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Abstract

Future revolution in photovoltaics will be hinged mainly on cost, health implication, and material stability and performance.
Based on these criteria, lead-based inorganic photovoltaics, organic—inorganic hybrid, and silicon photovoltaics are screened-
out. According to the literature, the lead-free inorganic perovskite solar cell is favorably disposed to cost and safe-health.
However, the simultaneous solution to material stability, high defect density, and low power conversion efficiency (PCE)
still remains a mystery that has not been solved. This research proposed the green-based modifiable CaZnBr, as a potential
candidate for lead-free solar cell application based on the principle of A-site cation with green-based additive incorpora-
tion. The green-based additive was obtained from Kola Nitida, Carica Papaya, Ficus Exasperata, and Musa paradisiaca. The
elemental characterization of the green-based additives was performed using X-ray fluorescence spectroscopy (XRF). The
optical, crystalline, and electronic properties were characterized using ultraviolet—visible (UV-Vis) spectroscopy, X-ray dif-
fractometry, Quantum Espresso, scanning electron microscopy and SCAPS-1D. The green-base-modified CaZnBr, showed
significant PCE improvement by 3% with significant film and crystallinity formation. The stressed state of the parent com-
pound CaZnBr, shows that it may be better suited for thermovoltaics application. It is recommended that better results could
be obtained when different synthetic routes and green-based additives are used to initiate the defect passivation protocols.
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Introduction

There are several kinds of perovskites based on their constit-
uent elements and also their chemical formulas. The former
includes pure inorganic as well as organic—inorganic hybrid
perovskites [1]. The latter includes single, double and pos-
sibly triple perovskites [2].

Perovskites have been shown to have excellent photo-
electric properties, such as high optical absorption coeffi-
cients and lower exciton binding energy [3]. In addition,
they also have piezoelectric, conducting, antiferromagnetic,
and superconducting properties [4]. These properties make
them suitable for use in several electrical devices, particu-
larly those that require semiconductors. The lead-based per-
ovskite had demonstrated much prospect due to its structural
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stability but the long-term concerns when the material
becomes waste are known to be disastrous especially con-
sidering the ejection of >35 g of lead per solar panel into
the environment.

In the search for a lead-free solar cell, it has been observed
that though it has high absorption coefficients which may not
translate to high power conversion efficiency (PCE) con-
sidering its fundamental challenge of structural instability
[5]. Based on various result that had been obtained both
experimentally or theoretically, we reviewed studies on the
elemental impact on solar cell (Table 1) and how they can be
harnessed to give a good inorganic solar cell. The calcium
was adapted because it is usually used as an electron trans-
portation layer in most layered solar cell [6]. Zinc is also
used as charge carrier [7], buffer layer [8] or hole blocking
layer [9] in solar cell application. Bromine is used for pas-
sivating defect states at grain boundaries and interfaces in
solar cells [10, 11]. Based on the above, we came up with
the idea of CaZnBr, which in itself cannot be categorized
as perovskite. However, it is noted that the application of
certain green-based additives that would have significant
influence on the structural stability of the compound. The
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Table 1 Elemental screening of the proposed CaZnBr,

No Element Compound (solar cell) References

1 Calcium Calcium titanium oxide (CaTiOj) [13, 14]

Nanostructured calcium silicate (NCaSil) [15]

Calcium-stannous oxide [16]

2 Zinc Copper zinc tin sulfide (CZTS) [17, 18]
Zinc telluride thin films [19]
Spinel zinc ferrite nanostructured thin- [20]

film

Zinc oxide-cuprous oxide [21]
Zinc phosphide [22]

3 Bromine Lead bromide perovskite [23]
Cs2AgBiBr6 [24-27]
CsSnBr; [28, 29]
FAxCs1 —xPb (IyBrl —y)3 [30]

green-based additives are expected to reduce the high defect
density. The only limitation may be the creation of a new
compound via bromine reduction as reported by Zhu et al.
[12] presented in Eq. (1):

ield
CaBr, + ZnBr, + P™* 5P CaZnBr,_, (1

Methods

The procedure for the green-base additives that was used
in the fabrication began with the collection of leaves from
of the following tropical plants, i.e., Kola Nitida, Carica
Papaya, Ficus Exasperata, and Musa paradisiaca. The green
additives were used based on their perceived optical proper-
ties as presented in Emetere and Ahiara [31, 32]. The leaves
were washed using distilled water and dried in the labora-
tory. They were washed the second time before blending.
The leaves were blended with 80 ml of methanol and
sieved into beakers. The extracts were then heated at 100 °C

for 30 min in order to remove the methanol content. Sub-
sequently, 2 ml from the sieved green-based additives was
collected into PET Bottles for UV-Vis analysis and labeled
appropriately. After that, the remaining samples were heated
in an oven at 200 °C for 5 h to evaporate the water content.
The dried extracts were afterward ground with mortar and
pestle, and then stored in PET bottles as powder and labeled
appropriately before sending it for XRF characterization.

The chemical constituents of CaZnBr,, which is CaBr,
and ZnBr,, were mixed in the ratio 1:1 at 0.04 mol in a
beaker. The mixture was stirred to obtain a clear homog-
enous solution. The first batch of characterization was per-
formed at this stage using the UV—-Vis spectrometry. Aside
the pure samples that were dried into a powder form and
deposited in PET bottle, the green-based additives, most of
which were either dark brown or black, were added to the
different batches of prepared CaZnBr, samples. 0.2 g and
0.5 g of the green-based additives were added to the pure
solution of CaZnBr, and thoroughly mixed until no deposits
are visibly seen below the beaker. Subsequently, 2 ml from
the mixture was taken for UV—Vis analysis, and then the rest
was dried at 250 °C for 12 h, after which they were put in
labeled PET bottles as powdered samples.

The optoelectronic properties of the compound were
investigated by SCAPS-1D using the UV-Vis results
obtained from all the samples of CaZnBr, compound.
SCAPS-1D over the years had proven to be a reliable tool
for solar cell application [33, 34]. The structure of the per-
ovskite is TiO2/ZnO/Perovskite/P3HT. The parameters for
the simulation used in this research are given in Table 3.
The bandgaps for the perovskites are given in Table 2. The
microstructural and morphology of the novel green-base-
modified CaZnBr, was characterized using the X-ray diffrac-
tion (XRD) whose specifications had been already defined
in Emetere et al. (2022).

The stability of the material was carried out using the
Quantum Espresso software. The Self-Consistent Field
(SCF) calculations were used to calculate the internal
energy, total energy, Fermi energy, total force, etc. The

Table 2 Parameters for

: ZnO TiO, Perovskite P3HT

simulated solar cell structure

[35] Thickness pm 80 80 100/10/0.001/0.01 65
Bandgap (eV) 32 33 1.8
Affinity (eV) 4.1 4.2 4.19 3.9
Dielectric permittivity 8.1 10 5.8 3
Conduction band (cm™) 4e— 18 2.5e18 lel6 1e20
Valence band (cm™) le— 18 lel8 lel6 1e20
Electron mobility (cm?/Vs) 300 0.1 20 le—4
Hole mobility (cm?/Vs) 1 0.1 20 le— 4
Acceptor concentration (cm™) 0 0 lel9 -
Donor concentration (cm™>) lel9 lel9 lel9 lel6
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calculation was done using the following parameters, i.e.,
Bravais-lattice index of 3, lattice parameter of 15.4287
a.u., unit-cell volume of 1836.3497 (a.u.)?, number of
atoms/cell of 6, number of atomic types of 3, number of
electrons of 50, number of Kohn—Sham states of 32, cut-
off kinetic energy of 45.0517 Ry, charge density cutoff of
405.4650 Ry, convergence threshold of 1.0E— 06, mixing
beta of 0.7000, and an average number of iterations of 8.
The cutoff kinetic energy was varied along 45.0517 Ry,
47.0517 Ry, 49.0517 Ry, 51.0517 Ry, and 53.0517 Ry.
The analysis was carried out under 43 Marzari—Vanderbilt
smearing, with width of 0.0050 Ry at starting charge of
49.99132 C that was renormalized to 50 C.

Scanning electron microscopy analysis (SEM) and
X-ray diffractometry (XRD) were used to the determine
the microstructural and crystallography properties of the
compounds.

Fig.1 a UV spectra of pure A

6
green-based additives (P4-P6).
b UV spectra of pure and 5
green-based additives enhanced % a
CaZnBr, for (a) sample P4, (b) Pt
sample P5, (¢) sample P6, (d) 33
Musa paradisiaca 5
82
<

-

(-]

Results and discussion

The width of the peak of the pure CaZnBr, in the UV analy-
sis is between 250 and 350 nm (Fig. 1), which is in tandem
with the individual components, where calcium has peak
absorbance between 550 and 650 nm [36], zinc has peak
absorbance between 200 and 400 nm [37], and bromine
has peak absorbance between 350 and 600 nm [38]. Gen-
erally, the doped compound, i.e., CaZnBr, has broad peak
that depicts 6—c* transition. The broadening is due to the
high percentage of SiO,, CaO, and K,O in the green-based
additives (as displayed by the XRF elemental analysis in
Table 3), and whose wavelength peaks are at 200 nm to
320 nm [39], 250 nm and 300 nm (n—n*) and 320 nm to
400 nm (o—c*) [40] for SiO, and CaO, respectively.

The component of the green-based additives was expected
to either deplete the fractions of the bromine, reduce the
high defect density, create structural stability or fill the pores
of the compound. The bandgap, conversion efficiency, and
current density are salient parameters used to show the
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Table3 XRFresultsforgreen- | g0, ALO, Fe,0, TiO, CaO P,0 K,0 MnO NaO MgO CL
based additives P4-P6 -

P4 2330 4.30 3.95 216 2996 6.83 2321 149 0.37 4.09 0.33

PS5  23.60 445 3.56
P6 2371 434 3.59

2.14 2994  6.90
2.11 2996  6.88

2320  1.47 0.35 4.05 0.34
23.21 1.46 0.36 4.05 0.33

electronics stability of the material. The broadening of the
peak may be due to the following:

i. The adequate filling of structural pores of the CaZnBr,
[41].

ii. The enhancement of the structural stability in
CaZnBry,.

iii. The higher 6—c* transitions in the compound.

Figure 1a shows the UV for the green additives. Figure 1b
affirms that pore filling was dominant in the doped CaZnBr,.
The peaks for the CaZnBr, doped with Musa paradisiaca
stem extract are identical, between 200 and 400 nm; how-
ever, their bandgaps differ by a relatively larger margin to
the other green-based additives.

The percentage of SiO, in Kola Nitida (P4) is marginally
lower compared to other extract. The peak for 0.5 g of P4
(3.163 eV) is higher than same green-based additives with
0.2 g (3.062 eV), although both are still lower than that of
pure CaZnBr, (3.658 V), which means they still impact
upon the bandgap of CaZnBr, to facilitate their use in solar
cells.

The double peak phenomenon also appeared in the graphs
CaZnBr4 with Carica Papaya extract (P5) and Ficus Exas-
perata extract (P6) as displayed in Fig. 2. It was observed
that double peak was not present in graphs belonging to
CaZnBr, with Musa paradisiaca stem extract. CaZnBr,
with P5 has both amounts of additives resulted in largely
identical peaks, with the exception of downward dip with
an increase of the concentration to 0.5 g. This significant
identical matching of peaks means the magnitude of pos-
sible pore filling does not substantially change with increase
in the amount of P5 green-based additives. The difference
between the two amounts are significantly represented in the
bandgaps, where that for 0.5 g P5 is 3.924 eV, and that of
0.2 g P5is 3.724 eV. The difference in the peaks in additives
P6, i.e., 0.2 g is higher than that of 0.5 g. This observation
indicates same reduction in magnitude of pore filling as that
in P5, where the peak for 0.5 g was also lower. The bandgaps
also follow the major trend, i.e., 0.5 g of P6 (2.230 eV) being
lower than that of 0.2 g P6 (2.678).

Figure 2 displays the JV characteristics as they appear in
four different thicknesses, in order of 100 um, 10 um, 1 nm,
and 10 nm, respectively. All the graphs show a positive
parabolic trend, which agrees with theory [42]. A general
trend in the JV graphs across the various thicknesses is the
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homogenization of the performance of the new material. In
the nanometer thickness range, their graphs and efficiencies
converge at certain exceptions, as seen below.

The difference between the JV for the green-based addi-
tives P4 (0.5 g) was higher than P4 (0.2 g) and, therefore,
has a lower Jsc because it is closer to zero. This is reversed
in the graph for 10 pm, although the differences are slight
(Fig. 2A). P4 is also a poor green-based additives for
CaZnBr,. Figure 2B has wildly differing graphs for differ-
ing amounts of P5 green-based additives, with the higher
amount leading to a drastically lower Jsc and efficiency at
100 pm. The slight improvement of P5 (0.5 g) at 10 pm is
negated at the nanometer scale. The slight improvement is
probably due to chemical pressure or increased defect den-
sity. However, P35 is still a poor additive for optoelectrical
optimization of CaZnBr,.

Figure 2C shows that P6 (0.5 g) works over a larger range
of voltages at 100 pm, even if the Jsc and efficiency is not
much improved from the pure sample. The voltage range of
the pure sample and that of P6 (0.2 g) improves at 10 pm,
and completely merges with the other graphs.

at 1 nm. The graph for 10 nm shows a slight divergence
of the P6(0.2 g) graph from the rest, which have merged,
breaking slightly with the trend so far. However, the efficien-
cies are not much improved from that of the pure sample. In
fact, they are lower.

Figure 2D shows the JV graphs for the CaZnBr, con-
taining the Musa paradisiaca extract. Due to the high band-
gap, the simulation of Musa paradisiaca (0.2 g) fails at the
micrometer range, although it does run at the nanometer
scale with a significant reduction in its efficiency and overall
performance. Although the efficiency improves with reduced
thickness, the highest efficiency was found for Musa paradi-
siaca (0.5 g) at 1.93%, i.e., woefully low.

Figure 3 shows the Mott Schottky curves of the vari-
ous samples discussed in Fig. 2. Figure 3A shows that at
100 pm, P4 had higher defect density than pure CaZnBr,,
which resulted to lower efficiency [43, 44]. The increasing
amount of P4 seems to increase its defect density, which
means the green-based additives is not sufficiently aiding
in closing structural pores or giving greater stability. At
10 pm, the reversing of the curves is not as pronounced
as in Fig. 3B, indicating a poorer performance for P4.
However, the comparative performance between thick-
nesses still indicates a better performance for the larger
thicknesses. As already observed in the trend, graphs
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homogenize and steepen at the nanoscale. Further cor-
roborating that the physics of the nanoscale needs to be
further investigated by considering the self-consistent field
(SCF) calculations for the pure samples.

The curves in Fig. 3B reveal what occurs at varying defect
densities as initiated by higher concentrations of the green-
base additives. At thickness of 100 pm, pure CaZnBr, has a
higher defect density than both P5-containing samples. This
difference is marginal compared to the curve for 0.2 g of P5
at 10 pm. As discussed above, the science of the nanoscale
has to been ascertained to understand defects passivation
protocols. However, it has been shown that structural pores
and stability in the micrometer scale may be unrealistic in
practical science. The better performance of 0.2 g of P5 indi-
cates a significant improvement on the physical and struc-
tural stability of the emerging materials.

Figure 3C indicates that at 100 pm thickness, a reduction
in defect density at 0.2 g of P6 is established. A reversal was
observed at 10 pm, where increase in green-based additives
leads to decreased slope and therefore reduced defect density
and better performance. However, the overall performance
drops with respect to thickness.

The relatively steeper curves of Musa paradisiaca stem
containing CaZnBr, in Fig. 3D at both micrometer scales
indicate higher defect density caused by the failure of the
green-base additives to enhance better structural stability.
It was further observed that significant homogenization and
steepening still occurs at the nanoscale.

At the nanometer scale, following with the trend of the
previous sets of curves, the external quantum efficiency
(EQE) curves converge to a square peak between 400 and
900 nm, both above 90% as presented in Fig. 4. All the
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graphs displayed the possibility solar cell materials that
show optimum performance at irradiance over AM 1.5
spectrum may possess the highest energies in the visible
spectrum [45].

The quantum efficiency (QE) (Fig. 4A) in the pure sample
is not stable at micrometer scale. The QE for CaZnBr, with
0.2 g of P5 and 0.5 g of PS5 possess the same stabilities in
the micrometer scale, hence, the green-base additive had
showed significant stability. However, in the nanoscale, all
the samples are stable. The wavelength in the micrometer
scale > 400 nm. At <400 nm, the material would show no
efficiency. The instability of the pure compound terminates
at 875 nm. This result confirms that the additives extends the
performance of the material if structural material of the main
compound is further optimized using nanoscale protocols.

The same pattern as presented in Fig. 4A is revealed in
Fig. 4B. The quantum efficiency (QE) (Fig. 4B) in the pure
sample is not stable at micrometer scale. CaZnBr, with
0.2 g of PS5 had higher QE peak than 0.5 g of P5. The QE
of the green-based additives was seen to be significantly
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dependent on thickness. This was not the case in P4. The QE
is extremely low However, in the nanoscale, all the samples
are stable with a well-defined operational wavelength range
of 380-700 nm.

The same trend in Fig. 4A can be seen in Fig. 4C with
higher QE for 10 pm. The QE for green-base Musa paradisi-
aca collapsed in the 100 pm scale and was slightly noticeable
at the 10 pm scale. The nanoscale demonstrated same feature
for all green-base. This shows that if the main compound
CaZnBr,, i.e., could be in the nanoscale, more interesting
results may emerge.

The summary of the PCE, Bandgap for all sample is pre-
sented in Table 4. CaZnBr, proves itself to be a decent solar
cell material with its 7.52% efficiency at 100 pm, with a
bandgap of 3.658 eV. As a pure lead-free inorganic perovs-
kite, it is already higher than some of the best performing
among them [46]. P4 performs even worse than P6 in this
regard, having efficiencies below 6% at their best, consistent
with its JV and Mott Schottky graphs. Musa paradisiaca stem
raises the bandgap to the point where the lower quantities
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Fig.3 A Mott Schottky curves
of simulated CaZnBr, solar
cells with and without green-
based additive P4 at thick-
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only runs when the thickness is in nanometer scale, and at
that level, the efficiency is below 2%, with nothing to indi-
cate otherwise in the graphs.

Based on the power conversion efficiencies (PCEs) of
the compounds, the crystallographic characterization of the
samples was further investigated to know the microstructural
modifications that enhanced the given PCE. Due to the par-
tial deliquescence nature of the compound after some days,
rice sample was used to preserve its physical properties for
longer days. The crystallographic structure of the materials
was investigated as shown in Fig. 5. The scanning angle
ranges from O to 66.68°. Under a continuous scan technique
with a maximum intensity of 1400 cps, the rice powder was

characterized (Fig. 5a). Nine peaks were discovered and
adequately labeled. The typical rice powder is highly oxi-
dized as presented in Fig. 6a. The peaks had the following
planes, i.e., (100), (110), (111), (200), (210), (220), (300),
(310), and (211). The particle size of the powder was in a
nanoscale as presented in Table 5a. The d-spacing was found
at the point of high intensity.

The pure CaZnBr, compound is presented in Fig. 5b.
The particle size shows that the compound, i.e., despite
the framework of the rice powder (RP) is in the nanoscale.
Unlike the supporting compound (rice powder), the high-
est intensity of the pure compound does not have the high-
est d-spacing. All this result shows that the RP did not
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influence the original compound chemically. The only
constant compound in both material is the peaks at (200)
and (211) planes. The reduced FWHM shows that the com-
pound optical properties of the compound are still intact
despite the RP (Table 5b).

The addition of 0.5 g of green-based additives P4 to
pure compound CaZnBr, (CaZnBr,+ 0.5 g P4) shows the
extension of peaks of planes (100) and (211). In addi-
tion, intensity count at planes (220), (300), and (310) was
significantly low (Fig. 5c¢). In addition, it was observed
that the FWHM increased, showing that its optical prop-
erties were mitigated (Table 5¢). This means that green-
based additives P4 did not only deplete the bromine level
but affected the calcium and zinc content (Fig. 5c and
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Table 5c). This outcome is the significant reduction of its
PCE outcome as 5.36%.

Figure 5d shows reduced peaks in planes (111), (200)
and (210). In addition, there was an increase in the peaks
of planes (211) and (300). This result shows that the addi-
tion of 0.2 g of green-based additives P5 to pure compound
CaZnBr, (CaZnBr,+0.2 g P5) depleted the bromine content
moderately, hence, the attainment of the CaZnBr4pseudo-
perovskite as proposed by the author. Like the previous
compound, i.e., CaZnBr,+ 0.5 g P4, the FHWM and the
particle sizes followed the same pattern (Table 5d) but the
significance of increase or decrease at certain planes make
the difference between both the compounds. The oxidized
nature shows that the RP content was more in content which
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may affect the FHWM and the particle sizes. Hence, the sci-
entific significance in the microstructural modification of the
pseudo-perovskite is based on the planar changes.

The addition of 0.5 g of green-based additives P4 to pure
compound CaZnBr, (CaZnBr,+0.5 g P4) shows the exten-
sion of peaks of planes (100) and (211).

The addition of 0.5 g of green-based additives P5 to pure
compound CaZnBr, (CaZnBr,+0.5 g P5) shows the exten-
sion of peaks at same planes, which shows a complete modi-
fication of the structures as seen in the rearrangement of
the planes (Fig. Se and Table 5Se). Reduced peaks in planes
(100), (210), (220), and (111) were observed. In addition,
there was an increase in the peaks of planes (200) and (310).
This outcome significantly differs from the CaZnBr,+0.2 g

PS5 which further shows that the increase of the concentration
of the green-based additives may not affect the bromine con-
tent as earlier discussed. Unlike the CaZnBr,+0.2 g PS5, the
FHWM and the particle sizes reduced but with a lower PCE.

From the microstructural analysis of the compounds with
higher PCE, it could be inferred that the green-based addi-
tives at higher concentration influence the ‘A’ and ‘B’ sites
of the pseudo-perovskite sample such as CaZnBr,.

From the above results, i.e., optoelectric, optical, and
electronic, there is the need to examine the parent com-
pound to suggest further enhancements. The SCF calcula-
tions were performed as reported in Fig. 6. Figure 6a shows
that the total energy trend at different smearing are almost
the same. The same total energy trend was also observed
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Fig.5 a XRD information of pure rice. b XRD information of CaZnBr, compound. ¢ XRD information of CaZnBr,+0.5 g P4 compound. d
XRD information of CaZnBr,+0.2 g P4 compound. e XRD information of CaZnBr,+0.5 g P4 compound

in Fig. 6b with emphasis on the thresholds. Hence, the par-
ent compound, i.e., CaZnBr,, is not significantly affected
by the smearing setting. The negative Fermi energy values
in Fig. 6d have no physical meaning because it is not an
indication of a possible error but the choice of zero-point.
In other words, at stressed state, the material losses its semi-
conducting properties and may not act as a solar cell. When
it is not stressed, the material has a slight semiconducting
property [47-50].

This result is in tandem with the PCE table. The total
energy is higher for the stressed state as compared to the nor-
mal state (Fig. 6e, ). The sharp drop in the internal energy

of the stressed state shows that the material may absorbed
heat more at certain state. Hence, it may be better suited as
thermovoltaics. The total force shows that the higher the
cutoff energy, the lower the total force experienced. This is
a further confirmation that the material may be better suited
for thermovoltaics application at pure form. This mate-
rial may find application in complex structured buildings
[51-53].

10The scanning electron microscope (SEM) was used
to determine the microstructural properties of the pure
CaZnBr, and the highest PCE of the doped sample, i.c.,
CaZnBr, + PS5 as presented in Fig. 7. CaZnBr, contains
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sub-micrometer to -nanometer sized structures that has non-
porous five colonies with certified compact surface as pre-
sented in Fig. 7A. Only a colony showed enhanced bright-
ness at the edge that may be likely Ca2*. The doped sample,
i.e., CaZnBr, +P5 was seen to close-up the main pores in
the original compound and integrated all compound as one
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unit. Hence, the improved optoelectric, optical, and elec-
tronic properties of CaZnBr, 4+ P5 was due to the component
of the additive. Based on all the characterization discussed
in this section, this material may have more potential for
solar application than other lead-free perovskite discussed
in literature [54-58].
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Table 5 ,a Properties O.f peaks Peak no. 2theta FWHM d-value Intensity 1/lo Particle size
in pure rice; b properties of
peaks in CaZr}Briﬂ({:ompOUﬂd; a Properties of peaks in pure rice
chglp‘fgfs()% gep . chllnpoun d; 1 4311 0.064 3313 100 57 2.44799E— 09
d properties of peaks in 2 5.387 0.036 3.329 1400 100 4.35892E- 09
CaZnBr, +0.2 g P4 compound; 3 20.501 0.024 2.330 182 12 6.94965E- 09
e properties of peaks in 4 25.450 0.031 2.228 700 14 5.58121E- 09
CaZnBr, +0.5 g P4 compound 5 30.860 0.121 2293 200 10 1.50408E- 09
6 35.941 0.131 1.213 50 9 1.47301E- 09
7 43.165 0.164 1.487 100 6 1.30604E- 09
8 45.194 0.0128 0.582 100 26 1.73197E- 08
9 46.464 0.0173 0.586 400 26 1.31103E-08
b Properties of peaks in CaZnBr4 compound
1 14.524 0.018 3.326 400 11 8.96586E- 09
2 25.580 0.029 3212 1400 14 5.97259E- 09
3 30.280 0.139 2.223 400 10 1.3015E- 09
4 37.301 0.120 2.353 800 9 1.63666E- 09
5 42.291 0.118 2.205 200 9 1.78978E- 09
6 46.185 0.121 1.217 400 6 1.86491E- 09
7 57.204 0.023 1.583 300 24 1.25404E- 08
8 60.302 0.134 0.355 200 10 2.35328E-09
9 64.402 0.120 0.255 300 12 3.01328E-09
¢ Properties of peaks in CaZnBr,+0.5 g P4 compound
1 8.410 2.123 3.716 700 14 7.44E- 11
2 11.430 5.035 3.598 1400 12 3.17E-11
3 18.270 7.127 3.361 300 10 2.31E-11
4 28.420 5.277 3.014 800 11 3.37E-11
5 30.530 5.057 3.648 200 10 3.59E- 11
6 38.330 3.167 2.837 800 12 6.29E- 11
7 50.270 7.129 2.361 200 10 3.43E-11
8 58.420 5.272 0.014 100 11 5.66E- 11
9 60.460 2.147 0.720 200 16 1.48E- 10
d Properties of peaks in CaZnBr4 +0.2 g P4 compound
1 4.960 3.047 3.816 300 10 5.14654E- 11
2 6.800 3.272 3.040 1500 12 4.80852E- 11
3 14.260 2.118 2214 200 167 7.61071E-11
4 20.780 3.047 2.487 600 9 5.48401E- 11
5 24.840 3.118 2.259 300 20 5.52133E- 11
6 25.980 2.071 1.779 1200 9 8.3916E- 11
7 30.020 2.047 1.718 500 9 8.81451E- 11
8 45.8360 2.071 0.586 600 15 1.08321E-10
9 55.840 3.118 0.259 200 20 8.92336E- 11
e Properties of peaks in CaZnBr,+0.5 g P4 compound
1 3.410 2.127 3.716 200 14 7.35802E- 11
2 10.430 2.034 3.598 500 12 7.80987E- 11
3 17.270 2.123 3.361 1400 10 7.70626E- 11
4 22.530 2.047 2.648 1000 10 8.26266E- 11
5 28.330 3.164 2.837 50 12 5.60953E- 11
6 43.420 3.273 2.014 400 11 6.57167E- 11
7 45.460 2.147 1.720 200 16 1.03743E- 10
8 55.430 3.030 1.526 600 12 9.08693E- 11
9 59.647 0.137 0.358 100 12 2.25666E- 09
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Fig.7 SEM image: A CaZnBr,,
B CaZnBr,+P5

Conclusion

In this study, lead-free pseudo perovskites were synthesized
via solution and solid-state reaction method. Several green-
based additives were used to reduce the bromine content to
enhance the photoelectrical properties of the perovskite for
material. The electronic characterization performed using
SCAPS-1D showed improved PCE in some of the PSCs,
as also evidenced in their JV curves, and in the improve-
ments in doping density indicated by their Mott Schottky
curves. All the JV graphs show a positive parabolic trend,
which agrees with theory. A general trend in the JV graphs
across the various thicknesses is the homogenization of the
performance of the pure perovskite-based solar cell with
doped perovskites. In the nanometer thickness range, their
graphs and efficiencies converge with certain exceptions.
At some doping concentrations (i.e., with dopants or green-
based additives), it was observed that there was evidence
of chemical pressure change the current orientation. The
current orientation in this case may limit the voltage gen-
eration. This result means that there is the possibility that
perovskite may have a better efficiency but lower tolerance
limit for voltages.

The doping density was seen to agree with past research
which postulate that doping density is inversely proportional
to the slope of the graph. Their EQE showed that the per-
formance of the perovskite reduced and converged due to
reductions in perovskite thicknesses. Discovery shows that
perovskites are not suitable for ultra-thin use if efficiency is
paramount.

The efficiencies of the simulated lead-free perovskites
solar cells were improved with the presence of some of
its green-based additives especially include those mixed
with green-based additives from Buxus Sempervirens,
which raised the efficiencies of some of the perovskite
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solar cells to over 9%. From the microstructural analysis
of the compounds with higher PCE, the green-based addi-
tives, i.e., Kola Nitida, Carica Papaya, Ficus Exasperata,
Musa paradisiaca modified the structural features as well
as the efficiency. However, at higher concentration, the ‘A’
and ‘B’ sites of the pseudo-perovskite are altered thereby
forfeiting the prospect of pseudo-perovskite formation.
The component of Carica Papaya extract was seen to be
the best candidate for the pseudo-perovskite whose PCE
is 7.63% which currently the inorganic perovskite with
the highest PCE. The stressed state of the parent com-
pound shows that it may be better suited for thermovoltaics
application. The limitation of this study is the inability to
accurately predict the concentration of bromine reduction
by the green-based additives. This shortcoming is recom-
mended for further study. The advantage of this work is the
possibility of fabricating special kinds of solar cell from
organo-inorganic synthesis.
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