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ABSTRACT Integration of organic semiconductors into flexible electronics requires that their op-
toelectronic properties remain stable under mechanical deformation. Among these, the optical band
gap governs exciton generation and limits photovoltaic voltage, making it a key parameter for strain-
resilient design. In this work, we investigate band gap shifts in poly(3-hexylthiophene-2,5-diyl) (P3HT)
and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/P3HT thin films deposited on
flexible poly(ethylene terephthalate) (PET) substrates under uniaxial tensile strain ranging from 1% to 10%.
Samples were subjected to mechanical deformation and then characterized by ultraviolet—visible (UV-Vis)
absorption spectroscopy. The optical band gaps extracted using a standardized Tauc analysis and statistically
validated through equivalence testing and robust regression models. We find that up to 7% strain, the band
gap shift (AE,) remains effectively invariant, independent of annealing condition or stack configuration,
demonstrating electronic stability. However, at 10% strain, all groups exhibit a reproducible widening of
~4-5 meV. This threshold-like behavior marks a transition from mechanical accommodation to electronic
perturbation. These findings confirm that the optical band gap in semicrystalline P3HT-based thin films is
robust under practical deformation, which provides clear strain thresholds to inform mechanical modeling
and device-level simulation of flexible organic optoelectronic systems.

INDEX TERMS Flexible organic electronics, Mechanical strain effects, Optical band gap stability, Poly(3-

hexylthiophene) (P3HT), Thin-film semiconductors, Ultraviolet—visible spectroscopy (UV—Vis)

. INTRODUCTION

VER the past decade, a substantial body of research

has emerged focusing on flexible and stretchable or-

anic solar cells (OSCs). The primary goal of these studies,
uch as those by Wardani et al. [1]], Dauzon et al. [2], and
ang et al. [3]], has been to enhance device architectures for
mproved mechanical compliance, durability, and application
ersatility in wearable and bio-integrated electronics. While
this body of work demonstrates significant progress, strain is
generally framed as an external constraint to be mitigated,
rather than as a dynamic variable intrinsically modulating
the physical behavior of device materials [4]-[9]. The influ-
ence of mechanical stress on the optoelectronic properties
of functional layers, such as the active layer, remains only
partially understood. These strain induced alterations includ-
ing changes in optical absorption, molecular alignment, and
charge transport pathways are critical because they ultimately
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determine the propagation of stress through the device and
modulate its overall performance [[10]—[13]]. Yet such effects
remain largely uncharacterized under realistic processing and
application conditions, limiting both our predictive modeling
capabilities and the rational design of truly strain-resilient
photovoltaic systems.

To properly address these knowledge gaps, it is important to
briefly review prior investigations that have examined how
mechanical strain impacts the optoelectronic and charge-
transport properties of organic semiconductors. Early work
by Sokolov et al. [14] focused on bending induced strain
in organic field effect transistors (OFETs). The results re-
vealed that charge carrier mobility is highly sensitive to the
dielectric/semiconductor interface. These modifications were
attributed to the dielectric surface energy, which perturbs
orbital overlap and transport pathways at the interface. This
study provided one of the first mechanistic explanations for
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strain sensitivity in device level geometries, though it did not
directly address optoelectronic properties such as band gap
or absorption edge stability.

Subsequent studies expanded this scope to molecular semi-
conductors such as rubrene. Using scanning Kelvin probe
microscopy and in-situ X-ray diffraction, Wu et al. [15]
demonstrated that the work function (WF) of rubrene single
crystals responds strongly to both tensile and compressive
strain. Their findings, supported by density functional the-
ory (DFT) calculations, indicated that the work function in-
creases under tensile strain and decreases under compressive
strain. In parallel, Kubo et al. [[16] examined uniaxial tensile
strain in organic semiconductors and observed anisotropic
degradation of charge transport. They related this behavior
to direction-dependent changes in intermolecular overlap and
to enhanced dynamic disorder. These observations suggest
that strain does not affect transport in a uniform manner
but instead depends on both the axis of deformation and the
packing orientation of the molecules. Together, these studies
provided some of the first evidence that mechanical strain can
alter essential electronic parameters in organic semiconduc-
tors. Most of the mentioned works, however, were carried out
on single crystals or highly ordered thin films. Furthermore,
while strain induced perturbations to molecular orbitals and
charge transport have been demonstrated, their direct mani-
festation in macroscopic observables such as absorption edge
shifts or photovoltaic performance metrics remains largely
unexplored.

Building on these works, more efforts have shifted from
small molecule crystals to polymeric semiconductors, where
mechanical compliance and semicrystalline disorder create
qualitatively different strain responses. Recent theoretical
and ultrafast imaging studies have suggested that even mod-
est strain can couple directly to the electronic structure of
conjugated polymers, potentially altering band alignment or
excitonic processes in well-characterized conjugated poly-
mers such as poly(3-hexylthiophene) (P3HT) [5[], [6]. While
these insights point to the possibility that mechanical de-
formation could actively modulate optoelectronic properties,
it remains unclear whether such molecular and nanoscale
effects persist in thin films under realistic processing and
operating conditions. This uncertainty motivates the present
study, where we experimentally probe the stability of the
optical band gap in strained P3HT thin films.

While prior studies demonstrate that strain can influence
the electronic behavior of organic semiconductors, they do
not yet clarify how such effects translate to technologically
relevant thin films under practical deformation. A key open
question is the stability of the optical band gap, a parameter
that defines light absorption, governs exciton generation at
the molecular scale, and ultimately dictates device level out-
puts such as open circuit voltage (V,.), short circuit current
(Ise), fill factor (FF), and power conversion efficiency (PCE)
[10]—[12f, [17], [18]]. Despite its central importance, the
response of the band gap to mechanical strain remains only
partially characterized.
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In this work, we investigate whether residual mechanical
strain in the range of 0-10% alters the optical band gap
of P3HT thin films deposited on flexible poly(ethylene
terephthalate) (PET) substrates, both as single layer and
in poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(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 mechanical degradation sets in [[19]. The 1-
7% window investigated in this study therefore encompasses
and slightly exceeds realistic device conditions. By contrast,
the 10% condition represents a deliberately severe deforma-
tion, 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 ultraviolet—visible (UV-Vis)
absorption spectroscopy before and after stretching, extract-
ing the band gap through a standardized Tauc analysis.
This approach allows us to directly test the stability of the
absorption edge in a representative layer stack for OSCs,
providing insight into how mechanical deformation translates
into optoelectronic resilience under conditions relevant to
long-term device operation.

Il. EXPERIMENTAL SETUP AND METHODS

A. SAMPLE PREPARATION

Regioregular P3HT with an average molecular weight of
20,000-45,000 g/mol from Sigma-Aldrich was used as the
donor polymer. Flexible PET with a thickness of 57.3 um was
sourced from a roll, which was manufactured for OSC appli-
cations, characterized by high optical clarity and an amor-
phous morphology [4]. For experimental use, PET sheets
were cut into 5 x 5 cm? pieces, cleaned sequentially with
a 3:2 mixture of propanol and acetone, and dried with a
nitrogen gun. To improve surface wettability and adhesion,
the substrates were further treated with UV—-ozone (UV/O3)
treatment for 5 minutes in a sealed chamber immediately
before film deposition.

A 33 mg/mL solution of P3HT in anhydrous chloroben-
zene was prepared and stirred overnight at 50°C to ensure
complete dissolution. The PET substrates were pre-heated
at 75°C for 10 minutes prior to deposition. Films were
deposited by spin-coating 400 uL of solution at 1500 rpm
for 30 seconds. After the deposition, the films were divided
into three groups: (i) no thermal treatment (unannealed), (ii)
annealing at 50°C for 5 minutes, and (iii) annealing at 75°C
for 5 minutes.

In addition to these single layer samples, bilayer structures
incorporating a thin hole transport layer (HTL) of PE-
DOT:PSS were also fabricated. In this context, PEDOT:PSS
was employed primarily to enhance interfacial adhesion,
as it provides excellent mechanical coupling between PET
and P3HT during subsequent stretching experiments. PE-
DOT:PSS (formulation containing 98% PEDOT and 2%
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FIGURE 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).

surfactant additive) was spin coated onto PET substrates at
5000 rpm for 60 s, using 1000 L of dispersion per sample.
The films were annealed at 130°C for 30 minutes to remove
residual solvent. The P3HT layer was then deposited on top
under the same spin coating conditions as described above,
yielding PET/PEDOT:PSS/P3HT structure with improved
mechanical stability.

B. EXPERIMENTAL SETUP

After annealing, test specimens with dimensions of 15
mm X 33 mm were cut from the larger substrates. The
effective gauge length between clamps was 25 mm, with
4 mm on each side reserved for clamping. Uniaxial tensile
strain was applied using a custom-built mechanical stretcher
based on a precision linear actuator. Calibration confirmed a
displacement resolution of 6.25 ym per microstep, allowing
reproducible strain increments. The maximum strain applied
in this study was limited to 10%. Beyond this point, PET
substrates undergo pronounced mechanical distortion, which
would dominate the spectral response and obscure any poly-
mer specific effects [4]]. 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 Lo (¢ = AL/Lg). All stretching and
optical measurements were performed under ambient room
temperature conditions, ensuring that no softening or mor-
phological changes associated with elevated temperatures
influenced the results.

UV-Vis absorption spectra were recorded using a
PerkinElmer Lambda 12 spectrophotometer in the 200—1000
nm wavelength range with a spectral resolution of 1 nm.
Measurements were performed under ambient conditions
with unpolarized light. For all films, three spectra were
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acquired per sample and averaged to improve signal stability.
Identical protocols were used across all sample types.

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 [4]]. That dataset was used
to subtract the PET baseline from all spectra collected in this
work. As a result, the reported absorption and extracted band
gaps 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 residual strain
protocol. Each sample was first measured in its pristine state,
then subjected to a fixed tensile strain for 30 minutes 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[l] depicts the schematic of
this setup. In this study, “residual strain” refers to structural
modifications in the organic layer that persist after unloading,
rather than a direct measurement of sample length before and
after stretching. This approach provides a direct measure of
morphological stability which are the irreversible or long-
lived changes that remain once mechanical stress is released.
From a device perspective, this is particularly relevant since
operational reliability depends not only on transient behavior
under load, but also on whether the active layers recover or
drift structurally once the strain is removed, before the next
cycle of use. While transient in-situ electronic changes during
active deformation are also of fundamental interest, they are
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beyond the scope of the present study and could be addressed
in future in-situ spectroscopy experiments.

C. TAUC ANALYSIS AND OPTICAL BAND GAP
EXTRACTION

The electronic band gap in organic semiconductors can be
characterized through multiple, complementary approaches.
The fundamental gap, defined as the energy difference be-
tween the valence band maximum (VBM) and conduction
band minimum (CBM), represents the intrinsic electronic
structure of the material. This quantity can be accessed
via first-principles band-structure calculations, or experimen-
tally through the combination of photoelectron spectroscopy
(PES) and inverse photoelectron spectroscopy (IPES), which
directly probe the ionization and electron affinity levels,
respectively [20]. In contrast, electrochemical techniques
such as cyclic voltammetry (CV) produce the transport gap,
corresponding to the energy required to generate free charge
carriers, defined by the difference between the ionization
potential (IP) and electron affinity (EA) [21].

In conjugated polymers, optical excitation typically generates
bound excitons rather than free charges, due to the low
dielectric screening and strong Coulomb interactions [22].
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
[23]]. Optical properties of P3HT can by deduced in reflection
geometry by ellipsometry or modulation spectroscopy [24],
or more convenient in transmission by UV-Vis absorption.
However, precise extraction of the optical gap from UV-Vis
absorption spectra is often hindered by vibronic fine structure
and inhomogeneous broadening arising from energetic disor-
der [25].

To determine the optical band gap, we employed the Tauc
method [26]], [27]], which relates the absorption coefficient
to photon energy hv as:

(ahv)* = B(hv — E,), (1)

where « is the absorption coefficient, h is Planck’s constant,
v is the photon frequency, F, is the optical band gap, B is
a proportionality constant, and n is the transition exponent
that depends on the nature of the electronic transition (n = %
for direct allowed transitions and n = 2 for indirect allowed
transitions) [28]—[33[. In this study, decadic absorbance A
was used in place of the absorption coefficient « to eliminate
the influence of film thickness variations on the band gap
determination. Since o = (2.303/d)A, where d is the film
thickness, the use of absorbance A in place of o merely
rescales the vertical axis of the Tauc plot without altering
the z-intercept that defines F,. The nominal thicknesses of
our spin-coated films were ~200 nm for P3HT and ~25 nm

for PEDOT:PSS, values consistent with prior reports under
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similar deposition conditions [34]. However, small sample-
to-sample variations in d (typically on the order of tens of
nanometers) can introduce artificial scatter when calculating
a. Because all films were fabricated under identical spin-
coating conditions, residual thickness variations are system-
atic across the dataset and do not bias the relative comparison
of optical band gaps. For this reason, absorbance A was used
directly, as it provides a more robust and reproducible metric
for E; extraction while decoupling the analysis from uncer-
tainties associated with precise thickness determination.

For P3HT we adopted n = 1/2, which is considered for di-
rect band gap semiconductors [35] and consistently provided
a broader and more stable linear region near the onset, while
avoiding distortions from vibronic shoulders [23]].

For each specimen, three spectra were recorded, averaged,
and smoothed with a Savitzky—Golay filter (polynomial de-
gree 3). The absorbance spectrum was converted to photon
energy using hv [eV] = 1240/X [nm] , where A is the
wavelength, and the Tauc variables were defined as z = hv
and y = (Ahv)% A fixed energy interval between 1.90
and 2.026 eV was selected as the quasi-linear onset region
(corresponding to ~604 nm at the absorption edge of P3HT).
Within this interval, a fixed number of contiguous points were
always used to ensure comparability across spectra.

Linear fits were performed using ordinary least squares
(OLS) in centered form:

y=m(z — )+ b, @

where 7 is the mean energy in the window, m the slope, and
b. the centered intercept. The band gap was obtained from

the z-intercept:
Ey=2— ﬁ 3)
m

Uncertainty in &, was estimated by error propagation (delta
method) from the regression covariance matrix of m and b,
using:

0E, be 0E, 1

om b, m’ “)
This yielded standard errors (SEs) and 95% confidence in-
tervals (CI) for each fit. Among all fixed-length windows
within the chosen interval, the optimal fit was defined as the
one with the smallest SE, provided that the coefficient of
determination (R?) exceeded 0.995 and the residuals showed
no curvature. 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 analyzed for each an-
nealing condition (unannealed, 50 °C, 75 °C), reflecting the
total number of experiments conducted per condition and
stacking configuration. The extracted band gap values were
then aggregated into condition-specific descriptor sets. For
each set, the arithmetic mean band gap (F,) 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

m2’
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FIGURE 2: KDEs of the optical band gap E,; under three annealing conditions, with fitted normal distributions for reference.
The KDEs use a Gaussian kernel (base function) and Scott’s bandwidth rule (h = on~Y 5, n = 12) [36]. Rug marks along the

axis show the 12 measured E; values for each condition.

the mean was calculated using the Student’s t-distribution,
Eg + t0.975,n—1 - 0/+/N, to capture statistical uncertainty.

In parallel, R? values from individual linear fits were av-
eraged to provide an overall metric of fit quality. Fig. ]
visualizes the distribution of E, values across annealing
conditions, 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 ex-
tracted £, values per condition to construct both the KDE
and the Gaussian fit reflects fabrication-induced variability,
which is expected to follow 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

TABLE 1: Summary of optical band gap parameters for
P3HT films. Values averaged over 12 spectra per condition.

Anneal Condition  Mean Ey SD 95% CI Mean R?
Unannealed 19571  0.0013 1.9562-19579  0.997
50°C 19571 0.0011  1.9564-1.9578  0.997
75°C 19572 0.0009 1.9567-1.9578  0.997

The baseline values of E, for unstrained P3HT films under
different annealing conditions are summarized in Table
The mean values differ by less than 0.1 meV across condi-
tions, indicating that the average optical gap remains essen-
tially unchanged within experimental uncertainty. However,
the width of the 95% CI narrows upon annealing, decreasing
from 1.7 meV in the unannealed state to 1.1 meV at 75 °C.
This reduction in variability reflects improved structural or-
der 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
pronounced shift in the mean band gap. These temperatures
correspond to commonly employed fabrication protocols for
P3HT-based organic solar cells on flexible substrates, where
annealing is usually restricted to below ~80 °C. This obser-
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FIGURE 3: Representative Tauc plot illustrating the method
used to extract the optical band gap E,. 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 E,.

vation is consistent with prior reports showing that thermal
treatment enhances crystallinity in poly(3-alkylthiophenes)
[34], [37], [38]. Fig. E], depicts the Tauc method plot, which
is used for the band gap extraction.

lll. RESULTS AND DISCUSSION
To access the effect of mechanical strain on the optical band
gap, we calculated the per-sample difference

AEQ = Egpost — Eg,pre;

where Ej e and E o denote the band gaps measured
before and after strain application, respectively. The un-
certainties from the Tauc fits were carried through so that
each AL, 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
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FIGURE 4: Mean band gap shift (AE,) versus strain with
95% Cls across all stacks and annealing conditions.

the experimental resolution limit of £5meV, which is de-
termined by the 1 nm spectrometer step size. Fig. ] presents
the aggregated results as AE, versus strain, with 95% Cls.
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 F/, of approximately 4-5 meV, which, while modest in
magnitude, clearly exceeds the estimated statistical noise.
These observations suggest a threshold-like response in the
optical band gap, which is stable under moderate strain but
increases noticeably upon entering the 10% regime. Two key
questions arise from this behavior: (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 overall pooled effect is not being driven
by one particular experimental subgroup,for example, that a
single annealing or stacking condition does not dispropor-
tionately influence the 10% increase. Second, the regression
model used to quantify this effect should remain valid even
if the data deviate from ideal statistical assumptions, such
as having constant error variance or normally distributed
residuals.

A. STATISTICAL EVALUATION OF STRAIN SENSITIVITY
As mentioned earlier, the descriptive analysis establishes that
band gap shifts remain minimal up to 7% strain, while a
clear increase emerges at 10%. To quantify this pattern, we
first fitted a pooled linear regression of AE, versus strain
using only the points at 1-7%. Here, “pooled” means that all
samples across annealing and stacking conditions were com-
bined into a single regression model. This provides a global
estimate of the slope while ignoring subgroup structure. The
estimated slope was —0.089 meV /% with a 90% CI of
[—0.173, —0.005] meV /%. We then applied a two one-sided
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test (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 < 10~'%), providing
strong evidence that the slope is statistically equivalent to
zero. Thus, it can be concluded that the optical band gap
remains effectively invariant below 7% strain.

To verify the robustness of the 10% shift, we re-expressed
strain as a categorical factor and fitted a regression with
heteroskedasticity-consistent (HC3) standard errors. This ap-
proach 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% CI. +2.38 to +6.17 meV,
p = 9.4 x 107°). These values confirm the statistically
decisive increase even under conservative assumptions. Table
2l 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 conducted
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% Cls
remained strictly positive. This demonstrates that the band
gap 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 regression with an-
nealing temperature and stack type as predictors. The results
showed neither annealing temperature nor stacking configu-
ration 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 tend to exhibit a somewhat larger shift compared to
bare PET/P3HT. This trend is consistent with 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

AFE, ~ 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 107%). This confirms that the 10% regime exhibits a
distinct upward departure from the pooled linear trend.

Together, these results demonstrate that the optical band gap
of P3HT films remains stable up to 7% strain, but exhibits
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TABLE 2: Summary of statistical tests evaluating strain sensitivity of AE,.

Contrast Estimate CI

Test Conclusion

Slope (0-7% strain) —0.089 meV/% 90% CI [-0.173, -0.005]

10% vs. pooled 1-7%  +4.27 meV 95% CI[2.38, 6.17]

TOST, margin £0.5 meV/% Effect statistically equivalent to zero;
max shift < 2 meV
Significant strain-induced permanent

changes occur between 7 and 10%

Robust categorical regression
(HC3)

a robust and reproducible widening of approximately 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. Moreover, the somewhat stronger
response in PEDOT:PSS-containing stacks suggests that the
adhesive layer facilitates more effective strain transfer into
the active P3HT, aligning with its design purpose.

B. PHYSICAL INTERPRETATION AND DEVICE-LEVEL
IMPLICATIONS

The negligible band gap shifts observed up to 7% strain
suggest that the optoelectronic properties of P3HT films
remain stable because strain is dissipated through intrin-
sic microstructural relaxation processes rather than elec-
tronic perturbation. Poly(3-hexylthiophene) is known to form
semicrystalline films comprising ordered lamellae inter-
spersed within amorphous matrices [37]], [39]]. These crys-
talline domains, stabilized by m—m stacking and lamellar
alignment, have been shown to provide mechanical reinforce-
ment and preserve charge transport properties under moder-
ate strain [40]], [41]. Strain in such films is accommodated
through chain slippage or relaxation at phase boundaries [42]].
In addition, conformational reorganization within amorphous
regions can occur, rather than direct deformation of the con-
jugated backbone. These mechanisms help maintain orbital
overlap and prevent significant disruption of the electronic
structure.

At higher strain levels (10%), the modest but statistically sig-
nificant increase in optical band gap (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 misalign-
ment, or disruption of favorable stacking orientations [41]].
These structural changes reduce the effective conjugation
length and lead to a blue-shift of the absorption onset. This
interpretation is consistent with ultrafast microscopy results
from Kim et al. [5], which showed that localized tensile
strain suppresses 7 orbital overlap and transiently increases
E,; within hundreds of picoseconds.

Importantly, the observed band gap 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 surface chemistry. Moreover, since strain was ap-
plied and held for 30 minutes before UV—-Vis remeasurement,
the reported spectral shifts represent residual strain effects,
reflecting post-deformation structural relaxation rather than
transient or in-situ deformation.
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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. [6] used DFT to
show that strain can shift the donor and acceptor levels at the
P3HT/PCBM interface, modulating energy offsets relevant
for exciton dissociation. Similarly, Kim et al. [5] used scan-
ning ultrafast electron microscopy to capture transient strain-
induced modulation of E,; in P3HT with sub-nanosecond
temporal resolution. Both studies provide invaluable mech-
anistic insights at the molecular or nanoscale level.
However, thin-film organic semiconductors exhibit com-
plex and heterogeneous morphologies. Their structure is
not uniform, meaning semi-crystalline domains are inter-
spersed within amorphous matrices, and the interfaces often
show significant roughness. Grain boundaries further add
to this heterogeneity [40], [42]. Mechanical deformation
in semicrystalline polymer films is highly non-affine. This
means that when the sample is stretched, the molecules do
not move in lockstep with the overall strain field. Instead,
their local displacements vary with chain orientation and
microstructure and stress is redistributed through mesoscale
relaxation pathways. For example, chains in amorphous
regions can disentangle and slip past one another, crys-
talline—amorphous phase boundaries can shift or reorient,
and grain interfaces may accommodate strain through fric-
tional sliding. These processes dissipate mechanical energy
without requiring proportional stretching of the m-conjugated
backbones, thereby preserving orbital overlap and mitigating
direct electronic disruption [40], [43].

Our findings suggests that such morphologies provide a
degree of electronic resilience, suppressing band gap modu-
lation even under residual strains of up to 10%. Strain can
alter orbital energies at the local scale. While strain may
perturb orbital energies locally, the film’s ensemble-averaged
optical response remains stable. This disconnect underscores
the need to validate molecular-level predictions in the geom-
etry of complete devices. In practice, molecular simulations
and ultrafast imaging only gain full meaning when viewed
within the structural and mechanical framework of thin-film
architectures.

IV. CONCLUSION

Our results demonstrate that P3HT-based thin films, both
as single layers (PET/P3HT) and in PET/PEDOT:PSS/P3HT
stacks, retain stable optical band gaps under tensile strain up
to 7%, with no statistically significant change. This invari-
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ance holds across annealing conditions, indicating that the
semicrystalline morphology of P3HT allows internal relax-
ation of strain without perturbing the electronic structure.
However, spectra recorded after applying 10% strain for 30
minutes revealed a consistent increase in E, of approxi-
mately ~4-5 meV. This would suggest a threshold above
which torsional disorder or disrupted m—m stacking begins to
alter the electronic structure. These findings bridge molecular
predictions with thin-film realities, showing that thin films do
not exhibit continuous strain sensitivity as simulations might
suggest, but rather a plateaued response up to a critical strain
level.

For device simulation including finite element modeling
(FEM) of flexible optoelectronics, this behavior allows sim-
plification so that the optical band gap can be treated as a con-
stant parameter up to 7% strain. This enables more accurate
and efficient models focused on mechanical propagation and
charge transport, rather than strain-modulated absorption.

In general, our study provides a quantitative strain threshold
for optical property stability in P3HT films, which sup-
ports their viability in long-term flexible device applications
and informs design rules for strain-resilient organic photo-
voltaics.
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