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Abstract

Flexible and lightweight perovskite solar cells (PSCs) hold significant promise for vehicle surfaces due to their low cost, ease of integration, and
potential for enhanced sustainability through recycling. This research investigates the impact of bending curvature (tensile and compressive strain)
on the optoelectronic properties of lead-based perovskites, focusing on how halide ion concentration can optimise the offset performance. The
study explores the change in bandgap energy, charge carrier mobility and thermal conductivity in response to varying compressive and tensile
strains. Findings indicate that compressive strain enhances charge mobility and thermal conductivity by reducing electron-phonon coupling, while
tensile strain has the opposite effect, degrading performance and stability. However, the direction of strain application remains the most important
factor due to the anisotropic nature of perovskites. The models in the study demonstrate how bending curvature due to vehicle surfaces affects the
optoelectronic properties of perovskites. These insights offer pathways for improving the mechanical reliability and efficiency of PSCs, particularly
for applications on non-flat surfaces, by leveraging strain engineering and compositional tuning.
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1. Introduction

bout 85% of the world’s energy comes from non-renewable fossil

fuels, such as oil, coal, and natural gas, which is one of the key
contributors to climate change [20]. The development of renewable
energy sources is now of utmost importance. Pioneering the future of
clean and renewable energy, solar cells are setting new benchmarks
while ensuring environmental sustainability.

Flexible halide perovskites are a new class of solar cell materials
that can be processed at low cost yet exhibit excellent optoelectronic
properties with exceptional efficiencies rivalling commercially avail-
able technologies such as silicon [32], [49]. Interestingly, the intrinsic

mechanical flexibility achievable in halide perovskites enables them
to be utilised in lightweight and flexible solar cells for conformable
applications, for example, adapting them to the dynamic contours
of electric vehicles (EVs) to develop future green and sustainable
transportation.

Figure 1. Solar cells for a vehicle’s surface [1].

The perovskite layer is easy to recycle, and the substrates can be
reused; this makes PSC panels more sustainable from the circular
economy point of view and can be used for multiple car surfaces [48],
[53]. However, to create flexible and bendable perovskite solar cells,
it is important to assess the impact of the bending curvature on the
material’s performance. Hence, the key goal of this research is to
investigate how the application of curvature affects the optoelectronic
properties of lead-based perovskites and whether these properties
can be optimized by tuning halide ion concentration, and ultimately
create simulations to visually describe this.

2. Background Theory

2.1. Introducing Perovskites

Perovskites (PVKs) are characterized by their general formula ABX;,
where ’A’ represents a cation, ‘B’ is typically a metal cation, and "X’ is a
halide anion. The crystal structure of perovskites is advantageous for
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Perovskite structure, directions within the crystal and the
Goldsmith Tolerance factor.
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Figure 2. Introducing perovskite structure [20], [66].

solar cell applications due to the ease with which its optoelectronic
properties can be changed by tuning halide ion concentration [69].

This is because optoelectronic properties depend on the phase of
the PVK, which in turn depends on the stability of the structure
determined by its atoms [12], [44], as distinct atoms induce varying
internal strain. This affects the stability and sustainability of the
whole structure which is assessed by the Goldsmith tolerance factor
[58], [66] now adjusted specifically to perovskites [24].

2.2. PVK optoelectronics

The optoelectronic properties of a solar cell semiconductor layer (per-
ovskite) define its performance. We discuss bendgap energy, charge
carrier mobility and thermal conductivity as these properties provide
a comprehensive outlook on the performance of a solar cell [17].

The bandgap energy determines the spectrum of sunlight it can
absorb, hence the open-circuit voltage. Due to the sunlight spectrum
distribution, it is best when Eg = 1.34eV. Charge carriers in per-
ovskites are the electrons and holes created when sunlight excites
the electrons in the material. Their ability to move freely through
the material is mobility and a higher mobility allows for a better gen-
eration of current. Thermal conductivity [55] affects the stability of
a perovskite, and is typically low, which can be problematic under
high solar irradiation as it leads to faster degradation [54].

2.3. Perovskite Solar cells (PSCs) Performance
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Figure 3. Explaining significance of selected optoelectronic properties

The performance of the solar cell depends on all layers and is mea-
sured by the power conversion efficiency:

out X 100% — FF X ISC x VOC

solar P solar

PCE = X 100%

FF is the fill factor, it describes how “squary” the IV-curve is [44].

2.4. Mechanical properties of perovskites

Mechanical properties that govern the deformation of PVK during
bending are Young’s modulus, Poisson’s ratio and hardness. These

are influenced by the compositional nature of the provskite [1]: the
Pb-X bond strengths, the packing density, and the chemical bonding.

Perovskires are anisotropic [1], [44]. This leads to directional vari-
ation in optoelectronic properties due to differing effective elastic
constants and wavevectors. Measuring them in one direction is in-
complete, as optoelectronic properties vary hugely across major crys-
tallographic directions.

Tensile strain

Neutral Plane

oy

(b) Bent PVK on a substrate [20]

<110>

<100>

(a) Different strain directions [1]

Figure 4. Mechanical properties of a perovskite.

Indentation along the (100) directions aligns with the Pb-X-Pb
inorganic bonds, providing strong resistance. Conversely, stress along
the (110) direction moves the indenter against a less rigid inorganic
bond, causing greater displacement. When we bend a perovskite, a
curvature is applied and can be expressed using strain: e = x - y

Films exhibit a vertical gradient of strains (which is in agreement
with the bending theory) [21], [22], [25], [72]. Due to Poisson’s ef-
fect, the applied curvature generates opposing strains in directions
perpendicular to the uniaxial strain as shown in Figure 4 [24].

2.5. Material choice and initial strain calculations

Lead-based perovskites (CsPbBr,I;_, and CH;NH;Br,I;_,) were se-
lected for their optimal optoelectronic properties [54]. Br and I en-
hance stability [36], Cs improves efficiency [35], and NH; relaxes
strain [8], [14], [10].

Lattice mismatch

Strain induced due to coefficient of thermal expansion mismatch between
the perovskite and other layers of the solar cell.

Figure 5. Strain induced by the substrate.

Originally, the experiment would involve thin films, but we looked
at single crystals instead [17]. They show enhanced carrier transport
and stability due to lower defect concentration [43]. Even though thin
films are twice as flexible as single crystals, they have ion migration
[4], increasing the instability especially under thermal strain [22].

2-12
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PET and PEN substrates [49], [51] were chosen due to their high
light transmission, conductivity, and coefficients of thermal expan-
sion compatibility, which minimised cooling-induces stress [7]. Sub-
strates can act as a barrier to oxidation or moisture [32], and further
encapsulation with a PEI layer on the top creates an even distribution
of stresses [6]. PET and PEN allow surface roughness to avoid electri-
cal short-circuiting in the device [45]. These also prevent wrinkling
and delamination [48].

Matlab was used to assess the impact of temperature on the dis-
tribution of thermal-induced strains within the perovskite and its
substrate layers (i.e. the initial strains). Partial differential equations
(Matlab PDE) were used for the temperature distribution problem,
and Finite Element Analysis (Matlab FEA) to estimate the strains.
The first subfigure in Figure 6 is by Yinan Jiao and provides a general
outlook on this [44].

A) Scheme of formation
the temperature distribut

ins within a perovskite crystallized on a substrate. Copyright 2022. The Royal Society of Chemistry, B) My Matlab PDE model for assessing "
erovskite and the film C) My Matlab FEA model to assess the strain distribution within the perovskite and the substrate

Figure 6. Thermal-induced strains and temperature distribution.

The initial idea for the bending setup was to 3D-print semicircles
of a fixed radius, but we used 3-point bend-test from Stranks group
within the Department of Chemical Engineering and Biotechnology.

Background theory summary

Bending a perovskite induces strain across all planes, impacting
its optoelectronic properties: bandgap energy, charge carrier mo-
bility, and thermal conductivity. To minimize initial strain, we
selected an optimal perovskite and substrate.

3. Methodology

3.1. XRD

Due to asymmetry and the sizes of the atoms involved in the crystal
lattice, PVK has an initial (internal) strain in PVK even before bending
[18], [24], [54]. Hence, we use XRD to identify it [36], [37].

The information from different depths from the surface to bulk
is obtained by changing the incident angle: the larger the incident
angle, the deeper the X-ray penetrates from the surface.

Under tensile strain, diffraction peaks drifted towards lower values,
so the slope is negative. However, compressive strain shifts diffraction
peaks towards a larger angle so the slope is positive [12]. Strain
is usually extracted from Bragg peak positions and Bragg peak shapes:

dgtrained —Qunstrai .
strained ~%unstrained X 100%’ Where dstmined is

dunstrained

the lattice spacing of the strained crystal, and daineq 1S that of the
unstrained crystal.

Using Williamson-Hall analysis [31], [37]: S cos6 = Kf + 4esin 6,
so scanning a beam of small spot size across a sample can produce a
map of tensile/compressive strain.

nl=2dsiné = ¢=

3.2. Terahertz, THz

THz, unlike Hall effect measurement, can be used to non-
destructively analyse samples. This is crucial when analysing lead-
based perovskites due to their instability for some atomic ratios[75].

Thz full strength lies in its ability to summarise all phenomena hap-
pening within a perovskite into a comprehensive picture of charge
transport.

In perovskites, phonons affect both thermal conductivity and elec-
tronic properties because these quasiparticles interact with charge
carriers [39]. Additionally, polarons are formed when atoms sur-
rounding a free carrier are displaced due to electrostatic attraction
to the carrier. This interaction creates a potential well around the
carrier, limiting its mobility. As the formation of a polaron requires
the distortion of the lattice, it results in a signature within the phonon
spectrum in the THz regime [74]. At room temperature, this can have
a significant effect on even the conductivity.

The LO phonon frequency increases as the halogen X is changed
from I to Br to Cl (from heavier to light atoms) [26], which lies in
the THz part of the spectrum. Alternatively, the breadth of a PL
peak reflects the thermal distribution of carriers and the linewidth is
determined by strong electron-phonon interactions [26], [76].

For charge carrier mobility and thermal conductivity two key mea-
surements are: Optical-Pump THz Probe (OPTP) [26] and Time-
Resolved THz Spectroscopy (TRTS).

3.3. Hyperspectral imaging

Mechanical bending reduces defects, as evidenced by the increased PL
intensity [4], [44], [65], [71]. When the halide ion concentrations are
changed, carrier diffusion and the effect of luminescence reabsorption
[64] cause the redshift.
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Figure 7. Strain and halide ion concentration impact on PL data.

3.4. Controlling the variables

« The thickness and volume [6], [66] of the PVK as it creates a
bandgap gradient:

- Charge carrier transfer rate decreases with an increase in
perovskite thickness [34].

- When working with very thin films (< 100 nm), surface
imperfections can dominate charge carrier dynamics [64].

The atmosphere during the experiment [64]:

- Exposing PVK to dry air/ oxygen/ water during measure-
ment can increase the PL intensity and lifetime [24].

« The light conditions during the experiment [64]:

- Light can prolong PL lifetime and increase its intensity.

- For mixed halide perovskites, photoinduced phase segre-
gation can shift the PL emission peak.

- Perovskite solar cells (PSCs) usually operate under low ir-
radiation, but time-resolved spectroscopy often uses higher
intensities and pulsed excitation, hence changing the pre-
dicted circuit parameters [64].

3.5. Simulations

» Quantum Espresso for DFT calculations;

+ Looked into Seftos and SCAPs for solar cell modelling [9], [33],
and VESTA for modelling perovskite crystals [26];

« CAD for designing the vehicle surface, and Modelo41 to work
with existing designs;

« Python (Numpy, Scipy, OpenCV) for data analysis and Matlab
for simulations, some inspired by Chinedu E. Ekuma, 2024 [16]:
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Band Gap Energy vs Strain for Pb-based Perovskite
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Figure 8. The impact of strain on bandgap energy, charge carrier mobility, and thermal conductivity [23], [55], [60]

- Perovskene Github repository [62];
- TonMonger for solar cells modelling [46], [63];
- My Github repository with simulations and data analysis.

. Comments on uncertainty

1. An exponential fit is a common approach for PL measurements,
but not a fixed approach.

2. Differences between partially assembled devices and fully as-
sembled architectures arise from built-in electric fields and un-
balanced carrier extraction in full assemblies.

3. Grain boundaries with unique chemical compositions, mean
that single crystals will behave differently from the bulk [17].

a. PL intensities and lifetimes are lower at grain boundaries.

b. A larger spread in crystal misorientation can lower PL in-
tensity, indicating that crystal mismatch sites [21] can also
act as recombination centers.

c. Laterally oriented grain boundaries can reduce y,,, but have
less impact on u,, hence the asymmetries in vertical/hori-
zontal charge transport within the PVK.

d. The granular structure of perovskite layers can lead to trap
or defect states due to crystal strain/element vacancies,
such as dangling bonds [45]. These defects cause charge
carrier recombination, so efficiency is lost in devices [64].

Methodology summary

PL measurements on existing perovskites to find bandgap. Looked
into THz to find carrier properties on other samples (InP
nanowires). Matlab for simulations, but Python for data work.

4. Strain engineering

train engineering is novel approach to that improves the perfor-
mance and stability of perovskite solar cells by varying strain
until a PVK reaches the needed parameter [6, 12, 52, 58, 60].

4.1. Bandgap energy changes

The band gap of CsPbl; can be tuned from 1.03 to 2.14 eV by varying
strain from -5% to 5%. At a strain of -3%, CsPbl; achieves an optimal
band gap of 1.34 eV, aligning with the optimal range for photovoltaic
performance according to the Shockley—Queisser theory [61].

L.. I e ‘1 /- Phonon
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Perovskite
Perovskite
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Figure 9. Strain impact on Bandgap energy and band structure [12], [44].

The positions of the Conduction Band Minimum and Valence Band
Maximum shift under strain. Tensile strain shifts them downward
(decreasing E,), while compressive shifts them upward (increasing
E,) [13] because of the changes in the lattice parameters hence the
wavevectors Figure 8 (b).

The band gap of CH;NH,PbI, oscillates as compressive strain in-
creases due to nonlinear structural deformations and phase transi-
tions under large strains (different from other semiconductors) [67].

Using Figure 6 we can construct a best fit line to correlate the
bending-induced strain with perovskite E, [6, 16, 27, 61]:

E,(e) = —2.054¢> + 8.184¢ — 4.528  (Scipy best fit line)

In a and b directions the decrease in E, is identically related to
the affection of the VBM and CBM by strains [4]. In the c direction,
the changes in E, are anisotropic since I-Pb-I bond is flexible [69],
Figure 8 (a). The crystals change their equilibrium positions, and
this displacement generates a distortion of the crystal lattice. By
increasing strain, octahedral tilt becomes more important because of
stabilisation of Pb 6s-I 5p* and I 5p states near the VBM [10, 37, 70].

Ultimately, the best-fit lines are close on Figure 8 (b), with differ-
ences explained by DFT calculations with and without SOC. Experi-
mental results fall in between, supporting this conclusion.

4.2. Charge mobility changes

Compressive strain increases hole mobilityu, due to decreasing the
hole effective mass [23, 51, 70]. Tensile strain increases the current
density under the same applied V [6, 21], which is indicative of in-
creased electron mobility p,.

For CsPbl; and CsPbBr; u,, increases with compressive strain and
decreases with tensile strength [18, 52]. For example, u, increases
from 11 to 143 cm? V-1s~! under 13% compression [39].

Compressive strain raises VBM more than the CBM due to stronger
interactions between Pb 6s and I 5p orbitals. VBM upward shift
improves its energetic alignment with the Au contact’s Fermi level
through decreasing the physical distance between the layers. This in-
creases photocurrent and carrier mobility, improving charge transfer
at the perovskite/HTL interface [31, 37].

[111] direction: w, = —6700 - € + 616, and x, = —6600 - € + 650

[100] direction: u;, = —5000 - € + 400, and u, = —6000 - € + 420

[110] direction: u;, = —5000 - € + 300, and u, = —5000 - € + 340

4.3. Thermal conductivity changes

Thermal conductivity = x; = éCUvSl where C, is the specific heat

capacity per unit volume (not affected by strain), v, is the speed of
sound (phonon velocity) in the material, and [ is the mean free path
1

of phonons [37]. Also, [ ~ — -
density of scattering centres (defects/other atoms)

Phonons travel within the perovskite and their velocity is influ-
enced by the strength of chemical bonds - stronger bonds lead to
faster phonon group velocities. Compressive strain increases them
due to the steeper dispersion curves resulting from the spread-out
phonon bands. Opposite happens under tensile strength.

The mean free path is the average distance a phonon can travel
before it collides with another phonon, a defect, or a boundary. A

4-12
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Figure 10. The impact of halide ion concentration on the optoelectronic properties of a perovskite.

longer mean free path allows for better heat transfer [11]. Compres-
sive strain increases the density of atoms in a given volume, which
would tend to decrease the mean free path. Tensile strain decreases
the density, increasing the mean free path.

Therefore, compressive strain generally increases thermal conduc-
tivity in as it brings atoms closer together, strengthening their bonds.
Fewer defects/ irregularities increase the mean free path [5]. It also
enhances the overlap of atomic orbitals, increasing and conductiv-
ity. While tensile strain decreases the thermal conductivity because
it weakens the bonds between atoms and localises the charges [11]
resulting in slower phonon group velocities. The stretched structure
might introduce more defects or irregularities, potentially decreasing
the mean free path. [11], [37], [39] (VESTA [79]).

We can now extract the data from graph c) on Figure 9:

x;, = 0.0030 - strain® — 0.0554 - strain + 0.3452

However, x; may be unchanged under small strains, as most
phonons responsible for it have [ of less than 100 nm [26]

4.4. Thin films and strain engineering

« Compressive strain lifts the VBM more than the CBM, improv-
ing carrier mobility and energy alignment with the HTL, while
tensile strain lowers the VBM, creating an unfavorable gradient
for hole extraction and leading to defects [44].

« Bulk conductivity of PVK decreases under tensile strain, but
increases under compressive strain (DFT calculations) [12].

« Compressive strain stabilizes a perovskite, while tensile strain
accelerates its degradation [37].

« Small compressive strain (|2.5%|) does not significantly affect

PVK optoelectronic properties [71].

Tensile strain in the lattice increases ion migration, while com-

pressive strain raises the migration barrier by distorting the oc-

tahedra and shortening the Pb-I bond, preventing I ions from

leaving the Pb site [12].
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Figure 11. Bulk bandgap energy changes due to strain [20].
In PSC devices, lattice mismatches occur at the interfaces of the

sandwich-like structure, where the CH;NH;Pbl; perovskite layer
is placed between the HTL and window layers as shown in figure

11. Orientations of CH;NH;* molecules of the upper layer are oppo-
site to those of the bottom layer [38], [67]. Such as, &, decreases
activation energy for ion migration, which accelerates the degrada-
tion of perovskite, while &.,mpressive iNCreases activation energy, thus
suppressing such degradation [51].

Summary of strain engineering

Strain alters the optoelectronic properties of perovskites, often
negatively impacting solar cell performance, making compensa-
tion necessary. The direction of strain plays a critical role in these
changes due to the anisotropic nature of perovskites.

5. Compositional engineering

C

5.1. Tuning bandgap energy

Changing the B or X site anion allows for direct tuning of the bandgap
energy, while A-site atoms influence Eg indirectly through symmetry.
Halide anions differ in atomic radii and electronegativities, with
electronegativity decreasing and atomic radius increasing down the
group [19, 27, 28]. This affects the orbital overlap between metal and
halide ions, influencing the conduction and valence band energies.
Substituting chlorine with bromine or iodine leads to a redshift in
the absorption spectrum, indicating a narrowed bandgap. [29, 58]
Hence, extracting the data from the graph:

ompositional engineering is the change in the atomic formula
of a perovskite to tune its optoelectronic properties.

E, = 0.0075 X (Br content) + 1.55

5.2. Tuning charge carrier mobility

From the Figure 10 (b) we can derive the relationship between charge
carrier mobility and halide ion concentration for 2 PVKs [26]:

Upa(x) = 22.32x? — 4.46x + 8.21
Hogra(X) = 5.84 - 1075x2 — 31.43x + 40.71

The relationships stem from Frohlich interactions (i.e. the inter-
actions between the electrons and phonons) which are stronger in
APbBr; than in APbI; (for A = MA, FA) due to the higher ionicity of
the Pb-Br bond, which limits u [60].

5.3. Tuning thermal conductivity

Thermal conductivity of MAPb(Br,_,I,); can be changed by halide
alloying: 0.27 +0.07 (x = 0.5) to 0.47 +0.09Wm "K' (x = 1).
This is achieved by increasing phonon scattering. Additionally, the
diffusion of MA+ cations in the octahedra cage acts as an additional
thermal transport channel in hybrid perovskites [37] (Figure 10 (c)).
However, this contribution may be small at room temperature (RT).
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MAPDX; single crystals show increasing average thermal conduc-
tivity as the atomic number of the halide decreases [37]. Heavier
halide ions result in lower elastic stiffness in the Pb-X lattice, which
reduces vy, decreasing thermal conductivity (4). The more significant
the scattering (common in heavier halide systems), the shorter the
phonon mean free path, further reducing 4.
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Figure 12. Mean free path as a function of frequency and halide ion
concentration and thermal conductivity as a function of mean free path [40].

MD simulations show that the reduction of thermal conductivity
of PVK is mainly attributed to the suppression of the mean free paths
of the low-frequency phonons, which results from the strong phonon
scatterings caused by alloying [40].

FDTR Fit: y = 1.4552x*—2.0449x3 +1.0599x% —0.3475x +0.3522

MD Fit: y = 1.3035x* — 1.7495x3 + 0.8938x% — 0.2932x + 0.3409

Thermal conductivity of the PVK reaches its minimum at a Br ratio
of 0.5 [40]. In the tetragonal phase of MAPbI; at room temperature,
the low thermal conductivity of 0.59 W/m-K is due to the reduced
phonon group velocity, which is a result of low elastic stiffness and
anharmonicity. However, the pseudo-cubic phase exhibits a signifi-
cantly higher predicted thermal conductivity of 1.80 W/m-K at 57°C,
attributed to longer phonon lifetimes and an increased phonon group
velocity [11].

Summary of Compositional engineering

When changing the chemical composition of a perovskite we
induce internal strain due to the different sizes of atoms. This in
turn can offset the external strain caused by the bending curvature,
allowing us to maximise the efficiency of a perovskite solar cell
and the optoelectronic properties of the perovskite material.

6. Bending and Solar Cells

P erovskite is one of the solar cell’s layers, so it is crucial to look
into the how bending curvature affects the overall performance
(PCE) of an SC. Bending can be convex and concave, hence inducing
tensile and compressive strains on different sides of the material [6].

[0

Concave bending
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Figure 13. Bending a solar cell [42], [47].

Convex bending

Although convex bending smooths the perovskite interface, the PV
performance degradation is likely unrelated to interface damage [70].
F-PSCs exhibit better mechanical stability with concave bending but
the film’s roughness increases, increasing leakage current [47]. The
conductivity decrease of PVK film is responsible for the increased
shunt resistances, hence poorer mechanical stability after convex

bending (as shown in Figure 14). Ultimately, during bending grain
boundary cracks allow moisture to penetrate and decompose MHPs,
reducing FF. However, the photoexcited electrons become dominant
with compressive strain. So, the PCE increases [20].

Compressive strain increases the current for a given value of ap-
plied voltage. On the contrary, tensile strain always reduces charge
transport.

PCE vs Curvature

—e— PCE by Seong et al, 2022
—e. —— Best Fit PCE (R2=0.99)

Curvature

Figure 14. PCE as a function of curvature.

This figure was inspired by [51], and from the graph:

PCE, % = —994.9676x* + 1.9772x + 20.5585

The degradation of photovoltaic performance under convex bend-
ing is mainly caused by the FF reduction [42], [47], [51]. The FF
shows a linear reduction with decreasing the bending radius to 74
percent of the initial value after bending at r = 3 mm. As a result,
the PCE exhibits good stability within a bending radius of 5 mm,
but decreases quickly at smaller curvature radii. Whereas the device
with convex bending, the Voc has an increasing trend with decreas-
ing bending radius. The Js shows better tolerance against bending
curvature. As we can see, concave bending gives better mechanical
stability. [22]

PCE vs Bandgap Energy with Best Fit

= Original PCE
== Best fit (2nd degree)

12 14 16 18 2.0 22
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Figure 15. PCE as a function of bandgap energy.

The optoelectronic properties of a solar cell affect its efficiency too:

E,(£) = —2.054>+8.184c—4.528 = —2.054(k-y)>+8.184(x-y)—4.528

From the graph [42], [57]: PCE = —10.91E§ +27.14E, + 10.85

Therefore, the PCE of a solar cell can be expressed as both the
function of the optoelectronic properties of a solar cell, and the strain
that affects them. Therefore, to offset it, we can tune the halide ion
concentration, so data taken by Helal Miah et al, 2024 was used [58].

Now, we can plot the best fit on one graph to extrapolate further
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correlation between bending, halide ion concentration and PCE.

PCE =32.7 - HalideConcentration® + 33.4 - E}
gap

— 65.6 - HalideConcentration - Epgpqgap ®
— 6.11 - HalideConcentration + 2.7 - Eygpqgqp + 3.99

3D Surface Plot with Quadratic Fit for MAPbIXBr3-x

@ Data Points by Helal Miah, 2024
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Figure 16. PCE as a function of Eg, and halide ion concentration.

7. Experimental results

he results were very close to the theoretical predictions. Addi-
tionally, close to the boundaries of the single crystal perovskite
we found photo-brightening too.

7.1. PL measurements (for bandgap energy)
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Figure 17. Photobrightening and PL peak shift due to strain.
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8. Simulations

8.1. Critical bending radius

The critical bending radius reflects the maximum bending curva-
ture that a PVK can sustain, hence limiting its applications. Here is
FEA of the single-crystal perovskite thin film with an NMP design at
Ryending = 2.5mm [9], [16], [27], [32], [42], [43], [53]

Strain (%)

(%) urens

Figure 18. Concave and convex bending strains in a perovskite solar cell.

K =¥0,c)® > K;c =GcE, whereV¥ = \7, ¢, is the half length
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of the initial crack;

E P’
R < —_— = R .
=\ G. 2 ¢

smaller it is, the better.

where R, is the critical bending radius; the

Onet = Og+07, Where oy is the residual stress due to the difference

between the thermal expansion coefficients [1], [51]

8.2. Modelling car surface and extracting its curvature

The car surface was modelled in CAD (Autodesk Computer-Aided
Design programme) without wheels for simplification. A program
to read any .STL or .OBJ file was created, because those extensions
describe best models created either in CAD or Modelo. These were
then read in Matlab, and to ensure that it reads the CAD files correctly
I printed out the amount of vertices of the car surface, which was
somewhat close to my expectation and can be seen on Figure 19.

It is obvious that the car surface is not flat, so it will have curvature
atall points. This induces strain within the perovskite, hence affecting
the overall performance of the solar cell.

Using the literature review, experimental results and previous mod-
els, we are now aiming to optimise the flexible halide perovskites
optoelectronic properties by tuning halide ion concentration.

Imported Model from my STL

Imported Model from STL File _
. 2 o
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Figure 19. Analysing the CAD car surface and mapping in in Matlab.

When extracting the curvature from the car surface document,
Gaussian curvature was chosen, as it is measured with reference to
a flat plane. This determines the strains due to the bending of the
material. It is also helpful that this curvature is direction-dependent.

Gaussian Curvature on XZ Plane

Gaussian Curvature on XY Plane
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Figure 20. CAD car surface model: extracting the curvature.

To ensure that the perovskite can handle the bending-induced
strains, we confirmed radius of the curvature is less than the critical
being radius.

Simulations in Matlab using PDE and FEA were conducted to
analyze strain distribution based on 3-point bend test.

‘Strain Distribution (e22) n the Perovskite

, 0 . 4

Figure 21. Strains distribution within the perovskite layer.
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8.3. Mapping the optoelectronic properties

The next step was assigning a value of an optoelectronic property at a
given point within the car surface. This was done by calculating the
PVK optoelectronic property in relation to the strain induced by the
bending curvature of the car surface.
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1. Bandgap energy:
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Figure 22. Bandgap energy and curvature.

2. Charge Carrier mobility:
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Figure 23. Charge carrier mobility and curvature.

3. Thermal conductivity:
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Figure 24. Thermal conductivity and curvature.

We now know how the optoelectronic properties of a perovskite
got affected by strain induced by the surface. These are different from
original/ optimal values, so we need to optimise them.

8.4. Optimising the optoelectronic properties

3-D plots were chosen to see how much the properties were offset
from the ideal values due to applied bending curvature.

arge Carrier Mobilty on 7
e Bandgay

p Eneroy on STL Sura

Figure 25. Optimised optoelectronic properties mapped to the car surface.

We use this change to see how much we need to change the halide
ion concentration within the perovskite to bring the optoelectronic
property either back to its original value or tune it to its optimum.

8.5. Accounting for the change in optoelectronic properties by
tuning halide concentration

‘We have then brought the optoelectronic properties to their needed
value by changing the halide ion concentration. This can be seen
through the diagrams below.

1. Optimised bandgap energy:

Halide lon Concentration and Bandgap Energy on XZ Plane
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Figure 26. Tuned halide ion concentration to account for changes in
bandgap energy.
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2. Optimised charge carrier mobility:
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Figure 27. Tuned halide ion concentration to account for changes in charge
carrier mobility.

3. Optimised thermal conductivity:
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Figure 28. Tuned halide ion concentration to account for changes in thermal
conductivity.

4. The final model (3D graphs summary):

Haiide lon Concentration Adjustment for Bandgap Eneray

Figure 29. The final model for accounting for the change in optoelectronic
properties with halide ion concentration.

Then, we extracted the needed halide ion concentration from
figures 26, 27, and 28 to find the new halide ion composition required.
Hence, the final model mapping the halide ion concentration to the
position within the car surface was created (Figure 28).

o]

.6. Strain compensation strategies

The top functional layer should have a higher thermal expansion
coefficient than PVK [15, 32].

The functional layer should interact strongly with the PVK to
anchor to the lattice and achieve strain offset [12, 22].

Strain engineering can be achieved using nanowires [12, 22].
To account for residual compressive strain, we introduce a tensile
strain in the hole transport layer (HTL). By using an HTL with
a high thermal expansion coefficient, we compensate for the
tensile strain in PSCs by elevating the processing temperature of
the HTL [22, 50].

To stabilize PVK when bending, grain boundary cementation
should be considered by adding s-GO  (such as adding s-Go
to a perovskite to tighten the grain boundaries, much like ce-
ment holds the bricks. While nothing to do with actual cement,
Xiaotian Hu et al. refer to it this way) [50].

Bending cycles were tested to make perovskite solar cells more
durable and reusable. Devices modified with DT and MoS,
fully recovered their efficiency after 300 bending cycles, while
standard devices only retained 50%.

A low-temperature process using a 20 nm-thick TiOx or TCO
layer improves the efficiency and durability of PSCs [2, 30, 32].

9. Conclusion

train optimises the stability of perovskite and, hence, can be used
to make the car surface more stable. Internal strain engineering
helps in reducing degradation by removing defects [12].
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This research underscores the critical role of strain engineering
in optimizing the stability and performance of perovskite solar cells
(PSCs) on curved surfaces, such as vehicle exteriors. Through exten-
sive modelling and simulations, the impact of bending curvature on
the optoelectronic properties of lead-based perovskites was predicted.
The accuracy was assessed through comparing our computational
results to the experimental ones.

Finite Element Analysis (FEA) and Partial Differential Equation
(PDE) simulations allowed for precise calculations of strain distribu-
tion across the PSC layers, showing the relationship between com-
pressive strain and enhanced charge carrier mobility and thermal
conductivity. Conversely, the tensile strain was shown to degrade
these properties, highlighting the anisotropic behaviour of perovskites
under mechanical stress.

The research stresses the importance of measuring the change in
optoelectronic properties in major crystallographic axes; otherwise,
the results are incomplete due to perovskites’ anisotropy. The findings
underscore the importance of substrate choice and strain compensa-
tion strategies in maintaining mechanical reliability and enhancing
the efficiency of PSCs on non-flat surfaces, such as those found on ve-
hicles. By leveraging strain engineering and compositional tuning, it
is possible to develop more durable and efficient PSCs, paving the way
for their integration into next-generation automotive applications.

10. Limitations and future work

D ue to the unstable nature of PVKs, it might not be possible to
change the halide ion concentration enough to fully offset the
change in optoelectronic properties due to halide ion segregation.
Furthermore, there might also be separation between the cations.
due to light and ion migration. Ultimately, we should look into PVK
end-of-life-cycle applications.

It would be useful to continue the investigation for thin films too,
as the PVK car surface would consist of those due to their lower
costs, and that it is easier to grow a thin film than a single crystal o
a sufficient size. Taking this further, scalability and manufacturing
shall be evaluated too.

Ultimately, the data was extracted using computer vision, so there
might be a discrepancy between the values presented here and the
actual values on the graphs.
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