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Abstract 
The idea to use ferroelectric materials (PZN-PT) came from the fact that the 
ferroelectric nature could facilitate electric charges accumulation on the in-
terfaces of the solar cell. Thus, it would increase the open circuit voltage Voc 
which could reach more than 10 V. This would directly impact the efficiency 
which is proportional to Voc, thus hoping to obtain solar efficiency never 
equaled by the halide perovskites which are less stable and less resistant in 
aggressive environments. In this work, the solar cells produced gave an ex-
ceptional record efficiency of 39.32% with a very high open circuit voltage 
(Voc) of 3.50 V, a short-circuit current density (Jsc) of 0.118 mA/cm2 and an 
FF of 0.72 measured in the positive polarization direction under 3825 lux (5.6 
W/m2) lighting. The negative polarization direction under 4781 lux (7 W/m2) 
lightning gave a current density of 2 mA/cm2, an open circuit voltage of 2.30 
V and an FF of 0.35. 
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1. Introduction 

Among the various sources of renewable energy, solar photovoltaic is undoub-
tedly one of the best solutions for reducing the impact of fossil fuels on the en-
vironment and human health. For decades, the most widely used technology 
for photovoltaic conversion has been that of crystalline silicon solar cells. 
However, the production of crystalline silicon is very expensive because it re-
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quires a lot of energy to reach crystallization temperatures which are around 
1000˚C. 

For years, alternatives have been proposed in order to obtain low cost and 
very efficient solar cells. Thus, organic cells have been studied but their efficien-
cy unfortunately does not exceed 15% currently in the laboratory. In addition, 
these organic cells have a problem of time, temperature and chemical stabilities. 
To overcome these difficulties, organometallic halide perovskites based on tin 
(CsSnX) or lead (CHNHPbX) [1], have been used as an absorber layer to replace 
traditional organometallic complexes or organic molecules. With a conversion 
efficiency of 6.54% in liquid electrolyte devices and 12.3% in semiconductor de-
vices [2], lead-based perovskite appears to be a good candidate. The efficiency of 
photovoltaic cells that incorporate perovskites has continued to increase dra-
matically, rising in record time from 12% in 2013 to more than 25% in 2022 [3]. 

However, the main obstacle to the development of these solar cells based on 
halogenated perovskites is the problem of time and temperature stability [4] and 
aggressive environmental problems induced by the Pb contents [5]. 

Currently a new type of solar cell based on ferroelectric material is emerging. 
Unlike conventional solar cells, in this type of solar cell, a p-n junction is not 
required. Interesting conversion efficiencies are beginning to be obtained with 
this type of cell (up to 8.1% in 2015), however the mechanisms are not yet well 
understood and several material and engineering challenges must be overcome. 
The performance of photovoltaic cells based on perovskite materials depends on 
several parameters, such as the cell architecture, the materials used for the active 
layer, the interfacial layers for electron and hole transport and the electrodes 
type as well as manufacturing techniques and conditions. Inorganic oxides have 
significant advantages. The ideal band gap for an active photovoltaic layer for 
the solar spectrum is around 1.3 eV. However, oxides with such values are in-
frequent. One of the most studied oxides to date as an active photovoltaic layer is 
cuprous oxide Cu2O. Its bandgap is around 2.1 - 2.7 eV [6] and is therefore not 
ideal for the solar spectrum. The conversion efficiencies generally do not exceed 
4%. Grinberg et al. [7] proposed, in 2013, a solar cell based on ferroelectric pe-
rovskites which made it possible, by doping KbNO3 with Ba, Ni and Nb, to re-
duce the gap of KbNO3 from 4 to 1.5 eV like that of halogenated perovskites 
with ferrophotovoltaic behavior. Several researchers have used different ferroe-
lectric oxides in order to achieve high efficiency with better stability compared to 
halogenated perovskites. Most recently, the inorganic PZN-PT perovskite mate-
rials have been investigated for their excellent and stable properties. This ferroe-
lectric material shows other properties such as magnetism when reduced into 
nanopowder form [8]. PZN-PT single crystals showed properties up to 10 times 
more interesting than those of the ferroelectric perovskite ceramics currently 
used as actuators and sensors. However, their fabrication as thin layers form is a 
challenge due to the presence of a pyrochlore phase around 950˚C making diffi-
cult to integrate them in electronic or solar cell devices. 

From conservation efforts and cleantech to tracking of environmental con-
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ditions and reductions in energy usage, every imaginable facet in the quest to 
reduce our carbon footprint is being explored through the Internet of Things 
(IoT). Thus, for indoor applications, the power supply of billions of indepen-
dent electronic devices and equipment, with the advent of the IoT, is a huge 
energy requirement that risks compromising reduction decisions of the impact 
of energy consumption on the climate [9] [10] [11] [12] [13]. One of the solu-
tions would be the use of photovoltaic cells capable of efficiently converting 
low intensity light in the indoor environment into megawatt to microwatt [14] 
[15] [16] [17] [18] class electrical power. These types of materials would be 
excellent candidates for powering low power equipment and appliances. In 
general, conventional solar cells use the standard solar spectrum with the best 
yields unlike these new cells which operate optimally with emission spectra 
from light sources at low intensities often less than 1 mW∙cm−2 [19]. Indeed, 
crystalline silicon cells exhibit low power conversion efficiencies (PCEs) under 
indoor lighting [20] [21]. On the contrary, although some of the emerging 
photovoltaic cells, such as organic photovoltaic (OPV) cells and dye solar cells, 
are not as efficient as crystalline silicon cells under standard solar lighting, the 
absorption properties of the highly adjustable light of their materials make 
them promising candidates for interior applications [22] [23] [24] [25] [26]. 
Compared with dye solar cells, OPV cells have better business prospects due to 
the advantages of low cost, large area module through solution printing and 
coating techniques. In addition, they could be used as the rear face of bifacial 
solar cell to exploit more efficiently the low and diffuse irradiance of the sun 
permitting to improve its energy conversion. 

Here, we present ferroelectric perovskite nanoparticles dispersed in a biopo-
lymer thin film on ITO glass for highly efficient indoor energy harvesting. In-
deed, this work proposes another way to obtain solar cells based on PZN-PT 
ferroelectric oxides with very high efficiency beyond that of halogenated perovs-
kites and requiring only ferroelectric nanoparticles dispersed in biopolymer ma-
trix thus allowing the reduction of their environmental impact. First, we suc-
cessfully fabricated and demonstrated large improvement of optical and photo-
voltaic performances due to the presence of the PeryDA+EB layer. For this pur-
pose, we realized Ag/np+CC/TiO2/ITO, Ag/EB/np+CC/TiO2/ITO, Ag/PeryDA/ 
np+CC/TiO2/ITO and Ag/PeryDA+EB/np+CC/TiO2/ITO solar cells via spin 
coating and droplet procedures. Measurements were achieved under low 
lightning levels and at high lighting for comparison. PCEs obtained are respec-
tively 0.14%, 0.010%, 9% and 39.32% at 4781 lux (7 W/m2) illuminance. This is 
a record of power conversion of solar cells for indoor application with an open 
voltage (Voc) of 3.50 V, a short-circuit current density (Jsc) of 0.118 mA/cm2 
and an FF of 0.72. The color coordinates represented in the CIE (Commission 
Internationale de l’Eclairage) chromaticity diagram (x = 0.30, y = 0.34) is close 
to the standard equal energy white light source (x = 0.33, y = 0.33). This result 
suggests that this material is very interesting for white light sources applica-
tions too. 
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2. Experimental Procedure 
2.1. Solar Cells Fabrication 

To fabricate the solar cell, the ITO used has a square resistance of 9 - 15 Ω/ , a 
thickness of 1200 to 1600 Å. A 30 nm TiO2 charge transport layer was deposited 
on pre-cleaned ITO conductive glass. The mesoporous TiO2 was deposited on 
the substrate by spin coating at a speed of 3500 rpm for 10 min with an accelera-
tion ramp of 4 s, from a paste of titanium oxide powder diluted in acetic acid, 
the weight ratio of TiO2 and acetic acid was 6:1, then the substrates were sintered 
at 450˚C for 30 min [27]. 

The PZN-PT single crystals were ground in a silicon carbide mortar to obtain 
perovskite nanopowders [8]. The biopolymer (CC) solution, which is the organic 
matrix in which the nanoparticles are dispersed, is obtained by organic extrac-
tion procedure. The nanoparticles are then dispersed in this CC solution and 
placed under magnetic stirring for 30 min to one hour. The result is a homogene-
ous solution containing ferroelectric oxide nanoparticles. The film of perovskite 
nanoparticles was deposited by spin-coating on the TiO2 layer. The spin coating 
deposition procedure was carried out at room temperature with a rotational speed 
of 3500 tr/min for 5 min with an acceleration of 4s. Subsequently, the sample was 
placed in an oven for 30 min at 105˚C, then it was annealed at 450˚C for 30 min. 

After cooling to room temperature, a charge carrier material Perylene Diimide 
Aniline (PeryDA) was deposited on the the perovskite layer. The droplet deposi-
tion procedure was carried out in an ambient room. The PeryDA solution was 
synthesized by a chemical reaction between perylene and aniline in the presence 
of propanoic acid at 80˚C for 20 h thus giving a reddish powder (Figure 1). This 
powder will be dissolved in distilled water or ethanol to deposit a few drops on 
the perovskite layer. After drying at room temperature, a natural biomolecule of 
(EB) was deposited on the PeryDA layer. The droplet deposition procedure was 
carried out in ambient conditions. The EB solution was extracted directly from a 
EB plant by making an incision in the bark to extract the white latex. 

2.2. Microstructural and Morphological Characterization 

The forms and dimensions of the nanoparticles were examined using transmis-
sion electron microscopy (TEM). The mean diameter of the nanoparticles is 
calculated using ImageJ software through Gaussian distribution of many size 
measurements. TEM images were taken with a Phillips CM10 using an accelera-
tion voltage of 200 KV. Scanning electron microscopy (SEM) was used to cha-
racterize the morphologies of the different deposited layers. Surface morphology 
was observed by using an electron beam lithography system Pioneer Raith model 
in C(PN)2 (University Paris 13). 

3. Optical Characterization 
3.1. UV-Visible Characterization 

UV-visible spectra of thin films, which were prepared by spin-coating were  
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Figure 1. (a) Chemical reaction for the synthesis of Perylene Diimine Aniline, (b) Obtained 
Perylene Diimine Aniline powder. 

 
measured out at room temperature. Optical measurement was performed using 
an UV Visible spectrophotometer with an integrating sphere model LAMBDA 
950S in IM2NP (Marseille). 

3.2. Photoluminescence Characterization 

The excitation and emission spectra were recorded on Horiba JobinYvon Fluo-
rolog III fluorescence spectrometer using a 450 W Xenon lamp as the excitation 
source. The luminescence spectra were corrected for instrumental sensitivity. 
CIE (Commission Internationale de l’Eclairage) emission color coordinates (x,y) 
were obtained using an MSU-003 colorimeter (Majantys) with PhotonProbe 
1.6.0 software (Majantys). 

3.3. Electrical Characterization 

Finally, a layer of a few nm of silver paste was deposited by screen printing using 
a mask on a non-conductive glass and annealed at 100˚C was produced to act as 
an electrode for electrical measurement. The current-voltage characteristics are 
measured using Keithley model 2612B source meter driven by a computer under 
TSP Express program. The light source was a 100 W xenon lamp. The incident 

https://doi.org/10.4236/jmp.2023.147056


R. Ndioukane et al. 
 

 

DOI: 10.4236/jmp.2023.147056 1024 Journal of Modern Physics 
 

power is measured using a luxmeter and desired value can be obtained by vary-
ing the distance between the sample and the incident source. 

4. Results and Discussion 
4.1. TEM and SEM Images 

Figure 2 shows PZN-4.5PT ferroelectric perovskite nanopowder and its images 
from Transmission Electron Microscopy (TEM) showing their sizes and their 
spherical shapes with diameters varying between 30 and 100 nm. Dynamic Light 
Scattering DLS characteristic reveals that the average size of ferroelectric nano-
particles is around 78 nm. 

Figure 3 shows SEM images revealing notable differences between the pe-
rovskite layers (Figure 3(a), Figure 3(b)). The top view of the layers gives ho-
mogeneous films with the TiO2 completely covered by the perovskite nanoparticles.  
 

 
Figure 2. (a) Ferroelectric inorganic perovskite nanopowder from PZN-4.5PT, (b) TEM images showing spher-
ical shapes (c) Size distribution of PZN-4.5PT nanoparticles. 
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The presence of a blackish coloration on certain areas of the surface may be due 
to the sensitizer (EB-PeryDA) or the organic matrix (CC) containing the nano-
particles. This image shows compact nano-composite on the surface revealing 
the presence of an organic compound serving as a binder between the nanopar-
ticles grains which appear to be coalesced. It suggests that the EB-PeryDA causes 
coalescence of grains by diffusion through the pores. The morphology of the 
surface is initially linked to the energy of the particles and the organic matrix. 

The SEM image in Figure 3(b) confirms the clear difference in morphology 
between the theoretically superimposed layers as shown in Figure 3(c) (Glass/ 
ITO/TiO2/np-CC/EB-PeryDA/Ag). The perovskite nanoparticle layer is well 
embedded in the TiO2 forming a TiO2/np-CC/EB-PeryDA nano-composite with 
thicknesses up to 400 nm for the np-CC layer and up to 312 nm for that of EB- 
PeryDA (Figure 3(b)). This good crystallization and the lack of enormous po-
rosity significantly reduce the recombination of non-radiative charge carriers, 
which is likely to occur at entrapment sites associated with grain boundaries. The 
different layers with their activation energy have been shown to explain the role of 
each. Thus, the activation energy (1.67 eV) of the perovskite layer corresponds  

 

 
Figure 3. SEM images (a) in top view, (b) in transverse view, (c) illustration in transverse mode of the different layers deposited 
on ITO substrate, (d) diagram of the energy bands of the different layers and (e) photo of a fabricated Ferro-OPV solar cell. 
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perfectly with the values often obtained for the best absorbent layers. For the EB 
layer on Perylene Diimide Aniline (EB-PeryDA), it consists mainly of a molecule 
derived from perylene which is an acceptor molecule which can also act a sensi-
tizing role (absorption) thanks to its energy rather weak activation of 1.55 eV. 
Figure 3(d) shows the diagram of the energy bands of the different layers. Fi-
nally, Figure 3(e) is a photo of one of the different Ferro-OPV solar cells pro-
duced and which allowed us to perform different tests and characterizations. 

4.2. Optical Characterization 

Figure 4 shows the UV-Visible reflectance, transmittance and absorbance spec-
tra of the ITO reference substrate (Figure 4(a)), PZN-4.5PT nanoparticles ab-
sorbance (Figure 4(b)), ITO/TiO2/np-CC layer reflectance, transmittance and 
absorbance (Figure 4(c)), transmittance and absorbance spectra of the Fer-
ro-OPV cell (Figure 4(d)). 

Absorption peak from the PZN-4.5PT nanoparticles is located at 213 nm. For 
the ITO reference sample composed by an ITO layer only on a glass substrate, 
there is an increase of the transmission more than 80% in the entire visible and 
near infrared spectral band, while the absorption and reflection percentage is 
quite low in this range. On the other hand, this transmission decreases with the 
deposition of the ITO/TiO2/np-CC layers, ITO/TiO2/np-CC/PeryDA and 
ITO/TiO2/np-CC/EB-PeryDA respectively (Figure 4(d)). We also see a remarkable  

 

 
Figure 4. (a) UV-Visible reflectance (R), transmittance (T) and absorbance (A) spectra of the ITO as a reference, (b) PZN-4.5PT 
nanoparticles absorbance, (c) R, T and A of ITO/TiO2/np-CC thin film, (d) transmittance and absorbance spectra of the Fer-
ro-OPV fabricated solar cell. 
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effect of the third sensitizing layer (EB-PeryDA), namely the considerable in-
crease in absorption and its spreading throughout the visible and near infrared 
range. This increase in absorption was limited in the visible range up to about 
600 nm (Figure 4(c)). It should also be noted that the effect of these layers is, 
above all, to reduce the optical gap which is located at approximately 1.66 eV for 
the layer of ferroelectric perovskite nanoparticles in the biopolymer. 

Figure 5 shows the PL spectra of the PZN-4.5PT nanoparticles excited at 205 
nm, ITO/TiO2/np-CC thin film and ITO/TiO2/np-CC/EB-PeryDA sample 
measured by excitation at λex = 330 nm. According to Figure 5(a) the 
PZN-4.5PT nanoparticles covered the PL range of 300 - 600 nm with very weak 
intensity. Using this property, ITO/TiO2/np-CC thin film PL intensity was im-
proved in the same range from 800 to around 3,000,000 counts/s (Figure 5(b)). 
One can observe the presence of different emission peaks probably coming from 
the various organic molecules in the CC biopolymer. The fabricated solar cell PL 
spectrum is the sum of these different layers emissions permitting to achieve full 
coverage in the visible range of the spectrum (Figure 5(c)). Color coordinates  

 

 
Figure 5. PL spectra of (a) PZN-4.5PT nanoparticles, (b) PZN-4.5PT nanoparticles dispersed in the biopolymer matrix thin film 
(ITO/TiO2/np-CC), (c) ITO/TiO2/np-CC/EB-PeryDA thin film and (d) CIE-1931 chromaticity diagram of ITO/TiO2/np-CC/EB-PeryDA 
thin film. 
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are one of the important factors to evaluate the luminescence materials perfor-
mance. For our sample the color coordinates are represented in the CIE (Com-
mission Internationale de l’Eclairage) chromaticity diagram as shown in Figure 
5(d). The color coordinates (x = 0.30, y = 0.34) is close to the ideal reference white 
light source CIE coordinates (x = 0.33, y = 0.33). This result suggests that this ma-
terial is very interesting for single material white light source applications. 

4.3. Electrical Characterization 

The architecture of the device used in this study is given in Figure 3(c) and 
Figure 3(d). The as fabricated cell gave an exceptional record efficiency of 
39.32% with an open voltage circuit (Voc) of 3.50 V, a short-circuit current den-
sity (Jsc) of 0.118 mA/cm2 and an FF of 0.72 with an incident power of 3825 lux 
(5.6 W/m2) measured in positive direction (Figure 6(a)). The power - voltage 
dependence curve of this cell is illustrated in Figure 6(b). A maximum power of 
220 µW/cm2 is obtained. This is explained by the low short-circuit current den-
sity. However, this value is large compared to the majority of generated power 
from indoor solar cells in literature which record is 301.6 µW/cm2 [28]. For the J-V 

 

 
Figure 6. Characteristics (a) current - voltage (J-V) and (b) power - voltage (P-V) of the Ferro-OPV solar cell under dark and 
under an incident lightning of 5.6 W/m2 in the direction of polarization of the ferroelectric layer (+ on ITO), (c) current - voltage 
(J-V) and (d) power - voltage (P-V) of the Ferro-OPV solar cell under dark and under lightning of 7 W/m2 in the opposite direc-
tion to the direction of the polarization of the ferroelectric layer (+ on Ag). 
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measurement in negative direction with a power of 4781 lux (7 W/m2), we ob-
tained a current density of 2 mA/cm2, an open circuit voltage of 2.30 V and a fill 
factor of 0.35. The behavior of this J-V curve is typical of ferrophotovoltaic ma-
terials which have a characteristic of being either in the quadrant (V > 0 and J < 
0) for the direction opposite to the direction of polarization, or in quadrant (V < 
0 and J > 0) in the same direction. This is what we observe in Figure 6(c) and 
Figure 6(d). We notice that the current density is higher than that obtained in 
the first case (2 mA/cm2 instead of 0.118 mA/cm2) with a small open circuit vol-
tage Voc of 2.30 V instead 3.5 V for the first one. The interesting result is the im-
proving of the power delivered by the device from 220 µW/cm2 to a record of 
1700 µW/cm2 for indoor application solar cells knowing the record is 301.6 
µW/cm2 as published in [28] in 2021. These high values of Voc and generated 
power would open large potential application for many electronic devices em-
powering. 

For investigation on the effects of different components and layers of the solar 
cells we realized I-V characteristics of different solar cells composed by 
ITO/TiO2/np-CC (Figure 7, blue star curve), ITO/TiO2/np-CC/EB Figure 7, 
black x curve), ITO/TiO2/np-CC/PeryDA (Figure 7, purple triangle curve) and 
ITO/TiO2/np-CC/EB-PeryDA (Figure 7, red +) under 4781 lux incident light. 
From this figure, the values of Voc, Jsc and FF were 2V, 0.032 mA/cm2 and 0.20 
respectively for the PZN-4.5PT nanoparticles in CC solar cell. The value of Voc 
decreased from 2 to 0.19 V and the short current density from 0.032 to 0.001 
mA/cm2, showing that the high value of Voc is coming from the ferroelectric  

 

 
Figure 7. I-V characteristics of different solar cells composed by (blue star) ITO/TiO2/np-CC, (black x) ITO/TiO2/np-CC/EB, 
(purple triangle) ITO/TiO2/np-CC/PeryDA and (red +) ITO/TiO2/np-CC/EB-PeryDA. 
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nanoparticles presence in the device. In the other hand the fall down of the Jsc 
value revealed that the EB is like more insulating material than conductive one 
and can inhibit the ferroelectric effect. Adding a PeryDA on the nanoparticles in 
CC layer, the Voc increased from 0.18 to 0.60 V while the Jsc remains very low. 
This means that the excellent values from the cell are not from the PeryDA only 
also. The combination of these different components in the detailed architecture 
permitted to reach very high values for Voc of 2.30 V, for Jsc of 2.19 mA/cm2 and 
a FF of 0.34. These results indicate that the presence of any of these different 
materials layers is fundamental to get such important electrical characteristics. 

To understand the time stability of the fabricated solar cell, we studied the 
variation of Voc and Jsc for different values of the incident power (Figure 8(a) 
and Figure 8(b)). Voc shows increasing with light intensity and remains time 
independent till 28 min exposure. However, for the incident light of 105 w/m2, 
the Voc value decreased in this range and suddenly increased exponently to more 
than 20 V over 28 min. Thus, the maximum voltage is reached and does not 
change anymore. The only possible explanation is that exposure to a given light 
intensity creates photoelectrons which are transported to the TiO2/np-CC and/or 
np-CC/EB-PeryDA interfaces. The presence of the ferroelectric layer between 
these interfaces will facilitate the accumulation of charges towards these inter-
faces. Indeed, a recent study showed us that these ferroelectric layers have capac-
ities or polarization which depends on the luminosity [29]. Longer the exposure 
time increases, more excitons are created and the more the charge accumulation  

 

 
Figure 8. (a) Stability in time of the open-circuit voltage Voc of (b) the short-circuit current Jsc under different light powers conti-
nuously for about thirty minutes and comparison of the photovoltaic characteristics: (c) Voc and FF, (d) Jsc and η between a freshly 
manufactured cell and the same cell one year later under an incident power of 5.6 W/m2. 
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increases to reach a plateau. The photocurrent is dependent on the illumination 
intensity as shown in Figure 8(b) with a slight decrease as the irradiance in-
creases. On the other hand, at the same time, a long exposure under high light-
ing (over 105 W/m2) makes it possible the creation and increasing of photogene-
rated activated defects, thus increasing the recombination rate at the ITO/TiO2 
and EB-PeryDA/Ag interfaces. This will result in a significant reduction in the 
current density that can flow. This theory seems to be the best explanation and is 
supported by the fact that increasing light intensity decreases short-circuit cur-
rent density. 

Thus, the large increase in Voc, with light intensity increasing, compensates the 
Jsc decreasing, so the efficiency remains very high at low lighting. So, with a fairly 
high lighting (>105 W/m2), the recombination rate becomes too high and drasti-
cally reduce the Jsc, which leads to a low efficiency compared to that of 4 W/m2. 

The same solar cell that obtained an efficiency of 39.32% was characterized 
one year after production to see the stability over time of these cells. Thus in 
Figure 8(c) and Figure 8(d), the maximum efficiency of 39.32% has decreased 
by about 53% to be at 18.37% as indicated in Table 1. At the same time Voc prac-
tically remains unchanged while Jsc has fallen from 0.118 mA/cm2 to 0.069 
mA/cm2 as the FF which went from 0.72 to 0.39. These results support the above 
explanation of the effect of illumination on the characteristics of the solar cell, 
which is closely linked to the presence of the ferroelectric perovskite layer. 

As shown in Figure 6(a) and Figure 6(c) the biomaterials (CC and EB) and 
sensitizers (EB-PeryDA) significantly improved the performance, particularly 
the efficiency and Voc of the device compared to perovskite solar cells. The aver-
age efficiency for nine measurements carried out was 39.32% with a short-circuit 
current density (Jsc) of 0.118 mA/cm2 for the sample measured in the positive 
direction, an open circuit voltage (Voc) of 3.5 V and a fill factor (FF) of 0.72. The 
substantial performance improvement produced by our device is reflected in the 
values of all halogenated perovskite photovoltaic cells. The best efficiency pro-
duced by indoor application solar cells is around 40.1% in 2021 [28]. However, it 
is expected with our optimized solar cell to find more than 50% efficiency under 
low incident light. 

5. Conclusions 

This simple but effective method is developed to improve the cell performance  
 
Table 1. Photovoltaic parameters of the Ferro-OPV solar cell. 

Time 
Direction of circuit 

connection 
Voc (V) Jsc (mA/cm2) FF 

Pin 
(W/m2) 

Pmax 
(mW/cm2) 

η (%) ∆η 

0 Direction + 3.5 0.118 0.72 5.6 0.22 39.32  

265 days after Direction + 3.43 0.069 0.39 5.6 0.092 18.37 −53.28 

[28] - 1 0.152 0.79 - - 40.1 - 

[30] - 1.1 0.09 0.79 - - 26.1 - 
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via the combination of ferroelectric perovskite nanoparticles dispersed in a bio-
polymer matrix and different conducting layer molecule. We, successfully, fa-
bricated a ferroelectric PZN-4.5PT nanoparticles thin film using a biopolymer as 
matrix. More than 4 cm2 hybrid ferro-OPV solar cell, using low cost technique 
with very high efficiency (η = 39.2%) and a record Voc of 3.5 V for indoor appli-
cation, was performed. A record of 1.64 mW/cm2 generated power was reached 
under 4781 lux (7 W/m2) boosting the possible application of this type of solar 
cell for low power devices energy autonomy. 

Long exposure under high lighting (over 105 W/m2) makes it possible the cre-
ation and increasing of photogenerated activated defects, thus increasing the re-
combination rate at the ITO/TiO2 and EB-PeryDA/Ag interfaces. 

The low perovskite nanoparticles and the Organic Biopolymer used as matrix 
and conducting layer molecule make this device one of the best friendly envi-
ronmental perovskite solar cells. 
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