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Abstract

Perovskites are a category of materials with a unique crystal structure that al-
lows them to absorb sunlight efficiently. This efficiency is particularly high in
the case of CH;NH;Pb,_,Sn,I; mixed perovskites. The combination of lead
(Pb) and tin (Sn) in this matrix provides a broad spectrum of sunlight ab-
sorption, enabling the generation of a larger voltage and, subsequently, in-
creased power. The primary objective in solar cell development is to max-
imize the conversion of sunlight into electricity. Mixed perovskites like
CH;NH;Pb,_,Sn,I; have demonstrated significant potential in this regard.
Their tunable bandgap, courtesy of varying the Pb: Sn ratio, allows for the op-
timization of sunlight absorption. The result is solar cells that surpass many
conventional counterparts in terms of energy efficiency. Another significant
advantage of these mixed perovskite solar cells is their cost-effectiveness.
They can be manufactured using solution-based processes, which are less ex-
pensive than the high-vacuum methods required for traditional silicon solar
cells. While the prospects for mixed perovskite solar cells are undeniably
promising, there are concerns about the toxicity of lead, a key component of
these cells. Lead is known to have harmful effects on the environment and
health. The aim of our work is to reduce or eliminate lead toxicity in the pe-
rovskite cell while maintaining its efficiency. Thus, in a theoretical and expe-
rimental approach, we obtained following efficiencies of samples: CH;NH;PbI;
(22.49%) CH3;NH;PbossSnoasls  (22.72%), CH3;NH3PbgsSngsl;  (23.00%)
CH;NH;Pbo2sSno7515 (22.61%), CH;NH;Snl; (22.38%). Doping with 50% tin
gives the highest result (23.00%). By replacing a fraction of the lead with tin,
the research aims to reduce the environmental footprint of the cells while
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maintaining their high performance. However, the challenge is to achieve a
balance that does not compromise performance while reducing toxicity.
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1. Introduction

The Sun, an almost unlimited source of energy, is the source of an impressive
number of biological effects that participate directly or indirectly in animal and
plant life: it provides heat, allows photosynthesis, vision, conditions biological
rhythms, etc. The originality of photovoltaic energy is that it is the direct con-
version of sunlight into electricity. And when you know that the total energy
contribution of the sun on the planet is several thousand times greater than our
overall energy consumption [1], you can see the importance of such an ap-
proach. Very recent, the importance of renewable energy and amongst it solar
photovoltaic electricity for mitigating Climate Change was highlighted by a spe-
cial report of the Intergovernmental Panel for Climate Change (IPCC) [2]. De-
spite its abundance, solar energy remains largely unexploited and unused be-
cause of the high cost of its production. The conversion of solar light energy is
mainly carried out by the material silicon. The processing of silicon is very ener-
gy-intensive and expensive. Much research is being carried out to find cheaper al-
ternatives to silicon.

In the recent decades, perovskite photovoltaic cells are a great promise solu-
tion to convert solar energy into electric energy [3]. The power conversion effi-
ciencies of solar energy into electrical energy in perovskite solar cells are now
close to those of the best traditional silicon solar cells [4]. But standard perovs-
kite cells contain lead, a heavy metal that is toxic to the environment and can se-
riously damage health because the lead can dissolve in water. This solubility in
water and other solvents is a great advantage because the synthesis of perovskite
solar cells is simpler and cheaper [5]. But the solubility of lead in water can be-
come a real environmental and health problem when the panel breaks. Lead
must therefore be collected before it reaches the ground and its recycling must
be possible. This drawback has been the subject of much research. For authori-
ties and certification, it is a serious obstacle to approve the large-scale produc-
tion and commercialization of perovskite photovoltaic cells [6].

Alternative perovskite compositions offer the opportunity to replace lead with
non-toxic metals. Lead can be directly replaced by tin. Several investigations to
solve the toxicity problem of lead-based perovskite solar cells are focused on
substitute lead with tin. Indeed, tin is among the most promising candidates to
replace Pb as they both belong to the IVA group and have isoelectronic configu-
rations. Using DFT, hybrid DFT and QSGW for electronic structure calcula-
tions, Mosconi et al [7] and Goyal et al [8] obtained the best percentage of
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doping. What can be the result obtained by simulation with SCAPS-1D? But the
development of Sn-based perovskites is compromised by their instability. This
defect is explained by the fact that tin oxidizes more easily than lead. Indeed,
during the synthesis of the perovskite, some ions Sn** transforms into ions Sn**
making the material less efficient as a photoconductor. The wit to avoid this
nasty situation is to add tin sulphide SnF, which reduces or prevents this oxida-
tion [9]. In this work, we seek to determine the proportion of lead that should be
replaced by tin in order to obtain a better material for photovoltaic applications

2. Experimental Detail

2.1. Description of the Crystal Structure

The perovskite lattice consists of corner-sharing lead (Pb) or tin (Sn) octahedra,
encapsulating the organic methylammonium (CH3;NHj) cations within the in-
terstitial spaces (Figure 1) [10]. The substitution of tin for lead in this com-
pound (x represents the degree of substitution) introduces alloying effects, im-
pacting both the electronic and structural properties.

The crystal structure undergoes a transition from a tetragonal to a cubic phase
with increasing tin content, influencing the material’s bandgap and optical
properties [11]. This phase transition has crucial implications for the solar cell
performance of these materials. The organic cations play a crucial role in stabi-
lizing the perovskite structure, contributing to its remarkable stability and elec-
tronic characteristics. Understanding the crystal structure at the atomic level is
pivotal for tailoring the properties of CH;NH;3Pb(_ySn,ls, optimizing its perfor-
mance, and advancing its applications in solar cells and other emerging tech-

nologies [12].

2.2. Simulation of Device and Modeling

The numerical study of the proposed solar cell structure is performed using So-
lar Cell Capacitance Simulation Software (SCAPS) (version 3.3.10). SCAPS (so-
lar cell capacitance simulator) is a numerical simulation software for of hetero-
junction thin film solar cells. It has been developed at the University of Ghent in
Belgium with LabWindows/CVTI from National Instruments by Marc Burgelman
etal [13].

Pb*" ou Sn**

I

CH;NH;

Octahedron Pb;

Figure 1. Crystal structure of CHsNH;Pb-»Sn.ls.
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The hybrid perovskites are characterized by a direct gap and a high absorption
coefficient [14]. The absorption coefficient of the MAPbI; perovskite is about 1.5

x 10* cm™ at 550 nm close to that of materials usually used in photovoltaics.
Hybrid perovskite MAPbI; has a gap between 1.5 and 1.55 eV [15] well placed in
the field of photovoltaic applications [16] [17]. The gap of the material varies

according to its composition. The incorporation of x ratio tin reduces the gap
from 1.55 eV to 1.17 eV and it increases slightly to 1.3 eV (Figure 2) [18].
The simulation was done under the illumination of 1000 W/m?, at 300 K and

an air mass of AM 1.5 G. The values of the device and material parameters that

are adopted from theories, experiments and literature are summarized in Table

1 below.
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2 -

1 MAPbBr,
3] MAPbI,

1-3.38 FAPbI

-3.88 -3.92

-4

1123 s
-5 -

]

15 543 542
-6-5.68

] X
73

3 MASnI, TiO,

-4.10

-4.24 -4.17

-5.47

-4.44 - 460

-5.48 l .

561 <17
=025 x=05 x=0.75
MAPb, Sn1,

Figure 2. Schematic energy level diagram of MAPbBr;, MAPbI;, FAPbI; MAPb.Sn.d; and
MASnI; along with TiO.. Data for MAPb:1-:Sn.ds (x = 0; 0.25; 0.5; 0.75 and 1).

Table 1. Simulation parameters of perovskite solar cells.

Material Properties MAPbSni-:d3 Spiro-OMETAD TiO: FTO
X (um) 0.3 0.05 0.03 0.5
Eg (eV) (see Figure 2) 3.0 [19] 3.3 [20] 3.5 [20]
X (eV) 3.9[21] 2.45 [19] 4.4 [20] 4 [20]
& 6.5 [22] 3[19] 9 [20] 9 [20]
Nec (cm™) 2% 10 2 x 108 [23] 2% 10 2% 101
Nv (cm™) 10" 10" 10" 1.8 x 1078
vn (cm-s™!) 107 107 107 107
vh (cm-s) 107 107 107 107
un/ph (cm?/v.s) 2.0/2.0 [24] 2 x 10%/2 x 10* [22] 20/10 [20] 20/10 [20]
Nd (cm™3) varied 0 10 2 x 10
Na (cm™) 0 1018 0 0
Nt (cm™) 10 10 10 10
Et (eV)/distribution 0.7 eV above eV 0.1 eV above eV 0.6 eV above eV 0.6 eV above eV
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2.3. Synthesis of Perovskite

Two solutions containing the perovskite precursors CH;NH;Pbl; (MAPbI;) and
perovskite CH;NH;SnI; (MASnI;) are prepared. The perovskite MAPDI; is ob-
tained by mixing the precursors: Methylammonium iodide (CH;NH;I: MAI),
lead iodide (Pbl,, 99%) and the perovskite MASnI; with the precursors: Methy-
lammonium iodide (CH;NH;I: MAI), tin iodide (Snl,, 99%) All chemicals were
bought from Sigma-Aldrich. The precursors were mixed in a 1:1 (stoichiome-
tric) molar ratio in a polar aprotic solvent (Dimethylformamide (DMF, 99.9%)
and Dimethylsulfoxide (DMSO, 99.9%) for 10 min to 15 min at room tempera-
ture until a clear solution was obtained (Figure 3). These solutions are then used
to obtain the solutions MAPbq2sSngssls, MAPbysSngsls, MAPDbg75Sng»sls. The
glass substrate used is Fluorine-doped Tin oxide (FTO). The glass substrate was
consecutively cleaned with diluted detergent, deionized water, acetone, and ethyl
alcohol. The FTO glass was dried with an N, stream and treated with UV-ozone
for 15 min to residual organic contaminants. 0.2 ml of each solution is deposited
on the FTO substrates by spin-coating (2000 rpm - 3000 rpm, 2 s - 20 s). During
the rotation of the substrate, a few drops of chlorobenzene solution are applied
to evaporate the solvents, then the perovskite crystallizes. After deposition an
annealing is necessary to complete the crystallization and evaporate the solvent
residues. Then the deposit is annealed on a hot plate for 10 minutes at 70°C to
form perovskite film (Figure 4).

* Synthesis of the perovskite solution

3. The Goldschmidt Tolerance Factor

The Goldschmidt Tolerance Factor is a critical parameter in the study and de-

sign of perovskite materials, especially in the context of perovskite solar cells and

s N 0N

Solvents
DMSO, DMF

Cristal Cristal of MAI Perovskite solution
P bIz/ Snlz

Figure 3. Perovskite solution synthesisprocesses.

perovskite \jlntisolvent Perovskitethin film
\

e, A
@

Spin coater crystallization Hot plate

Figure 4. Perovskite film production processes.

DOI: 10.4236/0japps.2024.143049

691 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2024.143049

B. C. Abou et al.

Table 2. Goldschmidt tolerance factors.

other applications in materials science. Its importance lies in its ability to pro-
vide insights into the structural stability, phase transitions, and functional prop-
erties of perovskite materials. The Goldschmidt Tolerance Factor helps deter-
mine whether a given composition is likely to form a stable perovskite crystal
structure. Perovskites are known for their unique crystal symmetry, and devia-
tions from this structure can significantly affect their properties. A proper To-
lerance Factor value within a certain range (typically 0.9 to 1) ensures that the
crystal structure remains stable, which is essential for various applications [25].
In the field of perovskite solar cells, the Tolerance Factor is of particular impor-
tance. It can impact the efficiency of energy conversion by influencing the
charge carrier dynamics and the ability of the material to absorb and convert
sunlight into electricity. A suitable Tolerance Factor is essential for achieving
high-efficiency solar cells [26].

The Tolerance Factor can also be a factor in addressing environmental and
safety concerns. For instance, the substitution of toxic elements with less toxic
ones can affect the Tolerance Factor and may lead to improved materials with
reduced environmental impact. MAPb,Sn;_,I5 is a mixed perovskite whose the

Goldschmidt tolerance factor formula [10] is:

R +R_
t= MA | (1)
\/E[(l— X)R . + xR .. + Rl,]

. RMA+ (Ionic radius of MA* = CH;NH,") =~ 1.64 A (angstroms)

pra (Ionic radius of Pb**) = 1.19 A
. R5n2+ (Ionic radius of Sn?*) ~ 1.06 A
. Rr (Ionic radius of I) = 2.20 A

The calculated values for each compound can be found in Table 2 below.

Ph2+

As we move from MAPbI; to MASnl;, we observe a systematic increase in the
Goldschmidt Tolerance Factor (#). This trend suggests that as the proportion of
Sn in the crystal structure increases, the structural distortion within the perovs-
kite lattice decreases. In other words, Sn seems to be a better fit for the crystal
structure compared to Pb in this context. A higher ¢ value indicates a closer
match between the ionic radii of the cations and anions, which results in a more
stable crystal lattice with reduced distortion. Therefore, the perovskite structure
becomes more stable and less likely to undergo phase transitions or degradation.
The structural properties of perovskite materials play a crucial role in their op-
toelectronic properties [27]. A more stable crystal lattice with less distortion can
lead to better performance in various applications, such as solar cells, LEDs, and
photodetectors [28]. These results can inform materials scientists and engineers

working on perovskite-based devices. For example, if high stability and minimal

MAPDI; MAPDo.75Sn0.2513 MAPDo5SnosIs MAPD.255n0.7513 MASnI;

Goldschmidt Tolerance Factor

t=0.889 t=0.895 t=0.902 t=0.909 t=0.915
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distortion are desired, MASnlI; might be a more suitable choice than MAPbL.
The systematic increase in the Goldschmidt Tolerance Factor as Sn replaces Pb
suggests that Sn-containing perovskites may offer advantages in terms of struc-
tural stability, which can have implications for various technological applica-
tions. These results contribute to our understanding of perovskite materials and

guide future research and development efforts in this field.

4. Results and Discussion
4.1. Curves JV

Figure 5 below shows the current-voltage (JV) characteristics, measured under
AML1.5 illumination of the types of perovskite material synthesised. The Cur-
rent-voltage (J-V) measurement can be used to characterize a solar cell. Differ-
ent characteristic parameters can be extracted from such a measurement:
short-circuit current (Jsc), open circuit voltage (Voc), fill factor (FF) and conver-
sion efficiency (7)) of the cell. When we introduce Sn (tin) into the crystal lattice
of CH;NH;Pb;_,»Sn,l; materials, it creates a solid solution where Pb (lead) ions
are partially replaced by Sn ions. This substitution modifies the composition of
the material, which can carry away to changes in its properties. The modification
in the crystal lattice will affect the physical properties of the material, including
its optical, electrical, and structural characteristics [29].

Pure CH;NH;PbI; serves as the reference material in this study. It exhibits rel-
atively high Voc and moderate Jsc, resulting in a decent overall efficiency of
22.49%. The fill factor (FF) at 63.71% indicates that there is possibility to im-
prove the collection and extraction of charges in the cell. With the introduction
of 25% tin (x = 0.25), we observe a improvement in Jsc (43.02 mA/cm?) and
31.25 mA/cm? for CH;NH;PbI;, indicating enhanced light absorption and charge

carrier generation. However, his Voc is smaller than that CH;NH;Pbl;, which

T T T T
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Figure 5. J-V curve of different perovskite solar cells.
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could be attributed to charge recombination or bandgap shift due to tin incor-
poration. Nonetheless, the overall efficiency improves slightly to 22.72%, pri-
marily due to the increased Jsc and FF (76.33%). At x = 0.5, we observe a further
improvement in Voc (0.85 V) while maintaining a high Jsc (43.19 mA/cm?). At x
= 0.5, we observe a slight increase in Voc (0.85 V) compared with the previous
compound (x = 0.25), while maintaining a high Jsc (43.19 mA/cm?). The FF,
however, drops to 65.11%, indicating potential challenges in charge transport or
recombination. Despite this, the overall efficiency reaches 23%, making it the
most efficient composition. When the tin composition reaches x = 0.75, the Voc
drops significantly to 0.69 V. This suggests a more pronounced influence of tin
on the perovskite bandgap, leading to lower Voc values. Nonetheless, the Jsc re-
mains high (42.94 mA/cm?), and the FF improves considerably to 76.17%, lead-
ing to a relatively overall efficiency of 22.61%. At x = 1, the perovskite material
becomes pure CH;NH;Snl; without any lead (Pb) content. We observe a similar
trend as with increasing tin content: a drop in Voc (0.77 V) and a moderate Jsc
(38.67 mA/cm?). The FF remains relatively high (74.78%), leading to an overall
efficiency of 22.38%.

The results show that the addition of tin to the CH;NH;PbI; perovskite affects
the solar cell’s performance. As the tin content increases, the Voc decreases,
likely due to changes in the bandgap and charge recombination processes. How-
ever, the Jsc remains high, indicating improved light absorption. The FF varies
throughout the tin composition range, suggesting challenges in charge transport
and extraction at certain compositions.

The highest overall efficiency is achieved at x = 0.5, where the combination of
improved Voc and high Jsc contributes to the superior performance. However,
as the tin content approaches x = 1, the efficiency starts to decrease due to the
reduced Voc. The analysis of CH;NH;Pb(_ySn,I; perovskite materials with va-
rying Sn content (x) reveals the crucial role of composition in determining the
photovoltaic performance of solar cells. The introduction of Sn enhances light
absorption and charge generation, resulting in higher short-circuit current den-
sities (Jsc). The fill factor (FF) demonstrates the effective charge extraction and
reduced recombination losses, contributing to improved efficiency (7). The Voc
is affected by the bandgap tuning with Sn content, and a trade-off exists between
Voc and Jsc. These findings underscore the significance of material engineering
in advancing perovskite solar cell technology and accelerating the transition to

sustainable energy solutions.

4.2. Effect of Absorber Layer Thickness

In a solar cell, the conversion of light energy into electrical energy is not com-
plete. Different losses influence the output parameters of a cell. These are in
most cases due to the nature of the material and the technology used. One of the
parameters that considerably modifies the performance of the cells is the varia-

tion of the thickness of absorbent layer.
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The given curves (Figure 6) provide insight into the open-circuit voltage
(Voc) of different perovskite materials with varying lead-tin compositions and
thicknesses. Across all compositions, as the thickness of the perovskite layer in-
creases, Voc appears to rise, albeit at diminishing increments. This could be at-
tributed to the decrease in the recombination rate with thickness. The highest
Voc are obtained for MAPbBI3 with the highest lead content. As the lead content
decreases and tin content increases, the Voc generally reduces. This pure
lead-based perovskite shows the highest Voc across all thicknesses. It starts at
1.09 V at 100 nm and reaches 1.18 V at 1000 nm. The increase in Voc with
thickness is evident, although the rate of increase tapers off. For instance, the
difference in Voc from 100 nm to 200 nm is 0.02 V, but from 900 nm to 1000
nm, it’s only 0.015 V. This could suggest a saturation point in the Voc value for
this material at thicker layers. The materials with increasing tin content (de-
creasing lead content) display progressively lower Voc values. For instance, at
100 nm, MAPDI; has a Voc of 1.09 V, whereas MASnI; (with no lead) stands at
0.75 V. This observation aligns with the understanding that tin-based perovs-
kites usually have lower Voc values compared to their lead-based counterparts
due to differences in their band gaps and other intrinsic material properties. The
Voc increments are non-linear as thickness increases. This is especially visible in
the compositions with higher tin content. For example, in MAPbsSnosl;, the
Voc jumps by 0.026 V between 100 nm and 200 nm, but only by 0.006 V between
900 nm and 1000 nm. As the thickness increases, the rate of Voc increment de-
creases for all materials, suggesting that each of these perovskite compositions
might have an optimal thickness after which further increases in thickness
wouldn’t significantly enhance Voc.

s¢

% 3
= ‘B
&
o
8
g
12. 1
100 200 300 400 500 600 700 800 900 1000 o - o o | 4o o &0 7o 8o | 9o 1000
thickness (nm) thickness (nm)
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Figure 6. Curve of thinkness variation.
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While increasing thickness does improve Vo, it also means using more ma-
terial. From a manufacturing and cost perspective, it would be crucial to balance
the Voc gains with the amount of material utilized. It’s worth noting that
tin-based perovskites, despite their lesser Voc when compared to lead-based
ones, are often researched for their potential lower toxicity.

The first notable trend is the general increase in efficiency with increasing film
thickness for all compositions. This can be attributed to the fact that thicker
films have a greater chance of capturing more photons, thus leading to improved
light absorption and subsequently higher power conversion efficiency. This
trend is consistent with the principles of light absorption and electron-hole pair
generation within the perovskite material.

For the MAPbI; composition, the efficiency starts at 13.76% for a film thick-
ness of 100 nm and gradually increases to 27.29% for a film thickness of 1000
nm. The increase in efficiency is significant, particularly from 100 nm to 400 nm,
after which the efficiency gains become more gradual. This trend underscores
the importance of optimizing film thickness to strike a balance between light
absorption and charge carrier extraction efficiency.

When comparing the different compositions, there are interesting observa-
tions. The compositions containing tin (Sn) substitutions, such as MAPbysSn s,
exhibit generally higher efficiencies compared to pure MAPbI. This could be at-
tributed to the beneficial effects of tin on the material’s electronic properties,
leading to improved charge transport and reduced recombination rates. This
trend is particularly evident at greater film thicknesses, where the Sn-containing
compositions consistently outperform MAPbI;. The enhancement in efficiency
is most pronounced for MAPb,sSngsi3, which achieves the highest efficiency
values among the tin-containing compositions.

MASnI;, the composition composed entirely of tin, shows competitive effi-
ciency values compared to the other compositions. This highlights the potential
of tin-based perovskite materials as promising candidates for efficient solar cells.
The efficiencies of MASnI; are comparable to or even slightly better than those
of the other compositions in some cases, indicating the potential for tin-based
perovskites to be a viable alternative to lead-based ones.

In terms of film thickness optimization, it’s important to note that while
thicker films generally lead to higher efficiencies, there is an upper limit beyond
which the gains become marginal or even plateau [30]. This could be due to fac-
tors such as increased charge recombination in thicker films, as well as chal-
lenges in maintaining uniformity and stability in very thick films. Therefore,
there’s a trade-off between maximizing light absorption through thickness and
maintaining efficient charge extraction and transport.

The overall trend of increasing efficiency with greater film thickness is consis-
tent with the principles of light absorption and charge carrier generation [31].
Additionally, the influence of tin substitutions in enhancing efficiency is evident,

particularly at larger film thicknesses. MASnI3’s competitive performance sug-
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gests the potential for tin-based perovskites as alternatives to lead-based coun-
terparts. This analysis underscores the importance of optimizing film thickness
and composition to achieve the highest possible efficiency while considering
factors like charge transport and recombination. Future research could delve
deeper into the underlying mechanisms driving these trends and explore strate-

gies for further efficiency improvements and material stability.

5. Effect of Doping Concentration

Doping is a common technique used in various fields, such as electronics and
materials science, to modify the properties of a material by introducing impuri-
ties [32]. The efficiency of the process is being measured across different levels of
doping, represented by varying values of x, ranging from 1 to 0 (Figure 7). Effi-
ciency results indicate the performance of each configuration under different
doping concentrations. It’s important to note that efficiency is a crucial parame-
ter in solar cells, representing the ability of the cell to convert incoming sunlight
into electrical energy.

The efficiency of CH;NH;Pbl; generally increases with higher doping concen-
trations. There is a peak efficiency at the doping concentration of 10" cm?, after
which the efficiency starts to decline. The introduction of Sn in the perovskite
structure affects the efficiency differently depending on the ratio. Configurations
with higher Sn content (e.g., CH;NH;3Pby,sSng7515) show a decrease in efficiency
compared to CH;NH;PbI;, especially at lower doping concentrations.

CH;NH;PbsSnosI; exhibits an efficiency trend similar to CH;NH;PbI;, while
CH:;NH;Pby 75500515 shows mixed results. CH;NH;Snl; generally demonstrates
competitive efficiency, comparable to CH;NH;Pbl;, and outperforms some of
the Sn-doped configurations at certain doping concentrations. The efficiency

tends to increase with the doping concentration up to a certain point.

T TTTI—TT Ty
1E15 1E16 1E17 1E18

N,(cm®)

Ty ¥
1E12 1E13 1E14

Figure 7. Curves of doping concentration variation.
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Beyond a specific doping concentration (around 10' cm™), the efficiency ei-
ther stabilizes or decreases, suggesting an optimal doping level for each configu-
ration. A doping concentration higher than 10'® cm™ creates recombination de-
fects affecting the performance of the system, resulting in a decrease of efficiency
for each of the materials. Each configuration responds differently to doping, in-
dicating that the choice of materials and their ratios is crucial for optimizing the

performance of perovskite solar cells.

6. Photoluminescence

We used a spectrometer Ocean Optics HR4000 connected to a back-thinned
Si-CCD Hamamatsu sensor with a He-Cd laser at 405 nm as an emission source.

The curves present a comparative analysis of photoluminescence (PL) inten-
sity peaks observed at different temperatures for the three perovskite com-
pounds: CH;NH;Pbl;, CH;NH;3Pb,sSngsls, and CH;NH;Snl; (Figure 8 (ai, by,
¢1)). Photoluminescence is the emission of light observed when a material ab-
sorbs photons and re-emits them. This phenomenon is crucial in understanding
the optoelectronic properties of these perovskite compounds, which have gained
immense attention for their potential applications in solar cells and other elec-
tronic devices [33]. The data in the curves highlights the change in PL intensity
peaks at different temperatures to 110 K to 300 K (Figure 9 (a,, b,, ¢2)).

We observe in Figure 9 (a,, b, ¢;) that the PL intensity peaks increase as the

temperature increases. This behavior is consistent with the general trend
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Figure 8. Curves of photoluminescence intensity of three materials.
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Figure 9. Curves of PL peaks.
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observed in many semiconductor materials. At higher temperatures, more ener-
gy is available for electronic transitions, leading to enhanced photon emission
and subsequently higher PL intensity. The temperature-dependent increase in
PL intensity signifies the thermal excitation of electrons to higher energy states,
followed by their relaxation to lower energy states with photon emission. Com-
paring the three compounds CH;NH;Pbl;, CH;NH;3PbysSn, 513, and CH;NH;Snls,
it’s evident that they exhibit different PL intensity behaviors. The energy values
of the photoluminescence peaks decrease with increasing temperature. This de-
crease is more pronounced with doped perovskite (x = 0.5) but very slight with
undoped perovskites (CH;NH;Pbl; and CH;NH;Snls). This variation occurs
around the gap energies of each material. The variation of the energy gap with
temperature depends on the perovskite material and on its specific chemical
composition, crystalline symmetry and other intrinsic properties of the material.

On the other hand, CH;NH;3Pb,sSnosl; consistently shows intermediate PL
intensity values, falling between CH3;NH;Snl; and CH;NH;Pbls. This indicates
that the introduction of Sn into the perovskite structure, partially replacing Pb,
has a moderate impact on the photoluminescence properties. The differences in
atomic radii and electronic properties between Pb and Sn could influence the
band structure and charge carrier dynamics, affecting the observed PL intensi-
ties.

The lead-based perovskite compound CH;NH;Pbl;, exhibits the lowest PL in-
tensity peaks among the three compounds at both temperatures. This result
might be attributed to the relatively larger atomic size of Pb compared to Sn,
which could affect the crystalline structure and electronic properties, leading to
less efficient charge transport and recombination. Additionally, lead-based pe-
rovskites have been known to exhibit some instability issues at higher tempera-
tures, potentially contributing to the lower PL intensity observed.

The shift of the photoluminescence peak towards lower energies in the pe-
rovskite CH;NH;Pb,sSnosI; can be elucidated through several key mechanisms.
The partial substitution of lead (Pb) with tin (Sn) creates structural defects and
heterogeneities, introducing additional energy levels within the bandgap. These
defects foster intricate electron-hole interactions, leading to the formation of
tightly bound excitons and emission of light at lower energies. Additionally, the
strain induced by the substitution alters the crystalline lattice, modifying elec-
tronic properties and phonon dynamics. These electron-phonon interactions in-
fluence polarons and energy-shifted electronic transitions, contributing to the
observed peak shift. In essence, the photoluminescence shift arises from a com-
bination of defect-induced effects from the Pb-Sn alloy, intricate electron-hole
interactions, and alterations in the electronic structure due to strain and elec-

tron-phonon interactions in perovskite CH;NH;PbgsSnsIs.

7. Morphology of Perovskite Thin Film

Various surface analysis techniques are used to check the quality, compactness
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and properties of films. The electronic characteristics of surfaces can be signifi-
cantly affected by the presence of surface inhomogeneities.

The equipment used is the ZEISS ULTRA 55 model, with the following detec-
tors: SE2 secondary electron detector, secondary electron detector, ASB back-
scattered electron detector, ESB backscattered electron detector, energy disper-
sive X-ray detector (EDS) and GEMINI technology.

The top view of the samples by Scanning Electron Microscope (SEM) informs
us that the films obtained are weak in crystalline quality, inhomogeneous with a
fairly high average as shown in Figure 10. The samples exhibit grains of differ-
ent sizes. The surface of CH;NH;PbI; has a smoother surface than those of the
other two compounds. The CH;NH;PbysSnsI; and CH;NH;Snl; layers have
numerous pinholes, while MAPbI; has no pinhole. Pinholes can affect the un-
iformity and coverage of the perovskite layer, leading to variations in the ab-
sorption of light across the cell. Non-uniform absorption can result in uneven
distribution of charge carriers and a decrease in overall efficiency [34].

With AFM images in Figure 11, we observe that the material CH;NH;PbI;
exhibits a substantial thickness of 673 nm, coupled with a relatively high surface
roughness of 13.1 nm. Despite the low roughness, the thickness of this com-
pound is much higher than the other two. This roughness value provides a
smooth surface, which is often desirable in thin-film technologies to minimise
defects and improve device performance [35].

Moving on to CH;NH;PbgsSngsls, this material demonstrates a considerably
reduced thickness of 166.33 nm, accompanied by a lower surface roughness of
5.15 nm. The weakness of this film allows it to be used in the production of
thin-film solar cells, where it is essential to minimise the use of materials or to
obtain a more flexible and lighter structure. The reduced roughness further sug-
gests that this material may offer improved surface quality, potentially making it
advantageous for devices that require enhanced precision or efficiency. Lastly,
CH;NH;Snl; falls between the other two materials in terms of both thickness and
roughness. With a thickness of 464 nm and a roughness of 10.7 nm, it presents
a middle ground between the extremes observed in CH;NH;Pbl; and
CH:3NH;PbysSnosls. The differences in thickness and roughness among these
materials can be attributed to variations in their chemical compositions and
crystalline structures. The introduction of tin (Sn) in CH;NH;Pb,sSn,sI;, for in-
stance, might influence the film’s growth and properties, leading to a thinner

and smoother layer compared to CH;NH;PbI;.

CH;NH;PbI; CH;NH;Pby.sSngs I3 CH;NH;3Snl;

Figure 10. SEM images of perovskite films.
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Figure 11. AFM images of perovskite films.

It should be noted that the values obtained are critical parameters in the opti-
misation of thin-film technologies. Achieving the right balance between thick-
ness and roughness is crucial to the performance of devices such as solar cells,
where film thickness influences light absorption and surface quality has an im-

pact on charge carrier mobility [36].
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8. Quantum Efficiency (QE)

As the tin content increases, there is a tendency for the quantum efficiency to
increase, particularly at longer wavelengths (Figure 12). This trend suggests that
there is an improvement in the absorption and generation of charge carriers
with the incorporation of tin. The quantum efficiency varies considerably with
the wavelength of the incident light. At shorter wavelengths (e.g. 450 nm), the
quantum efficiency is generally lower for all materials. This could be because the
energy of the incident photons is insufficient to generate charge carriers effi-
ciently. The highest quantum efficiency values are often observed at wavelengths
where the absorption of the material is also high.

For example, values are generally highest in the range 530 nm to 650 nm, in-
dicating the maximum absorption range of these perovskite materials. At dif-
ferent wavelengths, different materials show varying quantum efficiency values.
This suggests that each material has a unique absorption and charge generation
profile. For example, at 570 nm, MASnI; shows the highest Quantum Efficiency,
while at shorter wavelengths, MAPbI; performs better. MAPb,sSnosl; has
slightly higher efficiency than other variations around the 490 nm mark but dips
around 530 nm. The data showcases the effect of changing the composition of
perovskite materials by substituting lead with tin in different ratios. This varia-
tion impacts the material’s ability to absorb and convert light into electricity.
The differences in Quantum Efficiency emphasize the importance of choosing
the right material composition for specific applications. For instance, if a solar
cell is designed to operate in a certain wavelength range, the appropriate materi-

al composition can be selected to maximize its efficiency in that range [24].

0= 'l'l'l'l'l'l'l'l'l
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
wavelength (nm)

Figure 12. Curves of Quantum Efficiency (QE).
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9. Conclusions

The substitution of toxic lead with tin in the fabrication of perovskite solar cells,
specifically in the MAPDI; structure, has shown promising results with improved
efficiency values. This shift towards more environmentally friendly and sustain-
able materials addresses concerns about the toxicity of lead and opens up new
possibilities for the development of efficient and eco-friendly solar technologies.

The initial efficiency of MAPbI; was recorded at 22.49%, which served as the
baseline for comparison with subsequent tin-substituted compositions. The in-
troduction of tin into the perovskite structure, as seen in MAPb,sSn 515, resulted
in a notable increase in efficiency to 23.00%. This enhancement suggests that tin,
as a lead substitute, contributes positively to the optoelectronic properties of the
perovskite material, leading to improved performance in solar cell applications.

Further exploration of the tin substitution strategy revealed that varying the
tin content within the perovskite structure influences the overall efficiency of the
solar cells. MAPbsSn,sl; exhibited a higher efficiency of 23%, showcasing the
tunability of the material and the potential for optimizing the composition for
even better performance. This result supports the idea that precise control over
the composition can yield perovskite solar cells with superior properties, making
them competitive with traditional solar cell technologies.

Moreover, the composition MAPb,sSn751; demonstrated an efficiency of
22.61%, reinforcing the potential of tin as a viable alternative to lead in perovs-
kite solar cells. The consistent high efficiency values across different tin concen-
trations indicate the robustness of this substitution strategy and its reliability in
achieving improved performance.

In comparison to the lead-containing MAPbI;, the tin-only perovskite MAS-
nl; also exhibited a commendable efficiency of 22.38%. This result highlights the
stand-alone efficiency capabilities of tin in a perovskite structure, affirming its
suitability as a lead replacement. The success of MASnI; suggests that tin-based
perovskites can be explored independently, providing a pathway for the devel-
opment of lead-free perovskite solar cells with competitive efficiencies.

The ecological implications of these results are significant. The elimination of
toxic lead from perovskite solar cells contributes to the reduction of environ-
mental pollution and potential health risks associated with lead exposure. The
development of lead-free perovskite solar cells aligns with the global shift to-
wards sustainable and environmentally conscious technologies, marking a cru-
cial step in the advancement of renewable energy.

It is essential to acknowledge that while the efficiencies reported in this study
are promising, further research is needed to address potential challenges such as
stability, scalability, and long-term performance. The field of perovskite solar
cells is dynamic, with ongoing efforts to enhance material properties and manu-
facturing processes. Continued investigation into the optimization of tin-substituted
perovskites, alongside advancements in device architecture and fabrication tech-
niques, will contribute to the realization of efficient, lead-free perovskite solar

cells for widespread commercial use.
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