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Perovskite solar cells rely on complex multilayer architectures whose mechanical integrity is increasingly
recognized as a critical factor for long-term operational stability. Despite extensive characterization of methyl-
ammonium lead iodide (MAPbI3), the mechanical properties of emerging multi-cation perovskites within com-
plete device stacks remain poorly understood. In this manuscript, we present a system-level mechanical
characterization of two perovskite solar cell architectures using depth-resolved nanoindentation. By combining
continuous stiffness measurements with statistical deconvolution, we isolate the elastic modulus and hardness of
individual layers across the full device stack. The approach accurately reproduces reported values for common
transport layers and MAPbI3, demonstrating robustness. We further report, for the first time, the intrinsic me-
chanical properties of the four-cation perovskite CSRbOFAMAPb(IBr)3, which exhibits a similar elastic modulus
but substantially higher hardness than MAPbI3. These results reveal a higher resistance to localized indentation-
induced plastic deformation in multi-cation absorbers and underscore the importance of mechanical charac-
terization when designing next-generation perovskite solar cells.

1. Introduction

Perovskite solar cells (PSCs) have emerged as one of the most
promising photovoltaic technologies of the past decade, due to their
high-power conversion efficiency, low manufacturing cost, and design
versatility. These cells generally have a multilayer structure [1]. Each
layer fulfils a distinct electronic and functional role essential for
achieving high power-conversion efficiency and operational stability. In
their standard architecture, PSCs comprise a photoactive perovskite
absorber layer, an electron transport layer, a hole transport layer, and
charge-collecting electrodes, a configuration that enables efficient light
absorption, charge separation, and selective carrier extraction. Reviews
[2] in the field emphasize that interfacial phenomena largely dictate
device performance, making the incorporation of dedicated transport
layers and engineered interfaces critical for reducing non-radiative
recombination, optimizing band alignment, and improving long-term
stability under operational stressors. Consequently, the multilayer
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design is not merely structural but a functional necessity that allows
PSCs to simultaneously maximize optoelectronic efficiency and main-
tain mechanical and environmental robustness [3,4].

The integration of perovskite layers into photovoltaic cells offers
significant advantages in terms of both performance and durability,
particularly when considering the mechanical and environmental chal-
lenges these devices face during their operational lifetime. An ideal
photovoltaic material must exhibit high power conversion efficiency,
long-term stability, mechanical robustness, and compatibility with
scalable manufacturing processes. Perovskites, especially those based on
hybrid organic-inorganic halide compositions, fulfil many of these
criteria due to their tuneable bandgap, high absorption coefficients, and
long carrier diffusion lengths [5,6]. However, during service, solar cells
are subjected to various forms of mechanical and environmental stress,
including thermal cycling, humidity, UV exposure, and mechanical
loading, which can lead to degradation phenomena such as delamina-
tion, cracking, fatigue, and erosion [7]. These failure modes are often
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exacerbated by residual stresses within the thin films, ion migration, and
the presence of structural defects [8]. Therefore, the mechanical prop-
erties of the perovskite layer, such as elastic modulus and hardness, play
a crucial role in determining the device's performance and may provide
valuable information regarding its response to these degradation phe-
nomena. Incorporating mechanically optimized perovskite composi-
tions could enhance the overall reliability and lifespan of the device.
Moreover, the ability to fabricate perovskite layers via low-temperature,
solution-based processes enables the development of flexible and light-
weight solar modules, expanding their applicability to portable and
wearable technologies [9,10]. Thus, understanding and improving the
mechanical behaviour of perovskite materials is essential for advancing
the commercial viability of next-generation photovoltaic systems.

Among the most extensively studied formulations is methyl-
ammonium lead iodide (MAPbI3 or MAPI), which has been widely used
as a benchmark absorber material. MAPbIs-based solar cells have
demonstrated power conversion efficiencies exceeding 20% under lab-
oratory conditions. More recently, other optimized perovskite compo-
sitions have achieved efficiencies above 26% [11]. These high
efficiencies are attributed to MAPbI3's favourable optoelectronic prop-
erties, including a direct bandgap of approximately 1.53 eV, high ab-
sorption coefficients in the visible spectrum, long carrier diffusion
lengths, and low exciton binding energy [12,13]. Structurally, MAPbI3
crystallizes in a tetragonal phase at room temperature, which contrib-
utes to its efficient charge transport and light-harvesting capabilities.
Additionally, its compatibility with low-temperature solution processing
makes it attractive for scalable and cost-effective manufacturing.
Despite its mechanical softness, MAPbI3 has been shown to form uni-
form, pinhole-free films that are essential for device performance. These
characteristics have made MAPbI3; a benchmark material in perovskite
solar cell research and a reference point for evaluating the performance
of newer, more complex perovskite compositions.

From a mechanical standpoint, MAPbI3 exhibits properties that,
while suitable for device fabrication, its mechanical fragility, charac-
terized by a low Young's modulus, hardness, and fracture toughness,
poses significant challenges for the long-term reliability and durability
of PSCs under operational and environmental stresses [14]. Previous
studies have reported that the elastic modulus of MAPbI3 ranges from 10
to 28 GPa, while its hardness varies between 0.3 and 0.6 GPa, depending
on synthesis conditions and characterization methods [15-17]. These
values reflect a relatively soft and ductile nature, which may facilitate
the formation of microcracks or plastic deformations under prolonged
operational conditions, especially in environments with thermal or
mechanical fluctuations [15].

Understanding the mechanical properties of these materials used in
solar cells is essential for predicting their behaviour under mechanical,
thermal, or environmental stress. Throughout the operational lifetime of
a photovoltaic device, the active layers are subjected to thermal cycling,
vibrations, impacts, and other factors that can induce deformation,
delamination, or structural failure. Therefore, accurate mechanical
characterization not only enables optimization of device design but also
helps anticipate potential failure mechanisms and improve long-term
durability [17].

In this way, several comprehensive reviews have addressed the me-
chanical and environmental stability of perovskite-based devices. Bau-
mann et al. provided an extensive overview of degradation mechanisms
in perovskite solar cells, highlighting the role of mobile ions, moisture,
and thermal cycling in mechanical failure [18]. They emphasize that
mechanical stress, both intrinsic (e.g., thermal expansion mismatch) and
extrinsic (e.g., encapsulation pressure), can lead to delamination,
cracking, and phase segregation, ultimately compromising device per-
formance. Kumar et al. [19] highlighted that although perovskite solar
cells achieve high power conversion efficiencies, their practical imple-
mentation was limited by issues such as lead toxicity and material
instability under environmental stress. In that research, they developed
lead-free and more stable perovskite materials, as well as improved
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processing strategies to enhance durability and environmental
compatibility.

Mechanical characterization of these materials has been primarily
conducted using nanoindentation testing, a technique that enables
precise measurement of elastic modulus and hardness at the nanoscale
[20]. This method would be particularly useful in multilayer systems
such as solar cells, where the mechanical properties of each layer can
significantly influence the overall behaviour of the device. In the case of
MAPbI3, nanoindentation studies have helped correlate the material's
microstructure with its mechanical response, revealing the influence of
factors such as grain size, crystallographic orientation, and structural
defects. These factors contribute to the broad ranges of elastic modulus
and hardness values reported in the literature by different authors [16,
21]. Despite the progress made with MAPbI3, this material suffers from
thermal and environmental stability issues that limit its long-term
commercial viability. Therefore, if the commercial viability of these
coatings is to be expanded, it is essential to understand and characterize
the impact that environmental and operating conditions have on their
performance. This requires analysing not only their optoelectronic
behaviour but also their mechanical integrity. Both properties govern
the functional performance of solar cells, which, as outlined in the
introduction, ultimately depends on the integrated response of the entire
multilayer architecture. However, conventional nanoindentation studies
have largely characterized the perovskite layer in isolation, neglecting
the mechanical contributions of the remaining layers within the device
stack. Accordingly, advanced nanoindentation approaches are required
to assess the mechanical properties of solar cells at the full system level,
capturing not only the perovskite layer but also the additional functional
layers and the underlying substrate.

Recent efforts have focused on enhancing the mechanical and envi-
ronmental stability of PSCs through compositional engineering,
including the development of multi-cation perovskites. New formula-
tions of quaternary or quasi-quaternary perovskites have been devel-
oped. These materials, incorporating combinations formamidinium
(FA™), cesium (Cs™), methylammonium (MA™), and rubidium (Rb™"),
such as CsSRbFAMAPD(IBr)3, which incorporates a mixture of organic
and inorganic cations (formamidinium, methylammonium, cesium, and
rubidium) and a combination of halides (iodide and bromide). This
composition has shown significant improvements in thermal stability,
moisture resistance, and defect tolerance, while maintaining high
photovoltaic efficiency [22]. The inclusion of inorganic cations such as
Cs™ and Rb™ in the crystal lattice contributes to greater structural sta-
bility, while the partial substitution of I" with Br~ allows for bandgap
tuning, optimizing spectral absorption.

However, despite these optoelectronic and chemical advantages, the
mechanical properties of this new generation of perovskites remain
largely unexplored. A few studies have been done concerning the effect
of the incorporation of multi-cations on the mechanical performance.
Afre and Pugliese [23] discussed the mechanical stability of flexible
PSCs, noting that the integration of multi-cation compositions and novel
encapsulation strategies can significantly improve mechanical resil-
ience. Their review underscores the importance of optimizing both the
perovskite composition and the device architecture to mitigate me-
chanical degradation under bending, stretching, and environmental
exposure. In addition, experimental studies have shown that
multi-cation perovskites exhibit superior mechanical properties
compared to single-cation counterparts. For instance, perovskites
incorporating FA™ and Cs™ tend to form more robust crystal lattices,
which enhance fracture resistance and reduce defect propagation [24].

Even though, the lack of information on the effect of these perov-
skites, based on multi-cation additions, on the elastic modulus and
hardness represents a barrier to fully assessing their reliability under
real-world operating conditions.

In this context, while the mechanical properties of MAPbI3 are well
documented, the same cannot be said for the CsRbFAMAPb(IBr)s3
perovskite. The absence of data on its elastic modulus and hardness
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prevents a direct comparison with traditional systems and limits the
ability to predict its in-service behaviour. For this reason, the objective
of the present work was to experimentally determine the mechanical
properties of multilayer structures composed of a MAPI layer and a four-
cation CsRbFAMAPD(IBr); perovskite layer. More precisely, nano-
indentation tests were conducted to obtain the elastic modulus and
hardness of each layer comprising two proposed solar-cell architectures,
providing insights into the interplay between composition, structure,
and mechanical performance in hybrid perovskite systems. Our findings
contribute to the broader understanding of the layer-resolved mechan-
ical response of perovskite-based devices, a factor increasingly recog-
nized as critical for their commercial viability. To this end, different
nanoindentation methodologies were combined to achieve this goal;
namely, continuous stiffness measurement (CSM) and statistical
nanoindentation.

2. Materials and methods
2.1. Materials: Multilayer architectures of perovskite solar cells

PSCs involve a multilayer architecture designed to optimize light
absorption, charge separation, and charge transport. Two different types
of cells were manufactured. Both device types described Type 1
(MAPbI3-based) and Type 2 (CsRbFAMAPb(IBr)s-based), share a com-
mon substrate and electron transport layer (ETL) configuration,
differing primarily in the composition and thickness of the perovskite
absorber layer.

The fabrication of PSCs involves Patterned fluorine-doped tin oxide
(FTO) coated glass substrates (sheet resistance: 12-14 Q/sq) were used
for the deposition of electron transport layer (ETL) and perovskite
absorber layers. Prior to use, the substrates were brushed with a 2% v/v
aqueous Hellmanex solution, followed by thorough rinsing with deion-
ized water. They were then sequentially cleaned in consecutive ultra-
sonic baths with Hellmanex solution, deionized water, isopropanol, and
acetone, each for 15 min. After drying with a nitrogen stream, the
substrates were treated with UV-ozone for 15 min using an ozone
cleaner.

Following the cleaning procedure, a compact dioxide layer (c-TiO2)
was deposited by spray pyrolysis at 450 °C using a precursor solution of
titanium diisopropoxide bis(acetylacetonate) dissolved in absolute
ethanol. Oxygen was used as the carrier gas. After deposition, the sub-
strates were kept at 450 °C for 30 min to ensure complete crystallization
and then cooled to room temperature. The mesoporous TiO5 layer (m-
TiO3) was prepared by diluting a commercial TiO5 paste (Sigma-Aldrich,
18NRT) in absolute ethanol. This suspension was deposited onto the
compact layer by spin coating 100 pL at 4000 rpm for 10 s with a ramp of
2000 rpm/s. The films were immediately dried at 125 oC for 10 min and
then annealed at 450 oC using a gradual temperature ramp. Together,
the ¢-TiO, and m-TiO layers constitute ETL.

Two different perovskite compositions were prepared: MAPbI3 and
the quadruple-cation mixed-halide perovskite CSRbFAMAPb(IBr)s. All
precursor preparation and film deposition steps were carried out inside a
nitrogen-filled glovebox (O3 and H20 < 1 ppm) to prevent degradation
due to moisture or oxygen exposure.

The MAPbDI;3 precursor solution was prepared by dissolving lead io-
dide (Pbly, 1 M, Sigma-Aldrich) in a 9:1 v/v mixture of DMF and DMSO,
heated to 65-70 °C until fully dissolved. After cooling to room tem-
perature, the solution was added to a pre-weighed amount of methyl-
ammonium iodide (MAI Ossila) to obtain the final perovskite precursor.
For deposition, 50 L of the solution were spin-coated onto the substrate
at 4000 rpm for 50 s. After 8 s of spinning, 500 pL of chlorobenzene were
dropped as an antisolvent. The films were then annealed at 100 °C for

10 min to facilitate crystallization and solvent removal.

The CsRbFAMAPD(IBr)s perovskite precursor was prepared using
four inorganic stock solutions and two organic halide salts. Stock solu-
tions included: 1.5 M Pbl, (TCI) and 1.5 M PbBr, (TCI) in DMF:DMSO
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(4:1 v/v), 1.5 M CsI (ABCR) in DMSO, and 1.5 M RbI (ABCR) in DMF:
DMSO (4:1 v/v). These solutions were heated to 80 °C until fully dis-
solved and then cooled to room temperature before use. Separately,
formamidinium iodide (FAI) and methylammonium bromide (MABr)
(Greatcell Solar) were weighed and dissolved in the respective Pbl; and
PbBry stock solutions to form FAPbI3 and MAPbBr3 precursors. These
were combined in a 5:1 v/v ratio to obtain the FAMAPb(IBr)3 solution.
Finally, 5% v/v of CsI and 5% v/v of RbI stock solutions were added to
produce the final CSRbFAMAPb(IBr)s formulation. For deposition, 80 pL
of the solution were spin-coated using a two-step program: 1000 rpm for
10 s followed by 6000 rpm for 20 s. During the second step, 200 pL of
chlorobenzene were dropped onto the spinning substrate 5 s before the
end. The films were annealed at 100 °C for 60 min to complete the
crystallization. The resulting nominal composition of this perovskite was
Cs0.0sRDo.05(FA0.83MA0.17)0.9Pb(I0.83B10.17)3-

Fig. 1 shows a comparison between the absorption spectra of MAPbI3
and CsRbFAMAPD(IBr)3 thin films. Both layers were prepared under the
same conditions. As can be seen, there is a notable increase in absorption
for the CSRbFAMAPD(IBr)3 perovskite, with values approaching 100%
across a broad range of the visible spectrum. This increase in absorption
results in greater charge generation, leading to an increase in the
extracted current and, ultimately, in the Power Conversion Efficiency
(PCE).

Table 1 shows a summary of the layer structure composition of both
cells' types including the thickness of each layer. This information was
obtained from the images captured from the cross-sections of the devices
using a high-resolution Nova Nano SEM230 field emission gun scanning
electron microscope (SEM) (see Fig. 2a) and following the methodology
reported in previous works [25]. Both cells are composed of five layers,
including the glass substrate.

A comparison between MAPbI3 and CsSRbFAMAPD(IBr)3 solar cells
reveals clear differences in power-conversion efficiency (PCE) that arise
from their distinct compositions and resulting microstructures. Standard
MAPDI3 devices typically exhibit efficiencies around 15%, but suffer
from pronounced ionic migration, low activation energies for iodide
diffusion (0.29-0.38 eV), and structural instabilities that lead to accel-

erated performance losses under thermal stress [26-28]. In contrast, the
mixed-cation mixed-halide CsRbFAMAPD(IBr); architecture studied
here achieves higher efficiency and demonstrates markedly enhanced
thermal and operational stability owing to its quadruple-cation formu-
lation. Fig. 2b shows the J-V characteristics of the champion devices
measured under AM1.5G illumination, while the inset table summarizes
the average photovoltaic parameters obtained from a batch of 32
fabricated solar cells. The MAPbI3 devices exhibited an average Js¢ of
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Fig. 1. Absorption spectra of CSRbFAMAPb(IBr); and MAPDI3. Inset shows the
Eg ~1.6 eV extracted from the T, plot for the CSRbFAMAPb(IBr)3 perovskite.
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Table 1
Multilayer structure of the solar cells.

Material Layer composition Thickness (nm)

Solar cell: Type 1 Substrate: Glass + commercial FTO 400-450 (FTO layer)

TiO, compact layer (c-TiO5) 40-60
TiO, mesoporous layer (m-TiO5) 180
MAPbDI; perovskite 595

Solar cell: Type 2 Substrate: Glass + commercial FTO 400-450 (FTO layer)
TiO, compact layer (c-TiO5) 40-60
TiO, mesoporous layer (m-TiO) 180
CsRbMAFAPD(IBr)3 perovskite 644

18.43 +0.22mA cm ™2, a Vocof1.06 + 0.02 V, an FF of 0.72 + 0.03, and
a PCE of 14.02 + 0.47%. In comparison, the CSRbFAMAPbD(IBr)3 devices
showed a slightly lower Jgc of 17.58 + 0.35 mA em 2 but higher Voc and
FF values of 1.09 £ 0.02 V and 0.75 + 0.03, respectively, resulting in an
improved average PCE of 14.50 + 0.65%. These results indicate that the
incorporation of the mixed-cation/mixed-halide composition enhances
device performance primarily through gains in open-circuit voltage and
fill factor, which compensate for the modest reduction in photocurrent
density.

Additionally, the incorporation of Cs*, Rb*, FAT, and MA™ produces
a more constrained and structurally robust perovskite lattice with larger
grains, reduced defect density, and a significantly higher iodide ion
activation energy of 0.63 + 0.08 eV, which suppresses ion migration by
several orders of magnitude compared to MAPbI; (diffusion coefficient
~10"'* ¢m?/s vs. 107° cmz/s). These microstructural improvements
mitigate interfacial and bulk recombination, stabilize the a-phase, and
reduce hysteresis, collectively enabling CSRbFAMAPb(IBr)3 devices to
maintain efficiency more effectively across temperature variations than
their MAPbI3 counterparts [25].

2.2. Methods: Depth-resolved mechanical analysis by nanoindentation
tests

Depth sensing indentation, commonly referred to as nano-
indentation, is a high-precision mechanical testing technique used to
determine the mechanical properties of materials at small scales,
particularly hardness and elastic modulus. The method involves pressing
a sharp indenter of known geometry, typically made of diamond, into
the surface of a material while continuously recording the applied load
and the corresponding penetration depth. This process is carried out
through a controlled loading and unloading cycle, during which a
force-displacement curve is generated. The shape and characteristics of
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this curve provide critical information about the material's response to
deformation. One of the most widely adopted analytical approaches for
interpreting nanoindentation data is the Oliver and Pharr method [29].
This method focuses on the unloading portion of the force-displacement
curve and providing the values of elastic modulus, E, and hardness, H, of
the indented material [30].

The accuracy and reliability of the mechanical properties obtained
through nanoindentation depend heavily on the precise calibration of
the indenter tip geometry. This calibration is essential because any de-
viation or wear in the tip shape can lead to significant errors in the
calculated contact area and, consequently, in the derived mechanical
properties. To ensure consistency and accuracy, calibration is typically
performed using a reference material with well-known mechanical
properties, such as fused silica, which offers a stable and reproducible
response under indentation.

In this work a combination of continuous stiffness measurement
methodology (CSM) and statistical nanoindentation was used. The CSM
technique is an advanced method used in nanoindentation to continu-
ously measure the contact stiffness of a material as a function of pene-
tration depth during a single indentation cycle. Unlike traditional quasi-
static indentation, where stiffness is derived only from the unloading
segment, CSM superimposes a small oscillatory force onto the primary
loading signal throughout the indentation process. This dynamic exci-
tation allows for real-time measurement of stiffness at each depth
increment, enabling the calculation of depth-dependent mechanical
properties such as hardness and elastic modulus. The method is partic-
ularly advantageous for characterizing thin films or graded materials, as
it provides a continuous profile of mechanical behaviour rather than a
single averaged value. The stiffness is extracted from the phase and
amplitude response of the material to the oscillatory load, and this in-
formation is used in conjunction with the Oliver and Pharr framework to
compute mechanical properties at each depth [31,32].

Statistical nanoindentation is a high-throughput mechanical char-
acterization methodology in which large arrays of closely spaced in-
dents, often numbering in the hundreds or thousands, are performed to
capture the mechanical heterogeneity of a material with robust statis-
tical significance. Unlike conventional single-point indentation, statis-
tical nanoindentation emphasizes spatial sampling density to resolve
distributions of hardness and elastic modulus associated with distinct
microstructural features, phases, or defect populations. This approach
inherently accounts for microstructural variability, enabling to identify
mechanically distinct domains through probabilistic methods. For
example, in previous work, Ulm and co-workers established the statis-
tical nanoindentation technique as a powerful method for characterizing
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Fig. 2. a) Cross-sectional SEM image of the Glass/FTO/c-TiO2/m-TiO,/CsRbFAMAPb(IBr);/Spiro-OMeTAD/Au device; b) J-V curves of both devices including a
table with the average values and the corresponding standard deviations of Open Circuit Voltage (Voc), Short Circuit Current Density (Jsc), Fill Factor (FF) and Power

Conversion Efficiency (PCE).
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hydrated nanocomposites such as cementitious C-S-H, bone mineral
(apatite), and clay-based shales. This methodology relies on performing
large grids of instrumented indentation tests on a single polished surface
and analyzing the resulting load-displacement curves to extract statis-
tically representative distributions of elastic modulus and hardness for
the mechanically distinct phases present within the microstructure. By
treating each shallow indentation as an independent mechanical sam-
pling event and applying probabilistic deconvolution to the populations
of modulus-hardness values obtained at the surface, the technique en-
ables in-plane phase identification and quantification with high spatial
resolution [33]. That is, unlike conventional statistical nanoindentation,
where a probabilistic analysis is performed on elastic modulus and
hardness values obtained from multiple indents made solely on the
material surface to identify and characterize its microstructural con-
stituents, in this work the analysis is instead conducted on
depth-dependent data. By using the mechanical responses recorded
throughout the indentation process, this approach enables
layer-resolved evaluation of each constituent layer within the solar-cell
stack.

Mechanical characterization was focused on the glass/FTO/c-TiOy/
m-TiOy/perovskite multilayer stack, since these layers constitute the
structural system that dominates the mechanical response of the device
under indentation loading. The objective of the present work is the
determination of the elastic modulus and hardness of the mechanically
relevant constituents of the solar-cell architecture and, in particular, the
characterization of the perovskite absorber layer. For this reason, the
hole transport layer (HTL) and the top metallic electrode were not
included in the analysis. Furthermore, since both device architectures
share the same substrate and electron-transport-layer configuration,
while differing mainly in the composition of the perovskite absorber, the
selected stack allows the influence of the perovskite formulation on the
mechanical response to be identified and quantified.

Nanoindentation tests were performed on one sample of type 1 and
three samples of type 2, using a diamond Berkovich tip. The MAPbI3
device analysed in this study was included primarily as a reference
system to validate the nanoindentation and statistical deconvolution
methodology. Since elastic modulus and hardness values for MAPbI3
have been extensively reported in the literature, the objective was to
verify that the mechanical populations extracted from the nano-
indentation analysis were consistent with previously reported ranges.
Conversely, because equivalent layer-specific mechanical-property data
are not available for the multi-cation perovskite, three independently
fabricated devices were characterised to assess both within-device and
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between-device variability and to obtain representative mechanical-
property estimates. The geometry of the indenter was calibrated on
amorphous silica by imposing a nominal elastic modulus of 72 GPa up to
a maximum penetration depth of 3000 nm. Subsequently, indentation
arrays were programmed on the glass substrate using this calibration.
Prior to the indentations, the surface was cleaned with isopropanol to
remove dust and dirt. A total of 80 indentations were carried out using
the continuous stiffness measurement module (CSM), spaced 100 pm
apart, with a maximum penetration depth of 1500 nm. A load-unload
cycling frequency of 35 Hz was selected, with an oscillation amplitude of
2 nm, superimposed during the application of the main loading cycle.
For each of the multiple cycles, the evolution of the elastic modulus and
hardness as a function of penetration depth was determined. The elastic
modulus calculations were carried out assuming a Poisson's ratio of 0.20
for all constituent layers.

Fig. 3a shows a typical force-displacement curve extracted from
nanoindentation test carried out onto the glass substrate. Fig. 3b depicts
the corresponding elastic modulus and hardness evolution with the
penetration depth. Fig. 3 highlights the general characteristics of the
nanoindentation tests conducted in this study, in which the elastic
modulus remained constant with increasing penetration depth, and the
hardness reached an asymptotic value at a depth significantly lower than
the maximum penetration. The analysis of the data obtained from 80
indentation tests on the glass substrate, using the Oliver and Pharr
methodology [29,30], yielded an average elastic modulus of 73 GPa and
a hardness of 6.3 GPa [34], with standard deviations of 1 GPa and
0.1 GPa, respectively. These average values were obtained from a total
of 80 indentations carried out using CSM, as it is explained in the
methods section. These values fall within the typical range reported for
this material, highlighting the good reliability of the calibration as well
as the appropriateness of the testing methodology and data processing.
Furthermore, the standard deviations are below 10% of the mean values,
demonstrating the robustness of the recorded data. Based on these re-
sults, nanoindentation tests on the multilayer system constituting the
solar cells can be confidently undertaken.

Subsequently, indentation tests were carried out on the solar cell
coatings. The indentation procedure was similar for the samples of both
types of solar cells. A diamond Berkovich indenter was used, applying
the calibration performed on silica and selecting the CSM module. In-
dentations were performed with an oscillation frequency of 35 Hz and
an amplitude of 2 nm, reaching a maximum penetration depth of
2500 nm, following the same methodology used for the indentations on
the glass substrate. This depth ensured that the indenter could penetrate
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Fig. 3. Representative results of nanoindentation test on glass substrate: a) force-displacement curve; b) elastic modulus and hardness evolution. The E and H mean
values, showed in the figure, were obtained for a total of 80 indentations carried out using CSM.
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through all layers and reach the glass substrate with sufficient margin.
For each type of coating, arrays of 150 indentations were programmed,
spaced 100 pm apart. It should be noted that the nanoindentation ex-
periments were performed on samples that did not include the Spiro-
OMeTAD hole-transport layer or the Au top electrode. Therefore, the
mechanical characterization reported in this work corresponds exclu-
sively to the Glass/FTO/c-TiOo/m-TiOy/perovskite structure described
in Table 1.

Fig. 4 shows a representative image of three residual indentation
imprints selected from the array of 150 indentations performed on the
solar cell. A key feature of this image is the high reproducibility of the
residual indentation geometry, which provides confidence in the
reproducibility of the load, F, and contact stiffness, S, measurements
obtained during the indentation process through the Continuous Stift-
ness Measurement (CSM) methodology.

In addition, a representative load-displacement (F-d) curve and
contact stiffness-displacement (S-d) curve are included in the same
figure. The quantities directly measured during the nanoindentation test
are highlighted. For each displacement value, d;, the corresponding
indentation load, F;, and contact stiffness, S;, were determined. These
data constitute the primary experimental output of the nanoindentation
test and were subsequently used to calculate the elastic modulus and
hardness according to the Oliver and Pharr methodology. Consequently,
each individual indentation provides a complete set of load, displace-
ment, and contact stiffness data over the entire penetration depth range,
allowing the elastic modulus and hardness to be continuously deter-
mined as a function of penetration depth. For each indentation, 1050
values of elastic modulus and hardness were obtained as a function of
penetration depth, approximately one data point every 1.2 nm.

Representative F-d and S-d
indentation curve on solar cell
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Fig. 4. Representative residual indentation imprints extracted from the matrix
of 150 nanoindentation tests performed on the solar-cell surface. Additionally,
representative load-displacement (F-d) and contact stiffness-displacement (S-d)
curves obtained using the Continuous Stiffness Measurement (CSM) technique
are also included.
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Therefore, the set of mechanical property values obtained from the
nanoindentation tests was sufficient to analyse the properties of each
coating and perform a statistical analysis.

The statistical study can be carried out following different strategies
depending on the type of information required and the depth at which
the analysis is to be performed. A first approach consists of reducing the
statistical treatment to the calculation of a mean value and its corre-
sponding standard deviation, obtained from the elastic modulus and
hardness data recorded during indentation within the thickness range
corresponding to each layer of the solar cell (thickness data statistical
analysis, TSA). This procedure can be carried out because the thick-
nesses of each of the layers constituting the solar cell coating system are
precisely known. In other words, this statistical analysis procedure re-
quires prior knowledge of the thickness of each layer. This, in turn,
necessitates exhaustive control of the manufacturing process. For a more
rigorous analysis, deconvolution procedures may be applied to estimate
the probability distributions associated with each layer (deconvolution
statistical analysis, DSA). The advantage of this method is that prior
knowledge of the coating thicknesses is not required, since it is not
necessary to segment the data according to the depth ranges corre-
sponding to each individual layer. With this approach, the property
values of the different layers are naturally generated and discriminated.
In this work, both methodologies have been implemented, allowing us to
assess their reliability in determining the mechanical properties of the
individual layers that constitute the device.

3. Results and discussion
3.1. Thickness-discriminated statistical analysis

Depth-dependent nanoindentation enabled direct access to the me-
chanical response of the multilayer solar cell architecture across the full
coating thickness. The use of continuous stiffness measurement (CSM)
allowed the evolution of elastic modulus and hardness to be tracked as a
function of penetration depth, revealing distinct mechanical signatures
associated with individual functional layers through an initial statistical
treatment of the mechanical data. To establish a first layer-resolved
comparison, elastic modulus and hardness values were analysed over
depth ranges corresponding to the thickness of each layer, providing
representative mean values and variability trends that form the basis for
the subsequent mechanical analysis.

The elastic modulus values of the individual layers in the solar cell
structure vary significantly depending on the material and its micro-
structure. The elastic modulus of methylammonium lead iodide
(MAPbDI3) perovskite films has been reported to vary depending on the
fabrication method, crystallinity, and presence of additives. For
instance, studies using nanoindentation and atomic force microscopy
have reported values around 14-17 GPa for pristine MAPbIj3 films [35,
36]. Additionally, other studies on the mechanical properties of MAPbI3
also measured the E value with nano-indentation giving a range of
values between 10 GPa and 20 GPa depending on dwell time and lattice
plane [37-40]. Feng et al. investigated the elastic properties and
anisotropy of MABX3 (B=Pb, Sn; X = Br, I) using first-principles calcu-
lations based on density functional theory (DFT). They reported a E
value of 22.2 GPa for MAPbI3 [41]. Other studies have reported even
broader ranges of elastic modulus values (from 10 to 28 GPa) [15,16,
42]. Faghihnasiri et al. [43] also reported E values for MAPbI3 that
ranged from 15 GPa to 34.5 GPa. However, Liu et al. [44] explored the
role of 2D structure pentanamine iodide in improving the properties of
3D MAPDI3 perovskite thin films from the perspective of Young's
modulus matching. They reported a value of 47.1 GPa for MAPbI;
pristine perovskite films and 35.1 GPa for the perovskite film treated
with 3.3% pentanamine iodide. These wide variations in the E values
using the nanoindentation method are attributed to its sensitivity to the
following: synthesis method, quality, and orientation of the
single-crystals. Also, although nanoindentation may be performed on
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(100) surfaces of bulk single-crystals, that does not imply that the
measured E is in <100> direction due to the complex three-dimensional
(3D) geometry inherent to the indentation process. Based on all the in-
formation gathered from previous studies, it can be summarized that the
elastic modulus for different perovskite formulations lies in the range of
10 to 28 GPa. Therefore, it is expected that the perovskites corre-
sponding to the type-1 and type-2 cells analysed in this work will exhibit
elastic modulus values within this range. Since the elastic modulus is an
intrinsic property, the reported range of values may be used to assess the
reliability of the results obtained from the statistical analysis of the
nanoindentation-derived data.

For the mesoporous TiO3 layer, the elastic modulus typically ranges
between 10 and 50 GPa, influenced by the degree of porosity and syn-
thesis method [45-47]. In contrast, the compact TiOy layer exhibits
higher stiffness, with reported values of 65 GPa for films deposited via
reactive evaporation and up to 147 GPa for those produced by ion
plating, according to Anderson and Ottermann [47,48]. For the
Fluorine-doped Tin Oxide (FTO) layer, the elastic modulus has been
reported in the range of 100 to 130 GPa, depending on the doping level
and deposition conditions, as described by Haddad et al. [49] and Tuyen
et al. [50].

The hardness of methylammonium lead iodide (MAPbI3) perovskite
films has been investigated in various studies, typically using nano-
indentation techniques. Similar tendency can be inferred from hardness
comparison. The hardness of thin film materials used in solar cell ar-
chitectures varies significantly depending on their microstructure and
deposition method. Consequently, hardness values for perovskites also
fall within a certain range. Sun et al. [40] reported values of
0.42-0.46 GPa for CH3NH3PbI3, 0.26-0.31 GPa for CH3NH3PbBr3, and
0.25-0.29 GPa for CH3NH3PbCl;. Reyes-Martinez et al. [51] obtained
hardness values of 0.35 GPa for CH3NH3PbBrs and 0.55 GPa for
CH3NH3Pbl3. Ramirez et al. [38] reported values ranging from 0.42 to
1 GPa. Additionally, Chen et al. [52] measured hardness values ranged
between 0.38 and 0.69 GPa. Furthermore, Spina et al. [39] investigated
the mechanical characteristics of MAPbI3. They observed an influence of
the exposure time to humidity on the hardness values of the perovskite,
reporting a value of 1 GPa at 0 days and a gradual decrease to 0.3 GPa
after 100 days. Overall, the hardness values reported for different pe-
rovskites can be summarized as lying within the interval of 0.4-1 GPa.
For mesoporous TiO; films, the hardness is strongly influenced by
porosity and crystalline phase, typically ranging from 0.5 to 2 GPa, with
lower values corresponding to higher porosity. This trend is discussed in
detail by Lionello et al. [53]. In contrast, compact TiOy films exhibit
significantly higher hardness values, typically around 5 to 8 GPa,
depending on the deposition technique and phase composition [54,55].
For fluorine-doped tin oxide (FTO) films, Vickers hardness measure-
ments indicate values in the range of 4 to 6 GPa, depending on doping
concentration and film thickness [55,56]. However, the scientific liter-
ature reveals that the hardness of Fluorine-Doped Tin Oxide (FTO) thin
films can be higher depending on the Fluorine/Tin ratio. Tuyen et al.
[50] reported hardness values of 5.6 + 0.2, 6.9 + 0.3, 12.3 + 0.4, and
10.2 + 0.3 GPa for FTO films deposited at 0, 0.1, 0.5, and 1.0 F/Sn ratios,
respectively. Comparable ranges of values could be observed on the type
2 solar cells, except for the CsSRbFAMAPD(IBr)3 perovskite layer, whose
elastic modulus and hardness values have not been reported in any
previous studies, and therefore no reference values are available.

Table 2 summarizes the ranges of elastic modulus and hardness
values reported in the literature for the different layers of type-1 solar
cells.

Fig. 5a shows the values of elastic modulus and hardness obtained for
solar cell type 1, from the data recorded during indentation within the
thickness range corresponding to each layer of the solar cell, TSA
analysis. This figure presents the elastic modulus values, yielding 65 GPa
for the perovskite layer, 98 GPa for the mesoporous TiO; layer, 101 GPa
for the compact TiO; layer, 102 GPa for the FTO layer, and 73 GPa for
the glass substrate. The latter value corresponds to the nominal elastic
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Table 2
Reference values of elastic modulus and hardness corresponding to the solar cell
layers (type-1).

Material/layer E (GPa) values from H (GPa) values from

references references
MAPDI; perovskite 10-28 0.4-1.5
TiOy mesoporous 10-50 0.5-2
layer
TiO, compact layer 65-147 5-8
FTO 100-130 5.5-12
Glass substrate 72 6.3

modulus of glass (Fig. 3b). However, significant discrepancies were
observed in the values obtained for the other layers, mainly perovskite
and m-TiOy, when compared to those reported in previous studies.

Significant differences were also observed in the hardness values.
Specifically, an average value of 3.08 GPa was obtained for the depth
range corresponding to the perovskite layer, a value that lies signifi-
cantly outside the nominal range (Table 1). Significant deviations from
the nominal values were also found for the remaining layers. Differences
of 65%, 30%, and 24% with respect to the closest values within their
nominal ranges (Table 1) were reported for the mesoporous TiOs,
compact TiO, and FTO layers, respectively. It should be noted that this
error is negligible in the value obtained for the glass substrate. This
latter result serves as evidence that the testing methodology is valid and
that another phenomenon is responsible for the discrepancies observed
relative to the expected values.

Fig. 5b, ¢ and 5d shows the mean values and the corresponding
standard deviations of the elastic modulus and hardness obtained from
the three samples of the Type-2 solar cell. In this case, no comparison
can be made for the values of both mechanical properties measured in
the perovskite layer of this type of solar cell, since no reference data are
available; however, a comparison can be performed for the remaining
layers. When comparing the values obtained from the nanoindentation
methodology, using a statistical treatment based solely on calculating
the mean values and standard deviations of the results corresponding to
each depth range included within the thickness of each layer, significant
discrepancies with respect to the nominal values were again observed.
Thus, value ranges of 90-105 GPa and 3-3.5 GPa were obtained for the
elastic modulus and hardness, respectively, in the mesoporous TiOs
layer. These ranges are significantly higher than the nominal values
reported for this material (Table 2). A similar situation was observed for
the compact TiOy layer, for which the calculated ranges were
90-109 GPa for the elastic modulus and 3-3.7 GPa for the hardness.
Once again, these ranges differ markedly from the nominal value ranges
(Table 2). In the case of the FTO layer, the differences with respect to the
expected values were smaller. An elastic modulus value of 110 GPa was
reported, which lies within the nominal range, and a hardness value of
4.3 GPa, which is close to the lower bound of the expected range for this
material. Nevertheless, most of the values of both properties obtained
through this statistical data analysis methodology exhibit significant
discrepancies when compared with their nominal counterparts
(Table 1). As in the Type-1 solar cell, the values of both properties ob-
tained for the glass substrate were very close to the expected values
(Table 1). Therefore, in this type of solar cell, the existence of a phe-
nomenon acting as a source of discrepancy with respect to the nominal
values is also confirmed, and this phenomenon is not related to the
nanoindentation methodology, such as calibration, cycle frequency, or
data acquisition resolution.

Consequently, these discrepancies may be due to the influence of the
surrounding layers on the measurements recorded within each indi-
vidual layer. The property values selected to calculate the mean and
standard deviation are likely determined primarily by the response of
the layer located at the depth where the measurements are being taken.
However, there is also an influence from the underlying layers, due to
the volume affected by the deformation fields induced by the
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Fig. 5. Values of elastic modulus, E and hardness, H for different layers of the solar cell: a) type 1; b), ¢) and d) type 2.

indentation process. Previous studies have reported that, when nano-
indentation is performed on a coating-substrate system, the measured
elastic modulus and hardness are governed by the interaction of the
deformation fields developed in both the coating and the underlying
substrate. As the penetration depth increases, the stress and strain fields
beneath the indenter extend progressively further into the material,
eventually reaching the coating-substrate interface and activating
deformation in the substrate. Once this occurs, the measured response
no longer represents the intrinsic mechanical properties of the coating,
but rather a composite response of the coupled coating-substrate sys-
tem. This effect becomes particularly significant when the maximum
indentation depth exceeds approximately 10% of the coating thickness,
a phenomenological criterion originally proposed to minimize substrate
influence. Finite element simulations and experimental studies have
shown that, even at shallow depths, the elastic field can extend several
times the contact radius, making the elastic modulus especially sensitive
to substrate stiffness, while hardness may remain coating-dominated
over a slightly wider depth range. The magnitude and direction of the
deviation depend on the elastic and plastic mismatch between coating
and substrate, leading to overestimation or underestimation of the
coating properties depending on whether the substrate is stiffer or more
compliant than the coating [56]. It may explain the discrepancies
observed between nominal layers' properties (Table 1) and nano-
indentation derived values (Fig. 5).

These discrepancies may be attributed to the effect of adjacent layers
in nanoindentation tests. This suggests that a different approach may be
necessary, one oriented toward a more statistical analysis.

3.2. Statistical separation of layer-specific mechanical responses

An alternative statistical analysis procedure was selected to
discriminate the representative values of both mechanical properties
corresponding to each layer of both solar cell types operating over the
nanoindentation data.

To achieve this objective, a conditional statistical deconvolution
procedure was implemented, combining hybrid histogram deconvolu-
tion with a Gaussian Mixture Model (GMM) [57]. The method starts
from the global histogram obtained from the nanoindentation data and
assumes that this distribution results from the superposition of multiple
statistically independent mechanical responses associated with different
layers of the system. Accordingly, the overall histogram is decomposed
into a set of partial histograms, each represented by a Gaussian distri-
bution characterized by a single, well-defined peak, a mean value, and
an associated standard deviation. The parameters of the Gaussian
components are determined through an optimization process aimed at
minimizing the reconstruction error between the experimental global
histogram and the weighted sum of the partial distributions. A key
constraint is imposed during the deconvolution: at least one Gaussian
component is forced to exhibit a peak centered at the known mechanical
property value (elastic modulus and hardness) of the substrate (glass).
This constraint anchors the solution physically and reduces ambiguity in
the allocation of the remaining components. Through this conditional
deconvolution strategy, the contributions of different layers within the
coating stack can be statistically separated, allowing the identification of
distinct mechanical populations within the dataset. The number of
partial Gaussian distributions generated by the deconvolution process
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depends on the complete raw data histogram. Consequently, the
Gaussian mixture model was used to identify statistically distinct me-
chanical populations within the dataset without imposing any pre-
defined correspondence between populations and individual layers,
except for the substrate constraint used for calibration purposes. The
statistical indentation approach and subsequent deconvolution proced-
ures have already been extensively reported and validated in hetero-
geneous multiphase systems. Therefore, agreement between the
extracted properties and independent literature data is used here as a
consistency check supporting the physical interpretation of the identi-
fied populations. The populations corresponding to glass, FTO, compact
TiOy and mesoporous TiO, were subsequently identified through com-
parison with literature-reported ranges of elastic modulus and hardness.
The remaining population, which could not be consistently assigned to
any of the previously identified layers, was therefore attributed to the
perovskite absorber, in agreement with the known architecture of the
solar-cell stack. Importantly, no elastic modulus or hardness constraints
associated with the perovskite layer were introduced during the
deconvolution procedure. Thus, the identification of the perovskite
population was performed a posteriori, only after the assignment of all
layers for which independent reference data were available.

To carry out this process, a Python script has been developed that
reads the data and generates the partial histograms while satisfying the
imposed boundary conditions. In particular, Gaussian Mixture Model
(GMM) was applied using the Scikit-Learn package. Subsequently, the
histograms obtained after applying this methodology to the elastic
modulus and hardness values of both types of solar cells are presented.
The average, u, and standard deviation, o, values of the corresponding
partial histograms were included. Additionally, the RMSE and w pa-
rameters were also included. In the Gaussian deconvolution process, the
RMSE is used as a quantitative metric to evaluate the quality of the fit
between the experimental data histogram and the distribution recon-
structed from the linear combination of Gaussian components. Specif-
ically, RMSE measures the average deviation between the experimental
histogram and the model prediction, with lower RMSE values indicating
a more accurate reconstruction of the underlying data distribution. In
relative terms, RMSE values that are small compared to the overall
amplitude or variance of the histogram can be interpreted as indicative
of a good fit, whereas comparatively large RMSE values reflect a poor
agreement between the reconstructed distribution and the experimental
data, suggesting an insufficient number of Gaussian components or
inadequately estimated parameters. The parameter w, on the other
hand, represents the statistical weight of each Gaussian component
within the mixture model and quantifies its relative contribution to the
overall distribution. In practical terms, w reflects the fraction of data
points associated with a given mechanical response, such that Gaussian
components with higher weights correspond to more dominant contri-
butions to the measured response, while lower weights indicate minor or
less prevalent contributions. It should be noted that the weighting factor
w associated with each Gaussian component represents its relative
contribution to the overall distribution of measured mechanical prop-
erties rather than the physical thickness fraction of the corresponding
layer. Since the deconvolution is performed on the complete CSM
dataset, each indentation contributes a large number of elastic modulus
and hardness measurements over the entire penetration range.
Furthermore, the mechanical response recorded at a given depth is
affected by the indentation interaction volume and by the overlap be-
tween neighbouring layers. Consequently, the Gaussian weights are not
expected to scale directly with the nominal thickness of the constituent
layers within the solar-cell stack.

Because the multilayer architecture consists of five physically
distinct layers, the deconvolution output was subsequently subjected to
a condensation procedure aimed at obtaining physically meaningful
mechanical populations. This condensation stage is not part of the fitting
procedure itself but rather a physically guided post-processing step. The
purpose of the condensation procedure was to merge neighbouring
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Gaussian components that originate from the statistical decomposition
of the same mechanical population. Due to experimental scatter, layer
interactions, substrate influence, and the intrinsic tendency of Gaussian
Mixture Models to partition broad distributions into several adjacent
components, the deconvolution process may generate a number of
mathematical components larger than the number of physically distinct
layers. Consequently, multiple Gaussian components may represent
different portions of the response of a single layer rather than inde-
pendent material layers. The condensation procedure reduces this over-
parameterisation by grouping statistically similar neighbouring com-
ponents while preserving the quality of the histogram reconstruction.
The condensation criterion was applied systematically to all datasets
and was independent of the expected elastic modulus or hardness values
of the individual layers. This criterion was based on grouping those
Gaussian components whose mean values, u, fall within a predefined
interval y + 0.10, where ¢ is the standard deviation of the condensed
distributions. The value of 0.1¢ provided the best compromise between
preserving physically meaningful populations and avoiding
overparameterization.

Fig. 6 shows the histograms for elastic modulus and hardness of the
type 1 solar cell. As can be observed in this figure, the complete histo-
gram of the raw data for both elastic modulus (Fig. 6a) and hardness
(Fig. 6b) is characterized by the absence of a clear number of significant
peaks that could be directly associated with the most probable values of
the different coating layers. This prevents the direct inference of elastic
modulus and hardness values from the analysis of the full histogram
alone, thereby justifying the application of the deconvolution procedure
described above.

In Fig. 6, the partial histograms generated through the deconvolution
process are drawn superimposed onto the complete histogram. For both
elastic modulus and hardness, the number of Gaussian partial histo-
grams obtained exceeded the number of layers in the coating. Conse-
quently, for the Type-1 solar cell, it was necessary to apply the
condensation procedure following the criterion which will be described
in the section Methods, Conditional deconvolution statical procedure.
As a result of this condensation process, five partial histograms were
generated, matching the number of coating layers, for both elastic
modulus and hardness. The mean values and standard deviations cor-
responding to each of these five partial histograms are summarized in
Table 3.

In the case of the elastic modulus (Fig. 6a), a total of nine partial
Gaussian distributions were generated through the deconvolution pro-
cess. The resulting root mean square error (RMSE) was 0.014, which
indicates a good quality of fit. It is worth noting that one of the partial
distributions exhibits a mean value of 71.7 GPa with a standard devia-
tion of 3.51 GPa, values that are very close to those corresponding to the
glass substrate. This result provides confidence in the reliability and
physical consistency of the established deconvolution procedure.
Regarding the values obtained after applying the condensation process
to reduce the number of Gaussian components to five (Table 3), it can be
observed that the resulting RMSE remains low, thereby preserving the
good quality of the fit. Moreover, a distribution with elastic modulus
values similar to those of the glass substrate is still obtained, further
supporting the robustness of the deconvolution and condensation
methodology.

By comparing the mean values of the partial elastic modulus distri-
butions with the nominal ranges presented in Tables 2 and it is possible
to establish an association between each partial distribution and the
corresponding material of the solar coating. To this end, each mean
value of the partial distributions is selected and matched to the nominal
value range in Table 2 within which it may fall. The last column of
Table 3 identifies the materials of the Type-1 solar coating whose
nominal elastic modulus ranges include the mean value of each partial
distribution (Fig. 6a).

For hardness (Fig. 6b), the number of partial distributions generated
was thirteen, which is noticeably higher than in the case of the elastic
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Fig. 6. Histograms for elastic modulus (a) and hardness (b) of the type 1 solar cell.
raw data. Values of the mean, standard deviation and weight (w) parameter for eac!

modulus. Nevertheless, an RMSE value of 0.019 was obtained, which is
sufficiently small to consider the fit to be of good quality. In addition,
one of the partial distributions exhibits a hardness value similar to that
measured for the glass substrate (Table 2), providing confidence in the
hardness values derived from this statistical analysis.

As performed for the elastic modulus, it was also necessary to apply a
condensation procedure to the set of Gaussian distributions, resulting in
a total of five distributions. The mean values, standard deviations, and
weights of each of these condensed distributions are summarized in
Table 4, together with the corresponding RMSE value for the five-
component fit. The outcome of this condensation procedure once
again yields a distribution with a mean hardness value of 6.28 GPa,
which is consistent with that of the glass substrate.

A similar procedure for associating partial Gaussian distributions
with the corresponding layer materials, as carried out for the elastic
modulus, was also applied to hardness. The materials associated with
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Partial gaussians distributions are drawn superimposed to the histogram of the
h partial distribution are included. Additionally, RMSE value is also showed.

each of the five Gaussian distributions are reported in the last column of
Table 4. As in the case of the elastic modulus, the mean hardness values
obtained could be successfully identified with the layers corresponding
to the materials used in each layer of the Type-1 solar coating. Never-
theless, it could be observed that in some cases interference between the
deformation fields of adjacent layers occurs, leading to hardness values
that represent a combination of their corresponding nominal values.
This is the case for Gaussian distribution 3, whose mean value is likely
associated with the combined effect of the mesoporous and compact
TiO layers.

The five layers of the Type-1 solar coating were thus identified
together with their corresponding mechanical properties. Accordingly,
an elastic modulus of 19 GPa and a hardness of 0.75 GPa were reported
for the MAPbI3 perovskite layer. These values fall within the nominal
ranges for both properties, according to the identification criterion
explained above. Consequently, these values are similar to those
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Table 3
Elastic moduli mean values, standard deviations and weights corresponding to
each of the five condensed partial histograms. RMSE value is also included. The
last column shows the material layer obtained from the comparison with
Table 2.

Gaussian Mean, p Standard Weight, RMSE  Material
distributions (GPa) deviation, ¢ w layer
(GPa)
Gaussian 1: C1 19.43 7.27 0.003 0.002 MAPbDI3
pervskite
Gaussian 2: C2 47.86 6.76 0.282 TiO4
mesoporous
Gaussian 3: C3 71.75 7.91 0.275 Glass
substrate
Gaussian 4: C4 97.42 7.25 0.270 TiO4
compact
Gaussian 5: C5 100.75 4.02 0.169 FTO

Table 4

Hardness means values, standard deviations and weights corresponding to each
of the five condensed partial histograms. RMSE value is included. The last col-
umn shows the material layer obtained from the comparison with Table 2.

Gaussian Mean,p  Standard Weight, RMSE  Material layer
distributions (GPa) deviation, ¢ w
(GPa)

Gaussian 1: 0.747 0.183 0.005 0.061 MAPbDI3

C1 pervskite
Gaussian 2: 1.783 0.261 0.045 TiO,

c2 mesoporous
Gaussian 3: 3.507 1.123 0.936 TiOo

C3 mesoporous +

TiO, compact

Gaussian 4: 6.280 0.372 0.015 Glass substrate

C4
Gaussian 5: 9.862 0.642 0.001 FTO

C5

reported in the literature for this type of perovskite. This confirms the
reliability of the proposed methodology for identifying mechanical
properties based on statistical indentation and subsequent deconvolu-
tion analysis.

Therefore, a similar procedure was applied to the elastic modulus
and hardness values obtained from the nanoindentation tests onto the
three samples of the type 2 solar cell in order to determine the values of
both properties for the CSRbFAMAPbD(IBr)s perovskite layer.

Fig. 7 shows the partial gaussian distributions of elastic modulus and
hardness for the three samples of type 2 solar cell. It was observed that
the deconvolution process yielded a set of five partial histograms whose
combination reconstructed the complete histogram for the three sam-
ples, for both elastic modulus and hardness. The only case in which a
larger number of histograms was obtained corresponded to Sample 3 for
the hardness values (Fig. 7f). In this case, the histogram grouping pro-
cedure described previously was applied, resulting in five partial his-
tograms. Fig. 7f includes a table summarizing the mean values and
standard deviations of these distributions. For all samples, the decon-
volution method consistently generated one distribution whose mean
elastic modulus and hardness values were similar to the nominal values
of the glass substrate. For the remaining distributions, a comparison was
performed with the nominal value ranges of both properties summarized
in Table 2.

Table 5 presents the mean values of the distributions obtained from
the three samples of the Type-2 solar cell, together with the associated
materials resulting from the comparison with the nominal values. This
comparison was necessarily carried out only for the layers that are
common to both solar cell types, namely the mesoporous and compact
TiO4 layers and the FTO layer. The remaining unassigned distribution
corresponds to the one providing the elastic modulus and hardness
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values of the CSRbFAMAPb(IBr)3 perovskite layer, reporting an average
value of 19.5 GPa and 2.7 GPa for the elastic modulus and hardness,
respectively.

Therefore, based on the statistical analysis of the results, it can be
concluded that the CSRbFAMAPb(IBr)3 perovskite in the type-2 solar cell
exhibits an elastic modulus similar to that of the perovskite in the type-
1 cell, and hardness values significantly higher than those measured in
the reference MAPbI3 device and higher than the ranges commonly re-
ported for MAPbI;3 in the literature.

Tables 4 and 5 provide the average values for elastic modulus and
hardness for both perovskites. From these values, the corresponding H/E
and H2/E ratios were estimated. The magnitude H/E can be considered
as a measure of the material's ability to bear elastic deformation. In other
words, this ratio is related to the deformation limit before permanent
damage is caused. On the other hand, H2/E can be understood as a
measure of the material's ability to store elastic energy. Both magnitudes
are significant in the mechanical performance of the material. The
values for both ratios were 0.038 and 0.029, respectively, for MAPbI3
and 0.138 and 0.373, respectively, for CSRbOFAMAPb(IBr)3 perovskite.
The lower H/E ratio obtained for MAPbI3 is a warning of its greater
sensitivity to brittle failure. On the other hand, the higher value of the
H2/E ratio of CsRbFAMAPD(IBr)3 reveals a greater resistance to per-
manent deformation. Consequently, it is expected that the CSRbFAMAPb
(IBr)3 perovskite will exhibit greater mechanical performance during its
operation in service.

4. Conclusions

The layer-resolved mechanical analysis presented in this work pro-
vides new insight into the mechanical behaviour of complete perovskite
solar cell architectures. By combining depth-dependent nanoindentation
with a conditional statistical deconvolution approach, elastic modulus
and hardness could be consistently resolved across individual functional
layers within working device stacks.

The close agreement between the extracted mechanical properties of
the glass substrate, charge-transport layers and MAPbI3 absorber and
previously reported values demonstrates the robustness and reproduc-
ibility of the proposed methodology. Importantly, this consistency
across two different device architectures confirms that the observed
mechanical trends are intrinsic to the materials rather than artefacts of
the analysis.

Beyond methodological validation, the results reveal a marked me-
chanical distinction between single-cation and multi-cation perovskite
absorbers. While the elastic modulus of CsSRbFAMAPb(IBr); remains
comparable to that of MAPDIs, its substantially higher hardness in-
dicates a significantly enhanced resistance to localized plastic defor-
mation. This decoupling between stiffness and hardness highlights the
potential of compositional engineering to improve mechanical resilience
without compromising structural compliance.

From a mechanical perspective, the increased hardness of the multi-
cation perovskite indicates a greater resistance to induced deformation.
Although this behaviour may be relevant to other aspects of mechanical
performance, including fracture resistance and interfacial stability,
these relationships remain to be established and require further inves-
tigation in future studies. These findings underscore the importance of
system-level mechanical characterization and suggest that composi-
tional optimization can significantly modify the mechanical response of
perovskite absorbers.

Furthermore, the mechanical properties reported in the present work
can be regarded as reference values for the studied device architectures.
The availability of layer-resolved baseline values for elastic modulus and
hardness provides a quantitative starting point against which future
measurements on aged or environmentally exposed devices may be
compared. In this sense, the methodology proposed here may not only
be used to characterize multilayer perovskite solar cells, but also to
quantify the evolution and eventual degradation of the mechanical



M.A. Garrido-Maneiro et al.

Solar Energy Materials and Solar Cells 310 (2027) 114802

a . . . b . .
) Elastic Modulus Histogram Deconvolution ) Hardness Histogram Deconvolution
0.035 Original Histogram Histogram Hardness
—— Gaussian 1: p=19.50, 0=10.32, w=0.035 0.5 —— Gaussian 1: p=2.84, 0=0.49, w=0.275
~— 0.030{ —— Gaussian 2: p=65.00, 0=17.31, w=0.556 A — — = Gaussian 2: p=3.23, 0=0.96, w=0.627
— -+ Gaussian 3: p=104.14, 0=7.59, w=0.045 "I' =+ Gaussian 3: p=6.28, 0=0.36, w=0.000
',U 0.025 - Gaussian 4: u=106.07, 0=5.98, w=0.258 | © 0.4 ..... Gaussian 4: p=9.24, 0=0.23, w=0.000
o =+= Gaussian 5: p=109.10, 0=3.61, w=0.106 || 0. ==+ Gaussian 5: u=6.73, 0=2.63, w=0.097
O, 5,020 C=_5im.(RMSE=0.0012} ) G o3 —= Sum (RMSE=0.0289)
N \ - .
> Ml >
= o b
2 0.015 l| 2 0.2
@ 0.010 i Sample 1 9] Sample 1
o 0O o1
0.005
=2
U] ==
X 0.
0:000 0 25 50 75 100 125 150 175 % 7.5 10.0 12.5 15.0 17.5 20.0
Elastic Modulus (GPa) Hardness (GPa)
c) . i ; d) . .
Elastic Modulus Histogram Deconvolution Hardness Histogram Deconvolution
0.030 Original Histogram Histogram Hardness
—— Gaussian 1: p=19.31, 0=9.35, w=0.037 0.5 —— Gaussian 1: p=2.84, 6=0.49, w=0.275
— 0.025 ~ = Gaussian 2: u=65.00, 0=13.13, w=0.696 — = Gaussian 2: u=3.23, 0=0.96, w=0.627
'—I‘ : -+ Gaussian 3: u=82.61, 0=5.82, w=0.102 — =+ Gaussian 3: u=6.28, 0=0.36, w=0.000
© L~ - Gaussian 4: n=88.13, 0=4.31, w=0.160 IfU 0.4 - Gaussian 4: n=9.24, 0=0.23, w=0.000
a. 0.020 /" % =--.'Gaussian 5: u=104.05, 0=9.63, w=0.004 o --=+ Gaussian 5: u=6.73, 0=2.63, w=0.097
[G) / == Sum(RMSE=0.0018) [G) g —= Sum (RMSE=0.0289)
-~ / . — 0.
>, 0.015 / Ht =
& / i =
0 / i v 0.2
i '
& 0010 i Sample 2 S Sample 2
O 5005 ,:'\\ A i
-—" 7 1 ':' \\\"\\
0.000 L———IES - = 0.0 Smoomee
0 20 40 60 80 100 120 140 160 10 15 20 25
Elastic Modulus (GPa) Hardness (GPa)
e § ¢ § . .
) Elastic Modulus Histogram Deconvolution f) Hardness Histogram Deconvolution
0.030 Original Histogram Histogram Hardness
' —— Gaussian 1: u=19.60, 0=6.35, w=0.021 —— Gaussian 1: u=2.41, 0=0.63, w=0.623
— —~— Gaussian 2: u=49.65, 0=9.98, w=0.314 ~ 04 Sam ple 3 —~~ Gaussian 2: u=4.61, 0=0.77, w=0.353
~  0.025{ —- Gaussian 3: p=75.00, 0=6.95, w=0.351 — -+ Gaussian 3: p=6.28, 0=0.42, w=0.000
y . Gaussian 4: u=88.94, 0=4.99, w=0.299 | 's - Gaussian 4: 1=6.98, 0=0.97, w=0.014
o --=: Gaussian 5: p=100.00, 0=16.58, w=0.016 } o --=. Gaussian 5: p=9.03, 0=1.21, w=0.008
0.020 1 0.3 !
[G) == Sum (RMSE=0.0011) 1‘ [G) —— Gaussian 6: p=14.40, 0=0.82, w=0.000
S I',’ b H e Gaussian 7: p=16.05, 0=5.00, w=0.002
> 0.015 DA > == Sum (RMSE=0.0066)
'4&; \\ ,’/ \: “ '45) 0.2 G_aus_siarf Mean, Stmt-dﬁ:mi Weight, w | RMSE
< 0.010 e Sample 3 c B b
v NI} HE [} v Gaussian 1: C1_| 2.41 0.63 0.62
o \ ./ ! \ ) 0 o1 Gaussian2:C2 | 4.61 0.7 035
0.005 P SHTRVITHTRR Gaussian 3:C3 [6.28 [ 1.45 0.02 0.006
/ . \\ ..' . ) Gaussian 4: C4 | 14.40 0.82 0.01
o000 szl 4 G NI 0 - Gaussian 5: C5 | 16.05__| 5.00 0.01
’ 20 40 80 100 120 140 '%.O 2.5 5.0 1.5 10.0 12.5 15.0 17.5 20.0

60
Elastic Modulus (GPa)

Hardness (GPa)

Fig. 7. Histograms for elastic modulus (a) and hardness (b) of the type 2 solar cell. Partial gaussians distributions are drawn superimposed to the histogram of the
raw data. Values of the mean, standard deviation and w parameter for each partial distribution are included. Additionally, RMSE value is also showed. a), c), e) elastic
modulus distributions for the three samples; b), d), f) hardness distributions for the three samples.

Table 5
Elastic moduli and hardness mean values and the corresponding standard de-
viations extracted from the statistical analysis carried out onto the data from the

three samples of type 2 solar cell. The last column shows the material layer
obtained from the comparison with Table 2.

E E H H Material layer

Mean, Standard Mean, p Standard

(GPa) deviation, ¢ (GPa) deviation, ¢

(GPa) (GPa)

19.47 8.67 2.694 0.537 CsRbFAMAPb
(IBr); perovskite

49.65 9.97 3.690 0.897 TiO5 mesoporous

94.38 5.09 9.287 2.025 TiO, compact

104.38 9.94 11.507 1.818 FTO

68.33 12.46 6.280 0.722 Glass substrate
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properties of individual layers during service conditions.
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