain size (1–10 μm). Further 
decrease in grain size decreases the dielectric constant. The 
maximum value of dielectric constant (5000 or higher) is 
reported at a grain size of 2 μm which reveals a strong 

dependence of grain size on domain wall [140]. 
Use of dopants in BT decides the nature of 

conductivity, either p type or n type. Substitution of Ba
2+ 

with monovalent, divalent and trivalent ions like Pb
2+

, Sr
2+

, 
Ca

2+ 
and Cd

2+  
gives  p type conductivity in BT. But 

substitution of Ti
4+ 

with trivalent, tetravalent or pentavalent 
donor ions like Sn

4+
, Hf

4+
, Zr

4+
, Ce

4+
 and Th

4+
 gives n type 

characteristics. Addition of donor dopants with valency 
higher than barium or titanium ions and at a relatively low 
donor ion concentration 0.15-0.3% (atomic percentage), 

leads to room-temperature semiconducting ceramics [141].  
 
Preparation of LiNbO3 

LiNbO3 is mainly grown in single crystal form by 
Czochralski technique from the congruent melt value of 
approximately 48.4  mol%  Li2O and an excess of  Niobium 

as per stoichiometric of the compound [142]. Though it is 
widely used method for single crystal growth, but the 
method causes non stoichiometric defects in the crystal 
which degrades its quality. The stoichiometry in LiNbO3 

i.e., Li/Nb ratio is achieved through several post growth 
techniques, Vapor Transport Equilibration (VTE) technique 
is one the most used methods. Ceramic powders of   
LiNbO3 can be prepared by solid state reaction method, 

ball milling and co precipitation method [143]. 
Chemical route of preparation is also reported for 

LiNbO3 by dissolving the ingredient oxides to form 
complex structure which can dissolve in water. But 
dissolving niobium oxide is a big task as it takes a long 

time (~10 Hrs) [144]. Another method is combustion 

synthesis of LiNbO3 powder [145]. The low temperature 
preparation of LiNbO3 is possible through hydrothermal 
synthesis. Though the processing temperature of LiNbO3 in 
hydrothermal synthesis is low (523 K), but it requires high 
dwelling time (24 Hrs). Molten salt method is reported as a 
simple method to prepare pure, stoichiometric LiNbO3 

powder at low temperature and in short time [146]. 
 
Preparation of KBNNO 

Bulk KBNNO material is prepared by solid state reaction in 
powder form from its ingredient powders K2CO3, BaCO3, 
NiO and Nb2O5. Thin films of KBNNO extracted from this 
pellets using focused ion beam and scanning electron 
microscope equipped with a lift out tool showed attractive 
photovoltaic properties mentioned in the above section 

[105]. 
Streaming Process for Electrode-less Electrochemical 

Deposition (SPEED) is used for KBNNO thin film 

preparation in a single step. This technique uses aqueous-
based deposition process to deposit nanomaterials over 
large area surfaces. The advantage of this method is 
controlled growth rate (1 μmmin

-1
), low temperature 

processing and air atmosphere [147].  Latest report shows 
that KBNNO thin film developed on stainless steel by 
SPEED has excellent adhesion with the substrate after 
annealing at 923 K. This method could produce good 
quality microstructure compared to conventional solid state 
reaction method.  An enhancement in electric polarization 
is reported in these films than the bulk KBNNO. Higher 
polarization values and superior microstructure can 
improve the photoresponse in this FE material. 
 
Preparation of BFO 

Multiferroic BFO has been synthesized by different 
methods using oxide precursors and wet chemical methods. 
The different routes for the preparation of BFO using oxide 

precursors include conventional Solid state reaction [148-

151] Rapid liquid sintering [152], and Mechanical 

activation [153] Solid state reaction method is most 
conventionally used for synthesizing oxide . But still it 
lacks uniformity of particle size, shape, and stoichiometry 

and produces many unwanted phases [154]. Rapid liquid 
sintering method finds advantage of formation of high 
resistive single phase BFO with saturated FE loops at room 

temperature [152]. The slow heating rate and long sintering 
time in conventional solid state reaction method of BFO 
result in the valence fluctuation of   Fe ions from 3

+
 to 2

+
 

along with oxygen vacancies leading to high leakage 
current which is in favor of PV application. It is well 
known that the leakage current in BFO is arising from the 
reduction of Fe

3+
 species to Fe

2+
, creating oxygen vacancies 

for charge compensation [155]. But rapid liquid sintering 
method suppresses the formation of Fe

2+ 
and oxygen 

deficiency and hence there is less leakage current. 
Mechanical activation of BFO significantly improves 
reactivity of the starting materials and enables the synthesis 
of BFO phase at relatively lower temperatures about 373 K 

lower than conventional solid-state-reaction method [152]. 
BFO has also been prepared by wet chemical methods like 

low temperature Sol-gel [154-156] Sonochemical, 
Hydrothermal, Microwave- Hydrothermal, Glycol gel 
reaction, Co-Precipitation, Modified Pechini, Polymer 
complex solution and Metal complexing methods to 
prepare different forms of BFO as single crystals, ceramics 

or thin films [154]. Out of these methods, sol-gel method is 
very useful for the preparation of phase pure BFO at low 

temperature as low as 673 K by using PVA [155, 156]. 
BFO thin films with most attractive multiferroic 

properties are mainly prepared by sputtering, radio 
frequency magnetron sputtering, Pulsed Laser Deposition 
(PLD) and Metal Organic Chemical Vapor Deposition 

(MOCVD) [157]. It is reported that the BFO thin films 
show very large values of remnant polarization when 
synthesized by PLD. BFO thin films grown epitaxially on 
SrTiO3 (001) substrate showed a higher remnant 
polarization of about 60 µCcm

-2
. A gigantic value for 

remnant polarization Pr =150 µCcm
-2 

is observed with poly 
crystalline films grown on Pt/TiO2/SiO2/Si substrates by 

PLD [158, 159]. The important advantage of using PLD or 
sputtering methods for the synthesis of BFO films is the 
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control of growth direction and texture of the films with 
respect to single crystal substrates and stoichiometry with 

good density and uniformity [160]. 

 
Preparation of BFCO 

PLD is one of the most suitable techniques to grow 
complex oxides such as BFCO. BFCO is a metastable 
compound. PLD method allows the fabrication of non-
equilibrium phases present in BFCO and the modification 

of their properties by strain engineering [109, 128]. The 
thin films of BFCO studied for photovoltaic properties are 
mainly prepared by PLD. The high volatility of Bi makes 
the deposition of BFCO through PLD very challenging. 
The growth of pure BFCO thin films on STO substrates is 
possible only in a narrow window of deposition parameters 
with fine controls of process parameters. The application of 
compressive epitaxial strain at sufficiently high 
temperatures allows the Fe and Cr cation arrangement in 
BFCO and thus promotes the long range cationic ordering. 
Of course, this cationic ordering involves a reduction of the 
cationic repulsion, shortens the chemical bonds, and 
reduces the unit cell volume which changes many 
functional properties. 
 
Preparation of KBiFe2O5 

KBiFe2O5 single crystals are prepared using Bi(NO3)3 and 
Fe(NO3)3 and KOH solutions and crystallized in an 

autoclave at 493 K [44].  
 
Preparation of PFV   

Bulk PFV is preferably prepared with conventional solid 
state reaction method. For the studies of photovoltaic 
property in this compound ITO has resulted out as the best 

electrode material [130]. 
 

Summary and future prospects 

Ferroelectric and multiferroic photovolatics is a very new 
and promising field of research. It has to mature and grow 
in leaps and bounds. Though efficiency of this class has to 
be improved to compete the present solar cell market, still, 
the application potential of these materials are tremendous 
because of their mutually dependent multiple 
functionalities. The merits of ferroelectric and multiferroic 
photovolatic systems are multifold compared to the 
conventional photovoltaics. The scope of the present 
investigation is to explore an alternative energy source 
where efficiency of solar cell is not only a band gap 
dependent phenomenon and thus, overcome the theoretical 
efficiency of Shockley-Queisser limit. Recent developments 
in the field of oxide ferroelectric and multiferroics address 
the technical and economic issues of commercial solar 
cells. The essential need of building up p-n junction is no 
further a requirement of next generation solar cell and thus 
the efficiency of this kind of photovoltaics barely depends 
on bandgap. The possibility of coupling between PV and 
ferroelectricity/ferromagnetism or multicoulping between 
all functionalities makes this class fascinating for future 
research beyond its efficiency and capacity.  
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