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Nanostructure and Photovoltaic Potential of Plasmonic

Nanofibrous Active Layers

Ryan M. Schofield,* Barbara M. Maciejewska, Karim A. Elmestekawy, Jack M. Woolley,
George. T. Tebbutt, Mohsen Danaie, Christopher S. Allen, Laura M. Herz,

Hazel E. Assender, and Nicole Grobert*

Nanofibrous active layers offer hierarchical control over molecular structure,
and the size and distribution of electron donor:acceptor domains, beyond
conventional organic photovoltaic architectures. This structure is created by
forming donor pathways via electrospinning nanofibers of semiconducting
polymer, then infiltrating with an electron acceptor. Electrospinning induces
chain and crystallite alignment, resulting in enhanced light-harvesting and
charge transport. Here, the charge transport capabilities are predicted, and
charge separation and dynamics are evaluated in these active layers, to assess
their photovoltaic potential. Through X-ray and electron diffraction, the fiber
nanostructure is elucidated, with uniaxial elongation of the electrospinning jet
aligning the polymer backbones within crystallites orthogonal to the fiber axis,
and amorphous chains parallel. It is revealed that this structure forms when
anisotropic crystallites, pre-assembled in solution, become oriented along the
fiber- a configuration with high charge transport potential. Competitive
dissociation of excitons formed in the photoactive nanofibers is recorded,
with 95%+ photoluminescence quenching upon electron acceptor
introduction. Transient absorption studies reveal that silver nanoparticle
addition to the fibers improves charge generation and/or lifetimes. 1 ns

1. Introduction

Emerging solar technologies including or-
ganic photovoltaics (OPVs) provide intrin-
sic advantages over their conventional sil-
icon counterparts. Consisting of Earth-
abundant elements, tuneable organic semi-
conductors provide a low-cost, lightweight,
and renewable source of energy at the
point-of-use. Payback of the total lifetime
energy requirement of commercial OPVs
can be achieved in just 2-7 months!*?!
and are projected to hold lifetimes of
20+ years.>?) Furthermore, OPVs do not
face the ecotoxicological concerns asso-
ciated with competing lead perovskites!*l
and offer simple end-of-life treatment.[’!
The strong exciton binding energies ex-
hibited by organic semiconductors neces-
sitate the use of an electron donor: accep-
tor heterojunction to provide the driving
force for charge separation. The archetypal

post-excitation, the plasmonic architecture contains 45% more polarons, per
exciton formed, than the bulk heterojunction. Therefore, enhanced exciton
populations may be successfully translated into additional charge carriers.

OPV active layer, the bulk heterojunction
(BHJ), maximizes this interfacial area via
phase separation of a 3D donor and accep-
tor blend, to generate percolated, nanoscale
domains. However, with the BH]J displaying
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peak efficiency at <200 nm thick, it cannot harvest the complete
photon flux.1®’] Increasing the BH] thickness encourages greater
absorption, but to the detriment of charge extraction. State-of-
the-art devices lose ~20% of potential photocurrent due to this
incomplete absorption®®! with record efficiency devices reach-
ing 80% of the Shockley-Queisser short circuit current limit.["!
Therefore, research into alternative architectures, such as nanofi-
brous active layers, aims to enhance light-harvesting by a given
mass of material.

Such active layers are produced as depicted in Figure 1a—d,
by electrospinning a nanofiber (NF) mat of an electron donor
polymer, e.g. poly(3-hexylthiophene) (P3HT), and subsequently
infiltrating the interstitial space with an acceptor!'®'] or BH]J
blend.314] The infiltration method for incorporating electrospun
material into OPV active layers was initially developed by Bedford
et al.,l"3 adapted to blade-coating by Pierini et al.,l'! and altered
to deposit acceptor molecules from orthogonal solvents by Kim
etal,, as in this work.[1%11]

This architecture provides opportunities to engineer the ac-
tive layer structure beyond the limits of the BHJ, at the molec-
ular, crystallite, and domain scales. Electrospinning is a scalable
method of producing continuous, nanoscale fibers through the
extrusion of a jet from a polymer solution by strong electric fields.
The shear and elongational forces experienced by the fiber com-
monly induce polymer chain extension and alignment at the
molecular level. Upon fiber collection, polymer backbones are
oriented within the substrate plane, optimizing overlap between
the #—z* transition dipole moment and the electric field vector
of light!'31* and producing a red-shift, delivering greater optical
absorption.[!31516] Chain and crystallite alignment may also lead
to increased charge mobility. When appropriately implemented,
nanofibrous active layers have improved device efficiencies rela-
tive to their thin-film equivalents.'113-1%]

This active layer retains the benefits of a bulk-like interface
with bi-continuity of the donor and acceptor domains, whilst
offering additional control at the domain level. Design of the
donor NFs allows tuning of the domain size,['%!! the intermixed
region,!'”) or the distribution/grading of each component. These
architectures could also deliver effective nanoscale phase separa-
tion in donor: acceptor systems which cannot be processed from
blend solutions due to excessive miscibility or immiscibility.[181°]

Although sequential deposition requires the use of orthogonal
solvents, it would be possible to select the delivery of key addi-
tives, such as plasmonic nanoparticles (NPs), to specific regions.
Resultantly, in the plasmonic, nanofibrous active layer presented
here, the dominant photoactive component can be preferentially
located in the region of greatest electric field enhancement, at the
NP surface.?] It is important to note that NPs are not primar-
ily (or exclusively) introduced into electrospun fibers to harness
plasmonic enhancement. Instead, our previous research revealed
that NP addition to P3HT NFs produced thinner diameter fibers
than previously accessible, generating a greater degree of poly-
mer alignment which enhanced photon absorption by increas-
ing the population of polymer chains oriented in-plane. Along-
side the Local Surface Plasmon Resonance (LSPR) effect, NP-
containing P3HT NFs showed the absorption of 58% more light
than thin films.[']

The present work seeks to evaluate the ultimate potential of
the plasmonic, nanofibrous active layer based upon the conven-
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tional donor and acceptor, P3HT, and [6,6]-phenyl-C, -butyric
acid methyl ester (PCBM). By investigating the efficiency of indi-
vidual photovoltaic processes—namely exciton dissociation and
the kinetics of resultant charges—whilst also forecasting charge
transport properties through structural studies, this study aims
to predict the performance of an optimized nanofibrous OPV de-
vice. An inefficiency in any one of these steps could impose a bot-
tleneck on the entire system, highlighting the importance of this
stepwise investigation, which has not yet been conducted upon
electrospun active layers. The majority of existing research has fo-
cused on the overall performance of complete devices featuring
electrospun fibers, leaving a significant gap in understanding the
efficacy of fundamental processes and process-structure-property
relationships.

The classical P3HT:PCBM donor:acceptor system serves as an
ideal prototypal platform for novel architectures, enabling the
study of the effects of fiber processing on key photovoltaic steps.
The photo-physics and morphology of this blend are well-studied,
making it highly attractive for preliminary studies, despite its
comparatively lower photovoltaic efficiency relative to contem-
porary materials. The incorporation of an auxiliary polymer to
control electrospinning facilitates the straightforward transfer of
this architecture to higher-efficiency systems, without significant
changes to processing. This approach ensures that the insights
gained here can be directly applied to state-of-the-art OPVs, such
as push-pull type polymers and Y-series acceptors.

Furthermore, these advancements in non-fullerene acceptors
and push-pull polymer donors have led to laboratory OPV devices
with efficiencies exceeding 19%.12!) Arguably, this satisfies com-
mercialization barriers,?223] and therefore, the primary research
focus is shifting from driving efficiencies higher to replicating
these achievements with materials that are cheaper, chemically
simpler, and more air-stable.[>?3] These qualities are better pre-
sented by the classical P3HT:PCBM system versus those used in
current record devices. 226l

To assess charge transport in P3HT fibers, we investigate how
the electrospinning process dictates the molecular structure of
the photoactive material. X-ray and 4D-Scanning Transmission
Electron Microscopy (4D-STEM) diffraction is used to elucidate
the crystallite orientation, anisotropic dimensions, and distribu-
tion within individual P3HT NFs. To our knowledge, this repre-
sents the first published application of 4D-STEM to map the crys-
talline phases within electrospun nanofibers. We find that poly-
mer backbones within the crystallites are oriented orthogonally
in the fiber, which holds the possibility for enhancing lateral (IP,
along the fiber axis) and vertical (OOP, across the fiber) charge
transport (Figure le,f).

Excitons must be dissociated for good photovoltaic perfor-
mance. Historically, charge separation in NF-based heterojunc-
tions has been ineffectual, as fiber diameters were often mag-
nitudes larger than the exciton diffusion length due to the dif-
ficulty in spinning conjugated polymers.l¥’] Hence, it is com-
mon to co-electrospin with an auxiliary polymer to generate the
entanglement to reliably spin homogenous fibers. In combina-
tion with polar co-solvent addition,!'”) or the introduction of plas-
monic metal NPs to spinning solutions, ultra-thin P3HT NFs
have been produced with diameters of just 55 nm.[**] We demon-
strate that these diameter reduction strategies ameliorate ex-
citon recombination issues which hamper the performance of
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Figure 1. SEM micrographs of a) NP-containing P3HT/PEO NFs, b) NP-containing P3HT NFs after PEO removal, and c) the nanofibrous active layer
following PCBM infiltration. d) Depiction of an OPV device featuring the nanofibrous active layer. Schematic of e) a simplified P3HT unit cell and f) the
proposed crystallite structure within electrospun P3HT NFs, with potential mechanisms for greater lateral (in-plane, IP) and vertical (out-of-plane, OOP)
charge transport. g) Virtual dark field (vDF) image of a P3HT/AuNP NF (scale bar: 100 nm) generated by masking the (020) scattering region in the
h) mean or i) max diffraction patterns produced by 4D-STEM. j) Bragg vector map (BVM) of the P3HT/AuNP NF produced using a cross-correlation
protocol and corrected for beam-shift, elliptical distortion, and the real-to-diffraction space rotation. Arrow denotes the real-space fiber orientation.
k) Expected electron diffraction patterns generated by the edge-on, face-on, and end-on P3HT crystallite configurations.
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thicker fibers. Competitive levels of charge carrier generation
are revealed using photoluminescence (PL) and femtosecond-
Transient Absorption Spectroscopy (fs-TAS), to probe the dynam-
ics of photoinduced species over four temporal decades. Here,
the direct evidence of charge carrier formation acquired via fs-
TAS not only substantiates but also conclusively validates the
inferences from PL quenching used in prior research. Active
layers comprised of fibers with diameters a magnitude larger
than the exciton diffusion length exceeded predictions, providing
near-complete PL quenching, likely due to PCBM diffusion into
NFs.

Whilst plasmonic NPs reproducibly increase initial exciton
populations, their influence on device performance remains
controversial 3% due to recombination mechanisms intro-
duced following NP addition.!?’l Contrary to prior reports, here,
fs-TAS provides evidence of slower exciton/polaron signal relax-
ation in nanofibrous active layers, indicative of more effective
charge separation and longer lifetimes. This finding challenges
long-standing concerns and demonstrates that when integrated
appropriately, plasmonic nanoparticles can be beneficial rather
than parasitic.

2. Results and Discussion

2.1. Elucidation of Internal Crystallite Nanostructure via Electron
and X-ray Diffraction

Pristine and NP-containing P3HT NFs were prepared directly
onto indium tin oxide (ITO) coated glass substrates using the
electrospinning protocol outlined by Schofield et al.['®l P3HT and
other conjugated polymers produce low entanglement in solu-
tion, and therefore poly(ethylene oxide) (PEO) is added to in-
crease solution viscosity. During electrospinning, PEO entangle-
ment resists the elongational forces generated by the electric field
upon the charged jet, impeding fiber break-up or beading, and
promoting uniform/homogeneous morphologies.332 The ad-
dition of AuNPs (capped with oleylamine) or AgNPs (produced
in situ following the introduction of AgNO,) reduces the viscos-
ity and increases the conductivity of PEO solutions over time, !’
which reduces the diameter of fibers produced from solutions
aged for longer before spinning.!'°]

Thus, P3HT/PEO-based NFs were first prepared from blend
solutions, aged for 96 h (Figure 1a), and P3HT NFs were then
obtained by submerging in isopropanol (IPA), heated above the
glass transition temperature of PEO (Figure 1b). In our previous
work, thermogravimetric analysis was used to demonstrate that
this procedure was up to 98.5% effective at selectively removing
PEO.['%] The resultant NP-containing fibers measure ~55 nm in
depth (diameter normal to the substrate) by 100 nm wide (in the
plane of the substrate). Pristine NFs are larger, at 100 nm deep
by 330 nm wide.l1%

Figure le depicts a simplified P3HT crystal lattice, defining
the directional terminology and (hkl) axes used in the follow-
ing section. Hole mobility in P3HT is fastest along the back-
bone, then in the z—z direction, and slowest in the lamellae
direction,?*] while longer crystallite coherence lengths reduce
resistance to charge transport. As OOP charge transport is vi-
tal for carrier collection in OPVs,!*] it is essential to under-
stand the orientation of crystallites within the nanofibrous ac-
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tive layers wrt the substrate. To investigate the influence of
electrospinning on the crystallite orientation, we utilize 4D-
STEM and 2D Grazing Incidence X-ray Diffraction (2D GI-XRD).
These studies reveal a preferential alignment of P3HT crystallites
within the electrospun fibers, more specifically, that presented in
Figure 1f.

Direct observation of crystallites within beam-sensitive organic
materials is challenging,3¢-°! due to rapid loss of polymer crys-
tallinity via radiolysis upon electron exposure.[*l In 4D-STEM
nanobeam diffraction, an electron beam, ~2 nm in diameter, is
raster scanned across a specimen and a 2D diffraction pattern is
recorded at each beam position. At non-cryogenic conditions, low
electron doses (<6 e~ A~2) in combination with a blind fiber selec-
tion strategy, were sufficient to reduce beam damage and enable
the collection of clear diffraction from P3HT/AuNP NFs, shown
in the virtual dark field (vDF) image in Figure 1g. The mean and
maximum diffraction patterns produced by this NF are displayed
in Figure 1h,i. Bragg spots, originating from P3HT (020) z—=
and (100) lamellar stacking, are visible at 0.525 A~ (0.38 nm)
and ~0.131 A~! (~1.53 nm), respectively. A representative se-
lection of diffraction patterns is given in Figure S1 (Supporting
Information).

The mean diffraction pattern in Figure 1h is dominated by the
prominent P3HT (020) diffraction. However, in the maximum
diffraction pattern in Figure 1i, each pixel is assigned the great-
est intensity recorded across all probe positions. Thereby, Bragg
spots which are present at very few electron probe positions can
be visualized. In this scheme, diffraction by the (111), (200), (220),
(311), and (222) planes of the AuNPs, dispersed within the poly-
mer matrix, is better defined (labeled in Figure S2, Supporting
Information) and P3HT (100) stacking is observed beside the
central disc.

Perfect P3HT crystals produce a series of well-defined Bragg
spots,[*#2] however, the diffuse (020) and (100) scattering
recorded here, indicates that the fibers are polycrystalline—
consistent with select-area electron diffraction (SAED) analy-
sis on P3HT:PCBM fibers, electrospun by Bedford et al.3] Al-
though, conversely to that report, we find that the (020) and (100)
scattering is localized to azimuthal ranges at 90° § to each other.
This reveals that a preferential orientation is generated within
the fibers, with the observed scattering behavior consistent with
end-on crystallites, or a combination of two or more configura-
tions, as conveyed in Figure 1k. P3HT configurations are typically
denoted wrt the substrate, or the plane of the TEM grid in this
case.

The vDF in Figure 1g is generated by placing a virtual an-
nular aperture in the (020) scattering region of the raw diffrac-
tion patterns (shown in Figure S3b, Supporting Information)
and reveals the anisotropic shape of these features, which ap-
pear as a series of long striations along the fiber axis. P3HT
lamellar features or the AuNPs may also be visualized analo-
gously, see Figures S3 and S4 (Supporting Information). Using a
cross-correlation template matching technique (parameter tun-
ing in Figure S5, Supporting Information), the position of all
Bragg reflections in the 4D dataset are identified. This protocol
detects the Bragg peaks generated by crystalline regions by find-
ing the cross-correlation maxima, or features of closest similar-
ity, to a template of the vacuum probe.l’”*3# This reduces the
background scattering intensity in the Bragg vector map (BVM)

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. a) Schematic presenting the along and across-axis view of the proposed crystallite orientation in electrospun P3HT NFs. b,c) 2D GI-XRD
detector images produced by aligned nanowebs of b) as-spun P3HT/PEO/AgNP NFs and c) washed P3HT/AgNP NFs with the X-ray beam incident
parallel (I) and perpendicular (L) to the fiber axes. Scattering characteristics are largely isotropic with parallel radiation but reveal a preferential orientation
when perpendicular. d—f) Azimuthal line-cuts from the OOP meridian (0 °f) to IP axis (87 °f) of d,e) (100) scattering of d) as-spun and e) washed NFs.
f) Azimuthal trace of (020) scattering by washed NFs. g) OOP and h) IP 1D profiles of washed P3HT/AgNP NFs. i) The extent of crystallite alignment in
varied diameter P3HT NFs determined from the difference in Hermans’ orientation factor with parallel versus perpendicular radiation.

as contributions from amorphous scattering and noise do not
match the structure of the template, limiting false detection.[*]
Therefore, in the BVM presented in Figure 1j, higher-order P3HT
(200) and (300) spacings are also resolved. Following the rota-
tion calibration, it is revealed that the [0kO] crystallite axis is ori-

Small 2025, 21, 2409269

2409269 (5 of 15)

ented along the fiber, whilst the [h00] axis is found across the
fiber.

To elucidate the specific crystallite configurations, 2D GI-
XRD is employed in Figure 2, wherein the X-ray radiation
is incident parallel and perpendicular to the fiber axes (see
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Figures S6-S10, Supporting Information), with the parallel view
enabling investigation of the “radial” preference of crystallites
within the fiber. This is achieved using a rotating collector to
generate fiber-to-fiber alignment in a common direction. In
Figure 2a, the cross—sectional and side view of the proposed fiber
nanostructure from Figure 1f is presented.

As the fiber jet twists during the flight from the spinneret
to the collector, one may not expect a preferred crystallite ori-
entation wrt the fiber radius to exist. Indeed, with the parallel
() fiber-to-beam view, the 2D detector images in Figure 2b
contain largely isotropic Debye-Scherrer rings from P3HT (100)
scattering, at 5-5.5° 26, and PEO scattering at 19° and 23° 26,
predominantly arising from (112) and (120) planes, respectively.
The broader intensity of IP scattering is discussed in Figure
S7 (Supporting Information). Conveyed in Figure 2d, the az-
imuthal traces, extracted from the OOP meridian, 0° f, to the
IP axis, 87° f, indicate a continuum of (100) planes oriented
from approximately parallel to the substrate (scattering OOP) to
perpendicular (scattering IP). The IP (100) scattering intensity
reaches 70% of its OOP maximum, and therefore, there is some
preference for the edge-on orientation overall. When the fiber
is collected, the residual solvent could provide polymer chain
lability to enrich the relative proportion of edge-on crystallites,
as it is thermodynamically favorable for alkyl side-chains to
be located at the substrate-fiber interface. Thermal treatment
during PEO removal further enhances the edge-on preference,
and in response, the IP (100) intensity drops to 40% versus OOP
(Figure 2e). This is accelerated by NF slumping during washing,
which increases the substrate-fiber interfacial area.

It is clear from the along-axis (parallel) view in Figure 2a,
that P3HT (020) planes should not produce scattering with this
X-ray orientation, however, imperfect crystallite alighment and
macroscopic fiber-to-fiber alignment deliver a weak, isotropic
(020) ring. This is observed in Figure 2c at 22-23° 26 after PEO
dissolution.

When X-rays are perpendicular (1) to the fiber, equivalent
diffraction characteristics to that presented in Figure 1j are gener-
ated. This indicates that (100) planes that satisfy the Bragg condi-
tion are oriented parallel to the substrate, producing a strong pref-
erence for OOP scattering (see L in Figure 2b—e). (020) planes are
perpendicular to the substrate, producing the opposite IP scat-
tering preference (see L in Figure 2¢,f). Randomly-oriented fiber
mats produce averaged behavior of each X-ray orientation, Figure
S11 (Supporting Information).

These results corroborate a regime where crystallites, with the
[0kO] axis oriented along the fiber length, are rotated about the
fiber axis, reducing the radial preference and producing a con-
tinuum of crystallite orientations from edge-on to end-on wrt
the substrate. Inspection of the extracted 1D OOP (0- 10 °f) and
IP (77- 87 °p) profiles in Figure 2g,h, relay a similar story, with
almost identical OOP scattering regardless of the orientation.
Meanwhile, IP (100) and (020) scattering are higher under par-
allel and perpendicular fiber-to-beam conditions, respectively.

Hermans’ orientation factors (<P,>) can determine the extent
of alignment from the azimuthal traces (discussion following
Figure S12 and Table S1, Supporting Information). A<P,>, or
the level of along-fiber alignment, is estimated from the differ-
ence between the factors calculated with parallel and perpendic-
ular X-ray illumination. In Figure 2i, A<P,> of NFs spun after
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the initial AgNO, addition drops to near-zero. Yet as the solution
is aged before fiber spinning, A<P,> increases alongside the di-
ameter reduction (see also Figures S13-S16, Supporting Infor-
mation). The ultra-thin NP-containing P3HT NFs (aged for 96 h)
possess greater alignment of (100) planes parallel to the substrate
than their thicker, pristine counterparts. However, the pristine
NFs retain a greater perpendicular alignment wrt (020) planes.
Therefore, a systematic relationship between the degree of crys-
tallite alignment and diameter is not found.

Crystallites are frequently reported to form with the polymer
backbone oriented along the fiber!!>#! as stretching forces ex-
tend polymer chains in the direction of elongation during the
early stages of electrospinning. As the fiber dries, the chains tem-
plate crystallization, with the [00]] axis orientation becoming ki-
netically trapped along the fiber. This nanostructure would pro-
duce greater OOP (100) and (020) scattering in the perpendicular
X-ray regime.!13#48]

With the perpendicular fiber-to-beam orientation, PEO crystal-
lites in the as-spun fibers present scattering behavior akin to stud-
ies wherein the backbone is oriented along the fiber axis with no
radial preference- supported by the isotropic scattering character
with the parallel X-ray beam.[*>*% Furthermore, in our previous
study on these P3HT NFs, polarized absorption spectroscopy re-
vealed an overall preference for the polymer chains to be oriented
along the fiber backbone.['®] Therefore, it was intriguing that the
polymer chains in the crystallites are found to be orthogonal to
the fiber. Although this is precedented, the origin of its forma-
tion has remained elusive.>*?] The aforementioned polarized
absorption is a sum of amorphous and crystalline polymer con-
tributions. In combination, these analyses reveal that our elec-
trospun NFs present a unique internal structure; one wherein
polymer chains in amorphous domains are oriented along the
fiber backbone, whilst polymer in crystalline regions possesses
an orthogonal orientation.

To reveal the mechanism for this nanostructure’s formation,
vDF images are constructed from the 4D-STEM BVM from the
(100) and (020) scattering regions. Probe positions are assigned
values according to the maximum recorded intensity of (100) and
(020) diffraction, and the angle between a line drawn from the
central disc to the Bragg peak, and the y-axis. The corresponding
maps are displayed in Figure 3a,b. After Bragg detection, the crys-
talline features in Figure 3a,b are more distinct than Figure 1g
and Figure S3 (Supporting Information), and now reveal the spa-
tial distribution and anisotropic shape of the crystallites— with
rm—r coherence lengths imaged up to 80 nm (~10 nm wide).

Combining the intensity and angular position of the Bragg
peaks generates an intensity-weighted angle map presented in
Figure 3¢, using intensity to assign opacity to each pixel. (100)
scattering is detected at fewer probe positions than (020), as (020)
planes will satisfy the scattering condition throughout the rota-
tion of a P3HT crystallite about its [0kO0] axis. Conversely, a 2° tilt
from the [00]] axis, attenuates (100) scattering (Figure S17, Sup-
porting Information). Histograms of intensity and Bragg peak
angle, are shown in Figure 3d,e. The intensity-weighted angle
map (Figure 3c) demonstrates the high degree of common ori-
entation imparted by the electrospinning process within a sin-
gle fiber. The <P,> factor of the (020) map in Figure 3d is 0.639
(0.593 + 0.116, n = 7) rising to 0.743 (0.636 = 0.110) when
weighted for intensity; greater alignment is determined than with
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Figure 3. a) Intensity and b) angle/orientation map of (020) and (010) Bragg scattering at each probe position. Color in (b) is assigned based on the
angle between the Bragg vector and the vertical axis. c) Combined intensity-weighted orientation map with color governed by the angle, whilst intensity
dictates opacity. d,e) 2D histogram of the d) (020) and e) (100) Bragg vector angles extracted from (c). The continuous line represents a gaussian curve
fit. f) Intensity-weighted angle map of a P3HT nanoweb featuring several fibers (inset: BYM of the web). g) UV-Vis absorption spectra of the spinning
solution at different solution aging times, revealing crystallite self-assembly prior to electrospinning. h) Idealized structural schematic of crystallite
anisotropy and orientation within electrospun P3HT NFs, crystallites not to scale.

X-rays due to the removal of amorphous contribution under the
Bragg detection method. The intensity-weighted (020) map of
a nanoweb containing several randomly-oriented fibers is dis-
played in Figure 3f. The inset BVM presents isotropic behavior
across the full field of view, however 4D-STEM reveals the align-
ment within each fiber.

In Figure 3d, a sub-peak is present 90° § to the major (020)
peak, attributed to either (020) or (002) scattering, which pos-
sess similar d-spacings. If ascribed to (002), this indicates that
pre-aggregation produces substantial order in the backbone
direction, not observed in thin films or previously reported
electrospun P3HT fibers. If attributed to (020), this would be
ascribed to crystallites formed during electrospinning, templated
by dissolved polymer chains that are aligned parallel to the fiber
prior to crystallization.

The development of vibronic peaks over time in Figure 3g,
co-existing with the z—x* transition of well-dissolved P3HT
at 451 nm, indicates that pre-aggregation of crystallites occurs
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in solution following N,N’-dimethylformamide (DMF) addition
and aging. In fact, non-solvent addition or slow cooling are rou-
tine methods used to produce self-assembled crystals.[*1*2] These
crystals are often anisotropic, with P3HT growing preferentially
by z—r stacking, and are therefore longest in this direction, as in
Figure 3a—c.[333-5%] Therein, we reveal that the formation mech-
anism for crystalline domains containing orthogonally-oriented
chains is the very same driving force that aligns the polymer in
amorphous regions along the axis- uniaxial elongation. Dissolved
polymer chains are extended along the fiber axis as the molecule
is longest in the backbone direction. However, once assembled
into nanocrystals, the longer aspect is in the (0k0) direction, or-
thogonal to the (001) backbone. Thereby, elongation delivers the
opposite backbone orientation.

These findings suggest that polymer crystallinity is domi-
nated by crystallites formed by pre-aggregation before spinning,
rather than during the spinning process. Both high and low crys-
tallinity in electrospun fibers versus films have been frequently
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observed.1°2] Here, it is evident that rapid evaporation of the
volatile solvent, chloroform, does not allow for significant ad-
ditional crystallization to occur during electrospinning. X-ray
studies of the P3HT/AgNP NFs prepared from lesser-aged solu-
tions (0- 24 h) appear to indicate a lower extent of crystallinity,
as the P3HT crystallites pre-assemble over time (see Figures
S13 and S14, Supporting Information). This finding is signifi-
cant as it reveals that pre-aggregation via solution aging or non-
solvent addition provides a means to tune the extent of crys-
tallinity within electrospun organic semiconductor fibers toward
charge mobility optimization. As crystallites may be aligned af-
ter their formation via this approach, it provides an advantage
over annealing, as thermal treatment reportedly degrades the
electrospinning-induced alignment and charge mobility, despite
increasing crystallinity.’®>”] As crystalline regions are not perco-
lated within P3HT thin films, transport through the often rate-
limiting amorphous regions is required.®®>°! However, crystal-
lites can be considered electrically continuous if a tie-chain, with
a conjugation length comparable to the inter-crystallite distance,
spans the gap.[®] The alignment of amorphous chains along the
NF could improve crystallite interconnectivity by extending tie-
chains and their conjugation lengths, thus, offsetting the effect
of lower crystallinity.

The axial alignment of uninterrupted, long-range z—r stack-
ing along the fiber length should be advantageous for efficient
in-plane charge transport. This direction of transport is highly
desirable within devices such as organic field-effect transistors.
Additionally, the range/continuum of edge-on to end-on config-
urations found in the NFs holds the potential for enhanced OOP
(vertical) mobility, owing to the increased prevalence of the end-
on configuration versus thin films, directing transport along the
polymer backbone.

Edge-on epitaxy is well reported for P3HT thin films pro-
duced by spin-coating slow-drying solutions, Figure S9b (Sup-
porting Information).[°!] However, the end-on or face-on orien-
tations are theoretically preferred for OOP mobility.[*"%%] Face-on
(or isotropic) orientations can be produced in rapidly-drying films
due to kinetic trapping, but the crystallites are of lower quality
and offer inferior performance,[%3% whilst the end-on configu-
ration is challenging to achieve.l®] In the BH] blend, electron ac-
ceptor introduction disrupts epitaxy/crystallization (Figure S18a,
Supporting Information), and so, thermall®®! or solvent!®’] an-
nealing is used ubiquitously, which re-generates edge-on epitaxy.
Hence, edge-on P3HT BH]Js provide sub-optimal OOP mobility
due to the insulating alkyl side-chains interdigitated in the lamel-
lae direction. This disruption is not observed when electrospun
P3HT NFs are infiltrated with PBCM to produce a nanofibrous
active layer, Figure S18b (Supporting Information). Therefore,
the crystallite structure of the fibers in this architecture shows
promise for enhancing both IP and OOP charge transport, due to
long persistence lengths and a greater end-on population wrt the
substrate.

2.2. Competitive Exciton Separation Within Nanofibrous Active
Layers

Noble metal NP addition to P3HT NFs produces broadband
light-harvesting enhancements, with LSPR and in-plane poly-
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mer alignment delivering integrated absorptance enhancements
of 48% (AgNPs) and 58% (AuNPs) versus films.[1®) However, to
lead to an improvement in photovoltaic performance, the exciton
populations formed in the NFs must reach the donor: acceptor
heterojunction before quenching, for charge separation. There-
fore, exciton dissociation within the active layer is evaluated by
PL quenching and fs-TAS experiments.

Pristine and NP-containing P3HT NF webs were electrospun
onto ITO for 120 s before the interstitial space was backfilled
with PCBM via spin-coating from dichloromethane (DCM). The
SEM micrograph in Figure 1c confirms successful fiber encap-
sulation and the formation of a nanofibrous heterojunction with
a thickness of 200- 300 nm (Figure S19a, Supporting Informa-
tion). Atomic Force Microscopy (AFM) height micrographs reveal
that the fibrous active layer possesses a root mean square (RMS)
surface roughness of 1.3 + 0.2 nm, exceeding that of the BH]J
(0.5 + 0.1 nm). (Figure S19b,c, Supporting Information) This
finding/value is consistent with previous works wherein electro-
spun mats have been infiltrated with BHJ blends.!'>**] This in-
creased roughness can be advantageous for charge extraction.°]
However, the pinholes in the PCBM film should be alleviated to
avoid shunting concerns in final devices. Energy-dispersive X-ray
(EDX) studies were conducted on a low-density P3HT/AuNP NF:
PCBM active layer to confirm that the fiber morphology is re-
tained after exposure to the orthogonal solvent (Figure S20, Sup-
porting Information). Long-range NP pathways are maintained
within the active layer and line-scans (S Ka1) indicate that sulfur-
containing P3HT is localized to these regions. AFM topology
(Figure S21, Supporting Information) of the nanoweb before and
after spin-coating pure DCM reveals that infiltration reduces the
web depth from ~500 to 140 nm. This NF densification helps
prevent the formation of excessively large acceptor domains, dic-
tated by the interstitial space.

PL quenching efficiency can be used to predict eventual perfor-
mance, with higher efficiency coinciding with greater quenching
probability.[®>7% Prior to PCBM introduction in Figure 4a, there
is significant radiative quenching of excitons formed within the
NFs. Following infiltration, >95% of PL emission is attenuated,
signifying successful electron transfer to the fullerene region.
Equivalent analysis of a P3HT:PCBM BH] shows that 99.85%
of PL emission measured from a P3HT thin-film is quenched
upon PCBM blending (Figure S22a, Supporting Information).
Kim et al. previously demonstrated that PL quenching was in-
timately linked to diameter, as thinner fibers deliver shorter exci-
ton diffusion pathways.!'%11] However, in Figure S22 (Supporting
Information), the pristine P3HT NF:PCBM active layer outper-
formed expectations, despite the fiber diameters being a magni-
tude larger than typical P3HT diffusion lengths (=10 nm). This
is likely due to significant PCBM diffusion into the P3HT NFs,
despite the use of an orthogonal solvent,’!! which reduces the
distance to the interface. Alternatively, there exists evidence of
greater exciton diffusion lengths within electrospun donor poly-
mer fibers.[”?] Recently, Sneyd et al. reported that long z—z co-
herence lengths in self-assembled crystallites, which we have
postulated exist within these NFs, offer diffusion lengths up to
300 nm.*] Such performance indicates that ideal NFs for OPVs
can exceed a diameter of twice the exciton diffusion length, yet
ultra-thin diameters remain advantageous for delivering a high
chain and crystallite alignment.
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Figure 4. a) PL quenching efficiency upon PCBM infiltration of PZHT/AgNP NFs to generate a plasmonic, nanofibrous active layer. Spectra were nor-
malized to the PL intensity of the NF (0-1) transition. b,c) fs-TAS false color heat maps and d,e) differential optical spectra at selected time delays
of (b,d) P3HT NFs and (c,e) P3HT NF:PCBM, normalized to the greatest GSB intensity (—1.0 AOD) after excitation with a 520 nm pump pulse.
f) Transient relaxation of the exciton/polaron (EX/P) signal before and after PCBM infiltration, monitored at 950 nm probe wavelength and normal-

ized to the maximum AOD after photoexcitation.

We note that the NF PL possesses an enhanced (0-0) vibronic
transition at 660 nm, relative to (0-1) at 720 nm, compared to
the thin-film, rising from 0.73 (film) to 0.90 (NFs). This is indica-
tive of reduced H-aggregate character versus thin films with in-
creasing intrachain interactions.l”>7%] The (0-0) transition is red-
shifted by 8 nm upon electrospinning, signifying longer polymer
conjugation lengths.

To produce direct evidence that PL quenching results in the
generation of free charge carriers, fs-TAS studies were conducted
on the NFs before and after PCBM infiltration in the temporal
range of 40 fs to 3 ns. In Figure 4b, the TAS false color heat maps
of the P3HT NFs are given, from which differential optical den-
sity (AOD) spectra are extracted at select time delays, presented in
Figure 4d. Negative AOD signals arise from ground state bleach-
ing (GSB) upon molecular photoexcitation by the 520 nm pump
pulse. The peaks at ~635 nm and 570 nm relate to the (0-0) and
(0-1) P3HT vibronic transitions. In the corresponding plots after
PCBM backfill in Figure 4c,e, these peaks blue-shift to 615 nm
(0-0) and 560 nm (0-1). The (0-2) transition is also visible at
~495 nm. Blue-shift may arise due to attenuation of the (0-0)
transition as PCBM disrupts packing and conjugation lengths,
and the evolution of a photoinduced absorption (PIA) signal, cen-
tered at 660 nm.

The positive peak at 660 nm has been most convincingly
assigned to polaron pairs (PP, an intermediate charge-transfer
state)7677) but also to P3HT polarons!”8! (a charge carrier plus
the electronic distortion) in crystalline domains.I”! Distinctly,
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without PCBM, this peak is not present (Figure 4b,d). Instead,
a negative AOD signal is observed at ~720 nm, attributed to
the stimulated emission (SE) of P3HT excitons!’®! which re-
laxes within 100 ps (Figure S23, Supporting Information).[?!
Weak SE is found in the TAS spectra of the P3HT NF:PCBM
architecture as an inflection upon the more intense PP
signal.

Singlet P3HT excitons (EX) are typically observed as a broad
peak at 1200 nm (spanning 800-1400 nm).338% In this study,
the initial PIA at >850 nm captures the shoulder of this exciton
peak. In the presence of PCBM, excitons are rapidly dissociated
within 10s of ps,[?8] leaving a relatively long-lived polaron signal
(on the order of ns) centered at #950-1000 nm.[”3] As polarons
evolve from exciton separation, signal relaxation at 950 nm probe
wavelength is convolved. However, the signal immediately after
photo-excitation is representative of the exciton population, and
after ~1 ns, beyond the temporal window of exciton dissociation,
the residual signal at 950 nm is attributed to successfully sep-
arated polarons. This time delay was selected due to its use by
Wu et al. to investigate nanoparticle-associated recombination in
P3HT:PCBM BH]Js.[?8]

Kinetics were fitted using a tri-component exponential decay
function and the polaron population 1 ns after the pump, rela-
tive to the initial excitation population, was estimated using ab-
sorption coefficients (¢) proposed by Okhita et al. at a 950 nm
probe wavelength (details in Figure S24, Supporting Informa-
tion discussion).l’! Standard errors for the decay profiles at this
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Table 1. Residual signal at 950 nm after 1 ns versus initial intensity after photoexcitation and estimated polaron (P) populations using coefficients
determined by Okhita et al. The relative polaron population and absolute population when compounded with absorptance enhancement reported by
Schofield et al.["®] Error is propagated from the standard error given for AOD at 1 ns (Details in Figure S24, Supporting Information).

Active Layer AOD (Std. Err.) P population at 1 ns Relative P Compounded P
[Tns/initial] [EX1] [%] enhancement [%)] enhancement [%)]

P3HT:PCBM BH| 0.254 +£0.011 12.89 + 0.56 - -

P3HT NF (w/o PCBM) 0.016 + 0.022 0.80 + 1.12 -93.8+8.7 -92.9+9.92

P3HT NF:PCBM 0.228 +0.010 11.57 £ 0.51 -10.2+5.6 +23+6.3

P3HT/AgNP NF:PCBM 0.370 £ 0.019 18.78 + 0.96 +45.7 £9.8 +115.6 £ 14.5

P3HT/AuNP NF:PCBM 0.230+0.011 11.68 +0.51 -9.4+56 +43.2 + 8.9

probe wavelength are also provided in Figure S24e (Supporting
Information).

In Figure 4f, the normalized 950 nm signal decays slower
in the infiltrated active layer versus pristine NFs, indicating the
formation of free charges. At 1 ns, the polaron signal in the NFs
is just 0.8% wrt exciton generation (Table 1). Conversely, polaron
concentration in the nanofibrous active layer is 11.6% wrt gener-
ated excitons, a 15-fold increase. This figure represents polarons
persisting for at least 1 ns, not the total polaron generation
rate. Poor polaron formation in the absence of PCBM arises as
self-dissociation in P3HT is uncommon, only enabled by a small
driving force at crystalline/amorphous region interfaces,#%2] or
hot excitons!”® (0.7 eV above the bandgap!®¥l), not generated by
520 nm excitation.[*®]

In Table S2 (Supporting Information), the fitted time con-
stants and component amplitudes are provided. Previously, the
first two components have been ascribed to excitons in inter-
mixed regions (A;, 7,) and crystalline domains (A,, 7,).8* These
time constants decrease upon PCBM introduction, indicative of
rapid exciton dissociation. The amplitude of the third compo-
nent, ascribed to polarons,!®! is proportional to the total po-
laron population, which doubles from 12.5% to 25.5% with ac-
ceptor backfill. Furthermore, 7, increases by an order of mag-
nitude, to >3 ns. Combined, PL and fs-TAS provide clear ev-
idence that 95- 97% of excitons produced in nanofibrous ac-
tive layers are quenched at the acceptor, and this process leads
to the generation of free charge carriers — thus, concluding
that these electrospun NFs are of a suitable diameter for OPV
implementation.

2.3. Influence of Plasmonic Nanoparticles on Polaron Dynamics

For plasmonic, nanofibrous active layers to boost eventual OPV
performance beyond the BH]J or pristine fibrous architectures, it
is imperative that NP addition does not introduce recombination
mechanisms. The resulting exciton or charge quenching can pre-
vent the translation of LSPR-enhanced exciton populations into
correspondingly high polaron/carrier populations in the BHJ. In
Figure 5a—c, false color heat maps of the BH] and Ag/AuNP-
containing P3HT NF:PCBM active layers are presented, with ex-
tracted line-cuts in Figure 5d—f.

Normalized (0-1) GSB (~560 nm probe, proportional to ini-
tial photoexcitation and the exciton/polaron populations) and
exciton/polaron (950 nm probe) signal relaxation kinetics are
displayed in Figure 5gh, respectively (PP signal relaxation at
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660 nm, Figure S24a, Supporting Information). Upon initial in-
spection, the pristine and AuNP-containing fibrous active layers
possess similar decay to the BHJ. Meanwhile, AgNP introduction
slows the signal decay rate significantly. Likewise, a lesser AgNP
addition produced a marginal reduction, see Figure S24b—d (Sup-
porting Information). Slower decays indicate either increased
photoinduced species’ lifetimes and/or a greater polaron gen-
eration rate and are in contrast to previous reports. Bare and
oleylamine-capped AgNPs have previously induced faster tran-
sient exction/polaron signal relaxation, owing to charge trap-
ping, accumulation, and ultimately, quenching.[?#?°%] There-
fore, nanofibrous active layers are promising for harnessing the
full potential of plasmonic NP addition.

Fitted time constants/amplitudes are similar in pristine thin-
film and fiber-based layers, however, Table S2 (Supporting In-
formation) further conveys the NP influence upon the photoex-
cited species. The fibrous heterojunction possesses enhanced po-
laron populations in the presence of AgNPs, as A, rises from
28.9% (BH]) to 39.6% absolute (a 37% relative improvement).
Whilst longer polaron lifetimes are fitted with both NP types,
they are extrapolated beyond the temporal window of 3 ns.
Table 1 estimates that AgNPs generate a 46% larger free car-
rier population persisting for >1 ns, per exciton, relative to the
BH].

Compounded with the harvesting enhancements reported
within our previous study,!'®! the P3HT/AgNP NF:PCBM ac-
tive layer contains 116% more polarons at 1 ns. Despite a 9%
reduction in the polaron population per exciton in the AuNP-
containing active layer versus the BH]J, once additional photon
absorption is considered, the active layer still contains 43% addi-
tional polarons at this time delay. The initial exciton generation
enhancement is successfully translated into an enhanced density
of free carriers.

Assuming accurate fitting, exciton lifetimes were also longer,
perhaps due to a reduction in exciton recombination, dissoci-
ation, or exciton-exciton annihilation. In Figure 5i, steady-state
NF PL before PCBM infiltration reveals that despite equal elec-
trospinning time, the NP-containing fibers produce 47% (AgNP)
and 34% (AuNP) lower integrated PL. Thus, the metal cores may
be involved in exciton quenching, either by increasing detrimen-
tal recombination or useful dissociation into free charges. With
a flux of 70 pJ cm=2, some non-negligible rate of bimolecular
recombination is expected. However, as NP-containing architec-
tures harvest additional photons, one would expect the annihila-
tion rate to be greater. This leaves the possibility of a reduced rate
of exciton recombination for future study.
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Figure 5. a—c) TAS false color heat maps and (d—f) differential optical spectra at key time delays of (a, d) P3HT: PCBM BHJ, (b, e) P3HT/AuNP NF: PCBM
and (c, f) P3HT/AgNP NF: PCBM active layers. NP addition was made to 17.5 wt.% AgNO; or AuNPs (including capping) wrt P3HT. g,h) Transient
signal decays of g) the (0-1) GSB and h) excitons/polarons at 950 nm probe wavelength, normalized to the greatest AOD intensity after photoexcitation,
presenting slower relaxation in the presence of AgNPs. i) Steady-state PL of NP-containing active layers, relative to the pristine nanofibrous active layer.

NFs were electrospun for 120 s in each case.

We suggest that NP addition to the nanofibrous active layer
is not parasitic for two reasons. First, insulating ligands such as
oleylamine or PEO, could provide electrical isolation from the ac-
tive layer to prevent charge trapping. Due to the AuNP synthesis
in neat oleylamine, the capping layer may be denser or thicker
than in previous reports where trapping was observed.[?®! This
observation would be consistent with previous works wherein
the appropriate organic ligands (or ultrathin oxide layers) have
been demonstrated to act as insulating barriers,[®>%] and in-
creasing the thickness of the capping layer reduces the proba-
bility of exciton or charge quenching.?%38] Additionally, within
a BHJ, the NPs are in contact with both the donor and ac-
ceptor and reports have suggested that the NP-assisted re-
combination events occur at the interface or involve fullerene
molecules.?#?] Although we report evidence of PCBM dif-
fusion, sequential deposition of the components may allow
for a reduction in NP-fullerene interactions via spatial sepa-
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ration, ameliorating these mechanisms. If plasmonic, nanofi-
brous devices can be optimized for efficient charge extraction,
these novel active layers offer an exciting alternative to the
BHJ.

3. Conclusions

A novel OPV architecture, the plasmonic, nanofibrous active
layer, is produced by electrospinning ultra-thin and continu-
ous P3HT NFs containing nanoparticles, subsequently infiltrated
with PCBM. We provide perhaps the most comprehensive evalu-
ation of the potential performance of fibrous active layers to date
by investigating charge carrier separation and lifetimes and pre-
dicting the charge transport capabilities via morphological and
nanostructural studies. In the first application of low-dose 4D-
STEM to electrospun fibers, we observe the shape, orientation,
and distribution of crystallites in single electrospun P3HT NFs.
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Coupled with orientation-dependent 2D GI-XRD, we find that
P3HT crystallites, assembled in solution before electrospinning,
are aligned during spinning with the [0k0] axis oriented along
the fiber. We envisage opportunities for enhanced in- and out-of-
plane charge transport with 7—r persistence lengths up to 80 nm,
and a population of end-on crystallites. 95%+ of PL emission is
quenched following PCBM infiltration to form the fibrous active
layer. This verifies that the size of the donor domains, templated
by the fibers, are appropriate for charge separation, despite their
diameters being significantly larger than the materials’ exciton
diffusion length. Employing fs-TAS, we confirm PL quenching
results in free charge carriers, with a 15-fold increase in polaron
populations (per exciton formed, measured at 1 ns) with PCBM
backfill. AgNP addition substantially slows the exciton/polaron
signal decay. 1 ns post-excitation, this active layer contains 45%
more polarons than the BHJ, while polaron lifetimes could be
extended. Typically, plasmonic BHJs exhibit faster TAS signal de-
cay as metal NPs induce recombination. Our findings suggest
that this active layer has significant potential for realizing greater
OPV efficiencies versus thin films. As a sequentially deposited
system, it offers control over the domain size and distribution
and enables selective placement of additives into individual do-
mains. This contribution indicates a high efficiency potential for
this novel heterojunction, which can be simply translated to con-
temporary donor: acceptor systems.

4. Experimental Section

Materials:  Poly(3-hexylthiophene-2,5-diyl) (P3HT, Mw 50 000) was ob-
tained from Rieke Metals, and [6,6]-phenyl-Cg;-butyric acid methyl es-
ter (PCBM) from Ossila. Poly(ethylene oxide) (PEO, Mw 900 000), chlo-
roform, N,N’-dimethylformamide (DMF), silver nitrate (AgNO;), tetra-
chloroauric(lll) acid trihydrate (HAuCl,.3H,0), oleylamine (technical
grade, 70%), isopropanol (IPA) and methanol were all obtained from
Sigma Aldrich. Solvents were dehydrated/degassed, and materials were
stored under an inert atmosphere/in the dark.

Nanoparticle Synthesis:  AuNPs 10(nm) were synthesized via thermal
reduction of HAuCl, in neat oleylamine, which acts as the reducing agent,
solvent, and stabilizing ligand. Briefly, HAuCl, (100 mg) dissolved in oley-
lamine (2 mL) was injected into oleylamine heated to 175 °C (15 mL,
32 mmol) under nitrogen. A red-black dispersion was formed and after
10 minutes, the reaction was cooled to ambient temperature. AuNPs were
precipitated with methanol (50 mL) and pelletized by centrifugation. Af-
ter removal of the supernatant and washing with additional methanol, the
AuNPs were redispersed in chloroform to 10 mg mL~1. 3 nm AgNPs were
produced within the spinning solution following AgNO; addition as out-
lined in the following section. AgNO; undergoes reduction by PEO (and
DMF) over 96 h of spinning solution aging at 40 °C.

Electrospinning of Pristine and NP-containing P3HT NFs:  P3HT (0.20
wt.%) and PEO (0.35 wt.%) spinning solutions were produced by first dis-
solving P3HT and PEO in chloroform at 40 °C for 1 h. For pristine P3HT
NFs, DMF was added dropwise followed to produce a 95:5 w/w chloro-
form: DMF solution. For NP-containing NFs, AgNO; (yielding AgNPs) was
dissolved in the DMF co-solvent prior to addition, or AuNPs dispersed in
chloroform were directly added. Final NP concentrations were made to
0.035 wt.% AgNO; or AuNPs (including the capping layer). In the case of
AuNPs, DMF could be omitted. The solution was then aged at 40 °C whilst
stirring for up to 96 h.

The spinning solution was loaded into a syringe and fed at 1 mL h~!
through a 27G flat-tip stainless steel needle using a syringe pump. A 23 kV
voltage bias was applied between the needle and a grounded steel plate,
separated by a distance of 20 cm. Electrospinning was conducted under
an inert atmosphere at 20-22 °C, however, fibers could be spun in the air
at a relative humidity of <30 RH%. The purple NFs were then washed in
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IPA at 70 °C for 1 h to selectively dissolve PEO, and dried under nitrogen
flow.

Preparation of the Plasmonic, Nanofibrous Active Layer. 1TO glass sub-
strates (20 Q sq~', Ossila) were prepared by ultrasonic cleaning in a di-
lute, aqueous detergent solution for 15 minutes, repeated with ethanol,
IPA, and acetone. Finally, the surface was treated with UV Ozone for 15
minutes before placing it on top of the grounded collector. NFs were elec-
trospun for 120 s and processed as described above. Nanoweb infiltra-
tion was achieved by spin-coating a saturated PCBM solution in DCM
(14 mg mL~"). The solution (30 uL) was dispensed onto the nanoweb
at low speed (250 rpm, 5s) before ramping to 2500 rpm (2500 rpm s™).
The first step was used to provide additional time for the solution to in-
filtrate the nanoweb. Reference BH)s were produced by spin-coating a 1:1
P3HT:PCBM solution (40 mg mL~" in CB) at 1500 rpm for 40 s.

Characterization—Mlicroscopy: Nanofibers and active layers, sputter
coated with 6 nm Pt, were imaged using a Zeiss Merlin FEG scanning elec-
tron microscope (SEM) under an operating voltage of 6 kV. STEM-in-SEM
imaging was conducted using a Zeiss a-STEM detector at an accelerat-
ing voltage of 20 kV. Samples for STEM analysis were prepared directly on
lacey carbon transmission electron microscopy (TEM) grids. NF diameters
(width and heights) were determined from SEM and AFM micrographs,
respectively, using 100 unbiased counts.

4D-STEM: 4D-STEM was acquired using a JOEL ARM 300 CF fitted
with ultra-high-resolution pole piece, cold FEG, and double aberration cor-
rection (Diamond Light Source, UK). The instrument was operated at a
300 kV accelerating voltage at a low electron fluence. The nanobeam con-
figuration was formed by turning off the aberration corrector at the probe-
forming optics and using a 10 um aperture to obtain a probe convergence
semi-angle of ~0.8 mrad (determined by a py4DSTEM[*3] thresholding al-
gorithm). This provides ~3 um depth of focus, sufficient to fully sample
the NF (equation given by Nellist!®]). An electron dose of < 6 e~ A=2 was
calculated with a probe current of ~0.4 pA, measured using a Faraday cup,
and a dwell time of 1 ms pixel~". The nanobeam was raster scanned over
the sample at 256 x 256 positions and a 2D diffraction image (512 x 512
pixels) was recorded using a quad-chip Merlin Medipix pixelated direct
electron detector (Quantum Detectors) at a camera length of 40 cm for
each probe position. Data was processed by using the workflow discussed
within the main text using py4DSTEM (0.14.8). Python code was adapted
from publicly available notebooks provided on the py4DSTEM GitHub
repository. Fibers were directly electrospun onto a lacey carbon TEM grid
(Agar Scientific) and PEO was removed by submerging the grid in IPA at
70 °C. Using an Au cross-grating reference (Ted Pella), the diffraction and
real-space pixel sizes were calibrated, alongside an affine transformation
for elliptical distortion correction to ensure diffraction roundness. The rel-
ative reciprocal-to-real space rotation was determined using a highly de-
focused shadow image of the cross-grating. Features were tracked while
scanning to determine the probe raster direction. Calibrations were then
applied to the fiber datasets and Bragg peaks were detected using a cross-
correlation template matching protocol with a synthetic probe template.
Finally, crystalline phase orientation mapping was conducted by identify-
ing the Bragg peak of the highest cross-correlation intensity in a selected
region of the diffraction pattern at each probe position and assigning the
probe position the angle between the y-axis, and a line from the central
disc to the Bragg peak.

2D GI-XRD: 2D GI-XRD was measured with a Rigaku SmartLab X-ray
diffractometer equipped with a PhotonMax 9 kW rotating anode source
producing Cu Ka radiation at a Gl of 0.2° §, and a HyPix-3000 2D detector,
to collect OOP and IP scattering simultaneously. OOP diffraction was col-
lected between 0 and 30° 200p at 5° 205op Min~'. The 2D detector was
held at a sample-to-detector distance of 150 mm and was translated by
+12° 20,p to capture IP diffraction between —2—+26 ° 26,5. Incident end
optics consisted of a parallel beam slit, 5 mm spot size height-limiting
slit, 1° IP parallel slit collimator, and knife edge. The aligned nanowebs
were electrospun onto Si wafers using a rotating collector at #1000 rpm
and scattering behavior was recorded when the fiber axes were oriented
parallel and perpendicular to the incumbent X-ray beam. IP and OOP
profiles were extracted between 0-10° f and 77-87° § and azimuthal
profiles were extracted over 0-87° B, averaging between 4-7° 20 and
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21-25° 26 for (100) and (020) respectively. The influence of the optics and
background subtraction methodology was described in the discussion of
Figures S7 and S8 (Supporting Information). Determination of the degree
of fiber and crystallite alignment by Herman’s orientation factor applied
to SEM micrographs and 2D GI-XRD azimuthal traces, respectively, was
described in Table S1 (Supporting Information).

Steady-State PL Quenching: Samples were photo-excited using a
398 nm diode laser (PicoHarp, LDH-D-C-405 M) on a continuous wave
setting with a power density of 9900 mW cm~2. The PL resulting from ex-
citation was collected and coupled to a grating spectrometer (Princeton
Instruments, SP2558) which directed the spectrally dispersed PL onto a
silicon iCCD (intensified charge-coupled device, PI-MAX4, Princeton In-
struments) for detection. Samples were mounted in a vacuum cell at
~1072 mbar. PL quenching in fibrous active layers was determined by com-
paring the PL before and after PCBM infiltration. Quenching in the BHJ was
estimated by comparing the radiative emission of a P3HT thin-film with a
P3HT:PCBM BH) — produced by spin-coating thin films from a 20 mg mL™!
P3HT solution in CB, and 20 mg mL~! P3HT: 20 mg mL~' PCBM solution
in CB, respectively.

Femtosecond-TAS:  fs-TAS studies were conducted upon fiber and film-
based active layers fabricated upon z-cut quartz substrates. Fibers cannot
be easily electrospun onto insulating substrates, therefore a gap collec-
tor was used to produce a self-supporting nanoweb through which the
quartz was lifted. Pump and probe beam fractions were produced from
12 W pulses (1 kHz, 40 fs, 800 nm) generated by a Ti-sapphire regener-
ative amplified laser system (Spectra-Physics Dual Ascend Pumped Spit-
fire Ace) seeded by a Mai Tai (Spectra-Physics).[*] The pump fraction was
tuned to 520 nm using an optical parametric amplifier (TOPAS-prime with
UV extension, Light Conversion). The pump pulse with a fluence of %70 pJ
cm~2 was focused onto the sample, which was continuously blown with
nitrogen. Passing 5% of a 1 W fraction through a CaF, window generated
a white light continuum (330 nm—1025 nm, a filter removed the 740 —
850 nm wavelength region to prevent detector overexposure by the 800 nm
fundamental laser). A relative polarization between the pump and probe
pulses was maintained at 54.7°. Pump-probe delays between0.5 ps and
3 ns, at 40 fs resolution, were varied by translating a hollow gold retrore-
flector along a motorized stage (Newport M-IMS500CCHA). Changes to
optical density (AOD) were determined using a fiber-coupled spectrome-
ter (Avantes, AvaSpec-ULS1650F) from dark backgrounds and unpumped
spectra. Spectra were chirp-corrected using the KOALAI®] package, and
decays at key probe wavelengths were fitted using a tri-component expo-
nential decay function in OriginPro (Figure S24, Supporting Information
discussion).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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