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Abstract

This thesis investigates how uniaxial tensile strain influences the optical and molec-
ular properties of polymer thin films relevant to flexible organic electronic applica-
tions. The work focuses on poly(ethylene terephthalate) (PET) as a representative
flexible substrate and poly(3-hexylthiophene-2,5-diyl) (P3HT) as a model semicon-
ducting polymer. The materials are studied as single layers and in PET /P3HT and
PET/PEDOT:PSS/P3HT stacks at room-temperature.

Mechanical deformation is applied in a controlled and reproducible manner using a
custom-built stretching setup. The strain response is examined using ultraviolet—
visible spectroscopy and Raman spectroscopy. The former resolves strain-induced
variations in band gap and spectral response, while the latter provides molecular-
level insight into chain reorientation, conformational changes, and defect formation
during and after deformation.

For PET substrates, uniaxial tensile strain leads to a progressive degradation of
optical performance. An increase in absorption across the ultraviolet and visible
spectral regions is observed. Beyond approximately 5% strain, these changes be-
come irreversible and are accompanied by clear spectroscopic signatures of perma-
nent structural modification. The results distinguish two deformation regimes, with
elastic behavior at low strain and irreversible structural changes at higher strain
levels.

For P3HT thin films, the optical band gap remains stable up to 7% strain within
experimental resolution. This stability is independent of annealing temperature
and stack configuration. At 10% strain, a small but reproducible increase of ap-
proximately 4-5 meV is detected, indicating a threshold beyond which electronic
perturbation becomes measurable.

Raman spectroscopy shows that the strain response of P3HT depends strongly
on thermal history, with annealing redistributing strain sensitivity between band-
position shifts and linewidth evolution. Unannealed films accommodate deformation
mainly through reversible chain alignment. After annealing at 50 °C, the response
becomes mixed, with stronger contributions from microstructural heterogeneity un-
der strain. After annealing at 75 °C, deformation is increasingly constrained and
accompanied by pronounced strain-induced defect accumulation. The introduction
of a PEDOT:PSS interlayer modifies strain transfer and redistributes strain accom-
modation across the stack, reducing strain localization and enhancing mechanical
tolerance, particularly in highly ordered films.

Overall, this work establishes how mechanically applied strain modifies optical re-
sponse and molecular structure in polymer thin films under realistic operating con-
ditions. Furthermore, it clarifies how these responses depend on processing history



and stack architecture. The results establish experimentally grounded strain limits
for flexible device operation andprovide quantitative constraints for mechanical and
optoelectronic modeling.
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Chapter 1

Introduction

1.1 Organic Solar Cells — An Overview

The exploration of organic materials for photovoltaic applications began in the mid-
20th century. In 1958, Martin Pope first observed photovoltaic behaviour in organic
materials through studies on anthracene crystals, demonstrating their potential for
photovoltaic applications |1, 2]. A significant advancement occurred in 1986, when
Ching W. Tang developed the first efficient bilayer Organic Solar Cell (OSC). The de-
vice achieved roughly 1% efficiency and established the donor—acceptor heterojunc-
tion concept [3]. In 1995, this architecture evolved substantially with the introduc-
tion of the Bulk Heterojunction (BHJ) structure by Alan J. Heeger and colleagues,
greatly enhancing charge separation and device efficiency [4]. Subsequently, in 2011,
industrial relevance for this technology increased notably when Mitsubishi Chemi-
cal reported a landmark 10% efficiency, validating commercial viability prospects for
these cells [5]. More recently, between 2015 and 2016, the emergence of non-fullerene
acceptors significantly elevated efficiencies beyond 18%, marking a pivotal advance
toward industrial competitiveness [6, 7].

OSCs occupy a unique position among emerging photovoltaic technologies, offering
environmental and material advantages that complement rather than compete with
established platforms. Crystalline silicon devices continue to dominate the market
due to their unmatched stability and mature manufacturing infrastructure [8]. How-
ever, their inherent rigidity limits integration into lightweight or deformable systems.
In addition, their energy-intensive production further constrains such applications.
Perovskite solar cells, by contrast, have demonstrated record efficiencies exceeding
25%, but their long-term durability and the presence of toxic lead compounds re-
main significant barriers to commercialization [9].

On the other hand, OSCs, can be processed from abundant and non-toxic materials



1.2. Mechanical Compliance: From Advantage to Challenge

under ambient or low-temperature conditions. Their compatibility with solution
printing and roll-to-roll fabrication enables production on flexible substrates at in-
dustrial scale. This offers an attractive pathway toward sustainable, mechanically
compliant photovoltaics. With certified power conversion efficiencies now reaching
19.8% [10], these devices are narrowing the performance gap with inorganic coun-
terparts. They are also redefining how photovoltaic technology can merge with
next-generation electronics. In particular, such systems are thin, adaptable, and
seamlessly integrated into everyday surfaces [11-16]. The following section examines
how the mechanical flexibility of OSCs enables applications and device geometries

that are not feasible with rigid solar technologies.

1.2 Mechanical Compliance: From Advantage to

Challenge

The mechanical flexibility of OSCs stems from both the intrinsic compliance of their
organic semiconductors and the ultrathin design of the device stack. The active
layer is typically composed of m-conjugated polymers or small molecules with elas-
tic moduli in the 0.1-10 GPa range. Hence, the device can sustain moderate strain
without fracture [17, 18]. However, flexibility, is not determined by material softness
alone. It also arises from structural design where all functional layers ranging from
electrodes to encapsulation are fabricated as nanometer scale films (usually < 300
nm). This would lead to reduction in bending stiffness and allows the multilayer
stack to deform coherently [19, 20]. This compliance is effective only when the ac-
tive layers are supported on flexible substrates such as Poly(ethylene terephthalate)
(PET) or Thermoplastic Polyurethane (TPU), emphasizing the need for system level
optimization in achieving mechanically robust devices [21].

This mechanical resilience enables OSCs to function in areas where rigid photovoltaic
technologies fail. In wearable electronics, they can be laminated onto fabrics or
stretchable supports, maintaining performance under repeated deformation. Their
flexibility also facilitates integration into foldable displays, electronic skin, and soft
robotic components that experience dynamic strain [22, 23]. Beyond portable sys-
tems, OSCs are promising for building and vehicle integrated photovoltaics, where
their conformability to curved and textured surfaces supports aesthetic and func-
tional design [24]|. They also provide lightweight and low-cost power for distributed
devices such as Internet of Things (IoT) sensors where compact and adaptable en-

ergy sources are essential [25].
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1.2.1 From Mechanical Flexibility to Functional Uncertainty

Over the past decade, a substantial body of research has emerged focusing on flex-
ible and stretchable OSCs. The primary goal of these studies, such as those by
Wardani et al. [26], Dauzon et al. [27], and Wang et al. 28], has been to enhance
device architectures for improved mechanical compliance, durability, and applica-
tion versatility in wearable and bio-integrated electronics. The strategies proposed
include intrinsically stretchable polymers, pre-strained buckling mechanisms, hybrid
electrodes, and multilayer interfacial engineering. While this body of work demon-
strates significant progress, strain is generally framed as an external constraint to
be mitigated, rather than as a dynamic variable intrinsically modulating the phys-
ical behaviour of device materials [29-34]. The influence of mechanical stress on
the optoelectronic properties of functional layers, such as the active layer, remains
only partially understood. These strain-induced alterations including changes in
optical absorption, molecular alignment, and charge transport pathways are critical
because they ultimately determine the propagation of stress through the device and

modulate its overall performance [35-38].

1.3 Thesis Objectives and Scope

This thesis is driven by the need to understand how mechanical strain influences
the optical and structural behaviour of materials used in OSCs. The fundamental
question of how deformation alters the functional properties of individual layers,
such as substrates and active materials, remains largely open. This is particularly
true under realistic fabrication and operating conditions.

This work began as part of a broader German Research Foundation (Deutsche
Forschungsgemeinschaft) (DFG) proposal that aimed to study strain effects at the
device level in complete OSCs using complementary characterization techniques. As
the research progressed, it became clear that interpreting strain behaviour in mul-
tilayer devices requires first knowing how each layer responds on its own. Existing
studies offered little data on how separate layers such as substrates, transport, or
active materials change optically or structurally under stress. Without that knowl-
edge, device-level observations could not be traced to their physical origins.

To address this gap, the focus of the thesis shifted toward a more fundamental inves-
tigation. By characterizing the optical and molecular responses of key layers such
as PET and Poly(3-hexylthiophene) (P3HT) under strain, this work establishes the
foundation needed to interpret and model strain effects across complete OSC stacks.

Rather than diverging from the original DF'G objectives, this approach forms a nec-
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essary first step toward reliable, physics-based understanding of strain in flexible

photovoltaic systems. The specific objectives of this research are as follows:

e Optical characterization: Examine how mechanical strain affects the opti-
cal absorption of representative OSC materials. Specifically, focus on PET as
a flexible substrate and P3H'T as a model photoactive layer. Using UV-Vis ab-
sorption spectroscopy, analyze strain-dependent spectral changes to determine

how deformation influences light-harvesting behaviour.

e Molecular and structural analysis: Investigate the molecular-level origins
of these optical responses using Raman spectroscopy to probe strain-induced

shifts in vibrational modes.

e Modeling and interpretation: Employ Finite Element Modeling (FEM)
to simulate how mechanical strain propagates through a simplified multilayer
OSC architecture.

Together, these studies provide an experimentally grounded and mechanistically
resolved understanding of how mechanical deformation modulates the optical and
molecular behaviour of OSC materials. This understanding lays the groundwork for

the design of reliable and strain-resilient flexible photovoltaics.

1.4 Key Contributions

This thesis offers several original contributions to the understanding of how mechan-

ical strain influences the behaviour of OSC materials under realistic conditions:

¢ Identification of critical material-level knowledge gaps limiting strain
modeling in OSCs. Through initial simulation efforts, this work highlighted
the absence of key strain-dependent material parameters including optical ab-
sorption changes and structural responses, which motivated the subsequent

experimental focus.

¢ Experimental quantification of strain-induced optical changes in OSC-
relevant materials. The study provides new data on how uniaxial strain
affects the optical absorption behaviour of PET (substrate) and P3HT (pho-
toactive layer), offering direct insight into light-harvesting variations under

deformation.
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e In-situ probing of molecular structural changes under mechanical
strain. By capturing real-time vibrational and conformational changes in
PET and P3HT using Raman spectroscopy. The work reveals how mechanical
stress affects molecular orientation and bonding. This information is used to

complement and explain the optical behaviour.

e Development and use of a custom-built mechanical stretcher setup.
A custom strain-application device was designed and implemented to enable
controlled and repeatable deformation of thin films during characterization.
This setup played a critical role in enabling both ex-situ and in-situ measure-

ments.

1.5 Structure of Dissertation

The remainder of this dissertation is organized as follows. Chapter 2 presents the
key physical concepts and the experimental techniques employed in this study for
probing strain effects in flexible organic electronic layers. Chapter 3 reviews recent
studies on mechanical deformation in organic electronic systems and positions this
work within the existing literature. Chapter 4 describes the experimental design,
sample preparation procedures, and measurement protocols used to systematically
probe strain-dependent behaviour in the investigated thin-film systems. Chapter 5
presents the electrical modeling approach used to represent strain-induced effects in
organic solar cells. Chapter 6 investigates the optical and spectroscopic response
of PET substrates under tensile strain. Chapter 7 examines the strain depen-
dence of the optical bandgap of P3HT thin films using Ultraviolet—Visible (ab-
sorption spectroscopy) (UV—Vis) spectroscopy and statistical analysis. Chapter 8
analyzes strain-induced molecular reorganization in PET/P3HT and PET/Poly(3,4-
ethylenedioxythiophene):Poly(styrenesulfonate) (PEDOT:PSS)/P3HT stacks using
Raman spectroscopy. Finally, Chapter 9 summarizes the main findings and outlines

perspectives for future work.



Chapter 2
Background

This chapter presents the theoretical and conceptual foundations required for the
subsequent experimental and analytical work. Section 2.1 reviews the operating
principles of organic solar cells, Section 2.2 examines the structural, optical and
mechanical properties of PET as a flexible substrate, Section 2.3 explores the mech-
anisms by which mechanical strain influences molecular ordering as well as opti-
cal/vibrational responses of conjugated polymers (with a focus on P3HT), and
Section 2.4 provides a detailed account of the spectroscopic techniques (UV—Vis

absorption and Raman scattering) applied in this research.

2.1 Fundamentals of Organic Solar Cells

OSCs exploit the unique photophysical, charge-transport, and interfacial phenom-
ena of conjugated organic semiconductors to convert sunlight into electrical power.
Although they share several operational principles with inorganic photovoltaic tech-
nologies, the disordered, excitonic, and molecular-scale nature of organic absorber
materials necessitates a dedicated conceptual framework [39].

In this section, we develop a fundamental understanding of: (i) photophysical gen-
eration and dissociation of bound excitons; (ii) the Donor-Acceptor (D—-A) interface
and charge separation; (iii) charge transport and collection in disordered organic
networks; (iv) typical device architectures with emphasis on mechanical flexibility;
(v) material considerations for donor and acceptor compounds; and (vi) performance
metrics and loss mechanisms.

These foundations establish the physical context necessary to interpret the strain-

induced optical and molecular transformations discussed in subsequent chapters.
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2.1.1 Photophysical Principles

OSCs rely on light absorption and charge generation within 7-conjugated semicon-
ductors, whose electronic structure differs fundamentally from that of crystalline
inorganic materials. In these molecular solids, electronic wavefunctions are confined
along polymer backbones or small molecule cores. Intermolecular interactions are
dominated by weak van der Waals forces. As a consequence, the electronic states
remain highly localized, and the material exhibits a low dielectric constant (typically
e, & 3-4) [40]. This low permittivity provides only weak dielectric screening, mean-
ing that the medium does not substantially reduce the Coulomb attraction between
an electron and a hole. Together with the localized nature of the wavefunctions, this
leads to strongly bound excitons with binding energies far exceeding thermal energy
at room temperature. Thus, when a photon promotes an electron from the Highest
Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital
(LUMO), the electron and hole remain strongly bound as a neutral excitation—an
exciton—with binding energies of 0.3-1 eV. As mentioned, this exceeds the kgT at
room temperature (where kg is Boltzmann’s constant and 7' the absolute tempera-
ture, giving kg7 ~ 26 meV at room temperature) [41].

Because of this strong binding, excitons in OSCs do not separate spontaneously into

free carriers. Instead, charge generation follows a sequence:

(i) Photon absorption in either the donor or the acceptor generates a singlet ex-
citon (S = 0). In modern non-fullerene OSCs, the acceptor often contributes
substantially to exciton generation due to its strong and broad optical absorp-
tion [42].

(ii) Exciton diffusion proceeds by incoherent hopping over a limited diffusion

length Lp ~ 5-20 nm, which is material and order-dependent [43].

(iii) At a D-A interface, the exciton undergoes charge transfer, forming an inter-
facial Charge-Transfer (CT) state.

(iv) The CT state either dissociates into spatially separated charges that drift /hop
to the electrodes, or recombines back to the ground state. Recombination is
termed geminate when the electron and hole originate from the same exciton
[44].

The CT state comprises an electron localized on the acceptor and a hole on the
donor, typically separated by only a few nanometers across their interface. Its en-
ergy, For, lies below the optical gap Egpt. While an adequate energy offset promotes

exciton dissociation into free carriers, an excessive offset reduces the achievable V.
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[45].

Organic semiconductors exhibit large absorption coefficients (often o > 10° cm™1)
near their strongest vibronic transitions which are peaks arising from coupled elec-
tronic—vibrational excitations. Thin active layers (tens to < 200 nm) can therefore
harvest much of the visible spectrum, but morphology must ensure that excitons

reach D—A interfaces within Lp to suppress geminate loss [46].

2.1.2 Donor—Acceptor Interface and Charge Separation

The D—A interface governs the conversion of localized excitons into spatially sepa-
rated charge carriers. When an exciton reaches the interface, its electron and hole
can transfer onto different materials. A donor exciton undergoes an electron trans-
fer to the acceptor, and an acceptor exciton undergoes a hole transfer to the donor.
Both pathways form an interfacial CT state [45].

The energy of this CT state, Ecr, is often approximated by the difference between
the donor HOMO and the acceptor LUMO. This picture captures the main con-
tribution, but it omits an important correction. At the interface, the electronic
wavefunctions of donor and acceptor molecules overlap weakly, and this interaction
slightly stabilizes the electron—hole pair. The resulting CT energy therefore reflects
both the frontier-orbital offset and the degree of electronic coupling across the in-
terface. The strength of this coupling also affects how confined the CT state is. A
more delocalized CT electron experiences a reduced Coulomb attraction to the hole
and is more likely to separate before recombining [47].

Charge separation competes with geminate recombination, and the balance between
the two depends on the interfacial microstructure. When the acceptor phase forms
small but ordered domains, the electronic wavefunction of the CT electron can ex-
tend over several adjacent acceptor molecules. This partial delocalization gives the
electron multiple nearby sites to occupy, increasing the probability of moving away
from the interfacial hole. In contrast, if the acceptor molecules are highly disordered
or if domains are too small, the CT electron becomes strongly localized and recom-
bines with the hole more readily [48]. In addition to these interfacial processes, high
excitation densities introduce an upstream loss channel through exciton—exciton
annihilation within the donor or acceptor domains. In this bimolecular process,
interactions between closely spaced excitons reduce the steady-state exciton popu-
lation. This reduction limits the number of excitons that reach the D—A interface
and form CT states. As a result, even when interfacial charge separation is efficient,
exciton—exciton annihilation can indirectly reduce charge generation under strong

illumination or intense optical excitation [49].
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Morphology therefore plays a decisive role in governing these processes. When donor
and acceptor materials are finely intermixed, the resulting high density of interfaces
allows excitons to reach a dissociation site within their inherently short diffusion
length. However, excessive mixing comes at a cost, as it introduces energetic dis-
order that impedes efficient charge transport. At the opposite extreme, large and
well-segregated domains favor transport but significantly reduce exciton harvesting.
Bulk heterojunction architectures emerged as a practical compromise between these
competing requirements; their nanoscale phase separation provides sufficient interfa-
cial area for exciton dissociation while maintaining continuous percolation pathways

for charge extraction [50].

2.1.3 Charge Transport and Collection

After separating from the CT state, electrons and holes travel through a structurally
disordered organic film. Unlike crystalline semiconductors, where delocalized band
states support near-bandlike transport, organic materials contain localized molec-
ular sites with energies that vary from one site to another. Slight differences in
local packing, torsional angles, electrostatic microenvironments and intermolecular
distances shift the HOMO or LUMO levels slightly. As a result, the material ex-
hibits a distribution of site energies. In many conjugated polymers this distribution
is well approximated by a Gaussian density of states, whereas in amorphous small
molecules an exponential tail may dominate [51, 52].

Charge carriers move through this landscape by thermally activated hopping. In
the Miller—Abrahams picture, a hop to a lower-energy site is energetically favorable,
while a hop to a higher-energy site requires thermal activation. A significant fraction
of hops therefore involve occupying slightly higher-energy states, which explains why
mobility depends strongly on temperature and local electric field. Because carriers
must repeatedly overcome such energetic barriers, their mobilities are typically in
the range 107 to 1072 ecm? V—1s71 [51, 53, 54].

Imbalanced mobilities lead to space-charge formation and reduce the internal elec-
tric field that drives extraction. For example, if electrons move faster than holes,
positive charge accumulates near the cathode, lowering the effective field and re-
ducing both V. and Fill Factor (FF). Deep traps or localized states introduced by
defects further suppress mobility by acting as energetic sinks. The interplay of mo-
bility balance, energetic disorder and trap density therefore controls the magnitude
of recombination losses [55-57].

Charge extraction at the electrodes depends on proper alignment between the trans-

port layers and the electrode work functions. A selective contact should facilitate
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extraction of one carrier type while blocking the other. If this selectivity is poor, mi-
nority carriers may accumulate or recombine at the contact. Such contact-induced
losses can reduce the short-circuit current and broaden the distribution of internal
fields, lowering both FF and efficiency [58-60].

2.1.4 Device Architecture and Function

The multilayer structure of an OSC reflects the requirements of light absorption,
selective charge extraction and mechanical integrity. A typical regular architecture
uses a transparent conductive substrate such as Indium Tin Oxide (ITO), followed
by a hole-transport layer, the donor—acceptor active layer, an electron-transport
layer and a reflective top electrode. In inverted architectures, the stacking order of
the transport layers is reversed to improve stability or electrode compatibility [61].
Each layer serves several purposes. The transport layers provide energetic selectiv-
ity and reduce interfacial recombination by suppressing carrier leakage. They also
smooth surface roughness and help establish a uniform electric field across the active
layer. The optical field distribution inside the device depends on layer thicknesses
and refractive indices. Excessively absorbing transport layers reduce the effective
photocurrent, while insufficiently thick transport layers can lead to extraction losses
[62].

Mechanical flexibility introduces additional constraints. Polymer substrates such as
PET, Polyethylene Naphthalate (PEN) or ultrathin barrier films permit bending,
but they limit allowed processing temperatures. Brittle transparent electrodes like
ITO tend to crack under tensile strain, which motivates alternatives such as conduc-
tive polymers, metal-nanowire meshes, ultrathin metal films and hybrid electrodes
[63, 64]. The active layer must also withstand deformation without disrupting 7—
7 stacking or causing phase separation. Under mechanical loading, fractures can
initiate at interfaces, and domains may reorganize or lose continuity. These re-
sponses depend on molecular weight, crystallinity, side-chain mobility and overall

blend morphology [65, 66].

2.1.5 Material Considerations

Efficient OSC operation requires materials with tailored optical, electronic and me-
chanical properties. Donor polymers benefit from planar backbones that favor con-
jugation and intermolecular 7 stacking. The degree of backbone planarity, as
well as the arrangement and length of side chains, influences both crystallinity and

mechanical compliance. High crystallinity enhances mobility but can reduce strain
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tolerance. More amorphous polymers withstand deformation more easily but may
sacrifice transport properties. Parameters such as molecular weight and regioregu-
larity also influence morphology, domain size and exciton diffusion [66].

Non-Fullerene Acceptors (NFAs) have reshaped OSCs performance by offering strong
absorption, good packing and tunable energy levels. Many NFAs exhibit a donor—
acceptor—donor molecular architecture that introduces a significant quadrupole mo-
ment. These quadrupolar electrostatic fields affect how molecules pack and modu-
late the local energy levels within the blend. Their intrinsic intramolecular charge-
transfer character lowers the optical bandgap and supports broad absorption in the
visible and near-infrared, which increases the contribution of the acceptor phase to
photocurrent. NFAs also form well-ordered domains that support efficient electron

transport when properly blended with suitable donors [67, 68| .

2.1.6 Performance Metrics

The performance of an OSC is determined by its Js., V.. and FF. J,. depends on
how much light is absorbed and how efficiently excitons are harvested and converted
to free carriers. V. is linked to the energy difference between the optical gap and
the CT state, although non-radiative recombination lowers the quasi-Fermi level
splitting and therefore limits the attainable voltage. FF reflects losses during ex-
traction that arise from mobility limitations, recombination and insufficient contact
selectivity [69, 70].

Organic solar cells typically exhibit lower FF than their inorganic counterparts.
Field-dependent mobility and energetic disorder reduce extraction efficiency near
the maximum power point, even in well-optimized blends. Transport resistance has
been identified as a major factor limiting device performance in many state-of-the-
art systems. Contact barriers and imperfect blocking of minority carriers further
broaden the distribution of internal fields and contribute to losses [71].

Continual progress in materials design and interfacial engineering has recently en-
abled single-junction OSCs to exceed power-conversion efficiencies of 19%. These
improvements result from enhanced absorption in both donor and acceptor mate-
rials, reduced non-radiative voltage losses, improved mobility balance and carefully
controlled blend morphology [14]. Having established the operating principles of
organic solar cells — from exciton generation and charge separation to carrier trans-
port and collection — it is essential to examine the substrate materials that support
these devices in flexible format. In the next section, we focus on PET films, their

chemical structure and morphological attributes, optical properties relevant to thin-
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film devices, and their role as flexible substrates in organic electronics.

2.2 Polyethylene Terephthalate (PET) as a Flexible
Substrate

2.2.1 Chemical Structure and Basic Morphology

PET is a linear aromatic polyester synthesised by the polycondensation of ethylene
glycol with terephthalic acid. Its repeat unit combines a flexible aliphatic ethylene
glycol segment with a rigid para-substituted phenylene ring linked through ester
bonds. This arrangement gives the polymer backbone intermediate stiffness, reflect-
ing contributions from both the aromatic and aliphatic components. These struc-
tural features underlie PET’s characteristic balance between mechanical robustness,

optical clarity and thermal stability. Figure 2.1 shows the molecular structure of

PET [72].
OH
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Fig.2.1: PET Molecular Structure.

In the solid state, PET exhibits a semi-crystalline morphology consisting of crys-
talline lamellae dispersed within an amorphous matrix. The crystalline regions adopt
a triclinic unit cell, while the amorphous regions contain chains with disordered con-
formations and greater segmental mobility. The relative proportions of these phases
depend on processing conditions such as cooling rate, drawing and heat-setting.
Commercial films typically display crystallinity values ranging from nearly amor-
phous to approximately 30-40%, depending on intended application and fabrication
route [73].

This two-phase morphology is central to PET’s suitability as a flexible substrate.
The crystalline lamellae provide dimensional stability, resistance to solvents and a
comparatively high elastic modulus. In contrast, the amorphous phase contributes to
ductility and toughness, enabling the film to accommodate bending or shaping with-
out brittle failure [72]|. Biaxially Oriented Polyethylene Terephthalate (BOPET), a
common commercial form, is produced by stretching the film in both the machine

and transverse directions prior to heat-setting. This process improves thickness uni-
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formity, enhances mechanical strength and stabilises the microstructure by reducing
residual stress.

Film geometry also plays a practical role in thin-film electronics. PET substrates are
commonly available in thicknesses from tens to a few hundred micrometres. Uniform
thickness and low surface roughness support the deposition of nanoscale transport
and active layers, reducing the likelihood of interfacial defects. Collectively, PET’s
intrinsic chemical identity, semi-crystalline architecture and engineered film struc-
ture establish its functionality as a mechanically compliant yet dimensionally stable

substrate for flexible device stacks [74].

2.2.2 Optical Properties

PET is valued in optoelectronic applications for its high transparency in the visible
spectral range. The aromatic ester backbone absorbs primarily in the ultraviolet,
where m—7* transitions of the benzene ring and n—7* transitions associated with
carbonyl groups lie. Consequently, PET exhibits negligible absorption above roughly
350-380 nm, resulting in visible transmission typically exceeding 85-90% for thin
films.
The refractive index of PET in the visible is moderately high, with representative
values around n ~ 1.57-1.58 depending on wavelength. Across this region, the
dispersion follows the normal trend described by the Cauchy equation. In this
regime,

n(A) = A+ % + %,
the refractive index decreases smoothly with increasing wavelength, reflecting the
fact that PET’s electronic transitions lie far into the ultraviolet. This predictable
dispersion simplifies optical modelling of thin-film stacks and allows robust control
of interference effects in multilayer organic solar cells [75].
Optical scattering in PET films arises from microstructural features that produce
refractive-index contrast, such as crystalline lamellae or surface irregularities. Amor-
phous or low-crystallinity films exhibit very low haze, whereas increased crystallinity
can introduce measurable scattering. Commercial biaxially oriented PET is engi-
neered to minimise such effects, resulting in low optical haze suitable for thin-film
optoelectronic applications [76].
Overall, PET’s optical characteristics—high visible transparency, modest and well-
behaved refractive-index dispersion, and controlled scattering—ensure that the sub-
strate acts as an optically passive supporter of device functionality. These properties

provide a stable and well-defined optical environment for the active layers in organic

13



2.2. Polyethylene Terephthalate (PET) as a Flexible Substrate

solar cells [77].

2.2.3 PET as a Substrate in Flexible Organic Electronics

Beyond its optical transparency, PET offers a combination of mechanical, thermal
and surface properties that make it a practical substrate for flexible organic elec-
tronics. Its moderate glass-transition temperature, typically 70-90°C depending
on processing history, accommodates thermal steps used during the deposition or
annealing of functional layers while maintaining dimensional stability. PET films
can be manufactured with tight thickness tolerances and smooth surfaces, which
is important when depositing thin transport or active layers whose performance is
sensitive to interfacial uniformity [77].

Surface preparation is a critical step in device fabrication. Native PET has rela-
tively low surface energy and limited chemical reactivity, which can hinder uniform
wetting or adhesion of conductive polymers, metal oxides or organic semiconductors.
Treatments such as plasma exposure, UV—-ozone cleaning or application of primer
layers are commonly used to increase surface energy, introduce polar functionalities
or remove adventitious contaminants. These treatments improve adhesion and re-
duce interfacial defects within the device stack.

Mechanically, PET provides sufficient flexibility for bendable or partially rollable
electronics, while offering enough rigidity to support typical multilayer architec-
tures. The substrate thickness influences both the minimum achievable bend radius
and the extent to which external deformation is transmitted to the active layers.
Thinner PET films improve flexibility but are more susceptible to handling damage,
whereas thicker films offer greater mechanical stability at the cost of increased stiff-
ness.

Optically, PET acts as a relatively neutral medium in most device configurations.
Its refractive index influences the internal optical-field distribution, but its negli-
gible absorption and low haze ensure that incident light reaches the active layer
with minimal attenuation or distortion. This stability allows optical simulations
and device designs to focus on the functional layers without extensive correction for
substrate-related effects [77, 78|.

Taken together, the optical, mechanical and surface characteristics of PET support
its role as a reliable substrate for flexible organic solar cells and related thin-film elec-
tronic devices. These background properties provide the context for its integration

in the multilayer structures considered in later chapters of this thesis.
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2.3 P3HT: Structure, Packing and Optoelectronic

Features

P3HT has long served as a benchmark conjugated polymer in organic electronics due
to its well-defined molecular structure, semi-crystalline morphology, and character-
istic optical signatures. The combination of a m-conjugated thiophene backbone and
flexible hexyl side chains produces a material whose optoelectronic properties are
highly sensitive to molecular order. This section outlines the structural and spec-
troscopic foundations necessary to interpret deformation-induced changes in PSHT,

particularly when the polymer is supported on flexible substrates [79].

2.3.1 Molecular Structure, Regioregularity and Hierarchical

Packing

P3HT consists of a thiophene ring bearing a hexyl side chain at the 3-position. In
thiophene, ring positions are numbered relative to the sulfur atom, and substitution
at carbon 3 creates a substituted site, whereas carbon 4 remains unsubstituted. Dur-
ing polymerisation, monomer units may connect through different combinations of
these sites, but high-quality electronic behaviour requires predominantly head-tail
(HT) coupling, where the substituted carbon of one monomer links to the unsub-
stituted carbon of the next. A long sequence of HT-HT couplings aligns the hexyl
side chains on the same side of the backbone, minimising geometric irregularities

and allowing the chain to adopt a more planar conformation. In contrast, head—head

CeH13
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Fig.2.2: P3HT Molecular Structure.

couplings place two substituted positions adjacent to one another, generating steric
congestion—a local crowding of bulky hexyl groups—that forces the backbone to
twist and disrupts conjugation [80, 81|. Figure 2.2 shows the molecular structure of
P3HT.

The solid-state organisation of P3HT arises from the interplay between these pla-

narised backbones and their alkyl side chains. The backbones constitute the elec-
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tronically active cores, while the hexyl side chains segregate into alkyl-rich regions.
As the film dries or undergoes thermal or solvent annealing, the chains self-assemble
into semi-crystalline domains exhibiting two orthogonal packing directions. Along
one direction, the conjugated backbones stack face-to-face in 7—m stacks with typical
interplanar distances of ~0.36 nm. This stacking direction governs inter-chain elec-
tronic coupling, exciton delocalisation and charge mobility. Perpendicular to this,
the hexyl side chains from neighbouring chains interdigitate—they insert between
one another like interlocking bristles—forming layered alkyl matrices with spacings
of approximately 1.6-2.0nm. These two structural motifs together define the crys-
talline lamellae of P3HT; neither 7—7 alignment nor side-chain ordering alone is
sufficient to stabilise lamellar order [82, 83].

The resulting film exhibits a hierarchical semi-crystalline morphology in which or-
dered lamellae are embedded within an amorphous matrix. Inside the crystalline
lamellae, the backbones remain relatively planar and closely stacked, and the side
chains maintain well-defined registry. In the surrounding amorphous regions, the
backbone may twist, coil or deviate from planarity, and the side chains lose their
regular organization. At the interfaces between these regions lie tie chains, polymer
segments that span neighbouring crystallites and provide both mechanical continuity
and charge-transfer pathways. These tie chains influence how strain is transmitted
through the film and how charge percolates across domain boundaries, particularly
under mechanical deformation [82, 84].

Even within crystalline lamellae, the structure is not perfectly periodic. Small but
cumulative variations in lamellar spacing give rise to paracrystallinity, a measure
of long-range positional disorder in the lattice. Whereas crystallinity quantifies
the fraction of material in ordered domains, paracrystallinity reflects the quality
of that order. Typical values of 5-10% in solution-processed P3HT films broaden
X-ray diffraction peaks, weaken electronic coupling and limit long-range mobility.
Together with torsional fluctuations along individual chains (intra-chain disorder),
variations in 7—7 stacking distances (inter-chain disorder) and differences in ori-
entation or purity between crystallites (inter-aggregate disorder), paracrystallinity
shapes the energetic landscape encountered by excitons and charges. The balance
among these hierarchical structural elements ultimately governs conjugation length,

spatial coherence and the resulting optical lineshapes [85, 86].

2.3.2 Optical Bandgap, Absorption and Vibronic Structure

The optical properties of PSHT reflect the interplay between electronic coupling, vi-

brational structure and morphological order. The low dielectric constant of organic
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semiconductors produces strongly bound excitons, with binding energies typically
in the range of 0.3-0.5eV [87, 88]. Consequently, the optical bandgap—observed as
an absorption onset near ~600 nm—corresponds to the energy required to create a
bound exciton rather than free charges. This excitonic gap is therefore smaller than
the underlying HOMO-LUMO (single-particle) gap, and its precise value depends
on molecular packing, conjugation length and energetic disorder [89].

A characteristic feature of PSHT absorption is its vibronic progression, typically
observed as the 0-0 and 0—1 peaks or shoulders in the visible spectrum. These arise
from coupling between the electronic transition and specific backbone vibrational
modes, such as C=C stretching. The 0-0 transition corresponds to a purely elec-
tronic excitation, whereas the 0-1 transition involves excitation of one vibrational
quantum. The spacing between these peaks (~0.18€eV) provides insight into the
strength of electron—phonon coupling in the polymer [90]. The relative intensities of
the vibronic peaks are highly sensitive to intermolecular coupling and aggregation
type. P3HT predominantly forms weakly coupled H-aggregates, in which the face-to-
face arrangement of backbones produces characteristic excitonic splitting patterns.
According to the widely applied Spano model, increased structural order narrows
the exciton bandwidth and enhances the amplitude of the 0-0 peak relative to the
0-1 peak [87, 91]. Consequently, the amplitude ratio Ag_oq/Ag_1 serves as a quanti-
tative optical marker of aggregate order, backbone planarity and exciton coherence
length. J-aggregate behaviour, characterised by strong 0-0 intensities and narrow
red-shifted absorption, is uncommon in P3HT due to its side-chain-directed packing
geometry [92].

Disorder influences the entire absorption lineshape. Torsional fluctuations along the
chain, variations in 7—m spacing and differences in crystallite orientation broaden
the density of states and produce sub-bandgap absorption tails. Increased disorder
diminishes vibronic resolution, broadens peak linewidths (larger Full Width at Half
Maximum (FWHM)) and shifts the absorption onset to higher energy (blue-shift).
Thermal or solvent annealing typically reverses these effects by restoring backbone
planarity, enhancing packing and reducing energetic disorder [93]. The absorption

spectrum of PSHT thus provides a sensitive probe of its structural state.

2.3.3 Relevance for Spectroscopic Characterisation and Strain
Studies

The sensitivity of P3HT’s optical and vibrational signatures to molecular conforma-
tion and hierarchical packing makes spectroscopic techniques powerful tools for prob-

ing structural evolution. Red-shifted absorption onsets, increased Ag_/Ag_1 ratios,
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sharpened vibronic peaks and reduced energetic disorder all indicate improved back-
bone planarity and stronger inter-chain coupling. Conversely, blue-shifts, broadened
peaks and diminished vibronic structure signify increased torsional disorder or weak-
ened packing [94].

Mechanical strain perturbs both chain conformation and inter-chain registry, and
deformation therefore induces measurable modifications to these optical descriptors.
Stretching can increase torsional disorder, alter 7—m spacing, distort the lamellar ar-
chitecture or redistribute tie-chain load, all of which manifest in UV-Vis absorption
and Raman scattering. Spectroscopic analysis thus provides a non-destructive means
of tracking how P3HT accommodates mechanical deformation at the molecular level
[17, 95].

The conceptual framework developed in this section—linking structure, aggregation,
excitonic energetics and vibronic coupling—serves as a foundation for interpreting
the strain-dependent optical and vibrational phenomena investigated in later chap-

ters.

2.4 Principles of UV—Vis Absorption Spectroscopy

UV-Vis absorption spectroscopy probes the interaction between incident electro-
magnetic radiation and electronic excitations in a material. Absorption occurs when
the photon energy hv is resonant with the energy separation between an initial elec-

tronic state v; and a higher-lying state ¢, such that
E; — E; = hv. (2.1)

However, resonance alone is not sufficient for an optical transition to occur. The

probability amplitude of absorption is governed by the transition dipole moment

pip = (U | 1| i), (2.2)

which represents the matrix element of the electric dipole operator between the two

electronic states. The operator
L= —e Z r; (2.3)
J

denotes the electronic dipole moment of the system. The magnitude |p;¢|* deter-
mines the strength of coupling between the electronic transition and the oscillating

electric field of light, and directly contributes to the oscillator strength of the corre-
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sponding absorption band.

Transitions with p;; # 0 are dipole-allowed and couple efficiently to the radiation
field. In contrast, transitions with p;; = 0 are dipole-forbidden within the electric
dipole approximation and therefore exhibit negligible intensity in the UV—Vis spec-
trum.

In conjugated polymers such as P3HT, extended m-electron delocalization along the
backbone enhances the magnitude of transition dipole moments. It also strengthens
vibronic coupling between electronic and vibrational degrees of freedom. This gives
rise to the characteristic vibronic progression observed in their UV—Vis absorption
spectra |75, 96, 97].

Experimentally, one measures the transmittance 7' = I /I, of a sample with thick-
ness d, where Iy and I are the incident and transmitted intensities, respectively. The

absorbance is defined as
A = —log,,(T), (2.4)

and is related to the absorption coefficient a(v) through the Lambert—Beer law,
I = Iyexp(—ad), (2.5)

or equivalently,
A = ad logy e. (2.6)

The absorption coefficient o represents the probability per unit path length that
a photon is absorbed as it propagates through the sample. A larger o therefore
indicates that the material attenuates light more strongly over a given distance |75].
At the molecular level, a(r) depends on the number density of absorbers and the
oscillator strength, which scales with |u;¢|* and describes the intrinsic probability of
a transition [98]. In isolated molecules, the vibrational substructure of the electronic
states gives rise to transitions between pairs of vibronic levels. The Franck—Condon
principle dictates that electronic transitions occur much faster than nuclear motion,
so absorption is governed by vertical transitions on a potential energy diagram.
The spectral signatures associated with these transitions appear as a vibronic pro-
gression, typically labelled as the 0-0, 0-1, and 0-2 peaks. The 0-0 transition
corresponds to excitation from the vibrational ground state of the electronic ground
state to the vibrational ground state of the excited state; the 0-1 and higher transi-
tions populate excited vibrational levels. Their relative intensities reflect the overlap
between vibrational wavefunctions and therefore encode information about the stiff-
ness of molecular modes and the coupling between electronic and nuclear degrees of
freedom [91, 94, 96]
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In condensed phases such as conjugated polymer films or molecular crystals, elec-
tronic excitations are no longer confined to a single molecular unit. Instead, they
form Frenkel excitons, i.e. bound electron—hole pairs with relatively large binding en-
ergies arising from the weak dielectric screening of organic solids [99]. The excitonic
manifold acquires finite bandwidth due to electronic coupling between neighbouring
chromophores; this bandwidth reflects the energetic spread of delocalised excitonic
states. Closely related is the concept of exciton coherence length, which characterises
the spatial extent over which the exciton wavefunction remains phase coherent be-
fore being localised by static or dynamic disorder [100]. A longer coherence length
indicates stronger intermolecular coupling and greater structural order [101].
These excitonic effects modify not only the position of the absorption onset but also
the vibronic structure. For example, in the weakly coupled H-aggregate regime rel-
evant to many conjugated polymers, increased order enhances the relative intensity
of the 0-0 transition, whereas disorder disrupts coherence and broadens the spec-
trum, suppressing vibronic resolution [91]. Thus, the absorption spectrum in thin
films is shaped by both homogeneous broadening mechanisms (finite excited-state
lifetimes, phonon interactions) and inhomogeneous broadening (variations in con-
jugation length, torsional disorder, packing geometry). The superposition of these
contributions yields the experimentally observed lineshape, often with sub-bandgap
tail states and smoothed vibronic peaks [84].

Practical extraction of bandgap values from such spectra frequently employs Tauc-
type analyses, where (aFE)" is plotted against photon energy F and extrapolated to
determine an optical gap [102, 103|. In strongly excitonic systems, however, this gap
reflects the energy to create the lowest bound exciton rather than the single-particle
HOMO-LUMO separation, and must be interpreted within the excitonic framework
outlined above.

The principles described here form the theoretical foundation for understanding UV—
Vis absorption in polymer substrates (e.g. PET) and conjugated polymer semicon-
ductors (e.g. P3HT). In subsequent sub-chapters these concepts will be connected to
morphological features, vibronic coupling, and strain-induced optical modifications
relevant to flexible organic solar cell architectures. Figure 2.3 depicts the schematic

of the UV—Vis spectroscopy.

2.4.1 UV-Vis Absorption in Conjugated Polymer Films and

Polymer Substrates

When the principles outlined in Section 2.4 are applied to thin films of conjugated

polymers and flexible substrates, the absorption spectrum becomes a sensitive probe
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Fig. 2.3: UV-Vis spectroscopy schematic.

of solid-state packing, structural disorder, and microstructural response to mechan-
ical deformation. In conjugated polymers such as P3HT, the lowest-energy absorp-
tion band originates from a Frenkel exciton whose energy, lineshape and vibronic
structure depend on how polymer chains pack and interact in the condensed phase.
The backbone conformation determines the intra-chain conjugation length, while
m—m stacking between neighbouring chains controls the magnitude of inter-chain
electronic coupling. In this context, “adjacent chromophores” refer to neighbour-
ing conjugated segments—either successive thiophene units along the same polymer
chain or overlapping backbone units on different chains—that lie close enough for
their electronic transitions to interact. Coupling between such chromophores broad-
ens the excitonic manifold and increases the exciton coherence length, producing
characteristic changes in the absorption spectrum [104, 105]

The vibronic progression observed in conjugated polymer films reflects this inter-
play between intra-chain and inter-chain interactions. In highly ordered regions,
the exciton wavefunction delocalises over multiple adjacent chromophores, leading
to sharper absorption features and an enhanced intensity of the 0-0 transition rel-
ative to higher vibronic peaks. This behaviour is well described by the weakly
coupled H-aggregate model, in which the delocalised excitonic states redistribute
oscillator strength from the 0-1 transition to the 0-0 transition as structural or-
der increases [94]. In contrast, torsional disorder, paracrystallinity, and variations
in local conjugation length localise the exciton and broaden the absorption band,
suppressing vibronic structure and shifting the absorption onset to higher energies.
These spectral signatures therefore serve as optical fingerprints of the structural hi-
erarchy described earlier in Section 2.3.

Thin-film geometry introduces additional optical effects. Because conjugated poly-
mer films typically have thicknesses on the order of tens to hundreds of nanometres,
multiple internal reflections at layer interfaces can generate interference fringes and
baseline modulations. The refractive index contrast between the polymer, substrate
and any overlying transport layers further modifies the transmitted intensity. Ad-

ditionally, surface roughness or microstructural heterogeneity leads to wavelength-
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dependent scattering, which can distort the absorption edge or mask subtle vibronic
features. Accurate interpretation of the absorption coefficient therefore requires
careful baseline correction, substrate referencing, and thickness determination [106,
107].

2.5 Principles of Raman Spectroscopy

Raman spectroscopy probes molecular vibrations through the inelastic scattering
of light. When monochromatic radiation interacts with a material, the dominant
process is Rayleigh scattering, in which photons scatter elastically and retain their
original frequency. A much smaller fraction of photons exchange energy with a
molecular vibration. If the scattered photon loses energy to the vibration, the pro-
cess produces a Stokes shift; if it gains energy from an already excited vibration, the
scattered photon exhibits an anti-Stokes shift. The frequency difference between
the incident and scattered radiation corresponds to the energy of one vibrational
quantum, that is, one discrete step in the ladder of vibrational energy levels that
characterise a particular molecular vibration [108].

The classical description of Raman scattering begins with the response of a molecule’s
electron cloud to the oscillating electric field of the incident light. The electric field
induces a dipole moment whose magnitude depends on how easily the electron cloud
can be distorted, a quantity known as the polarizability. If a vibrational mode causes
the polarizability to change periodically as the atoms move, the induced dipole also
oscillates at combination frequencies that differ from the incident frequency by the
vibrational energy. These shifted components give rise to the Raman spectrum. A
vibration is therefore Raman-active if its nuclear motion produces an appreciable
change in the molecular polarizability [109].

A quantum mechanical picture offers a complementary interpretation. Under non-
resonant excitation conditions, the incident photon energy is not absorbed by the
molecule. Inelastic scattering then proceeds through a short-lived virtual state, in
which the incident photon perturbs the electron cloud into a transient configura-
tion. As the system relaxes, it may populate a vibrational level with one more
or one fewer vibrational quantum than before. The probability of this scattering
event depends on how strongly the vibration modifies the polarizability; vibrations
that significantly reshape the electron cloud generate strong Raman bands, whereas
modes that do not substantially alter the polarizability are weak or absent in the

Raman spectrum [110].
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Raman peak positions, linewidths and intensities convey information about local
bonding and structural disorder. The peak frequency reflects the stiffness of the
underlying chemical bond: stronger or shorter bonds vibrate at higher frequencies,
whereas weaker or elongated bonds vibrate at lower frequencies. Peak linewidths
may broaden due to intrinsic vibrational lifetimes (homogeneous broadening) or
structural or environmental variations that give rise to a distribution of slightly
different vibrational energies (inhomogeneous broadening). Raman intensities also
depend on molecular orientation. Because the polarizability response is anisotropic,
the observed signal varies with the angle between the molecular axes and the po-
larization of the laser and scattered light, making Raman spectroscopy particularly
sensitive to chain alignment and orientation in polymeric materials [111, 112].

A powerful extension of the technique is resonance Raman scattering, which oc-
curs when the excitation wavelength approaches an allowed electronic transition
of the material. Under these conditions, the virtual intermediate states become
energetically close to real electronic states, dramatically enhancing the scattering
cross section. In conjugated polymers, excitation near the m—7* transition prefer-
entially amplifies backbone vibrational modes that couple strongly to the electronic
excitation. This resonance effect provides heightened sensitivity to chain planarity,
conjugation length and exciton—phonon coupling—features that govern the opto-
electronic behaviour of organic semiconductors [113, 114].

These principles make Raman spectroscopy exceptionally informative for flexible
electronic materials. Because vibrational energies respond directly to changes in
bond lengths, torsional angles and packing geometry, Raman peak positions and in-
tensities are inherently sensitive to mechanical deformation. Tensile strain can elon-
gate bonds, modify conformational order and alter intermolecular coupling, produc-
ing characteristic frequency shifts, linewidth changes or variations in relative band
intensities. This intrinsic sensitivity underpins the Raman analyses presented later
in this thesis, where Raman spectroscopy is used to follow strain-induced structural
evolution in both conjugated polymers and polymer substrates. Figure 2.4 depicts

the schematic of the UV—Vis spectroscopy.

2.5.1 Raman Signatures in PET and Conjugated Polymers

The Raman spectra of polymeric materials reflect the vibrational modes associated
with their backbone chemistry, functional groups, and microstructural organisa-
tion. For PET and conjugated polymers such as P3HT, the most diagnostically
useful modes are those whose frequencies respond sensitively to conformational or-

der, chain alignment and local bonding environment. These vibrational fingerprints
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Fig. 2.4: Raman spectroscopy schematic.

form the basis for analysing structural evolution under mechanical strain in later
chapters.

In PET, the strongest Raman-active vibrations originate from the aromatic ring, the
ester linkage, and the carbonyl group. Prominent modes include the ring-stretching
band near 1600-1620 cm ™!, the carbonyl C=0O stretching mode typically around
1710-1730 cm ™!, and several C-O and C-C modes in the 1100-1300 cm™! region.
These vibrations involve relatively stiff bonds, making their frequencies highly sen-
sitive to chain orientation and crystalline-to-amorphous ratio in the semi-crystalline
matrix [115-118|. Under tensile deformation, PET chains increasingly align along
the draw direction, altering the local potential energy landscape of these bonds. As
a result, Raman peaks associated with the aromatic and carbonyl groups typically
red-shift as the corresponding bonds elongate slightly under load, and peak nar-
rowing may occur if conformational disorder is reduced [119]. These strain-induced
spectral signatures provide a quantitative measure of how mechanical stretching re-
organises PET’s molecular structure.

In P3HT and related conjugated polymers, Raman scattering is dominated by back-

bone vibrations of the thiophene ring. The most intense feature is the symmet-
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ric C=C stretching mode, typically observed between 1440 and 1460 cm™!, which
directly reflects backbone planarity, conjugation length and electronic delocalisa-
tion. Tensile strain perturbs the thiophene backbone, slightly increasing the C=C
bond length and reducing its force constant; this produces a measurable red-shift
in the C=C mode. Additional modes include the inter-ring C-C stretch around
1370-1390 cm™! and lower-frequency ring-deformation modes, all of which report
on torsional angle, inter-chain coupling and aggregate organisation. Because these
vibrations involve the conjugated backbone, their spectral evolution under strain
provides a sensitive probe of electronic-structural perturbation in the polymer [93].
The Raman response of PSHT is further influenced by resonance effects when the
excitation wavelength approaches the m—7* absorption band. Under resonance con-
ditions, vibrational modes that couple strongly to the electronic transition are selec-
tively amplified, making the backbone C=C stretch exceptionally intense relative to
non-resonant modes. This amplification enhances spectral contrast between ordered
and disordered regions: planar, extended backbones exhibit sharper and slightly
higher-frequency C=C vibrations, whereas torsionally disordered segments display
broader, more red-shifted features. Resonance Raman scattering therefore provides
heightened sensitivity to subtle changes in conjugation and aggregate structure {120,
121].

In thin-film geometries, interactions with the substrate and the film morphology
can also influence the observed Raman signatures. Surface roughness, molecular
orientation relative to the optical axis, and the anisotropy of the Raman tensor all
contribute to variations in peak intensities and linewidths. Even without explicit
polarization-resolved measurements, partial chain alignment in the film can modify
relative band intensities due to the directional nature of the induced dipole. These
effects become especially relevant in flexible substrates such as PET, where mechan-
ical deformation alters both molecular orientation and film—substrate interaction
[122-124].

Taken together, the Raman-active modes of PET and P3HT provide complemen-
tary insights into their molecular structure. The carbonyl and aromatic vibrations
in PET sensitively track chain alignment and conformational changes during de-
formation, while the thiophene backbone modes in P3HT report on conjugation,
torsion and aggregate-level order. These vibrational fingerprints form the analytical
foundation for the strain-dependent studies presented in subsequent chapters of this

thesis.
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2.6 Summary

The background developed in this chapter has outlined the essential physical, struc-
tural and spectroscopic concepts needed to interpret mechanical and optical be-
haviour in flexible organic electronic systems. By establishing how excitons are
generated, transported and dissociated in conjugated semiconductors, how polymer
substrates and active-layer materials organise at the molecular scale, and how UV—
Vis and Raman techniques probe these structures, we have built the conceptual
basis for analysing how mechanical strain influences both molecular order and opti-
cal response at hand.

Together, these foundations enable a rigorous understanding of how deformation can
modify chain conformation, intermolecular coupling, vibrational structure and op-
tical transitions in thin-film materials. With this framework in place, we now move
from fundamental principles to a broader research context. The following chapter
situates this work within the existing scientific literature, examining how current
understanding has evolved and where open questions remain, thereby establishing

the motivation for the experimental investigations presented later in the thesis.
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Chapter 3

State of the Art

Mechanical strain influences the electrical and optical response of organic solar cells,
yet the reported effects vary widely because stress distribution depends on several
mechanically distinct layers. Device-level measurements alone cannot identify which
layer governs a given response. To interpret strain-dependent changes in perfor-
mance, it is therefore necessary to examine the substrate, the semiconductor thin
films, and their molecular structure separately.

This chapter follows that structure. It begins at the device scale, summarizing
key findings from tensile strain studies on complete OSC stacks, including changes
in Current—Voltage (I-V) characteristics, noise behaviour, and recombination pro-
cesses. The discussion then moves to the substrate level, where the mechanical
and optical response of PET under strain is introduced through prior spectroscopic
investigations. The final sections address conjugated polymer thin films, with em-
phasis on P3HT, and review reported strain effects on its optical bandgap, molecular
ordering, and Raman signatures.

Taken together, this organization reflects the hierarchy present in flexible devices:
strain is applied to the substrate, transferred into the active layers, and ultimately

expressed at the molecular scale.

3.1 Device-Level Strain Effects in Organic Solar Cells

3.1.1 Experimental strain—electrical behaviour in OSCs

OSCs are frequently proposed for applications in which devices bend, stretch, or
conform to curved surfaces. Under such conditions, the multilayer stack is sub-
jected to repeated mechanical loading during fabrication and operation. As a result,

the electrical response must be examined not only in the unstrained state but also
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under applied tensile or bending deformation. The most informative quantities at
the device level are the dark and illuminated Current density—Voltage (J-V) char-
acteristics, from which the Ji., Vi, FF, Rs and R, ideality factor (n), saturation
current (Ip), and the Power Conversion Efficiency (PCE) are obtained. Systematic
strain-dependent measurements of these parameters reveal a characteristic trend.
Small tensile strain can enhance electrical performance. In contrast, larger strain
levels eventually induce cracking, delamination, and electrode failure, leading to de-
vice degradation [17, 95].

Several studies have examined roll-to-roll printed OSC modules, which are partic-
ularly relevant for large-area and low-cost photovoltaic manufacturing. Salari and
co-workers investigated commercial OSC modules with different front electrode ma-
terials under uniaxial tensile strain [36]. The modules were mounted on a mechanical
stretcher, and strain was applied in controlled microstrain increments. After each
step, dark [-V characteristics were recorded, and the device parameters were ex-
tracted using a Werner-type small-signal analysis of the diode equation. In this
technique, the differential evaluation of the dark I-V characteristics enables inde-
pendent extraction of the ideality factor, series resistance, and saturation current
[125]. For modules employing silver grid electrodes, the Ry decreased under moder-
ate tensile strain. This indicates that the printed silver lines can deform elastically
while maintaining efficient lateral conduction. In this strain regime, the extracted I,
and 7 remained nearly unchanged, suggesting that the junction properties and bulk
recombination processes were still preserved [36]. Once the applied strain surpassed
a critical threshold, Ry increased sharply and the diode characteristics deteriorated,
which is consistent with microcrack initiation and interfacial damage.

Under illumination, the same group examined the changes in Iy, V.., FF, and PCE
with tensile strain in roll-to-roll printed modules using silver electrodes [35]. For
strains in the sub-percent range, the devices exhibited a modest but reproducible
improvement in PCE, largely driven by an increase in FF and a smaller rise in /..
These increases are often attributed to strain-assisted microstructural optimization
or improved interfacial contact. However, once the strain exceeded the elastic limit
of the stack, the beneficial trend reversed. Both I,. and FF decreased, and the I-V
curves became distorted by increased Ry and parasitic pathways introduced by crack
formation and delamination within the multilayer structure [35, 95].

To capture the electro-mechanical response at the single-cell level, Ghorab et al. per-
formed in situ [-V measurements on a commercial roll-to-roll printed OSC subjected
to tensile strain cycles up to 20-30 % elongation [38]. The device was stretched

in small increments, and the illuminated -V characteristics were measured after
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each step as well as after strain release. Up to approximately 20 % elongation, all
key parameters (I, Vi, FF, and PCE) improved relative to the unstrained state.
These improvements did not vanish upon releasing the strain; instead, they per-
sisted and became more pronounced in subsequent cycles. This behaviour indicates
that a portion of the strain-induced modification is irreversible and reflects perma-
nent microstructural reorganization rather than purely elastic deformation. When
the strain reached 30 %, visible cracking appeared in the electrodes and interfaces,
accompanied by a sharp deterioration of all electrical parameters. The transition
from improved to degraded performance defines the onset of catastrophic failure,
separating a pre-catastrophic strain accommodation regime from one dominated by
crack propagation and interlayer separation [38, 95].

Low-frequency noise spectroscopy provides complementary insight into strain-in-
duced transport modification. Joodaki and co-workers studied the flicker noise be-
haviour of OSCs under tensile strain using different electrode materials [37]. For de-
vices with silver electrodes, moderate strain led to a reduction in the 1/f noise level,
consistent with improved effective conductivity and reduced fluctuation sources such
as interfacial barriers or poorly connected pathways. In contrast, devices employing
carbon-based electrodes exhibited increased noise under the same mechanical load.
Because flicker noise is highly sensitive to microscopic transport inhomogeneities
and defect dynamics, these results underscore the strong dependence of electro-
mechanical stability on electrode composition and its mechanical compliance [37,
95].

Stretchable device architectures provide further insight into the mechanical limits
of compliant OSC structures. In their study, Lipomi et al. fabricated OSCs on
Poly(dimethylsiloxane) (PDMS) substrates incorporating PEDOT:PSS electrodes,
with active layers based on P3HT:Phenyl-Cg;-Butyric Acid Methyl Ester (PCBM)
and other donor—acceptor blends. Eutectic gallium—indium served as a compliant
top contact [63]. Strain up to 20 % was applied while monitoring photovoltaic pa-
rameters and the onset of cracking. The addition of PCBM stiffened PSHT:PCBM
films, reducing their crack-onset strain relative to donor-rich blends and making
them more susceptible to fracture under repeated stretching. The PEDOT:PSS
layer acted as a mechanically robust adhesive between the active layer and the sub-
strate, helping to delay delamination. In these architectures, V,. often increased
under tensile strain, while J;. and FF were more sensitive to microcrack formation
and electrode distortion [17, 63].

Overall, device-level studies consistently show that mechanical strain affects the

electrical response of OSCs in an architecture-dependent manner. Moderate tensile
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strain can enhance Ji., V., FF, and PCE through strain-induced rearrangements
that improve charge transport pathways or interfacial contact. Beyond a mechani-
cally defined threshold, however, crack formation in metallic grids, fracture of brittle
transport layers, and delamination at interfaces introduce significant resistive and re-
combination losses [17, 35-38, 63, 95]. These observations define the experimentally
established constraints that any mechanistic model of strain—performance coupling
in OSCs must capture and motivate a closer examination of strain—morphology in-

teractions in the active layer.

3.1.2 Strain—morphology interactions in active layers

The electrical response of OSCs under mechanical deformation is closely tied to
structural rearrangements within the BHJ active layer. Although several interfaces
in the device stack may experience mechanical stress, the D—A blend typically un-
dergoes the most direct and reversible changes when subjected to low or moderate
tensile strain. These changes include polymer-chain alignment, variations in the
aggregate fraction, shifts in the crystalline-amorphous domain balance, and local
rearrangement of donor- and acceptor-rich regions. Each of these processes influ-
ences charge transport, recombination, and photogeneration, and therefore affects
parameters such as Ji., Vi, FF, and PCE [126, 127].

The influence of strain on polymer ordering has been studied extensively for conju-
gated polymers. O’Connor and colleagues showed that uniaxial strain induces chain
alignment in Regioregular Poly(3-hexylthiophene) (rr-P3HT), enhancing in-plane
7—7 interactions and increasing crystalline order [128]. Even modest alignment im-
proved the structural coherence of the polymer domains and facilitated more efficient
charge transport. Complementary work demonstrated that face-on oriented PSHT
crystallites provide particularly favourable pathways for in-plane transport due to
their tighter stacking and longer effective conjugation length [129]. Although these
results were obtained for neat rr-P3HT films, they provide a clear basis for under-
standing how low tensile strain may enhance mobility within the BHJ.

In PSHT:PCBM blends, the response to strain involves a more intricate interplay
between crystalline and amorphous regions. The morphology consists of semi-
crystalline PSHT fibrils embedded in an amorphous polymer—fullerene matrix. Un-
der tensile deformation, crystalline segments can rotate or reorient, while the amor-
phous domains reorganize to accommodate the applied load. Strain can also modify
the level of phase mixing in the D—A network. Partial chain alignment may promote
deeper PCBM penetration into P3HT-rich regions in some locations, while simul-

taneously enhancing P3HT aggregation elsewhere [17, 95|. These competing effects
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reshape the nanoscale transport pathways. Even a modest increase in the P3HT
aggregate fraction has been shown to significantly reduce the reduced Langevin re-
combination coefficient ¢ and strengthen charge separation at the CT interface [130].
Because ( is highly sensitive to morphology, these observations provide a direct link
between mechanical deformation and changes in recombination dynamics.

At higher tensile strain, microcracks begin to form within the BHJ. These defects
are distinct from the catastrophic fractures observed in metallic electrodes or brittle
transport layers. Microcracks in the active layer are often narrow and distributed,
but they distort the local electric field and interrupt electron and hole percolation
pathways. As a result, they cause reductions in Js. and FF, driven by higher ef-
fective series resistance and local transport bottlenecks. Such behaviour typically
emerges only once the deformation exceeds the reversible regime. At lower strain,
morphological adjustments remain elastic or mildly plastic and may even persist
beneficially after release, consistent with in-situ measurements on strained OSCs
[38].

The link between strain, polymer orientation, and recombination becomes clearer
in studies examining band-offset modulation. Ab initio calculations and scanning
ultrafast electron microscopy have shown that tensile strain slightly increases the
energy offset between the PSHT HOMO and the PCBM LUMO [29, 30]. This shift
suppresses certain non-radiative decay pathways and can increase V.. At the same
time, improved polymer ordering reduces recombination losses and enhances charge
extraction, which can compensate for the small reduction in optical absorption as-
sociated with the widened effective bandgap. These combined effects explain why
mild tensile strain often results in higher V,. and FF, while .J,. remains stable or

slightly improved.

3.1.3 Gaps identified

Research on strain-dependent behaviour in OSCs has expanded significantly, and
device-level studies consistently report two regimes of response. Moderate tensile
or bending strain is often associated with improvements in J,., V., FF, and PCE,
whereas larger deformation leads to cracking, delamination, and performance degra-
dation. At the same time, molecular- and nanoscale investigations demonstrate that
mechanical strain modifies chain orientation, crystallinity, aggregate fraction, and
energy-level alignment in conjugated polymer D—A systems [29, 30]. These studies
establish that mechanical deformation alters both morphology and electronic struc-

ture within the BHJ. However, they predominantly probe localized or molecular-
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scale phenomena. How these strain-induced material level changes translate into
the electrical response of full thin films and operating devices remains insufficiently
resolved.

A central gap therefore lies in connecting these material level insights to device level
behaviour. Drift-diffusion models accurately describe unstrained OSCs but lack a
framework for incorporating strain-induced changes in morphology, energetics (i.e.,
energy level alignment and density of states), or recombination. Mechanical model-
ing, typically based on FEM, captures stress and strain distributions in multilayer
stacks but remains disconnected from optical and electrical descriptions. As a re-
sult, strain-induced enhancements observed experimentally cannot be quantitatively
linked to specific material level changes using existing modeling approaches.

An additional limitation arises from the cumulative nature of device level mea-
surements. Mechanical deformation simultaneously affects the flexible substrate,
electrodes, transport layers, and the BHJ. Changes in optical interference, series
resistance, electrode microstrain, or interfacial stress redistribution can all influence
the measured electrical response. Without isolating the contributions of individual
layers, it remains difficult to determine how much of the observed strain response
originates from the active layer itself.

Finally, the strain-dependent optical and spectroscopic response of individual lay-
ers remains insufficiently characterized under device-relevant conditions. Flexible
substrates such as PET exhibit their own strain-dependent optical and molecular
behaviour, while conjugated polymers such as P3HT show measurable changes in
absorption, bandgap, and vibrational signatures when strained. These effects have
been explored primarily in isolated films or simplified model systems. A more sys-
tematic, layer resolved understanding is therefore required to interpret device level

measurements and to provide physically meaningful inputs for strain-aware models.

3.2 PET as a Mechanically Active Flexible Sub-

strate

PET is one of the most widely adopted polymer substrates in flexible and roll-
to-roll processed organic electronics. Its combination of high optical transmission
in the visible range, chemical stability, low cost, and compatibility with large-area
coating makes it a default choice for flexible organic solar cells, organic field-effect
transistors, and related optoelectronic systems [27, 131-133]. In such devices, PET
typically forms the mechanically dominant layer in the stack. It defines the overall

bending stiffness, constrains the strain profile experienced by the functional films,
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and is the first medium that interacts with incident light before it reaches the active
semiconductor [63, 134]. As a result, the substrate cannot be regarded as a passive
mechanical support. Its response to deformation directly conditions both the me-
chanical reliability and the useful optical throughput of the device.

From a mechanical perspective, PET exhibits a characteristic progression from elas-
tic response at low strain to yielding, strain hardening, and eventual damage at
larger deformation, with the details depending on strain rate, temperature, and
prior processing history [119, 135-137|. During cold drawing or tensile loading in
the solid state, molecular chains rotate and align along the loading direction, which
gives rise to anisotropic stiffness and an evolving distribution of amorphous, meso-
morphic, and crystalline regions [138-140]. In multilayer flexible electronics, this
evolution is important because the substrate stores and redistributes the applied
mechanical energy. The strain experienced by brittle or semi-brittle layers, such
as transparent electrodes or conjugated polymer films, does not directly equal the
externally applied strain. It is also shaped by the nonlinear and history-dependent
mechanical response of the PET substrate itself. In strained organic solar cells, key
failure modes correlate more strongly with the substrate’s mechanical history than
with intrinsic material limits. |37, 63, 141].

The molecular rearrangements that determine PET’s mechanical response also in-
fluence its optical properties. Chain alignment and density fluctuations can modify
birefringence, dichroism, and scattering. These effects become pronounced when
strain drives the material toward mesophase or partially crystalline states [124, 138,
142, 143|. Because PET lies optically in front of the photoactive or charge transport
layers, any strain-induced change in transmittance, refractive index, or anisotropy
directly affects how light is delivered into the device interior [27, 131]. For this
reason, PET in flexible electronics must be regarded as a mechanically active and
optically consequential component. Its coupled mechanical and optical behaviour
under realistic deformation conditions forms the basis for the spectroscopic studies

reviewed in the following subsections.

3.2.1 Optical spectroscopy under strain

Mechanical stretching induces well-defined optical signatures in PET because the
polymer’s microstructure evolves toward a more oriented state. Ellipsometry on
biaxially drawn films shows that even moderate deformation produces measurable
anisotropy in the dielectric function, requiring separate responses along and per-
pendicular to the draw direction [142]. In the UV-visible range, where PET hosts

electronic transitions of the carbonyl and aromatic units, the relative strength and
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polarization sensitivity of these bands change with stretching. These variations arise
from the reorientation of transition dipoles as chain segments align, and they reflect
the gradual development of microstructural order under strain. The emergence of
optical anisotropy coincides with the mechanical stiffening that arises from polymer
chain alignment [142].

Vibrational spectroscopy provides complementary evidence for this evolution. In-
frared measurements on stretched PET reveal polarization-dependent changes in the
intensities of backbone and ester-related modes. These reflect the rotation of both
crystalline and amorphous segments toward the stretching axes [138, 142]. Orienta-
tion distribution analyses confirm that biaxial drawing increases the fraction of chain
segments lying parallel to the film plane, while simultaneously narrowing their an-
gular distribution. These structural changes do not significantly alter PET’s visible
transparency, but they do modify how the film absorbs and polarizes mid-infrared
radiation [138].

Raman scattering further illustrates how local symmetry and chain conformation
evolve under load. Polarized Raman studies show systematic variations in the in-
tensities of aromatic ring and carbonyl modes as the scattering geometry is rotated
relative to the draw direction. This behaviour is a signature of increased molec-
ular alignment and enhanced local ordering induced by strain. Considering that
the Raman selection rules are sensitive to the orientation of polarizable units, these
measurements reveal subtle differences between amorphous and more ordered re-

gions that form during stretching [124].

3.2.2 Strain-Induced Molecular Rearrangement at Elevated

Strain

Mechanical loading of PET does not simply stretch the macroscopic film; it drives
a cascade of irreversible molecular rearrangements that alter both the mechanical
state of the substrate and its optical response. At low strain, chain segments pri-
marily undergo affine rotation and limited straightening, and the optical effects
are small. Beyond a threshold—typically a few percent depending on thermal his-
tory—deformation begins to reorganize the semicrystalline architecture in ways that
do not fully relax upon unloading [138].

In this region, PET develops a progressively anisotropic microstructure. Chain
segments in the amorphous phase orient toward the loading direction, mesophase
regions grow, and existing crystallites undergo rotation and limited reorganization.

Stress promotes densification of certain domains and expansion of others, yielding
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a heterogeneous distribution of molecular environments. Bin et al. showed that
these orientation processes are only partially reversible. Once polymer chains rotate
or become partially aligned under strain, back-relaxation upon unloading is incom-
plete. As a result, a residual preferred orientation remains, along with a modified
balance between amorphous and more ordered fractions [138].

These microstructural changes alter the optical response. Strain driven ordering
affects birefringence, dichroism, and the directional dependence of the refractive in-
dex. Zhou et al. observed that even moderate deformation produces a measurable
rotation of the optical axis and an increase in stress induced birefringence that does
not fully recover after the strain is released [143|. Similar partial irreversibility was
identified by Laskarakis et al., who reported that deformation modifies the dielec-
tric tensor of PET in a manner consistent with increased chain alignment and the
emergence of additional optically anisotropic domains [142].

Although the details of these rearrangements are determined by processing history,
temperature, and strain rate, a consistent picture emerges, showing that PET accu-

mulates a strain-dependent optical memory.

3.2.3 Gap Identified

While PET has been widely characterized mechanically and optically, a unified quan-
titative understanding of its response to moderate, device-relevant strain remains
lacking. In particular, the combined optical response under such conditions has not
been systematically resolved. Raman studies tend to focus on angular anisotropy or
high-strain crystallization effects. Consequently, subtle spectral changes within the
low-strain regime are often overlooked. Optical measurements reveal strain-induced
anisotropy. However, these approaches are frequently disconnected from molecular-
level vibrational information and are rarely applied across controlled, systematic
strain series relevant to flexible optoelectronics [27, 131].

As a result, no prior study has linked macroscopic optical behaviour measured
by UV-Vis spectroscopy with microscopic structural changes accessed by Raman
spectroscopy. This gap is particularly evident under small to moderate tensile
strains. Such strain levels are routinely imposed in flexible electronic devices. Most
available reports focus on strain levels far beyond operational conditions or ad-
dress deformation-induced crystallization rather than optical shifts. Others examine
UV-Vis and Raman responses in isolation. Consequently, the field lacks a strain-
resolved optical framework capable of describing how PET’s electronic absorption
and vibrational symmetry evolve simultaneously under realistic deformation.

The absence of such an integrated analysis motivates the study performed in this the-
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sis. Here, we combine controlled mechanical deformation with synchronized UV—-Vis
and Raman spectroscopy. This approach enables quantification of PET’s strain-
dependent optical response within the operational strain window of flexible and
stretchable organic electronic systems.

The strain-dependent optical behaviour of PET sets the boundary conditions for any
thin semiconductor film deposited on top of it. As Section 3.2 showed, PET does
not simply transmit applied deformation. Its molecular alignment, birefringence,
and density changes, reshape how light enters the device stack and how strain is
redistributed across the functional layers. In practical flexible devices, this means
that any apparent optical or electronic change in a conjugated polymer film must
be interpreted in the context of a substrate whose properties evolve under load.
These coupled effects raise an important question. To what extent do conjugated
polymers themselves exhibit intrinsic bandgap modulation under mechanical strain,
independent of substrate-induced optical changes? Section 3.3 addresses this point
by reviewing prior studies on strain-dependent absorption and energy level shifts in
conjugated polymer thin films and assessing their relevance to realistic deformation

conditions in flexible organic electronics.

3.3 Experimental Studies of Optical Bandgap Un-

der Mechanical Deformation

Mechanical strain can perturb the electronic structure of conjugated polymers, and
several experimental approaches have attempted to capture these changes at dif-
ferent spatial and temporal scales. Nanoscale insight into such perturbations has
been provided by scanning ultrafast electron microscopy, where localized mechanical
deformation was shown to alter the excitonic response of semiconducting polymer
domains on sub-picosecond timescales [30]. In these measurements, transient spa-
tial modulations in the effective bandgap of PSHT aggregates emerged following the
introduction of a strain field. These observations demonstrate that tensile defor-
mation can perturb local packing and modify the exciton dissociation landscape.
Although highly localized and inherently transient, these observations revealed the
intrinsic sensitivity of conjugated polymer electronic states to mechanical pertur-
bation. Complementary studies at the device scale have focused on macroscopic
bending or stretching of polymer thin films. Here, changes in optical absorption
are often subtle and intertwined with mechanical relaxation. This behaviour is
consistent with broader reports showing that moderate strain primarily influences

chain orientation, lamellar ordering, and crystallinity, while leaving the steady-state
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absorption edge largely intact [28]. Together, these findings suggest that polymer
electronic structure can be modulated by mechanical forces, but that observable
changes in thin-film absorption, depends sensitively on the spatial and temporal
characteristics of deformation.

A complementary perspective on strain—bandgap coupling arises from theoretical
work that isolates the molecular and interfacial origins of energetic shifts. Menichetti
and co-workers used density functional theory to examine how tensile deformation
affects the HOMO and LUMO levels of P3HT chains and the corresponding band
offsets at a P3HT /PCBM interface [29]. Their calculations showed that mechani-
cal strain perturbs backbone geometry, modifies m-orbital overlap, and shifts D-A
energy alignment. Although the predicted energetic variations were modest, the
results clarified a mechanistic route by which tensile deformation could influence ex-
citon separation and photovoltage. Importantly, these predictions were obtained for
isolated chains and idealized interfaces, indicating that molecular scale strain effects
are fundamentally accessible but may not directly translate to thin-film behaviour,
where intermolecular packing, semicrystalline texture, and substrate constraints gov-
ern the overall response.

Mechanically induced bandgap modulation has also been documented in small mol-
ecule organic crystals, where the response to strain is more pronounced. Stud-
ies on rubrene and pentacene crystals have shown that uniaxial compression or
tension reorganizes intermolecular spacing and alters frontier orbital coupling, re-
sulting in measurable shifts in optical absorption and photoluminescence. These
systems exhibit strong electron lattice interactions and highly anisotropic packing,
which amplify the effect of mechanical deformation on their electronic structure.
These observations underscore the intrinsic ability of organic semiconductors to un-
dergo strain-dependent bandgap modulation. However, the crystalline architecture
of these materials differs substantially from that of conjugated polymer thin films.
In particular, conjugated polymers exist in a semicrystalline, structurally disordered
environment that is not captured by highly ordered model systems. Their behaviour
thus provides mechanistic insight but cannot be directly extrapolated to technolog-
ically relevant polymer systems processed on flexible substrates [28].

In thin conjugated polymer films, experimental reports examining absorption changes
under macroscopic bending or stretching generally reveal only minor modifications
to the spectral profile. The absorption onset is often preserved within experimental
uncertainty, even though deformation can influence chain alignment and aggregate
structure |28]. This behaviour is consistent with the moderate conformational flexi-

bility of polymer backbones and the ability of semicrystalline domains to redistribute
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strain without undergoing major electronic reconfiguration.

3.3.1 Limitations of prior work

The studies outlined above establish that mechanical deformation can perturb the
electronic structure of organic semiconductors, yet they do so under conditions that
differ substantially from those encountered in semicrystalline conjugated polymer
thin films used in practical photovoltaic devices. A major fraction of the litera-
ture focuses on highly ordered or crystalline systems. Studies on rubrene and pen-
tacene probe either single crystals or well-oriented thin films on rigid substrates [144,
145]. These highly controlled model platforms are valuable for isolating fundamen-
tal strain—electronic-structure coupling, but they do not capture the microstructural
heterogeneity or thin-film confinement present in semicrystalline donor polymers.
A second limitation is that much of the existing work concerns transient or highly
idealized perturbations. Scanning ultrafast electron microscopy resolves femtosecond
to nanosecond modulation of band edge energetics under pulsed excitation rather
than residual strain states [30]. Density Functional Theory (DFT) studies typically
compute band edge shifts for static configurations of short repeat units without
accounting for the distribution of chain conformations, side chain disorder or mor-
phological defects that are characteristic of thin films [29]. The Work Function
(WF) measurements on rubrene demonstrate that elastic and plastic strains can
strongly modify the electronic landscape of an organic crystal [144]. However, these
measurements do not involve conjugated polymer chains or semicrystalline mor-
phologies typical of OSC donor layers.

There is also a geometry and substrate mismatch. Many strain-dependent studies
employ rigid substrates such as silicon or glass, where deformation is introduced
through thermal expansion mismatch or controlled bending [144, 145]. In con-
trast, polymer semiconductor thin films used in flexible photovoltaics are deposited
on compliant substrates such as PET. Here the strain field is governed by poly-
mer—substrate adhesion, film thickness and semicrystalline microstructure. Broader
mechanical studies of conjugated polymers focus on stiffness, yielding and ductility,
sometimes using molecular dynamics simulations to quantify chain reorientation or
backbone deformation under stress [146]. These works provide important insights
into deformation mechanisms but do not measure optical absorption or extract an

optical bandgap under load.
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3.3.2 Gap identified

Taken together, the limitations discussed in subsection 3.3.1 reveal a clear and un-
resolved gap in the current literature. While prior studies establish that mechanical
deformation can influence electronic structure at the molecular or crystalline scale,
no work has systematically examined the stability of the optical bandgap in semicrys-
talline conjugated polymer thin films under controlled tensile strain.

This absence is particularly significant for donor polymers used in flexible organic
photovoltaic devices. In these systems, moderate uniaxial strain is intrinsic to op-
eration. The resulting optoelectronic response emerges from a heterogeneous mi-
crostructure rather than from a well-defined crystalline lattice. As a result, it re-
mains unclear whether the optical bandgap of a technologically relevant polymer thin
film remains invariant under strain or undergoes measurable modification within ex-
perimentally accessible deformation regimes.

Addressing this gap requires direct, strain-resolved optical characterization of semi-
crystalline conjugated polymer thin films deposited on flexible substrates, using a
reproducible and quantitative band-gap extraction methodology. Such an investiga-
tion is necessary to establish the degree of band-gap stability that can be expected

in flexible organic electronic applications.

3.4 Raman Spectroscopy of Conjugated Polymers
Under Strain

Raman spectroscopy is widely employed as a structure-sensitive probe for conjugated
polymers because the vibrational modes of the m-conjugated backbone are directly
coupled to molecular geometry and electronic delocalization. In polythiophene-based
systems, several prominent Raman-active modes originate from in-plane skeletal mo-
tions of the conjugated backbone. The frequencies and linewidths of these modes
respond sensitively to changes in backbone planarity, torsional disorder, and effective
conjugation length. As a result, Raman spectra encode information not only about
chemical identity but also about the degree of molecular order and alignment within
thin films, making the technique particularly suitable for studying structurally het-
erogeneous polymer semiconductors [147].

Systematic studies have established quantitative correlations between specific Ra-
man modes and the underlying structural state of conjugated polymer films. In
P3HT, the C-C and C=C stretching modes in the 1300-1500 cm ™! range have been

shown to shift and narrow as molecular order and m-electron delocalization increase,
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reflecting enhanced backbone planarity and interchain packing [93]. More recent
work has generalized this interpretation by demonstrating that Raman signatures
track changes in electronic delocalization across a broad class of polythiophene-based
systems. This reinforces the view that Raman shifts should be understood as probes
of conjugation and electronic structure rather than simple bond-stiffness variations
[148]. At the same time, studies of chemically doped P3HT have clarified that elec-
tronic reorganization alone can also modify Raman line shapes, highlighting the
need for physically informed interpretation when using Raman spectroscopy to infer
structural order [149]. Collectively, these works establish Raman spectroscopy as
a powerful and nuanced tool for monitoring alignment, conjugation, and molecular

order in conjugated polymer thin films.

3.4.1 Existing strain-dependent Raman studies in conjugated

polymers

Raman spectroscopy has been employed in a limited but informative set of studies
to investigate how mechanical deformation alters the molecular structure of con-
jugated polymers. Early work in this area largely focused on identifying whether
tensile strain could induce backbone alignment or modify electronic conjugation,
rather than providing a comprehensive picture of strain accommodation in realistic
thin-film geometries. As a result, the existing literature remains fragmented across
different material systems, deformation regimes, and experimental configurations.
Several studies have reported strain-induced Raman shifts in P3HT and closely
related conjugated polymers, often interpreting these shifts in terms of backbone
planarization or loss of effective conjugation. Computational and model-system in-
vestigations on P3HT oligomers and MEH-PPV under uniaxial stretching showed
that small elongations along the polymer backbone can alter frontier orbital local-
ization and vibrational frequencies, whereas larger deformations rapidly lead to elec-
tronic localization and degradation of optoelectronic properties [150]. While these
results are mechanistically insightful, they are obtained under idealized stretching
conditions at the single-chain or oligomer level and therefore do not directly capture
the heterogeneous deformation pathways operative in semicrystalline thin films.
Experimentally, Raman studies on strained conjugated polymer films have demon-
strated that the dominant backbone modes, particularly the C—C and C=C stretch-
ing vibrations, respond measurably to tensile loading. In P3HT-based systems,

changes in the linewidth and position of modes in the 1300-1500 cm ™!

range have
been associated with evolving backbone torsion and effective conjugation length

[151]. However, many of these experiments were performed either on as-cast films,
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on pre-stretched elastomeric substrates, or under deformation conditions optimized
for stretchability rather than structural analysis [63]. While such configurations are
valuable for identifying macroscopic crack onset and device failure, they conflate
intrinsic molecular response with substrate-dominated mechanics and do not isolate
how strain is accommodated within semicrystalline P3HT domains themselves.
More recent work has extended Raman analysis to donor-acceptor and DPP-based
polymers, revealing that strain can produce qualitatively different spectral responses
depending on backbone rigidity and crystallinity. In these systems, modest strain
levels may induce small, reversible Raman shifts consistent with elastic deforma-
tion, whereas higher strain leads to pronounced linewidth broadening indicative
of heterogeneous microstrain and defect formation [152]. Importantly, these stud-
ies show that Raman signatures associated with increased order and those arising
from mechanical damage can overlap spectrally, underscoring the need for careful
interpretation of strain-induced redshifts and linewidth changes. These findings are
general to conjugated polymers and are not specific to P3HT, but they highlight a
key limitation of attributing Raman shifts solely to backbone planarization.

A small number of studies have begun to exploit spatially resolved Raman mea-
surements to visualize mechanical heterogeneity under strain. Raman mapping ex-
periments on stretched conductive polymer films have revealed that strain-induced
spectral changes are often highly localized. These changes correlate with crack ini-
tiation sites, interfacial delamination, or regions of strain concentration near defects
[151]. Together, these observations demonstrate that Raman spectroscopy can act
as a local probe of mechanical heterogeneity. However, existing studies typically
focus on identifying damage or failure. They do not systematically quantify how
molecular order evolves as a function of strain, temperature, and processing history.
Moreover, these studies are generally conducted under a single thermal condition,
limiting their relevance to processing dependent microstructural evolution.

Raman investigations that explicitly consider how thermal processing history condi-
tions the molecular response to mechanical strain remain particularly rare. Existing
Raman studies of PSHT have established that thermal annealing alone narrows back-
bone Raman modes and shifts the C=C stretch to lower wavenumber as crystallinity
and 7-electron delocalization increase [93]. Separately, chemically or electronically
induced reorganization, such as molecular p-doping, has been shown to modify Ra-
man line shapes through electronic effects without necessarily improving structural
order [149]. However, these insights have not been systematically integrated into
strain-dependent Raman studies, leaving open the question of how thermal history

modifies the molecular response of P3HT under mechanical load.
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Taken together, the existing literature demonstrates that Raman spectroscopy is
sensitive to strain-induced changes in conjugated polymers, but it also reveals sub-
stantial gaps. Most studies examine either strain or temperature in isolation, focus
on single-layer films, and rely on qualitative interpretations of Raman shifts with-
out disentangling elastic alignment from irreversible microstructural damage. For
P3HT in particular, there is no comprehensive Raman study that evaluates how pro-
cessing temperature, strain magnitude, and interfacial mechanics collectively govern
backbone order and mechanical stability. This limitation directly motivates a more
systematic investigation of strain-temperature interplay in device-relevant P3HT

stacks.

3.4.2 Limitations of prior works

While strain-dependent Raman spectroscopy has yielded important qualitative in-
sights into how conjugated polymers respond to mechanical deformation, the existing
body of work remains limited in its ability to isolate and interpret specific defor-
mation mechanisms in device-relevant thin films. These limitations do not imply
that prior studies are incomplete or flawed in isolation. Rather, they reflect a set of
recurring methodological simplifications that restrict the physical questions that can
be addressed simultaneously. As a result, current Raman studies tend to illuminate
individual aspects of strain response, without resolving how these aspects interact
within realistic processing and device contexts.

A central limitation is the widespread separation of mechanical strain from ther-
mal processing history. In many computational and model-based studies, strain is
applied to idealized molecular backbones or small oligomers whose geometry does
not reflect the semicrystalline morphology established during film formation [150].
In parallel, experimental Raman studies have demonstrated that thermal annealing
alone can substantially modify backbone planarity, conjugation length, and spectral
linewidths in P3HT (93], yet these thermally conditioned microstructures are rarely
examined under subsequent mechanical load. Consequently, it remains unclear how
strain-induced molecular reorganization depends on whether the polymer network
is initially soft and heterogeneous or rigidified by prior thermal ordering.

A recurring limitation concerns the mechanical context within which strain-depen-
dent Raman measurements are interpreted. While Raman studies themselves are
typically performed on rigid or semi-rigid substrates to ensure optical and mechan-
ical stability, a substantial body of mechanical and device level literature demon-

strates that substrate compliance strongly influences how strain is transmitted to
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conjugated polymer films [63]. In elastomer-supported systems, such as those based
on PDMS, a significant fraction of the applied deformation is accommodated by
the substrate through elastic and viscoelastic relaxation, leading to non-uniform
and non-affine strain transfer to the semiconducting layer. Although Raman spec-
troscopy is rarely applied directly in these elastomeric configurations, the associated
mechanical behaviours are well established. They underscore that the strain expe-
rienced by a polymer backbone can differ markedly from the nominal macroscopic
strain [126]. This insight has important implications for Raman based studies con-
ducted on stiffer substrates. In such cases, strain-induced spectral changes must be
interpreted within the specific mechanical regime defined by the substrate, interface,
and film morphology. Without explicitly accounting for these factors, comparisons
across studies performed under different mechanical boundary conditions remain in-
herently ambiguous.

Interpretation of Raman spectral changes under strain presents an additional chal-
lenge. Similar shifts in band position or changes in linewidth can originate from
fundamentally different physical processes, including elastic backbone alignment,
increased torsional disorder, electronic localization, or the formation of microstruc-
tural defects [152]. This ambiguity is compounded by evidence that purely elec-
tronic modifications, such as those induced by chemical doping, can alter Raman
line shapes in ways that resemble signatures of increased structural order [149].
Without systematic control over processing history and mechanical environment,
Raman spectra alone do not provide an unambiguous distinction between reversible
alignment and irreversible damage.

Finally, most existing studies do not explicitly discriminate between in-situ strain re-
sponse and residual structural changes after strain release. Raman measurements are
typically reported either under applied load or after deformation, but rarely tracked
continuously across loading and unloading [151]. This limits insight into whether
observed spectral changes correspond to transient conformational adjustments or
to permanent microstructural reorganization. For flexible electronic applications,
where repeated deformation and mechanical fatigue are critical concerns, this dis-
tinction is particularly important.

Taken together, these considerations indicate that current strain-dependent Raman
studies address isolated facets of polymer deformation rather than their combined
influence. In particular, the simultaneous roles of thermal processing history, strain
magnitude, interfacial mechanics, and reversibility have not been examined within
a single experimental framework. Clarifying how these factors interact is therefore

essential for interpreting Raman signatures of strain in conjugated polymer thin
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films and for assessing their mechanical reliability in flexible device architectures.

3.4.3 Gap identified

The existing Raman literature demonstrates sensitivity to both thermal processing
and mechanical deformation in conjugated polymers, but these effects have largely
been examined in isolation. Strain-dependent Raman studies typically probe me-
chanical deformation without explicit control over prior microstructural condition-
ing. Thermal-ordering studies, in contrast, rarely extend their analysis to subsequent
mechanical loading [93, 151, 152]. In parallel, model-based approaches often impose
strain on idealized backbones that do not capture the semicrystalline morphology
of processed thin films [150]. As a result, it remains unresolved how strain-induced
Raman signatures depend on the thermally established mechanical state of the poly-
mer network.

A further unresolved aspect concerns the role of interfaces and supporting substrates
in conditioning the molecular response to strain. Mechanical and device-level stud-
ies have demonstrated that substrate compliance and interfacial coupling strongly
influence how deformation is transmitted to organic semiconductor layers [63]. How-
ever, this insight has not been systematically integrated into Raman-based analyses
of strain. Without explicitly considering interfacial layers and multilayer stacks, it
remains difficult to assess how molecular scale Raman signatures relate to the actual
mechanical environment experienced by the active polymer layer in flexible devices.
The interpretation of strain-induced Raman spectral changes is further complicated
by the fact that similar shifts in peak position or linewidth can arise from distinct
physical mechanisms. Elastic backbone alignment, increased torsional disorder, elec-
tronic localization, and the formation of microstructural defects can all produce
overlapping spectral signatures [152|. This ambiguity is reinforced by evidence that
purely electronic reorganization, such as molecular p-doping, can modify Raman
line shapes in ways that resemble signatures of increased structural order [149].
Without systematic control over both processing history and mechanical bound-
ary conditions, Raman spectra alone cannot unambiguously distinguish reversible
molecular rearrangement from irreversible damage.

Finally, most previous studies do not explicitly discriminate between in situ strain
response and residual structural changes after strain release. Raman measurements
are typically reported either under applied load or after deformation, but rarely
tracked continuously across loading and unloading cycles [151]. This limits insight
into whether observed spectral changes reflect transient conformational adjustments

or permanent microstructural reorganization. For flexible electronic applications,

44



3.4. Raman Spectroscopy of Conjugated Polymers Under Strain

where repeated deformation and mechanical fatigue are central reliability concerns,
this distinction remains largely unexplored.

Taken together, these gaps indicate that the combined influence of thermal process-
ing history, strain magnitude, interfacial mechanics, and reversibility on the Ra-
man response of PSHT thin films has not been examined within a single, coherent
experimental framework. Addressing this gap is essential for establishing a physi-
cally grounded interpretation of strain-dependent Raman signatures in conjugated
polymer semiconductors and for linking molecular-scale observations to mechanical

stability in flexible device architectures.
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Chapter 4

Methodology and Experimental

Framework

4.1 Introduction to Methodological Approach

The methodological approach adopted in this thesis is motivated by a central lim-
itation in the existing literature: although strain-dependent optical and electrical
properties have been extensively studied, the applied deformation schemes and ma-
terial systems often differ substantially from those experienced in fabricated OSCs.
This limits both the interpretation of experimental observations and the predictive
capability of device-scale models.

Beyond this conceptual gap, an additional limitation emerges when strain effects
are treated within a modeling framework. As an initial step, a physics-based
FEM framework was developed in COMSOL Multiphysics [153]. The model was
used to examine how strain-induced morphological alterations in the active layer
translate into changes in device-level optoelectronic performance. It combined full-
wave optical simulations with a drift—diffusion electrical description of a benchmark
P3HT:PCBM architecture. This enabled systematic evaluation of performance sen-
sitivity to electronically meaningful surrogate parameters. In this approach, mechan-
ical strain was not introduced as an explicit mechanical field. Instead, its experimen-
tally inferred consequences were represented through controlled modulation of key
electrical descriptors, namely the effective bandgap F, and the reduced Langevin
recombination prefactor (.

Within this modeling framework, it became evident that quantitative strain-depen-
dent material parameters are required to constrain and validate such simulations.
These parameters are largely unavailable under realistic processing and deformation

conditions. To address this operational limitation, the methodology was therefore
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extended to targeted experimental characterization at the material level. The fo-
cus was placed on isolating and quantifying strain-induced responses in representa-
tive constituent materials. Specifically, this work investigates P3HT, a widely used
benchmark photoactive polymer, and PET, a common flexible substrate material.
Together, these materials capture the essential optical and mechanical roles present
in flexible OSC architectures while enabling controlled and interpretable analysis.
The selection of PET and PSHT was further motivated by their status as important
reference materials within the flexible organic electronics community. While recent
research increasingly explores more chemically complex or engineered semiconduc-
tors, the use of well-established materials provides a critical methodological advan-
tage for foundational investigations. Their optical signatures, vibrational modes,
and structure—property relationships are extensively documented under unstrained
conditions. This enables the strain-induced deviations to be identified and inter-
preted with minimal ambiguity. This methodological choice prioritizes interpretabil-
ity and mechanistic clarity over material novelty. By establishing strain-response
relationships in benchmark systems, the present work aims to construct a transfer-
able reference framework that can be systematically extended to emerging materials
and more complex device architectures. The emphasis on canonical materials fur-
ther ensures that observed strain-induced phenomena can be directly contextualized
within the broader literature, facilitating meaningful comparison, reproducibility,
and cross-study validation.

Mechanical deformation was applied in the form of uniaxial tensile strain. Although
more complex loading modes—such as biaxial deformation, cyclic fatigue, or bend-
ing—are relevant to real-world applications, uniaxial strain provides the most direct
and physically interpretable framework for establishing baseline strain property re-
lationships. In the absence of comprehensive material level data, this approach
enables strain-induced optical and structural changes to be attributed unambigu-
ously to deformation along a single axis, thereby forming a necessary foundation for
subsequent studies involving more complex mechanical configurations.

All measurements were conducted at room temperature. This choice reflects both
practical operating conditions and application relevance, particularly for indoor and
low-power IoT photovoltaic systems. In these applications, OSCs are expected to
operate without thermal activation. By avoiding elevated temperatures, the method-
ology isolates mechanically driven effects. This approach prevents convolution with
thermally induced relaxation or morphological reorganization. As a result, strain-
induced responses are examined in a regime directly relevant to the intended appli-

cations.
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This chapter details the experimental implementation of this methodology through
complementary spectroscopic techniques applied under controlled mechanical strain,
enabling systematic investigation of strain-induced optical and molecular-level trans-

formations in each material.

4.2 Rationale for Spectroscopic Methodologies

The UV—Vis absorption and Raman spectroscopy were chosen as the primary ex-
perimental techniques in this thesis. This choice is rooted in their distinct yet
highly complementary capabilities for probing different facets of material response
in both individual films (e.g., PET) and stacked layers (e.g., PET/P3HT, and
PET/PEDOT:PSS/P3HT):

e UV—Vis Spectroscopy was selected for its ability to quantitatively assess
changes in the optical transmission and absorption characteristics of films. For
substrates like PET, and equally for photoactive layers like PSHT, maintaining
optical fidelity under strain is crucial for maximizing light transmission and
absorption within the device. UV—Vis absorption spectroscopy directly reveals
how strain impacts the material’s electronic structure, leading to observable
shifts in absorption bands or changes in overall transparency. These changes
directly translate to variations in light harvesting efficiency for optoelectronic
applications. This technique offers a straightforward and rapid method for

initial assessment of these macroscopic optical changes.

e Raman Spectroscopy, in contrast, was chosen for its unparalleled capabil-
ity to provide molecular level structural and conformational information. By
analyzing the shifts, broadening, and intensity changes of specific vibrational
modes, Raman allows for direct inference about alterations in bond lengths,
backbone planarity, effective conjugation length, and intermolecular packing.
This detailed molecular insight is crucial for elucidating the underlying mech-
anisms responsible for any observed optical changes and understanding how
strain propagates through the material at an molecular scale. Crucially, the
ability to perform in-situ Raman measurements while the sample is under ap-
plied strain was a decisive factor, enabling real-time observation of dynamic
molecular responses and avoiding relaxation effects inherent to ex-situ mea-

surements.

The synergistic application of these two techniques is therefore pivotal: UV-Vis
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identifies what changes occur at the macroscopic optical level (e.g., reduced trans-
parency, altered bandgap), while Raman provides the molecular level understanding
of why those changes occur (e.g., specific conformational rearrangements, altered
crystallinity, or molecular alignment). This dual modality approach is essential for
establishing a robust correlation between macroscopic device performance and mi-
croscopic material behaviour under mechanical stress. This is a core objective of
this thesis. The effectiveness and insights gained from employing these techniques
in related prior studies involving P3HT and PET further reinforced their selection
for this comprehensive investigation.

Furthermore, practical constraints within the laboratory environment significantly
influenced the experimental approach. Consequently, an ex-situ UV—Vis approach
was adopted for both PET and P3HT-based samples. This strategy enabled the
characterization of persistent optical modifications. It also allowed residual, strain-
induced changes to be identified after mechanical relaxation. By contrast, the in-situ
capability of the Raman spectrometer enabled real-time monitoring of molecular dy-
namics during strain application. This proved invaluable. This capability directly
supported the thesis objective of probing strain-induced physical mechanisms. The
custom-built stretcher device accommodated both ex-situ UV—-Vis absorption spec-
troscopy and in-situ Raman measurements. This design allowed instrumental limi-
tations to be managed while maintaining consistent experimental objectives across
all materials. As a result, key material-level insights into strain-induced optical and

structural transformations were obtained reliably.

4.3 Design and Implementation of a Custom Me-

chanical Strain Device

Precise control over mechanical deformation is paramount for understanding strain-
induced phenomena in flexible electronic materials. To enable systematic investiga-
tions of both optical and molecular transformations under controlled uniaxial ten-
sile strain, a custom-built mechanical stretching device was designed and fabricated.
This device serves as a critical experimental platform, facilitating the application of
well-defined and repeatable strain profiles to thin polymer films, and crucially, al-
lowing for direct integration with advanced spectroscopic measurement techniques.
The mechanical backbone of the custom stretcher is an industrial-grade RATTM-
MOTOR ZBX80 Computer Numerical Control (CNC) Linear Guide Actuator (Model:
ZBX80), specifically selected for its inherent precision and robust construction. Fab-

ricated from high-strength aluminum alloy with an anodized surface, this linear stage
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ensures structural integrity and minimal friction during operation. The actuator fea-
tures an effective stroke length of 400 mm, providing ample range for the applied
tensile strain. Its motion is precisely actuated by an SFU1605 ball screw, character-
ized by a 16 mm diameter and a 5 mm pitch, integrated with a flange thread nut.
The moving carriage is supported by a double linear rail construction, further en-
hancing the mechanical stability, wear resistance, and smooth operation critical for
high-resolution spectroscopic measurements. The design incorporates M5 mounting
holes on its sides and bottom, offering versatile integration points for various com-
ponents. The total length of the linear drive, including its integrated motor, is 630
mm, with a base plate length of 519 mm, providing a compact yet robust platform
for mechanical testing.

To securely hold the polymer sample during tensile deformation, a custom clamping
system was constructed and mounted atop the linear actuator base and its moving
stage. Two parallel steel clamping edges were rigidly fixed to the linear actuator com-
ponents, ensuring stable and repeatable positioning. The polymer film was inserted
between these two clamping edges, with a well-defined free gauge length exposed
between the clamps. To prevent slippage of the polymer film under applied load,
detachable rough-textured black anodized aluminium inserts were placed between
the inner faces of the clamps and the sample surface, providing high static friction
and promoting uniform strain transfer across the gauge length.

The actuation system is powered by a National Electrical Manufacturers Association
(motor frame standard) (NEMA)23 stepper motor (57 mm frame size), integrated
directly into the linear guide. This specific motor operates with a fundamental step
angle of 1.8° (200 full steps per revolution) and is rated for a current of 2.8 A, de-
livering a holding torque of 1.26 N-m. Control of this stepper motor is managed by
a Twotrees TB6600 stepper motor driver, an improved version designed for bipolar
stepper motors. This driver accepts a Direct Current (DC) input voltage ranging
from 9 V to 42 V and provides an adjustable output current, configured in this
setup to 2 A. Crucially for fine strain control, the TB6600 driver is configured for
1/4 microstepping, which translates the motor’s full-step resolution into finer angu-
lar increments. This configuration yields a precise linear displacement of 6.25 pm
per microstep (calculated as 5 mm/revolution divided by (200 full steps/revolution
X 4 microsteps/full step) = 6.25 pm/microstep). The selected output current of
2 A ensures reliable and thermally stable operation of the NEMA23 motor, well
within its rated specifications. The driver’s high-speed photoelectric isolation of
input signals also contributes to mitigating electromagnetic interference, a critical

consideration for noise-sensitive spectroscopic measurements.
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The control electronics for the strain device are centered around an ELEGOO Mega
2560 R3 Microcontroller Board, which is 100% compatible with the Arduino Inte-
grated Development Environment (IDE). This board, based on the ATmega2560
microcontroller and interfaced via an Atmegal6U2 Universal Serial Bus (USB)-to-
serial converter, operates at 5 V with a 16 MHz clock frequency. It provides a
rich set of digital Input/Output (I/O) pins (54, including 15 Pulse-Width Mod-
ulation (PWM) outputs) and analog input pins (16), offering ample resources for
controlling the stepper driver and accommodating future sensor integration (e.g.,
limit switches, optical encoders). A custom-written Arduino sketch interprets se-
rial commands transmitted from a host computer via USB, generating the precise
step and direction pulses required by the TB6600 driver to actuate the linear guide.
The stepper driver’s enable signal is also controlled by the Arduino, allowing for
active motor holding during measurements to prevent backdriving or accidental dis-
placement. The control system operates in an open-loop configuration, where strain
levels are determined solely by the commanded number of microsteps. While no
limit switches were implemented, the system relies on careful manual initial po-
sitioning and precise step counting for accurate strain application. The constant
linear motion of the actuator is set to a speed of 30 steps per second, resulting in
a linear velocity of 187.5 um/s, with no implemented acceleration or deceleration
ramps during strain application.

A meticulous calibration procedure was performed to establish the precise relation-
ship between commanded microsteps and applied linear displacement. This involved
commanding a known number of microsteps (typically 1000) and externally measur-
ing the resulting linear displacement using a high-precision caliper or micrometer.
This experimental validation confirmed the calculated 6.25 pm /microstep displace-
ment. The strain (¢) applied to the polymer films was then precisely calculated as
the percentage elongation relative to the initial length (Lg) of the sample segment
between the two clamping edges: € = (AL/Lg) x 100%, where AL is the total linear
displacement (number of microsteps x 6.25 pm). This calibration was repeated for
various initial sample lengths to ensure consistency and robustness across different
experimental conditions, guaranteeing high reproducibility and accuracy in the ap-
plied strain.

The custom mechanical strain device is integral to the experimental framework,
specifically facilitating both in-situ Raman spectroscopy and ex-situ UV-Vis ab-
sorption measurements. For in-situ Raman analysis, the compact design and the
double linear rail construction of the actuator minimize vibrations and ensure sta-

ble optical access, allowing the sample to remain clamped and under precisely con-
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trolled strain during spectral acquisition. This capability is critical for capturing
dynamic molecular responses without artifacts from stress relaxation. For UV-Vis
measurements, while in-situ integration with the spectrophotometer chamber was
not mechanically feasible, the stretcher’s ability to precisely apply and maintain
strain, followed by controlled release, enabled reliable ex-situ characterization of
persistent optical modifications. This custom device, therefore, provides a highly
controlled and adaptable platform, essential for correlating macroscopic mechanical
deformation with the microscopic optical and molecular transformations in flexible

organic electronic materials.

4.4 Sample Preparation

The study utilized two primary sample types: bare PET films and P3HT thin films
spin-coated onto PET or onto PET coated with PEDOT:PSS substrates.

An industrially sourced PET roll, specifically manufactured as a transparent sub-
strate for OSC applications, served as the base material. For experimental use, 5 cm
X b cm pieces were precisely cut from this PET roll. To ensure optimal cleanliness,
these PET pieces were thoroughly cleaned by wiping with cleanroom towels wet by
a propanol and acetone mixture (3 parts propanol to 2 parts acetone), with nitrogen
gun drying performed after each solution rinse.

For the preparation of P3HT-coated PET substrates, a robust adhesion layer was
first established on a rigid glass support. Standard 5 cm X 5 cm glass substrates
were rigorously cleaned by wiping with cleanroom cloth with the same propanol and
acetone mixture, followed by nitrogen gun drying after each solution application.
Subsequently, pieces of a specific thermally activated double-sided tape, also cut to
5 cm X 5 cm dimensions, were meticulously adhered to the cleaned glass substrates.
The adhesion process was carefully controlled in two steps to minimize bubble for-
mation and maximize interfacial contact. Initially, after ensuring no bubbles were
present between the tape and the glass, the assembly underwent a first annealing
step on a hot plate at 75°C for 5 minutes. Any forming bubbles were then carefully
removed by gradually applying pressure across the sample surface using a sturdy
plastic card. Following this, the substrate was transferred to an oven pre-heated
to 130°C for 40 minutes for a second annealing step. After oven annealing, any re-
maining bubbles were meticulously removed. Finally, the thoroughly cleaned PET
film (prepared as described above) was adhered to this activated double-sided tape
after its protective top layer was removed.

For the active layer preparation, PSHT solutions were prepared at a concentration of
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33 mg/mL in anhydrous chlorobenzene. To ensure complete dissolution and homo-
geneity, the P3HT solution was stirred overnight at 50°C prior to spin-coating. To
promote uniform film acquisition, the glass-backed PET substrates were pre-heated
on a hot plate at 75°C for 10 minutes immediately before being transferred to the
spin coater. P3HT thin films were then deposited via spin-coating using 400 uL of
the prepared solution onto each 5 cm x 5 cm substrate. The spin-coating param-
eters were set to 1500 rpm with an acceleration of 3000 rpm for a duration of 30
seconds. Following spin-coating, post-deposition annealing was applied to distinct
test groups under three different conditions: no annealing, annealing at 50°C, and
at 75°C for 5 minutes each.

In addition to the single-layer samples, bilayer structures incorporating a thin PE-
DOT:PSS hole-transport layer were fabricated. PEDOT:PSS primarily served as an
adhesion-promoting interlayer to enhance mechanical coupling between PET and
P3HT. The dispersion (98% PEDOT, 2% surfactant additive) was spin-coated at
5000 rpm for 60 seconds using 1000 pL per sample, followed by annealing at 130 °C
for 30 minutes to remove residual solvent. The P3HT layer was then deposited
under the same spin-coating conditions, yielding PET/PEDOT:PSS/P3HT stacks

with improved mechanical stability.

4.4.1 Sample Dimensions for Testing and Strain Application

Protocol

After the respective annealing treatments (for PSHT and PEDOT:PSS/P3HT films)
or initial cleaning (for bare PET films), test samples with standardized dimensions
of 15 mm x 33 mm were precisely cut from the larger 5 cm X 5 cm substrates.
These dimensions were optimized for compatibility with the custom-built mechani-
cal stretcher device and the spectroscopic measurement setups.

The uniaxial tensile strain was applied incrementally using the custom-built mechan-
ical strain device. For all experimental tests, a consistent initial gauge length (L)
of 25 mm was established. The remaining 4 mm on each side of the 33 mm length
were used for clamping, ensuring a secure and stable hold of the polymer film. The
precise linear displacement (AL) for each strain level was achieved by controlling the
number of microsteps of the linear actuator, with each microstep corresponding to
6.25 pum, as established through meticulous calibration. Strain levels for bare PET
films ranged from 1% to 30% elongation. For P3HT-coated samples, the applied
strain was limited to a range of 1% to 10%. This limitation was implemented be-
cause preliminary results from bare PET indicated significant structural variations

and enhanced absorption beyond 10% strain, which could potentially overshadow
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the subtle PSHT responses and lead to material failure in the composite system.
A critical distinction in the strain application and measurement protocol existed

between the spectroscopic techniques:

e For ex-situ UV—Vis absorption measurements, samples were subjected
to a specified strain level on the custom stretcher and held for a relaxation pe-
riod of 30 minutes. After this period, the sample was released from strain and
immediately transferred to the spectrophotometer for absorbance acquisition.
A new, unstretched film was used for each strain value in UV-Vis measure-
ments to ensure consistent and independent observations of persistent optical

modifications.

e For in-situ Raman spectroscopy, the samples remained mounted and un-
der continuous mechanical strain on the custom stretcher throughout the mea-
surement process. Raman spectra were acquired at regular 5-minute intervals
during the 30-minute strain application, capturing transient molecular adjust-

ments and dynamic responses to the applied deformation.

4.5 Spectroscopic Characterization Protocols

4.5.1 UV—-Vis Absorption Spectroscopy Setup and Protocol

UV-Vis absorption measurements were conducted using a PerkinElmer Lambda
12 spectrophotometer. The instrument was utilized to assess changes in the ab-
sorbance and transmittance of the films across the 200-1000 nm wavelength range.
Samples were positioned directly in the optical beam path, and all measurements
were performed using unpolarized light, capturing the intrinsic, orientation-averaged

absorption behaviour. Baseline correction was applied using air as a reference.

e For bare PET films, to obtain a representative average optical response,
four spectra were initially recorded from each unstretched sample, involving
rotating the film by 180° to capture two measurement areas (11 mm in length
and 0.5 mm in width) on both sides of the sample center. An identical rota-
tional approach was employed after strain application and release, with spectra

subsequently averaged.

e For P3HT-coated samples (on bare PET and PET/PEDOT:PSS),
precise sample positioning within the spectrophotometer’s beam path was en-

sured by utilizing two stages with different heights designed to bring the sample
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into the optimal optical path, and the final reported spectral response was an

average of three collected spectra.

4.5.2 Raman Spectroscopy Setup and Protocol

In-situ Raman spectra were acquired using a sophisticated setup featuring the 514
nm line of an argon-ion laser (Innova 308 series, Coherent, U.S.A.) as the primary
excitation source. The laser beam was focused onto the sample surface using an
ultra-long working distance objective (50x Ultra-Long Working Distance (objective)
(ULWD), N.A. 0.50, Olympus, Japan), which simultaneously facilitated efficient
collection of scattered light. Laser power at the sample surface was approximately
5 mW.

The scattered light was directed into a Triax 550 single monochromator (Jobin
Yvon, France), equipped with a 1200 grooves/mm diffraction grating. The entrance
slit width was set to 100 um, yielding a spectral resolution of 3 cm™! at 514 nm.
Broadband detection was accomplished using liquid nitrogen-cooled Charge-Coupled
Device (CCD) detectors (CCD 3500, Jobin Yvon, France). Raman spectra were
recorded in a back-scattering geometry. Wavenumber calibration was performed
using the aromatic toluene breathing mode at 1003.7 cm~!. The excitation laser’s
polarization was fixed parallel to the strain axis.

The in-situ protocol for Raman spectroscopy involved taking measurements directly
on the strained films at regular intervals of 5 minutes during the 30-minute strain
application, capturing transient molecular adjustments and dynamic responses. For
P3HT-coated samples, similar spectroscopic settings and the in-situ measurement
protocol were strictly adhered to, ensuring the comparability of molecular insights
between the bare PET and the composite PET /P3HT and PET/PEDOT:PSS/P3HT
systems. Raman spectra data were analysed to extract line positions, FWHM, and

intensity variations for key vibration modes.
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Chapter 5

Electrical Modeling of
Strain-Induced Morphological

Alterations in Organic Solar Cells

5.1 Introduction to Simulation Approach and Ra-

tionale

As highlighted in the Introduction (1), a significant challenge in advancing strain re-
silient OSC lies in the limited fundamental understanding of how mechanical strain
directly modifies the material-level optical and electrical properties within individual
functional layers. This knowledge gap, in turn, critically hinders the development
of accurate predictive models and the rational design of next generation flexible
devices. This chapter directly addresses this challenge by detailing the initial com-
putational efforts, employing FEM, to rigorously model the electrical effects of ap-
plied mechanical strain specifically on the active layer of organic solar cells. This
foundational modeling work, described in Chapter 4, was instrumental in identifying
specific material-level parameter gaps. These gaps directly informed the design of

the experimental investigations presented in later chapters. This chapter is pub-
lished in IEEE-NANO 2024 conference article [141].

M. Ghorab, V. Wagner, and M. Joodaki. “Electrical Modeling of Active Layer
Morphology Alterations in Response to Applied Mechanical Strain in Organic Solar
Cells”. Proceedings of the 2024 TEEE 24th International Conference on Nanotech-
nology (NANO), 2024, pp. 97-102.
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5.1.1 Device Architecture Description

In order to rigorously model the coupled optical and electrical behaviour of OSCs
subjected to mechanical strain, it is essential to begin with a well-defined and ex-
perimentally grounded device architecture. This study adopts a prototypical BHJ
configuration incorporating a P3HT:PCBM active layer, selected for its historical
significance and continued relevance as a benchmark system in organic photovoltaics.
The multilayer structure, optimized based on established design principles and prior
fabrication data, forms the basis for FEM simulations conducted in COMSOL Mul-
tiphysics [153]. This framework enables high resolution spatial modeling of strain-
induced variations in optoelectronic behaviour across the active layer.

Figure 5.1 shows the modeled OSC. It consists of a six-layer stack arranged on a
semi-infinite glass substrate, progressing upward through functional layers selected
for their complementary optoelectronic roles. At the base, a 200 nm layer of ITO
serves as the transparent anode. It offers both high optical transmittance and ef-
ficient hole extraction. This is followed by a 30 nm Zinc Oxide (ZnO) layer, func-
tioning as the Electron Transport Layer (ETL). This material was chosen for its
favorable energy alignment with fullerene acceptors and its low temperature pro-
cessability. The core of the device comprises a 200 nm active layer formed by a
P3HT:PCBM blend in a bulk heterojunction morphology, enabling efficient exciton
dissociation and charge separation. Above this, a 40 nm layer of PEDOT:PSS is
employed as a Hole Transport Layer (HTL), enhancing interfacial contact and re-
ducing energetic barriers at the anode interface. The stack is completed by a 100
nm silver (Ag) electrode, which acts both as the cathode and an optical mirror,
reflecting unabsorbed photons back into the active layer to enhance light-harvesting

efficiency.

The material choices for this device architecture reflect a deliberate emphasis on
established performance, reproducibility, and physical interpretability. The P3HT:
PCBM blend remains one of the most thoroughly characterized donor—acceptor sys-
tems in organic photovoltaics. It offers well resolved optical constants, predictable
nanoscale morphology, and consistent charge transport behaviour across a wide
range of processing conditions. Its continued use as a model system facilitates mean-
ingful comparison with both prior studies and emerging materials. The ZnO electron
transport layer is widely adopted due to its favorable conduction band alignment
with PCBM and its high electron mobility. Its inherent transparency in the visible
spectrum further makes it well suited for both inverted and conventional OSC archi-

tectures. PEDOT:PSS, despite its susceptibility to humidity and acidity, remains a

57



5.1. Introduction to Simulation Approach and Rationale
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Fig. 5.1: OSC structure represents the different layer thickness and materials.

benchmark hole transport material. This is due to its solution processability, me-
chanical flexibility, and work function compatibility with ITO. The inclusion of Ag
as the reflective cathode is consistent with conventional design strategies aimed at
enhancing optical path length within the active layer. Collectively, these materials
form a canonical structure that serves as a robust platform for exploring strain-
dependent optoelectronic phenomena through simulation [132].

The multilayer architecture described above is particularly well suited for FEM.
This is due to its geometric uniformity, well-characterized interfaces, and the avail-
ability of established material parameters from prior experimental studies. In the
present study, mechanical strain is not simulated explicitly as a mechanical field.
Instead, its experimentally inferred effects—such as reductions in bimolecular re-
combination, modeled via a decreased Langevin pre-factor (¢), and modest increases
in the effective bandgap (£,)—are implemented as parameter modifications within
the electrical model. This strategy enables a controlled investigation of how tensile
strain—induced morphological changes in the active layer affect macroscopic device
performance. It does so without introducing confounding effects from layer delami-
nation or structural failure. As such, the model serves as an effective approximation
of early stage strain-induced enhancements, complementing subsequent experimen-

tal investigations.
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5.2 2-Dimensional Optical Modeling Methodology

5.2.1 Theoretical Framework: Maxwell’s Equations in Lay-
ered Media

The optical modeling framework employed in this study is grounded in the solution
of frequency-domain Maxwell’s equations, which provide a comprehensive descrip-
tion of electromagnetic wave propagation in stratified media. This formalism is
particularly well suited for analyzing thin-film OSCs, where optical interference,
resonant absorption, and spatial field variation critically influence photogeneration
efficiency.

Within the Wave Optics Module of COMSOL Multiphysics, the multilayer OSC
stack is treated as a linear, isotropic, and non-magnetic medium. Under these as-
sumptions, the electric and magnetic field distributions are derived from the source

free curl equations in the frequency domain:

V x F[Opt = jQWVET(V)EOEOpt (1)
V X Eope = —j2mv 0 Hopy (2)

Here, Eopt and Ffopt denote the time-harmonic electric and magnetic field vectors
at optical frequency v. The complex, frequency-dependent relative permittivity
€-(V) = €1 — jey captures both refractive (real part) and absorptive (imaginary part)
characteristics of each layer, based on interpolated experimental data [154]. By
solving these equations across the layered domain, the model yields a spatially re-
solved optical field intensity profile that inherently accounts for interference effects,
field localization, and resonant absorption phenomena that arise in nanostructured
multilayer devices. These effects are particularly significant in OSCs due to their
sub-micron active layers and optically thin charge transport layers. This rigorous
full-wave approach enables accurate computation of local power absorption within
the photoactive blend. This quantity is an essential precursor for quantifying exci-
ton generation rates and evaluating internal quantum efficiency. Unlike simplified
ray-optics approximations, this method provides precise insight into how device
architecture and material dispersion govern light-harvesting behaviour in realistic

organic photovoltaic stacks.
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5.2.2 Optical Constants and Material Parameters

The fidelity of optical simulations in OSCs hinges on the accurate representation of
frequency-dependent dielectric constant for each constituent layer. In this model,
each material is characterized by a complex relative permittivity €.(v) = € — jeo,
where €; represents the real part (refractive index contribution) and e, accounts for
the imaginary part (absorption losses). These values were obtained from literature
reported experimental ellipsometry data and incorporated into the simulation as in-
terpolated datasets [155]. The dielectric properties of the active layer—comprising a
BHJ blend of P3HT and PCBM-—were approximated using a linear weighted aver-
age of the individual dielectric constant of pristine P3HT and PCBM. This approach
is widely adopted in full-field optical modeling. It assumes that the nanoscale phase
separation within the blend can be effectively treated as a homogeneous medium for
optical field propagation. While this approximation neglects interfacial effects and
local field variations, it offers substantial computational efficiency and adequately
captures the macroscopic absorption behaviour of the active layer [156]. The effec-
tive dielectric constant of the blend was used as an input to the model to compute
the spatial absorption profile and to estimate the corresponding polaron generation
rate. For the remaining functional layers, literature values were similarly used for
ITO, PEDOT:PSS, ZnO, and Ag, with particular care taken to select wavelength
resolved datasets that spanned the entire solar spectrum. This comprehensive ma-
terial parameterization ensures consistency in the optical response across all layers.

It also enables a physically accurate simulation of light—matter interactions within

the OSC stack [157].

5.2.3 Computation of Polaron Generation Rate

In organic photovoltaic systems, optical absorption in the active layer produces
tightly bound excitons that must dissociate at D—A interfaces to form free carriers
[158, 159]. To model this process numerically, the polaron generation rate is com-
puted based on the spatial and spectral distribution of absorbed optical power. The

spectrally resolved absorbed power density, Q.ps(z,y, V), is given by:

1
Qabs($ay7 V) = 5 €0 V€2(xay7 V) |E0pt(x7ya V)’2 (3)

Here, e5(x,y,v) is the imaginary part of the complex permittivity, v is the optical
frequency, and E,u(x,y,v) is the local optical electric field amplitude. The local

polaron generation rate at a given frequency is then calculated as:
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G, y,v) = Qoelon?) (@)

To compute the total polaron generation rate under Standard Solar Spectrum (Air
Mass 1.5) (AM1.5) solar illumination, the frequency-resolved rate is integrated over

the incident solar spectrum:

Gunley) = [ L2 500) - 1) a 5)

In this expression, S(v) represents the spectral photon flux density of the AM1.5
Global spectrum, expressed in units of photons.m~2.s '.Hz™!. The factor Tx(v)

accounts for the normalized spectral transmission into the device and is defined as:

Tn(v) = 1 — Rn(v) (5.1)

where Ry(v) is the spectral reflectance of the glass/air interface, computed using
Fresnel equations [155, 160]. For unpolarized light at normal incidence, and as-
suming a typical glass refractive index of ngass ~ 1.5, the transmission coefficient

simplifies to:

Ty (v) ~ 0.961 (5.2)

5.3 Charge Dissociation Model

The process of exciton dissociation in OSCs fundamentally governs the efficiency of
free carrier generation and is a primary bottleneck in optimizing charge collection.
Historically, the theoretical foundation for describing charge separation was laid by
Onsager in 1938. He treated ion pair dissociation under an applied electric field in
a polar solvent as a thermally activated escape process governed by Coulombic at-
traction. His model yielded an expression for the dissociation probability Pons(E, 1)
based on the pair separation distance r, the field strength F, and the dielectric
permittivity € of the medium. The Onsager approach, however, assumed isotropic
media and infinite charge mobility, which limits its applicability to modern low-
mobility, disordered semiconductors [161, 162].

In 1984, Braun refined this formalism to account for the finite lifetime of bound

electron—hole pairs (geminate excitons) in molecular semiconductors. The resulting
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Onsager—Braun model introduced a rate equation approach, incorporating both the

field-assisted escape and geminate recombination rates:

ka(E)

A raun — 7/ 1\ . 1.
. ka(E) + kg

where kq(E) is the field-dependent dissociation rate and ky is the exciton decay rate.
While this modification allowed some alignment with the experimental behaviour
of early OSCs, it still assumed spherical symmetry and neglected the influence of
molecular architecture or electronic structure [163].

Despite the historical significance of these models, they fail to fully capture the
physics of high-efficiency BHJ solar cells based on blends such as PSHT:PCBM.
These modern OSCs exhibit near-unity dissociation yields under modest internal
fields (on the order of 10°-10°® V/m) and low exciton binding energies (<0.2 V), in-
dicating that alternative microscopic mechanisms dominate. As discussed by Liraz
and Tessler, the applicability of Onsager-based models is largely limited to inef-
ficient or thick-film systems. In contemporary OSCs, charge separation is often
field-independent, entropy-assisted, and occurs over length scales comparable to the
D-A interface (~1-2 nm) [164].

To account for this, we adopt the Arkhipov—Baranovskii model, which better re-
flects the microscopic dynamics at the polymer—fullerene interface [165, 166]. This
model postulates that after photoexcitation, the exciton rapidly localizes at the
donor—acceptor interface to form a CT state. Dissociation proceeds via thermally
assisted hopping of one carrier, typically the electron, into the acceptor domain.

In the context of our P3HT:PCBM active layer, the average internal electric field of
~ 10° V/m under illumination was calculated in COMSOL Multiphysics. This value
is consistent with reported operating conditions of thin-film devices. According to
Arkhipov and Baranovskii’s model (as plotted in [166]), and assuming compara-
ble effective masses for electrons and holes (i.e., m? = mj), the charge separation
efficiency exceeds 80% at this field. We therefore adopt a constant dissociation
probability P = 0.8 throughout our device simulation as a first-order approxima-
tion, consistent with experimental electroluminescence quenching and photocurrent
saturation studies on similar blends.

Furthermore, the Liraz—Tessler review provides strong theoretical justification for
using a constant high-yield model [164]. They highlight that in well optimized

OSCs, dissociation is entropically favored and promoted by:

e Molecular orbital delocalization

e Short D-A domain spacing (<2 nm)
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e High local permittivity due to PCBM clustering
e Interface-induced hybridization of electronic states

As such, attempts to fit device scale data using field dependent Onsager models
can systematically underestimate the yield and fail to capture the observed weak
dependence on bias.

In light of this, the Arkhipov—Baranovskii formalism serves as a more physically
accurate and computationally tractable approach. It bridges the conceptual gap
between classical field-driven escape and quantum-mechanical CT-state splitting.
This dissociation model is therefore integrated directly into the drift—diffusion sim-

ulations.

5.4 2-Dimensional Charge Transport Model (Drift-
Diffusion)

To simulate charge transport behaviour within the OSC under optical excitation, a
drift-diffusion model was employed. This continuum approach was originally devel-
oped for crystalline semiconductors. It has since been widely adapted for organic
systems due to its computational efficiency. When appropriately parameterized, it
provides reasonable accuracy in predicting device scale electrostatic and transport
behaviour.

Given the need to resolve carrier dynamics at nanometer-to-micrometer scales, while
also preserving computational tractability, the model domain was reduced to encom-
pass only the semiconductor functional core: PEDOT:PSS (hole transport layer),
P3HT:PCBM (active layer), and ZnO (electron transport layer). The electrodes
(ITO and Ag) were excluded from the meshed domain due to their strong work-
function alignment with the adjacent layers. This allowed them to be idealized as
Ohmic contacts, a common and well validated assumption in OSC modeling.
Charge carrier motion was described using the coupled drift-diffusion and Poisson
equations, capturing both field driven drift and thermally induced diffusion pro-

cesses. The steady state expressions for carrier current densities are:

Jn = quanE + q¢D,Vn (5.3)
Jp = quppE — qD,Vp (5.4)

where p,,, are field-independent mobilities (assumed constant), and D,, ,, are linked
via the Einstein relation D = puVp, with Vi as the thermal voltage (kT'/q). Electro-
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static self-consistency is maintained through Poisson’s equation:

vV = L (n—p). (5.5)

€0€ro
The dielectric permittivity e, was spatially defined per material layer. This coupling
ensures dynamic field redistribution in response to photogeneration and recombina-
tion.

Steady-state continuity is enforced via:

1 1
5VJH - PGtot - (]. - P)R, §VJP - _PGtot - (]. - P)R (56)

where:
e G total polaron generation rate (via optical modeling),

e P: exciton dissociation probability (modeled via Arkhipov-Baranovskii for-

malism),
e R: net recombination rate.

Boundary conditions at the PEDOT:PSS and ZnO interfaces implement Dirichlet
constraints for potential and carrier densities, consistent with the Ohmic approx-
imation. These assumptions are justified by experimental data showing negligi-

ble injection barriers and fast carrier extraction at these interfaces in optimized
P3HT:PCBM systems.

5.5 Charge Recombination Mechanisms

Charge recombination fundamentally limits the PCE of OSCs by acting as a loss
pathway for photogenerated charge carriers. In drift—diffusion models, accurate rep-
resentation of recombination processes is critical. This is particularly true when
strain-induced morphological or electronic changes are modeled through paramet-
ric modulation of transport properties. The present model includes two dominant
mechanisms: Trap-Assisted Recombination (TAR) and bimolecular (band-to-band)
recombination. These mechanisms are treated separately, enabling nuanced control
over the material and interfacial parameters most sensitive to device processing and

morphological alterations.
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5.5.1 TAR: A Disorder-Driven Mechanism

TAR is modeled here as a first-order Shockley-Read-Hall (recombination) (SRH)
process mediated by localized states within the energy gap. In OSCs, such trap
states often emerge from structural disorder, incomplete D—A mixing, residual sol-
vent effects, or chemical impurities, which are intrinsic to solution-processed active
layers. These states typically lie 0.35-0.6 eV below the transport level and act as re-
combination centers that facilitate carrier decay via thermally activated capture and
re-emission processes. Although the model does not explicitly resolve the Density
of States (DOS) distribution, it incorporates an effective trap density in the range
of 10'® — 10" cm™3. This range is consistent with spectroscopic measurements and
transport studies of annealed P3HT:PCBM films [167-169]. This approximation
allows the simulation to capture the macroscopic consequences of material disorder

and suppressed fill factors while remaining computationally tractable.

5.5.2 Bimolecular Recombination and the Modified Langevin

Framework

Bimolecular or band-to-band recombination arises from the Coulombic interaction
between free electrons and holes and in low mobility disorder materials is described
by Langevin theory:

R = (- ~y(np—n3) (5.7)

where

o = % is the Langevin recombination prefactor,
T

e /i, and p, are the electron and hole mobilities,
e £y and ¢, denote vacuum and relative permittivity,

e and ( is the reduction factor, introduced to account for the known overestima-
tion of recombination rates by classical Langevin theory in polymer:fullerene
blends.

Numerous studies have shown that the spatial heterogeneity of BHJ morphologies
originating from phase segregation and percolation limited transport significantly
suppresses recombination relative to the Langevin prediction. This is because elec-
trons and holes are typically confined within discrete phases (e.g., electrons in
PCBM-rich domains, holes in P3HT), and recombination only occurs at the in-

terfacial boundary regions. Thus, the actual rate is governed not only by carrier
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densities and mobilities but also by interfacial surface area, domain purity, and car-
rier diffusion lengths [170]. In this work, ( is treated as a morphology-sensitive
tuning parameter, set at 0.02 for baseline simulation [171]. Crucially, this parame-
ter is later modulated in the strain dependent simulations to reflect changes in D-A

interpenetration and polymer chain alignment.

5.6 Simulation Parameters and Model Calibration

To ensure that the electrical simulation framework accurately captures the steady-
state behaviour of the OSC, this section details the physical parameters adopted for
the PSHT:PCBM active layer. Each parameter was chosen based on the experimen-
tally grounded values. The material parameters used in the semiconductor transport
simulation are presented in Table 5.1 (Simulation Parameters for PSHT:PCBM Ac-
tive Layer).

The electron and hole mobilities were both set to 1.0 x 107* ¢cm?/V-s, which re-
flect typical values found in regioregular P3HT and fullerene rich PCBM blends.
This symmetric assumption simplifies numerical convergence while retaining phys-
ical relevance. The relative permittivity was assigned a value of 3.4, representing
an effective medium approximation for the bulk P3HT:PCBM blend. Local polar-
ization effects within the heterogeneous D-A domains were not explicitly resolved.
Moreover, the effective ban dgap of the PSHT:PCBM blend was calculated as the
energy difference between the HOMO of P3HT and the LUMO of PCBM, reflect-
ing the C'T mechanism that governs exciton dissociation and charge generation in
bulk heterojunction systems. Carrier effective DOS for the conduction and valence

3 consistent with values used in drift-diffusion

bands were each set to 1.0 x 10*® cm™
modeling of disordered organic materials [132].

The charge recombination dynamics were modeled using the conventional Langevin
mechanism. A reduced recombination prefactor introduced by the empirical fac-
tor (, set at 0.02, which accounts for the reported deviations between theoretical
Langevin rates and experimentally observed recombination behaviour in BHJ ar-
chitectures [170]. Furthermore, TAR was incorporated through an effective trap
density of 5.0 x 106 cm ™3, representing localized defect states within the tail of the
DOS distribution [167, 168]. The exciton dissociation probability was fixed at 0.8,
in alignment with predictions from the Arkhipov—Baranovskii model [165, 166]. All
simulations were performed at room temperature (300 K) under AM1.5 solar illu-
mination conditions.

The simulation of electrical behaviour was implemented using the Semiconductor
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Table 5.1: Active layer material (P3HT:PCBM) parameters employed for the FEM

simulation
P3HT:PCBM simulation pa- | Symbols Values References
rameters
Bandgap E; 1.5 [eV] [132]
Electron affinity E, 3.7 |eV] [132]
Effective DOS conduction (va- New) 10'8 [em™3] [132]
lence) band
Electron (hole) mobility finp) | 7-6 X 107* [em?/(V s)] | [132]
Effective relative permittivity €r 3.4 [132]
Langevin recombination factor ~y 0.805 x 10~%° [132]
Reduced Langevin recombination ¢ 2 x 1072 [171]
pre-factor
Trap number density N 5 x 1016 [em ™3] [167, 169]
Gaussian trap distribution center E:ip 0.35 [eV] [167, 169]
point from conduction band
Gaussian trap distribution width o 0.1 [eV] [167, 169]

Module of COMSOL Multiphysics, employing a time-independent (steady-state)
solver to compute the coupled nonlinear partial differential equations governing car-
rier transport. These include the Poisson equation for electrostatic potential distri-
bution and the improved continuity equations for electron and hole densities, as well
as exciton dissociation probability. To ensure convergence and numerical stability, a
fully coupled Newton-Raphson iterative method was employed, with adaptive damp-
ing and a maximum iteration threshold of 50 steps per load increment. Mesh re-
finement was performed using a non-uniform, physics-controlled distribution. Finer
resolution was applied at the PEDOT:PSS/P3HT:PCBM and P3HT:PCBM /Zn0O
interfaces, where sharp potential gradients and carrier concentration transitions oc-
cur. Dirichlet boundary conditions were applied at the electrode interfaces to model
Ohmic contact behaviour, with the anode grounded and a variable potential applied
at the cathode to sweep the J-V characteristics. The initial electrostatic poten-
tial was set uniformly to zero, and the carrier concentrations were initialized to
equilibrium values derived from the intrinsic, doping-free assumption. No explicit
recombination velocity terms were used at the interfaces due to the strong injection
assumption and absence of significant contact barriers in this simplified model.

Figure 5.2 presents the J-V characteristics curve of the simulated structure. As
shown the simulation yields a J. of 13.169 mA /ecm?, V,. of 0.6008 V, FF of 53.39%,
and PCE of 4.2242%. These values are in strong agreement with experimentally
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Fig. 5.2: Simulated J-V curve of the baseline PSHT:PCBM device under AM1.5
illumination.

reported figures for PSHT:PCBM devices fabricated under standard atmospheric
conditions. Hence, the simulation framework was considered as the platform for
exploring how perturbations to parameters such as recombination prefactors would

modulate the electrical response of the device.

5.7 Modeling the Effect of Strain on Active Layer

Performance

5.7.1 Strain Regimes and Morphological Interpretation

Mechanical deformation of OSCs initiates a complex series of structural transforma-
tions within the active layer that are highly dependent on morphology and manifest
non-linearly in device performance. Spectroscopic and non-spectroscopic observa-

tions reveal two distinct response regimes to uniaxial tensile strain:

e Pre-catastrophic Regime: In this domain, low to moderate uniaxial strain
introduces anisotropic deformation in the polymer matrix without breaching
the mechanical limits of the multilayer stack. Structurally, the system un-
dergoes morphological reordering, characterized by enhanced crystallinity, in-
creased polymer chain alignment, and potential modulation of interfacial ori-
entation. The characteristic of this regime is that these changes are beneficial

for device performance and can be observed in improvements of J., V., FF,

and PCE [95].
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e Catastrophic Regime: Beyond a critical strain threshold, which can vary
depending on the layer stack and constituent materials, the active layer enters
a mechanically unstable regime. Here, the stored elastic energy exceeds the co-
hesive forces that govern the molecular packing and interfacial adhesion. The
consequence is irreversible disruption of the active layer morphology, includ-
ing interfacial delamination, polymer chain scission, phase decohesion, and in
some cases, crack formation in encapsulation layers. Optical anisotropy and
mechanical spectroscopy confirm the onset of structural fatigue and loss of per-
colated charge transport pathways. Electrical performance degrades rapidly,
typically exhibiting suppressed V,. and FF, increased leakage current, and

hysteresis in J-V curves [95].

5.7.2 Mechanisms of Enhancement in the Pre-Catastrophic
Regime

The following interconnected phenomena have been discussed as to rationalize the

enhancements observed within the pre-catastrophic regime,

¢ Polymer Chain Alignment: Mechanical strain aligns polymer chains along
the axis of deformation, a phenomenon governed by enthalpic penalization
of chain bending and the anisotropic response of semicrystalline domains.
For m-conjugated polymers like P3HT, this realignment increases the effec-
tive conjugation length, reduces torsional disorder between thiophene rings,
and enhances intra-chain charge delocalization [172, 173]. At the morpholog-
ical level, strain-induced alignment also reduces inter-domain misorientation,
allowing for the formation of percolated pathways along the strain axis. This
enhances directional charge carrier mobility, which is particularly beneficial for
vertically structured OSCs. Grazing-Incidence Wide-Angle X-ray Scattering
(GIWAXS) studies consistently demonstrate narrowing of the 7—m stacking
peak under strain, indicating increased coherence length and crystallographic
ordering [128, 172, 174].

e Orientation Transition: Edge-on to Face-on: The orientation of poly-
mer backbones relative to the substrate plane plays a pivotal role in vertical
charge transport. In an “edge-on” orientation, the conjugated backbone lies
parallel to the substrate with m-stacks perpendicular, favoring in-plane trans-
port but hindering vertical extraction. In contrast, the “face-on” configuration
aligns the m-stacks along the substrate normal. This directly enhances out-

of-plane carrier mobility and the overlap between light absorption and the
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electric field. Strain has been shown to induce partial reorientation of polymer
crystallites from edge-on to face-on, particularly near the polymer/substrate
interface where shear stress concentrates. This transition arises from the min-
imization of strain energy under anisotropic modulus conditions between the

amorphous and crystalline domains [175].

e Enhanced Aggregation and Crystallinity: Mechanical deformation also
serves as a kinetic facilitator for molecular rearrangement and crystallite growth.
Under strain, polymer chains in the amorphous matrix experience anisotropic
tension, which can lower the free energy barrier for nucleation and promote
alignment into ordered aggregates. Moreover, increased aggregation improves
inter-chain hopping integrals by bringing m-systems into closer proximity. The
resulting effect is an increase in both the DOS at the band edges and the elec-
tronic coupling strength, which jointly enhance charge mobility and reduce

dispersive transport [128, 176].

Collectively, these phenomena provide a compelling physical basis for the experi-
mentally observed strain-induced enhancement in OSC performance within the pre-
catastrophic regime. In the simulation framework developed herein, these effects are
not directly modeled as structural transformations, but rather embedded into the
model via tunable electronic parameters. The next section details how variations in
recombination prefactor and bandgap were introduced to mimic these morphological

effects and quantitatively capture the strain—performance relationship.

5.8 Parameterization of Morphology via Electrical

Surrogates

Tensile strain induces morphological changes across multiple length scales that can-
not be explicitly resolved within a computationally manageable framework. Instead
of directly simulating the strain-dependent microstructure, we captured its domi-
nant functional consequences using two effective electronic surrogate parameters.
This strategy does not assume a one-to-one correspondence between morphology
and model variables. Rather, it evaluates whether experimentally plausible strain-
induced modifications in (i) recombination kinetics and (ii) D—A energetic alignment
are sufficient to reproduce the observed device performance trends.

The two chosen surrogates are therefore:
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e The Langevin recombination prefactor, (, representing morphology-dependent

suppression of bimolecular recombination.

e The effective bandgap, E,, representing strain-induced modulation of elec-

tronic energy alignment.

Moreover, this parameterization does not imply that morphology affects only re-
combination and energetic alignment. Rather, these two quantities were selected as
minimal, physically interpretable levers within the current model that allow strain-
induced structural effects to be explored without introducing additional unverified

transport assumptions.

5.8.1 Modulating the Langevin Prefactor (: Proxy for Re-

combination Dynamics

As mentioned earlier,  in the modified Langevin framework captures morphology-
induced suppression of bimolecular recombination in bulk heterojunction systems.
Awartani et al. reported that tensile strain enhances P3HT aggregation and pro-
motes increased PCBM interpenetration within amorphous regions [177, 178]. Such
reorganization improves percolation pathways and can reduce the effective over-
lap of electron and hole populations within mixed regions [130]. Within a reduced
Langevin recombination framework, such structural evolution would be expected to
manifest as a decrease in the effective recombination prefactor (¢).

In the baseline configuration, ¢ was set to 0.02, consistent with experimentally re-
ported reduced-Langevin values for P3HT:PCBM blends and with values previ-
ously measured in the research group [171|. To simulate strain-induced suppres-
sion of bimolecular recombination in the pre-catastrophic regime, ¢ was reduced to
2 x 1073, Importantly, this reduction remains fully within the experimentally re-
ported reduced-Langevin range for PS3HT:PCBM systems. The variation therefore
represents a controlled exploration of physically plausible parameter space rather

than a direct extraction from strain-resolved recombination measurements [170].

5.8.2 Bandgap Tuning as a Marker for Strain-Induced Mod-
ulation of D—A Energy Alignment

Mechanical strain has been shown to modify the electronic structure of conju-
gated polymer systems at both molecular and interfacial scales. Experimental in-

vestigations by Kim et al. demonstrate strain-dependent modulation of the elec-
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tronic response in P3HT [30]. Complementary DFT calculations by Menichetti et
al. show that uniaxial strain modifies both the intrinsic donor bandgap and the
HOMO(P3HT)-LUMO(PCBM) energy offset in PCBM:P3HT systems. [29].
Menichetti et al. report variations in the effective HOMO(P3HT)-LUMO(PCBM)
energy difference on the order of ~ 0.08 eV per ~ 1% uniaxial strain. This indicates
that strain-induced energetic shifts on the scale of several tens of meV can arise from
molecular deformation and interfacial reconfiguration.

To represent this effect at the device scale, the effective bandgap E, in the model
was increased from 1.50 eV to 1.59 eV (AE, = 0.09 V). This perturbation is com-
parable in magnitude to the strain-induced energetic variations predicted by DFT
calculations.

It is important to emphasize that the energetic variations reported by Menichetti et
al. were obtained from molecular-scale calculations of specific D-A configurations.
In contrast, the presented drift—diffusion model treats the active layer as an effec-
tive bulk heterojunction medium without explicit molecular resolution. The applied
AE, should therefore be interpreted as a continuum-level representation of strain-
sensitive energetic modulation, rather than a direct quantitative mapping from a
single molecular geometry.

When implemented in the device model, the increase in the effective F, leads pri-
marily to an elevation of V,.. This is shifting the simulated performance closer to the
strain-enhanced experimental values observed in the previous work. The energetic
perturbation was applied uniformly across the active layer. In this study, the spatial

strain gradients and local interfacial dipoles are not explicitly resolved.

5.9 Simulation Results: Impact of Parameter Vari-

ation

We examined whether the surrogate parameters introduced in Section 5.8 are suf-
ficient to reproduce the experimentally observed strain response. This was done
through controlled parameter variations within the calibrated drift—diffusion—Poisson
framework.

Three configurations were examined:

1. Baseline device: E, = 1.50 eV, ( =2 x 1072
2. Energetic modulation only: E, = 1.59 eV, ( =2 x 1072

3. Combined energetic and recombination modulation: E, = 1.59 eV, ( = 2 x
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Fig. 5.3: J — V characteristics for (i) baseline conditions (labeled as: Initial Model)
(B, =1.50 eV, ¢ =2 x 1072), (ii) energetic modulation only (labeled as: Increased Band
gap) (E, = 1.59 eV, ¢ =2 x 1072), and (iii) combined energetic and recombination
modulation (labeled as: Reduced ¢ ) (E; = 1.59 eV, ¢ =2 x 1073). Strain effects are
represented by a +0.09 eV shift in E; and a one-order-of-magnitude reduction in (.

1073

For each case, steady-state J-V characteristics were computed under AM1.5 illu-
mination. The extracted performance metrics are summarized in Table 5.2. The
corresponding J-V curves are shown in Figure 5.3.

The baseline device exhibits behaviour consistent with experimentally fabricated
pristine PSHT:PCBM cells. Increasing E, from 1.50 eV to 1.59 eV primarily en-
hances V,.. The voltage rises from 0.6008 V to 0.6893 V. The change in J,. is
comparatively small. This behaviour reflects the role of energetic alignment in de-
termining the quasi-Fermi level splitting under illumination. When ( is additionally
reduced from 2 x 1072 to 2 x 1073, both J,. and FF increase significantly. This is
consistent with suppressed bimolecular recombination and improved carrier extrac-
tion.

The combined modification increases the PCE from 4.22% to 7.96%, corresponding
to an 88.5% relative enhancement. The simulated relative increases in Ji., V., and
FF (22.7%, 22.8%, and 24.9%, respectively) closely match the experimentally ob-
served strain-induced enhancements (21%, 22.5%, and 24%).

The model reproduces the measured strain response when both energetic alignment
and recombination are adjusted simultaneously. Importantly, the required parame-
ter changes remain within values reported in the literature.

The present model does not account for strain-dependent mobility, trap-state evolu-
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Table 5.2: Electrical model variation in response to strain-induced morphological changes

Modeled parameter | Jio (mAcem™2) | Voo (V) | FF | PCE (%)
variation

Ey; =1.50eV, (=2 x 1072 13.169 0.6008 | 0.5339 4.2242
E; =1.59eV, (=2x 102 12.766 0.6893 | 0.5121 4.5055
E; =1.59eV,(=2x 1073 16.169 0.7369 | 0.6673 7.9620
Parameter enhance- 22.7% 22.8% | 24.9% 88.5%
ment (Simulation)

Parameter enhance- 21% 22.5% 24% 85%
ment (Experiments)

tion, or spatial strain gradients. The results should therefore be viewed as a test of
whether the proposed mechanisms are sufficient to explain the observed behavior,
rather than as a detailed microscopic reconstruction.

Taken together, Table 5.2 and Figure 5.3 establish a quantitative link between
strain-induced structural modifications and device-scale electrical behaviour. The
surrogate parameter approach provides a controlled framework for exploring strain-

dependent performance trends in flexible organic photovoltaic systems.
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Chapter 6

Strain-Induced Optical and
Molecular Transformations in PET
Films for Organic Electronic

Applications

The contents of this chapter are adapted with the copyright permission from the
journal “Advanced Photonic Research.” The text has been edited to avoid repeti-

tion, particularly in the Introduction, State of the Art, and Methodology sections.

“M. Ghorab, A. K. Ranga, P. Donfack, A. Materny, V. Wagner, and M. Joodaki.
“Strain-Induced Optical and Molecular Transformations in Poly(Ethylene Tereph-
thalate) Films for Organic Electronic Applications”. Advanced Photonics Research
(2025), p. 2500081. doi:10.1002/adpr.202500081."

6.1 Abstract

PET films are widely used in flexible electronics and optoelectronics, where mechani-
cal durability and optical performance under strain are essential for device reliability.
This study investigates the effects of cold drawing amorphous PET under ambient
conditions. The resulting optical and molecular characteristics are examined using
UV-Vis and Raman spectroscopy. It examines how varying strain levels, from 0%
(unstretched) to 30%, affect transparency, vibrational modes, and molecular reorga-
nization. UV—Vis absorbance measurements, performed ex-situ after strain release,
reveal persistent changes in light transmission, including up to 100% increased ab-

sorption in the UVA and visible regions, particularly following large deformations.
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Fig. 6.1: Custom-built stretching device; the stretcher is controlled by an Arduino board,
via a motor controller.

Raman spectra show that strains above 5% cause irreversible shifts in vibrational
lines and increased FWHM. These spectral changes suggest partial molecular reori-
entation and emerging structural order, consistent with prior reports on cold-drawn
amorphous PET. The phonon mode coupled with C-O stretching [O—-CHs| shows
the strongest response to mechanical stress. This work provides insight into strain-
induced optical and structural changes in PET, informing strategies to improve the
performance of PET-based devices in strain-sensitive applications such as OSCs,
Organic Light-Emitting Diodes (OLEDs), and flexible sensors.

6.2 Experimental Methods and Setup

This work has utilized UV-Vis absorption and Raman spectroscopy to examine the
optical and vibrational responses of PET films under mechanical strain.

Figure 6.1 illustrates the custom-built stretcher device designed to apply precise,
controlled tensile strain to PET samples. Measurements were performed both in-
situ and ex-situ, depending on the experimental technique. The device is controlled
by an Arduino board, which regulates the application of strain. PET films were
securely clamped at both ends of the stretcher and incrementally strained at levels
of 1%, 2%, 3%, 4%, 5%, 10%, 15%, 20%, 25%, and 30%.

UV—Vis absorbance measurements were performed on the PET film after each strain
exposure. The PET roll used in this study was sourced industrially, originally manu-
factured as a transparent substrate for OSCs applications, with a density of 16.8 x 10°
g/ m®. Owing to its intended use in optoelectronic devices, the material exhibits an
amorphous morphology optimized for maximal optical clarity. The films were cut
into standardized dimensions of 15 mm x 33 mm to fit the UV—-Vis device sample

holder size and ensure uniformity throughout the experiments. Each strain level was
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maintained for 30 minutes for structural relaxation and accurate spectral measure-
ments. A new, unstretched film was used for each strain value to ensure consistent

and independent measurements. The strain was calculated as the percentage elon-

%)

Although in-situ UV—Vis absorption spectroscopy under applied strain would pro-

gation relative to the original film length (e =

vide real-time insights into optical responses, it was not feasible in the present
study due to instrumental constraints. Specifically, the mechanical stretcher could
not be integrated within the UV—Vis spectrometer chamber. As an alternative, we
employed an ex-situ approach, acquiring absorption spectra immediately after the
application and release of mechanical strain. While this method does not capture
transient or fully reversible phenomena, it offers valuable insight into persistent op-
tical modifications, residual stress, and strain-induced changes that remain after
mechanical relaxation. These observations are particularly relevant for evaluating
the stability and optical reliability of polymer substrates under mechanical deforma-
tion in flexible optoelectronic devices. Figure 6.2 presents the cross-section of the
PET samples before and after strain exposure. Applying strain values greater than
20% induces distortions in the structure, making thickness measurements with an
optical microscope difficult due to the appearance of shadows. The thickness of the
sample was measured at different positions and an average thickness was calculated
from these values (see Fig.6.2). It reduced from an average value of 57.271 um to

44.342 pm responding to strain.
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Fig.6.2: The PET sample’s thickness was measured at different positions. (a) without
stretching and (b) after 20% stretching; the thickness deduction resulting from the strain
exposure is observed. The images were captured using a Carl Zeiss Axiotech 100HD light

microscope equipped with an Axiocam 105 color camera.
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6.3 Optical and Molecular Responses of PET Under

Strain

The interplay between mechanical strain and PET’s optical properties is the key
focus of this study to gain insights into how structural changes at the molecular
level translate to observable optical behaviour. These implications are particularly
significant for applications that balance mechanical flexibility and optical device
performance, such as OSCs, flexible electronics, and strain sensors [179].

The results are presented in two parts: First, UV-Vis absorption spectroscopy ex-
plores how strain affects the optical transparency of PET films, focusing on changes
in absorbance across different strain levels. However, while UV-Vis reveals the
transparency alterations, it does not provide insight into the underlying molecular
mechanisms. To address this, in-situ Raman spectroscopy is employed to uncover
the changes observed from vibration modes most sensitive to mechanical deforma-
tion, linking molecular reorganization to observed optical variations. These results

are discussed in the second part.

6.3.1 Strain-Induced Optical Variations

Panel (a) of Fig. 6.3 shows the UV-Vis absorbance characteristics of an unstretched
PET sample at room temperature. Given the transparency of PET in the visible
region (400-700 nm), only minimal absorbance is observed. Panel (b) of Fig. 6.3
presents the absorbance spectra of all thin-film PET samples subjected to varying
strain levels after stress release. It reflects PET’s typical behaviour and intrinsic
properties, where the absorption is stronger near the UV region and decreases for
higher wavelengths, moving toward the visible spectrum. However, as the strain per-
centage increases from 1 to 30%, there is a general increase in the absorbance for the
UV-Vis spectrum. Increasing strain would lead to higher absorbance values for the
PET films, which is particularly noticeable in the mid-range wavelengths (around
400-500 nm). This effect would interrupt the light transmission to the active layer,
potentially decreasing the OSCs’s efficiency. Figure 6.4 illustrates the absorbance
variation in the UV-Vis spectrum. To produce this graph, the wavelength range
between 320 and 700 nm was divided into smaller segments, each corresponding
to a specific color band of the visible spectrum. The absorbance values within
these ranges were summed and normalized to the unstretched values (0%) to rep-
resent each color region’s overall contribution. These regions were categorized as
follows: dark violet range 320-400 nm, purple range 400-450 nm, blue range from
450-495 nm, green range from 495-570 nm, yellow range from 570-590 nm, orange
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Fig. 6.3: UV-Vis absorbance plots of PET samples: (a) unstretched PET and (b)
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Fig. 6.4: Normalized UV—Vis absorbance of PET films across different visible and UV
spectral regions in response to varying residual applied strain. The bar graph highlights
the absorbance contributions of specific wavelength ranges (dark violet, purple, blue,
green, yellow, orange, and red; see also main text) at strain levels from 0 to 30%, showing
a trend of increasing absorbance with higher strain.

range from 590-620 nm, and red range from 620-700 nm. The bars in the graph
are color-coded to align with the visible spectrum, visually linking the wavelength
ranges to their respective colors. This approach allowed for a clear comparison of the
absorbance response of PET thin films under varying applied strains, emphasizing
differences in absorbance across the spectral regions. As the strain level increases
from 0% (unstretched) to 30%, there is a notable increase in absorbance values,
especially for purple and blue wavelengths.

The observed increase in visible light absorption is likely linked to strain-induced
structural alterations at the molecular level. Previous studies on stretched PET
suggest the formation of localized defects or energy states, which could account
for increased visible absorption. However, detailed structural characterization (e.g.,
spectroscopy at cryogenic temperatures or defect-sensitive electron microscopy) is
necessary to confirm the exact nature and presence of such localized states 138,
142]. Furthermore, strain-induced variations in local structural organization—such
as partial molecular alignment or the formation of a mesophase—could enhance op-
tical scattering and reduce transparency [115, 139, 140]. Direct verification through
complementary structural characterization techniques (e.g., small-angle X-ray scat-

tering, birefringence) is necessary for definitive conclusions regarding crystallinity
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or alignment changes. In addition, in-situ UV—Vis absorption spectroscopy, though
not employed in the present study, could offer further insight into reversible optical
responses during active deformation, particularly in the elastic regime. While our
focus remains on persistent, post-deformation optical changes, future studies can
benefit from integrating in-situ UV—-Vis spectroscopy to better capture transient
phenomena associated with strain application.

Furthermore, there is a notable sudden increase in absorbance values, particularly
beyond 5% strain. This suggests the presence of a threshold beyond which struc-
tural changes in PET—such as mesophase development, increased chain alignment,
or a higher density of local packing irregularities—result in significantly elevated
light absorption and/or scattering. These effects likely reflect the onset of trans-rich
conformational domains and optical anisotropy, phenomena commonly reported in
cold-drawn PET systems [115, 139].

6.3.2 Strain-Induced Molecular Variations Probed by Raman
Spectroscopy

In applications like OSCs where PET is used as a substrate, the observed changes in
optical properties could affect the efficiency of light absorption and conversion, espe-
cially under mechanical stress. The transparency reduction in critical wavelengths
is important for solar absorption since it reduces the overall performance of the solar
cells. These data offer preliminary quantitative insights into how mechanical stress
influences the optical response of PET, serving as a basis for future investigations
and contributing to the understanding of material behaviour in applications where
mechanical and optical properties are coupled.

As mentioned above, in addition to the UV—Vis absorption measurements, we have
conducted in-situ Raman spectroscopy on the stretched samples to gain deeper in-
sights into structural alterations under applied strain. This analysis allows us to
identify which molecular regions experience greater strain-induced changes and ob-
serve the PET molecule’s evolution over time while exposed to external strain. We
discuss the results in the following section.

The Raman spectroscopy data depicts changes in the orientation of polymer chains,
crystallinity, or other structural aspects. Figure 6.5 shows a Raman spectrum of
an unstretched piece of PET foil. In this spectrum, 13 main modes are identified,
listed in Table 6.1. The modes’ response to applied strain is analysed by fitting Voigt
profiles to the acquired spectra (see next section). Figure 6.6 presents the demon-

stration of the corresponding bonds that contribute to the main Raman modes in
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Fig.6.5: Raman spectrum of an unstretched PET film.
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Table 6.1: Detected main modes in the Raman spectra of a PET sample

Mode order | Vibration mode Raman shift (cm~!) | Conformation

1 Scissors O-C-O [115] ~637 —
_ ~705 -

3 C=0 and ring ester C-C ~T797 Gauche confor-
out-of-plane bending and mation [115]
ring torsion [118, 180]

4 Ester C(O)-O bending ~858 -
modes [180]

5 C-O stretching [O-CHg| ~997 Trans conforma-
[118] tion

6 Ester C(O)-0, ethylene gly- ~1095 Trans conforma-
col C—C stretching [117, 180] tion

7 Ring C—H in-plane bending, ~1119 Gauche confor-
ester C(0O)-0 and ethylene mation
glycol C—C stretching [117]
CHy twisting mode [115] ~1186 —
C(0)-O stretching [117, 180] ~1292 -

10 C—-H bending out of the ~1417 =
plane of the benzene ring
117, 180]

11 CHj;, vibration bending [117, ~1464 -
180]

12 C-C/C=C stretching modes ~1613 -
[180]

13 Stretching vibration C=0 ~1725 Trans conforma-

[180]

tion
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the PET structure [124].

6.3.2.1 Raman Modes Wavenumber Variation in Response to Applied

Strain

Spectra were initially recorded in the unstretched state, followed by strain measure-
ments at 5-minute intervals for 30 minutes (transitional state T} to Ts). Additional
spectra were captured immediately after applying the strain (7}) as the first tran-
sition state during strain application, and after releasing the sample from stress
(labeled Relea. in heatmaps), resulting in a total of 9 recorded spectra per sample,
including the unstretched state (labeled Unstrt. in heatmaps). All mode shifts and
FWHM values were calculated by subtracting the corresponding unstretched values
to assess the deviations. For intensity measurements, the data were normalized to
the unstretched state for each sample to better understand the variations induced
by stretching.

The Raman modes of the molecules in the sample correspond to specific atomic
movements within the molecular structure, such as stretching, bending, twisting, or
rocking of molecular bonds (see Table 6.1). The line positions indicate the energy of
the vibration mode, which gives information on the strength of the bonds and the
changed interactions [181].

Figure 6.7 illustrates the variation of each line in response to strain across different
transitional states. A uniform scale was applied across all heatmaps to ensure com-
parability. The results reveal that the behaviour of the lines varies significantly, some
exhibit only minor changes, while others undergo substantial variations when sub-
jected to strain. At low strain levels (1 to 4%), deviations in Raman mode positions
are minimal and localized, affecting mainly specific modes such as 5 and 7 (see Table
6.1), corresponding to C-O stretching [O — CHs| and C-C stretching of the ethylene
glycol unit. These vibration modes show high susceptibility to minimal mechanical
deformation. However, after releasing the strain, most modes return to their original
positions, indicating elastic behaviour with high reversibility. As the applied strain
increases from 1% to 4%, modest spectral shifts become more pronounced, though
they remain limited to a subset of vibrational modes. No evidence of substantial
structural reorganization is detected, indicating that the material largely preserves
its molecular integrity within this deformation range. This reversible behaviour re-
flects the resilience and ability of the material to absorb minor mechanical stress
without significant structural disruption.

For the moderate strain range (5-10%), the Raman wavenumber shifts become more

pronounced, as residual shifts persist after strain release. These shifts suggest the
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Fig. 6.7: The graphs present the state evolution of relative Raman spectra mode positions
for PET under (a) 1% (b) 5%, (c¢) 10%, (d) 15%, (e) 20%, and (f) 25% applied tensile
strain. The heatmaps compare the mode positions at various transitional states (x-axis)
from Tj to T during strain application and after strain release (Relea.) The color bar is
unified across different heatmaps. For each sample state, the measured value of each
mode is subtracted from the corresponding value in the unstretched state.
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onset of molecular reconfiguration, which gradually transitions to more noticeable
structural effects. By 5%, the deviations have stabilized across more modes, with
cumulative structural effects becoming evident. The eighth mode, associated with
CH,, shows particular sensitivity, marking the transition toward localized but more
significant molecular changes. At 10% strain, the shifts become more widespread,
impacting multiple modes such as C=0 and ring ester C-C out-of-plane bending
and ring torsion (mode 3), ethylene glycol C—C and C-O stretching (mode 6), CH,
twisting (mode 8), and the ester O-C stretching (mode 9). Compared to lower
strain levels, the range of spectral deviations narrows slightly but becomes more
uniformly distributed across vibrational modes, suggesting a transition from local-
ized to more widespread structural changes. Moreover, the ability of the material to
recover baseline spectral positions upon strain release is progressively diminished.
This molecular reorganization is accompanied by partial anisotropy, altering optical
properties such as transparency (see UV—-Vis response). Localized molecular align-
ment as well as the creation of defects would lead to light scattering and reduced
transparency. Modes such as the ninth and eleventh (O-C stretching), which have
shown minimal deviations at lower strains, now exhibit significant shifts, suggesting
broader structural disruption.

At higher strain levels (15-30%), Raman shifts become pronounced and persist even
after strain release, particularly in vibrational modes 5 and 8, consistent with pre-
vious reports indicating sensitivity to stress-induced structural rearrangements in
PET [182, 183]. Residual spectral deviations suggest permanent structural modifi-
cations; however, direct structural characterization (e.g., Wide-Angle X-ray Diffrac-
tion (WAXD), electron microscopy) is required to unequivocally confirm the extent
and nature of these transformations. At 30% strain, the material is exhibiting a
complete transition from elastic to plastic behaviour. Table 6.2 presents a compre-
hensive overview of the variation in the position of the modes in response to applied

stress.

6.3.2.2 Raman Modes FWHM Variation in Response to Applied Strain

The shapes of Raman lines are typically described by Voigt profiles, which are con-
volutions of Gaussian and Lorentz line shapes. This also considers inhomogeneous
broadening mechanisms. In the case of a solid sample, the degree of FWHM broad-
ening is often associated with structural disorder or heterogeneity in the material.
As already reflected in the observed wavenumber shifts of the different vibrational
modes, strain can introduce various local distortions, such as changes in the lengths

or angles of the bonds within the polymer structure [181]. These local variations
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Table 6.2: Strain-level effects on Raman line wavenumber positions

Strain Level | Key Modes Shift Patterns Reversibility Conclusion
Affected After Release

1% 5, 7 Large shifts, local- | High reversibility Elastic behaviour
ized with minimal

residual effects.

2% 5, 7,10 Minor shifts, more | Partial reversibility | Increased sensi-
modes affected tivity of modes;

minimal residual
effect.

3% 5,7, 11 Moderate shifts, Partial return to Further devia-
more spread across | baseline tions, signs of
modes increased sensi-

tivity.

4% 5, 7,10, 11 Noticeable shift Limited return Higher struc-
increase with tural sensitivity
broader deviations with noticeable

changes in mode
behaviour.

5% 3,9,8 Minor shifts, Residual shifts Signs of perma-
spread across most | remain nent changes,
modes increased struc-

tural alterations.

10% 3,6,8,9 Consistent shifts Strong residual Non-reversible
across multiple effects response, exten-
modes sive molecular

changes start.

15% 8, 10, 11 Broader, strong Very limited return | High level of al-
deviations across teration with
many modes dominant irre-

versible effects.

20% 3, 8,9, 10, 11 Large deviations, No recovery ob- Severe, likely
intense mode shifts | served permanent de-

formation across
molecular struc-
ture.

25% 8,9, 10 Consistent devi- No recovery Extensive re-
ations across all organization,
modes clear irreversible

changes.

30% All modes Broad deviations, | No recovery Permanent struc-

complete departure

tural alteration,
total loss of elas-
ticity.
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could shift the mode and broaden it, as the material under strain exhibits a range of
slightly different vibration wavenumber due to the nonuniform stress distribution.
Since strain often affects each molecular environment differently, the FWHM is sen-
sitive to these subtle differences which can result in larger variations compared to
wavenumber mode shifts. FWHM captures the “spread” of stress-induced vibration
states while wavenumber shifts reflect overall bond stiffening or softening and slight
bond length adjustment, which leads to a shift in the vibration wavenumber. How-
ever, this effect is generally more uniform and subtle, reflecting an average change
in bond lengths across the material rather than the localized variations contributing
to broadening. Therefore, while the wavenumber shift shows a consistent structural
adjustment under strain, it does not capture the localized disorder as effectively
as FWHM, which is more sensitive to minor variations in molecular structure in
response to strain [184] These structural changes are of importance since they can
strongly affect the electronic properties of the samples as has been demonstrated
earlier [185].

Figure 6.8 shows the variation of FWHM response to different strain values. For
a small amount of strain (1 to 4%) relatively strong broadening of FWHM is ob-
served, which is primarily localized to the modes 3 and 5. Broadening stabilizes
early around T4 and show minimal recovery after release.

For midrange strain values (5-10%) a noticeable broadening begins across most
modes. At the 5% stretch, it has intensified across modes 3, 8, and 11. Persis-
tent broadening after T, with partial recovery occurs after release. This stage can
be considered as the initial step for the material to begin its transition from elastic
to plastic deformation. Stress spreads across various modes, and strain-induced het-
erogeneity develops. For 10% stretch, FWHM values remain elevated with minimal
but consistent residual effects. showing further structural sensitivity and permanent
changes.

At elevated strain (15-30%), Raman mode broadening becomes pronounced and
irreversible, suggesting that irreversible deformation dominates, characterized by lo-
calized conformational distortions and extensive molecular reorganization. These
distortions reflect a breakdown in uniform chain alignment, resulting in perma-
nent structural misalignments that compromise the material’s elasticity and lead
to long-term mechanical and optical changes. While the observed spectral broad-
ening aligns with known indicators of molecular-level disruptions, complementary
structural characterization would be necessary to definitively confirm widespread
molecular reorganization [119, 124, 182]. Loss of elasticity and permanent struc-

tural changes are observable. Table 6.3 presents a comprehensive overview of the
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Fig.6.8: The graphs present the state evolution of relative Raman mode’s FWHM

variations for PET under (a) 1% (b) 5%, (¢) 10%, (d) 15%, (e) 20%, and (f) 25% applied
tensile strain. The heatmaps compare the mode’s FWHM at various transional states

(x-axis) from Tp to T during strain application and after strain release (Relea.) The

color bar is unified across different heatmaps. For each sample state, the measured value

of each mode is subtracted from the corresponding value in the unstretched state.

90



6.3. Optical and Molecular Responses of PET Under Strain

Table 6.3: Summary of strain-level effects and their impact on Raman mode FWHM

broadening
Strain Level | Key modes Shift Patterns Reversibility Conclusion
Affected After Release
1% 3,5 Large shifts, local- | High reversibility Elastic behaviour
ized with minimal
residual effects.
2% 3,5, 7 Moderate shifts, Partial reversibility | Early signs of
mainly localized structural sensi-
tivity to strain.
3% 3, 5, 11 Moderate shifts, Partial return to Increased molecu-
mainly localized baseline lar perturbations,
sensitivity rising.
4% 3,95, 7,11 Noticeable shifts Limited return Enhanced struc-
tural changes,
limited elasticity.
5% 3,8, 11 Moderate shifts Residual broaden- | Onset of perma-
ing remains nent structural
alterations.
10% 3,5, 8,11 Broad, minimal Strong residual Major irreversible
deviations effects alterations with
dominant effects.
15% 3,5, 7,8 Broad, with strong | Very limited return | Major irreversible
deviations for cer- alterations with
tain peaks dominant effects.
20% Nearly all modes | Small shifts across | No recovery ob- Permanent de-
affected all modes served formation, struc-
tural reorganiza-
tion.
25% Nearly all modes | Severe, consistent | No recovery Extensive re-
affected deviations organization,
clear irreversible
changes.
30% All modes Moderate shifts No recovery Permanent struc-

and broadening
across all modes

tural alteration,
total loss of elas-
ticity.
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response to the FWHM variations in the observed mode.

6.3.2.3 Raman Modes Intensity Variation in Response to Applied Strain

The Raman mode intensity is related to the polarizability tensor, which describes
how the electron cloud in a molecule deforms in response to incident light. Strain
application would cause a change in the Raman intensity due to an alteration in
the molecular symmetry of the molecule or crystalline parts of the polymer struc-
ture, which affects specific elements of this tensor. In our study, the laser excitation
polarization is fixed parallel to the strain axis; therefore, only a subset of the polar-
izability tensor elements is probed. Under this configuration, the tensor component
aligned with the strain direction dominates the response, whereas off-diagonal ele-
ments (e.g., oy, ) would require polarization rotation or more complex experimental
geometries to be accessed [181].

By focusing on a fixed polarization, this study has isolated and examined the strain
effects of the Raman-active modes directly along the strain axis. This provides a
clear and reproducible dataset without adding the complexity of polarization rota-
tion. Since we have already discussed wavenumber shifts and FWHM variations,
adding intensity data completes the picture of the strain impacts on the Raman
spectrum. Figure 6.9 presents the intensity heatmaps for various levels of strain.
Stretching by 1% causes slight intensity variations initially, but an intense increase
when the sample is exposed for a longer time, particularly after the initial 25 minutes
(Ts) and after the release. The fifths and eleventh modes exhibit noticeable inten-
sity changes (increased intensity) relative to the unstretched state. At 3% strain,
the intensity variations become more pronounced, and all the modes show strong
intensity reduction from T3 to Tg. Despite the wavenumber and FWHM, mostly
returning to their initial values after strain release, the intensity does not fully re-
cover to its original level.

For midrange strain values (5 to 10%), strain application results in a decrease in the
intensity of modes. 5% strain introduces more intensity fluctuations across multiple
modes. Notably, modes 3, 5, and 8 begin to exhibit stronger intensity reduction.
The elastic behaviour of the material at low strains likely redistributes the Raman
active modes, leading to slight polarization-related intensity shifts. Most changes
are reversible upon strain release, while certain modes including 2, 3, and 7 experi-
ence an increase in the line intensity. Increasing the strain to 10% leads to a wide
reduction in intensity, with modes 2, 3, and 11 showing a pronounced decrease.

At 15% strain, the overall intensity distribution becomes irregular. While the in-

tensity distinctly increases in the low-wavenumber modes including modes 2 and 3,
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Fig.6.9: The graphs present the state evolution of normalized Raman line’s intensity
variations for PET under (a) 1% (b) 5%, (¢) 10%, (d) 15%, (e) 20%, and (f) 25% applied
tensile strain. The heatmaps compare the mode’s intensity at various transitional states

(x-axis) from Tj to T during strain application and after strain release (Relea.) The
color bar is unified across different heatmaps. For each sample state, the measured value

of each mode is normalized to the corresponding value in the unstretched state.
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Table 6.4: Summary of strain-level effects and their impact on Raman mode intensity

variation
Strain Level | Key modes Intensity Pat- Reversibility Conclusion
Affected terns After Release

1% ) Minimal intensity | Minimal reversibil- | Early signs of
changes for low ity molecular align-
wavenumbers, lo- ment; strain-
calized to specific induced changes
modes begin.

2% 5, 11 Small increases Minimal reversibil- | —
in intensity for ity
sensitive modes

3% All modes High-intensity Partial return to Increased molecu-
decrease with baseline lar perturbations
broader spread affecting polariz-

ability.

4% 5,7, 11 Noticeable inten- Limited return Enhanced align-
sity fluctuations ment along the
across modes strain axis; tensor

alterations visi-
ble.

5% All modes Intensity changes Partial residual Onset of perma-
stabilize changes remain nent molecular

rearrangement;
altered polariz-
ability.

10% All modes Significant inten- Moderate residual | Irreversible align-
sity deviations effects ment and struc-

tural deformation
dominate the re-
sponse.

15% 2,5,8 Broad intensity Very limited recov- | Major structural
changes, concen- ery reorganization
trated in sensitive impacts the po-
modes larizability ten-

Sor.

20% All modes Intense deviations | No recovery Severe deforma-
with permanent tion, permanent
changes across polarizability al-
modes terations evident.

25% 6, 10, 11 Strong, consistent | Very limited recov- | Irreversible struc-
intensity deviations | ery tural reorganiza-
across the spec- tion and strong
trum defect formation.

30% All modes Maximum intensity | No recovery Total loss of elas-

changes, broad
and irreversible
deviations

ticity, complete
reconfiguration of
polarizability.
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modes like 5, 6, and 8 experience a reduction. Limited reversibility is observed upon
release. At 20-30% strain, nearly all modes exhibit substantial intensity drop. At
30% strain, the intensity heatmap shows a reduction in intensity for most modes,
except the 5, which experiences a strong increase in all states. This suggests selective
loss of Raman activity in certain vibration modes while the polarizability of mode
5 is increasing. The near-total loss of reversibility in FWHM and wavenumber data
is consistent with the irreversible nature of intensity alterations. Strain-induced
molecular alignment creates directional optical properties, which may benefit cer-
tain polarization-sensitive applications but compromise isotropic transparency. Ta-
ble 6.4 presents a comprehensive overview of the observed mode intensity variations

respoinse.

6.3.2.4 Analysis of Gauche, Trans, and Amorphous Conformations Un-
der Strain in PET

In PET, the ethylene glycol units exhibit conformational flexibility due to rotation
about the central C—C bond. Two primary observed conformations are the trans and
the gauche configurations. The trans conformation corresponds to a more extended
chain geometry that facilitates intermolecular packing. In contrast, the gauche con-
formation arises from bond rotation and produces a locally bent structure. The
relative population of these conformations directly influences the degree of struc-
tural order. Trans conformers favor crystalline or oriented domains, whereas gauche
conformers are predominantly associated with amorphous regions.

Modes Associated with Gauche and Trans Conformations

The 1119 cm™! band (mode 7), related to the gauche conformation of ethylene glycol
units, exhibits alternating red and blue shifts, with the blue shift dominating for
most strain values within the examined range. These shifts reflect the heterogeneous
response of PET, where localized chain alignment restricts the rotational freedom of
gauche conformers, consistent with the emergence of a mesophase. This phase rep-
resents a transitional structural regime between amorphous and crystalline states,
distinguished by an increase in trans conformers and partial segmental alignment
of polymer chains under strain. This intermediate state has been variously charac-
terized in the literature, most notably as the TX (trans-rich disordered) phase by
Cole et al. [115], based on Infrared (IR) spectral decomposition, and as a smectic-
like mesophase by Keum et al. [139] through WAXD analysis of cold-drawn PET
fibers. Despite differences in terminology, these studies converge on the recogni-
tion of a conformationally ordered yet non-crystalline molecular arrangement that

emerges under mechanical deformation. This description more accurately captures
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the spectroscopic features and structural characteristics observed in our strained
PET samples, without invoking assumptions of specific crystallographic symmetry.
Furthermore, in the context of PET’s response to strain, heterogeneity refers to the
localized and non-uniform molecular behaviour within the material. For mode 7,
the observed redshifts are more pronounced at higher strain values, suggesting a
slight disruption in intermolecular packing. The FWHM decrease of this mode at
low strains is another indicator consistent with the partial alignment of molecular
chains.

The 998 cm ™! band (mode 5), associated with the trans C—C bond, predominantly
exhibits redshifts across all strain levels. At low strains, a pronounced red shift indi-
cates a weakening of intermolecular interactions and packing density. Furthermore,
the broadening of FWHM in this mode reflects localized strain-induced distortions.
The 1095 cm™! band (mode 6), associated with C-O stretching in trans conformers,
displays smaller but consistent redshifts across all strain levels. This mode repre-
sents structurally stable regions, with its FWHM and intensity varying minimally
compared to other modes, suggesting that C—O bonds are more resistant to strain-
induced disruptions. However, the slight broadening of FWHM remains consistent
with the previously mentioned strain-induced distortions.

Modes Associated with Amorphous and PET Structural Integrity

The 1186 cm™! band (mode 8), attributed to CH, twisting and associated with amor-
phous PET, exhibits distinct behaviour under strain. At low strain levels (1-5%),
its intensity fluctuates slightly, alternating between increases and decreases relative
to the initial value, reflecting localized amorphous regions with a heterogeneous re-
sponse. This behaviour is consistent with the emergence of a trans-rich mesophase,
where some amorphous regions persist while localized alignment initiates. At higher
strain levels (> 5%), the intensity consistently decreases, indicating a progressive
loss of amorphous character as chain orientation becomes more dominant. Addition-
ally, the FWHM of mode 8 decreases across all strain levels, further reflecting the
gradual transition from amorphous disorder to localized molecular alignment and
more ordered states. Regarding the wavenumber shifts, alternating red and blue
shifts are observed at low strains (1-5%), serving as another indicator of the hetero-
geneous response of amorphous regions. Beyond 5% strain, pronounced red shifts
dominate, signaling significant packing disruptions and molecular bond elongation.
The 1725 cm™! band associated with the carbonyl (C=0) stretching mode is sen-
sitive to the degree of crystallinity in PET, with higher frequencies and sharper
peaks indicating a more crystalline structure. At low strain levels (1-5%), the band

exhibits minor variations responding to strain. As the strain increases beyond 5%,
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a redshift becomes more pronounced, indicating a significant weakening of the in-
termolecular interactions and an increased disruption of the density of the packing
of chains. The reduction in the intensity of this band at higher strain levels aligns
with growing disorder within the molecular structure, consistent with transitions

observed in other vibrational modes.

6.4 Correlation of Raman and Absorption Spectro-
scopy Findings

The optical properties of PET under strain are intrinsically linked to its molecular
structure, particularly the interplay between its amorphous and crystalline states,
as well as strain-induced perturbations in molecular conformations and functional
groups. In the amorphous state, PET consists of disordered polymer chains with
a uniform refractive index, minimizing light scattering and maintaining high trans-
parency. In contrast, the crystalline state introduces highly ordered and densely
packed polymer chains, forming crystalline domains with refractive indices distinct
from the surrounding amorphous regions. These boundaries scatter light, progres-
sively reducing transparency as the degree of crystallinity increases. Strain exacer-
bates this effect by inducing structural transitions, creating defects, and perturbing
chain packing, further enhancing light scattering and reducing transparency [119].
The integration of Raman and UV—Vis findings underscores the critical role of strain-
induced molecular alignment and phase transitions in governing PET’s optical be-
haviour. The detailed behaviour of key vibrational modes—the 998 ¢cm™' (mode
5), 1095 cm™! (mode 6), 1119 cm™! (mode 7), 1186 cm™* (mode 8), and 1725 cm ™!
(mode 13) bands—provides a molecular-level understanding of how strain influences
structural evolution.

At low strain levels (1-4%), PET maintains its transparency with negligible changes
in optical properties. The Raman spectra suggest minimal molecular reorientation
and negligible phase transitions, aligning with the absence of significant variations
(up to 20%) in the UV—Vis absorption spectra, indicating preserved transparency
and molecular integrity.

As strain increases to intermediate levels (5-10%), PET’s optical properties be-
gin to show measurable changes. The Raman study offers a unique perspective on
molecular-level order sensitivity in the response of PET to mechanical strain. This
paves the way for future research to explore polarization-dependent measurements
and the engineering of PET films with controlled molecular orientations, which in-

troduce variations in the refractive index and result in light scattering and reduced

97



6.4. Correlation of Raman and Absorption Spectro- scopy Findings

transparency. UV-Vis spectra corroborate these findings, showing an increase in
absorbance to up to 90% for the 10% applied strain in the visible spectrum, partic-
ularly in the blue and purple regions, due to structural transitions.

At higher strain levels (15-30%), irreversible spectral features including substantial
peak broadening and intensity reduction in critical vibrational modes strongly sug-
gest disruptions in molecular organization and partial structural disorder. Similar
Raman signatures have been previously correlated with structural rearrangements
in mechanically strained PET. However, explicit confirmation of the detailed struc-
tural transformations described here requires additional characterization, which we
recommend for future investigations [182, 183]. UV-Vis absorption spectroscopy
reveals an increase in absorbance exceeding 100% relative to the unstrained state,
which is attributed to enhanced optical scattering and possible changes in molecular
packing. This may reflect the development of mesophase ordering or conformational
rearrangements that reduce the optical bandgap, potentially due to increased local
packing irregularities or strain-induced electronic inhomogeneities. The observed
spectral changes suggest that residual stresses and associated structural heterogene-
ity induced by strain could contribute to the observed significant transparency loss
and reduced optical clarity. This interpretation is supported by previous findings cor-
relating stress-induced optical degradation with structural non-uniformities in PET
[138, 142]. Additionally, optical anisotropy becomes pronounced, as strain-induced
molecular alignment creates directionally dependent optical properties. Raman in-
tensity variations further emphasize PET’s sensitivity to strain, with an average
30% reduction in Raman line intensity across all modes at 20% applied strain.

As mentioned earlier, the Raman spectroscopy measurements were conducted while
the PET samples were held under strain for 30 minutes at room temperature. In-
stead of a single transient state, multiple transient states were observed in the in-
termediate spectra, reflecting ongoing molecular adjustments. This behaviour can
be attributed to the inherent rigidity of PET at room temperature, which influences
molecular mobility and limits immediate large-scale rearrangements. The obser-
vations suggest that PET’s molecular response under strain at room temperature
primarily involves localized and gradual adjustments, rather than long-range relax-
ations occurring within a short time frame. This structural rigidity may also explain
the dominance of heterogeneous responses in key Raman modes, as strain-induced
changes in the amorphous and crystalline regions remain localized.

Beyond the spectroscopic interpretation, these findings also carry practical implica-
tions for applications where mechanical deformation influences optical or molecular

behaviour. Manufacturers can develop PET films with improved strain resistance,
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ensuring reliability in demanding environments by understanding the strain thresh-
olds at which irreversible changes occur (e.g., above 10-15% strain). The pronounced
intensity, FWHM, and wavenumber variations in Raman spectra under strain could
be harnessed to create susceptible, polarization-dependent Raman sensors [186].
These sensors would be capable of precisely detecting localized stress or strain,
making them ideal for applications in structural health monitoring or wearable elec-
tronics. By correlating strain-induced structural changes with optical degradation,
the study offers a framework for predicting the operational stability of PET-based
devices, allowing for better material selection and design [63].

Moreover, the implications of this work can extend to other industries where PET
is widely used, such as packaging and structural films. In mechanical engineering,
PET’s robustness under strain is crucial for applications like protective films and
load-bearing components. The insights from this study can guide the development of
PET materials with enhanced mechanical properties, such as higher tensile strength
and improved elasticity. Understanding how strain impacts PET at a molecular level
can aid in designing packaging materials that maintain transparency and durability
under various stresses, contributing to sustainable and high-performance solutions.
The study’s focus on fixed polarization provides insight into the anisotropic Raman
response of PET under mechanical strain. These findings suggest that polarization-
dependent Raman configurations could be strategically optimized to enhance strain
sensitivity in future sensing applications. Furthermore, controlling molecular orien-
tation in PET films may enable the tailoring of optical and mechanical properties

for application-specific requirements.

6.5 Conclusion

This study offers preliminary but scientifically grounded insights into the optical
and structural responses of PET films subjected to mechanical strain under strictly
ambient (room-temperature) conditions, without thermal annealing. By integrat-
ing UV-Vis absorption and Raman spectroscopy, the work elucidates the interplay
between molecular conformation and optical behaviour, capturing strain-induced ef-
fects that are distinct from those observed under elevated-temperature processing.
At strain levels below 5%, PET maintains its optical transparency and molecu-
lar integrity, exhibiting only minor conformational adjustments and minimal chain
alignment. These characteristics underscore its suitability for low-deformation ap-
plications such as optical coatings and flexible sensors. Beyond this threshold, more

pronounced structural transitions occur, including increased chain orientation and
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the emergence of mesophase-like order, which contribute to optical anisotropy and
enhanced light scattering, thereby reducing transparency. These observations are
critical for informing strain thresholds in applications such as flexible displays and
photovoltaic layers, where optical performance is tightly constrained.

At higher strain levels (15-30%), the material undergoes irreversible structural reor-
ganization, characterized by disrupted packing, conformational heterogeneity, and a
breakdown of isotropic optical properties. These changes result in diminished trans-
parency and elasticity but suggest promising utility for PET in strain-sensitive and
polarization-dependent optical devices.

In summary, this work contributes to the growing understanding of strain-induced
molecular reordering in PET under non-thermal, realistic processing conditions, a
regime often underrepresented in the literature. While structural confirmation via
advanced techniques lies beyond the present scope, the spectroscopic findings are
consistent with prior studies reporting trans-rich conformational transitions and
mesophase formation in similarly treated PET systems. Future work incorporat-
ing wide-angle X-ray diffraction, microscopy, birefringence analysis is encouraged to

further validate and extend the insights established here.
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Chapter 7

Assessing bandgap Stability of
Poly(3-hexylthiophene-2,5-
diyl)(P3HT) Thin-Films Under
Uniaxial Tensile Strain for Flexible

Electronic Applications

The contents of this chapter are adapted, with the permission of all authors, from
a manuscript that has been resubmitted to the journal IEEE Access after the first
round of review. The text has been edited to avoid repetition, particularly in the

Introduction, State of the Art, and Methodology sections.

“M. Ghorab, A. K. Ranga, A. Materny, V. Wagner, and M. Joodaki. “Assess-
ing bandgap Stability of Poly(3-hexylthiophene-2,5-diyl) (P3HT) Thin-Films Under
Uniaxial Tensile Strain for Flexible Electronic Applications. IEEE Access, vol. 14,
pp. 48672-48682, 2026, doi: 10.1109/ACCESS.2026.3678138”

7.1 Abstract

Organic semiconductors intended for flexible electronic applications must retain
stable optoelectronic properties under mechanical deformation. Since the optical
bandgap governs exciton generation and constrains photovoltaic voltage, its robust-
ness under strain is a critical requirement for reliable device operation. In this work,
we investigate strain-induced bandgap variations in PSHT thin-films deposited on
flexible PET substrates, studied both as single layers and in PEDOT:PSS/P3HT
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stacks. The samples were subjected to controlled uniaxial tensile strains in the range
of 1%-10%.

The optical bandgap was extracted from ultraviolet—visible (UV—-Vis) absorption
spectra using a standardized Tauc analysis, with statistical validation based on
robust regression and equivalence testing. For all stacking configurations and an-
nealing conditions, the bandgap remains unchanged within experimental resolution
up to 7% strain. At 10% strain, a small but consistent increase of approximately
4-5 meV is observed. This threshold-like response indicates a transition from me-
chanical strain accommodation dominated by morphological relaxation to a regime
in which electronic perturbation becomes detectable.

These results establish a quantitative strain window over which P3HT-based thin-
films can be regarded as optically stable and provide practical guidance for mechan-

ical modeling and the design of flexible organic optoelectronic devices.

7.2 Introduction

In this study, we investigate whether mechanical strain in the range of 0-10% alters
the optical bandgap of P3HT thin-films deposited on flexible PET substrates, both
as single layer and in PEDOT:PSS /P3HT stacks. In practical applications such as
foldable displays or wearable electronics, the tensile strain experienced by polymer
substrates and electrode stacks is typically only a few percent. Values in the range
of 1-5% are most commonly reported as the limit for reliable operation before me-
chanical degradation sets in [187].

The 1-7% window investigated in this study therefore encompasses and slightly
exceeds realistic device conditions. By contrast, the 10% condition represents a de-
liberately severe deformation, included here to reveal the strain threshold at which
measurable electronic changes begin to appear. To this end, we applied controlled
tensile deformation using a custom-built stretcher and performed UV-Vis absorp-
tion spectroscopy before and after stretching, extracting the bandgap through a
standardized Tauc analysis. This framework enables a quantitative assessment of
bandgap stability under macroscopic strain, allowing us to distinguish between a
strain-invariant operating regime and the emergence of a threshold-like electronic re-
sponse at higher deformation. As such, the present study provides a device-relevant

benchmark for the optical robustness of PSHT-based thin-films under tensile strain.
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7.3 Experimental Setup and Methods

In this study, strain values of 1%, 3%, 5%, 7% and 10% were applied. The strain
(¢) was calculated as the ratio of the applied elongation AL to the initial gauge
length Ly (¢ = AL/Lp). All stretching and optical measurements were performed
under ambient room temperature conditions, ensuring no softening or morphological
changes associated with elevated temperatures.

To ensure that the reported absorption spectra reflect only the active organic layers,
the optical contribution of the PET substrate was explicitly accounted for. In a
previous study, we characterized the strain response of bare PET under the same
tensile conditions used here [31]. That dataset was used to subtract the PET base-
line from all spectra collected in this work. As a result, the reported absorption and
extracted bandgaps correspond solely to P3HT or PEDOT:PSS/P3HT films, with
any PET-related absorption or strain effects removed.

Strain application in this work followed a strain protocol as follows: each sample was
first measured in its pristine state, then subjected to a fixed tensile strain for 30 min-
utes using the stretcher. After this period, the strain was released, and the film was
immediately transferred back to the spectrometer for re-measurement. Importantly,
no relaxation time was allowed between strain release and optical characterization,
ensuring that the spectra captured the post-deformation state of the film. To avoid
artifacts from strain history, a fresh film was used for each strain level. Fig. 7.1,
depicts the schematic of this setup.

Mechanical strain in thin-film organic semiconductors can be investigated using sev-
eral complementary experimental modalities, including in-situ measurements under
applied load, cyclic or fatigue deformation, localized strain-induced by bending ra-
dius or buckling, hydrostatic or pressure-based loading, and post-deformation anal-
yses that probe persistent structural changes after unloading. Each approach em-
phasizes different aspects of the strain—property relationship and addresses distinct
physical and device-relevant questions [144, 188, 189].

In this study, we focus on the post-deformation case. Here, “residual strain” refers
to structural modifications in the organic layer that persist after the release of an
applied tensile load, rather than a direct measurement of sample elongation before
and after stretching. This ex-situ approach probes the optical response of the film in
its post-deformation state, capturing changes that remain after mechanical loading.
By performing the measurement after unloading, it isolates structural contributions
to the optical response from instantaneous mechanical perturbations. This makes it
possible to determine whether deformation leaves a measurable electronic signature

in the film. Such a framework is particularly relevant for evaluating the practical
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Organic Solar Cell Direction of applied strain UV-Vis Spectroscopy Setup B i

Pa—

B / 4
i 'H
..... o] LR
_ Apply Strain Spectroscopy @ M‘Ij'{> Analyze results H—A—\ﬁr‘% """""""
PEDOT:PSS K s ‘

PET

Fig. 7.1: Two-panel overview of the measurement workflow and apparatus. (a) Schematic
illustration of the experimental workflow. Samples were first characterized by UV—Vis
spectroscopy in their unstretched state, then subjected to tensile strain for 30 minutes

using a motorized stretcher, and subsequently transferred back to the spectrometer for a

second UV-Vis measurement. (b) Photograph of the custom motorized stretcher used to

apply strain. Note that the mechanical straining and optical measurements were
performed sequentially (ex-situ).

strain tolerance of thin-film devices. It allows the identification of a strain win-
dow over which the bandgap remains effectively invariant, as well as the onset of
a threshold beyond which persistent changes become detectable. Because the UV~
Vis measurements are performed ex/situ, this approach does not resolve transient
electronic responses during active deformation and does not separate instantaneous
strain effects from those accumulated during loading. In-situ measurements under
applied strain are therefore of fundamental interest but fall outside the scope of the

present work.

7.3.1 Tauc Analysis and Optical bandgap Extraction

The electronic bandgap in organic semiconductors can be characterized through
multiple, complementary approaches. The fundamental gap, defined as the energy
difference between the Valence Band Maximum (VBM) and Conduction Band Min-
imum (CBM), represents the intrinsic electronic structure of the material. This
quantity can be accessed via first-principles band-structure calculations, or experi-
mentally through the combination of Photoelectron Spectroscopy (PES) and Inverse
Photoelectron Spectroscopy (IPES), which directly probe the ionization and elec-
tron affinity levels, respectively [190]. In contrast, electrochemical techniques such

as Cyclic Voltammetry (CV) produce the transport gap, corresponding to the en-
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ergy required to generate free charge carriers, defined by the difference between the
Ionization Potential (IP) and Electron Affinity (EA) [191].

In conjugated polymers, optical excitation typically generates bound excitons rather
than free charges, due to the low dielectric screening and strong Coulomb interac-
tions [192]. As a result, the optical gap, which dictates the absorption onset, is
systematically smaller than the transport gap by the exciton binding energy. This
optical transition plays a central role in defining the spectral window for photon
harvesting and constrains the achievable V. in organic photovoltaics [89]. Optical
properties of P3HT can be deduced in reflection geometry by ellipsometry or modu-
lation spectroscopy [193], or more convenient in transmission by UV—Vis absorption.
However, precise extraction of the optical gap from UV—Vis absorption spectra is of-
ten hindered by vibronic fine structure and inhomogeneous broadening arising from
energetic disorder [87].

To determine the optical bandgap, we employed the Tauc method [102, 103]. Al-
though this method was originally formulated for interband transitions in inorganic
semiconductors, it remains the standard approach for extracting a comparative op-
tical gap in conjugated polymers, including P3HT. Since these materials exhibit
bound excitons and vibronic structure, the Tauc-derived E, represents an effec-
tive onset energy rather than a fundamental excitonic transition. Nevertheless, its
widespread use in the OSC literature provides a consistent and reproducible frame-
work for comparing bandgap shifts across processing conditions and strain levels.

This method relates the absorption coefficient v to photon energy hv as:
(ahv)» = B(hv — E,), (7.1)

where « is the absorption coefficient, h is Planck’s constant, v is the photon fre-
quency, E, is the optical bandgap, B is a proportionality constant, and n is the
transition exponent that depends on the nature of the electronic transition (n = 3
for direct allowed transitions and n = 2 for indirect allowed transitions) [194-199].
In this study, decadic absorbance A was used in place of the absorption coefficient a
to eliminate the influence of film thickness variations on the bandgap determination.
Since a = (2.303/d)A, where d is the film thickness. In this work, film thickness
was verified by stylus profilometry on representative samples prepared under iden-
tical processing conditions, yielding nominal thicknesses of approximately 200 nm
for P3HT and 25 nm for PEDOT:PSS, consistent with prior reports under simi-
lar deposition conditions [132]. The film thickness was not measured individually
for every specimen analysed, which is acknowledged as an experimental limitation.

However, since the optical bandgap is extracted from the intercept of the Tauc con-
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struction, using the absorbance (A) directly in place of the absorption coefficient («)
merely rescales the vertical axis of the Tauc plot without affecting the z-intercept
that defines ;. As a result, residual sample-to-sample thickness variations, which
is typically on the order of tens of nanometers for solution-processed films, do not
influence the reported E, values. This approach therefore provides a more robust
and reproducible basis for comparative bandgap analysis while decoupling the re-
sults from uncertainties associated with precise thickness determination.

For P3HT we adopted n = 1/2, which is considered for direct bandgap semicon-
ductors [89, 200]. For each specimen, three spectra were recorded, averaged, and
smoothed with a Savitzky—Golay filter (polynomial degree 3). The absorbance spec-
trum was converted to photon energy using hv [eV] = 1240/\ [nm| , where A is the
wavelength, and the Tauc variables were defined as x = hv and y = (Ahv)% To
ensure a robust and reproducible determination of the optical bandgap, the Tauc
analysis was performed within a fixed energy interval from 1.90 to 2.026 eV. This
interval was chosen to capture the lowest-energy linear rise associated with the ab-
sorption onset of P3HT, while excluding sub-gap tail states at lower energies and
vibronically structured absorption at higher energies. Within this interval, multiple
equally sized sub-windows were systematically evaluated.

Linear fits were performed using Ordinary Least Squares (OLS) in centered form:
y=m(x—z)+b,, (7.2)

where Z is the mean energy in the window, m the slope, and b, the centered intercept.

The bandgap was obtained from the z-intercept:

E,=7— (7.3)

3|

Uncertainty in E, was estimated by error propagation (delta method) from the

regression covariance matrix of m and b, using:

oF b. oF 1

om " wE G (74)
This yielded standard errors (SEs) and 95% confidence intervals (CI) for each fit.
Among all fixed-length windows within the chosen interval, the optimal fit was de-
fined as the one with the smallest SE, provided that the coefficient of determination
(R?) exceeded 0.995 and the residuals showed no curvature. This window selection
procedure was applied consistently across all samples and strain conditions, ensuring

that the extracted bandgap values are not biased by window selection or non-linear
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Fig.7.2: KDEs of the optical band gap E,; under three annealing conditions, with fitted
normal distributions for reference. KDEs use a Gaussian kernel (base function) and
Scott’s bandwidth rule (h = on~1/% n = 12) [201]. Rug marks along the axis show the 12
measured F, values for each condition.

spectral regions. To account for instrument resolution, the 1 nm spectral resolution
(=~ 3-5 meV at the P3HT onset) was adopted as the detection limit.

Twelve independent spectra were analysed for each annealing condition (unannealed,
50°C, 75°C), reflecting the total number of experiments conducted per condition
and stacking configuration. The extracted bandgap values were then aggregated
into condition-specific descriptor sets. For each set, the arithmetic mean bandgap
(E,) was reported as the central value, with the sample standard deviation (SD, o)
and variance (0?) quantifying variability arising from sample-to-sample fabrication
differences. A 95% CI for the mean was calculated using the Student’s t-distribution,
Eg +to975m-1-0/ V1, to capture statistical uncertainty.

In parallel, R? values from individual linear fits were averaged to provide an overall
metric of fit quality. Fig. 7.2 visualizes the distribution of £, values across anneal-
ing conditions, kernel density estimates (Kernel Density Estimates (KDEs)) were
plotted and overlaid with fitted normal distributions. These plots reveal narrowly
distributed profiles that closely follow the fitted Gaussian functions, verifying the
adequacy of a single-Gaussian description of the data. The use of twelve extracted
E, values per condition to construct both the KDE and the Gaussian fit reflects
fabrication-induced variability follows a normal distribution. The small differences
between KDE curves and the Gaussian fits can be attributed to the limited sample
size (n = 12), rather than to systematic deviations from normality. A summary of
the extracted parameters, including mean E,, SD, CI, and average R? is provided
in Table 7.1.

The baseline values of E, for unstrained PSHT films under different annealing con-
ditions are summarized in Table 7.1. The mean values differ by less than 0.1 meV
across conditions, indicating that the average optical gap remains essentially un-
changed within experimental uncertainty. However, the width of the 95% CI nar-

rows upon annealing, decreasing from 1.7 meV in the unannealed state to 1.1 meV
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Table 7.1: Summary of optical bandgap parameters for PSHT films. Values averaged over

12 spectra per condition.

(Ahv)?2

Anneal condition Mean Eg SD 95% CI Mean R?
Unannealed 1.9571  0.0013 1.9562 — 1.9579 0.997
50°C 1.9571  0.0011 1.9564 — 1.9578 0.997
75°C 1.9572  0.0009 1.9567 — 1.9578 0.997
12 )
—— (Ahv)?
101 « Chosen window
Linear fit

8] E, = 1.9571 eV
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Fig. 7.3: Representative Tauc plot illustrating the method used to extract the optical
bandgap F,. The straight line corresponds to the optimal linear fit within the selected
onset region, and the dashed vertical line marks the intercept used to determine F|,.

at 75°C. This reduction in variability reflects improved structural order and more

uniform film morphology. At the relatively low annealing temperatures applied here,

the dominant effect is thus a suppression of energetic disorder rather than a pro-

nounced shift in the mean bandgap. These temperatures correspond to commonly

employed fabrication protocols for PSHT-based organic solar cells on flexible sub-

strates, where annealing is usually restricted to below ~80 °C. This observation is

consistent with prior reports showing that thermal treatment enhances crystallinity
in poly(3-alkylthiophenes) [132, 202, 203|. Fig. 7.3, depicts the Tauc method plot,

which is used for the bandgap extraction.
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7.4 Results and Discussion

To access the effect of mechanical strain on the optical bandgap, we calculated the

per-sample difference

AEQ = Eg,post - Eg,prm

where F, .. and E s denote the bandgaps measured before and after strain ap-
plication, respectively. The uncertainties from the Tauc fits were carried through so
that each AE, value came with its own estimated error. The data were then grouped
according to strain level, stacking configuration, and annealing temperature.
Across all conditions, the resulting shifts are generally small (on the order of a few
meV). These values often fall within the experimental resolution limit of £5meV,
which is determined by the 1 nm spectrometer step size. Fig. 7.4 presents the aggre-
gated results as AL, versus strain, with 95% CIs. For strains up to 7%, the mean
values fluctuate around zero and remain largely confined within the resolution band
which would suggest the absence of a systematic effect. However, at 10% strain,
all groups exhibit a reproducible increase in £, of approximately 4-5 meV, which,
while modest in magnitude, clearly exceeds the estimated statistical noise.
Considering that each strain level was measured on an independent specimen (i.e.,
one specimen per strain and per condition), the present dataset does not include
between-specimen replication of AE, at a fixed strain level (e.g., multiple indepen-
dent measurements at 1% strain), which is acknowledged as an experimental limita-
tion. The reported uncertainty therefore reflects the propagated Tauc-fit uncertainty
and within-specimen spatial variability (three measurement positions). The strain
dependence is assessed using pooled equivalence testing over the 1-7% strain range
and robust regression contrasts comparing the 10% strain condition to the pooled
1-7% dataset.

These observations suggest a threshold-like response in the optical bandgap, which is
stable under moderate strain but increases noticeably upon entering the 10% regime.
Two key questions arise from this behaviour: (i) can the apparent minor variations
below 7% be regarded as statistically negligible within experimental limits. (ii) how
robust is the observed increase at 10% when we consider two matters: first, we
must ensure that the pooled effect is not driven by a single experimental subgroup.
In particular, no individual annealing or stacking condition should disproportion-
ately influence the observed the 10% increase. Second, the regression model used
to quantify this effect should remain valid even if the data deviate from ideal sta-

tistical assumptions, such as having constant error variance or normally distributed
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Fig. 7.4: Mean bandgap shift (AE,) versus strain with 95% ClIs across all stacks and
annealing conditions.

residuals.

7.4.1 Statistical Evaluation of Strain Sensitivity

To quantify the pattern of the observed strain behaviour, we first fitted a pooled
linear regression of AE, versus strain using only the points at 1-7%. Here, “pooled”
refers to combining all samples across annealing and stacking conditions into a single
regression model, thereby yielding a global estimate of the slope while not explic-
itly modeling subgroup-specific effects. The estimated slope was —0.089 meV /%
with a 90% CI of [—0.173,—0.005] meV/%. We then applied a Two One-Sided
Tests (equivalence testing) (TOST) for equivalence, using a pre-specified margin of
+0.5 meV/%. This margin was chosen as a conservative tolerance for practically
negligible trends in AE,. The TOST yielded an extremely small p-value (p < 107%),
providing strong evidence that the slope is statistically equivalent to zero. Thus, it
can be concluded that the optical bandgap remains effectively invariant below 7%
strain.

To verify the robustness of the 10% shift, we re-expressed strain as a categorical fac-

tor and fitted a regression with Heteroskedasticity-consistent standard errors (type
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Table 7.2: Summary of statistical tests evaluating strain sensitivity of AE,.

Contrast Estimate CI Test Conclusion

Small-strain regime (0-7%)

Slope (0-7% —0.089 90% CI [-0.173, TOST, margin Statistically

strain) meV /% ~0.005] +0.5 meV /% equivalent
to zero; max
shift < 2
meV

Onset of permanent strain effects (7-10%)

10% vs. pooled  +4.27 meV ~ 95% CI [2.38, 6.17] Robust categorical  Significant

1-7% regression (HC3) permanent
strain ef-
fects emerge
between 7—

10%

HC3) (HC3) standard errors. This approach avoids relying on the usual regression
assumption of normally distributed and homoscedastic errors, and it reduces the
influence of unusual or outlying samples by widening their estimated uncertainty so
they cannot dominate the overall result. The coefficient for the 10% condition was
estimated at +4.27 meV (95% CIL: +2.38 to +6.17 meV, p = 9.4 x 107%). These val-
ues confirm the statistically decisive increase even under conservative assumptions.
Table 7.2 summarizes these data.

Although each subgroup independently showed a positive 10% effect, to ensure that
the pooled statistical contrast was not dominated by any single condition, we con-
ducted leave-one-group-out sensitivity tests. Here, the overall 10% coefficient was
re-estimated while systematically excluding one anneal /stack combination at a time.
The resulting values ranged from 3.66 to 4.80 meV, and in all cases the 95% CIs
remained strictly positive. This demonstrates that the bandgap widening at 10%
strain is a universal feature across annealing and stacking variations, not a subgroup-
specific anomaly.

To examine whether the magnitude of the 10% effect depends on preparation or stack
layers, we restricted the dataset to the 10% condition and fitted a categorical regres-
sion with annealing temperature and stack type as predictors. The results showed
neither annealing temperature nor stacking configuration contributed significantly
to the variance in AE, (all p > 0.2, HC3 regression). Nevertheless, inspection of
the group means suggests that stacks containing a PEDOT:PSS interlayer exhibit
a slightly larger shift compared to bare PET/P3HT. This trend is consistent with
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more efficient and uniform strain transfer into the P3HT layer when the adhesive
layer is present, which was indeed the intended purpose of introducing PEDOT:PSS.
Finally, to test whether the 10% increase merely reflects a continuation of the linear

slope observed below 7%, we fitted a pooled model of the form
AE, ~ strain + is10,

where is10 is a binary indicator for the 10% condition. This formulation separates
the effect into a baseline linear trend and any additional changes specific to 10%.
The deviation coefficient was estimated at +4.81 meV (SE = 1.03, p = 3.1 x 1079).
This confirms that the 10% regime exhibits a distinct upward departure from the
pooled linear trend.

Together, these results demonstrate that the optical bandgap of PSHT films remains
stable up to 7% strain, but exhibits a robust and reproducible widening of approx-
imately 4-5 meV at 10%. This effect is consistent across annealing and stacking

variations and cannot be explained by extrapolation of the sub-threshold trend.

7.4.2 Physical Interpretation and Device-Level Implications

The negligible bandgap shifts observed up to 7% strain suggest that the optoelec-
tronic properties of P3HT films remain stable because strain is dissipated through
intrinsic microstructural relaxation processes rather than electronic perturbation.
Poly(3-hexylthiophene) is known to form semicrystalline films comprising ordered
lamellae interspersed within amorphous matrices [202, 204]. These crystalline do-
mains, stabilized by 7—m stacking and lamellar alignment, have been shown to
provide mechanical reinforcement and preserve charge transport properties under
moderate strain. Strain in such films is accommodated through chain slippage or
relaxation at phase boundaries [126, 127, 205]. In addition, conformational reorga-
nization within amorphous regions can occur, rather than direct deformation of the
conjugated backbone. These mechanisms help maintain orbital overlap and prevent
significant disruption of the electronic structure.

At higher strain levels (10%), the modest but statistically significant increase in op-
tical bandgap (AE, ~ 4.5 meV) likely reflects a structural perturbation beyond the
deformation tolerance of these buffering mechanisms. High-magnitude tensile strain
can induce torsional disorder, chain misalignment, or disruption of favorable stack-
ing orientations [127]. These structural changes reduce the effective conjugation
length and lead to a blue-shift of the absorption onset. This interpretation aligns

qualitatively with the ultrafast microscopy results from Kim et al. [30], who ob-
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Table 7.3: Comparison of strain-induced energy level and band gap modulation in P3HT
across different scales and measurement approaches.

Study

Method / Strain Regime

Scale (spatial / tem-
poral)

Key Finding and Relevance

Menichetti et al.
[29]

Kim et al. [30]

This study

DFT simulation of the
P3HT:PCBM interface un-
der static, imposed strain

SUEM under transient, pho-
toinduced strain

UV—Vis Tauc analysis under
macroscopic, residual tensile
strain (ex-situ)

Molecular / equilib-
rium

Micrometer /
picosecond—
nanosecond

Thin-film / post-
deformation

Band offsets shift with strain (tens of meV),
demonstrating intrinsic strain—electronic cou-
pling at the molecular level.

Local strain dynamically modulates the elec-
tronic structure, revealing instantaneous strain
effects before any structural relaxation.

The band gap remains invariant up to 7% strain
and increases only at 10% (about 4-5 meV), es-
tablishing a device-relevant strain threshold.

served that tensile perturbations suppress m-orbital overlap and transiently increase
E, on picosecond time scales. While their measurements capture local, rapidly ap-
plied strain, our ex-situ thin-film results represent the long-lived, residual outcome
of deformation, revealing which microscopic effects persist once the film relaxes.
Importantly, the observed bandgap modulation is largely independent of annealing
condition or stack architecture. This suggests that the strain response is governed
primarily by the semicrystalline network itself rather than interfacial coupling or sur-
face chemistry. Moreover, since strain was applied and held for 30 minutes before
the secondary UV—Vis measurement, the reported spectral shifts show the residual
strain effects, reflecting post-deformation structural relaxation.

Bridging Molecular Simulations and Thin-Film Realities. While molecular-
scale studies have elucidated fundamental strain—electronic coupling mechanisms,
their results do not necessarily extrapolate to thin-film systems under real-world
conditions. For instance, Menichetti et al. [29] used DFT to show that strain can
shift the donor and acceptor levels at the PSHT /PCBM interface, modulating en-
ergy offsets relevant for exciton dissociation. Similarly, Kim et al. [30] used scanning
ultrafast electron microscopy to capture transient strain-induced modulation of £,
in P3HT with sub-nanosecond temporal resolution. Both studies provide invaluable
mechanistic insights at the molecular or nanoscale level.

The results presented here contextualize prior molecular- and nanoscale predictions
of strain—electronic coupling. This is reflected in the macroscopic optical response
of device-relevant organic semiconductor thin-films. While earlier studies demon-
strated that localized tensile deformation can perturb electronic structure under
idealized or highly confined conditions [29, 30], our measurements show that such
effects do not translate into a measurable bandgap response when strain is applied
uniformly across a complete semicrystalline film. A concise comparison of these

strain regimes, measurement approaches, and their corresponding band gap and en-
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ergy level responses is provided in Table 7.3.

This behaviour is a direct consequence of the heterogeneous morphology of PSHT
thin-films. Mechanical deformation is accommodated non-affinely through mesoscale
relaxation pathways, including chain rearrangement in amorphous regions, reorgani-
zation of crystalline—amorphous boundaries, and intergrain accommodation, rather
than through uniform stretching of the m-conjugated backbone [126|. These mech-
anisms dissipate applied stress while preserving intermolecular orbital overlap, ef-
fectively buffering the electronic structure against strain-induced perturbation.

As a result, the ensemble-averaged optical response remains stable even under resid-
ual tensile strains approaching 10%. This defines a deformation window within
which P3HT thin-films can be regarded as electronically robust. This finding estab-
lishes a clear scale separation between microscopic strain sensitivity and macroscopic
optical invariance. It also provides a physically grounded explanation for the appar-
ent discrepancy between idealized predictions and device-relevant behaviour.
Direct morphological imaging by Atomic Force Microscopy (AFM) or Scanning Elec-
tron Microscopy (SEM) was not included, as ex-situ characterization of soft polymer
films can be affected by strain relaxation during handling. The interpretation there-
fore draws on the well-established semicrystalline morphology of P3HT reported in
the literature [126, 127, 204, 205]. Importantly, the conclusions are derived from
ensemble-averaged optical trends that are insensitive to local nanoscale heterogene-
ity. Future work will extend this framework through in-situ strain-dependent struc-

tural characterization to further elucidate morphology—property relationships under
load.

7.5 Conclusion

Our results demonstrate that P3HT-based thin films, both as single layers (PET /P3-
HT) and in PET/PEDOT:PSS/P3HT stacks, retain stable optical bandgaps under
tensile strain up to 7%, with no statistically significant change. This invariance
holds across annealing conditions, indicating that the semicrystalline morphology of
P3HT allows internal relaxation of strain without perturbing the electronic struc-
ture.

However, spectra recorded after applying 10% strain for 30 minutes revealed a con-
sistent increase in F, of approximately ~4-5 meV. This would suggest a threshold
above which torsional disorder or disrupted 77 stacking begins to alter the elec-
tronic structure. These findings bridge molecular predictions with thin-film realities,

showing that thin films do not exhibit continuous strain sensitivity as simulations
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might suggest, but rather a plateaued response up to a critical strain level.

For device simulation including FEM of flexible optoelectronics, this behaviour al-
lows simplification so that the optical bandgap can be treated as a constant param-
eter up to 7% strain. This enables more accurate and efficient models focused on
mechanical propagation and charge transport, rather than strain-modulated absorp-
tion.

In general, our study provides a quantitative strain threshold for optical property
stability in P3HT films, which supports their viability in long-term flexible device

applications and informs design rules for strain-resilient organic photovoltaics.
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Chapter 8

Temperature—Strain Interplay in
P3HT: A Raman Spectroscopic
Probe of Chain Alignment for

Flexible Electronics

The contents of this chapter are adapted from a manuscript currently under prepa-
ration. The material is included here with the permission of all authors. The text
has been edited to avoid repetition, particularly in the Introduction, State of the

Art, and Methodology sections.

Temperature—Strain Interplay in P3HT: A Raman Spectroscopic Probe of Chain
Alignment for Flexible Electronics; Ayush Kant Ranga, Mahya Ghorab, Veit Wag-
ner, Mojtaba Joodaki, Arnulf Materny.

8.1 Abstract

Strain-induced chain alignment has long been proposed as an effective method to
enhance charge transport in organic semiconductors. Among these materials, PSHT
remains one of the most widely investigated conjugated polymers for applications
ranging from flexible solar cells to field-effect transistors. However, when such mate-
rials are incorporated into flexible electronic architectures, mechanical deformation
not only aligns polymer chains but can also introduce structural defects that deteri-
orate the performance of the device. Temperature is another equally critical param-
eter, as thermal annealing not only promote the long-range ordering in polymers

but can also bring a certain level of rigidity to it. Despite the apparent relevance of
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both mechanical and thermal cues, their combined effect has not yet been system-
atically studied. Here, we investigate how uniaxial tensile strain interacts with con-
trolled processing temperature in rr-P3HT thin films deposited on PET substrates
at 25°C(unannealed, i.e., room temperature drying), and annealed at 50 and 75 °C.
These conditions represent manufacturing-relevant low-temperature processing con-
ditions used in roll-to-roll fabrication of flexible organic electronics. We use Raman
spectroscopy to monitor the vibrational fingerprint of rr-P3HT, focusing mainly on
the ring-skeleton modes at approximately 1377 cm™! (C-C) and 1445 cm ™! (C=C).
These modes are sensitive to m-electron delocalization and thus report on the ef-
ficiency of charge-carrier transport. Later, we introduce a PEDOT:PSS interlayer
between PET and P3HT to improve strain transfer between the underlying sub-
strate and P3HT, which can enhance structural stability, thereby promoting more
favourable chain alignment. Our results offer a coherent picture of how strain and
temperature co-govern molecular ordering and highlight processing temperature as
a key parameter that can either facilitate gentle alignment or lock the polymer into

brittle, crack-prone microstructures.

8.2 Introduction

Conjugated-polymer semiconductors remain central to flexible electronics owing to
their solution processability on lightweight plastic substrates [63, 206, 207|. They
can tolerate mechanical deformation far better than inorganic semiconductors, en-
abling devices that can bend, stretch, and fold without significant loss of perfor-
mance [128, 129, 207]. P3HT is among the most widely studied polymers and has
become a benchmark system for exploring the interplay between structural order
and charge transport for applications like solar cells and field-effect transistors [208,
209]. Recent studies have predicted that tensile deformation can orient the polymer
backbone. This could potentially lead to strengthening the interchain interactions
m-m and enhancing charge transport [56, 63, 128]. Optical measurements support
this interpretation by revealing signatures of increased m-stacking and greater po-
laron delocalization under strain [208]. However, most of this evidence arises from
simulations or experimental conditions that deviate substantially from those used
in large-area, manufacturing-relevant processing [150].

Experimentally, a major gap in the literature arises from the fact that most strain-
dependent studies probe as-cast films or layers deposited on prestretched substrates
[210]. Although these configurations can reveal P3HT’s intrinsic tendency to align

under tension, they do not capture the role of the thermal history of devices [211].

117



8.2. Introduction

Annealing promotes crystallization [212| and strengthens the interfacial adhesion
[213], the increased crystallintiy have proven a direct impact on the stiffness of
polymer blend films, which governs the crack-onset conditions in the polymer [177,
214]. Moreover, it modifies chain packing and increases film stiffness, shifting the
response of stretching from smooth molecular alignment to the formation of mi-
crocracks [214, 215]. Consequently, the same nominal strain can result in entirely
different molecular arrangements, depending on the thermal treatment. In other
words, expected chain alignment upon stretching can also lead to tthe formation of
microcracks.

Once microcracks form in these films, the mechanical environment becomes even
more complex [151]. Crack formation redistributes local stress and reduces the actual
strain experienced by the semicrystalline domains that carry excitons, polaron-pairs,
delocalized excitons and polarons in such a system [151]. The other consequence of
the formation of microcracks is slippage of metal contacts in the actual device and
strain-induced defect formation in the substrate holding the semiconducting film
[95]. The behavior of the supporting substrate adds another layer of complexity.
PET, which is widely used in flexible electronics, is not mechanically inert. Spectro-
scopic studies show that PET exhibits irreversible band shifts and linewidth changes
once tensile deformation exceeds only a few percent [31]. Such substrate evolution
alters frictional coupling and modulates strain transmission to the polymer semicon-
ductor. In optoelectronic devices, the substrate, interfacial layers, and active layer
form an integrated mechanical system, such that strain imposed on one component
is transferred throughout the stack.

Raman spectroscopy offers a sensitive probe of how mechanical deformation alters
the molecular order that governs charge transport in PSHT. Two vibrational modes
are especially informative: the intra-ring C-C stretch near 1377 cm~! and the sym-
metric C=C stretch near 1445 cm™! [149]. The 1377 cm™! mode is a signature of
backbone planarity and torsional changes in the polymer chain, and the 1445 cm™!
mode is sensitive to changes in conjugation length of polymer and chain confor-
mations [216]. Together, they provide a direct view of how the polymer structure
reorganizes in response to applied strain. We quantified structural changes by fitting
the Raman spectra and analyzing the changes in band position and full width at
FWHM of the key bands. Earlier studies show that the 1377 cm~! mode is insensi-
tive to changes induced by better alignment in thin-films, for example, via thermal
treatment and heterojunction formation with acceptor-type fullerene molecules. In
contrast, the 1445 cm™! mode can shift to lower wavenumbers as temperature-

induced ordering in polymer chains increases [93].
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In this study, PSHT films were spin-coated onto PET substrates and subsequently
annealed at 25°C, i.e., kept at room temperature, 50°C, or 75°C before being
stretched incrementally up to 10%. The non-annealed films exhibit a predomi-
nantly elastic response, reflected in a narrowing of the FWHM and only minor
shifts in the Raman band position. In contrast, the annealed films show a markedly
different behaviour: increasing the processing temperature appears to rigidify the
microstructure, effectively constraining chain mobility. This stiffening becomes most
pronounced at 75°C, where the strain-induced broadening of the FWHM points to
the development of microstructural defects under deformation. Introducing an in-
termediate PEDOT:PSS layer further modifies this response, enabling more efficient

strain transfer and improved mechanical stability during stretching.

8.3 Results and Discussion

To understand the evolution of the FWHM of the 1377 cm ™! and 1445 cm ™! Raman
bands responding to strain, we have plotted a time series of this evolution. Tj rep-
resents the time when there is no delay between the applied strain and the spectral
measurements. The Rest state represents the spectra measured after the strain was
released. The total time before releasing the strain was 30 minutes. This method
can therefore provide both transient and residual information about the response of
these films. All plotted values represent the difference between the stretched and
unstretched values of FWHM and band position of the same state. A Raman spec-
trum of a 75 °C annealed P3HT film is shown in Fig. 8.1. All spectra were measured
at three different points for statistical purposes. All spectra were recorded for 10
seconds and averaged over four iterations. The laser power was optimized to 3 mW
to eliminate any heat or bleaching-related effects on the sample. From the Raman
spectra, we identified the dominant vibrational modes characteristic of PSHT, which
are summarized in Tab. 8.1. Additional bands originate from the underlying PET
substrate; the strain response of these PET modes has been analyzed in detail in
our previous work [31]. In the present study, we concentrate exclusively on the evo-
lution of the two most structurally informative PSHT modes: the C-C stretch at
1377 ecm™! | and the C=C stretch at 1445 cm~!. These bands provide the clearest
insight into strain and temperature-induced changes in conjugation and backbone

ordering.
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Fig. 8.1: Raman spectrum of an unstretched P3HT-only film annealed at 75°C.

8.3.1 Raman Response of the 1377 cm~! Band Under Strain

and Annealing

The Raman band at ~1377 cm™! in rr-P3HT is commonly assigned to an in-plane
C-C skeletal stretching mode of the thiophene backbone, with a non-negligible con-
tribution from motions involving the hexyl side chains [217, 218|. Fanchini and

L is sensitive

co-workers demonstrated that the corresponding feature near 1380 cm™
to nanoscale ordering and phase separation, with changes in intensity and linewidth
reflecting variations in local structural order [217]. More recently, Mosca et al.
showed that the pair of backbone modes near 1377 and 1440 cm™! act as sensi-
tive fingerprints of m-electron delocalization, where increased effective conjugation
length and backbone planarity lead to a redshift and spectral narrowing, while local-
ization or enhanced torsional disorder produces blueshifts and linewidth broadening
[148]. At the same time, IR and Raman studies of P3HT degradation and com-
posite formation indicate that vibrations in the 1377-1381 cm™! region also carry
significant CH3 deformation character associated with side chains and defect-rich
segments [218]. Taken together, these observations imply that the 1377 cm™! band
reports simultaneously on backbone conjugation and planarity, as well as on the

conformational state of side chains and defect environments. Consequently, analysis
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Table 8.1: Characteristic Raman bands of P3HT and their assigned vibrational modes.

S.No Raman shift (cm™!) Assigned vibration

1 725 C-S-C deformation
2 1180 C-H bending mode
3 1208 Inter-ring C—C stretching
4 1377 Intra-ring C-C stretching
5 1445 Symmetric C=C stretching

of both the band position and FWHM under mechanical strain provides a sensitive
probe of how tensile load redistributes microscopic environments within the PSHT
layer. In the following section, the strain response of the 1377 cm ™! band is analyzed
for PET/P3HT and PET/PEDOT:PSS/P3HT stacks. For each stack, wavenumber
shifts (A7) and FWHM changes(AFWHM) are evaluated relative to the correspond-
ing unstretched reference spectrum, with negative or positive A7 indicating red or
blueshift and negative or positive AFWHM indicating spectral narrowing or broad-
ening, respectively. Both the instantaneous response at Ty and the post-unloading
Rest state are considered to distinguish recoverable from retained strain-induced
modifications.

In Fig. 8.2, we show the evolution of the 1377 cm™! Raman band as a function of
increasing strain under different annealing conditions at the instantaneous 7} state.
Panel (a) presents the strain-induced shift in the apparent Raman band position,
while panel (b) displays the corresponding variation in FWHM relative to the un-
stretched film. The post-unloading response is shown separately in Fig. 8.3. Panel
(a) illustrates the residual band-position shifts measured in the Rest state, whereas

panel (b) reports the corresponding changes in FWHM.

Unannealed P3HT on PET. For unannealed PET/P3HT films, the 1377 cm ™!
mode shows a very small wavenumber shift that is close to the detection limit un-
der strain, but a consistent narrowing of the FWHM. This indicates that stretching
does not significantly change the average backbone vibrational energy, but instead
selectively highlights the subset of chains that are better aligned and more effec-
tively coupled to the substrate. The intrinsically soft, heterogeneous morphology
of unannealed P3HT allows tensile load to be accommodated mainly through re-
versible chain alignment and slight planarization, producing a narrower FWHM
without major wavenumber shifts. After unloading (at Rest), very small residual
changes in both peak position and linewidth persist, reflecting minor, irreversible

microstructural adjustments accumulated during the 30-minute strain application.
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Overall, the unannealed films behave predominantly elastically with strain revealing
a mechanically selected, better-aligned chain population and only subtle structural

memory after unloading [148, 217, 218].

PET/P3HT annealed at 50°C. After mild thermal annealing at 50°C, the
PET/P3HT films show a markedly different response from the unannealed samples.
The 1377 cm~! band again exhibits only minimal, near-threshold wavenumber shifts,
but its FWHM broadens at all strain levels, both at Ty and Rest. This broaden-
ing reflects the more segmented, semi-crystalline microstructure produced by mild
annealing, in which strain is distributed unevenly among crystalline lamellae, tie
chains, and the constrained amorphous phase. As a result, tensile deformation pro-
duces a wider spread of local vibrational environments without significantly altering
the average backbone planarity. The incomplete recovery of the AFWHM in the
Rest state indicates that some microstructural heterogeneity, likely small interfa-
cial distortions or microcracks, persist after the 30-minute loading period. Overall,
the 50°C films deform, resulting in heterogeneous FWHM in contrast to the clean
chain-alignment behavior observed in the unannealed case, which is consistent with

a stiffer morphology prone to cracks upon stretching [214, 217, 219)|.
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Fig. 8.2: Strain dependence of the 1377 cm~! Raman band in PET/P3HT under different
annealing conditions at Tp. (a) Band-position shift at the instantaneous Ty state. (b)
Corresponding FWHM variation at Tjy. Curves correspond to unannealed, 50°C-annealed,
and 75°C-annealed films.
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Fig. 8.3: Strain dependence of the 1377 cm~! Raman band in PET/P3HT under different
annealing conditions at Rest. (a) Band-position shift in the post-unloading Rest state.
(b) Corresponding FWHM variation in the Rest state. Curves correspond to unannealed,
50°C-annealed, and 75°C-annealed films.

PET/P3HT annealed at 75°C. At 75°C annealing, where P3HT develops even
higher ordered lamellar structure compared to other temperatures [220], the strain

response of the 1377 cm™! band becomes more brittle than in the 50°C films. For
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small applied strain, the changes in FWHM are negligible, but as the applied strain
approaches the 5% mark, the FWHM broadens even more than that of 50°C an-
nealed film. Across all strain levels, the peak position at T; exhibits a small red-
shift that persists after unloading, indicating that deformation in these crystalline
domains involves irreversible changes in the vibrational environment [215]. The ac-
companying linewidth evolution remains modest-narrowing at low strain and broad-
ening at higher strain, consistent with an initial regime of coherent chain alignment
followed by the emergence of heterogeneous microstructural distortions as applied
strain increases. Overall, at 5% and above level of applied strain, the 75°C films
exhibit a deformation pathway characteristic of a stiff, highly ordered morphology,
in which load-bearing backbones are unable to relax elastically and instead develop
irreversible strain-induced defects. More importantly, the observation at 75°C is
more important compared to other annealing values, as it is representative of typi-
cal annealing temperatures involved in real device architecture, thus the observation

here establish a safe deformation limit at around 5%.

8.3.2 Impact of PEDOT:PSS

Introducing a PEDOT:PSS interlayer between PET and P3HT modifies not only
the mechanical stability but also the local electrostatic and chemical environment
of the PSHT chains. PEDOT:PSS is much softer than PET and can both medi-
ate and partially redistribute strain, while also improving adhesion and suppress-
ing interfacial slippage between PET and P3HT [219, 221]. More importantly,
the Raman band near 1377 cm™!
P3HT backbone and the poly(3,4-ethylenedioxythiophene) (PEDOT) layer in the
trilayer P3HT /PEDOT:PSS/PET configuration [222|. Consequently, this feature is

most appropriately interpreted as a stack-level spectral marker rather than a mode

contains an overlapping contribution from the

uniquely associated with a single polymer component. Strain-induced variations in
the band position and FWHM therefore, reflect the collective vibrational response of
the multilayer system. The objective of this study was to assess how the presence of
an adhesion interlayer (PEDOT:PSS), which is commonly used as a hole transport
layer in organic photovoltaic architectures, influences the strain evolution of the Ra-
man response |15, 223|. Because all strain-dependent changes are evaluated relative
to the unstretched reference state of each stack, the PEDOT contribution does not
alter the observed "trends" with respect to applied strain, but instead results in a
systematic offset of the absolute spectral parameters. The measured changes may
thus arise from the intrinsic strain sensitivity of the constituent layers, the superpo-

sition of overlapping vibrational modes, and mechanical coupling at the interfaces,
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all of which are relevant to realistic device configurations.

Figure 8.4 presents the strain-dependent evolution of the 1377 cm™! Raman band
in the PET/PEDOT:PSS/P3HT stack at the instantaneous Ty state. Panel (a)
shows the apparent band-position shift as a function of applied strain for different
annealing conditions, while panel (b) reports the corresponding variation in FWHM
relative to the unstretched film. The post-unloading response is displayed sepa-
rately in Figure 8.5. Panel (a) illustrates the residual band-position shifts measured
in the Rest state, whereas panel (b) presents the associated changes in FWHM. The
comparison between Ty and Rest enables direct assessment of reversible versus irre-
versible strain-induced structural modifications in the presence of the PEDOT:PSS

interlayer.

Unannealed P3HT with PEDOT:PSS. In unannealed PET/PEDOT:PSS/
P3HT stacks, introduction of PEDOT:PSS interlayer alters the early-stage response
at 1% strain. The 1377 cm™! band narrows strongly, indicating that PEDOT:PSS
improves mechanical coupling and selectively engages a well-aligned subset of chains
more effectively than in the PET/P3HT bilayer. At intermediate strain levels (3-
5%), the band broadens and shifts slightly to lower frequency, reflecting a temporary
increase in microstructural heterogeneity. At even higher strain (7-10%), the nar-
rowing of FWHM suggests that the mechanically dominant chains regain control
of the spectral response rather than giving way to irreversible damage. After un-
loading, only minor residual narrowing and small shifts remain, showing that the
tri-layer accommodates strain largely elastically while retaining a weak memory of

chain selection.
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Fig. 8.4: Strain dependence of the 1377 cm~! Raman band in PET/PEDOT :PSS/P3HT
under different annealing conditions at Ty. (a) Band-position shift at the instantaneous
Ty state. (b) Corresponding FWHM variation at 7. Curves correspond to unannealed,

50°C-annealed, and 75°C-annealed films.
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Fig. 8.5: Strain dependence of the 1377 cm~! Raman band in PET/PEDOT :PSS/P3HT
under different annealing conditions at Rest. (a) Band-position shift in the
post-unloading Rest state. (b) Corresponding FWHM variation in the Rest state.
Curves correspond to unannealed, 50°C-annealed, and 75°C-annealed films.

Annealed P3HT with PEDOT:PSS (50°C). Inthe annealed PET/ PEDOT:PSS/P3HT
stacks, the strain-induced shifts of the 1377 cm™' band remain small at all strain

levels and are consistently weaker than in the corresponding PET /P3HT bilayers, re-
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flecting the ability of PEDOT:PSS to redistribute the applied load. At 50°C, where
P3HT is only moderately ordered, the response consists of dominant broadening
initially but with additional strain, the FWHM becomes systematically narrower.

The overall observed trend at 50°C is narrowing compared to 1%.

Annealed P3HT with PEDOT:PSS (75°C). Analyzing the stack, which is
more relevant to a real organic semiconductor-based device, highly ordered 75°C
films with PEDOT:PSS exert an even stronger stabilizing influence. The irre-
versible redshifts characteristic of the PET/P3HT bilayer are largely suppressed,
and the FWHM remains only mildly affected, indicating that the interlayer pre-
vents catastrophic lamellar distortion or defect accumulation at the interface. At
the Rest state, the overall line width shows consistent narrowing as compared to
all the stacks, which is due to increased homogeneity in Raman scattering arising
from well-aligned subsets of polymer chains. Taken together, these results show
that PEDOT:PSS functions as an effective mechanical buffer across the considered
annealing conditions, smoothing strain gradients and preserving the structural in-
tegrity of PSHT. This is consistent with earlier investigations reporting stabilization
due to the additional layer, with the most pronounced protective effect observed in
the most crystalline films [95, 148|.

8.3.3 Raman Response of the 1445 cm ! Band Under Strain

and Annealing

The Raman band near 1445 cm~! corresponds to the symmetric C=C stretching
vibration of the P3HT backbone and is a highly sensitive spectroscopic probe of
conjugation length, backbone torsion, and m—m stacking in conjugated polymers.
Within this framework, wavenumber shifts A7 of the 1445 cm™! band primarily
indicate changes in effective conjugation length and backbone planarity. Positive
shifts (blueshifts) are associated with increased torsional disorder and reduced con-
jugation, whereas negative shifts (redshifts) may arise from backbone planarization,
extended conjugation, or defect-induced softening of local force constants. Changes
in FWHM reflect the distribution of local structural environments: narrowing cor-
responds to a more uniform subset of vibrational microenvironments, while broad-
ening signifies heterogeneous strain fields, distributed disorder. These correlations
are well established for P3HT and related conjugated polymers [93]. The analysis
below follows the strain response framework established for the 1377 cm™! band.
The 1445 cm™! results are therefore not used to redefine deformation regimes, but

rather to refine and contrast how strain accommodation differs between PET/P3HT
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and PET/PEDOT:PSS/P3HT stacks.

Figure 8.6 shows the strain-dependent evolution of the 1445 cm~! Raman band in
PET/P3HT at the instantaneous T state. Panel (a) presents the apparent band-
position shift as a function of applied strain under different annealing conditions,
while panel (b) displays the corresponding variation in FWHM relative to the un-
stretched film. The post-unloading response is presented separately in Figure 8.7.
Panel (a) illustrates the residual band-position shifts measured in the Rest state,
whereas panel (b) reports the associated changes in FWHM. Because the 1445 cm™!
mode is particularly sensitive to conjugation length and m-electron delocalization,
its strain dependence provides direct insight into how mechanical deformation and

thermal history jointly influence electronic structure in PSHT.

Unannealed P3HT on PET. In unannealed PET/P3HT, stretching consis-
tently produces a small blueshift, indicating that the dominant microscopic effect
is increased torsional disorder and a shortening of conjugation segments along the
P3HT chains. Notably, similar to the 1377 cm~! band, the corresponding linewidth
of 1445 cm~! narrows at low and intermediate strains, showing that although the
film becomes more disordered on average, the vibrational response is increasingly
dominated by a subset of semi-ordered domains that efficiently transmit mechanical
stress. This effect is characteristic of strain-assisted alignment in flexible photo-
voltaics and establishes safe deformation limits for P3HT of extended chain seg-
ments while the more amorphous portions remain mechanically inactive [224, 225].
Only at the highest strains (10%) does the linewidth broaden, signaling the onset of
heterogeneous deformation. After strain release at Rest, the wavenumber is nearly
fully recovered and the FWHM becomes narrower, reflecting the elasticity of these

soft unannealed films [95].

PET/P3HT annealed at 50°C. The 50°C-annealed PET/P3HT films exhibit
a more intricate balance between disordering and domain-specific deformation. Al-
though the wavenumber response under load remains dominated by small blueshifts-
indicating that the backbone continues to lose conjugation with tensile strain, the
linewidth alternates between narrowing and broadening depending on the strain
level. This behavior is typical of moderately semicrystalline P3HT, in which lamel-
lar crystallites and amorphous regions share mechanical load in a nonuniform fash-
ion. At some strains, only specific lamellar stacks or extended chain segments bear
deformation, narrowing the linewidth; at others, a wider distribution of torsional

configurations is activated, broadening the peak. The persistence of slight blueshifts
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after unloading at low-medium strains shows that a portion of the induced disorder
is plastically retained, consistent with modest conformational rearrangements within

semi-ordered domains.

=@- Unannealed
| =®— Annealed 50°C
=@- Annealed 75°C

=

5,

D

S| T\/

i1 2 3 4 5 6 7 8 9 10
Strain (%)

(a)

{ =@ Unannealed
-®- Annealed 50°C
{ =@— Annealed 75°C

= W U N O

AFWHM (cm?)
b oL

1 2 3 4 5 6 7 8 9 10
Strain (%)
(b)

Fig. 8.6: Strain dependence of the 1445 cm~! Raman band in PET/P3HT under different
annealing conditions at Tp. (a) Band-position shift at the instantaneous Ty state. (b)
Corresponding FWHM variation at T. Curves correspond to unannealed, 50°C-annealed,
and 75°C-annealed films.
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Fig. 8.7: Strain dependence of the 1445 cm~! Raman band in PET/P3HT under different
annealing conditions at Rest. (a) Band-position shift in the post-unloading Rest state.
(b) Corresponding FWHM variation in the Rest state. Curves correspond to unannealed,
50°C-annealed, and 75°C-annealed films.

PET/P3HT annealed at 75°C. A qualitatively different response was observed
in the 75°C-annealed PET/P3HT films, where P3HT is substantially more crys-
talline and mechanically stiff [95]. Here, strain produces redshifts both during load-
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ing and after relaxation, accompanied by dramatic linewidth broadening (up to
approximately 6-7 cm™! at Rest). This combination is the spectroscopic hallmark
of defect-dominated deformation rather than planarization. Highly ordered PSHT
lamellae are brittle and prone to early crack onset, interlamellar slip, and strain
localization [152, 221]. When such damage accumulates, bond-softening mecha-
nisms and local mechanical decoupling lower the vibrational wavenumber (redshift),
while the coexistence of intact, rotated, damaged, and fragmented chain segments
produces a highly heterogeneous vibrational environment, manifested as substantial
broadening. The irreversible nature of these shifts after unloading indicates that
the microstructure of highly annealed (75°C) P3HT undergoes permanent, damage-
mediated reorganization rather than reversible backbone deformation.

Figure 8.8 presents the strain-dependent evolution of the 1445 cm™! Raman band
in the PET/PEDOT:PSS/P3HT stack at the instantaneous Ty state. Panel (a)
shows the apparent band-position shift as a function of applied strain for different
annealing conditions, while panel (b) reports the corresponding variation in FWHM
relative to the unstretched film. The post-unloading response is shown separately
in Figure 8.9. Panel (a) illustrates the residual band-position shifts measured in
the Rest state, whereas panel (b) presents the associated changes in FWHM. As
the 1445 cm™! mode is particularly sensitive to conjugation length and 7-electron
delocalization, its strain dependence provides direct insight into how mechanical
deformation is transmitted through the PEDOT:PSS interlayer and how thermal

history modulates the electronic response of P3HT.

8.3.4 Introduction of PEDOT:PSS

Unannealed P3HT with PEDOT:PSS Introducing a PEDOT:PSS interlayer
alters these behaviors across all annealing conditions. In unannealed PET/ PE-
DOT:PSS/P3HT, strain induces very minute blue and red shifts, and the linewidth
fluctuations, though present, are consistently smaller and more controlled than in
the corresponding bare PET /P3HT films. More importantly, apart from 1% strain,
the changes in FWHM are also close to the detection limit, which shows that the

overall impact of PEDOT:PSS manifests itself as a more stable Raman response.

Annealed P3HT with PEDOT:PSS (50°C ). In the 50°C-annealed trilayers,
the spectral evolution becomes more balanced: blueshifted and redshifted compo-
nents coexist, linewidth changes alternate in sign, and the film evolves into a more
stable load-bearing configuration at higher strains. Crucially, linewidth broadening

is always far less extreme than in the bare PET/P3HT analog.
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Fig. 8.8: Strain dependence of the 1445 cm~! Raman band in PET/PEDOT :PSS/P3HT
under different annealing conditions at Ty. (a) Band-position shift at the instantaneous
Tp state. (b) Corresponding FWHM variation at 7. Curves correspond to unannealed,

50°C-annealed, and 75°C-annealed films.
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Fig. 8.9: Strain dependence of the 1445 cm~! Raman band in PET/PEDOT :PSS/P3HT
under different annealing conditions at Rest. (a) Band-position shift in the
post-unloading Rest state. (b) Corresponding FWHM variation in the Rest state.
Curves correspond to unannealed, 50°C-annealed, and 75°C-annealed films.

Annealed P3HT with PEDOT:PSS at 75°C The most important and device-
relevant stack shows the trends which are well in line with our argument of role of PE-
DOT:PSS as stabilizing layer. At 75°C-annealed PET/PEDOT:PSS/P3HT stacks,
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the presence of PEDOT:PSS suppresses the severe broadening and uniformly red-
shifted behavior observed in the brittle, highly crystalline P3HT films on bare PET.
While some mid-strain broadening persists, reflecting partial lamellar rearrangement
or defect formation, the overall vibrational signature lacks the catastrophic disorder-
ing seen in the absence of the interlayer. This demonstrates that PEDOT:PSS not
only improves interfacial adhesion but also dissipates strain energy, allowing brittle

P3HT domains to reorganize without undergoing widespread fracture.

8.4 Conclusion and Outlook

We have investigated how mechanical strain and thermal processing jointly gov-
ern the response of rr-P3HT thin films integrated on flexible PET substrates using
Raman spectroscopy. By systematically tracking band-position shifts and FWHM
under controlled stretching, we focused on the two dominant Raman-active modes
at 1377 and 1445 cm~!. The combined evolution of band position and linewidth is
required to disentangle changes in average backbone configuration from variations
in local microstructural heterogeneity. Thermal history emerges as a decisive pa-
rameter as the unannealed films deform primarily through reversible conformational
adjustment whereas increasing annealing temperature progressively constrains struc-
tural mobility, promoting retention of strain-induced configurations and the onset
of irreversible damage. In other words, the increased stiffness in annealed films have
moved the focus of strain assisited chain alignment to microcracks or damage as-
sisted heterogeneity. Finally, it is important to note a methodological and physical
limitation inherent to the present analysis. Although a systematic and controlled
experimental approach was employed to ensure that the Raman response provides
direct insight into the underlying microscopic processes, the mechanical deformation
of thin polymer films inevitably gives rise to microstructural damage that is spatially
heterogeneous and, to some extent, stochastic in nature. Such physically relevant
microdamage does not necessarily evolve monotonically with applied strain and can
therefore manifest as nontrivial or apparently irregular trends in the extracted spec-
tral parameters. This effect is further amplified by the intrinsically low scattering
efficiency of Raman spectroscopy, which enhances the influence of local variations
and signal fluctuations on the measured response. Consequently, the observed strain
dependence should be interpreted in terms of dominant physical regimes and repro-
ducible trends rather than as strictly continuous or deterministic trajectories.

The 1377 ecm™! mode provides insight into how tensile strain redistributes micro-
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scopic environments. In PET/P3HT, unannealed films exhibit negligible band-
position shifts but pronounced FWHM narrowing, indicating selective engagement
of mechanically coupled chain populations and largely elastic deformation. Mild
annealing at 50 °C shifts the response toward systematic linewidth broadening with
minimal wavenumber change, reflecting heterogeneous microstrain within a semi-
crystalline morphology. At 75 °C annealing, small but persistent redshifts accompa-
nied by enhanced linewidth broadening reveal a transition to brittle, defect-mediated
deformation within highly ordered lamellar domains. Introducing a PEDOT:PSS
interlayer modifies this behavior across all annealing conditions. In unannealed tri-
layers, PEDOT:PSS enhances mechanical coupling and suppresses localized stress
concentrations, leading to smoother and more reversible linewidth variations. In
annealed films, the interlayer suppresses large irreversible shifts and redistributes
strain more uniformly, delaying microstructural damage. Overall, PEDOT:PSS pre-
serves strain sensitivity while shifting the balance toward recoverable deformation.
The 1445 cm™! band, dominated by the symmetric C=C stretching vibration of
the P3HT backbone, provides a more direct probe of backbone-level deformation.
In PET/P3HT, unannealed films show strain-induced blueshifts accompanied by
linewidth narrowing at low to intermediate strain, consistent with increased torsional
disorder coexisting with selective engagement of load-bearing chains. At higher
strain, linewidth broadening signals the onset of heterogeneous deformation. Mode-
rate annealing at 50 °C produces a mixed elastic-plastic response, with alternating
narrowing and broadening reflecting nonuniform load sharing between crystalline
and amorphous regions. In contrast, highly annealed films exhibit pronounced red-
shifts and strong linewidth broadening that persist after unloading, indicating ir-
reversible, defect-dominated reorganization within brittle crystalline domains. The
introduction of PEDOT:PSS again alters this response. In unannealed trilayers,
strain-induced shifts and linewidth changes are modest and evolve smoothly, re-
flecting improved mechanical coupling and reduced strain localization. In annealed
systems, PEDOT:PSS suppresses the severe broadening and uniformly redshifted
behavior observed in PET /P3HT, even at high strain, demonstrating efficient dissi-
pation of strain energy and stabilization of the P3HT microstructure.

Taken together, these results establish that mechanical stretching does not uni-
versally enhance order in conjugated polymer films. Instead, the strain response
reflects a balance between processing-induced constraint and deformation-induced
redistribution, governed jointly by thermal history and stack architecture. The
PEDOT:PSS interlayer plays an active mechanical role by redistributing strain,

suppressing defect accumulation, and stabilizing ordered domains, in addition to
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its established electronic function. Raman spectroscopy combined with controlled
mechanical loading thus provides a direct probe into how backbone conformation,
microstructural order, interfacial mechanics, and damage accumulation evolve un-
der strain. The framework established here offers practical guidance for defining
safe deformation regimes and for the rational design of mechanically robust organic

semiconductor stacks for flexible and wearable optoelectronic applications.
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Chapter 9

Conclusion

9.1 Summary

This thesis examined how mechanical strain affects the optical and molecular be-
haviour of thin-film layers used in flexible organic solar cells. The central objective
was to establish a physically consistent basis for interpreting strain effects in mul-
tilayer stacks by systematically investigating the behaviour of individual functional
layers.

A key premise of this work is that device-level strain responses cannot be under-
stood without prior knowledge of how individual functional layers behave under
deformation. Measurements performed only at the molecular scale often do not
translate directly to macroscopic behaviour. Conversely, device-level observations
obscure the distinct contributions of substrates, active layers, and interfaces. This
work therefore focused on the thin-film scale as an intermediate and necessary level
of description.

By probing strain-dependent optical response and vibrational signatures under con-
trolled and application-relevant conditions, the thesis demonstrates that strain ac-
commodation is highly layer dependent. It is expressed through different balances
between recoverable alignment, retained structural reconfiguration, and defect-driven
heterogeneity. Elastic response, irreversible structural modification, and defect ac-
cumulation emerge at different strain levels depending on the role of each layer in
the stack. These behaviours are not continuous with strain and cannot be inferred
from microscopic considerations alone.

The results further show that optical stability and molecular stability do not nec-
essarily coincide. Electronic and optical observables may remain unchanged over a
given strain window, while molecular reorganization and structural fatigue already

take place. This distinction is essential for reliable interpretation of strained device
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measurements and long-term operation.

Although the experimental scope is intentionally constrained, the outcomes pro-
vide quantitative, strain-dependent descriptors that can be parameterized and in-
corporated directly into mechanical and optoelectronic models. From an electrical
engineering perspective, the work establishes a structured framework for linking
deformation, thin-film response, and device-relevant behaviour in flexible organic

electronics.

9.2 Perspectives

The findings of this thesis define several clear directions for future work. These
directions follow naturally from the limitations that were deliberately imposed to
maintain physical clarity and experimental control.

First, the mechanical loading conditions can be extended beyond uniaxial tensile
strain. Biaxial deformation, cyclic loading, and bending-induced strain would pro-
vide access to fatigue behaviour and failure accumulation that are directly relevant
to real operating conditions.

Second, time-dependent effects merit further investigation. Strain relaxation, creep,
and long-term structural evolution under sustained load were not addressed here.
These effects are expected to play a critical role in device lifetime and stability.
Third, additional characterization techniques could complement the present frame-
work. In-situ optical measurements during deformation, structural probes sensitive
to mesoscale ordering, and correlated electrical measurements would provide a more
complete picture of strain-induced evolution across length scales.

Fourth, the layer-resolved approach developed in this thesis can be extended to full
device stacks. Once individual layer responses are quantitatively established, device-
level measurements can be interpreted without relying on implicit or arbitrary as-
sumptions about strain transfer. This includes explicit treatment of interlayers that
redistribute strain rather than simply suppressing it.

Finally, the framework is not limited to organic solar cells. Any multilayer flexible
electronic system faces similar challenges in connecting microscopic reorganization
to macroscopic function. The approach presented here therefore provides a general

basis for strain-aware modeling and design in flexible electronic technologies.
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